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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(sfighesymmetricflavor
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 ofthanalysis ranges between10 *
and~103. 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.
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I. INTRODUCTION There are also three flavor transition models, solving both
the solar and atmospheric neutrino anomalies and in which
FC and NFD interactions play a fundamental role[18,19
The most elegant solution of the solar neutrino problema model is constructed in which FC and NFD interactions
[1] is the matter-enhanced neutrino oscillat[@-6] (for re-  exist between all neutrino flavors, all the vacuum mixing
view articles see[7,8]). It is based on the Mikheyev- angles vanish and only the third neutrino is massiie
Smirnov-Wolfenstein resonance mechanigdt®] which re-  vacuun). The authors 0f20] considered a scenario where
quires neutrino mixing in vacuum. FC and NFD interactions are present between the first and
An attractive alternative interpretation of the solar neu-third neutrino flavors, only the vacuum mixing angle of the
trino deficit is the neutrino flavor transition, due to the exis-v,—v, sector has a significant value and the second and
tence of some flavor changir§C) and nonuniversal flavor third generation neutrinos are massiie vacuum. These
diagonal (NFD) interactions between neutrinos and solarScenarios were chosen so that there is a vacuum contribution
matter[9—11]. In such a scenario, neutrino oscillations aref0 the mixing in thev,—». sector because the atmospheric

induced by solar matter alone. Thus the neutrinos can evefeutrino problem cannot be entirely solved by FC and NFD
be massless and no neutrino mixing in vacuum is needed. interactions. The laboratory bounds on the interactions are

The explanation of the solar neutrino puzzle in terms ofl00 severg21]. The other main constraint, which these mod-

FC and NFD scattering of neutrinos on solar matter has beefs Stat'Sf'ed' is the I|2m|; on the.—v. mixing angle from
explored quantitatively if12-15, and in[16] for the par- reaI(r:w (t)rr1ee xprg;lg:]eim,% e_r ?v.e study the three flavor transition

ticular case of neutrinos scattering on electrons characterized P paper, we vl

by the absence of a resonance. In all these studies. the rm_odel where FC and NFD interactions are present between
y . al ; ! p§|| neutrino flavors. However, we restrict the vacuum neu-

dicted neutrino rates are consistent with the results from th

. ) ino masses and mixing angle to the second and third gen-
solar neutrino experimentgHomestake, GALLEX, GNO, erations. We thus address the question: do we need a vacuum

SAGE, SNO, Kamiokande and Super-Kamiokan@&€cept- e ytrino mixing angle between the first and second genera-
able fits have also been found in the framework where botl,ng 1o explain the solar neutrino problem or do FC and

matter-induced neutrino flavor transitions and neutrino mix-\Ep interactions suffice? The model we study is the same
ing in vacuum exisf12,17. model as in[20] but with the most general FC and NFD
interactions.
We concentrate on the situation where the FC and NFD
*Email address: dreiner@th.physik.uni-bonn.de interactions are due to supersymmef87] with brokenR
"Email address: moreau@th.physik.uni-bonn.de parity [25,26], although our analysis is sufficiently general
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that it can be easily applied to any new FC and NFD inter<luding the new measurement 8f,0) [29,30], we deter-

action which is of the samemall order of magnitude. The mine whether our generic model remains a possible interpre-

Rysuperpotential is written in terms of the left-handed supertation to the solar neutrino anomaly. We have included the

fields for the leptonsl(), quarks(Q) and Higgs of hyper- results from the Sudbury Neutrino Observat¢8NO) [31—

charge 1/2(H) and the right-handed superfields for the 34]. In this sense, our work constitutes an update of the pre-

charged leptonsE°®), up and down type quark$J¢,D°), liminary analysis in[20] which was performed before the
results from SNO appeared.

W = E IJkL LiEg+ N LiQ;D§
Il. DESCRIPTION OF THE MODEL
1 A. Hamiltonian
+§)\i,]kUiCDJ¢DE+:UviHLi : 1) _ _ . . .
Our model is characterized by the time evolution equation

. - L . . of neutrino flavor eigenstates,
i,j,k are flavor indices\j ,Ajjc,Ajj, are dimensionless

coupling constants and; are dimension one parameters. We ve(t) ve(t)
consider all the relevari,, interactions, namely all the dif- .4 ) | = (t) 5
ferent flavor configurations of both and\’ couplings, in Idt Y =H| Y ' 2)
contrast with the preliminary study made[i20] where only v(t) v(t)

a small set of the. couplings were considered.
Based on the most recent standard solar m¢8&M): where the Hamiltonian has a vacuum contribution as well as
“Bahcall-Basu-Pinsonneault 200@BBP2000 [28] [and in-  a matter-induced part:

