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Supersymmetric seesaw mechanism without singlet neutrinos: Neutrino masses
and lepton-flavor violation

Anna Rossi*
Dipartimento di Fisica ‘‘G. Galilei,’’ Universitàdi Padova and INFN, Sezione di Padova, Via Marzolo 8, I-35131 Padua, Italy

~Received 8 July 2002; published 11 October 2002!

We consider the supersymmetric seesaw mechanism induced by the exchange of heavySU(2)W triplet
states, rather than ‘‘right-handed’’ neutrino singlets, to generate neutrino masses. We show that in this scenario
the neutrino flavor structure tested at low-energy in the atmospheric and solar neutrino experiments is directly
inherited from the neutrino Yukawa couplings to the triplets. This allows us to predict the ratio of thet
→mg ~or t→eg) andm→eg decay rates in terms of the low-energy neutrino parameters. Moreover, once the
model is embedded in a grand unified model, quark-flavor violation can be linked to lepton-flavor violation.
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I. INTRODUCTION

Nowadays we have one more important piece of inform
tion concerning the flavor structure of the standard mod
flavor violation is also present in the lepton sector. So far t
has only shown up in the atmospheric and solar neut
experiments@1,2#. The anomalies observed in these expe
ments can be interpreted in terms of neutrino oscillatio
which are the result of nonvanishing neutrino masses
mixing angles@3,4#. In the framework of the standard mod
~or of its supersymmetrized version! the latter properties ef
fectively arise from the following lepton-number~L! violat-
ing d55 operator@5#:

1

2ML
Yn

i j ~LiH2!~L jH2!, Yn5Yn
T ~1!

wherei , j 5e,m,t are family indices,ML is the energy scale
whereL is broken,Li are theSU(2)W lepton doublets and
H2 is the Higgs doublet with hyperchargeY51/2. Upon
breakingSU(2)W3U(1)Y by the vacuum expectation valu
of the Higgs field,̂ H2&5v25vsinb (v5174 GeV), the op-
erator~1! induces Majorana masses for the neutrinos:

mn
i j 5

v2
2

ML
Yn

i j . ~2!

Therefore, from here we can easily understand the origin
the tiny neutrino masses, as they may be suppressed by
large scaleML . Taking, for instance, a neutrino massmn

;(1021–1022) eV as indicated by the atmospheric neutri
data~and assuming a hierarchical neutrino spectrum! @6#, the
magnitude ofML can be inferred:

Yn
21ML;1015 GeV. ~3!

In the basis in which the charged-lepton Yukawa matrixYe is
diagonal, all the lepton-flavor violation is contained in t
coupling matrixYn , i.e. in the neutrino mass matrix:
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mn5U!mn
DU†, mn

D5diag~m1 ,m2 ,m3! ~4!

wherem1 ,m2 ,m3 are the neutrino mass eigenvalues, and
unitary matrixU is the lepton mixing matrix that appears
the charged lepton currentl̄ gm(12g5)U n and is respon-
sible for neutrino oscillations.

In principle lepton-flavor violation could also be tested
other processes, such asm→eg, t→mg and t→eg. The
present experimental limits on these decays are@7#

BR~m→eg!,1.2310211,

BR~t→mg!,1.131026, ~5!

BR~t→eg!,2.731026,

which could be significantly improved, the first down
10214 @8# and the second to 1029 @9#. In the standard mode
it is very hard to obtain interesting results because the de
amplitudes are strongly Glashow-Iliopoulos-Maiani~GIM!
suppressed by the tiny neutrino masses,mi!MW @10#. On
the other hand, in the framework of the minimal supersy
metric extension of the standard model~MSSM!, those pro-
cesses can be enhanced through the one-loop exchan
superpartners, if the masses of the latter are not too he
and do not conserve flavor@11#. Concerning the latter prop
erty, we could expect that the underlying flavor theory d
tates both the flavor structure of the standard fermion m
matrices and that of the corresponding supersymmetric sc
partners~see, e.g.,@12#!. Even if sfermion masses are unive
sal ~i.e., flavor-blind! at high energy, as in minimal supe
gravity or gauge mediated supersymmetry breaking s
narios, nevertheless flavor conservation can be broken in
sfermion masses by radiative effects due to flavor-violat
Yukawa couplings@13,14#. In particular, the interactions tha
generate the operator~1! also induce lepton-flavor violation
~LFV! in the slepton mass matrices by renormalization
fects. A well-known and investigated example is that of t
standard seesaw mechanism@15# in which LFV is induced
radiatively by Yukawa couplings of theSU(2)W-doublet
neutrinos with singlet neutrinosN ~often referred to as right-
handed neutrinos! @13,16#. Here, we would like to discuss
another example of the seesaw scenario in which thed55
©2002 The American Physical Society03-1
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operator~1! is obtained by exchanging heavySU(2)W trip-
lets with nonzero hypercharge. We recall that models w
scalar triplets to generate Majorana neutrino masses h
been considered in the literature for a long time, though t
have received less attention than the standard seesaw
nario. For example, a model with spontaneousL breaking
was proposed in@17# and later on extended@18#. A triplet-
exchange seesaw realization with explicitL breaking was
also introduced@19# in a nonsupersymmetric framework.1 A
supersymmetric version of the latter scenario was rece
introduced to have baryogenesis through leptogenesis@22#.
In this work we shall further elaborate the supersymme
triplet seesaw scenario. In particular, we shall discuss h
LFV is radiatively induced in the slepton masses and sh
that this scenario is potentially more predictive than
N-induced seesaw one.

This paper is organized as follows. In Sec. II we revie
both the standard seesaw mechanism and that in which tr
states are exchanged. This presentation will help in show
the differences between the two scenarios and outline
one-to-one correspondence between the neutrino param
and LFV in the soft-breaking parameters that character
the triplet seesaw scenario. In Sec. III the triplet seesaw
embedded inSU(5) context. In Sec. IV we show the gener
pattern ofYn as derived from the low-energy neutrino da
In Sec. V we discuss the flavor-violation induced in the so
breaking terms by radiative effects in the energy range ab
the triplet mass threshold. The renormalization group eq
tions ~RGEs! relevant to our study are confined in the A
pendix. In Sec. VI, after giving the qualitative behavior
the , i→, jg branching ratios, we also discuss some num
cal examples. We give our conclusions in Sec. VII.

II. SINGLET VERSUS TRIPLET SEESAW

First, we briefly review the standard seesaw mechanism
which singlet statesN are exchanged@15#. The relevant su-
perpotential terms at the scale where the lepton numbe
broken are

YN
i j NiL jH21

1

2
MN

i j NiNj , ~6!

where i , j 5e,m,t are family indices,YN is an arbitrary 3
33 matrix of Dirac-like Yukawa couplings, whileMN is a
333 symmetric mass matrix describing Majorana mas
for the singletsN. If the N states are assigned the lept
numberL521, the second term in Eq.~6! explicitly breaks
L. After decoupling the heavy statesN at the~overall! scale
ML , the lepton-number violatingd55 operator~1! is gen-
erated, whereML

21Yn is identified as follows:

1

ML
Yn

i j 5YN
TikMN

21klYN
l j . ~7!

