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Phenomenological aspects of a direct-transmission model of dynamical supersymmetry breaking
with the gravitino mass my,<1 keV
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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 “yy+ missing energy” in the present mod¢50556-282(98)07915-4

PACS numbds): 12.60.Jv

[. INTRODUCTION breaking effects to the MSSM sector directly has been pro-
posed. In this model, we can lower the SUSY-breaking scale
Low-energy supersymmetrySUSY) is very attractive and hence the gravitino mass can be setngs<1l keV to
since it stabilizes a hierarchy between the weak scale andavoid the introduction of a complicated nonstandard cosmol-
higher scale of new physidsay, the Planck scalelt is also 09y, keeping the advantage of gauge mediation. Moreover,
strongly supported by the observed unification of standar@uch a light gravitino may suggest a distinct signature in the
model (SM) gauge couplings. existing collider experiments; that is, the ne>_<t-to—llghtest Su-
Recently, low-energy dynamical SUSY breakifSB) p_erparthle(NLSP), ‘mostly b-ino, can decay into the grav-
with gauge mediation has attracted attention since it mai')nov which is the lightest superparticleSP), within detec-
provide a natural explanation of the large hierarchy betweefrs Producing an observableyy+ missing energy” signal

the weak scale and the Planck scale as well as a naturgl3 discus_se(_j in many nge{fs?,ltg. Eveg i .t?f sirg]]na(;ure
solution to the SUSY flavor-changing neutral current Yyt missing energy” Is not observed within the gtec—
(FCNOQ and theCP problems[1,2] tors, the slow decay of the NLSP may be detectable in ex-

Several mechanisms for DSB have been discovied] periments in the near future such as at the CERN LHC as

: o e inted out in Ref[19]. Furthermore, in the model in Ref.
and their applications to realistic models have been propos 6], the mass spectrum of superparticles in the MSSM sec-
in the literature[7—9]. Most of the models that have been to y

) r is quite different from that in ordinary gauge mediation
proposed, however, need relatively large DSB scales mqgels and in gravity mediation models based on supergrav-
_2107 GeV to get sufficiently large SUSY-breaking massesity |n particular, the grand unified theofGUT) relation
in the minimal supersymmetric standard mo@é5SM) sec-  among the gaugino masses does not hold even if we consider
tor. As a result, the gravitino mass becomeg,>10 keV!  GUT unification. Since the present model has many different
On the other hand, the gravitino should be lighter thanfeatyres from other ordinary moddlg,9,8), it may be dis-

1 keV so that it does not overclose the univef$&]. To  tinguishable.
escape this bound, one may consider late-time entropy pro- The purpose of this paper is to investigate the mass spec-
duction which, however, leads to a complicated cosmolog¥rum in the model in Ref[16], imposing experimental con-
[13,14). Furthermore, as recently pointed out in REf5], a  straints and to show the existence of the phenomenologically
constraint on the cosmic x-rayyfray) background from di-  viable parameter regions in which the gravitino mass is
laton decay requires that the gravitino should be lighter thagmaller than 1 keV. This paper is organized as follows. In
100 keV. To get rid of this bound, we have to construct asec. |1, we briefly review the model in RdfL6]. In Sec. III,
String theory without the dilaton. Such a string theory, hOW-We consider the |ow-energy mass spectrum of the gauginos
ever, has not been known. Therefore, it is very important tand sfermions in the MSSM sector, and argue their typical
construct a model witimz,<1 keV and to investigate phe- features. Radiative electroweak symmetry breaking is also
nomenological consequences of such a model. discussed. In Sec. IV, we analyze GUT models with and
In Ref. [16], a DSB model which transmits SUSY- without Yukawa unification. In Sec. V, we discuss other in-
teresting features in the present model. Section VI is devoted
to our conclusions.
*Address after September 1: Department of Physics, The Ohio

Stl"l"te University, Columbus, OH 43210. N II. DIRECT-TRANSMISSION MODEL

n the model in Ref[8] it seems possible to make_ the gre_wntlno OF SUSY BREAKING

mass smaller than 1 keV due to a strong gauge interaction. If a

naive dimensional analysis of strongly coupled SUSY théaf} is In this section, we review a model which has been pro-
applicable, however, the gravitino mass is likely larger than 1 kevposed in Ref[16]. Let us first consider the dynamics for
[11]. scale generation. To generate the scale, we adopt a SUSY
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SU(2) gauge theory with four doublet chiral superfiel@s,
wherei is the flavor indexi(=1, . .. ,4).Without a superpo-
tential, this theory has flavor SU(4)symmetry. This

SU(4): symmetry is explicitly broken down to a global
SP(4) by a superpotential in this model. We add gauge

singlets Y? (a=1,...,5) which constitute a five-
dimensional representation of SP{4tp obtain a tree-level
superpotential

Wy=AyY4(QQ),, 1)

where QQ), denote a five-dimensional representation o
SP(4) given by a suitable combination of gauge invariants

QQ;.

A low-energy effective superpotential withy in Eq. (1),
which describes the dynamics of the @Jgauge interac-
tion, may be given by20]

Weir=S(VZ+ V23— A%+ Y3V, )
in terms of low-energy degrees of freedom

V~(QQ), Va~(QQ)a, )

whereS is an additional chiral superfieldy a dynamically
generated scale, and a gauge-invaridp@Q) denotes a sin-
glet of SP(4} defined by

1
(QQ)= E(Q1Q2+ Q3Q4). (4)

The effective superpotential, E€R) implies that the singlet
V~(QQ) condenses as

(V)=A2, (5)

PHYSICAL REVIEW D 58 055002

where we expect thaj is a real constant of order 1. Then the
effective potential for the scala (with the same notation as
the superfiellis given by

Veff:|)\|2A4

n
1+P|x|4|zv). ©

If >0, this implies(Z)=0. Otherwise we expedh(Z)|
~A, since the effective potential is lifted in the lar¢g|

f(>A) region[5,8,21].

In the following analyses, we assume the latter case
IN(Z)|~A, which results in the breakdown of th®&
symmetry? The spontaneous breakdown of tResymmetry
produces a Nambu-GoldstorR-axion. This R-axion is,
however, cosmologically harmless, since it acquires a mass
from the R-breaking constant term in the superpotential
which is necessary to set the cosmological constant to zero
[22)3

To transmit the SUSY breaking effects to the MSSM sec-
tor, we introduce vectorlike messenger quark multiptetd

and lepton multiplets, |. We assume that thandd trans-
form as the right-handed down quark and its antiparticle,

respectively, under the SM gauge group. Thand | are
assumed to transform as the left-handed lepton doublet and
its antiparticle, respectivefyWe introduce the coupling of
the messenger quarks and leptons to the sirfjlatorder to
directly transfer the SUSY breaking to the messenger sector.
Then the effective superpotential is

Wer=Z(ANA2+kydd+K1). (10)

In this case, however, the condensatigdsly=0 and(Il)

and SUSY is kept unbroken in this unique vacuum. Since the* 0 occur, and hence SUSY is not brokéfy(0). To avoid
vacuum preserves the flavor SP£49ymmetry, we have no such undesired condensations, we further introduce a pair of
massless Nambu-Goldstone boson. The absence of a flat diressenger quark and lepton multiplets (') +(d’,l") and
rection at this stage is crucial for causing dynamical SUSYmass parametersy, mg, m;, andny as follows:

breaking as seen below.

Next we consider dynamical SUSY breakifig]. Let us
first consider a model with one singlet chiral superfiglébr
SUSY breaking which couples directly t@QQ). Then, the
superpotential is given by

W=Wy+AZ(QQ). (6)

For a relatively large value of the coupling,, we again
obtain the condensation, E¢), with low-energy effective
superpotential approximately given by

W, r=AA2Z. (7)
Then,F,=X\A?#0 and SUSY is broken.

