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We explore quantitatively recent suggestions that the solar-neutrino puzzle may be explained by
matter enhancement of nonstandard neutral-current scattering of neutrinos on d quarks. These
neutral currents introduce two new parameters, relating to Savor-diagonal and off-diagonal v-d
scattering, which affect the dynamical mixing of two neutrino Savors in the Sun. We consider
this mixing in three alternative scenarios: (a) massless neutrinos, (b) massive neutrinos with ofF-

diagonal but no new diagonal currents, and (c) massive neutrinos with both off-diagonal and new
diagonal currents. We determine the regions in parameter space that give consistency between
the standard solar model and existing solar-neutrino data from the Homestake and Kamiokande-
II experiments, and give the corresponding predictions for future experiments with gallium and
superSuid helium detectors. We also discuss the more general situation, with nonstandard neutral-
current scattering from u quarks and electrons as well as from d quarks, and consider the effects of
transmission through the Earth. Finally, we examine the bounds on nonstandard neutral-current
neutrino scattering imposed by other experiments; some particular classes of solution are thereby
excluded, but a variety of possibilities remains.

I. INTRODUCTION

The long-standing discrepancy between observations
of the solar-neutrino Aux [1, 2] and expectations from
the standard solar model (SSM) [3] has recently received
a new type of explanation. It has been proposed [4, 5]
that flavor-changing neutral-current (FCNC) and non-
standard flavor-diagonal neutral-current (FDNC) scat-
tering [6] of neutrinos from d quarks in solar matter,

V~G ~ Vpd )

coupled with resonant enhancement [the Mikheyev-
Smirnov-Wolfenstein (MSW) effect] [6—12], may be irn-
portant in explaining the low counting rates in solar-
neutrino detectors on Earth. Such neutral-current (NC)
eAects can arise in supersymmetry models with broken
R parity [13]. In this paper we set out to quantify the
regions in parameter space where solutions of this new
kind can reconcile the present solar neutrino data with
the SSM, and to analyze the predictions of these solutions
for other neutrino experiments currently in progress or in
planning. We analyze the problem in the context of the
more general situation, where nonstandard NC scattering

from u quarks and electrons,

v~Q ~ vptk)

v~e —+ vpe,

(2)
(3)

may also occur. In the ensuing discussion, we emphasize
the specific case of Eq. (1) but explore also the general
features that could occur with Eqs. (2) or (3). We also
examine the bounds on nonstandard NC couplings aris-
ing from other experiments.

For simplicity, we consider the mixing of just two
isospin-doublet neutrino flavors v, and v~ during propa-
gation through solar matter. The formalism can however
also be applied when v is a sterile isospin-singlet neu-
trino [14], by representing the absence of standard NC
interactions as the presence of a new FDNC which can-
cels the standard NC. In the standard electroweak model,
the relevant propagation parameters are bm = m& —vn&

(the difference between the squares of the two vacuum
eigenstate masses), 0 (the vacuum mixing angle) and
A (v, e —+ v, e) = —k~2G~/(2x) (the spin-averaged
amplitude for forward v, scattering on electrons due to W
exchange where k is the neutrino momentum). Neutral-
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current scattering via Z exchange is the same for all
doublet neutrino Qavors and essentially drops out, giv-
ing only an unobservable overall phase. In the pres-
ence of additional nonstandard NC scattering from d, u,
and e, the corresponding forward-scattering amplitudes
A (vlf ~ vp f), (f = u, d, e), also enter the dynam-
ics; they are directly related to the coefFicients in the
effective Lagrangian describing the new NC interactions
(after Fierz reordering, if necessary)

t p = v 2—p pyp~pp (G ppfvpf + G ppfvpypf)f f

(4)

These new amplitudes contribute to v, -v mixing in spe-

cific combinations, represented by the following two new
parameters per target fermion f:
ef ——A (v, f ~ v~f)/A = G, v/Gr,

A ( f f) —A (.f,f) /A

= (Gr v —Gf v)/GE.

The effective axial-vector couplings in Eq. 4 do not con-
tribute to coherent forward scattering. The coupled
equations for v, and v~ propagation through matter then
have the form

. d v, t

I
0 bm sin 20/(4E, ) + B~ v,

v ) i bm sin20/(4E„)+ B bm2cos20/(2E„)+ Cp v

where E„ is the neutrino energy and

B = V 2'(egNg + e„N„+reN ) ep

C = 92GE(e~Ng+ e'„N„+ e'eNe —N, ).
Here Ny denotes the local density of fermion type f in
matter; N„= 2N& + N„, Ng ——N& + 2N„. The forward
amplitudes have opposite sign for neutrino scattering on
quarks and antiquarks, so that only the valence-quark
densities contribute above. For highly relativistic neu-
trinos we may set t = x in Eq. (7). Both the broken-R-
parity examples [4, 5] and singlet-doublet mixing [14] can
be cast in this form.

In the context of supersymmetry models with broken
R parity, new neutrino interactions of the following types
can occur [13]:

ILLE = &;; i eLeRvL + (eR)'(vL)'e'L

+vLeRe'L —(c ~ j) + H.c.,

I&'isil'
L'efr =

g veL&p ver dR& dR
2m, -

b

I assi I—+
2 2 v~1."f~v~l. dR& dR
2

b

~131~331+ 2 (veLp&v. LdRV "R
2

b

+v p'L 7@veLdR7 dR) ~

(12)

~331~131
4+2Gr mz

I~sail l~isil
4~2Gr m2 (14)

via b-squark exchange, for neutrino energies much smaller
than the b-squark mass m&. A typical FCNC diagram is
shown in Fig. 1. In this particular case the parameters
t'g and ed are given by

ppp ~

I'LCD = AIr a dr dRvr + (dR)'(vr )'dL + vr dRdL
—k —k

eI, dRQI QI dReL,

-("R)'( i)'u'L +

Values of eg and e& up to order 1 are allowed in some
cases [4, 5, 15]. Similarly this model may have e, and e',

from an effective v-e interaction, but the constraints on
the A and A' couplings which lead to this interaction are
typically more severe than for the constraints on the v-d
couplings (see Sec. V).

where i, j, k are generation indices (=1,2,3); see Ref. [15]
for a recent discussion. The A;zy in Eq. (10) are an-
tisymmetric in the first two indices, and we adopt the
convention that A;&k

——0 for i & j. These interactions
can give rise to v-d and v-e scattering, via d-squark and
selectron exchange processes, respectively, if the neces-
sary couplings A;&p and A';

&
are nonzero. For example

[4], nisi and Assi together contribute the effective inter-
action (after Fierz reordering)

FIG. 1. Squark exchange diagram which contributes to
the v d ~ v d flavor-changing neutral current.
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In the following sections we principally consider FCNC
and new FDNC scattering from d-quarks, since an ex-
plicit model has recently been proposed for this case
[4, 5], and the couplings are not tightly constrained. We
quantitatively explore the implications for present and
pending solar neutrino experiments in three alternative
scenarios: (a) massless neutrinos (bm2 = 0), discussed
in Sec. II, and massive neutrinos (bm2 g 0), both (b)
with new FDNC (Sec. III) and (c) without new FDNC
(Sec. IV). In each scenario, MSW resonant effects can
give large enhancements of v, ~ v transmutation, but
the resonance condition is determined by different fac-
tors in each case. In case (a) a resonance occurs if the
ratio N„/N, (which varies within narrow limits in the
Sun) crosses a critical value determined by the e&. In
case (b), which is similar to the standard MSW effect, a
resonance occurs if the value of N, crosses the standard
MS% critical density determined by 6m, sin 20 and E~.
Case (c) combines the properties of the other two scenar-
ios; depending on the model parameters, it is possible to
have two resonance layers in the Sun. The innermost
resonance is primarily due to the relative change of N„
and N„while the outermost resonance occurs when a
particular linear combination of N„and N, crosses the
standard MSW critical density.

