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Phenomenological aspects of a direct-transmission model of dynamical supersymmetry breakin
with the gravitino mass m3/2<1 keV

Yasunori Nomura and Kazuhiro Tobe*
Department of Physics, University of Tokyo, Bunkyo-ku, Hongou, Tokyo 113, Japan

~Received 18 August 1997; published 15 July 1998!

We analyze a direct-transmission model of dynamical supersymmetry breaking previously proposed. In the
model the gravitino mass is naturally smaller than 1 keV, which is required from standard cosmology. We find
that there are many distinguishable features with other models: for example the so-called GUT relation among
the gaugino masses does not hold even if we consider the GUT models. Furthermore, the gauginos are always
lighter than the sfermions since the gaugino masses have extra suppression factors. We also discuss a collider
signature ‘‘gg1 missing energy’’ in the present model.@S0556-2821~98!07915-6#
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I. INTRODUCTION

Low-energy supersymmetry~SUSY! is very attractive
since it stabilizes a hierarchy between the weak scale a
higher scale of new physics~say, the Planck scale!. It is also
strongly supported by the observed unification of stand
model ~SM! gauge couplings.

Recently, low-energy dynamical SUSY breaking~DSB!
with gauge mediation has attracted attention since it m
provide a natural explanation of the large hierarchy betw
the weak scale and the Planck scale as well as a na
solution to the SUSY flavor-changing neutral curre
~FCNC! and theCP problems@1,2#.

Several mechanisms for DSB have been discovered@3–6#
and their applications to realistic models have been propo
in the literature@7–9#. Most of the models that have bee
proposed, however, need relatively large DSB scalesL
*107 GeV to get sufficiently large SUSY-breaking mass
in the minimal supersymmetric standard model~MSSM! sec-
tor. As a result, the gravitino mass becomesm3/2.10 keV.1

On the other hand, the gravitino should be lighter th
1 keV so that it does not overclose the universe@12#. To
escape this bound, one may consider late-time entropy
duction which, however, leads to a complicated cosmolo
@13,14#. Furthermore, as recently pointed out in Ref.@15#, a
constraint on the cosmic x-ray (g-ray! background from di-
laton decay requires that the gravitino should be lighter t
100 keV. To get rid of this bound, we have to construc
string theory without the dilaton. Such a string theory, ho
ever, has not been known. Therefore, it is very importan
construct a model withm3/2,1 keV and to investigate phe
nomenological consequences of such a model.

In Ref. @16#, a DSB model which transmits SUSY

*Address after September 1: Department of Physics, The O
State University, Columbus, OH 43210.

1In the model in Ref.@8# it seems possible to make the gravitin
mass smaller than 1 keV due to a strong gauge interaction.
naive dimensional analysis of strongly coupled SUSY theory@10# is
applicable, however, the gravitino mass is likely larger than 1 k
@11#.
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breaking effects to the MSSM sector directly has been p
posed. In this model, we can lower the SUSY-breaking sc
and hence the gravitino mass can be set asm3/2,1 keV to
avoid the introduction of a complicated nonstandard cosm
ogy, keeping the advantage of gauge mediation. Moreo
such a light gravitino may suggest a distinct signature in
existing collider experiments; that is, the next-to-lightest s
perparticle~NLSP!, mostly b-ino, can decay into the grav
itino, which is the lightest superparticle~LSP!, within detec-
tors producing an observable ‘‘gg1 missing energy’’ signal
as discussed in many papers@17,18#. Even if the signature
‘‘ gg1 missing energy’’ is not observed within the dete
tors, the slow decay of the NLSP may be detectable in
periments in the near future such as at the CERN LHC
pointed out in Ref.@19#. Furthermore, in the model in Ref
@16#, the mass spectrum of superparticles in the MSSM s
tor is quite different from that in ordinary gauge mediatio
models and in gravity mediation models based on superg
ity. In particular, the grand unified theory~GUT! relation
among the gaugino masses does not hold even if we cons
GUT unification. Since the present model has many differ
features from other ordinary models@7,9,8#, it may be dis-
tinguishable.

The purpose of this paper is to investigate the mass s
trum in the model in Ref.@16#, imposing experimental con
straints and to show the existence of the phenomenologic
viable parameter regions in which the gravitino mass
smaller than 1 keV. This paper is organized as follows.
Sec. II, we briefly review the model in Ref.@16#. In Sec. III,
we consider the low-energy mass spectrum of the gaug
and sfermions in the MSSM sector, and argue their typi
features. Radiative electroweak symmetry breaking is a
discussed. In Sec. IV, we analyze GUT models with a
without Yukawa unification. In Sec. V, we discuss other i
teresting features in the present model. Section VI is devo
to our conclusions.

II. DIRECT-TRANSMISSION MODEL
OF SUSY BREAKING

In this section, we review a model which has been p
posed in Ref.@16#. Let us first consider the dynamics fo
scale generation. To generate the scale, we adopt a S
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YASUNORI NOMURA AND KAZUHIRO TOBE PHYSICAL REVIEW D 58 055002
SU~2! gauge theory with four doublet chiral superfieldsQi ,
wherei is the flavor index (i 51, . . . ,4).Without a superpo-
tential, this theory has flavor SU(4)F symmetry. This
SU(4)F symmetry is explicitly broken down to a globa
SP(4)F by a superpotential in this model. We add gau
singlets Ya (a51, . . . ,5) which constitute a five-
dimensional representation of SP(4)F to obtain a tree-leve
superpotential

WY5lYYa~QQ!a , ~1!

where (QQ)a denote a five-dimensional representation
SP(4)F given by a suitable combination of gauge invarian
QiQj .

A low-energy effective superpotential withWY in Eq. ~1!,
which describes the dynamics of the SU~2! gauge interac-
tion, may be given by@20#

We f f5S~V21Va
22L4!1lYYaVa ~2!

in terms of low-energy degrees of freedom

V;~QQ!, Va;~QQ!a , ~3!

whereS is an additional chiral superfield,L a dynamically
generated scale, and a gauge-invariant (QQ) denotes a sin-
glet of SP(4)F defined by

~QQ!5
1

2
~Q1Q21Q3Q4!. ~4!

The effective superpotential, Eq.~2! implies that the singlet
V;(QQ) condenses as

^V&5L2, ~5!

and SUSY is kept unbroken in this unique vacuum. Since
vacuum preserves the flavor SP(4)F symmetry, we have no
massless Nambu-Goldstone boson. The absence of a fla
rection at this stage is crucial for causing dynamical SU
breaking as seen below.

Next we consider dynamical SUSY breaking@5#. Let us
first consider a model with one singlet chiral superfieldZ for
SUSY breaking which couples directly to (QQ). Then, the
superpotential is given by

W5WY1lZ~QQ!. ~6!

For a relatively large value of the couplinglY , we again
obtain the condensation, Eq.~5!, with low-energy effective
superpotential approximately given by

We f f.lL2Z. ~7!

Then,FZ.lL2Þ0 and SUSY is broken.
On the other hand, the effective Ka¨hler potential is ex-

pected to take the form

K5uZu22
h

4L2
ulZu41•••, ~8!
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where we expect thath is a real constant of order 1. Then th
effective potential for the scalarZ ~with the same notation a
the superfield! is given by

Ve f f.ulu2L4S 11
h

L2
ulu4uZu2D . ~9!

If h.0, this implies^Z&50. Otherwise we expectul^Z&u
;L, since the effective potential is lifted in the largeuZu
(.L) region @5,8,21#.

In the following analyses, we assume the latter ca
ul^Z&u;L, which results in the breakdown of theR
symmetry.2 The spontaneous breakdown of theR symmetry
produces a Nambu-GoldstoneR-axion. This R-axion is,
however, cosmologically harmless, since it acquires a m
from the R-breaking constant term in the superpotent
which is necessary to set the cosmological constant to z
@22#.3

To transmit the SUSY breaking effects to the MSSM se
tor, we introduce vectorlike messenger quark multipletsd, d̄

and lepton multipletsl , l̄ . We assume that thed andd̄ trans-
form as the right-handed down quark and its antipartic
respectively, under the SM gauge group. Thel and l̄ are
assumed to transform as the left-handed lepton doublet
its antiparticle, respectively.4 We introduce the coupling o
the messenger quarks and leptons to the singletZ in order to
directly transfer the SUSY breaking to the messenger sec
Then the effective superpotential is

We f f.Z~lL21kddd̄1kl l l̄ !. ~10!

In this case, however, the condensations^dd̄&Þ0 and ^ l l̄ &
Þ0 occur, and hence SUSY is not broken (FZ50). To avoid
such undesired condensations, we further introduce a pa
messenger quark and lepton multiplets (d8,l 8)1(d̄8, l̄ 8) and
mass parametersmd , md̄ , ml , andml̄ as follows:

We f f5Z~lL21kddd̄1kl l l̄ !

1mddd̄81md̄d8d̄1mll l̄ 81ml̄ l 8 l̄ . ~11!

