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Supersymmetric seesaw mechanism without singlet neutrinos: Neutrino masses
and lepton-flavor violation
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We consider the supersymmetric seesaw mechanism induced by the exchange oShb¢ayy 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 af the
— uy (or r—ey) andu— ey 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.

DOI: 10.1103/PhysRevD.66.075003 PACS nuni$er12.60.Jv, 12.10.Dm, 14.60.Pq

I. INTRODUCTION m,= U*m',?UT, m[v’=diagm1,m2,m3) (4)

Nowadays we have one more important piece of informawherem,;,m,,m; are the neutrino mass eigenvalues, and the
tion concerning the flavor structure of the standard modelunitary matrixU is the lepton mixing matrix that appears in
flavor violation is also present in the lepton sector. So far thighe charged lepton currerty(1— y5)U v and is respon-
has only shown up in the atmospheric and solar neutringjple for neutrino oscillations.
experimentg1,2]. The anomalies observed in these experi- | principle lepton-flavor violation could also be tested in
ments can be interpreted in terms of neutrino oscillationgyther processes, such as—ey, r—uy and r—ey. The

which are the result of nonvanishing neutrino masses angresent experimental limits on these decays[#te
mixing angleq 3,4]. In the framework of the standard model

(or of its supersymmetrized versipthe latter properties ef- BR(pn—ey)<1.2x10 4
fectively arise from the following lepton-numbélk) violat-
ing d=5 operatof5]: BR(7— uy)<1.1x10" 8, (5)
1 N BR(7—ey)<2.7x10 ¢,
> Yo (LiH2)(LiH2),  Y,=Y, (1)

2M 7
L which could be significantly improved, the first down to
wherei,j=eu,r are family indicesM, is the energy scale 10 **[8] and the second to 18 [9]. In the standard model
whereL is broken,L; are theSU(2),, lepton doublets and it is very hard to obtain interesting results because the decay
H, is the Higgs a()lublet with hyperchargé=1/2. Upon amplitudes are strongly GIa;how—IIiopoqus—Maia(mIM)
breakingSU(2)y, < U(1)y by the vacuum expectation value suppressed by t_he tiny neutrino massasﬁl\/l_w [10]. On
of the Higgs field{H.) =v,=0vsin 8 (v=174 GeV), the op- the other hand, in the framework of the minimal supersym-

erator(1) induces Majorana masses for the neutrinos: metric extension of the standard mod®ISSM), those pro-
cesses can be enhanced through the one-loop exchange of

2 superpartners, if the masses of the latter are not too heavy
m'l :_ZYiVi i (2)  and do not conserve flavt1]. Concerning the latter prop-
L erty, we could expect that the underlying flavor theory dic-

) __ tates both the flavor structure of the standard fermion mass
Therefore, from here we can easily understand the origin ofyatrices and that of the corresponding supersymmetric scalar
the tiny neutrino masses, as they may be suppressed by soipgrtnergsee, e.g.[12]). Even if sfermion masses are univer-
large scaleM . Taking, for instance, a neutrino mass,  sg (i.e., flavor-blind at high energy, as in minimal super-
~(107'-10"?) eV as indicated by the atmospheric neutrinogravity or gauge mediated supersymmetry breaking sce-
data(and assuming a hierarchical neutrino spectr{ the  narios, nevertheless flavor conservation can be broken in the

magnitude ofM can be inferred: sfermion masses by radiative effects due to flavor-violating
. . Yukawa coupling$13,14. In particular, the interactions that
Y, M ~10" GeV. (3)  generate the operatet) also induce lepton-flavor violation

(LFV) in the slepton mass matrices by renormalization ef-
In the basis in which the charged-lepton Yukawa maftiXs  fects. A well-known and investigated example is that of the
diagonal, all the lepton-flavor violation is contained in the standard seesaw mechani§ih®] in which LFV is induced
coupling matrixY ,, i.e. in the neutrino mass matrix: radiatively by Yukawa couplings of th&U(2),,-doublet
neutrinos with singlet neutrinady¥ (often referred to as right-
handed neutrings[13,16. Here, we would like to discuss
*Email address: arossi@pd.infn.it another example of the seesaw scenario in whichdthé
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operator(1l) is obtained by exchanging hea8U(2),y trip- Finally, at the electroweak scale Majorana masses for the
lets with nonzero hypercharge. We recall that models witeutrinos are obtained:
scalar triplets to generate Majorana neutrino masses have
been considered in the literature for a long time, though they -
have received less attention than the standard seesaw sce- m, =
nario. For example, a model with spontanedu$freaking
was proposed ifl7] and later on extendeldl8]. A triplet-
exchange seesaw realization with explititbreaking was As a matter of fact, there is a certain degree of ambiguity
also introduced19] in a nonsupersymmetric framewotia  in the effective neutrino mass matrix: its flavor structure re-
supersymmetric version of the latter scenario was recentlflects both that of the arbitrary Dirac-like matriy and that
introduced to have baryogenesis through leptogerj@gs  of the matrixMy. From a bottom-up perspective, this im-
In this work we shall further elaborate the supersymmetricplies that neutrino masses and mixing angles, inferred by the
triplet seesaw scenario. In particular, we shall discuss howpw-energy neutrino datg6], may only reflect theeffective
LFV is radiatively induced in the slepton masses and showukawa matrixY, and the overall mass scal_ (modulo
that this scenario is potentially more predictive than theradiative correctionsbut cannot be unambiguously related to
N-induced seesaw one. the more fundamental quantitiegy and My (for a recent
This paper is organized as follows. In Sec. Il we reviewdiscussion on this aspect see, for examp&g] and refer-
both the standard seesaw mechanism and that in which triplénces therein In other words, the low-energy parameters
states are exchanged. This presentation will help in showingescribed byy,, which amount to six real parameters plus
the differences between the two scenarios and outline théhree phases, are less than the number of the independent
one-to-one correspondence between the neutrino parametéfgndamental” physical parameters idy and My, which
and LFV in the soft-breaking parameters that characterize#istead are 12 real parameters plus six phases.
the triplet seesaw scenario. In Sec. I the triplet seesaw is Now, let us consider the triplet seesaw scenario. The rel-
embedded ir8U(5) context. In Sec. IV we show the general evant superpotential terms are
pattern ofY, as derived from the low-energy neutrino data.
In Sec. V we discuss the flavor-violation induced in the soft- 1 . 1 1 _
breaking terms by radiative effects in the energy range above —Y¥LiTLj +—=NH;TH{+—=»N,H,>TH,
the triplet mass threshold. The renormalization group equa- V2 V2 V2
tions (RGES9 relevant to our study are confined in the Ap- —
pendix. In Sec. VI, after giving the qualitative behavior of +MTT+uHH,, ©
the ¢;— €;y branching ratios, we also discuss some numeri- .
cal examples. We give our conclusions in Sec. VII. where the supermultiplet§, T are in a vectorlikeSU(2)y
X U(1)y representatiod,T~(3,1) andT~(3,—1), andH,
Il. SINGLET VERSUS TRIPLET SEESAW is the Higgs doublet with hypercharfe= — 1/2. The matrix

ij ia i ; ; ij i
First, we briefly review the standard seesaw mechanism ir\1(T Is in general a ¥ 3 symmetric matrix,Yz="Yr . If we

which singlet stated\ are exchangefil5]. The relevant su- sSign the lepton numbér=—2(2) to thetriplet T(T), we
perpotential terms at the scale where the lepton number {g&n see that the,, A, couplings explicitly break.. If instead

