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We present a successful realization of supersymmetric μ-hybrid inflation model based on a gauged
Uð1ÞB–L extension of the minimal supersymmetric standard model, with the soft supersymmetry breaking
terms are playing an important role. Successful nonthermal leptogenesis with gravitino dark matter yields a
reheat temperature in the range 2 × 107 ≲ TR ≲ 5 × 109 GeV. This corresponds to the predictions
2 × 10−18 ≲ r ≲ 4 × 10−13 for the tensor to scalar ratio, and −2 × 10−6 ≲ dns=d ln k ≲ −5 × 10−11 for
the running of the scalar spectral index. The B–L breaking scale is estimated as 6 × 1014 ≲M=GeV ≲ 1016,
calculated at the central value of the scalar spectral index, ns ¼ 0.9655, reported by Planck 2018. Finally, in
a grand unified theory setup the dimensionless string tension parameter associated with the metastable
strings is in the range 10−9 ≲ Gμcs ≲ 10−6 corresponding to a stochastic gravitational wave background
lying within the 2σ bound of the recent NANOGrav 12.5-yr data.

DOI: 10.1103/PhysRevD.105.103539

I. INTRODUCTION

Supersymmetric (SUSY) hybrid inflation [1–8] offers an
attractive framework for linking inflation with particle
physics models based on grand unified theories (GUTs)
[6]. In the minimal models [7,8], the soft supersymmetry
breaking terms play an important role in making the
predictions for the scalar spectral index ns consistent with
the cosmic microwave background (CMB) data [9,10].
Alternatively, the nonminimal terms in the Kähler potential
serve a similar purpose [11–15]. With regard to linking
inflation with particle physics models, μ-hybrid inflation
[16,17] offers an interesting class of SUSY hybrid inflation
models where the μ-problem of the minimal supersym-
metric standard model (MSSM) is also resolved [16,18]. It
is shown in [17] that μ-hybrid inflation based on a
renormalizable superpotential and minimal (canonical)
Kähler potential leads to split supersymmetry scale with
the gravitino mass, m3=2 ≲ 5 × 107 GeV. However, with
nonminimal Kähler potential we can realize μ-hybrid
inflation with m3=2 ∼ 1–100 TeV and reheat temperature
TR ≳ 106 GeV [19]. A shifted version of μ-hybrid inflation

is investigated in [20] where the monopole problem
associated with the breaking of the underlying gauge
symmetry can be avoided. A viable model for gravitino
dark matter and potentially detectable primordial gravita-
tional waves are among the attractive features of these
models. A discussion of successful leptogenesis in μ-hybrid
inflation, however, is missing in these papers which is one
of the motivations of this paper.
A minimal version of μ-hybrid inflation is considered in

the present paper with renormalizable superpotential and
minimal (canonical) Kähler potential. As compared to an
earlier treatment of this model in [19], we here allow the
soft SUSY breaking mass, MS, to be different from the
gravitino mass m3=2, as assumed in [8] for standard SUSY
hybrid inflation model. This leads to interesting conse-
quences related to the viability of μ-hybrid inflation with
gravitino dark matter and successful nonthermal lepto-
genesis. An adequate range of reheat temperature is
obtained while avoiding the gravitino overproduction
problem [21,22].
This realization of μ-hybrid inflation is based on a gauged

Uð1ÞB−L extension ofMSSM,whereB andL are the baryon
and lepton numbers respectively. The breaking of Uð1ÞB−L
gives rise to a topologically stable cosmic string network
that is usually constrained from the various experimental
bounds. However, here we consider metastable cosmic
strings where these bounds can be relaxed. A brief dis-
cussion related to the formation of such a metastable string
network is presented in a GUT setup based on SOð10Þ.
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This metastable cosmic string network can decay via the
Schwinger production of monopole-antimonopole pairs
[23] while generating a stochastic gravitational wave back-
ground (SGWB) in a range accessible at the ongoing and
future gravitational wave (GW) experiments. We compare
ourmodel predictionswith the recent bounds from theNorth
American Nanohertz Observatory for Gravitational Waves
(NANOGrav) 12.5-yr data [24]. In addition,we highlight the
parameter spacewhich is also consistent with gravitino dark
matter and successful leptogenesis. For a similar study in no
scale inflation see [25].

II. SUPERSYMMETRIC μ-HYBRID INFLATION

The superpotential for hybrid inflation in a Uð1ÞB−L
extension of minimal supersymmetric standard model
(MSSM) can be written as [26–28],

W ¼ κSðΦΦ̄ −M2Þ þ λSHuHd þ yðUÞ
ij QiUc

jHu

þ yðDÞ
ij QiDc

jHd þ yðLÞij LiEc
jHd þ yðνÞij LiHuNc

j

þ λij
M�

Φ̄2Nc
i N

c
j ; ð1Þ

where, i; j ¼ 1; 2; 3 are the family indices, κ, λ and λij are

dimensionless couplings and yðUÞ
ij ; yðDÞ

ij ; yðLÞij and yðνÞij are the
Yukawa couplings, involving MSSM superfields, (Qi, Uc

i ,
Dc

i , Li, Ec
i ), with right-handed neutrino superfield, Nc

i , and
the electroweak Higgs doublet superfields, (Hu, Hd). The
last term, relevant for the right-handed neutrino masses,
contains a cutoff scale, M�. The scalar component of the
gauge singlet superfield S acts as an inflaton, and the B–L
conjugate pair of Higgs superfields (Φ, Φ̄) provides the
vacuum energy, κ2M4, for inflation containing the B–L
symmetry breaking scale M. The above superpotential not
only possesses the local Uð1ÞB–L symmetry, but it also
contains three global symmetries, namely, Uð1ÞR, Uð1ÞB
and Uð1ÞL, with RðWÞ ¼ 2 and BðWÞ ¼ 0 ¼ LðWÞ. The
charge assignments under these symmetries of the various
matter and Higgs superfields are given in Table I.
The global SUSY minimum occurs at,

hSi ¼ 0; hΦΦ̄i ¼ M2; hHui ¼ 0 ¼ hHdi: ð2Þ

After the breaking of Uð1ÞB−L gauge symmetry, the last
term in Eq. (1) gives rise to Majorana mass terms for the
right-handed neutrinos,

