PHYSICAL REVIEW D 66, 095011 (2002
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We discuss issues in a scenario where hierarchical Yukawa couplings are generated through the strong
dynamics of superconformal field theori€3CFTS. Independently of the mediation mechanism of supersym-
metry breaking, the infrared convergence property of SCFTs can provide an interesting solution to the super-
symmetric flavor problem; sfermion masses are suppressed around the decoupling scale of SCFTs and even-
tually become degenerate to some degree, thanks to family-independent radiative corrections governed by the
gaugino masses of the minimal supersymmetric standard nibt&5M). We discuss under what conditions
the degeneracy of the sfermion mass can be estimated in a simple manner. We also discuss the constraints from
lepton flavor violations. We then explicitly study sfermion mass degeneracy within the framework of grand
unified theories coupled to SCFTs. It is found that the degeneracy for right-handed sleptons becomes worse in
the conventional S{5) model than in the MSSM. On the other hand, in the flipped S¥(BJ1) model, each
right-handed lepton is still an SB) singlet, whereas thB-ino massM; is determined by two independent
gaugino masses of SU(X)U(1). These two properties enable us to have an improved degeneracy for the
right-handed sleptons. We also speculate on how further improvement can be obtained in the SCFT approach.
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I. INTRODUCTION masses|2) decoupling of heavy sfermions; ani@) align-
ment between the fermion and sfermion bases. Much effort
Understanding the origin of hierarchical fermion masseshas been devoted to realizing the first solution by seeking a
and mixing angles is one of the most important issues irflavor-blind mediation mechanism of SUSY breaking.
particle physics. The Froggatt-Niels€¢fN) mechanism is a Nelson and Strassl¢B] have recently proposed an inter-
famous mechanism for realizing hierarchical Yukawa cou-esting mechanism for realizing hierarchical Yukawa cou-
plings[1,2]. Recently, new ideas related to extra dimensionglings. The setup is the minimal supersymmetric standard
have also been discussed. model(MSSM), or its extension, coupled to the superconfor-
In models with softly broken supersymmetf$USY), a  mal (SO sector. The SC sector is strongly coupled and as-
mechanism that generates the hierarchical structure aumed to have an infrardtR) fixed point[6,7]. The first and
Yukawa couplings generally affects the sfermion sector; onsecond families of quarks and leptons gain large and positive
would have a characteristic pattern of sfermion masses amahomalous dimensions through the SC dynamics. Then their
SUSY-breaking trilinear couplings. For example, the FNYukawa couplings to electroweak Higgs fields are sup-
mechanism with an extra(ll) gauge symmetry leads to the pressed hierarchically at the scélle: where the SC sector is
so-calledD-term contributions to soft scalar masses, whichassumed to decouple from the MSSM sector.
are proportional to the charges under the brokéh) dym- The SC fixed point has more interesting consequences.
metry.[See Ref[3] for D-term contributions through grand When pure superconformal field theai$CFT) is perturbed
unified theory(GUT) breaking and Ref[4] for anomalous by soft SUSY-breaking terms, general argument shows that
U(1) breaking] Such a pattern could be tested if superpart-this perturbation is exponentially suppressed toward the SC
ners are discovered and sfermion masses as well as trilineired point[8—-11]. Specifically, one expects that a sfermion
scalar couplings are measured in future experiments. Even atass is suppressed at the decoupling shéjeand eventu-
present, soft SUSY-breaking parameters are constraineglly receives radiative corrections governed by the MSSM
rather severely from the experimental bounds on flavogaugino masses, which are flavor blind. Hence, we would
changing neutral currelCNC) processes as well &P have a degenerate mass spectrum of sfermions like the “no-
violation. This is the SUSY flavor problem. For instance, thescale” model(at least for the first two familigs This possi-
flavor-dependenD-term contributions are generically dan- bility has already been mentioned in REE]. In this sce-
gerous. In general, the SUSY flavor problem can be solved ifario, the soft scalar masses are controlled by the flavor
one of the following three conditions is realized at least formechanism that generates hierarchical Yukawa couplings, no
the first two families:(1) diagonal and degenerate sfermion matter how SUSY breaking is mediated and no matter what
the initial conditions of the soft SUSY-breaking terms are.
This approach, which we shall pursue in this paper, is quite
*Electronic address: kobayash@gauge.scphys.kyoto-u.ac.jp  opposite to the usual scenario in which the degenerate soft
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(SM) gauge interactions and the MSSM gaugino massegjimensional SCFTs. Although closely related to the present
each sfermion mass is not completely suppressed, but coSCFT approach, it is slightly different in that the SCFT
verges on a flavor-dependent valu®,11. The convergent couples to messenger fields of SUSY breaking, not to quarks
value is one-loop suppressed since the SM gauge couplingd leptons.

are perturbatively small. It is then plausible that sfermion

masses at the weak s_cale may be calculated splely in terms of Il MSSM COUPLED TO SC SECTOR

the SM gauge coupling constants and gaugino masses. In

fact, under some assumptions, we can estimate the degen- A. Nelson-Strassler mechanism for Yukawa hierarchy

eracy factorAs of sfermion masses up to a single model-  pere we give a brief review on the Nelson-Strassler
depegdent parametdr; [10]. It was found that forMc  mechanism that generates the hierarchical structure of
>10" GeV, the degeneracy factor is 0.005-0.01 for squark§ykawa couplingg5]. We assume two sectors: One is the
and 0.05-0.1 for sleptons. In particular, the right-handeds sector and the other is the SC sector. The SM sector has
sleptons are not well degenerate in mass. Note that thegge gauge group SU(SU(2)xU(1)y, or its extension,
degeneracy factors are evaluated in the sfermion basis. 514 contains three families of quarks and leptans(i