The dynamical generation of these mass parametersmd , md̄ ,
ml , andml̄ has been discussed in Ref.@16#. We will briefly
review it below.

Owing to the mass parameters in Eq.~11!, we can obtain

2Even if we take ul^Z&u;4pL, the main conclusion in the
present paper does not change.

3When ^Z&50, appropriateR-breaking mass terms such asmdd̄

1m8l l̄ are necessary to give masses to the MSSM gauginos
cause theR symmetry keeps the gauginos massless.

4One may consider that the messenger quark and lepton multi
are embedded into SU~5! GUT multiplets5 and5* to preserve the
unification of the SM gauge coupling constants.
2-2
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PHENOMENOLOGICAL ASPECTS OF A DIRECT- . . . PHYSICAL REVIEW D 58 055002
a SUSY-breaking vacuum with vacuum expectation val
of the messenger squarks and sleptons vanishing:

^d&5^d̄&5^ l &5^ l̄ &5^d8&5^d̄8&5^ l 8&5^ l̄ 8&50,

^FZ&.lL2. ~12!

The condition for this desired vacuum to be the true one
given by examining the scalar potential

V5ulL21kddd̄1kl l l̄ u21umd̄d̄u21umddu21uml̄ l̄ u2

1umll u21ukdZd̄1mdd̄8u21ukdZd1md̄d8u2

1uklZ l̄ 1ml l̄ 8u21uklZl1ml̄ l 8u2 ~13!

as follows:

umdmd̄u2.ukd^FZ&u2,

umlml̄ u2.ukl^FZ&u2. ~14!

Then, the soft SUSY-breaking masses of the messe
squarks and sleptons are directly generated by^FZ&.lL2

through the couplingsZ(kddd̄1kl l l̄ ). We will see later that
such a direct transmission of SUSY-breaking effects to
messenger sector makes it possible to realize the light g
itino m3/2,1 keV, which is required from standard cosmo
ogy.

Now we discuss the dynamical generation of the m
parametersmd , md̄ , ml , and ml̄ . To generate these mas
parameters dynamically, we introduce a singletX whose
vacuum expectation value plays the role of mass parame
Furthermore, in order to give a vacuum expectation value
X, keeping the SUSY breaking, three singlet chiral sup
multipletsZi ( i 51, . . . ,3) which couple to (QQ) are intro-
duced as follows:5

W5WY1Z1„l1~QQ!1kd1dd̄1kl1l l̄ 2 f 1X2
…

1Z2„l2~QQ!1kd2dd̄1kl2l l̄ 2 f 2X2
…

1Z3„l3~QQ!1kd3dd̄1kl3l l̄ 2 f 3X2
…

1X~ f ddd̄81 f d̄d8d̄1 f l l l̄ 81 f l̄ l 8 l̄ !. ~15!

Here, we should stress that the superpotential, Eq.~15!, is
natural, since it has a global symmetry U(1)R3U(1)x ,
where U(1)R is anR symmetry. That is, the superpotentia

5We can construct a model in which only two singlet chiral s
permultiplets are needed to give a vacuum expectation value tX,
keeping the SUSY breaking, if the GUT unification of the Yukaw
couplings holds at the GUT scale. However, we consider three
glets because the Yukawa coupling unification is easily broken
nonrenormalizable operators as discussed later.
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Eq. ~15!, is a general one allowed by the global U(1R
3U(1)x .6 The charges for chiral superfields are given
Table I.

Without loss of generality, we may setkd15kl15 f 250
by an appropriate redefinition ofZ1, Z2, andZ3. Under the
condition

u f c f c̄~l1f 11l3f 3!u2

.ukc2l2~ f 1
21 f 3

2!1kc3f 1~l3f 12l1f 3!u2 ~16!

for c5d,l , the superpotential yields a vacuum with

^X&5Al1f 11l3f 3

f 1
21 f 3

2
L, ~17!

and the vacuum expectation values of the messenger squ
and sleptons vanish. The condition, Eq.~16!, corresponds to
the vacuum stability condition, Eq.~14!. In this vacuum, the
F components ofZi are given by

FZ1
5

l1f 32l3f 1

f 1
21 f 3

2
f 3L2, FZ2

5l2L2,

FZ3
5

l3f 12l1f 3

f 1
21 f 3

2
f 1L2, ~18!

and thus SUSY is broken.
Since the scalar component of theX superfield has the

vacuum expectation valuêX&, the mass parametersmd ,
md̄ , ml , andml̄ are dynamically generated as

mc5 f c^X&, ~19!

mc̄5 f c̄^X& ~20!

for c5d,l . Therefore, this model is reduced to the mod
described in Eq.~11! effectively. In a practical analysis we
use the reduced model with Eq.~11!. We should note that al
of the mass parameters are at the same order of the S
breaking scaleAFZi

if the Yukawa couplingsf i , l i , f c , f c̄

areO(1) because they are generated by the same dyna
with the scaleL.

-

n-
y

6This global symmetry may forbid mixings between the mess
ger quarks and the down-type quarks in the SM sector. This av
naturally the FCNC problem@23#. Then there exists the lightes
stable particle in the messenger sector@24#.

TABLE I. U(1)R3U(1)x charges for chiral superfields. Here
c5d,l and i 51,2,3.

Q,c,c̄,X Zi ,c8,c̄8

U(1)R 0 2

U(1)x 1 22
2-3
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The messenger sfermions receive the SUSY-break
mass squared askc2^FZ2

&1kc3^FZ3
&. Therefore, the gaugi

nos and sfermions in the MSSM sector acquire their mas
through loop diagrams of the messenger multiplets@7,25,26#.
We will discuss the obtained mass spectrum in the MS
sector in the next section.

III. MASS SPECTRUM OF THE SUPERPARTICLES
IN THE MSSM SECTOR

A. Mass spectrum

In this section, we derive the low-energy mass spectr
of the gauginos, squarks, and sleptons in the MSSM sec
To calculate the masses for the gauginos and sfermions
first consider the mass eigenstates of the messenger ferm
and sfermions. To begin with, the superpotential for the m
terms of the messenger fieldsc, c̄, c8, andc̄8 for c5d,l is
represented as

W5 (
c5d,l

~ c̄,c̄8!M ~c!S c

c8
D , ~21!

where the mass matrixM (c) is given by

M ~c!5S m~c! mc̄

mc 0 D . ~22!

In the present model, the above mass parameters are g
by

m~c!5kc2^Z2&1kc3^Z3&, ~23!
ix

ec
d
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mc5 f c^X&, ~24!

mc̄5 f c̄^X&. ~25!

Then, the messenger quark and lepton masses are give
diagonalizing the mass matrixM (c) as follows:

diag~M1
~c! ,M2

~c!!5U ~c!M ~c!V~c!†. ~26!

On the other hand, the messenger squarks and slepton
ceive the soft SUSY-breaking mass terms

Lso f t5 (
c5d,l

F ~c!c̃ c̃̄, ~27!

where

F ~c!5kc2^FZ2
&1kc3^FZ3

&. ~28!

Then, the mass terms of the messenger squarks and sle
are written as

Ls52 (
c5d,l

~ c̃* ,c̃8* ,c̃̄,c̃̄8!M̃2~c!S c̃

c̃8

c̃̄*

c̃̄8*

D , ~29!

where the mass matrixM̃2(c) is given by
M̃2~c!5S um~c!u21umcu2 m~c!* mc̄ F ~c!* 0

m~c!mc̄
* umc̄u2 0 0

F ~c! 0 um~c!u21umc̄u2 m~c!mc*

0 0 m~c!* mc umcu2

D ~30!
ar-

ne-
lets
for c5d,l . This can be diagonalized by the unitary matr
T(c) as

diag~m1
~c!2 ,m2

~c!2 ,m3
~c!2 ,m4

~c!2!5T~c!M̃2~c!T~c!†.
~31!

When we take the mass eigenstates of the messenger s
the interactions for the messenger fields are describe

FIG. 1. Diagram contributing to the gaugino masses.
tor,
in

terms of the mixing matricesU (c), V(c), andT(c). ~See Ap-
pendix A.! Then we calculate the masses for the superp
ticles in the MSSM sector.

The MSSM gauginos acquire masses through the o
loop diagrams of the messenger quark and lepton multip
shown in Fig. 1. Their masses are given by

mg̃3
5

a3

2p
F ~d!,

mg̃2
5

a2

2p
F ~ l !, ~32!

mg̃1
5

a1

2pH 2

5
F ~d!1

3

5
F ~ l !J ,
2-4
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where we have adopted the SU~5! GUT normalization of the
U(1)Y gauge coupling (a1[ 5

3 aY), and mg̃i
( i 51, . . . ,3)

denote theb-ino, W-ino, and gluino masses, respective
HereF (d) represents contributions from the messenger qu
multiplets d, d8, d̄, and d̄8 andF ( l ) contributions from the
messenger lepton multipletsl , l 8, l̄ , and l̄ 8. The functions
F (c) (c5d,l ) are given by

F ~c!5 (
a51

2

(
b51

4

Ma
~c!~Ua1

~c!T3b
~c!†1Ua2

~c!T4b
~c!†!