M2 M?2
H = EX 13><3+ E + E
vacuum matter
0 0 0
2 2 2 2 2 2
mz+ms; mz—m; ) mg—m;
=E><13><3+ 4E - 4E ({0} 2923 TSIH 2023
22 2, .2 2_ .2
mz—m ms+m; ms;—m
0 %sin 205, 34E 2 34E 2 cos 2054
RutAi+A; Ri2 Ris
+ Ri2 RaotAz Ry . €)
Ris Ras Rast Az
|
E is the neutrino energyl;« 5 is the 3X 3 identity matrix,m§ Nt N
2 . . . _ ik1/Mjk1
and m3 are, respectively, the second and third generation Rij(N) = 2 — == Ne
. : B - k£l 4m2(1)
neutrino massesin vacuum. 65, is the vacuum mixing k
angle in thev,—v, sector,A; andA, are the contributions .Y
due respectlvely to th&v* and Z° boson exchanges. Note ( % e), (4)
that we have omitted any first generation contributions to TAmi(/))

[M?/(2E)],acuum as discussed in the Introduction. N N
TheR;; terms arise from FQif R;;#0 [i#]]) and NFD Ri(\)= E ( im1 Jmln + 'lmllmnd),
(if Ry1# Ry# Rgg) interactions predicted by new physics: . 4m2(dm) 4m(d,,)
here R-parity violating supersymmetryA;=+2Ggn, and
A,=—Ggny/+/2 andGg is the Fermi coulpling cansetamne whereng is the down quark denS|ty amdz(l 1) [m?(dy)]
is the electron density amt, the neutron density in the sun. IS the squared mass of the sleptgh (squarkdy,) exchanged

Since we concentrate oR, interactions, theR;; terms are in the scattering reaction +e *, vit+e(vi+d My, ;+d). The
given by scattering reaction also fixes at least one of the generation
indices to be 1. The second term®f(\) vanishes ifi=1
or j=1, due to the anti-symmetry ofj;, in the first two
Rij=Rij(M)+R;j(\"), indices. In the following, we perform a general analysis with
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the R;;. Given the approximations discussed in Sec. Il C,is relevant. It can be diagonalized as
this analysis can be applied to any new FC and NFD inter-

actions.
_ m: 0 O
B. Diagonalization M2 1 -
. . L L UT(—)U=— 0 mi O |. (6)
Since the diagonal contributions to the Hamiltonian do 2E 2E 5
not affect the flavor transition mechanism, only the following 0 O m%
effective mass squared matrix:
M2 The unitary matrixU is parametrized by the complex phase
(E) =H= (B4 ActAg) X 1axs ® 5 and the mixing anglesd,,, ;5 and 6,3 as

1 0 0 Cis 0 s’ C, S;p O
U= V23X V13X VlZE 0 C23 523 0 1 0 - 512 C12 0 s
0 - Spo3 Co3 — Slgei g 0 Ci3 0 0 1
C12C13 S12C13 sie "0
U=| —S1£23—C1553918"°  C1Co3—S15525515€'°  SpCis | (7)

i5 i5
S$12523— C12C23515€" —C12573— S1C23514€' C23C13

Heres;; =sin @; andc;;=cosé; . In the following, we choose the parameters of the Hamiltortato be real, so thadb=0
above. First, we rotate the effective mass squared matriX-hx V5 and obtain in the new basis

- Ri1Cos— aSin 20,5+ Q0 , s2,  BCyg 0
M
(E) = BCiz Q- Bsi3 . (8)
0 les Rllsis'f' a sin 2013+ Q+Ci3
|
with We show at the end of Sec. Il C that, in our framework,
the mixing angle of the/,— v, sector has a negligible value:
a=Ry55231T R1s€23,  B=R123— Ry3S23, 9)
613~0. (13
_ m3+m3 Rast Ra2
e T A M Therefore, the upper left 22 part of matrix (8) can be
_ readily diagonalized via the mixing angty, defined by
LM T COS A 03— b3) + Ras Rz
-l 4E 2 72 2

2[3C13
- R11Ci3+ o S|n 2613_ Q +S§3 .

tan 2012% (14)

X COS 2053+ Ry3Sin 2653

. (10

Then, the effective mass eigenvalues are
The mixing angles of Eq$8)—(10) are given in terms of the

