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The infrared attractive force of the bulk gauge interactions is applied to soften the supersymmetric flavor
problem in the orbifold S(b) grand unified theory of Kawamura. Then this force aligns in the infrared regime
the soft supersymmetry breaking terms out of their anarchical disorder at a fundamental scale, in such a way
that flavor-changing neutral currents as well as dange@iisiolating phases are suppressed at low energies.

It is found that this dynamical alignment is sufficiently good compared with the current experimental bounds,
as long as the diagonalization matrices of the Yukawa couplings are CKM-like.
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The major success of grand unified theofi@&)Ts) based [18]. Another type of idea to overcome the SUSY flavor
on softly brokenN=1 supersymmetrySUSY) is the gauge problem is to use the infrared attractive force of the gauge
coupling unification that makes it possible to predict one ofinteractions[23—2§. Along this line of thought, it was re-
the three gauge couplings of the standard ma8a) [1]. cently suggested in Ref29] (see alsg30]) to introduce
Despite its success, there are still problems that we are facegktra dimensions in SUSY GUTs to amplify the infrared at-
with and that deserve theoretical attention. One of them igractive force of gauge interactions. It was found that this
the problem of the “doublet-triplet splitting”: If the SM force can align the SSB terms out of their anarchical disorder
Higgs doublet is embedded in a larger representation of at a fundamental scale, even if the ratio of the fundamental
GUT, there will be colored partners of the SM Higgs doublet.ScaleMp, to the GUT scaléVi gyt is small<O(10°).

These colored partners will cause fast nucleon decay in gen- The reason for this dynamical alignment of the SSB pa-
eral, unless they are extremely hed2y3]. So, the following ~ ameters is simple. The couplings in the Kaluza-KIeKiK)
question should be answered: How can one arrange, witholf#€0ries show power-law running behavior. Therefore the

fine tuning of parameters, to keep the Higgs doublet lightUnning gauge coupling and the corresponding gaugino mass

while making the colored Higgs doublet superheavy? Redre highly enhanced towards the infrared region in asymp-

cently, Kawamurd4] suggested a simple idea in five dimen- totically free theories. Then the radiative corrections by the
sions ,that is compactified 08Y(Z,% Z}) [5]. He showed gauge interaction, which dominate over the tree level values,
2 2 .

hat th d ¢ th— il ¢ make the effective soft parameters align with the flavor uni-
that the zero modes of thei=2 gauge supermultiplet of yesa) forms at low energy. The main assumption in R249]

SU(5) and two pairs of the Higgs hypermultipletsimnd5  was that only the gauge supermultiplet propagates in the bulk
can be projected out so that only those that correspond to thsf the extra dimensions to suppress the flavor-dependent con-
minimal supersymmetric standard mod®ISSM) remain as tributions of the Yukawa couplings to the renormalization
zero modes(see also Refs[6,7]). So, the doublet-triplet group(RG) running of the SSB parameters; the Yukawa cou-
splitting problem is shifted to that of the space-time geom-lings obey only the logarithmic law of running in this as-
etry, which may be answered in a more fundamental theorgumption. Therefore, the assumption of H&8] as it stands
that contains gravity8]. does not fit the orbifold GUT of Ref4].

Another very difficult problem is the SUSY flavor prob- In this paper, we are motivated by the desire to combine
lem: In its phenomenological applications, SUSY is intro-the mechanism of Ref29] to solve the SUSY flavor prob-
duced to protect the Higgs boson mass from the quadratiem with the idea of Refl4] to overcome the doublet-triplet
divergence. Therefore, the effects of supersymmetry breaksplitting problem. Since in the orbifold GUT of Rd#] it is
ing should appear at low energies as soft supersymmetrgssential that the Higgs hypermultiplets also propagate in the
breaking(SSB terms[1]. However, if only renormalizability  bulk, the Yukawa couplings obey the power law of running
is used to guide the SSB parameters, it is possible to intrd-31—34] and nontrivially contribute to the RG running of the
duce more than 100 new parameters into the M§SMThe = SSB parameters, and hence can introduce a flavor depen-
problem is not only this large number of the independenidence in the SSB parametef85]. Since, however, the
parameters, but also the fact that one has to highly fine tun¥ukawa couplings of the first two generations may be as-
these parameters so that they do not cause problems witumed to be small, the flavor-blind infrared attractive force
experimental observations on the flavor-changing neutrabf the gauge interactions are still dominant in the running of
current (FCNC) processes andCP-violation phenomena the SSB parameters of the first two generations. In contrast,
[10-14. There are several approactidsl5—17 that over- the running of the SSB parameters of the third generation
come this problem. Their common feature is the assumptiomwill be modified, because the Yukawa couplings of the third
that there exists a hidden sector in which SUSY is broken bygeneration can be comparable with the gauge coupling in
some flavor-blind mechanism, and that SUSY breaking isnagnitude. We therefore expect a certain splitting between
mediated by flavor-blind interactions to the MSSM sectorthe soft scalar masses of the first two and third generations.
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Yukawa coupling, is sizable; however, the flavor-mixing
masses at low energy can be consistent with the observations  Ji
on the FCNC processes.

