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Homestake result, sterile neutrinos, and low energy solar neutrino experiments
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The Homestake result is about;2s lower than the Ar-production rate,QAr , predicted by the large mixing
angle~LMA ! Mikheyev-Smirnov-Wolfenstein solution of the solar neutrino problem. Also there is no apparent
upturn of the energy spectrum (R[Nobs/NSSM) at low energies in SNO and Super-Kamiokande. Both these
facts can be explained if a light,Dm01

2 ;(0.2–2)31025 eV2, sterile neutrino exists which mixes very weakly
with active neutrinos: sin2 2a;(1025–1023). We perform both the analytical and numerical study of the
conversion effects in the system of two active neutrinos with the LMA parameters and one weakly mixed
sterile neutrino. The presence of sterile neutrino leads to a dip in the survival probability in the intermediate
energy rangeE5(0.5–5) MeV thus suppressing the Be, or/and pep, CNO, as well as B electron neutrino
fluxes. Apart from diminishingQAr it leads to decrease of the Ge-production rate and may lead to the decrease
of the BOREXINO signal as well as the CC/NC ratio at SNO. Future studies of the solar neutrinos by SNO,
SK, BOREXINO, and KamLAND as well as by the new low energy experiments will allow us to check this
possibility.

DOI: 10.1103/PhysRevD.69.113002 PACS number~s!: 26.65.1t, 14.60.Lm, 14.60.Pq, 95.85.Ry
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I. INTRODUCTION

In the assumption ofCPT invariance the first KamLAND
result @1# and the results of the SNO salt phase@2# confirm
the large mixing angle ~LMA ! Mikheyev-Smirnov-
Wolfenstein~MSW! solution of the solar neutrino problem
@3–5#. Is the LMA solution complete? If there are observ
tions, which of them may indicate some deviation from t
LMA?

According to the recent analysis, the LMA MSW solutio
describes all the data very well@6,7#: pulls of predictions
from experimental results are below 1s for all but the
Homestake experiment@7#. The generic prediction of the
LMA for the Ar production rate is

QAr52.9–3.1 SNU,1 ~1!

which is about 2s higher than the Homestake result@8#. This
pull can be~i! just a statistical fluctuation;~ii ! some system-
atics which may be related to the claimed long term ti
variations of the Homestake signal@8#; ~iii ! a consequence o
higher fluxes predicted by the standard solar model~SSM!
@9#;2 ~iv! some physics beyond the LMA.

Another generic prediction of the LMA is the ‘‘upturn’’ o
the energy spectrum at low energies~the upturn of ratio of

1SNU ~Solar Neutrino Unit!510236 interactions per target atom
per second.

2For instance, the CNO-neutrino fluxes have rather large un
tainties. According to the SSM and in the LMA context they co
tribute toQAr about 0.25 SNU, so that reduction of the CNO flux
by a factor of 2~which is within 2s of the estimated uncertainties!
leads to reduction of the Ar-production rate byDQAr;0.12 SNU.
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the observed and the SSM predicted numbers of even!.
According to the LMA, the survival probability should in
crease with decrease of energy below~6–8! MeV @5#. For
the best-fit point the upturn can be as large as 10–15%
tween 8 and 5 MeV@10,7#. Neither Super-Kamiokande~SK!
@11# nor SNO@12# show the upturn, though the present se
sitivity is not enough to make a statistically significant sta
ment.

There are also claims that the solar neutrino data h
time variations with small periods@13#. If true, this cannot be
explained in the context of the LMA solution.

Are these observations related? Do they indicate so
new physics in the low-energy part of the solar neutri
spectrum? In this paper we show that both the lower
production rate and the absence of~or weaker! upturn of the
spectrum can be explained by the effect of new~sterile! neu-
trino ~for recent related discussion, see Ref.@14#!. This is the
short version of the paper placed in hep-ph in the e-p
ArXiv @15#.

