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Solar neutrino results and violation of the equivalence principle: An analysis of the existing data
and predictions for SNO
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Violation of the equivalence principle~VEP! can lead to neutrino oscillation through the nondiagonal
coupling of neutrino flavor eigenstates with the gravitational field. The neutrino energy dependence of this
oscillation probability is different from that of the usual mass-mixing neutrino oscillations. In this work we
explore, in detail, the viability of the VEP hypothesis as a solution to the solar neutrino problem in a two
generation scenario with both the active and sterile neutrino alternatives, choosing these states to be massless.
To obtain the best-fit values of the oscillation parameters we perform ax2 analysis for the total rates of solar
neutrinos seen at the chlorine~Homestake!, gallium ~GALLEX and SAGE!, Kamiokande, and SuperKamio-
kande~SK! experiments. We find that the goodness of these fits is never satisfactory. It markedly improves,
especially for VEP transformation to sterile neutrinos, if the chlorine result is excluded from the analysis. The
1117-day SK data for recoil electron spectrum are also examined for signals of VEP oscillations. For these fits,
we consider variations of the standard solar model by allowing the absolute normalizations of the8B and hep
neutrinos to vary. Here the fits are quite good but the best fit values of the parameters are rather different from
those from the total rates fits. A combined fit to the total rates and recoil electron spectrum data is also
performed. We present the 90% confidence limit contours for all the three analyses mentioned above. The
best-fit parameters obtained from the recoil electron spectrum and the combined analysis of rate and spectrum
are used to predict the charge current and scattering electron spectrum at SNO.
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I. INTRODUCTION

Oscillation of neutrinos from one flavor to another is cu
rently the favored solution to the solar neutrino proble
@1–3#. This proposition has been strengthened by the rec
SuperKamiokande~SK! atmospheric neutrino data@4# which
also support the existence of neutrino oscillations. The us
formulation of neutrino oscillations rests on two essen
properties: namely~a! the neutrinos are massive and are fu
ther not mass degenerate, and~b! the flavor eigenstates~i.e.,
ne , nm , andnt) are not themselves the eigenstates of m
but rather linear superpositions of the latter. Distinct fro
the simplest vacuum oscillations, neutrino flavor convers
can also be induced by the passage of neutrinos in matte~in
this case solar matter! due to the difference in the strength
weak interactions of neutrinos of different flavor with amb
ent electrons. This is the Mikheyev-Smirnov-Wolfenste
~MSW! @5# effect. Vacuum oscillations and the MSW effe
are widely considerd to be strong candidates for the solu
of the solar neutrino problem. Much work has already be
done to analyze the available solar neutrino data in term
these alternate possibilities and substantial effort is still
ing devoted to obtain the parameters that best fit the d
@6–11#.

Though the vacuum oscillation and MSW solutions re
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ing on massive neutrinos~we refer to these collectively a
‘‘mass-mixing’’ solutions henceforth! are by far the most
popular scenarios for addressing the solar and atmosph
neutrino data, oscillations can also originate from oth
sources. One such possibility presents itself if violation
the weak equivalence principle~VEP! occurs and the flavor
eigenstates are not identical to the states that couple to g
ity. The principle of equivalence is a cornerstone of E
stein’s general theory of relativity. Normally such a premi
would be considered sacrosanct, but so little has been ex
mentally tested for neutrinos that it may not be unreasona
to keep an open mind and check the validity of this princip
for them. If this principle is indeed violated then, as a co
sequence, the coupling of neutrinos to the gravitational fi
is nonuniversal. Under this circumstance, if the flavor eig
states are linear superpositions of the gravitational eig
states, VEP induced oscillations of neutrinos take place@12#.
This does not require neutrinos to carry a non-zero mass.
important difference between this approach and the m
mixing solution is manifested in the energy dependence
the survival probability. For a two-neutrino picture, the ge
eral expression for the survival probability for an initialne
after propagation through a distanceL is given by

Pee~En ,L !512sin22u sin2S pL

l D , ~1!

whereu is the rotation angle relating the gravitational eige
state basis (n1 , n2) to the flavor basis (ne , nx , x5m, t, or
a sterile state!,
©2001 The American Physical Society14-1
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MAJUMDAR, RAYCHAUDHURI, AND SIL PHYSICAL REVIEW D 63 073014
ne5n1 cosu1n2 sinu; nx52n1 sinu1n2 cosu ~2!

and l is the oscillation length, which for the VEP induce
oscillation is

l5
2p

EnfD f
, ~3!

whereEn is the neutrino energy,f the gravitational poten-
tial, andD f 5 f 12 f 2 is a measure of the violation of equiva
lence principle,f i being the coupling strength of the grav
tational eigenstates. In contrast, for mass-mixing vacu
oscillations l5(4pEn)/Dm2, where Dm2 is the mass
square difference between two neutrino species. Thus, fo
latter casel}En while for VEP l}1/En . Due to the differ-
ent energy dependences of the survival probability in
mass-mixing and the VEP alternatives, their predictions
be quite different. The phenomenological consequence
VEP-driven neutrino oscillations has attracted attention o
the past decade@13#.

