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The simplest unified extension of the minimal supersymmetric standard model with bifRraity vio-
lation provides a predictive scheme for neutrino masses which can account for the observed atmospheric and
solar neutrino anomalies in terms of bi-maximal neutrino mixing. The maximality of the atmospheric mixing
angle arises dynamically, by minimizing the scalar potential, while the solar neutrino problem can be ac-
counted for either by large or by small mixing oscillations. One neutrino picks up mass by mixing with
neutralinos, while the degeneracy and masslessness of the other two is lifted only by loop corrections. Despite
the smallness of neutrino masdRgarity violation is observable at present and future high-energy colliders,
providing an unambiguous cross check of the model.

PACS numbsefs): 12.60.Jv, 13.85.Qk, 14.60.Pq, 26.65.

The pattern of fermion masses and mixings constituteshe purpose of the present paper. For an analysis including
one of the most important issues in modern physics. Here wenly the atmospheric neutrino problem in the tree-level ap-
propose a model for the structure of lepton mixing whichproximation see Ref11].
accounts for the atmospheric and solar neutrino anomalies. It We have performed a full one-loop calculation of the
is based on the simplest one-parameter extension of minim&eutralino-neutrino mass matrix in the bi-line& minimal
supergravity with bi-lineaR-parity violation [1] as would ~ supersymmetric standard mod&1SSM). As is shown be-
arise, perhaps, from gravitation. low, in order to explain the solar and atmospheric neutrino

The recent announcement of high statistics atmospherigata it is both necessary and sufficient to work at one-loop
neutrino data by the Super-Kamiokande Collaborafidgh level. In contrast to other papei$2,13 we have taken spe-
has confirmed the deficit of muon neutrinos, especially atial care to achieve gauge invariance of the calculation.
small zenith angles, opening a new era in neutrino physicsl\_/loreover we have performed the renormalization of the
Although there may be alternative solutions of the atmo-heaviest neutrino, thus refining the approximate approaches
spheric neutrino anomall8], it is fair to say that the sim- used, for example, in Ref13]. For estimates in the approxi-
plest interpretation of the data is in termswgf to v, flavor ~ mation where loop neutrino masses arise just from tri-linear
oscillations with maximal mixing. This excludes a large mix- R-parity breaking see Ref14].
ing amongy, andw, [2], in agreement also with the CHOOz  Bi-linear R-parity breaking supersymmetry has been ex-
reactor data. On the other hand the persistent disagreeméffisively discussed in the literat . It is motivated on the
between solar neutrino data and theoretical expectaﬁ@}]s one hand by the fact that it provides an effective truncation
has been a long-standing problem in physics. Recent sol&f models whereR parity breaks spontaneoudly5] around
neutrino data5] are consistent with both vacuum oscilla- the weak scale. Moreover, they allow for the radiative break-
tions and Mikheyev-Smirnov-WolfensteitMSW) conver-  ing of R parity, opening also new ways to unify gauge and
sions. In the latter case one can have either the large or théukawa couplingg16] and with a potentially slightly lower
small mixing angle solutions, with a slight trend towards theprediction for s [17]. If present at the fundamental level,
latter [6]. The situation might become clearer in the neartri-linear breaking ofR parity will always imply bi-linear
future when rate-independent observables such as spectruffeaking at some level, as a result of the renormalization
day-night and seasonal variations are better measured. @foup evolution. In contrast, bi-linear breaking may exist in
summary one sees that while quarks are weakly mixed, thefée absence of tri-linear, as would be the case if it arises
is now the intriguing possibility that neutrino mixing is Spontaneously.