3~Tb1
~c!V1a

~c!†1Tb2
~c!V2a

~c!†!

3
mb

~c!2

mb
~c!22Ma

~c!2
ln

mb
~c!2

Ma
~c!2

, ~33!

whereMa
(c) andmb

(c) denote messenger fermion masses a
messenger sfermion masses, respectively. Under the co
tion of Eq. ~14! the functionF (c) can be expanded in term
of F (c)/(mcmc̄) as

F ~c!5
1

2U F ~c!

mcmc̄
U2

F ~c!

Amcmc̄

A ~c!~ uV11
~c!/V12

~c!u2,uU11
~c!/U12

~c!u2!,

~34!

whereA (c)(a,b) is

A ~c!~a,b!5
~ab!1/4

6~12ab!4~11a!3/2~11b!3/2
$2~a1b!

3@2118ab28a3b31a4b4112a2b2ln~ab!#

212ab264a2b2164a3b31a4b4

1a5b5236a2b2~11ab!ln~ab!%. ~35!

This functionA (c)(a,b) has the maximal value 0.1 ata
.3 andb.3. We should note that the leading term of ord
F (c)/Amcmc̄ vanishes because (M (c))11

2150 @16#.7

In ordinary gauge mediation models, contributions fro
the messenger quark multiplets are equal to those from m
senger lepton multiplets in the leading order ofF/m, and
hence the GUT relation among the gaugino mass
mg̃1

/a15mg̃2
/a25mg̃3

/a3, holds. In the present mode

however, F (d)ÞF ( l ) because the leading term of ord
F (c)/Amcmc̄ is canceled out. Therefore, even if the unific
tion of the Yukawa couplings and mass parameters is
sumed at the GUT scale, the GUT relation does not hold
general. From Eq.~32! the following relation among the
gaugino masses is satisfied:

7This leading term cancellation of gaugino masses occurs ge
cally, when we stabilize the SUSY-breaking vacuum by mass te
as in Eq.~11!.
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mg̃1

a1
5

3

5

mg̃2

a2
1

2

5

mg̃3

a3
. ~36!

This is a distinctive prediction in the present model.
The soft SUSY-breaking masses for squarks, slepto

and Higgs bosonsf̃ in the MSSM sector are generated b
two-loop diagrams shown in Fig. 2@7,25,26#. We obtain
them as

mf̃
2
5

1

2FC3
f̃ S a3

4p D 2

G ~d!21C2
f̃ S a2

4p D 2

G ~ l !2

1
3

5
Y2S a1

4p D 2S 2

5
G ~d!21

3

5
G ~ l !2D G , ~37!

whereC3
f̃ 5 4

3 andC2
f̃ 5 3

4 when f̃ is in the fundamental rep

resentation of SU(3)C and SU(2)L , andCi
f̃50 for the gauge

singlets, andY denotes the U(1)Y hypercharge (Y[Q
2T3). HereG (d)2 andG ( l )2 represent the contributions from
the messenger quark and lepton multiplets, respectively,
they are given in Appendix A in detail. In contrast to th
gaugino masses, the leading term of orderF (c)/Amcmc̄ is
not canceled out for the sfermion masses. Therefore,
gaugino masses have an extra suppression fa
uF (c)/(mcmc̄)u2 compared with the sfermion masses. T
lighter gauginos are a typical feature of this model.

Since global SUSY is spontaneously broken, there i

ri-
s

FIG. 2. Diagrams contributing to the squark, slepton, and Hig
boson masses.
2-5
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YASUNORI NOMURA AND KAZUHIRO TOBE PHYSICAL REVIEW D 58 055002
Nambu-Goldstone fermion~Goldstino! for the SUSY break-
ing. In the framework of local SUSY~supergravity!, the
Goldstino becomes the longitudinal component of the gr
itino. Then, the gravitino has a mass given by

m3/25
FZ1

1FZ2
1FZ3

A3M*

5S AFZ1
1FZ2

1FZ3

23106 GeV
D 2

keV. ~38!

Here, we have imposed the vanishing cosmological cons
andM* 52.431018 GeV is the reduced Planck mass. If th
SUSY-breaking scale is smaller than 23106 GeV, the grav-
itino mass is smaller than 1 keV and hence the cosmolog
requirement is satisfied. If all Yukawa coupling
ki ,l i , f i , f c , f c̄ areO(1), thesquark massmq̃ , for example,
is roughly given by

mq̃;
a3

4p
AFZ. ~39!

We expect AFZ;O(105) GeV to obtain mq̃
;O(103) GeV. Thusm3/2,1 keV is a natural result in the
present model.

The gaugino and sfermion masses in Eqs.~32!, ~37! are
given only at the messenger scale. Therefore, we mus
evaluate them at the electroweak scale by using renorma
tion group equations~RGEs!. Here we present numerical re

FIG. 3. The mass spectrum of the gauginos and sfermions
function of the parameteruF (c)/mcmc̄u. Here we have assumed th
mass parameters in the messenger sector asm(c)5mc5mc̄[L (c)

for c5d,l . We have set the scalesL (d)5L ( l )55.03105 GeV.

Solid lines represent the gluinog̃3, W-ino g̃2, andb-ino g̃1 masses;

the dashed lines denote the doublet squarkq̃L , right-handed up

squarkũR , right-handed down squarkd̃R , doublet sleptonl̃ L , and

right-handed selectronẽR . The renormalization effects from th
messenger scale to the electroweak scale have been taken in
count. We also show the experimental lower bounds on the glu
andW-ino masses~dash-dotted lines!.
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sults of the mass spectrum of the gauginos and sferm
including the running effects to the electroweak scale fr
the messenger scale. To see the dependence ofuF (c)/mcmc̄u,
we assume the following mass parameter relation in the m
senger sector, Eq.~22!, for simplicity:

m~c!5mc5mc̄[L~c! ~40!

for c5d,l . The mass spectrum of the superparticles in
MSSM sector is shown as a function ofuF (c)/mcmc̄u in Fig.
3. Here we have set the scalesL (c) for c5d,l as

L~d!5L~ l !55.03105 GeV, ~41!

which corresponds to the gravitino massm3/2;0.1 keV for
l15l25l35 f 15 f 35 f c5 f c̄51. As one can see from Fig
3, the gaugino masses rapidly decrease as the param
uF (c)/mcmc̄u gets smaller because there is the suppress
factor uF (c)/mcmc̄u2 in the gaugino masses in Eq.~34!. On
the other hand, the sfermion masses weakly depend
uF (c)/mcmc̄u since the leading term of orderF (c)/Amcmc̄
does not vanish in contrast to the gaugino masses. Moreo
even if the parameteruF (c)/mcmc̄u gets close to 1, the gluino
remains lighter than the squarks. The reason is that there
further suppression factor in a functionA (c) in Eq. ~35! of
the mixing angles of the messenger mass matrices. Thus
gauginos are always lighter than sfermions in the pres
model.8

Since the gaugino masses are much smaller than the
mion masses, the constraints on this model come from
experimental bounds on the gaugino masses. Thus we
show the experimental lower bounds on the gluino m
(mg̃3

.173 GeV) @28# and the W-ino mass (mg̃2

.86 GeV) @29# in Fig. 3.9 The parametersuF (d)/mdmd̄u and
uF ( l )/mlml̄ u are independent from each other in gener
Thus, they are constrained by the experimental bounds
the gluino andW-ino masses independently. From Fig. 3, w
see that the parametersuF (d)/mdmd̄u anduF ( l )/mlml̄ u are con-
strained as

8The mass spectrum that the squarks are relatively heavy c
pared with theW-ino is desirable from the viewpoint of the proto
decay in the GUT case. The experimental constraint from the p
ton decay is aboutmq̃

2/mg̃2
*104 GeV in the relevant region@27#.

9The gluino mass is constrained asmg̃3
.173 GeV for large

squark masses by the Tevatron experiment@28#. The lightest
chargino mass is constrained asmx̃

1
1.86 GeV for large sneutrino

mass and largem parameter by the LEP experiment atAs
5172 GeV@29#. In our model, the squark and slepton masses
much larger than the gaugino masses. Them parameter also tend
to be large as we will discuss in Sec. III B. Therefore, we use
gluino mass boundmg̃3

.173 GeV and theW-ino mass bound
mg̃2

.86 GeV here.
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0.71,U F ~d!

mdmd̄
U,1,

0.79,U F ~ l !

mlml̄
U,1. ~42!

Here, the upper bounds come from the vacuum stability c
dition, Eq.~14!. As we discussed in the previous section, t
massesmc and mc̄ originated from the same dynamics
SUSY breaking. Therefore it is natural that the parame
uF (c)/mcmc̄u for c5d,l are close to 1.

