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We reexamine the models with gauge mediation in view of the minimality and the Higgs boson mass. As
a result, we arrive at a very simple model of direct gauge mediation which does not suffer from the flavor
problems nor the CP problems. The minimal supersymmetric Standard Model spectrum is determined by
only three parameters, the size of the effective supersymmetry breaking, the messenger scale, and the
messenger number. Surprisingly, such a very simple model is not only consistent with all the current
constraints but also is testable at the upgraded LHC experiments. In particular, we show that the parameter
space which is consistent with the Higgs boson mass at around 126 GeV can be tested through the stable
stau searches at the 14 TeV run of the LHC. The gravitino is a viable candidate for a dark matter. We also
give a short discussion on a possible connection of our model to the recently discovered x-ray line signal at

3.5 keV in the X-ray Multi-Mirror Mission Newton x-ray observatory data.
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I. INTRODUCTION

The minimal supersymmetric Standard Model (MSSM)
has been widely believed to be one of the most attractive
models of physics beyond the Standard Model (SM), since
it provides a solution to the hierarchy problem between the
scale of the SM and the very high energy scales such as the
Planck scale or the scale of the grand unified theory (GUT).
The precise unification of the gauge coupling constants at
the GUT scale has also supported the MSSM very strongly.

The observed Higgs boson mass at around 126 GeV [1]
is, however, near the upper limit of the predictions in most
conventional models of the MSSM with supersymmetry
(SUSY) particle masses in the hundreds of GeV to a few
TeV range. This rather large Higgs boson mass and the so
far null results of the SUSY particle searches at the LHC
have stirred up fears of nondiscovery of SUSY particles
even at the upgraded 14 TeV run of the LHC.

In this paper, we reexamine the MSSM with fresh eyes,
by placing greater emphasis on minimality as a guiding
principle for model building rather than the conventional
naturalness. In the course of the application of minimality,
we take the models with gauge mediation [2—-8] as our
starting point, since it solves the SUSY flavor changing
neutral current (FCNC) problem in the minimal set up. In
particular, we confine ourselves to the models with direct
gauge mediation in line with minimality. We further shave
the models by assuming that the u-term is given just as it is.
As a result, we end up with models with very few
parameters which are free from not only the SUSY
FCNC problem but also the SUSY CP problem. We call
this minimal model as the minimal direct gauge mediation.

As we will see, the squark and the gluino masses are
required to be in the multi-TeV range to explain the Higgs
boson mass at around 126 GeV, which are beyond the reach
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of the 14 TeV run. Interestingly, however, we find the stau
is predicted to be rather light due to a large tau Yukawa
coupling constant in this model. As a result, we find that
there is a large parameter region where the stau is the next-to
the lightest particle (NLSP) with a mass below 1.0-1.2 TeV.
We also find that the mass of the gravitino is typically above
the keV range, and hence, the stau can be long lived and
decay outside the LHC detectors, which provides searchable
signals at the 14 TeV run of the LHC. We also discuss a
possible connection of our model to the recently discovered
x-ray line signal at 3.5 keV in the X-ray Multi-Mirror
Mission Newton x-ray observatory data; if the model is
embedded into string theories, a moduli has a similar mass to
the gravitino mass which can be a dark matter.

The organization of the paper is as follows. In Sec. II, we
reconsider the models with gauge mediation in view of
minimality. In Sec. III, we show the predictions of the
minimal direct gauge mediation model. There, we find that
the stau can be the NLSP and decay outside the detectors of
the LHC depending on the gravitino mass. The final section
is devoted to discussions and conclusions.

II. PUTTING MINIMALITY
ON GAUGE MEDIATION

The minimal ingredients of the models with gauge
mediation are a sector of spontaneous SUSY breaking
and a sector of the messenger fields. Here, we collectively
represent the SUSY breaking sector in terms of a single
SUSY breaking field Z whose Lagrangian is given by

T7\2
Lsusy = / d*0 {Z"'Z— (i AZZ) } + / d*6]-42Z) + H.c.

(1)
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Here, p, and A are dimensionful parameters which are
determined by the dynamics in the SUSY breaking sector.'
In this simplified description of the SUSY breaking sector,
SUSY is spontaneously broken by the vacuum expectation
value (VEV) of the F-term of Z,

F=(Fz) = u3. ()

while the pseudoflat direction obtains a mass from the
quartic coupling in the Kéhler potential;

F2
m%zlA—L (3)

In choosing the messenger fields, we assume that the
messenger fields do not take part in dynamics of the
SUSY breaking sector and are simply pairs of some
representations and antirepresentations of the minimal
GUT group SU(5), (¥, V) to keep the minimality of the
model. We further assume that the messenger fields are
coupled to the SUSY breaking sector directly through the
Yukawa interactions,

W =kZUVU + M, WV, (4)

where k is a dimensionless coupling constant. Here, we
have also introduced an explicit mass term for the mes-
senger fields, M., SO that we can avoid extending the
models to generate a nonvanishing VEV of the A compo-
nent of Z [6—8,11—15].2 With this minimal set up, the
MSSM gauginos and the scalars obtain the soft masses via
gauge mediation at the messenger mass scale,