Hamiltonian parameters) ~2
1 . .
_ , S5~ ( R11C%5— @ Sin 20,5+ Q) , $3,)¢5,— BC155iN 261,
Sin 265, Am3,/2E+ 2R3
tan 2023: 2 ) (11) 2
COS 205,AM3,/2E + Rg3— Ry, +Q_sp, (15
whereAm3,=m3—m3, and 2
2B (Ry1CE5— a'sin 2015+ O, 797+ Be13Sin 264,
2
tan 20,5= g (12 +Q_c%, (16
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2

m T
2—é~ Ry18%5+ @ sin 26,5+ Q 2. (17) 025~ 7~ 02 (23

At this stage, an important comment must be made con- e also see from Eq19) that the ratio ofR;; and A,
cerning thev,—v,, mixing angled;,. We see from Eqs(9) reaches at most the value
and(14) that tan &, is proportional to the sum of two terms R.
R1,Co3 and — Ry3S-3. Ry, constitutes the off diagonal contri- <102 (29
bution to theve,—wv, sector of the Hamiltonian in Eq3). Aq
The second term results from a transmisgidae toR;3) of From Eqs(13), (14), (23) and(24), it is clear that the mixing

the mixing in thev,—v, sector(defined by the angl®,;) A > tie
i "\ angle 61, is given to a good approximation as
into the ve—w», sector. We conclude that trR;, and R3 geh1s g 9 PP

contributions, induced bR, interactions, generate an effec- V2(Ryp—Ry3)
tive mixing in theve—»,, sector and thus play a fundamental tan20;~ —————. (25)
role in the neutrino flavor transition mechanism. mo/2E— Ay

From Eq.(25) we see there is potentially a resonant point at

C. Approximations and constraints from reactor 61,= /4. We find that the associated resonance condition,
and atmospheric neutrino experiments namelym3/2E=A,, can indeed be satisfied inside the sun.
The less stringent bounds on the product&gfcoupling ~ However, for the atmospheric neutrinos, which have energies
constants are typically of ord¢85—39 of O(GeV), this resonance condition cannot be satisfied. The
U relevant parameter values ang~5x10 ° eV? (see Sﬂ%c.
N<=10"2 f P IIB) and the electron density inside the ear
A-A=10 100 Ge\) o AN (8 ~(3—6) cm 3 N,, whereN, is Avogadro’s constant.

_ From Egs.(13), (16), (17), (20) and (23), we derive the
where m; represents the typical scalar superpartner massollowing approximation for the effective mass squared dif-
Hence,R;; is at most of order(cf. Sec. Il C for a more ferenceAr~n§2 [cf. Eq. (2D)]:
precise discussion
Ami,~Am3,. 26
Rj=nyx25x10°7 GeV % nye{ne,ngt. (19 32 e 26

o _ We then deduce from Eq&21) and(26) that
Moreover, inside the sum.~ny, the maximal electron den-

sity reached is1]'**~4.6x 10'* eV [28] and the energy of Am3,~10"3 eV2. (27)
the produced neutrinos is never higher thas 20 MeV. - )
Therefore, In addition, Eqs(13), (15), (16), (23), (24) and(25) imply
that
Rij — T2 _ T2 =2 2
————<0(103), (20) Ams;=ms—mi~ms—2EA,. (28)
AT /oE ( 21= M —Mp~m; 1

Finally, we justify the approximation of Eq13), used
sinceAm§2~ 10 % eV?, as we will see in Eq(27). In the  both in the present section and in Sec. Il B. First, from Egs.
following, we perform an analysis of the HamiltonidaB)  (23), (24) and(12), we obtain a good approximation fé5:
with general entrie};; ; however with the restrictiori20)
above. Thus our analysis applies to any new physics contrib- _ V2(Riz+ Ry
uting to theR;;, which respects the boun@0), i.e. with tan 20,3~ m2/2E—A,
couplings obeying the bound49).

We deduce from Eq(13) that the experimental data on Now, we see from this result and E@4) that 6,5~0 outside
atmospheric neutrino$40,41 are consistent with the’,  the resonance. The resonance point associated@yithan-
— v, oscillation scenario based on an effective two flavornet be reached inside the sun, because the resonance condi-

(29

mass matrix, for the following values: tion m3/2E=A, cannot be satisfied. Indeed, inside the sun
R [cf. Eq.(27)],
AmZ,=m3—m3~10° eV?
2 2
mz  Amg, 1 12
and SE” 2E =2.5x10 " eV andA;<7.5X10 ** eV.
(30
an
23~ 4 (22) The resonance conditi0n§/2E=A1 can also not be satisfied

for atmospheric neutrinos, givemg above. Moreover, it is
Equations(11), (20) and(22) require for the vacuum mixing clear from Eq.(29) that in vacuum, the&);5; mixing angle is
angle 654 exactly equal to zerdike 6,,), consistent with the constraint
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obtained at reactor experimeritgith an effective two flavor ﬁ| Ry~ Ry r285
mass matrix sir’26;5<0.1 for Am3,=3x10 % eV? [22—- Y= Goldnoidr.
24]. Therefore, within the present framewor#;; approxi- FiFTel M res
mately vanishes from the point of view of the reactor, solar