1Recently, this scenario was studied for leptogenesis@20#. An al-
ternative seesaw mechanism, obtained by exchanging h
SU(2)W triplets with zero hypercharge, was discussed in@21#.
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Finally, at the electroweak scale Majorana masses for
neutrinos are obtained:

mn
i j 5

v2
2

ML
Yn

i j 5v2
2 YN

TikMN
21klYN

l j . ~8!

As a matter of fact, there is a certain degree of ambigu
in the effective neutrino mass matrix: its flavor structure
flects both that of the arbitrary Dirac-like matrixYN and that
of the matrixMN . From a bottom-up perspective, this im
plies that neutrino masses and mixing angles, inferred by
low-energy neutrino data@6#, may only reflect theeffective
Yukawa matrixYn and the overall mass scaleML ~modulo
radiative corrections! but cannot be unambiguously related
the more fundamental quantities,YN and MN ~for a recent
discussion on this aspect see, for example,@23# and refer-
ences therein!. In other words, the low-energy paramete
described byYn , which amount to six real parameters plu
three phases, are less than the number of the indepen
‘‘fundamental’’ physical parameters inYN and MN , which
instead are 12 real parameters plus six phases.

Now, let us consider the triplet seesaw scenario. The
evant superpotential terms are

1

A2
YT

i j LiTLj1
1

A2
l1H1TH11

1

A2
l2H2T̄H2

1MTTT̄1mH1H2 , ~9!

where the supermultipletsT,T̄ are in a vectorlikeSU(2)W

3U(1)Y representation,2 T;(3,1) andT̄;(3,21), andH1
is the Higgs doublet with hyperchargeY521/2. The matrix
YT

i j is in general a 333 symmetric matrix,YT
i j 5YT

ji . If we

assign the lepton numberL522(2) to thetriplet T(T̄), we
can see that thel1 ,l2 couplings explicitly breakL. If instead
we assignL522 to T andL50 to T̄, then theL breaking
parameters areMT and l1. In Eq. ~9! the tripletsT, T̄ are
represented as 232 matrices, namely,

T5~ is2!T•s5S T0
2

1

A2
T1

2
1

A2
T1 2T11 D ,

~10!

T̄5~ is2!T̄•s5S T̄22 2
1

A2
T̄2

2
1

A2
T̄2 2T̄0 D ,

vy2Notice that in the supersymmetric picture two triplets,T and T̄,
are required.
3-2
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where the matricessa(a51,2,3) are the Pauli matrices an
the componentsT1 ,T2 ,T3 andT̄1 ,T̄2 ,T̄3 of T andT̄, respec-
tively, can be easily inferred.3 By decoupling the triplet state
at the scaleMT we again obtain thed55 effective operator
of Eq. ~1!. Now, however, the flavor structure of the matr
Yn is the sameas that ofYT : that is,

1

ML
Yn

i j 5
l2

MT
YT

i j , ~11!

and the Majorana neutrino mass matrix is given by

mn
i j 5

v2
2

ML
Yn

i j 5
v2

2l2

MT
YT

i j . ~12!

Figure 1 shows the diagrams inducing the supersymme
d55 operator~1! in the N seesaw~a! andT seesaw~b!. In
terms of component fields, the neutrino mass operator is g
erated through the exchange of theN fermion component in
the former realization, while in the latter realization it
generated by the exchange of theT scalar component and o
the T̄ F component which gives rise to the effective sca
couplingl2MTH2T†H2. This latter feature also allows us t
appreciate the supersymmetric version~9! of the T-induced
seesaw. In the nonsupersymmetric case@19# the coefficient
of the cubic interactionHT†H is an independent mass p
rameter, sayL, and thereforemn5v2(L/MT

2)YT .
The difference with the standardN-induced seesaw case

manifest: in theT-seesaw scenario the neutrino mass ma
can bedirectly related to the fundamentalYT matrix and to
one relevant mass scale parameter,MT /l2. In particular, the
amount of lepton-flavor violation measured at low-ener
through the lepton mixing can directly be linked to the on
source of lepton-flavor violation, the Yukawa matrixYT
given at the scaleMT . The counting of the independent p
rameters reveals indeed that in this model the indepen
YT parameters, six real parameters plus three phases, ar
matched by the low-energy physical parameters. There
two other real parameters left,MT and l2, whose ratio is
directly involved in the neutrino mass generation, plusl1
which in general is complex and is not directly connected
the neutrino parameters. In summary: while in theN-induced

3As a consequence of the representation adopted forT andT̄ ~10!,
the SU(2)W-invariant mass term in Eq.~9! is to be understood a

MTTT̄5MT Tr(Tis2T̄is2).

FIG. 1. Contributions to theLLH2H2 effective operator:~a!
heavy singlet exchange;~b! heavy triplet exchange.
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seesaw scenario there are two lepton-flavor violation sour
the matricesYN andMN , in the T-induced seesaw scenar
the matrixYT is the only source of lepton-flavor violation.4

The implications of all this are even more dramatic wh
we consider the lepton-flavor violation induced throu
renormalization effects. Since for a long time it has be
pointed out that the Yukawa couplingsYN in Eq. ~6! can
induce nonvanishing lepton-flavor violating entries in t
mass matrices of the left-handed sleptons through radia
corrections @13#, even in the minimal supersymmetri
~SUSY! scenario with universal soft-breaking terms at t
grand unified theory~GUT! scale MG , mL̃

2
5mẽ

2
5•••

5m0
21. The form of the LFV entries is

~mL̃
2
! i j }m0

2~YN
† YN! i j log

MG

MN
, iÞ j . ~13!

In this scenario, according to our previous discussion,
size of LFV cannot be unambiguously predicted in
bottom-up approach making use of the low-energy data.5

Now let us see what can occur in theT-seesaw scenario
In this case, the lepton-flavor violating entries aredirectly
connected to the effective neutrino mass matrices, as

~mL̃
2
! i j }m0

2~YT
†YT! i j log

MG

MT
, iÞ j , ~14!

or, more explicitly,

~mL̃
2
! i j }m0

2S MT

l2v2
2D 2

~mn
†mn! i j log

MG

MT

;m0
2S MT

l2v2
2D 2

@U~mn
D!2U†# i j log

MG

MT
. ~15!

This expression enables us tounivocallypredict the ratio of
the lepton-flavor violation in the 2-3 sector with that in th
1-2 sector, essentially in terms of the low-energy paramet
namely,

4Notice that in this seesaw scenario one triplet pairT,T̄ is enough
to generate nonvanishing mass for all three neutrinos, while in
standard seesaw three singletsN are necessary for that. Also notic
that, from the flavor point of view, the seesaw realized by excha
ing hyperchargeless tripletsT8;(3,0) @21# is more similar to the
N-induced seesaw. Indeed,~i! such tripletsT8 are exchanged in the
same channel as the singletsN @see Fig. 1~a!#, ~ii ! three hyper-
chargeless triplets are required to give mass to all three neutri
and~iii ! two sources of flavor dependence appear, the matrixYT8 in
the Yukawa interactionYT8LT8H2, and the mass matrixMT8 of the
triplets.

