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SUSY Higgs Inflation
• MSSM no good, NMSSM good [Einhorn & Jones 2009] 


• NMSSM model unstable [Ferrara Kallosh Linde Marrani 
Van Proeyen, 1004.0712]


• Instability removed if appropriate Kähler potential is used 
[Ferrara Kallosh Linde Marrani Van Proeyen, 1008.2942]


• SU(5) SUSY GUT Higgs inflation [Arai, SK, Okada 
1107.4767]


• SUSY seesaw (LHu) inflation [Arai, SK, Okada 1112.2391] 



MSSM really cannot accommodate this type of inflation models?

It does!

If SUSY breaking sector is included.

Gravity mediation Gauge mediation

Coupling Planck suppressed ops MSSM gauge

FCNC Challenging Naturally suppressed

𝜇-problem Simple Challenging

DM Neutralino Gravitino



Minimal GMSB

2

under the SM gauge group as in the following table:

SU(3)c SU(2)L U(1)Y

Dc 3⇤ 1 +1/3
L 1 2 �1/2
D 3 1 �1/3
L 1 2 +1/2

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

� = (Dc
, 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 N5 copies1 of such pairs (�I ,�I),
I = 1, 2, · · · , N5. The superpotential for the GMSB sce-
nario is

W = (yS +M)��+Whid(S), (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 Whid(S) is
assumed to give a nonzero F-term for the S field so that
the supersymmetry is broken in the vacuum,

hSi = 0 + ✓
2
FS , h�i = h�i = 0. (3)

The messenger mass terms then become

L ��M � � + h.c

�
�
� �⇤ �✓ M

2
yFS

yFS M
2

◆✓
�

⇤

�

◆
, (4)

where � and � represent the scalar components, and  �
and  � are the corresponding fermionic counterparts.
The e↵ect 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

2
> yFS . The leading con-

tribution to the gaugino masses arises from 1-loop

Ma = N5
↵a

4⇡
⇤, (5)

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

m
2
i = 2N5⇤

2
3X

a=1

Ca(Ri)
⇣
↵a

4⇡

⌘2
. (6)

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

Here we included the multiplicities N5 and introduced

↵a ⌘
g
2
a

4⇡
⇤, ⇤ ⌘

yFS

M
. (7)

The index a = 1, 2, 3 stands for U(1)Y , SU(2)L, SU(3)c
and Ca(Ri) are the quadratic Casimir for the represen-
tation Ri. The gravitino mass is

m3/2 =
FS

p
3MP

, (8)

where MP = 2.44⇥1018 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, ⇤, tan�, signµ. (9)

One may use the Higgs mass [13]

h0 = 125.10± 0.14 GeV (10)

to constrain the parameter space. In Table I we show the
prediction of the minimal GMSB scenario for the mass
parameters using the softsusy 4.1.10 package [14], when
N5, ⇤ and tan� are given as the input parameters and M

is fixed by the condition (10). The sign of µ is chosen to
be positive. Furthermore, if the gravitino mass is known,
from (7) and (8) we may find2

y =
⇤M

p
3MPm3/2

. (11)

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 µ > 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 e↵ects dominate over
the gravity mediation e↵ects. Since the latter contribu-
tion is of the order of the gravitino mass, we must have

m3/2 =
FS

p
3MP

⌧
↵a

4⇡
⇤. (12)

2 This y represents the same degree of freedom as cgrav commonly
used in the literature. In [15, 16] which analyze the superWIMP
scenario after the discovery of the Higgs boson, y (ngrav) is set
to unity.
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FIG. 1. The gravitino mass m3/2 (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� = 10. The ⇤ parameter is fixed by the condition that
the Higgs mass is 125.10 GeV.
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which, for a pure bino eB with the right-handed slepton
exchange is evaluated as [21]

� eB =
3g4Y ⇢(1 + ⇢
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, (17)

where ⇢ ⌘ (me�0
1
/meeR)

2. We evaluate the gauge coupling
gY at the breaking scale using the softsusy 4.1.10 pack-
age [14]; for the minimal GMSB parameters tan� = 10,
N5 = 1 and M = 107�13, it is found to be gY ' 0.367.

