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Long-wavelength vacuum oscillations between neutrinos can explain all the existing results from
the chlorine, water-Cherenkov, and new gallium solar neutrino detectors. They predict distinctive
energy dependences and seasonal time dependences that can be measured in solar neutrino experi-

ments currently being constructed.
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The recent observation of solar neutrino signals in the
"1Ga detectors of the GALLEX and SAGE groups [1, 2]
has added an important new constraint in the solar neu-
trino puzzle. GALLEX reports a signal of 83+19+5 SNU
(solar neutrino units) and SAGE reports 58 117 +14 SNU
to be compared with predictions of about 132 SNU in the
standard solar model (SSM) [3, 4] with conventional neu-
trino propagation. This indicates a suppression ratio

Rga (GALLEX) = 0.63+0.16,

(1)
Rga (SAGE) = 0.447337,

relative to the latest Bahcall-Pinsonneault calculation [4],
that differs from the corresponding suppression ratios

Rc1 =0.26+0.05, Rgamn = 0.47+£0.09, (2)

in the classic 37Cl Homestake detector [5] and in the
water-Cherenkov (v-e scattering) Kamiokandell detec-
tor [6], that have higher neutrino energy thresholds.
Both experimental and theoretical uncertainties [4] are
included here. The new solar neutrino puzzle is to ex-
plain these three different signals simultaneously.

A first discussion, presented by the GALLEX group [1]
and amplified by others [7], argues that an explanation by
nonstandard solar models is still conceivable though un-
promising. They also show that explanations by matter-
enhanced neutrino oscillations [the Mikheyev-Smirnov-
Wolfenstein (MSW) effect [8]] are possible, for two dis-
tinct regions in the (sin?26, 6m?) parameter plane. In-
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deed, previous fits to the Homestake and Kamiokande II
data already indicate where the new gallium results can
be accommodated in a MSW scenario [9].

In the present Letter we point out an alternative ex-
planation in terms of long-wavelength vacuum neutrino
oscillations [10]; solutions of this kind [11-13], previously
fitted to the Homestake and Kamiokande data, predict
"1Ga capture rates quite consistent with the new data.
With such oscillations, having wavelengths comparable
to the Earth-Sun distance, it is natural for some sec-
tions of the solar neutrino spectrum to be greatly sup-
pressed while others suffer less suppression. In the fol-
lowing we shall first present updated long-wavelength os-
cillation (LWO) fits to the Homestake plus Kamiokande
data, using the most recent version of the SSM [4] and
incorporating the first 220 days’ preliminary results from
the upgraded KamiokandeIII detector [14], that give

RKam I = 0601'8%2 . (3)

Superposing these solutions on an iso-SNU plot of the
corresponding predictions of a 7'Ga detector exhibits
visually the range of gallium rates that is allowed for
this kind of solution and the neutrino mass and mix-
ing parameters that are required. Finally, we shall
present LWO fits to the Homestake plus Kamiokande
plus GALLEX and SAGE data simultaneously and dis-
cuss their predictions for future observations.