(37

and atmospheric neutrino experiments. B. Fit with experimental results
In this subsection, we present the free parameter values
IIl. SOLAR NEUTRINO RATES giving rise to the highest degree of consistency between our
A. Theoretical transition probabilities theoretical predictions and the experimental solar neutrino
. L ) . rates. The relevant free parameters in £84), (32) are m%
Since to a good approximatiofyz is vanishing, theve 5 4R where
— v, transitions of solar neutrinos obey a two flavor transi- ’
tion dynamics described by the upper lefk2 block of the |R12(N) —Ry3(\)]
matrix in Eq.(8). Thus, in the non-adiabatic transition case, R= = (38
—_ e
the solar ve—wv, transition probabilities Pveﬂuz 1
—~P, ., are defined by42,43 for A\—R, interactions and
e e
= 1 1 |RiA(N") = Ryg(\)]
1t 2P,)cos263,| P>3) (8D R= ~ (39

for a neutrino produce.d above the resonance density, ar\‘ar N —R, interactions[cf. Eq. (4)]. In certain specified
P,»,~=1, for a neutrino produced below the resonancecases, we also considés as a free parametef; is defined
density. In the adiabatic transition cg$s, by ®ag=fgX D55", wheredsg is the flux of solar electron-
neutrinos produced in the deé®/— ®Be* +e’ + v, and
Yy == —|. <I>§‘§M is the theoretical prediction within the SSN8-30.
e 2 2 This is equivalent to allowing for an arbitrary normalization
(32)
of the ®sg flux.
In Eq. (31) and Eq.(32), 6%, and 65, represent the matter- In Table I, we show the values of the free parameters for
induced 6,, mixing angle at the neutrino production point Whlch the best flt_ls obtained between the theoretical solar
and solar surface, respectivelp, is the Landau-Zener- Neutrino rates defined as
Stueckelberg transition probabilif#4],

1 1
P ~—[1+(1—2PX)003202200320i2][PX<

dg;(E) dhi(r) _
_ h__ I |
P =€ TR @ PI-3 o] aear L2 S0P, e,

In this equation,F=1—tarf#5° [8], and #5° is the 6;, (40
mixing angle in vacuum, since the electron density inside the . . .
sun is approximately given by an exponential function of the2d thfx Eorrespondlng present experimental solar neutrino
distancer to the solar cente28]. From Eq.(25) we deduce 'atesP; "' [31-34,45-50 The index runs over the 5 solar
that 623~ 0, so thaF =1 here. They parameter of Eq33) neutrino experimentswe use the combined result for the
is given at the resonance point, GALLEX, GNO and SAGE experiments [48]):

j={Homestake, GALLEX-GNO+SAGE, SNO, Kamio-

Am3,/2E kande, Super-Kamiokanfe
= m _ (34 Let us briefly describe the parameters entering @4).
12101 o First, P}h is the theoretical prediction for the solar neutrino

detection rate in experimeptif neutrinos have a flavor tran-
sition average probability?, ., (E,r). The ¢; are the flux

m% of solar electron-neutrinos, wheidabels the source reac-

g~ A1 39 fion: i={pp, 'Be, pep, BN, 0, 'F, ®B, hep.

dg,(E)/dE and dh;(r)/dr respectively represent the neu-

Let us derive the expression for within our model. At the trino energy and the initial radial position distributiofreor-
resonance pointf,,=m/4 so that Egs(15) and (16), to- malized to unity. Both these fluxes and distributions are
gether with Eqs(13) and(23), give taken from the most recent SSBBP2000 [28-3(0. Fi-
nally, theo;(E) denote the neutrino detection cross sections

The resonance point is determined [lay. Eq. (25)]