In this paper, we first examine the assumptions that are_q 5 3) as well as Higgs fieldsl. The SC sector has a
implicit in the estimation of sfermion mass degeneracy in th au,gé groufGsc and matter fieldsb, . The fieldsy; andH

r- 1

present SCF.T appr_oach. We also discuss to what extent tgq taken to b& 4 singlets. The following superpotential is
degeneracy is required in the Nelson-Strassler scenario. Withes, neg:

this aim, we take into account the fact that FCNC processes,

when correctly evaluated in the fermion basis, have addi- W=yt H+ N i @ D+, (1)
tional suppression since the Nelson-Stras$i®) mecha-

n'slrpiée?gtsu:gl Qf?}:fehr:ga:hzuI;i\g@sr;;a:gcge;n d unified theo_yvhere the first term describes the ordinary Yukawa couplings

. X -~In the SM sector and the ellipsis denotes terms including
ries and to examine how much degeneracy of sfermion

masses is achieved by coupling to SCFTs. That is our secon(zply @, . The second term represent_s the couplings of quarks
) - ; and leptonsy; to the SC sector, which we refer to ases-
purpose; we explicitly study sfermion mass degenerac

within the framework of GUTs coupled to SC sectors. We)éenger couplmgsFor_ the messenger couplings to be al-
lowd by gauge invariance, either @f, or ®¢ should belong

take the SIb) and the flipped SU(5%U(1) as a prototype o !

0 a nontrivial representation under the SM gauge group.
of GUT models. We shall show how much degeneracy 01‘t With sufficienrt)ly many matter fields th%s 9 g?augef)
sfermion masses is expected in each case. It turns out thattﬁ‘eory resides in a “conformal window:” t’he Scsgauge cou-
simple extention of the MSSM to SB) makes the degen- . , . . ’

: - [lin has an IR fixed poinf6,7]. Suppose that the mes-
eracy of the right-handed sleptons worse, because each ”glﬁéngegr counlings.... as Wé’” aE ) ; roi?;:h IR fixed points
handed lepton is embedded into a higher-dimensional repr%t tr?is newﬁ‘ixegd ”f)int the fi?i]db- p:ins a large ano?naloué
sentation. The situation is different in the flipped SU(5) point, i g 9

. T
X U(1) case, since the right-handed leptons remair{55U @mensmnyi =0(0.1-1) through_ sup_erconformal dynam-
singlets[12], and theB-ino massM, is determined by a ics. As a result, the Yukawa couplings in the SM sector obey

combination of two independent gaugino masses of SU(5f POWer law and behave roughly like

xXU(1).
This paper is organized as follows. After a brief review on Mc AR
the Nelson-Strassler mechanism in Sec. Il A, we outline in yij(MC)~yij(Mo)(M— (2)
0

Sec. II B the results of Ref10] on the degeneracy of sfer-
mion masses in the sfermion basis within the framework of
the MSSM coupled to SC sectors. We also discuss unddnereMy is the cutoff scale, at whick; (Mg)=O(1) is ex-
what conditions the degeneracy factor can be estimated in ected. Thus the hierarchical structure of Yukawa couplings
simple manner. The FCNC constraints are examined in Se€an be generated by family-dependent anomalous dimen-
Il C by taking into account Yukawa-diagonalizing matrices. sionsy;" . The resultant Yukawa matrices are similar to the
In Secs. Il and 1V, we extend the model to GUTs and inves-ones obtained by the FN mechanism; a large anomalous di-
tigate generic features. Specifically we argue that the degemension in the NS mechanism corresponds to( B Charge
eracy of the right-handed sleptons becomes worse i(6SU in the FN mechanism. As stressed in Ré&fl, the unitarity of
models than in the MSSM. We then show how the degenthe SCFT guarantees that the anomalous dimensj{inat
eracy for the right-handed sleptons can be improved in théhe SC fixed point are always non-negative, whereas the non-
flipped SU(5)XU(1) models. In Sec. V, we briefly discuss negativity of U1) charges is just the assumption in the con-
various sorts of threshold effects, which might affect the preventional FN mechanism.
vious results. This in particular includd3-term contribu- Since the top Yukawa coupling should not be suppressed,
tions on sfermion masses in the flipped SUB)(1) mod- the top quark as well as the up-type Higgs field must not
els. Section VI is devoted to conclusions and discussion. couple to the SC sector. Although the bottom quark and tau
We note that Luty and Sundrup3] discuss a scenario of lepton as well as the down-type Higgs could couple, we will
“conformal sequestering,” which is another interesting ap-mainly consider, in what follows, models in which only the
proach to the SUSY flavor problem based on four-first two families couple to the SC sector.
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B. Degeneracy of sfermion masses TABLE I. Group-theoretical factors foA7. Our normalization
convention for the (1) gauge coupling is the SB)-motivated one,

Next we outline, following Ref[10], how convergent val-
(5/3)ay .

ues of the soft scalar masses and sfermion mass degeneracffvz
can be estimated. See also Rgf4] for a review. We also f

discuss some subtleties of this estimation. s 82 an reprsel:((e?tation Crs
The suppression of sfermion masses in the SCFT ap-

proach follows from a general property of the renormaliza-Q —-8/9 3/2 1/198 10 72/5

tion group equation§RGES9 for soft SUSY-breaking param- u —-8/9 0 8/99 10 72/5

eters [14,15. Let us concentrate for a moment on thed —-8/9 0 2/99 5 48/5

diagonal eIementmi2 of a sfermion mass-squared matfir L 0 3/2 1/22 5 48/5

a flavor basis in which the fermion Yukawa matrix takes the 0 0 211 10 72/5

form (2)]. Near an IR attractive fixed point of pure SCFT, the
RGE form? in the SM sector as well as the SC sector takes

the form In this expressionC;, is the Casimir factor fof =Q, u, d,
dmiz ) L, e, and the prefactcf{i1 summarizes the structure of the
K du =M;;mj, 3) SC sector. Typically, we finfl; ~ y{* = 0(0.1-1) for squarks

