
H
E

P-
PH

-9
50

44
15

April, 1995 SU-ITP-95-9

CERN-TH/95-101

hep-ph/9504415

The Supersymmetric Flavor Problem

Savas Dimopoulosa1,David Sutterb2

a Cern Theory Group, 1211 Geneva 23, Switzerland
b Physics Department, Stanford University, Stanford, Ca. 94305, USA

Abstract

The supersymmetric SU(3)�SU(2)�U(1) theory with minimal parti-

cle content and general soft supersymmetry breaking terms has 110 phys-

ical parameters in its avor sector: 30 masses, 39 real mixing angles and

41 phases. The absence of an experimental indication for the plethora of

new parameters places severe constraints on theories posessing Planck or

GUT-mass particles and suggests that theories of avor conict with nat-

uralness. We illustrate the problem by studying the processes � ! e+ 

and K0
�

�K0 mixing which are very sensitive probes of Planckian physics:

a single Planck mass particle coupled to the electron or the muon with

a Yukawa coupling comparable to the gauge coupling typically leads to a

rate for �! e+  exceeding the present experimental limits. A possible

solution is that the messengers which transmit supersymmetry breaking

to the ordinary particles are much lighter than MPlanck.
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1 Naturalness versus Flavor: A Conict

Nature is ambivalent about Flavor; Quark masses violate it signi�cantly whereas

neutral processes conserve it very accurately. This ambivalence leads to a conict

that has to be resolved in every theory. In the standard model it led to the GIM

mechanism. In SUSY-GUTS and the supersymmetric standard model [1] it led

to the hypothesis that squarks and sleptons of the same color and charge have

the same mass, independent of the generation that they belong to. We call this

\horizontal universality". A stronger version of this hypothesis is that all squarks

and sleptons have the samemass atMGUT [1]. This is called \universality" and is

a fundamental ingredient of the minimal version of the SupersymmetricStandard
Model (MSSM). Universality ensures that the sparticle masses are isotropic in
avor space and thus do not cause any direct avor violations. Flavor non-
conservation in the MSSM originates in the quark masses and is under control.

The hypotheses of universality or horizontal universality are di�cult to im-
plement in realistic theories. The reason is simple: the physics that splits par-

ticles also splits sparticles. The degree to which this happens is the crucial
question; the answer is model dependent. In the MSSM and the minimal SUSY-
GUT [1] the interfamily sparticle splittings that are dynamically induced are ad-
equately small. Such minimal theories leave fundamental questions unanswered
and are unlikely to be the last word. In more ambitious theories addressing

(even small parts of) the problem of avor, the interfamily sparticle splittings
are invariably large and cause unacceptable avor violations unless the sparticle
masses are heavy [2]. However, heavy sparticles spoil naturalness, which was
the original reason for low energy SUSY; it implies that parameters related to
electroweak symmetry breaking must be tuned to high accuracy. Thus, generic

theories addressing the problem of avor conict with naturalness. These theo-
ries require a new mechanism to supress avor violations to solve this conict.

In this paper, we �rst present the general supersymmetrized standard model.

Next we review sources of avor dependance in the supersymmetry violating
terms and the naturalness criterion that limits the masses of the new super-

symmetric partners. We then use the experimental constraints from the avor
changing processes � ! e +  and K0 � �K0 mixing to quantify the conict

between sparticle non-universality and naturalness, illustrating the need for a

mechanism to supress avor changing processes. Finally, we discuss a possible
supression mechanism.
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2 Supersymmetric Kobayashi-Maskawa.

