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We discuss realization of cosmic inflation in the ν-gauge mediated supersymmetry breaking scenario, in
which a set of 24-dimensional chiral superfields responsible for the type III seesawmechanism play the role
of the messenger fields in gauge mediation. Using the data from neutrino oscillations, we show that the
model satisfies constraints from the lepton flavor violation, perturbativity of the unified gauge couplings,
the observed abundance of dark matter as well as the Higgs mass of 125.1 GeV. The predicted spectrum of
the cosmic microwave background radiation fits well with the observation. We also comment on the
falsifiability of this scenario by future experiments.
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I. INTRODUCTION

Neutrino oscillations suggest that there is new physics
beyond the Standard Model. A natural extension of the
Standard Model to account for neutrino oscillations is to
include a set of new fields that generate the neutrino
masses, via the so-called seesaw mechanism [1–4].
Supersymmetry improves the Standard Model in several
respects. It controls the radiative corrections of the scalar
sector while realizing electroweak symmetry breaking. It
also provides a natural candidate of dark matter, and
predicts natural unification of the forces at the grand
unification scale. Since supersymmetry is observed to be
broken at low energy, understanding of the breaking
mechanism is essential for phenomenological studies.
Gauge mediated supersymmetry breaking (GMSB) is
an elegant proposal for supersymmetry breaking, in which
the effects of supersymmetry breaking are transmitted
from the hidden sector to the visible sector by means of
messenger fields that are charged under the Standard
Model gauge group.
The seesaw mechanism and the GMSB are usually treated

in different contexts, but it would be certainly appealing if
the two phenomena are explained as arising from a common
origin. The seesaw fields (the right-handed neutrinos in
the case of the type I seesaw) and the messenger fields in the
GMSB are both assumed to be heavy fields that are
integrated out to give low energy effective theories; then

it is not particularly odd to speculate that they may have the
same origin. There have been proposals to implement the
GMSB and the seesaw mechanism in a unified framework
[5–9]; these are called the ν-GMSB models. The model of
ν-GMSB proposed of Ref. [9] uses a set of 24-dimensional
fields added to the minimal supersymmetric SUð5Þ grand
unified theory (GUT), and incorporates the type III seesaw
mechanism. The 24-dimensional fields, which we call Σi in
this paper, play a pivotal role in the construction of the
model. The type III seesaw mechanism is realized by triplet
fields with zero hypercharge, that play the same role as the
right-handed neutrinos in the type I seesaw mechanism.
These triplet fields are contained in Σi. For the successful
type III seesaw mechanism, at least two triplet fields, and
thus at least two 24-dimensional fields ðΣ1;Σ2Þ are needed.
We mainly focus on this minimal seesaw case in this paper,
since three or more generations of Σi will not be compatible
with the perturbativity and the lepton flavor violation
constraints, as will be discussed in Secs. III and IV. The
Σi fields also play the role of the messenger fields of GMSB.
Since these are full SUð5Þ multiplets, they do not spoil the
gauge coupling unification. The dual role of Σi, as the
seesaw fields and the messenger fields, is the key feature of
the ν-GMSB model.
The purpose of this paper is twofold. The model of the

ν-GMSB [9] appeared in 2008. While the basic proposal of
this model is still valid, there has been an enormous progress
in experimental physics since then, including the discovery of
the Higgs boson and the precision measurements of the
neutrino oscillation data. Clearly, reinvestigation of the model
in the light of the recent data is necessary. The second aim of
the paper is to investigate possible inflationary scenarios
within this particle physics model. We shall consider two
possible directions of the inflationary trajectory, one along the
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messenger direction and the other in the LHu direction. We
discuss phenomenological consistency in each case, and
show that the inflationary scenario in the LHu direction is
a viable option, while the one in the messenger direction
is not.
The rest of the paper is organized as follows. The next

section reviews the ν-GMSBmodel with the type III seesaw
mechanism [9]. In Secs. III and IV the constraints from the
perturbativity of the gauge couplings and the lepton flavor
violation are discussed. In Sec. V we investigate two
possible scenarios of inflation, as well as their viability.
We conclude in Sec. VI with comments. The formulas of
the neutrino mass matrix are collected in the Appendix.