and sleptongalthough the same is not always true for sfer-

o ) mions in the SC sectprif ¥ andy; are different from each
where the coefficient matriy1;; encodes the full effects of other, the factord’;; and T'7; are also different. Only the

the SC dynamics, and can be calculated by use of the -1 .
“Grassmar{ian expansion method” if the anomglous Olimen_prefactorl“~fi has flavor dependency. Consequently, the dif-

sion v, is known as a function of the coupling constagts ference between the first and second families is given by
and \;;s. This matrix is positive definite(non-negative
since the fixed point is IR attractive. It follows that certain m> (M¢)— m2 (M¢)
combinations ofm? are exponentially suppressed. Moreover, fz "
each n;’r is suppressed if its anomalous dimensigh is 1 1
uniquely determined5,10] by the fixed point equations N 2
By =B,=0. We assume that in each model considered be- (F"fz F~f1>a=§2,3 Craaa(Mc)Ma(Mc), ©
low there exists a proper set of couplings that satisfies this
condition.

When we switch on the gauge couplings= g§/8772 and
gaugino massebl, in the SM sector 4=1,2,3), the RGE
(3) gets modified, at leading order, into

which is also one-loop suppressed compared \Mﬂ(MC).

We have considered only the diagonal elements of the
sfermion mass-squared matrix. However, as was shown in
Ref.[11] for pure SCFT, off-diagonal elements are also ex-
ponentially suppressed. Even when we switch on the SM

dn? effects, the RGEs for off-diagonal elements, unlike Ej,
,ud—=/\/li,-mj2— 2 CiaaaMﬁ, (4) contain no contribution from the MSSM gaugino masses at
K a=123 the leading order. Thus the off-diagonal elements converge
on sufficiently small values, which we can safely neglect.
whereC;,=4C,(R;,) with the quadratic Casimir coefficient ~ In Ref.[10], sfermion mass degeneracy was examined by
C,(R;,) of theR;, representation, and we have neglected forassuming the MSSM field content beldW. . Here let us
simplicity a possible contribution from the U({)Fayet- recall some results for later convenience. The sfermion mass
lliopoulos termS=Tr(Y nf). Equation(4) implies that irre-  receives the radiative correctiafrm;zi betweenM andM 5,
spective of initial values each sfermion mass converges oWhich is evaluated to be
the one-loop suppressed value of ordeM g This value,
which we will call the “convergent value,” generally de- )
pends on the detailed structure of the SC sector, since the Am; (Mc—Mz)= Zzsafal a(Mz,Mc)MZ(M¢), (7)

above RGEs are coupled equations for the soft scalar masses a=ls
in the SC sector as well as those of squarks and sleptons.
We are interested in the convergent values of squark and a’(My) Cra
slepton masses at the scale. where the SC sector de- [{(Mz,Mo)=1—— y Q=i (8
couples. Letri;; denote the soft scalar mass of ittle family aa(Mc) 2b,
of squarks or sleptors Then the convergent value D‘éi at _ o
M can be written in the formi10] Hereb, are the MSSM gauge beta-function coefficients, and

the factorsas, (a=1,2,3) are shown in the second, third, and
fourth columns of Table | for each matter field. These radia-
tive corrections are much larger than the convergent value

Wt S ChadMOMAMe) (5
- 5 ~fa%alMc/MalVic): m%i(Mc). It follows that

i T asTo2,
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2 _ 2 term?2 Another remark is that there might arise large thresh-
My, My 1/1 1

: 5 = 2| ———]A7, (9) old effects_when the stron_gly pqupled SC sector decouples.
m;, +mz, 2\T'5, f1 In expression(6), we have implicitly assumed that these are

negligible or flavor independent. We shall comment on such
effects in Sec. V.

In passing, we note the sparticle mass spectrum at the
weak scale. As far as the first two families of sfermions are
concerned, the convergent values Mt are quite small,
m%imo, and the mass spectrum is similar to that in the “no-

2
; Ciaaa(Mc)Ma(Mc) scale” scenario, provided that there is no large correction at
A= : (100 the SC threshold. Fdvl.=10' GeV, we have

; aral a(Mz,Mc)M2(M¢)

where we define the degeneracy facigrby

(Mg,m; ,Mg) =(0.91,0.25,0.18V1 5. (12)

The factorAt serves as an estimate of how much degeneracyne other Si(2)-singlet squarks have masses similang.
of sfermion masses is achieved in the present frameworkagain we have takes=0 for simplicity although nonzer§
Moreover, it is a calculable quantity independently of thejs helpful to avoid the charged lightest superpartitlSP)
detailed structure of the SC sector, especially when the SNt ). On the other hand, the third family, in particular the top
gaugino masses satisfy the “GUT" relatidd,/a,=const  quark, as well as the Higgs fields do not couple to the SC
for a=1,2,3. For example, takinifl c=10'° GeV gives[10]  sector. In general, their soft scalar masses depend on initial
values as well as the details of the RG running of gauge and
o . o 5 Yukawa couplings. Hence we restrict ourselves to the first
Ag=8x10"7, Ag=A5=6x10", and second families of sfermion masses in the following
analysis.