2.1 The U (3)5 Flavor Group

Consider the general, renormalizable softly broken supersymmetric SU(3) �
SU(2)�U(1) theory with minimal particle content at some energy scale signif-

icantly smaller than the fundamental scales MPlanck or MGUT. The soft SUSY-

breaking terms [1, 3] are all taken to be � Mweak but are otherwise uncon-

strained: the sparticle masses are, in general, unrelated to each other and the

triscalar couplings are not necessarily proportional to the Yukawa couplings3.
This theory can be the low energy manifestation of a SUSY-GUT or a Super-
string theory or anything else. The gauge part of the Lagrangian has a U(3)5

global avor symmetry, one U(3) for each of the �ve species that constitute a

family: q; �d; �u; l; �e. In this paper we study violations of this avor symmetry so
we will concentrate on the avor U(3)5 breaking part of the Lagrangian, which
is:

LbreakU(3)5 =
X
A;i;j

m2
Aij

~A�

i
~Aj + LY ukawa + Ltriscalar (1)

where ~A = ~q, ~�u, ~�d, ~l, ~�e labels the �ve species that constitute a family; the tilde
labels a sparticle; and i,j = 1,2,3 are U(3) avor labels. The Yukawa part of the
Lagrangian includes the corresponding scalar quartic couplings and is derived

from the superpotential:

WYukawa = q�u�uHu + q�d �dHd + l�e�eHd (2)

where �u; �d; �e are Yukawa matrices.
The triscalar couplings are given by:

Ltriscalar = ~qAu~�uHu + ~qAd
~�dHd + ~lAe~�eHd (3)

where Au; Ad; Ae are three by three Yukawa-like matrices with overall magnitude
of order �Mweak.

2.2 Counting Parameters

The above Lagrangian contains three fermion Yukawa matrices, three triscalar
coupling matrices, and �ve scalar mass matrices. The Yukawa and triscalar

matrices are general 3�3 matrices with nine real magnitudes and nine imaginary

phases each. The �ve scalar mass matrices are 3�3 Hermiteanmatrices with six
real magnitudes and three phases each. This gives a total of 84 real parameters

(mass eigenvalues and angles) and 69 phases.

3We also assume R-parity conservation.
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Not all of these parameters are physical; some may be eliminated using

the U(3)5 avor symmetry of the gauge sector. (We will only allow super�eld

rotations in order to maintain the form of the gaugino couplings)4. The SU(3)5

subgroup of U(3)5 can be used to remove 15 real angles and 25 phases. The U(1)5

subgroup can be used to remove only three phases. The remaining two phases

of U(1)5 can not be used to remove any parameters because the Lagrangian is

invariant under these rotations, which correspond to baryon and lepton number5.

Subtracting the removeable parameters, we �nd the theory contains 69 real

parameters and 41 phases. Of the 69 real parameters 30 are masses, 9 for

fermions and 21 for scalars, and the remaining 39 are mixing angles. Thus,
compared to the standard model, there are an additional 21 masses, 36 mixing

angles and 40 phases. They all imply new physics. A geometric interpretation
of these parameters will become clear in the next section.

2.3 Sparticle Basis

The �rst term of eq. 1 is quadratic and chirality conserving. A U(3)5 rotation
can diagonalize it and take us to the \sparticle" basis 6 where:

m2
Aij = m2

A(i)�ij (4)

Thus, in this basis, these chirality conserving terms of the Lagrangian also
conserve a U(1)15 avor subgroup that conserves individual species number for
each of the 15 species of quarks and leptons that make up the three families.
In the sparticle basis, although the chirality conserving terms in the Lagrangian

distinguish the 15 species of sparticles, they do not cause avor violating tran-
sitions between them. This is convenient for tracing avor violations; they are

associated with chirality violations and originate either in the Yukawa superpo-

tential or in the triscalar couplings.
In this basis the Yukawa superpotential has the form:

WYukawa = qUq
��uU�u�uHu + qU 0

q
��dU �d

�dHd + lUl
��eU�e�eHd (5)

where ��u,��d, and ��e are the diagonal Yukawa couplings for the quarks and elec-

trons. U 0

q, Uq, U�u, U �d, Ul, and U�e are six unitary matrices; Uy

qU
0

q is the usual KM

matrix, whereas the remaining �ve are new independent matrices. In general,

4Continuous R-Symmetry will be used to render the gaugino masses real. Similiarly, Higgs

�elds will be rede�ned to make the bilinear soft term real.
5In doing a similiar counting for the standard model, the Lagrangian is invariant under

four U (1) �eld rede�nitions: baryon number and the three individual lepton numbers.
6Unless otherwise speci�ed we will alwaysmake super�eld rotations: sparticles and particles

are rotated in parallel. This ensures that the gaugino couplings have their minimal form.
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these matrices cannot be rotated away. They have both physical and geometrical

signi�cance. Their physical signi�cance is that they cause new avor violations.