Am3,| corresponding to the different solar neutrino experiments
2E = \/E |R12= Radlres- (36) [1,51-53.
res In the case of the Kamiokande and Super-Kamiokande
From Egq. (25 we see that [2d6,,/dr|,s experiments, the produat;(E) P, ., (E,r) in Eq. (40)
=Gg|(dne/dr)/(Rio— Ri3)|res @and thus stands for
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TABLE I. The values of the parametem?z, R, fg anda (see text associated with the best fits between the solar neutrino experimental
data and the theoretical prediction. They are given in the 3 cases we condidéne solar neutrino rates except those of the SNO
experiment(2) all the solar neutrino rates, including the rates detected at the SNO experiment via the charged current rea¢sipall and
the solar neutrino rates together with the recoil electron energy spectrum obtained at the Super-Kamiokande experiment. Both the models
based on thé&, interactions of type\ and\’ are considered. We show the values, computed with the obtained best-fit parameters, of the
relevanty? function (with associated number of degrees of freedom denoted as DOF and confidence level denotexl man@ly. either
Xé (for cases 1 and)2or X% (for case 3. We also indicate, for the best-fit parameters, the theoretical solar neutrin@f%ﬂ[e Eq(40)]
normalized to their value expected in the SSM BBP2[#®)-30, at the considered experiments: Homestdke GALLEX +GNO+SAGE
(G+G+S), SNO, KamiokandgK) and Super-KamiokandéSK). The corresponding present experimental solar neutrino Fqsté‘g (to-
gether with their experimental uncertainf1—34,45—50are written in parentheses. Finally, we note that when the valiig of « (which
are presented in the same colyngnot given, it means that it is fixed to unity and/or it is not relevant.

Model m3 R X2 H G+G+S SNO K SK
(fit) (10°° (1072 fola (DOF; C.L) (0.297 (0.557 (0.295 (0.472 (0.391
eV?) ev?) +0.026) +0.039) +0.023) +0.064) +0.014)
A 0.545 1.319 fg= 0.19 0.295 0.574 X 0.476 0.390
1 1.087 (1; 66.3%
A 0.625 1.055 6.25 0.244 0.595 0.316 0.402 0.369
2 (3; 10.0%
A 0.648 0.561 a= 46.60 0.560 0.645 0.704 0.738 0.713
(©)] 0.624 (21; 0.11%
N 0.534 1.112 fg= 0.18 0.303 0.562 X 0.491 0.389
) 1.115 (1, 67.1%
N 0.625 0.814 6.23 0.244 0.595 0.316 0.402 0.369
2 (3; 10.1%
N 0.386 0.257 w= 51.73 0.865 0.629 0.997 0.992 0.972
®) 0.459 (21; 0.021%
Toax [ We takeT,,=7.5 MeV[49], T .= 20 MeV[49], e~0.7[1]
fT deo dT' e(T")p(T,T") anda=0.143[49,55-57, for the Kamiokande detector, and
th Ti="5 MeV [50], T,a.,=20 MeV [50], e~0.7 [50,58 and
daj”e(E,T’)_ a=0.153[59,60Q, for the Super—Kamiokande_one.
TPVEHVE(E,r) _ For the SNO experiment, the produef(E)P, ., (E,r)
in Eq. (40) stands for
dO'jV”(E,T’) _
+T[1_Pyeﬂye(E,r)] , 4y TSNO - dofY(E,T)—
fTﬁ]NO dTJO dT'p(T,T') T P, v (ET).
whereT’ is the true energy of the recoil electronits value (44)

measured experimentally,, the energy threshold of the ex-

periment,T ., the maximal energy of the experimes(T’)  4,CC(E T/)/dT' is the differential cross section of the
the detection efficiency)(T,T’) the energy resolution func- chérged current reaction between the solar electron-neutrinos
tion anddo*(E,T')/dT’ [do*(E,T')/dT'] the differen-  and deuteriumv,+D—p+p+e~ [53]. The energy resolu-

tial cross section for the solar electron-neutrilmuon-  tion functionp(T,T’) of Eq.(44) is defined as before by Eq.

neutring elastic scattering reaction on electrofld. The  (42), but with the following standard deviatiah(T') [31]:
resolution function of Eq(41) can be satisfactorily repre-

sented by the following Gaussian functifs¥]: A(T")=[ - 0.4620+ 0.5470/T' /1 MeV

(T TN\2 211
e (T-T)728%T) +0.008722T'/1 MeV)] MeV. (45

V2mAX(T")

The standard deviation of the energy measurement is a
proximately given by

p(T,T")= (42)

In the present analysis, we u$g,'°=6.75 MeV+m, [31],
M, is the electron mass, anihyo=13 MeV-+m, [31].
The points of parameter space corresponding to the best

