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Top-color-assisted supersymmetry
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It is known that the supersymmetric flavor changing neutral current problem can be avoided if the squarks
take the following mass pattern: namely, the first two generations with the same chirality are degenerate with
masses around the weak scale, while the third generation is very heavy. We realize this scenario through the
supersymmetric extension of a top-color model with gauge-mediated supersymmetry breaking.

PACS number~s!: 12.60.Jv, 12.60.Cn, 12.60.Nz
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I. INTRODUCTION

Supersymmetry~SUSY! @1# provides a solution to the
gauge hierarchy problem if it breaks dynamically@2#. How-
ever, the general supersymmetric extension of the stan
model~SM! suffers from the flavor changing neutral curre
~FCNC! problem @3#. The SUSY FCNC should be sup
pressed by certain specific mass patterns of the sleptons
squarks. The sfermion mass pattern depends on the un
lying physics of SUSY breaking. For example, one of t
popular choices for the sfermion mass matrix is universa
in flavor space. Such a mass matrix can be resulted from
gauge-mediated SUSY breaking~GMSB! scenario @4,5#.
Here gauge means the SM gauge interactions. Anothe
spiring choice is that the first two generation sfermions
very heavy around~10–100! TeV where the third generatio
sfermions are at the weak scale@6#. This kind of model is
often referred to as effective SUSY. It can be realized in
GMSB scenario@7# or in that where an anomalous U~1! me-
diates SUSY breaking@8#. One point in this case is that th
first two generations and the third generation are treated
ferently. For example, they may be in different represen
tions of some new gauge interactions mediating SU
breaking.

In this work, we consider a sfermion mass pattern wh
looks opposite to that of the effective SUSY. It is that t
first two generations with the same chirality are degene
with masses around the weak scale, and the third genera
is superheavy. The SUSY FCNC is also suppressed in
case@3#.1 In fact, this pattern is not new. It could be unde
stood by a U~2! symmetry between the first two generatio
in the supergravity scenario@9#. In this paper an alternative
origin of it will be discussed. We note that the above ma
pattern can be also a result of a supersymmetric top-c
model with GMSB. Here gauge~G! means the gauge inter
actions of the top-color model.

Top-color models@10# were proposed for a dynamica
understanding of the third generation quark masses. The
sic idea is that the third generation~at least the top quark!

1There are other viable alternatives. For example, only the squ
satisfy this mass pattern, while the slepton mass matrices fo
universality.
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undergoes a superstrong interaction which results in a
quark condensation. The condensation gives the top qua
large mass, and the bottom quark mainly gets its mass du
the instanton effect of the top-color interactions. This t
quark condensation contributes only a small part of the e
troweak symmetry breaking~EWSB!. The Higgs mechanism
may be introduced for the EWSB. Therefore, the idea of
color can be generalized into SUSY models naturally. In
scenario of GMSB, supposing that the strong top-color ga
interaction involves the full third generation, and the fir
two generations participate in a weaker gauge interac
universally, the above-described sfermion mass pattern
be generated.

Note that the decoupling of the third generation scalar
a consistent choice in the supersymmetric top-color mod
Because the third generation quarks obtain dynam
masses, the Yukawa couplings are always small.

The whole physical picture is like as follows. At the e
ergy scale about 106 GeV, SUSY breaking occurs in a se
cluded sector. It is mediated to the observable sector thro
the gauge interactions. The scale of the messengers is ar
107 GeV. The top-color scale is around~1–10! TeV. Below
this scale, the gauge symmetries break into that of the S
The resultant sparticle spectrum of the observable secto
the following. In addition to the squarks, the gauginos of t
superstrong interaction are around 100 TeV. The gaugino
the weaker gauge interaction are at about the weak scale.
Higgs bosons for the top-color symmetry breaking are
heavy as 100 TeV and the Higgs bosons for EWSB at
weak scale. By integrating out the heavy fields above 1 T
or so, the effective theory is the ordinary~two-Higgs-
doublet! top-color model with the weak scale gaugino
Higgsinos, and the first two generation squarks with deg
eracy.

This paper is organized as follows. After a brief review
the top-color model in the next section, the supersymme
extension of the top-color model within the framework of t
GMSB is described in Sec. III. A summary and discuss
are presented in Sec. IV.