Their geometrical signi�cance is that they measure the relative misalignment

between sparticle and particle masses in avor U(3)5 space. The A-terms are

of a similiar form to the Yukawa couplings. They contain six additional 3 � 3

unitary matrices with a similiar physical interpretation.

2.4 Universality and Proportionality

In minimal supersymmetric theories it is often assumed that, at some funda-
mental scale � MGUT or Mstring, each triscalar coupling is proportianal to the
corresponding Yukawa coupling with a proportionality constant which is the
same for each Yukawa matrix. This is sometimes called proportionality and re-

duces the possible 27 complex numbers to one. In addition, again in minimal
theories, one of two conditions is also postulated [1]:

� horizontal universality:

m2
Aij = m2

A�ij (6)

or, the more restrictive

� universality:
m2

Aij = m2�ij (7)

Either version of universality reduces the sparticle masses to spheres in a-
vor space which preserve the full U(3)5 rotation group. Since a sphere points

nowhere, the notion of relative orientation of particle and sparticle masses loses

its meaning; the geometric signi�cance of 5 of the 6 matrices U 0

q, Uq, U�u, U �d, Ul,

and U�e disappears. Only the usual CKM matrix Uy

qU
0

q that measures the rela-
tive orientation of up and down quark masses continues to have geometrical and
physical meaning. In particular, since Ul and U�e lose their meaning, there are

no lepton number violations in theories satisfying horizontal universality. The

importance of the hypotheses of proportionality and universality is now clear:
They insure that all avor violations involve the quarks and are proportional to

the usual CKM matrix Uy

qU
0

q; consequently, they are under control.
As we shall review in the next section, the problem with these hypotheses is

that they do not seem to emerge from fundamental short distance theories, such

as GUTs or strings: Flavor breakings in the fermion sector invariably pollute the
soft terms and render them non-universal and non-proportional. This is, in one

sense, fortunate because these low energy parameters may serve as a �ngerprint
of high energy physics that is otherwise beyond the reach of experiment.

Since we wish to do a general analysis of avor violations we will not assume

proportionality or any form of universality.
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3 Sources of Non-Universality

All theories have some degree of avor dependence in the soft SUSY breaking

terms. The terms which violate the U(3) avor symmetry for the fermions will

also a�ect the soft terms; if not at tree level, then at the loop level through

the RG equations. The only question is the extent to which the sparticles are

non-degenerate between families and misaligned with respect to the fermions.

The answer depends on the size of the Yukawa couplings.

In theories that do not address the question of avor, most of the Yukawa

couplings are small so they do not contribute signi�cantly to avor or CP vi-

olations; the top Yukawa is large, so it can induce measurable violations [4].
Recent calculations of �! e+ , as well as electron and neutron electric dipole
moments, in the minimal SUSY GUT give results that could be observed soon
if sparticles are not too heavy [4]. In this case, the large top Yukawa does not
cause a problem because it is sheltered from the �rst generation by a small
mixing angle.

In theories that do address the question of avor [5] we expect that there
are no small parameters and that all non-vanishing Yukawa couplings are of
the same order as the gauge coupling at some high scale � MPL (or � MGUT),
which we call the avor scale. These Yukawas couple the three ordinary families
to superheavy multiplets residing at the avor scale. As we shall demonstrate,

they can create large splittings among the ordinary squarks and sleptons. These
subsequently lead to dangerous avor violating interactions. Even if there is
a avor symmetry protecting the soft terms, threshold corrections will occur
when the symmetry is spontaneously broken, resulting once again in dangerous
contributions.