II. STERILE NEUTRINO MIXING AND CONVERSION
PROBABILITIES

Let us consider the system of two active neutrinos,ne and
na , and one sterile neutrino,ns , which mix in the mass
eigenstatesn1 , n2, andn0:

n05cosans1sina~cosune2sinuna!,

n15cosa~cosune2sinuna!2sinans ,

n25sinune1cosuna . ~2!
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The statesne andna are characterized by the LMA oscilla
tion parametersu and Dm12

2 . They mix in the mass eigen
statesn1 andn2 with the eigenvaluesm1 andm2. The sterile
neutrino is mainly present in the mass eigenstaten0 ~mass
m0). It mixes weakly (sina!1) with active neutrinos in the
mass eigenstaten1.3 We will assume first thatm2.m0
.m1 and consider the oscillation parameters ofns in the
intervals:

Dm01
2 5m0

22m1
25~0.2–2!31025 eV2,

sin2 2a;10252331023. ~3!

Let n1m ,n2m ,n0m be the eigenstates, andl1 ,l2 ,l0 the
corresponding eigenvalues of the 3n system in matter. We
denote the ratio of mass squared differences as

RD[
Dm01

2

Dm21
2

. ~4!

The level crossing scheme, that is, the dependence ofl i ( i
50,1,2) on the distance inside the Sun~or on the density!, is
shown in Fig. 1. It can be constructed analytically consid

3The introduction of mixing with the third active neutrino
straightforward. This mixing~if not zero! can produce a small av
eraged oscillation effect and in what follows it will be neglected

FIG. 1. The level crossing scheme. The mass eigenvalue
functions of the distance from the center of the Sun forE/Dm12

2

5105 eV2 and tan2u50.4. The mass ratio is taken to beRD

5Dm01
2 /Dm12

2 50.10. Also shown is the position of 1-2 resonan
~dashed vertical line!.
11300
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ing mixing of the sterile neutrino~the s mixing! as a small
perturbation.

~i! In the absence ofs mixing we have the usual LMA
system of two active neutrinos with eigenstatesn1m

LMA ,
n2m

LMA , and the eigenvaluesl1
LMA and l2

LMA which we will
call the LMA levels:

l1
LMA5

m1
21m2

2

4E
1

Ve1Va

2

2AS Dm21
2

4E
cos 2u2

Ve2Va

2 D 2

1S Dm21
2

4E
sin 2u D 2

,

~5!

andl2
LMA has a similar expression with a plus sign in fro

of the square root. HereVe5A2GF(ne20.5nn), and Va

520.5A2GFnn are the matter potentials for the electron a
nonelectron active neutrinos, respectively;ne andnn are the
number densities of the electrons and neutrons. For the
ile neutrino we haveVs50. The 1-2~LMA ! resonance con-
dition determines the LMA resonance energy:

Ea5
Dm21

2 cos 2u

2~Ve2Va!
. ~6!

~ii ! Let us turn on thens mixing. In the assumptionm1

,m0,m2 the sterile neutrino levells crossesl1
LMA only.

The levell2
LMA essentially decouples. It is not affected b

thes mixing, andl2'l2
LMA . Evolution of the corresponding

eigenstaten2m is strongly adiabatic.
~iii ! In general, the sterile levells , as the function of

density, crossesl1
LMA twice: above and below the 1-2 reso

nance density. Effects of the higher~in density! level cross-
ing can be neglected since the neutrinos of relevant ener
are produced below the resonance~in the density scale!.

The Hamiltonian of the (n1m
LMA2ns) subsystem can be

obtained diagonalizing thene2na block of the 3n Hamil-
tonian, and then neglecting small 1-3 element. As a resu

H

5S l1
LMA Dm01

2

4E
sin 2a cos~u2um!

Dm01
2

4E
sin 2a cos~u2um!

m1
21m0

2

4E
1

Dm01
2

4E
cos 2a

D ,

~7!

wherel1
LMA is given in Eq.~5!. The 12s resonance condi-

tion,

l1
LMA~Dm21

2 /E,u,Ve ,Va!5
m1

21m0
2

4E
1

Dm01
2 cos 2a

4E
,

~8!

determines thes-resonance energy,

as
2-2
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Es5
0.5m1

21Dm01
2 cos2a

Ve1Va

12RD

122RD1j cos 2u1A~122RD1j cos 2u!224RD~12RD!~j221!
, ~9!
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wherej[(Ve2Va)/(Ve1Va)5ne /(ne2nn).
Let us find thene survival probability. According to Eq

~2! the initial neutrino state can be written in terms of t
matter eigenstatesn im as

ne5sinum
0 n2m1cosum

0 ~cosam
0 n1m1sinam

0 n0m!, ~10!

where um
0 and am

0 are the mixing angles in matter in th
neutrino production point.

