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Status of a supersymmetric flavor violating solution to the solar neutrino puzzle
with three generations
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We present a study of a three neutrino flavor transition model based on supersymmetric interactions that
violate R parity. These interactions induce flavor violating scattering reactions between solar matter and
neutrinos. The model does not contain any vacuum mass or mixing angle for the first generation neutrino.
Instead, the effective mixing in the first generation is induced via the new interactions. The model provides a
natural interpretation of the atmospheric neutrino anomaly, and is consistent with reactor experiments. We
determine allR-parity violating couplings which can contribute to the effective neutrino oscillations, and
summarize the present laboratory bounds. Independent of the specific nature of the~supersymmetric! flavor
violating model, the experimental data on the solar neutrino rates and the recoil electron energy spectrum are
inconsistent with the theoretical predictions. The confidence level of thex2 analysis ranges between;1024

and;1023. The incompatibility arises because we cannot simultaneously accommodate the new SNO results
together with the recoil electron energy spectrum from Super-Kamiokande in our model. We conclude that a
nonvanishing vacuum mixing angle for the first generation neutrino is necessary in our model. We expect this
also to apply to the solutions based on other flavor violating interactions having constraints of the same order
of magnitude.

DOI: 10.1103/PhysRevD.67.055005 PACS number~s!: 12.60.Jv, 13.15.1g, 14.60.Pq, 14.80.Ly
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I. INTRODUCTION

The most elegant solution of the solar neutrino probl
@1# is the matter-enhanced neutrino oscillation@2–6# ~for re-
view articles see@7,8#!. It is based on the Mikheyev
Smirnov-Wolfenstein resonance mechanism@3,9# which re-
quires neutrino mixing in vacuum.

An attractive alternative interpretation of the solar ne
trino deficit is the neutrino flavor transition, due to the ex
tence of some flavor changing~FC! and nonuniversal flavo
diagonal ~NFD! interactions between neutrinos and so
matter @9–11#. In such a scenario, neutrino oscillations a
induced by solar matter alone. Thus the neutrinos can e
be massless and no neutrino mixing in vacuum is neede

The explanation of the solar neutrino puzzle in terms
FC and NFD scattering of neutrinos on solar matter has b
explored quantitatively in@12–15#, and in @16# for the par-
ticular case of neutrinos scattering on electrons character
by the absence of a resonance. In all these studies, the
dicted neutrino rates are consistent with the results from
solar neutrino experiments~Homestake, GALLEX, GNO,
SAGE, SNO, Kamiokande and Super-Kamiokande!. Accept-
able fits have also been found in the framework where b
matter-induced neutrino flavor transitions and neutrino m
ing in vacuum exist@12,17#.

*Email address: dreiner@th.physik.uni-bonn.de
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There are also three flavor transition models, solving b
the solar and atmospheric neutrino anomalies and in wh
FC and NFD interactions play a fundamental role. In@18,19#
a model is constructed in which FC and NFD interactio
exist between all neutrino flavors, all the vacuum mixi
angles vanish and only the third neutrino is massive~in
vacuum!. The authors of@20# considered a scenario wher
FC and NFD interactions are present between the first
third neutrino flavors, only the vacuum mixing angle of th
nm2nt sector has a significant value and the second
third generation neutrinos are massive~in vacuum!. These
scenarios were chosen so that there is a vacuum contribu
to the mixing in thenm2nt sector because the atmosphe
neutrino problem cannot be entirely solved by FC and N
interactions. The laboratory bounds on the interactions
too severe@21#. The other main constraint, which these mo
els satisfied, is the limit on thene2nt mixing angle from
reactor experiments@22–24#.

In the present paper, we study the three flavor transit
model where FC and NFD interactions are present betw
all neutrino flavors. However, we restrict the vacuum ne
trino masses and mixing angle to the second and third g
erations. We thus address the question: do we need a vac
neutrino mixing angle between the first and second gen
tions to explain the solar neutrino problem or do FC a
NFD interactions suffice? The model we study is the sa
model as in@20# but with the most general FC and NF
interactions.

We concentrate on the situation where the FC and N
interactions are due to supersymmetry@27# with broken R
parity @25,26#, although our analysis is sufficiently gener
©2003 The American Physical Society05-1
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that it can be easily applied to any new FC and NFD int
action which is of the same~small! order of magnitude. The
R” psuperpotential is written in terms of the left-handed sup
fields for the leptons (L), quarks~Q! and Higgs of hyper-
charge 1/2~H! and the right-handed superfields for th
charged leptons (Ec), up and down type quarks (Uc,Dc),

WR” p
5(

i , j ,k
S 1

2
l i jkLiL jEk

c1l i jk8 LiQjDk
c

1
1

2
l i jk9 Ui

cD j
cDk

c1m iHLi D . ~1!

i , j ,k are flavor indices,l i jk ,l i jk8 ,l i jk9 are dimensionless
coupling constants andm i are dimension one parameters. W
consider all the relevantR” p interactions, namely all the dif
ferent flavor configurations of bothl and l8 couplings, in
contrast with the preliminary study made in@20# where only
a small set of thel couplings were considered.