On the other hand, the effective Hlar potential is ex-
pected to take the form

U
K=|Z|2—m|?\z|4+~-n (8

Weff: Z(}\A2+ kdda‘i‘ k|||_)

+mgdd’ +mgd’d+mll"+mt’l. (11
The dynamical generation of these mass parameatgrsny,
m,, andm; has been discussed in REE6]. We will briefly
review it below.

Owing to the mass parameters in Efjl), we can obtain

2Even if we take|\(Z)|~4wA, the main conclusion in the
present paper does not change.

SWhen(Z)=0, appropriateR-breaking mass terms such asid
+m’ll are necessary to give masses to the MSSM gauginos be-
cause theR symmetry keeps the gauginos massless.

“One may consider that the messenger quark and lepton multiplets
are embedded into §6) GUT multiplets5 and5* to preserve the
unification of the SM gauge coupling constants.

055002-2



PHENOMENOLOGICAL ASPECTS OF A DIRECT. .. PHYSICAL REVIEW D 58 055002

a SUSY-breaking vacuum with vacuum expectation values TABLE I. U(1)gXU(1), charges for chiral superfields. Here,

of the messenger squarks and sleptons vanishing: #=d,l andi=1,2,3.
(dy=(dy=(1)=(I)=(d"y=(d")=(I")=(1")=0, Q.4 4, X Z.y
(Fz)=\A2 (12 U(1)g 0
The condition for this desired vacuum to be the true one idJ(1), 1 -2

given by examining the scalar potential

Eqg. (15), is a general one allowed by the global Ug1)

V=|NAZ+kqgdd+ kI [+ [mgd|?+ | mgd| 2+ [yt |2 xU(1),.® The charges for chiral superfields are given in

) — =0 2 Table 1.
+[myl|*+[kgZd+mgd’|*+[KeZd+ mgd’| Without loss of generality, we may skf;=k;;=f,=0
— 2 by an appropriate redefinition &f;, Z,, andZs. Under the
+|k|Z|+m|| | +|k|Z|+m|—| | (13) condition
as follows: |fyFaNaf1+ Nsfg)[?
2 2
|mgmgl*>[Ka(F2)|*, >|Kkyoho(F2+12) +kyaf1(Naf1—N1f5)|2 (16)
|m,nr|[2>|k|<Fz>|2. 19 for y=d,l, the superpotential yields a vacuum with
Then, the soft SUSY-breaking masses of the messenger T nof
squarks and sleptons are directly generated Foy)=\A? (X)= [T, (17)
through the couplingZ(kdd+kIT). We will see later that fi+f3

such a direct transmission of SUSY-breaking effects to the )
messenger sector makes it possible to realize the light gra@nd the vacuum expectation values of the messenger squarks

itino my,<1 keV, which is required from standard cosmol- @nd sleptons vanish. The condition, Eg6), corresponds to
ogy. the vacuum stability condition, Eq14). In this vacuum, the
Now we discuss the dynamical generation of the mas§ components of; are given by
parametersng, mg, m,, andm;. To generate these mass
parameters dynamically, we introduce a singietwhose _ Mgty A2 o —hoA2
3 ’ Z,— 2 ’

vacuum expectation value plays the role of mass parameters. = f2412
Furthermore, in order to give a vacuum expectation value to
X, keeping the SUSY breaking, three singlet chiral super- Nafi—Nqf3
multiplets Z; (i= i intro- Fz,=—7 5 f1A? (18)
pletsz; (i=1,...,3)which couple to QQ) are intro Z4 > .o 11\,
. fi+f
duced as follows: 1773
o . and thus SUSY is broken.
W=Wy+Z; (A (QQ) + kg dd+k; Il —F,X?) Since the scalar component of the superfield has the
. . vacuum expectation valuéx), the mass parameters,
+Z,(\5(QQ) +kgpdd+ kol | —F,X?) mg, m;, andm are dynamically generated as
FX(fqdd’ +fgd’d+ 117 +f1'1). (15) my=f{X) (20)

Here, we should stress that the superpotential, (E§), is  for ¢=d,l. Therefore, this model is reduced to the model
natural, since it has a global symmetry Uél()U(]_)X' described in Eq(11) effec_tively. In a practical analysis we
where U(1) is anR symmetry. That is, the superpotential, Use the reduced model with EG.1). We should note that all
of the mass parameters are at the same order of the SUSY
breaking scalg/F. if the Yukawa couplingd;, \;, f,,
areO(1) because they are generated by the same dynamics
with the scaleA.

SWe can construct a model in which only two singlet chiral su-
permultiplets are needed to give a vacuum expectation valXg to
keeping the SUSY breaking, if the GUT unification of the Yukawa ®This global symmetry may forbid mixings between the messen-
couplings holds at the GUT scale. However, we consider three singer quarks and the down-type quarks in the SM sector. This avoids
glets because the Yukawa coupling unification is easily broken byaturally the FCNC probleni23]. Then there exists the lightest
nonrenormalizable operators as discussed later. stable particle in the messenger se¢@#].
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The messenger sfermions receive the SUSY-breaking my=f,(X), (24)
mass squared d@z<Fzz)+k¢3<F23). Therefore, the gaugi-
nos and sfermions in the MSSM sector acquire their masses my,=f,(X). (25

through loop diagrams of the messenger multigl&t25,24.
We will discuss the obtained mass spectrum in the MSSMI'hen, the messenger quark and lepton masses are given by
sector in the next section. diagonalizing the mass matriM (*) as follows:

Ill. MASS SPECTRUM OF THE SUPERPARTICLES diagM{¥” , M) =y M T, (26)

IN THE MSSM SECTOR
On the other hand, the messenger squarks and sleptons re-

A. Mass spectrum ceive the soft SUSY-breaking mass terms
In this section, we derive the low-energy mass spectrum
of the gauginos, squarks, and sleptons in the MSSM sector. o = 2 FW)T//:; 27)
To calculate the masses for the gauginos and sfermions, we soft erl '

first consider the mass eigenstates of the messenger fermions
and sfermions. To begin with, the superpotential for the masghere

terms of the messenger fields ¢, ', andy’ for ¢=d,| is

represented as F=k,o(Fz,) tkya(Fz,). (28)
—— ¥ Then, the mass terms of the messenger s k d slept
_ () , ger squarks and sleptons
w ¢:E(j,| (" IM (,p' ' @D are written as
where the mass matrix () is given by P
(W) - my ~ e TS v
M = m O (22) ‘CS: _ 2 (lﬂ* , lﬂ,* , lﬂ, lﬂ, ) M 2(y) _,_* ’ (29)
¥ g=d, Y
In the present model, the above mass parameters are given -
by 4
MY =Ky2(Z2) +Kya(Zs), (23)  where the mass matrid?(* is given by
|
() m* 2
m'¥’'m m 0 0
M2 = y Iy (30)
0 0 m*m,, Im,|2

for ¢=d,l. This can be diagonalized by the unitary matrix terms of the mixing matricesl¥), V() andT(*), (See Ap-

TW as pendix A) Then we calculate the masses for the superpar-
ticles in the MSSM sector.
diag m{*2, m¥2 m¥2 m(¥2)=TWM2AHTODT, The MSSM gauginos acquire masses through the one-

(3D loop diagrams of the messenger quark and lepton multiplets
shown in Fig. 1. Their masses are given by

When we take the mass eigenstates of the messenger sector,

the interactions for the messenger fields are described in @3 __(d)
mg, =5 F'%,
3 2w
¥
T a
my = = F 0, (32
g G 2 27
¥
e = 12 2 3
FIG. 1. Diagram contributing to the gaugino masses. 9% 27|5 5 '
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where we have adopted the @YGUT normalization of the B
U(1)y gauge coupling ¢,=3ay), andmg (i=1,...,3) {7 oo

denote theb-ino, W-ino, and gluino masses, respectively. @ e e
Here F@ represents contributions from the messenger quark 7

multipletsd, d’, d, andd’ and ") contributions from the

messenger lepton multiplets I, I, and1’. The functions
FW (y=d,l) are given by ‘”.
2 4 @ {:? 4
= % T b T f f
F ("’)—azl ﬁzl MOUWTTUWTYY S
TV + TV
mi? mi}2
X In (33 o o