We will see that this splitting, especially by the top quark 1 Ao\® 1 1 [bX, Ag)?
A2<A>‘(X) ?AOH—JT[ _<X) }
I

Ab; A
- In—1, (5)
I. GAUGE COUPLING UNIFICATION (RA)? Ao
IN ORBIFOLD GUTS
In ordinary GUTSs, the gauge coupling unification is a con->° that the difference of two gauge couplingsiats
sequence of the unification of the SM gauge groups into a
simple unified gauge grou. In orbifold GUTs, howeverg 1 1 ol 1 1
is explicitly broken by the boundary condition. Therefore, = (A)— A—Z(A):(X) = (Ag) == (Ao)
the gauge coupling unification is not an automatic conse- i 9 9 9
guence ofGg. Below we would like to make a quantitative 1 (Ab—Ab) A
consideration of the consequence of this breaking. -——— VY Ih—. (6
Let us start by assuming that thgzfunctions of the SM 8m* (RA)° Ao

gauge couplings);, g,, andgs; above the compactification
scaleA = 1/R can be written in the one-loop level 31— The point is that Eq(6) does not imply that all three cou-
34] plings have to coincide with each other at a single scdaje
in order for the unified symmetry to recover @t=o. This
dgi ¢ 5 consequence seems to be rather natural, since the boundary
Bi=Agy= 16 5[ —bXs(RA)+Aby], (1) effect breakingG should not influence to a much shorter
& length scale than the radius of the compactified dimensions.
L .. We may call this “asymptotic unification.”
where X expresses the regularlzatlon-_dependent coefficient Here it may be questioned whether the fundamental scale
[_36]' The_ first term represents contr|but|ons_ of the bulk annot be taken much higher than the compactification scale,
fields, which are common for all gauge couplings. The S€Cyince the 4-  dimensional gauge coupling seems to exceed
ond termAb; results from the massless modes, where the?ts strong-coupling value with which the loop expansion be-
structure of the massless modes depends on the boundglyeq meaningless. This naive dimensional observitigh
condition of an orbifold model. Equatiofi) can be easily ¢ 1os from Eq. (3) with keeping the four-dimensional
integrated, and we find gauge coupling to be a constant. However, the running be-
havior of the coupling should be taken into account. It is
indicated by Eq.(5) that the 4+ § dimensional gauge cou-

1 1 1 s 5
;(A)=¥(Ao)+ 51 PXA(RA)*=(RA)°]

82 pling approaches a UV fixed poifi84,37. Moreover, it has
turned out from the nonperturbative calculation in five-

A dimensional lattice gauge thedf§4] that the one-loop form
_AbilnA_O : 2 of the B function (4) approximates very well the nonpertur-

bative latticeB function even if the gauge coupling is large.
We emphasize that the unification of the SM gauge SymmeTherefore we assume that the fundamental scale can be taken
try takes place not ilD=4 but in D=4+ & dimensions in UP to the Planck scale and the 1-loop RG analysis is at least

which the original theory is formulated. Note also that thedualitatively valid there. _
gauge couplings in Eq1) are appropriately normalized for On the other hand, the interpretation of Hall and Nomura

four dimensions. We therefore consider ftittmensionless [7] may be called “rigid unification.” In their scheme all the
counlinasa: which are the true expansion parameters in 4gauge couplings should coincide with each other at a single
4 5%imgen%ion5' P P scale, and above that scale the orbifold model goes over to a

fundamental theory so that the evolution of the gauge cou-
plings described by Eq(l) can be used only below that

gi=0i(RA), (3 scale. This may be a possible scenario, but not the only one
without knowing what the fundamental theory is. So, at least
where theirg functions are given by to our understanding, the question of what the gauge cou-

pling unification in orbifold GUTs means is still open. In this

. d@i 5. gf Ab, paper, we would like to adopt the “asymptotic unification,”
,3i=Aﬁ=§gi+ 5| —bXs+ L (4)  though this notion includes the “rigid unification.”
167 (RA) The difference of a KK GUTin which the boundary con-

R dition does not break)) and an orbifold model is the bound-
So, in terms of the 4 § dimensional gauge couplings, we  ary condition, and it appears as the logarithmic corrections in
see explicitly that the breaking terixb; is suppressed by the the evolution of the gauge couplings E§), which originate
inverse power ofA and hence the unified grouprecovers from Ab;. As we see in Eq(5), the effect ofAb; becomes
asA goes tox. Further, the analog of E42) becomes smaller and smaller a& increases. So, at the zeroth order of
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approximation, we may negledtb; . At this order the orbi-
fold model behaves exactly the same as the KK model: all
the couplings meet a¥l gt andg;(Mgyt) =9cuT-

PHYSICAL REVIEW 68, 116006 (2004

1 (2n+1)y
¢+7(X“,Y)=n§=zo = Y cos———.

™

In practice the gauge couplings do not meet at the single 11
scaleM g1 when the logarithmic corrections are included.

Since this should be recovered in the limib,— 0, we may (2n+ 1y

. B XM, — (2n+l) ,

write b (x"y) nZO \/—¢> in—p—
(12)

(MGUa—g +2 Adb, (7) . ons2)
n

I et d__(xty)= E —(ﬁ(_22+2) sinTy.

where A’'s are O(1) constants. Therefore, unification of n=0 VymR (19

gaugz]e couplings should be disturbed only by uncontrollable

O(g®) corrections. The main point of our analysis is to seeFurther three generations of quarks and leptons are accom-

alignment of the soft supersymmetry breaking parameter odated by three chiral su erfleldﬁl {U®.Q,E% in 10

and the effect of the logarithmic corrections to their RG run- y P 0™

ning is slight even quantitatively. Hence we adopt the lowes&nd Fs={D°,L} in 5, wherei runs over the three genera-

order approximation, in which the logarithmic corrections tions. "As in Ref. [4], we assume that they are boundary

are neglected in this paper. fields. To preserve SU(5) symmetry, we have to locate them
Here we would like to emphasize that even in this ap-aty=(0,7R) [7]. Accordingly, theZ,Xx Z; invariant Yukawa

proximation the power-law-running Yukawa couplings split interactions can be introduced, and we obtain, after integrat-

the SSB parameters of the first two and third generations, asg out the fifth coordinatey, the following superpotential

is seen later on. So the most dominant flavor-dependent ef7]:

fects by the Yukawa couplings can be studied in this order. -

Throughout this paper, we therefore shall work in the lowest Y N

order of approximation in the scheme of “asymptotic unifi- W= TT'loTloH(y=0)+ \/EYBFgT'loH(y=O)

cation.”