Based on the most recent standard solar model~SSM!:
‘‘Bahcall-Basu-Pinsonneault 2000’’~BBP2000! @28# @and in-
tio

e
t

s:

.

05500
-

r-

cluding the new measurement ofS17(0) @29,30##, we deter-
mine whether our generic model remains a possible inter
tation to the solar neutrino anomaly. We have included
results from the Sudbury Neutrino Observatory~SNO! @31–
34#. In this sense, our work constitutes an update of the p
liminary analysis in@20# which was performed before th
results from SNO appeared.

II. DESCRIPTION OF THE MODEL

A. Hamiltonian

Our model is characterized by the time evolution equat
of neutrino flavor eigenstates,

i
d

dt S ne~ t !

nm~ t !

nt~ t !
D 5HS ne~ t !

nm~ t !

nt~ t !
D , ~2!

where the Hamiltonian has a vacuum contribution as wel
a matter-induced part:
H5E313331S M̃2

2E
D

vacuum

1S M̃2

2E
D

matter

5E313331S 0 0 0

0
m3

21m2
2

4E
2

m3
22m2

2

4E
cos 2u23

v
m3

22m2
2

4E
sin 2u23

v

0
m3

22m2
2

4E
sin 2u23

v
m3

21m2
2

4E
1

m3
22m2

2

4E
cos 2u23

v
D

1S R111A11A2 R12 R13

R12 R221A2 R23

R13 R23 R331A2

D . ~3!
tion

ith
E is the neutrino energy,1333 is the 333 identity matrix,m2
2

and m3
2 are, respectively, the second and third genera

neutrino masses~in vacuum!. u23
v is the vacuum mixing

angle in thenm2nt sector,A1 andA2 are the contributions
due respectively to theW6 and Z0 boson exchanges. Not
that we have omitted any first generation contributions

@M̃2/(2E)#vacuum, as discussed in the Introduction.
The Ri j terms arise from FC~if Ri j Þ0 @ iÞ j #) and NFD

~if R11ÞR22ÞR33) interactions predicted by new physic
here R-parity violating supersymmetry.A15A2GFne and
A252GFnN /A2 andGF is the Fermi coupling constant.ne
is the electron density andnN the neutron density in the sun
Since we concentrate onR” p interactions, theRi j terms are
given by

Ri j 5Ri j ~l!1Ri j ~l8!,
n

o

Ri j ~l!5S (
kÞ i , j

l ik1l jk1

4m2~ l̃ k
6!

neD
1S (

l

l i1ll j 1l

4m2~ l̃ l
6!

neD , ~4!

Ri j ~l8!5(
m

S l im18 l jm18

4m2~ d̃m!
nd1

l i1m8 l j 1m8

4m2~ d̃m!
ndD ,

wherend is the down quark density andm2( l̃ k,l
6 ) @m2(d̃m)#

is the squared mass of the sleptonl̃ k,l
6 ~squarkd̃m) exchanged

in the scattering reactionn i1e →l n j1e(n i1d →l8n j1d). The
scattering reaction also fixes at least one of the genera
indices to be 1. The second term ofRi j (l) vanishes ifi 51
or j 51, due to the anti-symmetry ofl i jk in the first two
indices. In the following, we perform a general analysis w
5-2
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the Ri j . Given the approximations discussed in Sec. II
this analysis can be applied to any new FC and NFD in
actions.

B. Diagonalization

Since the diagonal contributions to the Hamiltonian
not affect the flavor transition mechanism, only the followi
effective mass squared matrix:

S M̃2

2E
D 5H2~E1A11A2!31333 ~5!
05500
,
r-
is relevant. It can be diagonalized as

U†S M̃2

2E
DU5

1

2ES m̃1
2 0 0

0 m̃2
2 0

0 0 m̃3
2
D . ~6!

The unitary matrixU is parametrized by the complex pha
d and the mixing anglesu12, u13 andu23 as
U[V233V133V12[S 1 0 0

0 c23 s23

0 2s23 c23

D S c13 0 s13e
2 id

0 1 0

2s13e
id 0 c13

D S c12 s12 0

2s12 c12 0

0 0 1
D ,

U5S c12c13 s12c13 s13e
2 id

2s12c232c12s23s13e
id c12c232s12s23s13e

id s23c13

s12s232c12c23s13e
id 2c12s232s12c23s13e

id c23c13

D . ~7!

Heresi j 5sinuij andci j 5cosuij . In the following, we choose the parameters of the HamiltonianH to be real, so thatd50
above. First, we rotate the effective mass squared matrix byV233V13 and obtain in the new basis

S M̃2

2E
D 5S R11c13

2 2a sin 2u131V1s13
2 bc13 0

bc13 V2 bs13

0 bs13 R11s13
2 1a sin 2u131V1c13

2
D , ~8!
rk,
:

with

a[R12s231R13c23, b[R12c232R13s23, ~9!