Using the level crossing scheme we can describe
propagation of neutrinos from the production point to t
surface of the Sun.n2m evolves adiabatically, so thatn2m
→n2. Evolution of the two other eigenstates is, in gener
nonadiabatic, so that

n1m→A11n11A01n0 , n0m→A10n11A00n0 , ~11!

whereAi j are the transition amplitudes which satisfy the fo
lowing equalities: uA01u25uA10u2512uA00u2512uA11u2
[P2. They can be found by solving the evolution equati
with the Hamiltonian~7!. P2 is the two neutrino jump prob
ability in the systemn1m2ns .

Using Eqs.~10!, ~11! we can write the final neutrino stat
as

n f5sinum
0 n2eif21cosum

0 @cosam
0 ~A11n11A01n0!

1sinam
0 ~A10n11A00n0!#, ~12!

wheref2 is the phase acquired byn2m . Then the survival
probability equals

Pee[u^neun f&u2'sin2um
0 sin2u

1cos2um
0 cos2u@cos2am

0 2P2 cos 2am
0 #. ~13!

Here we have neglected a small admixture ofne in n0 :
^neun0&'0. Also we have taken into account that the coh
ence of the mass eigenstates is lost on the way from the
to the Earth due to a spread of the wave packets and ave
ing effects.

Similarly we obtain the transition probability of the ele
tron to sterile neutrino:

Pes[u^nsun f&u2'cos2um
0 @sin2am

0 1P2 cos 2am
0 #. ~14!

At the intermediate energies,E;Es(nc), crossing thes
resonance can be adiabatic so thatP250, and moreover, the
initial angle can be equal toam

0 'p/2. Since thes resonance
is very narrow this equality is realized already at energ
slightly aboveEs(nc). In this case we get from Eq.~13!

Pee'sin2um
0 sin2u. ~15!

If also E!Ea(nc), so thatum
0 'u, Eq. ~15! leads to
11300
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Pmin5Pee'sin4u. ~16!

Pmin is the absolute minimum of the survival probabili
which can be achieved in the system. In general,Pee

.sin4u, sinceE is not small in comparison withEa (sinum
0

.sinu) and/or the adiabaticity is broken.
In Fig. 2 we show results of numerical computations

the ne survival probabilityPee, and the survival probability
of active neutrinos (12Pes) as functions of energy. We hav
performed a complete integration of the evolution equatio
for the 3n system and also made averaging over the prod

FIG. 2. The survival probability of the electron neutrinosPee

~solid line! and survival probability of the active neutrinos 12Pes

~dashed line! as functions ofE/Dm12
2 for different values of the

sterile-active mixing parameter sin2 2a. We take tan2u50.4. Also
shown is the position of the 1-2 resonance for the central densit
the Sun~vertical dashed line!. For Dm12

2 57.131025 eV2 the Be
line is at E/Dm12

2 51.23104 MeV/eV2, the pep-neutrino line is
at E/Dm12

2 523104 MeV/eV2; the lowest ~observable! energy,
E55 MeV, and the highest energy of boron neutrino spectr
(;14 MeV) are at E/Dm12

2 573104 MeV/eV2 and
23105 MeV/eV2, correspondingly.
2-3
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FIG. 3. The Ar-production rate~upper panel!,
the Ge-production rate~second panel!, the sup-
pression factor for the BOREXINO signal, an
the CC/NC ratio at SNO as functions of sin2 2a,
for tan2u50.4 andDm21

2 57.131025 eV2.
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tion region of the Sun. The analytical consideration allows
to understand immediately the numerical results.