For FCNC and new FDNC v-d scattering in cases (a)
and (b) we determine regions of parameters that give
agreement with present data from the Homestake Cl
experiment [1] and the Kamiokande-II v-e scattering de-
tector [2], and delineate the implications for the two i Ga
detectors [16, 17] and for a proposed new superfluid 4He
detector [18]. For case (c) we indicate how the solutions
can be found; they often reduce to a simpler scenario. In

I

each mass scenario, we also consider the general features
of FCNC and new FDNC scattering from u quarks and
electrons, and discuss the effects of transmission through
the Earth.

In Sec. V we discuss limits on FCNC and FDNC pa-
rameters from data. In Sec. VI we give a final overview
and discussion.

II. MASSLESS NEUTRINOS

Here we assume 6m~ = 0; strictly speaking, this covers
not only massless neutrinos, but also degenerate massive
neutrinos and the case where nonstandard NC contribu-
tions dominate the standard propagation equations. In
this scenario the vacuum mixing parameters hm2 and
0 play no role; neutrino mixing relies entirely upon the
parameters ey and e&. An important property of the
propagation equations is that they are now independent
of neutrino energy [4, 6]. For clarity of presentation we
first concentrate attention on the effects of NC scatter-
ing in the Sun; in a separate subsection we discuss the
small corrections that can arise from NC scattering in
the Earth. We also point out some possible Earth effects
on atmospheric and accelerator fluxes.

A. v-d FCNC and FDNC only

We first consider the case where nonstandard NC scat-
tering appears in the v-d sector alone (the main features
of this scenario have been discussed in Ref. [4]). Since
N„= N, (matter is electrically neutral in the Sun), the
propagation equations become

0 «(N, + 2N„)
(ea(N, + 2N„) e'd(N, + 2N„) —N, p qv~)

For antineutrinos there is an overall sign change, but the
relative signs (and hence the propagation) remain the
same. The condition for a resonance in matter is that the
diagonal elements of the propagation matrix are equal,
which in this case means C = 0 and hence

eg ——N, /(N, + 2N„). (16)

The ratio on the right-hand side of Eq. (16) rises from a
value about 0.5 at the solar center to about 0.75 at the
surface. We immediately see that resonant enhancement
of v, —+ v transmutation, normally required to explain
the substantial deficit in the observed v, flux [1, 2], will
only be possible in this narrow range of the parameter

IEg.
The rotation angle 0 that diagonalizes the matter

propagation matrix in Eq. (15) is given by

2«(N, + 2N„)
e~(N, + 2N„) —N,

If Eg pp Eg the propagation eigenstates far from reso-
nance will be close to the weak eigenstates v, and v,
and then adiabatic propagation, though a resonance, will
give almost complete conversion of v, into v~. If eg is too
small, however, the transition will become non-adiabatic
and the conversion less complete. And if eg is too large
the resonance will become wide; only a small range of
angles 8~ will be traversed and again the v, ~ v~ con-
version will be reduced. We thus expect that sufficient
suppression of the solar v, flux will only be obtainable in
a restricted range of parameter eg too.

In general, the probability for v, remaining v, in the
Sun, averaged over an oscillation, is

P(v, —+ v, ) =
2 [1+(1 —2P~) cos 28~ cos 28' ],

where 8' and 8' are the neutrino mixing angles in mat-
ter at the neutrino origin and the solar surface, respec-
tively, and P is the transition probability for jumping
from one eigenstate to the other. There are no more os-
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p -p x/2
) (19)

where p, is the adiabaticity parameter [4]

4B2 N
dC/dz „, d(N„/N, )/dz „,~z &~z)

(20)

If p, )) 1 then the propagation is adiabatic (P 0).
For resonances occurring near the solar center the prop-
agation is non-adiabatic only for small ed. For exam-
ple, y, ( 1 (P ) 0.2) only when eg is below approxi-
mately 0.004. Thus, the narrow resonance approximation
should be valid there. For resonances near the surface,
N„/N, approaches a constant value and the propagation
becomes adiabatic.

We calculated the oscillation probabilities in the usual
way [12] using these modified formulas, and found the
complete region in the space of parameters ~&, ~g that
will reproduce the mean counting-rate suppressions R =
(observed rate)/(SSM rate) of the s Cl and Kamiokande-
II experiments, namely [1,2]

Rc( ——0.27 + 0.05) RKyy ——0.46 + 0.09) (21)

where the experimental and theoretical errors have been
added in quadrature. Our results are shown in Fig. 2(a);
the shaded area denotes the region that fits the numbers
in Eq. (21) within 95% confidence. These results can be
understood qualitatively as follows.

cillations once the neutrino leaves the Sun and enters the
vacuum.

Although Eq. (15) is not standard MSW propagation
[e.g. , the off-diagonal term is not constant in the (v, , v )
basis], if eg is small compared to e&, then the resonance
will be narrow and the oA-diagonal term will be approxi-
mately constant in the critical resonance region. Then P
should be given approximately by the standard Landau-
Zener transition probability [9]

(i) For e& 0.5, the resonance is at the solar center;
no neutrinos can traverse it, so insuKcient v, conversion
occurs.

(ii) For e& 0.57 —0.59, the resonance occurs at a
suitable radius where precisely the right fraction of v,
transmute into v~ (with adiabatic conversion). This ex-
plains the left-hand vertical band in Fig. 2(a).

(iii) For e& 0.60 —0.73, the resonance occurs at a
larger radius and adiabatic conversion gives too many
v, ~ v transitions.

(iv) For e& 0.73 —0.75, the resonance occurs near
the outer radius of the Sun and cannot be fully traversed,
making adiabatic conversions less complete and reducing
v, ~ v transitions enough to fit Eq. (21) once more.
This explains the right-hand vertical band of solutions.

(v) For the other parameter e~, we have already noted
that adiabatic conversion breaks down at sufFiciently
small values, while the resonance becomes broad at large
values. Both these effects reduce the v, ~ v conversion
eKciency (which is otherwise too high for 0.60 ( e& (
0.73) and lead to the horizontal bands of solutions that
bridge between the vertical bands in Fig. 2(a).

Predictions for the counting rate in gallium detec-
tors [16, 17], corresponding to this region of solutions,
are shown in Fig. 3 in solar neutrino units (SNU
captures/10 atomss). We see that a range of gallium
rates from about 30 to 90 SNU is indicated, to be com-
pared with the value 132 SNU for the SSM [3]. An ac-
curate measurement of the gallium rate would greatly
constrain (or even possibly exclude) this scenario.