V6[Fm3
21m2

2

4E
2A11

R331R22

2 G
6Fm3

22m2
2

4E
cos 2~u23

v 2u23!1
R332R22

2

3cos 2u231R23sin 2u23G . ~10!

The mixing angles of Eqs.~8!–~10! are given in terms of the
Hamiltonian parameters~3!

tan 2u235
sin 2u23

v Dm32
2 /2E12R23

cos 2u23
v Dm32

2 /2E1R332R22

, ~11!

whereDm32
2 [m3

22m2
2 , and

tan 2u135
2a

V12R11
. ~12!
We show at the end of Sec. II C that, in our framewo
the mixing angle of thene2nt sector has a negligible value

u13'0. ~13!

Therefore, the upper left 232 part of matrix ~8! can be
readily diagonalized via the mixing angleu12 defined by

tan 2u12'
2bc13

V22R11c13
2 1a sin 2u132V1s13

2
. ~14!

Then, the effective mass eigenvalues are

m̃1
2

2E
'~R11c13

2 2a sin 2u131V1s13
2 !c12

2 2bc13sin 2u12

1V2s12
2 , ~15!

m̃2
2

2E
'~R11c13

2 2a sin 2u131V1s13
2 !s12

2 1bc13sin 2u12

1V2c12
2 , ~16!
5-3
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m̃3
2

2E
'R11s13

2 1a sin 2u131V1c13
2 . ~17!

At this stage, an important comment must be made c
cerning thene2nm mixing angleu12. We see from Eqs.~9!
and~14! that tan 2u12 is proportional to the sum of two term
R12c23 and2R13s23. R12 constitutes the off diagonal contr
bution to thene2nm sector of the Hamiltonian in Eq.~3!.
The second term results from a transmission~due toR13) of
the mixing in thenm2nt sector~defined by the angleu23)
into the ne2nm sector. We conclude that theR12 and R13
contributions, induced byR” p interactions, generate an effe
tive mixing in thene2nm sector and thus play a fundament
role in the neutrino flavor transition mechanism.

C. Approximations and constraints from reactor
and atmospheric neutrino experiments

The less stringent bounds on the products ofR” p coupling
constants are typically of order@35–39#

L•L̄&1022 S mf̃

100 GeVD
2

, Le$l,l8,l9%, ~18!

where mf̃ represents the typical scalar superpartner m
Hence,Ri j is at most of order~cf. Sec. III C for a more
precise discussion!

Ri j &nx32.531027 GeV22, nxe$ne ,nd%. ~19!

Moreover, inside the sun,ne'nd , the maximal electron den
sity reached isne

max'4.631011 eV3 @28# and the energy of
the produced neutrinos is never higher thanE520 MeV.
Therefore,

Ri j

Dm32
2 /2E

,O~1023!, ~20!

sinceDm32
2 '1023 eV2, as we will see in Eq.~27!. In the

following, we perform an analysis of the Hamiltonian~3!
with general entriesRi j ; however with the restriction~20!
above. Thus our analysis applies to any new physics con
uting to theRi j , which respects the bound~20!, i.e. with
couplings obeying the bounds~19!.

We deduce from Eq.~13! that the experimental data o
atmospheric neutrinos@40,41# are consistent with thenm
→nt oscillation scenario based on an effective two flav
mass matrix, for the following values:

Dm̃32
2 [m̃3

22m̃2
2'1023 eV2 ~21!

and

u23'
p

4
. ~22!

Equations~11!, ~20! and~22! require for the vacuum mixing
angleu23

v

05500
n-

s.

b-

r

u23
v '

p

4
'u23. ~23!

We also see from Eq.~19! that the ratio ofRi j and A1
reaches at most the value

Ri j

A1
&1022. ~24!

From Eqs.~13!, ~14!, ~23! and~24!, it is clear that the mixing
angleu12 is given to a good approximation as

tan 2u12'
A2~R122R13!

m2
2/2E2A1

. ~25!

From Eq.~25! we see there is potentially a resonant point
u125p/4. We find that the associated resonance condit
namelym2

2/2E5A1, can indeed be satisfied inside the su
However, for the atmospheric neutrinos, which have energ
of O(GeV), this resonance condition cannot be satisfied. T
relevant parameter values arem2

2'531026 eV2 ~see Sec.
III B ! and the electron density inside the earthne

E

'(326) cm23 NA , whereNA is Avogadro’s constant.
From Eqs.~13!, ~16!, ~17!, ~20! and ~23!, we derive the

following approximation for the effective mass squared d
ferenceDm̃32

2 @cf. Eq. ~21!#:

Dm̃32
2 'Dm32

2 . ~26!

We then deduce from Eqs.~21! and ~26! that

Dm32
2 '1023 eV2. ~27!

In addition, Eqs.~13!, ~15!, ~16!, ~23!, ~24! and~25! imply
that

Dm̃21
2 5m̃2

22m̃1
2'm2

222EA1 . ~28!

Finally, we justify the approximation of Eq.~13!, used
both in the present section and in Sec. II B. First, from E
~23!, ~24! and~12!, we obtain a good approximation foru13:

tan 2u13'
A2~R121R13!

m3
2/2E2A1

. ~29!