2
1% .. . .
—MZ Yi=p2 yIMg Yl ®)
L

broken are we assignL=—-2toTandL=0 to T, then thel breaking
1 parameters ar® and\;. In Eq. (9) the tripletsT, T are
YHNiLszJF _Mll\leiNj , 6) represented as>2 matrices, namely,
wherei,j=eu,r are family indices,Y is an arbitrary 3 70 _ iT*
X 3 matrix of Dirac-like Yukawa couplings, whil®y is a _ NA
3x3 symmetric mass matrix describing Majorana masses T=(io)T- 0= :
for the singletsN. If the N states are assigned the lepton _ iT* T+
numberL= —1, the second term in E@6) explicitly breaks J2
L. After decoupling the heavy statdbsat the(overal) scale (10)
M, the lepton-number violatind=5 operator(1) is gen-
erated, WhereM[lYV is identified as follows: T - _ i?—
_ _ 2
iyij:YTikallelj R T=(io)T- 0= 1 ;
M v N N N - T T
L T T
V2

'Recently, this scenario was studied for leptogengzi§ An al- .
ternative seesaw mechanism, obtained by exchanging heavy’Notice that in the supersymmetric picture two tripléfsand T,
SU(2)\y triplets with zero hypercharge, was discussefi2ity. are required.
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H H, H, seesaw scenario there are two lepton-flavor violation sources,
2 the matricesyy andMy, in the T-induced seesaw scenario
the matrixY is the only source of lepton-flavor violatidn.
(a) (b) The implications of all this are even more dramatic when
N T we consider the lepton-flavor violation induced through
I I renormalization effects. Since for a long time it has been
L L pointed out that the Yukawa couplingéy in Eg. (6) can
induce nonvanishing lepton-flavor violating entries in the
FIG. 1. Contributions to theLH,H, effective operator(a)  mass matrices of the left-handed sleptons through radiative
heavy singlet exchangéh) heavy triplet exchange. corrections [13], even in the minimal supersymmetric

) _ ) (SUSY) scenario with universal soft-breaking terms at the
where the matrices,(a=1,2,3) are the Pauli matrices and grand unified theory(GUT) scale M, m%:rng: o

H,

~

the component$,T,,T;andT,,T,,Ts0f T andT, respec-

tively, can be easily inferretiBy decoupling the triplet states
at the scaléVit we again obtain the=5 effective operator M
of Eqg. (1). Now, however, the flavor structure of the matrix m2): oem2(YIY ). log C i 13
Y, is the sameas that ofY;: that is, ()i MY Y My 7 a3

=mZl. The form of the LFV entries is

iYij_kYij (12) In this scenario, according to our previous discussion, the
M, v My T size of LFV cannot be unambiguously predicted in a
bottom-up approach making use of the low-energy data.
and the Majorana neutrino mass matrix is given by Now let us see what can occur in tiieseesaw scenario.
In this case, the lepton-flavor violating entries aliesctly
v3 vIN, connected to the effective neutrino mass matrices, as
m)=—=Y!=——-Yi. (12
L M+
M), MYy Togn®, i (14)
Figure 1 shows the diagrams inducing the supersymmetric (mg)ijemg(Y7Y )i lo My’ I

d=5 operator(1) in the N seesaw(@ and T seesawb). In
terms of component fields, the neutrino mass operator is ge
erated through the exchange of tRdermion component in
the former realization, while in the latter realization it is
generated by the exchange of thecalar component and of
the T F component which gives rise to the effective scalar
coupling\ ,MH,TTH,. This latter feature also allows us to
appreciate the supersymmetric versi@ of the T-induced 2( M+

I'3)'r, more explicitly,

2
M

2

2U2

2 2
(Mg )jjcmg

(m'm,):: Iog%
14 v/1) MT

2
M

seesaw. In the nonsupersymmetric cgk®| the coefficient — | [U(m)2U™; |°9M_G- (15

of the cubic interactiorHT™H is an independent mass pa- 202 T

rameter, say\, and thereforen,=v?(A/M3)Y+.

The difference with the standaNtinduced seesaw case is This expression enables usuaivocally predict the ratio of
manifest: in theT-seesaw scenario the neutrino mass matrixhe lepton-flavor violation in the 2-3 sector with that in the
can bedirectly related to the fundament¥; matrix and to ~ 1-2 sector, essentially in terms of the low-energy parameters:
one relevant mass scale parametég/\,. In particular, the ~namely,
amount of lepton-flavor violation measured at low-energy
through the lepton mixing can directly be linked to the only -
source of lepton-flavor violation, the Yukawa matri; “Notice that in this seesaw scenario one triplet FafF is enough
given at the scald+. The counting of the independent pa- to generate nonvanishing mass for all three neutrinos, while in the
rameters reveals indeed that in this model the independestandard seesaw three singltsre necessary for that. Also notice
Y parameters, six real parameters plus three phases, are jifat. from the flavor point of view, the seesaw realized by exchang-
matched by the low-energy physical parameters. There arf89 hyperchargeless triplef’ ~(3,0) [21] is more similar to the
two other real parameters lefl; and \,, whose ratio is N-induced seesaw. Indee(d) such tripletsT’ are exchanged in the

directly involved in the neutrino mass generation, pys ~ SaMe channel as the singldis[see Fig. a)], (ii) three hyper-

which in general is complex and is not directly connected tochargeless triplets are required to give mass to all three neutrinos,

; . S . and(iii) two sources of flavor dependence appear, the mtrixn
the neutrino parameters. In summary: while in kv duced the Yukawa interactioy +.LT'H,, and the mass matrid ., of the

triplets.
_ _ 5The authors of23] indeed regard the combinatiMﬂYN respon-
*As a consequence of the representation adopte® é&mdT (10),  sible for the LFV in the slepton masses, as a further “observable”
the SU(2)y-invariant mass term in Eq9) is to be understood as which provides the lacking six real parameters plus three phases
M:TT=Mt Tr(Tio,Tioy). necessary to fully determine boty, andMy .
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(M), [UmM®)2UM],, 15=S+T+2,
2 ~ D ' (16)
(M) e [U(M))2UM] e (18)
2 1
or for the 1-3 sector S~(6,1,—§>, T~(1,3,1, Z~(3,2€)
(m%)fe [U(m®)2U™ (the 15-decomposition is obviolisThe presence of these

(17 extra states fitting a complete GUT multiplet changes the
value of the gauge couplingg at the GUT scale, with re-
spect to the MSSM case, but does not modify the value of

Thus we can relate the rate of the-uy or 7—ey decay the unification scal® s (to one-loop accuragyThe 8 func-

with that of theu— ey decay. This is the main feature of our tions of the gauge couplings in the RGEs get modified as

discussion. follows (a=1,2,3):
This scenario is susceptible of being further elaborated.

Indeed, the presence of the ex8&J(2)y-triplet statesT,T 16772%— B.q3

at intermediate energy would spoil the gauge coupling unifi- dt aJa;

cation which takes place with the field content of the MSSM.