AT=5x10"2, Az=1x101. (12)
C. Mixing angles and FCNC constraints

. The factorAs represents a simple estimate of sfermion
Unfortunately, the degeneracy factivg for the right-handed 5o gifference in the sfermion basis. To confront the NS

s_Iepton is n_’;\ther Iarge..The primary reason is that thg raqias'cenario with the experimental bounds on FCNC processes
tive correction to_ the right-handed slepton mass, Wh'C_h 'n[16], we still have to evaluate sfermion mass matrices in a
volves onlyMy, is smaller than the othefsHowever, this  pagic that diagonalizes fermion Yukawa matrices; specifically

result does not necessarily imply that the present SCFT aRye are interested in the mixing$4,) | rr between the first

proach to the Yukawa hierarchy leads to significant lepton,, tamilies of left-handed or right-handed sfermions. In this
flavor violation, because the actual size of lepton flavor-

A - respect, the NS scenario has the advantage that both fermion
violating processes depends on the explicit form of the 1epyq sfermion mass matrices are known if the anomalous di-
ton Yukawa matrix, as we discuss below. mensions are specified. If the first two families have the

Some remarks are to be added here. The convergent valgtam - Lx % s :
. ; : e anomalous dimensiaff; = yf, at the SC fixed point,
(5) is determined by the MSSM one-loop term in the RGEthe Yukawa-diagonalizing angle will be @(1), but at the

H H 2 2\n 2
E:g L%tgﬁtr;zlrlil,Ir:?gheert-)le(:):;uézrﬁse I:‘ii(gz*éi?;t) VZIﬁZMoaf thesame timel'y; =1'7, guarantees the complete mass degen-
) . . . r f sfermions. On the other han > ¥, andT';
messenger coupling;s in Eq. (1) is not necessarily smalin eracy of sfermions. On the other hand,#f, > yr, andI's,

. . >I"7,, the sfermions have nondegeneracy estimated b
particular, the slepton masrsg(MC) will be affected by a 2 g y y

-1 -1 - . .. .
correction of orderazM3 if the right-handed leptore (I, ~T%5; ) A%, but the diagonalizing angle is as small as

couples to colored SC fields through the messenger interaéMc/Mo)”1 ™72, which gives an additional suppression to
tions. Nevertheless, the presence or absence of such corrdctCNC processes. In this way, we expect that approximate
tions depends on the structure of the SC sector; for instancélignment happens. )

there is no two-loop term of2a3M3 if both of &, and®, For squarks, the degeneracy factors are fairly small al-

are SU3) singlets in the messenger interactiefd, ®s. In ready in the sfermion basis. Moreover, if the diagonalizing

the following analysis, we will assume that such higher-loop2ndles are of the order of the Cabibbo angle, we have

.. — ~ —3 H H
terms are negligible or at most comparable to the one-loof912)LL,Rr~0.22XA7~1x10"". Using the constraint from
the KO-K° system, i.e.,

The degeneracy factaky for the right-handed sleptons can be
somewhat reducefll0] if there is a sizable contribution from the  2in the MSSM case with GUT relation of the gaugino masses, we
U(1)y Fayet-lliopoulos terns (with a suitable sigh Note that we  do not expect that the presence of thgxllg term will significantly
generally expecS#0 since soft scalar masses of the third family change the previous estimation®f andAz, unless it is associated
and Higgs fields are not constrained by SC dynamics. with a large group-theoretical factor.
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m
ﬁ (13 namics does give a suppression factomip, which is the

same as the suppression factor of the corresponding Yukawa
it is required thatmgz=500 GeV, which corresponds ftd;  couplingy;; . Therefore, even if the constraints o) rr
=500 GeV as well asz=50 GeV. Thus FCNC constraints are satisfied, we should still take care of additional con-
will easily be satisfied in the squark sector. straints on ¢;,), g from FCNC processefd1]. We need an-

On the other hand, the degeneracy factors are not smafither mechanism to suppreégerms, or to realize the com-
enough in the slepton sector. Then lepton flavor-violatingolete alignmenit of A;;. At any rate, we expect that the
processes such ag—ey decay constrain the slepton constraints coming from &) g Will be less severe than
masses. Of course, such constraints depend on the texturetbpse from §,,), rr, and to examine the latter is the sub-
the lepton Yukawa matrix generated by the NS mechanisniect of the following sections.

To see this explicitly, let us concentrate on the first two fami-
lies and denote by, and g the mixing angles for left- and . SU (5) GUT COUPLED TO SC SECTOR
right-handed leptons, respectively. First consider the case in

: : . For Mc>10'® GeV, we are naturally led to consider the
which left-handed leptons receive the same anomalous di- .C ! : . )
mensiony, ;= ., from the SC dynamics. Then the first 2 embedding of the MSSM into SUSY GUTs. In this section,

X2 lepton Yukawa matrix takes, up t8(1) factors, the lop- \évc?w?lt%g{ht:?\/Icsag(li/:g;-t%iszgglﬁa&@ ;n;ggllé gg{?hvsée:f
X= . -

" but the so-calledA termsA;jj=h;; /y;; are not; the SC dy-
(895 RrR<1.2¢10 X :

sided form sumeM- =My, i.e., the SC sector decouples at a larger
s 1 scale than the GUT breaking scale.
Yij y22< l)' As in the MSSM case of Sec. |1 B, we expect that each
e sfermion mass converges on
B MC Yel 722 Mg _ 3 2 1 )
~ M, ~m_M—5X10 : (14 ”ﬁi(Mc)—F—?insas(Mc)Ms(Mc), (17

where the lepton mass hierarchy originates from the anomawvhere a5(Mc) andMs(M¢) are the SUb) gauge coupling
lous dimensions of the right-handed leptons. In this case, thand the gaugino mass at the sche . Representations of
left-handed leptons haw@(1) mixing and that will be favor-  quarks and leptons under SU&) are shown in the fifth
able from the viewpoint of neutrino oscillation. Interestingly, column of Table I. The sixth column showd;s for each
the left-handed sleptons are completely degenerate singaatter field. On the other hand, the radiative correction in the
Y11=, implies T' ;=T ,. Moreover, the right-handed GUT regime betweeM andMy is obtained as
leptons have the mixing angle ék=O(¢g), which gives an
additional suppression toafZ)RR. Thus we will have no
strong constraint.