Now, we see from this result and Eq.~24! thatu13'0 outside
the resonance. The resonance point associated withu13 can-
not be reached inside the sun, because the resonance c
tion m3

2/2E5A1 cannot be satisfied. Indeed, inside the s
@cf. Eq. ~27!#,

m3
2

2E
.

Dm32
2

2E
*2.5310211 eV and A1&7.5310212 eV.

~30!

The resonance conditionm3
2/2E5A1 can also not be satisfie

for atmospheric neutrinos, givenne
E above. Moreover, it is

clear from Eq.~29! that in vacuum, theu13 mixing angle is
exactly equal to zero~like u12), consistent with the constrain
5-4
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obtained at reactor experiments~with an effective two flavor
mass matrix!: sin22u13&0.1 for Dm31

2 *331023 eV2 @22–
24#. Therefore, within the present framework,u13 approxi-
mately vanishes from the point of view of the reactor, so
and atmospheric neutrino experiments.

III. SOLAR NEUTRINO RATES

A. Theoretical transition probabilities

Since to a good approximationu13 is vanishing, thene
→nm transitions of solar neutrinos obey a two flavor tran
tion dynamics described by the upper left 232 block of the
matrix in Eq.~8!. Thus, in the non-adiabatic transition cas
the solar ne→nm transition probabilities P̄ne→nm

51

2 P̄ne→ne
are defined by@42,43#

P̄ne→ne
.

1

2
@12~122Px!cos22u12

s #FPx.
1

2G , ~31!

for a neutrino produced above the resonance density,
P̄ne→ne

.1, for a neutrino produced below the resonan
density. In the adiabatic transition case@6#,

P̄ne→ne
.

1

2
@11~122Px!cos 2u12

p cos 2u12
s #FPx,

1

2G .
~32!

In Eq. ~31! and Eq.~32!, u12
p and u12

s represent the matter
inducedu12 mixing angle at the neutrino production poi
and solar surface, respectively.Px is the Landau-Zener
Stueckelberg transition probability@44#,

Px.e2pgF/2. ~33!

In this equation,F.12tan2u12
vac @8#, and u12

vac is the u12

mixing angle in vacuum, since the electron density inside
sun is approximately given by an exponential function of
distancer to the solar center@28#. From Eq.~25! we deduce
thatu12

vac'0, so thatF.1 here. Theg parameter of Eq.~33!
is given at the resonance point,

g[U Dm̃21
2 /2E

2du12/dr
U

res

. ~34!

The resonance point is determined by@cf. Eq. ~25!#

m2
2

2E
5A1 . ~35!

Let us derive the expression forg within our model. At the
resonance point,u125p/4 so that Eqs.~15! and ~16!, to-
gether with Eqs.~13! and ~23!, give

UDm̃21
2

2E
U

res

5A2 uR122R13ures . ~36!

From Eq. ~25! we see that u2 du12/drures
5GFu(dne /dr)/(R122R13)ures and thus
05500
r

-

,

nd
e

e
e

g5
A2uR122R13ures

2

GFudne /drures
. ~37!

B. Fit with experimental results

In this subsection, we present the free parameter va
giving rise to the highest degree of consistency between
theoretical predictions and the experimental solar neutr
rates. The relevant free parameters in Eqs.~31!, ~32! arem2

2

andR, where

R[
uR12~l!2R13~l!u

ne
~38!

for l2R” p interactions and

R[
uR12~l8!2R13~l8!u

nd
~39!

for l82R” p interactions@cf. Eq. ~4!#. In certain specified
cases, we also considerf B as a free parameter:f B is defined
by F 8B5 f B3F 8B

SSM, whereF 8B is the flux of solar electron-
neutrinos produced in the decay8B → 8Be* 1e11ne and
F 8B

SSM is the theoretical prediction within the SSM@28–30#.
This is equivalent to allowing for an arbitrary normalizatio
of the F 8B flux.

In Table I, we show the values of the free parameters
which the best fit is obtained between the theoretical so
neutrino rates defined as

Pj
th5(

i
f iE dEdr

dgi~E!

dE

dhi~r !

dr
s j~E!P̄ne→ne

~E,r !,

~40!

and the corresponding present experimental solar neut
ratesPj

expt @31–34,45–50#. The indexj runs over the 5 solar
neutrino experiments~we use the combined result for th
GALLEX, GNO and SAGE experiments @48#!:
j5$Homestake, GALLEX1GNO1SAGE, SNO, Kamio-
kande, Super-Kamiokande%.

Let us briefly describe the parameters entering Eq.~40!.
First, Pj

th is the theoretical prediction for the solar neutrin
detection rate in experimentj, if neutrinos have a flavor tran
sition average probabilityP̄ne→ne

(E,r ). The f i are the flux
of solar electron-neutrinos, wherei labels the source reac
tion: i 5$pp, 7Be, pep, 13N, 15O, 17F, 8B, hep%.
dgi(E)/dE and dhi(r )/dr respectively represent the neu
trino energy and the initial radial position distributions~nor-
malized to unity!. Both these fluxes and distributions a
taken from the most recent SSM~BBP2000! @28–30#. Fi-
nally, thes j (E) denote the neutrino detection cross sectio
corresponding to the different solar neutrino experime
@1,51–53#.