MR
ij ¼ λij

�
M
M�

�
M: ð3Þ

With λij ≲Oð1Þ and M� ∼ 1018 GeV, we obtain Majorana
masses ≲1014 GeV with the gauge symmetry breaking
scale M ∼ 1016 GeV. Therefore, the light neutrino masses
are naturally generated via the seesaw mechanism. It is also

interesting to note that the R-parity which prevents rapid
proton decay mediated by the dimension four operators
appears as a Z2 subgroup ofUð1ÞR symmetry. However, the
proton is essentially stable due to the global and local
symmetries described in Table I. A Z4 subgroup of Uð1ÞR
symmetry, consistent with the R charge assignment dis-
played in Table I, is identified as a unique anomaly free
discrete symmetry described in [29] that forbids both the
μ-term and all dimension four and five baryon and lepton
number violating operators in MSSM.
The superpotential term relevant for hybrid inflation

is [1,2],

W ¼ κSðΦΦ̄ −M2Þ; ð4Þ

and the global SUSY F-term scalar potential is given by,

VF ¼ κ2jM2 − ϕϕ̄j2 þ κ2jsj2ðjϕj2 þ jϕ̄j2Þ; ð5Þ

where ϕ; ϕ̄; s represents the bosonic components of the
superfields Φ; Φ̄; S respectively. In the D-flat direction,
jϕj ¼ jϕ̄j, using Eq. (4) and Eq. (5), we write the tree level
global SUSY potential as,

V ¼ V0½ð1 − y2Þ2 þ 2x2y2�; ð6Þ

where V0 ¼ κ2M4, x ¼ jsj=M and y ¼ jϕj=M. This scalar
potential in displayed in Fig. 1 where a flat direction
(y ¼ 0) with x > 1, suitable for inflation, is clearly visible.
As described below, the various important contributions to
the scalar potential provide the necessary slope for the
realization of inflation in the otherwise flat trajectory.
The F-term supergravity (SUGRA) scalar potential is

given by,

VF ¼ eK=m
2
PðK−1

ij DziWDz�j
W� − 3m−2

P jWj2Þ; ð7Þ

where,

TABLE I. Global and local charges of superfields.

Superfields R B L B–L

Ec
i 1 0 −1 1

Nc
i 1 0 −1 1

Li 1 0 1 −1
Uc

i 1 −1=3 0 −1=3
Dc

i 1 −1=3 0 −1=3
Qi 1 1=3 0 1=3
Hu 0 0 0 0
Hd 0 0 0 0
S 2 0 0 0
Φ 0 0 −1 1
Φ̄ 0 0 1 −1
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DziW ≡ ∂W
∂zi þm−2

P
∂K
∂zi W; Kij ≡ ∂2K

∂zi∂z�j ;

Dz�i
W�¼ðDziWÞ�, zi∈fϕ;ϕ̄;sg, andmP ≃ 2.4 × 1018 GeV

is the reduced Planck mass. In the present paper we employ
the minimal (canonical) Kähler potential given by,

K ¼ jSj2 þ jΦj2 þ jΦ̄j2; ð8Þ

and the SUGRA corrections can now be calculated using
the above definitions. Along the inflationary trajectory
SUSY is broken due to the nonzero vacuum term, V0. This
generates a mass splitting between the fermionic and the
bosonic components of the relevant superfields and leads to
radiative corrections in the scalar potential [1]. Another
important contribution in the scalar potential arises from the
soft SUSY breaking terms [4,5,7].
Including the leading order SUGRA corrections, one-

loop radiative corrections and the soft SUSY breaking
terms, the scalar potential along the inflationary trajectory
(i.e., y ¼ 0) can be written as [7,12,14],

V ≃ V0

�
1þ

�
M
mP

�
4 x4

2
þ κ2

8π2
FðxÞ þ λ2

4π2
Fð ffiffiffi

γ
p

xÞ

þ a

�
m3=2x

κM

�
þ
�
MSx
κM

�
2
�
; ð9Þ

where γ ≡ λ=κ and

FðxÞ ¼ 1

4

�
ðx4 þ 1Þ ln ðx

4 − 1Þ
x4

þ 2x2 ln
x2 þ 1

x2 − 1

þ 2 ln
κ2M2x2

Q2
− 3

�
; ð10Þ

is the one-loop radiative correction function evaluated at
the renormalization scale Q, and a is defined as,

a ¼ 2j2 − Aj cos½arg sþ argð2 − AÞ�: ð11Þ

The last two terms in Eq. (9) are the soft SUSY breaking
linear and mass-squared terms, respectively, obtained in a
gravity-mediated SUSY breaking scheme. The presence of
a-term makes the present model a two-field inflation model
[30]. However, we assume a suitable initial condition for
arg s so that a remains constant during inflation [12]. We
further assume the soft mass, MS, of the s field to be
different, in general, from the gravitino mass, m3=2. As we
will see later, this choice provides an extra degree of freedom
which yields a relatively wider range of M consistent with
the central value of the spectral index ns ¼ 0.966measured
by Planck 2018 [10]. The dimensionless parameter a and the
soft mass squared, M2

S, can have any sign. For standard
SUSY hybrid inflation, it is shown in [7] that choosing the
negative sign for either soft SUSYbreaking termpredicts the
scalar spectral index ns in good agreement with the central
value reported by Planck 2018. We envisage similar results
in the present μ-hybrid inflation model.