Although the propagation equations are independent
of energy, the various processes in the Sun that gener-
ate neutrinos have different radial distributions, so there
can be different degrees of suppression for different ener-
gies. Generally the higher energy neutrinos from the Sun

'Ga contours
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FIG. 2. Solutions to the solar puzzle in the space of pa-
rameters (e', e) for nonstandard (a) v-d and (b) v-u NC scat-
tering, vrith massless neutrinos. The shaded region is consis-
tent with the data of Eq. (21) within two standard deviations
(95Fo C.L.), neglecting small Earth effects. The dashed curves
show the approximate change in the allowed region when neu-
trino scattering in the Earth is also taken into account.

FIG. 3. Predictions of the solar neutrino counting rate in
gallium detectors for the v-d NC solutions of Fig. 2(a), ne-
glecting Earth effects. The contours in the parameter plane
correspond to the specified rate in SNU; the shaded area in-
dicates the solution region.
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come from smaller radii and hence may be suppressed
more than the lower energy neutrinos if the resonance
lies between the production radii of the lower- and higher-
energy neutrinos. This effect can be quite pronounced;
for example, with e&

—0.58 and cg = 0.01 the " Ga
prediction, dominated by lower-energy p-p neutrinos, is
80 SNU (representing a suppression factor of about 0.6),
while for s7CI, dominated by higher-energy sB neutrinos,
the suppression factor is about 0.3.

Figure 4 shows the predicted suppression ratio RH, ——

(measured rate)/(SSM rate) for the proposed cryogenic
4He detector [18]. This device would essentially measure
the total v-e scattering rate above some low threshold for
detecting scattered electrons. The energy-independence
of Eq. (7) means that the suppression ratio of a given
source of neutrinos (e.g. , the p-p reaction) does not de-
pend on the threshold value. The threshold is important
only to the extent that it affects the relative contribu-
tion of different neutrino sources. For electron detection
thresholds below 50 keV, the threshold effect is at most a
few per cent. In addition, there are NC contributions to
the signal from v -e scattering; the NC/CC ratio is not
very sensitive to the threshold, either. We have included
these NC contributions in our calculations of RH, . We
see that a range of RH, suppression factors 0.4—0.8 is ad-
missible. An accurate measurement of RH, would again
greatly constrain the parameters.

Although the contours in Figs. 3 and 4 look rather
similar, they actually represent rather different degrees
of suppression; e.g. , the RH, =0.5 contour lies very close
to the gallium 40 SNU contour, but the latter represents
a gallium suppression factor close to 0.3. Much of this
difference in suppression ratio comes from the v~-e neu-
tral current interactions that raise the signal in He but
not in 7'Ga.

These massless neutrino oscillations could be distin-
guished from standard MSW oscillations by combining
results from several solar neutrino experiments and by

I

Suppression factor for 4He

10

)0

)0
0.5 0.6 0.7

the fact that the oscillations depend on the neutrino
source but not the neutrino energy. For example, de-
tectors which plan to measure high-energy B neutrinos,
such as SNO [20], Super-Kamiokande [21], and BOREX
[22], would see a uniformly suppressed spectrum.

B. v-u FCNC and FDNC only

We next consider the case where nonstandard NC scat-
tering occurs in the v-u sector alone. The propagation
equations now become

C

FIG. 4. Predictions of the suppression ratio RH, in a
superQuid He detector for the v-d NC scattering solutions
of Fig. 2(a), neglecting Earth effects. The contours in the
parameter plane correspond to constant values of RH„ the
shaded area indicates the solution region.

"') =~2G.
(v ) ie„(2N, + N„)

c„(2N, +N„) ~~
~v, l

e'„(2N, + N„) —N, p q v~ y
' (22)

the resonance condition is

e'„= N, /(2N, + N„),

and the mixing angle in matter is

2e„(2N, + N„)
e'„(2N, + N„) —N,

(23)

(24)

I

given by Eq. (20) multiplied by a factor of 2 and with
(eg) eq) replaced by (e„, e'„). Since the resonance occurs
at a smaller value of c„' than for c&, the non-adiabatic
solution band is lower in e„ than for e~. Also, the mixing
angle 8~ is less sensitive to changes in N„/N„so there
is a resonance-broadening effect in the adiabatic region
that lowers the top horizontal band as well.

The ratio on the right-hand side of Eq. (23) rises from
about 0.40 at the center of the Sun to about 0.46 at the
edge, so resonance-enhanced solutions are possible only
in this narrow window of e„'. The allowed region con-
sistent with the solar data is shown in Fig. 2(b); it is
an annular region analogous to that for v-d scattering
[Fig. 2(a)], but more constricted in both the horizon-
tal and vertical scales. The adiabaticity parameter y, is

C. v-e FCNC and FDNC only

We next consider the case where nonstandard NC scat-
tering occurs in the v-e sector alone. The propagation
equations now become

(25)
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The matter mixing angle is given by

25~
tan 20 —1e

(26)

independent of solar radius, so there is no possibility of
neutrinos traversing a resonance on the way out. There
will be v, -v~ oscillations in the Sun, inde endent of en-
ergy, with a wavelength A = x sin 28 /( 2G~X,c,) that
varies with the electron density. The probability of initial
v, 's remaining v, as they traverse the Sun is

P(v, ~ v, ) = 1 —sin 28 sin 2'
where

Q = fez + (~', —1)z~2G~ N, dz

is the relative phase between the two matter eigenstates,
which is simply the diA'erence between the eigenvalues in
Eq. (25) integrated over the distance traveled. If there
are many oscillations on the way out [i.e. , 4e2+(c', —1)~ is
not too small], the average of these oscillations will give
P(v, —+ v, ) = 1 —

&
sin 28 ) 2 for all energies, which

cannot fit the data in Eq. (21).
An interesting class of possibilities remains. Suppose

that mixing is near maximum (e', near 1) and the cen-
trally emitted v, go through a half integer number of os-
cillations [Q (2n+ 1)x] with n small. Then v, emitted
near the solar center would have evolved almost entirely
into v at the solar surface; the v, flux from 8 that
dominates the SSM predictions for the Homestake and
Kamiokande-II rates comes from close to the center and
would be greatly suppressed. Such oscillations could in-
deed explain the data of Eq. (21). They are somewhat
analogous to the vacuum long-wavelength oscillation so-
lutions [19] to the solar puzzle; however, the latter oscil-
lations have wavelengths of order the Earth-Sun distance,
whereas the present matter oscillations have wavelengths
of order the solar radius. Note, however, that the net
suppression of v, now depends on energy in a more com-
plicated manner. Neutrinos from lower-energy sources
that are more widely dispersed in the Sun would have
a wider range of propagation distances in solar matter;
averaging over this range of distances would give less sup-
pression.

D. v regeneration in the earth

In the standard MS& effect there is a range of neutrino
parameters for which a substantial fraction of neutrinos
that undergo the transition v, ~ v~ in the Sun change
back to v, when they pass through the Earth [23, 24].
Here we investigate the eA'ect of the Earth on oscillations
of massless neutrinos with nonstandard neutral currents.
We And that there is a non-negligible effect, but it is not
as pronounced as in the standard MSW scenario. To be
specific, we discuss in detail the scenario with v-d NC
only.

