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We discuss phenomenological viability of a novel inflationary model in the minimal gauge mediated
supersymmetry breaking scenario. In this model, cosmic inflation is realized in the flat direction
along the messenger supermultiplets and a natural dark matter candidate is the gravitino from the
out-of-equilibrium decay of the bino-like neutralino at late times, which is called the superWIMP
scenario. The produced gravitino is warmish and can have a large free-streaming length; thus the
cusp anomaly in the small scale structure formation may be mitigated. We show that the requirement
of the Standard Model Higgs boson mass to be muo = 125.1 GeV gives a relation between the
spectrum of the cosmic microwave background and the messenger mass M. We find, for the e-
folding number N. = 60, the Planck 2018 constraints (TT, TE, EE4lowE+lensing+BK15+BAO,
68% confidence level) give M > 3.64 x 107 GeV. The gravitino dark matter mass is mz/, < 5.8 GeV
and the supersymmetry breaking scale A is found to be in the range (1.28 — 1.33) x 10° GeV. Future
CMB observation is expected to give tighter constraints on these parameters.

I. INTRODUCTION

The direct detection of gravitational waves by the
Laser Interferometer Gravitational-wave Observatory
and the discovery of the Higgs boson in the Large Hadron
Collider have been major achievements in this century.
For fundamental science, equally important are the null
results, or the absence of discoveries. Today, we are con-
fronted with several null results contrary to expectations
of theorists. One of them is the non-detection of cosmic
microwave background (CMB) B-mode polarisation of
primordial origin. Since many simple inflationary models
predict a large tensor mode perturbation and hence de-
tectably large B-mode polarisation, they are now strongly
disfavoured by the observation. Consequently, realistic
inflationary model building requires a more sophisticated
framework than, for example, the simple chaotic-type in-
flation models that were once considered standard. An-
other important null result we encountered concerns su-
persymmetric particles. It now seems unlikely that the
hierarchy problem is solved by the low scale supersym-
metry scenario, as was once hoped. Nevertheless, super-
symmetry itself is an exquisite theoretical framework that
resolves many of the shortcomings inherent in the Stan-
dard Model (SM), such as the radiative stability of the
scalar potential and the natural unification of the gauge
couplings. It is also well known that supersymmetry is
one of the few avenues that the local Lorentz-invariant
quantum field theory can be consistently extended [T}, 2].
Furthermore, supersymmetry is an essential ingredient
when constructing an ultraviolet complete theory, such
as string theory. Thus from a theoretical perspective, it
is reasonable to suppose that supersymmetry may well be
realized at an energy scale beyond our current experimen-
tal reach, rather to dismiss it as an outright irrelevance.

Motivated by the precision measurements of the CMB
spectrum, we discuss, in this paper, a scenario of cosmic
inflation within the Minimal Supersymmetric Standard

Model (MSSM). In this scenario, inflation is implemented
by known component fields, and its prediction is shown
to be compatible with current CMB observations. A no-
table feature of this scenario is that it predicts gravitino
dark matter produced non-thermally at late times, which
is called the superWIMP dark matter in the literature [3-
6]. As supersymmetry is broken in the real world, any
phenomenological model of supersymmetry must include
a breaking mechanism. The gauge-mediated supersym-
metry breaking (GMSB) [7H12] is a simple, elegant, and
highly predictive mechanism of supersymmetry break-
ing which is not afflicted by the conundrum of flavour-
changing neutral currents. In GMSB, the breaking of
supersymmetry is communicated from the hidden sector
to the MSSM sector by a pair (or pairs) of the messenger
supermultiplets ® and ® that are charged under the SM
gauge group and coupled to a hidden sector field S, which
is singlet under the SM gauge group. We investigate cos-
mic inflation along the flat direction for the messenger
fields ® and ®. This possibility seems relatively unex-
plored. We use 125.1 GeV of the Higgs mass as a phe-
nomenological input, and assume that the present dark
matter abundance consists of the super WIMP. Then, this
messenger inflation model predicts a relation between the
CMB spectrum and the mass of the messengers.

