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ABSTRACT: By extending a previously proposed conformal gauge mediation model, we
construct a gauge-mediated SUSY breaking (GMSB) model where a SUSY-breaking scale,
a messenger mass, the py-parameter and the gravitino mass in a minimal supersymmetric
(SUSY) Standard Model (MSSM) are all explained by a single mass scale, a R-symmetry
breaking scale. We focus on a low scale SUSY-breaking scenario with the gravitino mass
msjp = O(1)eV, which is free from the cosmological gravitino problem and relaxes the
fine-tuning of the cosmological constant. Both the messenger and SUSY-breaking sectors
are subject to a hidden strong dynamics with the conformality above the messenger mass
threshold (and hence the name of the model “strongly interacting conformal gauge me-
diation”). In our model, the Higgs B-term is suppressed and a large tan 3 is predicted,
resulting in the relatively light second CP-even Higgs and the CP-odd Higgs with a sizable
production cross section. These Higgs bosons can be tested at future LHC experiments.
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1 Introduction

Field theories containing a scalar field with an intermediate mass scale have a common
pathology even if they are renormalizable; for a quantum correction to the scalar mass
squared (mgcalar), there appears the quadratic divergence proportional to A%V where Ayy
is a UV-cutoff. Notoriously, the Standard Model (SM) suffers from such a pathology
due to the presence of the Higgs boson. However, imposing supersymmetry (SUSY) can
cure this pathology in an elegant manner by introducing balance between bosonic and

fermionic degrees of freedom in their contributions to m? In addition, concerning

scalar*
the renormalization procedure of a theory, one needs only wave function renormalization
for individual fields in SUSY theories. Thus, supersymmetrized theories are theoretically
advantageous as compared to theories without SUSY as far as the issue of softening or
removing divergences is concerned.

In spite of these merits that one can enjoy in a SUSY theory, there remain phenomeno-
logical problems in the minimal supersymmetric standard model (MSSM) such as the flavor
changing neutral current (FCNC) and the CP problem [1-3]. In addition, the observed
vanishingly small cosmological constant demands severe fine-tuned cancellation between a
F-term SUSY-breaking contribution and a R-symmetry breaking contribution to a scalar
potential. As for these difficulties, the low scale gauge mediated SUSY-breaking (GMSB)
scenario seems to be almost a unique solution [4-6]; a gauge mediation model can escape
from the former two problems. And the lower a SUSY-breaking scale becomes, the milder
fine-tuning for the observed vanishingly small cosmological constant is required.



Bearing these merits of GMSB models, in this paper, we give our special attention to
a class of GMSB models dubbed “conformal gauge mediation (CGM)” [7, 8] (see also the
follow-up works in [9, 10]). Differing from many of GMSB models, this type of GMSB model
has the interesting property of having less number of free parameters. To be more specific,
the model has a messenger mass as a single fundamental parameter which determines a
SUSY-breaking scale and SUSY particle mass spectrum. Above the messenger mass scale,
gauge coupling and Yukawa coupling constants are assumed to be near infrared fixed points
(IRFP) and hence the name “conformal gauge mediation”.

In this work, we construct and study an extended strongly interacting conformal gauge
mediation model by introducing a new R-symmetry breaking chiral superfield ®. The new
ingredient of our model as compared to the previous CGM is that an energy scale of R-
symmetry breaking serves as the fundamental single parameter of the model. Thereby,
we attribute not only a SUSY-breaking and messenger mass scale but also R-symmetry
breaking scale to a common origin. For the purpose of softening the degree of fine-tuning
in producing the observed tiny cosmological constant, we consider the scenario with the
gravitino mass around mg/y = O(1)eV. The gravitino in this mass range is also favored
from the view point of cosmology: we do not have an upper bound on the reheating
temperature [11], and hence, the thermal leptogenesis [12] can explain the observed baryon
asymmetry in a naive way. We shall see that the model is featured by the R-symmetry
breaking scale near 10''GeV, which in turn provides us with the messenger mass and the
SUSY-breaking scale amounting to O(100)TeV and O(1)TeV Higgsino mass.

In section 2, we first make a brief review for the existing primordial form of the CGM
model. After that, we discuss the key essence of our extended model which is the introduc-
tion of a chiral superfield ® breaking R-symmetry in the model in the spontaneous way and
how we infer the R-symmetry breaking scale. In section 3, we discuss several interesting
consequences and features of the model including how the model can give us a natural
explanation for O(100)TeV messenger mass, how the model generates 1 and B-terms, how
the model helps us understand the electroweak scale, and why the introduction of ® is
harmless in cosmology and the dark matter candidate of the model. Finally, in section 4,
we conclude this paper by summarizing the structure and resultant aspects of the model.

