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Lepton flavor violation in string-inspired models
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Lepton flavor violation has been proposed as a significant test of supersymmetric unification. Here we show
that such signals are also a generic feature of supersymmetric string unified models in which there is no simple
unified gauge group. In realistic models of this kind which involve third family Yukawa unification and large
values of tanb, there are generally heavy right-handed~singlet! neutrinos of intermediate massM n , whose
couplings violate lepton flavor. To illustrate these effects we calculate the rates form→e1g andt→m1g in
the minimal supersymmetric SU(4)^ SU(2)L ^ SU(2)R model. Including only the minimum irreducible con-
tributions, we find that both rates are enhanced relative to similar models with low tanb, with t→m1g
providing a decisive test of such models in the near future.@S0556-2821~99!03213-0#

PACS number~s!: 12.60.Jv
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I. INTRODUCTION

Recently there has been much interest in lepton fla
violation ~LFV! as a probe of physics beyond the stand
model triggered by the observation of Barbieri and Hall@1,2#
that processes such asm→e1g might be very good low
energy signals of supersymmetric~SUSY! grand unified
theories~GUTs!. In the standard model~SM! separate lepton
numbersLe ,Lm ,Lt are exactly conserved, which explain
the absence of LFV to remarkable accuracy~the present limit
on the branching ratio form→e1g is approaching 10211).
Even if small neutrino masses are introduced into the s
dard model, thereby violating separate lepton numbers,
effect onm→e1g is very small, since the amplitude is pro
portional toDmn

2/MW
4 multiplied by suitable mixing angles

whereDmn
2 is the difference in the squared masses of t

neutrino species, andMW is the W boson mass. The intro
duction of SUSY allows the possibility of larger contribu
tions to such processes since the soft SUSY breaking ma
and couplings may violate separate lepton numbers by a
trarily large amounts. This means that in SUSY there are
general additional diagrams which have in principle lar
contributions to LFV processes@3#.

One way to avoid conflict with the experimental limi
is to invoke some supergravity~SUGRA! theory @4# which
leads to universal soft parameters at the Planck scaleM P @5#.
In the absence of radiative corrections the slepton mass
trix in the basisẽ,ẽ c* would look similar to

S me
†me1m3/2

2 I me
†A†

Ame meme
†1m3/2

2 I
D , ~1!

*On leave of absence from the Department of Physics and
tronomy, University of Southampton, Southampton, S017 1
U.K.
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whereme is the electron mass matrix,I is the unit matrix,
and m3/2, A are universal soft parameters. Clearly ea
333 block of the slepton mass matrix becomes diagona
the basis in which the electron mass matrix is diagon
which implies no LFV. Any violation of universality will
lead to off-diagonal elements in the 333 blocks of the slep-
ton matrix in the charged lepton mass basis, which imp
LFV. In the minimal supersymmetric standard mod
~MSSM! this result is preserved even in the presence of
diative corrections. This is because the renormalizat
group ~RG! equations do not generate any off-diagonal e
ments for slepton masses in a basis in which the char
lepton Yukawa couplings are diagonal. Clearly if the unive
sality assumption is relaxed then arbitrarily large LFV
possible in the MSSM. The observation of Barbieri and H
is that with SUSY GUTs LFV is unavoidable, even with th
assumption of universality. Part of the reason is that
GUTs, quarks and leptons share a common multiplet so
the lepton sector is contaminated by the flavor violati
quarks. Without SUSY such an effect, though present, wo
be generally very weak as it scales with an inverse powe
the scale of the unification scaleMGUT. However in the pres-
ence of SUSY the RG running of the slepton masses betw
M P and MGUT causes the LFV to be imprinted onto th
slepton masses, which are no longer diagonal in the bas
which the leptons are diagonal. Below the GUT scale
MSSM RGEs then ensure that the LFV effect is preserv
down to the TeV scale where it may lead to sizeable con
butions to physical processes.

Although LFV can be interpreted as a signal of SUS
GUTs such as SU~5!, SO~10! @1,2# similar effects can be
achieved without the presence of a GUT gauge group, e
assuming strictly universal soft parameters atM P . For ex-
ample, simply adding a right-handed neutrino to the MSS
~MSSM1n! @6# will generate LFV effects due to the fact tha
neutrino ~Dirac! Yukawa couplings are not diagonal in th
basis in which the charged lepton Yukawa couplings are
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agonal. In the charged lepton mass basis the nondiag
neutrino Yukawa matrix will generate off-diagonal slept
masses due to the RG running of the slepton mass m
betweenM P and the scaleM n , whereM n is the Majorana
mass scale of the right-handed neutrinos. This will resul
low energy LFV effects rather similar to those in SUS
GUTs, but without any underlying GUT gauge group. Ho
ever the MSSM1n theory is rather unconstrained compar
to SUSY GUTs, and it is of interest to see if similar effec
could occur in other better motivated, but non-GUT mode
In particular we have in mind string-inspired models whi
do not involve a simple gauge group, but where the ga
couplings are unified at the string scale.

In this paper we shall focus on a particular recently p
posed string-inspired model, the minimal supersymme
SU(4)^ SU(2)L ^ SU(2)R model @7# ~see also Refs.@8,9#!.
In this model, quarks and leptons are unified into comm
multiplets, but there is no simple GUT gauge group. Inste
the gauge couplings are unified with gravity at the str
scale. In the minimal version@7# the only source of LFV in
the 422 model is via the right-handed neutrino couplings
in the MSSM1n model. However, unlike the MSSM1n
model, the minimal 422 model is much more highly co
strained. For example in minimal 422 there is compl
Yukawa unification for the third family top, bottom, tau an
tau-neutrino Yukawa couplings, which automatically leads
the prediction of a large ratio of Higgs vacuum expectat
values~VEVs! with tanb in the range 30–60@10# which lies
beyond the scope of the results presented in Ref.@6#. As
discussed in Ref.@11# the large tanb region involves some
new effects which were neglected in previous treatme
and we are careful to include all relevant effects here.

It is worth comparing the minimal string inspired SU(4
^ SU(2)L ^ SU(2)R model to SO~10!, which also may have
Yukawa unification. In SO~10! color triplets with couplings
to fermions are inevitably present in the effective theory
neathM P . Indeed in SU~5! this is the primary source o
LFV. But in minimal 422 such color triplets, although g
nerically present, do not couple to fermions, and play no r
in LFV.1 In general it is easy to introduce new sources
LFV, for example via LFV soft mass terms which for e
ample may be controlled by additional U(1)X gauged family
symmetries@12#. Our approach here is to consider themini-
mum irreducible2 amount of LFV associated with this clas
of model. Such an approach allows unavoidable constra
to be placed on the model from the experimental limits
LFV.

Concerning our results, we find that the diagrams invo
ing sneutrinos and charginos in the loop are found to give

1In a nonminimal 422 model this source of flavor violation cou
be included at the cost of introducing eighteen unconstrained
parameters.

2It is possible that, by adding other sources of LFV, we could e
up with a smaller LFV rate. Although this would be unlikely i
general, it is nevertheless possible. The termminimum irreducible
therefore strictly refers to the mechanism rather than the rate it
and should be understood in this sense.
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dominant contribution tom→e1g andt→m1g . The off-
diagonal sneutrino masses, which are responsible for L
receive contributions from the RGE evolution in the hig
energy region between the Planck scale and the right-han
neutrino mass scale. In the minimal supersymmetric SU
^ SU(2)L ^ SU(2)R model, with realistic masses and mixin
angles, we find that generally the rates are enhanced rela
to the low tanb case due to increased 1–2 and 2–3 fam
mixing effects. In particular we find that the predicted ra
for t→m1g is competitive with the current experiment
limit.