If mixing angles are larger tha@®(10 %), the constraint
becomes significant. For example, if both the mixing anglegvhere bs is the beta-function coefficient ofs, and

C
A (Mc—My) = 6% 5(Mx Mo ME(Mc), (18

for left- and right-handed sectors are of order I5(Mx,Mc) is defined by
2
M)
g [T 10-2 oMy Mo =1— 25 19
6, ~ 6 mM_7>< 1072, (15) 5(Mx,M¢) w2(Mo) (19

we have giz) LL~7X10%2A7~3%x10 % and (5{2) rRr~7 Then the sfermion mass degeneracy may be estimated by the

X 1072A7~7x 1073, and it is required that; =100 Gev  use of
andmz=200 GeV from the constraint 2
Crsas(Mc)M5(Mc)

m} 2 A?:A 2 A 2 y (20)
(@{2)LL,RR<2'O><1073X m) . (16) rn.f’i(MC—”\/lX)—i_ rn.f—i(MX_”vIZ)

2 - o
. . . where Am: (My— M) denotes the radiative correction in
The constraint on &)z requires that the gluino and i(Mx—=Mz)

squarks are heavier than 2 TeV, whereas that&i@) (L cor- the MSSM regime, Eq(7), with Mc=My.. The value ofAy

responds to gluino and squarks heavier than 400 GeV. In_______
general, the larger mixing angle the right-handed lepton sec-,

tor has, the heavier sleptons are required from ey decay. One way to achieve this possibility was discussed in RET],

. : . where the Yukawa couplingg;; by themselves are suppossed to
For example, it is required tha;=300 GeV if 6r=0.2. have infrared fixed points. In models with extra dimensions, it was

We remark th_at there are additional constrglnts ,Cjomm%lso argued18] that, thanks to power-law behavior due to Kaluza-
from (612).r, Which are related to SUSY-breaking trilinear yein modes, hierarchical Yukawa couplings can be obtained at the

couplings hijTﬂiTﬁjH. In the present SCFT framework, the IR fixed points. In this case, however, it seems difficult to realize
soft scalar masses are well controlled by the SC dynamicsinite mixing angles.
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0.020 TABLE II. The minimal flipped SU(53XU(1)r model. The
0.018 last column shows = /40X, whereX is the S@10)-normalized
b file U(1)g charge of Eq(21).
Af 0.014 MSSM SU(5) . U(1)e
0.012 content representation charge
010 p —m——— T di, Qi, vii 10 +1
.008 J\ F ui, L 5 -3
0.006 ii hge,CRihd ; J_rg
16.5 17 17.5 18  18.5 19 h h¢, h, 5 +2
log1o(Mc/GeV) ﬂ E +1
H — 10 -1

FIG. 1. A5, Ag, andAj againstM¢ in the SUSY SW5) GUT.

depends on the flow of the gauge couplirgsanda,_1 , 3, SCFT approach, that is, the approximate mass degeneracy of

but not on the gaugino masses. sfermions without specifying a mediation mechanism of
Figure 1 shows\; for squarks and Fig. 2 for sleptons. For SUSY breaking.

definiteness, we have takdén= —9/2 corresponding to the

minimal SU5), while differentbs lead to similar results. IV. FLIPPED SU(5)X U(1) COUPLED TO SC SECTOR
Compared with the MSSM case, Eq$l), (12), the mass

spectrum at the weak scale is almost the same, but the de- We have observed that, within the framework of the ordi-

generacy factors are not. First of all, the degeneracy factordary SU5) GUT, the degeneracy factakz is not small

for squarks and left-handed sleptons become slightly large@nough for the right-handed slepton because of its large Ca-

Note also thaﬂé a_ndA-L«J are |arger thama' SinCQQ andu simir coefficient. From this viewpoint, It Is Interesting to

belong to thelO representation under $8) whereasd be-  consider the flipped SU(5)U(1) models[12], where the

longs to the5, and the former has a larger convergent valueright'h"jlrldecj lepton is not embedded into a nontrivia(SU

than the latter. There is a small splitting betwelg and Ay representation, but is an %) singlet.

b 2 liahtly | diati i i th Let us first recall the basic feature of the minimal flipped
ecausem; gets slightly larger radiative corrections in the SU(5)x U(1)r model to fix our notation. The gquantum

MSSM regime from théN-ino massM,. numbers of matter and Higgs fields are shown in Table II,

More importantly, the degeneracy for the right-handedang the embedding of each family of matter fields is explic-
slepton becomes drastically worse than before. The reason gy given by

very simple; the right-handed lepton is embedded intalthe
representation, which has a large Casimir coefficient, so that 0 dS —d% u; d;
the convergent valud€l?7) is enlarged. Consequently the

FCNC constraint for éﬁz) rRR Cannot easily be satisfied, re- 0 Ri Uz do
quiring heavier sleptons and/or a specific form of the lepton T= 0 uz ds |,
Yukawa matrix. It is rather surprising that this simple group- 0
theoretical fact precludes the 8) extension of the MSSM. R
At any rate, the embedding into $&) discussed here would 0
remove one of the most interesting properties of the present
URs
0.7 y T . . utF:22
0.6 =| Ugs |,
—-e
0.5
14
Af 0.4
0.3 € and S=eg, wherevy is a right-handed neutrino. If theg
' components of the ten-dimensional Higgs fieldsand H
0.2 B 1 develop the vacuum expectation values, the symmetry break-
0.1 L | ing to the MSSM can be achieved with a simple implemen-
) tation of the missing partner mechanism for doublet-triplet
splitting [19]. Through this symmetry breaking, the 24th gen-
16.5 17 17.5 18 18.5 19 o0
logo(Mc/GeV) erator T2*=\/3/5Y of SU(5) and the U(1} generatorF
= /40X are related to the hyperchardyeas well as its or-
FIG. 2. Az and A7 againstM¢ in the SUSY SW5) GUT. thogonal broken generatot One way to describe this rela-
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tion is to embed the gauge group into @0 and to repre-
sent Ul) generators in the SQ@0) basis. By picking its
SU(4)psX SU(2), X SU(2)g subgroup, we have

- 3 2
X= \/%T,lfg— \[ng,

3. 2 3
\/;Y= \[ET,%FS— \[gT%.