_ g ki
gaugino 1672 mess M e ’
mgcalar = 2C2242 mess klu% 2 <5)
( 167[ ) Mmess

Here, g collectively represents the gauge coupling
constants of the MSSM, C, is a quadratic Casimir
[C, = (N* = 1)/(2N) for SU(N)], and N, denotes the
effective number of the pairs of the messenger fields in
terms of the fundamental representation of SU(5).
Finally, let us discuss the origin of the y-term. As is well
known, it is the long-sought problem to provide the u- and

lAlthough the detail structure of the SUSY breaking sector is
not relevant for the following discussions, we may consider
concrete models of SUSY breaking such as the O’Raifeartaigh
model [9] models or vectorlike dynamical SUSY breaking
models [10] behind this simplified description.

It should be noted that the above direct coupling between
the messenger fields and the SUSY breaking field makes the
SUSY breaking vacuum in Eq. (2) metastable, which leads to a
constraint [16]. However, this constraint is avoided in the relevant
region discussed in the next section.
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Bu-terms which are in the similar size of the other soft
parameters. Here, giving priority to the minimality again,
we assume that the p-term is given just as it is, i.e.

Wﬂ = ,MHMHd. (6)

The notable feature of this type of the u-term is that the
gauge mediated B-term is vanishing at around the mes-
senger scale at the one-loop level,’

B=0. (7)

As we will see in the next section, this boundary condition
plays a very important role in narrowing down the
predictions of the model.*

In summary of the minimal set up of the models with
gauge mediation, we arrive at a simple model;

e [ ofrz- 2]

4A?

+ / d* 0|~ Z + (KZ + M ees )WV + uH, H,].  (8)

We call this model the minimal direct gauge mediation
(MDGM) model.” One of the most important advantages of
this minimal model is that all the complex phases of the
parameters in Eq. (8) can be rotated away by the phase
rotations of Z, ¥, W, H, , and the superspace coordinate 0.5
Therefore, the MDGM model is not only free from the
SUSY FCNC problems but also free from the SUSY CP
problems.’

As will be studied in the next section, the MSSM
spectrum is determined by only three parameters,

kuz

My =
¢ MmCSS

’ Mmess ’ Nmess ’ (9)

while u is fixed by the electroweak symmetry breaking
(EWSB) conditions. It should be also noted that the EWSB

3For a threshold correction to B from the two-loop contribu-
tioals, see Refs. [17,18].

See Refs. [17,19,20] for earlier studies on models with B = 0
at the messenger scale. ~

For a messengers of a pair of 5§+ 5, there can be a mixing
term between the Higgs doublets and the messengers without any
additional symmetries [21-26]. When the messenger sector con-
sists of a pair of 10 4 10 representations of SU(5), on the
contrary, the mixing between the messengers and the Higgs
doublets is automatically suppressed.

®When there are multiple messengers, we cannot rotate away
all the phases in the parameters. Even in that case, the phases of
the generated gaugino masses in the MSSM are common, and
hence, we can rotate away all the phases from the MSSM soft
terms.

CP violation from the supergravity mediated effect will be
discussed in the next section.
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conditions result in a large tanf due to the vanishing
B-term at the messenger scale, which leads the stau NLSP
in a large parameter space.

One more important parameter for the LHC phenom-
enology is the gravitino mass,

mszz—F = 1
/ V3Mpy  3Mp'

which determines the lifetime of the NLSP (see
Appendix A). Here, M p denotes the reduced Planck scale,
Mp=24x10" GeV. As we will show in the next
section, the Higgs boson mass at around 126 GeV can
be explained in the parameter space where the NLSP mass
is at around 1 TeV. For m5,, > O(100) keV, the NLSP
decays outside the detectors, and hence, we can detect the
SUSY events by searching for charged tracks when the stau
is the NLSP.

(10)

II1. MINIMA DIRECT GAUGE
MEDIATION AT THE LHC

In the MDGM model, the right-handed stau becomes
lighter than the neutralino in a large parameter space, due to
the predicted large tanf. To see how large tanf is
predicted, let us estimate the B-term at the weak scale
which is mainly generated from the gaugino masses
through renormalization group (RG) evolution;

dB 1

3
dnQ 872 <9iM, +3Y7A,

+3Y2A, + Y2A, |, 11
b

with the boundary condition of B(Q = M ,..,) =0 (Q is a
renormalization scale). Here, we denote M, and M, as the
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Wino mass and Bino mass, respectively. The Yukawa
coupling constants and the scalar trilinear couplings of
the top (stop), the bottom (sbottom) and the tau (stau) are
denoted by Y,, Y, Y., A,, A, and A,, respectively.