(close t9 bi-maximal[7]. Here, we concentrate only on those features of the model

Our model breaks lepton number and therefore necessafthich are related to neutrino masses. Our model consists of
ily generates nonzero Majorana neutrino mag8asit has  the MSSM particle spectrum and superpotential except for
strong predictive power and allows for a dynamical determithe addition of the followinge; terms:
nation of the atmospheric neutrino angle. Moreover it leads,
under certain circumstances, to bi-maximal neutrino mixing.
At tree level only one of the neutrinos picks up a mass by
mixing with neutralinog 9], leaving the other two neutrinos
massles$10]. While this can explain the atmospheric neu- Should supersymmetry not be broken, the above bi-linear
trino problem, to reconcile it with the solar neutrino dataterms would be superfluous since a suitable redefinition of
requires going beyond the tree-level approximation. This ighe lepton and Higgs superfield48] would convert them

W:WMSSM+ Eltlaﬂg (1)
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into trilinear R-parity violating terms. However, since super- overall neutrino mass scale as well as the atmospheric neu-
symmetry must be broken, they give rise to a second sourdeino mixing. With two neutrinos being massless one of the

for R-parity violation: angles describing the mixing between them can be rotated
5 away [21]. However, in the presence of loops this angle,
Vsott= Vsoftmssmt BieiLiaHB. (2 which will characterize the solar neutrino conversions, will

acquire a meaning, together with(Rirac-type CP phase.
In the presence of soft supersymmetry breaking terms, the There are three simple topologies of relevant Feynman
bi-linear R-parity violating terms can not be rotated away, diagrams contributing to the neutrino-neutralino mass matrix
except in the particular case wheB=B; and mﬁd [20]. With these the one-loop corrected mass matrix is cal-

=m{, i=1,2,3 which is untypical. Thus we prefer to culated as

work in the original basis, containing no tri-linear 1

R vertices. pole_ \yDR 2
p MRE®*® =M~ + —(IT:: (P!
The presence of the bi-linear terms in E8) implies that N i (k) 2( i(PD)

the tadpole equations for the sneutrinos are nontrivial, i.e.,
lead to finite vacuum expectation val(EV) for the scalar
neutrinos. As a consequence the neutrinos and neutralinos,
charged leptons and charginos, as well as the Higgses amhere;; andIl;; are self energies. For a complete descrip-
sleptons of the MSSM, mix with each other. Detailed massjon see[20]. Here, DR signifies the minimal dimensional
matrices are found in19,20. For the neutrino masses the reduction subtraction scheme apg is the renormalization
most important aspect is, of course, the neutrino-neutralingcale. In order to check for gauge invariance in calculating

+ 1035 (Pf) =m0 (pf) ~myeXy;(pf), (D)

mixing. It generates the following ¢(77) mass matrix, I1;; andX;; we have used the gener@} gauges. As dem-
onstrated in Ref.20] gauge invariance requires the inclusion
0 m of the tadpole diagrams for the Goldstone bosons associated
Mo=| m" Mol (3 with the Z° and W= into the self energies. Moreover, in
minimizing the scalar potential, for consistency reasons it is

necessary to also include tadpole diagrams, when solving the
tadpole equations, but to exclude the Goldstone tadpole
graphs which have been already included into the self ener-

where M 0 is the usual MSSM neutralino mass matrix and
the sub-matrixm contains entries from the bi-line®, pa-

rameters, gies[20]. On the other hand, if Goldstone tadpole graphs are

1 . 1 . kept in the tadpole equations rather than in the self energies,

- Eg’(ve> Eg(ve> 0 e gauge dependent VEVs would be generated. This problem

has been ignored so far in all previous descriptigts.
1 -~ 1 . 0 The scalar potential contains terms linear in the
m=| ~29 () 59(m) €|, (4 real part of the neutral scalar fields o,

11 =(0§,00,Re(r),Re(r,),Re(va)):

_Eg’<V7> §g<VT> 0 €r

Vlinear:tdag+tu08+tiRd;i)Eta0—g- 8

and(ve), (v,), and(v,) are the VEVs of the scalar neutri- The coefficients of these terms are the tadpoles. Including

nos andg,g’ are electroweak gauge couplings. the one-loop contribution we write
It is easy to show that this mass mat(® has such a
structure that only one combination of, v, , v, picks up a t =t9— StOR4T (Q):toJrTﬁ(Q) 9)

mass, while the remaining two states remain massless. This

structure is reminiscent of that found in R¢f.0]. If the — __

R-parity violating (RPV) parameters are smaller than the WhereT 2 (Q)=— t2"+T,(Q) are the finite one-loop tad-
typical size of the MSSM parameters, there exists a simpl@oles. The minimization of the scalar potential corresponds

approximation formula for the nonzero mass of the neutrinothen to solvet,=0. This is done by solving these equations
for the soft masses squared. This is easy because those equa-