5The authors of@23# indeed regard the combinationYN
† YN respon-

sible for the LFV in the slepton masses, as a further ‘‘observab
which provides the lacking six real parameters plus three pha
necessary to fully determine bothYN andMN .
3-3
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~mL̃
2
!tm

~mL̃
2
!me

'
@U~mn

D!2U†#tm

@U~mn
D!2U†#me

, ~16!

or for the 1-3 sector

~mL̃
2
!te

~mL̃
2
!me

'
@U~mn

D!2U†#te

@U~mn
D!2U†#me

. ~17!

Thus we can relate the rate of thet→mg or t→eg decay
with that of them→eg decay. This is the main feature of ou
discussion.

This scenario is susceptible of being further elaborat
Indeed, the presence of the extraSU(2)W-triplet statesT,T̄
at intermediate energy would spoil the gauge coupling un
cation which takes place with the field content of the MSS
A simple way to save gauge coupling unification is to intr
duce more statesX, to complete a certain representatio
R—such thatR5T1X—of some unifying gauge groupG,
G.SU(3)3SU(2)W3U(1)Y . Thus we can envisage thre
~minimal! scenarios.

~a! The statesX, though with massMX;MT , are as-
sumed to have vanishing or negligible interactions with
other states, except for the gauge interactions. This ma
the case either if we prefer not to embed the theory in
definite grand unified theory~GUT! or if we embed it in
some GUT and the Yukawa interactions of the statesT andX
have different strength due to GUT breaking effects. In p
ticular, we could have negligible Yukawa coupling for th
fragmentsX and, on the contrary, non vanishing Yukaw
coupling for the fragmentsT.

~b! The theory is embedded in a GUT but, contrary to t
ansatz~a!, the Yukawa couplings of the statesX are assumed
to be nonvanishing and related to those of the triplet partn
T. Indeed, this is generally the case in minimal GUT mode
In this case we will generate not only lepton-flavor violati
but also closely related flavor violation in the quark sec
~related to theX couplings!.

~c! There are no extra statesX or, equivalently, they are
considered to be split in mass from the tripletsT and be
decoupled at a scalem>MG . In this case, the simple unifi
cation of gauge couplings is lost and large threshold cor
tions are needed to recover it.

III. SUSY SU„5… SCENARIO WITH SU„2…W TRIPLETS

As already mentioned in the preceding section, the e
statesT,T̄ with massMT much below the GUT scale woul
destroy the gauge coupling unification. In principle the lat
property could be recovered at the price of invoking lar
threshold corrections. In the following, however, we prefer
maintain the simple gauge coupling unification. To this p
pose, the field content of the model can be minimally e
tended by adding the other components of theSU(5) repre-
sentations, 15 and15, in which the tripletsT and T̄ can
indeed fit. In terms ofSU(3)3SU(2)W3U(1)Y representa-
tions, the 15-multiplet decomposes as follows:
07500
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155S1T1Z,

~18!

S;S 6,1,2
2

3D , T;~1,3,1!, Z;S 3,2,
1

6D
~the 15-decomposition is obvious!. The presence of thes
extra states fitting a complete GUT multiplet changes
value of the gauge couplingaG at the GUT scale, with re-
spect to the MSSM case, but does not modify the value
the unification scaleMG ~to one-loop accuracy!. Theb func-
tions of the gauge couplings in the RGEs get modified
follows (a51,2,3):

16p2
dga

dt
5Baga

3 ,

B15b11
3

5 S 8

3
nS13nT1

1

6
nZD5b11

7

2
n15,

~19!

B25b212nT1
3

2
nZ5b21

7

2
n15,

B35b31
5

2
nS1nZ5b31

7

2
n15,

where ba are the coefficients of theb functions in the
MSSM, namelyb15 33

5 ,b251,b3523, and we have explic-
itly shown the contribution of the new states (nS5NS
1NS̄ , nT5NT1NT̄ , nZ5NZ1NZ̄ and n155N151N15 in a
self-explanatory notation!. As expected, for eachBa the
overall contribution ofS,T,Z just reproduces the Dynkin in
dex 7

2 of the SU(5) 15 representation. The enhancement
theb functions makes the gauge couplings increase faste
higher energy. For instance, by using the low-energy val
of aem, as and sin2uW and assuming an average SUS
threshold close to the top mass, forT,S,Z masses around
1014 GeV we find that at one loopg1 and g2 get unified at
MG;231016 GeV to the common valuegG;0.88, while
the value ofg3 differs by one per mil or so. In the MSSM w
would find gG;0.71.

TheSU(5) invariant superpotential~omitting for simplic-
ity the flavor indices! reads as

WSU(5)5
1

A2
Y155̄ 15 5̄1

1

A2
l15̄H15 5̄H

1
1

A2
l25H15 5H1Y510 5̄5̄H1Y1010 10 5H

1M1515151M55̄H5H , ~20!

where the matter multiplets are understood as 55̄(dc,L),
105(uc,ec,Q) and the Higgs doublets fit with their colore
partners,t, t̄ as 5H5(t,H2),5̄H5( t̄ ,H1). In the 15-multiplet
the statesS, T, andZ are accommodated as
3-4
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15AB5S Sab 1

A2
Za j

1

A2
Zbi Ti j D ~21!

where theSU(5) indices A,B51,2,3,4,5 are decompose
into SU(3) indices a,b51,2,3 and SU(2)W indices i , j
54,5, A5(a,i ),B5(b, j ). In Eq. ~21! it is understood that
Saa5Ŝaa, Sab5(1/A2)Ŝab (aÞb) and Tii 5T̂ii , Ti j

5(1/A2)T̂i j ( iÞ j ) @cf. Eq. ~10!# where the fieldsŜab,T̂i j are
those canonically normalized. It is well known that the min
mal SU(5) model in which the Yukawa matricesY5 ,Y10 are
true constants is not phenomenologically satisfactory. T
latter should be rather understood as field-dependent qu
ties, e.g.,Y5(F)5Y5

(0)1Y5
(1)F/M1•••, whereF is the ad-

joint 24 of SU(5) andM is some cutoff scale larger than th
GUT scaleMG . This perspective allows us to correct certa
SU(5)-symmetry relations, such asYd5Ye

T @24#. Moreover,
some mechanism is also necessary to split the masses6 of the
doubletH1,2 and triplett, t̄ components of 5H ,5̄H not to have
fast proton decay mediated by the colored statest, t̄ @25#. We
shall therefore adopt this point of view for the wholeSU(5)
extended model of Eq.~20!. In the SU(5) broken phase
beneathMG , the superpotential reads as

1

A2
~YTLTL1YSdcSdc!1YZdcZL1YddcQH1

1Yee
cLH11YuucQH21

1

A2
~l1H1TH11l2H2T̄H2!

1MTTT̄1MZZZ̄1MSSS̄1mH1H2 . ~22!

As already mentioned, the couplings involving the color
triplets t, t̄ do not appear as the latter are assumed to
couple at the GUT scaleMG to suppress dangerousB-L
violating d55 operators. On the contrary, at the decoupl
of the 15 fragments, noB-L violating d55 operators are
induced, apart from the ‘‘neutrino’’ operator, since the15
states do not couple to the matter multiplets 5,̄10. Only
flavor-conserving d56 operators are generated, i.
(Ldc)(L̄d̄c), (dcdc)(d̄cd̄c), (LL)(L̄L̄) in the Kähler poten-
tial, which, being suppressed by the square of the large s
M15, are not relevant for the low-energy phenomenolo
Notice that in the minimal case the massesMT ,MS ,MZ are
equal at the GUT scale:

MS5MT5MZ5M15
0 . ~23!