A completely unrelated situation which also leads to n
trino oscillations withl}1/En is a recently proposed pictur
of violation of special relativity~VSR! @14#. If special rela-
tivity is violated, the maximum attainable speed of a parti
in vacuo need not universally be the speed of lightc. In
particular, if the maximum possible velocities of two typ
of neutrinos bev1 andv2 and thesevelocity eigenstateneu-
trinos be related to thene andnx through a mixing angleu
@see Eq.~2!# then the survival probability of ane takes the
same form as Eq.~1!. In this case the expression forl is

l5
2p

EnDv
, ~4!

whereDv is the velocity difference for the neutrinosn1 and
n2. Comparing Eqs.~4! and ~3! one finds that the energ
dependence of the oscillation length is identical in the t
cases1 and the role ofDv in the VSR case is the same as th
of fD f in the VEP formalism. Here, we use the terminolo
of the VEP mechanism but the results can be taken o
mutatis mutandisto the VSR situation.

In this work we make a detailed examination of the VE
scenario in the light of the solar neutrino data. We consi
the two possibilities of oscillation of the electron neutrino
~a! another active neutrino (nm or nt), and ~b! to a sterile
~i.e., no weak interactions! neutrino. The chlorine and gal
lium experiments use radiochemical neutrino detection te
niques and do not distinguish between oscillation of thene to
an active neutrino or to a sterile one. The Kamiokande
SuperKamiokande experiments, on the other hand, are
sitive to other active neutrinosvia the smaller neutral curren
contribution. Hence, the latter discriminates between the
alternatives of oscillation to active or sterile neutrinos.

1It has been shown that inclusion of CPT-violating interactions
addition to violation of special relativity can lead to more gene
energy dependences involving 1/En , En , and constant terms@15#.
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In Sec. II, we present a brief summary of the ingredie
that go into our analysis.

In the next section we consider the total rates of so
neutrinos observed by the chlorine, GALLEX, SAGE, K
miokande, and SuperKamiokande~1117-day data!
experiments2 @3,1,2#. We obtain the best-fit values of th
VEP parameters and find that the goodness-of-fit3 ~g.o.f! is
never high. We trace the origin of this to the difficulty withi
the VEP mechanism of simultaneously satisfying the ch
rine detector results and the very precise measuremen
SK. We examine the effect of excluding either the chlori
or the Kamiokande result in the fits or of using the avera
of the two gallium results rather than their individual me
surements and find that the best-fit values are markedly
ferent only in one situation, the exclusion of the chlorine d
from the analysis, when the quality of the fit is significant
improved.

In Sec. IV we turn to the 1117-day recoil electron ener
spectrum from SK@1# and test the ability of the VEP mode
to account for the observations. In this case the quality of
fit is rather good. We examine a variant of the standard s
model~SSM! in which the absolute normalization of the8B
neutrinos (XB) is allowed to vary. In our analysis we hav
included the contribution from hep neutrinos and we ha
also examined the situation when the normalization of t
flux (Xh) is different from the SSM value of unity.

Section V deals with the simultaneous fitting of the to
rates data and the SK 1117-day electron energy spec
results. We find that good fits can be obtained, in this ca
only if XB and Xh are allowed to assume values differe
from the SSM stipulations.

In Sec. VI we turn to the expectations for SNO. We u
the best fit values obtained from the above analyses to ch
how the predictions for the charged current deuteron disin
gration and electron scattering are affected by VEP.

We end in Sec. VII with the conclusions. Similar wor
analysing solar neutrino data using the VEP formalism h
been performed in the past@16,17# and more recently in@18–
20#. We compare our findings with these results.

II. SOLAR NEUTRINOS AND VEP

The sun serves as a good neutrino factory. The fus
reactions that generate solar energy also produce neut
which are usually denoted by the different reactions@e.g.,
pp, Be, B, 3He1p ~hep!, etc.# from which they originate.
The shape of the neutrino energy spectrum from any reac
is precisely known from weak interaction theory while th
absolute normalization of the spectrum depends on the s
parameters such as core temperature, opacity, etc. Thepp
neutrinos are the most copious but they are also of the low
energy. Only the gallium experiments~GALLEX and
SAGE! are sensitive topp neutrinos and receive their dom
nant contributions from this process, in addition to smal

l

2In the following, we refer to this data set as the ‘‘total rates.’’
3The goodness of fit gives the probability for the actualx2 to

exceedxmin
2 .
4-2
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TABLE I. The ratio of the observed solar neutrino rates to the corresponding BBP98 SSM predi
used in this analysis. The results are from Refs.@3# and @1#.

Experiment Chlorine Gallium Kamiokande Super
GALLEX SAGE Kamiokande

ObservedRate
BBP98 Prediction

0.3360.029 0.6060.06 0.5260.06 0.5460.07 0.46560.015
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ones from the other reactions. At the other extreme, the
miokande and SuperKamiokande experiments are base
the water C˘ erenkov technique and can detect neutrinos
energy higher than about 5 MeV. Only the8B neutrinos~and
to a small extent the hep neutrinos! contribute at these ener
gies. The chlorine experiment has a threshold of 0.8 M
and mainly counts7Be and8B neutrinos. Thus the differen
detectors have probed different regions of the solar neut
spectrum. Assuming that oscillations do occur during
passage of the neutrinos from their point of origin to t
detector, the dependence of this phenomenon on the neu
energy can be tested by the complementary information f
the different experiments. From these results one should
in a position to check which of the vacuum, MSW, or VE
oscillations is preferred by the results. The SuperKam
kande Collaboration has also presented the observed en
spectrum of the electron scattered by the incident neutr
This spectrum is a direct probe of the energy dependenc
neutrino oscillations.