In the next section we review the GMSB scenario and
explain our notations. SuperWIMP dark matter, which
is one of the key features of this scenario, is discussed
in Sec. [Tl We describe our inflationary model and its
predictions in Sec. [[V] and discuss constraints on the pa-
rameter space in Sec. [V} In Sec. [VI] we conclude with
some remarks.

II. MINIMAL GAUGE MEDIATED
SUPERSYMMETRY BREAKING

In GMSB, the messenger fields are vector-like pairs
of chiral supermultiplets D, D¢ and L, L transforming



under the SM gauge group as in the following table:

|SU3). SU@2)L ULy

De| 8* 1 +1/3
L 1 2 -1/2
D 3 1 -1/3
L 1 2 41/2

In order to maintain the gauge coupling unification,
it is customary to assume that the messengers come in
multiplets

®=(D° L), ®=(D,L), (1)
so that ® is in 5* and ® is in 5 of a global SU(5)
symmetry group. More generally, the messenger fields
may be treated as Nj copie of such pairs (®r,®;),
I=1,2,---,N5. The superpotential for the GMSB sce-
nario is

W = (yS + M)®® + Wya(9), (2)

where S is a SM gauge singlet which represents the dy-
namics of supersymmetry breaking, M is the mass of the
messenger fermions, and y is a dimensionless coupling
constant. The hidden sector superpotential Whyq(S) is
assumed to give a nonzero F-term for the S field so that
the supersymmetry is broken in the vacuum,

(S)=0+6"Fs, (@) =@ =0.  (3)

The messenger mass terms then become
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where ® and ® represent the scalar components, and Us
and Vg are the corresponding fermionic counterparts.
The effect of supersymmetry breaking is manifest as the
eigenvalues for the scalar masses are seen to deviate from
the fermionic masses. As the squared scalar masses need
be positive, we must have M? > yFg. The leading con-
tribution to the gaugino masses arises from 1-loop

Qq
M, = ]\%EA, (5)

whereas the soft masses for scalars are generated at 2-
loop,

3
Qq

m? = 2N;A% S Cu(Ry) (E)Q. (6)

a=1

1 Nj is the Dynkin index of the representation: N5 = 1 for 5* 4 5,
N5 = 3 for 10* + 10, N5 = 5 for 24* 4 24, etc.

Here we included the multiplicities N5 and introduced

yF.
VR (7)

2
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The index a = 1, 2,3 stands for U(1)y, SU(2)., SU(3).
and Cy(R;) are the quadratic Casimir for the represen-
tation R;. The gravitino mass is

Fg
= 7’ 8
msz/2 \/§7\ = ( )

where Mp = 2.44x10'8 GeV is the reduced Planck mass.

The minimal GMSB scenario is highly predictive in the
sense that the mass spectrum is determined by a handful
of parameters

N5, M, A, tan 3, signp. (9)
One may use the Higgs mass [13]
ho = 125.10 £ 0.14 GeV (10)

to constrain the parameter space. In Table[[|we show the
prediction of the minimal GMSB scenario for the mass
parameters using the SOFTSUSY 4.1.10 package [14], when
N5, A and tan § are given as the input parameters and M
is fixed by the condition . The sign of u is chosen to
be positive. Furthermore, if the gravitino mass is known,

from @ and we may ﬁn(ﬂ
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As we see in the next section, the requirement for the
superWIMP scenario that the non-thermally generated
gravitino comprises the observed abundance of dark mat-
ter indeed determines the gravitino mass parameter. In
the rest of this paper, for definiteness we choose p > 0
and consider the minimal GMSB with the superWIMP
dark matter scenario, where the prediction is entirely
given by N5, M and tan .

III. SUPERWIMP DARK MATTER

In GMSB, the gauge mediation effects dominate over
the gravity mediation effects. Since the latter contribu-
tion is of the order of the gravitino mass, we must have

Fs
Mg = ——— —A. 12
3/2 \/§Mp < 47 ( )

2 This y represents the same degree of freedom as Cgrav commonly
used in the literature. In [I5} [I6] which analyze the super WIMP
scenario after the discovery of the Higgs boson, y (ngrav) is set
to unity.



