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Infrared alignment of supersymmetric flavor structures
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The various experimental bounds on flavor-changing interactions severely restrict the low-energy flavor
structures of soft supersymmetry breaking parameters. In this work, we show that with a particular assumption
of Yukawa couplings, the fermion mass and sfermion soft mass matrices are simultaneously diagonalized by
common mixing matrices and we then obtain an alignment solution for the flavor problems. The required
condition is generated by renormalization group evolutions and achieved at low-energy scale independently of
high-energy structures of couplings. In this case, the diagonal entries of the soft scalar mass matrices are
determined by gaugino and Higgs boson soft masses. We also discuss possible realizations of this scenario and
the characteristic sparticle spectrum in the models.

PACS number~s!: 12.60.Jv, 11.10.Hi, 12.15.Mm, 14.80.Mz
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I. INTRODUCTION

Since the standard model~SM! has been experimentall
established below the weak scale, many kinds of attem
which extend the SM have been proposed so far. Am
these, supersymmetry~SUSY! provides the most attractiv
candidate because of its various successful features of
nomenological applications such as the stability of mass
erarchy@1#, the gauge coupling unification from the preci
electroweak measurements@2#, and so on. Moreover it ha
been found through intensive study that supersymme
gauge theories have theoretically rich phase structures
as dualities and confinements. These properties have
been applied to try to construct more fundamental mod
beyond the SM.

Despite these attractive natures, the supersymmetric
tensions of the SM generally possess a number of ques
in addition to not being observed experimentally@3#. Some
of these are caused by the existence of supersymmetric
ners of the SM fields. They generally lead new contributio
and sometimes disastrous effects, without some dynamic
symmetrical reasons, to the processes which should be
pressed. One of these questions is the flavor-changing ne
current ~FCNC! problem. In the SM, the FCNC events a
highly suppressed by the Glashow-Iliopoulos-Maiani~GIM!
cancellation and its predictions are properly consistent w
the experimental results. In the SUSY standard models, h
ever, there are new sources of flavor-changing proce
from the squarks and sleptons generation mixings@4,5#.
These effects generally tend to overcome the successful
predictions and then severely restrict the parameter fo
involved.

To satisfy the FCNC requirements, several mechanis
have been proposed so far: the degeneracy of soft sc
masses@4#, the decoupling of first two heavy generations@6#,
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the alignment of quark and squark mass matrices@7#, and so
on. These mechanisms have been realized from various
namics of high-energy~more fundamental! theories and the
SUSY breaking effects; i.e., soft SUSY breaking paramet
are thus given at some high-energy scale. On the other h
since the FCNC processes are observed in the low-en
region, the renormalization-group~RG! evolutions between
these two scales should be taken into account. These
stantial effects have been used to obtain the approxim
universal forms of SUSY breaking terms@8# and the heavy
sfermion of the first two generations@9#, where specific ini-
tial conditions of parameters at SUSY breaking scale
required to obtain sizable RG effects for avoiding the FCN
problems.

In this paper we show that with an assumption f
Yukawa couplings, the flavor structure of squarks mass m
trix is aligned with the corresponding Yukawa matrix belo
the SUSY breaking scale due to the RG running effects. T
infrared alignment occurs provided that the low-energy v
ues of Yukawa couplings are determined from the infra
fixed points of RG flow. Only with this simple and mode
independent assumption is it found that the squark squa
mass matrix is diagonalized by the unitary matrices, wh
can also diagonalize the quark mass matrix~i.e., the fixed-
point solutions!, and then the FCNC processes are inde
suppressed. The manifestation of alignment is neither ba
on any special symmetries nor depends on detailed struct
of high-energy theories. In this case, one may naively w
der whether small Yukawa couplings compared to gau
couplings can be realized as the RG fixed points. Howeve
can be actually accomplished, for example, by introduc
heavy matter fields or by taking into account the contrib
tions from extra spatial dimensions. We will discuss the
realizations in more detail in a later section.