Here T3 is the third generator of SU(3)and Tha= \/3/8(B

—L) is the 15th generator of the Pati-Salam(8)Jwhich is
proportional to theB—L charge. Equatiori2l) is precisely
the flipped version of the usual $Q) relation

3 2
X= \/;Téss— \/%Ts,

3 2 3
\/;Y= \/;T]F'%-i- \[ng,

where X is nothing but the W) generator of
SO(10)/SU(5)c., often called U(1). Since these two sets

(21)

(22

of U(1) generators are orthogonally related to each other, wi

have

1")‘( ‘/ﬁ-rm
57775 e

\FY—@X 1T
5 57 5

For notational simplicity, letzf and «; denote the gauge
couplings of SU(5pxU(1)r. With the normalization of
U(1) generators as above, the embedding into th€180
GUT would lead toa;=ag, although we do not assume
such a further unification.

We assume that the SC sector decouples at the btgle

X =

2 (23)

PHYSICAL REVIEW D 66, 095011 (2002

TABLE Ill. The group-theoretical factors in the flipped SU(5)
XU(1) model. The last two columns show the “flipped hyper-

charge”Y and the U(1) chargeX in Egs.(21), (22.

f SUBXU(M)  Cfs  Ch ey VAOX
Q (10, +1) 72/5 1/10 +1 +1
di (10, +1) 72/5 1/10 -4 -3
v (10, +1) 72/5 1/10 +6 +5
L (5,—3) 48/5  9/10 -3 -3
UR (5,—3) 48/5 9/10  +2 +1
eq 1, +5) 0 5/2 0 +1
Mi/a; Mi(My)
p= afen  MallVx 26

Mglag Ms(My)’

which parametrizes the relative size of two independent
gaugino masses of SU(X)U(1). SQ10) gauge symmetry
would requirer = + 1, but we treat as a free parameter. The
gluino massM; and theW-ino massM, are matched as
usual and are independent if; . However, theB-ino mass

g/ll does depend on, and the ratiavl; /M is given by

1+ 24
25

aq 5ay

M, (1+24
—( (27)

M; | 25

a3 B 3&’3 '
We expect that the degeneracy factor for the right-handed
sleptons also depends onsince their masses will be domi-
nantly governed by the (1) gaugino masses.

It is straightforward to estimate the sfermion masses and
confirm our expectation. The RGE for the soft scalar mass,
which includes the leading term of the SUEBY(1) gauge
loop, is

dm?

_ 2 ’ ’ 12
MW—Mijmj —a;m ClaalM 2, (28)

below which the model is exactly the same as the minimal

flipped SU(5XU(1) model. At the scaleMy where

whereC{, denote the Casimir factors under SU&Y(1).

SU(5)x U(1) breaks to the MSSM gauge group, the hyper-Under the assumption that higher-order corrections to the

charge gauge couplingay=(3/5)a; is matched with
SU(5)x U(1) gauge couplings; and «; according to

15 25 1 24

=—+—. (29
ay a1 g aq

second term are small, we may estimate the convergent value
of each sfermion mass & and the degeneracy factor at
the weak scale by

The measured value of the SM gauge couplings requires

aj(My)~ai(Myx)~ (27X 24.5) 1. The matching condition
for the corresponding gaugino masses is given by

My 1 (M5 24Mm;
a; 25\ af a;y
1424\ ML [ 1+24r\ M}
= — = — (25)

Here we have introduced a RG-invariant quantity

1
m%i<Mc>=Taglc;aa;(Mc)Mf(Mc), (29
| a=29,
2 Claai(MoMZ(Mc)
A= : (30

Am: (Mg—My) +Am: (My—Mg)”

The group-theoretical factors are shown in Table Ill, and the
radiative corrections in the SU(%)U(1) regime can be cal-
culated in a manner similar to E¢7) with b;=—5 andb;
=15/2. The results does not strongly dependvbg, and we

will take M =My for definiteness.
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FIG. 3. The slepton degeneracy factaragainst in the flipped FIG. 4. mz /M3 againstr in the flipped SU(5X U(1) model.
SU(5)XU(1) model. The dashed line shows the value in the
MSSM case. correction toAg for such a small value off|. Even if the

W ially int ted in th ted d I?tter correction is properly taken into account, the ratio

€ are especialy interested in the expected degree 1/M3 will be unacceptably small from the viewpoint of
degeneracy\; for the right-handed sleptons. The point is the naturalness

2 . . .
that the convergent value;(Mc) is governed by the flipped  Tpe slepton mass at the weak scale is approximately
U(1) gaugino massV;, whereas the radiative corrections
2 . . . .