II. BRIEF REVIEW OF THE TOP-COLOR MODEL

In this paper, we consider the top-color model which,
the scale about~1–10! TeV, has interactions@10# SU(3)1
3SU(3)23U(1)Y1

3U(1)Y2
3SU(2)L . The fermions are
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w
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assigned„SU(3)1 , SU(3)2 , U(1)Y1
, U(1)Y2

… quantum num-
bers as follows:

~ t,b!L;S 3,1,
1

3
,0D , ~ t,b!R;X3,1,S 4

3
,2

2

3D ,0C,
~nt ,t!L;~1,1,21,0!, tR;~1,1,22,0!,

~u,d!L ,~c,s!L;S 1,3,0,
1

3D ,

~u,d!R ,~c,s!R;X1,3,0,S 4

3
,2

2

3D C,
~n,l !L~ l 5e,m!;~1,1,0,21!, l R;~1,1,0,22!. ~1!

The top-color symmetry breaks spontaneously to SU(1
3SU(3)2→SU(3)QCD and U(1)Y1

3U(1)Y2
→U(1)Y

through a scalar fieldf(3, 3̄, 1
3 , 2 1

3 ) which develops a
vacuum expectation value~VEV!. The SU(3)13U(1)Y1

are
assumed to be strong which make the formation of a
quark condensate but disallow the bottom quark condens
The bottom quark mainly gets its mass due to the SU(1
instanton effect. Thet lepton does not condensate.

III. SUPERSYMMETRIC TOP-COLOR MODEL

In the supersymmetric extension, the gauge symmetrie
the above top-color model remain unchanged. The part
contents are given below. In addition to the superpartner
the particles described in the last section, some elemen
Higgs superfields are introduced. The breaking of the t
color symmetry needs one pair of Higgs superfieldsF1 and
F2. And the EWSB requires another pair of Higgs sup
fields Hu andHd , like in the ordinary supersymmetric SM
Their quantum numbers under the SU(3)13SU(3)2
3U(1)Y1

3U(1)Y2
3SU(2)L are

F1S 3,3̄,
1

3
,2

1

3
,0D , F2S 3̄,3,2

1

3
,
1

3
,0D ,

Hu~1,1,0,1,2!, Hd~1,1,0,21,2!. ~2!

The messenger sector is introduced as

S1 ,S185~1,1,1,0,2!, S̄1,S̄185~1,1,21,0,2!,

T1 ,T185S 3,1,2
2

3
,0,1D , T̄1,T̄185S 3̄,1,

2

3
,0,1D

~3!

and

S2 ,S285~1,1,0,1,2!, S̄2,S̄285~1,1,0,21,2!,

T2 ,T285S 1,3,0,2
2

3
,1D , T̄2,T̄285S 1,3̄,0,

2

3
,1D .

~4!
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Compared to Ref.@4#, we have introduced an extra set
messengers so as to mediate the SUSY breaking to
SU(3)13U(1)Y1

and SU(3)23U(1)Y2
. Furthermore, there

are three gauge-singlet superfieldsX, Y, andZ. Y is respon-
sible for the SUSY breaking;X is related to the EWSB andZ
to the top-color symmetry breaking.

The superpotential is written as follows:

W5m1~S̄18S11S18S̄1!1m2~ T̄18T11T18T̄1!1m3S1S̄1

1m4T1T̄11m18~S̄28S21S28S̄2!1m28~ T̄28T21T28T̄2!

1m38S2S̄21m48T2T̄21Y~l1S1S̄11l2T1T̄1

1l18S2S̄21l28T2T̄22m1
2!1l3X~HuHd2m2

2!

1l4Z@Tr~F1F2!2m3
2#, ~5!

where the Yukawa interactions are not written. It is requir

that m3
(8)/m4

(8)Þl1
(8)/l2

(8) so that the terms proportional t

m3
(8) andm4

(8) cannot be eliminated by a shift inY.
The model conserves the number ofSi-type andTi-type

( i 51, 2! fields. In addition, the superpotential has a discr

symmetry of (S̄i
(8), T̄i

(8))↔(Si
(8) , Ti

(8)). The way of intro-
ducing the singlet fieldsX, Y, and Z more naturally was
discussed in Ref.@11# where these kind of fields are taken
be composite. Moreover, the Fayet-IliopoulosD terms for
the U~1! charges have been omitted. This is natural in
GMSB scenario. The above discrete symmetry and the
change symmetry ofF1 andF2 in the superpotential avoid
suchD terms at one-loop order.