In this work we use the 1998 Bahcall-Basu-Pinsonnea
~BBP98! calculation@21# of the solar neutrino spectrum wit
INT normalization as the SSM reference. In addition to th
we explore the possibility of the absolute normalizations
the 8B- and hep-neutrinos spectra being different from th
BBP98 SSM predictions. IfXB andXh denote the factors by
which the absolute normalizations are multiplied, we use
data to find the best-fit values for these. In particular, we fi
that the fit to the SK recoil electron spectrum data is i
proved in a noteworthy manner whenXh is permitted to as-
sume large values.4

The weak equivalence principle requires the coupling
particles to the ambient gravitational potentialf to be uni-
form, i.e., of the formf fE, whereE is the particle energy
and f a universal coupling constant. If the latter varies fro
one neutrino species to another then that would constitu
violation of the equivalence principle. Iff 15” f 2 in a two-
neutrino framework, then these states define a basis in
two-dimensional space which, in general, could be differ
from the flavor basis. The effect due to a small splittingD f
will manifest itself in the form of flavor oscillations, th
wavelength going to infinity asD f tends to zero. We follow
the prevalent practice of choosing the gravitational poten
f, to be a constant over the neutrino path. This is the cas
the potential due to the great attractor@22# dominates over
that due to the sun and other heavenly bodies in our ne

4See, however, remarks in the penultimate paragraph of Sec
on the fits to the separate day and night SK electron spectra m
surements.
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borhood. In such an event, writingDF5fD f /2, the expres-
sion for the oscillation wavelength, Eq.~3! becomes

l5
p

EnDF
5

6.20310213 m

DF S 1 MeV

En
D . ~5!

We choose the neutrinos to be massless.

III. OBSERVED RATES AND VEP OSCILLATION
OF NEUTRINOS

The data used for thex2 analysis of total rates are give
in Table I. They are from the chlorine experiment at Hom
stake, the two gallium experiments, GALLEX and SAG
the water C˘ erenkov detector Kamiokande,@3#, and the latest
1117-day data from Super-Kamiokande@1#.

The definition ofx2 used for this analysis is

x25 (
i , j 51,5

~Fi
th2Fi

exp!~s i j
22!~F j

th2F j
exp!. ~6!

HereFi
j5Ti

j/Ti
BP98 wherej is th ~for the theoretical predic-

tion! or exp ~for the experimental value! andTi is the total
rate in thei th experiment.Fi

exp is taken from Table I. The
error matrixs i j contains the experimental errors, the the
retical errors and their correlations. The theoretical err
have contributions which originate from uncertainties in t
detector cross sections as well as from astrophysics@23#. The
off-diagonal elements in the error matrix come through
latter. In estimating the astrophysical contribution, the unc
tainties in the spectrum due to the input parameters are ta
from @21#.

In the presence of neutrino conversions, the detection
on earth for the radiochemical chlorine and gallium expe
ments is predicted to be:

Ti
th5(

a
E

Eth

Xafa~En!s i~En!^Pee~En!&adEn , ~7!

wheres i(En) is the neutrino capture cross section for thei th
detector@24# and Eth the neutrino threshold energy for de
tection.fa(En) stands for the neutrino spectrum for thea-th
source@24# andXa is an overall normalization factor for thi
spectrum such thatXa51 corresponds to the SSM. The su
is over all the individual neutrino sources.^Pee(En)&a is the
neutrino survival probability for thea-th source averaged
over the distribution of neutrino production regions in t
sun,

^Pee~En!&a5E drPee~En ,r !Fa~r !. ~8!

II
a-
4-3
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TABLE II. The best-fit values of the parameters, sin22u, DF, xmin
2 , and the g.o.f. for fits to the total rate

of the different experiments.

Neutrino Set Fitted sin22u DF xmin
2 /d.o.f g.o.f.

Type Experiments (10224) ~%!

1a Cl, GALLEX, SAGE, K, SK 1.0 1.80 4.54/3 20.84
1b GALLEX, SAGE, K, SK 0.85 4.57 2.04/2 36.05

Active 1c Cl, GALLEX, SAGE, SK 1.0 1.80 3.50/2 17.41
1d Cl, (Ga)av, K, SK 1.0 1.80 3.72/2 15.59
1e Cl, (Ga)av, SK 1.0 1.80 2.67/1 10.20
2a Cl, GALLEX, SAGE, K, SK 1.0 1.84 5.89/3 11.73
2b GALLEX, SAGE, K, SK 0.84 4.53 1.07/2 58.51

Sterile 2c Cl, GALLEX, SAGE, SK 1.0 1.84 4.58/2 10.12
2d Cl, (Ga)av, K, SK 1.0 1.84 5.08/2 7.91
2e Cl, (Ga)av, SK 1.0 1.84 3.77/1 5.23
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Fa(r ) is a normalized function which gives the probabili
of thea-th reaction occurring at a distancer from the center
of the sun andPee(En ,r ) is obtained by averaging the su
vival probability over a year taking the eccentricity of th
earth’s orbit into account, i.e.,

Pee~En ,r !5
1

TE0

T

dtF12sin22u sin2H pR~ t !

l S 12
r

R~ t ! D J G ,
~9!

whereR(t) is the sun-earth distance given by

R~ t !5R0F12e cosS 2p
t

TD G . ~10!

Here,R051.4931011 m is the mean Sun-Earth distance a
e50.0167 is the ellipticity of the earth’s orbit.t is the time of
the year at which the solar neutrino flux is measured andT is
1 year.

The theoretical prediction according to the BBP98 st
dard solar model,Ti

BBP98, is obtained by setting the surviva
probability as 1 in the above.

For the water C˘ erenkov detectors Kamiokande and S
perKamiokande, in the case of oscillation to active neutrin
one has to take into account the contributions to the sig
from the producednm or nt via the neutral current interac
tions,

TK,SK
th 5(

a
E

Enmin

Enmax
dEnE

ETmin

ETmax
dET

3E
EAth

dEAr~EA ,ET!Xafa~En!F ^Pee~En!&a

dsne

dET

1^Pem~En!&a

dsnm

dET
G . ~11!