Am; are determined by thB—lng masle,’ which contalr)s Mz=0.9M,, (33)
as a component the $8) gaugino masg as well asM;
according to the matching conditid@5). Consequently, the

. as long as the radiative correctidem? dominates over the
degeneracy factakz behaves like 9 e

convergent value. Equatiof27) then implies that the ratio
2 mz/M3 decreases as we decreasas is shown in Fig. 4.
(31 For the other sfermions, the degeneracy factors and mass
spectrum are determined dominantly ks, and M, (a
=2,3), and are almost independentrdér a moderate range
of the parameter<(0(2.5). Explicitly, we obtain, forr

2

o

25
1+24r

M
AEOC M—l

Numerical values foAz are shown in Fig. 3 as a function of
r, and we find explicitly

=1/8,
6.6x10°2 for r=1/8, - , )
5=111x10° 1 for r=1. (32 A5=15x10"%, A7=1.3x10"1,
Compared with the MSSM cas#1), a similar value ofAz is A73=1.6X10"2, Az=1.1X10 2, (34)

obtained in the=1 case, as is expected from the fact that

r~1 corresponds to the usm_JaI G,U'_r relatlc,)n of gauginoyhich are almost the same as in the(Slcase, except that

masses. As we decreasdeepingMs fixed, M, decreases ¢ 5,4 gre interchanged. The mass spectrum for squarks

linearly, whereasvl, reaches a nonzero yalue, and tm,’§ and left-handed sletpons is almost the same as i ).

becomes small. In other wordthie mass difference ofes Note thatA7 is larger thamz=0.12 owing to the embed-

Sviti?ér?r:gesdu(%/ ce:)msmoarlller??glglﬂg Qasosr:;stshifffggﬁ\%) en_ding into 5. As discussed in Sec. IIC, the constraints from
P y lepton flavor violations depend on the lepton mixing angles.

hances the averaged slepton madssthis way, we find that For mixing angle15). the constraints from&({z) require
the degeneracy factaky is improved forr<0.5 compared ' LL
d y © P P m;=200 GeV, which should be compared witing

with the MSSM case. Folr|>1, the B-ino massM; be- _ ol ) X L
comes proportional 1}, and Az approaches its maximal ~ 200 GeV from (1,)rr in the MSSM with the same mixing
angles. The former corresponds kb;=1 TeV, while the

value 0.12 latter requiresM ;=2 TeV. Thus the flipped SU(5)U(1)
At first sight, the d facta Id be arbitraril . 3~ : .
st sig € cegeneracy 1actg could be arbitrartly model, unlike the S(b) models, is on the level of the

small if M;<M{. However, this is not true because our

estimation based on the RGES8) is no longer reliable for a MSSM.

hierarchically small value dffr|<0.1. At the two-loop level,

for instance, the RGE contains potentially dangeous terms V. THRESHOLD EFFECTS

like N2atM L% and a;alM ML, wherel, is the messenger

coupling of the S(5) singletek. As mentioned in Sec. Il B, Up to now, we have smoothly connected RG flows of soft

the former term is absent if we assume that only(3U scalar masses &y as well asM . We reexamine this pro-
singlet fields couple tey through the messenger interaction. cedure and briefly discuss possible threshold effects of vari-
On the other hand, the latter term will give a substantialous sorts.
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A. D-term contributions in flipped models to say about such effects; one could in principle evaluate SC

When the rank of the gauge group is reduced, the gaug@reshold effects once the SC sector is specified, but it re-
symmetry breaking inducesRxterm contribution to the soft quires hard work in understanding the strong dynamics. Ba-
scalar mass squareAIDm$= q:(D), which is proportional to sically we do not expect that the Yukawa hierarchy generated

the charge of the broken(® symmeny(3,4, Here we con- gt 08 £ ETEe 8 HIETRaES O e e e
sider the effects of such additional termshdj induced by ' P P

SU(5)XU(1) breaking. Of course, the charges under theqUi.Ckly .[5]' we hav'e assumed that the same is true in our
broken symmetry are the same between different families‘,aSt'm"J‘t'or_1 of Sfer”?'on masses a_nd degeneracy.
There is a special case in which SC threshold effects are

and those do not create nondegeneracy. However, such addi- i -
tional contributions change the overall magnitude of sfer/€liably calculated. Consider for definiteness the MSSM

mion masses at the GUT threshold, and also change the mag@upled to the SC sector, whose decoupling is caused by
The D-term contributions induced through the breaking ofthe soft SUSY-breaking parameters are giveurely by
SU(5)XU(1) can be expressed in terms of the broken genanomaly mediatiorj21]. Even in this special case, one can

eratorsF = 40X and Y= \/§3T§4 in Eq. (21) as evaluate as b_efore the “convergent value” of the sferm_ion
mass, which is actually the same as the anomaly-mediated

5 1 ' N one calculated by using beta functions of the MSSM coupled
Apmy=g (Fray™+24Yas")mp. (39 to the SC sector. On the other hand, as was argued in Ref.
[22], the mass parametéft - should be extended to a back-
The magnitude ofn% can be calculated when we explicitly ground(nondynamical superfield, and it§ term will affect
fix the model and its breaking pattern. To be generic, howthe soft terms. One then expects that there will arise SC
ever, let us taken3 to be a free parameter. With the help of threshold effects such that, after the decoupling, sfermion
af(My)~a1(My), the above expression can be rewritten asmasses are precisely the anomaly-mediated ones calculated
in the MSSM framework. Thus the SC threshold effects are
calculable in this case, although they are of no interest be-
cause of the tachyonic sleptons.
There is an interesting puzzle here. Originally we were
:\/E)xf<DX>, (36) interested in the SCFT approach because it can provide a
degenerate sfermion spectrum no matter how the SUSY is
whereX is the U(1), generator(23) in the SQ10) normal-  mediated; if we consider RG flows of each sfermion mass
ization, and (DX)Eagm%. Using the values of U(L) corresponding to various initial conditions at the cutoff scale,

2 \/4—0 kv, ’
Apmi~——(Xi+ V24TE) a;?mj

charges shown in Table Ill, we have all the flows converge on a certain value thanks to the SC
) dynamics. Such RG flows would contain a special flow cor-
Apmr=—-3(D,), ADmgz(DX), (37 responding to the anomaly-mediated spectrum. Now, sup-

pose that SUSY breaking it mediated purely by anomaly

which give opposite effects on left- and right-handed sleptormediation. Nevertheless, the above convergence property of
masses. Thus it is not possible to improve the degeneracy f®G flows would imply that the sfermion spectrum at the
both of them at the same time by tBeterm contributior. ~ decoupling scale, and thus the SC threshold effects, will be