II. THE ν-GMSB SCENARIO

The ν-GMSB model with the type III seesaw mechanism
[9] is realized by a set of 24-dimensional chiral superfields
Σi added to the minimal supersymmetric SUð5Þmodel. The
latter consists of two sets of matter fields Fi (5� of SUð5Þ),
Ti (10) and three types of Higgs fields F̄H (5�), FH (5) and
Φ (24). The index i ¼ 1, 2, and 3 is for the generations of
the matter fields, but we also consider the restricted case
i ¼ 1, 2 for Σi in the minimal seesaw model. Denoting the
hidden sector1 collectively by an SUð5Þ singlet chiral
superfield S (1), the superpotential of the ν-GMSB model
reads

WνGMSB ¼ WSUð5Þ þ Yij
DF̄jΣiFH þ ySTrðΣiΣiÞ; ð1Þ

where

WSUð5Þ ¼ Yij
d F̄iTjF̄H þ Yij

u TiTjFH þMHF̄HFH

þ λ1F̄HΦFH þMΦTrðΦ2Þ þ λ2TrðΦ3Þ ð2Þ

is the superpotential of the SUð5Þ part. We are concerned
with the physics of supersymmetry breaking, the seesaw
mechanism and the implementation of cosmic inflation, for
which Ti, F̄H, and Φ are not important; it is then sufficient
to consider the superpotential

W ¼
ffiffiffi
5

2

r
Yij
DFjΣiFH þ ðySþMÞTrðΣiΣiÞ ð3Þ

that includes F̄i (5�), FH (5), Σi (24), and S (1). The factor
of

ffiffiffiffiffiffiffiffi
5=2

p
in the first term has been introduced for later

convenience. In Eq. (1), supersymmetry is assumed to be
broken by nonvanishing hidden sector S field and its
F-term,

hSi ¼ y−1M ≠ 0; hFSi ≠ 0: ð4Þ

In Eq. (3), S has been redefined by shifting yS → ySþM
so that the supersymmetry breaking vacuum is now at
hSi ¼ 0. The parameter M is the mass of the fermionic
components of Σi. The squared masses of the scalar
components Σ�

i ≡ ðΣi � Σ†
i Þ=

ffiffiffi
2

p
are M2

Σ� ¼ M2 � FS.
The deviation of the bosonic masses from the fermionic
mass signals the breaking of supersymmetry. Since Σi are
charged under the SUð5Þ gauge group, the effect of
supersymmetry breaking is communicated to the visible
sector. Thus the fields Σi are the messengers of GMSB.
The SUð5Þ adjoint Σi are decomposed under the Standard

Model gauge group SUð3Þc ⊗ SUð2ÞL ⊗ Uð1ÞY as

24 ¼ ð1; 1; 0Þ ⊕ ð8; 1; 0Þ ⊕ ð1; 3; 0Þ

⊕
�
3; 2;−

5

6

�
⊕

�
3�; 2;þ 5

6

�
: ð5Þ

Denoting the singlet ð1; 1; 0Þ as Ŝi and the triplet ð1; 3; 0Þ as
T̂i, one may write

Σi ⊃
Ŝiffiffiffiffiffi
60

p diagð2;2;2;−3;−3Þþ T̂i

2
diagð0;0;0;1;−1Þ: ð6Þ

The superpotential is then written

W ⊃
ffiffiffi
5

2

r
Yij
Dðej;−νjÞŜi

−3ffiffiffiffiffi
60

p
�
1 0

0 1

��
Hþ

u

H0
u

�

þ
ffiffiffi
5

2

r
Yij
Dðej;−νjÞT̂i

1

2

�
1 0

0 −1

��
Hþ

u

H0
u

�

þ 1

2
ðySþMÞðŜiŜi þ T̂iT̂iÞ

⊃
3ffiffiffiffiffi
60

p
ffiffiffi
5

2

r
Yij
DνjH

0
uŜi þ

1

2

ffiffiffi
5

2

r
Yij
DνjH

0
uT̂i

þ 1

2
MðŜiŜi þ T̂iT̂iÞ: ð7Þ

In our conventions the generators of gauge groups are
normalized as TrðTaTbÞ ¼ 1

2
δab. Using the stationarity

conditions

∂W
∂Ŝi ¼

3ffiffiffiffiffi
60

p
ffiffiffi
5

2

r
Yij
DνjH

0
u þMŜi ¼ 0;