2 Strongly interacting conformal gauge mediation model

2.1 Hidden strong dynamics

In a supergravity model, the scalar potential at the leading order is determined by a differ-
ence between |F|? and 3W¢Z /M3 where F is the order parameter for the SUSY-breaking,
Wy is R symmetry-breaking constant term in a superpotential and Mp ~ 2.4 x 10'8GeV is
the reduced Planck mass. Now that the observed energy density of cosmological constant
turns out to be negligibly tiny, we expect |F| ~ /3Wy/Mp = \/§m3/2Mp. Given this,
it is realized that the smaller gravitino mass makes the degree of fine-tuned cancellation
between two contributions to the scalar potential less severe. The desire to avoid unnatural
miraculous fine-tuning in parameters in the model prefers lower values of |F'| and mg /2
posing a question: how low mg/5 could be?



In [13], the stringent upper bound of the gravitino mass ms/, < 4.7eV (95%C.L.) was
reported based on the use of the data of CMB lensing and the cosmic shear observation.'
On the other hand, |F| being directly related to ms/,, we expect that mg/, cannot be
arbitrarily small to be consistent with the null observation of any SUSY particles in the
LHC to date.? Along this line of reasoning, we consider a scenario with m; 2 = O(1)eV
corresponding to a SUSY-breaking scale ~ O(100)TeV.

Such a low SUSY-breaking scale might imply a GMSB scenario. Yet, we need
msa 3 O(100)eV to explain the observed Higgs boson mass 125GeV in a perturbative gauge
mediation model [16, 17]. Therefore, it becomes necessary to consider the strongly coupled
gauge mediation scenario [17]. As an exemplary model satisfying this feature, we give
our special attention to the strongly interacting conformal gauge mediation model [7-10].
Therein SUSY-breaking is induced by the presence of a conformal phase of a hidden non-
Abelian gauge theory of which the strong dynamics accounts for the interactions in the
messenger sector and SUSY-breaking sector. Below, we first go through a review of the
existing strongly interacting conformal gauge mediation model [7-10] and then in the next
subsection we extend it by introducing a new field content.

For the promised strong interactions in the SUSY-breaking and messenger sectors, we
consider SU(N) hidden gauge group with Ng pairs (3, le—NQ) of (Qi, Q;) and Np pairs
of (a,a=1—Np) of (P, P,) [9, 10]. Here (Q;, P,) and (Q;, P,) are assumed to transform
as the fundamental and anti-fundamental representations under SU(N) respectively. Aside
from these matter fields, we introduce Ng? singlet fields S;; which couple to (Q;, Q;) When
a choice of (N, Ng, Np) satisfies the condition (3N)/2 < Ng + Np < 3N, there exists an
IRFP [18]. For our purpose, we focus on the case with (N, Ng, Np) = (4,3,5) by which
the theory lies at the conformal window.

With these field contents, now we consider the following superpotential

W = \S3QiQ; +mpFoFu, (2.1)

where mp is a mass of P, and P,, and X is a dimensionless coupling. @Q; and Q; shall
become massive once S;; acquires a vacuum expectation value (VEV). The massive matter
fields P, and P, are taken to serve as messengers in the model. P, and P, respect the
gauged flavor SU(5)p symmetry which we identify with SU(5)gur in the SM.

We assume that the theory is in the close proximity of an IRFP of SU(4) at the
energy scale above mp and the scalar component of S;; acquires a non-zero VEV. For
the simplicity of discussion hereafter, we take S;; to be diagonal in the flavor space, i.e.
S;; = Sd;. Once the massive (Qi,Qg) and (Pa,Pa) are integrated-out, S;;-dependence of
the effective superpotential induced by the gaugino condensation reads [9, 10]

2

=S

2|-

Weg ~ det[Sﬁ] (2.2)

!See also ref. [14] where the matter power spectrum resulting from the Lyman-« forest data was used to
obtain the weaker constraint msz/» < 16eV (95%C.L.) with the energy density fraction ws/2/wcpm S 0.12.

*For instance, one may refer to ref. [15] where an O(1)eV lower bound on ms, is found in the direct
SUSY searches in the LHC.