III. INFLATIONARY OBSERVABLES
IN SLOW-ROLL APPROXIMATION

The prediction for the various inflationary parameters
are estimated using the standard slow roll parameters
defined as,

ϵ ¼ 1

4

�
mP

M

�
2
�
V 0

V

�
2

; η ¼ 1

2

�
mP

M

�
2
�
V 00

V

�
;

ξ2 ¼ 1

4

�
mP

M

�
4
�
V 0V 000

V2

�
; ð12Þ

where prime denotes the derivative with respect to x. Note
that the extra factor of 1=2 is due to the relation between the
canonically normalized real inflaton field, σ ≡ jsj= ffiffiffi

2
p

, and
the complex field, s. In the slow-roll approximation, the
scalar spectral index ns, the tensor-to-scalar ratio r and the
running of the scalar spectral index αs ≡ dns=d ln k are
given by,

ns ≃ 1þ 2η − 6ϵ; r ≃ 16ϵ;

αs ≃ 16ϵη − 24ϵ2 − 2ξ2: ð13Þ

The value of the scalar spectral index ns in the ΛCDM
model is ns ¼ 0.9665� 0.0038 [9].
The amplitude of the scalar power spectrum is given by,

Asðk0Þ ¼
1

24π2ϵðx0Þ
�
Vðx0Þ
m4

P

�
; ð14Þ

where Asðk0Þ ¼ 2.137 × 10−9 at the pivot scale k0 ¼
0.05 Mpc−1 as measured by Planck 2018 [9]. The relevant
number of e-folds, N0, before the end of inflation is,

FIG. 1. The normalized global SUSY scalar potential V=V0 as a
function of x ¼ jsj=M and y ¼ jϕj=M.
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N0 ¼ 2

�
M
mP

�
2
Z

x0

xe

�
V
V0

�
dx; ð15Þ

where x0 ≡ xðk0Þ is the field value at the pivot scale k0, and
xe is the field value at the end of inflation. As the case may
be, the value of xe is fixed either by the breakdown of the
slow roll approximation (ηðxeÞ ¼ −1), or by a ‘waterfall’
destabilization occurring at the value xe ¼ 1.

IV. REHEATING AND LEPTOGENESIS

After the end of inflation, the system falls toward the
SUSY vacuum and performs damped oscillations about it.
The inflaton consists of the two complex scalar fields s and
θ ¼ ðδϕþ δϕ̄Þ= ffiffiffi

2
p

with the same mass, minf ≃
ffiffiffi
2

p
κM.

The inflaton predominantly decays into a pair of Higgsinos
(h̃u, h̃d) and Higgses (hu, hd), each with a decay width, Γh,
given by [31],

Γh ¼ Γðθ → h̃uh̃dÞ ¼ Γðs → huhdÞ ¼
λ2

8π
minf : ð16Þ

The other decay mode, via the superpotential couplings
ðλij=M�ÞΦ̄2Nc

i N
c
j , leads to a pair of right-handed neutrinos

(N) and sneutrinos (Ñ) respectively with equal decay width
given as [32],

ΓN ¼ Γðθ → NNÞ ¼ Γðs → ÑÑÞ

¼ minf

8π

�
MN

M

�
2
�
1 −

4M2
N

m2
inf

�
1=2

; ð17Þ

provided that only the lightest right-handed neutrino with
mass MN satisfies the kinematic bound, minf > 2MN .
The relevant Boltzmann equations for the evolution of

the total energy density, ρ, of s and θ fields and the
radiation energy density, ρr, are given by,

_ρ ¼ −3Hρ − Γinfρ; _ρr ¼ −4Hρr þ Γinfρr; ð18Þ

where,

H2 ¼ ρþ ρr
3m2

p
and Γinf ¼ Γh þ ΓS: ð19Þ

With H ¼ 3Γinf , we define the reheat temperature TR in
terms of the inflaton decay width Γinf ,

TR ¼
�

90

π2g�

�
1=4 ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ΓinfmP

p
; ð20Þ

where g� ¼ 228.75 for MSSM. Note that the effect of
preheating is expected to be suppressed in making the
perturbative estimate for TR. Assuming a standard thermal
history, the number of e-folds, N0, can be written in terms
of the reheat temperature, TR, as [33],

N0 ¼ 53þ 1

3
ln

�
TR

109 GeV

�
þ 2

3
ln

� ffiffiffi
κ

p
M

1015 GeV

�
: ð21Þ

Note that the effect of preheating in supersymmetric
hybrid inflation is generally expected to be suppressed
[34,35]. However, if both the inflaton and waterfall fields
are coupled to an additional scalar field, the preheating can
be efficient if the inflaton is relatively strongly coupled to
this scalar field [34]. In the present case, the electroweak
Higgs doublet in the D-flat direction represents such a
scalar field and efficient preheating requires λ ≫ κ. As we
only consider λ ∼ κ, the non-perturbative effects via pre-
heating are expected to be suppressed in our case. In
addition, preheating associated with fermions is generically
expected to be subdominant due to Pauli blocking.
Although subdominant, ΓN=Γh ≤ 1=ð3 ffiffiffi