∂W
∂T̂i

¼ 1

2

ffiffiffi
5

2

r
Yij
DνjH

0
u þMT̂i ¼ 0; ð8Þ

to integrate out Ŝi and T̂i, one finds the effective super-
potential

1We neglect the dynamics of the hidden sector which can be
nontrivial in general [10,11].
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Weff ¼ −
1

2

ðYT
DYDÞij
M

νiνjH0
uH0

u

¼ −
1

2

ðmT
DmDÞij
M

νiνj; ð9Þ

where

hH0
ui ¼

vuffiffiffi
2

p ; ðmDÞij ¼ Yij
D ·

vuffiffiffi
2

p ; ð10Þ

and vu ¼ v sin β, v ¼ 246 GeV. One sees from this
effective superpotential that the neutrino masses are given
by the type III seesaw formula

ðmνÞij ¼ −
v2u
M

ðYT
DYDÞij: ð11Þ

III. CONSTRAINTS FROM THE
PERTURBATIVITY OF THE GAUGE COUPLINGS

The seesaw mechanism requires at least two 24 dimen-
sional fields ðΣ1;Σ2Þ. It may also be natural to consider
three generations ðΣ1;Σ2;Σ3Þ, in line with the leptons and
quarks of the Standard Model. Since one 24 field carries the
SUð5Þ Dynkin index N5 ¼ 5, two Σi contribute N5 ¼ 10
and three Σi contribute N5 ¼ 15. A larger Dynkin index
gives a larger impact on the renormalization group flow.
The gauge coupling unification is maintained at the grand
unified theory (GUT) scale as the messengers Σi are in
complete SUð5Þ representations. The magnitude of the
unified coupling, in contrast, varies depending upon the
number and the mass scale of the messengers. As wewill be
interested in cosmological scenarios including inflation,
theoretical consistency requires that the gauge couplings
are perturbative beyond the unification scale, up to the scale
where inflation takes place.
Solving the one loop renormalization group equation, the

SUð3Þc gauge coupling g3 at the GUT scale MU is

α−13 ðMUÞ ¼ α−13 ðMtÞ þ
7

2π
ln
MS

Mt

þ 3

2π
ln

M
MS

þ 3 − N5

2π
ln
MU

M
; ð12Þ

where α3 ≡ g23=4π,Mt is the top quark mass,MS is the soft
mass, and M is the messenger mass. The flows of the
SUð2ÞL andUð1ÞY couplings are obtained similarly. Above
the GUT scale, the gauge couplings are assumed to be
unified. The beta function for the unified coupling g5 turns
out to be the same as that for the g3 between the messenger
mass scale M and the GUT scale MU. Thus the unified
gauge coupling at the inflation scale Minf is

α−15 ðMinfÞ ¼ α−15 ðMUÞ þ
3 − N5

2π
ln
Minf

MU
; ð13Þ

where α5 ¼ g25=4π. For larger N5, the unified gauge
coupling tends to diverge (α−15 hits zero) at a lower energy
scale. For a given scale of inflation, sayMinf ∼ 10MP where
MP ¼ 2.44 × 1018 GeV is the reduced Planck mass, we set
the perturbativity condition for the gauge coupling up to
inflation to be α5ðMinfÞ ≤ 1. This condition gives a lower
bound on the messenger massM. With the typical soft mass
MS ¼ 10 TeV which is relevant for our scenario (see
Table I), the bounds on the messenger mass are2

M ≥ 3.21 × 1011 GeVwith twoΣi;

M ≥ 1.36 × 1014 GeVwith threeΣi: ð14Þ

These are strong constraints. The three Σi case of
the ν-GMSB model turns out to be incompatible with
the lepton flavor violation bounds (see the next section).