The gravitino mass is then determined by the condi-
tion (13) 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. 1 shows the
gravitino mass m3/2 and the Yukawa coupling y as func-
tions of the messenger mass M , when N5 = 1, tan� = 10
and µ > 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 . 1013 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
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where W is the superpotential given by (2) and the
Kähler potential in the superconformal framework [22–
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where � is a dimensionless parameter. With this choice
of the noncanonical Kähler potential, the mechanism of
GMSB discussed in Sec. II is essentially unaltered.
This supergravity embedding is similar to the one used

in various supersymmetric extensions of the SM Higgs in-
flation model [29–39]. 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

� = � =
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2
', hSi = 0. (20)

Possible instabilities in the S direction [41] may be re-
moved by the e↵ect of the hidden sector superpotential
Whid(S) in (2), or by higher order terms in the Kähler
potential as discussed in [29]. From (2) and (19) one may
find the supergravity action. Its scalar part is
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The second term of (22) is negligible when y' � M ,
which is the case of our interest since M/y ⇠ 1013 GeV
(see Fig.1) and ' & 10�2

MP during inflation. Thus
the e↵ective theory of messenger inflation is the non-
minimally coupled '

4 inflation model, that includes the
minimally coupled '

4 model and the SM Higgs inflation
model as special cases.
The prediction of the nonminimal '

4 model is un-
derstood in the framework of the standard slow roll
paradigm [42]. Transforming the Jordan frame action
(21) into the Einstein frame by Weyl rescaling of the
metric, the field ' has a deformed potential

VE(') =
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The field ' has a noncanonical kinetic term in the Ein-
stein frame and is related to the canonically normalized
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FIG. 1. The gravitino mass m3/2 (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� = 10. The ⇤ parameter is fixed by the condition that
the Higgs mass is 125.10 GeV.
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minimally coupled '

4 model and the SM Higgs inflation
model as special cases.
The prediction of the nonminimal '

4 model is un-
derstood in the framework of the standard slow roll
paradigm [42]. Transforming the Jordan frame action
(21) into the Einstein frame by Weyl rescaling of the
metric, the field ' has a deformed potential

VE(') =
y
2

16

'
4

(M2
P + ⇠'2)2

. (23)

The field ' has a noncanonical kinetic term in the Ein-
stein frame and is related to the canonically normalized
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SuperWIMP DM
Neutralino NLSP decay  gravitino DM→

3

TABLE I. The mass spectra in the units of GeV and the CMB parameters ns and r. We used softsusy 4.1.10 [14]. The three
parameters N5, M , tan� are the input, and the remaining mGMSB parameters ⇤ is fixed by the Higgs mass mh = 125.1 GeV.
We assume µ > 0. The gravitino mass m3/2 is determined by (13) with ⌦3/2h

2 = 0.120 in the superWIMP scenario. The ns

and r values on the first column are for the minimally coupled case (M = 1.87⇥ 107 for Ne = 50, M = 1.46⇥ 107 for Ne = 60).

tan� 10 45
N5 1 5
M 107 108 109 1013 1010

⇤ 1.262⇥ 106 1.300⇥ 106 1.318⇥ 106 1.287⇥ 106 3.157⇥ 105

h0 125.1
H0 5924 6521 6919 7456 3680
A0 5924 6521 6919 7456 3680
H± 5924 6522 6920 7456 3681
eg 8087 8263 8346 8087 9437

e�0
1,2 1764, 3290 1809, 3370 1832, 3407 1780, 3296 2176, 3893

e�0
3,4 4034, 4039 4648, 4650 5026, 5028 5372, 5374 3922, 4026

e�±
1,2 3290, 4039 3370, 4651 3407, 5028 3296, 5374 3893, 4027

eu,ec1,2 1.084⇥ 104, 1.154⇥ 104 1.080⇥ 104, 1.157⇥ 104 1.065⇥ 104, 1.147⇥ 104 9664, 1.060⇥ 104 8291, 8763
et1,2 9721, 1.102⇥ 104 9441, 1.094⇥ 104 9097, 1.076⇥ 104 7622, 9702 7215, 8045
ed, es1,2 1.076⇥ 104, 1.154⇥ 104 1.070⇥ 104, 1.157⇥ 104 1.054⇥ 104, 1.147⇥ 104 9460, 1.060⇥ 104 8237, 8763
eb1,2 1.073⇥ 104, 1.101⇥ 104 1.067⇥ 104, 1.093⇥ 104 1.051⇥ 104, 1.076⇥ 104 9416, 9700 7764, 8044
e⌫e,µ 4386 4627 4812 5236 3224
e⌫⌧ 4381 4621 4804 5222 3114