A simple way to save gauge coupling unification is to intro- 3

duce more stateX, to complete a certain representation Blzb1+§

R—such thatR=T+ X—of some unifying gauge grou@,

(M) e [UMP)2U™],.

8 1 7
§ns+ 3n-|-+ gnz :b1+ §n15,

GOSU(3)XSU(2)ywx U(1)y. Thus we can envisage three . . (19)
(minimal) scenarios. . B,=b,+2n+ 5Nz= b,+ 5Mis,
(@) The statesX, though with massMy~M+, are as-

sumed to have vanishing or negligible interactions with the
other states, except for the gauge interactions. This may be
the case either if we prefer not to embed the theory in any
definite grand unified theoryGUT) or if we embed it in
some GUT and the Yukawa interactions of the stdt@®dX  where b, are the coefficients of the8 functions in the
have different strength due to GUT breaking effects. In paryMsSM, namelyb,; =2 b,=1hb;=—3, and we have explic-
ticular, we could have negllglble Yukawa C(?Upllng for the |t|y shown the contribution of the new Statemsé NS
fragmentsX and, on the contrary, non vanishing Yukawa + Ng, ny=N;+N7, n;=N,+Nz and n;s=N;s+ N5 in a
coupling for the fragments. self-explanatory notation As expected, for eaclB, the

(b) The theory is embedded in a GUT but, contrary to thegyerall contribution ofS, T,Z just reproduces the Dynkin in-
ansatza), the Yukawa couplings of the stat¥sare assumed gex I of the SU(5) 15 representation. The enhancement of
to be nonvanishing and related to those of the triplet partnergye g functions makes the gauge couplings increase faster at
In this case we will generate not only lepton-flavor violation o, «_ and sif4, and assuming an average SUSY
but also closely related flavor violation in the quark sectorihreshold close to the top mass, f6rS,Z masses around
(related to theX couplings. _ 10* GeV we find that at one loog; andg, get unified at

(c) There are no extra statesor, equivalently, they are Mg~2%10' GeV to the common valugs~0.88, while

considered to be split in mass from the tripldtsand be  iha value ofg, differs by one per mil or so. In the MSSM we
decoupled at a scalg=Mg. In this case, the simple unifi- \\5u1d find ge~0.71.

c_ation of gauge couplings is _Iost and large threshold correc- The SU(5) invariant superpotentigbmitting for simplic-
tions are needed to recover it. ity the flavor indice$ reads as

5 7
B3:b3+ Eﬂs"' nZ:b3+ §n15,

Ill. SUSY SU(5) SCENARIO WITH SU(2)y TRIPLETS 1 - -1 -
) ) ) . WSU(S):_Y155 15 5+_)\15H155H

As alr_eady mentioned in the preceding section, the extra V2 V2

statesT, T with massM+ much below the GUT scale would

destroy the gauge coupling unification. In principle the latter + i)\25H1_5 54+ Y51055,+ Y010 10 5,
property could be recovered at the price of invoking large V2

threshold corrections. In the following, however, we prefer to — _

maintain the simple gauge coupling unification. To this pur- +My51515+Ms5y5y, (20

pose, the field content of the model can be minimally ex- o

tended by adding the other components of #1¢(5) repre- where the matter multiplets are understood as(8°,L),
sentations, 15 and5, in which the tripletsT and T can  10=(u®e%Q) and the Higgs doublets fit with their colored
indeed fit. In terms oBU(3) X SU(2)y X U(1)y representa- partnerst,t as 5,=(t,H,),54=(t,Hy). In the 15-multiplet
tions, the 15-multiplet decomposes as follows: the statesS, T, andZ are accommodated as
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However, this unification relation could be modified, e.g.,

1
S — 2 due tod insertions, as mentioned abo¥&imilarly, the uni-
15AB_ V2 (21) fication of the Yukawa couplings at the GUT scale,
%zbi Ti Ye=Yr=Y,=YY, (24)
2

could either hold or not. Finally, we stress that in t8ig(5)

where theSU(5) indicesA,B=1,2,3,4,5 are decomposed framework the flavor violation is gncoded not onlyYr (as
into SU(3) indices a,b=1,2,3 andSU(2),, indicesi,j already.ellljudateq aboybut glso .InYS anQYz. Therefore,
=45, A=(a,i),B=(b,j). In Eq. (21) it is understood that nonva2n|sh|ng barion-flavor V|0~Iat|ng entries in the mass ma-
Sra— &a Sab:(ll\/z)gab (a#b) and Ti=Fi il trix ma? of the sdown squarke® are induged by radiative
:(1/\/5)-"-” (i#]) [cf. Eq.(10)] where the fieldS2b Tl are corrections. In summary, the three scenat@s(b), and(c),

those canonically normalized. It is well known that the mini- put fox\ﬂd n Sect:. _Il_l (éan bgzreﬁhrast(;d as follows. .
mal SU(5) model in which the Yukawa matricé&,Y 1o are (a)23 hr?gmenwf ' H, an e;]ve € I;amye m\;’;\ss, €.,
true constants is not phenomenologically satisfactory. Thgq'( ) holds atM . However, the coupling¥'s,Y; are

latter should be rather understood as field-dependent quanfiSSumed to be negligible; i.e., E@4) does not hold. In this

ties, €.9.Ys(®) = YO+ YDD/M + - - -, whered is the ad- case only the interactions with the tripléfisand so the cou-
join',[ 2'4 Bng(S) ar51dM iss some cutoﬁ‘, scale larger than the plingsY 1 drive the lepton-flavor violation in the slepton sca-

X . ~ lar masses.
GUT scaleM¢ . This perspective allows us to correct certain (b) Both the masses and the Yukawa couplings of the 15

: _vT
SU(5)—syn;]me_try rglatllons, such =Y., |[24E] Mo(}:leg\éz, states are unified, i.e., both Eq23) and (24) hold. There-
some mec anlsm. Is also necessary to split the mae fore all the couplings’s,Y1,Y 7 will induce flavor violation
doubletH, ,and triplett,t components of ,5, notto have ;| both the sleptoi. and squarkd® masses
fast proton decay mediated by the colored state§25]. We (c) The triplet massM; is much smaller thaM g and
shall therefore adopt this point of view for the wh@&J(5) M, which are O(Mg). This could be achieved, for in-
extended model of Eq20). In the SU(5) broken phase, stance, by tuning the coefficients of the singlet and adjoint
beneathMg, the superpotential reads as components of the 155 “mass,” in analogy to what is done

for the doublet-triplet splitting for §,54 . In the following

i we shall focus or{a) and(b) and disregard the cage).