The effect ofs mixing is reduced to the appearance of
dip in the LMA energy profile. A size of the dip equals

DPee[Pee
LMA2Pee5Pes cos2u, ~17!

wherePee(E)LMA5Pee(E)(P250,am
0 50) is the LMA adia-

batic probability. To obtain the last equality in Eq.~17! we
used expressions forPee from Eq. ~13!, and Pes from Eq.
~14!. Since cos2u,1 ~the best-fit value of LMA mixing,
cos2u50.714) according to Eq.~17! a change of thene sur-
vival probability due to mixing withns is weaker than the
transition to sterile neutrinoPes. The relation~17! is well
reproduced in Fig. 2.

A position of the dip~its low-energy edge! is given by the
resonance energy taken at the central density of the
Es(nc) @Eq. ~9!#. With an increase ofDm01

2 the dip shifts to
higher energies.

III. OBSERVABLES AND RESTRICTIONS.
THREE SCENARIOS

As follows from Fig. 2, selecting appropriately the valu
of RD anda ~and therefore position and form of the dip! one
can easily obtain a significant suppression ofQAr as well as
11300
s
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the upturn of the spectrum~see Fig. 3!. There are, however
restrictions which follow from other experimental resu
~see Ref.@15# for more details!.

1. Ar-production rate versus Ge-production rate.A de-
crease ofQAr is accompanied by a decrease ofQGe ~Fig. 3!.
Since the LMA prediction forQGe is close to the centra
experimental value@16,17# a possible decrease ofQGe is
restricted.

The changes of rates are correlated:

DQGe5A~RD ,a!•DQAr , ~18!

where A is the constant which depends on the oscillati
parameters. If the Be-(ne) line is suppressed only, we woul
haveABe'30. If the neutrino fluxes at the intermediate e
ergies are affected only, thenAint;18, for the boron neu-
trino flux we find the smallest valueAB;2.

In principle, the decrease of the Ge-production rate can
compensated by an increase of the survival probability
the pp neutrinos. The increase ofPee(pp) requires the de-
crease of mixing. However, a decrease of sin2u is restricted
by the high-energy data~SK, SNO!.

2. The Ar-production rate versus the rates at SNO a
SuperKamiokande.For largeRD and sina the restriction ap-
pears from the charged current~CC!–event rate at SNO a
2-4
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well as from the rate of events at SK and the spectra. Wi
decrease ofQAr the rate@CC# decreases: we find

D@CC#50.2DQAr , ~19!

and this relation does not depend on the absolute value o
boron neutrino flux. Also the spectral information does n
allow us to strongly suppressQAr .

Three phenomenologically different scenarios can be
alized depending on the oscillation parameters, and there
on the position and form of the dip. Three panels in Fig.
which correspond to different values ofRD , illustrate these
scenarios.

~i! Narrow dip at low energies: the Be line is in the di
This corresponds to sin2 2a,1024 andRD,0.08 or

0.5EBe,Es~nc!,EBe , ~20!

where EBe50.86 MeV is the energy of the Be neutrino
~first panel in Fig. 2 and solid line in Fig. 3!. The lower
bound~20! implies that thepp-neutrino flux is not affected
In this case the Be line is suppressed most strongly; thene
fluxes of the intermediate energies~pep and CNO neutrinos!
are suppressed weaker and the low-energy part of the b
neutrino spectrum measured by SK and SNO is practic
unaffected~see Fig. 3!.

The best compromise solution would correspond
sin2 2a;731025, when QAr is 1s above the observation
and QGe is 1s below the observation. In this case th
BOREXINO rate reduces from 0.61 down to 0.48 of t
SSM rate.

For Es(nc) being substantially smaller thanEBe , the Be
line is on the nonadiabatic edge of the dip and its suppres
is weaker. In this case larger values of sina are allowed.

~ii ! The dip at the intermediate energies:

EBe,Es~nc!,1.4 MeV ~21!

~see the second panel in Fig. 2 and the dashed lines in
3!. The Be line is out of the dip and therefore unaffected
decrease ofQAr occurs due to suppression of thene compo-
nents of the pep- and CNO-neutrino fluxes.