6Also for the minimal ‘‘technical’’ realization of the doublet
triplet splitting @25# we can give an interpretation of the mass p
rameterM5, analogous to that adopted for the Yukawa couplin
i.e. M5(F)5M5

01l5F1•••.
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However, this unification relation could be modified, e.
due toF insertions, as mentioned above.7 Similarly, the uni-
fication of the Yukawa couplings at the GUT scale,

YS5YT5YZ5Y15
0 , ~24!

could either hold or not. Finally, we stress that in thisSU(5)
framework the flavor violation is encoded not only inYT ~as
already elucidated above! but also inYS andYZ . Therefore,
nonvanishing barion-flavor violating entries in the mass m
trix md̃c

2 of the sdown squarksd̃c are induced by radiative
corrections. In summary, the three scenarios~a!, ~b!, and~c!,
put forward in Sec. II, can be rephrased as follows.

~a! All fragmentsT, S, andZ have the same mass; i.e
Eq. ~23! holds atMG . However, the couplingsYS ,YZ are
assumed to be negligible; i.e., Eq.~24! does not hold. In this
case only the interactions with the tripletsT and so the cou-
plingsYT drive the lepton-flavor violation in the slepton sc
lar masses.

~b! Both the masses and the Yukawa couplings of the
states are unified, i.e., both Eqs.~23! and ~24! hold. There-
fore all the couplingsYS ,YT ,YZ will induce flavor violation
in both the sleptonL̃ and squarkd̃c masses.

~c! The triplet massMT is much smaller thanMS and
MZ , which areO(MG). This could be achieved, for in
stance, by tuning the coefficients of the singlet and adjo
components of the 1515 ‘‘mass,’’ in analogy to what is done
for the doublet-triplet splitting for 5H ,5̄H . In the following
we shall focus on~a! and ~b! and disregard the case~c!.

IV. Y T FROM NEUTRINO MASSES AND MIXING ANGLES

Now, we relate the low-energy parameters with the r
evant neutrino Yukawa couplings by adopting a bottom-
criterion. By decoupling the statesT,T̄, the d55 effective
operator emerges

l2

2MT
YT

i j ~LiH2!~L jH2!, ~25!

where the matrixYT , through the matching of Eq.~11!, can
be connected toYn which parametrizes the usuald55 op-
erator~1!.8

We recall that the data from solar and atmospheric n
trino experiments concern the neutrino mass eigenva
m1 ,m2 ,m3 and mixing angles. Therefore, in the basis
which the Yukawa matrixYe is diagonal, Eqs.~2! and ~4!
allow us to determine the coupling matrixYn /ML at low

-
,

7Moreover, even if Eq.~23! holds atMG , renormalization effects
split the masses at lower energies. However, the relative splittin
not large and we will decouple all the componentsT,S,Z at the
common threshold scaleMT .

8The expression given in Eq.~25! is the leading contribution to

the neutrino mass operator. This arises from theT̄ F-term scalar
interaction, l2MTT!H2H2. The H1 F-term scalar inter
action, ml1H2

!TH1, gives rise to the subleading contributio
l1(m/MT)(v2v1)/MT .
3-5
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ANNA ROSSI PHYSICAL REVIEW D 66, 075003 ~2002!
energy and then, taking into account the running up toMT @26#, also at the scaleMT .9 The mixing matrixU is parametrized
in the standard way:

U5S c12c13 s12c13 s13e
2 id

2s12c232c12s23s13e
id c12c232s12s23s13e

id s23c13

s12s232c12c23s13e
id 2c12s232s12c23s13e

id c23c13

D ~26!

wheresi j andci j are the cosine and sine, respectively, of the three mixing anglesu12,u23,u13 andd is theCP-violating phase
which in the following is neglected for simplicity. As for the phenomenological input, we assume maximal 2-3 mixinu23
545°, as required by the atmospheric neutrino data@6#. We consider the hierarchical neutrino mass spectrum,m1!m2
!m3, such that it reads as

m1'0, m25~Dmsol
2 !1/2, m35~Dmatm

2 !1/2, ~27!

where we takeDmatm
2 ;331023 eV2. As regards the solar neutrino case, the most favored range forDmsol

2 is that selected by
the large-mixing angle~LMA ! solution,Dmsol

2 ;631025 eV2 @6#. The corresponding best fit value for the mixing angle
u12;33°. However, for the sake of discussion in the following we bear in mind also different possibilities, such as the
valuesDmsol

2 ;531026 eV2 and u12;4° of the small-mixing angle~SMA! solution. Taking also into account the CHOO
limit, sin u13,0.1 @28#, we setu1350 for simplicity and later comment also on the nonzerou13 case. Then at low energy th
symmetric matrixYn appears as

Yn5
ML

v2
2 S m2s12

2 1

A2
m2c12s12 2

1

A2
m2c12s12

1

2
~m31m2c12

2 !
1

2
~m32m2c12

2 !

1

2
~m31m2c12

2 !

D . ~28!

By considering the phenomenological inputs, we observe that the entries of the 2-3 sector are all comparable and
order one~essentially irrespectively of theu12 value! if the scaleML is close toMG;1016 GeV. The remaining entries are on
order of magnitude smaller than those of the 2-3 sector, foru12 in the LMA range, while they are much smaller foru12 in the
SMA range. Up to an overall factor due to the renormalization effect, the structure obtained forYn is finally transferred toYT
at the scaleMT according to Eq.~11!. We stress again that in thisT-seesaw scenario the bottom-up approach here adopt
the most general one since the structure ofYT is unambiguously fixed by the experimental data themselves. What can b
to our choice is the overall scaleMT /l2. We shall takeMT in the range 101121015 GeV and varyl2 in an appropriate range

V. LEPTON-FLAVOR VIOLATION IN THE SOFT-BREAKING TERMS

The general soft SUSY-breaking terms in our model are given as10

2Lsoft5L̃†mL̃
2
L̃1ẽcmẽc

2
ẽc†

1d̃cmd̃c
2

d̃c†
1mH1

2 H1
†H11mH2

2 H2
†H21S H1ẽcAeL̃1H1d̃cAdQ̃1

1

2
Mal̃al̃a1BmH1H21H.c.D

1F 1

A2
~ATL̃TL̃1ASd̃cSd̃c!1AZd̃cZL̃1

1

A2
~A1H1TH11A2H2T̄H2!1BTMTTT̄1BSMSSS̄1BZMZZZ̄1H.c.G

1mT
2T†T1mT̄

2
T̄†T̄1mS

2S†S1mS̄
2
S̄†S̄1mZ

2Z†Z1mZ̄
2
Z̄†Z̄, ~29!

9The radiative corrections from the electroweak scale up toMT are not important in the case of hierarchical neutrino mass spectrum
amount to an overall common factor@27#. Nevertheless these effects are incorporated in the numerical analysis.