Since the B-term generated by the RG evolution is small
even at the weak scale, tan 8 is predicted to be large after
imposing the EWSB conditions;

my (i, + 5 5Y) = (myy, + 55,0 tan’p

2 tan’f — 1 - (12)
1 0AV
Bu(tan  + cot f§) = (m%, 20, 00, + my,
1 0AV
s ) (13)

where v, = (HY) (v = (HY)) is the vacuum expectation
value of the up-type (down-type) Higgs doublets. The one-
loop corrections to the Higgs potential are denoted by AV.
The Higgs soft masses for the up-type and down-type
Higgs are mj; and my; , respectively. Here, we take the
convention that By is real positive. Since all the soft
masses, m%iu, m%id and B, are fixed for given parameters
of gauge mediation, tan f as well as p are determined by
solving Eq. (12) and (13). As a result, the 1 order of
magnitude smaller B-term compared with (mp —+ [u]*)
leads to a large tan g of about 30—60 depending on the
messenger scale.

In Fig. 1, the contours of tanf are shown on
M es—(kF /M i) plane with the messenger numbers
Npess = 1 and 3. The SUSY mass spectra as well as the
renormalization group running are calculated by using the
SOFTSUSY package [27]. The larger messenger scale pre-
dicts a smaller tan f3, since the generated B becomes larger
due to the logarithmic enhancement from the messenger
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FIG. 1 (color online). The lightest Higgs boson mass (red solid line), stop mass (m; = /mé3mi/§) (black solid line), and predicted

tan § (black dashed line). Here m,

173.3 GeV and az(my) = 0.1184.
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scale to the weak scale. In the gray shaded region, the
successful electroweak symmetry breaking does not occur
because of too large negative m%id with which Eq. (13)
cannot be satisfied; the predicted tan f is too large and the
large bottom/tau Yukawa couplings drive m%{d negative
too much.

The Higgs boson mass in MDGM is dominantly raised
by the radiative corrections from heavy stops [28]. Figure 1

also shows the Higgs boson mass and the required value of
the stop mass parameter defined by m; = /szml:jg
(mgy, and mg. are left- and right-handed stop mass,

respectively). The Higgs boson mass is obtained by using
FeynHiggs2.10.0 [29], taking into account the higher order
corrections beyond the two-loop level. Since A, is not large,
the stop mass should be large as m; ~5 — 6 TeV. Thanks
to the large tanfp of O(10), the very heavy stops of
O(50-100) TeV are not required. Although, the colored
SUSY particles are still too heavy to be produced at the
LHC even at 14 TeV run, the inclusion of the higher
order corrections to the Higgs boson mass enhances the
testability of MDGM by lowering the SUSY particle
mass scale.

Since the tau Yukawa coupling is enhanced for a large
tan f by Y, = m_/vtan f, the radiative corrections propor-
tional to Y2 are larger than the case with, e.g., tan # = 10. In
particular, the stau masses receive the RG corrections and
threshold corrections which are proportional to Y2,

dm?  y?
dt ~47t2

(mi +mZ +my +A)+ ... (14)

&
and

T t 2 -
4 A mL3
ny niy
-m2 In—-=m? In—"- ). (15)
Ls ml:3 R m%R

Both corrections are not negligible for a large tanf. In
Fig. 2, we show the stau mass as a function of tanp.
Comparing the stau mass for tanf = 10 with that for
tan / = 60, it is differed by ~300 GeV. As a result, we find
that the right-handed stau mass becomes light and the stau
can be NLSP even for N ., = 1. We also find that the
stau becomes the NLSP in a large parameter space
for N e = 2.

In Fig. 3, contours of the NLSP masses are shown. In the
left (right) region of the blue line, the stau (neutralino) is the
NLSP. The mass of the NLSP is bounded from above as
myrsp < 1.0-1.2 TeV. In the case of the stau NLSP with
this mass, it can be observed if it is stable inside the detector
[30]. Note that the low-energy mass spectra in N, = 3
and 5 are (almost) identical to those induced by a pair of

. Y2 m; m; m
m? (Tg) —mz (m7)=—75 <2y2 1117’ —m3 lnm—t —u?In—"
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FIG. 2. The stau mass as a function of tan /. Here, we take tan
to be an input parameter, and the Higgs B parameter is
determined by Eq. (13).

messengers in the 10 (10) and 24 representations of SU(5),
respectively.

To search for the SUSY signals at the LHC, the decay
length of the NLSP is very important, and depends
on the gravitino mass (see Appendix A). In Fig. 4, we
show the gravitino mass (decided by k) for given param-
eters. The figures show that the gravitino is bounded from
below, m3;, 2 0.1 — 1 keV in most parameter region. In
Fig. 5, the decay length of the lightest stau (czyy,,) 1S
shown in the unit of m. At the 14 TeV run of the LHC
experiment, it will be able to search for the stable stau
inside the detector with mass below about m, < 1.0 TeV
by combining the measurements of the ionizing energy
loss rate (dE/dx) and the time of flight [30]. Therefore,
the MDGM model can be tested at the LHC when the
NLSP is the stable stau.