IV. LEPTON FLAVOR VIOLATION

In the type III seesaw ν-GMSB model, the messenger
fields Σi and the matter fields F̄i are coupled through the
Dirac Yukawa coupling, see Eq. (1), in addition to the gauge
interactions. This feature, called Yukawa mediation, is flavor

TABLE I. Mass spectrum of the type III seesaw ν-GMSB
model in the units of GeV.We used SOFTSUSY 4.1.10 [12], with the
values of the three parameters N5, M, tan β as input and the
remaining minimal GMSB parameter Λ fixed by the condition
that the Higgs mass is mh ¼ 125.1 GeV. We chose μ > 0.

tan β 10

N5 10

M 1011 1012 1013

Λ 1.801 × 105 1.674 × 105 1.569 × 105

h0 125.1

H0 5417 5361 5305
A0 5417 5361 5305
H� 5418 5361 5306
g̃ 1.057 × 104 9894 9329
χ̃01;2 2479, 4361 2301, 4189 2154, 3937

χ̃03.4 4382, 4549 4350, 4372 4308, 4318
χ̃�1;2 4361, 4549 4189, 4372 3937, 4318
ũ, c̃1;2 8771, 9223 8357, 8807 8001, 8450
t̃1;2 7611, 8680 7159, 8249 6769, 7879
d̃, s̃1;2 8724, 9223 8306, 8807 7943, 8450

b̃1;2 8671, 8701 8242, 8280 7872, 7916
ν̃e;μ 3250 3193 3156
ν̃τ 3245 3187 3149
ẽ, μ̃1;2 1746, 3252 1768, 3195 1809, 3157
τ̃1;2 1725, 3246 1745, 3188 1785, 3150

2We used the fitting formula [13] to obtain the boundary
conditions at Mt.
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dependent and the magnitude of the Yukawa coupling is
constrained by experimental bounds on lepton flavor violat-
ing interactions. The constraints on the Yukawa coupling, in
turn, give an upper bound on the messenger mass M via the
seesaw formula (11) in order to give the neutrino mass of the
eV range which is natural for the neutrino oscillation data.
The lepton flavor violating decay rate is approximated by

the formula [14,15]

Γðli → ljγÞ ∼
αem
4

m5
li
×

α22
16π2

jðΔm2
l̃
Þijj2

m8
l̃

tan2β; ð15Þ

where αem ¼ e2=4π, α2 ¼ g22=4π for the electromagnetic
and SUð2ÞL couplings, ml̃ is the flavor-diagonal soft mass
arising from gauge mediation, and

ðΔm2
l̃
Þij ∼m2

l̃

ðY†
DYDÞij
g22

; ð16Þ

are the left-handed slepton squared masses evaluated at the
messenger scale.
In the model with two messenger fields Σ1, Σ2, the Y

†
DYD

matrix elements are evaluated as3

ðY†
DYDÞNHij ¼

0
BB@

0.124 0.0162þ 0.155i −0.164þ 0.142i

0.0162 − 0.155i 0.996 0.718 − 0.0178i

−0.164 − 0.142i 0.718þ 0.0178i 0.849

1
CCA

× 10−3 ×

�
M

1012 GeV

�
ð17Þ

for the normal mass hierarchy and

ðY†
DYDÞIHij ¼

0
BB@

1.631 0.0844 − 0.163i 0.0613 − 0.148i

0.0844þ 0.163i 0.780 −0.817 − 0.00155i

0.0613þ 0.148i −0.817þ 0.00155i 0.933

1
CCA

× 10−3 ×

�
M

1012 GeV

�
ð18Þ

for the inverted mass hierarchy. Our conventions of the
neutrino mass matrix are summarized in the Appendix.
In Fig. 1 we show the branching ratio BRðμ → eγÞ for
the normal and inverted mass hierarchies, together with the
current experimental bound from the MEG experiments
[16]. For the normal and inverted mass hierarchies, the
upper bounds on the messenger mass M are

M ≤ 2.28 × 1012 GeV for NH;

M ≤ 1.94 × 1012 GeV for IH: ð19Þ

Thus there is a mass range that satisfies the lepton
flavor violation bounds and the perturbativity bounds
(14).

FIG. 1. Lepton flavor violating μ → eγ branching ratio for the
normal mass hierarchy (the solid black line) and the inverted mass
hierarchy (the dotted blue line). The red dashed line indicates the
experimental lower bound 4.2 × 10−13 for the branching ratio
[16]. The thin vertical line is the lower bound on M from the
gauge coupling perturbativity (Sec. III).

3We chose the orthogonal matrix R parametrizing the loose degrees of freedom to be unity; see the Appendix.

SHINSUKE KAWAI and NOBUCHIKA OKADA PHYS. REV. D 104, 115031 (2021)

115031-4



The model with three messengers is less predictive due to
the extra ambiguities of the nonzero lightest neutrino mass.
For both normal and inverted mass hierarchies, the con-
straints on M from lepton flavor violation are known to be
more stringent than the two messenger case [9], and we see
from Eq. (14) that there is no room forM that satisfies both
constraints. We thus conclude that the three messenger
model is not a viable option anymore.