(Y7LTL+Yd°ScF)+Y,d°ZL+ Y 4d°QH,

V2
IV. Y 1 FROM NEUTRINO MASSES AND MIXING ANGLES
1 _
+YeLH;+ Y U QH+—=(N{H{TH;+XyH,TH)) Now, we relate the low-energy parameters with the rel-
V2 evant neutrino Yukawa couplings l:y adopting a bottom-up
EM-TTEMoZZ4 M S§+,uH H 22) criterion. By decoupling the statég T, thed=5 effective
T z S e operator emerges
As already mentioned, the couplings involving the colored Ny
triplets t t - Y1(LiH2)(LjHy), (25)
plets t,t do not appear as the latter are assumed to de 2M; T j

couple at the GUT scaldMs to suppress dangerols-L

violating d=5 operators. On the contrary, at the decouplingwhere the matrixy;, through the matching of Eq11), can
of the 15 fragments, n®-L violating d=5 operators are be connected t&', which parametrizes the usudF5 op-
induced, apart from the “neutrino” operator, since thé erator(1).?

states do not couple to the matter multiple_tsL(}B Only We recall that the data from solar and atmospheric neu-
flavor-conserving d=6 operators are generated, i.e. trino experiments concern the neutrino mass eigenvalues

(LdC)(ﬁ), (d°d°)(§°§°), (LL)(L_L) in the Knler poten- m;,m,,my; and mixing angles. Therefore, in the basis in

tial, which, being suppressed by the square of the large scaY%h'Ch the Yukawa T“a‘”We IS d|ggonal, Eqs(2) and (4)
allow us to determine the coupling matri, /M, at low

M5, are not relevant for the low-energy phenomenology.

Notice that in the minimal case the mass¢s,Mg,M; are

equal at the GUT scale:
q "Moreover, even if Eq(23) holds atM s, renormalization effects

0 split the masses at lower energies. However, the relative splitting is
Ms=M7=Mz=Mgs. (23 not large and we will decouple all the componeiits,Z at the
common threshold scald ;.
8The expression given in Eq25) is the leading contribution to
SAlso for the minimal “technical” realization of the doublet- the neutrino mass operator. This arises from Th&-term scalar
triplet splitting [25] we can give an interpretation of the mass pa- interaction, A,M{T*H,H,. The H; F-term scalar inter
rameterM, analogous to that adopted for the Yukawa couplings,action, u\,H>TH;, gives rise to the subleading contribution
IeM5(<I))=|V|g+)\5CI)+ Al(lu’/MT)(UZUI)/MT'
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energy and then, taking into account the running uptp[26], also at the scal®.° The mixing matrixU is parametrized
in the standard way:

C12C13 $12C13 S1€

U=| —S12C23—C15525518'°  C1sCoz—S1552351€'°  SaCi3 (26)
$15S23— C12C23514€' o - C12823— S12C2351€" g C23C13

wheres;; andc;; are the cosine and sine, respectively, of the three mixing ages.;, 6,3 and § is the C P-violating phase
which in the following is neglected for simplicity. As for the phenomenological input, we assume maximal 2-3 n#ixing,
=45°, as required by the atmospheric neutrino d& We consider the hierarchical neutrino mass spectmm¥Em,
<mg, such that it reads as

my~0, my=(AmZy)"? mg=(Amg)*? (27)

where we take\m2,,~3Xx 10 % eV2. As regards the solar neutrino case, the most favored rangenidy, is that selected by

the large-mixing angléLMA ) solution,Am§0|~6>< 10" ° eV? [6]. The corresponding best fit value for the mixing angle is
0,,~33°. However, for the sake of discussion in the following we bear in mind also different possibilities, such as the typical
vaIuesAm§0,~5>< 10 % eV? and #,,~4° of the small-mixing angléSMA) solution. Taking also into account the CHOOZ
limit, sin #;3<<0.1[28], we setf;3=0 for simplicity and later comment also on the nonzésgcase. Then at low energy the
symmetric matrixY , appears as

1 1
2
m,S —m,C — —m,C
2512 \/E 2C12512 \/E 2C12512
My 1 1
Yo=— E(m3+ m,c3,) E(ms_mzciz) ' (28)
U2

1 2
§(m3+ M,C1)

By considering the phenomenological inputs, we observe that the entries of the 2-3 sector are all comparable and can be of
order onglessentially irrespectively of the, value if the scaleM | is close toM g~ 10'® GeV. The remaining entries are one

order of magnitude smaller than those of the 2-3 sectorgfein the LMA range, while they are much smaller féy, in the

SMA range. Up to an overall factor due to the renormalization effect, the structure obtainégifofinally transferred tov ¢

at the scaleM ; according to Eq(11). We stress again that in thisseesaw scenario the bottom-up approach here adopted is

the most general one since the structurey gfis unambiguously fixed by the experimental data themselves. What can be left

to our choice is the overall scaM/\,. We shall takeM 1 in the range 18— 10" GeV and varyA, in an appropriate range.

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

The general soft SUSY-breaking terms in our model are givéh as

e e gt g 1
— Loor= L mZL+ 8 mE e+ dom2:dc -+ md HIH,+m? HIH,+ HleCAeL+HldCAdQ+§Ma)\a)\a+BMH1H2+H.c.)

1 o -1 _ _ _ _
+| AL TLH ASE) + Az8ZL+ = (AHITHL+ AH,TH,) + BiMTTT+BMsSSHB M ZZ+ Hoc.

V2 V2

+mETHT + meT T+ m2s's+ msts+ m2z'z+ m2z'z, (29)

9The radiative corrections from the electroweak scale uptoare not important in the case of hierarchical neutrino mass spectrum and
amount to an overall common fact®27]. Nevertheless these effects are incorporated in the numerical analysis.

OFor the sake of simplicity, in the following we disregard all that concerns the up-quark sector parameters, such as the scaln% masses
etc. because they do not directly enter our discussion.
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where we have shown in the first lines the relevant MSSMThese have been computed at one loop and collected in the
terms, according to the standard notatithe soft mass Appendix. In the leptonic sector we need to know the SUSY
terms for the sleptons, squarks, Higg_s b_osons, _the trilineasreaking matriceg;ng, mgc, and A, to finally compute the
terms, and the gaugino masdds), while in last lines we | Fv decay rates. They all receive flavor blind corrections
have collected the new terms involviigS,Z. In the follow-  from the gauge interactions which do not alter the flavor-
ing.we assumelzlat the GUT scale, irrespectively of the SCeonserving structure they have at the GUT sdalee Eq.
nario (a) or (b): (30)]. However, they can acquire LFV entrigge. off-
P 2 2 diagonal entriesif they get radiative corrections from the
Mg = Mo = Mge= Mg, LFV Yukawa matricesYt,Y5. In the leading-logarithm ap-
T T 5 proximation, and neglecting radiative corrections induced by
M= Mg= M= M=mMz=m;=my =mg, Ye,Yq, in the picture(a) the LFV entries at low energy are
(30) given by ([ #j)
Ae=AoYe, Ad=AoYd, A1=Aohi, Ax=Aghy,

(M2, ~—= (om2-+ 3A2)(Y1Y 1), loga®
M1=M>=M3=Mg, Dii™~g 2o o) (Y1Y1)ij Q—MT,

wheremg is the universal scalar mas4, is the universal 2
mass parameter for the trilinear terms ang is the common (Mge)ij=~0, (34)
gaugino mass. As for the remaining trilinear couplings, their

GUT conditions are in the scenarfa): -9 N Mg
(Ae)ij~ T~ AdYeYTY1)ij log—,
Ar=AoYT, Ag=A,=0, (31) 167 T
and in the scenarib) in picture (b) we find
AT:AS: AZ:AOYT . (32)

