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Consequences of tvristing solar magnetic fields in solar neutrino experiments
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The transverse component of the solar magnetic Geld may change its direction along the path
of neutrinos. We examine possible consequences of such a twisting magnetic Beld in the proposed
Sudbury Neutrino Observatory and BOREXINO experiments. Although for certain magnetic Beld
configurations twisting can give rise to the production of electron antineutrinos, we show that such
a process is sensitive to the detailed structure of the magnetic field.

PACS number(s): 96.60.Kx, 14.60.Gh, 96.60.Hv

I. INTRODU CTION

The observed solar neutrino flux [1—4] is deficient rela-
tive to that predicted by the standard solar model [5,6].

, It was recognized that, if neutrinos observed in physi-
cal processes are mixtures of mass eigenstates, coherent
forward. scattering of neutrinos in electronic matter can
cause an almost complete conversion of electron neutri-
nos into neutrinos of a difFerent flavor [7]. This scenario,
dubbed the Mikheyev-Smirnov-Wolfenstein (MSW) ef-
fect, does not require Gne-tuning of the mass differences
and mixing angles and could possibly provide an elegant
solution to the solar neutrino problem within current the-
oretical prejudices [8,9].

In addition, the flux observed by the chlorine
experiment appears to anticorrelate with the num-
ber of sunspots [10], although the flux measured by
Kamiokande does not [2]. Insufficient data exist for as-
certaining a time dependence of the flux observed by the
gallium experiments. Since sunspots are regions where
"ropes" of magnetic field dive out of and. back into the
Sun, this possible anticorrelation suggests that neutrinos
may have a nonzero magnetic moment. Upon passage
through the solar magnetic field. , the left-handed elec-
tron neutrinos could flip their spin resulting in antineu-
trinos of a difFerent flavor (for Majorana neutrinos with
transition magnetic moments), or sterile right-handed
neutrinos (for Dirac neutrinos with diagonal or transi-
tion moments) [11—13]. Neither of these types would
be detected in the chlorine or gallium experiments, and
would result in a smaller than predicted counting rate for
Kamiokande.

The combined effect of matter and magnetic fields on
neutrino spin and flavor precession was examined by I im
and Marciano [14] and Akhmedov [15]. They pointed out
that simultaneous presence of flavor mixing and magnetic
(diagonal or transition) moments can give rise to two
new resonances in addition to the MSW resonance. This
possibility was studied by several authors [16—18] who
concluded that one needs a perhaps unrealistically large
magnetic Geld and magnetic moment combination for an
emphatic effect.

It is interesting to note that even with a moment
too small for any anticorrelation effect there could be

other consequences of the neutrino magnetic moment—
namely, possible detection of solar antineutrinos. As
has been pointed out [19—22], if neutrinos are Majorana
fermions the spin-flavor precession of v ~ v@ via the
Lim-Akhmedov-Marciano (LAM) mechanism followed by
vacuum oscillations into v can yield counting rates d.e-
tectable at the BOREXINO detector and at the Sudbury
Neutrino Observatory (SNO). In addition, if the trans-
verse component of the solar magnetic field changes its
direction along the neutrino's path (twisting magnetic
field), the resonant structure of the magnetic transitions
are altered by the rate of this twisting. The change in
the resonant structure of the evolution due to the twisting
rate was first recognized by Smirnov [23], and has been
discussed by other authors [24,25]. For certain twisting
rates the Sun may again emit electron antineutrinos for
a range of parameters. In this second scenario, electron
neutrinos first undergo an MSW transition into muon
neutrinos followed by a transition of the muon neutrinos
into electron antineutrinos. This latter resonant transi-
tion is made possible by the alteration of the resonant
structure by the twisting Gelds.

In this paper we consider the resonant production of
electron antineutrinos in a twisting solar magnetic field
using a neutrino magnetic moment and solar magnetic
Geld combination which is too small to affect the count-
ing rates of the current detectors. In Sec. II we briefly
discuss the limits on the neutrino magnetic moment and
the size and possible twisting of the solar magnetic Geld.
Section III gives the evolution equations for combined
spin-flavor precession in a twisting magnetic field and de-
termines the size of the twisting necessary to create res-
onant electron antineutrinos for the regions of the MSW
parameter space allowed at the 2o level for the currently
running experiments. In Sec. IV we discuss the arti-
ficial, although instructive, case of a constant twisting
rate, and also the model of Kubota et al. [26] which is
based on the w'ork of Yoshirnura [27]. Section V contains
our concluding remarks.