2 ()2 )2
mgﬁ) _Malﬁ) M(alﬂ

whereM ") andm{’ denote messenger fermion masses and

messenger sfermion masses, respectively. Under the cond e B
tion of Eq.(14) the function7¥) can be expanded in terms PN . .
of F¥/(m,my) as A ! b !
N A N
1| Ew |2 W e e o d !
]:(t//):E - \/m—rn*AW)(N(lqll /V(ldzj | |U(1¢1/ /U(ll/21)| ), FIG. 2. Diagrams contributing to the squark, slepton, and Higgs
vy vy boson masses.
(34)
where A (a,b) is Mg, 3 Mg, N 2 Mg, 36
a; 5 a, 5 az’ (36)
ab 1/4
AVaD) = o)
6(1-ab)*(1+a)"(1+b) This is a distinctive prediction in the present model.
X[ — 1+ 8ab—8a%b3+a*bh*+ 12a2b?In(ab) ] The soft SUS\:—breaking masses for squarks, sleptons,
- a3 ava and Higgs bosong$ in the MSSM sector are generated by
—1-ab—64a°h°+64a°b°+a’b two-loop diagrams shown in Fig. P7,25,26. We obtain
+a5b®—36a2b?(1+ab)In(ab)}. (35 themas
This function A (a,b) has the maximal value 0.1 at o 1 [ as)? @z, 7| @2 2 02
=3 andb=3. We should note that the leading term of order mi=51Csl 7, 9 TC2 7] 9
F(/\m,m;, vanishes because/("));;'=0 [16].” ,
In ordinary gauge mediation models, contributions from N §Y2 ay Eg(d)2+ §g(|)2 37
the messenger quark multiplets are equal to those from mes- 5 \4w) \5 '

senger lepton multiplets in the leading order F&fm, and
hence the GUT relation among the gaugino masses,

myg, /@y =mg,/ay=mg_ /as, holds. In the present model, whereCf=4% andCh=2 whenT is in the fundamental rep-

however, 7= F() because the leading term of order resentation of SU(3)and SU(2) , andC?:Oforthe gauge
F/m,my is canceled out. Therefore, even if the unifica- singlets, andY denotes the U(L) hypercharge Y=Q
tion of the Yukawa couplings and mass parameters is as=T,). HereG (2 andg ("2 represent the contributions from
sumed at the GUT scale, the GUT relation does not hold iRhe messenger quark and lepton multiplets, respectively, and
general. From Eq(32) the following relation among the they are given in Appendix A in detail. In contrast to the
gaugino masses is satisfied: gaugino masses, the leading term of or&éf)/\m,m, is
not canceled out for the sfermion masses. Therefore, the
gaugino masses have an extra suppression factor
"This leading term cancellation of gaugino masses occurs generlF*)/(m,my)|*> compared with the sfermion masses. The
cally, when we stabilize the SUSY-breaking vacuum by mass terméighter gauginos are a typical feature of this model.
as in Eq.(12). Since global SUSY is spontaneously broken, there is a
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= mg =AY =50 x10° Gev

10

(GeV)

soft SUSY breaking masses

F("')/ my My
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sults of the mass spectrum of the gauginos and sfermions
including the running effects to the electroweak scale from
the messenger scale. To see the depended@é@fmwmﬂ,

we assume the following mass parameter relation in the mes-
senger sector, Eq22), for simplicity:

m¥=m,=my=A" (40)

for ¢=d,l. The mass spectrum of the superparticles in the
MSSM sector is shown as a function |6)/m,m] in Fig.
3. Here we have set the scal&$” for y=d,| as

AD=AD=50x10° GeV, (41)

FIG. 3. The mass spectrum of the gauginos and sfermions as a

function of the parametéFW’)/mM,mJj. Here we have assumed the
mass parameters in the messenger secton‘&s=m,,=m;=A"
for ¢y=d,l. We have set the scale§@=A"=50x10" GeV.

Solid lines represent the gluirg, W-ino g,, andb-ino g; masses;
the dashed lines denote the doublet squayk right-handed up
squarkug, right-handed down squaud, doublet sleptori, , and
right-handed selectroeg. The renormalization effects from the

messenger scale to the electroweak scale have been taken into
count. We also show the experimental lower bounds on the gluin

andW-ino massegdash-dotted lines

Nambu-Goldstone fermiofGoldsting for the SUSY break-
ing. In the framework of local SUSYsupergravity, the

Goldstino becomes the longitudinal component of the grav

itino. Then, the gravitino has a mass given by

Fp,+Fz,+Fz,
T
*

(,/F21+FZZ+FZs

2x10° GeV

2
keV. (39)

which corresponds to the gravitino mass,,~0.1 keV for
N=Np,=N\g=f,;=f3=f,=f,=1. As one can see from Fig.
3, the gaugino masses rapidly decrease as the parameter
|F("’)/m¢mﬂ gets smaller because there is the suppression
factor [F(¥/m,m|2 in the gaugino masses in E(B4). On
the other hand, the sfermion masses weakly depend on
%I%W)/mwmm since the leading term of ordd¥*)/\m,mj,

yes not vanish in contrast to the gaugino masses. Moreover,
Bven if the parametéF(¥/m,m;| gets close to 1, the gluino
remains lighter than the squarks. The reason is that there is a
further suppression factor in a functioh” in Eq. (35) of
the mixing angles of the messenger mass matrices. Thus, the
gauginos are always lighter than sfermions in the present
model®

Since the gaugino masses are much smaller than the sfer-
mion masses, the constraints on this model come from the
experimental bounds on the gaugino masses. Thus we also
show the experimental lower bounds on the gluino mass
(mg,>173 GeV) [28] and the W-ino mass (ng,

>86 GeV)[29]in Fig. 3° The parameterd (9/mymy| and
|[FO/mm;} are independent from each other in general.
Thus, they are constrained by the experimental bounds on

Here, we have imposed the vanishing cosmological constai@€ gluino andV-ino masac,)es independe?lt)ly. From Fig. 3, we
andM, =2.4x 10 GeV is the reduced Planck mass. If the Se€ that the parametds)/mymy| and|F")/mymif are con-

SUSY-breaking scale is smaller thaxx2®® GeV, the grav-

strained as

itino mass is smaller than 1 keV and hence the cosmological

requirement is satisfied. If all Yukawa couplings

ki .\, fi,f,.fareO(1), thesquark massy, for example,
is roughly given by

ag

n5~2;ﬁ§. (39)

We expect F,~O(10°) GeV to obtain
~0(10%) GeV. Thusm,;,<1 keV is a natural result in the
present model.

The gaugino and sfermion masses in E@2), (37) are

8The mass spectrum that the squarks are relatively heavy com-
pared with thew-ino is desirable from the viewpoint of the proton
decay in the GUT case. The experimental constraint from the pro-
ton decay is aboutng/rrrgzz 10* GeV in the relevant regiof27].

°The gluino mass is constrained ag >173 GeV for large
squark masses by the Tevatron experimg28]. The lightest
chargino mass is constrained m§1+>86 GeV for large sneutrino
mass and largex parameter by the LEP experiment afs
=172 GeV[29]. In our model, the squark and slepton masses are
much larger than the gaugino masses. Thparameter also tends

given only at the messenger scale. Therefore, we must ree be large as we will discuss in Sec. lll B. Therefore, we use the
evaluate them at the electroweak scale by using renormalizatuino mass boundng >173 GeV and theW-ino mass bound

tion group equationsRGES. Here we present numerical re-

mg,> 86 GeV here.
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£(d) my=my= Y= 50x10° Gev
< 1, F(‘V)/ meT’ = 09

MyMgy
(GeV) 10'

=
—<1. (42
mym

Here, the upper bounds come from the vacuum stability con-
dition, Eq.(14). As we discussed in the previous section, the
massesm,, and mj, originated from the same dynamics as

SUSY breaking. Therefore it is natural that the parameters
|F/m,myf for y=d,| are close to 1.