In the case of the Kamiokande and Super-Kamiokan
experiments, the products j (E) P̄ne→ne

(E,r ) in Eq. ~40!

stands for
5-5
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TABLE I. The values of the parametersm2
2, R, f B andā ~see text! associated with the best fits between the solar neutrino experim

data and the theoretical prediction. They are given in the 3 cases we consider:~1! the solar neutrino rates except those of the SN
experiment,~2! all the solar neutrino rates, including the rates detected at the SNO experiment via the charged current reaction, a~3! all
the solar neutrino rates together with the recoil electron energy spectrum obtained at the Super-Kamiokande experiment. Both t
based on theR” p interactions of typel andl8 are considered. We show the values, computed with the obtained best-fit parameters
relevantx2 function ~with associated number of degrees of freedom denoted as DOF and confidence level denoted as C.L.!, namely either
xR

2 ~for cases 1 and 2! or xS
2 ~for case 3!. We also indicate, for the best-fit parameters, the theoretical solar neutrino ratesPj

th @see Eq.~40!#
normalized to their value expected in the SSM BBP2000@28–30#, at the considered experiments: Homestake~H!, GALLEX1GNO1SAGE
~G1G1S!, SNO, Kamiokande~K! and Super-Kamiokande~SK!. The corresponding present experimental solar neutrino ratesPj

expt ~to-

gether with their experimental uncertainty! @31–34,45–50# are written in parentheses. Finally, we note that when the value off B or ā ~which
are presented in the same column! is not given, it means that it is fixed to unity and/or it is not relevant.

Model m2
2 R x2 H G1G1S SNO K SK

~fit! (1025 (10224
f B /ā ~DOF; C.L.! ~0.297 ~0.557 ~0.295 ~0.472 ~0.391

eV2) eV22) 60.026) 60.039) 60.023) 60.064) 60.014)

l 0.545 1.319 f B5 0.19 0.295 0.574 3 0.476 0.390
~1! 1.087 ~1; 66.3%!

l 0.625 1.055 6.25 0.244 0.595 0.316 0.402 0.369
~2! ~3; 10.0%!

l 0.648 0.561 ā5 46.60 0.560 0.645 0.704 0.738 0.713

~3! 0.624 ~21; 0.11%!

l8 0.534 1.112 f B5 0.18 0.303 0.562 3 0.491 0.389
~1! 1.115 ~1; 67.1%!

l8 0.625 0.814 6.23 0.244 0.595 0.316 0.402 0.369
~2! ~3; 10.1%!

l8 0.386 0.257 ā5 51.73 0.865 0.629 0.997 0.992 0.972

~3! 0.459 ~21; 0.021%!
-

-

-

a

d

e
inos

.

best
ino
E
Tth

Tmax
dTE

0

`

dT8e~T8!r~T,T8!

3Fds j
ne~E,T8!

dT8
P̄ne→ne

~E,r !

1
ds j

nm~E,T8!

dT8
@12 P̄ne→ne

~E,r !#G , ~41!

whereT8 is the true energy of the recoil electron,T its value
measured experimentally,Tth the energy threshold of the ex
periment,Tmax the maximal energy of the experiment,e(T8)
the detection efficiency,r(T,T8) the energy resolution func
tion and ds j

ne(E,T8)/dT8 @ds j
nm(E,T8)/dT8# the differen-

tial cross section for the solar electron-neutrino~muon-
neutrino! elastic scattering reaction on electrons@1#. The
resolution function of Eq.~41! can be satisfactorily repre
sented by the following Gaussian function@54#:

r~T,T8!5
e2(T2T8)2/2D2(T8)

A2pD2~T8!
. ~42!

The standard deviation of the energy measurement is
proximately given by

D~T8!

T8
'a S 10 MeV

T8
D 1/2

. ~43!
05500
p-

We takeTth57.5 MeV @49#, Tmax520 MeV @49#, e'0.7 @1#
anda50.143@49,55–57#, for the Kamiokande detector, an
Tth55 MeV @50#, Tmax520 MeV @50#, e'0.7 @50,58# and
a50.153@59,60#, for the Super-Kamiokande one.

For the SNO experiment, the products j (E) P̄ne→ne
(E,r )

in Eq. ~40! stands for

E
Tth

SNO

Tmax
SNO

dTE
0

`

dT8r~T,T8!
ds j

CC~E,T8!

dT8
P̄ne→ne

~E,r !.

~44!

ds j
CC(E,T8)/dT8 is the differential cross section of th

charged current reaction between the solar electron-neutr
and deuterium:ne1D→p1p1e2 @53#. The energy resolu-
tion functionr(T,T8) of Eq. ~44! is defined as before by Eq
~42!, but with the following standard deviationD(T8) @31#:

D~T8!5@20.462010.5470AT8/1 MeV

10.008722~T8/1 MeV!# MeV. ~45!