II. LIMITS ON SOLAR MAGNETIC FIELD AND
NEUTRINO MAGNETIC MOMENT

Since there is essentially nothing known about a pos-
sible magnetic field in the solar interior (r & 0.7Bo),
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and since convection is thought to be responsible for the
twisting, we consider only a convective zone magnetic
field. The convective zone, which is about 0.3 Bo thick,
has a large toroidal magnetic field on the order of 10 —10
G. This field changes its direction every 11 yr. It seems
possible that the magnitude of the magnetic field can
reach values of 10 G near the bottom of the convec-
tive zone [28], while the magnitude of the field observed
in the sunspots is a few kG.

In addition to the speculation of the approximate
magnitude of the magnetic field in the convective zone,
Yoshimura [27], by solving the dynamo equation, showed
that the toroidal magnetic fields twist, and further, that
the twisting may be responsible for the 11-yr cycle of
magnetic polarity reversals. The twist in this model
is generated by the differential rotation of the Sun and
global plasma convection. While the size of the twist is
unknown, it seems probable that such a global twist ex-
ists for the magnetic field in the convective zone of the
Sun.

Direct experimental bounds on the magnetic moments
are rather weak. Antineutrino electron scattering data
yield [29] a bound of

]y,
~

&4x 10 pii.

Astrophysical and cosmological arguments are more re-
strictive. Among these stellar cooling (energy loss due to
neutrino pair emission) provides [30] a bound of

~y,
~

& 1 x 10 "pii.

Perhaps the most restrictive astrophysical bound was
given by Raffelt who considered [31] the increase of the
core mass of red giant stars at helium Bash due to anoma-
lous neutrino dipole moments (magnetic or electric) in-
creasing plasmon decay and obtained a limit of

ip„, i
& 3 x 10 p~ (3a).

where B = B(t) = (B + B„) is the magnitude of the

transverse magnetic field, &P = P(t) = arctan(B„/B ) is
the phase of the transverse field, and a is the contribu-
tion of matter to the e8'ective mass. If one performs the
phase rotation

&eL, e
(vR) ( O ') ( 2)

one gets an evolution equation for the rotating kame of

d (,) (a, (t) —-p'
dt kv2) ( pB

a, (t) = (2N, —N„),
2

(7)

where N and N are electron and neutron number den-
sities, respectively. In the limit m /p m 0, which we
consider hereafter, the right-handed neutrino does not
interact with matter.

Writing the magnetic moment in terms of Bohr mag-
netons,

P =OP»

where g is a small number, it is possible to calculate
the survival probability of the left-handed component (in
moderate magnetic fields) using the perturbation theory.
For the survival probability at time T we find

T
P(v„m v„) = 1 — g p~ dt B(t) e'~ ~'l

0

where the prime denotes a derivative. In the standard
model (for an unpolarized neutral medium) one gets

The plasmon decay limit applies to both diagonal and
transition magnetic or electric dipole moments of Dirac
neutrinos, or to the transition moments of Majorana neu-
trinos. For Dirac transition moments, the bound is more
restrictive than that given in Eq. (3) by a factor of I/~2.

where

+o(g )

t

Q. (t) = dh (2N. —N„) —P(t).
2 p

(1o)

III. SPIN-FLAVOR PRECESSION IN MATTER

A. Evolution of chiral components

For the electron neutrino the chiral components v ~
and v ~ interact difFerently with matter. This diH'erence
tends to suppress precession by splitting their degener-
acy. The equation describing the propagation through
matter of the two helicity components of a Dirac neu-
trino with mass m„and magnetic moment p in a general
transverse field is [12,13]

The resonance condition is 2N, = N„+ P', where gV is
the derivative of the magnetic field phase. For qV = 0 it is
unlikely that this resonance condition can be achieved in
the Sun where the neutron density is N = N, /6 ~ N, /3.
It can, however, be achieved in a supernova [30]. For
gV g 0, it is possible to achieve such a resonance even for
small values of qV since the number densities fall toward
zero at the surface of the Sun. This is an example of how
a twisting field can alter the resonance structure of the
evolution equations.