Before closing this section, let us comment on the CP
violation from the supergravity mediated effects. As we
have discussed in the previous section, all the phases in the
MDGM model can be rotated away. Therefore, no addi-
tional source of the CP violation is introduced in MDGM,
except for the supergravity mediated O(ms,,) corrections
to soft mass parameters. Since a larger gravitino mass is
required for a larger messenger scale, the CP violation from
the O(mj,) corrections may become important for a large
messenger scale. For instance, the electric dipole moment
(EDM) of the electron can exceed the experimental bound
[31]. In Fig. 6, the upper bounds on the messenger scales
from the EDM constraint, |d,| < 8.7 x 107*¢ cm [32], are
shown for k = 0.01,0.1 and 1.0. Here we have assumed
that the CP phase arising from the supergravity effect is
given by arg(Bgusg — i|m3,|). For instance, for k = 0.1,
the region with a large messenger scale, M., = 10'! GeV
may be excluded by the electron EDM constraint. The
corresponding gravitino mass is m3;; ~ 0.1 GeV.
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Contours of the NLSP mass and Higgs boson mass for the different messenger numbers. The Higgs B-term is

taken as B(Mess) = 0. In the left (right) region of the blue line, the stau (neutralino) is the NLSP.

IV. DISCUSSIONS AND CONCLUSIONS

In this paper, we have reconsidered the models with
gauge mediation in view of the minimality and the Higgs
boson mass. As a result, we have arrived at a very simple
model, the MDGM, where the MSSM spectrum is deter-
mined by only three parameters. Surprisingly, such a very
simple model is not only consistent with all the current
constraints such as the SUSY FCNC and the SUSY CP
problems but also is testable at the upgraded LHC experi-
ments. In particular, we have found the parameter space
with the Higgs boson mass of around 126 GeV can be
tested at the 14 TeV run of the LHC through the stable stau
search.® Here, we stress that a rather light stau is an
outcome of the predicted large tanf from the CP

®This prediction can be contrasted with the predictions in the
pure gravity mediation model [33,34]/minimal-split SUSY model
[35] which are also favored in view of minimality, where the
model can be tested through the gaugino searches [36].

conservation as well as the inclusion of the Higgs boson
mass calculations beyond the two-loop level which
decreases the SUSY particle mass scale.

As we have discussed, the MDGM model predicts the
gravitino mass ms,; 2 1 keV in most of the parameter
space. In this mass region, the gravitino is most likely stable
or long lived, and hence, it is a good candidate of dark
matter (DM). However, its thermal abundance exceeds the
observed density of the DM, which requires some mecha-
nism to dilute the dark matter density. Notably, in the
MDGM model, we already have a candidate of the source
of the entropy, the messenger fields. As proposed in
Ref. [37], the energy density of the messenger fields can
dominate over the radiation when it is long lived, and
produce a lot of entropy at their decay. With the help of the
entropy production mechanism we found a large parameter
space where the observed DM density is explained by the
gravitino of mass in the range of about 1 keV-1 GeV (see
Appendix B).
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Upper bound for the messenger scale from the electron EDM (|d,| < 8.7 x 1072° ¢ cm). Here, we assume that

the relevant phase arises from the Higgs B-term as B = Bgyisg + i|m35].

If we embed the present model in string theories, there
arises an intriguing candidate for DM besides the gravitino,
that is the string moduli whose masses are of order of the
gravitino mass. For m3/, = 1-100 keV the moduli field is
long lived and a candidate for the DM [38]. The moduli
decay into two photons with the Planck suppressed
operator which can be accessible in cosmic x-ray telescopes
for m3;, = 1—100 keV [38,39]. It is very exciting that
two groups analyzing the x-ray data of the many galaxy
clusters have recently reported unidentified line signals at
3.5 keV [40,41].9 We will discuss more details in a future
publication [48].
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APPENDIX A: THE LIFETIME OF THE NLSP

In the models with gauge mediation, the decay length of
the NLSP is important for the LHC phenomenology. In this
appendix, we summarize the decay rate of the NLSP into a
gravitino.

The decay rate of the NLSP stau is given by

(ct;) ' =T(7 - G +1) (A1)

See for example, Refs. [42-47] for some recent ideas to
explain the line signals by DM.

Lmd (e (A2)
4871'Mpm3/2 m?
mz \° (100 keV'?
s (2 Y ()
TeV m3/2

where we have assumed m; > m,.
The decay rate of the NLSP neutralino is given by

()" =T > G+ +TF~G+2), (A4
where [49]
5
Iy —G+y) = pryyel 3/2|N]Bcos9W
+N1Wsm¢9W|2f< 3/2>, (A5)
my
3
M7—-G+2)= T Mpm;/{2| N, sinOy

m
+ Ny cos 9W|29<3/2,m%>, (A6)

my My
with N,z and N,y being neutralino mixing angles and

fr3p) = (1 =13, (1 +3r3),), (A7)
9(r32.77) \/1 rg/2 +7%) + (r%/2 - r%)?
x [(1 = r3/2)3(1 + 3’%/2)
-r2(3 + rg/z(—IZ +713)2)
+ry =133 - ri/z))}- (A8)

015027-7



HAMAGUCHLI et al.