A decrease ofQAr is accompanying by smaller decrea
of QGe in comparison with the previous case. The val
QAr52.8 SNU, which is 1s above the observation, can b
achieved by just 0.4s reduction ofQGe . The BOREXINO
signal due to the Be flux is unchanged, and also the obs
able part of the boron neutrino flux is affected very weak
D(CC/NC);0.002.

The optimal fit would correspond to sin2a51023, when
QAr is diminished down to 2.75 SNU, at the same tim
QGe568 SNU and CC/NC53.22 in agreement with the lat
est data@2#.

~iii ! The dip at high energies:

Es~nc!.1.6 MeV ~22!
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~see Fig. 2, the panel forRD50.2, and the dotted lines in
Fig. 3!. QAr is diminished due to the suppression of t
low-energy part of the boron neutrino spectrum. For sin2a
51023, we find DQAr50.17 SNU. At the same time a de
crease of the Ge-production rate is very small:DQGe
;0.5 SNU which corresponds toA5(2 –3) in Eq.~18!.

At sin2a51023 there is already significant modificatio
of the observable part of the boron neutrino spectrum
decrease of the total rate at SK and SNO. Also the CC/
ratio decreases. According to Fig. 3 at sin2 2a51023, we
haveD(CC/NC)50.01. Further increase ofRD will shift the
dip to higher energies, where the boron neutrino flux
larger. This, however, will not lead to further decrease ofQAr
since the dip becomes shallow approaching the nonosc
tory region~see Fig. 2!. The BOREXINO signal~Be line! is
unchanged. So, the main signature of this scenario is a st
suppression of the upturn and even a possibility to bend
spectrum down.

Note that even for largeRD the influence ofns on the
KamLAND results is negligible due to very small mixing. I
contrast to the solar neutrinos, for the KamLAND expe
ment the matter effect on neutrino oscillations is very sm
and no enhancement of thes mixing occurs. Therefore the
effect of s mixing on oscillation probability is smaller tha
sin2 2a;1023.

IV. FURTHER TESTS

How can one check the described scenarios?
~i! BOREXINO @18# and KamLAND ~solar! as well fu-

ture low-energy experiments@19–25# can establish the sup
pression of the Be-neutrino flux in comparison with the LM
predictions, if case~i! is realized. In BOREXINO and othe
experiments based on thene scattering the ratio of the num
bers of events with and without conversion can be written

RBorexino5Pee~12r !1r 2rPes, ~23!

where r[s(nme)/s(nee) is the ratio of cross sections
Using Eq. ~17! we find an additional suppression of th
BOREXINO rate in comparison with the pure LMA case:

DRBorexino[RBorexino
LMA 2RBorexino5~12r !DPee1rPes

'DPee~11r tan2u!. ~24!

According to Fig. 3,RBorexino
LMA can be diminished rather sig

nificantly. Simultaneously,QGe decreases. If we restrict thi
decrease by 2s below the experimental results, the boun
RBorexino

LMA .0.4 andDRBorexino,0.2 can be obtained. For th
best-fit value of scenario

~i! we find

RBorexino
LMA ;0.5, ~DRBorexino;0.1!. ~25!

Clearly, it will be difficult to establish such a difference.
~ii ! If the dip is at higher energies and the Be flux

unaffected, one expects significant suppression of the
2-5
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FIG. 4. The spectrum distortion (Nosc/NSSM)
at Super-Kamiokande~upper panel! and SNO
~lower panel! for different values of the mass ra
tio RD and for the sterile-active mixing sin2 2a
51023. The solid lines correspond to the pur
LMA case~no sterile neutrino!. Normalization of
spectra have been chosen to minimize thex2 fit
of the spectrum for each case. We show also
Super-Kamiokande and SNO experimental da
points with statistical errors only.
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and CNO fluxes. Such a possibility can be checked usin
combination of measurements from different experime
which are sensitive to different parts of the solar neutr
spectrum. The radiochemical Li experiment@26# which has
high sensitivity to the pep- and CNO-neutrino fluxes will
especially useful@27#.

Precise measurements ofQBe and QGe and independen
measurements of the B,pp, and Be neutrino fluxes and sub
traction of their contributions fromQBe andQGe will allow
us to determine the CNO-electron neutrino fluxes. In ot
words one will need to perform a combined analysis of
sults from Ga,Cl,Li experiments as well as the dedica
low-energy experiments@19–25#.