The second term in the bracket is absent if oscillation
sterile neutrinos is under consideration.ET and EA denote
the true and apparent electron energies respectively.ETmin
07301
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and ETmax
are determined by kinematics.r(EA ,ET) is the

energy resolution function for which we use the express
given in @25#. EAth

is 7.5~5.5! MeV for the calculation of the
total rate at Kamiokande~SuperKamiokande!. The differen-
tial cross section for the production of an electron with tr
relativistic energyET , ds/dET , is obtained from standard
electroweak theory.

Now we discuss the results obtained from ax2 minimiza-
tion analysis of the data within the VEP picture. For the
fits we have setXa51 for all a; i.e., we take the normaliza
tions of the solar spectra at their SSM values. The bes
parameters,xmin

2 /(degree of freedom), and the goodness
fit values are presented in Table II. Both possibilities of o
cillation of thene to an active or a sterile neutrino have be
considered. To gauge the impact of the different experime
on the best-fit values of the VEP parameters, we have
fitted all the five data given in Table I. We have then r
peated the procedure excluding the chlorine or the Kam
kande results. We also examine the effect of using the a
age of the result of the two gallium measurements (0
60.054) rather than the two individual ones. It is seen fro
Table II that in the different alternatives the best-fit values
the parameters are all rather close excepting for the c
where the chlorine result is excluded from the analysis. T
fit improves significantly in the latter case; but even here
goodness of fit for active~sterile! neutrinos is still just 36%
~58.5%!. It is seen that maximal mixing is preferred and t
VEP oscillation length is@see Eq.~5!# ;3.431011 m, com-
parable with the earth-sun distance. This is reminiscen
the mass-mixing vacuum oscillation solution to the so
neutrino problem.

As is seen from Table II, the goodness of fits are rat
poor for all the above cases. In order to trace the origin
this result, we present in Table III the total rates for t
different experiments obtained using the best-fit values of
VEP parameters presented in Table II. These should be c
pared with the experimental data in Table I. Several poi
are noteworthy. The rates for the different experiments
not sensitive to the small changes in the input VEP para
eters; the numbers for the gallium experiments and Kam
kande are always within 1s of the experimental value but fo
4-4
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TABLE III. The total rate predictions for the different experiments obtained by using the best-fit v
of the VEP parameters presented in Table II. Predictions for experiments not included in the fit are m
with an asterisk.

Neutrino Set Fitted Cl Ga K SK
Type Experiments

1a Cl, GALLEX, SAGE, K, SK 0.436 0.572 0.600 0.600
1b GALLEX, SAGE, K, SK 0.655* 0.549 0.508 0.497

Active 1c Cl, GALLEX, SAGE, SK 0.436 0.572 0.600* 0.600
1d Cl, (Ga)av, K, SK 0.436 0.574 0.600 0.600
1e Cl, (Ga)av, SK 0.436 0.574 0.600* 0.600
2a Cl, GALLEX, SAGE, K, SK 0.435 0.565 0.525 0.525
2b GALLEX, SAGE, K, SK 0.657* 0.555 0.512 0.468

Sterile 2c Cl, GALLEX, SAGE, SK 0.435 0.565 0.525* 0.525
2d Cl, (Ga)av, K, SK 0.435 0.565 0.525 0.525
2e Cl, (Ga)av, SK 0.435 0.565 0.525* 0.525
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chlorine the deviation is 3s. The fit to SuperKamiokande i
always bad (8s) irrespective of which experiments are e
cluded from the analysis excepting for the singular c
where the chlorine rate is left out when a 2s fit is obtained.
This is a reflection of the very precise nature of the pres
SK data and the inability of the VEP mechanism to simul
neously reproduce the varying degrees of suppression se
experiments with different energy thresholds. In particu
the chlorine result is seen to be especially problematic in
respect. It can be surmized from the chlorine-exclud
analyses—Table III~sets 1b, 2b!—that a simultaneous goo
fit to all data would be obtained if the suppression in t
chlorine experiment had beenless than that in the gallium
experiments~lower threshold! as well as in the water C˘ eren-
kov ones~higher threshold!, indicating that for these fit val-
ues of the VEP parameters the7Be neutrinos are less sup
pressed than the other solar neutrinos.

We show in Fig. 1, the allowed region for the paramet
sin22u and DF at 90% C.L. for the~1a! active and~1b!
sterile cases obtained by fitting the total rates of all five
periments, i.e., chlorine, GALLEX, SAGE, Kamiokand
and SuperKamiokande. The confidence level has been fi
with respect to the global minimum. The best fit points ha
been indicated. It is seen from Fig. 1 that the nature of
allowed regions for the active and sterile cases are roug
similar, an observation made by Gagoet al. @19#. The sterile
alternative is more restrictive.

IV. SUPERKAMIOKANDE RECOIL ELECTRON ENERGY
SPECTRUM AND VEP

We now turn to a fit to the recoil electron energy spe
trum as seen at SuperKamiokande. We use the 1117-day
for this analysis. The SK results have been presented in
form of number of events in 17 electron recoil energy bins
width 0.5 MeV in the range 5.5 MeV to 14 MeV and an 18
bin which covers the events in the range 14 to 20 M
@1,26#.