A(T 10 MeV\ 12 fit between the theoretical and experimental solar neutrino
(—)~a -0 VeV _ (43 rates have been obtained by performing’analysis. Fol-
T T lowing the analyses 61,62, we define oun? function as
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5 th_ mexphr - 21-1 (oth._ oexpt correlated and uncorrelated contributions to the squared ex-
XR:J,Ej (Pi =Py P)lorly,i,(Pi,=Pi)"),  (46)  perimental systematic error50] and [of]j,;, are the
1:2 . L .
squared theoretical uncertaintig3,30,63—6& Finally, the

wherej; andj, run over the solar neutrino experiments andoverall normalization factow introduced in Eq.(47) has
[oRl},;, is the squared error matrix containing both the ex-been taken as an additional free parameter in the fit, in order
perimental(systematic and statistiodl31,32,45,48—-5pand  to avoid double counting with the data from the Super-
theoretical errorsicomputed according to the analyses of Kamiokande experiment on the total event rate which is al-
[63,64)) on the solar neutrino rates. The theoretical errorgeady included irp('é.
depend on the uncertainties of both the neutrino fluxes Let us comment on the results of thyé analyses given in
[28,30,65—68and the detection cross sectiditd—53,69. Table 1. When one considers the solar neutrino rates exclud-
In Table I, our results concerning the fits of solar neutrinoing the SNO experiment, case 1, one obtains acceptable fits
rates are given in two different contexts: befocase 1 and  between the theoretical and the experimental rates, namely
after(case 2. the publication of experimental data from SNO fits at 66.3% and 67.1% confidence lev€l.L.) in the sce-
[31-34. In the “post-SNO” context, we include into ow?  narios containing. and\’ interactions, respectively. When
analysis the rate of solar electron-neutrinos detected at thedding the SNO results to the analysis, the fit grows signifi-
SNO experiment via the charged current reaction on deutezantly worse: the theoretical predictions are now compatible
rium [31]. Furthermore, within this context, we fix the nor- with the experimental data only at 10.0% C.L. and 10.1%
malization factorf g to unity, following the study of15]. The  C.L., respectively. Finally, considering all the solar neutrino
reason is that the value of the neutrino flixg measured at rates(including the SNO dajaas well as the recoil electron
the SNO experimentwith the flux of neutrinos detected energy spectrum, case 3, the obtained fits have a confidence
through the neutral current reaction on deutepifigi,32,34  level of 1.1x10 3 C.L. and 2.x10™ 4 C.L., respectively:
is in agreement with its prediction in the SSNM8-30Q: the theoretical and experimental results are not compatible in
q>§§'\"_ Finally, let us note that within this post-SNO context, this case. This incompatibility arises since in case 3 we can-
we do not implement into thg? analysis the rate of solar Not simultaneously accommodate the SNO results and the
neutrinos detected at the SNO experiment via the elastiEecoil electron energy spectrum.[120], the authors obtained
scattering reaction on electrofid1,32,34. This is justified ~a@n acceptable fit because they took into account the recoil
by the fact that this rate is consistent with the rates of neu€lectron energy spectrum but not the SNO data.
trinos detected at the Kamiokande and Super-Kamiokande Furthermore, we observe in Table | that the values of the
experiments via the same scattering reacfié®50, which ~ duantity R, corresponding to the best fit, are smaller in the
are already taken into account in our analysis. case when the solar neutrino flavor transitions are induced by
In Table I, we also present the values of the parameter®p interactions of the typa " instead of. The reason is that
corresponding to the best fit of all 5 solar neutrino rated  the quantity[cf. Eq. (38)]
the recaoil electron energy spectruiwase 3. This fit takes
into account the copsistency between the rgcoil electron en- X, =|R1o— Rig =|R12(A\) —Rys(\)|=Rng (49
ergy spectrum obtained with the Super-Kamiokande detector
from 1258 days of dat@§50] and its theoretical prediction. ) o L _
These results have also been derived throughythmethod ~ €ntering the transition probability, ., (see Sec. Il Ain
with the x? function [61,62] the case that neutrino flavor transitions are due toou-
plings is replaced bycf. Eq. (39)]

okt 3 (@Sl o8 @S-,
1:J2
(47)

Here theST*P{j=1, .. .,19 are the solar neutrino rates ob- The decisive difference is that 0:5p<n.=0.7&, inside
served in the Super-Kamiokande experiment correspondingie sur(14,28. In other words, a modification of the matter-

to the 19 bins of a given recoil electron energy raf§@ induced transition probability?, ., due to an increase of
and theS"[j=1, .. .,19 are their predicted values. TI®" the solar matter density can be compensated by a decrease of
are calculated with Eqs40)—(43) (applied to the Super- effective neutrindR, interaction strengttiquantified here by
Kamiokande experimenby integratingT over the relevant R). Let us note that this compensation is not exact, as the
19 energy interval$50]. The matrix[o%]; ;, entering Eq.  solar matter density depends on the radial position, while this