10For the sake of simplicity, in the following we disregard all that concerns the up-quark sector parameters, such as the scalar mamQ̃
2 ,

etc. because they do not directly enter our discussion.
075003-6
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where we have shown in the first lines the relevant MSS
terms, according to the standard notation~the soft mass
terms for the sleptons, squarks, Higgs bosons, the trilin
terms, and the gaugino massesMa), while in last lines we
have collected the new terms involvingT,S,Z. In the follow-
ing we assume at the GUT scale, irrespectively of the s
nario ~a! or ~b!:11

mL̃
2
5mẽc

2
5md̃c

2
5m0

21,

mS
25mS̄

2
5mT

25mT̄
2
5mZ

25mZ̄
2
5mH1

2 5m0
2 ,

~30!
Ae5A0Ye , Ad5A0Yd , A15A0l1 , A25A0l2 ,

M15M25M35Mg ,

wherem0 is the universal scalar mass,A0 is the universal
mass parameter for the trilinear terms andMg is the common
gaugino mass. As for the remaining trilinear couplings, th
GUT conditions are in the scenario~a!:

AT5A0YT , AS5AZ50, ~31!

and in the scenario~b!

AT5AS5AZ5A0YT . ~32!

The matrixYT which appears in Eqs.~31!,~32! is understood
to be evaluated at the GUT scale. OnceYT is determined at
the scaleMT by the low-energy data as we have seen abo
its evolution fromMT up to MG is given by

16p2
dYT

dt
5YTS 2

9

5
g1

227g2
21Ye

†Ye16YT
†YT

1Tr~YTYT
†!13YZ

†YZ1ul1u2D1~Ye
TYe

!

13YZ
TYZ

!!YT . ~33!

~See also the Appendix.! In scenario~b! the YT RGE is also
coupled to those ofYS ,YZ for which the initial conditions at
the scaleMT are determined iteratively under the constrai
of Eq. ~24!. Below MG the universal pattern~30! of
mL̃

2 ,md̃c
2 , etc. is spoiled by radiative effects induced

YT ,YS ,YZ . Then we have to evaluate the soft-breaking p
rameters at low energy by solving the corresponding RG

11These universal boundary conditions are mainly motivated
simplicity and are not assumed for other soft parameters. For
stance, we do not declare the soft-breaking mass of the dou
scalarH2, as it does not directly enter in our analysis. In this w
the m parameter in the superpotential is not constrained by
electroweak radiative-breaking condition and will be fixed indep
dently. We would like to make clear, however, that the aim of t
work is to present the global features of the SUSYT-induced see-
saw. Therefore, the choice of these initial conditions, as well a
other parameters such as tanb andm, which enter in the computa
tions of the decay rates, is only made for illustrative purposes.
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These have been computed at one loop and collected in
Appendix. In the leptonic sector we need to know the SU
breaking matricesmL̃

2 , mẽc
2 , andAe to finally compute the

LFV decay rates. They all receive flavor blind correctio
from the gauge interactions which do not alter the flav
conserving structure they have at the GUT scale@see Eq.
~30!#. However, they can acquire LFV entries~i.e. off-
diagonal entries! if they get radiative corrections from th
LFV Yukawa matricesYT ,YZ . In the leading-logarithm ap-
proximation, and neglecting radiative corrections induced
Ye ,Yd , in the picture~a! the LFV entries at low energy ar
given by (iÞ j )

~mL̃
2
! i j '

21

8p2
~9m0

213A0
2!~YT

†YT! i j log
MG

MT
,

~mẽc
2

! i j '0, ~34!

~Ae! i j '
29

16p2
A0~YeYT

†YT! i j log
MG

MT
,

in picture ~b! we find

~mL̃
2
! i j '

21

8p2
~18m0

216A0
2!~YT

†YT! i j log
MG

MT
,

~mẽc
2

! i j '0, ~35!

~Ae! i j '
29

8p2
A0~YeYT

†YT! i j log
MG

MT
,

and in the squark sector

~md̃c
2

! i j '
21

8p2
~18m0

216A0
2!~YT

†YT! i j log
MG

MT
,

~36!

~Ad! i j '
29

8p2
A0~YT

†YTYd! i j log
MG

MT
,

where we have taken into account theSU(5) universality for
the Yukawa matrices~24!. So the mass matrixmẽc

2 remains

diagonal and then flavor conserving, while bothmL̃
2 andAe

acquire LFV elements. Once the low-energy neutrino obse
ables are fixed, the magnitude of these LFV elements
depend on the matrixYT

†YT;(MT /l2v2
2)2mn

†mn , that is on
the triplet mass thresholdMT and on the coupling constan
l2. Thus the relative size of LFV in the 2-3 sector and 1
sector can be approximately predicted in terms of only
low-energy observables, as we anticipated in Eq.~16!. Such
a ratio can be rewritten more explicitly

~mL̃
2
!tm

~mL̃
2
!me

'S m3

m2
D 2 sin 2u23

sin 2u12 cosu23
;80, ~37!

y
n-
let

e
-

f
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ANNA ROSSI PHYSICAL REVIEW D 66, 075003 ~2002!
where for the estimate we have taken foru12 and m2 the
values selected by the LMA solution. For the case of
SMA solution that ratio increases to 103–104. These results
clearly hold in both scenarios~a! and ~b!. Therefore, this
estimate can directly be translated into a prediction for
ratio of the decay rate oft→mg and m→eg as we shall
show in the next section. We also recall that sinceu23
;45°, the first generation is mixed with a state which is
equal ~and indistinguishable! mixture of the flavor states
nm ,nt . It is not surprising therefore that the rat
(mL̃

2)te /(mL̃
2)me be of order one:

~mL̃
2
!te

~mL̃
2
!me

'tanu23;1. ~38!

Notice also that the size of the lepton-flavor violating entr
(mL̃

2) i j is about a factor 2 larger in scenario~b! due to the
extra contribution driven by the Yukawa couplingsYZ,S .
This implies that the related decay rates are further enhan
by a factor 4 in scenario~b!. Moreover, in scenario~b! we
have similar predictions for the sdown sector, namely,

~md̃c
2

!bs

~md̃c
2

!sd

'S m3

m2
D 2 sin 2u23

sin 2u12cosu23
;80,

~39!
~md̃c

2
!bd

~md̃c
2

!sd

'tanu23;1,

which show that the relative flavor violation in the lepto
and quark sector should be comparable in magnitude.

Finally, we would like to comment also upon the case
which the 1-3 mixing is restored in the lepton mixing matr
So for discussion we consider the present upper bound
u13 @28# and take sinu1350.1. This leads to an enhanceme

of the LFV entries (mL̃
2)me and (mL̃

2)te driven by the largest
massm3, with respect to theu1350 case, namely,

~mL̃
2
!meuu13Þ0

~mL̃
2
!meuu1350

'11S m3

m2
D 2 sinu13

sinu12 cosu12
;10,

~40!
~mL̃

2
!teuu13Þ0

~mL̃
2
!teuu1350

'12S m3

m2
D 2 sinu13

sinu12 cosu12
;210.

Therefore, since the entry (mL̃
2)tm is not modified, the ratio

of Eq. ~37! becomes;8, while that in Eq.~38! remains the
same. By considering the values form2 andu12 of the SMA
solution, we find for sinu1350.1 a much stronger relativ
enhancement,

~mL̃
2
!meuu13Þ0

~mL̃
2
!meuu1350

'103,

~41!
~mL̃

2
!teuu1350'2103.
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Analogous results are obtained for the entries (md̃c
2 ) i j .