ee, eµ1,2 2344, 4387 2547, 4628 2734, 4813 3479, 5237 1766, 3226
e⌧1,2 2327, 4382 2525, 4622 2707, 4805 3438, 5223 1321, 3118
m3/2 6.137 5.375 4.741 2.721 376.8
⌦3/2h

2 0.120
⇠ (0) 0.06310 1.339 2.419⇥ 104 0.007754
ns (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⇥ 104 0.01218
ns (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
order of ↵a

4⇡⇤. Thus the gravitino is the lightest super-
symmetric particle (LSP) in GMSB. The next lightest
supersymmetric particle (NLSP) is either a neutralino or
a stau. See Table I.

As the neutralinos are unstable, the freeze-out neu-
tralino dark matter scenario that leads to the WIMP mir-
acle in generic supersymmetry breaking models is not ap-
plicable to GMSB. However, the gravitino produced as a
decay product of the NLSP neutralino is stable and hence
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

⌦3/2h
2 = ⌦e�0

1
h
2
⇥

 
m3/2

me�0
1

!
= 0.120, (13)

where we used the center value of the Planck 2018 result
[17] ⌦ch

2 = 0.120±0.001 for the dark matter abundance.
For the bino-like neutralino e�0

1 ' eB, the abundance of the

thermally produced relics is approximated by3

⌦e�0
1
h
2
'

8.7⇥ 10�11
⇥ (n+ 1)xn+1

f GeV�2

p
g⇤� eB

, (14)

where n = 1 for the p-wave and

xf =X �

✓
n+

1

2

◆
lnX, (15)

X ' ln


0.19⇥ (n+ 1)

g
p
g⇤

MPme�0
1
� eB

�
, (16)

with g = 2 the helicity degrees of freedom for the NLSP
neutralino e�0

1 (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 � eB 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 [18].
We checked for our parameter choices that numerical results of
the micrOMEGAs package [19, 20] agree within a percent.

This constrains the model parameters

Another requirement is Higgs mass = 125.1 GeV

mGMSB parameters: N5, M, Λ, tan β, y, sign μ

5 (+1)  3 (+1)→

If ,  are fixed and , there is only one parameter left (  ) N5 = 1 tan β = 10 μ > 0 M
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Summary

• Inflation in the flat direction of the messenger fields of 
minimal GMSB


• Higgs mass and superWIMP DM abundance as constraints


• CMB spectrum  messenger mass M  

• Energetic gravitino: large free streaming length (warm DM)

⟺

λFS ≃ 0.1 Mpc Small scale structure formation
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Benchmark model
N5 = 1, tan β = 10

5

b' by

db' =

p
M

2
P + ⇠'2 + 6⇠2'2

M
2
P + ⇠'2

d'. (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 amplitude4 to deter-
mine the nomiminimal coupling ⇠. Then, apart from the
e-folding number Ne, the spectrum is entirely given by a
single parameter, which may be chosen to be the Yukawa
coupling y.

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

N5, M, tan�. (25)

The Yukawa coupling (11) is also determined by them.
Thus, for a given e-folding number Ne, the CMB spec-
trum of this inflationary model is uniquely determined
by the parameters (25). Fig. 2 shows the primordial
tilt ns and the tensor-to-scalar ratio r, when N5 = 1
and tan� = 10, as M is varied. The scalar self cou-
pling for the minimally coupled '

4 inflation corresponds
to M = 1.87⇥ 107 GeV for Ne = 50 and M = 1.46⇥ 107

GeV for Ne = 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⇥ 108 GeV (68% C.L.) (26)

M > 5.78⇥ 107 GeV (95% C.L.) (27)

for e-folding number Ne = 50, and

M > 3.64⇥ 107 GeV (68% C.L.) (28)

M > 3.01⇥ 107 GeV (95% C.L.) (29)

for Ne = 60. We saw, in Fig. 1, that perturbativity
y . O(1) requires M . 1013 GeV. In the context of non-
minimally coupled '

4 inflation, it is argued, e.g. in [44–
47], 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 . 1011 GeV
for both Ne = 50 and Ne = 60, which is stronger than
the one given by the perturbativity requirement.