Il. THE KAWAMURA MODEL WITH SOFT

\/—YIJ( QUCH(Z”)+QQH(ZH+1)
SUPERSYMMETRY BREAKING V2

A. Action

(2n)
Let us start by considering the SU(5) orbifold model pro- —==QDH"

+UCECH(C2”+1)) + 2Y”(
posed in Refg4,7], where, to simplify the situation, we also

1
\/2 n,0

would like to neglect the neutrino masses and their mixings.

The field content is as follows. Thd=2 vector supermul- + LE°H§2”)+QLH(52“+1)+ UchH(C2n+1)) ]
tiplet contains anN=1 gauge supermultiple¥=(V?,V?) 2°%n0

and anrN =1 chiral supermultiplek = (22,2?) in the adjoint (14)

representation, whera denotes the generators of the SM

gauge group SU(3)¥SU(2)xU(1), anda stands for the whereY{jJ andYB are the Yukawa couplings. As we see from
rest of the SU(5) generators. Two MSSM Higgs superfieldsEq. (10), the normalization of the zero modg'®). and the
are a part of two pairs ofN=2 hypermultiplets, massivey®? with n#0 is different. Consequently, the nor-
{H(5),H°(5)},{H®(5),H(5)}, where the MSSM Higgs dou- malization of the Yukawa couplingl4) for the zero modes
blets H, and Hy are contained inH and H, ie. H and higher order modes are different. The fact@ takes
=(He(3,0),Hy(1,2), ﬁ=(HE(§,1),Hd(1,2)). The parity care that only halfinot a quarter of the original massive

: s ;o Kaluza-Klein modes are circulating in loops.
assignment of the fields undef,xXZ, is the same as ! . .
in R?af [4]: 2nm2 The superpotential given by Eql4) admits a U(1)

symmetry, which forbids the dimension-5 operators inducing
®) proton decay7]. The so-calleqw term is not allowed by the

U(1)y either. However, th® term of HH is allowed, offer-

9 ing a possibility that aw term can be produced by the
Giudice-Masiero mechanish38] after local supersymmetry
is broken. Theu term appears via an explicit or spontaneous
breaking of the U(1y. So we also consider this case and
add

VA H, Hg (+,4), VA He He:(+,-),
SAHE HE(—,+), S3HSHG:(—, ),

where the mode expansions are given by Ref.

by (xty)=2, ;&f? coszﬂ/, (10) _
n=0 \/2§n,077R R WM:[.LHHH (15)
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to the superpotentidfl4). exactly speakingM . does not coincide with the gauge cou-

It is a key point of our setup that the supersymmetrypling unification scalév 5r. However, we neglect this dif-
breaking occurs not only at the branes, but also in the bullderence of scales as the first approximation and simply set
which is in contrast to the gaugino mediatidtv,39. In the  M.=1/R=Mgy7 in calculating the RG flows.
gaugino mediation, the tree level contributions for the SSB  The one-loopg functions aboveM g is found to be
parameters at a fundamental scMe, are assumed to be [dA/dIn A=B(A)/1672%, N(A)=Xs_;RA/4]:
sufficiently suppressed by the sequestering of branes. How-
ever, it has been argudd0] also that such a sequestering B(g)=—8Ng?, (17)
mechanism is not realized in generic supergravity or super-
string inspired models. In our approach, however, we do not
assume the brane sgquesterﬁng] nor that supersymmetry B(Yt):( _ 7_292+6|Yt|2+4|Yb|2) NY,, (18)
breaking is flavor universal at the fundamental sddlg, . 5
So, it may be completely disordered My, .

Further we make the following assumptions on supersym-
metry breakingii) Supersymmetry breaking does not break | _ 6_0 2 2 2

> - , B(Yp) 97+ 3|Y|*+ 6] Yp|* NYy, (19

SU(5) gauge symmetryji) respects five-dimensional Lor- 5
entz invariance at least in the bulk locall§ii) is Z,XZ,

invariant, (iv) respectsR parity [a part of U(1}], (v) exists where Yt=Ya3, Yb=Y%3 and we have neglected the other

also at the brane, an@i) appears as soft-supersymmetry . e

breaking terms in the four-dimensional Lagrangian. Then thezlbeor?/:né(s)uoﬂiTeS?riagsuiﬁgg“:g S;sTtge Ii?/lgatLZﬁhljgv?/-theTe
most general Lagrangian of renormalizable form, in the fourvalues It ig nc?ted also Jthat the Yukawagcou lingsY,, at 9y
dimensional sense, that satisfies these assumptions is ) PINYS Y

Mgut cannot be chosen arbitrarily, becauéeand Y, are

B ) 1 - — e related to the top quark masd, and tand=(H)/(H). So
—Lssg= fd ﬁﬂf dy| 5 MWW+ BHH + ByicH™H we useM,=174 GeV andM, (mass of the tau lepton
=1.78 GeV, and impose the-7 unification atM gyt [44].
V27R The beta functions for the SSB parameters are given simi-

1 _
+ EBEEE“thHEHC“thﬂCEH“L 2 [5(y) larly. Here we introduce the A parameters for the later pur-
v o i O = —a¢ng. Then the beta functions for the gaugino mass an
oy WR)]( 4 TaoTioH + \/EhDFSTlOH)} the A parameters are found to be

+f d“oﬁf dy

+H.c.