Equation (33) indicates that the right-handed sleptons aimost the same as the anomaly-mediated one. Specifically,
tend2t0 be the LSPs. Therefore a positive contributionthe MSSM coupled to the SC sector would always lead to
Apmz>0 is favored to make them heavier, and this slightlytachyonic sleptons no matter how the SUSY is initially me-
improves the degeneracy for the right-handed sleptons. Howdjated.
ever, the degeneracy for left-handed sleptons becomes worse. The resolution of this apparent puzzle is that the conver-

. -~ —1 -
For instance, we have\{=2.1x10"" if we take (D,) gent value of each sfermion ma&rg2 is independent of the

=0.IM%(My). i o 2
initial conditions for m;, but does depend on the MSSM

gaugino masses. Therefore the sfermion mass spectrum can

be different from the anomaly-mediated one, provided that
When the strongly coupled SC sector decouples arounthe MSSM gaugino masses are different.

the scaleM ¢, there arises another type of threshold correc- At any rate, a lesson is that SC threshold effects do affect

tion, which we refer to as SC threshold effects. We have littlesfermion masses, and it is interesting to calculate these SC

threshold effects explicitly.

B. Note on SC threshold effects

4D-term contributions through the breakititz— SO(10) can be
used[20] to increase the slepton masses, which are originally ta-
chyonic in a scenario of anomaly-mediated SUSY breakRdj.
Such contributions might also be helpful here since the brok@gn U We have studied sfermion mass degeneracy within the
charge takes the same sign for all quarks and leptons. framework of GUTs coupled to SC sectors. In the (S5U

VI. CONCLUSION AND DISCUSSION
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model, the degeneracy factdr; for the right-handed slep- X U(1), the degeneracy can be improved if the gaugino
tons becomes worse than in the MSSM. The reason is thahasses do not satisfy the usual GUT relation so that the
the right-handed leptore; is embedded into the ten- convergent value of the sfermion mass is much suppressed
dimensional representation and the convergent mass value¢ompared with the radiative corrections in the MSSM re-
enlarged. Models with larger gauge groups like(8® and  gime. The SU(5X U(3)y models[28] will have a similar
Es will have the same feature, as long as the SC sectoproperty. We speculate that, even with a simple gauge group
decouples at a scale larger than the GUT breaking scale. OrfJ(5), such a suppression of the convergent value could be
way to keepef a non-Abelian singlet is the flipped SU(5) realized if one supposes that the SJgauge multiplets live
X U(1)g model. In this model, the degeneracy of the right-in extra-dimensional space-times. In this setup, the power-
handed sleptons can be improved if the U{gugino mass law evolution of the gauge coupling and gaugino nia@s-
M} is smaller than the SU(5)one; a smalM} reduces the 31] makes them extremely small aboiy (in such a way
convergent value and the mass difference, while the SpJ(5)that Ms/as is still RG invariant[30]) provided that the
component of thd@-ino mass enhances the averaged sleptoig@uge coupling is asymptotically free. Consequently, the de-
mass. generacy will be improved iM¢ is taken as the energy scale
In this paper, we have estimated sfermion mass degervhereas andMs are very small. To keep our RG calcula-
eracy without specifying the model for the SC sector. To thiglions reliable in the SC regime, quarks and leptons as well as
end, we have assumed that the convergent value of the sfepC-Sector fields are supposed to live in four dimensions.
mion masses at the decoupling scale is dominantly deteSuch a setup could also explain why our gauge coupiing
mined by the MSSM one-loop terms in the RGEs. This asiS smaller than that in the SC sector, thanks to extra-
sumption is plausible for the SB) case, but is crucial dimensional volume suppression.
especially for the right-handed sleptons in the MSSM and the The Nelson-Strassler scenario, on which we have focused
flipped model. A clever model building will be required In this paper, assumes that the anomalous dimensions of
when the SC sector is vectorlike under the SM-sector gaug@uarks and leptons take flavor-dependent values at the SC
group. We have also assumed that our estimation is not sufixed point. The difference betweey{' andy leads to hi-
stantially modified by SC threshold effects. We expect thagrarchical Yukawa matrices, but at the same time the differ-
the size of such effects will be at most comparable to theence betweell’; andl’; leads to a distinctive nondegeneracy
estimated convergent value of the sfermion masses. It igf sfermion masses. In the “Yukawa hierarchy transfer” sce-
worth examining these points by explicit calculations. nario[32], the SC dynamics is supposed to be flavor blind at
Finally, let us speculate about possible extensions of théhe fixed pointy! =y andl';=T';, ensuring complete de-
present work. We have neglected effects from the third famgeneracy of sfermion masses. The hierarchy among Yukawa
ily of quarks and leptons and their Yukawa couplings. In thecouplingsy;; is derived by assuming an inverse hierarchy in
quark sector, it is safe to neglect the third family, since theythe messengetouplings\ ;¢ at the cutoff scale and kyans-
have only small mixings with the others in many realistic ferring the initial hierarchy through the SC dynamics. More-
Yukawa matrices. However, the same is not true in the leptover, the assumed hierarchy can be derived, e.g., through the
sector. In particular, the flipped SU(B)JJ(1) model re- FN mechanism in the SC sectaithout spoiling the sfer-
quires that the tau neutrino Yukawa coupling is as large asnion degeneracy by family-dependdditerm contributions.
the top Yukawa coupling. In general, the large mixings in theThis new scenario provides an alternative way of realizing
lepton sector induce a significant flavor violatiéh, through  the degenerate sfermion spectrum and hierarchical Yukawa
the radiative corrections above the mass sddlg of the  matrices at the same time.
right-handed neutrinof23—26, which constrains the sfer-
mion mass _spectrum ang/or. requires a _specmg form qf ACKNOWLEDGMENTS
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