VI. THE ø i\ø jg DECAY RATES

Let us briefly recall here some points related to the co
putation of the, i→, jg decay rate. The effective operato
responsible for such a decay can be parametrized as

Leff5 igemi~CL
i j l̄ j s̄

mn l̄ i
c1CR

i j l j
csmnl i !Fmn , ~42!

wherege is the electromagnetic coupling and we use tw
component spinor notation. This leads to the branching r

BR~, i→, jg!5
48p3aem

GF
2 ~ uCL

i j u21uCR
i j u2!

3BR~, i→, jn i n̄ j !, ~43!

where in the specific cases the lepton-flavor conserv
branching ratio are BR(m→enmn̄e)'1, BR(t→mntn̄m)
'17%, and BR(t→entn̄e)'18%. For the numerical analy
sis we have taken into account all contributions involvi
one-loop slepton-chargino and slepton-neutralino exchan
by using the complete formulas given, for example, in R
@16#. Analogously to the case of the MSSM with singletsN
@16#, also in this scenario the main contributions come fro
tanb-enhanced diagrams with chargino exchange. In
mass-insertion approximation, we recall that the param

dependence ofCL
i j ~the dominant coefficient! is

CL
i j ;

g2

16p2

~mL̃
2
! i j

m̃4
tanb, ~44!

wherem̃ is an average soft mass.
The main feature of our picture is the possibility to rela

in a model-independentway the LFV of different sectors, a
Eqs. ~16! and ~17! demonstrate. Therefore, if we take th
corresponding ratio of the BRs and take into account
estimate in Eq.~37!, we find

BR~t→mg!

BR~m→eg!
'S ~mL̃

2
!tm

~mL̃
2
!me

D 2
BR~t→mntn̄m!

BR~m→enmn̄e!
;103.

~45!

For the case of SMA solution, this would become mu
larger, i.e.;107. Analogously we can predict

BR~t→eg!

BR~m→eg!
'S ~mL̃

2
!te

~mL̃
2
!me

D 2
BR~t→entn̄e!

BR~m→enmn̄e!
;1021.

~46!

Let us now discuss the results obtained by a more deta
numerical study with exact solutions of the RGEs and ex
diagonalization of matrices involved in the computation
the branching ratios. First in Fig. 2 we present the behav

of the LFV parametersd i j
L̃ andd i j

d̃c
defined as
3-8
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FIG. 2. In the upper panels we show the flavor-violation parametersd L̃ andd d̃c
as a function of the coupling constantl2 ~at MT) for

MT51011 GeV ~left! and MT51014 GeV ~right! in both scenarios~a! and ~b!. As for the neutrino parameters, we have takenu23

545°,u12533°,u1350 andm150,m25731023 eV,m35531022 eV. In correspondence of each scenario, the upper lines refer todtm
L̃ and

dbs
d̃c

and the lower ones todme
L̃ anddsd

d̃c
@thed d̃c

are nonzero only in case~b!#. We recall thatdte
L̃ 5dme

L̃ as well asdbd
d̃c

5dsd
d̃c

. In the lower panels
we show the resulting branching ratios for the decayst→mg,m→eg, and t→eg. The horizontal lines denote the experimental upp
bounds of such BRs. For each BR the lower and upper curve is obtained in scenarios~a! and~b!, respectively. In all panels, we have fixe
A05m05200 GeV atMG ; the corresponding average slepton mass at low energy ismL̃;300 GeV ~250 GeV! for MT51011 GeV
(1014 GeV). Finally, the parameters fixed at low energies are tanb53, m5300 GeV andM25180 GeV; the latter corresponds toMg

5490 GeV (290 GeV) atMG for MT51011 GeV (1014 GeV). We have also setl15l2 at MT .
-
pper
d i j
L̃ 5

u~mL̃
2
! i j u

mL̃
2 , d i j

d̃c
5

u~md̃c
2

! i j u

md̃c
2 ~47!

(mL̃
2 ,md̃c

2 are the averageL̃ and d̃c squared masses! as a
function of the couplingl2 in both scenarios~a! and~b!, for
07500
two values ofMT , i.e., MT51011 GeV ~upper left panel!
and MT51014 GeV ~upper right panel! and for representa
tive values of other parameters. For each scenario the u

and lower curve refers todtm
L̃ anddme

L̃ @or dte
L̃ , cf. Eq. ~38!#,

respectively, and similarly fordbs
d̃c

and dsd
d̃c

in scenario~b!.
3-9
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ANNA ROSSI PHYSICAL REVIEW D 66, 075003 ~2002!
Due to the quadratic dependence in the RGEs on the L
Yukawa matricesYT ,YS ,YZ , the d parameters scale a
(l2)22. We notice that the size of the LFV in the 2-3 and 1
sectors maintains a constant ratio,;102, independently of
the scaleMT @cf. the estimate in Eq.~37!#. In correspondence
of each value of the scaleMT , there is a minimum value fo
l2, below which the RGE solutions explode,12 which is ap-
proximately l2

min;331024(MT /1011 GeV). We can notice

that in scenario~b! d i j
L̃ gets larger than in case~a! by about a

factor 2. Moreover,d i j
d̃c

are about a factor 2 smaller thand i j
L̃ .

This is due to the fact that in the evolution to low energy t
squark mass gets heavier than the slepton mass, becau
the gluino driving. This different increase is reflected mos
in the average scalar masses~which are determined at th
SUSY scale! and to a less extent in the off-dagonal entr
(mL̃

2) i j ,(md̃c
2 ) i j ~which instead are determined at the interm

diate scaleMT). The partial compensation of these effec
explains why, for MT51011 GeV, for instance, the ratio
d L̃/d d̃c

is smaller than 4, even thoughmL̃;300 GeV and
md̃c;600 GeV.

In the same figure we also show the behavior of
branching ratios~lower panels! for tanb53, as a represen
tative case. For each decay the lower and upper curve re
to scenarios~a! and ~b!, respectively. It is striking to notice
that the constant-ratio rule displayed in Eqs.~45! and ~46!
between the BR of the decayst→mg or t→eg with that of
m→eg is preserved in each case~a! and ~b! as well as for
any value ofMT , irrespectively of the value ofl2. More-
over, in scenario~b! with all the Yukawa couplingsYT,S,Z at
work these rates are larger since the LFV in the slep
masses is enhanced, as seen in the upper panels. The p
bound on the BR(m→eg) ~shown by dashed horizontal line!
constrainsl2 to be larger than;731024 and ;0.46 for
MT51011 GeV and 1014 GeV, respectively, in case~a!. In
picture ~b! these bounds get a bit more stringent,l2*2
31023 andl2*0.65 for MT51011 GeV and 1014 GeV, re-
spectively. TheT-induced seesaw strict predictions for th
ratio of the BRs tell us that, in view of the future experime
tal sensitivity, both decayst→mg andm→eg could be ob-
served if the latter has at least a branching ratio of or
10212. For BR(m→eg),10212, we have that BR(t→mg)
,1029, below the expected sensitivity. On the other hand
we depart from the limitu1350 and allowu13 as large as 0.1
we would get BR(t→mg);103BR(m→eg). As for
BR(t→eg) it is always predicted to be one order of magn
tude smaller than BR(m→eg).