One can see that the so-called GUT relation among the
gaugino masses does not hold since the parameters 10*
|[F@/mymg| and|[F"/mmy;] are independent of each other. 0
For example, when|F@/mymg|=0.75 and |F"/mmi W
=0.95, the gluino andV-ino have almost the same mass: /
mg,=Mg, =210 GeV as seen in Fig. 3. It is remarkable that
even in this case the gaugino mass relation, (B), holds FIG. 4. The mass spectrum of the gauginos and sfermions in the
and hence thb-ino mass is determined by the other gauginoMSSM sector as a function of the paramete®)/\'m,my for
masses. Since the sfermion masses weakly change withd,l. Here we have assumed the mass parameters in the messenger
|F®)/m,m;/, they are almost the same as seen in Fig. 3. sector asm,=m;=A{" for y=d,I. We have set the scales'”

In this analysis, we can not determine tpeparameter =A®"=5.0x10" GeV. Solid lines represent the gluima, W-ino
unless both the messenger quark and lepton mass parametgssandb-ino g, masses; the dashed lines denote the doublet squark
are fixed. However, since the scalar masses are much larggr, right-handed up squarkiz, right-handed down squardly,
than the gaugino masses, theparameter tends to be large gouplet sleptori, , and right-handed selectr@k. The renormal-

(~1 TeV). Therefore the lightest neutralino and charginojzation effects from the messenger scale to the electroweak scale
are almost gauginos. In particular, the lightest neutralino isave been taken into account. We also show the experimental lower
mostly b-ino because thd-ino mass is smaller than the bounds on the gluino and/-ino masses.

W-ino mass in the relevant parameter space.

So far we have assumed the mass parameter relation, Eq.

(40). Next we discuss the(”) dependence. We assume that A (%) conflicts with the cosmological bound on the gravitino
m,=m;=A" for simplicity, and fix the parameter massm,,<1 keV. If the Yukawa couplings are set as
|F(/mymyl=0.9 andA(W=5x10° GeV for yy=d,|. The  =)\,=\3=f;=fs=f,=f;=1 and we take the mass param-
parametem(”) dependence on the mass spectrum of the sueter relation, Eqg. (40), the cosmological boundmg,
perparticles in the MSSM sector is shown in Fig. 4. Fromthe<1 keV corresponds to\(®=A"<2x10° GeV. When
experimental bounds on the gluino aMdino masses, the we setA@=A"=2x10 GeV, the constraints on the pa-

0.71<

0.7

10"}

L7
10 ¢/,

soft SUSY breaking masses

parametersn)/\/m,my for =d,| are constrained as rameterdF(Y/mymgl and|F)/m mi} get weaker than those
in Eqg. (42) as
m(@
0.21< <4.8,
Vg Fo
0.47< <1,
MyMy
m
0.36< <3.0. (43
vmn F®
0.54< | —| <1. (44)
Since the parameters(¥) come from the vacuum expecta- mym

tion values of the singlet field&,Z; [see Eq.(23)], the
above constraints require that the scggZ;) be almostat The constraints on the parametefsi(¥/\mymg and

the same order as the strong @Udynamical scale\. |m®/J/m;nmi} are also much weaker:
The constraints in Eq$42), (43) will be weakened if the
scales A(”) become larger. When we fix the parameter B
[F@/mgmg] ([FO/mmy]) and increase the scald (@ 0,05« <19
(AM), then the gluino masgthe W-ino mas$ becomes Vmgmy
larger proportionally to the scale(® (A () and the function
G2 (G12y in the sfermion mass squared also gets larger m
proportionally toA (D2 (A(?). However, since the gravitino 0.08< <12, (45)
mass increases proportionally ®(*)?, too large a value vmmy
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where we have taken the mass parameteys- mng("’) m;. Once the parametes is fixed, theB parameter(soft
=2x10° GeV and|F¥/m m,/=0.9. In the case of the SUSY-breaking mass for the Higgs doublet defined/as
maximal scaleA("=2x10° GeV, however, the squarks =BuH;H,) is also determined from Eq48).
become much heavier than the electroweak scatg ( Here we present numerical results of radiative elec-
=10 TeV). Therefore, we need a fine-tuning of thepa-  troweak symmetry breaking. In our numerical analysis, we
rameter in order to break the electroweak symmetry correctlyix tang, and we use the one-loop effective potenf®i] to
as we will discuss in the next subsection. determine thew and B parameters. We include all of the
third-generation Yukawa couplings. Here, we assume that
some unknown dynamics generates thandB terms[32].
B. Radiative electroweak symmetry breaking As for A parameters, which are trilinear couplings of scalars,
In the framework of the low-energy gauge-mediatedwe assume that they are very small at the messenger&cale
SUSY-breaking scenario, radiative electroweak symmetryA;(A)=0, because they are generated only through higher-
breaking is also realized as discussed in Rgfg,30. In the  loop diagrams in all known gauge mediation models. Under
model we consider, radiative electroweak symmetry breakthis initial condition at the messenger scale, we solve the
ing occurs as in ordinary gauge mediation models. RGEs for theA parameters and calculate them at the elec-
The soft SUSY-breaking masses for the squarks, sleptongioweak scale to evaluate the one-loop effective potential.
and Higgs bosons are generated at the messenger scale asye show theu parameters which satisfy the condition of
discussed in the previous subsection. When we include thgydiative electroweak symmetry breaking as a function of the
running e'ffe(.:t_s of the RGES, the soft SUSY—brea!«ng ma‘.sseﬁarametetF(*”)/mwmﬂ in Fig. 5. Here we have assumed the
receive significant corr_ectlons _from the Yukawa mteractlo_nsmass parameter relation, E40), andA @ = A0 in the mes-
as well as the gauge interactions. The soft SUSY-breaklngenger sector and we have takenaar8 [Fig. 5a)], 30[Fig.

masses, especially fét, which is the_ MSSM_I_—Mggs doublgt 5(b)]. The solid line, dashed line, and long-dashed line cor-
and couples to the top quark, receive significant corrections . B .
. : . respond to th&V-ino massm; =86 GeV(the experimental
from the large top Yukawa interaction. The approximate so- 92 )
lution to the RGE of the soft SUSY-breaking mass squaredower bound, 159 GeV, and 200 GeV, respectively. As
of H2, ml%' , is given by an iteration as follows: one sees from F|g 5, thﬂ parameter gets Iarger as the
2 parameterf F(¥)/m,m;| becomes smaller when we fix the

