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We consider μ-term hybrid inflation which, in its minimal format with gravity mediated supersymmetry 
breaking, leads to split supersymmetry. The MSSM μ-term in this framework is larger than the gravitino 
mass mG , and successful inflation requires mG (and hence also |μ|) � 5 ×107 GeV, such that the gravitino 
decays before the LSP neutralino freezes out. Assuming universal scalar masses of the same order as mG , 
this leads to split supersymmetry. The LSP wino with mass � 2 TeV is a plausible dark matter candidate, 
the gluino may be accessible at the LHC, and the MSSM parameter tanβ � 1.7 in order to be compatible 
with the measured Higgs boson mass. The tensor-to-scalar ratio r, a canonical measure of gravity waves, 
can be as high as 0.001.

© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

CrossMark 
Minimal supersymmetric F-term hybrid inflation employs a 
renormalizable superpotential W and a canonical Kähler poten-
tial K [1,2]. The form of W is determined by a U(1) R-symmetry, 
which contains the MSSM ‘matter’ parity as a Z2 subgroup. In the 
supersymmetric limit an underlying gauge symmetry G is spon-
taneously broken to a subgroup H . With minimal W and K , G
breaks to H at the end of inflation. The first calculations exploited 
quantum corrections induced by supersymmetry breaking to drive 
inflation, and the scalar spectral index in this case was estimated 
to be ns = 1 − 1/N � 0.98 [1], where N = 60 denotes the number 
of e-foldings necessary to resolve the horizon and flatness prob-
lems of Big Bang Cosmology.

Subsequently, it was realized [3,4] that a class of linear soft 
supersymmetry breaking terms also should be included in the 
inflationary potential, and this allows improved agreement with 
scalar spectral index values of ns = 0.96 − 0.97 determined by the 
WMAP [5] and Planck satellite experiments [6].

The importance of this linear soft supersymmetry breaking 
term had previously been emphasized by Dvali, Lazarides and Shafi 
(DLS) [7] in the context of inflation and the MSSM μ problem. 
The U(1) R-symmetry, following [7], prevents the appearance of 
the direct MSSM μ term. The latter is generated after the inflaton 
field acquires a non-zero VEV as a consequence of supersymme-
try breaking. Assuming minimal K , the magnitude of μ is typically 
larger than the gravitino mass mG [7].
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In this paper we explore the phenomenological implications 
that follow from implementing the DLS mechanism in the frame-
work of minimal supersymmetric hybrid inflation. We will find 
that a consistent inflationary scenario, taking into account reheat-
ing and the cosmological gravitino constraint, yields rather con-
crete predictions regarding supersymmetric dark matter and Large 
Hadron Collider (LHC) phenomenology. In particular, the gravitino 
must be sufficiently heavy (mG � 5 × 107 GeV), so that it decays 
before the freeze out of the lightest superpartner (LSP) neutralino 
dark matter. A particularly compelling dark matter candidate turns 
out to be the wino with mass � 2 TeV. The soft scalar mass param-
eter m0 is expected to be of the same order as mG or larger, which 
can reproduce a SM-like Higgs boson mass � 125 GeV for suit-
able tan β values, where tan β is the ratio of the VEVs of the two 
MSSM Higgs doublets. Depending on the underlying gauge sym-
metry G associated with the inflationary scenario, the observed 
baryon asymmetry in the universe can be explained via leptoge-
nesis [8,9]. Compelling examples of G in which the DLS mecha-
nism can be successfully merged with inflation include U(1)B−L

and SU(2)L×SU(2)R×U(1)B−L . Other examples of G are SU(5) and 
SU(4)c×SU(2)L×SU(2)R [10]. The latter, however, require extra care 
because of the presence of monopoles and we leave this for dis-
cussion elsewhere.

In the minimal supersymmetric model under discussion, infla-
tion is associated with the spontaneous breaking of a gauge sym-
metry G . A U(1) R-symmetry yields the following unique renor-
malizable superpotential:

W = S(κ�� − κM2 + λHu Hd). (1)
 under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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Here �, �̄ denote a conjugate pair of chiral superfields whose 
VEVs induce the spontaneous breaking of G , with supersymme-
try unbroken. The dimensionless coefficients λ and κ can be made 
real by suitable field redefinitions. The superpotential W and the 
G-singlet superfield S are assigned unit R-charges, while the re-
maining superfields have zero R-charges.

In the case of global supersymmetry, the VEV of the scalar 
component of the G-singlet superfield S is zero. However, taking 
into account supersymmetry breaking in supergravity, the S field 
acquires a non-zero VEV proportional to the gravitino mass mG . 
Following [7], we have included the term λS Hu Hd , which then 
induces the desired MSSM μ term. It was shown in [7] that to im-
plement successful inflation, followed by the desired breaking of 
G and the MSSM gauge symmetry unbroken, the parameter λ > κ . 
This additional term in the superpotential will play an essential 
role in our analysis.