In Fig. 3 we show BR(m→eg), BR(t→mg) and BR(t
→eg) as a function of the left-handed selectron mass at
energy withMT51011 GeV andl251023 for both scenarios
~a! ~upper left panel! and ~b! ~upper right panel!. For each
BR, the upper and lower curves correspond to tanb530 and
3, respectively. In scenario~a! for tanb53 there are no con

12One has also to check thatl2 is not too large atMT so that it
remains perturbative up toMG @cf. the l2 RGE in Eq.~A4! in the
Appendix#.
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straints onmẽ from the BR(m→eg) bound, while for tanb
530 we havemẽ*900 GeV. More stringent lower bound
on mẽ can be deduced in scenario~b!. Therefore in the al-
lowed range formẽ , we have BR(t→mg)&231028 and
BR(t→eg)&2310212. Again notice that the constant-rati
rule for the BRs is maintained also in this case wheremẽ is
varied, confirming the fact that this rule depends only on
low-energy neutrino parameters and not on the details of
model, such as the soft-breaking parameters orMT . In the
lower panel, we show the behavior ofd d̃c

and the average
squark massmd̃c versusmẽ . The fact thatd d̃c

are about a
factor 1.5 larger for tanb53 as compared to the case wi
tanb530 is due to the combined increase for lower valu
of tanb of both Yn @see Eq. 12!# and the top Yukawa cou
pling, Yt;mt /(vsinb), which influences the running ofYn

from low-energy up toMT @see Eq.~A9! in the Appendix#.
We recall that the whole increase ofYn implies an increase
of YT as well ofYZ andYS through the relation~24!. Then
the quantitiesYZYZ

† andYSYS
† ~scaling as 1/sin4b) trigger the

flavor violation in the matrixmd̃c. The information ond d̃c

and md̃c could be useful for comparison with the prese
bounds on the flavor-violation parametersd d̃c

extracted from
the meson mixing measurements@29#. For this purpose we
need to know also that the gluino mass at low energy
M3;600 GeV for MT51011 GeV. For example, for tanb

53 and mẽ.300 GeV, we havemd̃c;600 GeV anddsd
d̃c

(or dbd
d̃c

)'431024 which is below the limits from theK0

2K̄0 ~or Bd2B̄d) mixing parameter.
In Fig. 4 the same analysis has been performed forMT

51014 GeV and we have chosenl251 in such a way that
the ratioMT /l2 is the same as in the previous example.
this way, the size of the matrixYT is the same at the scal
MT . All other parameters, such asM2 at low energy, are the
same as in Fig. 3. Upon comparing with the previous c
with lower MT , we observe that for largerMT the BRs
are smaller by a factor 5 which is due to the smal
energy interval of the running, namel
@ log(MG/1011 GeV)/log(MG/1014 GeV)#2'5. For the same
reason, forMT51014 GeV the parametersd d̃c

are smaller by
a factor 2 or so.

VII. CONCLUSIONS

The neutrino experimental observations pointing to s
able lepton mixing have been encouraging us to further
vestigate the implications of lepton-flavor violation in exte
sions of the standard model. This work may be placed am
these attempts. In particular, we have considered the SU
seesaw mechanism obtained through the exchange of h
SU(2) triplets. On comparing it with the more popular se
saw scenario with the exchange of heavy singlets, our s
nario is more predictive since the source of LFV at hi
energy, i.e., the Yukawa matrixYT , can be directly con-
nected to the low-energy observables, encoded in the c
pling matrix Yn . The Yukawa matrixYT induces radiative
corrections in the mass matrix of the sleptonsL̃ and as a
3-10
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FIG. 3. In the upper panels we display the behavior of the, i→, jg BRs as a function of the ‘‘left-handed’’ selectron mass in bo
scenarios~a! ~left panel! and~b! ~right panel! for MT51011 GeV andl251023 ~at MT). For each BR the lower and upper line refers to t
case with tanb53 and 30, respectively. The horizontal dashed-line marks the BR(m→eg) experimental bound. The gaugino mass andm

have been taken as in Fig. 2. In the lower panel we show the corresponding parametersd i j
d̃c

as they emerge in scenario~b! as a function of
the selectron mass~solid and dashed lines!. The dotted lines denotes the averagemd̃c mass. The value of the gluino massM3 as obtained at
low energy is also indicated.
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result, even in the case of universal scalar masses at the
scale, LFV off-diagonal entries are generated. Therefore
flavor structure of the slepton mass matrix can be determ
solely in terms of the low-energy neutrino parameters, i
the neutrino masses and mixing angles. The most remark
feature of this scenario is that there is a rigid entanglemen
the flavor violation among different generations, as displa
in Eqs.~37!,~38!, which does not depend on other details
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the theoretical framework. This implies in particular that t
ratio of the branching ratios of the decayt→mg ~or t
→eg) and m→eg can be predicted and turns out to b
;103 ~or 1021). We have first derived these estimates
only taking into account the neutrino parameters~45!, ~46!
and have confirmed them by more detailed numerical co
putations, as shown in Figs. 2, 3, and 4. Furthermore,
have embedded this picture in a ‘‘minimal’’SU(5) scenario
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FIG. 4. The same as in Fig. 3 forMT51014 GeV andl251.
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in which the triplet statesT fill the 15-representation togethe
with other colored partnersS,Z. In such a case flavor viola
tion is also induced by radiative corrections on the m
matrix of the dc squarks. By imposing the GUT sca
SU(5)-universality relation among the Yukawa couplings
those states to the matter multiplets, we find that the siz
flavor violation in the lepton and quark sectors is comp
rable. This implies that, similarly to what happens in t
lepton sector, the amount of flavor violation between diff
ent quark sectors is strongly correlated. For example,
could predict the supersymmetric contribution toBs-B̄s mix-
ing in terms of that toK0-K̄0 mixing. It would be interesting
to further explore this point and other implications of t
SUSYT-induced seesaw.
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APPENDIX

In this appendix we first present the parametrization u
for the chargino and neutralino mass matrix since this de
mines the relative sign between the Yukawa and ga
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terms13 in the renormalization group equations of the trili
ear soft-breaking terms@see Eq.~A8!#. Then we have deter
mined the renormalization group equations in the MSS
with the 15115 representation ofSU(5) at one loop, which
are therefore valid in the energy range betweenMG and the
triplet mass scaleMT .

The chargino mass matrix term is given by
s

O

in

th

07500
2Lch5S W̃1

H̃1
2
D T S M2 gv2

gv1 m D S W̃2

H̃2
2
D 1H.c.,

~A1!

and that regarding the neutralino mass sector is
2Ln5
1

2S B̃

W̃0

H̃1
0

H̃2
0

D T 1
M1 0 2

1

A2
g8v1

1

A2
g8v2

0 M2
1

A2
gv1 2

1

A2
gv2

2
1

A2
g8v1

1

A2
gv1 0 2m

1

A2
g8v2 2

1

A2
gv2 2m 0

2 S B̃

W̃0

H̃1
0

H̃2
0

D 1H.c. ~A2!
The renormalization group equations for the gaugino mas
Ma(a51,2,3) are

16p2
dMa

dt
52ga

2BaMa , ~A3!

where the coefficientsBa are given in Eq.~19!. The RGEs
for the Yukawa couplings are

16p2
dYT

dt
5YTF2

9

5
g1

227g2
21Ye

†Ye16YT
†YT

1Tr~YT
†YT!1YZ

†YZ1ul1u2G1~Ye
TYe

!