M;g%>+M,g'? . tions are linear on the soft masses squared. However the
VZW| %, (5 values obtame;j in this way, which we caif , are not equal
X to the valuesan (RGE) that we got via the renormalization
where group equationgRGE) starting from universal soft masses at
the unification scale. To achieve equality we define a func-

Ai=u(n) +uae, (6)  tion

gaugino masses. This “alignment” vector plays a prominent ' Vi (10

and M., M, are supersymmetry breaking electroweak ){ m?2 miz(RGE)
n= )
role in all of the discussion below since it will fix both the m(RGE" m
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FIG. 1. The atmospheric angle as function [#f, /A |, for
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FIG. 2. The solar angle as function ef/e,, for €,=€, and

le|=€ andA,=0.1A . Heree’/A<0.1, since larger values leadto A,=A;, but A,=0.1A,, applying the condition: £ ,/A;)

larger scatter for very small/\#/AT|. Maximality of atmospheric
mixing is only possible fofA ,[=|A ].

with the obvious property thap=1. Then we adjust the
parameters at unification scale to minimige
We have performed a complete scan of RgpSSM pa-

X (€,/e;)=<0. Maximality of solar mixing is only possible for,

= €.

then fixed by the atmospheric neutrino mass scale. For the
above choice of sampling one hh§|=0.03—-0.25 Ge\f.
While this value is surely smaller than the weak scale, it may

rameter space, following the procedure outlined above. Agrise naturally in models where the sneutrino VEVs are gen-
an example we allow the MSSM parameters to vary withinerated radiatively1].

the rangeM,,|u| up to 500 GeV,m, up to 1 TeV, and

With the magnitude ofR,parameters fixed by the atmo-

assumedA,/my| <3, which helps avoiding charge breaking spheric neutrino problem, the question arises, whether the

minima. Moreover we assumed t8=10. The latter is

loop-induced oscillation parameters, mass splitting and

needed in order to obtain a nearly maximal atmospheri@ngle, are in the right range for either the vacuum or the
angle, since otherwise the sizeable loop involving downMSW solution to the solar neutrino problem. Since the ratio
quarks and squarks would distort this feature due to its ver@f the loop masses to the tree-level mass depends on the
strong tarB dependence. Note also that the bound ongtan relative size of the bi-lineaR,parameters with respect to the
implies that the lightesCP even Higgs boson mass lies alignment vectorA, this can not in general be predicted in
below 115 GeV or so. As we will see below we can find the bi-linearR,model. We have found, however, that with
simultaneous solutions to the atmospheric and solar neutrineur assumption of generation-independent bi-linear param-
problems only in those parts of parameter space where theterse; there should be a relative sign between the dynami-
one-loop contributions to theeutrinomass are smaller than cally determined?,A parameters, i.eA,=—A . Figure 2

the tree-level contribution. In this case it is possible to give ashows how, having fixed th&; by the atmospheric neutrino
simple approximate formula for the composition of the third problem, the solar angle is determined under the above sign

neutrino mass eigenstate,

Aq
: (11)

A2
Vg e

U, s=sin| arcta

Accounting for the atmospheric neutrino anomaly required'€utrino problem.

that thev, — v, mixing be large, with little effect ob in the
atmospheric neutrino oscillations. Fitting for the atmospheric
neutrino data then fixe\ , /A ;| through this simple equa-
tion. These parameters are dynamically determined since
they involve Higgs bosons and sneutrino VEVs obtained
from the scalar potential. In fact, the\ ,| parameters are
simply proportional to the sneutrino vacuum expectation val-
ues in the basis where the bilinear term in the superpotential
is “rotated away” in favor of a tri-linear ongl]. As the
illustration in Fig. 1 shows, the, — v, angle is a function of
|A, /A, for A;=0.1A , for an otherwise random variation
of parameters. Clearly the condition ,|=|A | is sufficient

to ensure near maximal mixing, as long/as is somewhat
suppressed.