~iii ! For RD;0.1–0.2 and sin2 2a;1023 a significant
suppression of the low-energy part of the B-neutrino sp
trum is expected. As follows from Fig. 4, at 5 MeV an add
tional suppression due to sterile neutrino can reach 10–1
both in SK and SNO.

In fact, the spectra with thes mixing give a slightly better
fit to the data. Notice that there is no turn down of the SN
spectrum even forRD50.2 and sin2u1351023 since we add a
contribution from then2e scattering to the number o
events. Separation of the CC andn2e signals would in-
crease the sensitivity. Precision measurements of shap
the spectrum in the low-energy part,E,6 –8 MeV, will
give crucial checks of the described possibility.

No effects of the sterile neutrino with suggested para
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eters is expected on the supernovae neutrinos and the
bang nucleosynthesis@15#.

A very small s mixing implies that the width ofs reso-
nance is also very small. In the density scale we ha
Dn/n5tan 2a;1022. Therefore 1% density perturbation
can strongly affect conversion in thes resonance@28#. If
density perturbations~or density profile! change in time, this
will induce time variations of neutrino signals. Since the e
fect of the s resonance is small, one may expect 10%~at
most! variations of the Ga- and Ar-production rates.

V. CONCLUSIONS

~i! The low ~with respect to the LMA prediction! value of
the Ar-production rate measured in the Homestake exp
ment and/or suppressed upturn of the spectrum at low e
gies in SK and SNO can be explained by the introduction
the sterile neutrino which mixes very weakly with the acti
neutrinos. The mixing of sterile neutrino leads to the appe
ance of the dip in the survival probability in the interval
intermediate energiesE50.5–5 MeV. The survival prob-
ability in the nonoscillatory and vacuum ranges is not mo
fied ~if the sterile level crossesl1

LMA).
~ii ! Depending on the value ofRD , that is, on a position

of the dip, three phenomenologically different scenarios
possible: the Be-neutrino line in the dip; strong suppress
2-6
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of the pep- and CNO-neutrino fluxes and the Be-neutr
line out of the dip; suppression of the boron flux only.

The best global fit of the solar neutrino data correspo
to the unsuppressed Be line, but strongly suppressed
and CNO-neutrino fluxes. Such a scenario requires sin2 2a
;1023 andRD;0.1. It predicts also an observable suppr
sion of the upturn of the spectrum at SK and SNO.

The present experimental results as well as relations
tween observables restrict substantially possible effects
the dip induced by thes mixing.

~iii ! The presence ofs mixing can be established by futur
precise measurements of the Be-, pep-, CNO-neutrino flu
in BOREXINO @18# and KamLAND, as well as by measure
ments of the low-energy part of the Boron neutrino spectr
(,5 –6 MeV) in SNO and SK. Study of the solar neutrin
seems to be the only possible way to test the scenarios
scribed in this paper. There are no other observable effec
laboratory experiment, or in astrophysics and cosmology

Even precise measurements of the high-energy part o
solar neutrino spectrum may not be enough to reconstruc
energy profile of the effect at low energies. So, the lo
energy solar experiments are needed and they may lea
important discoveries.
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Note addedSince the time we posted our paper on he
ph, some new publications have appeared which are rele
for this study.

~i! A lower value of the cross section14N(p,g)15O mea-
sured by the LUNA experiment@29# leads to a decrease o
the predictions for the Ar-production rate byDQAr
520.1 SNU @30# ~see our footnote 1!. This reduces a dif-
ference of the LMA prediction and the Homestake result
about 0.5s. Notice that at the same time the Ge-producti
rate is diminished byDQGe52 SNU.

~ii ! Larger values of the7Be(p,g)8B cross section ob-
tained in the recent measurements lead to a significant
crease of the predicted boron neutrino flux. Now the p
dicted flux is larger than that extracted from the NC eve
rate measured at SNO:f B50.8860.04(expt)60.23(theor)
@31#. This being confirmed may testify for partial conversio
of the producedne to sterile neutrino thus supporting th
scenario suggested in this paper.
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