TABLE I. The mass spectra in the units of GeV and the CMB parameters n, and r. We used SOFTSUSY 4.1.10 [14]. The three
parameters N5, M, tan 8 are the input, and the remaining mGMSB parameters A is fixed by the Higgs mass m;, = 125.1 GeV.
We assume p > 0. The gravitino mass ms/o is determined by with Qg/ghQ = 0.120 in the superWIMP scenario. The ng
and r values on the first column are for the minimally coupled case (M = 1.87 x 107 for N, = 50, M = 1.46 x 107 for N, = 60).

tan 8 45
N5 5
M 107 10% 107 10™ 10™
A 1.262 x 10° 1.300 x 10° 1.318 x 10° 1.287 x 10° 3.157 x 10°
ho 125.1
Hy 5924 6521 6919 7456 3680
Ao 5924 6521 6919 7456 3680
H* 5924 6522 6920 7456 3681
g 8087 8263 8346 8087 9437
%?,2 1764, 3290 1809, 3370 1832, 3407 1780, 3296 2176, 3893
%g,4 4034, 4039 4648, 4650 5026, 5028 5372, 5374 3922, 4026
)~<1i2 3290, 4039 3370, 4651 3407, 5028 3296, 5374 3893, 4027
U, C1.0 1.084 x 107, 1.154 x 107 | 1.080 x 107, 1.157 x 10%| 1.065 x 10%, 1.147 x 10%| 9664, 1.060 x 107 || 8291, 8763
t1o 9721, 1.102 x 10* 9441, 1.094 x 10* 9097, 1.076 x 10* 7622, 9702 7215, 8045
d, 310 1.076 x 10%, 1.154 x 10%,| 1.070 x 10%, 1.157 x 10*| 1.054 x 10%, 1.147 x 10*| 9460, 1.060 x 10%,|| 8237, 8763
bio 1.073 x 10%, 1.101 x 10* | 1.067 x 10%, 1.093 x 10*| 1.051 x 10, 1.076 x 10* 9416, 9700 7764, 8044
Ve, 4386 4627 4812 5236 3224
Ur 4381 4621 4804 5222 3114
€, 11,2 2344, 4387 2547, 4628 2734, 4813 3479, 5237 1766, 3226
T1,2 2327, 4382 2525, 4622 2707, 4805 3438, 5223 1321, 3118
ms/o 6.137 5.375 4.741 2.721 376.8
Q300" 0.120
3 0) 0.06310 1.339 2.419 x 107 0.007754
N (0.9418) 0.9606 0.9615 0.9616 0.9565
r (Ne = 50) (0.3106) 0.01498 0.004713 0.004192 0.07526
& (0) 0.08371 1.612 2.883 x 107 0.01218
N (0.9512) 0.9673 0.9678 0.9678 0.9652
r (Ne = 60) (0.2600) 0.008777 0.003270 0.002964 0.03858
The gaugino masses and the soft masses are both of the thermally produced relics is approximated byE]
order of §«A. Thus the gravitino is the lightest super- _ a1 9
symmetricﬂparticle (LSP) in GMSB. The next lightest Qoh? ~ 8.7 x 1071 x (n + 1)‘ch+ GeV (14)
supersymmetric particle (NLSP) is either a neutralino or Xt V9x0 5 ’
a stau. See Table [l where n = 1 for the p-wave and
As the neutralinos are unstable, the freeze-out neu-
tralipo dark matter scenario that leac.ls to the W¥MP mir- oy =X — (n n 1) In X, (15)
acle in generic supersymmetry breaking models is not ap- 2
plicable to GMSB. However, the gravitino produced as a g
decay product of the NLSP neutralino is stable and hence X ~In {0-19 x (n+1) Mpmspog|, (16)
*

is a good candidate of dark matter. In this gravitino dark
matter scenario, dubbed the superWIMP scenario [5, [6],
the number density of the gravitino dark matter particles
is the same as that of the thermally produced long-lived
neutralino NLSP. The relic abundance of the gravitino
dark matter is then

Qy/0h® = Qgoh? x <m3/2> —0.120,  (13)

X

where we used the center value of the Planck 2018 result
[17] Q.h? = 0.12040.001 for the dark matter abundance.