) gaugino masses. The reason is as follows: if the parameter

m2 =m2 — fi 12mlog Amess (46) |F)/m,m] is too small, the gauginos are much lighter than
Ho TTH1 g2t m ) their experimental mass bounds since the gaugino masses

have the suppression factgF)/m,m,|%. To exceed the
) experimental bound on the gaugino masses, the messenger
where mHl_ar'dmE are the soft SUSY-breaking masses. for scale is required to be much larger. Then, the soft SUSY-
another Higgs doublet and the top squark, respectivelypreaking masses for the sfermions get larger since they do
Amessdenotes the messenger scale, &neepresents the top ot have a suppression like gauginos. Since the squarks, es-
quark Yukawa coupling constant. In the present model, theyecially the top squark, become much heavier, the mass
top squark is heavier than the 8 doublet Higgs bosons squared oH, becomes too negative as one can see in Eq.
becausers> a,. Then it drivesmy;_to a negative value even (46). Then one needs a large parameter to reproduce the
if the running distance between the messenger stglg,s  correct value of the&Z boson mass.See Eq.(47).] For ex-
~10° GeV and the electroweak scaig, .~ 10° GeV is ample, in the case with t@h=3 and|F(*)/m,m;|=0.6, we
not so long. Therefore, electroweak symmetry is broken raneed a largew parameter a$u|=3100 GeV. In this way,
diatively. we may need a fine-tuning of the parameter when the
Requiring that the tree-level potential have an extremurrparameter|F(¢)/m¢,mm is small (i.e., the SUSY-breaking
at vacuum expectation values for the two Higgs doublets ascale is large Therefore, from such a naturalness point of
(H,)=v cosp/\2 and(H,)=v sinB/\/2, one finds view the light gravitinoms,~0.01-1 keV is implied. On
the other hand, as t@becomes larger, the parameter gets
smaller because the mass squaretigbecomes less nega-
m2 mﬁl— mﬁztanzﬁ tive due to the relatively smaller top quark Yukawa coupling.
- = rF——,uZ, (47 We finally comment on the.-term generatiori7,33,34.
tarrs—1 In the present model, tha term may be generated in the
same way as the generation of the messenger mass param-
eters: if the superfieldX couples toH;H,, the SUSY-
Bu 49) invariant massu for Higgs bosondd; andH, is generated.
mZ +m? +2u2 Since(X)=10""® GeV, we need a small coupling constant
. 2 Ap=103, where\,, is defined byW=\,XH;H,, to have
the desired valug=10°-10° GeV. The small\, is natural
When we fix tarnB, the u parameter is determined from in the sense of 't Hooft. We note that no larde term
Eq. (47) to reproduce the correct value for tAeboson mass (BuHqH),) is induced since th& component oiX is very

sin2B=—
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FIG. 5. Theu parameters which satisfy the condition of the radiative electroweak symmetry breaking as a function of the parameter
F(‘”)/ml,,m;. Here we take(a) tan3=3 and(b) 30. Solid line, dashed line, and long-dashed line correspond toAtieo massmy,
=86 GeV (the experimental lower boundl50 GeV, and 200 GeV, respectively.

small’® Hence the scalg. may originate from the same
dynamics as SUSY breaking. In this case, a larggtaB0
is required because of the smallparameter to break elec- at the GUT scaléVl g;7=2x 10'® GeV. Under Yukawa uni-
troweak symmetry radiatively. fication, Egs(49)—(51), we can obtain the relations between
the Yukawa coupling&y; andk;;, f4 andf,, andfgandf

at the messenger scale using the RGEs for these Yukawa
coupling constants. We list the RGEs for the coupling con-
stants in this model in Appendix B. In general, the gauge
interactions increase the Yukawa coupling constants at the
lower scale. Since the messenger quarks have the SQU(3)
gauge interaction but the messenger leptons do not, the
Yukawa coupling constantky;, fy, and fy related to the
messenger quarks tend to be larger than the Yukawa cou-
plings k;;, f;, and fi related to the messenger leptons be-

fa=11, (51

IV. GRAND UNIFIED MODEL

A. GUT model with Yukawa unification

The messenger quarks and leptodsl Y, (d’,1"), (d,I),
and d’,l") are embedded iB and5* representations of the
SU(5) group. Therefore, if we extend our model to the GUT
model (without nonrenormalizable interactions certain
Yukawa coupling constants in E(L5) are unified as

kgi=ki (i=1-3), (49  causegs(u)=0,(u) at u<Mgyr. We consider the RGEs
for the ratios of the Yukawa couplinds;;/k;; , f4/f,, and
fa="1, (50  fg/fy:
|
d kdl kdi 16 1 : 2 2 2,2 (2
162 hia k“) P g3+3gz+3gl+22 (K§—K5) + - fE+ -1

3
k K
2 d‘( d ")(m+3kd,kd,+2k,|k|,+2fifj),

52
kll kll de ( )

19 this case, the SUSE P problem is also solved. When we consider GUT models, the phases of the gaugino masses can be eliminated
by a common rotation of the gauginos singg /kyz=K;, /k;3 holds even at low-energy scales. Then the rotation of the gauginos gives rise
to a phase in the Yukawa-type gauge couplings of the gauginos. Such a phase can be eliminated by a rotation of the sfermions and Higgs
bosons since there are Woterms and nd term at the tree level.
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d[fq) fq 16 1 >
16772#@(?') =f—|[ -~ 393305+ 301+ 2 (kﬁi—kﬁ>+2<f§—f$>], (53
, dffq) fgl 18, 1, &
16w m = :f_T[ — 3931302 §91+i=21 (kdi—kn)+2(fd‘—f|_)}- (54)

One can see that under the condition, E@9)—(51), the the ratios of the Yukawa couplindg /k,, fq/f;, andfg/f
ratioskq;/k)i , fq/f;, andfg/fi-become larger at the lower dominantly come from the SU(3)gauge interaction as one
scale because the $8): gauge interaction dominates in can see from Eqs52)—(54). The parameteF@/mymy is
Egs.(52—(54) as long as the perturbative description of thealso related td="/m,my as follows:
Yukawa couplings is valid. When we impose the unification

condition, Eqs(49)—(51), the right-hand side in Eq52) is 0 (o
independent of the index Therefore the ratidy; /k;; does F ~1.4 F
not depend on the indexat any scale. Then we can always mym; myMmyg
setky;=k;1=kg>=k;,=0 andf,=0 at any scale by a uni-

tary transformation of the singlet fields. Thus we work in since

this basis below. Then the ratios of the Yukawa couplings

ka3 /K3, fq/f;, andfg/fiequal those of the mass parameters

for the messenger secto®/m®, my/m,, andmg/my, re- ( FO ) / ( F@ ) kis mgmg m" mymg

, (58)

spectively. I
To numerically analyze the relations between mass pa-
rameters in the messenger sector, we fix some pararhieters
as )\Y:O.3, ()\1,)\2,)\3):(0.2,0.1,0.16), (1,f2,f3)
=(0.5,0,0.6), Kq1,ka2) = (Ki1,K12) = (0,0) at the GUT scale, Because of the Yukawa unificatior;!"/mmy- becomes
A=2x10F GeV, which is the dynamical scale of the strong larger thanF (Y/mymg at the messenger scale. This yields an
SU(2) gauge interaction, an(Z;)=1x10° GeV, which is  interesting consequence on the mass spectrum of the gaugi-
the vacuum expectation value of the singlet fidlgg The nos as we will see below.
strong SW2) gauge couplingy is taken as - at the mes- We are now at the position to show the mass spectrum of
senger scaléi.e., «=g%4m=m). We solve the RGEs nu- the gauginos and sfermions in the MSSM sector. In Fig. 6,
merically, varying kgs=kjz=k, fq=f=f,, and fg="fr the mass spectrum is shown as a function of the parameter
=f at the GUT scale. We find the ratios of the mass paF’/mmp. Here we have taken the same parameter set as

Ckas MMy M@ My
(59

mymy; MyMy,

rameters given by the above-mentioned one and we havefsgt f;;=0.2 and
variedk with 0.4<k<1. Note that this parameter set corre-
m(® sponds to the gravitino mase;,=0.12 keV. As we have
WZlA (1.4, (55 seen in the previous section, the gaugino masses strongly

depend on the paramete?§”)/m,my, for ¢=d,| since they
have an extra suppression factd#{)/m,m;)%. When we

mg My impose Yukawa unification, Eq$49)—(51), the parameter
m H_Zl'd' (14, (56) F(@/mymg is smaller tharF")/m;m; as shown in Eq(58).
Therefore the gluino mass receives a larger suppression than
m (d) the W-ino mass, and hence the gluino tends to be relatively
0.5 (0.4)< - 1.2 (0.9, (57) Ilght_. The experimental lower bound on the gluino mass con-
ymmy Jmgmg strains the paramet&{"/m myto be F)/mm;>0.89. This

leads to a constraint on the Yukawa coupliagt the GUT
for 0.42<k<1.0 andf,=f},=0.20 (for 0.32<k<0.54 and scale ask>0.6512 Therefore, the GUT relation among the
f,=1,=0.18). Here we have takeh,=f; for simplicity. =~ gaugino masses does not hold even though we consider the
These parameters correspond to the parameter regidBUT model. We note that the gluino can be lighter than the
FO/mm;>0.7. The ratio oim®/m( is almost the same as W-ino.
the ratio ofmy/m,=mg/m; because the running effects for

