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NEUTRINO-ELECTRON SCATTERING AND THE CHOICE BETWEEN
LIIFFERENTMSW SOLUTIC)NS OF THE SOLAR NEUTRINOPRODLEM

S. P. Rosen and J. M, Gelb

Theoretical Division, Los Alamos National Laboratory

Abstract

W’econsider the scattering of solar neutrinos by electrons as a means for distinguishing

between different Nfs W’ solutions of the solar neutrino problem. In terms of the ratio R
between the observed cross-section and that for pure electron-type neutrinos, we find that
some correlation between the value of R and the appropriate solution. A value of R < ~
implies that the adiabatic solution is correct, while values between ~ and $ are consistent
with the large angle solution, A value close to ~ is Jlso consistent with the non-adiabatic
sollltion, arid a value less than (~ +) implitw oscillations into sterile neutrinos.

1. Introduction

The MSW/ 1/ effect provides an elegant explanation of the solar neutrino anomaly ob-

served by Davis and his collaborators in the “C] experiment/2/, but it does not yield a

unique solution for the probiem in the parameter space of mixing-angles (sinz 2~) and

mass differences (Am2), It gives instead three families of solutions corresponding to
adiabatic, 3/, non-adiabatic/4/, and large mixing-angle/5/ transitions respectively, Fortu-

nately these families vary in their predictions for other solar neutrino ●xperiments, and so
wc may hope eventually to be able to choose between them. In this talk, we consider the

scattering of solar neutrinos by electrons ~ a means for making the choice,

The essential feature of neutrin~electron scattering is that, in the standard elcctr-
weak theory, the cross-section for the process decreases by a factor between 6 and 7 when
the flavor of the incident neutrino changes from electron-type to muon- or tau-type/6/.
This happens because the scattering of electron-type neutrinos involves both a ne~ltral-
current diagram and a charged-current one (the self-same diagram, in fact, that gives
rise to the MSW effect), whereas the sca~tering of other neutrino types involves only the
neutral-current diagram. Since the charged=current coupling constant is larger than the
neutral- current one, the corresponding croaa-eection will aleo be larger,

In the experiments we consider here/7/, r~oil electrons with kinetic energies greater
than some minimum value, Z“dm, are detected, Since Twm is likely to be in the range of 5

to 10 MeV, th~ experiments k-e sensitive mainly to the higher energy part of the spectrum
of 8B ~eutrinos, Now the different MS W solutions for the “Cl experiment make different
predictions for the flavors of solar neutrinos M a function of their energies, and henre they
will yield different predictions for the neutrino-electron scattering experiment,

As originally ●mphasized by Beihe/3/, adiabatic solutions have the property that

“high” ●nergy solar neutrinos are almcmt cntirclj converted into muon- o= tau-typm, while
“low” ●nergy ones remain M electron-type neutrinoe. The point of separation between
“high” and “low” energies lien between s ~d 7 MeV depending upon the value of sinz 2El,
Non-adiabatic solutions tend to have the opposite property/4/; low energy neutrinos arr

strongly co~verted to non-electron types, but high energy ones have a probability of or-
der 50% for remaining aa elec:rcm neutrinoem In contraat to both of these solutions, th(’
large mixing-angle aolu~ion discussed by Parke and Walker/S/ yields a probability for v,

tG remain VCwhich is approxirnat.elv independent of •n~r~v. WS t.hmrmfnrc•~nm~t t L.t th.)



cross-sections arising from the non-adiabatic and large mixing-angle solutions will be larger
than these arising from the adiabatic solution; however, the choice between tic first two
solutions, involving ZMit does the integration over neutrino energies may be more delicate.

To understand the behavior of these cross-sections we consider the sinz 2@ - Am2 plane

and the familiar triangle of solutions in Figure (l). Now iimagine traveling down a line of

small, but constant sin2 2@ from the region of Amz = 10-’4(eV)2 to Am2 = 10-8(e V)2 and

smaller. As we move through the triangle from the upper edge to the central area the 37CI

signal becomes weaker and reaches some minimum value, meaning that more and more

of the energetic 8B neutrinos are converted to non-electron types. For increasing values

of sin2 2Q, the minimum value in the central area moves closer to zero as the degree of

conversion for the highsr energy neutrincs becomes Iarqer. .Moving down fror:l the central

area to the lower edge of the triangle, we find that this degree of conversion decre=es

37C1 signal grows stronger.and so the Eventually we move out of the triangle and into a

region in which only ‘in vacuo” oscillations take place, the fraction of electron neutrinos
renlaining is then the same, namely (1 – ~ sin2 2@) for all energies. Finally for extremely

small values of Am2, the oscillation length becomes comparable to the astronomical unit

and we observe real oscillations in the signal.

To translate this behavior into a pattern for the solar neutrino-electron scattering

experiment, we work on the general principle that as the fraction of electror ne~ trinos

at higher energies increases, so the neutrino-electron cross-section increases, and s the

fraction decreases, so the cross-section decreases. Therefore, as we move down from t;le

top of the triangle in Figure (1) to the central area, the scattering crow-section decreaes

to a minimum, which will, in fact, be the pure neutral-current cross-section when all

high energy neutrinos are converf.ed to non-electron types, The cross section will remain

approximately constant while we move through the central area of the triangle dnd then it
will begin to increase as we move into the region of non-adiabatic solutions. It reaches its

maximum value in the Am2 region corresponding to “in vacuo” ortciilations and eventually

tends to decrease as the oscillation length approaches the astronomical unit. For small

mixing-angles, the maximal cross-section is very close to thnt for pure elect, ron-nelltrinos.