The SUSY breaking is characterized by the termm1
2Y in

Eq. ~5!. It is communicated to the observable sector throu
the gauge interactions by the messengers. The SU2
3U(1)Y2

3SU(2)L are weak enough to be described in pe
turbation theory. Their gauginos acquire masses at one-
order @4,12#,

MlSU(3)2
5

a38

4p
MT ,

MlU(1)Y2

5
a18

4p S MS1
2

3
MTD ,

MW̃5
a2

4p
MS , ~6!

wherea i
(8)5gi

(8)2/4p with g38 , g18, andg2 being the gauge
coupling constants of the SU(3)23U(1)Y2

3SU(2)L . For

simplicity, we take m1
2;m2

2;m18
2;m28

2@l1,2
(8)m1

2@m3
(8)2

;m4
(8)2 and l1;l2;l18;l28;O(1). In this case, theMS

and MT are approximatelyl1m1
2/m1. They are about 100

TeV by choosing, say,m1;106 GeV andm1;10m1. For the
SU(3)13U(1)Y1

, however, the gaugino masses cannot
calculated by the perturbation method, because the inte
1-2
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TOP-COLOR-ASSISTED SUPERSYMMETRY PHYSICAL REVIEW D61 115001
tions are too strong. Nevertheless, they should be at the o
of l1m1

2/m1 given the above parameter choice,

MlSU(3)1
;MlU(1)Y1

;100 TeV. ~7!

Similarly, the first two generation scalar quarks and the e
troweak Higgs particles obtain their masses at two-loop
der,

mQ̃1

2
5mQ̃2

2

.
4

3 S a38

4p D 2

LT
21

3

4 S a2

4p D 2

LS
21

1

4 S a18

4p D 2S LS
21

2

3
LT

2D ,

mc̃R

2
5mũR

2 .
4

3 S a38

4p D 2

LT
21

4

9 S a18

4p D 2S LS
21

2

3
LT

2D ,

ms̃R

2
5md̃R

2 .
4

3 S a38

4p D 2

LT
21

1

9 S a18

4p D 2S LS
21

2

3
LT

2D ,

mhu

2 5mhd

2 .
3

4 S a2

4p D 2

LS
21

1

4 S a18

4p D 2S LS
21

2

3
LT

2D , ~8!

whereQ1 and Q2 stand for superfields of (u, d)L and (c,
s)L , respectively. And (hu hd) are the scalar components
(Hu , Hd). LS

2 andLT
2 were calculated to be@4#

LS
25

4l18
2m1

4

m18
2

, LT
25

4l28
2m1

4

m28
2

. ~9!

For the third generation squarks and the top-color Hig
fields f1 andf2, the masses are aroundLS

2 or LT
2 ,

mQ̃3

2
;mt̃ R

2
;mb̃R

2
;mf1

2 5mf2

2 ;LS
2 , LT

2;~100 TeV!2.

~10!

We have seen that for the superstrong top-color inte
tions, the relevant supersymmetric particles are superhe
;100 TeV, so that they decouple at the top-color scale.
top-color physics does not change even after the supers
metric extension. However, the top-color Higgs fields se
to be too heavy.

Let us consider the breaking of the gauge symmetr
The SU(3)13SU(3)23U(1)Y1

3U(1)Y2
break into the di-

agonal subgroups SU(3)QCD3U(1)Y when the Higgs fields
f1 andf2 get nonvanishing VEVs,

^f1&5v1S 1 0 0

0 1 0

0 0 1
D and ^f2&5v2S 1 0 0

0 1 0

0 0 1
D .

~11!

v1 andv2 are determined by the minimum of the followin
potential:
11500
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Vtopc5ul4~3v1v22m3
2!u21

g1
21g18

2

2
~v1

22v2
2!21mf1

2 v1
2

1mf2

2 v2
2 , ~12!

whereg1 is the coupling constant of the U(1)Y1
. It is easy to

see that in the case ofl4m3
2>mf i

2 ,

v15v25
1

A3
S m3

22
mf i

2

l4
D 1/2

. ~13!

To keepv1 andv2 around a few TeV, a certain fine-tunin
for the scalem3 is required in this model to cancel the 10
TeV mf i

, where the couplingl4 is O(1). Thevalue ofm3 is
more natural if the top-color scale is higher, such as 10 T
However, it should be noted that raising the top-color sc
makes the effective top-color theory more tuned.