2 -1 2 2\ vt Mg
(Mp)ij~—=— (18my+6A) (Y1Y7)j |09M—,
The matrixY+ which appears in Eq$31),(32) is understood 8w T
to be evaluated at the GUT scale. Ontgis determined at 5
the scaleM; by the low-energy data as we have seen above, (Mge);~0, (35
its evolution fromMt up to Mg is given by

— MG
dy 9 Aoii~——Ag(YYIY1)i log—,
16m” g =Y1| ~ 501~ 795+ YLYet 6YIYy (A g gAY eV TYel o6,
and in the squark sector
FTrOY YD) +3YDY 4+ N2+ (YTYS
Ty* (M22)i ~—— (18m2+ 6A2)(Y1Y 1) Iog—MG
+3Y;YZ) Y. (33 il g 2 o ARG RS M M’
(See also the Appendixln scenario(b) the Y RGE is also (36)
coupled to those oY 5,Y for which the initial conditions at Y + G
the scaleM are determined iteratively under the constraints (Ad)ij = 82 Ao(YTYTY )i IogMT ’

of Eq. (24). Below Mg the universal pattern(30) of
m%,m,g,c, etc. is spoiled by radiative effects induced by where we have taken into account 8&(5) universality for

Y1.Ys,Yz. Then we have to evaluate the soft-breaking pathe Yukawa matrice$24). So the mass mammgc remains
rameters at low energy by solving the corresponding RGESdiagonaI and then flavor conserving, while bmﬁ andA,

acquire LFV elements. Once the low-energy neutrino observ-

Y“These universal boundary conditions are mainly motivated byables are fixed, the magnitude of these LFV elements wil
v 2y2 T ;

simplicity and are not assumed for other soft parameters. For independ on the matriX Yy (Mr/Aov5)"m,m,, that is on

stance, we do not declare the soft-breaking mass of the doublé?e triplet mass th_reShf)lmT and o,n the coupling constant
scalarH,, as it does not directly enter in our analysis. In this way M- 1nuS the relative size of LFV in the 2-3 sector and 1-2
the » parameter in the superpotential is not constrained by thes€Ctor can be approximately predicted in terms of only the
electroweak radiative-breaking condition and will be fixed indepenOW-energy observables, as we anticipated in @). Such
dently. We would like to make clear, however, that the aim of this@ ratio can be rewritten more explicitly

work is to present the global features of the SUBWduced see- )

saw. Therefore, the choice of these initial conditions, as well as of (m[ - mj 2 Sin 20,4

other parameters such as fammnd x, which enter in the computa- s~ —| S5 n 80, 37
. . . . (m?) m,/ Sin 26415 COSH,3

tions of the decay rates, is only made for illustrative purposes. L/ ne
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Analogous results are obtained for the entriBf!%coij .

values selected by the LMA solution. For the case of the

SMA solution that ratio increases to 310", These results
clearly hold in both scenario&) and (b). Therefore, this

VI. THE €;—¢;y DECAY RATES

estimate can directly be translated into a prediction for the Let us briefly recall here some points related to the com-

ratio of the decay rate of—uy and u—ey as we shall
show in the next section. We also recall that singg

putation of the¢;—¢;y decay rate. The effective operator
responsible for such a decay can be parametrized as

~45°, the first generation is mixed with a state which is an

equal (and indistinguishab)e mixture of the flavor states

v,,v,. It is not surprising therefore that the
2 2 .

(Mg) re/(M7) 4e be of order one:

2
( mt) Te
2 ~tan 023"“ 1.

(m]:),u,e

(39)

Notice also that the size of the lepton-flavor violating entries

(m%)ij is about a factor 2 larger in scenarib) due to the
extra contribution driven by the Yukawa couplind% s.

This implies that the related decay rates are further enhanc

by a factor 4 in scenarigb). Moreover, in scenarigh) we
have similar predictions for the sdown sector, namely,

Sin 26,5
Sin 2601,C0S653

(méc)bsw(@)z
(M) | M2
(39)

2
( mac) bd

2 ~tan 923"" 1,
(m}]c)sd

which show that the relative flavor violation in the lepton

and quark sector should be comparable in magnitude.

Finally, we would like to comment also upon the case in
which the 1-3 mixing is restored in the lepton mixing matrix.

ratio

Let=igemi(CUT;o* 15+ ClISa"1)F (42)

M

whereg, is the electromagnetic coupling and we use two-
component spinor notation. This leads to the branching ratio

4813« . y
BR((i— ;)= —=—(|C{|?+|CiI?)
Gt
XBR({;—{;vv)), (43)

where in the specific cases the lepton-flavor conserving

$%anching ratio are BR(—ev,v)~1, BR(r—uv,v,)

~17%, and BR{—ev,v,)~18%. For the numerical analy-
sis we have taken into account all contributions involving
one-loop slepton-chargino and slepton-neutralino exchange,
by using the complete formulas given, for example, in Ref.
[16]. Analogously to the case of the MSSM with singléts
[16], also in this scenario the main contributions come from
tanpB-enhanced diagrams with chargino exchange. In the
mass-insertion approximation, we recall that the parameter

dependence oﬁ:i_j (the dominant coefficietis
g (M)

1672 m*

ij

ang, (44)

So for discussion we consider the present upper bound Ofherem is an average soft mass.

013 [28] and take si;3=0.1. This leads to an enhancement

of the LFV entries (n%) ue and (m%)fe driven by the largest
massms, with respect to the);3=0 case, namely,

2 .
(M2) el 013¢0~ mg\2  sinéy; 10
2\ 161370 m,/ sinéy, cosé '
(M?) el 2 12 12
(40)
2 .
(mt)re| 9139&0’\‘ _ % 2 Sin 013 ,\_,_10
(mg) | 013:O~ m2 sin 912 008612 '
L/ e

Therefore, since the entryré)w is not modified, the ratio
of Eqg. (37) becomes~8, while that in Eq.(38) remains the
same. By considering the values o, and 6,, of the SMA
solution, we find for sirg;3=0.1 a much stronger relative
enhancement,

2
( m]:) ;Le| 01370

2 613=0
(m[)p,e| 18

2 @1
(m7) el 370~ —10°.

The main feature of our picture is the possibility to relate
in a model-independemnway the LFV of different sectors, as
Egs. (16) and (17) demonstrate. Therefore, if we take the
corresponding ratio of the BRs and take into account the
estimate in Eq(37), we find

BR(7—4Y)

BR(z_ey) ~10°

2 2 —
(m[)m) BR(r—uv,v,)

(M) e

BR(u—ev,ve)
(45)

For the case of SMA solution, this would become much
larger, i.e.~10". Analogously we can predict

(M) e

(M) e

2 —
BR(7—ev,ve) 10t

BR(7—evy) _
BR(u—ey)

BR(u—ev,ve)
(46)