The organization of the rest of the paper is as follows.
Sec. II we review the minimal 422 model. In Sec. III w
describe in detail how the model was implemented giv
particular emphasis to boundary conditions of the RG
Section IV is devoted to a detailed analysis of the one-lo
decaym→e1g andt→m1g . Section V contains our con
clusions.

II. THE MODEL

Above MU , the scale at which the three gauge couplin
meet,3 we have adopted the following unified gauge gro
@8#:

GU5SU~4! ^ SU~2!L ^ SU~2!R . ~2!

Here we briefly summarize the parts that are relevant for
analysis. For a more complete discussion see Ref.@9#. The
left-handed quarks and leptons are accommodated in the
lowing F5(4,2,1), Fc5(4̄,1,2̄) representations:

Fi5S ur ub ug n

dr db dg eD
i

, F j
c5S dr

c db
c dg

c ec

ur
c ub

c ug
c ncD

j

,

~3!

where i , j 51 . . . 3 arefamily indices. The MSSM Higgs
fields are contained inh5(1,2̄,2):

h5S Hu
0 Hd

1

Hu
2 Hd

0 D ~4!

whereas the heavy Higgs bosonsH5(4,1,2) and Hc

5(4̄,1,2̄) are denoted:w

d

lf,

3Note that with this definition ofMU we have MU5MGUT

;231016 GeV even though we are not considering a unifi
simple group.
3-2
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LEPTON FLAVOR VIOLATION IN STRING-INSPIRED MODELS PHYSICAL REVIEW D60 035003
H5S Hur Hub Hug Hn

Hdr Hdb Hdg HeD ,

Hc5S Hu
r
c Hu

b
c Hu

g
c Hnc

Hd
r
c Hd

b
c Hd

g
c HecD . ~5!

In addition to the Higgs fields in Eqs.~4! and ~5! the model
also involves an SU~4! sextet fieldD5(6,1,1)5(D3 ,D3

c).
The superpotential of the minimal 422 model is@7#

W5S@k~HcH2M P
2 !1lh2#1lHDHH1lHcDHcHc

1l33F
c
3F3h1l i j F

c
iF jh

~HcH !n

M P
2n

1lnci j F
c
iF

c
j

HH

M P
,

~6!

whereS denotes a gauge singlet superfield, the parame
k,l are taken to be real and positive, andh2 denotes the
unique bilinear invariant e i j hi

(1)hj
(2) . Also, M P(.2.4

31018 GeV) denotes the ‘‘reduced’’ Planck mass. As a
sult of the superpotential terms involving the singletS the
Higgs fields develop VEVs,̂ H&5^Hn&;MU and ^Hc&
5^Hnc&;MU , which lead to the symmetry breaking

SU~4! ^ SU~2!L ^ SU~2!R→SU~3!c^ SU~2!L ^ U~1!Y .
~7!

The singletS itself also naturally develops a small VEV o
order the SUSY breaking scale@7# so that thelS term in Eq.
~6! gives an effectivem parameter of the correct order o
magnitude. Under Eq.~7! the Higgs fieldh in Eq. ~4! splits
into the familiar MSSM doubletsHu andHd whose neutral
components subsequently develop weak scale VEVsHu

0

5^vu& andHd
05^vd& with tanb5vu /vd .

This model has Yukawa unification for the third fami
@13,14# which leads to a large top massmtop.165 GeV and
tanb;mtop/mbottom. First and second family Yukawa cou
plings are effectively generated by nonrenormalizable op
tors which are suppressed by powers of a heavy scaleM P
.MU . In the 422 model, these operators can be constru
from different theoretical group contractions of the fiel
such as@15,16#

Oi j 5Fi
cl i j F jhS HHc

M P
2 D 1H.c. ~8!

The idea is that when the heavy Higgs bosons develop t
large VEVs such operators reduce to effective Yukawa c
plings of the formFclF with a small (MU

2 /M P
2 ) coefficient.

Assuming a~well motivated! texture @17# for the Yukawa
matrix at MU and suitably choosing a set of operators, s
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cessful predictions can be made for some SM parame
Vertical splittings within a particular family are accounte
for by group theoretical Clebsch factors@15#. A detailed
analysis of this approach for the 422 model can be found
Ref. @18#. The nonrenormalizable operators involving th
right-handed neutrino result in Majorana masses of the fo
1/2M nncnc, where M n;MU

2 /M P , which enables right-
handed neutrinos to decouple at the scaleM n , leading to a
Gell-Mann–Ramond–Slansky seesaw mechanism.

The D field does not develop a VEV but the termsHHD
andHcHcD combine the color triplets parts ofH, Hc andD
into acceptable GUT scale mass terms@9#. We note that the
422 symmetry also allows the couplings

FFD→QQD31QLD3
c , ~9!

FcFcD→ucdcD3
c1ucecD31dcncD3 ,

~10!

which obviously would generate additional LFV signa
However these may be forbidden by a global R-symme
@7#. Their exclusion here is in keeping with the general p
losophy of the approach which is to consider the minimu
amount of irremovable LFV in the model, so that LFV b
comes an unavoidable signal of the model.

III. PROCEDURE

In this section we describe how the 422 model was imp
mented. We considered three fundamental scales:MSUSY
which was assumed to equal the top quark mass,MU
52.031016 GeV the scale of coupling unification andM P
52.431018 GeV. An additional scaleM n describing the en-
ergy at which the right-handed neutrinos decouple via s
saw mechanism was introduced. Cosmological constra
require 1010 GeV<M n<MU @19#. Experimentally viable
boundary conditions were imposed at each fundamental s
and we used one-loop matrix RGEs@20# to relate parameters
at different energies~particle threshold effects were ignored!.

We now turn to describe the algorithm of the progra
Since we want to achieve third family Yukawa unificatio
~3FYU! at MU @21#, which crucially depends on the un
known low energy values ofmtop, mnt

5vulnt
and tanb an

iterative procedure is needed. Initial estimates for these
rameters are guessed and, along with gauge couplings an
Yukawa matrices, are run, first from their definition values
MSUSY5mtop and afterwards fromMSUSY to MU . At MU the
guesses are tested to see if they actually lead to 3FYU. T
is unlikely to happen in the first attempt therefore we indu
slight changes in our initial guesses and repeat the ab
process again. After a few iterations it starts to be obvio
that some guesses are more successful than others. The
subjected to further pertubative analysis allowing more p
cise GUT unification. This recursive approach is repea
many times until the conditionl t5lb5lnt

5lt is verified
to a satisfactory accuracy~typically 1%!. At this point some
comments are worth making. The running of masses
3-3
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S. F. KING AND M. OLIVEIRA PHYSICAL REVIEW D 60 035003
MSUSY was done using the standard model RGEs~one-loop
QED, three-loop QCD@22#! and it is necessary as it provide
important mass corrections especially for light quarks. Af
the whole iterative process is complete we are left with p
dictions for our guesses based on the assumption of 3F
To have an idea, for the inputas50.115, mb54.25 GeV,
M n5MU we obtained the following valuesmtop

;175 GeV, mnt
;122 GeV and tanb;56. The depen-

dence onM n is mostly felt by mnt
which can decrease t

115 GeV whenM n;1012 GeV. The variations withas and
mb are considerable and well documented@18#. We note that
it is important to watch for the magnitude of the third fami
of the Yukawa couplings atM P because they are very se
sitive toas andM n , therefore can easily acquire values ou
side the range allowed in perturbative regime~Fig. 1!.