V. INFLATION

The mass spectrum of the GMSB scenario is determined
by parameters

N5; M; Λ≡yFS

M
; tanβ; signμ: ð20Þ

We fix N5 ¼ 10 as we will be interested in the two
messenger model, and for the benchmark we choose
tan β ¼ 10 and signμ ¼ þ. The parameter Λ is adjusted
so that the predicted Higgs boson mass becomes
125.1 GeV [17]. Table I shows the mass spectrum
computed by the SOFTSUSY 4.1.10 package [12], with the
remaining parameter (the messenger mass) chosen to be
M ¼ 1011; 1012; 1013 GeV. In this scenario, the lightest
supersymmetric particle (LSP) is the gravitino and the
next lightest supersymmetric particle (NLSP) is the stau.
After inflation, the gravitino is thermally produced and

its abundance is given by Refs.[18–20]

Ω3=2h2 ∼ 0.3 ×

�
Trh

108 GeV

��
1 GeV
m3=2

��
M3

1 TeV

�
2

; ð21Þ

where m3=2 ¼ FS=ð
ffiffiffi
3

p
MPÞ is the gravitino mass andM3 is

the gluino (g̃) mass, which is M3 ∼ 10 TeV in the param-
eter range of our interest (Table I). The reheating temper-
ature Trh may be evaluated once the decay channels of the
inflaton are specified. Then the condition that the relic
gravitino constitutes the major component of the dark
matter together with the constraints by successful big bang
nucleosynthesis (BBN) gives a consistency check for the
scenario of inflation.
To construct a model of inflation, we use supergravity

embedding of the ν-GMSB model. We use the super-
conformal framework [21–27], by which the difficulty
known as the eta problem is avoided and the observationally
favored nonminimally coupled type of inflaton Lagrangian is
naturally obtained. See Refs. [28–38] for similar construc-
tion of inflationary models. The resulting supergravity model
has multidimensional moduli space, and one may consider
different scenarios of cosmic inflation depending on along
which flat direction inflation is assumed to take place. This
ambiguity is attributed to the arbitrariness of the initial
conditions and the nonuniqueness of the Kähler potential.
Below we present two case studies.

A. Messenger inflation

One possible trajectory of inflaton is along the direction
of the messenger fields [39] Σi. The 24 fields can be
decomposed into components Σj ¼ Σa

jT
a. Let us suppose

that Σa
i has a large initial expectation value while the

expectation values of the other fields are negligible. Then
the dynamics of inflation are dictated by the superpotential

Winf ¼
1

2
ðySþMÞðΣa

i Þ2: ð22Þ

Assuming the Kähler potential

K¼−3M2
PþjΣa

i j2þjSj2 − 3

4
γfðΣa

i Þ2þðΣa
i Þ2gþ � � � ð23Þ

in the superconformal framework4 where γ is a real
parameter and writing the scalar part of the messenger as

Σa
i ¼

1ffiffiffi
2

p φ; ð24Þ

we may derive the scalar part of the supergravity action

Sscalar ¼
Z

d4x
ffiffiffiffiffiffi
−g

p �
M2

Pþξφ2

2
R−

1

2
ð∂φÞ2−VJðφÞ

�
; ð25Þ

where R is the scalar curvature of the spacetime, ξ≡ γ
4
− 1

6

and

VJðφÞ ¼
y2

16
φ4 þM2φ2

4M2
P − ð1

6
þ 2γÞφ2

8M2
P − γð2 − 3γÞφ2

: ð26Þ

The action (25) is in the Jordan frame. It is transformed into
the Einstein frame in which the scalar potential is

VEðφÞ ¼
y2

16

φ4

ðM2
P þ ξφ2Þ2 ; ð27Þ

where the second term of Eq. (26) has been dropped since
jyφj ≫ M. In the Einstein frame, the field φ has a nonca-
nonical kinetic term. The canonically normalized field φ̂ in
the Einstein frame is written

φ̂ ¼
Z ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

M2
P þ ξφ2 þ 6ξ2φ2

p
M2

P þ ξφ2
dφ: ð28Þ

Themodel then reduces to the nonminimal φ4 model that has
been studied extensively [41]. The prediction of the cosmic
microwave background (CMB) spectrum is obtained in the
standard slow roll paradigm.