One can see that the so-called GUT relation among
gaugino masses does not hold since the parame
uF (d)/mdmd̄u and uF ( l )/mlml̄ u are independent of each othe
For example, whenuF (d)/mdmd̄u50.75 and uF ( l )/mlml̄ u
50.95, the gluino andW-ino have almost the same mas
mg̃3

.mg̃2
.210 GeV as seen in Fig. 3. It is remarkable th

even in this case the gaugino mass relation, Eq.~36!, holds
and hence theb-ino mass is determined by the other gaugi
masses. Since the sfermion masses weakly change
uF (c)/mcmc̄u, they are almost the same as seen in Fig. 3

In this analysis, we can not determine them parameter
unless both the messenger quark and lepton mass param
are fixed. However, since the scalar masses are much la
than the gaugino masses, them parameter tends to be larg
(;1 TeV). Therefore the lightest neutralino and chargi
are almost gauginos. In particular, the lightest neutralino
mostly b-ino because theb-ino mass is smaller than th
W-ino mass in the relevant parameter space.

So far we have assumed the mass parameter relation
~40!. Next we discuss them(c) dependence. We assume th
mc5mc̄5L (c) for simplicity, and fix the paramete
uF (c)/mcmc̄u50.9 andL (c)553105 GeV for c5d,l . The
parameterm(c) dependence on the mass spectrum of the
perparticles in the MSSM sector is shown in Fig. 4. From
experimental bounds on the gluino andW-ino masses, the
parametersm(c)/Amcmc̄ for c5d,l are constrained as

0.21,
m~d!

Amdmd̄

,4.8,

0.36,
m~ l !

Amlml̄

,3.0. ~43!

Since the parametersm(c) come from the vacuum expecta
tion values of the singlet fieldskc iZi @see Eq.~23!#, the
above constraints require that the scaleskc i^Zi& be almost at
the same order as the strong SU~2! dynamical scaleL.

The constraints in Eqs.~42!, ~43! will be weakened if the
scales L (c) become larger. When we fix the parame
uF (d)/mdmd̄u (uF ( l )/mlml̄ u) and increase the scaleL (d)

(L ( l )), then the gluino mass~the W-ino mass! becomes
larger proportionally to the scaleL (d) (L ( l )) and the function
G (d)2 (G ( l )2) in the sfermion mass squared also gets lar
proportionally toL (d)2 (L ( l )2). However, since the gravitino
mass increases proportionally toL (c)2, too large a value
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L (c) conflicts with the cosmological bound on the gravitin
mass,m3/2,1 keV. If the Yukawa couplings are set asl1
5l25l35 f 15 f 35 f c5 f c̄51 and we take the mass param
eter relation, Eq. ~40!, the cosmological boundm3/2

,1 keV corresponds toL (d)5L ( l )<23106 GeV. When
we setL (d)5L ( l )523106 GeV, the constraints on the pa
rametersuF (d)/mdmd̄u anduF ( l )/mlml̄ u get weaker than those
in Eq. ~42! as

0.47,U F ~d!

mdmd̄
U,1,

0.54,U F ~ l !

mlml̄
U,1. ~44!

The constraints on the parametersum(d)/Amdmd̄u and
um( l )/Amlml̄ u are also much weaker:

0.05,
m~d!

Amdmd̄

,19,

0.08,
m~ l !

Amlml̄

,12, ~45!

FIG. 4. The mass spectrum of the gauginos and sfermions in
MSSM sector as a function of the parameterm(c)/Amcmc̄ for c
5d,l . Here we have assumed the mass parameters in the mess
sector asmc5mc̄[L (c) for c5d,l . We have set the scalesL (d)

5L ( l )55.03105 GeV. Solid lines represent the gluinog̃3, W-ino

g̃2, andb-ino g̃1 masses; the dashed lines denote the doublet sq

q̃L , right-handed up squarkũR , right-handed down squarkd̃R ,

doublet sleptonl̃ L , and right-handed selectronẽR . The renormal-
ization effects from the messenger scale to the electroweak s
have been taken into account. We also show the experimental lo
bounds on the gluino andW-ino masses.
2-7
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where we have taken the mass parametersmc5mc̄5L (c)

523106 GeV and uF (c)/mcmc̄u50.9. In the case of the
maximal scaleL (c).23106 GeV, however, the squark
become much heavier than the electroweak scalemq̃
.10 TeV). Therefore, we need a fine-tuning of them pa-
rameter in order to break the electroweak symmetry corre
as we will discuss in the next subsection.

B. Radiative electroweak symmetry breaking

In the framework of the low-energy gauge-mediat
SUSY-breaking scenario, radiative electroweak symme
breaking is also realized as discussed in Refs.@17,30#. In the
model we consider, radiative electroweak symmetry bre
ing occurs as in ordinary gauge mediation models.

The soft SUSY-breaking masses for the squarks, slept
and Higgs bosons are generated at the messenger sca
discussed in the previous subsection. When we include
running effects of the RGEs, the soft SUSY-breaking mas
receive significant corrections from the Yukawa interactio
as well as the gauge interactions. The soft SUSY-break
masses, especially forH2 which is the MSSM Higgs double
and couples to the top quark, receive significant correcti
from the large top Yukawa interaction. The approximate
lution to the RGE of the soft SUSY-breaking mass squa
of H2, mH2

2 , is given by an iteration as follows:

mH2

2 .mH1

2 2
f t

2

16p2
12mt̃

2logS Lmess

mt̃
D , ~46!

wheremH1
and mt̃ are the soft SUSY-breaking masses f

another Higgs doublet and the top squark, respectiv
Lmessdenotes the messenger scale, andf t represents the top
quark Yukawa coupling constant. In the present model,
top squark is heavier than the SU~2! doublet Higgs bosons
becausea3.a2. Then it drivesmH2

2 to a negative value eve

if the running distance between the messenger scaleLmess
;105 GeV and the electroweak scalemweak;102 GeV is
not so long. Therefore, electroweak symmetry is broken
diatively.

Requiring that the tree-level potential have an extrem
at vacuum expectation values for the two Higgs doublets
^H1&5v cosb/A2 and^H2&5v sinb/A2, one finds

mZ
2

2
5

mH1

2 2mH2

2 tan2b

tan2b21
2m2, ~47!

sin 2b52
Bm

mH1

2 1mH2

2 12m2
. ~48!

When we fix tanb, the m parameter is determined from
Eq. ~47! to reproduce the correct value for theZ boson mass
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mZ . Once the parameterm is fixed, theB parameter~soft
SUSY-breaking mass for the Higgs doublet defined asL
5BmH1H2) is also determined from Eq.~48!.

Here we present numerical results of radiative el
troweak symmetry breaking. In our numerical analysis,
fix tanb, and we use the one-loop effective potential@31# to
determine them and B parameters. We include all of th
third-generation Yukawa couplings. Here, we assume
some unknown dynamics generates them andB terms@32#.
As for A parameters, which are trilinear couplings of scala
we assume that they are very small at the messenger scaL,
Af̃(L).0, because they are generated only through high
loop diagrams in all known gauge mediation models. Un
this initial condition at the messenger scale, we solve
RGEs for theA parameters and calculate them at the el
troweak scale to evaluate the one-loop effective potentia

We show them parameters which satisfy the condition
radiative electroweak symmetry breaking as a function of
parameteruF (c)/mcmc̄u in Fig. 5. Here we have assumed th
mass parameter relation, Eq.~40!, andL (d)5L ( l ) in the mes-
senger sector and we have taken tanb53 @Fig. 5~a!#, 30 @Fig.
5~b!#. The solid line, dashed line, and long-dashed line c
respond to theW-ino massmg̃2

586 GeV~the experimental

lower bound!, 150 GeV, and 200 GeV, respectively. A
one sees from Fig. 5, them parameter gets larger as th
parameteruF (c)/mcmc̄u becomes smaller when we fix th
gaugino masses. The reason is as follows: if the param
uF (c)/mcmc̄u is too small, the gauginos are much lighter th
their experimental mass bounds since the gaugino ma
have the suppression factoruF (c)/mcmc̄u2. To exceed the
experimental bound on the gaugino masses, the messe
scale is required to be much larger. Then, the soft SUS
breaking masses for the sfermions get larger since they
not have a suppression like gauginos. Since the squarks
pecially the top squark, become much heavier, the m
squared ofH2 becomes too negative as one can see in
~46!. Then one needs a largem parameter to reproduce th
correct value of theZ boson mass.@See Eq.~47!.# For ex-
ample, in the case with tanb53 anduF (c)/mcmc̄u50.6, we
need a largem parameter asumu*3100 GeV. In this way,
we may need a fine-tuning of them parameter when the
parameteruF (c)/mcmc̄u is small ~i.e., the SUSY-breaking
scale is large!. Therefore, from such a naturalness point
view the light gravitinom3/2;0.01–1 keV is implied. On
the other hand, as tanb becomes larger, them parameter gets
smaller because the mass squared ofH2 becomes less nega
tive due to the relatively smaller top quark Yukawa couplin

We finally comment on them-term generation@7,33,34#.
In the present model, them term may be generated in th
same way as the generation of the messenger mass pa
eters: if the superfieldX couples to H1H2, the SUSY-
invariant massm for Higgs bosonsH1 andH2 is generated.
Since^X&.105 –6 GeV, we need a small coupling consta
lh.1023, wherelh is defined byW5lhXH1H2, to have
the desired valuem.102–103 GeV. The smalllh is natural
in the sense of ’t Hooft. We note that no largeB term
(BmH1H2) is induced since theF component ofX is very
2-8
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FIG. 5. Them parameters which satisfy the condition of the radiative electroweak symmetry breaking as a function of the pa
F (c)/mcmc̄ . Here we take~a! tanb53 and ~b! 30. Solid line, dashed line, and long-dashed line correspond to theW-ino massmg̃2

586 GeV ~the experimental lower bound!, 150 GeV, and 200 GeV, respectively.
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small.10 Hence the scalem may originate from the sam
dynamics as SUSY breaking. In this case, a large tanb;50
is required because of the smallB parameter to break elec
troweak symmetry radiatively.