We have first refitted the LWO hypothesis to the latest
suppression ratios from Homestake and KamiokandeIII
(above), together with the Kamiokandell ratios sepa-
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rated into fourteen bins of recoil electron energy T, [their
weighted mean appears in Eq. (2)], in order to input the
maximal pregallium spectral information. The initial so-
lar neutrino spectrum is taken from the recent Bahcall-
Pinsonneault [4] update of the SSM, that includes He
diffusion and other improvements on previous calcula-
tions [3]. We assume two-flavor mixing of the electron
neutrino v, either with an active neutrino species v,
(& = p or 7) or with a sterile neutrino vy; these two
scenarios are indistinguishable in 37Cl or "'Ga detec-
tors, but give different results in detectors (including
Kamiokande) that are sensitive to neutral-current scat-
tering of v,. Figure 1 shows our resulting regions of fit in
the (sin26, 6m?) plane, where 6 is the usual mixing an-
gle and ém? is the difference of mass-squared eigenvalues.
There are sixteen data points (Cl rate, fourteen T, bins
from KamII, KamIII rate) and two free parameters; the
best fits give x2;. = 12.5 (ve-vy) and 16.9 (ve-vx). The
regions of fit have summed x? < x2; + 6.1 correspond-
ing to 95% C.L. Small discrepancies with some previous
results [13] appear to be mainly due to small differences
in data sets used. As in previous fits [9, 11, 13], ster-
ile neutrino mixing solutions are more restricted but not
excluded. We note that v.-vx oscillations with maxi-
mal mixing are an essential feature of a recent custom-
designed model [15] for the controversial 17 keV neutrino;
in such models LWO are then preferable to MSW solu-
tions as an explanation for the solar neutrino puzzle.
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FIG. 1. LWO solutions to Homestake plus Kamiokande

data are shown as shaded regions in the (sin?26, ém?) plane,
for (a) ve-vo active neutrino mixing (@ = p or 7) and (b) .-
vx sterile neutrino mixing. Solid curves denote iso-SNU con-
tours of the predicted " Ga capture rate in each case.
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Figure 1 also shows time-averaged iso-SNU contours
for the "'Ga capture rate. The LWO regions of fit to
Homestake and Kamiokande data fall almost entirely be-
tween the 60 SNU and 80 SNU contours, predicting "1Ga
capture rates compatible with the GALLEX and SAGE
signals above (compatibility with preliminary SAGE data
alone was previously discussed in Ref. [13]). This figure
shows that the LWO hypothesis accommodates all the
present gallium data quite naturally. It also shows where
a future more precisely determined "!Ga rate can fit in.

Finally we have fitted the LWO hypothesis to all Home-
stake plus Kamiokande plus both gallium results (eigh-
teen data points with two free parameters); the best fit
parameters are nearly identical to those in the fit with-
out gallium data, giving x2,;, = 13.7 for v,-v, oscillations
and 18.7 for ve-vx oscillations. Figure 2 shows the corre-
sponding regions of fit at 95% C.L. in the (sin?26, §m?)
plane. These regions summarize the LWO picture for
present data.

The LWO predictions for future experiments are par-
ticularly sensitive to line sources in the solar neutrino
spectrum, such as the 862-keV "Be line (that generates
most of the wiggles in the 7!Ga contours in Fig. 1). Ob-
servations of v-e scattering at the planned BOREXINO
detector [16], in the electron recoil energy band 0.26 <
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FIG. 2. LWO solutions to Homestake plus Kamiokande
plus GALLEX plus SAGE data are shown as shaded regions
in the (sin®26,6m?) plane, for (a) ve-v, mixing (@ = p or
7) and (b) ve-vx mixing. Solid curves are contours of the
suppression ratio R for the time-averaged v-e scattering signal
in the BOREXINO detector, in the band 0.25 < T. < 0.66
keV. Points A and B are the two typical cases illustrated in
Fig. 3.
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T. < 0.66 MeV, will be very sensitive to this ”Be line con-
tribution. Figure 2 shows contours of the time-averaged
suppression factor R (BOREXINO) for this energy band;
a range of possible values 0.3 S R < 0.9 is allowed for v,-
vV, active neutrino oscillations, or 0.1 S R < 0.4 for v,-vx
sterile neutrino oscillations. These fully overlap the range
0.21-0.65 expected for MSW solutions (7, 9]; unless the
BOREXINO results lie outside the MSW band, or future
data make the bands much narrower, this time-averaged
measurement alone will not discriminate sharply between
MSW and LWO solutions. One may also look at higher
T. bands, containing pep, 3N, and 1°0O neutrinos, but
here the event rate is much lower.