Assuming a canonical (minimal) Kähler potential,1 and taking 
into account radiative corrections and the linear soft supersymme-
try breaking term, the inflationary potential is approximated by

V (φ) = m4
(

1 + A ln

[
φ

φ0

])
− 2

√
2mGm2φ. (2)

We have identified the inflaton field φ with the real part of S , 
the renormalization scale (Q ) is set equal to the initial inflaton 
VEV φ0, and the imaginary part of S is assumed to stay constant 
during inflation [for a more complete discussion of this last point 
see Ref. [4]]. The negative sign of the linear term is essential to 
generate the correct value for the spectral index. Note that in the 
absence of this linear term the scalar spectral index ns is predicted 
to lie close to 0.98, as shown in [1]. Finally, m = √

κM , and the 
coefficient A � 1 is given by

A = 1

4π2

(
λ2 + N�

2
κ2

)
. (3)

The coefficient N� depends on the model under discussion. For 
instance, N� = 1 if G =U(1)B−L , while it is 2 for G = SU(2)L ×
SU(2)R ×U(1)B−L . Note that for inflaton field values close to M , the 
leading supergravity corrections are of order (M/mP )4 and there-
fore well suppressed, and also the quadratic soft supersymmetry 
breaking term m2

φ φ2 associated with the inflaton can be ignored 
relative to the liner term in Eq. (2) [3,4].

In the following discussion, where appropriate, we will set

V � m4, V ′ = m4 A

φ

(
1 − B

φ

φ0

)
, V ′′ = −m4 A

φ2
, (4)

where

B = 2
√

2 mG φ0

A m2
(5)

is a dimensionless parameter of order unity. Note that B = 0 if 
the linear soft supersymmetry breaking term is ignored. At the po-
tential minimum, the inflaton VEV is given by 〈φ〉 = mG/κ , which 
yields the MSSM μ-term:

μ = γ mG , (6)

where γ ≡ λ/κ > 1.
The well-known slow roll parameters are given by

ε = 1

2

(
V ′

V

)2

� 1

2

A2

φ2

(
1 − B

φ

φ0

)2

, η = V ′′

V
� − A

φ2
. (7)

1 As we will see in the following, the initial inflaton value (φ0) is found to be 
much smaller than the Planck mass, so that the contribution from the Kähler po-
tential to the scalar potential in supergravity is negligible, and dropped in Eq. (2).
Fig. 1. Spectral index ns vs. B as defined in Eq. (5). The region between the two 
dotted (dashed) lines corresponds to 1σ (2σ ) limit obtained by Planck 2015 [6].

For convenience we have used units where the reduced Planck 
mass mP = 2.43 × 1018 GeV is set equal to unity. For A � 1, 
|η| 	 ε . The end of inflation is determined by |η| = 1, so that the 
inflaton value at the end of inflation is given by φe � √

A.
The number of e-foldings is estimated to be

N =
φ0∫

φe

V

V ′ dφ � φ2
0

A

1∫
φe/φ0

x dx

1 − Bx
� φ2

0

A

(
− 1

B
− ln(1 − B)

B2

)

≡ φ2
0

A
f (B), (8)

where we have used the approximation φe/φ0 = 0 in the integral. 
For the scalar spectral index, we obtain

ns = 1 − 6ε(φ0) + 2η(φ0) � 1 + 2η(φ0) � 1 − 2

N
f (B). (9)

In particular, for N = 60 and B = 0, f (B) = 1/2 and we obtain 
the well known result of Ref. [1] that ns = 1 − 1/N � 0.983. To 
obtain the spectral index in the range of 0.955 ≤ ns ≤ 0.977 which 
is indicated by 1σ region in the Planck 2015 results, the parameter 
B lies in the range 0.83 ≥ B ≥ 0.41, with f (B) close to unity. A plot 
of ns versus B is shown in Fig. 1, along with 1σ (dotted lines) and 
2σ (dashed lines) limits by the Planck 2015 results [6].

The tensor-to-scalar ratio is given by

r = 16ε(φ0) � 4A(1 − B)2(1 − ns), (10)

where we have used Eqs. (7) and (9). With 0.83 ≥ B ≥ 0.41 which 
yields the ns prediction within 1σ limit of the Planck 2015 results, 
we find

r = (0.00014 − 0.00082) ×
(

λ2 + N�

2
κ2

)
. (11)

To proceed further we employ the power spectrum whose mag-
nitude has been estimated (Planck 2015) to be

�2
R = 1

24π2

V (φ0)

ε(φ0)
= 2.20 × 10−9. (12)

Utilizing V � m4, and Eqs. (7) and (8), we find the following ex-
pression for the gauge symmetry breaking scale M:

M � 0.0032 × √
γ̃

(
60

N

)1/4

(1 − B)1/2 f (B)1/4, (13)

where γ̃ = √
γ 2 + N�/2. Setting N = 60 and 0.83 ≥ B ≥ 0.41, we 

estimate the symmetry breaking scale M:

M[GeV] = (3.5 − 5.5) × 1015
√

γ̃ . (14)
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The inflaton trajectory must be bounded along the �, � direc-
tions, which requires that φ0 > M . The ratio φ0/M is given by

φ0/M � 380 × κ
√

γ̃

(
N

60

)3/4

(1 − B)−1/2 f (B)−3/4

� (650 − 730) × κ
√

γ̃ (15)

for 0.83 ≥ B ≥ 0.41, and requiring this ratio to be greater than 
unity imposes the following condition on the dimensionless cou-
plings κ and λ:

κ
√

γ̃ > (1.4 − 1.5) × 10−3. (16)

We next turn to inflaton decay into Higgsinos induced by the 
μ-term in the superpotential (see paper 2 in Ref. [4]). The decay 
width is estimated to be

(φ0 → H̃u H̃d) = λ2

8π
mφ, (17)

where mφ = √
2κM is the inflaton mass. We estimate the re-

heating temperature after inflation T R H using  = H = T 2
R H

√
π2

90 g�

with g� = 228.75 for the MSSM, which gives

T R H [GeV] � 1.5 × 1016(κ
√

γ̃ )3/2 γ√
γ̃

(
228.75

g�

)(
60

N

)1/8

× (1 − B)1/4 f (B)1/8. (18)

The condition, φ0/M > 1, leads to

T R H [GeV] > (5.0 − 7.5) × 1011 γ√
γ̃

(19)

for the 1σ limit from Planck 2015. Using γ̃ = √
γ 2 + N�/2 and 

γ > 1, we obtain the lower bound T R H � (5.0 − 7.5) × 1011 GeV.
To discuss cosmology in the presence of gravitino, we first con-

sider the case that the latter is the LSP and hence a potential dark 
matter candidate. In this case, the relic density of thermally pro-
duced gravitino is estimated as [11]

�Gh2 � 0.21

(
T R H

1011 GeV

)(
1 TeV

mG

)(
M3

1 TeV

)2

, (20)

where M3 is the gluino mass. In order to reproduce the observed 
dark matter density (�Gh2 = 0.11) and satisfy the lower bound 
T R H � (5.0 − 7.5) × 1011 GeV, we find

mG

1 TeV
� 10

(
M3

1 TeV

)2

. (21)

For the current lower bound M3 � 1 TeV from the search for super-
symmetry at the LHC [12], we obtain mG > M3, which contradicts 
our original assumption that the gravitino is the LSP. Therefore, we 
exclude the possibility of LSP gravitino.

If the gravitino is unstable, we encounter the cosmological grav-
itino problem [13], which originates from the gravitino lifetime,

τG � 104 sec ×
(

1 TeV

mG

)3

. (22)

For mG < 21.5 TeV, τG > 1 sec, and the gravitino decays after Big 
Bang Nucleosynthesis (BBN). In this case, the energetic particles 
created by the gravitino decay can destroy the light nuclei success-
fully synthesized during BBN. To avoid this problem, the reheating 
temperature after inflation has an upper bound, T R H < 106 − 109

GeV for 100 GeV� mG � 10 TeV [14]. The lower bound on reheat-
ing temperature in our scenario is not consistent with this upper 
bound.
For mG > 21.5 TeV, the BBN bound on reheating temperature 
is not applicable since the gravitino decays before BBN. However, 
in this case, we need to consider another cosmological constraint 
that the relic density of the LSP neutralino produced by gravitino 
decay should not exceed the observed dark matter relic density 
�χ̃0 h2 = 0.11. Because of R-parity conservation, the LSP number 
density is the same as the number density of gravitino, and the 
upper bound on �χ̃0 h2 is expressed as mχ̃0 YG ≤ 4 × 10−10 [14], 
where mχ̃0 is the LSP neutralino mass, and

YG � 10−11
(

T R H

1010 GeV

)
(23)

is the yield of gravitino. For the lower bound T R H � (5.0 − 7.5) ×
1011 GeV, we find mχ̃0 � 1 GeV. Although such a light neutralino 
is still consistent with laboratory constraints [15], its thermal relic 
abundance is found to be �χ̃0 h2 	 0.1 for all the other superpart-
ner masses � 100 GeV [16].