For my > my, m3/, and N, =1, it is given by

ms

(cr;)~ = (18 m)~! ( 1 Tgv)s (10231:")2, (A9)

APPENDIX B: GRAVITINO
DARK MATTER IN MDGM

Here, we show that the LSP gravitino in the MDGM
model is a viable and natural dark matter candidate. Let
us consider, as an example, the case of N5 = 3. As shown
in Sec. IIl the Higgs mass requires that kF/M .=
300 — 400 TeV. There, the NLSP is the stau with a mass
of m;=0.8—1.2 TeV, and the galuino mass is about
my =35 TeV. The gravitino mass is then given by

Mopess 0.1\ [kF/Mpes,
= 0.83 MeV | —gmes ) 5 (20 (27 Hmess )
32 © (109 GeV) % ( k ) <350 Tev>

(B1)

If there is no late-time entropy production, the
gravitino abundance in the present Universe is determined
by the reheating temperature Tj [50], €; /2h2 =(0.3x
(Tg/10" GeV)(10 GeV/mj3,)(my/5 TeV)?. For instance,
for (M pesss (kF /M pess), k) = (102GeV, 300 TeV, 0.01),
the gravitino mass becomes ms3;, =7 GeV and it can
explain the dark matter density for T = O(10°%) GeV.
However, such a large gravitino mass may cause a too large
CP violation (see Fig. 6). In addition, T = 10° GeV is too
low for a successful thermal leptogenesis [51], which is one
of the most attractive baryogenesis mechanisms.

Interestingly, another viable scenario opens up if the
reheating temperature becomes higher than the messenger
mass, Tp > M, [37]. In the present scenario, both the
gravitino and the messenger fields become in thermal
equilibrium for Ty > Mmess.10 The resultant gravitino
abundance, Q3),h* =5 x 10°(m3/,/10 MeV), would by
far exceed the observed dark matter density, if there is no
late-time entropy production. However, in the minimal
gauge mediation, there is a natural mechanism to dilute this
gravitino abundance by the right amount, by the decay of a
metastable messenger field. We assume that the following
mixing term between the MSSM and the messenger fields
is induced by the R-symmetry breaking constant term W, in
the superpotential [37]:

SW = IWO

Ve Us; = fim3/2‘1’§i
P

(B2)

""This is the case as far as M < 1015 GeV x (k/0.1)2. If
this inequality is not satisfied, gravitinos are not necessarily in
thermal equilibrium for 7'p > M .. Gravitino dark matter
scenarios in such a case are discussed in Ref. [52].
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where 5; is the MSSM multiplet, f; are constants of order
unity, and i denotes the generation index. Then, the lightest
messenger field, which is the scalar component of a weak
doublet, becomes long lived and decays into Higgsino and
SM lepton through this small mixing with a rate;

L[ my \2(f3mz2)\?
I eeg = — — M B3
mess 87[ (U cos ﬁ) <Mmess mess ( )

= (6x 107 sec)”'f3 @n ) *
3\ 50
2 /1010

% m3/2 10" GeV ’ (B4)

10 MeV M ess

where v =174 GeV is the Higgs VEV, and we have
assumed that the decay into the third generation is
dominant. Thus, the messenger decays before the big
bang nucleosynthesis as far as f3= O(107%)x
(10 MeV/m3)5) (M pess /10 GeV)'/2. The thermal relic
abundance of the messenger field is given by Y . =
Nmess/ S = 3.7 x 10719(M .. ,/10° GeV)  [37,53]. The
energy density of the messenger field dominates the
Universe before its decay for M ee Y mess = Tq» Where Ty =
(9./10)™V4\/MpT pess With g, being the effective degrees
of freedom at 7 = T';. This condition is equivalent to

A i Mmess Ymess
3

Ty
100 L (950N [ Miness )2
7 \10) \ang)\ 100 Gev

(10 MeV)
X > 1.
ms;»

If this is satisfied, the final gravitino abundance is
given by

(BS)

1
93/2}12 = KQ?}Z}ﬂ
~0.16 f3 10\ I/# /tan 8 msyn 2
7\0.01/ \ g, 50 10 MeV
(1010GeV> 3/2
X | ———— .
MIIICSS
Therefore, the LSP gravitino in the minimal gauge media-
tion can explain the present dark matter density in a wide
range of the parameter space consistent with the Higgs
mass m;, = 126 GeV (see Fig. 4), with moderate values of
k and f5. We emphasize that the gravitino abundance is
independent of the reheating temperature as far as

Tr > M, and that the thermal leptogenesis works
successfully [37].

(B6)

015027-8



TESTING THE MINIMAL DIRECT GAUGE MEDIATION AT ...

[1] G. Aad et al. (ATLAS Collaboration), Phys. Lett. B 716,
1 (2012); CMS Collaboration, Phys. Lett. B 716, 30
(2012).

[2] M. Dine, W. Fischler, and M. Srednicki, Nucl. Phys. B189,
575 (1981); S. Dimopoulos and S. Raby, Nucl. Phys. B192,
353 (1981).