With the SuperKamiokande threshold in the 5 Me
range, only the8B and hep solar neutrinos contribute to t
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signal. In addition to the SSM, for this analysis we ha
examined models in which the normalizations of both the8B
and hep neutrino flux (XB andXh , respectively—normalized
to unity for the SSM! are allowed to vary arbitrarily. In this
case,x2 is defined as

x25 (
i , j 51,18

~Ri
th2Ri

exp!~s i j
22!sp~Rj

th2Rj
exp!. ~12!

Ri
j5Si

j/Si
BBP98 with j being th or exp as before andSi

standing for the number of events in thei th energy bin. The
theoretical prediction is given by Eq.~11! but the integration

FIG. 1. The 90% C.L. allowed region in the sin22u - DF plane
from an analysis of the total rates seen by the chlorine, GALLE
SAGE, Kamiokande, and SuperKamiokande~1117-day data! detec-
tors assuming conversion due to VEP to~a! active neutrinos and~b!
sterile neutrinos. The best fit points have been indicated.
4-5
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TABLE IV. The best-fit values of the parameters, sin22u, DF, XB , Xh , xmin
2 , and the g.o.f. for fits to the

scattered electron spectrum at SK.

Neutrino Set sin22u DF XB Xh xmin
2 /d.o.f. g.o.f.

Type (10224) ~%!

3a 1.0 1.973102 0.79 15.07 8.83/14 84.2
3b 0.38 0.22 0.65 1.0 10.04/15 81.7

~fixed!

Active 3c 0.69 0.23 1.0 -2.20 11.59/15 70.97
~fixed!

3d 0.68 0.23 1.0 1.0 11.66/16 76.7
~fixed! ~fixed!

4a 1.0 39.33 1.03 11.52 8.78/14 84.48
4b 0.34 0.22 0.67 1.0 10.01/15 81.9

~fixed!

Sterile 4c 0.98 39.33 1.0 11.94 8.81/15 88.71
~fixed!

4d 0.58 0.23 1.0 1.0 11.34/16 78.8
~fixed! ~fixed!
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over the apparent~i.e., measured! energy will now be over
each bin. The error matrixs i j used by us is@7#

~s i j
2 !sp5d i j ~s i ,stat

2 1s i ,uncorr
2 !1s i ,exps j ,exp1s i ,cals j ,cal ,

~13!

where we have included the statistical error, the uncorrela
systematic errors and the energy-bin-correlated experime
errors@27# as well as those from the calculation of the sha
of the expected spectrum@28#. Since we allow the normal
izations of the8B and hep fluxes to vary, we do not includ
their astrophysical uncertainties separately. The results
presented in Table IV.

The large values ofXh obtained from the fits with the bes
g.o.f. ~3a and 4c! indicate that an increased number of hi
energy hep neutrinos yields a better fit to the highest ene
bin of the spectrum observed at SK. It may be notewor
that a rise in the observed electron energy spectrum at
high energy end seen in the earlier 825-day data has bec
less prominent in the latest 1117-day sample. A further s
ening will bring Xh closer to the SSM prediction.5

It may be of interest to check how the best-fit values
the VEP parameters fare when confronted with the total ra
data. For this purpose, we use the four sets of best-fit va
of parameters from Table IV and use them to compute
total rates from the different experiments. These results
shown in Table V. The latter may be compared to the val
obtained using fits to the total rates themselves~see Table
III !. Using Table I, it is seen that the predicted rate for SK
in rather close agreement with the measured value, as is
expected, but for the chlorine and gallium experiments
deviations are very large. Notice, in particular, that in seve
cases only a very tiny suppression is obtained for the gall

5See the remarks on fits to the SK separate day and night sp
measurements in Sec. VII.
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experiments, though for the fits to the spectrum with the b
g.o.f.—fits 3a and 4c~see Table IV!—this is not the case
This underscores a basic incompatibility, within the VE
picture, of the results from the different experiments.

In Fig. 2 we show the 90% C.L.allowed region in the
sin22u–DF plane obtained by fitting the scattered electr
spectrum for theXB5Xh51 case~areaenclosedby the solid
lines!. The best-fit point is marked with a dark dot. Als
shown is the 90% C.L.disallowedregion whenXB is per-
mitted to float arbitrarily but keepingXh fixed at unity~area
enclosedby the broken lines!. The best-fit point in this case
has been indicated by a3 sign. Both ~a! active and~b!
sterile neutrino alternatives have been displayed.

V. COMBINED ANALYSIS OF RATES AND SPECTRUM
IN THE VEP SCENARIO

In the previous sections we have examined the solar n
trino total rates and the SK scattered electron energy s
trum within the VEP oscillation framework. For the latte
we found a good fit using SSM input parameters and e
better ones when the absolute normalizations of the8B
and/or hep fluxes are allowed to vary~see Table IV!. The
rates fit, on the other hand, was not satisfactory and
proved somewhat if the results from the chlorine experim
was left out from thex2 analysis. In this section we make
combined fit to the rates and spectrum data.

For the combined analysis of rate and spectrum, we t
the rate measurements from the chlorine experiment, the
erage of the GALLEX and SAGE results, and the SK 111
day rate data. To obtain thex2 corresponding to any value o
the input parameters, separate values ofx2 calculated for the
total rates and the spectrum data are added and then the
is minimized. The best-fit values for VEP oscillations to a
tive and sterile neutrinos are given in Table VI. The numb
of degrees of freedom for this case is~1813 – 4!517. No-
tice that good fits~cases 5a and 6a! can be obtained only
tra
4-6
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TABLE V. The calculated values of the rates for the different experiments using the best-fit values
parameters, sin22u, DF, XB , andXh , from fits to the scattered electron spectrum at SK.