Xy =|R1p—R1g =|RiAN")—Ryz(A")|=Rng. (50

(47) is equal to[14] is not true for the parametd. This is why, in Table I, the
) ) ) best-fit values of the other free parameten$ andfg (or @),
Losliyi, = 65,(Lostadiyi,  [ouncordiyi,) are also different in the two situations where flavor transi-
+[U§o”]j j +[<Tt2h]j y (48) '[IOI’II_S are due to and)\’_coupllngs.. _
12 2 et us make a brief final remark: We have found that, in

) _ ~ the scenario where solar neutrino flavor transitions are simul-
The[osiadj,j, represent the squared experimental statisticajaneously induced bR, interactions of typea and\’, the
errors[50], [aﬁorr]jljz and[crﬁncorr]jlj2 are respectively the fits between observed and predicted solar neutrino rates and
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recoil electron energy spectrum are not significantly im- m(v..) 2
proved compared to the fits for which the results are shown N13:M23:<6.6x 10"’ ﬁ (59
in Table I. €

In this case we would need to requirg»,,)~300x m(7)

in order to obtain a sufficiently largeR. For m(7)
=100 GeV(the CERNe"e™ collider LEP bound73]), this

In this section, we check that the relevant present limitds not compatible with a supersymmetric solution to the hi-
on R, coupling constants are compatible with the valueRof erarchy problem. We conclude that these interactions cannot
giving rise to the best fits of solar neutrino ratese previ- significantly contribute to FC and NFD interactions in the
ous sectioh This check is also a self-consistency check. Itsun.

C. Comparison of the results with the bounds on theR,
coupling constants

allows us to verify that the typical bound on the relevigt In summary, only when R is given by R
coupling constant¢19), on which the approximationgsee  — |\ ,.\,,,/4m?(%*) do the present constraints on relevant
Sec. I § used in the mass matrix diagonalization are basedg | jnteractions allowR to take the relevant value of 1.319
is correct. «10 24 e\ 2.

N\ coupling constantsiFor N couplingsR reads explicitly A’ coupling constantsLet us now consider the model
[cf. Eq.(4)] (not studied in20]) in which neutrino flavor transitions are

due to\" R, interactions via solar down quarks:
| Mzihos >\121>\321‘

Clam2 () am ()|

(51)

R= 2 ()\iml)\éml )\:;.].m)\élm_ )\imlhéml
m | 4m*(dy)  4m*(dy)  4mP(dy)

The largest best fit value foR in Table | is 1.319

X 10 %*eV~2. The bounds on th&-parity violating cou- N1 1mN 31m

plings are usually given as bounds on a single coupling or on - W

a product of two couplings. This is based on the assumption m

that the other couplings vanishie adopt this approxima- gaseq on the present constraints Rpinteractions, we de-

tion in lt)he fc&llow!ng. h&R i q termine whetheR can reach 1.1£10 2* eV~ 2, which is

No bound exists on théR, coupling constant product ,e maximal value appearing in Table I. As before, we con-
)\_1217\321. The present experimental constraints at@ the  giger separately each term of E(55), supposing that it
singleR, coupling constants ;; and\ s; are given respec-  yominates over all the others.

tively by [35,38,39,71 The product\ ;5.\ 55, (third term inR with m=2) is only
constrained by the present individual experimental limits at
) 20 on \jp; andhj,, [38,39,7],

121> 100 GeV’' 17770100 GeV

. (59

Npc0.043 | IR | s g [ MR
121~ 100 GeV' 821 == 100 GeV'
Note that a different slepton mass appeariand in the (56)

bound above. If we assume thai(z)=m(eg), we obtain o e ,
from the second term in Eq51) that R<9x 10~ ev—2 Again a different squark mass appear&jmm(s), than in the

and this model is irrelevant for FC and NFD interactions inbounds,m(dg). If we assume they are equal, then

the sun. If howevem() =m(eg)/4, which could very well
be the case with non-universal boundary conditions at the
unification scale,

R<5.6X10 %> eV 2. (57)

This is just below the maximal best-fit value. For a moderate
non-degeneracy ah(dg)=1.5xm(s), the maximal best-fit
value can be obtained.