In the present analysis, we useTth
SNO56.75 MeV1me @31#,

me is the electron mass, andTmax
SNO513 MeV1me @31#.

The points of parameter space corresponding to the
fit between the theoretical and experimental solar neutr
rates have been obtained by performing ax2 analysis. Fol-
lowing the analyses of@61,62#, we define ourx2 function as
5-6
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xR
25 (

j 1 , j 2

~Pj 1

th2Pj 1

expt!@sR
2 # j 1 j 2

21 ~Pj 2

th2Pj 2

expt!, ~46!

where j 1 and j 2 run over the solar neutrino experiments a
@sR

2 # j 1 j 2
is the squared error matrix containing both the e

perimental~systematic and statistical! @31,32,45,48–50# and
theoretical errors~computed according to the analyses
@63,64#! on the solar neutrino rates. The theoretical err
depend on the uncertainties of both the neutrino flu
@28,30,65–68# and the detection cross sections@51–53,69#.

In Table I, our results concerning the fits of solar neutri
rates are given in two different contexts: before~case 1! and
after~case 2!. the publication of experimental data from SN
@31–34#. In the ‘‘post-SNO’’ context, we include into ourx2

analysis the rate of solar electron-neutrinos detected at
SNO experiment via the charged current reaction on de
rium @31#. Furthermore, within this context, we fix the no
malization factorf B to unity, following the study of@15#. The
reason is that the value of the neutrino fluxF 8B measured at
the SNO experiment~with the flux of neutrinos detecte
through the neutral current reaction on deuterium! @31,32,34#
is in agreement with its prediction in the SSM@28–30#:
F 8B

SSM. Finally, let us note that within this post-SNO contex
we do not implement into thex2 analysis the rate of sola
neutrinos detected at the SNO experiment via the ela
scattering reaction on electrons@31,32,34#. This is justified
by the fact that this rate is consistent with the rates of n
trinos detected at the Kamiokande and Super-Kamioka
experiments via the same scattering reaction@49,50#, which
are already taken into account in our analysis.

In Table I, we also present the values of the parame
corresponding to the best fit of all 5 solar neutrino ratesand
the recoil electron energy spectrum~case 3!. This fit takes
into account the consistency between the recoil electron
ergy spectrum obtained with the Super-Kamiokande dete
from 1258 days of data@50# and its theoretical prediction
These results have also been derived through thex2 method
with the x2 function @61,62#

xS
25xR

21 (
j 1 , j 2

~ āSj 1

th2Sj 1

expt!@sS
2# j 1 j 2

21 ~ āSj 2

th2Sj 2

expt!.

~47!

Here theSj
expt@ j 51, . . . ,19# are the solar neutrino rates ob

served in the Super-Kamiokande experiment correspon
to the 19 bins of a given recoil electron energy range@50#
and theSj

th@ j 51, . . . ,19# are their predicted values. TheSj
th

are calculated with Eqs.~40!–~43! ~applied to the Super
Kamiokande experiment! by integratingT over the relevant
19 energy intervals@50#. The matrix @sS

2# j 1 j 2
entering Eq.

~47! is equal to@14#

@sS
2# j 1 j 2

5d j 1 j 2
~@sstat

2 # j 1 j 2
1@suncorr

2 # j 1 j 2
!

1@scorr
2 # j 1 j 2

1@s th
2 # j 1 j 2

. ~48!

The @sstat
2 # j 1 j 2

represent the squared experimental statist

errors@50#, @scorr
2 # j 1 j 2

and @suncorr
2 # j 1 j 2

are respectively the
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correlated and uncorrelated contributions to the squared
perimental systematic errors@50# and @s th

2 # j 1 j 2
are the

squared theoretical uncertainties@28,30,63–68#. Finally, the
overall normalization factorā introduced in Eq.~47! has
been taken as an additional free parameter in the fit, in o
to avoid double counting with the data from the Sup
Kamiokande experiment on the total event rate which is
ready included inxR

2 .
Let us comment on the results of thex2 analyses given in

Table I. When one considers the solar neutrino rates exc
ing the SNO experiment, case 1, one obtains acceptable
between the theoretical and the experimental rates, nam
fits at 66.3% and 67.1% confidence level~C.L.! in the sce-
narios containingl andl8 interactions, respectively. Whe
adding the SNO results to the analysis, the fit grows sign
cantly worse: the theoretical predictions are now compat
with the experimental data only at 10.0% C.L. and 10.1
C.L., respectively. Finally, considering all the solar neutri
rates~including the SNO data! as well as the recoil electron
energy spectrum, case 3, the obtained fits have a confid
level of 1.131023 C.L. and 2.131024 C.L., respectively:
the theoretical and experimental results are not compatibl
this case. This incompatibility arises since in case 3 we c
not simultaneously accommodate the SNO results and
recoil electron energy spectrum. In@20#, the authors obtained
an acceptable fit because they took into account the re
electron energy spectrum but not the SNO data.