At the energy below the top-color scale, the model
described by an effective theory in which the gauge symm
try groups are that of the SM, and there are two Higgs d
blets and three generation quarks with four-fermion top-co
interactions for the third generation. In addition, there a
weak scale gauginos of the SM, squarks of the first and s
ond generations, and doublet Higgsinos which become m
sive after EWSB. There are also top-color Higgsinos ofF1
and F2 after top-color symmetry breaking. They typical
have~1–10! TeV mass and are not expected to be import
to the low energy physics. Because of the degeneracy
tween the first two generation squarks and the decouplin
the third generation squarks, this model is free from
SUSY FCNC problem.

The physics of the top-color four-fermion interaction a
EWSB in this model is essentially the same as that with
SUSY, which will not be discussed further.

IV. SUMMARY AND DISCUSSION

It has been known that the SUSY FCNC problem can
avoided if the squarks take the mass pattern that the first
generations with the same chirality are degenerate and
third generation is superheavy. We have constructed a su
symmetric top-color model within GMSB to realize th
mass pattern. The pattern is stable under the correction o
Yukawa interactions because they are weak and the t
generation quarks obtain masses dynamically.

This model has, therefore, the phenomenologies of b
SUSY and top color. It predicts weak scale SUSY particl
like the SM gauginos and Higgsinos. It also predicts t
pions. These predictions can be tested directly in exp
ments in the near future. Indirect evidence of this mode
low energy processes, such as in theB decays@13# and the
Rb problem of it @14#, is more complicated because of th
involvement of both the SUSY and the top color, and d
serves a separate study.

It should be addressed that this model has an inhe
tuning problem. This required tuning follows from the ve
large masses (;100 TeV! of the third generation scalars an
the top-color Higgs field. These fields are closely related
1-3
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CHUN LIU PHYSICAL REVIEW D 61 115001
the top-color and EWSB scales which are, however, low
than 100 TeV. We have explicitly mentioned the tuning b
low Eq. ~13!. Another aspect of this tuning is that the nat
ralness of EWSB requires the third generation scalars to
lighter than 20 TeV@6#. Note that the large mass of 100 Te
is just a rough estimate due to the fact that we are lackin
nonperturbative calculation method. On the other hand, if
adjust the SUSY breaking scale and the messenger sca
be somewhat lower than what we have chosen, this prob
can be less severe.

We emphasize that it is the degeneracy of the first t
generations, rather than the heaviness of the third genera
that plays the essential role in solving the SUSY FCN
problem. In this sense, the consideration of this paper is
nontrival than the idea of effective SUSY. However, if w
further consider the underlying theory, the models which
alize effective SUSY@7,8# and the SUSY top-color model o
this paper are on an equal footing.

A comment should be made on the necessity of the su
symmetric top color. Although SUSY does not necessa
need help from top color, their combination has certain
vantages. As is well known, SUSY keeps the weak scale,
cannot explain it. The weak scale may have a dynam
origin @15,16,11,17#. In this case, it is natural to expect th
the physics which explains the fermion masses is also
some low energy. Top color provides such physics for
hierarchy between the third generation and the first two g
erations. On the other hand, SUSY may be helpful to und
L

.
.
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stand the hierarchy between the first and second genera
further. For instance, it is possible that the second genera
quarks mainly get their masses from the electroweak Hi
VEVs and the first generation quarks purely from t
sneutrino VEVs@18#.

Finally, it should be noted that very heavy third gene
tion squarks may pull up the light scalars. This pullup occ
through two- or more-loop diagrams with the top-col
Higgs field exchanges. The heavy top-color Higgs field s
presses this quantum correction. The suppression, howe
may not be enough to keep the results of Eq.~8! from sig-
nificantly changing numerically. The fine-tuning proble
which was discussed above reappears here. In fact, the d
back of the SUSY and top-color combination is that t
SUSY breaking scale and the top-color scale are in princ
unrelated. It might be hopeful to think of certain dynamics
make a relation between them. For example, it is poss
that the top-color Higgs superfields are also the SUSY bre
ing messengers. This possibility will simplify the model an
reduce the fine-tuning. It is reasonable to say that supers
metric top color is an interesting scenario which is worthy
being studied further.
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