IV. GRAND UNIFIED MODEL

A. GUT model with Yukawa unification

The messenger quarks and leptons (d,l ), (d8,l 8), (d̄, l̄ ),
and (d̄8, l̄ 8) are embedded in5 and5* representations of the
SU~5! group. Therefore, if we extend our model to the GU
model ~without nonrenormalizable interactions!, certain
Yukawa coupling constants in Eq.~15! are unified as

kdi5kli ~ i 51 –3!, ~49!

f d5 f l , ~50!
05500
f d̄5 f l̄ , ~51!

at the GUT scaleMGUT.231016 GeV. Under Yukawa uni-
fication, Eqs.~49!–~51!, we can obtain the relations betwee
the Yukawa couplingskdi andkli , f d and f l , and f d̄ and f l̄
at the messenger scale using the RGEs for these Yuk
coupling constants. We list the RGEs for the coupling co
stants in this model in Appendix B. In general, the gau
interactions increase the Yukawa coupling constants at
lower scale. Since the messenger quarks have the SUC
gauge interaction but the messenger leptons do not,
Yukawa coupling constantskdi , f d , and f d̄ related to the
messenger quarks tend to be larger than the Yukawa
plings kli , f l , and f l̄ related to the messenger leptons b
causeg3(m)>g2(m) at m<MGUT. We consider the RGEs
for the ratios of the Yukawa couplingskdi /kli , f d / f l , and
f d̄ / f l̄ :
iminated
s rise
and Higgs
16p2m
d

dmS kdi

kli
D5

kdi

kli
H 2

16

3
g3

213g2
21

1

3
g1

212(
j 51

3

~kd j
2 2kl j

2 !1 f d
22 f l

21 f d̄
2
2 f l̄

2J
1(

j 51

3
kd j

kli
S 12

kdi

kli

kl j

kd j
D ~l il j13kdikd j12kli kl j 12 f i f j !, ~52!

10In this case, the SUSYCP problem is also solved. When we consider GUT models, the phases of the gaugino masses can be el
by a common rotation of the gauginos sincekd2 /kd3.kl2 /kl3 holds even at low-energy scales. Then the rotation of the gauginos give
to a phase in the Yukawa-type gauge couplings of the gauginos. Such a phase can be eliminated by a rotation of the sfermions
bosons since there are noA terms and noB term at the tree level.
2-9
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16p2m
d

dmS f d

f l
D5

f d

f l
H 2

16

3
g3

213g2
21

1

3
g1

21(
i 51

3

~kdi
2 2kli

2 !12~ f d
22 f l

2!J , ~53!

16p2m
d

dmS f d̄

f l̄
D 5

f d̄

f l̄
H 2

16

3
g3

213g2
21

1

3
g1

21(
i 51

3

~kdi
2 2kli

2 !12~ f d̄
2
2 f l̄

2
!J . ~54!
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One can see that under the condition, Eqs.~49!–~51!, the
ratios kdi /kli , f d / f l , and f d̄ / f l̄ become larger at the lowe
scale because the SU~3!C gauge interaction dominates i
Eqs.~52!–~54! as long as the perturbative description of t
Yukawa couplings is valid. When we impose the unificati
condition, Eqs.~49!–~51!, the right-hand side in Eq.~52! is
independent of the indexi . Therefore the ratiokdi /kli does
not depend on the indexi at any scale. Then we can alway
setkd15kl15kd25kl250 and f 250 at any scale by a uni
tary transformation of the singlet fieldsZi . Thus we work in
this basis below. Then the ratios of the Yukawa couplin
kd3 /kl3, f d / f l , andf d̄ / f l̄ equal those of the mass paramete
for the messenger sectorm(d)/m( l ), md /ml , andmd̄ /ml̄ , re-
spectively.

To numerically analyze the relations between mass
rameters in the messenger sector, we fix some paramet11

as lY50.3, (l1 ,l2 ,l3)5(0.2,0.1,0.16), (f 1 , f 2 , f 3)
5(0.5,0,0.6), (kd1 ,kd2)5(kl1 ,kl2)5(0,0) at the GUT scale
L523106 GeV, which is the dynamical scale of the stron
SU~2! gauge interaction, and̂Z3&513106 GeV, which is
the vacuum expectation value of the singlet fieldZ3. The
strong SU~2! gauge couplingg is taken as 2p at the mes-
senger scale~i.e., a5g2/4p5p). We solve the RGEs nu
merically, varying kd35kl3[k, f d5 f l5 f c , and f d̄5 f l̄
5 f c̄ at the GUT scale. We find the ratios of the mass
rameters given by

m~d!

m~ l !
.1.4 ~1.4!, ~55!

md

ml
5

md̄

ml̄

.1.4 ~1.4!, ~56!

0.5 ~0.4!,
m~ l !

Amlml̄

.
m~d!

Amdmd̄

,1.2 ~0.9!, ~57!

for 0.42,k,1.0 and f c5 f c̄50.20 ~for 0.32,k,0.54 and
f c5 f c̄50.18). Here we have takenf c5 f c̄ for simplicity.
These parameters correspond to the parameter re
F ( l )/mlml̄ .0.7. The ratio ofm(d)/m( l ) is almost the same a
the ratio ofmd /ml5md̄ /ml̄ because the running effects fo

11The Yukawa couplingski , f c , f c̄ do not significantly affect the
runnings ofl i , f i as long as the perturbative description of t
Yukawa couplings is valid. Thus the vacuum expectation val
^X& and ^FZi

& hardly depend onki , f c , f c̄ .
05500
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the ratios of the Yukawa couplingskd /kl , f d / f l , and f d̄ / f l̄
dominantly come from the SU(3)C gauge interaction as on
can see from Eqs.~52!–~54!. The parameterF (d)/mdmd̄ is
also related toF ( l )/mlml̄ as follows:

F ~ l !

mlml̄

.1.4
F ~d!

mdmd̄

, ~58!

since

S F ~ l !

mlml̄
D Y S F ~d!

mdmd̄
D 5

kl3

kd3

md

ml

md̄

ml̄

5
m~ l !

m~d!

md

ml

md̄

ml̄

.

~59!

Because of the Yukawa unification,F ( l )/mlml̄ becomes
larger thanF (d)/mdmd̄ at the messenger scale. This yields
interesting consequence on the mass spectrum of the ga
nos as we will see below.

We are now at the position to show the mass spectrum
the gauginos and sfermions in the MSSM sector. In Fig
the mass spectrum is shown as a function of the param
F ( l )/mlml̄ . Here we have taken the same parameter se
the above-mentioned one and we have setf c5 f c̄50.2 and
variedk with 0.4,k,1. Note that this parameter set corr
sponds to the gravitino massm3/2.0.12 keV. As we have
seen in the previous section, the gaugino masses stro
depend on the parametersF (c)/mcmc̄ for c5d,l since they
have an extra suppression factor (F (c)/mcmc̄)2. When we
impose Yukawa unification, Eqs.~49!–~51!, the parameter
F (d)/mdmd̄ is smaller thanF ( l )/mlml̄ as shown in Eq.~58!.
Therefore the gluino mass receives a larger suppression
the W-ino mass, and hence the gluino tends to be relativ
light. The experimental lower bound on the gluino mass c
strains the parameterF ( l )/mlml̄ to beF ( l )/mlml̄ .0.89. This
leads to a constraint on the Yukawa couplingk at the GUT
scale ask.0.65.12 Therefore, the GUT relation among th
gaugino masses does not hold even though we conside
GUT model. We note that the gluino can be lighter than
W-ino.

s

12When we regard the masses for the gauginos and sfermions
function of F ( l )/mlml̄ , we obtain almost the same result as in F
6 even if we take a different value of the Yukawa couplingf c

5 f c̄ . The reason is that the ratio betweenF ( l )/mlml̄ and
F (d)/mdmd̄ is almost independent off c5 f c̄ .
2-10
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We also show them parameter in Fig. 6. As we discusse
in Sec. III B, them parameter becomes much larger than
gaugino masses.