At MU , we must match all the Yukawa matrix coupling
to the ones which can be obtained from nonrenormaliza
operators such as Eq.~8!. These new Yukawa matrices a
not unique. However they are constrained by the fact t
they must predict the same~known! physics as the ones the
replace, i.e., both must have identical eigenvalues and q
mixing angles~for the sake of simplicity we did not conside
CP violating phase!. Several forms of these Yukawa matr
ces were extensively studied in Refs.@18,10# for the 422
model. Here we will only consider the following particula
one:4

4Other choices would lead to same order of magnitude result

FIG. 1. Dependence of the third family unified Yukawa co
pling l top at the unificationMU ~solid! and PlanckM P ~dashed!
energy with the right-handed neutrino decoupling scaleM n for two
values of as . The two upper~lower! lines correspond toas

50.118 (as50.115).
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lu5S 0 Yn53 0

YAd YD2YC 0

0 YB Y33D , ~11!

ld5S 0 Y1 0

3YAd 2~YD1YC! 0

0 2YB Y33D ,

~12!

le5S 0 Y1 0

9/4YAd 3~YD1YC! 0

0 2YB Y33D ,

~13!

ln5S 0 Yn53 0

3/4YAd 23~YD2YC! 0

0 YB Y33D .

~14!

We briefly explain their form. The zeros in positions (1,3
(3,1) are motivated by correspondingly small entries on
quark Cabibbo-Kobayashi-Maskawa~CKM! matrix. The
zero in (2,3) only effects the right-handed mixing matr
~because of high family hierarchy!, thus it is convenient as i
improves predictability. Two operators were needed in
(2,2) position because of particular high charm-muon sp
ting @18#. The operatorYB generatesV23;V32, while YAd

andY1 generateV12;V21 and first family masses.5 The co-
efficients on different matrices associated with the same
erator Y are the Clebsch 422 factors mentioned in Sec.
Solutions for theYs were numerically searched for the inpu
V23, mcharm, mm and V12, mup, me , which enabled three
quantities to be predicted:V13, mdown, mstrange~see Appen-
dix D for results!. Notice that this model predicts the exper
mentally unavailable Dirac neutrino massesmne

, mnm
, mnt

and the lepton Dirac CKM matrixVL. The prediction of
physical neutrino masses and mixing angles relies on
knowledge of the right-handed neutrino Majorana mass m
trix M n . Following Ref. @10# we shall assume thatM n is
proportional to the unit matrix. This ratherad hocassump-
tion at least has the virtue that it leads to the result that
modulus of the leptonic CKM matrix elements are equal
those calculated just from the Dirac neutrino mass parts@10#.
It also means that the physical neutrino masses are d
mined by a single mass parameter which we continue
denote byM n , where this parameter henceforth refers to t
overall factor multiplying the unit Majorana matrix rathe

5Actually, since the (n52) Y1 operator has a vanishing Clebsc
for the up-type fermions, we are forced to introduce a furtherYn53

operator in the~1,2! position, if we want to avoid a massless u
quark.
3-4
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than the matrix itself. With a suitable choice ofM n this
simple assumption leads to a physical muon-neutrino
electron-neutrino mass spectrum suitable for the MSW s
tion to the solar neutrino problem, with a tau-neutrino in t
correct range for hot dark matter, and with muon-tau n
trino oscillations in the observable range of the CHOR
experiment@10#. If this assumption is relaxed one wou
generally expect qualitatively similar effects both in the ne
trino spectrum, and in the physics of LFV considered he

After having set experimentally viable Yukawa matric
at MU , according to the above boundary conditions, we u
422 RGEs~see Appendix B! to run them toM P . In this high
energy region we treated the theory described in Sec. I
the following effective way. To begin with, we regarded t
nonrenormalizable operators as yielding four effect
Yukawa matrices, whose RG evolution is described by st
dard RGEs appropriate to the larger gauge group SU
^ SU(2)L ^ SU(2)R . The terms involving the singletS
which give rise to an effectivem parameter below the scal
MU , were regarded as an effectivem parameter above thi
scale similar to the MSSM. Finally we allowed extraD and
other superfields to be present above the scaleMU in order to
keep the one-loop beta functions of the SU(4)^ SU(2)L
^ SU(2)R gauge group equal above this scale, and so al
string gauge unification atM P @15#. Since such additiona
superfields do not couple to the quark and lepton superfi
their presence will have no effect on the LFV predictions
the one-loop level, apart from the indirect effect via t
gauge couplings.

At M P boundary conditions were chosen to reduce
most number of independent parameters:Mi5M1/2 ~com-
mon gaugino masses!, m̃i

25mHu,d

2 5m0
2 ~universal soft

masses!, l̃ i5Al i ~proportional soft Yukawa matrices!. With
this choice we kept sources of LFV~mass splittings and
CKM entries! at a minimum. A departure from the latter tw
conditions would introduce right from the start LFV signa
therefore the results can be interpreted as the irreduc
minimum amount of LFV arising from this model.

The next obvious step was to run all the above parame
again down toMSUSY, dropping terms from the RGEs in
volving right-handed neutrinos and sneutrinos belowM n . At
the low energy SUSY scale we were finally able to set
superpotential Higgs parameterm2 and soft Higgs boson
massm̃2. These were the last parameters to be defined
cause they obey the following two conditions:

m25
mHd

2 2mHu

2 tan2b

tan2b21
21/2mZ

2 , ~15!

m̃251/2~mHu

2 1mHd

2 12m2!sin2b, ~16!

which depend on the low-energy values ofmHu

2 and mHd

2

until now unknown. The above equations simply descr
how the Higgs boson VEVs are related to the~classical!
renormalized Higgs potential parameters. To see how t
came about we recall that after SU(2)^ U(1)Y→U(1)QED
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symmetry breaking the neutral HiggsHu
0 ,Hd

0 acquire VEVs
vu ,vd therefore the Higgs potential becomes

V~Hu ,Hd!→V~vu ,vd!1~physical Higgs interactions!,
~17!

V~vu ,vd!5~m21mHu

2 !vu
21~m21mHd

2 !vd
222m̃2vuvd

11/8~g821g2!~vu
22vd

2!2. ~18!

In order to recover the traditional interpretation of the VEV
they must satisfy

]V~vu ,vd!

]vu
50,

]V~vu ,vd!

]vd
50, ~19!

which after simple algebraic manipulation leads to Eqs.~15!,
~16!, except for the obvious replacement ofvu ,vd by the
more convenient set tanb,mZ . From Eq.~15! we see thatm
is determined up to a sign, however we found that for la
tanb this arbitrariness was not relevant.

The physical origin of LFV in this model is now clea
The Yukawa coupling matrices are effectively split intolu ,
ld , le , ln . These matrices are not equal but related to e
other by different Clebsch factors. SinceleÞln one is in-
troducing a CKM-like mixing matrix on the lepton secto
which gets imprinted onto the left-handed slepton mass
trices due to the RG running betweenM P andM n ~below the
scaleM n the terms involving the right-handed neutrinos a
dropped from the RGEs!. It is clear that, for example in a
basis in which the charged lepton matrixle is diagonal the
neutrino matrix ln will be nondiagonal, leading to off-
diagonal contributions to the left-handed slepton masse
the form

Dm̃L
2;2

ln~M P /M n!

16p2
m0

2~ln
†ln!1•••. ~20!

It is interesting to note that in SU~5! LFV develops dif-
ferently. In this model, there is no right-handed neutrin
however, LFV does arise from the presence of Higgs co
triplets which mediate tree level lepto-quark interaction
which again leads to off-diagonal slepton masses due to
running betweenM P and MU . SO~10! is an example in
which both the mentioned LFV processes are active@2,11#.

IV. THE PROCESSES µ˜e1g AND t˜µ1g

A. Formalism

The effective Lagrangian and branch ratio for the dec
m→e1g are given by

L51/2ūe~p2q!$ARPR1ALPL%sabum~p!Fab , ~21!