[3] M. Dine and W. Fischler, Phys. Lett. 110B, 227 (1982);
Nucl. Phys. B204, 346 (1982); C. R. Nappi and B. A. Ovrut,
Phys. Lett. 113B, 175 (1982); L. Alvarez-Gaume, M.
Claudson, and M. B. Wise, Nucl. Phys. B207, 96 (1982).

[4] S. Dimopoulos and S. Raby, Nucl. Phys. B219, 479 (1983).

[5] 1. Affleck, M. Dine, and N. Seiberg, Nucl. Phys. B256, 557
(1985).

[6] M. Dine and A.E. Nelson, Phys. Rev. D 48, 1277 (1993).

[7]1 M. Dine, A.E. Nelson, and Y. Shirman, Phys. Rev. D 51,
1362 (1995).

[8] M. Dine, A. E. Nelson, Y. Nir, and Y. Shirman, Phys. Rev. D
53, 2658 (1996).

[9] L. O’Raifeartaigh, Nucl. Phys. B96, 331 (1975).

[10] K.I. Izawa and T. Yanagida, Prog. Theor. Phys. 95, 829
(1996); K. A. Intriligator and S.D. Thomas, Nucl. Phys.
B473, 121 (1996).

[11] M. Ibe, Y. Shirman, and T.T. Yanagida, J. High Energy
Phys. 12 (2010) 027.

[12] D. Shih, J. High Energy Phys. 02 (2008) 091.

[13] Z. Komargodski and D. Shih, J. High Energy Phys. 04
(2009) 093.

[14] J. L. Evans, M. Ibe, M. Sudano, and T. T. Yanagida, J. High
Energy Phys. 03 (2012) 004.

[15] D. Curtin, Z. Komargodski, D. Shih, and Y. Tsai, Phys. Rev.
D 85, 125031 (2012).

[16] J. Hisano, M. Nagai, S. Sugiyama, and T. T. Yanagida, Phys.
Lett. B 665, 237 (2008).

[17] R. Rattazzi and U. Sarid, Nucl. Phys. B501, 297 (1997).

[18] Y. Kahn, M. McCullough, and J. Thaler, J. High Energy
Phys. 11 (2013) 161.

[19] E. Gabrielli and U. Sarid, Phys. Rev. Lett. 79, 4752 (1997).

[20] J. Hisano and Y. Shimizu, Phys. Lett. B 655, 269 (2007).

[21] Z. Chacko and E. Ponton, Phys. Rev. D 66, 095004
(2002).

[22] Z. Chacko, E. Katz, and E. Perazzi, Phys. Rev. D 66, 095012
(2002).

[23] J.L. Evans, M. Ibe, and T. T. Yanagida, Phys. Lett. B 705,
342 (2011).

[24] J. L. Evans, M. Ibe, S. Shirai, and T. T. Yanagida, Phys. Rev.
D 85, 095004 (2012).

[25] N. Craig, S. Knapen, D. Shih, and Y. Zhao, J. High Energy
Phys. 03 (2013) 154.

[26] M. Abdullah, I. Galon, Y. Shadmi, and Y. Shirman, J. High
Energy Phys. 06 (2013) 057.

[27] B. C. Allanach, Comput. Phys. Commun. 143, 305 (2002).

[28] Y. Okada, M. Yamaguchi, and T. Yanagida, Prog. Theor.
Phys. 85, 1 (1991); J.R. Ellis, G. Ridolf,i and F. Zwirner,
Phys. Lett. B 257, 83 (1991); H.E. Haber and R.
Hempfling, Phys. Rev. Lett. 66, 1815 (1991). See also,

PHYSICAL REVIEW D 90, 015027 (2014)

for example, J. R. Espinosa and R. J. Zhang, J. High Energy
Phys. 03 (2000) 026.

[29] S. Heinemeyer, W. Hollik, and G. Weiglein, Comput. Phys.
Commun. 124, 76 (2000); Eur. Phys. J. C9, 343 (1999); M.
Frank, T. Hahn, S. Heinemeyer, W. Hollik, H. Rzehak, and
G. Weiglein, J. High Energy Phys. 02 (2007) 047.

[30] CMS Collaboration, arXiv:1307.7135.

[31] T. Moroi and N. Yokozaki, Phys. Lett. B 701, 568 (2011).

[32] J. Baron et al. (ACME Collaboration), Science 343, 269
(2014).

[33] M. Ibe and T.T. Yanagida, Phys. Lett. B 709, 374 (2012).

[34] M. Ibe, S. Matsumoto, and T. T. Yanagida, Phys. Rev. D 85,
095011 (2012).

[35] N. Arkani-Hamed, A. Gupta, D. E. Kaplan, N. Weiner, and
T. Zorawski, arXiv:1212.6971.

[36] B. Bhattacherjee, B. Feldstein, M. Ibe, S. Matsumoto, and
T. T. Yanagida, Phys. Rev. D 87, 015028 (2013).

[37] M. Fujii and T. Yanagida, Phys. Lett. B 549, 273 (2002).