2When we regard the masses for the gauginos and sfermions as a
The Yukawa couplings; ,f, .y do not significantly affect the function of F)/mym, we obtain almost the same result as in Fig.
runnings of\;, f; as long as the perturbative description of the 6 even if we take a different value of the Yukawa couplifg
Yukawa couplings is valid. Thus the vacuum expectation values=f,. The reason is that the ratio betwedr/mm; and
(X) and(Fz) hardly depend ok; ,f,,f. F(@/mymy is almost independent df,=f.
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, The GUT model with the Yukawa unification [(d,1) and @’,I")], respectively. The fieldS is a 24

10 : .
(GeV) » dimensional representation which breaks (9Udown to
v SU(3)cX SU(2), XU(1)y with expectation value (3)
Ur dr I =Vdiag(2,2,2;- 3,— 3). We should notice that the nonrenor-

GETTTTTT i ] malizable interactions in Eq60) are not forbidden by any
er symmetries provided that th® is a trivial representation of
U(1)rXU(1),. Then, the Yukawa coupling constarkg,
f,, andfy receive corrections of order @((2)/M, ) as

soft SUSY breaking masses

\
kdi:kl’ﬂi+2k:/’/iM_’ (61)
*

. s \%
0.7 0.8 0.9 L0 ki = ki — 3K 17— (62)
*

()
F In1 mT vV
. o fq=f,+2f) =, (63)

FIG. 6. The mass spectrum of the gauginos and sfermions in the M.,
MSSM sector as a function df)/mm;. Here we have taken
)\Y:0.3, ()\l,}\z,)\3):(0.2,0.1,0.16), (1,f2,f3):(0.5,0,0.6),
(Kqg1.Kg2) = (k1,k;2) =(0,0) at the GUT scale. The dynamical scale fi= f:p_ Sf,';’M_’ (64)
A of the strong SR) gauge interaction and the vacuum expecta- *
tion value(Zs) have been taken as=2.0x10° GeV and(Z3) 4t the GUT scale, and hence the Yukawa coupling unifica-
=1.0x10° GeV, respectl_vgly. We ha\_/e sia;:ﬁzfg:_fT:O.Z at  tion of Egs.(49)—(51) is broken in general.
the GUT scale for simplicity and variekls=kqe=k with 0.4<k =~ 5ch 5 case, the relations between the messenger quark
<1.0. Note that this parameter set corresponds to the gravmn%nd lepton mass parameters depend on the corrections from
massn~13,220.12~kev. Solid Iimis represent the gaugino masses: thet‘he nonrenormalizable terms, and the relation in Ei®)
b-ino g;, W-ino g, and gluinogs masses. Dashed lines represent yoag not hold. Thus the mass relation among the gauginos in
the sfermion masses: the left-handed squark right-handed up  the case with Yukawa unification may easily change. There-
squarkug, right-handed down squark, doublet sleptort , and  fore, the existence of nonrenormalizable terms weakens our
right-handed selectroey masses. The parameter is also shown prediction on the mass spectrum of the superparticles. How-
(dotted ling. The renormalization effects from the messenger scaleever, it is important to study how the mass spectrum in the
to the electroweak scale have been taken into account. We alggrevious subsection changes.

show the experimental lower bound on the gluino mésash- To demonstrate changes of the mass spectrum, we con-
dotted line. sider a simple example. Here we take the following initial
condition of the Yukawa couplings at the GUT scale:
We also show the. parameter in Fig. 6. As we discussed Kao=Ko— 6, Kkj2=ko,
in Sec. lll B, they parameter becomes much larger than the
gaugino masses. Kiz=ks— 3, kiz=Ka,
B. GUT model without Yukawa unification fq=f-0o, f=f,

So far we have considered the GUT model with Yukawa — —
unification. In this section, we consider the GUT model with fg=f-4, fi=f. (69
nonrenormalizable interactions. The superpotential whic
contributes to the Yukawa couplinds,, f,, andf, (¢
=d,l) at low-energy scales is given by

hI'he parameters represents the difference between the
Yukawa couplings of messenger quarks and leptons due to
corrections from nonrenormalizable interactions. The case
6=0 corresponds to the GUT model with Yukawa unifica-
tion. We show the mass spectrum of the gauginos and sfer-
mions as a function of the paramet&rin Fig. 7. Here the
- - s s other Yukawa couplings have been set as=0.3,
ffp'/’l/f'+sz,/f’z/;+f’l’ﬁM—¢z//+f%M e l/,), (N1,M2,A3)=(0.2,0.1,0.16), {;,f,,f3)=(0.5,0,0.6), k41
* * =k;;=0 at the GUT scale and the strong @WJgauge cou-
(60) pling g has been taken @&s= 27 at the messenger scale. The
L dynamical scaleA of the strong S(P) gauge interaction
where the fieldsy andy’ [ andy'] are5[5*] dimensional and the vacuum expectation valu¢g,) and (Z;) have
representation fields of the $8) group, which contain the been taken as A=1.0x10° GeV and (Z,)=(Z3)
messenger quark and lepton multiplet, 1§ and @d’,1") =5.0<10° GeV, respectively. We have taken the param-

: ' " 2 "
W= 2}1 zi( K, gyt kwiM—*lpl/ﬁ e

+X
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The GUT model without the Yukawa unification quences in collider experiments. When the gravitino is so
light that the cosmological requirement is satisfied, the grav-
itino becomes the LSP. Thus the NLSP, primarily o,
decays into a gravitino emitting a photon. The Goldstino
component of the gravitino has the following interaction
with matter[35]:

10
(GeV)

soft SUSY breaking masses

Boko"GF,,,+ - - . (66)

0 0.01 0.02

S An important point is that the couplings of the Goldstino are
suppressed by only the SUSY-breaking scale, not the Planck
FIG. 7. The mass spectrum of the gauginos and sfermions as gcale. Therefore, the couplings of the Goldstino get larger as
function of the paramete$. Here we have taken the Yukawa cou- the SUSY-breaking scale becomes smaller. If the SUSY-
plings at the GUT scale as followshy=0.3, (\;,\z,\3) breaking scale is sufficiently small, the decay of the super-
=(0.2,0.1,0.16), {;,f5,f3)=(0.5,0,0.6),k41=k;;=0. We have particles into a gravitino may occur within the detector.

setk,=0, k3=0.8, andf =f=0.2 in Eq.(65). Solid lines represent From the interaction, Eq66), we find the decay rate of

the gaugino masses: theino g,, W-ino g,, and gluinog; masses.  the b-ino as
Dashed lines represent the sfermion masses: the left-handed squark

q,, right-handed up squarkiz, right-handed down squarbly, me coLd
doublet sleptori, , and right-handed selectra@y, masses. Thex I(G—Gry) = 1 W 7
parameter is also showfdotted ling. The renormalization effects ! 16mF2

from the messenger scale to the electroweak scale have been taken

into account. We also show the experimental lower bound on the . . )
gluino mass(dash-dotted ling Then the decay length of the b-ino with energyE in the

laboratory frame is given by

etersk,=0, kz=0.8, andf =f=0.2 in Eq.(65). From Fig. 7,

we see that the case with Yukawa unificati®e., §=0) is 100 GeW\° \/E ‘g2 v
excluded by the experimental lower bound on the gluino = e 10 GeV g_l m.
mass. However, the small correction8~0.013) from the 91 9

nonrenormalizable terms may significantly change the mass (68)
spectrum. This is because the paramdé?/mymy gets