3
p

γ2Þ≃
ð0.4=γÞ2 < 1, the ΓN channel is important for successful
leptogenesis which is partially converted into the observed
baryon asymmetry through the sphaleron process [36–38].
The washout factor of lepton asymmetry can be suppressed
by assuming MN ≫ TR. The observed baryon asymmetry
is evaluated in term of the lepton asymmetry factor, εL,

nB
nγ

≃ −1.84εL
ΓN

Γinf

TR

minf
δeff ; ð22Þ

where δeff is the CP violating phase factor, Γinf ≃ Γh and,
assuming hierarchical neutrino masses, εL is given by [39],

ð−εLÞ ≃
3

8π

ffiffiffiffiffiffiffiffiffiffiffi
Δm2

31

p
MN

hHui2
: ð23Þ

Here, the atmospheric neutrino mass squared difference is
Δm2

31 ≈ 2.6 × 10−3 eV2 and hHui ≃ 174 GeV in the large
tan β limit. For the observed baryon-to-photon ratio,
nB=nγ ¼ ð6.12� 0.04Þ × 10−10 [40], the bound on jδeff j ≤
1 along with the kinematic bound, minf ≥ 2MN , translates
into a bound on the reheat temperature,

TR ≳ γ22 × 107 GeV ≥ 2 × 107 GeV; ð24Þ

for γ ≥ 1. In order to attain the minimum possible reheat
temperature we set γ ¼ 1. This bound from successful
leptogenesis, i.e. TR ≳ 2 × 107 GeV, is represented by the
gray dashed line in Figs. 2–4. An underproduction of
leptogenesis is assumed for TR < 2 × 107 GeV with a
reduction in MN .

V. COSMIC STRING CONSTRAINTS

Cosmic strings (CSs) are produced at the end of inflation
with implications related to anisotropies in the CMB and the
production of stochastic gravitational waves (SGWs).
The predictions related to SGWs are discussed in Sec. IX.
The strength of the string’s gravitational interaction is
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expressed in terms of the dimensionless string tension,Gμcs,
where G ¼ 1=8πm2

P and μcs is mass per unit length of the
string. The CMB bound on the CS tension is [9,10],

Gμcs ≲ 1.3 × 10−7: ð25Þ

The quantity μcs, can be written in terms of the Uð1ÞB–L
gauge symmetry breaking scale M [41],

μcs ¼ 2πM2ϵðβÞ;

ϵðβÞ ¼ 2.4
logð2=βÞ for β ¼ κ2

2g2
< 10−2; ð26Þ

where g ¼ 0.7 for MSSM. Requiring M ≲ 1016 GeV,
Gμcs ≲ 10−6 and this is possible with a metastable CS
network as described in [23]. This possibility not only
circumvents the CMBbound onGμcs, it can also evade other
bounds coming from LIGO O3 [42]. A possible realization
of ametastable CSnetwork in aGUT setup based onSOð10Þ
model is described in Sec. IX.

VI. RESULTS AND DISCUSSION

The seven parameters of the present model, κ;M; am3=2;
M2

S; x0; xe, and MN , are constrained by five conditions,
namely, the amplitude of scalar power spectrum, Asðk0Þ ¼
2.137 × 10−9 Eq. (14), the scalar spectral index,
ns ¼ 0.9665, the end of inflation by the waterfall,
xe ¼ 1, the number of e-folds, N0, defined in Eq. (15)
and given in terms of TR by Eq. (21), and finally the
observed value of baryon-to-photon ratio, nB=nγ ¼ 6.12 ×
10−10 Eq. (22). This leaves two independent parameters to
freely vary which can be taken to be am3=2 and M2

S.
Keeping one parameter fixed, the second can be varied as
depicted in Figs. 2(a) and 2(b). In Fig. 2(a), we vary am3=2

for various values of M2
S in the range 2 × 1012 GeV2 to

−2 × 1017 GeV2. In Fig. 2(a), the curve with MS ∼ 0 has
already been discussed in [19] with a minimal (canonical)
Kähler potential. On the other hand, the region with
jM2

Sj ≠ 0 is the new parametric space explored in this
paper. However, see [8] where this region is explored in the
standard hybrid inflation model (γ ≪ 1). Similarly, in
Fig. 2(b) we vary M2

S for fixed values of m3=2 lying in
the range from 0 to 730 TeV (0 to 155 GeV) for a ¼ 1 (−1).
In accordance with the outcome of SUSY hybrid

inflation model [7,8], at least one of the two parameters,
M2

S or am3=2, is expected to be negative in order to realize
the red-tilted scalar spectral index consistent with Planck-
2018 data. In the present model, the scalar spectral index
with x0 ∼ 1 can be written as,

ns ≃ 1þ
�
mP

M

�
2
�
2

�
MS

κM

�
2

þ 3
κ2

8π2
F00ðx0Þ

�
: ð27Þ

In the limit where M2
S term is dominant in the above

expression we obtain,

�
MS

κM

�
2

≃ −
ð1 − nsÞ

2

�
M
mP

�
2

: ð28Þ

This explains the M ∝ κ−1=2 behavior of the curves in
Fig. 2(a) for most of the upper region with constant values
ofM2

S. This behavior changes near theMS ∼ 0 curve where
the radiative term in Eq. (27) becomes dominant and thus
predicting the M ∝ κ behavior. Regarding the behavior of
the corresponding curves in Fig. 2(b) with fixed values of
am3=2 > 0, it is noted that the soft SUSY breaking terms
compete with each other in ϵðx0Þ in order to satisfy the
constraint of As given in Eq. (14). Using this observation
and Eq. (27) we obtain M ∝ κ−1=3 which is consistent with
the curves shown in the upper region of Fig. 2(b).