B. Spin-Bavor precession in the Sun

. d &v & ( a(t) &Be '
& (v

dt g v&„) (yBe'~ —a, (t) 2
", ) q v,„) (4) In this case we consider two generations of Majorana

neutrinos. The neutrino evolution equation is [14,20]
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v~

vp ~ H~
v, ~g Be'~M
v„$

If one again performs a phase rotation similar to Eq.
(5) one obtains the time derivative of half the magnetic
phase subtracted kom the diagonal terms of H, and
added to the diagonal terms of H—.We maintain the v
notation for simplicity, since such a phase rotation leaves
the probabilities unchanged. The 2 x 2 submatrices are

'
siii204R

2
cos 0+ a„—2P')

(12)

(13)

given values of Am, sin 20, and E by Eq. (18). The
minimum twisting rate for this resonance to occur in the
Sun is P' = 2& cos 20. At this value of the twisting rate,
the resonance occurs at the surface of the Sun. An ap-
proximate maximum value of the twisting rate leading to
a resonant transition can be determined by noting that
the position of the twisting resonance must lie after the
MSW resonance region which produces the muon neu-
trinos jjIom which the transition occurs. The maximum
twisting rate is then given by

Am2
— cos 20+ v 2G~[N, (d) —N„(d)],2E

with

"= rMsw —br/2,

where the width of the MSW resonance region is given
by [9]

a, = (2N, —N„), a„= — N„.GF GF
2

" ' "
2

(14)

and H =H (—(a„a„,P) ~ (—a, —a~, —P)). In the
above equations 0 is the mixing angle, Am is the diKer-
ence of the squares of the masses, and E is the neutrino
energy. For a neutral, unpolarized medium, the matter
potentials are

1 dN,
br = ' 2tan20,

e

and the MSW resonant point is given implicitly by

Am2
v 2GpN, (rMsw) = cos 20.

2E

(20)

(21)

For the case of no twisting (P = 0), there are two
possible crossing resonances: the MSW resonance

If one uses the fact that N N, /6 and. the approximate
expression of the electron density from Bahcall [5],

Lm2
G~v 2N, = cos 20,2E

and the v, —+ v& resonance

Am'
Gy +2(N, —N ) = cos 20.

2E (16)

N, (r) = 245 exp( —10.54r/Ro)N~ cm

one obtains

Lm'
cos 20(1 + s ei~" 2s)msx 2E 6

(22)

(23)

Lm2
G~~2(N, —N ) —P' = cos20,

2E (17)

and the v„—+ v, resonance,

Lm
G~v 2(N —N, ) + P' = cos 20,2E (18)

is now possible for positive P'. One should also note that
a positive twist will push the location of the v ~ v„
resonance deeper into the Sun.

C. Determination of the necessary twisting rates

The range of twisting rates necessary to obtain the
resonant transition v„—+ v, can be determined for the

For the Sun, where the neutron density is only about 20%
of the electron density, the v~ —+ v cannot occur since
it would require negative densities. In the presence of a
nonzero twisting rate, the MSW resonance is unchanged
while the magnetic transitions are altered. The v ~ v~
resonance becomes

This expression for the maximum twisting rate holds
only for the case that the beginning of the MSW res-
onance region falls within the convective zone. If it
falls inside the convective zone (r ( 0.7Ro), there is
no magnetic field (or at least no twisting) at this loca-
tion, and therefore no possibility of a transition. There
are two prominent regions of overlap at the 2o level of
the chlorine, Kamiokande, and GALLEX experiments
in the sin 20, 4m parameter space as calculated, in-
cluding Earth effects, in Ref. [4]. They are centered at
Lm 7 x 10 eV, sin 20 6 x 10, and Am
3 x 10 eV, sin 20 ~ 0.8. The minimum twisting rate
for neutrinos of energy 10 MeV are 196 and 376 rev/Ro
(revolutions per solar radius), respectively. These are ex-
tremely large rates compared to the largest rate proposed
by Kubota et aL (Ref. [26]), who considered a model
based on the work of Yoshimura where the maximum
twisting rate used was slightly less than 1 rev/Ro. There
is also a small region of overlap at 2a due to the Earth ef-
fect for the GALLEX detector. The twisting rate for this
region, centered at Am 1.5 x 10 eV, sin 20 0.7,
is 2.3 rev/Ro and is much more realistic.
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IV. ANTINEUTRINOS AT SNO AND BOREXINO