The Yukawa coupling constant produkts;\3s, (third
and the\ 11\ 351 interactions can reach the best fit values forterm in R, with m=3) is only constrained by the present

R. . individual experimental bounds oxy 4, (at 30) [39,71 and
The strongest bound on the Yukawa coupling constangp )/ (at 20) [36,39,74:

product 137M 231 IS [72]

R<1.372<10 %*eV 2, (53

, m(t,)
)\131< 0.01 m ,
The assumption that a single or a pair®yf coupling constants €
are dominant is often adopted in the literature, as a simplification. -
This hypothesis is justified by the analogy between structuré, of N33,;<0.45 atm(d)=100 GeV. (58)
and Higgs Yukawa interactiong70]. The latter exhibit a strong
hierarchy in flavor space. Assuming all squark masses are equal
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R<2.1X10°% eV~?, (59 tively, the present bounds on relevaRyf coupling constants
allow R to reach the relevant value: 1.1420 %% eV~2.
which is below the best-fit values in Table I. Given a non-

degeneracy ofn(d)=m(t,)=2.3xm(b), the fit values for

R can be reached. IV. CONCLUSIONS
) Form=1 we have for the last two terms the coupling e have studied a three neutrino flavor transition model
A111, Which has the strict bound a®2[39,75,7 (see Sec. Il A based on the supersymmetRg interactions

not included a vacuum mass or any vacuum mixing angles
for the first generation neutrino. Instead the effective mixing

i is induced via the flavor violating interactions.
In these cases, we can therefore not reach the fit valués for  \wjthin this scenario, we have found that, among all the

unless we require an extreme hierarchy in superpartngir ) contributionsR;; to the matter-induced part of the ef-

~ 2 ~ov \ 12 between neutrinos and solar matfsee Sec. Il B We have
m(e) J ( m(x°) ) ©0

N]11<5.2x 10—4(

100 Ge 100 Ge

masses. _ fective mass matrix in Eq(3), only R;, andR;; play a role
The present experimental bounds at @n X33, andN 11, (see Sec. 1| € Then we have shown, from a systematic
[38,39,7] (fourth term inR with m=2) are study of the constraints on tHR, couplings, that only the
~ ~ productsh 151\ 31, N1piN 301 @NAN134N 351, Which enterRys,
N <O.11( m(Sg) N <0.02J( m(sr) _ can result in a sufficiently large value Bfin agreement with
812 100 GeV' 112 100 Ge - the best fit obtained for the solar neutrino désae Sec.
6) 1IC).

However, whatever the flavor configurations of tRg
ntributions are, we have found that the best fits of all solar
neutrino rates together with the recoil electron energy spec-

R<5.8<10° 2 ev~2, (62)  trum have a confidence level ranging betweeh0 3 (sce-

nario with A couplingg and ~10 # (scenario with\’ cou-
which excludes any relevant contribution to FC and NFDplings). The discrepancy between the experimental results

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

interactions in the sun. and the theoretical predictions is due to combination of the
In the same way, the present experimental limitsatdh  results from the SNO experiment and the recoil electron en-
N313andN;,5[38,39,71, ergy spectrunisee Sec. Il B. The considered model, which
provides a realistic interpretation of the atmospheric neutrino
m(bg) m(bg) anomaly and respects the constraints on neutrino oscillations
A313<0.1 100 GeV’ A113<0.02 100 GeV’ obtained at reactor experimerisee Sec. Il ¢ doesnot con-

(63) stitute an acceptable solution to the solar neutrino problem.
This analysis does not rely on the nature of Ryginterac-
result in R<5.8x10 26 eV~2, precluding any significant tions and thus applies to any new physics contributing o
contribution. and Ry3, respecting the upper bound in Ed.9). We con-
The three products of Yukawa coupling constantsclude that in this case a non-vanishing vacuum mixing angle
N 11mh21ms M=1,2,3 (second term irR), suffer the follow-  for the first generation neutrino is necessary. A future inter-

ing strong constraint77]: esting investigation would be to determine whether the same
model, but based on other types of lepton flavor violating
~ 2 . . .
. [ m(dygr) interactions underlying the standard model, can represent a
My o< 1.7x 1077 To57=) - (64 reasonable solution to the atmospheric and solar neutrino

puzzle, or whetheall such models can be excluded.
Hence,R<4.25<10 3% eV~2 and no interesting solutions

exist.
The products\ | A smr» Mm=1,2,3 (first term inR), also ACKNOWLEDGMENTS
have a stringent limif77]: We are grateful to V. Barger and K. Whisnant for interest-

~ 2 ing discussions on their workl2]. We thank S. Nakamura
m(uj) (65) for providing us with the latest results on the cross sections
100 GeV ' of the charged current reaction. We also thank T. Laval, W.
i N o Mader, A. Quadt and G. Wilquet, for their great help in using
precluding any significant contributions to the FC and NFDanq interpreting the results from the function minimization
interactions in the sun. _ , packageMINUIT. G.M. acknowledges support from the Alex-
In summary, if the two coupling constants,; andXz,1,  ander von Humboldt Foundation, the Belgian SSTC under
or A i3, and 33, are dominant so that the quantRyis given  contract IUAP and the French Community of Belgium
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