Neutrino Set sin22u DF XB Xh Cl Ga K SK
Type (10224)

3a 1.0 1.97 0.79 15.07 0.412 0.463 0.471 0.466
3102

3b 0.38 0.22 0.65 1.0 0.585 0.947 0.481 0.488
~fixed!

Active 3c 0.69 0.23 1.0 -2.20 0.560 0.944 0.497 0.503
~fixed!

3d 0.68 0.23 1.0 1.0 0.562 0.944 0.507 0.513
~fixed! ~fixed!

4a 1.0 39.33 1.03 11.52 0.562 0.538 0.479 0.477
4b 0.34 0.22 0.67 1.0 0.612 0.951 0.485 0.492

~fixed!

Sterile 4c 0.98 39.33 1.0 11.94 0.563 0.548 0.477 0.476
~fixed!

4d 0.58 0.23 1.0 1.0 0.630 0.953 0.507 0.509
~fixed! ~fixed!
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when bothXB andXh are allowed to assume values differe
from their SSM requirements.

In exhibiting the 90% C.L. allowed regions in parame
space from this combined fit, we present only the results
the Xh51,XB arbitrary case. As already noted, if the SS
normalization for the 8B flux is used (XB51) then the

FIG. 2. The region bounded by the solid lines is the 90% C
allowedregion in the sin22u-DF plane from the fitting of the 1117
day SK recoil electron spectrum data with the SSM flux normali
tions (XB5Xh51). The best fit point is marked with a dark do
The best-fit point for the caseXh51,XB arbitrary, is indicated by a
‘‘ 3 ’’ sign and the corresponding 90% C.L.disallowedregion is
enclosed by the broken lines. The two panels correspond to~a!
active neutrinos and~b! sterile neutrinos.
07301
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goodness-of-fits are poor. These cases are not pursued
ther. In Fig. 3 we present the 90% C.L. allowed regions
the sin22u-DF plane from a combined analysis of total rat
and spectrum. The best-fit points are marked by a3 sign.
Both ~a! active and~b! sterile neutrino alternatives have bee
considered. It is noteworthy that the allowed regions hav
considerable overlap with that in Fig. 1 obtained from a fit
the total rates alone.

VI. PREDICTIONS FOR SNO

The analyses described in the previous sections yield
of best-fit values for the parameters sin22u, DF, XB , and
Xh . In this section we examine what these best-fit valu
imply for the Sudbury Neutrino Observatory~SNO! experi-
ment @29#.

At SNO the neutrinos are detected by three proces
namely,~a! charge current~CC! break up of the deuteron,~b!
electron scattering by the neutrino, and~c! neutral current
~NC! break up of the deuteron

ne1d→p1p1e2 ~CC reaction!, ~14!

n1e2→n1e2 ~scattering!, ~15!

n1d→n1p1n ~NC reaction!. ~16!

For the scattering~15! and NC ~16! reactions,n stands for
any active neutrino; it has to be borne in mind that for them
andt flavors only theZ exchange contribution is present fo
the former reaction while for thene there is an additiona
~dominant! piece fromW exchange. For the CC reaction an
for scattering, the electrons are detected by the emitted C˘ er-
enkov radiation and hence their energy spectrum is dire
measured as at SK. For the NC reaction, on the other h
only calorimetric measurment is possible. At present, d
are being taken for the first two processes.

.

-

4-7



MAJUMDAR, RAYCHAUDHURI, AND SIL PHYSICAL REVIEW D 63 073014
TABLE VI. The best-fit values of the parameters, sin22u, DF, XB, Xh , xmin
2 , and the g.o.f. for fits to the

total rates as well as the scattered electron spectrum at SK.

Neutrino Set sin22u DF XB Xh xmin
2 /d.o.f. g.o.f

Type (10224) ~%!

5a 1.0 1.72 0.79 23.69 11.51/17 82.87
5b 1.0 1.68 0.79 1.0 12.96/18 79.38

~fixed!

Active 5c 1.0 19.26 1.0 33.57 50.79/15 8.931024

~fixed!

5d 1.0 18.75 1.0 1.0 70.44/16 8.3731027

~fixed! ~fixed!

6a 1.0 1.77 0.91 34.55 14.04/17 66.45
6b 1.0 1.86 0.91 1.0 16.28/18 57.28

~fixed!

Sterile 6c 1.0 1.86 1.0 36.87 26.90/15 2.95
~fixed!

6d 1.0 1.89 1.0 1.0 29.84/16 1.88
~fixed! ~fixed!
ic

th

u-

-
EP
e

fit
-

ized
e-

C
s a
m

in-
e of
os

co
flu

e
tiv
u

For the scattered electrons, the formalism for theoret
prediction is similar to that for SK@see Eq.~11!# except for
the fact that here in SNO, the detector fluid is 1 kton of D2O
instead of 32 kton of water in SK.

For the CC interactions, the theoretical predictions for
electron energy spectrum at SNO is given by

FIG. 3. The 90% C.L. allowed region in the sin22u-DF plane
from the combined analysis of total rates and 1117-day SK re
electron spectrum data for conversion due to VEP. The hep
normalization is held fixed at the SSM value (Xh51) but the 8B
flux normalization (XB) is allowed to vary. The best fit points ar
indicated. Panel~a! represents the case of conversion to an ac
neutrino while panel~b! corresponds to conversion to a sterile ne
trino.
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th 5(

a
E

Enmin

Enmax
dEnE dETE

EAth

dEAr~EA ,ET!Xafa~En!

3^Pee~En!&asCC. ~17!