1 —
SMESFS4+mp H*H B(M)=—16NMg?, (20

_ 1
+mZ H*H+m? HO* He+ mEcHO HO+ = (6 192

M, Mhig M 2 (o) B(ay) = _?Mgz+12at|Yt|2+8ab|Yb|2
+5(y—WR))[(mfo)}T’{aleo+(mf-,)}FZ-fiF{a]], +4§8afgz N, (21)

(16)

where =62, »=6? are the external spurion superfields 168 , )
(which are sometimes interpreted as fRecomponents of B(ay)=| — Mg +6ay| Y|+ 12ap| Y|
scalar chiral multiplets

48
B. Infrared attractiveness of the SSB parameters * 5 ag” N, (22

We identify M= 1/R with Mgy (~2X 10 GeV), and
require that the MSSM is the effective theory bel®y . B 192 48
Indeed it has been se¢29,3( that sufficiently strong align- B(ay =( — g Mt g°N
ment of the SSB parameters avoiding all the SUSY flavor
problems does not occur in one-extra-dimensional models, (,j=1,2), (23)
since the range of energy scale for the power-law running
Mp /M.~ 1% is not large enough. However it has been also
found [42] that the compactification scale of the fifth- N 168 48
dimension (5D) orbifold GUT can be lowered toM, B(a'[’))=( -5 M+ gar g°N
~10% GeV avoiding the rapid proton dec#3]. Therefore
we also assume thatlp =10°X M, in this paper. Then, (i,j=1,2), (29

116006-4
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196 106 2\ —(_ 2IM |2+ 202 24 m2 . +m2 +m?2
plan = — 2+ 2,4 22 g7, - B(mE) = (— 4097 M|?+2g2(|a|*+ mjc+mf; +md)
+2g2(|af|2+mac+ m2 +m2)N, (32
u u
pian=| - L+ 20| g (26
an)=| ——&= = ;T 2as|g°N, 6
S S B(MZas) = —ggz|M|2+8|Yb|2(mﬁd+ M e+ Mas)
wherea,=a¥’, a,=a3’. ,
Here we should make some comments ongtfenctions +8lapYp|* N (33
for a2®) anda>® (i,j=1,2). In the approximation that
the Yukawa couplmgs except for;,Yy are infinitesimally 144 ) 5
small, the beta functions for these A parameters are undeter- B(Migs)=| — ?92“\4 |2+ 6|Yt|2(m|—1u+ 2mj z3)
mined. For example ‘the beta function fdf is given in the
form of Y3B(al)=Y3[-- -]+ YS[- - - 1. Therefore,3(al} +4|Yb|2(m'f|d+ M st Misa) +6]a, Yy |2
becomes dependent on the ratlo\tﬁ/Y' We may evalu-
ate these small Yukawa couplings and give the beta func- T ajagYy2|N (34)
tions. Here, however, we take another way. Note that we may Yo
obtalnﬂ(a 3) unambiguously as
B(m§i3)=4m§i3IYb|2N (i=1,2), (35
_ . 168
Blag)=| 4a5Y§— - Mg?+6ayY,|*+8ay| Yy|? B(mige)=miga(3|Y>+2|Y, )N (i=12),
(36)
+ 18 (i=1,2 (27 96
—a@ i=1,2. o
B(mg) == 2 @?M?5;N  (i,j=12), (37)
On the other hand, it will be seen that only the approximate 144
values of the A parameters Mgyt are important for the ﬂ(midj)= - ?gz|M|25ijN (1,j=1,2. (39

later arguments. Hence we estimate anda}®) at Mgyt

simply by substituting them Wltla'3
For the soft scalar masses, the beta functions are given @§en it is found that botila/M andm? M2 rapidly approach

follows:

B(m) =

(M) =

B(mE )=

B(M}c)=

- £ 9°IMP+ oo (arl*+ M+ mg,

; m§)) N (29

96 48 ,
|- FOMP o i

; m§>) N (29

96 48 ,
( - 392|M|2+ ggz(laf|2+mﬁu+mH3

+ m§>) N 30

48 5
( - §92|M|2+ ggz(laf|2+mﬁu+mH3

+ m%)) N (31

If we neglect the Yukawa couplings in the beta functions,

their “infrared fixed point” values, which are flavor univer-
sal[29]. The rate of convergence of the SSB parameters from
the Planck scale to the GUT scale is roughly given by
g’(Mgup/9?(Mp) for the A parameters and
[92(Mgun)/9?(Mp)]? for the squared soft scalar masses.
Contrary to the KK GUT models, however, radiative correc-
tions by the Yukawa interactions also show power-law be-
havior. Therefore, th€3,3) component of the A parameters
and the soft scalar masses converge to values different from
the (1,1) or (2,20 components. This discrepancy may cause
new sources of FCNC compared with the case where only
the gauge multiplets propagate in the b{@9].

Now we evaluate the actual converging behavior of the
SSB parameters 8 g1 To be explicit, in what follows we
consider only one casey=(0.0406<4m)Y2 Mgyr=1.83
x 10 GeV, and

Y;=0.899, Y,=0.0397, tanB=3.7. (39
Note that the mass scale of the SSB parameters are totally
determined by the GUT gaugino mass due to convergence
towards the infrared fixed points. So we evaluate the SSB
parameters in the unit of the gaugino masd$/ai,r, which
may be chosen freely.