4The ellipsis must include a higher order term of S (such as
jSj4Þ that controls the runaway behavior of the S field; see
Refs. [28,40].
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Since the inflaton Σi and the Standard Model Higgs field
are directly coupled via the first term of Eq. (3), the decay
channel of the inflaton into the Standard Model particles is
dominantly through the Higgs field. Parametrizing the
SUð2ÞL triplet ð1; 3; 0Þ of Eq. (5) as

ΣTi ¼
1

2

0
@ Σ0

Ti

ffiffiffi
2

p
Σþ
Tiffiffiffi

2
p

Σ−
Ti −Σ0

Ti

1
A; ð29Þ

the part of the superpotential responsible for reheating is
written

Wrh ¼ −Yij
DνjΣ0

TiH0: ð30Þ

The decay of the inflaton is through the interaction

L ⊃ −
1ffiffiffi
2

p Yij
DνjΣ

ðReÞ
Ti H̃0 þ H:c: ð31Þ

where ΣðReÞ
Ti is the real part of ΣTi. The decay width is

ΓðΣðReÞ
Ti → νjH̃0 þ H:c:Þ ¼ M

16π
ðYDY

†
DÞjj ð32Þ

and assuming the perturbative reheating scenario the
reheating temperature is evaluated as

Trh ∼
ffiffiffiffiffiffiffiffiffiffi
MPΓ

p
: ð33Þ

In the minimal seesaw model, the product of the Dirac
Yukawa matrix is given by (see the Appendix)

ðYDY
†
DÞij¼

8<
:

M
v2u
diagðm2;m3Þ Minimal seesaw;NH

M
v2u
diagðm1;m2Þ Minimal seesaw; IH

ð34Þ

and the smallest possible element is ðYDY
†
DÞ11 in the case of

the normal mass hierarchy, giving the minimal decay rate

Γmin ¼
M
16π

M
v2u

m2: ð35Þ

Using m2
2 ¼ Δm2

21 ¼ 7.53 × 10−5 eV2, the lower bound of
the reheating temperature is then evaluated in the pertur-
bative reheating scenario5 as

Trh ≳ 1013.5
�

M
1013 GeV

�
GeV: ð36Þ

Thus, for the messenger mass of M ∼ 1013 GeV, the
thermally produced gravitino (21) leads to overclosure of
the Universe (the gravitino problem).
In the three messenger model, we have

ðYDY
†
DÞij ¼

M
v2u

diagðm1; m2; m3Þ ð37Þ

and since m1 is experimentally unconstrained, the lower
bound of the reheating temperature may be evaluated for
ðY†

DYDÞ11 in the normal mass hierarchy case to be

Trh ∼ 106
�

M
1013 GeV

��
m1

10−17 eV

�
GeV: ð38Þ

However, as discussed in Sec. IV, the perturbativity bound
and the lepton flavor violation bound are not simultane-
ously satisfied in this case. We thus have to conclude that
the messenger inflation model is not phenomenologically
viable.

B. L-Hu inflation

Alternatively, one may consider a scenario in which
inflation takes place in a flat direction along F̄iFH of the
first term in Eq. (3). In this case, the superpotential
responsible for the inflationary dynamics is written

Winf ¼
ffiffiffi
5

2

r �
−3ffiffiffiffiffi
60

p
�
Yij
Dð−νjH0

uÞŜi þ
ffiffiffi
5

2

r �
1

2

�
Yij
DðνjH0

uÞT̂i

þ 1

2
MðŜiŜi þ T̂iT̂iÞ; ð39Þ

where Ŝi and T̂i are the singlet and the triplet of the
decomposition (5). Likewise in the messenger inflation
case above, let us assume that the Kähler potential takes a
noncanonical form,

K ¼ −3M2
P þ jH0

uj2 þ
X
i

�
jνij2 þ jŜij2 þ jT̂ij2

−
3

2
γðνiH0

u þ H:c:Þ
�
þ � � � : ð40Þ

Then the scalar part of the supergravity action is found to be
in the same form Eq. (25), with the scalar potential now
given by