To suppress the FCNC processes to an acceptable lev
certain condition is generally required as in the R
universality or RG-decoupling mechanisms stated above
the present infrared alignment scenario, it is the rapid c
vergence of the fixed-point solutions. In the above examp
©2000 The American Physical Society03-1
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of extra matter and extra dimensions, we actually obt
strong convergence into the fixed points. Moreover it h
been known that the convergence of soft SUSY break
parameters is expressed by the same factor as that of Yuk
coupling. Thus all properties of the mechanism are descri
by the Yukawa sector only and do not depend on deta
structures of SUSY breaking parameters at high-ene
scale. In the following we will discuss these phenomena
addition to the characteristic pattern of sparticle spectr
predicted by the infrared alignment.

II. RG RUNNING OF SOFT TERMS

For later discussions, we first consider the fixed-po
structures of soft breaking parameters in the SUSY stand
models, and the convergence to the fixed points. As st
before, the convergence behavior is important to discuss
applications of fixed-point solutions to our low-energy phy
ics. For this purpose we first work in the model with o
gauge and one Yukawa couplings for simplicity. In realis
models they can be regarded as the SU(3)c gauge coupling
and the top Yukawa coupling. It is straightforward to exte
the obtained results to the case with more numbers of g
eration and the off-diagonal entries in soft SUSY break
terms. We suppose the following superpotential:

W5yQuHu , ~2.1!

whereQ, u, andHu denote quark doublet, quark singlet, a
up-type Higgs superfield, respectively. The one-loop b
functions of the gauge couplingg and Yukawa couplingy
are written as

dg

dt
5

1

16p2
bg3, ~2.2!

dy

dt
5

1

16p2
y~aȳy2cg2!, ~2.3!

wheret5 ln m and the coefficientsa, b, andc areO(1) con-
stants expressed in terms of group-theoretical indices.
also introduce the soft SUSY breaking terms, a gaug
mass, scalar soft masses, and a trilinear coupling

2Lsoft5S M

2
ll1AQuHu1H.c.D

1Q†mQ
2 Q1u†mu

2u1Hu
†mHu

2 Hu , ~2.4!

wherel is a gaugino andQ, u, andHu are the scalar com
ponents of corresponding chiral superfields. The beta fu
tions for these soft SUSY breaking parameters are simil
obtained by the perturbative calculations of relevant o
loop Feynman diagrams. However, here we adopt a m
convenient and useful way of calculations in the light of la
discussions in the multigeneration case. It is known that
total Lagrangian with the soft SUSY breaking terms can
written in terms of superfields by introducing the Grassm
nian parameter~external field! h @10#. With this formalism,
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the beta functions of SUSY breaking parameters can sim
be written down by the so-called Grassmannian expans
method@11#. That is, the supersymmetric couplingsg andy
are replaced by

g̃25g2~11Mh1M̄ h̄12MM̄hh̄!, ~2.5!

ỹ5y2Ah1 1
2 y~mQ

2 1mu
21mHu

2 !hh̄, ~2.6!

and are expanded by the Grassmannian parameterh. Then
one obtains the beta functions of SUSY breaking parame
from the rigid SUSY ones@Eqs.~2.2! and ~2.3!# as follows:

dM

dt
5

1

16p2
2bg2M , ~2.7!

dA

dt
5

1

16p2
~3aȳyA2cg2~A22My!!, ~2.8!

dS

dt
5

2

16p2
~a~ ȳyS1ĀA!22cg2MM̄ !, ~2.9!

where S is a sum of the soft scalar masses;S5mQ
2 1mu

2

1mHu

2 . ~In the case with more Yukawa couplings, the sumS

is defined corresponding to each Yukawa coupling.! From
these beta functions, one can find the infrared stable fix
point solutions:

ȳy5
b1c

a
g2, A52My, S5M2. ~2.10!