The RG flows betweeMp, and Mgyr for m2;, mz,
Rday], Rdap] are shown in Figs. 1, 2, 3 and 4, respec-
tively. It is seen that the convergence of the squared soft

116006-5
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2 3
2.5
1.5
= s e
= ~
R )
3 S
3 1 ___ 3 s
£ &
0.5
0.5
0 0
0 1 2 3 4 5 6 0 1 2 3 4 5 6
In A/Mcur In A/Mcur
FIG. 1. Converging RG flows ofnZ,'/M? (i=1,2) (dashed ~  FIG. 3. Converging RG flows of RaJ1/M(i,j=1,2) (dashed
line) andm3¥M?2 (solid line). line) and R¢a,]/M (solid line).
scalar masses are remarkable. Also, the discrepancies of the 96 2 48 2 48 2
: , P B(Bw)=|5Mg"~ —ag°~ —ag°|N, (40

converging values betweem{)" (i=1,2) and %)% are

sizable for the 10-multiplets. The convergence of the A P33 anishes rapidly with scaling down. Thus we cannot explain

rameters are yveak compared W,'th the soft scalar masseﬁTeM term by the RG running behavior in extra dimensions.
However, it will be seen that this degree of convergence,, aver it has been known also that theand B param-
gives quite enough alignment satisfying the FCNC boundsgiers may be generated at lower-energy scale by assuming

Rather what we have to focus on is the sizable discrepancigsira scalar fieldg7,45). Therefore we suppose theterm to
betweena'l(i,j=1,2) anda®. be generated by other mechanisms at lower-energy scale and
To be more eXpliCit, we also give the Converging values Oftake o and BH as free parameters in our ana|ysis_
SSB parameters al g7 in Tables | and Il. The range of
convergence is evaluated by starting with the initial values of
m?/M?e[—1,1] for the soft scalar masses ana/M
e[ —1,1] for the A parameters atlp_ . The infrared fixed ) ] o )
point values in the case of fixdgonrunning Yukawa cou- We are now interested in verifying whether the infrared
plings are also shown. attractive vqlues of _the SSB para_meters given |n.TabIes I _and
Lastly let us make some remarks on the parameters Il are consistent with the experlmen.tal constraints coming
andBy, . It should be noted thai, receives only logarithmic from the dangerqus FCNC a@;P—onatmg processes at low
corrections due to thBl=2 supersymmetry in the bulk. On energies. For this purpose, first the SSB parameters should
the other hand, the soft paramet&y does not show con- t.)e evaluated alsysy. We operate the two-loop_ RG func-
verging behavior, since its beta function, which is given ex-ions to calculatg the low-energy values of the dlmensmnless
plicitly as parameters, while we use the one—lqop RG functions for the
SSB parameters. Then the flavor-mixing masses, which are

Ill. EVALUATION OF FCNCS
AND CP VIOLATIONS AT Mgysy

3
2.5
s 2
==
21
S
(7]
~ 1
0.5
0
0 1 2 3 4 5 6
In A/Mgur In A/Mcur
FIG. 2. Converging RG flows ahZ'/M?(i=1,2) (dashed ling FIG. 4. Converging RG flows of Rall]/M(i,j=1,2) (dashed
andm23¥M?2 (solid line). line) and Réa,]/M (solid line).
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TABLE I. The converging values of the squared soft scalar TABLE Il. The converging values of the A parameteraVég,t
masses atMgyr starting with the initial values ofm?/M? starting with the initial values o&/M [ —1,1] at Mp_ . The indi-
e[—1,1] at Mp_. The indices run,j=1,2. Their infrared fixed ces runi,j=1,2. Their infrared fixed point values in the case of
point values in the case of fixédonrunning Yukawa couplings are fixed (nonrunning Yukawa couplings are also shown.
also shown. The erroréwhich exhibit the degree of IR conver-
gence are estimated under the assumption #&tM? at Mp, are IR fixed points Convergence Mgyt
randomly distributed in the rande-1,1].

Re a,]/M 1.12 1.18-0.01
IR fixed points ~ Convergence Mgyt Rea,]/M 1.26 1.1#0.01
PP Rda}l/M 1.80 1.75-0.02
Emgi)“lll\l\/l/lz g-gg 8:2&8'88? Real]/M 1.16 1.17:0.01
m . . . -+
% pene e ; o-00
Re[(Mio(s)"1/M? 0 0+0.002 Im[al} 51/M 0 0+0.02
Im[ (mio(s)" /M 0 0+0.002 Imas1/M 0 00.02
Re (i) )M 0 0+0.001(0.002) Rea;]/M 1 0.98988- 0.00007
Im[(mZy,5) 1/M 0 00.001(0.002)
mﬁu/Mz( ) 0 0.0016- 0.0004
mﬁd/Mz 0 0.0012+0.0008 are observables. R(_)ughlyCK_M and Vyns may be repre-
mZ/M? 1 0.9991 0.0008 sented by the following matrices:

0.98 0.22 0.00

of our present concern in evaluating the amount of FCNC, Vi —-0.22 097 0.04

are evaluated in the bases of the mass eigenstates for the CKM _ '
o 0.01 0.04 1

qguarks and leptons. To begin with, we recall that the mass

matricesM, (I=u,d,e) for the quarks and leptons aid,

for the left-handed neutrinos, respectively, are diagonalized 12 12 O
by the unitary matrices as
—-1/2 1/2
Vins= 1/\/5

(44)
UE(d,e)LMu(d,e)Uu(d,e)R:dlaqmu(d,e)1mc(s,,u)vmt(b,r))(141) 12 —-1/2 l/\/f

uUT™,U,=diagm, ,m, ,m, ). (42 So we perform o_rder estimqtjon of the fIa_vor—mix.ing masses
e Tu T by simply assuming that mixings of the diagonalization ma-

These diagonalization matrices are not known, unless thiices are similar to those of the above mixing matrices.

matrices of Yukawa couplings are explicitly fixed. However,

the mixing matrices defined by A. The slepton sector
+ t First we consider the soft scalar masses of sleptons. The
Vekm=UyUaL, Vuns=Ue U, (43 slepton mass matrices Btg,sy are found to be