It is unknown whether there exists a global magnetic
Beld in the solar convective zone. Sunspots, being essen-
tially ropes of magnetic Beld which exit and reenter the
surface of the Sun, suggest that, at least near the solar
surface, the Geld is not global. In the interest of making
a prediction of the upper limit on the Aux of antineutri-
nos, we take the solar magnetic field to be nonzero (i.e. ,

extensive) throughout the convective zone. Given that
the mechanism generating the magnetic Geld in the Sun
is at best poorly understood, we realize that an exten-
sive field may be an oversimpli6cation. We choose the
magnitude of the Geld as a function of the solar radius
to be consistent with the numerical work of So6a and
collaborators [28,33]. Merely for calculational simplicity
we take the magnetic Geld to change from zero at 0.7BC,
to 10 G at 0.75BC). It remains constant until 0.8A~,
after which it falls linearly to a few kilogauss at the solar
surface. Such a Geld is consistent with the observed vari-
ations in the solar luminosity and the solar radius [28,33].
Again for calculational simplicity we take the magnetic
field near the surface to be extensive as opposed to being
con6ned to sunspots. This simplification does not alter
the results in a signiGcant way, since the contribution
of the surface region to the antineutrino production is
entirely negligible. We use a magnetic moment through-
out of 10 p~. Since only the combination pB appears
in the Hamiltonian, had we taken the magnetic moment
to be the maximum value allowed. by the astrophysical
considerations (3 x 10 p~), the central magnitude of
the magnetic Geld could be reduced without altering the
results. In our plots, we have used the standard solar
model of Bahcall and collaborators [5].

Electron antineutrinos will be detected. at SNO
through the reaction v + d ~ n + n+ e+. The pro-
duced neutrons will be detected using (n, p) reactions on
nuclear targets or by using He proportional counters.
For this reaction, we use the cross sections calculated by
Ying et al. [34]. (The small discrepancy between the ear-
lier results of Ying et al. [35] and Tatara et al. [36] has
been eliminated. ) Electron antineutrinos will be detected
at BOREXINO via inverse P decay on the protons in the
trimethylborate [19]. The positron from the inverse P
decay (E,+ = E„—0.78 MeV) c—an give the antineutrino
spectrum. The neutron from the P decay will be rapidly
absorbed by the 8 in the scintillator and will emit a
0.48-MeV p ray setting up an e+ —n delayed coincidence
tag for the electron antineutrinos with negligible back-
ground. Full details of the calculation are given in Ref.
[37].

Since vacuum oscillations &om muon to electron an-
tineutrinos can occur independent of the twisting of the
magnetic 6eld, we 6rst show the expected counts per year
of solar electron antineutrinos at SNO and BOREXINO,
for the region of the MSW parameter space centered at
Lm, 1.5x 10 eV, sin 20 0.7, in Fig. 1. The num-
ber of counts per year in these 6gures are plotted as a
function of the neutrino magnetic moment, for the max-
imum values of the magnetic Geld of 10 and 104 G. One
can observe that, for a moment of 10 p,~ and a Geld
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FIG. 1. (a)The antineutrino count rates at SNO per one
kiloton of D20 per year as a function of transition magnetic
moment. The upper line corresponds to a maximum value of
the convective zone magnetic field of 10 C and the lower one
of 10 G. The mixing angle and mass di8'erence correspond to
the small region at Am = 1.5 x 10,sin 28 = 0.7, identi6ed
in Ref. [4], where the Cl, Kamiokande, and GALLEX counting
rates are simultaneously realized at the 2o level. The dashed
line shows the background from the power reactors. (b) The
same as the upper panel but for the BOREXINO detector.

maximum of 10 G, SNO and BOREXINO could mea-
sure about 25 and 17 electron antineutrino counts per
year, respectively, when the Sun is in its active period.