As an example, let us examine the SU(5) superpotential term of equation 8
which involves one light matter multiplet and two heavy �elds. The RG equation

describing the evolution of the soft mass term for the matter multiplet is given

in equation 9.
W = ��5family

�5heavy10heavy (8)

dm2
family

dt
=

1

8�2
4�2(m2

family+m2
�5heavy +m2

10heavy+A2) (9)

Let us �rst examine the running of mfamily due to evolution from the string

scale, 5 � 1017 GeV, to the GUT scale, 2 � 1016 GeV. Assuming the Yukawa
coupling is equal to one, and the tri-linear mass A is equal to the scalar masses

m, we obtain �m2 = :65m2 using the linear approximation. Clearly the linear

approximation breaks down, but we do expect fractional splittings of O(100%)
if there are large Yukawa couplings over a broad range of energies.

If we redo the calculation, now assuming only a factor of two between the

masses over which we integrate the RG equation instead of the factor of 25 from
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the string scale to the GUT scale, the answer is �m2 = :14m2. This is a calcula-

tion typical of a threshold correction estimate from a broken symmetry, and the

answer is large, as we shall see from avor changing calculations. Because there

is a logarithmic dependence on the ratio of mass scales, even a small integration

interval gives a signi�cant mass correction.

In any theory of soft SUSY breaking terms, there must be a violation of the

avor symmetry communicated through loop e�ects from the avor breaking

Yukawa sector. Small Yukawa couplings are not dangerous, but in the presence

of large Yukawa couplings, as expected near the avor scale, there will be large

avor violations in the SUSY breaking sector.

4 Naturalness

The naturalness criterion measures the sensitivity of the weak scale to variations
of the SUSY parameters at a fundamental scale, for example the GUT scale.
In this section we will review a simpli�ed form of the analysis of Barbieri and
Giudice [6].

If the conditions for symmetry breaking are met, the minimum of the Higgs
potential at tree level can be written in terms of two equations, one for tan �

and one for M2
z . The latter reads as:

M2
z = 2

(m2
Hd + �2)� (m2

Hu + �2) tan 2�

tan 2� � 1
(10)

Here m2
Hd and m2

Hu are the soft scalar masses of the down and up Higgs respec-
tively, and � is the Higgsino mass. All parameters in the above equation are
evaluated at Mz.

The next step is to write this equation in terms of parameters at the GUT
scale, for which one loop RG equations are su�cient. For clarity, we will keep

tan �, evaluated at the weak scale, in the equation as a fundamental parameter.
This simpli�es the resulting equation, making M2

z linear in the GUT scale pa-

rameters, without changing the numerical results signi�cantly. In addition, we
will keep the � parameter evaluated at Mweak. This does not e�ect the results

because � is renormalized only by a multiplicative constant.
Equation 11 gives Mz in terms of the parameters of interest.

M2
z = c��

2 + cHdm
2
Hd0 + cHum

2
Hu0 + ctm

2
t0 + c�tm

2
�t0 +

cMM
2
0 + cAMAt0M0 + cAA

2
t0 (11)

A subscript 0 refers to a parameter evaluated at the GUT scale7. M is the

gaugino mass (uni�cation is assumed), and m2 is a soft scalar mass. The c

7We will keep this convention throughout the paper.
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coe�cients are functions of tan� and constants of O(1) from RG solutions. We

have assumed the top Yukawa is the only contributing Yukawa coupling.

There is no a priori relation among the c coe�cients, so it is unlikely that a

large cancellation between seperate terms of equation 11 will occur. We de�ne

the �ne tuning of a given term as the fraction by which M2
z is smaller than that

term. For example, the �ne tuning of the term associated with the parameter

�, which we label f�, is given in equation 12.

f� =
M2

z

c��2
(12)

Unless there is some cancellation mechanism, the limit to a reasonable cancel-

lation is usually placed at a �ne tuning of f = :1. This is the 10% naturalness
criterion.