B. GUT model without Yukawa unification

So far we have considered the GUT model with Yuka
unification. In this section, we consider the GUT model w
nonrenormalizable interactions. The superpotential wh
contributes to the Yukawa couplingskc i , f c , and f c̄ (c
5d,l ) at low-energy scales is given by

W5(
i 51

3

Zi S kc i
8 cc̄1kc i

9
S

M*
cc̄1••• D

1XS f c8cc̄81 f c̄
8c8c̄1 f c9

S

M*
cc̄81 f c̄

9
S

M*
c8c̄ D ,

~60!

where the fieldsc andc8 @c̄ andc̄8# are5 @5* # dimensional
representation fields of the SU~5! group, which contain the
messenger quark and lepton multiplets (d,l ) and (d8,l 8)

FIG. 6. The mass spectrum of the gauginos and sfermions in
MSSM sector as a function ofF ( l )/mlml̄ . Here we have taken
lY50.3, (l1 ,l2 ,l3)5(0.2,0.1,0.16), (f 1 , f 2 , f 3)5(0.5,0,0.6),
(kd1 ,kd2)5(kl1 ,kl2)5(0,0) at the GUT scale. The dynamical sca
L of the strong SU~2! gauge interaction and the vacuum expec
tion value ^Z3& have been taken asL52.03106 GeV and^Z3&
51.03106 GeV, respectively. We have setf d5 f l5 f d̄5 f l̄ 50.2 at
the GUT scale for simplicity and variedkl35kd3[k with 0.4,k
,1.0. Note that this parameter set corresponds to the grav
massm3/2.0.12 keV. Solid lines represent the gaugino masses:

b-ino g̃1, W-ino g̃2, and gluinog̃3 masses. Dashed lines represe

the sfermion masses: the left-handed squarkq̃L , right-handed up

squarkũR , right-handed down squarkd̃R , doublet sleptonl̃ L , and

right-handed selectronẽR masses. Them parameter is also show
~dotted line!. The renormalization effects from the messenger sc
to the electroweak scale have been taken into account. We
show the experimental lower bound on the gluino mass~dash-
dotted line!.
05500
e

h

@(d̄, l̄ ) and (d8̄,l 8̄)#, respectively. The fieldS is a 24
dimensional representation which breaks SU~5! down to
SU(3)C3SU(2)L3U(1)Y with expectation value ^S&
5Vdiag(2,2,2,23,23). We should notice that the nonreno
malizable interactions in Eq.~60! are not forbidden by any
symmetries provided that theS is a trivial representation o
U(1)R3U(1)x . Then, the Yukawa coupling constantskc ,
f c , and f c̄ receive corrections of order ofO(^S&/M* ) as

kdi5kc i8 12kc i9
V

M*
, ~61!

kli 5kc i8 23kc i9
V

M*
, ~62!

f d5 f c812 f c9
V

M*
, ~63!

f l5 f c823 f c9
V

M*
, ~64!

at the GUT scale, and hence the Yukawa coupling unifi
tion of Eqs.~49!–~51! is broken in general.

In such a case, the relations between the messenger q
and lepton mass parameters depend on the corrections
the nonrenormalizable terms, and the relation in Eq.~58!
does not hold. Thus the mass relation among the gaugino
the case with Yukawa unification may easily change. The
fore, the existence of nonrenormalizable terms weakens
prediction on the mass spectrum of the superparticles. H
ever, it is important to study how the mass spectrum in
previous subsection changes.

To demonstrate changes of the mass spectrum, we
sider a simple example. Here we take the following init
condition of the Yukawa couplings at the GUT scale:

kd25k22d, kl25k2 ,

kd35k32d, kl35k3 ,

f d5 f 2d, f l5 f ,

f d̄5 f̄ 2d, f l̄ 5 f̄ . ~65!

The parameterd represents the difference between t
Yukawa couplings of messenger quarks and leptons du
corrections from nonrenormalizable interactions. The c
d50 corresponds to the GUT model with Yukawa unific
tion. We show the mass spectrum of the gauginos and s
mions as a function of the parameterd in Fig. 7. Here the
other Yukawa couplings have been set aslY50.3,
(l1 ,l2 ,l3)5(0.2,0.1,0.16), (f 1 , f 2 , f 3)5(0.5,0,0.6), kd1
5kl150 at the GUT scale and the strong SU~2! gauge cou-
pling g has been taken asg52p at the messenger scale. Th
dynamical scaleL of the strong SU~2! gauge interaction
and the vacuum expectation values^Z2& and ^Z3& have
been taken as L51.03106 GeV and ^Z2&5^Z3&
55.03105 GeV, respectively. We have taken the para
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etersk250, k350.8, andf 5 f̄ 50.2 in Eq.~65!. From Fig. 7,
we see that the case with Yukawa unification~i.e., d50) is
excluded by the experimental lower bound on the glu
mass. However, the small corrections (d;0.013) from the
nonrenormalizable terms may significantly change the m
spectrum. This is because the parameterF (d)/mdmd̄ gets
larger than that in the case with Yukawa unification w
F ( l )/mlml̄ being kept unchanged. Since the suppression
tor in the gluino mass gets closer to 1, the gluino becom
heavier to escape the experimental lower bound.

It is relatively difficult to predict the mass spectrum in th
presence of nonrenormalizable terms. However, we sho
stress that this model still has many distinguishable featu
as discussed in the previous sections: the GUT rela
among the gaugino masses does not hold, and the gaug
tend to be lighter than the sfermions since the gaug
masses have a suppression factor.

V. OTHER INTERESTING FEATURES
IN THE PRESENT MODEL

From the naturalness point of view as discussed in S
III B, much large sfermion masses compared with the we
scale are not preferable. Then, it is natural to have a r
tively lower SUSY-breaking scale, that is, a lighter graviti
which satisfies the cosmological requirementm3/2,1 keV.
Such a light gravitino may bring us other interesting con

FIG. 7. The mass spectrum of the gauginos and sfermions
function of the parameterd. Here we have taken the Yukawa co
plings at the GUT scale as follows:lY50.3, (l1 ,l2 ,l3)
5(0.2,0.1,0.16), (f 1 , f 2 , f 3)5(0.5,0,0.6), kd15kl150. We have

setk250, k350.8, andf 5 f̄ 50.2 in Eq.~65!. Solid lines represen

the gaugino masses: theb-ino g̃1, W-ino g̃2, and gluinog̃3 masses.
Dashed lines represent the sfermion masses: the left-handed s

q̃L , right-handed up squarkũR , right-handed down squarkd̃R ,

doublet sleptonl̃ L , and right-handed selectronẽR masses. Them
parameter is also shown~dotted line!. The renormalization effects
from the messenger scale to the electroweak scale have been
into account. We also show the experimental lower bound on
gluino mass~dash-dotted line!.
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quences in collider experiments. When the gravitino is
light that the cosmological requirement is satisfied, the gr
itino becomes the LSP. Thus the NLSP, primarily theb-ino,
decays into a gravitino emitting a photon. The Goldsti
component of the gravitino has the following interactio
with matter@35#:

L52
1

F
j am]mG̃a ,

5cosu
mg̃1

2A2F
B̃s̄msnG̃Fmn1•••. ~66!

An important point is that the couplings of the Goldstino a
suppressed by only the SUSY-breaking scale, not the Pla
scale. Therefore, the couplings of the Goldstino get large
the SUSY-breaking scale becomes smaller. If the SUS
breaking scale is sufficiently small, the decay of the sup
particles into a gravitino may occur within the detector.

From the interaction, Eq.~66!, we find the decay rate o
the b-ino as

G~ g̃1→G̃g!5
mg̃1

5 cos2uW

16pF2
. ~67!

Then the decay lengthL of the b-ino with energyE in the
laboratory frame is given by

L51.3S 100 GeV

mg̃1

D 5S AF

106 GeV
D 4S E2

mg̃1

2 21D 1/2

m.

~68!

For example, whenAF553105 GeV which corresponds to
the gravitino mass with m3/250.06 keV and mg̃1

5100 GeV, the decay length of theb-ino is 8 cm for
(E2/mg̃1

2
21)1/251. Since it is possible for the gravitino

mass to be much lighter thanm3/2,1 keV, we may find
signature ‘‘gg1 missing energy’’ in the collider experi
ments. We should notice that any realistic models with
sizable signature ‘‘gg1 missing energy’’ are not known ex
cept for the present model. The phenomenological invest
tions have been done in many papers@17,18# only under the
assumption of the existence of a very light gravitino.13

Recently, however, constraints on the SUSY models w
a ‘‘gg1 missing energy’’ signal have been reported in R

13The signature ‘‘gg1 missing energy’’ does not necessarily su
gest a light gravitino. It has been known that a light axino in t
framework of no-scale supergravity also brings us such a signa
collider experiments@36#. Therefore, other experiments, axio
search and direct superparticle search, for example, are also n
sary to distinguish the present model from other models.
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@37#. The lower bounds on the lightest neutralino and
lightest chargino masses are obtained as

mg̃1
*75 GeV,

mg̃2
*150 GeV, ~69!

where the GUT relation among the gaugino masses is
sumed. To satisfy the mass bounds, Eq.~69!, the squarks and
sleptons should be very heavy (mf̃;10 TeV) or the param-
eter F (c)/mcmc̄ should be very close to 1 in the prese
model. If the squarks and sleptons are very heavy,mf̃
;10 TeV, a fine-tuning may be needed to obtain the corr
electroweak scale as discussed in Sec. III B. On the o
hand, in the case where the parameterF (c)/mcmc̄ is very
close to 1, it already means a fine-tuning. From the natu
ness point of view, we may exclude the parameter regi
where the ‘‘gg1 missing energy’’ signal is detectable in th
present experiments.