On the other hand, since the theory has an approximate superconformal symmetry at
an energy scale higher than mp, a low energy Kahler potential of the model is expected to
have the term ~ (STS)!/2s together with other mp-dependent terms where Ag is a scaling
dimension of S. Along with the superpotential in eq. (2.2), this term in a Kahler potential
yields the scalar potential of the following form

Ag—1 NQ
-5

‘/scalar ~ (STS) As s (2'3)

where we used the notation S here to denote the scalar component of the chiral superfield S.
We can infer from eq. (2.3) that Vicalar can be stabilized provided Ag > N/Ng holds. For
S-field, the scaling dimension and the anomalous dimension at the IRFP (vg.) are related
via Ag = 1 + v, and g, is found to be ~ 0.5 for (N, Ng, Np) = (4,3,5) [9, 19]. Thus
we see that Ag > N/Nq is indeed satisfied in the model, guaranteeing the spontaneous
SUSY-breaking. Notice that the model could have IRFP thanks to the presence of (P, P,)
fields, which is the essential point allowing for the SUSY-breaking.

By solving the coupled equations 8y, = By = 0 with 3y, and 3\ beta functions of
g4 and X respectively, IRFPs in the coupling space (g4, A) can be found and they read
(gas, Ax) =~ (3.6,3.2) at the one-loop level [9, 19]. Using this g4., we can obtain the relation
between mp and an energy scale A at which g4 blows up via the following dimensional

transmutation
872 mp
:blln( ) — mpNA, (24)
93 A

where by = 3N — Ng = 9 is the one-loop coefficient of gy, after (P, ]5@) are integrated-
out. The empirical relation Aqcp ~ 47 fr between the dynamical (composite) scale Agcp
of QCD and the pion decay constant f, can provide us with the rough estimate of the
dynamical scale A4 of SU(4) in our model in terms of A in eq. (2.4), i.e. Ay ~ 47A. We
notice, however, that there can be ambiguity in the factor 47 in the relation Ay ~ 47A
since our strong dynamics is different from QCD in the number of colors and matter fields,
and exploring this factor rigorously is beyond the scope of the current paper. So whatever
the factor is, the greater one among mp and A4 is to be used for estimating the soft
masses based on the naive dimensional analysis (NDA) [20, 21]. Under this circumstance,
we assume mp 2, Ayq from here on. Now along this line of reasoning, eq. (2.4) informs
us that the model has the non-trivial feature that a messenger mass equals the dynamical
scale up to an O(1) factor and thereby it becomes the one parameter theory. With the
SUSY-breaking induced dynamically, we infer the SUSY-breaking scale Fg ~ A%/(4r)
where Fg is the SUSY-breaking order parameter (F-term of the chiral superfield S) [20, 21].

Guided by an effective operator analysis [7, 8] and NDA, one can try to make an
estimate for the sfermion and gaugino masses. Using AS ~ A4 + A%6? obtained from NDA
and parametrizing the ambiguity arising from the strong dynamics in the hidden sector by
Neg and Ne/ﬁ for each of sfermion and gaugino masses, the soft SUSY-breaking masses can

3Here one loop level means that one-loop anomalous dimensions of fields appearing in eq. (2.1) and
one-loop [ were used together with NSVZ beta function for g4.



be expressed as [9, 10]

2 asm\? Aj
msfermionNzNeffCZ,SM(D) ? m72’
P
 (asm) A
e ~ Nar () (2.5)
P

where Co g\(0J) is a quadratic Casimir of a SM gauge group, asy = g3;/(47) with gsm
a gauge coupling of a SM gauge group. Now that the relation between A4 and mp is
uncertain in our model, the ratio Ay/mp is treated as a free parameter. For the later
discussion in section 3.2, we take a scale of the gaugino mass as a free parameter, imposing
a GUT relation among the gaugino masses.

Recalling that SUSY-breaking scale around O(100)TeV is considered in the model,
now we encounter a fundamental question for an origin of mp. Namely, mp = O(100)TeV
needs an explanation for why it is much smaller than the Planck scale as a mass parameter
of the vector-like fields (P, P,).

2.2 R-symmetry breaking field ®

In this subsection, we show that we can answer the question concerning an origin of mp
and its magnitude O(100)TeV by relying on a R-symmetry breaking field. What we discuss
below is not the unique answer to the question. Nevertheless, it may lead on to non-trivial
aspects of the model as explained in the next section, which motivates our exploration for
the possibility presented below.