Furthermore, we observe in Table I that the values of
quantity R, corresponding to the best fit, are smaller in t
case when the solar neutrino flavor transitions are induced
R” p interactions of the typel8 instead ofl. The reason is tha
the quantity@cf. Eq. ~38!#

Xl5uR122R13u5uR12~l!2R13~l!u5Rne ~49!

entering the transition probabilityP̄ne→ne
~see Sec. III A! in

the case that neutrino flavor transitions are due tol cou-
plings is replaced by@cf. Eq. ~39!#

Xl85uR122R13u5uR12~l8!2R13~l8!u5Rnd . ~50!

The decisive difference is that 0.50nd&ne&0.78nd inside
the sun@14,28#. In other words, a modification of the matte
induced transition probabilityP̄ne→ne

due to an increase o
the solar matter density can be compensated by a decrea
effective neutrinoR” p interaction strength~quantified here by
R). Let us note that this compensation is not exact, as
solar matter density depends on the radial position, while
is not true for the parameterR. This is why, in Table I, the
best-fit values of the other free parameters,m2

2 and f B ~or ā),
are also different in the two situations where flavor tran
tions are due tol andl8 couplings.

Let us make a brief final remark: We have found that,
the scenario where solar neutrino flavor transitions are sim
taneously induced byR” p interactions of typesl andl8, the
fits between observed and predicted solar neutrino rates
5-7
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recoil electron energy spectrum are not significantly i
proved compared to the fits for which the results are sho
in Table I.

C. Comparison of the results with the bounds on theR” p

coupling constants

In this section, we check that the relevant present lim
on R” p coupling constants are compatible with the values oR
giving rise to the best fits of solar neutrino rates~see previ-
ous section!. This check is also a self-consistency check
allows us to verify that the typical bound on the relevantR” p
coupling constants~19!, on which the approximations~see
Sec. II C! used in the mass matrix diagonalization are bas
is correct.

l coupling constants.For l couplingsR reads explicitly
@cf. Eq. ~4!#

R5U l131l231

4m2~ t̃6!
2

l121l321

4m2~m̃6!
U . ~51!

The largest best fit value forR in Table I is 1.319
310224 eV22. The bounds on theR-parity violating cou-
plings are usually given as bounds on a single coupling o
a product of two couplings. This is based on the assump
that the other couplings vanish.1 We adopt this approxima
tion in the following.

No bound exists on theR” p coupling constant produc
l121l321. The present experimental constraints at 2s on the
singleR” p coupling constantsl121 andl321 are given respec
tively by @35,38,39,71#

l121,0.049S m~ ẽR
6!

100 GeV
D , l321,0.07S m~ ẽR

6!

100 GeV
D .

~52!

Note that a different slepton mass appears inR and in the
bound above. If we assume thatm(m̃)5m(ẽR), we obtain
from the second term in Eq.~51! that R,9310226 eV22

and this model is irrelevant for FC and NFD interactions
the sun. If howeverm(m̃)5m(ẽR)/4, which could very well
be the case with non-universal boundary conditions at
unification scale,

R,1.372310224 eV22, ~53!

and thel121l321 interactions can reach the best fit values
R.

The strongest bound on the Yukawa coupling const
productl131l231 is @72#

1The assumption that a single or a pair ofR” p coupling constants
are dominant is often adopted in the literature, as a simplificat
This hypothesis is justified by the analogy between structures oR” p

and Higgs Yukawa interactions@70#. The latter exhibit a strong
hierarchy in flavor space.
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l131l231,6.631027 S m~ ñtL!

100 GeV
D 2

. ~54!

In this case we would need to requirem( ñtL)'3003m( t̃)
in order to obtain a sufficiently largeR. For m( t̃)
*100 GeV~the CERNe1e2 collider LEP bound@73#!, this
is not compatible with a supersymmetric solution to the
erarchy problem. We conclude that these interactions can
significantly contribute to FC and NFD interactions in th
sun.

In summary, only when R is given by R

5ul121l321u/4m2(m̃6) do the present constraints on releva
R” p interactions allowR to take the relevant value of 1.31
310224 eV22.

l8 coupling constants.Let us now consider the mode
~not studied in@20#! in which neutrino flavor transitions ar
due tol8 R” p interactions via solar down quarks:

R5U(
m

S l1m18 l2m18

4m2~ d̃m!
1

l11m8 l21m8

4m2~ d̃m!
2

l1m18 l3m18

4m2~ d̃m!

2
l11m8 l31m8

4m2~ d̃m!
D U . ~55!

Based on the present constraints onR” p interactions, we de-
termine whetherR can reach 1.11310224 eV22, which is
the maximal value appearing in Table I. As before, we co
sider separately each term of Eq.~55!, supposing that it
dominates over all the others.

The productl1218 l3218 ~third term inR with m52) is only
constrained by the present individual experimental limits
2s on l1218 andl3218 @38,39,71#,

l1218 ,0.043 S m~ d̃R!

100 GeV
D , l3218 ,0.52 S m~ d̃R!

100 GeV
D .

~56!