For the bino-like neutralino Y9 ~ B, the abundance of the

with g = 2 the helicity degrees of freedom for the NLSP
neutralino ¥y (Majorana particle). We use the SM value
g« = 106.75 for the relativistic degrees of freedom, as the
thermal production takes place well below the supersym-
metry breaking scale. The pair annihilation cross section
of the bino-like neutralino o5 is dominated by the p-
wave pair annihilation process through the exchange of
the right-handed charged sleptons in the t-channel,

3 This formula for the freeze-out relic abundance is well known [I8].
We checked for our parameter choices that numerical results of
the micrOMEGASs package [19] 20] agree within a percent.
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FIG. 1. The gravitino mass mg/, (black, scale on the left
axis) and the Yukawa coupling y (red, scale on the right axis)
as functions of the messenger fermion mass M. We use N5 =
1, tan 8 = 10. The A parameter is fixed by the condition that
the Higgs mass is 125.10 GeV.

which, for a pure bino B with the right-handed slepton
exchange is evaluated as [21]

_ 3gyp(1+0%)
2rm2 (1 + p)*’

€r

B (17)

where p = (mgo/ mz,,)?. We evaluate the gauge coupling
gy at the breaking scale using the SOFTSUSY 4.1.10 pack-
age [I4]; for the minimal GMSB parameters tan 8 = 10,
N5 =1and M = 107"'3, it is found to be gy ~ 0.367.

The gravitino mass is then determined by the condi-
tion for the superWIMP scenario, and the Yukawa
coupling parameter y is found from ([11)). The gravitino
mass thus obtained is listed in Table [I} Fig. |I| shows the
gravitino mass ms,, and the Yukawa coupling y as func-
tions of the messenger mass M, when N5 = 1, tan 8 = 10
and g > 0. The gravitino mass stays within a few GeV
range, whereas the Yukawa coupling is seen to vary expo-
nentially. The perturbative limit y < O(1) corresponds
to M < 10'3 GeV.

IV. MESSENGER INFLATION

The inflationary model is constructed by embedding
the MSSM (including the messenger and the hidden sec-
tor) in supergravity. The part of the Lagrangian perti-
nent for the inflationary model is

Lo /d49¢f¢/c+{/d29¢3w+h.c.}, (18)

4

where W is the superpotential given by and the
Kéhler potential in the superconformal framework [22-
28] is here assumed to be noncanonical:

_ 3
K ==3Mg+ (|2° + |®|* + |S]*) — 57 (®® + h.c.) + -
(19)

where v is a dimensionless parameter. With this choice
of the noncanonical Kéhler potential, the mechanism of
GMSB discussed in Sec. [[1]is essentially unaltered.

This supergravity embedding is similar to the one used
in various supersymmetric extensions of the SM Higgs in-
flation model [29H39)]. It is discussed in [40] that there is
no direct analogue of SM Higgs inflation in the MSSM,
but in an extended model such as the next-to-minimal
supersymmetric Standard Model (NMSSM), a supersym-
metric version of the SM Higgs inflation model may be
constructed. It would be interesting to point out that
with GMSB, the MSSM alone can accommodate success-
ful slow-roll inflation of the same type.

We assume that inflation takes place in the flat direc-
tion along the messenger multiplets, parametrized by

d=b=_¢p, (S)=0. (20)

2
Possible instabilities in the S direction [4I] may be re-
moved by the effect of the hidden sector superpotential
Whia(S) in , or by higher order terms in the Kahler
potential as discussed in [29]. From (2]) and one may
find the supergravity action. Its scalar part is

M2 + &2 1
Sscalar = /d4x\/jg |:P£SDR _ 5(890)2 . VJ(QO)

2
(21)
where R is the scalar curvature, { = 7 — % and
2 AMBE — (3 4+27) o2
Y 4 2 2%Vp — (g T27) %
Vile) = =¢"+ M (22)
16 SME — (2 = 37)¢?

The second term of is negligible when yp > M,
which is the case of our interest since M/y ~ 103 GeV
(see Fig and ¢ > 1072 Mp during inflation. Thus
the effective theory of messenger inflation is the non-
minimally coupled ¢* inflation model, that includes the
minimally coupled ¢* model and the SM Higgs inflation
model as special cases.