We now consider the case in which the magnetic Geld
twists resulting in a resonant conversion of muon neu-
trinos into electron antineutrinos. Such a resonant con-
version will not discernibly alter the electron neutrino
Hux, and cannot therefore cause a measurable anticor-
relation, nor would it cause a detectable change in the
counting rate of recoil electrons in the Kamiokande ex-
periment since the cross sections for muon neutrinos and
electron antineutrinos in the energy range of 6—15 MeV
are nearly equal. Allowed values of the twisting of the so-
lar magnetic Beld satisfy several restrictions as discussed
by Yoshimura [27]. As it was previously mentioned the
twisting is thought to arise &om the global convection,
hence we restrict the twisting to the solar convective zone
(r & 0.7R~). Second, the twisting is thought to be due
to the Geld lines wrapping around the toroidal "ropes" of
magnetic Beld. These "ropes" are thought to be shifted
away &om the solar equator, in both the solar northern
and southern hemispheres, by approximately 15 degrees
and the direction of the twist is thought to have oppo-
site signs in each hemisphere [27]. Since the plane of the
Earth's orbit lies at an angle of 7.25 degrees with respect
to the solar equator, there will be only a period of at most
several months in which such a twist could create a res-
onant electron antineutrino flux (recall that the twisting
rate must be positive for the resonance to occur). While
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the size of the magnetic field in the toroidal "ropes" and
the radius of the "ropes" are unknown, we will assume
for the sake of argument that the magnitude of the Geld
in the ropes can be given by the previously used fieM
suggested by Sofia and collaborators and that the radius
of the "ropes" is greater than or equal to the size of the
resonance region. These assumptions will be evaluated
after determining the value of the twisting rate which
maximizes the counting rates at SNO and BOREXINO,
for the region of the MSW parameter space located at
Dvn2 1.5 x 10 "eV, sin 20 0.7

In Fig. 2 we plot the probability of producing reso-
nant electron antineutrinos as a function of the twist-
ing rate for the above values of the mass squared dif-
ference and mixing angle assuming a neutrino energy of
10 MeV. We have taken the twisting rate to be constant
over the entire convective zone of the Sun, used the mag-
netic field inspired by the work of Sofia and collabora-
tors, and have taken the neutrino magnetic moment to
be 10 p~. One observes that the probability peaks at
about 6 rev/Ro. The minimum twisting rate for this
resonance to occur is about 2.3 rev/Rci and the maxi-
mum rate is about 11 rev/R~ from Eq. (19), and the
probability peak is centrally located within these limits.
In order to assess the width of the v~ ~ v, resonance
region, we plot the probability of producing a resonant
electron antineutrino as a function of the solar radius for
the above values of the mass squared difI'erence, mixing
angle, and magnetic moment for the twisting rate of 6.1
rev/R~, the rate which gives the maximum probability,
in Fig. 3. One observes the probability begins its rise at
about 0.75 R~ (where the magnetic field has reached its
maximum of 100 kG) and it continues to rise until 0.9
Ro when vacuum oscillations from the muon antineu-
trino begin to take effect. This gives a resonance region
width of about 0.13 Ro. This is smaller than the dis-
tance for which the neutrinos are within the "rope" of
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FIG. 3. The probability of producing a resonant electron
antineutrino as a function of the solar radius using the same
parameters and magnetic 6eld as Fig. 2. The twisting rate is
chosen to be 6.1 rev/Bo, the rate at which the probability in
Flg. 2 is maximum.

magnetic field (0.23 Ro) in the model of Kubota et al.
[26]. Using these same parameters and a twisting rate
of 6.1 rev/Ro, we plot the probability of producing a
resonant electron antineutrino as a function of neutrino
energy in Fig. 4. One observes a pronounced peak and a
reasonably large energy width in the energy region over
which the antineutrinos can be detected.