In any supergravity model where a SUSY-breaking scale deviates from the Planck
scale, R-symmetry must be assumed in order to prevent Wy from being M3 and to re-
produce the vanishingly small cosmological constant. With that being said, the gauged
discrete Zgpr is a particularly interesting R-symmetry because it satisfies the anomaly-free
conditions for Zypr®SU(2)7 and Zyr @ SU(3)? in the MSSM with three families of quarks
and leptons [22], and has Z;g as a subgroup to hinder the proton decay at the renormal-
izable level. Furthermore, once Zgg is assumed, the model can benefit from the automatic
suppression of the dangerous dimension 5 proton decay operator 101010 5* [23, 24] and
an intermediate scale Higgsino mass in a natural manner. Motivated by this winning
attributes, in our model, we impose the discrete gauged Zgr as a way to control the con-
stant term in the superpotential. In table. 1, we show R-charge assignment assumed in
our model that makes the mixed anomalies of Zgr ® SU(2)? and Zggr @ SU(3)? free and
Yukawa. interactions in the MSSM respect Zgg.

Above all, for Zgr to be anomaly-free with respect to SU(4), R-charges of (Pa,Pa)

fields denoted by R[P] and R[P] should satisfy [25-27]

4+ 2RIP +RIP =)= 0k (ke (2.6)

4From the anomaly-free conditions for the mixed anomalies of Zxyr®SU(2)% and Zyr®SU(3)2 (N € N),
and constraints from Yukawa interactions, it can be shown that R-charge of operators 1010105" and H, Hy4
are 0 modulo N and 4 modulo N respectively.



5| 10 | H, | Hy | P | P | ®
R-charge | 3 | -1 | -2 | 0 2] 2|2

Table 1. R-charge assignment. For denoting quarks and leptons in the SM, we borrow their
representations in a GUT model with the gauge group SU(5)gur. Hy (Hg) is the chiral superfield

for the up (down) type Higgs. For S;; and (Q;,Q;) fields, we assign any arbitrary R-charges

satisfying R[S;] + R[Q;] + R[Q;] = 2 modulo 6 with R[Q;] + R[Q;] an even number. For (P,, P,),

K2

another R-charge assignment is possible as far as R[P] + R[P] = 4 is satisfied.

Note that the mixed anomaly of Zsr ® SU(4)? does not constrain R-charges of (Q;, Q)
fields since Ng = 3. So we omitted the contribution of (Q;, Qz) in eq. (2.6).° From eq. (2.6),
we obtain R[P]+ R[P]—2 = (3k —4) x (2/5) which implies that R[P]+ R[P] can never be
2 modulo 6.9 In regard to the mass term of (P,, P,) in eq. (2.1), this tells us that either
Zgr is explicitly broken at an energy scale above mp or mp needs to be understood as
a spurion field with a proper R-charge. In our work, we consider the later case with the
choice of R[P] + R[P] = 4, i.e. k = 3.

Specifying mp as a spurion field, mp may stem from condensation of a field coupled
to (P, Pa). For that purpose, we introduce a chiral superfield ® with R-charge 2 whose
condensation induces the spontaneous R-symmetry breaking. In the next section, we shall
make an explicit explanation how introducing ® can explain O(100)TeV messenger mass.
Before discussing mp, now we discuss a R-symmetry breaking scale in what follows.

We may assume that ® is a low energy degree of freedom of a hidden strong dynamics
and thus has the following self-interaction terms in the superpotential

(1)4
WD =€+ ri(4n)>— + ..., (2.7)
Mp

where £ is a dimensionful parameter and the ellipsis stands for the higher order terms. The
factor (47)? is present in the second term of eq. (2.7) on account of the assumed strong
dynamics from which ® results [20, 21]. After condensation of ®, terms in eq. (2.7) are
expected to produce constant terms in the superpotential. For determining a constant
term in W, there are two possibilities depending on which is greater among the two terms
in eq. (2.7).

If the first term is greater than the second one, we expect that Zgg-breaking scale
is equal to mg/s ~ O(1)eV since the natural scale for V€] is the Planck scale without
any additional symmetry to suppress the first term. This possibility, however, predicts an
inconsistent very low SUSY-breaking scale via mp ~ /47 Fg and eq. (3.1). Therefore, we
consider the case where the second term is greater than the first term in eq. (2.7), assuming
a symmetry suppressing the first term, e.g. a discrete Zg under which ® and the spurion

For S;; and (Qi,Q;) fields, we assign any arbitrary R-charges satisfying R[S;;] + R[Q:] + R[Q;] = 2
modulo 6 with R[Q;] + R[Q;] an even number. We anticipate the formation of the meson field M; ~ Q;Q;
in the low energy confined phase of SU(4) and the meson field should not break Zzr.