The decay length, Eq.~68!, strongly depends on theb-ino
mass as well as the SUSY-breaking scale. For exam
when AF553105 GeV and mg̃1

540 GeV, L58 m for

(E2/mg̃1

2
21)1/251 which is larger than the typical detecto

size. Therefore, the signal ‘‘gg1 missing energy’’ cannot be
observed within the detector when theb-ino mass is much
smaller than 100 GeV. In the case where theb-ino slowly
decays outside the detector, the bounds in Eq.~69! are not
applicable because they are derived under the assum
that theb-ino completely decays into a photon and graviti
within the detector. Since our model suggests the light ga
nos as discussed in the previous sections, it is likely the c
Although the ‘‘gg1 missing energy’’ signature is not ex
pected in existing experiments, pair production of lig
gauginos can be observed directly in future collider exp
ments. Furthermore, if we require thatm3/2&1 keV or mf̃

&10 TeV, the SUSY-breaking scale becomes asAF
&23106 GeV. Then, according to Ref.@19#, the slow de-
cay of theb-ino may be detectable in experiments in the n
future such as LHC, even for the case of a longL.14

Finally we remark on the unification of the gauge co
pling constants. To break SUSY dynamically, we assume
strong SU~2! gauge interaction with the four fundament
representation fields. It is remarkable that all gauge coup
constants, not only SU(3)C3SU(2)L3U(1)Y gauge cou-
plings, but also strong SU~2! gauge coupling, meet at th
scale;1016 GeV when we set the strong SU~2! dynamical
scaleL as L.105 –6 GeV in order thatm3/2;0.1–1 keV
@16#.

14In the experiment proposed in Ref.@19#, the ‘‘gg1 missing
energy’’ signature can be detectable at LHC as long asAF
&107 GeV. Thus such a signal will be observed in our model.
other models which have the largeAF.107 GeV, however, this
signal cannot be observable at LHC even with the sameL.
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VI. CONCLUSION

We have performed a detailed analysis of a dire
transmission model of the dynamical SUSY breaking pre
ously proposed in Ref.@16#. This model possesses many r
markable points: there is no SUSY FCNC, all mass sca
are generated from the strong SU~2! dynamics~the m term
may also originate from the same dynamics!, and the unifi-
cation of all gauge coupling constants of SU(3)C , SU(2)L ,
U(1)Y , and the strong SU~2! gauge groups may be realize
Furthermore, it is quite natural for the gravitino mass to
smaller than 1 keV as required from standard cosmolo
We notice that this cosmological requirement is not satisfi
by any other models which have been proposed.

In the present model, there are many distinguishable lo
energy features from other models: the so-called GUT re
tion among the gaugino masses does not hold even if
consider the GUT models. Furthermore, the gauginos
come lighter than sfermions because the gaugino ma
have extra suppression factors. When the suppression o
gaugino masses is large, squarks tend to be heavy in ord
satisfy the experimental lower bounds on the gaug
masses. In this case, the radiative electroweak symm
breaking requires a largem parameter, and we may need
fine-tuning. If we consider the GUT model with Yukaw
unification, the gluino mass tends to be lighter than
W-ino mass. However, Yukawa unification is broken in t
presence of nonrenormalizable interactions. Then the pre
tion of the mass spectrum of the superparticles is weake

Moreover, the light gravitino brings us a fascinating si
nature, that is, ‘‘gg1 missing energy’’ in the collider ex-
periments when theb-ino is relatively heavy (mg̃1

*100
GeV!. From the naturalness point of view, however, lig
gauginos are most likely in our model. Thus the collid
signature will not be observed in present experiments
cause theb-ino decays outside the detector. Even in th
case,b-ino decay may be detectable@19# in colliders of the
near future because of the relatively lower SUSY-break
scale.

ACKNOWLEDGMENTS

We would like to thank Izawa K.-I. and T. Yanagida fo
very useful comments and a careful reading of the ma
script. K.T. thanks the Japan Society for the Promotion
Science for financial support.

APPENDIX A: CALCULATION OF THE GAUGINO
AND SFERMION MASSES

In this appendix, we show the detailed calculation of t
gaugino and sfermion masses in the MSSM sector.

When we take the mass eigenbasis in the messenger
mions and sfermions as discussed in Sec. III A, gaugi
fermion-scalar interaction is
2-13
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Ls5A2ig (
a51

2

(
b51

4

@~Tb1
~c!V1a

~c!†1Tb2
~c!V2a

~c!†!c̃ ib* Ti j
~a!c j ag̃~a!

2~Va1
~c!T1b

~c!†1Va2
~c!T2b

~c!†!g̃~a!* c ia* Ti j
~a!c̃ j b

2~Ua1
~c!T3b

~c!†1Ua2
~c!T4b

~c!†!c̄ iaTi j
~a!c̃ j bg̃~a!

1~Tb3
~c!U1a

~c!†1Tb4
~c!U2a

~c!†!g̃~a!* c̃ ib* Ti j
~a!c̄ j a* #, ~A1!

whereca andc̄a denote the messenger fermions in the m

eigenstates andc̃a is the messenger sfermions in the ma
eigenstates as follows:

S c1

c2
D 5V~c!S c

c8
D , ~A2!

S c̄1

c̄2
D 5U ~c!* S c̄

c̄8
D , ~A3!
05500
s

s

S c̃1

c̃2

c̃3

c̃4

D 5T~c!S c̃

c̃8

c̃̄*

c̃̄8*
D , ~A4!

and g̃(a) is the gaugino and Ti j
(a) represents the generator o

the gauge group. Then the MSSM gaugino masses com
from Fig. 1 becomes

mg̃3
5

a3

2p
F ~d!, ~A5!

mg̃2
5

a2

2p
F ~ l !, ~A6!

mg̃1
5

a1

2pH 2

5
F ~d!1

3

5
F ~ l !J ,

~A7!

where the massesmg̃i
( i 51, . . . ,3)denote theb-ino, W-ino,

and gluino masses, respectively, and we have adopted
SU~5! GUT normalization of the U(1)Y gauge coupling
(a1[ 5

3 aY). The functionsF (c) are given by
F ~c!532p2i (
a51

2

(
b51

4

~Ua1
~c!T3b

~c!†1Ua2
~c!T4b

~c!†!~Tb1
~c!V1a

~c!†

1Tb2
~c!V2a

~c!†!Ti j
~a!Tj i

~a!Ma
~c!E d4k

~2p!4

1

~p2k!21mb
~c!2

1

k21Ma
~c!2U

p50

516p2i (
a51

2

(
b51

4

~Ua1
~c!T3b

~c!†1Ua2
~c!T4b

~c!†!~Tb1
~c!V1a

~c!†1Tb2
~c!V2a

~c!†!

3Ma
~c!H 2

i

16p2E0

1

dxln@xmb
~c!21~12x!Ma

~c!22p2x~12x!#J U
p50

5 (
a51

2

(
b51

4

Ma
~c!~Ua1

~c!T3b
~c!†1Ua2

~c!T4b
~c!†!~Tb1

~c!V1a
~c!†1Tb2

~c!V2a
~c!†!E

0

1

dxln@xmb
~c!21~12x!Ma

~c!2#

5 (
a51

2

(
b51

4

Ma
~c!~Ua1

~c!T3b
~c!†1Ua2

~c!T4b
~c!†!~Tb1

~c!V1a
~c!†1Tb2

~c!V2a
~c!†!

mb
~c!2

mb
~c!22Ma

~c!2
ln

mb
~c!2

Ma
~c!2

. ~A8!

We next consider the squark and slepton masses. These masses arise from Fig. 2 and are given by

mf̃
2
5

1

2FC3
f̃ S a3

4p D 2

G ~d!21C2
f̃ S a2

4p D 2

G ~ l !21
3

5
Y2S a1

4p D 2S 2

5
G ~d!21

3

5
G ~ l !2D G , ~A9!

whereC3
f̃ 5 4

3 and C2
f̃ 5 3

4 when f̃ is in the fundamental representation of SU(3)C and SU(2)L , and Ci
f̃50 for the gauge

singlets, andY denotes the U(1)Y hypercharge (Y[Q2T3). HereG (c)2 are given by@25#
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G ~c!25~4p!4H 2 (
a51

4

^ma
~c!uma

~c!u0&24 (
a51

4

^ma
~c!uma

~c!u0,0&24 (
a51

2

^Ma
~c!uMa

~c!u0&18 (
a51

2

^Ma
~c!uMa

~c!u0,0&

2 (
a51

4

(
b51

4

~Ta1
~c!T1b

~c!†1Ta2
~c!T2b

~c!†2Ta3
~c!T3b

~c!†2Ta4
~c!T4b

~c!†!