This behavior is cl! arly illustrated in Figure (2),

2. Distinguishing Between Solutions

Let us now consider solar neutrin~electron scattering au a too; for distinguishing be-

tween different MSW solutions for the Davis experiment. Following 13ahcali, Gelb, and
Rosen/’H/, we write the differential crom-oection for producing a recoil electron with kinetic

energy T as:

(!)

wher~ r#J(q) is the spectrum of neutrincm of energy q produced in the sun, # is the dif-

ferential crom.section for neutrino electron scattering, and P,,(q) is the probabili~y for

an electron-type rieutrino of energy q to remain an rlectron neutrino, The differential

cross-section depends upon q, 7’, and the flavor of the incident neutrino,

‘ro calculate the total crom-section, we integrate eq,

required minimum kinetic energy ?’~,n and the kinetically

(u(ve)) ~
/

::(;)dT ,
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It follows from eqs. (1) and (2) that {,cr(ve)) is bounded from above by the cross- section
for pure electron- neutrino scattering, and from below by that for pure muon- neutrino

scattering:

Graphs of the cross-section fo: different values of Tml. are shown in Figures (2) and (3).

In any experiment we actually measure the product of the cross-section times the 3UX.

To study the MSW effect, we must zwsume that the flux is given by the standard solar
model in order to extract a cross-section (a(ue)) from the meuured product. We then

form the ratio of the measured cross-section to its maximum value

and note from eq. (1) that

(5)

Let us first look at the general properties of R for the various families of solution. For
small mixing-angle adiabatic solutions, the range of Amz decreases from 10-4(c V)2 to a
few times 10” ‘(cV)2, and the cross-section decreases with Amz. From Figure (2), we see
that the corresponding values of R are restricted to the range:

1 11

()
-—. .~?R? 6 ~ (adiabatic) . (6)

Non-adiabatic solutic ns begin in the vicinity of Am; * few x 10-5(eV)2 and extend
down to t!-? order of 10-7( GV)Z; here cross-s~tions grow M Arn2 decieases, and for a given
(small) mixing angle they lie between

(:-3 s‘< (1-:gin22e)*1 “’on-adiabatic)m
(7)

Largeangle solutions cover roug:lly the same range of valuee for Ama as non-adiabatic
solutions but they yield constant valuea of R over this range; the actual value of R depends
upon sins e

‘= Sin’e+(;- ;)(cc+ (8)

? nd it is bounded by

Thus we we that should R turn out to be greater than ~, then we can exclude the adiabatic
solulions; valuee between ~ and ~ permit both the larg~angle mud non-adiabatic solutions
to survive, but valuee greater than ~ would allow only non-adiabatic solutions.

Now let us ~urn to the propertica of R ior the specific solutions to the “Cl anomaly, Fur
the adiabatic solution, the range of R in eq, (6) deacrib~ :easonab!y well the corresponding
pr~dictions for neutrin-electron scattering, but for the non-adiabatic solution to 37(~1, t.hr

actual range is much more restricted than in eq. (7), In the non-adiabatic ram, tllo

parameters sin22e and Am2 are related by
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Fig. 3 Same as Fig. 2, but with minimum electron enrrgy of 11 MeV.



in the small angle limit; from Figures (2) and (3), we see that the corresponding valum of,*
R are almost independent of Am2 and are restricted to the range:

0.44< R <0.5 . (11)

T!w large-angle solution for 37C1 gives the broad range of values found in eq. (9).
From this discussion, we conclude that should R fall between ~ and $, the adiabatic

solutio,l for 37CI will be the correct one. Should it fall between ~ and ~, then the large

angle sc~ution would be the correct one unless the actual value is in the narrow range of eq.

(11). Ln th!s eventuality, both the Iargeangle and non-adiabatic solutions would survive
and we would have to turn to another experiment, for example 71Ga, to attempt to decide
the issue: the iargeangle solution should yield essentially the same suppression for 71Ga
as for “Cl where= the non-adiabatic solution could give a much greater suppression.

The mi’nimum value for R between ~ and # occurs in this discussion because we have

assumed that the electron-type neutrino always oscillates into non-sterile neutrinos which

interact with electrons through neutral currents. A value of R less than (~ – ~) would

imply that the electron-neutrino must oscillate into a neutrin~type that does not interact

with electrons via standard neutral-currents. Such a neutrino is likely to be sterile. /9/

Itecently, the Kamiokande II collaboration/7/, has searched fo~ solar neutrino-electron

scattering in the KH water Cerenkov detector and has not observed a signal above back-

ground for recoil electrons with energies greater than 9.5 MeV. The limit on the flux of

electron neutrinos (or alternatively on the cross-section), is less than \ the standard model

prediction, This result is on the verge of probing a very interesting region for 1?, and we

look forward to future results based on lower thresholds with much anticipation.
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