[38] T. Asaka, J. Hashiba, M. Kawasaki, and T. Yanagida, Phys.
Rev. D 58, 083509 (1998); J. Hashiba, M. Kawasaki, and T.
Yanagida, Phys. Rev. Lett. 79, 4525 (1997); T. Asaka, J.
Hashiba, M. Kawasaki, and T. Yanagida, Phys. Rev. D 58,
023507 (1998).

[39] A. Kusenko, M. Loewenstein, and T.T. Yanagida, Phys.
Rev. D 87, 043508 (2013).

[40] E. Bulbul, M. Markevitch, A. Foster, R. K. Smith, M.
Loewenstein, and S.W. Randall, Astrophys. J. 789, 13
(2014).

[41] A. Boyarsky, O. Ruchayskiy, D. Iakubovskyi, and J. Franse,
arXiv:1402.4119.

[42] H. Ishida, K. S. Jeong, and F. Takahashi, Phys. Lett. B 732,
196 (2014).

[43] D.P. Finkbeiner and N. Weiner, arXiv:1402.6671.

[44] T. Higaki, K. S. Jeong, and F. Takahashi, Phys. Lett. B 733,
25 (2014).

[45] J. Jaeckel, J. Redondo, and A. Ringwald, Phys. Rev. D 89,
103511 (2014).

[46] H. M. Lee, S.C. Park, and W.-I. Park, arXiv:1403.0865.

[47] R. Krall, M. Reece, and T. Roxlo, arXiv:1403.1240.

[48] K. Hamaguchi, M. Ibe, T.T. Yanagida, and N. Yokozaki
(unpublished).

[49] J. L. Feng, S. Su, and F. Takayama, Phys. Rev. D 70, 075019
(2004).

[50] M. Bolz, A. Brandenburg, and W. Buchmuller, Nucl. Phys.
B606, 518 (2001); Nucl. Phys. B790, 336(E) (2008); J.
Pradler and F. D. Steffen, Phys. Rev. D 75, 023509 (2007);
Phys. Lett. B 648, 224 (2007); V.S. Rychkov and A.
Strumia, Phys. Rev. D 75, 075011 (2007).

[51] M. Fukugita and T. Yanagida, Phys. Lett. B 174, 45 (1986).

[52] K. Choi, K. Hwang, H. B. Kim, and T. Lee, Phys. Lett. B
467, 211 (1999); H. Fukushima and R. Kitano, J. High
Energy Phys. 01 (2014) 081.

[53] S. Dimopoulos, G. F. Giudice, and A. Pomarol, Phys. Lett.
B 389, 37 (1996); T. Han and R. Hempfling, Phys. Lett. B
415, 161 (1997).