FIG. 2. The symmetry breaking scale M versus the coupling κ, with maximum (minimum) reheat temperature TR of 1010 GeV
(2.3 × 106 GeV), and fine tuning bound of 0.01%. The rainbow color vertical bar represents the variation of the dimensionless string
tensionGμcs from 10−6 to 10−11. The inside mesh shows the variation of soft mass termM2

S in (a), and that of gravitino massm3=2, in (b).
Gray dashed line is the TR bound of leptogenesis, and dot-dashed is of stable LSP gravitino DM.
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For the case M2
S > 0, the radiative correction term starts

to compete with the M2
S term in Eq. (27) while moving

away from the MS ∼ 0 curve. This gives rise to M ∝ κ−2

behavior as can be seen in the lower region of Fig. 2(a).
Regarding the behavior of the corresponding region in
Fig. 2(b) with fixed values of am3=2 > 0, it is noted that the
soft SUSY breaking and radiative correction terms are
comparable in ϵðx0Þ in order to satisfy the constraint of As

given in Eq. (14). This leads toM ∝ κ−3 behavior of curves
in the lower region of Fig. 2(b).
The four boundary curves in Figs. 2–4 are respectively

described by Gμcs ¼ 10−6; 10−11, TR ¼ 1010 GeV and
x0 ¼ 1.0001. We do not consider larger values of reheat
temperature, TR ≳ 1010 GeV, which are usually con-
strained by the gravitino overproduction problem and allow
up to 0.01% difference between x0 and xe ¼ 1, since for
smaller values of κ the corresponding field value x0
happens to lie closer to the waterfall point, x ¼ 1.

Owing to its direct dependence on M, the various fixed
values of Gμ are almost horizontal while having a weak
dependence on κ. A wider range of the gauge symmetry
breaking scale, 1013 ≲M=GeV≲ 1016 is obtained, as
compared to MS ∼ 0 curve, where the range ð1 − 6Þ ×
1015 GeV is realized. As shown in Fig. 3(a), the curves
with fixed values of reheat temperature, TR, ranging
between 2 × 106 GeV to 1010 GeV followM ∝ κ−3 behav-
ior obtained from eqs. (16) and (20). Further, the curves
with fixed values of inflaton mass, minf ≃

ffiffiffi
2

p
κM, ranging

from 2 × 109 GeV to 8 × 1011 GeV are shown in Fig. 3(b)
and are consistent with M ∝ κ−1 behavior.
The predicted range of the tensor to scalar ratio

with tiny values, r ∼ 5 × 10−11 − 5 × 10−21, is shown in
Fig. 4(a) where the various curves with constant values
of r follow M ∝ κ−1=2 behavior as can be obtained from
Eq. (14),

FIG. 3. The symmetry breaking scale M versus the coupling κ, with maximum (minimum) reheat temperature TR of 1010 GeV
(2.3 × 106 GeV), and fine tuning bound of 0.01%. The rainbow color vertical bar represents the variation of the dimensionless string
tension Gμcs from 10−6 to 10−11. The inside mesh shows the variation of TR in (a), and that of inflaton massminf in (b). Gray dashed line
is the TR bound of leptogenesis, and dot-dashed is of stable LSP gravitino DM.

FIG. 4. The symmetry breaking scale M versus the coupling κ, with maximum (minimum) reheat temperature TR of 1010 GeV
(2.3 × 106 GeV), and fine tuning bound of 0.01%. The rainbow color vertical bar represents the variation of the dimensionless string
tension Gμcs from 10−6 to 10−11. The inside mesh shows the variation of tensor to scalar ratio r in (a), and that of the running of spectral
index αs in (b). Gray dashed line is the TR bound of leptogenesis, and dot-dashed is of stable LSP gravitino DM.
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r ∼
2

3π2Asðk0Þ
κ2M4

m4
P

: ð29Þ

Finally, the relevant expression of αs in the slow-roll
approximation is given by,

αs≃−
1

8

�
mP

M

�
3
�
12

�
M
mP

�
4

x0þ3
κ2

8π2
F000ðx0Þ

� ffiffiffi
r

p
: ð30Þ

The predicted range −αs ∼ 2.7 × 10−3 − 1.2 × 10−13 is
shown in Fig. 4(b) where the curves with constant values
of αs follow M ∝ κ, that can be obtained from Eq. (30)
assuming a dominant contribution from the radiative
correction with F000ðx0Þ ∝ κ−2. The predicted ranges of r
and αs with tiny values are consistent with the underlying
assumption of the ΛCDM model.