BR~m→e1g !5
12p2

GF
2mm

2 ~ uARu21uALu2!. ~22!

In their most general form, the one-loop amplitudesAR
5(ARi

, AL5(ALi
are given by a sum of many terms@6#
3-5
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most of which of negligible importance. For the sake of si
plicity we consider only the dominant contributions:

AR1
5

e

16p2

x

A2
~ŨLL

n† !eA~ŨLL
n !AmJ21A , ~23!

AR2
52

e

16p2

x

2
~ŨLL

l† !eA~ŨLL
l !Am~H32A1H31A!

2
e

16p2

x

2
~ŨRL

l† !eA~ŨRL
l !Am~H32Ã1H31Ã!,

~24!

AR3
52

e

16p2 @~ŨLL
l† !eA~ŨLR

l !AmH11A

1~ŨRL
l† !eA~ŨRR

l !AmH11Ã#, ~25!

AL1
5

e

16p2 x@~ŨLR
l† !eA~ŨLR

l !AmH31A

1~ŨRR
l† !eA~ŨRR

l !AmH31Ã#, ~26!

AL2
52

e

16p2 @~ŨLR
l† !eA~ŨLL

l !AmH11A

1~ŨRR
l† !eA~ŨRL

l !AmH11Ã#, ~27!

here written in a notation, which we now explain. In a
expressions summation over the family indexA51 . . . 3 is
to be understood (Ã5A13). The factorx5mm /(cosbmW)
and the matricesŨ and the other factors occurring in the
expressions are defined in Appendix C.

We now discuss the phenomenology of Eqs.~23!–~27!.
The amplitudeAL!AR because in the 422 model LFVs a
sociated withm̃ec

2 are negligible compared with the ones d

FIG. 2. Dominant supersymmetric diagrams involved in them
→e1g decay. The first, second and third row correspond to
amplitudesAR1

, AR2
andAR3

given by Eqs.~23!–~25! respectively.
03500
-

to m̃L
2 . Thus we will keep our attention onAR1

, AR2
andAR3

which are associated with the diagrams in Fig. 2.
In these, a cross over slepton~dotted! line is introduced to

remind us of aŨŨ product dependence. Similarly, the blo
over the chargino-AR1

~neutralino-AR2,3
) line stands forSCTC

(SNSN) dependence. As an example, the explicit behavior
the dominant LFV angle is shown in Fig. 3. We stress th
though it is tempting to make a direct analogy with the p
turbative mass insertion method valid when tanb is small,

e

FIG. 3. Dependence of (ŨLL
n )em with the universal Planck scala

massm0 for several values of the gaugino (M1/2) mass.

FIG. 4. Dependence of dominant amplitudesARi
with m0. The

chargino contributionAR1
is substantially bigger than the neutralin

becauseAR2
andAR3

are independently small and they also appe
to cancel.
3-6
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such comparison must be taken with great care. In mo
with large tanb and modest soft mass terms, the light sup
symmetric statest̃R , t̃L mix efficiently through (M̃LR

l2 )tt ,

(M̃RL
l2 )tt enhanced entries. Even if LFV is initially containe

in the left-left charged slepton sectorM̃LL
l2 , diagonalization

of the full 636 mass matrixM̃ l2 forcesŨLR
l , ŨLR

l andŨRR
l

to develop non-negligible LFV signals. Figure 2 shou
therefore not be taken as an accurate description of the c
plicated physics involved but as a symbolic way of identi
ing the supersymmetric states that are present in each co
bution toAR .

We start by considering the neutralino amplitudesAR2

FIG. 5. Lepton flavor violation is mainly driven by the splittin
of masses between the first two families as given byD12.

FIG. 6. Scaling ofJe2Jm function with m0.
03500
ls
-

m-

tri-

andAR3
in more detail. These are shown in Fig. 4 to be

the same order of magnitude. The amplitudeAR2
accounts

for LFV developed in the left-handed sector. Two sourc
can be identified. The first line of Eq.~24! describes LFV
contained in the left-handed sector itself. The other contri
tion, the second line in Eq.~24!, is generally significantly
smaller. Its origin is associated with the fact that due to s
stantial stau mixing, some of the LFV originally inM̃LL

l2 has,
after diagonalization, ‘‘leaked’’ to the right-handed secto
This signal can only be recovered if two ‘‘chirality’’ flipping
ŨRL

l matrices are introduced. The amplitudeAR3
accounts

for LFV that is associated with mixing of charged sleptons
different ‘‘chirality.’’ These mixings can occur either in th
left-right or right-left variety corresponding to the two term
in Eq. ~25!.

The chargino contribution is given byAR1
. Figure 4

shows that this amplitude is the most significant toAR and
therefore to the decaysm→e1g and t→m1g. Its domi-
nance over the neutralino contributions can be traced to
function J21A in Eq. ~23!.6 When tanb is largeJ21A approxi-
mately scales withS12

C ;M12
C ;mWsb . On the other hand, the

HpqA functions in Eq.~24! are comparatively suppresse
since they scale asmWcb . The amplitudeAR3

, while not

suppressed by the diagonalH11A entries, cannot compet
with AR1

because of small ‘‘chirality’’ flippingŨLR
l , ŨRL

l

matrices.
Taking the above comments in mind, we analyze in m

detail the behavior ofAR1
itself. Defining D5const3AR1

5D121D23 (JA5J21A and using approximate unitarity o
ŨLL

n ) gives

6Defined in Appendix C by Eq.~C18!.

FIG. 7. Spectrum of charged sleptonsl̃ for a range ofm0 and a
selected value of gaugino massM1/2. Mixing between left and right
staus is shown as a deviation of the solid line from the dotted o
3-7
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D1252~ŨLL
n† !ee~ŨLL

n !em~Je2Jm!, ~28!

D2352~ŨLL
n† !et~ŨLL

n !tm~Jm2Jt!. ~29!

The above results allow a direct interpretation of LFV
terms ofe2m, m2t splittings in Fig. 5 andJe2Jm whose
scaling with m0 is shown in Fig. 6. If tanb is small then
uD23u@uD12u, while as Fig. 5 shows for large tanb over much
of parameter space we finduD12u@uD23u. The empirical ef-
fect we observe seems to be related to the large tanb result
that lm@lcharm, which tells us that second family Yukaw
couplings receive an overall enhancement and this is res

FIG. 8. Spectrum of sneutrinosñm and ñt as a function ofm0

for several values ofM1/2.

FIG. 9. Spectrum of neutralinos as a function ofM1/2.
03500
n-

sible for the increase in 1–2 family splittings. It turns o
that the 2–3 family mixing is also substantially increased
this model, but form→e1g this effect is destroyed by the
small ~1,3! family mixing factor. Fort→m1g , on the other
hand, the rate here is controlled exclusively by~2,3! family
mixing and we find a large enhancement in this case.

B. Overview of results

In our numerical results we assumedas50.115 and
mbottom54.25 GeV. An increase inas (mbottom) leads to
smaller slepton masses~bigger e2m splitting! therefore to
an enhancement of LFV. The parameters we made to v
wereM1/2, m0 , A0 andM n . When not explicitly mentioned
the graphs refer to default values ofA050 GeV andM n

5MU .
In Fig. 7 we plotted the slepton spectrumm̃l . Because of

the large tanb, for decreasingm0, we verify that the lightest
slepton l̃ tR

is rapidly driven negative, on the other handl̃ tL

is pushed upwards and forced to be the heaviest spart
These phenomena are absent in conventional low tanb mod-
els. Figure 8 displays the masses of the muon and
sneutrinos. The splitting between them ensures thatD23 in
Eq. ~29! does not vanish. The neutralino particle spectrum
shown in Fig. 97 and the mass of the right-handed stau

7When m0 , M1/2.mZ , the heaviest chargino is approximate
degenerate with the two heaviest neutralinos~which scale withm,
the Higgs mixing parameter!, while the lightest chargino has th
same mass as the second lightest neutralino~both scale withM2).
Finally the lightest neutralino scales withM1. These three sets ar
in close correspondence with the scaling of Higgsinos,W-inos and
B-ino.