The fixed-point values are written in terms of the gauge c
pling g and the gaugino massM. The solutions for SUSY
breaking parametersA and S can also be derived directly
from the solution of Yukawa couplingy by use of the Grass
mannian expansions. Here it is important to note that
fixed-point solutions for the soft SUSY breaking paramet
do existonly whenthe corresponding Yukawa coupling has
stable fixed point. Therefore in the usual three generati
case that the first two generations have tiny Yukawa c
plings, the soft terms of these generations do not have st
infrared fixed points like Eq.~2.10!.

Before proceeding to the generic three-generation c
we consider the convergence of couplings to the fixed-po
solution Eq.~2.10!. For this, let us analytically integrate th
RG equations. In the present case, i.e., with only o
Yukawa coupling, the results are expressed in a simple fo
as

X~ t !5jX0 , Y~ t !5jY0 , Z~ t !5jZ0 , ~2.11!

wherej[(g(t)/g0)2(11c/b) and the subscripts 0 imply the
are initial values at some high-energy scale. The combi
couplingsX, Y, andZ are defined by

X5
R21

R
, ~2.12!
3-2
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Y5
S21

R
2S 11

c

bD R21

R
, ~2.13!

Z5
T21

R
2

~S21!~S̄21!

R
2S 11

c

bD S21

R

2S 11
c

bD S̄21

R
1S 11

c

bD S c

bD R21

R
, ~2.14!

where

R5
a

b1c

ȳy

g2
, S5

2A

My
, T5

S

MM̄
. ~2.15!

The fixed-point solutions Eq.~2.10! correspond toX5Y
5Z50 ~in other words,R5S5T51). It can be seen from
the integrated forms@Eq. ~2.11!# that the parameterj denotes
the convergence factor, that is, the rate at which the c
plings approach their fixed-point values. A sufficiently sm
value ofj assures that the couplings converge to the infra
fixed points rapidly. As will be seen below, it depends
this smallness ofj how the FCNC processes, which involv
the off-diagonal elements of soft mass matrix, can be s
pressed. Interestingly enough, all the RG fixed points incl
ing the soft SUSY breaking parameters are controlled by
single convergence factorj. Thus the FCNC problems o
SUSY breaking parameters may be studied only from
rigid SUSY sector, and the initial values of these couplin
are irrelevant to discussions. The factorj is expressed only
by the gauge interaction part. In the four-dimensional th
ries, the smallness ofj requires that the gauge coupling
should be large at high-energy scale@12#. In this type of
model, various phenomenological aspects, e.g., the Yuk
coupling textures, have been investigated@13#.

III. INFRARED ALIGNMENT OF FLAVOR STRUCTURES

Now we further investigate the generation structures
soft breaking terms, from which one can discuss the fla
problems in supersymmetric theories. We consider the c
where the RG evolutions are dominated by one gauge c
pling g for simplicity. The superpotential takes the followin
form:

W5yi j QiujHu , ~3.1!

where i , j are generation indices,i , j 51,2,3. Here we con-
sider the up-quark part only, but the results are easily app
to include the down-quark sector. The soft SUSY break
parameters,mQ

2 , mu
2 , and A, are similarly extended to 3

33 complex-valued matrices. The scalar squared-mass
trices are Hermitian by definition. We now study th
renormalization-group effects on the soft breaking para
eters. A convenient way to see the behaviors of SUSY bre
ing terms under RG evolutions is the Grassmannian exp
sion method as we have used before. With this method,
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not necessarily needed to examine the RG equations ex
itly. In the multigeneration case, the expansion of the rig
SUSY couplings are given by

g̃25g2~11Mh1M̄ h̄12MM̄hh̄!, ~3.2!

ỹi j 5yi j 2Ai j h1 1
2 @~mQ

2 y! i j 1~ymu
2 T! i j 1yi j mHu

2 #hh̄.

~3.3!

Let us suppose that all the Yukawa couplingsyi j are de-
termined by the infrared fixed-point values. This is the k
assumption to obtaining an alignment of quark-squark fla
structures from RG evolution. The condition implies that t
forms of the fixed-point solutions for SUSY breaking term
can be read from the above Grassmannian expansion
should be noted that the expansion method can be app
only to the quantities concerned with the renormalizat
properties. We therefore apply it to the present situation t
the couplings are determined from the anomalous dim
sions of matter fields. Of course, the following argument
alignment does not hold for generic Yukawa solutions o
tained from other mechanisms.