To see this, we may assume that (3k — 4) x (2/5) is an integer multiple of 6. Then we encounter an
inconsistent conclusion that k& cannot be an integer.



¢ have the charge 2 and -2 respectively.” By comparing the dominating second term in
eq. (2.7) to Wy = mg)sMp, we find that mg/, = O(1)eV requires (¢) ~ 10'GeV with
k1 = O(1) where ¢ is the scalar component of ®.

We end this section by commenting on the contribution to the mixed anomaly of
Zsr @SU(2)2 and Zgg ® SU(3)? made by (P, P,) fields. (P,, P,) are the only non-MSSM
fields charged under SU(2) and SU(3). and thus their presence spoils the cancellation of
the mixed anomaly of Zggr ®SU(2)% and Zggr ®SU(3)2. For each anomaly, the contribution
from (P,, P,) is identically 2(R[P] + R[P] — 2) = 4. For completeness of the model, it
suffices to introduce a pair of new chiral superfields (P, P’ ) that transform as 5 and 5*
under SU(5)gur and serve as singlets under SU(4). Their R-charges satisfy the condition,
R(P') + R(P') = 0, to guarantee vanishing Zgr ® SU(2)? and Zggr ® SU(3)? anomalies.

Then, (P', P') fields obtain the mass as heavy as 10''GeV from the operator ~ ®P'P’
whose presence does not cause any harm.

3 Charms of the model

3.1 Messenger mass

Since @ is assigned R-charge 2, the mass term in eq. (2.1) can be originated from

N ~
WDHQFPPQPQ, (31)

where ry is a dimensionless coupling. Thus with ky = O(1), (P,, P,) fields acquire the mass
mp = O(1)TeV at the energy scale around (¢) ~ 10''GeV when Zgr gets spontaneously
broken. On the other hand, at an energy scale E lower than (¢) ~ 10''GeV, we have [7]

mp(Mirrp) _ ( E
Zp(E) Mirrp

VP
mp(E) = > mp(Migrp) (3:2)
where Zp(E) and vp, are the wavefunction renormalization constant and the anomalous
dimension at the IRFP for (P, Pa) respectively. In addition, Migrp is the energy scale at
which the UV to IR evolution of g4 reaches its IRFP. With vp, ~ —0.6 [9, 19], we see
that mp = O(100)TeV can be obtained at the messenger mass scale provided we choose
Mirrp ~ 109GeV.

In summary, ® condensation imposes O(1)TeV mass to the messengers on the spon-
taneous Zgg-breaking. However, thanks to the non-trivial large anomalous dimension of
(P,, P,) fields which is attributable to the strong dynamics of SU(4), mp at the messenger
threshold becomes as large as O(100)TeV.

3.2 p-term and B-term

Referring to the R-charge assignment of the model in table. 1, we see that the p-term can

arise from )

P
W D HgﬁpHqu, (3.3)

"We checked the presence of a consistent charge assignment under Zs.
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Figure 1. The plots of the CP odd Higgs mass (m4), tan 5 and B-parameter as functions of the
physical gluino mass. We take p < 0. The black lines and red lines correspond to AEE = 1000 and
1200 TeV, respectively.

where k3 is a dimensionless parameter. Given (¢) ~ 10'1GeV, the model produces the
Higgsino mass u = O(1)TeV for k3 = O(1).

On the other hand, the SUSY-breaking being attributed to the non-vanishing F-term
of S;;, we notice that the F-term of ® should vanish since ® is decoupled from S;;. Thus
the term in eq. (3.3) cannot generate a non-vanishing contribution to the mixing term for
H, and H; Higgs bosons (B-term). In addition, the wavefunction renormalization of H,
and Hy cannot generate a significant non-zero B-term at the scale around mp since there
are no S;-dependent terms of the wavefunction renormalization constants of H, and Hy at
one-loop level. The same argument applies for the MSSM trilinear scalar coupling terms
(A-term) to make them suppressed. Note that the suppressed A and B terms are favorable
for resolving the CP problem appearing in the MSSM.