FIG. 10. Mass of lightest scalar sparticle, namely the rig

handed stau (l̃ tR
).
3-8
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Fig. 10.
We now consider the branch ratiom→e1g. In Fig. 11

we plot its dependence withm0 for selected values ofM1/2
~and just two extreme values ofM n). Discontinued lines sig-
nal regions wherem̃l tR

→0. WhenM1/2 is not much bigger

thanm0, the BR(m→e1g) increases with decreasingm0 for
in this limit the sneutrinos are getting lighter. The prese
experimental bound BR(m→e1g ),4.9310211 is close to
the most enhanced decays, however it still does not rule
any region of theM1/2, m0 andM n parameter space.

Figure 12 gives the branch ratio dependence onM n . We

FIG. 11. Branch ratio for the decaym→e1g as function ofm0

for several values ofM1/2 and twoM n scales.

FIG. 12. Branch ratio form→e1g versusM n .
03500
t

ut

can see that the ratem→e1g increases for decreasingM n .
This behavior is easily understood; models with lowerM n

allow right-handed neutrinos to decouple at lower energ
which in turn, forcesm̃L

2 to be under radiative LFV contri-
butions for an extendedM P→M n energy range as describe
in Eq. ~20!. The variations withA0 are plotted in Fig. 13.
When tanb is big the sleptons mass matrix is explicit ind
pendent ofl̃e,n . Since RGEs care only aboutl̃e,n

2 we see
that the results must be approximately invariant underA0
→2A0. For that reason we have only consideredA0.0. In
general,A0 does not affect the branch ratio decay sign
cantly. A variation of three orders of magnitude inA0 leads
only to one magnitude enhancement in BR(m→e1g).

In Fig. 14 we show the BR(t→m1g) which is experi-
mentally constrained to be less than 4.231026. This limit
already imposes some constraints in the allowed SUSY
rameter space for this model, particularly whenM n is al-
lowed to take values as low as 1012 GeV.

C. Results near the experimental limits

It is clear from the results so far that the interesting reg
of parameter space from the point of view of the LFV pr
cesses corresponds to relatively low values of soft SU
breaking parameters, saym0,500 GeV and M1/2
,200 GeV. In this subsection we shall concentrate on t
region, and examine the relationship between LFV proces
and direct experimental bounds on the particle mass lim
coming from the CERNe1e2 collider LEP, for example.

In Fig. 15 we show the branch ratio form→e1g for a
range of m0,500 GeV and several values ofM1/2
,200 GeV, taking two extreme values of right-handed ne
trino mass. As the experimental bound improves it is cl
how increasingly larger regions of them02M1/2 plane in this
model may be excluded, with the low values of right-hand
neutrino mass~well motivated from neutrino physics! pro-

FIG. 13. Branch ratio ofm→e1g as function ofA0.
3-9
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viding the larger rates closer to the experimental limit.
Figure 16 shows the predicted branch ratio fort→m1g .

The well-motivatedM n5231012 GeV curves clearly al-
ready provide useful constraints on the SUSY particle sp
trum.

Figure 17 shows the dependence oft→m1g on the
right-hand neutrino scale-M n . One can see that, asM n de-
creases, the right-handed neutrino decouples at a lowe
ergy, thus allowing additional LFV to be generated throu

FIG. 14. Branch ratio oft→m1g for a range ofm0 and several
values ofM1/2.

FIG. 15. Branch ratio form→e1g for a range ofm0,500 GeV
and several values ofM1/2,200 GeV. Two extreme values ofM n

are displayed: solid lines correspond toM n5MGUT , while dotted
lines toM n5231012 GeV.
03500
c-

n-
h

the RGE running, which leads to an enhancement in
branch ratio.

In this model the spectrum is completely determined
the values of the input parameters, in particularm0 and
M1/2, with very little sensitivity toM n , for example. It is
clearly of interest to compare the direct experimental lim
which may be placed in these parameters, from the CE
e1e2 collider LEP for example, to the indirect limits comin

FIG. 16. Branch ratio fort→m1g for a range of m0

,500 GeV and several values ofM1/2,200 GeV. Two extreme
values ofM n are displayed: solid lines correspond toM n5MGUT ,
while dotted lines toM n5231012 GeV.

FIG. 17. Branch ratio fort→m1g for a range of m0

,500 GeV andM1/25140 GeV. The six curves plotted corre
spond to equally log-scaled intervals ofM n in the range 231012 to
231016 GeV.
3-10
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from the LFV processes we have considered. Therefore
present a series of plots which give a detailed exposition
the sparticle spectrum in the low mass region where exp
ments are sensitive to LFV processes.

We begin in Fig. 18 by showing the spectrum of charg
sleptons for a fixed low value ofM1/25140 GeV corre-
sponding to charginos in the unexplored LEP2 range 95–
GeV ~as we shall see shortly!. The plot shows that the light
est charged slepton mass ranges from 125–260 GeV ove
region of m052802500 GeV allowed in a scenario i
which the LFV bound for thet decay has improved to
4.231027 GeV. Figure 19 shows the very weak depe
dence of the lightest slepton mass onM1/2. The correspond-
ing sneutrino masses in Fig. 20 have a similar mass de
dence but are somewhat heavier.

The strongest constraint onM1/2 comes from the lightes
charginos and neutralinos in Fig. 21. The full spectrum
charginos and neutralinos, for a fixed value ofm0
5300 GeV, and varyingM1/2, is shown in Fig. 22.

The current published LEP2 limit on chargino masses
around 85 GeV@24–27#. This bound does not include analy
sis of the most recent runs, which will increase this limit
about 94 GeV@28#. A chargino mass limit of 94 GeV would
correspond toM1/2.125 GeV for m0 in the intermediate
2002500 GeV range. The experimental limit ont→m1g
would need to be increased by one order of magnitude
order to be competitive with these direct limits.

Finally we present Figs. 23 and 24 that neatly summa
some of the most important results obtained. The regi
bounded by the thick broken line are forbidden since th
correspond to negative right-handed stau masses or to a
bination of m0–M1/2 that renders consistent electro-we
symmetry breaking in this model impossible, i.e.,m2 of Eq.

FIG. 18. Spectrum of charged sleptons (l̃ ) for a range ofm0 and
a fixed low value ofM1/25140 GeV. Mixing between left and
right staus is shown as a deviation of the solid from the dotted
(A050 GeV, M n52.031016 GeV).
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~15! negative. The regions below the dotted lines labeled
4.231026 (4.231027) are excluded by the current~one or-
der of magnitude improved! bound on the branch ratio oft
→m1g . The horizontal solid lines indicate the mass of t
lightest neutralino, while the curved lines that extend fro
the ‘‘excluded region’’ correspond to the mass of the light
scalar sparticle, the right-handed stau. The mapping of

e

FIG. 19. Mass of lightest scalar sparticle, namely the rig

handed stau (l̃ tR
), for a range ofm0,500 GeV and several value

of M1/2 ~note that the ordering of theM1/2 lines which are plotted,
from left to right, are in correspondence with the order shown
the label in the graph!.

FIG. 20. Spectrum of sneutrinosñm and ñt for a range of
m0,500 GeV and several values ofM1/2 (A050 GeV, M n

52.031016 GeV).
3-11
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m0–M1/2 plane into the neutralino-stau space enables the
equivocal identification of the LSP; inside~outside! the
semi-circle plotted with a thin dashed line the stau~neu-
tralino! is the LSP.