Since N„/K, 1 everywhere in the Earth, the mixing
angle is a constant

6~d
tan 20'

d 1
(29)

=
2 (I + cos 28' [ cos 28' cos 2(8' —8' )

—sin 28' sin 2(8' —8' ) cos 2P] ),
(30)

where

62~+ (3&~ —l)zv 2Gy N, dz,

represents the relative phase between diagonal eigen-
states accumulated during transmission through the
Earth. Equation (30) was obtained by rotating to the
diagonal basis at the neutrino origin (by the angle 8' ),
propagating adiabatically through the Sun, rotating back
to the weak eigenstates at the solar surface (by the an-
gle 8' ), repeating the process for the Earth (where both
the initial and final angles are 8' ), -and then averaging
over the relative phase between diagonal eigenstates in
the Sun.

The angle P will depend on both the time of day and
time of year. For a given day it reaches its maximum
value at midnight; for typical ed, which solve the solar
puzzle, the midnight value of 2P ranges from approxi-
mately 10 radians in the summer to 40 radians in the
winter at the Homestake detector (43' latitude). On a
given night, the value of 2P ranges from zero to its max-
imum value. Thus at night the cos2$ term in Eq. (30)
will be greatly suppressed by averaging, especially if re-
sults from difFerent seasons are included together. In
addition, because the mixing angle in the Earth 0 is
nonmaximal, the cos2$ term is further suppressed by
the factor sin 28' . Therefore to a good approximation
the nighttime value of P will be given by Eq. (30) with
cos 2P ~ 0. The daytime value is given by Eq. (30) with
P —+ 0 (no propagation in the Earth), which in fact re-
produces Eq. (18) when P = 0 (adiabatic propagation
in the Sun). For detectors at lower latitudes (such as
Kamiokande-II at 26' latitude) 2P is larger and the av-
eraging is even more complete.

To estimate the Earth efFect on the allowed regions of
Fig. 2(a), we consider a typical B neutrino which is cre-
ated at r 0.045rs„„gN„/N, 0.425), and examine
the difference between P = z(P~~z + P»s~t) and Pg~~
(no Earth efFects). For the parameters within the so-
lar solution shown in Fig. 2(a) the expected value of P
can increase by as much as 0.06 when Earth eAects are

Since a resonance in the Sun occurs only for 0.50 ( ez (
0.75, we see that there cannot be a resonance in the Earth
for parameters which explain the solar neutrino deficit.
Hence, for a solar solution, mixing in the Earth can be
sizeable only when ed is not small, i.e., when the propaga-
tion in the Sun is adiabatic. Therefore if 8' and 8' are
the mixing angles in matter at the solar neutrino origin
and solar surface, respectively [calculated from Eq. (17)],
then the probability that an initial v, is a v, when it
reaches the detector may be written as

P(v, ~ v, )
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included. From these estimates for the Earth-corrected
probabilities, the dashed curves in Fig. 2(a) show the
approximate shift in the allowed region due to v, regen-
eration in the Earth. We note that for eg & 0.01 the
mixing angle in Earth 0 is small and the Earth effect is
negligible.

Kamiokande-II has reported [2] no significant differ-
ence betmeen daytime and nighttime signals

= —0.08 + 0.11 0.03.
Day + Night

The predicted values of this ratio range from 0 to —0.11 in
the region of parameters allowed by the solar data (after
correcting for Earth effects). Therefore we conclude that
the present day /night measurements do not exclude any
part of the allowed regions, but that future measurements
at the few percent level could exclude some or all of the
region cd 0 0.03.

A comparison of summer and winter signals has been
reported by the s7C1 experiment [24]; they report no sta-
tistically significant diRerence. Due to averaging, the
prediction for this difference is small in massless neu-
trino models with FCNC and new FDNC that explain
the solar neutrino data.

For v-u NC scattering, similar remarks apply. The
mixing angle in the Earth is given by Eq. (29) with d ~ u.
The condition 0.40 & c'„& 0.46 for a resonance in the Sun
is incompatible with a resonance in the Earth, but the
denominator (3e'„—1) in Eq. (29) is now smaller than
in the v-d case; however, the maximum value of e„ in
the numerator is also smaller, so the maximum Earth
mixing angle is much the same as before. Therefore, in
practice Earth effects on solar solutions with nonstandard
v-u scattering, shown by the dashed curves in Fig. 2(b),
are very similar to Earth effects in the v-d case.

For v-e NC scattering, the mixing angle is the same in
the Sun and in the Earth [Eq. (26)], but the cumulative
phase P in the Earth [given by Eq. (31)) is roughly two
orders of magnitude smaller than the phase @ in the Sun
[given by Eq. (28)] because both the density and distance
traveled are much smaller. Consequently, for the long-
wavelength large-mixing solutions of Sec. IIC, in which

g in the Sun corresponds to a small, odd multiple of x,
the cumulative phase P in the Earth will lead to little
day/night or summer/winter modulation.

E. Earth effects on atmospheric and accelerator
neutrinos

unaffected. The up/down ratio of v, or v, cruxes will be
affected by v, ~ v conversion in the Earth.

For solar solutions based on nonstandard v-d NC scat-
tering, the only cases with appreciable Earth effects are
adiabatic solutions with large e~. As we have already
seen, these solutions give moderate mixing and many os-
cillations for distances of order the Earth's diameter, so
neutrinos coming upward from the antipodes will effec-
tively be oscillation-averaged if they are accepted over a
wide angle. The up/down ratio then measures

18~~
36~„' + (3e'„—1)

(33)

The Earth-corrected solutions of Fig. 2(a) then allow
up /down ratios for v, and v, fluxes in the range 0.93—
1.00. In practice there would be a background of appar-
ent v, and v& events from v, -+ v conversion followed
by 7 production and decay, but this would be suppressed
by the 7 —+ Evv branching fraction and the softer energy
spectrum.

These oscillations are not large enough to explain why
the p/e ratio in upward events [25] at Kamiokande-II
is 40% lower than expected [26]; in fact, for v, ~ v,
oscillations this ratio would be increased.

For v-u NC scattering, similar considerations apply
and the up /down formula of Eq. (33) remains valid (after
changing d ~ u); the up/down ratio for v, and v, fluxes
can be as low as 0.95.

For v-e NC scattering, the mixing angle is the same
in the Sun and the Earth. However, as discussed in
Sec. II D, the long-wavelength solutions that fit the so-
lar data have wavelengths much longer than the Earth' s
diameter, so atmospheric neutrinos have too lit, tie dis-
tance to oscillate and the up/down ratios for all kinds of
neutrinos are close to 1.

Oscillations in the Earth can also be probed using ac-
celerator neutrino beams over long distances [27]. The v-
d and v-u NC solar solutions that give the largest effects
have Eart, h oscillation wavelengths of several thousand
kilometers, which may be probed by very lang-baseline
terrestrial experiments. Furthermore, in the favored case
of v, -v mixing, only the small v, component of the beam
would be modulated, whereas the dominant v& compo-
nent would not. The v-e NC solar solutions give neg-
ligible effects for long-baseline experiments; their wave-
lengths are too long.

Nonstandard NC scattering can also affect the fluxes
of atmospheric v„v„v&, and v& neutrinos when they
propagate through the Earth. The brn = 0 scenario is
unchanged if we replace neutrinos by antineutrinos (all
forward scattering amplitudes change sign but the ratios

and e& are unchanged); also the propagation is in-
dependent of energy. Hence the general considerations
in Sec. II D apply equally to the higher-energy neutrinos
and antineutrinos of atmospheric origin.