1YZ
TYZ

!!YT , ~A4!

16p2
dYS

dt
5YSF2

4

5
g1

2212g3
212Yd

!Yd
T18YS

†YS

1Tr~YS
†YS!12YZ

!YZ
TG12~YdYd

†

1YZYZ
†!YS ,

13We have indeed found some discrepancy in the literature.
results, for example, are in agreement with the RGEs of@30#. In the
latter work there is consistency between the sign of the gaug
mass terms and the RGEs of the trilinear terms provided a~missed!
minus sign is accounted for in front of the gaugino mass in
matrix of Eq. ~2.7! ~or, equivalently, provided thei factor in the
off-diagonal blocks is removed!.
es
16p2

dYZ

dt
5YZF2

7

15
g1

223g3
22

16

3
g3

21Ye
†Ye

15YZ
†YZ1Tr~YZ

†YZ!13YT
†YTG12~YdYd

†

12YSYS
†!YZ ,

16p2
dYe

dt
5YeF2

27

15
g1

223g2
2

13~Ye
†Ye1YT

†YT1YZ
†YZ1ul1u2!

1Tr~Ye
†Ye13Yd

†Yd!G ,

16p2
dYd

dt
5YdF2

7

15
g1

223g2
22

16

3
g3

2

13~Yd
†Yd1ul1u2!1Yu

†Yu1Tr~Ye
†Ye

13Yd
†Yd!G12~YZYZ

†12YSYS
†!Yd ,

16p2
dYu

dt
5YuF2

13

15
g1

223g2
22

16

3
g3

213Yu
†Yu

1Yd
†Yd13ul2u213Tr~Yu

†Yu!G ,

ur

o

e
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16p2
dl1

dt
5l1F7l1

21Tr~YTYT
†12YeYe

†16YdYd
†!

2
9

5
g1

227g2
2G ,

16p2
dl2

dt
5l2F7l2

216Tr~YuYu
†!2

9

5
g1

227g2
2G ,

where Yd and Yu are the Yukawa coupling matrix of th
down and up quarks, respectively. Regarding the mass
rameters of the superpotential, the RGEs are

16p2
dm

dt
5mF3Tr~Yu

†Yu1Yd
†Yd!1Tr~Ye

†Ye!

13~ ul1u21ul2u2!2
3

5
g1

223g2
2G , ~A5!

16p2
dMT

dt
5MTFTr~YT

†YT!1ul1u21ul2u22
3

5
g1

2

28g2
2G ,

16p2
dMS

dt
5MSFTr~YS

†YS!2
16

15
g1

22
40

3
g3

2G ,
16p2

dMZ

dt
5MZFTr~YZ

†YZ!2
1

15
g1

223g2
22

16

3
g3

2G .
The RGEs for the sfermion mass matrices are

16p2
dmL̃

2

dt
5mL̃

2
~Ye

†Ye13YT
†YT13YZ

†YZ!

1~Ye
†Ye13YT

†YT13YZ
†YZ!mL̃

2
12~Ye

†mH1

2 Ye

1Ye
†mẽc

2 Ye13YT
†mL̃

2TYT

13YZ
†md̃c

2 YZ13YT
†mT

2YT13YZ
†mZ

2YZ!

12~Ae
†Ae13AT

†AT

13AZ
†AZ!2

6

5
M1

2g1
226M2

2g2
2 ,

16p2
dmẽc

2

dt
5~2mẽc

2
14mH1

2 !YeYe
†14YemL̃

2Ye
†

12YeYe
†mẽc

2
14AeAe

†2
24

5
M1

2g1
2 ,
07500
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16p2
dmd̃c

2

dt
52md̃c

2
~YdYd

†12YSYS
†1YZYZ

†!

12~YdYd
†12YSYS

†1YZYZ
†!md̃c

2
14~YdmH1

2 Yd
†

1YdmQ̃
2 Yd

†12YSmd̃c
2TYS1YZmL̃

2YZ
†

12YSmS
2YS

†1YZmZ
2YZ

†!

14~AdAd
†12ASAS

†1AZAZ
†!

2
8

15
M1

2g1
22

32

3
M3

2g3
2 , ~A6!

16p2
dmũc

2

dt
5~2mũc

2
14mH2

2 !YuYu
†14YumQ̃

2 Yu
†

12YuYu
†mũc

2
14AuAu

†2
32

15
M1

2g1
22

32

3
M3

2g3
2 ,

16p2
dmQ̃

2

dt
5~mQ̃

2
12mH2

2 !Yu
†Yu

1~mQ̃
2

12mH1

2 !Yd
†Yd

1~Yu
†Yu1Yd

†Yd!mQ̃
2

12Yu
†mũc

2 Yu

12Yd
†md̃c

2 Yd12Au
†Au

12Ad
†Ad2

2

15
M1

2g1
226M2

2g2
22

32

3
M3

2g3
2 .

The RGEs for the other soft-breaking masses are

16p2
dmT

2

dt
52$mT

2@ ul1u21Tr~YT
†YT!#

12Tr~YT
†mL̃

2YT!12mH1

2 ul1u21Tr~AT
†AT!

1uA1u2%2
24

5
M1

2g1
2216M2

2g2
2 ,

16p2
dmT̄

2

dt
52~mT̄

2ul2u212mH2

2 ul2u21uA2u2!

2
24

5
M1

2g1
2216M2

2g2
2 ,

16p2
dmS

2

dt
52mS

2 Tr~YS
†YS!14@Tr~YS

†md̃c
2 YS!

1Tr~AS
†AS!#2

32

15
M1

2g1
22

80

3
M3

2g3
2 ,

16p2
dmS̄

2

dt
52

32

15
M1

2g1
22

80

3
M3

2g3
2 , ~A7!
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16p2
dmZ

2

dt
52mZ

2 Tr~YZ
†YZ!1@Tr~YZ

†md̃c
2 YZ!
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!mL̃
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T!1Tr~AZ
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As for the soft-breaking trilinear coupling matrices we ha
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dAT
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Clearly, all the RGEs shown above are valid in both s
narios~a! and ~b!. In the former scenario, the conditionYS

5YZ50 at MG ensures that Yukawa couplingsYS ,YZ and
the parametersAS ,AZ are not radiatively induced, therefor
they can be simply switched off in the rhs of any RGE
Beneath the mass scaleMT , we recover the RGEs of the
MSSM by switching offYT,S,Z ,l1,2, mT,T̄

2 ,mS,S̄
2 ,mZ,Z̄

2 and
AT,S,Z ,A1,2. For completeness, we report also the RGE
the d55 neutrino-operator Yukawa matrixYn valid below
MT in the MSSM@26#:

16p2
dYn

dt
5YnF2

6

5
g1

226g2
216Tr~Yu

†Yu!G
1YnYe

†Ye1~Ye
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TYn . ~A9!
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