Analyzing in more detail Fig. 23, which corresponds
M n52.031016 GeV, we observe that the experiment
bound on the branch ratio for the decayt→m1g is of little
practical significance. Indeed, even when this limit is i
proved by one order of magnitude the correspond
excluded region on them0–M1/2 plane is still almost all

FIG. 21. Spectrum of lightest chargino and neutralino for
range of M1/2 and selected values ofm0,500 GeV (A0

50 GeV, M n52.031016 GeV).

FIG. 22. Spectrum of charginos (mC) and neutralinos (mN) for
a range of M1/2 and m05300 GeV (A050 GeV, M n52.0
31016 GeV).
03500
n-

l

-
g

within the bandM1/2,125 GeV which has, in any case
already been excluded by the present lower bound on
chargino mass. However, from Fig. 24, obtained whenM n

52.031012 GeV, we can clearly see that as the bound

FIG. 23. Constrained m0–M1/2 plane when M n

52.031016 GeV. The horizontal solid lines represent lightest ne
tralino mass contours, and the remaining solid curves represen
right-handed stau mass contours. The region bounded by the
broken line is excluded as it corresponds to unacceptable neg
right-handed stau mass. The region below the dotted curve, lab
4.231026, is excluded by the current experimental bound on
branch ratio oft→m1g . The LEP2 bound on the chargino ma
.94 GeV excludesM1/2,125 GeV. The lower bound on the sta
mass is 72 GeV@29,30#.

FIG. 24. Constrained m0–M1/2 plane when M n

52.031012 GeV. The solid and dashed contours are as descri
in Fig. 23.
3-12
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t→m1g decreases, the regions with lowestm0 , M1/2 are
increasingly excluded beyond theM1/25125 GeV frontier.

V. CONCLUSIONS

The main qualitative conclusion of this study is that LF
is not a unique prediction of SUSY GUTs, but is also fou
in certain string-inspired models which do not posses
simple gauge group. In order to illustrate this we have c
culated the minimum irreducible contributions to LFV in th
string-inspired minimal SU(4)̂ SU(2)L ^ SU(2)R model.
The main features of this model are large tanb and neutrino
masses with an intermediate mass scaleM n . The mechanism
responsible for LFV in the 422 model is similar to the one
MSSM1n but here involves a much more constrained p
rameter space, leading to a range of tanb outside that previ-
ously considered. Also previous studies on the fermion m
spectrum in this model lead to a set of well defined mixi
angles which enable precise predictions of LFV to be ma
The dominant contribution was seen to come from the a
plitudeAR1

corresponding to sneutrinos and charginos in
loop, with the LFV controlled by the off-diagonal contribu
tions to the left-handed sneutrino mass squared matrix.
LFV in this model originates from off-diagonal contribution
to the soft sneutrino mass matrix which are generated
RGE evolution in the high energy region between the Pla
and the right-handed neutrino scale.

The main quantitative conclusion is that the LFV rates
these models aresubstantially enhancedcompared to other
models. This conclusion is based on values of mixing ang
taken from previous studies of the fermion mass spectrum
this model. The enhancement effect is well illustrated by
detailed analysis of the parameter space near the curren
perimental limits given in Figs. 15–24. In particular we fin
that the current limit ont→m1g is very close to the pre
dictions of this model, especially for the lower values
right-handed neutrino masses which are well motivated
the physics of neutrino masses. If the experimental bou
on t→m1g were improved by one order of magnitude th
this model would become severely constrained, providin
decisive test of such models. Since we have concentrate
the minimum irreducibleamount of LFV in the model, fail-
ure to observet→m1g at its predicted rate would enab
such models to be experimentally excluded. More optimi
cally a direct observation oft→m1g could provide an in-
direct discovery of supersymmetry in general and large tab
string-inspired models in particular.
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APPENDIX A: EFFECTIVE THEORY BELOW M P

Below the 422 breaking scaleMU;1016 GeV, the model
effectively reduces to the MSSM1n model. The effective
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Lagrangian is given by summing the superpotential, sca
potential, scalar and gaugino mass contributionsL5LW2V
2Lm2Ll , each of which we have written in the followin
form:

W5ucluQHu1dcldQHd1nclnLHu1ecleLHd1mHuHd

11/2M nncnc, ~A1!

V5ũcl̃uQ̃Hu1d̃cl̃dQ̃Hd1 ñcl̃nL̃Hu1ẽcl̃eL̃Hd

1m̃2HuHd1H.c., ~A2!

Lm51/2mHu

2 uHuu211/2mHd

2 uHdu211/2Q̃* m̃Q
2 Q̃

11/2ũcm̃uc
2 ũc* 11/2d̃cm̃dc

2 d̃c* 11/2L̃* m̃L
2L̃

11/2ñcm̃nc
2 ñc* 11/2ẽcm̃ec

2 ẽc* 11/2M̃ n
2ñcñc1H.c.,

~A3!

Ll51/2M1B̄̃B̃11/2M2W̄̃aW̃a11/2M3G̃̄xG̃x , ~A4!

which defines our conventions and notation for the soft
rameters in the low energy effective theory.

APPENDIX B: RGES

This appendix lists the one loop RGEs which we used
run the parameters betweenMU andM P using the effective
422 model as described in Sec. III. We have neglected
wave function renormalization of the GUT Higgs field
therefore the equations resemble those of the MSSM1n with
effective Yukawa couplingslu , ld , ln , le , but with the
SU(4)^ SU(2)L ^ SU(2)R gauge group instead of the sta
dard model gauge group.

The gauge group factors are given by

Group i bi ci
l ci

h ci
2h ci

F
ci

Fc

SU~4! 1 26 15/4 0 0 15/8 15/8
SU~2!L 2 1 3/2 3/4 3/2 3/4 0
SU~2!R 3 1 3/2 3/4 3/2 0 3/4

The b’s displayed above account only for the contributio
coming from theF, Fc andh multiplets. More generally one
can write

~b4 ,bL ,bR!5~26,1,1!12nHL
~1,2,0!12nHR

~1,0,2!

1nD~1,0,0!,

where the second term refers tonHL
copies of the Higgs

bosonsH, Hc as in Eq.~5!, the third fornHR
copies of GUT

Higgs bosonsHR , HR
c in (4,2,1), (4̄,2̄,1) and the last fornD

copies ofD sextet fields in (6,1,1). These extra fields a
necessary in order to guarantee that the gauge coupling
main unified aboveMU @15#. Running of gauge couplings
and gauginos:
3-13
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16p2
dgi

dt
5bigi

3 , 16p2
dMi

dt
52biM igi

2 .

Running of superpotential Yukawa couplings:

16p2
dlu

dt
5lu@3tr$lu

†lu%1tr$ln
†ln%

13lu
†lu1ld

†ld22ci
lgi

2#,

16p2
dld

dt
5ld@3tr$ld

†ld%1tr$le
†le%

13ld
†ld1lu

†lu22ci
lgi

2#,

16p2
dln

dt
5ln@3tr$lu

†lu%1tr$ln
†ln%

13ln
†ln1le

†le22ci
lgi

2#,

16p2
dle

dt
5le@3tr$ld

†ld%1tr$le
†le%

13le
†le1ln

†ln22ci
lgi

2#.

Running of Higgs parameter:

16p2
dm

dt
5m@3tr$lu

†lu%13tr$ld
†ld%

1tr$ln
†ln%1tr$le

†le%22ci
2hgi

2#.