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

of the LFV parameterﬁh and (Sﬂc defined as

075003-8



SUPERSYMMETRIC SEESAW MECHANISM WITHOUD. . . PHYSICAL REVIEW D 66, 075003 (2002

(A) 8}

(A) 6

i

Fe

T T T LI
-

o
T T

ST
S0

G4

10°
O E 5;
c -3
L o F
4 ij = (ue),(sd) g
00 r
-5 | 11 0 3
T M=10"" GeV :
10 . L . L ol L
s o2 0.2 0.4 0.6 0.8 1 1.2 1.4
A
2 A
107° ¢
-6 F 6 F
10 107° &
Sk (1= w7y i
E -7
E NG U emememeeen 00k
3 - |
E 0 F
= F 107° b
=10 e e _ :
T E &~ 10
- E= =10
= E
o4 F T
s} L SO
E %WO E—
F e E
E —12 [
E 07 E
: o, o T 1w L
L M=10"Cev T S
= M=o eV e o, E
i =3 T —14 [
718 [ tang=3 T 10 b
ooy o waEnp=oo e 2
=17 | ! X L 518 [ L [ SR [
10 — . 10
109 16 0.2 0.4 0.6 0.8 1 1.2 1.4
Ao Ao

FIG. 2. In the upper panels we show the flavor-violation parameterand 5% as a function of the coupling constaxy (at M) for
M;=10" GeV (left) and Mt=10" GeV (right) in both scenarioga) and (b). As for the neutrino parameters, we have takés
=45°,01,=33°,013=0 andm;=0,m,=7X 10 3 eV,my=5x10"2eV. In correspondence of each scenario, the upper lines reﬂéﬁmnd
5‘,;; and the lower ones téhe and 53; [the 5% are nonzero only in cage)]. We recall thats-,= 5;6 as well aséﬁfﬁ 52; In the lower panels
we show the resulting branching ratios for the decaysuy,u— ey, and r—ey. The horizontal lines denote the experimental upper
bounds of such BRs. For each BR the lower and upper curve is obtained in scéapeod (b), respectively. In all panels, we have fixed
A,=my=200 GeV atMg; the corresponding average slepton mass at low energy;is300 GeV (250 Ge\j for M;=10" GeV
(10" GeV). Finally, the parameters fixed at low energies areBtar8, u=300 GeV andM,=180 GeV; the latter corresponds ko,
=490 GeV (290 GeV) aMg for M;=10" GeV (10" GeV). We have also set; =\, at M.

_ |(m§)ij| - |(mgc)”.| two values ofM+, i.e., Mt=10" GeV (upper left panel
h: 2 ijT T 2 (47) and M1=10" GeV (upper right pangland for representa-
mg Mge tive values of other parameters. For each scenario the upper

(m?,mZ, are the averagé andd° squared masspms a  and lower curve refers to-, anglcéhe [orfie, cf. Eq.(39)],
function of the coupling\, in both scenarioga) and(b), for ~ respectively, and similarly fosf_ and 634 in scenario(b).
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Due to the quadratic dependence in the RGEs on the LF¥traints onm from the BR(u—evy) bound, while for targ
Yukawa matricesYr,Ys,Yz, the & parameters scale as =30 we haveny=900 GeV. More stringent lower bounds
(\,) 2. We notice that the size of the LFV in the 2-3 and 1-2 g, mz can be deduced in scenarib). Therefore in the al-
sectors maintains a constant ratie 10?, independently of |owed range for;, we have BRf— uy)<2x108 and

the scaleM [cf. the estimate in Eq37)]. In correspondence BR(r—ey)=<2Xx 10 2 Again notice that the constant-ratio
of each value of the scal 1, there is a minimum value for rule for the BRs is maintained also in this case whereis

X\, below which the RGE solutions explodfewhich is ap-  varied, confirming the fact that this rule depends only on the
proximately)\g“i”~3>< 10 4(M1/10'" GeV). We can notice low-energy neutrino parameters and not on the details of the
o model, such as the soft-breaking parameters/gr. In the

3c 7 lower panel, we show the behavior of° and the average
factor 2. Moreover? are about a factor 2 smaller théh .

o ] . . squark massige versusnt;. The fact thats?® are about a
This is due to the fact that in the evolution to low energy the, N d ©

. factor 1.5 larger for tapg=3 as compared to the case with
squark mass gets heavier than the slepton mass, becaus B=30 is due to the combined increase for lower values

the gluino driving. This different increase is reflected mostlyof tang of both Y, [see Eq. 17 and the top Yukawa cou-
in the average scalar mass(amch are determined at th_e pling, Y,~m,/(vsinB), which influences the running of,
SUSY scalg¢ and to a less extent in the off-dagonal entriesgq low-energy up toM [see Eq.(A9) in the Appendi}

2 2 . . . . | .
(mp)ij . (MGe)i; (which instead are determined at the interme-\we recall that the whole increase %f, implies an increase
diate scaleMt). The partial compensation of these effectsof Y| as well of Y, andY g through the relatior{24). Then
explains why, forMy=10" GeV, for instance, the ratio the quantitiesr,;Y} andYsY{ (scaling as 1/sitg) trigger the

8416 is smaller than 4, even thougi;~300 GeV and flavor violation in the matrixmic. The information onsd”
Mge~ 600 GeV. and nge could be useful for comparison with the present

In the same figure we also show the behavior of the,q nds on the flavor-violation parametef§ extracted from
bra_mchmg ratioglower panels for tang=3, as a represen- ha meson mixing measuremen9]. For this purpose we
tative case. For each decay th_e lower _and upper curve refefed to know also that the gluino mass at low energy is
to scenarioga) and(b), respectively. It is striking to notice M~600 GeV for M =10 GeV. For example, for tad

that the constant-ratio rule displayed in E¢$5) and (46) B c
between the BR of the decays- uy or 7— ey with that of =3 andm;>300 GeV, we havemg.~600 GeV andé‘s’d

u—ey is preserved in each casa) and (b) as well as for (Or_5ﬁ3)~4>< 10™* which is below the limits from the<®

any value ofMr, irrespectively of the value of,. More-  —K?° (or B4—B4) mixing parameter.

over, in scenarigb) with all the Yukawa coupling¥ 1 s 7 at In Fig. 4 the same analysis has been performedMar

work these rates are larger since the LFV in the slepton=10'* GeV and we have chosen,=1 in such a way that

masses is enhanced, as seen in the upper panels. The pres@atratioM/\, is the same as in the previous example. In

bound on the BR¢— ey) (shown by dashed horizontal line this way, the size of the matriX; is the same at the scale

constrains\, to be larger than~7x10"* and ~0.46 for M. All other parameters, such &, at low energy, are the

M;=10" GeV and 16" GeV, respectively, in casé). In  same as in Fig. 3. Upon comparing with the previous case

picture (b) these bounds get a bit more stringen,=2  with lower M1, we observe that for largeM; the BRs

X 10 % and\,=0.65 forM;=10" GeV and 16" GeV, re- are smaller by a factor 5 which is due to the smaller

spectively. TheT-induced seesaw strict predictions for the energy interval of the running, namely

ratio of the BRs tell us that, in view of the future experimen-[log(Mg/10** GeV)/logMg/10* GeV)]>~5. For the same

tal sensitivity, both decays— uy and u—ey could be 0b-  reason, foM ;=101 GeV the parameterd® are smaller by

served if the latter has at least a branching ratio of ordeg factor 2 or so.