VII. GRAVITINO DARK MATTER

Following [17,19,20,43], an interesting realization of a
stable gravitino as a cold dark matter (DM) candidate is
presented here. The relic abundance for stable gravitinos is
described in terms of the reheat temperature TR and the
gluino mass, mg̃, as [44–47],

Ω3=2h2 ¼ 0.08

�
TR

1010 GeV

��
m3=2

1 TeV

��
1þ m2

g̃

3m2
3=2

�
: ð31Þ

This expression contains only the dominant QCD contri-
butions for the gravitino production rate. The electroweak
contribution [45] is expected to be relatively suppressed for
our analysis. The observed DM abundance requires,
Ω3=2h2 ∼ 0.12 [9], which allows us to write the gravitino
mass in terms of the reheat temperature for a given value of
gluino mass. The gray dot-dashed curves in Figs. 2–4 are
derived from Eq. (31) by taking into account mg̃ ≳m3=2

and the LHC bound on the gluino mass, mg̃ > 2.2 TeV
[48]. The region to the left of these curves describes the
gravitino DM in totality. It covers the values of gravitino
mass in the range, m3=2 ∼ 6 GeV–63 TeV with reheat
temperature up to 6 × 109 GeV. Hence, the viable param-
eter space compatible with both DM and leptogenesis lies
in the region bounded by the gray dashed and dot-dashed
curves of Figs. 2–4. Assuming an underproduction of
leptogenesis, the region left of the gray dot-dashed curve
(see Figs. 2–4) is also compatible with gravitino DM.
With LSP gravitino the next to lightest supersymmetric

particle (NLSP) X̃ can decay into SM particles and
gravitino. In this case the lifetime of X̃ should be less
than 1 sec in order to keep the successful predictions of
big bang nucleosynthesis (BBN) intact. The decay rate for
X̃ → ψμγ is given by [49],

ΓX̃→ψμγ
≃
cos2θW
48πM2�

m5
X̃

m2
3=2

; ð32Þ

where θW is the electroweak mixing angle. For the NLSP
lifetime, τX̃ ≲ 1 sec, Eq. (32) yields a lower bound on
m3=2, �

mX̃

1 TeV

�
GeV≲m3=2 < mX̃: ð33Þ

For mX̃ ∼ 1 TeV (10 TeV), we obtain 1 GeV≲m3=2 <
1 TeV (10 GeV≲m3=2 < 10 TeV). This again confirms
that the region bounded by the gray dot-dashed and dashed
curves is consistent with a gravitino DM and successful
leptogenesis.
In order to suppress the washout effects in nonthermal

leptogenesis we usually require MN to be somewhat larger
than TR. This can be achieved in the present model by
exploiting the freedom in the allowed range of the CP-
violating phase factor, δeff ≤ 1. We can choose any value of
the lightest right-handed neutrino mass, MN , lying in the
range, TR ≤ MN ≤ minf=2. For example withMN ¼ minf=4
we obtain 10≲MN=TR ≲ 200 consistent with gravitino
DM scenario.

VIII. UNSTABLE GRAVITINOS

We next consider the following two possibilities for
unstable gravitinos:
(1) Unstable long lived gravitino, m3=2 < 25 TeV,
(2) Unstable short lived gravitino, m3=2 > 25 TeV.

For the unstable long-lived gravitino, m3=2 < 25 TeV, we
have to take into account the BBN bounds on the reheat
temperature [49,50],

2 × 107 GeV≲ TR ≲ 1010 GeV; ð34Þ

which yields 5 TeV≲m3=2 ≲ 25 TeV. For example, for a
typical gravitino mass ∼10 TeV, the BBN bound on the
reheat temperature, TR ≲ ð1 − 2Þ × 109 GeV, is consistent
with the predictions displayed in Figs. 2–4. Therefore, an
unstable long-lived gravitino is viable for a wide range of
reheat temperature described above.
For an unstable short lived gravitino, m3=2 > 25 TeV,

the BBN bounds on TR are no more applicable. However,
there is another constraint coming from the decay of
gravitinos to the lightest sypersymmetric particle (LSP)
χ̃01. In this case, the LSP relic density is given by, [49]

Ωχ̃0
1
h2 ≃ 2.8 × 1010 × Y3=2

� mχ̃0
1

100 GeV

�
; ð35Þ

where mχ0
1
is the LSP mass, and Y3=2 is the gravitino yield

given as,
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Y3=2 ≃ 2.3 × 10−18
�

TR

10 TeV

�
: ð36Þ

Requiring the LSP neutralino density to not exceed the DM
relic density, Eq. (35) gives an upper bound on the
neutralino mass,

mχ̃1
0
≲ 180

�
1010 GeV

TR

�
GeV; ð37Þ

which is consistent with the lower limit on the neutralino
mass mχ̃1

0
≳ 18 GeV [51]. Using Eq. (37), the predicted

range of TR with successful leptogenesis (i.e., 1010 GeV≳
TR ≳ 2 × 107 GeV) can now be translated into a viable
mass range for the LSP neutralino,

180 GeV≲mχ̃1
0
≲ 90 TeV: ð38Þ

Thus, an unstable short-lived gravitino scenario is feasible
for a wide range of LSP neutralino mass. This is in contrast
to earlier studies of μ-hybrid inflation with MS ∼ 0 [19,20]
where the feasibility of this scenario relies on a nonminimal
Kähler potential.

IX. GUT EMBEDDING AND METASTABLE
COSMIC STRINGS

In a SUSY SOð10Þ framework, a metastable cosmic
string network could arise via the symmetry breaking
chain,

SOð10Þ → GSM ×Uð1Þχ → GSM; ð39Þ

where GSM ≡ SUð3Þc × SUð2ÞL ×Uð1ÞY is the SM gauge
group. The first breaking yields monopoles carrying SM
and Uð1Þχ magnetic charges. The second breaking yields
CSs with the string tension determined by the Uð1Þχ
symmetry breaking scale [23,28]. Assuming that the
monopoles are inflated away, the resulting string network
is effectively metastable and yields a stochastic gravita-
tional wave background spectrum that we explore in
Sec. X. Note that the χ charge coincides with B–L for
Y ¼ 0. For a recent discussion of metastable CS netwrok
formation in other gauge groups see [52]. The metastable
string network decays via the Schwinger production of
monopole-antimonopole pairs with a rate per string unit
length of [23,53–55],

Γd ¼
μcs
2π

expð−πκcsÞ; κcs ¼
m2

μcs
; ð40Þ

where m ∼MG is the monopole mass and κcs quantifies
the metastability of CSs network with

ffiffiffiffiffiffi
κcs

p ∼ 10 being the
stability limit as the lifetime of CSs becomes larger than the
age of the Universe. This parameter plays an important role

in making predictions for the current and future GW
experimental tests.