1.152-0.002 0+0.0021+1) 0+0.0071+1)
—tL_| 0+£0.0021+1) 1.152:0.002 0Q+0.00Z1+1)
0+0.0021+1) 0+0.0021+1) 1.148-0.002

1.054+0.002 0+0.0021+1) 0=0.00%1+1)

m

—RR_| 0+0.0021+1) 1.054-0.002 0+0.00X1+1) |, (45)
0+0.00(1+1) 0%0.0041+1) 0.718+0.005

whereM denotes the gaugino massMg,;r. Note that the are not explicitly known. In our following calculations, we
branching ratios of lepton flavor-violating processes are profirst assume that the rotation matrices to be

portional to the off-diagonal elements &f, m? U, and
~ . . +
Ulam2rUcr [14], where the unitary matriced . andU.g Uer~Verm:  Uel™Vins: (46)
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TABLE lII. Limits on the |8{;| from ¢;— ¢;y decays, EDM of

the electron form?/m:=0.3. Here the parametem; denotes
m;(GeV)/100. See Ref.14] for details.

(811 rR [(819LLrR (8% LLrA
4.1x1073 mé 1.5x107! m? 2.8m:
[(81erl [(819rl (821
1.4x107° m 8.9x1072 m; 1.7x1072 mg

PHYSICAL REVIEW D 69, 116006 (2004

As explained above, there are two origins for FCNCs; the
errors in Table | and Il and also in E¢45) (including the
nondiagonal elementsvhich exhibit the degree of IR con-
vergence, and the other one which originates from the fact
that the mixing matrice$44) are not proportional to a unit
matrix. These two origins are so included that one obtains
maximal values ofs’s. The experimental upper bounds of
(8fj),_|_,RR are given in Ref[14], and are shown in Table III.
Constraints appearing in Table Il are shown in the case
where the ratio of the squared photino mass and the squared
slepton mass is 0.3. Actually in the case of E&9), the

which are regarded as their maximal estimations. Accordin%augino and the average sfermion masses are found to be

to Ref.[14], we then calculate the ratios of the off-diagonal

elements olU{ g M| (rpUei(r) tO their diagonal elements
(m?), which are denoted by&,), kg -

Here the origin of FCNC can be separated into two parts.

(i) The difference of the fixed point fom{?)" (i=1,2) and
(m?)% because of, ,. Note thatm?, andm3 are embed-
ded in them? andm?,, respectively, and that the function
of mZ depends only orY,, while that of m3, on Y, [(33)—
(38)]. Since these effects of; ;, spoil the degeneracy for the

Mg, =3-033.12M, mj=1.02M,
m;=M;=0.30M, mz=M;=3.36V
(53

at the weak scale. Therefore the raniai/rn% is about 0.15.

The constraints for this case are not much different from
those given in Table Ill. Here it should be noted also that the
above ratios are low-energy predictions for the orbifold GUT

soft scalar masses, the flavor-mixing masses generatingodel, which are completely independent of the fundamental
FCNC arise through the rotation given by Ed6). (i) The  physics atMp . Comparing the results given in Eqe.7)—
deviation from the fixed points also can be the origin of(52) with Table IlI, it is seen that the off-diagonal elements
FCNC. Since each parameter cannot converge exactly to tf(@fj)LL’RR are small enough to satisfy the constraints.

IR fixed point due to the finite energy range of the GUT  To satisfy the FCNC constraints, it is also necessary to
theory, there are small deviations from the fixed pointsitake into account the mass matrices among the left-handed
Therefore if we assume the initial value of parameters aknd right-handed sleptons, which are generated through the A
Mp_ to be arbitrary, then misalignment of the soft masseserms. The A parametees at the weak scale are found to be

remains slightly and also generates FCNC.
However, it is found thaﬁfL(RR) given above are enough

degenerate so as to suppress FCNC. V\/iﬁlﬁeR is strongly
affected byY; [in the meaning ofi)], the discrepancy does

not give rise to a large contribution to the off-diagonal ele-

ments ofdgg because of the small mixing matri-x,,. On
the other hand, the degeneracyﬁilﬁL is good enough, even
if it is transformed by the large mixing matri¥ys (46).
This is one of our main findings of the orbifold GUT model.
Then we find

R (815)1]~3.1x10"%, Im[(87,)]~2.0x10 3,
(47)

Im[(895),]~2.5x10 "3,
(48)

Re (8731 ]~3.8x10 3,

R (855)11]~3.8x10 %, Im[ (859 ]~2.5x10" %,

(49

R (81,)rrl~2.1} 1073, IM[(8},)rrl~1.5x 10",
(50

Re (859 rr]~3.0<1073, Im[(8%5)rr]~1.3x1072,
(59

R (859 rrl~1.6X 1072, Im[(859)rr]~1.3x 102,
(52

b

b|, a=(2.175:0.023+1(0+0.023,

¢/ b=c=(1.888-0.014+1(0+0.018.
(54)

e

T 9 9
T 9 9

The left-right mixing mass matrix is given by2z=vghe
—v4(Yede), Where

— dia T
vgYe=Ug Mg 9 Uer

~-6.9 —12.1 890.0
= 77 119 -890.0|(Mev). (55
229 1286 1252.

There are two origins of FCNC here again, that(isthe
flavor nonuniversality in the fixed points due to the Yukawa
couplings. It spoils the alignment of the A terrii) The
deviations from the fixed point values similar to the case of
the scalar masses. This effect is actually irrelevant for the
left-right mixing masses. Now the indexX{),r is given by
the ratio ofm?; and the average slepton mass squaméd
Note that the left-right mixing mass matrix is given by the
product of the A parameters proportional to the gaugino mass
scale and the lepton mass mattb&), which does not de-
pend on the gaugino mass. Therefofigg is dependent on
the SSB mass scale differently frof rg . Here we rep-
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resent the index in the unit of 100 GeV for the slepton massmaximal estimation of the matrix, is not viable phenomeno-
Then (8%) r are estimated as follows: logically in the orbifold GUT models. Therefore let us repeat
the above estimation by settind,, =Vckm, for example.