1012 For BR(u—evy)<10 2 we have that BR{— u7y)

<10°°, below the expected sensitivity. On the other hand, if

we depart from the limi#,3=0 and allowf,; as large as 0.1, VIl. CONCLUSIONS

we would get BR{— uy)~10xXBR(u—evy). As for

BR(7—evy) it is always predicted to be one order of magni-  The neutrino experimental observations pointing to siz-

tude smaller than BR{—e7y). able lepton mixing have been encouraging us to further in-
In Fig. 3 we show BR¢—ey), BR(7—uy) and BR@ vgstigate the implications of Iep.ton—flavor violation in exten-

—ey) as a function of the left-handed selectron mass at lowpions of the standard model. This work may be placed among

energy withM =10 GeV and\,= 102 for both scenarios these attempts. In partlcqlar, we have considered the SUSY

(a) (upper left panéland (b) (upper right pangl For each ~Seesaw mechamsm obtam_ed Fhro_ugh the exchange of heavy

BR, the upper and lower curves correspond togar80 and SU(2) triplets. On comparing it with the more popular see-

3, respectively. In scenari@) for tang=3 there are no con- Saw scenario with the exchange of heavy singlets, our sce-
nario is more predictive since the source of LFV at high

energy, i.e., the Yukawa matriX1, can be directly con-

2One has also to check that is not too large aM so that it ne_Cted to _the low-energy Observables’ _enCOded In_th_e cou-
remains perturbative up ¢ [cf. the\, RGE in Eq.(A4) in the ~ Pling matrix Y,,. The Yukawa matrixYy mduci-zs radiative
Appendix. corrections in the mass matrix of the sleptdnsand as a

that in scenarigb) 5{‘]- gets larger than in cage) by about a
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FIG. 3. In the upper panels we display the behavior of the ¢;y BRs as a function of the “left-handed” selectron mass in both
scenarioga) (left pane) and(b) (right pane) for M= 10" GeV and\,=10 2 (atMy). For each BR the lower and upper line refers to the
case with tag=3 and 30, respectively. The horizontal dashed-line marks theuBR¢y) experimental bound. The gaugino mass and
have been taken as in Fig. 2. In the lower panel we show the corresponding paraﬁﬁce&m;hey emerge in scenaifb) as a function of
the selectron magsolid and dashed lingsThe dotted lines denotes the averagge mass. The value of the gluino madk; as obtained at
low energy is also indicated.

result, even in the case of universal scalar masses at the GUfie theoretical framework. This implies in particular that the
scale, LFV off-diagonal entries are generated. Therefore theatio of the branching ratios of the decay—uy (or 7
flavor structure of the slepton mass matrix can be determineebey) and u—e7y can be predicted and turns out to be
solely in terms of the low-energy neutrino parameters, i.e.~10°> (or 10 ). We have first derived these estimates by
the neutrino masses and mixing angles. The most remarkabtmly taking into account the neutrino parametéts), (46)
feature of this scenario is that there is a rigid entanglement odind have confirmed them by more detailed numerical com-
the flavor violation among different generations, as displayegbhutations, as shown in Figs. 2, 3, and 4. Furthermore, we
in Egs.(37),(38), which does not depend on other details of have embedded this picture in a “minima8U(5) scenario
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FIG. 4. The same as in Fig. 3 fod=10" GeV and\,=1.
in which the triplet state$ fill the 15-representation together ACKNOWLEDGMENTS

with other colored partnerS,Z. In such a case flavor viola-
tion is also induced by radiative corrections on the mass

matrix of the d® squarks. By imposing the GUT scale
SU(5)-universality relation among the Yukawa couplings of Under the contracts HPRN-CT-2000-001@&ross the En-

those states to the matter multiplets, we find that the size df"9Y Frontiey and HPRN-CT-2000-00149Collider Phys-
flavor violation in the lepton and quark sectors is compa-¢S-

rable. This implies that, similarly to what happens in the

lepton sector, the amount of flavor violation between differ-

ent quark sectors is strongly correlated. For example, one APPENDIX

could predict the supersymmetric contributionBgBg mix-

ing in terms of that td&°-K° mixing. It would be interesting In this appendix we first present the parametrization used
to further explore this point and other implications of the for the chargino and neutralino mass matrix since this deter-
SUSY T-induced seesaw. mines the relative sign between the Yukawa and gauge

This work was partially supported by the European Union
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terms? in the renormalization group equations of the trilin- W\T M W
. 2 guz
ear soft-breaking termisee Eq.(A8)]. Then we have deter- L= - ( ) _ +H.c.,
mined the renormalization group equations in the MSSM HY, guy wu H™,
with the 15+ 15 representation dU(5) at one loop, which (A1)
are therefore valid in the energy range betwdkg and the
triplet mass scal®/+. _ ) )
The chargino mass matrix term is given by and that regarding the neutralino mass sector is
M 0 1 ’ l !
1 ——F=gv —qgv
\/Eg 1 \/Eg 2
B\ . 1 1 B
- M —gu ——=gv ~
. WO 2 \/Eg 1 \/Eg 2 WO ( 2)
L= ~ - +H.c. A
" 2| RS 1 1 0 H?
~ - =90 =90 M ~
Ay 20 2™ Ay
1 1 0
—— 1% — —=gv - M
\/Eg 2 \/Eg 2
|
The renormalization group equations for the gaugino masses ,dYz 7, , 16 , .
M,(a=1,2,3) are 16w W:Yz —1—591—393— gggﬂLYeYe
»dMa 2 T T T T
167" = 29aBaMa, (A3) +5YIY,+Tr(YIY ) + 3Ty |+ 2(Y,Y]
t
where the coefficient8, are given in Eq(19). The RGEs T2YsY9Yz,
for the Yukawa couplings are
dyq 9 dy 27
_ t T e_
16772W—YT - §g§—7g§+ YiYet6YIys 16“2W_ e[_ 395—395
: . ) T F3(YIY et YTV 4+ YDV, 4 N2
+FTr(YTY 1)+ Y Y 2+ N 5[+ (Yo Ys
+YIY) Y, (A2) +Tr<vzve+3vévd>},
dy 4
16m2——=Yd — =g?— 1202+ 2Y;YI+8YlYs
dt 5 16 Zde—Y 7, 32 16 ,
a dt — Id 15gl gZ 3 g3
+TrYEY 9 +2Y3Y T | +2(Y Y]
(YY) +2Y2Yz|+2(¥aYa +3(Y Y g+ N D+ Y Y+ TrOYEY
+Y,YDYs,
o +3YLY ) [+2(Y, Y +2YsY DYy,
3we have indeed found some discrepancy in the literature. Our
results, for example, are in agreement with the RGHSOF. In the dy 13 16
. . . . 2 u 2 2 2 T
latter work there is consistency between the sign of the gaugino 16w T =Yy — 1—591—392— ?gg-i- 3Y,Yy