3~Tb1
~c!T1a

~c!†1Tb2
~c!T2a

~c!†2Tb3
~c!T3a

~c!†2Tb4
~c!T4a

~c!†!^ma
~c!umb

~c!u0&

14 (
a51

4

(
b51

2

@~Vb1
~c!T1a

~c!†1Vb2
~c!T2a

~c!†!~Ta1
~c!V1b

~c!†1Ta2
~c!V2b

~c!†!1~Ub1
~c!T3a

~c!†1Ub2
~c!T4a

~c!†!~Ta3
~c!U1b

~c!†1Ta4
~c!U2b

~c!†!#

3@^ma
~c!uMb

~c!u0&1~ma
~c!22Mb

~c!2!^ma
~c!uMb

~c!u0,0&#J , ~A10!

where

^m1um2um3&5E d4q

~2p!4

d4k

~2p!4

1

~q21m1
2!~k21m2

2!~@k2q#21m3
2!

, ~A11!

^m1um2um3 ,m3&5E d4q

~2p!4

d4k

~2p!4

1

~q21m1
2!~k21m2

2!~@k2q#21m3
2!2

. ~A12!

This becomes

G ~c!25 (
a51

4

ma
~c!2~4lnma

~c!21 ln2ma
~c!2!1 (

a51

2

Ma
~c!2~28lnMa

~c!214ln2Ma
~c!2!

1 (
a51

4

(
b51

4

~Ta1
~c!T1b

~c!†1Ta2
~c!T2b

~c!†2Ta3
~c!T3b

~c!†2Ta4
~c!T4b

~c!†!~Tb1
~c!T1a

~c!†1Tb2
~c!T2a

~c!†2Tb3
~c!T3a

~c!†2Tb4
~c!T4a

~c!†!

3ma
~c!2F2 ln2mb

~c!212lnma
~c!2lnmb

~c!222Li2S 12
ma

~c!2

mb
~c!2D G

12 (
a51

4

(
b51

2

@~Vb1
~c!T1a

~c!†1Vb2
~c!T2a

~c!†!~Ta1
~c!V1b

~c!†1Ta2
~c!V2b

~c!†!1~Ub1
~c!T3a

~c!†1Ub2
~c!T4a

~c!†!~Ta3
~c!U1b

~c!†1Ta4
~c!U2b

~c!†!#

3H ma
~c!2F ln2Mb

~c!22 lnma
~c!2lnMb

~c!21Li2S 12
ma

~c!2

Mb
~c!2D 2Li2S 12

Mb
~c!2

ma
~c!2 D G

1Mb
~c!2F ln2ma

~c!22 lnma
~c!2lnMb

~c!21Li2S 12
Mb

~c!2

ma
~c!2 D 1Li2S 12

ma
~c!2

Mb
~c!2D G J . ~A13!

Here Li2(x)52*0
1(dt/t)ln(12xt) is a dilogarithmic function.
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APPENDIX B: RENORMALIZATION GROUP EQUATIONS FOR THE MODEL

In this appendix, we list the RGEs for the model. The superpotential at the scale aboveL is

W5
l

A2
eabH Q1

aQ3
bY11Q1

aQ4
bY21Q2

aQ3
bY31Q2

aQ4
bY41

1

A2
~Q1

aQ2
b2Q3

aQ4
b!Y5J

1
l1

A2
eab~Q1

aQ2
b1Q3

aQ4
b!Z11kd1dd̄Z11kl1l l̄ Z12 f 1X2Z11

l2

A2
eab~Q1

aQ2
b1Q3

aQ4
b!Z21kd2dd̄Z21kl2l l̄ Z22 f 2X2Z2

1
l3

A2
eab~Q1

aQ2
b1Q3

aQ4
b!Z31kd3dd̄Z31kl3l l̄ Z32 f 3X2Z31 f ddd̄8X1 f d̄d8d̄X1 f l l l̄ 8X1 f l̄ l 8 l̄ X. ~B1!

Then, one-loop RGEs for the Yukawa coupling constants are given by

m
dl

dm
5

1

16p2

1

2
l~l1

21l2
21l3

217l226g2!,

m
dl1

dm
5

1

16p2F1

2
l1~l1

21l2
21l3

215l226g2!1l i~l il113kdikd112kli kl112 f i f 1!G ,
m

dkd1

dm
5

1

16p2Fkd1S 2kd1
2 12kd2

2 12kd3
2 1 f d

21 f d̄
2
2

16

3
g3

22
4

15
g1

2D1kdi~l il113kdikd112kli kl112 f i f 1!G ,
m

dkl1

dm
5

1

16p2Fkl1S 2kl1
2 12kl2

2 12kl3
2 1 f l

21 f l̄
2
23g2

22
3

5
g1

2D1kli ~l il113kdikd112kli kl112 f i f 1!G ,
m

d f1

dm
5

1

16p2
@2 f 1~4 f 1

214 f 2
214 f 3

213 f d
213 f d̄

2
12 f l

212 f l̄
2
!1 f i~l il113kdikd112kli kl112 f i f 1!#,

m
dl2

dm
5

1

16p2F1

2
l2~l1

21l2
21l3

215l226g2!1l i~l il213kdikd212kli kl212 f i f 2!G ,
m

dkd2

dm
5

1

16p2Fkd2S 2kd1
2 12kd2

2 12kd3
2 1 f d

21 f d̄
2
2

16

3
g3

22
4

15
g1

2D1kdi~l il213kdikd212kli kl212 f i f 2!G ,
m

dkl2

dm
5

1

16p2Fkl2S 2kl1
2 12kl2

2 12kl3
2 1 f l

21 f l̄
2
23g2

22
3

5
g1

2D1kli ~l il213kdikd212kli kl212 f i f 2!G ,
m

d f2

dm
5

1

16p2
@2 f 2~4 f 1

214 f 2
214 f 3

213 f d
213 f d̄

2
12 f l

212 f l̄
2
!1 f i~l il213kdikd212kli kl212 f i f 2!#,

m
dl3

dm
5

1

16p2F1

2
l3~l1

21l2
21l3

215l226g2!1l i~l il313kdikd312kli kl312 f i f 3!G ,
m

dkd3

dm
5

1

16p2Fkd3S 2kd1
2 12kd2

2 12kd3
2 1 f d

21 f d̄
2
2

16

3
g3

22
4

15
g1

2D1kdi~l il313kdikd312kli kl312 f i f 3!G ,
m

dkl3

dm
5

1

16p2Fkl3S 2kl1
2 12kl2

2 12kl3
2 1 f l

21 f l̄
2
23g2

22
3

5
g1

2D1kli ~l il313kdikd312kli kl312 f i f 3!G ,
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m
d f3

dm
5

1

16p2
@2 f 3~4 f 1

214 f 2
214 f 3

213 f d
213 f d̄

2
12 f l

212 f l̄
2
!1 f i~l il313kdikd312kli kl312 f i f 3!#,

m
d fd

dm
5

1

16p2
f dS kd1

2 1kd2
2 1kd3

2 14 f 1
214 f 2

214 f 3
215 f d

213 f d̄
2
12 f l

212 f l̄
2
2

16

3
g3

22
4

15
g1

2D ,

m
d fd̄

dm
5

1

16p2
f d̄S kd1

2 1kd2
2 1kd3

2 14 f 1
214 f 2

214 f 3
213 f d

215 f d̄
2
12 f l

212 f l̄
2
2

16

3
g3

22
4

15
g1

2D ,

m
d fl

dm
5

1

16p2
f l S kl1

2 1kl2
2 1kl3

2 14 f 1
214 f 2

214 f 3
213 f d

213 f d̄
2
14 f l

212 f l̄
2
23g2

22
3

5
g1

2D ,

m
d f l̄

dm
5

1

16p2
f l̄ S kl1

2 1kl2
2 1kl3

2 14 f 1
214 f 2

214 f 3
213 f d

213 f d̄
2
12 f l

214 f l̄
2
23g2

22
3

5
g1

2D , ~B2!

whereg,g3 ,g2 ,g1 denote strong SU~2!, SU(3)C , SU(2)L , U(1)Y gauge coupling constants, respectively, and the indexi is
summed over 1,2,3.

Further, one-loop RGEs for the gauge coupling constants are given by

m
dg

dm
52

4

16p2
g3, m

dg3

dm
52

1

16p2
g3

3 , m
dg2

dm
5

3

16p2
g2

3 , m
dg1

dm
5

1

16p2

43

5
g1

3 . ~B3!
.
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