X. STOCHASTIC GRAVITATIONAL WAVE
BACKGROUND FROM METASTABLE

COSMIC STRINGS

The stochastic gravitational wave background (SGWB)
emitted from the CS network is calculated in terms of the
fractional energy density in GWs per logarithmic interval of
frequency [56],

ΩGWðfÞ ¼
8πG
3H2

0

fðGμcsÞ2
X∞
n¼1

CnðfÞPn: ð41Þ

Here, H0 ¼ 100h km=s=Mpc is the Hubble parameter
today with h ¼ 0.68 [10], and Pn is the power spectrum
of GWs emitted by the nth harmonic of a CS loop. Our
predictions are based on the Blanco-Pillado-Olum-Shlaer
(BOS) model [56,57] and cusps as the main source of GWs
with Pn given by [58],

Pn ≃
Γ
ζ½4

3
� n

−4=3; ð42Þ

where Γ ≃ 50 is a numerical factor specifying the CSs
decay rate and ζ is the Riemann zeta function. It is
convenient to work in terms of redshift z with 1þ z≡
a0=aðtÞ written in terms of the scale factor aðtÞ and its
present value, a0. The number of loops emitting GWs,
observed at a given frequency f is defined as [56],

CnðfÞ ¼
2n
f2

Z
zmax

zmin

dz
HðzÞð1þ zÞ6N ðl; tÞ: ð43Þ

The integration range corresponds to the life time of CSs
network, from its formation at zmax ≃

TR
2.7K

1 until its decay at

zmin ¼ ð70H0
Þ1=2ð ΓðGμcsÞ2

2π×6.7×10−39 expð−πκcsÞÞ
1=4

[59], andN ðl; tÞ
is the number density of CS loop of length l ¼ 2n

ð1þzÞf.
The loop density is defined by considering their for-

mation and decay in different epochs. In a radiation
dominated era the loop density is given by [58],

N rðl; tÞ ¼
0.18

t2=3ðlþ ΓGμcstÞ5=2
; ð44Þ

with l ≤ 0.1t, whereas in the matter era it is given
by [58],

N mðl; tÞ ¼
0.27 − 0.45ðl=tÞ0.31
t2ðlþ ΓGμcstÞ2

; ð45Þ

1TR is taken to be around 109 GeV.
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with l < 0.18t. Lastly, the number density of loops
produced during the radiation era, but radiating during
the matter era is given by [58],

N r;mðl; tÞ ¼
0.18ð2H0

ffiffiffiffiffiffiffiffi
Ωr;0

p Þ3=2
ðlþ ΓGμcstÞ5=2

ð1þ zÞ3; ð46Þ

with l < 0.09teq − ΓGμcst.
The cosmological time as a function of z is written

as [56],

tðzÞ ¼
Z þ∞

z

dz0

Hðz0Þð1þ z0Þ ; ð47Þ

and the Hubble rate at redshift z is given by [56],

HðzÞ¼H0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΩΛ;0þΩm;0ð1þzÞ3þΩr;0GðzÞð1þzÞ4

q
; ð48Þ

where Ωm;0 ¼ 0.31, Ωr;0 ¼ 4.15×10−5

h2 and ΩΛ;0 ¼ 1 −Ωm;0

are the present values of matter, radiation and dark energy
densities respectively, obtained from a standard flat ΛCDM
model [10]. The function GðzÞ defines the change in the
expansion rate of the Universe due to annihilation of
relativistic species at earlier times and is given as [60],

GðzÞ ¼ g�ðzÞg4=3S ð0Þ
g�ð0Þg4=3S ðzÞ

; ð49Þ

where g�ðzÞ, gSðzÞ are the effective numbers of relativistic
and entropic degrees of freedom respectively, at redshift z,
and g�ð0Þ, gSð0Þ are their present values. The evolution of
the effective degrees of freedom with redshift is shown in
Figs. 5(a) and 5(b), both for the SM and MSSM.2

Recently, NANOGrav has presented their 12.5-year data
set [24] as a characteristic strain of the form,

hstrainðfÞ ¼ A

�
f
fyr

�ð3−γcsÞ=2
; ð50Þ

where fyr ≡ 1 yr−1 ¼ 32 × 10−9 Hz, A is the strain ampli-
tude and γcs is the slope or the spectral index which is
related to the spectral GW energy density as,