We now consider the counting rate of electron antineu-
trinos which would be produced at SNO for the above
parameters and magnetic field. In Fig. 5(a) we plot
the difFerential counting rate (counts/kton month MeV)
as a function of neutrino energy for a twisting rate of
6.1 rev/Ro. One sees that the differential counting rate
peaks at about 10 MeV as selected by our choice of the
twisting rate. If one integrates this rate one obtains a
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0.04

lz
I& 0.04
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FIG. 2. The probability of producing a resonant electron
antineutrino as a function of the inagnetic field's (constant)
twisting rate. The mass and mixing angle are chosen to be
Am = 1.5 x 10,sin 28 = 0.7. The magnetic moment is
10 p,~, and the maximum value of the magnetic 6eld is
10 G.

p pp i I I I I I I I I I I I I

6 8 10 1412
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FIG. 4. The probability of producing a resonant electron
antineutrino as a function of the neutrino energy using the
same parameters and magnetic field as Fig. 2. The twist-
ing rate is chosen to be 6.1 rev/Ro, the rate at which the
probability in Fig. 2 is maximum.
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number of counts per kiloton per month of 25.1. Thus,
if such a twisting rate and magnetic field can be realized
in the Sun during the month or so around the time the
Earth is near its maximum distance from the solar equa-
torial plane, a significant number of electron antineutrino
counts can be measured. This is far above the back-
ground of 1/3 counts per kiloton per month expected
from the power reactors [22]. Such a high P, count rate
and. the shape of the energy spectrum at SNO could pro-
vide a signature of the twisting of the solar magnetic Geld.
Figure 5(b) exhibits the diiferential count rate for the
BOREXINO detector. In Fig. 6(a) we plot the counting
rate at SNO for the above parameters and magnetic field
as a function of the twisting rate. The counts per kilo-
ton per month peak at 26 for a twisting rate 6.6 rev/Ro
and drop to the level of 3 for a twisting rate of 1
rev/R~. For zero twist there will still be the counting
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FIG. 6. (a) (upper panel) The counting rate of electron
antineutrinos with E & 6 MeV at SNO per one kiloton D20
per month as a function of the twisting rate. The mass and
mixing angle are chosen to be Am = 1.5x10

&
sin 28 0 7.

The magnetic moment is 10 p~, and the maximum value of
the magnetic field is 10 G. (b) (lower panel) The counting rate
of electron antineutrinos with E & 5 MeV at the BOREXINO
detector consisting of 100 tons of trimethylborate.
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rate from the vacuum oscillations discussed at the begin-
ning of this section, which for this region give a monthly
counting rate of about 2. Thus, the twisting field can
for twisting rate values of about 6 rev/Ro increase the
counting rate of electron antineutrinos by about one or-
der of magnitude. Such a twisting may not be unreason-
ably large. The region in which the resonance occurs is
actually smaller than the region for which the neutrino
is within the "rope" of magnetic field considered in Ref.
[26], and therefore the fact that our choice of magnetic
field extends over the entire convective zone does not ap-
pear to be significant. Figure 6(b) shows the same plot
as Fig. 6(a) but for the BOREXINO detector.

We next consider the twisting field model of Kubota
et al. , which is based on the work of Yoshimura. These
authors considered the eKects of twisting on the tran-
sitions of electron neutrinos into sterile neutrinos. We
wish to use their more realistic magnetic Geld model to
investigate resonant production of electron antineutrinos
of Majorana type. In their model the magnetic field is
given by

8 10

E,— (Me V)

12

FIG. 5. (a) The counting rate of electron antineutrinos at
SNO per one kiloton D20 per month per MeV as a function
of neutrino energy. The mass and mixing angle are chosen to
be A II 1 5 x 10 y sin 28 = 0.7. The magnetic moment
is 10 p~, and the maximum value of the magnetic field is
10 G. The twisting rate is 6.1 rev/Ro. The total number of
counts per month per kiloton DqO is 25.1. (b) The same as
(a) but for the BOREXINO detector consisting of 100 tons of
trimethylborate.