Iarger than that in the case with Yukawa unification with For examp|e, When/E:S}( 10° GeV which Corresponds to
FO/mmy being kept unchanged. Since the suppression fache gravitino mass with mg,=0.06 keV and g,
tor in the gluino mass gets closer to 1, the gluino becomes. 1 GeV, the decay length of the-ino is 8 cm for

heavier to escape the experimental lower bound. 2,2 a1z . L . .
It is relatively difficult to predict the mass spectrum in the(E /mél 1)7"=1. Since it is possible for the gravitino

presence of nonrenormalizable terms. However, we shoulthass to be much lighter thamg,<1 keV, we may find
stress that this model still has many distinguishable featuresignature “yy+ missing energy” in the collider experi-
as discussed in the previous sections: the GUT relatioments. We should notice that any realistic models with a
among the gaugino masses does not hold, and the gaugingigable signature ¥y+ missing energy” are not known ex-
tend to be lighter than the sfermions since the gaugingept for the present model. The phenomenological investiga-

masses have a suppression factor. tions have been done in many papgt3,18 only under the
assumption of the existence of a very light gravitirio.

Recently, however, constraints on the SUSY models with

[ _"_ H H th) H H .
V. OTHER INTERESTING FEATURES a “vyy+ missing energy” signal have been reported in Ref

IN THE PRESENT MODEL

From the naturalnes; point of view as dlscu§sed in Sec.13pe signature %y+ missing energy” does not necessarily sug-
11 B, much large sfermion masses compared with the wealyest a light gravitino. It has been known that a light axino in the
scale are not preferable. Then, it is natural to have a relaramework of no-scale supergravity also brings us such a signal in
tively lower SUSY-breaking scale, that is, a lighter gravitino collider experiments[36]. Therefore, other experiments, axion
which satisfies the cosmological requiremem,<<1 keV. search and direct superparticle search, for example, are also neces-
Such a light gravitino may bring us other interesting consesary to distinguish the present model from other models.
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[37]. The lower bounds on the lightest neutralino and the VI. CONCLUSION

lightest chargino masses are obtained as . . .
9 9 We have performed a detailed analysis of a direct-

transmission model of the dynamical SUSY breaking previ-
ously proposed in Ref16]. This model possesses many re-
markable points: there is no SUSY FCNC, all mass scales
are generated from the strong &Jdynamics(the x term
mg,= 150 GeV, (69 may also originate from fche same dynamjand the unifi-
cation of all gauge coupling constants of SU£3)SU(2), ,
U(1)v, and the strong S(@) gauge groups may be realized.
where the GUT relation among the gaugino masses is ag-urthermore, it is quite natural for the gravitino mass to be
sumed. To satisfy the mass bounds, &$), the squarks and smaller than 1 keV as required from standard cosmology.
sleptons should be very heavyn{~10 TeV) or the param- e notice that this cosmological requirement is not satisfied
eter F(‘”)/m.,,mg should be very close to 1 in the present by any other models which have been proposed.
model. If the squarks and sleptons are very heavy, In the present model, there are many distinguishable low-
~10 TeV, afine-tuning may be needed to obtain the correcinergy features from other models: the so-called GUT rela-
electroyveak scale as discussed in Sec. Il B. O_n the othgjyn among the gaugino masses does not hold even if we
hand, in the case where the parameé/m,my is very  consider the GUT models. Furthermore, the gauginos be-
close to_l, it alr_eady means a fine-tuning. From the natgraléome lighter than sfermions because the gaugino masses
ness point of view, we may exclude the parameter regionf,ye extra suppression factors. When the suppression of the
where the “yy+ missing energy” signal is detectable in the 5, 4ino masses is large, squarks tend to be heavy in order to

present experiments. satisfy the experi ;
. perimental lower bounds on the gaugino
The decay length, E468), strongly depends on thino masses. In this case, the radiative electroweak symmetry

vrc:; \7;_“/59:(' 1%? ggvsgri;{r;?re_azgng(;z(\:/alf_Zorme;(;mpl%reaking requires a large parameter, and we may need a
= 9 e fine-tuning. If we consider the GUT model with Yukawa

(Ez/mﬁl—l)m:l which is larger than the typical detector ynification, the gluino mass tends to be lighter than the
size. Therefore, the signaly’y+ missing energy” cannot be W-ino mass. However, Yukawa unification is broken in the
observed within the detector when theno mass is much presence of nonrenormalizable interactions. Then the predic-
smaller than 100 GeV. In the case where o slowly  tion of the mass spectrum of the superparticles is weakened.
decays outside the detector, the bounds in (B§) are not Moreover, the light gravitino brings us a fascinating sig-
applicable because they are derived under the assumptigr@ture, that is, *y+ missing energy” in the collider ex-
that theb-ino completely decays into a photon and gravitinoperiments when the-ino is relatively heavy ify; =100
within the detector. Since our model suggests the light gaugiGeV). From the naturalness point of view, however, light
nos as discussed in the previous sections, it is likely the casgauginos are most likely in our model. Thus the collider
Although the “yy+ missing energy” signature is not ex- signature will not be observed in present experiments be-
pected in existing experiments, pair production of lightcause theb-ino decays outside the detector. Even in this
gauginos can be observed directly in future collider expericase,b-ino decay may be detectatl&9] in colliders of the
ments. Furthermore, if we require that,,<1 keV orm;  near future because of the relatively lower SUSY-breaking
<10 TeV, the SUSY-breaking scale becomes &6  scale.
=2x10° GeV. Then, according to Ref19], the slow de-
cay of theb-ino may be detectable in experiments in the near
future such as LHC, even for the case of a lang'
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plings, but also strong S@) gauge coupling, meet at the Science for financial support.
scale~10' GeV when we set the strong §2) dynamical
scaleA asA=10°"°% GeV in order thatmg,~0.1-1 keV

mg. =75 GeV,
1

16].
[16] APPENDIX A: CALCULATION OF THE GAUGINO
AND SFERMION MASSES
41 the experiment proposed in Rdfl9], the “yy+ missing In this appendix, we show the detailed calculation of the

energy” signature can be detectable at LHC as long &  gaugino and sfermion masses in the MSSM sector.

<10’ GeV. Thus such a signal will be observed in our model. In  When we take the mass eigenbasis in the messenger fer-
other models which have the largd>10" GeV, however, this mions and sfermions as discussed in Sec. lll A, gaugino-
signal cannot be observable at LHC even with the same fermion-scalar interaction is
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2 4 ~
. ~ W
Li=\2ig 2 2 [TRVAT+ TEVRD Ui vag™ I 5
DT\ DTTY T (@)% yx T(@)T EI/Z =T = |, (Ad)
—(VaiTig Ve T8 9" i, T g s 1/
[ Wy

(TS U T T
~ ~ 3 @ i @
+(T};@U(lﬁmrT%)U(Z“’;”)g(a)* ll/f‘ﬁTi(ja)WTa]v (A1) andg'® is the gaugino and ,]"f“ represents the generator of
the gauge group. Then the MSSM gaugino masses coming
from Fig. 1 becomes

wherey, andJa denote the messenger fermions in the mass e — ﬂ]:(w (A5)
eigenstates ang,, is the messenger sfermions in the mass % 27 ’
eigenstates as follows:
g, = 27 (AB)
92 277
wl) ( t//)
=vW| (A2) ay|2 o 3 o
(¢2 4 .= 245" 5 (A7)
where the massesg, (i=1,...,3)denote théd-ino, W-ino,
El E and gluino masses, respectively, and we have adopted the
(_ =y _ | (A3) SU(5) GUT normalization of the U(1) gauge coupling
Wy o' (a;=32ay). The functionsF*) are given by