Running of soft trilinear Yukawa couplings:

16p2
dl̃u

dt
5l̃u@3tr$lu

†lu%1tr$ln
†ln%15lu

†lu

1ld
†ld22ci

lgi
2#12lu@3tr$lu

†l̃u%1tr$ln
†l̃n%

12lu
†l̃u1ld

†l̃d12ci
lMigi

2#,

16p2
dl̃d

dt
5l̃d@3tr$ld

†ld%1tr$le
†le%15ld

†ld1lu
†lu

22ci
lgi

2#12ld@3tr$ld
†l̃d%1tr$le

†l̃e%12ld
†l̃d

1lu
†l̃u12ci

lMigi
2#,

TABLE I. Numerical values of theY nonrenormalizable opera
tors, described in Eqs.~11!–~14!, computed at the unification scal
for two choices ofM n .

M n /MU Y1 YAd YB YC YD Y33

1.0000 0.0110 20.00032 20.0151 0.0056 0.0074 0.958
0.0001 0.0131 20.00038 20.0194 0.0067 0.0087 1.310
03500
16p2
dl̃n

dt
5l̃n@3tr$lu

†lu%1tr$ln
†ln%15ln

†ln1le
†le

22ci
lgi

2#12ln@3tr$lu
†l̃u%1tr$ln

†l̃n%12ln
†l̃n

1le
†l̃e12ci

lMigi
2#,

16p2
dl̃e

dt
5l̃e@3tr$ld

†ld%1tr$le
†le%15le

†le1ln
†ln

22ci
lgi

2#12le@3tr$ld
†l̃d%1tr$le

†l̃e%12le
†l̃e

1ln
†l̃n12ci

lMigi
2#.

Running of soft Higgs parameter:

16p2
dm̃2

dt
5m̃2@3tr$lu

†lu%13tr$ld
†ld%

1tr$ln
†ln%1tr$le

†le%22ci
2hgi

2#

12m@3tr$lu
†l̃u%13tr$ld

†l̃d%1tr$ln
†l̃n%

1tr$le
†l̃e%12ci

2hMigi
2#.

Running of soft scalar masses:

16p2
dm̃Q

2

dt
5@m̃Q

2 lu
†lu1lu

†~mHu

2 1m̃uc
2

!lu1l̃u
†l̃u1m̃Q

2 ld
†ld

1ld
†~mHd

2 1m̃dc
2

!ld1l̃d
†l̃d1H.c.#28ci

FM i
2gi

2 ,

16p2
dm̃uc

2

dt
52@m̃uc

2 lulu
†1lu~mHu

2 1m̃Q
2 !lu

†1l̃ul̃u
†1H.c.#

28ci
Fc

M i
2gi

2 ,

16p2
dm̃dc

2

dt
52@m̃dc

2 ldld
†1ld~mHd

2 1m̃Q
2 !ld

†1l̃dl̃d
†1H.c.#

28ci
Fc

M i
2gi

2 ,

TABLE II. Numerical values of the most stable quark (VQ) and
lepton (VL) mixing angles computed to best fit the CKM matr
using selected operators and texture adopted in Eqs.~11!–~14! ~see
also Table III!.

VQ VL

Weak GUT Weak GUT

V12 0.2210 0.2210 0.0625 0.0625
V11 0.9752 0.9752 0.9980 0.9980
V22 0.9743 0.9747 0.9974 0.9976
V33 0.9990 0.9995 0.9993 0.9995
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16p2
dm̃L

2

dt
5@m̃L

2ln
†ln1ln

†~mHu

2 1m̃nc
2

!ln1l̃n
†l̃n1m̃L

2le
†le

1le
†~mHd

2 1m̃ec
2

!le1l̃e
†l̃e1H.c.#28ci

FM i
2gi

2 ,

16p2
dm̃nc

2

dt
52@m̃nc

2 lnln
†1ln~mHu

2 1m̃L
2!ln

†1l̃nl̃n
†1H.c.#

28ci
Fc

M i
2gi

2 ,

16p2
dm̃ec

2

dt
52@m̃ec

2 lele
†1le~mHd

2 1m̃L
2!le

†1l̃el̃e
†1H.c.#

28ci
Fc

M i
2gi

2 .

Running of Higgs boson masses:

16p2
dmHu

2

dt
56tr$m̃Q

2 lu
†lu1lu

†~mHu

2 1m̃uc
2

!lu1l̃u
†l̃u%

12tr$m̃L
2ln

†ln1ln
†~mHu

2 1m̃nc
2

!ln1l̃n
†l̃n%

28ci
hM i

2gi
2 ,

TABLE III. Numerical values of the most sensitive quark (VQ)
and lepton (VL) mixing angles, computed at the weak and GU
energy scales, derived from the operators and texture adopte
Eqs.~11!–~14!.

M n5MU Weak GUT
VAB

Q Input Output Input Output

V23
Q 0.0430 0.0430 0.0310 0.0310

V32
Q 0.0429 0.0437 0.0309 0.0315

V13
Q 0.0045 0.0078 0.0032 0.0056

V31
Q 0.0051 0.0019 0.0036 0.0013

VAB
L

V23
L 0.0352 0.0315

V32
L unknown 0.0352 unknown 0.0315

V13
L 0.0016 0.0014

V31
L 0.0006 0.0005
03500
16p2
dmHd

2

dt
56tr$m̃Q

2 ld
†ld1ld

†~mHd

2 1m̃dc
2

!ld1l̃d
†l̃d%

12tr$m̃L
2le

†le1le
†~mHd

2 1m̃ec
2

!le1l̃e
†l̃e%

28ci
hM i

2gi
2 .

APPENDIX C: DIAGONALIZATION OF MASS MATRICES

The soft trilinear Yukawa couplings and mass terms
the 422 theory areF̃cl̃F̃h and F̃* m̃F

2 F̃, F̃cm̃Fc
2 F̃c* . Below

the symmetry breaking scalem̃F
2 splits into m̃Q

2 , m̃L
2 , and

m̃Fc
2 splits into m̃uc

2 , m̃dc
2 , m̃ec

2 , m̃nc
2 . We now specify how

Yukawa and soft scalar mass matrices are diagonalized:

SuluTu†5lu~d!, SdldTd†5ld~d!, ~C1!

SnlnTn†5ln~d!, SeleT
e†5le~d!, ~C2!

T̃Qm̃Q
2 T̃Q†5m̃Q

2 ~d!, T̃Lm̃L
2T̃L†5m̃L

2~d!, ~C3!

S̃uc
m̃uc

2 S̃uc†5m̃uc
2

~d!, S̃dc
m̃dc

2 S̃dc†5m̃dc
2

~d!, ~C4!

S̃nc
m̃nc

2 S̃nc†5m̃nc
2

~d!, S̃ec
m̃ec

2 S̃ec†5m̃ec
2

~d!. ~C5!

The left-handed neutrinos obtain a small mass;mn
2/4M n

after diagonalization of

L52~n nc!S 0 1/2mn
T

1/2mn M n D S n

ncD 1H.c. ~C6!

The 636 charged slepton mass matrixM̃ l2 in the basis
(ẽ,ẽc* ) is given by8

in

TABLE IV. Numerical predictions for the masses of the dow
strange and top quarks and for the three neutrino species.

md ms mt

7.8 MeV 214 MeV 178–175 GeV

mne
mnm

mnt
mnt

2 /4M n

0.2 MeV 760 MeV 115–122 GeV 1.631024 eV
M̃ l25S m̃L
21me

†me1mZ
2Zec2b vdl̃e

†2mvule
†

vdl̃e2mvule m̃ec
2

1meme
†1mZ

2Zecc2bD , ~C7!

diagonalized byS̃l , defined through

8The ZX coefficient of the X field isI X2QXsin2uW , where I X and QX are the isospin and electric charge of X. For exampleZe5
(21/2)2(21)sin2uW .
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S̃l M̃ l2S̃l†5M̃ l2~d!, M̃ l25S M̃LL
l2 M̃LR

l2

M̃RL
l2 M̃RR

l2 D , S̃l5S S̃LL
l S̃LR

l

S̃RL
l S̃RR

l D , ~C8!

and has eigenvalues denoted bym̃l
2 (m̃l A

2 5m̃l AL

2 , m̃l A13

2 5m̃l Ã
2 5m̃l AR

2 ).