P 4 100 \* Then it is found that the indicesdf) r become fairly
Re (612)1r]~1.3X10 mGev) (56 smaller, such as
2
2 100
100 R (5¢ ~1.1x10 5 ——— (59
Rl (89 p]~1.3x 104 ———| | €912l ~ 1. :
€ (013)1r] T (GeV) m;(GeV)
(57 This result shows that the BRs of dangerous lepton-flavor-
100 \2 violating processes such as—e+ vy do not exceed the strin-
R (8 59) r]~3.8% 10—4(—) ) gent bounds as long as;>170 GeV. As results of the
n;(GeV) above analyses, it may be said that the lepton flavor violation
(58 as well as theCP violation can be less than their present

experimental bounds, in the case Of, containing only

All the fixed points are real and, therefore, the imaginarysmall mixings

parts of the left-right mixings can be treated as zero.

Unfortunately @@LR obtained in this analysis exceeds
the experimental bound given in Table Ill. This is due to the

large mixings of theV\,ys matrix[46]. However, this implies
only that our assumptiot, =Vyns, Which would be a

B. The squark sector

As in the leptonic sectoi5), the squark soft mass matri-
ces turn out aM gy to be

) 10.542+0.002 0+0.0021+1) 0=0.00X1+1)

szLL 0+0.0021+1) 10.542:0.002 0+0.00X1+1) |,

M 0+0.00X1+1) 0+0.00X1+1) 8.192+0.002

- 10.092-0.002 (0+0.0021+1) 0+0.00X1+1)

mquR 0+0.0021+1) 10.092:0.002 0+0.00X1+1) |, (60)
M 0+0.00(1+1) 0+0.00X1+1) 5.7878-0.002

) 9.741+0.002 0+0.0021+1) 0+0.00X1+1)

m dZRR 0+0.0021+1) 9.741+0.002 0+0.00%1+1)

M 0+0.001+1) 0+0.00X1+1) 9.678-0.001

We can obtaind’s by estimatingUIL(uR)ﬁwZQLL(uRR)UuL(uR)

and ULL(dR)rWQLL(dRQUdL(dR). Also here we assume that

Uur=Uu=Ug.=Vexm, Uar=Vins;

therefore ¢Y) . =(6%,,. .

Taking into account the FCNC contribution from bdth

and(ii), we find that

Re (Y5, ]~2.6X10°%, Im[ (&%), ]~1.6x10 4,
(62)

Re (695, 1~1.3x10°3, Im[(8%5), ]~1.2x10"4,
(63

Re (855, ]~1.1X1072, Im[(845), ]~1.2x1074,
(64)

(61)

R (8Y,)rr]~3.5x1074,

R (849 rr]~2.6x10"3,

R (859 rr]~2.2X102,

Re (89,)rr]~1.9X10 3,

Re (899)rr]~2.6X10 3,

Re (899 rr]~2.6X10 3,

116006-9

Im[(8Y,)rrl~1.8X104,
(65

IM[ (843 rrl~1.2X 104,
(66)

IM[(853)rrl~1.1X 104,
(67)

Im[(6%,)rr]~2.2}107%,
(68)

Im[ (6 %5)rr]~2.6x 1074,
(69)

Im[ (6 92)rr]~2.6X 1074,
(70)
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TABLE IV. Limits on the |8 4")| from K-K, D-D, B4-By mix- R (8Y%) r]~6.5%107* M2,
ing, ex, b—sy and €'/ e for rrrg/rrré=1 [14]. Here the parameter u
m; denotesm;(GeV)/500.

\/|Re(512)LL,RR| \/|Re(522)LL(5gZ)RR| N Re(‘ng)ER|

IM[(8Y) r]~2.3x10* ﬁgz, (75)

d e -5 ==
Re[(65,)r]~3.9¢10°° m.?,

4.0x10°2 my 2.8x10°° my 4.4x10°° my d
\/|Re(513)LL,RR| \/|Re(5g3)LL(623)RR| \/|Re(523)ER| g o~
9.8x 1072 m; 1.8x10°2 g 3.3x10°% m; IM[(512) r]~1.4x10° mg 5, (76)
VIRe(1){L re VIRe(8 1)L (812)rR VIRe(515)frl

= o~ e 4 o~ -2
1.0<10°* g 1.7x1072 iy 3.1x 103 m; Re (5% r]~1.5x10"* m .
VIM(8 1) {1 vl VIm(89) 1L (69)rR VIIm(8$)Exl
3.2x10* my 2.2x10° % my 3.5x10 “ | d —4 -2
|(5g3)LL,RR| |(5g3)LR| Aa
8.2 1.6x1072 me § P
M85 rA [Im(8%) x| RE (29)1r]~2.2}10 MGy
4.8x10° 1 M 2.0}10°°

Im[(8%), r]~2.6X 10—4mgd2, (79)

The upper bounds faof’s coming from the measurements of ~_> )
K-K, D-D, By4-B4 mixing, ex, b—sy and €'/e [14] are Wherer‘nau(d)z[Soomau(d) (GeV)J". For squarks, all of them
shown in Table IV, where the imaginary parts are con-are small enough to suppress the FCNC andXReviolation

strained byCP-violating processes. It is seen thgis given  Wwithin the bounds, although we have assurtgg to be the
above satisfy well the experimental constraints except fobimaximal mixing matrix.