4 In numerics we used the Planck 2018 [17] TT, TE, EE +lowE
+lensing +BAO value As = exp(3.047)⇥10�10 at the pivot scale
k0 = 0.05Mpc�1.

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 Ne = 50 and 60 are shown,
with the Planck 2018 1- and 2-� constraints indicated on the
background. The dashed line is r = 16

3 (1�ns), 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� = 10 case, except in Sec. VE1 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 (1), the
superpotential responsible for the decay of the � would
be

W � yLLHde
c + yDD

c
HdQ, (30)

where ec and Q are the MSSM fields in 10 and Hd is the
down-type Higgs in 5⇤ of SU(5). Although this Yukawa
interaction breaks the Z2 symmetry that exchanges �
and �, it has negligible e↵ects on the GMSB mechanism.

The reheating temperature may then be evaluated for
the perturbative decay L ! eHd e

c through the yL inter-

Inflaton (messenger) decay via

Reheating temperature

6

action5. The condition that the decay width

� '
y
2
L

8⇡
M (31)

becomes comparable to the Hubble parameter gives

Trh '
yL

2⇡

p
MMP

✓
45

2g⇤

◆1/4

. (32)

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

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 [52–54]

⌦TP
3/2h

2
⇠ 0.3

✓
Trh

108 GeV

◆✓
1 GeV

m3/2

◆✓
M3

1 TeV

◆2

, (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� = 10, the gluino mass
is M3 ⇠ 10 TeV. As the gravitino mass range of our in-
terest ism3/2 ⇠ 1 GeV, the thermally produced gravitino
is negligible when

Trh . 106 GeV. (34)

On the other hand, the NLSP neutralino of mass me�0
1
⇠

a few TeV need to be produced from the thermal plasma
and thus

Trh & a few TeV. (35)

The reheating temperature of this scenario must satisfy
both (35) and (34). For a given messenger mass M , the
constraints on the reheating temperature give bounds on
the Yukawa coupling yL in (30). For example, Trh ⇠

105 GeV is a reasonable value of reheating temperature
in our scenario with M ⇠ 108 GeV and yL ⇠ 10�8.

C. Big bang nucleosynthesis

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

5 We neglect nonlinear e↵ects [49–51] for simplicity.

NLSP [55]. The lifetime of the bino-like neutralino is
evaluated for the decay modes eB ! � eG as [5, 6]

⌧ eB ' 0.74⇥
⇣

m3/2

1 GeV

⌘2
✓
1 TeV

m eB

◆5

sec. (36)

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

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 e↵ect of redshift
on the gravitino is not significant. Thus the nonthermally
produced gravitino has a relatively long free streaming
length [56, 57],

�FS =

Z teq

⌧ eB

v(t)

a(t)
dt ' 0.18⇥

✓
1 TeV

m eB

◆3/2

Mpc. (37)

Although the cold dark matter scenario is known to be
successful in explaining the structure formation at large
scales & 1 Mpc, recent studies of N-body simulation
suggest that the structure formation at small scales fa-
vors warm dark matter, with the free streaming length
�FS ' 0.1 Mpc [58]. It can be seen from Table I and (37)
that our model indeed gives �FS ' 0.1 Mpc, preferred by
the small scale structure formation6.

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 I. 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 (5) is proportional to N5 and the
soft scalar mass (6) is proportional to

p
N5, the scalar

leptons become relatively lighter than neutralinos when

6 The e↵ects of the gravitino on the Hubble tension are discussed
recently in [59].

103 GeV ≲ Trh ≲ 106 GeV
neutralino 

thermal 

production

no gravitino
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BBN

Lifetime of bino-like neutralino ≲ 1 sec

Gravitino free streaming length
λFS ≃ 0.1 Mpc

Small scale structure formation