The fixed-point solution of Yukawa couplings may ge
erally be given byyi j 5ci j f (g), or more exactly,

~yy†! j
i 5Cj

i F~g2!, ~y†y! j
i 5C̄j

i F~g2!. ~3.4!

The functionF does not carry generation indices because
gauge interaction is flavor blind. In the simplest case,F be-
comesF}g2 but may have a more complicated form fo
other solutions such as quasifixed points.1 The constant ma-
tricesC andC̄ take different forms according to the prope
ties of the doublet and singlet quarksQ andu. These matri-
ces are Hermitian by definition and are diagonalized as

C85VL
† C VL5VR

† C̄ VR5diagonal ~3.5!

with two unitary matricesVL andVR . The Yukawa coupling
~the fixed-point solutionci j ) is also diagonalized by thes
matrices asy85VL

† y VR5 diagonal. Here, the prime mean
a matrix in the Yukawa-diagonal basis.

Let us perform the Grassmannian expansions about
fixed-point solution ofyy†. From the expansion Eq.~3.3!, we
obtain

yy†̃5yy†2Ay†h2yA†h̄1@ 1
2 y~y†mQ

2 1mu
2* y†1y†mHu

2 !

1 1
2 ~mQ

2 y1ymu
2 T1ymHu

2 !y†1AA†#hh̄. ~3.6!

Here and hereafter we omit the generation indices for s
plicity. In the basis that the Yukawa matrix is diagonal, t
solution can be rewritten as

1The quasifixed-point solutions may be obtained analytically e
in multi-Yukawa coupling cases@14#.
3-3
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y8y8̃†5y8y8†2A8y8†h2y8A8†h̄1@ 1
2 ~y8y8†mQ

28

1mQ
28y8y8†!1y8mu

28y8†1y8y8†mHu

2 1A8A8†#hh̄,

~3.7!

where the redefined couplingsA8, mQ
28 , andmu

28 are given
by

A85VL
† A VR , mQ

285VL
† mQ

2 VL , mu
285VR

† mu
2 T VR .

~3.8!

These are nothing but the soft SUSY breaking parameter
the so-called super–Cabbibo-Kobayashi-Maskawa~CKM!
basis~at the scale where the fixed points are realized!. There-

fore, if the off-diagonal elements ofA8, mQ
28, andmu

28 van-
ish, the supersymmetric FCNC processes are suppre
With the expansions@Eqs.~3.2! and~3.7!#, the linear term in
h of Eq. ~3.4! reads

A8y8†52C8Mg2
dF

dg2
. ~3.9!

It is easily found that since the matricesy8 andC8 are diag-
onal, the off-diagonal entries inA8 vanish. On the other
hand, the diagonal elements, i.e., the eigenvalues of the
trix A are given by use of the leading term of Eq.~3.4!,

A8 i i 52y8 i i M
g2

F

dF

dg2
, i 51,2,3. ~3.10!

Thus the trilinear couplingA is completely proportional to
the Yukawa couplings on the fixed point. Again note that t
proportionality is obtained from the assumption that t
Yukawa couplings are determined by fixed-point valu
This result is different from the infrared universality@15# in
which the couplings are required to satisfy specific con
tions by some symmetry and other theoretical assumpti
or there is no relation between the Yukawa and SUSY bre
ing couplings. In the present case, the coefficient matriceC

and C̄ do not necessarily satisfy any restricted conditio
The Yukawa couplings, trilinear terms, and soft sca
masses as seen below, take arbitrary forms in the Lagran
but can be simultaneously diagonalized by the same mix
matrices. Note also that theCP phases of trilinear coupling
are no longer free and fixed by that of gaugino mass
Yukawa couplings.