assumption as a function ef./e,, .
As for the solar neutrino scale we show in FigA3n3,

versuse?/|A|, wheree?=3,€?. As is seen from the figure,

for fixed tree-level mass the loop masses depend strongly on

this quantity. Large values givﬁmi2 in the MSW range,

while low values could give vacuum solutions to the solar

While a certain amount of “alignment” is needed, for
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FIG. 3. AmZ, as function ofe?/|A|. Low values lead to neutrino

One immediate consequence of the smallness of loop witkhasses in the just-so range, whereas high values g, in the

respect to tree contributions is that the absoBfscale is
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- symmetric particle(LSP), typically a neutralino. For ex-
i | ample for a LSP mass of about 50 to 60 GeV the decay will
. 1 occur inside typical CERNe*e™ collider LEP, Fermilab
158 ] Tevatron and CERN Large Hadron Collid&HC) detectors

[ ea®e 1 (the neutralino decay length can be of the order of one meter

MR NP 1 or so, diluting the missing momentum signal to a maximum
. 8,0, 1 of 15% of the MSSM expectations. The LSP decay will give
e e ] rise to high multiplicity events, providing an unambiguous
es  %.e ] test of the model. This is specially so if branching ratios are
measured. In order to demonstrate this correlation we have
calculated the ratio of semi-leptonic branching ratios of the
LSP into muons and taus. We found the striking result that
L 1 the correlation depicted in Fig. 1, which is required by the
OL. I S I T '-o'z; atmospheric neutrino anomaly, is mapped into a well-defined
) ; ) ’ correlation for the ratio of semi-leptonic LSP branching ra-

tios into muons and tausee Fig. 4. Note that this correla-
tion holds for the semi-leptonic decays, despite the fact that

FIG. 4. Ratio of branching ratios for semileptonic LSP decays}_hselgedzrcea;na_‘rnhye Sccaaslgrv\t/)r?esroentﬁgcrglggiishggr\]/}gf?ﬁgg ttf?etr\}\?
x\to/[r\nu.ons and tauBR(x—1q'a)/BR(x—7q'q) as function of and has two-body decays mainly to W and Z was considered

woT by the authors of Ref22] who found a similar correlation in

masses in the MSW range, the model by itself does not prehe approximation where the LSP decay into lightest neutral
fer one solution over the other. It is also clear that bi-Supersymmetric Higgs boson was neglected. The result we
maximal neutrino mixing is generated in the bilinear Show in Fig. 4 is general, independent of the neutralino mass,
R,MSSM—independent of the actual values of susyand provides a powerful way to probe the solution of the
parameters—ifi) the R,bi-linear terms arénearly genera- atmospheric neutrino anomaly and open the potential to mea-
tion blind, (ii) tang= 10 implying that the lightesE P even  Sure the related neutrino angles at high energy accelerators.
Higgs boson mass lies below 115 GeV or so, &iid A,

BR(x = 1q'd)/ BR(x = 7¢'q)

05 T

AufAr

=—A,, aslong as\ is somewhat smaller than the, and This work was supported by DGICYT under grant PB95-
A ,. We have checked explicitly th4iii) arises dynamically 1077, by Accion Integrada Hispano Austriaca HU97-46 and
by minimizing the scalar potential of the theory. by the TMR network grant ERBFMRXCT960090 of the Eu-

Finally, apart from the possible detection of light€sP  ropean Union. W.P. and M.H. were supported respectively
even Higgs bosoitmass below 115 GeV or sowe would by the Spanish MECContract N. SB97-BU0475382nd by
like to point out that, despite the smallness of neutrinothe Marie Curie TMR of the European Union, contract N.
masses R-parity violation is observable at accelerators ERBFMBICT983000. M.A.D. was partly supported by the
through the observation of the decay of the lightest superb.O.E. under DE-FG02-97ER41022

[1] M. A. Diaz, J. C. Roma, and J. W. F. Valle, Nucl. Phys. [7] V. Barger, S. Pakvasa, T. J. Weiler, and K. Whisnant, Phys.