This analysis gives especially tight constraints on the parameters � and M0.
Independent of tan � and the renormalization group, the coe�cient c� = 2. The
minimum value of cM is � 6 and occurs for tan � � 1. There is only a weak

dependence on the size of the top Yukawa because we are near the �xed point.
With these c values, the 10% �ne tuning criterion gives the following upper mass
limits:

M0 = 117GeV

� = 203GeV

If one wants to allow for a larger �ne tuning, the square of the masses can be
scaled up by the factor by which the �ne tuning is increased. For example, a

1% �ne tuning gives an upper limit on M0 of 370 GeV.

5 Flavor Changing Processes

We will now calculate the constraints placed on sparticle non-universality and
SUSY masses by the processes � ! e +  and K0 � �K0 mixing. To do this,
we will make two simplifying approximations, valid in a large class of theories:

we will neglect the contributions of the A terms and the third family. Including

these contributions will improve the bounds and will make our results stronger.

5.1 �! e+ 

We will use the � ! e +  branching ratio calculation of reference [7], which

calculates all leading one loop contributions. Previous analyses omitted several

signi�cant contributions, often even the largest ones.
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Neglecting the A terms and the third family, the calculation includes only

three 2 � 2 mass matrices: the Yukawa matrix, the lepton doublet scalar mass

matrix, and the electron singlet scalar mass matrix. The associated physical

parameters are the two Yukawa eigenvalues; two scalar mass eigenvalues for

both the lepton doublet and electron singlet; and a mixing angle for both the

lepton doublet, �l, and electron singlet, ��e, that describes the rotation between

the sparticle and particle mass eigenbases.

Because the scalar mass splittings are required to be small, we will parametrize

the doublet and singlet scalar mass eigenvalues by the average masses, m2
l and

m2
�e, and the mass splittings, � ~m2

l and � ~m2
�e. We will also keep only the leading

contribution in both the mass splittings and the mixing angles. Equation 13

gives the branching ratio for the process � ! e + . The functions Xl and X�e

are given in appendix A.

BR(�! e+) =
3e2

2�2

8<
:�2l

 
Mw

m~l

!4

(Xl)
2

 
� ~m2

l

m2
~l

!2

+ �2�e

 
Mw

m~�e

!4

(X�e)
2

 
�m2

~�e

m2
~�e

!2
9=
;

(13)

5.2 K0
�

�K0

We will use the K0 � �K0 mixing calculation of reference [8] which computed
the dominant supersymmetric contribution, the gluino box diagrams. Because
there are no charged currents, the weak singlet up quark does not appear in our

calculation. The parameters in this calculation are the same as in the �! e+

calculation with the quark doublet and down quark singlet replacing the lepton
doublet and electron singlet. We will therefore use a parallel notation. The q
subscript refers to the quark doublet, and �d refers to the down quark singlet.

The kaon mass splitting is given in equation 14. The de�nitions of f1 and f2
are given in appendix A.

�MK =
�2s

216m2
~q

�
2

3
f2KmK

�8<
:�2dl

 
� ~m2

~q

m2
~q

!2

f1

 
M2

~g

m2
~q

!
+

�q� �d

 
�m2

~q

m2
~q

!0@� ~m2
�d

m2
~�d

1
A f2

 
M2

~g

m2
~q

!
+ �2�d

0
@� ~m2

�d

m2
~�d

1
A
2

f1

0
@M2

~g

m2
~�d

1
A
9>=
>; (14)

5.3 Experimental Constraints

We will take equations 13 and 14 and solve them for the fractional scalar mass

splitting �m2=m2. We then use the one loop RG equations to relate the low

energy result to the fundamental scale, which we assume is Mgut for the graphs
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of �gures 1-4. Because we ignore the contribution of the two lightest generation

Yukawa couplings, the only source of mass splitting betwen the �rst and second

family will be the boundary conditions at the GUT scale.

For our graphs we choose tan � = 3 and, as stated above, A = 0. The mass

splitting constraint gets stricter for larger values of tan �, but does not change

much as tan� gets smaller. For simplicity of presentation, we assume the singlet

and doublet mixing angles and mass splittings are the same. Furthermore,

we assume each mixing angle is equal to the square root of the masses of the

two particles it relates: for the leptons, �l = ��e =
q
e=�, and for the quarks,

�q = � �d =
q
d=s. The result holds, at least approximately, in most uni�ed

theories of fermion masses [5] and is a consequence of quark-lepton uni�cation

and the the successful relation: �Cabibbo =
q
d=s.