The prediction of the nonminimal ¢* model is un-
derstood in the framework of the standard slow roll
paradigm [42]. Transforming the Jordan frame action
into the Einstein frame by Weyl rescaling of the
metric, the field ¢ has a deformed potential

y e

Vel =S5 g e &

The field ¢ has a noncanonical kinetic term in the Fin-
stein frame and is related to the canonically normalized



VME + & + 689
Mg + &

dp = de. (24)
One may now introduce slow roll parameters to analyze
the model and obtain the prediction for the cosmological
parameters.

The model contains two real parameters ¢ and y. We
use the normalization of the scalar amplitudeﬂ to deter-
mine the nomiminimal coupling £. Then, apart from the
e-folding number N,, the spectrum is entirely given by a
single parameter, which may be chosen to be the Yukawa
coupling y.

In Sec. [ and Sec. [Tl we saw that the minimal GMSB
with the successful superWIMP dark matter scenario is
controlled by a set of parameters

N5, M, tanp. (25)
The Yukawa coupling is also determined by them.
Thus, for a given e-folding number N, the CMB spec-
trum of this inflationary model is uniquely determined
by the parameters . Fig. [2| shows the primordial
tilt ng and the tensor-to-scalar ratio r, when N5 = 1
and tanf = 10, as M is varied. The scalar self cou-
pling for the minimally coupled ¢* inflation corresponds
to M = 1.87 x 107 GeV for N, = 50 and M = 1.46 x 107
GeV for N, = 60 and thus, the messenger mass M giving
the Planck-normalized scalar amplitude must be larger
than these values.

The constraints on the CMB spectrum give the lower
bound on the messenger mass M. We find, from the
Planck 2018 results (TT +TE +EE +lowE +lensing
+BK15 +BAO) [43],

M > 4.40 x 10% GeV
M > 5.78 x 107 GeV

(68% C.L.)  (26)
(95% C.L)  (27)

for e-folding number N, = 50, and

M > 3.64 x 107 GeV
M > 3.01 x 107 GeV

(68% C.L)  (28)
(95% C.L)  (29)

for N, = 60. We saw, in Fig. that perturbativity
y < O(1) requires M < 103 GeV. In the context of non-
minimally coupled ¢* inflation, it is argued, e.g. in [44}-
A7), that unitarity is violated for too large & (see also [48],
however). In our case, this gives another upper bound for
the messenger mass M. If the unitarity bound is given
by ¢ < 100, for example, we must have M < 10'! GeV
for both N, = 50 and N, = 60, which is stronger than
the one given by the perturbativity requirement.

4 In numerics we used the Planck 2018 [I7] TT, TE, EE +lowE
+lensing +BAO value As = exp(3.047) x 10710 at the pivot scale
ko = 0.05 Mpc—1.
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FIG. 2. The prediction of the messenger inflation model for
the primordial tilt ns and the tensor-to-scalar ratio r. The
plots of the e-folding number N. = 50 and 60 are shown,
with the Planck 2018 1- and 2-¢ constraints indicated on the
background. The dashed line is r = 3 (1—n), corresponding
to the minimally coupled (£ = 0) case.

V. THEORETICAL AND OBSERVATIONAL
CONSTRAINTS

Let us now discuss further details of the model and its
phenomenological consistency. Our main focus is on the
N5 =1 and tan 8 = 10 case, except in Sec. where
the viability of the stau NLSP scenario is discussed.

A. Reheating temperature

Although the messenger fields are coupled to the SM
matter fields by the SM gauge interactions, the decay
channel of the messenger inflaton is through a Yukawa
interaction, if such an interaction exists at all. Indeed,
the @ field is in the 5* representation of SU(5), and re-
calling that this is the same representation as that of
the SM fermions (the lepton doublets and the down-type
quark singlets) in the Georgi-Glashow SU(5) grand uni-
fied theory, a gauge invariant 5*-10-5* Yukawa interac-
tion can exist for ®. Using the component fields , the
superpotential responsible for the decay of the ® would
be

W D yrLHge® + yp D HyQ, (30)

where e¢ and @ are the MSSM fields in 10 and Hy is the
down-type Higgs in 5* of SU(5). Although this Yukawa
interaction breaks the Zs; symmetry that exchanges ®
and @, it has negligible effects on the GMSB mechanism.