For the soft scalar masses, it is also easily found from
hh̄ terms of Eq.~3.4! that the off-diagonal elements shou
satisfy

~mQ
28! j

i 5~mu
28! j

i 50, iÞ j ~3.11!

provided that all the eigenvalues of the Yukawa matrix
not equal to each other;uy8 i i u2Þuy8 j j u2 ( iÞ j ), e.g., if the
mass hierarchy is properly realized. Here we have used
matricesy8 and A8 which are diagonal. In addition, the d
agonal elements are given by
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28! i

i1~mu
28! i

i1mHu

2 5M2
d

dg2 S g4
d

dg2
ln F D , i 51,2,3.

~3.12!

It is interesting to note that this expression does not co
pletely depend on the model-dependent constantsci j . In the
end, we find that the supersymmetric FCNC problems
avoided on the fixed point. Namely, the quark and squ
mass matrices are simultaneously diagonalized~‘‘infrared
alignment’’! if the Yukawa couplings are determined by R
fixed-point solutions. Exactly speaking, the alignment su
presses the gaugino-mediated processes only. The higg
mediated processes still exist as a supersymmetric cou
part of the GIM-suppressed processes in the SM. Th
contributions are, however, small due to the weak coupli
in the vertex.

As we have shown, the soft SUSY breaking paramet
are not universal in the Lagrangian and may have rather
neric structures. This is due to the remaining freedom of
mixing matricesVL and VR and also the fact that the so
mass eigenvalues are restricted only by several relations
~3.12!. In spite of these facts, interestingly enough, t
FCNC problem is actually settled by quark-squark alig
ment. The mixing matrices, i.e., the solutionci j is fixed in a
model-dependent way but their detailed values do not af
the alignment of soft terms and moreover do not disturb
scalar mass spectrum either. It is clear from the above d
vation that the alignment occurs in the sector where Yuka
couplings really converge to their fixed points. For examp
when only eigenvalues are fixed, the flavor structures are
aligned between quarks and squarks although the relat
like Eqs. ~3.10! and ~3.12! are obtained and somewhat r
strict scalar mass matrix forms.

IV. ILLUSTRATIVE MODELS

Here we will comment on possible dynamics that m
actually realize the infrared alignment mechanism. As
gued above, the mechanism requires that Yukawa coupli
in particular even small ones, are reproduced as their fix
point values. This situation naively cannot be accomplish
in the usual supersymmetric standard models. That is,
RG evolutions produce onlyO(1) fixed-point values of
Yukawa couplings because the gauge couplings, which d
the Yukawa couplings, are alsoO(1). This problem is, how-
ever, avoided in some extensions of the SM.

The first example is to add extra~vector-like! matter fields
to the usual three-generation models. The mass scale
these extra matter fields are experimentally bounded fr
below and should be very large. With the heavy masses,
mixing Yukawa couplings between extra matter and o
three-generation fields could beO(1) and determined by
fixed points of RG running above the heavy mass sca
Furthermore such heavy masses also depend on the fi
point predictions. If these mass terms are generated f
Yukawa couplings, the vacuum expectation values of r
evant Higgs fields should be assumed as in the electrow
3-4
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symmetry breaking. As an example, in case of three e
generations, the 636 mass matrix may take the followin
form:

S O~1! m

O~1! m O~1! M D , ~4.1!

where m and M are light ~electroweak! and heavy mass
scales, respectively, andO(1)’s denote the fixed-point val
ues of Yukawa couplings. In this case, the small Yuka
couplings of the first two generations are explained by
heavy mass suppressions like the seesaw mechanism an
realized as the fixed points. Thus the condition for alignm
is satisfied and in the low-energy effective theory belowM,
the FCNC processes are suppressed.

Another important point to add extra matter fields is th
in general, it leads large gauge coupling constants at h
energy. As a consequence, the convergence factorj defined
in Eq. ~2.11! becomes very small and the Yukawa and SU
breaking couplings are driven into their fixed points ve
rapidly @16,17#. This strong convergence is surely requir
for the alignment to be achieved, i.e., to obtain enough s
pressions of the off-diagonal elements of SUSY break
parameters in the super-CKM basis. It is interesting that a
ing extra matter can provide two conditions required for
FCNC problem in one effort.