VJ ¼ ðY†
DYDÞijðν̃iH0

uÞðν̃jH0
uÞ†: ð41Þ

For simplicity, let us consider i ¼ j ¼ 1, 2 and 3. Among
them, the flattest direction is likely to be the inflaton
trajectory. From Eqs. (17) and (18), it is natural to choose
the i ¼ j ¼ 1 direction [ðY†

DYDÞ11 ¼ 1.24 × 10−16MGeV]
for the normal mass hierarchy, and the i ¼ j ¼ 2 direction

5Possible nonlinear effects [42–44] typically lead to higher
reheating temperature.
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[ðY†
DYDÞ22 ¼ 7.80 × 10−16MGeV] for the inverted mass

hierarchy.
In this model, one of the inflaton components is the

Standard Model Higgs field and thus the reheating temper-
ature is evaluated as

Trh ≃
�

90

π2g�

�
1=4 ffiffiffiffiffiffiffiffiffiffiffiffi

MPΓh

p
≃ 6.8 × 107 GeV; ð42Þ

where Γh ≃ 4.07 × 10−3 GeV is the Higgs decay width and
g� ≃ 200 for the supersymmetric model. Thus, taking into
account the effects of the redshift between the onset of
reheating and the complete thermalization, the reasonable
reheating temperature would be Trh ∼ 107 GeV. Then, with
M3 ∼ 10 TeV and m3=2 ∼ 10 GeV, the gravitino abundance
will be

Ω3=2h2 ≃ 0.1; ð43Þ

that is, appropriate value for the dark matter of the Universe.
The lifetime of the stau is evaluated as

ττ̃ ≡ Γðτ̃ → τG̃Þ−1 ≃ 48πm2
3=2M

2
P

m5
τ̃

�
1 −

m2
3=2

m2
τ̃

�−4

≃ 5.9 × 10−1
�

m3=2

1 GeV

�
2
�
1 TeV
mτ̃

�
5

sec : ð44Þ

For the gravitino mass m3=2 ∼ 10 GeV and the stau mass
mτ̃ ∼ 1 TeV, the stau is found to be somewhat long lived.
This model is nevertheless compatible with the BBN
bounds, as we can see from Fig. 12 in Ref. [45].
Thus, this model of inflation is phenomenologically viable.

For our benchmark values Λ ¼ yFS=M ≃ 105 GeV,m3=2 ¼
FS=ð

ffiffiffi
3

p
MPÞ ≃ 10 GeV and M ∼ 1012 GeV, the hidden

sector Yukawa coupling is

y ¼ ΛM
FS

¼ ΛMffiffiffi
3

p
MPm3=2

∼ 0.01: ð45Þ

Thus y is also in the perturbative regime. The CMB
spectrum of the nonminimally coupled φ4 inflation model
is controlled by the e-folding number as well as by the
inflaton self-coupling, which is ðY†

DYDÞjj in our case. It
can be checked that the prediction of the model, with the
benchmark parameter values, fits well with the recent
observational constraints [46]. The reheating temperature
is somewhat lower than what is typically required for
leptogenesis; a natural origin of the baryon asymmetry in
this model would be due to the Affleck-Dine mechanism.

VI. FINAL REMARKS

In this paper, we reinvestigated the type III seesaw
ν-GMSB model using the updated data, including the

125.1 GeV Higgs boson mass and the neutrino oscillation
precision measurements. We also proposed possible sce-
narios of cosmic inflation and discussed their phenom-
enological consistency. We saw that the parameter region
has been considerably narrowed compared to the time
when the model was proposed; the three messenger model
has already been ruled out, and the two messenger model
is viable only for the narrow range of the messenger mass
3 × 1011 GeV ≲M ≲ 2 × 1012 GeV. We studied two pos-
sible scenarios of cosmic inflation; one in which inflation
takes place along the messenger direction, and the other in
which inflation is along the L-Hu flat direction. The
former model predicts high reheating temperature and
suffers from the gravitino problem; it is thus phenom-
enologically unacceptable. The latter model, on the other
hand, satisfies all consistency requirements and is con-
sidered viable.
Let us conclude by commenting on how the model can

be tested in future experiments. The sensitivity of the lepton
flavor violating μ → eγ branching ratio Brðμ → eγÞ is
expected to be improved by the MEG II experiment [47]
up to ∼6 × 10−14. In our model, this will give the upper
bound on the messenger mass (see Fig. 1)