Given the suppressed B-term at the messenger mass scale, the model is expected to
result in a small value of B-parameter and a large tanf at the electroweak scale [28]. With
this large tan 3, the masses of the second CP-even Higgs (H) and the CP-odd Higgs (A)
can be as small as 2-3 TeV as shown in ref. [29]. Figure 1 shows the predicted m4(~ mpy),
tan 8 and B-parameter as functions of the physical gluino mass for Afﬁ = 1000 TeV and
1200 TeV, where (A3;)? ~ NegAj/m%. We see that the predicted B-parameter (tan ) is
large (small) enough to make bottom and tau Yukawa coupling constant (yp,%y,) remain
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Figure 2. The b-associated production cross-section of H/A as a function of the physical gluino
mass. The black lines and red lines correspond to AS; = 1000 and 1200 TeV, respectively.

perturbative up to the GUT scale [30]. In the plots, we estimate the scalar masses as

2
(0%
mgfermion = 2C2,SM(D) <4$71_;/I) (Aesff)2' (34)

We take the messenger scale to be 200 TeV, where the non-zero scalar masses and gaugino
masses are given as boundary conditions of renormalization group equations of MSSM.
In the plots, we assume a GUT relation among the gaugino masses, i.e. Mpino @ Mwino :
Mgluino = g3 : g3 : g3 as in the minimal gauge mediation, where g1, g» and g3 are gauge
coupling constants of U(1)y, SU(2);, and SU(3)., respectively. The mass spectrum of
SUSY particles is calculated using SOFTSUSY 4.1.9 [31]. The lightest CP-even Higgs mass
computed by FeynHiggs 2.18.0 [32-39] is 124.5GeV (125.3GeV) for A% = 1000 TeV
(1200 TeV) and mgluino = 3 TeV. In figure 2, we show the b-associated production cross-
section of H/A. The cross section is computed using SusHi package [40, 41]. The Higgs
masses, m4 and my, are smaller than 3 TeV for mguin, < 8 TeV, with the sizable production
cross section. These Higgs bosons may be tested at 14-TeV LHC experiments [42].

3.3 Understanding the electroweak scale

As was discussed in the previous subsection, the model is featured by a large tang at the
electroweak scale. Because of this, one of the electroweak symmetry breaking (EWSB)
conditions yields the relation )
% ~ —m%{u — 2, (3.5)
where mz, mpy, and p are the masses of Z-boson, the up-type Higgs boson and the Higgsino
at the electroweak scale. In the GMSB models with a large tanfs at the electroweak
scale, there is no reason for u? to be of the same order as —m%[u, which makes the fine-
tuned cancellation between the two to produce m% of the smaller order of magnitude
incomprehensible.
To put it another way, it is challenging to understand why the uncorrelated parameters
can be of the same order to produce a smaller scale, i.e. the electroweak scale. In the



strongly interacting conformal gauge mediation model, however, we realize that the relation
O(] —m;,|) = O(|p?]) which is necessary for eq. (3.5) could be explained as a natural
consequence of comparable mp and A4, and Zgg when allowing for phenomenologically
required fine-tuned cancellation for the tiny cosmological constant. Below we demonstrate
why this is the case by expressing —m%[u and p? in terms of a common parameter and
showing the resulting expressions are very comparable.

Since m%{u is dominantly determined by stop loops, it can be related to mp via

3 m a3 ?
2 2,2 P 2 3 2
_ ~ 2log —— ~ 0.1m2 ~ | =2 3.6
mHu 47T2 o mt 0og m; mt (47{') mp, ( )
where ag = g3/(4), y; is the top Yukawa coupling and mj is the stop mass.

Meanwhile, pu-parameter can be related to mp by the cosmological constant as shown
by what follows. (¢) determines the constant term in the superpotential W throughout
eq. (2.7) and thus the vanishingly small cosmological constant demands

4
K
(ol ~ V3 (4m)2 320 = V35 (amp2y2, (3.7)
Mg K3
where Fy is the F-term of S-field. For the last equality, we used u = r3(¢)?/Mp which is
indicated by the fact that the p-term is generated from the operator shown in eq. (3.3).
Finally, combined with eq. (3.7), the relation Fs ~ m%/(47) yields
K3
m
(4 x /3 x (47)3 x K1)1/2

TR p. (3.8)

Now taking a3 ~ 1/10 in eq. (3.6) and x1,k3 = O(1) in eq. (3.8), we encounter the
notable consequence of the model: both of —m%{u and y? are parametrized by the common
parameter mp and very close to each other as a result of the model’s structure.