2 4
F=s2mti 2 X (VAT + VBT TV

a

f d*k 1 1

+T(¢)V(¢)T)T(a T(a)M (¥)
p2 ¥ 2a (2m)* (p—k)?+my? k2+|v|<;’f>2\p:0

2 4
=16m1 X 3 (UTEUBTI DTV TV

+(1—x)Mff)2—p2x(1—x)]]

p=0

2 4
:E 2 |V| (U(lﬂ)T lﬂ)T+U(¢)T lﬂ)T)(T(Wv(i//)T+T lﬂ)v lﬂ)T)J dxln[xm(“’)z +(1- X)M(i//)z]

a=1 B=1
2 4 )2 mig?2
— W) 1//)’r () l/f)T () (w)’r l/f)T
azlﬁlea (VTS T+ UG T (T VL T+ THVEIT W_M(Wme)z. (A8)
,B a o

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

5

2(2
) Q('>2+3Y2(4w> <§g<d>2+ gg“)z } (A9)

1
el o

where C~g=§ and C?2=% whenT is in the fundamental representation of SU{3nd SU(2) , and C?=0 for the gauge

singlets, andY denotes the U(%) hypercharge Y=Q—T5). HereG(¥)2 are given by[25]

055002-14



PHENOMENOLOGICAL ASPECTS OF A DIRECT. .. PHYSICAL REVIEW D 58 055002

4 4 2 2
G2=(am*) = 2, (m|mV]0) =4 3, (mP[m]0,0 -4 (M[M]0)+8 2 (M M”00
a=1 a=1 a=1

4 4
t t t t
-~ 2 2, (AT TET - TETS - TAETSD
T T T T
X(THTE + T T = T 16 = T T D (ml | mig” | 0)
4 2
+42 2 LVATE VB TE D TRVER + TUVEE) + (VRIS + U T D(Tg U + TR U]
XM M”10} + (M2 = M%) (m() M([;”IO,OH] , (A10)

where

d*k 1
(2m)* (2m)* (g%+md) (K2 +m3)([k—q]*+m)’

(mq|my|mg) = f (A11)

d*k 1
(2m)* (2m)* (q2+m2)(k2+m3)([k—q]2+m3)?

(mq|my|mg,mg) = f (A12)

This becomes

4 2

2_ 2 2 2 2 2 2 2 2
g —Z,l m{2(4Inm{"2+ In?m{? )+Zl M{P2(—8InM (V2 + 4In?M (V)2

4 4
t t t t T T T T
# 3 (T T T T T TR T T T T - T

xm(?

¢)2

(¢')2
—In?m{"%+ 2Inm{2Inm(y"? 2L|2( 1- )]
mg

4 2
t23 2 LVATH VTR D TRVER + TUEVEE ) + (U TS+ U T D (Tg U + TR U™

m(¥)2 M2
X[mgp)z |n2|\/|<B¢>2—|nm§;/’)2InM(B"’)2+Liz 1- M2 —Lip| 1— (B(/,)z l
B (23
M ()2 m(¥)2
_'_Mg//)z |n2m(a¢)2_|nm51¢)2|nM%¢)2+|_i2 1_# +Li, 1——M;¢)2)H- (A13)
(23

Here Li(x)= —fé(dt/t)ln(l—xt) 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 Abeve

w= “5Y+“BY+“ﬁY+“ﬁY+i 1Q5-Q5Q5)Y
eaﬁ Q1Q3 1 Q1Q4 2 Q2Q3 3 Q2Q4 4 (QlQZ Q3Q4) 5
V2 V2
M QB+ QLQE)Z, + kg ddZ + k411 Z,— F1X2Z 22 “QB+QLQE) Zy+ kgod dZ,y+ Kol | Z,— F2X2Z
+\/§£(1B(Q1Q2+Q3Q4) 1+ kgddZy +kq 11 2y =, X2, + \/Eeaﬁ(QlQ2+Q3Q4) 2T KgoddZy Kol Zy—1,X°Z,
A _ _ _ _ _ _
+ \/—%eaﬁ(Qng+QgQ4ﬁ)Z3+ KgaddZg+ kgl Zg— faX2Z5+ fadd X+ fgd dX+ 11" X+ 717 X. (B1)

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

d\ 1
,U«@Z 1672 E)\()\§+)\§+)\§+7)\2—692),
T
diy 11 2 2 2 2 2
M_d,u, = 16 2 5)\1()\1"‘)\2"')\34‘5)\ _69 )+)\i()\i)\1+3kdikdl+2klik|1+2fifl) ,
T L
dkg; 1 ] , 16 4
S :—167T2>kd1(2k§1+2k§2+2k§3+f§+fa_ Egg_ 1_595 +Kgi(Nik g+ 3Kgikgr + 2Kk +2ff4) |,
dki 1] 2 2 2 2, 2 2 3 2
M= Kia| 2Ki1+2Kip+ 2K+ 7+ 17— 3095 — 297 | T Ki (NN 1+ 3KgiKgy + 2Kk + 2ff1) |,
du 1642 5
df, 2 2 2 2 2 2 2
M_dlb:lG 2[2f1(4f1+4f2+4f3+3fd+3f5+2f| +2fT)+fi()\i)\1+3kdikd1+2k|ik|1+2fif1)],
T
di, 11 2 2 2 2 2
M_dﬂ = 6 > E)\z()\l+)\2+)\3+5)\ _6g )+)\i()\i)\2+3kdikd2+2klik|2+2fif2) s
zml
dkg, 1 ] , 16 4
M—dM = 167T2>kd2< 2k§1+2k§2+2k§3+f§+fr Egg_ Egi +kdi()\i)\2+3kdikd2+2k|ik|2+2fif2) s
dkiz 1] 2 2 2 2, 2 2 3 2
m—= k|2 2k|1+2k|2+2k|3+f|+fr_392_ _gl +kli()\i)\2+3kdikd2+2k|ik|2+2fif2) s
du 1674 5
df; 1 2 2 2 2 2 2 2
M_d/i:_16 2[2f2(4f1+4f2+4f3+3fd+3fa+2f| +2F0) + Fi(Nih o+ BKgikga + 2K)iki o + 21 5) ],
T
dig 11 2 2 2 2 2
M—dM = 6 > 5)\3()\1+)\2+)\3+5)\ _69 )+)\i()\i)\3+3kdikd3+2klik|3+2fif3) s
zml
dKkys 1 , 16 4
“g T 16W2>kd3<2k§1+2k§2+2k§3+f§+fg—Egg— 7591 | * Kai(AiNa+ Bkaikaa+ 2kiikia+ 2fif ) |,
dkls 1] 2 2 2 2 2 2 3 2
M= k|3 2k|1+2k|2+2k|3+f| +fT_3gz_ =97 +kli()\i)\3+3kdikd3+2k|ik|3+2fif3) ,
du 1672 5
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4
N2
15g1) ’

(B2)

dfs 2 2 2 2 2 2 2
Kan ——5[2f5(4f 1+ 4f5+ 4f 5+ 35+ 3F+ 267+ 217) + Fi (AN g+ BKgiKas + 2kjiki+ 2fif3) ],
df 16 4
Md—:=@fd Ky Kip+ Kig + 417+ 43+ 45+ 510+ 310+ 217+ 2F7— - - 1—595),
dfg_ 1 16,
df 2 g2 220 1621 552 , 3,
W= ol Ktk kT arfratf-arde st atiratt+afi-3gi- oo,
! 2
”Ldu T il Kty affrari+ardarg +3f24 22+ 412393~ 5g1 ,

whereg,gs,9,,9; denote strong S2), SU(3):, SU(2). , U(1)y gauge coupling constants, respectively, and the index

summed over 1,2,3.

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

dg 4

p—=— 3 dgs 1 3
du 1672

g ! /‘LdM 293’

43

d92 3
3 5 91

dg; 1
Hdu " 16722

—= B3
Hdu " 16m° ®3
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