B524, 23 (1998; J. W. F. Valle, hep-ph/9808292 and refer- Lett. B437, 107(1998; S. Davidson and S. F. Kingpid. 445,
ences therein. 191 (1998; R. N. Mohapatra and S. Nussinov, Phys. Rev. D
[2] Super-Kamiokande Collaboration, Y. Fukuds al, Phys. 60, 013002(1999.
Rev. Lett. 81, 1562 (1998; see also Phys. Lett. B33 9 [8] J. Schechter and J. W. F. Valle, Phys. Re\22)2227(1980);
(1998; 436, 33(1998. 24, 1883(1981); 25, 2951(1982.
[3] See, e.g., M. C. Gonzalez-Garcia, H. Nunokawa, O. L. Peres,[9] G. G. Ross and J. W. F. Valle, Phys. Lets1B, 375(1985; J.
and J. W. Valle, Nucl. Phy88543 3 (1999; M. C. Gonzalez- Ellis, G. Gelmini, C. Jarlskog, G. G. Ross, and J. W. F. Valle,
Garciaet al, Phys. Rev. Lett82, 3202(1999; N. Fornengo, ibid. 150B, 142(1985.

M. C. Gonzalez-Garcia, and J. W. F. Valle, hep-ph/9906539]10] A. Santamaria and J. W. F. Valle, Phys. Lett.185 423
V. Barger, J. G. Learned, S. Pakvasa, and T. J. Weiler, Phys.  (1987.

Rev. Lett.82, 2640(1999. [11] V. Bednyakov, A. Faessler, and S. Kovalenko, Phys. Lett. B
[4] J. N. Bahcall, S. Basu, and M. H. Pinsonneault, Phys. Lett. B 442 203(1998.

433 1(1998. [12] R. Hempfling, Nucl. PhysB478 3 (1996; E. Nardi, Phys.
[5] M. B. Smy, “Solar neutrinos with SuperKamiokande,” Rev. D55, 5772(1997).

hep-ex/9903034. [13] See, e.g. A. S. Joshipura and S. K. Vempati, Phys. Re80,D
[6] M. C. Gonzalez-Garcia, P. C. de Holanda, C. ®&&uaray, and 111303 (1999; D. E. Kaplan and A. E. Nelson,

J. W. F. Valle, hep-ph/9906469; see also J. N. Bahcall, P. I. hep-ph/9901254.

Krastev, and A. Y. Smirnov, Phys. Rev. @, 093001(1999. [14] K. Choi, K. Hwang, and E. J. Chun, Phys. Rev6D, 031301

071703-4



RAPID COMMUNICATIONS

SUPERSYMMETRIC SOLUTION TO THE SOLAR AND . .. PHYSICAL REVIEW B1 071703R)

(1999; M. Drees, S. Pakvasa, X. Tata, and T. ter Veldhuis, hep-ph/9906343.

ibid. 57, 5335(1998. [18] L. Hall and M. Suzuki, Nucl. PhysB231, 419(1984.
[15] A. Masiero and J. W. Valle, Phys. Lett. 351, 273(1990; J. [19] A. Akeroyd, M. A. Diaz, J. Ferrandis, M. A. Garcia-Jareno,
C. Romao, A. loannisian, and J. W. Valle, Phys. Rev5®H) and J. W. F. Valle, Nucl. Phy®529, 3 (1998.
427(1997; J. C. Romao, C. A. Santos, and J. W. Valle, Phys.[20] J. C. Roma et al. (in preparatioi
Lett. B 288 311(1992. [21] J. Schechter and J. W. F. Valle, Phys. Rev2D) 309 (1980.
[16] M. A. Diaz, J. Ferrandis, J. C. Romao, and J. W. Valle, Phys[22] S. Roy and B. Mukhopadhyaya, Phys. Revbh) 7020(1997);
Lett. B 453 263(1999. B. Mukhopadhyaya, S. Roy, and F. Vissani, Phys. Let#48,

[17] M. A. Diaz, J. Ferrandis, J. C. Romao, and J. W. Valle, 191(1998.

071703-5