If new NC interactions mix v, with v, (favored over
v, -v& mixing; see Sec. V), then v& and v„ fluxes will be

III. MASSIVE NEUTRINOS: NO NEW FDNC

e', + 2C'„+ tg + (E'„+ 2Eg) (( 1.
e

(34)

This scenario has been discussed in Ref. [4] (for no vac-
uum mixing) and Ref. [5] (with vacuum mixing).

In this section we assume that brn2 is significantly
nonzero, and that the new neutral currents play a negli-
gible role in the diagonal elements in Eq. (7), i.e. ,
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In the off'-diagonal elements, the standard contribution
bm sin 20/(4E ) is replaced by B + bm2 sin 20/(4E ).
The propagation matrix is therefore precisely that of the
standard MSW problem, provided we make the substitu-
tions

(bm )Msw = bm gcos2 20 + (b + sin 20)~,

(tan 20)Msw ——(b + sin 20)/ cos 20,
(36)
(37)

where the MSW subscripts represent parameters in the
standard MSW solution and

b = 4BE„/bm'. (38)

The only difference from the standard MSW evolution is
that b depends on N, and N„, so that (bm )Msw and
(tan 20)Msw are not constant during propagation. How-
ever, if both b and sin 20 are small then the resonance
is narrow, and b will be approximately constant in the
critical resonance region where the v, ~ v transition
takes place. Thus, we can use the value of b at the reso-
nance, which can be determined from the definition of 6

and Eq. (35):

bres = 2 cos 20 ee + 2e~ + E'g + (e~ + 2Ed)
res-

(39)

The occurrence of an MSW resonance is determined
by the standard model parameters

(N, )„,= b'm cos20/(2~2G~ E„).

A. v-d FCNC only

For v-d scattering the resonance value of 6 is

b„, = 2egcos20 1+2
~

N„
res-

(43)

The 95% C.L. allowed region for the s Cl and K-II data in
(b'm, sin 20) space is shown in Fig. 5 for ed ———0.05 and
0.05; the standard MSW allowed region is also shown for
comparison. In finding the allowed regions for nonzero
eg we used the same method for calculating P(v, —+ v, )
as in our standard MSW calculation [12], except that the
MSW parameters were shifted according to Eqs. (36) and
(37) for each neutrino energy. Thus the slight energy de-
pendence of (N„/N, )„,(and hence of b„,), which occurs
because the position of the resonance depends on E, was
included in our calculation.

In our calculation we have not included the effects of
v, regeneration in the Earth; however, it should be very
similar to the effect on the standard MSW allowed region,
i.e. , there is a bulge towards smaller sin 20 in the vertical
part of the solution near bm = 3 x 10 eV . Much of
this area is ruled out by day/night measurements [2] at
Kamiokande-II; the effect of this exclusion on the allowed
region is shown in Fig. 5.

The changes in the allowed regions for nonzero
seen in Fig. 5 may be easily understood by examining
Eqs. (36) and (37). Positive ed (which makes b„„posi-
tive) has the effect of moving the allowed region towards
smaller sin 20 since the smaller value of sin 20 is compen-

If sin 20 is not small then the resonance is not narrow,
but if b is small the fact that it varies in the resonance
region has little effect on neutrino propagation. Since we
generally expect that b will be small (it is proportional
to the ey, which are restricted by other data), to a good
approximation the oscillations should proceed as in the
standard MSW effect for any value of sin 20, except that
the MSW parameters are shifted according to Eqs. (36)
and (37) with b = b„,. The average oscillation probabil-
ity for a neutrino of given energy and initial position is
given by [9]

10
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40 tQ
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P(v, ~ v, ) =
z [1 + (1 —2P )(cos 20)Msw cos 20' ],

(4o)
~ o o ~ o o o o oo

where

[N; /(N, )„„——1]

g(tan 20)Msw + [N;/(N ) —1]2

io' „
IO 10 IO

sin 28

I I I IIII I I I I IIII

IO 1

(41)

and P is given by Eq. (19) with adiabaticity parameter

(bm')Msw |'»n'201
7c 42

2E~ ( cos 20 ) Msw Ne dx

The parameters (bm )Msw and (tan 20)Msw have an
energy dependence from the (N„/N, )„,term in b„„but
it is small since N„/N, does not change much in the Sun.

FIG. 5. Solutions to the solar puzzle for v-d FCNC scat-
tering with massive neutrinos and negligible new FDNC
(bm g 0 and ez « 1). The two cases eq=0.05 and —0.05
are indicated by dashed and dotted curves, respectively. In
each case the corresponding curves enclose the region in
bm —sin 28 parameter space that fits the data of Eq. (21)
within 95% C.L. The standard MSW solution (ed = 0, solid
curve) is also shown for comparison; the missing section of
the vertical solution near bm = 3 x 10 eU is excluded by
Kamiokande-II day/night measurements (Ref. [2]).
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sated by the additional term b«, in Eq. (37) (0 & 8 & ~/2
by convention). Likewise, the allowed region also shifts
towards smaller bm~ since the quantity inside the square
root in Eq. (36) is larger than 1 and can compensate for a
slightly reduced bm . Negative rp has the opposite eAect,
at least for the region sin 28 & ~b«, P; the off-diagonal
term changes sign and a mirror solution appears in the
region sin 28 & (b«, )

The predictions for 7iGa experiments show similar
changes from the standard MSW scenario; Fig. 6 shows
contours of expected iGa counting rates for eq ——0.05
and 0.05. For positive ~g, the predictions are shifted to
lower sin 28 and bm (the standard MSW predictions
are depicted, e.g. , in Fig. 12 of Ref. [9]). For negative
eg the reverse occurs, and there are mirror contours for
sin 28 & (b,~, ~~. In the region near sin 28 = ~b«, (

the
contours merge because of the slight smearing effect from
the E„dependence of 6„,. The shaded regions in Fig. 6
are the allowed regions from s"Cl and K-II data from
Fig. 5. The range of predictions for 7iGa consistent with
s7CI and K-II do not change from the standard MSW
scenario since both the allowed region and the predic-
tion contours shift in approximately the same way; there
might be a very slight de'erence due to the diA'erent neu-
trino energies sampled in the experiments, but this eA'ect

is small.
Because massive neutrino oscillations involving FCNC

mimic standard MSW osciiiations, distinguishing be-
tween the two would be extremely difficult. Perhaps the
best hope for verifying the existence of such FC inter-
actions is with more direct tests, such as high-precision
neutrino scattering experiments or improved searches for

B. v-u FCNC only

In this case the resonance value of b is

b„, = 2e„cos 28 2+
~

(N„ i
EN, r„, (44)

Otherwise, this case is similar to the previous one; b„„
will be even less sensitive to the neutrino energy since
the relative coefficient of (N„/N, ), is smaller.

C. v-e FCNC only

In this case the resonance value of b is

b,~, = 2e, cos28. (45)

Since b,e, does not depend on (N„/N, )„„it is indepen-
dent of neutrino energy. Hence the allowed regions and
prediction contours for future experiments may be found
by directly applying the shift of Eqs. (36) and (37) to
the corresponding curves for the standard MSW scenario
[8—12].