The left-handed 12312 sneutrino mass matrix in the basisf5(fL ,fR), wherefL5( ñ,ñ* ) andfR5( ñc,ñc* ) is given by

M̃f25S M̃LL
f2 M̃LR

f2

M̃LL
f2 M̃RR

f2D , ~C9!

with the 636 blocks defined as

M̃LL
f251/2S m̃L

21mn
†mn1mZ

2Znc2b 0

0 m̃L
21mn

Tmn* 1mZ
2Znc2b

D , ~C10!

M̃RR
f251/2S m̃nc

2
1mn* mn

T1M n
†M n M̃ n

2†

M̃ n
2 m̃nc

2
1mnmn

†1M n
TM n* D , ~C11!

M̃LR
f251/2S mn

†M n vul̃n
†2mvdln

†

vul̃n
T2mvdln

T mn
TM n* D , ~C12!
c

e

y

andM̃RL
f25M̃LR

f2† . In general, to find the eigenvalues ofM̃f2

we need to diagonalize the full sneutrino matrix in Eq.~C9!.
However, since this matrix depends on two very distin
scales, the electro-weak VEVs and the right-handM n mass,
the lightest sneutrinos are approximately described by an
fective 636 block matrix given by

~M̃LL
f2! light5M̃LL

f22M̃LR
f23~M̃RR

f2!213M̃RL
f2

51/2S m̃L
21mZ

2Znc2b 0

0 m̃L
21mZ

2Znc2b
D . ~C13!

Comparing Eqs.~C10! and~C13! we observe that, up to ver
suppressed terms of ordermn /M n , the two matrices are
equal except for the Dirac mass contributionmn

2 absent in

(M̃LL
f2) light. Therefore, the light sneutrinosfL

light;fL have
masses

fL
T~M̃LL

f2! lightfL;ñ* ~m̃L
21mZ

2Znc2b!ñ5 ñ* M̃LL
n2 ñ.

~C14!

The matrixM̃LL
n2 is diagonalized byS̃LL

n defined through

S̃LL
n M̃LL

n2S̃LL
n†5M̃n2~d!, ~C15!

and has eigenvaluesm̃n
2 (m̃nA

2 5m̃nAL

2 , m̃nA13

2 5m̃nÃ

2 5m̃nAR

2 ).

The Ũs in Eqs.~23!–~25! are defined by
03500
t

f-

ŨLL
n 5S̃LL

n Te†, ~C16!

Ũ l5S ŨLL
l ŨLR

l

ŨRL
l ŨRR

l D 5S S̃LL
l Te† S̃LR

l Se†

S̃RL
l Te† S̃RR

l Se†D . ~C17!

Finally we provide the expressions forJ andH appearing in
Eqs.~23!–~25!:

Ji jA5 (
k51,2

~g1Sik
C†!~g1Tk j

C !mCk
/m̃nA

2 JkA , ~C18!

HpqA5 (
r 51 . . . 4

~gpSpr
N†!~gqSrq

N !mNr
/m̃l A

2 HrA ,

~C19!

JkA5J~mCk

2 /m̃nA

2 !, HrA5H~mNr

2 /m̃l A
2 !. ~C20!

Here gp,q5(g8,g,g,g) and the functionJ (H) arises from
chargino ~neutralino! loop integration@6#. The ~supersym-
metric state! indices i, j, p and q can take values amongi
5(1,2)5(W̃L

2 ,H̃L
2), j 5(1,2)5(W̃R

2 ,H̃R
2), p and q

5(1,2,3,4)5(B̃,W̃0,H̃d
0 ,H̃u

0). SC and TC diagonalize
@SCMCTC†5MC(d)# the 232 chargino mass matrixMC

which has eigenvaluesmCk
. Similarly SN diagonalizes

@SNMNSN†5MN(d)# the 434 neutralino mass matrixMN

which has eigenvaluesmNr
:
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MC5S M2 A2mWsb

A2mWcb m D , ~C21!

MN5S M1 0 2mZcbsu mZsbsu

0 M2 mZcbcu 2mZsbcu

2mZcbsu mZcbcu 0 2m

mZsbsu 2mZsbcu 2m 0
D .

~C22!
o
-

n

ch

rix

se
te
is
th
f

03500
APPENDIX D: FERMION MASSES AND MIXING ANGLES

This appendix is intended to give an overview of fermi
masses and mixing angles predicted by this model. U
mately we have in mind their comparison with the availab
data. We will focus on the effects associated with the ru
ning of the parameters between the weak and GUT scale
their variation with the right-handed neutrino decoupli
scaleM n . For convenience we show below the CKM matr
@23#:
VQ5S 0.974720.9759 0.21820.224 0.00220.007

0.21820.224 0.973520.9751 0.03220.054

0.00320.018 0.03020.054 0.998520.9995
D . ~D1!
ow
ns

s in
the
at-
hen
ex-
eri-

the
t of

e
the

-
wa
,
ed

nism

a.
The results in Tables I–IV correspond to input values
as50.115 andmbottom54.25 GeV. Variations due to differ
ent choices of these parameters are significant9 and have
been partially considered in Ref.@18#. Since we worked with
one-loop RGE all the tables are independent of the Pla
scale parametersm0 , M1/2 andA0.

In Table I, we show the values that theY operators ap-
pearing in Eqs.~11!–~14! take at the GUT scale, for two
values of M n5MU and M n5231012 GeV. Operators B
and 33 can be seen to be the most sensitive toM n .

In Table II, we have collected the mixing angles whi
are approximately insensitive to changes inM n and stable
relative to RGE effects. We denoted the quark CKM mat
by VQ and the leptonic counterpart byVL (V21;V12). The
Clebsch factors in Eqs.~11!–~14! imply10 V12

L ;V12
Q /4.

In Table III we include the remainingVQ andVL entries

9See for example Fig. 1.
10It is relevant to note that theY operators were chosen becau

they can not only account for the experimental fermion mass pat
but predict successfully ‘‘natural’’ mixing angles as well. By th
we mean that we were careful to select them in such a way
none arises as the residue of an almost complete cancellation o
contributions coming from the up and down Yukawa matrices.
f

ck

not present in Table II (M n5231016 GeV!. The reason for
the discrimination is threefold. First because we are n
confronted with values that are more sensitive to variatio
in M n . For example, takingM n510243MU effects the val-
ues shown to about 7%. Secondly because the mixing
Table III are generally not as stable to RGE effects as
ones in Table II. And finally because we wanted to call
tention to the fact that the values that are actually used w
we computed LFV processes, denoted by output, are not
actly the same as the ones we have available from exp
ment ~input!. The discrepancy arises when we replace
GUT Yukawa couplings by others parametrized by our se
operators arranged in a successful ‘‘texture.’’

Finally in Table IV, we present the predictions for som
fermion masses. Whenever two values are shown for
same parameter, the first is associated withM n51024

3MU while the second withM n5MU . The down~strange!
quark has a mass within the 5–15~100–300! MeV range
quoted in Ref.@23#. The mn values correspond to the un
physical mass directly obtained from the neutrino Yuka
couplings@for examplemnt

;vu(ln)tt#. On the other hand
the physical mass of the tau-neutrino is correctly obtain
after taking into account the see-saw suppression mecha
which forces it to scale asmnt

2 /4M n . In all cases we ob-

tained predictions fairly compatible with experimental dat

rn
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