M ≤ 9 × 1011 GeV for NH;

M ≤ 7 × 1011 GeV for IH: ð46Þ

Thus, a considerable part of the presently allowed param-
eter space would be covered. The current LHC bounds on
the long-lived stau is 405 GeV maximum exclusion at
cττ̃ ¼ 2 cm, that is, the lifetime of about ττ̃ ¼ 0.1 ns (CMS
[48]). The parameter region of our interest mτ̃ ∼ 1 TeV,
ττ̃ ∼ 10 sec. is presently unconstrained, and it will not be
accessible even in the high luminosity upgrade of the LHC.
The stau in this parameter region may be searched in a
future collider, such as the proposed 100 TeV collider at
CERN, with an experiment dedicated to the search of long-
lived charged particles like MoEDAL, by a program similar
to the one discussed in Ref. [49].
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APPENDIX: NEUTRINO MASS MATRIX

The neutrino Dirac mass matrix may be parametrized as
[50,51]

ðmDÞij ¼ yijDhH0
ui ¼

ffiffiffiffiffiffiffi
MR

p
R

ffiffiffiffiffiffi
Dν

p
U†

MNS; ðA1Þ
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where UMNS is the Maki-Nakagawa-Sakata lepton flavor
mixing matrix (sij and cij stand for sin θij and cos θij)

UMNS ¼

0
B@

1 0 0

0 c23 s12
0 −s23 c23

1
CA
0
B@

c13 0 s13e−iδCP

0 1 0

−s13eiδCP 0 c13

1
CA

×

0
B@

c12 s12 0

−s12 c12 0

0 0 1

1
CA: ðA2Þ

The matrix
ffiffiffiffiffiffiffi
MR

p
is diagonal, and in our νGMSB model in

which the messenger masses are assume to be degenerate,ffiffiffiffiffiffiffi
MR

p
is simply

ffiffiffiffiffi
M

p
multiplied by a unit matrix. The

complex orthogonal matrix R represents our ignorance
about the neutrino mass parameters. It was set to be a unit
matrix in our analysis of lepton flavor violation as we are
only interested in order estimation.
In the case of three generation messengers (Σ1, Σ2, Σ3),

the matrix
ffiffiffiffiffiffi
Dν

p
is

ffiffiffiffiffiffi
Dν

p
¼ diagð ffiffiffiffiffiffi

m1

p
;

ffiffiffiffiffiffi
m2

p
;

ffiffiffiffiffiffi
m3

p Þ; ðA3Þ

where

m2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δm2

21þm2
1

q
; m3 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δm2

32þΔm2
21þm2

1

q
ðA4Þ

for the normal mass hierarchy and

m1¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jΔm2

32j−Δm2
21þm2

3

q
; m2¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jΔm2

32jþm2
3

q
ðA5Þ

for the inverted mass hierarchy.

In the minimal seesaw model,

ffiffiffiffiffiffiffiffiffi
DNH

ν

q
¼

�
0

ffiffiffiffiffiffi
m2

p
0

0 0
ffiffiffiffiffiffi
m3

p
�
; ðA6Þ

where m2 ¼
ffiffiffiffiffiffiffiffiffiffiffi
Δm2

21

p
and m3 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δm2

32 þ Δm2
21

p
for the

normal mass hierarchy and

ffiffiffiffiffiffiffiffi
DIH

ν

q
¼

� ffiffiffiffiffiffi
m1

p
0 0

0
ffiffiffiffiffiffi
m2

p
0

�
; ðA7Þ

where m1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jΔm2

32j − Δm2
21

p
, m2 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jΔm2

32j
p

for the
inverted mass hierarchy.
We used the following numerical values [17] in this

paper:

sin2θ12 ¼ 0.307; sin2θ13 ¼ 2.20 × 10−2;

Δm2
21 ¼ 7.53 × 10−5 eV2; δCP ¼ 1.36π; ðA8Þ

for both mass hierarchies, and

sin2θ23 ¼ 0.546; Δm2
32 ¼ 2.453× 10−3 eV2; ðA9Þ

for the normal mass hierarchy and

sin2θ23¼0.539; Δm2
32¼−2.524×10−3 eV2; ðA10Þ

for the inverted mass hierarchy.
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