IV. MASSIVE NEUTRINOS WITH FCNC AND
NEW FDNC

In this section we assume that bm and e' are bothf
non-negligible. Then the matrix equation for propaga-
tion through matter can be cast in the form

rare decays (see Sec. V for a discussion of the current
limits) .

Ga predictions, &&«1
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FIG. 6. Predictions for the solar neutrino counting rate in gallium detectors for the v-d FCNC solutions of Fig. 5. The
contours in the sin 28, bIn plane correspond to constant predicted rates in SNU, for the cases (a) eq ——0.05 and (b) ed = —0.05.
The solution regions of Fig. 5 are indicated by shading.
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. d f'vi ( 0 bm2(sin 20+ b)/(4E„) & & v,
dz I va) ibm (sin 28+ b)/(4E„) bm cos20/(2E ) —~2G~N; (46)

where b is defined in Eq. (38) and¹,= (1 —~', —2e'„—~z)N, —(e'„+ 2ez)N„. (47)

Making the substitutions defined in Eqs. (36) and (37),
Eq. (46) has the same form as the standard MSW prop-
agation with ¹+replacing N, . In this way, it is similar
to the sterile neutrino scenario (where ¹+= N, —

2 N„)
[14]; however, in this more general case ¹+depends on
e&. The resonance condition is

I

give predictions different from standard MSW.
When two resonance layers are present, the first (inner-

most) resonance is principally caused by a change in the
ratio N„/N„while the second occurs when the effective
density ¹ crosses the standard MS& critical density.
If the propagation at the inner resonance is adiabatic,
then no transition from one Hamiltonian eigenstate to
another occurs there (although there is a transition in
the flavor basis), and the calculation essentially reduces
to the case with a single resonance layer and a single adi-

(N,' ) = bm cos 28/(2V 2Gy E ). (48)

We now examine the detailed behavior of resonance for-
mation in the three NC scattering scenarios.

Sl

A. v-d FCNC and FDNC only

If¹+initially is negative, as may occur near the cen-
ter of the Sun where N„/N, is larger, then the lower right
diagonal element of the propagation matrix in Eq. (46)
[bm~ cos 28/(2E )+C] will be positive. In this case there
is the possibility for one or even two resonance layers in
the Sun. To see exactly how these resonance layers arise
we show in Fig. 7 the value of the the lower right diagonal
element of Eq. (46) in the Sun vs N, for several sets of
parameters, remembering that a resonance occurs when
this element vanishes.

Figure 7(a) shows the lower diagonal element for
bm2 = 0; this is just the case described in Sec. II A. A
resonance occurs for 0.50 ( el& ( 0.75; for higher (lower)
values the term is always positive (negative) and there
is no resonance. In Figs. 7(b) and 7(c) a positive value
of bm2 is included, effectively raising the curves above
their positions in Fig. 7(a). For values of e& which had
a resonance before, there are now either two resonances
or none, depending on the size of bmz [Fig. 7(b)]. In
Fig. 7(c) we see that for some values of e& which were
too small to induce a resonance when bm = 0 (such as
e& ——0.45) there are now two resonances; for still smaller
values (such as e&

—0.10), there will be one resonance.
The regions where no, one, or two resonances occur for
v-d FCNC scattering are summarized in Fig. 8(a).

Situations with a single resonance layer are similar to
the scenarios in Sec. III. The oscillation probabilities may
be calculated in the same way as in Sec. III A, except
¹ replaces N, [i.e., by using Eqs. (36), (37), (39)—(42),
(47), and (48) with ¹

~ N, in Eqs. (41) and (42)].
VVith a non-adiabatic crossing far away from the center
of the Sun, these scenarios would give predictions simi-
lar to standard MSW oscillations [after adjusting for the
parameter shift in Eqs. (36) and (37)] since the adiabatic-
ity parameter p, in Eq. (42) depends on the logarithmic
gradient of the density, which is unchanged when N, is
replaced by ¹+.For adiabatic or large-mixing propaga-
tion, where the mixing-angle in matter and the position
of the resonance are important, scenarios with N, + could
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FIG. 7. Conditions for resonance in solar matter; com-
parison of v-d FCNC examples. The vertical axis measures
the lower right diagonal element of the propagation matrix
in Eq. (7) [or equivalently Eq. (46)]; the vanishing of this
element is the resonance condition. The horizontal axis mea-
sures the electron number density in units N~/cm, running
from 0 at the solar surface to approximately 100 at the core.
The cases shown are (a) massless neutrinas (bm = 0), with
various examples of e&, showing how only a limited range of

give a resonance in the Sun; (b) bm = 6 x 10 eV and
E„=10 MeV, with different ez, (c) bm = 2 x 10 eV and
E = 10 MeV, with various ez. The examples in (b) and
(c) show how the introduction of nonzero bm effectively dis-
places the curves relative to the massless case (a), leading to
zero, one, or two resonances.
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C. v-e FCNC and FDNC only

Since ¹
= (1 —e', )N, does not depend on N„ in

this scenario, only one resonance layer is possible in the
Sun. The regions where a resonance layer can occur vs
e', and bm2 cos 28/E are shown in Fig. 8(c). The deter-
mination of average oscillation probabilities proceeds as
in Sec. IV A with one resonance layer.

V. LIMITS ON NEW NEUTRAL-CURRENT
COUPLINGS
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In this section we examine the limits on the flavor-
changing and new diagonal couplings imposed by data.
We first determine the model-independent limits that can
be imposed on the G

&
in Eq. (4), and then examine

the limits on interactions in supersymmetry models with
broken R-parity described by the Lagrangian of Eqs. (10)
and (11).

A. Model-independent limits
]0
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abaticity parameter for the outer resonance. If the inner
resonance is non-adiabatic, then two distinct adiabaticity
parameters enter the calculation. We do not pursue this
possibilit, y any further.

B. v-u FCNC and FDNC only

This case is very similar to v-d FCNC only. The re-
gions where zero, one, or two resonance layers occur vs

and bm~ cos20/E are shown in Fig. 8(b). The deter-
mination of average oscillation probabilities proceeds as
in Sec. IV A.

FIG. 8. The number of resonance layers in the Sun shown
in the plane of relevant parameters for nonstandard (a) v-
d NC, (b) v-u NC, and (c) v-e NC. The segments of the
horizontal axis beneath the double resonance regions have a
single resonance layer.

where Ts and q~ are the fermion weak isospin and elec-
tric charge, and z~ = sin 8 . Limits on g& and g&~ from
v&e and v„N deep inelastic scattering [28] give the indi-
vidual constraints

G„'„v/Gy = —0.02+ 0.10,

G„„v/Gy = —0.09 6 0.07,
G"„„v/Gy = —0.03 + 0.02.