Figures 1 through 4 are contour plots of the upper limits on the fractional
scalar mass splittings, evaluated at the GUT scale, as a function of SUSY pa-

rameter space. We show four graphs, one for each of four values of the scalar
mass evaluated at the GUT scale,m0. The axes of the graphs are the Higgs mix-
ing parameter evaluated at the weak scale, �, and the gaugino mass evaluated
at the GUT scale, M0. The solid contours are the upper limit of the fractional
mass splitting of the sleptons from � ! e + . The dashed lines, which are

labeled in parentheses, are the upper limit of the fractional mass splitting of
the down and strange squarks from K0 � �K0 mixing. We have also included a
bold line at M0 = 120 GeV which is the maximum value of M0 based on the
10% naturalness criterion [6]. The shaded region is the experimentally excluded
region where the lightest chargino is less than 45 GeV.

Accompanying each contour plot, we have included two graphs which give

the associated physical masses of the three sleptons and two down squarks as a
function of M0.

These constraints can easily be adapted for new values of the mixing angles

or the branching ratio. The resulting fractional mass splittings may be read

from the contour graphs using equations 15 and 16. 
�m2

0

m2
0

!
lepton

= (
�m2

0

m2

0

from graph)�!e+

n
BR(�!e+)
4:9�10�11

o1

2

n
:07

�lepton

o
(15)

 
�m2

0

m2
0

!
down

= (
�m2

0

m2

0

from graph)K0
�
�K0

n
:22

�down

o
(16)

If we take the upper limit of M0 = 120 GeV from the 10% �ne tuning

criterion, we see that the upper limit to the slepton fractional mass splitting is
about .01 on all the graphs. There is an exception to this is for large values

of m0 (400 GeV) and a negative value for �. The amplitude for the decay to

a �nal state left handed electron passes through zero here, leaving only the
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Figure 1: m0 = 50 GeV: Fractional mass splittings (left) and physical masses of
sleptons (top right) and down squarks (bottom right).
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Figure 2: m0 = 100 GeV: Fractional mass splittings (left) and physical masses

of sleptons (top right) and down squarks (bottom right).
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Figure 3: m0 = 200 GeV: Fractional mass splittings (left) and physical masses
of sleptons (top right) and down squarks (bottom right).
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less important right handed electron contribution and making the limit not as

strong. However, the K0 � �K0 mixing constraint is important in this range of

parameter space, and we still obtain a mass splitting limit near .01, this time

for the down-type quarks. In light of the mass splitting induced by a threshold

correction at the avor scale (section 3), this mass splitting is unnaturally small.

We can obtain more reasonable mass splitting limits if we relax theM0 = 120

GeV constraint. If we allow M0 � 300 GeV or 400 GeV, the fractional mass

splitting constraints are weakened to � .1 to .3. However, this requires �ne

tuning of 1% from the naturalness criterion. In other words, the apparently

unrelated terms in the equation for electroweak breaking, equation 11, sum to
give an answer 100 times smaller than the individual terms. This is di�cult to

swallow unless a cancellation mechanism exists.
We can not simultaneously satisfy constraints from naturalness and avor

di�erentiation. This implies that there must be a mechanism that supresses the
supersymmetric contribution to avor changing processes.

6 A Case for Light Messengers

The present paper has focused on the conict between the following statements:

1) Naturalness implies light sparticles;

2) Theories attempting to explain (even small parts of) the problem of avor
predict large sparticle splittings;

3) Suppression of rare processes implies that sparticles are either very heavy

or highly degenerate.

One way to resolve the conict is to decouple the physics of fermionic avour
from that of the soft terms and thus evade statement (2). Consider, for example,

a theory in which the soft terms shut o� above a scale � � MPL (or MGUT).