A distinctive feature of LWO scenarios, however, is
that they contain clean and potentially resolvable os-
cillations in the v, survival probability P(ve — v.) =
1 — sin?20sin?(6m2L/4E), where L is the distance from
source to detector. This feature is absent in MSW sce-
narios with larger 6m? values where the corresponding
oscillatory factors are averaged due to the size of the solar
source and the detector energy resolution [17]. An imme-
diate consequence is a time dependence of the contribu-
tions from line sources, due to the seasonal changes in the
Earth-Sun distance [10-13]; here we fix E and find L de-
pendence in P(v, — V). Eventually, it should be possi-
ble to discriminate between LWO and other explanations
on this basis alone, but at present there is little evidence
on this score. The 37Cl capture rate has a "Be component
and could exhibit some time dependence; it is intrigu-
ing to find that our best fit with LWO to the seasonal
37Cl data (cited in Ref. [18]) is actually better (lower
x?) than a fit to constant Rg, although with little sta-
tistical significance at present. The !Ga and BOREX-
INO signals, however, contain larger “Be components
and could provide better evidence (already discussed in
Refs. [9, 11-13]). Typical LWO solutions with é§m?2 of
order 5 x 10711, 1 x 1071, and 2.5 x 1071%eV? have dif-
ferences between maximal and minimal six-month "1Ga
count rate of up to 8, 17, and 29 SNU, respectively, due
to the variation in the Earth-Sun distance. Ultimately,
the statistical uncertainty in a six-month gallium mea-
surement may be reduced to 7 SNU, so these variations
may be detectable in 7' Ga for solutions with larger §m?2.
In the BOREXINO experiment the count rate is much
higher; the statistical uncertainty in the monthly mea-
surement of R may be as low as 0.04. The differences
between maximal and minimal monthly measurements
of R in BOREXINO cover the ranges 0.02-0.24, 0.09-
0.45, and 0.39-0.66, respectively, for LWO solutions in
the three aforementioned ém? regions. Hence, there is a
strong likelihood that the LWO time dependence could
be observed in BOREXINO. A statistical analysis of the
time dependence of BOREXINO counting rates, divided
into four energy regions that approximately separate the
"Be, pep, and CNO contributions, indicates that one
year’s running (about 20000 events) could distinguish

all our LWO solutions from time-independent MSW so-
lutions; it would also distinguish most of our LWO solu-
tions from each other.

The Sudbury Neutrino Observatory (SNO) [19] can-
not detect “Be neutrinos and will see little time depen-
dence, but will be able to test a second distinctive prop-
erty of LWO, namely, an oscillatory modulation of the
8B neutrino spectrum. This property follows immedi-
ately from the expression for P(v, — v.), that oscil-
lates versus E, when measured at (approximately) con-
stant L. SNO will determine the high-energy B neutrino
spectrum through its measurement of charged-current
(CC) ved — ppe~ scattering. Here the electron energy
is closely correlated with the incident neutrino energy,
peaking at E, = E, — 1.4 MeV, so that the neutrino
spectrum will be measured directly, not averaged (as in
37Cl capture) nor strongly smeared by the recoil elec-
tron distribution (as in v-e scattering). P(ve — v.) is
given by the ratio of the observed neutrino spectrum to
the calculated 8B spectrum; the normalization of the lat-
ter may be affected by the solar model but the shape is
not. Figure 3 illustrates the dependence of P(ve — ve)
on E, for two typical LWO solutions, labeled A and B
in Fig. 2 (including an average over the varying Earth-
Sun distance); we see distinctive oscillations in the LWO
cases as E, decreases. SNO is expected to extract a solar
signal at least for E, > 5 MeV (E, 2 6.4 MeV); it may,
however, be possible to push the threshold down toward
E. > 4 MeV (E, 2 5.4 MeV) to obtain better discrim-
ination between different cases. Statistical analysis of
the E. spectrum shape alone, based on 6000 CC events
with E. > 5 MeV (from two years running) indicates
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FIG. 3. Electron-neutrino survival probability P(ve —
Ve) is shown vs neutrino energy E, for two typical LWO so-
lutions A (6m? = 6.4 x 10! eV?, 5in?26 = 0.83, solid curve)
and B (6m = 1.1 x 107!° eV?, sin?20 = 1.00, long-dashed
curve). We also show solutions typifying the two MSW re-
gions of fit: ém? = 5.0 x 107® eV?, sin?20 = 0.008 (short-
dashed curve) and 6m? = 1.0x 107° eV?, 5in?26 = 0.8 (dotted
curve).
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that almost all our LWO solutions would be distinguish-
able from MSW, but a small region near LWO A would
be confused with small-angle MSW; with E, > 4 MeV,
however, all our LWO solution regions would be clearly
distinguishable from MSW. This analysis includes both
the dynamical spread in the E, spectrum and the experi-
mental resolution. If this 8B spectrum modulation or the
"Be time dependence were detected, it would provide the
first case(s) in which a resolved neutrino oscillation had
been seen.