VIm(6%) . (69)rel, which is comparable to the con-

straint. IV. CONCLUSION
The mixing masses between the left-handed and right- , . . ,
handed squarks and also their effects to FCNC @Rdvio- In this paper, we investigated how much the infrared at-

ojractive force of gauge interactions can soften the SUSY fla-
vor problem in the orbifold GUT of Kawamui&]. First we
discussed the notion of gauge coupling unification in the

a=(4.929+0.020 +1(0+0.017) orbifold GUT models, where the unified gauge symmetry is

lation may be evaluated just as done for the slepton sect
The A parameters at the weak scale are given by

a b .. L. .
explicitly broken by the boundary conditions. It is natural for
Bu_ a b, b=(2.701=0.007 +1(0=0.003 the bulk theory to recover the unified symmetry as the scale
M b b c €c=(2.705-0.00) +1(0%0.002, becomes much shorter than the radius of compactified di-
(71) mensions. We showed explicitly that the running gauge cou-
plings defined in the extra-dimensional sense approach to
each other asymptoticallyasymptotic unification In the
ay four-dimensional picture, this occurs due to the power-law
mo|a @ b, running behavior of the gauge couplings.
b b c The radiative corrections by the bulk gauge fields make
the SSB parameters subject to the power-law running also.
a=(6.241+0.020+1(0+0.017 Then the ratio of the SSB parameters to the gaugino mass at
b=c=(5.391+0.013 +1(0+0.016, (72) the compactification scale are fixed to their infrared attractive

fixed point values, which are totally flavor univer$ab]. It

should be noted that the SSB parameters at low energy are
also fixed solely by the gaugino mass scale, and, therefore,
insensitive to those in the fundamental theory. Thus this sug-

The indicess, which should be compared with the experi-
mental constraints shown also in Table IV, are found to be

u _ 4~ gests an interesting possibility for the SUSY flavor problem
Re(919)1r]~3.910 M and theCP problem.

We examined the one-loop RG flows for the general soft

Im[(8Y,) x]~4.1x 105 ﬁﬁuz' (73y  SSB parameters in the orbifold GUT models. Then the

Yukawa couplings to the bulk Higgs fields, which also show
-y power-law running behavior, split the SSB parameters of the
Re[(813)Lr]~7.7<107° mg first two and the third generations. In the calculations we
neglected the logarithmic corrections including the breaking

u _ 5~ -2 effects of the GUT symmetry due to boundary conditions,
Im[(933)r]~6.2}10 mﬁu ' (74) since the most dominant flavor dependence comes from the
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corrections due to the bulk Yukawa couplings. We assumegés?,),  in the slepton sector appears exceeding the present
alsoMp; /M~ 10°. experimental bound, though all the other indices in the both
Now there are two sources for the flavor-violating massesectors are lower than their limit. However, if the rotation
of the SUSY particles{i) flavor dependence in the fixed matrix U, is a small mixing one lik&/cyy (namelyVyns
points induced by the Yukawa couplindd) deviation from ~U,), then the index @&)LR is found to become lower
the fixed point values due to finite radius of the compactifiecthan the constraint unless the slepton masses are very light.
dimensions. As foii), we found that the arbitrary disorder Thus our mechanism can soften the SUSY flavor problem
in the SSB parameters at the fundamental scale are suffand also theCP problem. After all, we conclude that the
ciently suppressed &l 5 . Therefore this effect does not mechanism of Ref{29] to solve the SUSY flavor problem
cause any problems in FCNC processes or in dangeéus may be combined with the mechanism of Ref] to over-
violating phenomena, since the fixed points are real. So wha&ome the doublet-triplet splitting problem in extra dimen-
we should be concerned about more is the effécin the ~ sions.
orbifold GUT models. In this paper we have not discussed the case with the
The key ingredients for the FCNC processes are théight-handed neutrino. It has been well known that the
flavor-changing elements of the mass matrices of squark¥ukawa coupling between the lepton-doublet and the right-
and sleptons obtained after rotation to the basis of masganded neutrino generates sizable mixings in the slepton
eigenstates for quarks and leptons. However, the rotation manasses in comparison with the current bounds for the lepton-
trices are unknown, though the mixing matricés,y and  Violating processept7,48, unless the neutrino Yukawa cou-
Vnus are given experimentally. We first assume that the roPling is rather small. This effect is caused by the large mix-
tation matrices of the fields belonging 1® of SU(5) GUT  ing angles oV ys. In the orbifold GUT, the fixed points are
are given bWy, While the rotation matrices of the fields Nnot degenerate; therefore the off-diagonal elements would be

belonging togareVNMS (46). This would be regarded as the generated more due to the large mixings. Also, it should be

maximal estimation of the rotations. Then it is found that theconcerned also that the running above the GUT scale is af-

indices of the off-diagonal elements of the soft scalar massd€Cted by the neutrino Yukawa coupliig9]. Then larger

5., and 8gg are both suppressed sufficiently. The reason ofmass mixings could appear in tbesector; therefore not only
this is as follows. Indeed splitting of the fixed point valuesthe sleptons but also the squarks sectors should be reana-
for the third generation to others are sizable for the fields irlyzed. Here we would like to leave these problems to future
10 due to largeY,. However, the rotation matri¥ oy con-  studies.
tains only small mixings. On the other hand, the degeneracy

of the fixed points for the fields i is fairly good. Therefore
the off-diagonal elements remain tiny, even if the mass ma- This work is supported by the Grants-in-Aid for Scientific
trices are transformed by the large mixing matiyys - Research from the Japan Society for the Promotion of Sci-

Unfortunately, however, it is found to be difficult for the A ence(JSP$ (No. 11640266, No. 13135210, No. 13640272
parameters to satisfy the experimental constraints under th&e would like to thank H. Nakano and T. Kobayashi for
above assumption on the rotation matrices. The indexiseful discussions.
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