To avoid the constraint on the neutralino abundance from grav-
itino decay, assume that the LSP neutralino is still in thermal equi-
librium when the gravitino decays. In this case, the LSP neutralino 
abundance is not related to the gravitino yield. Using a typical 
value of the ratio xF ≡ mχ̃0/T F � 20, where T F is the freeze out 
temperature of the LSP neutralino, this occurs for the gravitino life-
time,

τG � 4 × 10−10

(
1 TeV

mχ̃0

)2

. (24)

Combining this with Eq. (22), we find

mG � 4.6 × 107 GeV

(
mχ̃0

2 TeV

)2/3

. (25)

Therefore, our cosmological scenario favors a gravitino mass at an 
intermediate scale.

In our μ-term generation mechanism, μ = γ mG with γ � 1. To 
implement the electroweak symmetry breaking, the soft supersym-
metry breaking mass for the MSSM Higgs doublets should satisfy 
|m2

0| � μ2. Thus, the soft scalar mass parameter m0 also lies at 
an intermediate scale. On the other hand, the mass scale of the 
dark matter neutralino is of order 100 GeV−TeV to reproduce the 
observed relic abundance. Therefore, the so-called split SUSY sce-
nario [17] is compatible to our scheme, and we expect a hierarchy 
between the soft supersymmetry breaking scalar masses and the 
gaugino masses [a special structure in supergravity is crucial to re-
alize this mass splitting [18]]. In split SUSY with a large μ, an LSP 
wino with mass around 2 TeV is the simplest dark matter candi-
date [19].2

Let us fix the scalar mass scale in split SUSY so as to realize the 
observed Higgs boson mass. With the decoupling of heavy scalar 
fields at a typical mass scale m0, split SUSY provides a boundary 
condition for the SM Higgs quartic coupling at Q = m0 [19],

λh(m0) = 1

4

(
g(m0)

2 + g′(m0)
2
)

cos2 2β. (26)

We employ the SM renormalization group equations at two-loop 
level with the boundary conditions at top quark pole mass (Mt ) 

2 Although it has been argued that the wino-like neutralino dark matter is in 
tension with the gamma-ray observations by the Fermi-LAT and the H.E.S.S. tele-
scope [20,21], there are systematic uncertainties from the dark matter profile in the 
galactic halo. For example, a recent paper [22] has shown that the constraints from 
the gamma-ray observations are weakened once the non-sphericity of the dark mat-
ter profile is taken into account.
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Fig. 2. Soft scalar mass (m0) as a function of tan β . Along the solid line, the Higgs 
boson mass mh = 125.09 GeV is realized for the top quark mass input Mt = 173.34
GeV. The horizontal dashed line denotes m0 = 4.6 × 107 GeV, corresponding to the 
lower bound on gravitino mass in Eq. (25) with mχ̃0 = 2 TeV.

presented in [23]. As inputs, we use the central value of the com-
bination of Tevatron and LHC measurements of top quark mass 
Mt = 173.34 GeV [24], and the central value of the combined 
analysis for Higgs boson mass measurements by the ATLAS and 
the CMS [25], mh = 125.09 GeV, along with mW = 80.384 GeV 
and αs = 0.1184. Using numerical solutions to the renormalization 
group equations of the SM Higgs quartic coupling and the elec-
troweak gauge couplings, we find m0 which satisfies the boundary 
condition of Eq. (26) for a fixed tan β .

Our result is depicted in Fig. 2, where the Higgs boson mass 
mh = 125.09 GeV is reproduced along the solid line. For m0 = 4.6 ×
107 GeV, corresponding to the lower bound on gravitino mass in 
Eq. (25) with mχ̃0 = 2 TeV, mh = 125.09 GeV is reproduced for 
tan β � 1.7.

Since the gauge group associated with inflation is an extension 
of the SM one, it may be natural to set the symmetry breaking 
scale M equal to the gauge coupling unification scale, M � 2 ×1016

GeV, which is achieved with γ̃ = 13 − 32 in Eq. (14). In this case, 
we may choose λ � 1 and κ � 0.1, for which φ0/M 	 1. For λ = 1, 
the tensor-to-scalar ratio r = (1.4 −8.2) ×10−4 for 0.83 ≥ B ≥ 0.41
(see Eq. (11)). With somewhat larger values of λ, r can be as high 
as 10−3.

In summary, the coupling of the MSSM Higgs doublets to the 
inflaton field induces the μ-term and also leads to important pre-
dictions concerning the gravitino, neutralino dark matter, Higgs bo-
son mass and low energy phenomenology. A consistent inflationary 
scenario requires a fairly large gravitino mass (mG � 5 × 107 GeV), 
and in the simplest scheme a 2 TeV wino is a compelling thermal 
dark matter candidate. The soft supersymmetry breaking scalar 
masses are of order 107 GeV, with tanβ � 1.7, in order to gen-
erate the desired 125 GeV mass for the SM-like Higgs boson. The 
Higgsinos are rather heavy because μ is predicted to be larger than 
the gravitino mass.

10' 
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> 107 

j 
10• 

10•~~~~~~~~~~~~~~~~~~~~ 
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