The second example we present is the models with e
spatial dimensions beyond the usual four dimensions.
quark and lepton chiral superfields as well as the gauge m
tiplets could be supposed to propagate through the extra
mensions. When the compactification scaleMc of extra di-
mensions is smaller than the cutoffL, the effects of RG
evolutions between these two scales are enhanced by
contributions from numbers of Kaluza-Klein excited mod
@18#. For instance, the beta function of Yukawa couplingy is
given by

dy

dt
5

1

16p2
yFaS L

m D dy

ȳy2cS L

m D dg

g2G , ~4.2!

where O(1) coefficientsa and c contain group-theoretica
indices and the volume factors originated from the pha
space integral of Kaluza-Klein modes. Here we have
glected the logarithmic terms from the contributions of or
nary four-dimensional particles. The gauge beta functi
are also written in a similar way. Compared to the fou
dimensional case Eq.~2.3!, the beta functions are amplifie
by the power factors (L/m)x (@1). Roughly speaking, thes
powers just correspond to the number of Kaluza-Kle
modes propagating in the loop diagrams. The integer ex
nentsdg anddy are the largest gauge and Yukawa contrib
tions, respectively, to the anomalous dimensions of ma
fields. Of course, the four-dimensional results are recove
by taking the limitd→0. These exponents are determin
once we fix the configuration of relevant fields in the ex
dimensions. Thereforedy anddg can generally take differen
values for various Yukawa couplings.

With the enhancement of RG evolutions, the suppress
of Yukawa couplings are established while the gauge c
11500
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plings are order one. The hierarchy between generations
be generated by the difference of exponentsdx . More inter-
estingly, these suppressed Yukawa couplings are actually
termined by the infrared fixed points and do not depend
high-energy input parameters. After all, it is found that t
fermion-sfermion alignment occurs at the compactificat
scaleMc . In higher-dimensional models, two types of fixe
point scenarios can be realized by taking suitable field c
figurations in the extra dimensions: the quasifixed point@19#
and the Pendleton-Ross type fixed point@20# scenarios. Es-
pecially in the case of Pendleton-Ross fixed points, even
smallness of CKM matrix elements may be explained a
the supersymmetric FCNC processes are completely
pressed by the extra-dimensional mechanism.

Let us comment on the convergence factorj in this case,
too. Since the couplings have power-running behaviors
the running region may be narrower than the fou
dimensional case, one should also require the strong con
gence in order to have enough FCNC suppressions. The
of suppressionj is now given by

j5expF E
0

t

dt8
c

8p2 S L

m D dg

g2G S g2~ t !

g2~0!
D . ~4.3!

This expression certainly reproduces the four-dimensio
value~see Sec. II! in the limit dg→0. From this equation, we
can see that there are two distinct ways to obtain a sm
value of j @20#. One is realized in asymptotically non-fre
gauge theories. This is clearly seen when the effect from
gauge anomalous dimension is dominant in the RG evo
tions. The situation is almost similar to the ordinary fou
dimensional cases@12#. The other possibility is essentiall
due to the existence of extra dimensions. That is, when
gauge contributions in the matter anomalous dimensions~the
dg term! govern the RG equations, the suppression factoj
becomes very small. This result holds even in asymptotic
free gauge theories such as the minimal supersymme
standard model. Then we may not necessarily require la
gauge coupling constants at high energy unlike the fo
dimensional cases and have many possibilities of mo
building.

V. SPARTICLE SPECTRUM

The present alignment realization leads to a rather ch
acteristic scalar mass spectrum in the models. Here we
briefly discuss these spectra predicted by the eigenvalue
lations of SUSY breaking parameters Eqs.~3.10! and~3.12!.
The relations give the boundary conditions of parameter
the low-energy effective theories at the scale at which
alignment occurs. It is noted that the relations also hold
the first and second generations. This is due to the fact
we have assumed that the Yukawa couplings of these g
erations are determined from the fixed points.