In such a theory the soft terms would not be distorted by the avour physics
that takes place at �MPL (or MGUT) and gives rise to the ordinary quark and

lepton masses. If the soft terms are generated at the scale ��MPL and satisfy
universality and proportionality then they will not cause any large avour viola-

tions near the weak scale. The deviations from universality and proportionality

that arise between the scales � and MW are caused by the ordinary Yukawa
couplings and are harmless.

An interesting class of such theories are those with dynamically broken su-
persymmetry near the weak scale [9]. Another class are (scaled down versions

of) the geometric hierarchy type theories[10]. These are theories in which SUSY

breaking originates in a hidden sector (H) and is communicated to the particles

12



H

M LL

Figure 5: Schematic diagram illustrating how SUSY breaking is communicated
from the hidden sectorH via a messengerM to SU3�SU2�U1 carrying sparticles
L. L can be light �MW or heavy �MGUT.

carrying SU3�SU2�U1 quantum numbers (L) via messengers (M) as pictured
in Fig. 5. The particles L carry SU3 � SU2 � U1 quantum numbers and can be
light �Mweak or heavy �MGUT.

The soft masses induced by Fig. 5 are, for example, of the form

~mL '
M2

H

MM

�Mweak (17)

where MM is the messenger mass and MH is a SUSY breaking mass. In the
geometric hierarchymodels [10],MM �MGUT andMH � 3�109 GeV. In models

where the messenger is gravity [11] MM � MPL and MH � 3 � 1010 GeV. It is
not di�cult to consider geometric hierarchy type models where the messenger
massMM is lighter than MGUT and MH �

p
MMMweak is proportionally lighter.

What does one gain by this? At high momenta p the soft term ~mL of the above

equation behaves as:

~mL(p) '
M2

H

p
(18)

It shuts o� at p � MM , and does not feel any of the avor physics hap-
pening near MPL (or MGUT). Consequently, the sparticle splittings and rare

processes coming from Planckian (or GUT) physics are suppressed by powers of

MM=MPL (orMM=MGUT) relative to their values in models where the messenger
is supergravity. The phenomenology of such models is quite di�erent from the

canonical supersymmetric theories where MM � MGUT or MPL. In particular,
if MM �MGUT, the sparticle masses are more degenerate and deviations from

universality or proportionality are smaller.
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7 Conclusion

The minimal supersymmetric standard model with universality and proportion-

ality provides a means of preserving the light weak scale and it is consistent

with the observed avor changing data. However, it does not seem to arise from

a fundamental theory explaining avor. Models which do explain the fermionic

avor hierarchy typically contain avor dependence in the sparticle masses which

contributes to avor changing interactions. The same is true in any theory that

contains Planck or GUT- mass particles that couple asymmetrically to the fam-

ilies with strength comparable to the gauge couplings. One solution to this

problem is to increase the mass of the sparticles. However, this implies severe
�ne tuning of the parameters of the theory.

In this paper, we have reviewed the origin of avor dependence in the scalar
mass matrices and the �ne tuning constraints (naturalness criterion). We then
graphed the constraints from avor changing processses for a general class of
theories to quantify the conict that exists between the physics of avor and

naturalness in electroweak breaking. We have found that it is not possible to
simultaneously satisfy the constraints from both avor and naturalness, sug-
gesting that there is some mechanism which accounts for the observed smallness
in avor changing processes. One possibility is to have supersymmetry break-
ing transmitted to the observed particles by messengers much lighter than the

Planck scale.
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A Special Function De�nitions

A.1 �! e+  Loop Functions

Equations 19 through 22 give the loop functions for � ! e + . Complete
details of the calculation are in reference [7].

f(r) =
1

12(1 � r)4

�
2r3 + 3r2 � 6r + 1� 6r2 log r

�
(19)

g(r) =
1

12(1 � r)4

�
r3 � 6r2 + 3r + 2 + 6r log r

�
(20)
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h(r) =
1

2(1 � r)3

�
�r2 + 1 + 2r log r

�
(21)

j(r) =
1

2(1 � r)3

�
r2 � 4r + 3 + 2 log r

�
(22)

A.2 �! e+  Amplitude Functions

In section 5.1, we calculated the transition amplitude in the context of a partic-

ular theory of lepton masses. In this appendix we give the necessary functions

for equation 13. We use modi�ed loop functions which are de�ned below. The

argument of these loop function is rpk = M2
k=m

2
p where k represents the chargino

or neutralino, and p represents the slepton.
The U matrices rotate the gaugino/higgsino interaction basis into the neu-

tralino/chargino mass basis. U0 is for the neutralinos; U+ is for the charginos
~W+ and ~H+

u ; and U� is for the charginos ~W� and ~H�

d .