f B ) ( n cos[p(z)]B„=B(z) ( n„sin[p(z)] cos[n(z)]
(B,) ( n, sin[p(z)] sin[o. (z)] )

where the angles p and o. are given by

p(z) = arctan
~

(2~R(z) t

icos(A —A) —z
( ) (26)
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and B(z) is given by

B(z) = g[b sin(A —A)]2 + [b cos(A —A) —z]2. (27)

zo, i ——bcos(A —A) + a2 —b2 sin (A —A), (28)

and the twisting rate is given by

&'(z) =
1 + (2m'X i

)2 [b cos(A —A) —z] 2

We take B(z) to be given by the previously used field
suggested by the work of Sofia and collaborators. For
the small region of the MSW parameter space allowed
at the 2o. level, we again plot the electron antineutrino
probability as a function of the maximum twisting rate
in Fig. 7. We have chosen b = 0.8831Bo, a = 0.1679Bo,
A = 15', and A = 7.25', identical to Ref. [26]. The first
thing to note is that the nonuniform twisting rate gives
no enhancement of the electron antineutrino probability.

Here, A and A are the angles of the center of the magnetic
field torus and the neutrino path, respectively, above the
solar equator. The neutrino travels along the z axis and
R(z) is the distance of the neutrino from the center of
the magnetic field torus. The parameter 6 is the distance
from the center of the Sun to the center of the magnetic
field torus and o. is the angle that the line &om the neu-
trinos path to the torus center makes with the z axis. X
is the distance it takes the magnetic field lines to wrap
once around the torus. n, n&, and n, are sign factors
that specify the solar hemisphere, and the sense of the
twist (right handed or left handed). For a torus radius
of a, the position for the neutrino to enter and exit the
magnetic Beld is given by

In fact, contrary to what one may expect, there is actu-
ally a decrease in the probability for a nonzero maximum
twisting rate. To explain these results we plot the effec-
tive density for constant and nonconstant twisting rates
in Fig. 8. The dashed line, labeled MSW, is the density
corresponding to the MSW transition, N, [cf. Eq. (15)],
the solid lines correspond to the effective v~ ~ v, den-
sity for the constant (upper) and the nonconstant (lower)
twisting rates, (N —N, ) + p'/i/2GF [cf. Eq. (18)], and
the dashed horizontal line corresponds to the quantity
Am cos20/2~2EGF at the right-hand side of the Eqs.
(15) and (18) for the parameters of the allowed region,
Lm 1.5x10 eV, sin 20 0.7, E = 10 MeV. In this
Ggure we have chosen the constant twisting rate and the
maximum value of the nonconstant twisting rate to be
P' = 6 rev/B~. The lack of enhancement of the noncon-
stant twisting case compared with the constant case is ex-
plained by the position of the v~ —+ v resonance in each
case (where the upper and lower solid lines intersect the
horizontal dashed line). For the constant twisting, this
occurs at about 0.76 Bo where the mag. ietic field has
reached it's maximum value of 10 G, whereas the non-
constant case has resonance points at about 0.86 Bo and
0.91 Bo, where the magnetic field is smaller by an order
of magnitude. Secondly, since the transition probability
is inversely proportional to the slope of the effective den-
sity [17], one can see that the transition probability will
be smaller for the nonconstant twisting case compared
to the constant twisting case. Lastly, to see why the
transition probability actually decreases with the max-
imum twisting rate in the nonconstant case, note that
a positive gV pushes the v, -+ v~ resonance deeper into
the Sun. Unlike the previous case where the magnetic
field extended over the whole convective zone, the field
of Ref. [26] is confined to a torus. Thus, by having a pos-
itive P', one moves the v, ~ v„ to the inside edge of the
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FIG. 7. The probability of producing a resonant electron
antineutrino as a function of the maximum twisting rate, us-
ing the magnetic field of Ref. [26], except that the magnitude
of the field, B(z), is suggested by the work of Sofia and collab-
orators as noted in the text. The mass and mixing angle are
chosen to be Am = 1.5 x 10,sin 20 = 0.7. The magnetic
moment is 10 p~, and the maximum value of the magnetic
field is 10 G.