(50)

We see that the G~ v are typically constrained to the
p. lg~ level; hence the massless solar neutrino solution
described in Sec. II with v, ~ v&, which required e&

(G~„v —G„&)/Gy to be 0.50—0.75 (0.40—0.46) for d(u)
quarks, can be realized only when G„& is negative and

IG'.vI » IG„„vl (f = d u).
The G~, and G"„couplings are constrained by deep in-

elastic v, -N scattering bounds [29], but these constraints
are much looser than those from v&-N scattering. For ex-
ample, if we assume that CC scattering is given by the
standard model and that nonstandard v& scattering is
negligible, the CHARM bound [29] on v;N and v, -N
NC scattering implies

For the effective Lagrangian of Eq. (4), the most severe
limits are from v& f ~ v& f scattering measurements. The
left- and right-handed fermion couplings are

g~~ = T~~ —q~z + ~1(G~„v —G~„„)/G~,
(49)

+ ~(G', „v + G'„,~)/G~

(1 4 + G v)2+( 1+ G A)2+( 1+ 2 + G~~v)2+(1+ G A)2
2 GF 2 3 GF 2 GF

y yP+P
(~g —s* )'+(—g)'+( —~+-s'~ )'+(2)' (51)
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For z~ = 0.23 and any mixture of v-d and v-u scattering,
we obtain the model-independent bounds

—0.74 & G,",v/G~ & 1.43, —1.27 ( G"„v/G~ & 0.89,

(52)

at 95% C.L. These bounds become more severe if only
v-d or v-u nonstandard NC contributes with couplings of
specific chirality

—0.59 & G,',v/G~ & 0.44, —0.37 & G"„v/G~ & 0.68

(G~ ——Gv), (53)

from v f ~ v f, limits may also be obtained on the off-

diagonal terms GIpv and GI&&. However, because the
flavor-changing reactions add incoherently to the stan-
dard ones these limits are generally somewhat weaker,
and they do not constrain any of the solar solutions.
There are no experimental limits on the 6 „& which con-
tribute to v, ~ v~ scenarios.

In summary, model-independent limits do not abso-
lutely rule out v, —+ v@ scenarios, but in any solar so-
lution with non-neghgible ~& the efI'ective coupling 6„&
must be large and negative; particular chiral couplings
are ruled out in some cases. There are no significant
model-independent limits on v, ~ v scenarios.

—0.24 & G,",v/G~ & 1.08, —0.96 & G"„v/Gy & 0.27 B. Limits on broken R-parity interactions

(G~ = —Gv) (54)

When combined with Eq. (50), these limits allow e'd and
to reach the critical values necessary for a v, ~ v&

resonance in the Sun, except when the neutrino scatters
predominantly off dl. (G,",z ———G"„v) or u~ (G,",z ——

G"„v) quarks.
Recent results from LAMPF [30] on low-energy elastic

v, -e scattering [where gr' ~ gr + 1 in Eq. (49) due to an
additional CC contribution] lead to the constraint

2 [1+» +(G:.v —G:.~)/G~]'

+s [2z + (G;,v + G;,~)/Gk] = 1.15 6 0.21,

which translates into

(55)

—2.73 ( G', ,v/Gy & 0.81
—1.10 ( G;,v/Gk- & 0 64
—0.14 ( G;,v/GF & 015

(any G,',z),
(G:.~ = G:.v)
(G:.~ = —G:.v)

(56)
(57)
(58)

at 95% C.L. These limits allow e', = (G„'„v —G;,v)/Gy
to be near 1 (the critical value for maximal v, ~ v„
mixing in the Sun), except when G;,z ———G;,v, i.e. , v,
scatters ofI' eI. .

Since v f ~ vp f is experimentally indistinguishable

For the supersyrrunetric models with broken R parity,
the couplings that can lead to the efI'ective interaction of
Eq. (4) are shown in Table I for the v, ~ v„and v, ~ v
cases. The couplings are listed in pairs; any given pair
can generate both the fIavor-changing and new diagonal
currents [see, e.g. , Eqs. (13) and (14)].

Limits on individual A;&@ and A; & have been deter-
mined in Ref. [15]. In some cases rare flavor-changing
processes give better limits on the product of two difFer-
ent couplings than the individual limits combined. For
instance, p ~ e7 puts severe limits [4, 5, 31] on A]sr A23r,
AlklA2kl and AllkA21k. In Ref. [4], the process 7 ~ p e
was used to constrain A]3]%33] this process can also be
used to put l~~~t~ on Ai~1~3k1 and A11k~31k
These limits on the eg are summarized in Table II.

In the v, —+ v& scenarios the ofI'-diagonal term eg is
always very small, so that oscillations due to the flavor-
changing interaction alone will be negligible. If the neu-
trinos are massive and have nonzero vacuum mixing, then
the only difI'erence from standard MSW oscillations will
come from the the diagonal term ~f. Since it is of or-
der 0.1Gk- or less, there is no large effect on NP [see
Eq. (47)]. Hence there are no sizeable nonstandard ef-
fects in the v, —+ v& scenario in the broken R-parity
models.

For v, ~ v7-, nonzero A&J, » A3&& can give ed large
enough to cause a resonance in the Sun in the mass-
less neutrino case (Sec. II). The corresponding limit on

TABLE I. Scenarios for flavor-changing neutral currents (FCNC) and flavor-diagonal neutral
currents (FDNC) iu supersymmetric R-parity violating models.

Scenario

Pe ~ P~

Ve ~ PII

Couplings

~131 ) ~231

I I
~1kl ~ ~2k1

I I
~11k & ~21k

FCNC parameter

e, = AgagA2ag/(2m'-, )

« = A~kr A2ki/(2m'„-„)
L

~d AllkA21k/(2mdk )

FDNC parameter

= (IA2ayl —IAgayl )/(2m-

~'d = (IA2k~ I' —I Alkyl')/(2m'„-. )

~'d = (IArik I' —IA2r k I')/(2m'„. )-
Pe ~ P7-

Pe ~ Pr

&121, &231

I I
&1k1 &3k1

I I
~11k ~ ~31k

E~ = —A121 A231/(2m' )

Ed = Arkr Asks /(2mdk )

Ed = —Arg k A3$ k/(2mdk )
R

~' = (IA»r I' —IA»~ I')/(2m'„-, )

~'d = (IAakil' —IArk~ I')/(2m'„-. )

~'d = (IAi~kl' —IAark I')/(2m';.„)
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TABLE II. Limits on flavor-changing neutral-currents (FCNC) and flavor-diagonal neutral-
currents (FDNC) in supersymmetric R-parity violating models.

Scenario

P~~Vp,
P~ ~ Vg

P~ ~ Vp,

Couplings

~131 ) ~231
I I

~1k1 & ~2kl
I I

~11k ) ~21k

Limit on FCNC

I..I & 1.5 x 1o-"
I«I & 1.5 x 1o-"
I., I & 1.5 x1o-"

Limit on FDNC

—0.015 & e' & 0.012
—0.101 & e~ & 0.073
—0.012 & ez & 0.001

&e ~ &7-

Ve~ &7

&e ~ &r

~121) ~231
I I

&1k1~ &3k1
I I

&11k &31k

I..I & 5.4 x 1o-"
Ie~I & 8 x lo (m„-~ /rn„x)-
Ie I & 8 x 1o-"

-0.002 & ~'. & 0.012
—0.101 & ~z

~'„& 0.001

Ref. [15].
p -+ ep (Ref. [31]).