First, as noted before, the soft scalar mass terms are
erally not universal forms but interestingly, the averag
squark masses are equal to each other and are given b
gluino and Higgs boson soft mass parameters. This is true
the first two generations even when the RG-running effe
are included because of the small Yukawa couplings. On
3-5
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other hand, the averaged mass of the third generation
differ from the others due to the large top~and possibly
bottom! Yukawa effects. Moreover for the third generatio
there could be a large splitting between two mass eigen
ues by a large contribution from the trilinear coupling. F
the first two generations, theA parameters are small@see the
boundary condition Eq.~3.10!#.

The results of Sec. III are also applied to the down-qu
part and we here assume that the alignment takes place i
down sector. In this case, the soft masses relations suc
Eq. ~3.12! lead to more interesting features when taking in
account the electroweak symmetry breaking. For exam
minimizing the Higgs potential requires the condition,mHd

2

2mHu

2 52(mA
21MZ

2)cos 2b, where mA and MZ are the

masses of the neutral pseudoscalar Higgs andZ boson. To-
gether with the mass relations, the symmetry breaking c
dition is written as

m̃u
22m̃d

252~mA
21MZ

2!cos 2b, ~5.1!

where m̃x
2 denotes the averaged squark masses. The ri

hand side is positive since the condition cos 2b.0 is incon-
sistent with the observed quark mass patterns. We thus
that the up-type squarks are necessarily heavier than
down-type ones. This characteristic spectrum is differ
from the usual cases, e.g., with the universal soft mas
generated in the supergravity models. In that case, the
type squarks, particularly in the third generation, beco
lighter than the down squarks at the electroweak scale
cause of the RG effects induced by large Yukawa couplin

In the above we have considered that the alignment
curs at the electroweak scale. However, the conditions m
generally be achieved at some higher scale. In the real
models discussed in Sec. IV, this scale corresponds to
heavy mass scale of extra matter fields or the compactifi
tion scale of extra dimensions. For definiteness, we supp
that below these scales we have the minimal supersymm
standard model. Then the difference of the low-energy s
and sbottom averaged massesDm̃2 (5m̃t

22m̃b
2) is evaluated

once one fixes the value of tanb. In Fig. 1, we show a
typical behavior of the mass differenceDm̃2 as a function of

FIG. 1. Typical mass difference of the up and down squarks
a function ofMal at which scale the alignment occurs. The sol
dotted, and dashed lines correspond tomA5300, 400, and 500
GeV, respectively. We take tanb53 and the gluino massM
5500 GeV at 1 TeV.
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Mal at which scale the alignment occurs, i.e., the soft mas
relations are imposed. Here we take tanb53 and the gluino
massM5500 GeV at 1 TeV, but the mass difference beha
ior is almost independent ofM. It is found from this figure
that the stop mass can be smaller than that of sbottom as
scale of new physicsMal increases. In other words, if th
squark masses are measured in the future, the new ph
scale could be determined. As for the first and second g
erations, the up-type squarks are always heavier than
down-type ones even below the scaleMal . Generally, the
detailed information above the thresholdMal is lost, such as
in the present models using infrared fixed points. Howev
the RG invariant relations among the soft SUSY break
parameters@17# may be helpful in speculating on the SUS
breaking mechanism at high-energy scale.