The reheating temperature may then be evaluated for
the perturbative decay L — Hy,e® through the y;, inter-



action’} The condition that the decay width
y?
I~ 2N (31)
8m

becomes comparable to the Hubble parameter gives

45\ /4
() w

YL
T~ =
b 2w

The reheating temperature is thus controlled by the cou-
pling yr.

B. Thermal gravitino production

The gravitino is produced also by the scattering of par-
ticles in the thermal plasma during the radiation domi-
nated era after inflation. Its relic abundance is evaluated
as [52] B3]

Ton 1 GeV Ms \?
QTP 2 ~ 0.
3/2h" ~ 03 (108 Gev> ( ms /o ) (1 Tev> » (33)

where M3 is the gluino mass. For the successful super-
WIMP dark matter scenario, this contribution should be
subdominant to the nonthermally produced relic abun-
dance (|13). For N5 = 1 and tan 8 = 10, the gluino mass
is M3 ~ 10 TeV. As the gravitino mass range of our in-
terest is m3/5 ~ 1 GeV, the thermally produced gravitino
is negligible when

T < 10° GeV. (34)

On the other hand, the NLSP neutralino of mass msgo ~
a few TeV need to be produced from the thermal plasma
and thus

Tin 2 a few TeV. (35)

The reheating temperature of this scenario must satisfy
both and . For a given messenger mass M, the
constraints on the reheating temperature give bounds on
the Yukawa coupling y;, in . For example, Ty, ~
10° GeV is a reasonable value of reheating temperature
in our scenario with M ~ 10% GeV and y7, ~ 1078,

C. Big bang nucleosynthesis

Another important requirement for the success of the
super WIMP scenario is that the big bang nucleosynthesis
is not disturbed by the late time decay of the neutralino

5 We neglect nonlinear effects [49H51] for simplicity.

NLSP [54]. The lifetime of the bino-like neutralino is

evaluated for the decay modes B — vG as [5, 6]

m3/2 )2 1 TeV
1 GeV mg

In our scenario with N5 = 1 and tan = 10, the life-
time of the NLSP neutralino is 753 < 1 sec. Thus the
NLSP neutralino decays before the big bang nucleosyn-
thesis commences (=~ 1 sec.), leaving the big bang nucle-
osynthesis intact.

5
Ty ~ 0.74 x ( ) sec. (36)

D. Gravitino free streaming length

As the gravitino is much lighter than the NLSP neu-
tralino, the gravitino is energetic when it is produced.
The production occurs at late times, when the Hubble
expansion rate is already small and the effect of redshift
on the gravitino is not significant. Thus the nonthermally
produced gravitino has a relatively long free streaming
length [55, [56],

teq 1 TeV\ 32
AFs :/ Y g~ 018 x (VN wpe. (37)
s alt) mp

Although the cold dark matter scenario is known to be
successful in explaining the structure formation at large
scales 2 1 Mpec, recent studies of N-body simulation
suggest that the structure formation at small scales fa-
vors warm dark matter, with the free streaming length
Aps ~ 0.1 Mpc [57]. It can be seen from Table[l|and
that our model indeed gives Apg ~ 0.1 Mpc, preferred by
the small scale structure formation.

E. Competing dark matter scenarios

It is well known that in some parameter region of
the minimal GMSB scenario, a stau, rather than a neu-
tralino, can be the NLSP. An example is shown on the
rightmost column in Table Il Since we are studying the
supersymmetric model, some charged configuration in a
flat direction, called a Q-ball, can also be stable and be-
have as dark matter. Let us briefly comment of these two
possibilities below.

1. Stau NLSP scenario

As the gaugino mass is proportional to N5 and the
soft scalar mass @ is proportional to /N5, the scalar
leptons become relatively lighter than neutralinos when
Ny is large. The lightest stau 71, instead of the lightest

neutralino !, may then become the NLSPH An exam-

6 The stau NLSP scenario may also arise from the effects of hidden
sector renormalization [58] [59].



ple of the parameters and the mass spectrum giving the
125.1 GeV Higgs boson mass is shown in Table[l} In this
case, the late time decay of the stau NLSP produces the
gravitino, which may be considered as superWIMP dark
matter.