'r ~ p e (Ref. [4]).

|p is compatible with the entire region allowed by so-
lar neutrino data [c.f. Fig. 2(a)]. Nonzero A&&&, Aiszi or
nonzero 111k,, A1k, can give eg large enough to aA'ect the
propagation in the massive neutrino cases (Secs. III and
IV). Therefore, all of the v-d NC scattering oscillation
scenarios discussed earlier may be realized for v, ~ v,
in the supersymmetric broken R-parity model. Finally,
nonzero A1$1)A231 can give e', as large as 0.012 and Eg as
large as 5.4 x 10 . Since e', &( 1 it is not large enough
to give large resonant eÃects in the sun, and the e, is
not large enough to provide suFicient mixing in the ab-
sence of vacuum mixing [since from Eqs. (37) and (45)
(sin 20)Msw 4e, 1.2 x 10 ]. Therefore v-e NC
scattering in the broken R-parity models does not give
any new solar solutions.

Table II gives the direct limits on the couplings rele-
vant to the eA'ective Lagrangian for neutrino scattering in
Eq. (4). There are many other limits from rare processes
which put constraints on one of the A or A' in Table II
in combination with a coupling not listed in the table.
Some of these constraints can be severe. For example,

there is a contribution to KI.-I&g mixing of

&~12&a212 2mli:
( ) z f~m~

that leads to the bound
I I
k21 k12 ( 93 10—9

(m;„~jl00 GeV)~

(59)

(00)

Similarly, requiring AM~ /1 gy & 1 in Bd —B& mixing
yields

& 6 x 10
(m;„j100 GeV)~

If all the A';.
&

are nonzero and of the same order of mag-
nitude, then they must all be of the order 10 ~ or less.
This bound can be avoided if some of the couplings (such
as A&&s and A'k&z in the examples above) are more sup-
pressed or vanish. Since there will be constraints from
many other such reactions (e.g. , rare decays), scenarios

TABLE III. Summary of scenarios with FCNC and new FDNC. The standard MSW scenario
is shown for comparison, and the cases which may be realized in supersymmetric 8-parity-violating
(SUSY-RPU) models are identified.

bm', 8 FDNC FCNC New
parameters

I
Eq)Cq

Comment

No vacuum osc.
SUSY-RPU (q = d) [4]

Long-wavelength osc. in Sun

None Standard MSW

None MSW with sterile v

MSW with N'"
SUSY-RPV (f = d)

MSW with parameter shift
SUSY-RPV (f = d) [4, 5]

Two resonance layers possible
SUSY-RPV (f = d)
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with non-negligible couplings other than those listed in
Table II must be very carefully examineh to see if they
are allowed by existing data.

VI. CONCLUSIONS

We have studied the possibility that the solar neutrino
deficit may be due to 2-flavor v, -v mixing in the Sun,
mediated wholly or in part by new flavor-changing and
flavor-diagonal neutral currents. The possible scenarios
are listed in Table III. Our results may be summarized
as follows.

(a) For bm2 = 0 and v-d or v-u NC only, solar solutions
exist in annular regions of the (c&,ey) plane, shown in
Fig. 2.

(b) These solutions all depend on resonance crossing in
the Sun; a resonance occurs in these scenarios if N„/N,
crosses a critical value as it falls from about 2 at the solar
center to about 6 at the surface. The lower horizontal
band of solutions has non-adiabatic resonance crossing;
the other solution regions are adiabatic. These solutions
should be distinguishable from standard MSW oscilla-
tions since the amount of suppression depends only on
the neutrino origin and not its energy; e.g. , the suppres-
sion is uniform throughout the entire range 1.73 MeV
& E~ & 14 MeV, where essentially all neutrinos come
from the 8 process.

(c) Earth effects are most pronounced for the upper
horizontal band of solutions. Here day/night asymme-
tries (for solar neutrinos) and up/down asymmetries (for
atmospheric neutrinos) can reach the 5—10%%uo level. The
corresponding oscillation wavelengths in the Earth are of
order several thousand kilometers, that could in principle
be studied via long-baseline experiments using accelera-
tor neutrino beams; but this assumes v, -v& oscillations
rather than v, -v .

(d) With bm = 0 and v-e NC only, mixing in the
Sun is independent of radius, so there is no possibility of
a resonance crossing. However, a special class of large-
mixing long-wavelength solar solutions exists in this sce-
nario. They must have e', close to 1 with c, very small, so
that centrally emitted v, will go through approximately
n + &

oscillations on their way to the surface, with n
small. Earth eA'ects in these solutions are small.

(e) With bm g 0 and e' (( 1, new neutral currents
play a role only in the oA'-diagonal elements of the prop-
agation matrix. There is at most one resonance layer for
each value of E„. This scenario can be related to stan-
dard MSW mixing by a simple shift of parameters. For
the case of v-d NC scattering we have shown in Fig. 5
how alternative choices ~d ——+0.05 displace the standard
MSW solution region in the (sin 20, bm ) plane. Similar
shifts occur for v-u and v-e NC scattering These o. s-
cillation scenarios would be essentially indistinguishable
from standard MSW oscillations, and would require more
direct tests of the new NC interactions for identification.

(f) With bm2 g 0 and e& not negligible the condition
for resonance in the Sun is modified in an essential way,
so that resonances may occur in zero, one or two layers.
This is illustrated in Fig. 7 for the case of v-d NC. When

10

10

I I I I IIIII I I I I I III) I I I I IIII'

STANDARD MSW

4He Contours

10

10
10 10 10

sin2 28
10

FIG. 9. Standard MSW predictions for the suppression
ratio RH, in a super8uid helium detector. The 95+0 C.L.
allowed region from the solid curves in Fig. 5 is denoted by
shading.

two resonance layers occur, the inner resonance is princi-
pally caused by a change in the ratio N„/Ã, (and hence
is analogous to the bm2 = 0 cases), while the outer res-
onance is caused by the eA'ective electron density cross-
ing the usual MSW critical value. Thus this scenario
combines the features of the massless and massive with

g( 1 scenarios.

(g) We have illustrated the predictions of the v-d NC
solutions for the 7iaa detectors and for a proposed su-
perfluid He detector. Measurements with such detectors
could severely constrain or even exclude these scenarios.
For comparison, 4He predictions for standard MSW os-
cillations are shown in Fig. 9.

(h) We have also considered Earth effects on solar
neutrino, atmospheric neutrino and lang-baseline accel-
erator neutrino fluxes. In the upper band of solutions
of Fig. 2, day/night asymmetries for solar rates and
up/down asymmetries for atmospheric rates can reach
the 10'%%uo level; surzimer/winter asymmetries for solar neu-
trinos are smaller.

(i) There are model-independent bounds on nonstan-
dard neutrino NC couplings in v, ~ v& scenarios; values

of e& of order 1 require —G~„v to be unnaturally much

larger than ~G~„&~, and are ruled out for some chiral cou-
plings. There are no significant model-independent limits
on v~ ~ v7 scenarios.

(j) There are more stringent bounds on NC couplings
in the specific framework of broken R-parity supersym-
metry models; no v, —+ v& scenarios exist in which the
FCNC couplings are large enough to give radically diff'er-

ent solutions to the solar neutrino problem (slight mod-
ifications to the standard MSW solution are allowed).
There are some limits on couplings in the v, ~ v~ sec-
tor; they exclude v-e NC solar solutions with brn = 0
but allow v-d NC solar solutions with resonant enhance-
ment of massless and massive neutrino oscillations.
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