SNO will also detect neutral-current (NC) vod — vapn
scattering, which will determine if oscillations are occur-
ring to sterile neutrinos. In a sterile neutrino oscillation
scenario both CC and NC rates would be suppressed (to
perhaps R ~ 0.4), while for ve-v, oscillations only CC
would be suppressed.

We conclude the following.

(a) The LWO hypothesis with two-neutrino mixing can
comfortably account for the present 37Cl, Kamiokande,
and "'Ga data. There are discrete regions of fit as shown,
for either active or sterile neutrino mixing.

(b) Time-averaged BOREXINO measurements may
not cleanly discriminate between LWO and MSW solu-
tions, since their predictions overlap considerably.

(c) A distinctive signature of LWO solutions, however,
is the seasonal time dependence of the "Be line. There
is at present just a hint in the 37Cl data, but future
BOREXINO measurements could probably detect this
seasonal dependence, discriminating all LWO solutions
from MSW solutions and most LWO solutions from each
other.

(d) Another distinctive LWO signature is the oscilla-
tory modulation of the ®B spectrum shape. Future SNO
data should discriminate all (or almost all) LWO solu-
tions from MSW in this way, depending on the E. detec-
tion threshold.

(e) Measurements of NC scattering in SNO would dis-
criminate between active neutrino and sterile neutrino
mixing options. More precise data of all kinds should
also restrict the options in the future.

We have discussed mixing between two neutrino
species, but three-neutrino mixing is another possibil-
ity. Although the maximal three-neutrino mixing case
(which predicts Rxam = 0.43 and a "*Ga rate of 44 SNU)
is clearly disfavored by the new KamiokandeIll and
GALLEX data, many other scenarios with mass-squared
difference scales in the ém? ~ 1071°eV? range can com-
fortably account for these results [9, 11, 12]. The allowed
range of BOREXINO predictions is larger, and the three-
neutrino solutions have the characteristic seasonal varia-
tions and oscillatory modulation of two-neutrino LWO.
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FIG. 1. LWO solutions to Homestake plus Kamiokande
data are shown as shaded regions in the (sin®26, §m?) plane,
for (a) ve-vo active neutrino mixing (o = u or 7) and (b) ve-
vx sterile neutrino mixing. Solid curves denote iso-SNU con-
tours of the predicted "'Ga capture rate in each case.
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FIG. 2. LWO solutions to Homestake plus Kamiokande
plus GALLEX plus SAGE data are shown as shaded regions
in the (sin?28,6m?) plane, for (a) ve-v, mixing (o = u or
7) and (b) ve-vx mixing. Solid curves are contours of the
suppression ratio R for the time-averaged v-e scattering signal
in the BOREXINO detector, in the band 0.25 < T. < 0.66
keV. Points A and B are the two typical cases illustrated in

Fig. 3.