We also comment on the masses of neutralino as a
sible candidate of the lightest SUSY particle~LSP! in this
scenario. As above, if we take into account the electrow
symmetry breaking properly, the supersymmetric Hig
mass parameterm is written asm2.2mHu

2 21/2MZ
2 for not

too small a value of tanb. Suppose that the alignment
realized at high energy and then the soft mass relations
imposed at that scale, the low-energy value ofm parameter is
given by

m2.m̃t
22xM22 1

2 MZ
2 , ~5.2!

where the coefficientx denotes the RG-running effec
@x(0)51#. It takes the value 0.8–1.0 depending on t
alignment scale, but is almost independent of tanb and the
initial value of M. The averaged massm̃t

2 can vary with
different initial ratio of two soft scalar masses because o
the sum of them is known at the boundary. The value of
m parameter roughly gives the Higgsino-like neutrali
mass. Comparing Eq.~5.2! with the bino mass, we find tha
may be a candidate for the LSP. If one assume the unive
gaugino masses at some high-energy scale, the bino m
becomes lighter than the gluino and then it is found from E
~5.2! that the LSP is bino in almost all parameter spa
However more involved boundary condition of gaugin
masses could naturally induce the Higgsino-like neutral
LSP. Of course this naive analysis does not include the
ton sector, gravitino, etc., and clearly more exact treatm
should be performed, for example, by embedding the mod
in grand unified frameworks.

Finally, the FCNC problems in the case of such a high
scale alignment should be discussed. As for the glui
mediated FCNC processes, it is clear that they are c
pletely suppressed even in the low-energy region becaus
the alignment property. This is different from the case
universal soft SUSY breaking terms. In that case,
Yukawa matrices are not diagonal in general. Then the
diagonal elements of the soft mass-squared matrices ar
duced under the RG evolutions and would lead the FC
problems. On the other hand, in the alignment mechani
the Yukawa and soft mass matrices are simultaneously
agonalized and then the radiative corrections do not ca
the FCNC processes at low energy. However the charg

s
,

3-6
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mediated diagrams still exist even in the present case.
though these processes are suppressed by small cou
constants, they would lead some bounds for degeneracy
tween the diagonal elements of the soft mass matrix of l
handed-type squarks. If that is the case, the soft mass
tions for the first two generations could restrict the sca
spectra in the models. Notice that one may easily avoid th
bounds by arising the scalar masses~and gaugino masses du
to the boundary conditions from the alignment!. A detailed
analyses of sparticle mass patterns including the LSP
also other problems, e.g., the charge and color brea
minima involving generation mixing couplings, will be dis
cussed elsewhere.

VI. SUMMARY

In this paper we have shown that the quark mass and
squark squared-mass matrices are diagonalized sim
neously in the case where Yukawa couplings~quark masses!
are determined from the anomalous dimensions, i.e.,
fixed-point solutions of RG equations. This result provide
natural alignment solution of the supersymmetric FCN
problems. On the fixed point, the soft SUSY breaking para
eters are not universal but can take arbitrary forms in
Lagrangian. This is because:~i! the soft mass eigenvalues a
determined only from several relations and~ii ! the flavor
structure of Yukawa couplings, i.e., the diagonalizing ma
ces of the Yukawa matrix, are not fully fixed by observatio
In spite of these unconstrained mass patterns, the FCNC
cesses are actually suppressed at low energy.
a,

.

s.
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We have also discussed several possible dynamics re
ing the infrared alignment. As examples, we have presen
the models with extra heavy fields or with extra spatial
mensions beyond the SM. One of the important points
applying the fixed-point solution to the FCNC problem
that the SUSY breaking parameters actually converge
their fixed-point values at an accurate level. We have sho
that this strong convergence can be naturally obtained
these models.

Furthermore the present alignment also restricts the eig
values of soft SUSY breaking couplings even in the first t
generations. The scalar trilinear couplings are proportiona
the corresponding Yukawa couplings and cannot have n
CP-violating phases. In addition, the eigenvalues of squ
squared-mass matrices for all generations are determine
gaugino masses from sum rules. These results give a pec
pattern of sparticle mass spectrum. For example, the up-
squarks are generally heavier than the down-type squa
Considering the mass relations as boundary condition
some high-energy scale, we also discuss the typical R
running effects below that scale and possible candidate
the lightest SUSY particle. The sparticle spectra may beco
rather different from those in other mechanisms for suppre
ing the FCNC processes and would give distinctive sig
tures in future experiments.
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