The charge current scattering cross section at SNO,sCC, is
found from Ref.@30#. In our calculations, we use the resol
tion functionr(EA ,ET) for SNO as given in@25#. We have
setEAth

to 5.0 MeV.
In Fig. 4 we show the signal expected at SNO due to~a!

n2e scattering and~b! the CC reaction if the VEP oscilla
tion is operative. We choose two typical cases for the V
parameters:~i! the best-fit values obtained from the fit to th
spectrum using the SSM inputs (XB5Xh51), and ~ii ! the
best-fit parameters from the combined rate and spectrum
when bothXB andXh are allowed to vary. The SSM expec
tation in the absence of VEP transitions is also shown.

Figures 5~a! and 5~b! are similar to Figs. 4~a! and 4~b!
except that we present the expectations at SNO normal
by the SSM predictions. This form may be of more conv
nience for comparison with the experimental results.

SNO will subsequently also detect neutrinosvia the NC
reaction~16!. Since all active neutrinos register in the N
reaction with the same strength, this reaction provide
means to distinguish oscillations to active neutrinos fro
those to sterile ones. The ratio of the NC and CC rates,RNC
andRCC , is somewhat less sensitive to theoretical uncerta
ties than the rates themselves. Therefore, for the purpos
illustration, we present in Table VII the values for the rati

RSNO5
RNC

RCC
, ~18!

SSNO5RSNO/RSNO
BBP985

RNC /RNC
BBP98

RCC /RCC
BBP98

.

il
x

e
-

4-8



ro
t

, I

il-
no
4
ri-

th
e
is
c

of
in

in
E
-

rgy
SM
so-
d
ble
ass-
to
but

t
it is
ry.
of

ch

m
ed

r to

ob-
eu-

d
that

e

ow
th

rg

ed
tiv
a

to
NO

tron

-
tive
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For the NC cross sections we use Ref.@30#. Results are pre-
sented for the best-fit values of the parameters obtained f
the total rates, the SK scattered electron spectrum, and
combined rates and spectrum data presented in Tables II
and VI.

It is seen from Table VII that the variablesRSNO and
SSNO are particularly effective in distinguishing VEP osc
lations to active neutrinos from those to a sterile neutri
For active neutrinosRSNO (SSNO) varies between 0.44–0.7
~1.15–1.92! while the corresponding range for sterile neut
nos is 0.29–0.30~0.77–0.79!.

VII. DISCUSSIONS AND CONCLUSIONS

In this work we have made a detailed examination of
viability of the VEP oscillation mechanism in the light of th
solar neutrino data. The parameters in the VEP formal
areDF, a measure of the violation of the weak equivalen
principle, andu, the mixing angle relating the flavor basis
neutrinos to the gravitational basis. The data we have
cluded in the analysis come from the radiochemical chlor
experiment, the similar gallium-based GALLEX and SAG
Collaborations, and the C˘ erenkov technique reliant Kamio
kande and SuperKamiokande~1117-day data! facilities. We
have found that good fits (x2/d.o.f.511.66/16 for active

FIG. 4. The number of events expected per day at SNO du
~a! n2e scattering, and~b! the charged currentne2d reaction.
HereEe stands for the observed electron energy. Results are sh
for the best-fit values of the parameters obtained from fits to
spectrum and jointly to the rates and the spectrum~see text for more
details!. In both panels the solid~large dashed! line corresponds to
the best-fit parameters obtained from a fit to the electron ene
spectrum for VEP oscillation to an active~sterile! neutrino. The
dot-dashed~dotted! lines similarly correspond to the best combin
fits to the rates and spectrum for VEP oscillations to an ac
~sterile! neutrino. The BBP98 SSM expectations are the sm
dashed curves.
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neutrinos! can be obtained to the scattered electron ene
spectrum seen at SK within the VEP mechanism using S
inputs. The fits are even better in models in which the ab
lute normalizations of the8B and/or hep fluxes are allowe
to vary. The preferred oscillation wavelength is compara
to the earth-sun distance and is reminiscent of the m
mixing vacuum oscillation solution. In contrast to the fit
the spectral data, the fit to the observed rates is poor
improves somewhat (x2/d.o.f.52.04/2 for active neutrinos!
if the chlorine experiment is left out of the fit. A combined fi
to the rates and spectrum has also been performed and
found that within the SSM the goodness is not satisfacto
However, in a model in which the absolute normalizations
the 8B and hep fluxes are allowed to vary, the fit is mu
improved (x2/d.o.f.511.51/17 for active neutrinos withXB
50.79 andXh523.69). The best-fit values ofDF(51.7
310224) and sin22u (51) are closer to those obtained fro
the fits to the rates alone. We find that the 90% C.L. allow
regions are broadly similar whether VEP transitions occu
active or sterile neutrinos.

It is of interest to compare the results that we have
tained with those of other recent analyses of the solar n
trino problem in the VEP picture@19,20#. For the fit to the
total rates, our results agree almost exactly with those of@20#
and are within 5% of those of@19#. The earlier analyses use
the 825-day SK results and we must therefore conclude

to
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e
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FIG. 5. The ratio of the predicted number of events from VEP
the SSM expectation as a function of the electron energy for S
due to~a! n2e scattering, and~b! the charged currentne2d reac-
tion ~see text for more details!. Here Ee stands for the observed
electron energy. In both panels the solid~large dashed! line corre-
sponds to the best-fit parameters obtained from a fit to the elec
energy spectrum for VEP oscillation to an active~sterile! neutrino.
The dot-dashed~dotted! lines similarly correspond to the best com
bined fits to the rates and spectrum for VEP oscillations to an ac
~sterile! neutrino.
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TABLE VII. The ratio of the NC rate to the CC rate at SNO,RSNO, and the same ratio normalized to th
BBP98 SSM,SSNO for the best-fit values of the parameters, sin22u, DF, XB , Xh obtained from fits to the
total rates and the SK scattered electron spectrum. The sets 1 and 2 are from Table II, 3 and 4 from T
and 5 and 6 from Table VI.