mass terms and the RGEs of the trilinear terms providadissed
minus sign is accounted for in front of the gaugino mass in the
matrix of Eq.(2.7) (or, equivalently, provided thé factor in the
off-diagonal blocks is removed
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d)\ T T dmgc 2
16’77 W_)\l 7)\ +Tr(YTYT+2Y Y +6Yde) 2 Tt — dc(YdY$+2YSYg+YZY£)
_ 295_793}' +2(YgY I+ 2YsY I+ Y Y mi + A(Ygmi Y
+Ydm Yd+2YSm YS+YZm YZ
d\ 9
16w2d—t2=>\2[7x§+ 6Tr(Y,Y])— £ 9T 793, +2Y MY {+ Y ZmiY )
+A(AGAL+2AALALAT)
where Y4 and Y, are the Yukawa coupling matrix of the 8 -
down and up quarks, respectively. Regarding the mass pa- - 1—5'\/'191_ 3 M30s, (A6)
rameters of the superpotential, the RGEs are
dmﬁ
,du ; ; ; 1672 —(2m +4mH )Y Y/ +4y m: YT
1672 Jr= H{BTIY LYt YEY ) +Tr(YYe) dt
3 +2Y,Y!ms +4AA] 32M 32M
m~ - =Migi- = 393-
+3(NPH D) - o305 () o
dm@ 2
LdMy 3 167 T—(méumﬁz)vﬂvu
1677 =My [Tr(Y$YT>+|x1I2+|lez—ggi
Jr(m?Q-Jrsz.l)YI,Yd
_an?
892}' (VY YiYgmE+2vimloy,
+2YIm. Y+ 2ATA
16m2 05 1 Tr(Y iy mogi— g2 e
dt Y f SS)_1_591_§g3' T 2 22 325 5
+2A¢Aq— _Mlgl 6M395— 3 M30s.
,dMz 1 16 The RGEs for the other soft-breaking masses are
16m° d_:Mz Tr(YzYz)_ 591 395~ _93

mT
2 2

6m’——= +

The RGEs for the sfermion mass matrices are 1 = 2{mZ[ |\ 4|2+ Tr(YIY )]

) +2Tr(YTm~YT)+2mH |)\1|2+Tr(A )

m,..
16m° ——=m2(Y!Yo+3YIY1+3YlY,) 24
L T'T z'z
dt +|Ad)?) - Migi - 16M3g5,
+(YIY+ 3Y$YT+3Y;YZ)m§+2(ngﬁ1Ye
2

+YImZ Y +3YImiTy 29 2\ 124 9m2 ()2 2
T 167 TZZ(mﬁ)\ﬂ +2mH2|)\2| +|A2| )

+3YIm3 Y, +3YIm2Y 1+ 3Yimiy,) o4
— 5 Migf-16M3g3,
+2(AlA+3ATA; 191~ 16M3g3
2

dm
1672 —2=2m3 Tr(YLY ) + 4[ Tr(YimZ.Y o)

6
+3AJA7) — gMigi-6M3gs,
dt

2 80
dm?, +Tr(AlAg) - 292~ —M2g2,
1672 de = (2mE+ 4m? )Y Y+ 4Y me Y] S Mi0i~ 5 Msds
24 drrr 32 80
+2YY Mt AAAL- T Mig], 1672 o=~ 1gMigi— 5 M3g3, (A7)
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1672 mZ—2m§ Tr(YLY ) +[Tr(YimiY )

dt
*x 2T\, T T 2 2.2
FTHYIME YD)+ THALAZ) ]~ 72 Mg}
32
_6M292__M393,
dmz 2 32122
167 W:_l_SM gi—6M3g5—— M3g3,
dng, ,

1672 5 :2mHl[Tr(Yng)+3Tr(YdYg)
+6|Nq|2]+ 2[3Tr(Y imEY
+YamEY D)+ Tr(YmiY ]
+Y MY &)+ 6|\ 1 |2Pmi+ 2[ BTH(AGAY)
+Tr(AAL)

2 6 2.2 2.2
+3|A ]_§M191_6M2921
dmﬁ'z 2 t
167 T =2mH2[3Tr(YuYu)+6|)\2|2]

+TH(Y [mE:Y + Y m3 Y ) + 6]\ | 2mi-

+6[Tr(AAD +]A,)?]

6
— gMigi-

5 6M395.

As for the soft-breaking trilinear coupling matrices we have

dA _ T T T
1677 AT eYe+ 9YTYT+ 3YZYZ

dt
+Tr<YTYT>+|MI2 ZOT- 73| H(YeYe
+9YTY$+3Y}Y;)AT
+BALYSY 1+ 2Y 1 3YTA+ Tr(YIAD) +NIA;

9
+ g|v|1g§+ 7Mzg§}, (A8)

dA
167r2d—tS=As[ 12YLY+2Y5Y +2Y35Y)

+2(8YsYL+YqY]

4
+Tr(YEYg) — £ 0i- 1203

+Y YD AsHAAY I+ ALY Y

167T2dA =A
t Z
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+2Y ¢ 2Y AL+ 2Y3AT+Tr(YIAS)

+f|v| 24 12M 2}
5 191 203,

YIYot+3YIvo+7Y)Y,

d

T [ > 16, T
+Tr(YZYZz)— 1_591_392_ 39 +2(2YsYg

+YqYi+2Y, YA,

T T T 7 2
+6Y,YTATH 2 AgY [+ 4AgY L+ 7o M1g]

, 16 2
+3M292+§M393 Yz,

162 dA.

it =Ae[5vgve+ 3vyly,

FTR(Y Y +3Y Y ) +3]n )2

9
+3Y1Y1— £97-30;

+ zve[ 2YIA,
+Tr(ALYI+3AY)+3NA +3Y1A;

A4 M g2 2
+3YJAz+ 2 Mgl +3Mo03

dAq
16772W=Ad[5Y£Yd+YEYU

FTrYY L +3Y YD +3[n )2

7

16
— 5917305 5705| +2(2YsY 5+ Y2Y2)Ag

+A(2ASY L+ ALY DY g+ 2Yd[2Y2]Ad+Y$Au
: 7
+Tr(AY L +3A,Y] )+3NA M,g?

, 16 2
+3M292+§M393 ,

A
2 dt“=Au[5Y3Yu+Yng+ 3TrY, YD

13 16
+3ho|? - 7501~ 305— 7 05|+ 2Yu[2YZAu
+YIAG+3THALY])

13 16
J“?')\zAzﬁL 191+3M292+ M303],
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16772%=A 2TrYLY +3YlYy)
dt 1 ele d'd

9
FTRYTY 1)+ 20\ [~ 595—795}
+2)\1{Tr(Y$AT)

+2Tr(YIA+3YIAY)

+g|v| 24 7M.,
5 191 2921

dA 9
1672 7= A2[6Tr(YZYu) +21\,|% - 297~ 794

t o 2 2
+2)\2 6TI’(YUAU)+ §M191+ 7M292 .

PHYSICAL REVIEW D 66, 075003 (2002

Clearly, all the RGEs shown above are valid in both sce-
narios(a) and (b). In the former scenario, the conditiofg
=Y,=0 at Mg ensures that Yukawa couplings,Y, and
the parameteré\g,A; are not radiatively induced, therefore
they can be simply switched off in the rhs of any RGEs.
Beneath the mass scaM;, we recover the RGEs of the

MSSM by switching off Y+ 57,Nq 5, mil;,mgg,méz and
At sz,A1,. For completeness, we report also the RGE of
the d=5 neutrino-operator Yukawa matriX, valid below

M in the MSSM[26]:

dy
dt

14

1672

6, 2 t
=Y, — 591_692+ 6Tr(Y,Yy,)

FY,YIY A+ (YIYTY, . (A9)
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