FIG. 8. A comparison of the effective density for the MSW
resonance (N„ the dashed line labeled as MSW), and the
v„~ v, resonance, (N —N + P'/v 2GF), for the con-
stant (the upper solid line) and the nonconstant (the lower
solid line) twisting rates. The constant and the maximum
of the nonconstant rate are chosen to be 6 rev/Ro. The
other dashed line is the density at which a neutrino with
Am, = 1.5 x 10,sin 28 = 0.7 will be at resonance.
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magnetic field torus, thereby decreasing the size of the
resonance region which is inside the magnetic field torus
and consequently decreasing the probability of produc-
ing muon antineutrinos. With a smaller v~ probability,
the v probability obtained by vacuum oscillations is also
smaller. If one plots the v„—+ v transition probability
without the vacuum oscillations obtained on the way to
Earth, there is a very slight increase in the probability
compared to the zero twisting case for maximum twisting
rates around P' „ I —2 rev/Bo.

V. CONCLUSIONS

In addition to producing electron antineutrinos by vac-
uum oscillations from muon antineutrinos, they can be
produced in the Sun by resonance &om MSW-produced
muon neutrinos for a twisting solar magnetic field. If
one limits oneself to the regions of the Lm, sin 20 pa-
rameter space allowed at the 2o level by the chlorine,
Kamiokande, and GALLEX experiments, one finds a very
small region located at Am 1.5 x 10,sin 20 0.7
where a reasonable twisting can produce an easily mea-
surable flux of electron antineutrinos, again for a transi-
tion moment of p, = 10 p&) and a magnetic field con-
fined to the convective zone which reaches a maximum of
105 G. For simplicity we first examined a scenario where
the twisting rate was constant over the entire convective
zone. Such a case is probably not realistic. According
to the model of Yoshimura, the magnetic field would be
confined to toroidal "ropes, " centered at an angle of 15
degrees above and below the solar equator, of opposite
polarity and twisting, and of a radius about equal to 0.17
Bo. The twist is thought to increase toward the center
of the "rope." Although our Beld extends throughout the
convective zone, we have shown that the width of the res-
onance region is approximately 0.13 Bo, and so would fit
within that part of the "rope" which lies along a radius
at the +7deg, the maximum latitude of Earth's orbit.
For a twisting rate of P' 6 rev/Ro, approximately 25
electron antineutrino events could be observed at SNO
during the month or so Ea.rth is at its maximum latitude
above (or below) the solar equatorial plane. This twisting

rate is about 6 times greater than the largest considered
by Kubota et al. in their model based on Yoshimura's
work.

If one uses the more realistic magnetic field model of'

Kubota et al. with our choice of the profile of the overall
magnitude of the magnetic field, there is a reduction in
the counting rates of electron antineutrinos as the twist-
ing is turned on. For the case of no twisting, the max-
imum monthly electron antineutrino counts at SNO or
BOREXINO are again 2, for a magnetic moment of
10 p~. Therefore, if twisting magnetic fields exist in
the Sun and are similar to this case, the result would
be to reduce count rates which would have been already
very low without the twisting.

From our analysis we conclude that one needs the
twisting to occur where the magnetic field is large, and
that the efFective density must be rather flat in order
to obtain a large resonance region and therefore an em-
phatic efI'ect. The resonant conversion of muon neutrinos
to electron antineutrinos requires, for reasonable twisting
rates, a small value of Lm cos20. The parameters we
considered, Lm = 1.5 x 10 eV, sin 20 = 0.7, though
allowed at the 2cr level are excluded at the 90% confidence
level. As the GALLEX detector continues operation this
region of the parameter space may be completely elimi-
nated. Twisting rates for the other two allowed regions,
in the hundreds of revolutions per solar radius, seem un-
realistically large.

Even though our conclusions are mostly negative re-
garding the magnetic eKects, we should emphasize that
the detection of neutrons at SNO, especially with He
proportional counters, would facilitate assessment of neu-
trino magnetic interactions in the Sun. Even if the re-
sults from such a search for solar antineutrinos are neg-
ative, the experimental limit on the neutrino magnetic
moment and solar magnetic field combination would be
pushed down by another order of magnitude as compared
to GALLEX and Kamiokande results.
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