Again a different squark mass appears inR, m( s̃), than in the
bounds,m(d̃R). If we assume they are equal, then

R,5.6310225 eV22. ~57!

This is just below the maximal best-fit value. For a moder
non-degeneracy ofm(d̃R)51.53m( s̃), the maximal best-fit
value can be obtained.

The Yukawa coupling constant productl1318 l3318 ~third
term in R, with m53) is only constrained by the prese
individual experimental bounds onl1318 ~at 3s) @39,71# and
on l3318 ~at 2s) @36,39,74#:

l1318 ,0.019S m~ t̃ L!

100 GeV
D ,

l3318 ,0.45 at m~ d̃!5100 GeV. ~58!

Assuming all squark masses are equal

n.
5-8
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R,2.1310225 eV22, ~59!

which is below the best-fit values in Table I. Given a no
degeneracy ofm(d̃)5m( t̃ L)52.33m(b̃), the fit values for
R can be reached.

For m51 we have for the last two terms the couplin
l1118 , which has the strict bound at 2s @39,75,76#

l1118 ,5.231024S m~ ẽ!

100 GeV
D 2S m~ x̃0!

100 GeV
D 1/2

. ~60!

In these cases, we can therefore not reach the fit values fR,
unless we require an extreme hierarchy in superpar
masses.

The present experimental bounds at 2s on l3128 andl1128
@38,39,71# ~fourth term inR with m52) are

l3128 ,0.11S m~ s̃R!

100 GeV
D , l1128 ,0.021S m~ s̃R!

100 GeV
D .

~61!

In this case we always have the same squark mass an
can deduce a rigorous bound

R,5.8310226 eV22, ~62!

which excludes any relevant contribution to FC and NF
interactions in the sun.

In the same way, the present experimental limits at 2s on
l3138 andl1138 @38,39,71#,

l3138 ,0.11S m~ b̃R!

100 GeV
D , l1138 ,0.021S m~ b̃R!

100 GeV
D ,

~63!

result in R,5.8310226 eV22, precluding any significan
contribution.

The three products of Yukawa coupling consta
l11m8 l21m8 , m51,2,3 ~second term inR), suffer the follow-
ing strong constraint@77#:

l11k8 l21k8 ,1.731027S m~ d̃kR!

100 GeV
D 2

. ~64!

Hence,R,4.25310230 eV22 and no interesting solution
exist.

The productsl1m18 l2m18 , m51,2,3 ~first term inR), also
have a stringent limit@77#:

l1 j 18 l2 j 18 ,1.631027S m~ ũ jL !

100 GeV
D 2

, ~65!

precluding any significant contributions to the FC and NF
interactions in the sun.

In summary, if the two coupling constantsl1218 andl3218 ,
or l1318 andl3318 , are dominant so that the quantityR is given

by R5ul1218 l3218 u/4m2( s̃), or R5ul1318 l3318 u/4m2(b̃), respec-
05500
-

er

we

s

tively, the present bounds on relevantR” p coupling constants
allow R to reach the relevant value: 1.112310224 eV22.

IV. CONCLUSIONS

We have studied a three neutrino flavor transition mo
~see Sec. II A!, based on the supersymmetricR” p interactions
between neutrinos and solar matter~see Sec. II B!. We have
not included a vacuum mass or any vacuum mixing ang
for the first generation neutrino. Instead the effective mixi
is induced via the flavor violating interactions.

Within this scenario, we have found that, among all t
(R” p) contributionsRi j to the matter-induced part of the e
fective mass matrix in Eq.~3!, only R12 andR13 play a role
~see Sec. II C!. Then we have shown, from a systema
study of the constraints on theR” p couplings, that only the
productsl121l321, l1218 l3218 andl1318 l3318 , which enterR13,
can result in a sufficiently large value ofR in agreement with
the best fit obtained for the solar neutrino data~see Sec.
III C !.

However, whatever the flavor configurations of theR” p
contributions are, we have found that the best fits of all so
neutrino rates together with the recoil electron energy sp
trum have a confidence level ranging between;1023 ~sce-
nario with l couplings! and;1024 ~scenario withl8 cou-
plings!. The discrepancy between the experimental res
and the theoretical predictions is due to combination of
results from the SNO experiment and the recoil electron
ergy spectrum~see Sec. III B!. The considered model, whic
provides a realistic interpretation of the atmospheric neutr
anomaly and respects the constraints on neutrino oscillat
obtained at reactor experiments~see Sec. II C!, doesnot con-
stitute an acceptable solution to the solar neutrino probl
This analysis does not rely on the nature of theR” p interac-
tions and thus applies to any new physics contributing toR12
and R13, respecting the upper bound in Eq.~19!. We con-
clude that in this case a non-vanishing vacuum mixing an
for the first generation neutrino is necessary. A future int
esting investigation would be to determine whether the sa
model, but based on other types of lepton flavor violati
interactions underlying the standard model, can represe
reasonable solution to the atmospheric and solar neut
puzzle, or whetherall such models can be excluded.
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