Neutrino Set sin22u DF XB Xh RSNO SSNO

Type (10224)

1a,c,d,e 1.0 1.80 1.0 1.00 0.610 1.57
1b 0.85 4.57 1.0 1.00 0.740 1.92
3a 1.0 1.973102 0.79 15.07 0.581 1.50
3b 0.38 0.22 0.65 1.0 0.443 1.15

Active ~fixed!

3c 0.69 0.23 1.0 -2.20 0.724 1.87
~fixed!

3d 0.68 0.23 1.0 1.0 0.712 1.89
~fixed! ~fixed!

5a 1.0 1.72 0.79 23.69 0.583 1.51
2a,c,d,e 1.0 1.84 1.0 1.00 0.305 0.789

2b 0.84 4.53 1.0 1.00 0.303 0.784
4a 1.0 39.33 1.03 11.52 0.300 0.776
4b 0.34 0.22 0.67 1.0 0.299 0.774

Sterile ~fixed!

4c 0.98 39.33 1.0 11.94 0.299 0.775
~fixed!

4d 0.58 0.23 1.0 1.0 0.302 0.781
~fixed! ~fixed!

6a 1.0 1.77 0.91 34.55 0.302 0.781
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the newer data do not make a significant impact on this fit
contrast, for the fits to the SK recoil electron energy sp
trum, our best-fit values ofDF and sin22u are both somewha
smaller than those of@19,20#. We have checked that if we
use the 825-day SK data there is better agreement. We
tribute the difference to the reduction of the higher ene
events in the newer data. For the combined fit to the rate
spectrum, we are in good agreement with@19#; the goodness-
of-fit has improved with the newer data.

During the passage of the neutrinos from their point
production to the solar surface, interactions with the amb
matter, responsible for the MSW effect, become importa
Apart from a neutral current contribution which affects t
masses of all active neutrino species identically~and is there-
fore irrelevant for this discussion!, there is a contribution to
the electron neutrino massmMSW.A2GFne(r ), GF being
the Fermi coupling andne(r ) the number density of elec
trons at a distancer from the center of the sun, due to char
current interactions. In the presence of VEP and this MS
contribution, the effective neutrino mass matrix in flav
space takes the form

M5
1

2 UEnDF cos 2u22A2GFne~r ! EnDF sin 2u

EnDF sin 2u 2EnDF cos 2u
U,
~19!

where we have dropped an irrelevant part proportional to
identity matrix. The MSW contribution in Eq.~19! inside the
07301
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sun turns out to be several orders of magnitude larger t
the terms due to VEP that we have discussed in this wo
Recall that we have assumed the neutrinos to be mass
For the maximal mixing case~i.e., sin 2u51), which we have
found for the best-fit solutions, there is no resonance ef
and, in fact, till such time that the neutrino emerges from
sun, the MSW contribution controls the masses in Eq.~19!.
Inside the sun, thene is, therefore, a mass eigenstate to
very good approximation. The effect of VEP oscillations b
gins to manifest itself only from then onwards. For oscill
tion to a sterile neutrino, the neutral current contribution
thene mass also becomes relevant. It is of the same orde
the charged current piece and the resultant effect in this c
is much the same as that for the active neutrino alternat
There is a different region in the sin22u,DF parameter space
~larger DF, non-maximal mixing! where other solutions
have been found with the MSW effect playing an importa
role @16,18#.6

SuperKamiokande has now obtained the recoil elect
spectra separately for day and night runs using their 11
day data@32#. The oscillation wavelengths corresponding
the best-fit VEP parameters that we have found are com
rable to the earth-sun distance (1.4931011 m). The extra

6It has, however, been recently demonstrated that these solu
are inconsistent with the results from the non-observation of os
lations in accelerator neutrino experiments@31#.
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distance traveled by neutrinos through the earth during
night runs is insignificant compared to this. This distance
be readily estimated. Using the latitude of SuperKamioka
(36.4 °) and the obliquity of the ecliptic (23.5 °), we es
mate themaximumextra distance travelled during the nig
run to be 6.403106 m. To confirm the expectation that fit
to the separate day and night spectra give results which
not much different, we performed ax2 minimization on this
data for oscillation to an active neutrino. WhenXB and Xh
were held fixed at their SSM values of unity, the best
corresponds to sin22u50.71 and DF50.21310224. For
comparison, the corresponding values from Table IV, set
are sin22u50.68 andDF50.23310224. If XB and Xh are
allowed to vary then we get sin22u51.0 ~1.0!, DF51.97
310222 (1.97310222), XB50.78 ~0.79!, and Xh50.74
31022 ~15.07!. In the parentheses we have given the valu
presented earlier in Table IV, set 3a. Notice that there is
significant change barring the very small value ofXh . The
l
s,

v

D

B

ev

ys

07301
e
n
e

re

t

d

s
o

Xh dependence ofx2 is slow and this indicates that the da
night scattered electron spectra are consistent with no
neutrinos.

The VEP oscillation wavelengths favored by the data
comparable to the distance of the sun to the earth. There
seasonal effects are to be expected if this mechanism is
sponsible for the solar neutrino deficit. However, the d
from SK are still not of very high statistics and we have le
this analysis to a future work.
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