Similarly to the neutralino NLSP case , the relic
abundance of the nonthermally produced gravitino is re-
lated to that of the stau NLSP Qz h? by

Q3/0h? = Qs b2 % (7”3/2) . (38)

mz

For the (purely right handed) stau, the dominant chan-
nels of annihilation are through the electromagnetic in-
teraction into two photons and the t-channel annihilation
into two taus with bino exchange:

T - - -

Ty -4 T

of which the latter contribution is subdominant except
when the neutralino mass mg is very close to the stau
mass mz [60]. For the first diagram, the annihilation
cross section is oz, = 4mwaZ, /m2 , where Gem = goy, /4T
and gen is the electromagnetic coupling constant. The
stau NLSP abundance Qz h? is evaluated using the con-
tribution from the first diagram, by equations similar to
(T4), ({15), with n = 0 (s-wave annihilation), g = 2,
and oz, mso replaced by oz, mz .

As the gravitino relic abundance is given by , the
gravitino mass is determined by the condition (25 /2h2 =
0.120, that is, the gravitino produced by the late time
decay of the stau NLSP comprises the total abundance
of the present dark matter. For example, we find mg,, =
376.8 GeV when tan 3 = 45, N5 = 5 and M = 10'° GeV,
as listed in Table[[] The gravitino mass of a few hundred
GeV and the stau mass of ~ TeV, however, are excluded
by the constraints from the big bang nucleosynthesis [61].
Although the parameters of the minimal GMSB may be
adjusted, the gravitino mass and the stau mass stay in
the same order in the stau NLSP case. It thus seems diffi-
cult to construct a stau NLSP version of this inflationary
scenario satisfying phenomenological requirements.

2. Q-ball dark matter

The reheating temperature is lower than what
is required for generic (non-resonant) leptogenesis. In
the supersymmetric Standard Model, it is then natural
to suppose that the baryon asymmetry of the Universe
is generated along a charged flat direction, i.e. by the
Affleck-Dine mechanism [62]. It has been pointed out

[63] that some charged configurations along a flat direc-
tion, called Q-balls, can be stable and hence considered
as dark matter. The conditions for Q-ball dark matter,
namely the stability and the correct relic abundance, are
studied for example in [64]. There are known to be two
types of Q-balls, called the gauge mediation type and
the “new” type. For both types, the parameter ranges
for the Q-balls to be dark matter are very different from
the parameter range of our scenario; for the reheating
temperature and the gravitino mass of a few GeV,
the Q-balls are actually unstable and they cannot remain
as dark matter today.

VI. FINAL REMARKS

In this paper we discussed the possibilities that the
messenger fields in gauge mediation may be identified as
the inflaton field for cosmic inflation. The requirements
that the Higgs boson mass is 125.1 GeV and the grav-
itino dark matter has the correct relic abundance make
the minimal GMSB superWIMP scenario extremely pre-
dictive. In particular, we have shown that there appears
a direct relation between the prediction of the CMB spec-
trum and the messenger mass scale, as indicated in Fig.

The theoretical framework of this inflationary scenario
is minimalistic. It is the MSSM with the minimal GMSB.
It is amusing to observe that the phenomenologically vi-
able and observationally compatible inflationary scenario
can be constructed in such a simple and well known
framework. In a sense, the model presented in this paper
may be considered as the simplest supersymmetric ana-
logue of the SM Higgs inflation model. Of course, the
relatively large 125.1 GeV Higgs boson mass indicates
that the supersymmetric particles (except the gravitino)
are heavy, so that testing this scenario by collider exper-
iments is difficult. In cosmology, there are many projects
for CMB observation; for example, the CMB B-mode
observation by the LiteBIRD satellite experiments [65]
targets the tensor-to-scalar ratio of order Ar < 0.001.
Fig. [2| suggests that our scenario may be falsified by such
experiments; otherwise the value of the tensor-to-scalar
ratio r will predict the scale of supersymmetry breaking.
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