Xl = Xlf +Xlh +Xlg +Xlj (23)

Xr = Xrf +Xrh (24)

Xlf =
1

2

 
U0
Wk +

g1

g2
U0
Bk

!2
fg(rek) (25)

Xrf = �2
 
g1

g2
U0
Bk

!2

fg(r�ek) (26)

Xlh =
(A+ � tan �)M

m2
~e

 
g1

g2
U0
Bk

! 
U0
Wk +

g1

g2
U0
Bk

!
hk(rek; r�ek)

� Mp
2g2v1

�
U0
Hk

� 
U0
Wk +

g1

g2
U0
Bk

!
hg(rek)

+

 
m4

~e

�m2
~e

!
�A��eM

m2
~e �m2

~�e

 
g1

g2
U0
Bk

! 
U0
Wk +

g1

g2
U0
Bk

!"
h(rek)

m2
~e

� h(r�ek)

m2
~�e

#
(27)

Xrh =
(A+ � tan �)M

m2
~�e

 
U0
Wk +

g1

g2
U0
Bk

! 
g1

g2
U0
Bk

!
hk(r�ek; rek)

+

p
2M

g2v1

�
U0
Hk

� g1
g2
U0
Bk

!2
hg(r�ek)

+

 
m4

~�e

�m2
~�e

!
�A��eM

m2
~�e
�m2

~�e

 
U0
Wk +

g1

g2
U0
Bk

! 
g1

g2
U0
Bk

!"
h(r�ek)

m2
~�e

� h(rek)

m2
~e

#
(28)

Xlg = �
 
m4

~e

m4
~�

!�
U+
Wk

�2
gg(r��k) (29)

Xlj =

 
m4

~e

m4
~�

!
M

g2v1

�
U�

Hk

� �
U+
Wk

�
jg(r�ek) (30)
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Although we set A = 0 in the main text, we include the A dependence here

in the appendix. Equations 31 and 32 give de�nitions for the nonuniversality of

the A terms used above.

�A��e = A��e �A��� (31)

�A�e� = A�e� �A��� (32)

For our original functions f , g, h, and j, we have two modi�cations that result

from our expansion in the inter-family mass di�erence. Equation 33 de�nes the

g subscript, and equation 34 de�nes the k subscript. Z represents any of the
four functions f , g, h, or j.

Zg

 
M2

m2

!
� m4 d

dm2

(
1

m2
Z

 
M2

m2

!)
(33)

Zk

 
M2

m2
a

;
M2

m2
b

!
� m6

a

d

dm2
a

(
1

m2
a �m2

b

"
1

m2
a

Z

 
M2

m2
a

!
� 1

m2
b

Z

 
M2

m2
b

!#)
(34)

A.3 K0
�

�K0 Functions

Equations 35 and 36 are the loop functions from the text in terms of the
functions f6 and ~f6 of Hagelin et. al., shown in equations 37 and 38.

f1(r) = �66 ~f6(r) � 24rf6(r) (35)

f2(r) =

(
�36� 24

�
mK

Ms +md

�2)
~f6(r) +(

�72 + 384

�
mK

ms +md

�2)
rf6(r) (36)

f6(r) =
1

6(1 � r)5

�
�r3 + 9r2 + 9r � 17 � 18r log r � 6r log r

�
(37)

~f6(r) =
1

3(1 � r)5

�
r3 + 9r2 � 9r � 1� 6r2 log r � 6r log r

�
(38)
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