Therefore, the closeness of independent parameters in their magnitudes can be under-
stood natural in the strongly interacting conformal gauge mediation model with the aid
of the empirical condition for the vanishing cosmological constant. And ultimately this
helps us understand the separation between the EWSB scale and the soft SUSY-breaking
mass scale.

3.4 Cosmologically safe

The chiral superfield ® was newly introduced in section 2.2 as the field whose condensation
is responsible for the spontaneous breaking of Zgr down to Zyg. This means that its
condensation produces three distinct degenerate vacua. Hence, the model predicts the
formation of domain walls at the time when Zgr breaks down and reduces to Zsr. To
avoid the situation where the energy budget of the universe is dominated by that of these
domain walls, it is required for the model to assume that the breaking of Zgr takes place
prior to the end of the inflation.

Yet, the simple assumption for breaking of Zgg during the inflation era does not fully
resolve the potential domain wall problem. Even if the scalar component (¢) of @ sits
at a global minimum of its potential during the inflation, it is still probable to have the
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symmetry restoration at the post inflation era in the case where the field fluctuation is
too large. When the inflaton field oscillates around the origin of its field space at the end
of the inflation, ¢ may begin its oscillation as well and this oscillation of ¢ can induce
the growth of its own fluctuation via parametric resonance depending on a form of the
potential. Then given eq. (2.7), one may wonder whether the model suffers from such a
dangerous symmetry restoration or not.

To see whether the restoration of Zgg after the inflation is likely to happen, here we
examine the potential of ¢ in the early universe. During the inflation, we may have the
Hubble induced mass term for ¢ due to its coupling to the inflaton field. We assume
a sufficiently large Hubble expansion rate during the inflation (Hj,¢) so that the Hubble
induced mass term and ¢®-term in V(¢) dominate over the cubic term. The reason for this
assumption is to become clear soon. Accordingly, we have the following effective potential
of ¢ during the inflation

¢6
V(@)eftinf = —crrHined” + 16”%(477)4@ ; (3.9)
P
where the negative Hubble induced mass is necessary to break Zgr during the infla-
tion and ¢y > 0 is a dimensionless coupling. Assuming cy, k1 = O(1), application of

OV (h)er /00 = 0 to eq. (3.9) yields

H; s M H;
(|dint|) ~ VTP L5 % 101 x inf

~ ol ey 1
481/4 (47r) 10mGev oV (3:.10)

After the inflation ends, while the inflaton field (o) oscillates around a global minimum
of its potential V(o)int, the effective potential of ¢ will be modified to

Tl
M3

V(U)inf

"2 ¢% + 16x3(47)

V(¢)eff,osc = —CH

(3.11)

It is expected that following the oscillation of o, ¢ begins its oscillation which can possibly
drive the growth of the field fluctuation. Now regarding this point, of particular interest in
eq. (3.11) is the presence of ¢° (sextet) term. We notice that the growth of the fluctuation
of ¢ during ¢-oscillation due to parametric resonance [43, 44] is expected to be inefficient
for the sextet potential, which was both analytically and numerically confirmed in ref. [45].8
In spite of this, one may still wonder that at a certain time during the oscillation of ¢,
the cubic term of the potential due to eq. (2.7) can become greater than ¢5-term so that
the growth of the fluctuation of ¢ due to the parametric resonance becomes efficient. Even
in this case, however, we see that the restoration of Zggr is avoided since the field value
(#4) at this transition time (the cubic term becomes as large as ¢5-term) satisfies [46]

1/3
Px = (ﬁ;)?) < 10* x (¢)o ~ 10" GeV, (3.12)

8Note that for the quartic (or cubic) potential case, there exist both of negative friction on the motion

of ¢ and the efficient parametric resonance of field. This allows for the symmetry restoration at the post
inflationary era for the quartic (or cubic) potential case [45].
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where (¢)o ~ 1011 GeV is the required VEV of ¢ at the post inflationary era for the breaking
of Zgr. Note that £ Mp can be at most 10%3GeV? to make the first term in eq. (2.7) smaller
than the second one. So eq. (3.12) is indeed easily satisfied. Therefore, basically eq. (3.11)
and eq. (3.12) preclude our concern for the potential restoration of Zgr symmetry to cause
the domain wall problem at the post inflationary era.