015027-9


http://dx.doi.org/10.1016/j.physletb.2012.08.020
http://dx.doi.org/10.1016/j.physletb.2012.08.020
http://dx.doi.org/10.1016/j.physletb.2012.08.021
http://dx.doi.org/10.1016/j.physletb.2012.08.021
http://dx.doi.org/10.1016/0550-3213(81)90582-4
http://dx.doi.org/10.1016/0550-3213(81)90582-4
http://dx.doi.org/10.1016/0550-3213(81)90430-2
http://dx.doi.org/10.1016/0550-3213(81)90430-2
http://dx.doi.org/10.1016/0370-2693(82)91241-2
http://dx.doi.org/10.1016/0550-3213(82)90194-8
http://dx.doi.org/10.1016/0370-2693(82)90418-X
http://dx.doi.org/10.1016/0550-3213(82)90138-9
http://dx.doi.org/10.1016/0550-3213(83)90652-1
http://dx.doi.org/10.1016/0550-3213(85)90408-0
http://dx.doi.org/10.1016/0550-3213(85)90408-0
http://dx.doi.org/10.1103/PhysRevD.48.1277
http://dx.doi.org/10.1103/PhysRevD.51.1362
http://dx.doi.org/10.1103/PhysRevD.51.1362
http://dx.doi.org/10.1103/PhysRevD.53.2658
http://dx.doi.org/10.1103/PhysRevD.53.2658
http://dx.doi.org/10.1016/0550-3213(75)90585-4
http://dx.doi.org/10.1143/PTP.95.829
http://dx.doi.org/10.1143/PTP.95.829
http://dx.doi.org/10.1016/0550-3213(96)00261-1
http://dx.doi.org/10.1016/0550-3213(96)00261-1
http://dx.doi.org/10.1007/JHEP12(2010)027
http://dx.doi.org/10.1007/JHEP12(2010)027
http://dx.doi.org/10.1088/1126-6708/2008/02/091
http://dx.doi.org/10.1088/1126-6708/2009/04/093
http://dx.doi.org/10.1088/1126-6708/2009/04/093
http://dx.doi.org/10.1007/JHEP03(2012)004
http://dx.doi.org/10.1007/JHEP03(2012)004
http://dx.doi.org/10.1103/PhysRevD.85.125031
http://dx.doi.org/10.1103/PhysRevD.85.125031
http://dx.doi.org/10.1016/j.physletb.2008.06.045
http://dx.doi.org/10.1016/j.physletb.2008.06.045
http://dx.doi.org/10.1016/S0550-3213(97)00363-5
http://dx.doi.org/10.1007/JHEP11(2013)161
http://dx.doi.org/10.1007/JHEP11(2013)161
http://dx.doi.org/10.1103/PhysRevLett.79.4752
http://dx.doi.org/10.1016/j.physletb.2007.08.087
http://dx.doi.org/10.1103/PhysRevD.66.095004
http://dx.doi.org/10.1103/PhysRevD.66.095004
http://dx.doi.org/10.1103/PhysRevD.66.095012
http://dx.doi.org/10.1103/PhysRevD.66.095012
http://dx.doi.org/10.1016/j.physletb.2011.10.031
http://dx.doi.org/10.1016/j.physletb.2011.10.031
http://dx.doi.org/10.1103/PhysRevD.85.095004
http://dx.doi.org/10.1103/PhysRevD.85.095004
http://dx.doi.org/10.1007/JHEP03(2013)154
http://dx.doi.org/10.1007/JHEP03(2013)154
http://dx.doi.org/10.1007/JHEP06(2013)057
http://dx.doi.org/10.1007/JHEP06(2013)057
http://dx.doi.org/10.1016/S0010-4655(01)00460-X
http://dx.doi.org/10.1143/ptp/85.1.1
http://dx.doi.org/10.1143/ptp/85.1.1
http://dx.doi.org/10.1016/0370-2693(91)90863-L
http://dx.doi.org/10.1103/PhysRevLett.66.1815
http://dx.doi.org/10.1088/1126-6708/2000/03/026
http://dx.doi.org/10.1088/1126-6708/2000/03/026
http://dx.doi.org/10.1016/S0010-4655(99)00364-1
http://dx.doi.org/10.1016/S0010-4655(99)00364-1
http://dx.doi.org/10.1007/s100529900006
http://dx.doi.org/10.1088/1126-6708/2007/02/047
http://arXiv.org/abs/1307.7135
http://dx.doi.org/10.1016/j.physletb.2011.06.020
http://dx.doi.org/10.1126/science.1248213
http://dx.doi.org/10.1126/science.1248213
http://dx.doi.org/10.1016/j.physletb.2012.02.034
http://dx.doi.org/10.1103/PhysRevD.85.095011
http://dx.doi.org/10.1103/PhysRevD.85.095011
http://arXiv.org/abs/1212.6971
http://dx.doi.org/10.1103/PhysRevD.87.015028
http://dx.doi.org/10.1016/S0370-2693(02)02958-1
http://dx.doi.org/10.1103/PhysRevD.58.083509
http://dx.doi.org/10.1103/PhysRevD.58.083509
http://dx.doi.org/10.1103/PhysRevLett.79.4525
http://dx.doi.org/10.1103/PhysRevD.58.023507
http://dx.doi.org/10.1103/PhysRevD.58.023507
http://dx.doi.org/10.1103/PhysRevD.87.043508
http://dx.doi.org/10.1103/PhysRevD.87.043508
http://dx.doi.org/10.1088/0004-637X/789/1/13
http://dx.doi.org/10.1088/0004-637X/789/1/13
http://arXiv.org/abs/1402.4119
http://dx.doi.org/10.1016/j.physletb.2014.03.044
http://dx.doi.org/10.1016/j.physletb.2014.03.044
http://arXiv.org/abs/1402.6671
http://dx.doi.org/10.1016/j.physletb.2014.04.007
http://dx.doi.org/10.1016/j.physletb.2014.04.007
http://dx.doi.org/10.1103/PhysRevD.89.103511
http://dx.doi.org/10.1103/PhysRevD.89.103511
http://arXiv.org/abs/1403.0865
http://arXiv.org/abs/1403.1240
http://dx.doi.org/10.1103/PhysRevD.70.075019
http://dx.doi.org/10.1103/PhysRevD.70.075019
http://dx.doi.org/10.1016/S0550-3213(01)00132-8
http://dx.doi.org/10.1016/S0550-3213(01)00132-8
http://dx.doi.org/10.1016/j.nuclphysb.2007.09.020
http://dx.doi.org/10.1103/PhysRevD.75.023509
http://dx.doi.org/10.1016/j.physletb.2007.02.072
http://dx.doi.org/10.1103/PhysRevD.75.075011
http://dx.doi.org/10.1016/0370-2693(86)91126-3
http://dx.doi.org/10.1016/S0370-2693(99)01156-9
http://dx.doi.org/10.1016/S0370-2693(99)01156-9
http://dx.doi.org/10.1007/JHEP01(2014)081
http://dx.doi.org/10.1007/JHEP01(2014)081
http://dx.doi.org/10.1016/S0370-2693(96)01241-5
http://dx.doi.org/10.1016/S0370-2693(96)01241-5
http://dx.doi.org/10.1016/S0370-2693(97)01205-7
http://dx.doi.org/10.1016/S0370-2693(97)01205-7