We end this subsection by pointing out a lower bound on Hj,s to make our discussion
made thus far valid. Recall that eq. (3.9) was obtained by assuming a large enough Hiy¢
to make the Hubble induced mass term and the sextex term much greater than the cubic
term. We notice that this assumption is justified when (|¢in¢|) in eq. (3.10) is greater than
¢« in eq. (3.12). Thus from this requirement, we obtain the following lower bound on Hiys

(I¢imsl) > ¢« —  Hinr > 10°GeV. (3.13)

3.5 Dark matter

As one of the essential ingredients of the model, the gravitino is assumed to have the
mass as light as O(1)eV. As such, it is relativistic when produced from the decay of
MSSM particles or scattering events among MSSM particles. Therefore, it contributes
to the current dark matter (DM) population as a warm dark matter (WDM) as long as
it is the lightest supersymmetry particle (LSP) in the model. Indeed, it is LSP in the
strongly interacting conformal gauge mediation model and explains O(1)% of the current
DM abundance [14].”

On the other hand, as a stable and neutral low energy degree of freedom of SU(4)
gauge theory, we can have the following composite states as the candidate of the cold dark
matter (CDM) [10]'°

®pu O QEQQT, QRQTQT, QQTQTQT. .. (3.14)

which is SU(4) invariant via the omitted contraction with anti-symmetric e-tensor. As dis-
cussed in section 2.1, mg/, = O(1)eV implies the SUSY-breaking scale within O(100)TeV.
Since the mass of the above CDM candidate is expected to be around A4 ~ /47 Fg, we
see that it satisfies the upper bound on a thermal DM obtained from the partial wave
unitarity [48, 49].

Hence, basically the strongly interacting conformal gauge mediation is the very model
which naturally embodies the ACWDM model studied in refs. [13, 14]. As was pointed out
in those references, the scenario (especially ms/,) will be tested by future probes of the
matter power spectrum at scales k = 0(0.01) — O(0.1)h~!Mpc with a higher resolution.

9Since the fraction of DM abundance attributed to the light gravitino, f3/2 = p3y2,0/(p3/2,0 + pcom,0),
is proportional to 13,2, one obtains 1/10 of the constraint on f3/2 < 0.12 given in ref. [14] as the expected
f3/2 for msz/2 = O(l)eV

0For another composite DM candidate in a low-scale gauge mediation model, see ref. [47].
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4 Conclusion

In this paper, by extending the existing CGM model, we constructed a GMSB model
featured by a hidden strong dynamics with the conformal phase at a high energy. Motivated
by the phenomenological problems in SUSY models, we assumed a light gravitino mass
scenario with mg/,, = O(1)eV (corresponding to O(100)TeV SUSY-breaking scale) which
is allowed by the current astrophysical and the LHC constraint. For the strong dynamics,
a hidden SU(4) gauge symmetry with three pairs of matter fields (Q;, Q;) is assumed. The
matter sector of the SU(4) gauge theory is extended with additional five pairs of messenger
fields (P, ]5a) whose presence ensures the presence of an IRFP. As a consequence, both
the SUSY-breaking scale and the messenger mass (mp) become equal to one another up

to an O(1) factor, making the invisible sector parametrized by a single parameter, i.e. mp.

On top of this, guided by the question for an origin of mp, we introduced the
R-symmetry (Zggr) breaking field ® with R-charge 2. Remarkably, thanks to the non-
trivial structure of the model (strong dynamics, conformal phase in a high energy regime),
mp = O(100)TeV was shown to stem from R-symmetry breaking scale given by the cosmo-
logical constant. Therefore, the model unifies origins of the SUSY-breaking scale, messenger
mass and R-symmetry breaking scale with a great self-consistency although nothing en-
forces such a correlation in principle. We emphasize that the value of the model precisely
lies at this point: the model is parametrized by a single dimensionful parameter like QCD.

We also presented unexpected charms of the model: the origin of the messenger mass,
O(1)TeV p-term, the suppressed B-term at the electroweak scale, the possibility of having
the light second Higgs bosons, the natural (comprehensible) electroweak scale, cosmolog-
ically safe introduction of ® and dark matter candidates. We notice that these rich and
appealing aspects of the model except the last one is totally ascribed to the introduction
of R-symmetry breaking ® field with R-charge 2 and thus new merits of our model as
compared to the existing CGM. The presence of O(1) ambiguities inherent in values of
quantities for which we estimate based on the naive dimensional analysis is considered the
weak point of the theory, which we hope to be improved with a non-perturbative approach
like the lattice computation.
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