ΩGWðfÞ ¼
2π2

3H2
0

f2h2ðfÞ ¼ Ωyr

�
f
fyr

�
5−γcs

; ð51Þ

with Ωyr ≡ 2π2A2f2yr
3H2

0

. Taking the first two frequency bins

of NANOGrav, i.e., f1 ¼ 2.45 × 10−9 Hz and f2 ¼
4.91 × 10−9 Hz, we obtain [61],

γcs ¼ 5 −
lnðΩGWðf2Þ=ΩGWðf1ÞÞ

lnð2Þ and

A ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3H2

0ΩGWðf1Þf3−γcsyr

2π2f5−γcs1

s
: ð52Þ

This leads to prediction for ðγcs; AÞ, as shown in Fig. 6, with
Gμcs ¼ 10−6 − 10−11,

ffiffiffiffiffiffi
κcs

p ∼ 7.5–9, and 10. Here the
parameter κcs increases from left to right with

ffiffiffiffiffiffi
κcs

p ¼ 10

representing the stable CS limit and Gμcs decreases from
top to bottom. The NANOGrav/PPTA [24,62] 2σ (1σ)
posterior contours are shown by solid (dot-dashed) brown/
orange region with a broken power law fit. The gray
window in the upper right corner is the region excluded by
the CMB constraint and is only applicable to CSs with
lifetime longer than CMB decoupling, i.e.,

ffiffiffiffiffiffi
κcs

p ≥ 8.6. The
pink shaded region representing successful leptogenesis,
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FIG. 5. (a) shows the evolution of effective degrees of freedom with redshift and (b) shows the evolution of G as a function of redshift
for both SM and MSSM.

2We thanks Thomas Coleman for sharing the code.
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DM and inflation is congruous with the gray bounded
region of Figs. 2–4.
In Fig. 7(a) the spectra of GW are shown for values offfiffiffiffiffiffi
κcs

p
and Gμcs which lie within the 2σ region of

NANOGrav as indicated with corresponding color
spades markers in Fig. 6. Ignoring dependence on the

effective degrees of freedom, the behavior ΩGW ∝ f3=2

(ΩGW ∝ f0) is achieved at the low (high) frequency
range for the GW spectrum. This corresponds to the range
γcs ∼ 3.5–5 via Eq. (51) while explaining most of the
predicted region shown in Fig. 6. The CS loops pro-
duced during the matter era and loops produced during the
radiation era, but radiating during the matter era, become
somewhat important in the low frequency range for
γcs ≳ 5, but this region lies outside of the NANOGrav
bounds. Due to pair production of GUT monopoles, the
metastable long strings on superhorizon scales and
string loops and segments on subhorizon scales cause a
SGWB which we have not considered here but can be seen
in [63].
For a detailed comparison of the various present (solid)

and future (dashed) experiments, the allowed values of
ffiffiffiffiffiffi
κcs

p
and Gμcs are shown in Fig. 7(b). It is interesting to note that
metastable CS with

ffiffiffiffiffiffi
κcs

p ∼ 8–9 allow Gμcs ∼ 10−9 − 10−6.
Therefore, the gravitino DM scenario with successful lepto-
genesis in μ-hybrid inflation, combined with NANOGrav
SGWB, leads to the predicted range MG ∼ 10M ∼
1016 GeV–1017 GeV for Gμcs ∼ 10−9–10−6. However, at
larger frequencies, the range Gμcs ∼ 10−8–10−6 is in some
tension with the latest bounds from LIGO O3 [42]. But this
tension still involves some theoretical and experimental
uncertainties. A nonstandard thermal history [58,68–71],
or late production of the CSs [72] can ameliorate this
tension. Besides NANOGrav, we also show in Fig. 7(b)
the observable region lying within the sensitivity bounds of
future experiments, such as Einstein Telescope [66] and
LISA [65].

FIG. 6. The GWs signal from stable and metastable CSs
compared to the NANOGrav observation for different values
of Gμcs and κcs. Moving from top to bottom Gμcs varies between
10−6 to 10−11, while moving from left to right

ffiffiffiffiffiffi
κcs

p
varies

between 7.5 to 9 and 10. The gray window in the upper right
corner is the region excluded by CMB constraints, and the pink
shaded region is for successful leptogenesis, DM and inflation.
The brown/orange region, solid (dot-dashed), shows the 2σ (1σ)
NANOGrav/PPTA posterior contours. The gray vertical line at
γcs ¼ 13=3 represents the slope expected for supermassive black
hole binary (SMBHB) mergers.

(a) (b)

FIG. 7. (a) shows the GW spectra explaining the NANOGrav excess at 2σ for allowed values of Gμcs with
ffiffiffiffiffiffi
κcs

p ¼ 7.9 to 9 and 10 as
indicated with corresponding color spades markers in Fig. 6. The gray shaded regions indicate the sensitivity curves of present (solid
boundaries) LIGO O3 [42] and future (dashed boundaries) SKA [64], LISA [65], ET [66], BBO [67] experiments. The brown/orange
band solid (dashed) is the NANOGrav/PPTA 2σ (1σ). In (b), we display constraints on the CS parameter space from GW experiments.
The solid lines are the regions excluded by existing bounds. The dashed line regions indicate the designed sensitivity of future
experiments. The dot-dashed (small dashed) region is the NANOGrav excess at 2σ (1σ) and the orange region is PPTA 2σ.
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XI. CONCLUSION

We have explored the μ-hybrid inflation in a Uð1ÞB–L
extension of the MSSM by considering both the linear and
quadratic soft SUSY breaking terms with special focus on
the parameter space described by jMSj ≫ m3=2. A wide
range of the gauge symmetry breaking scale, 6 × 1014 ≲
M=GeV≲ 1016 is predicted for successful nonthermal
leptogenesis and stable gravitino as a viable dark matter
candidate. This parameter range corresponds to a stochastic
gravitational wave background from a metastable cosmic
string network with tension Gμcs ∼ 10−9–10−6. Such a
metastable cosmic string network can arise in a grand
unified theory with Uð1ÞB−L embedded in an SOð10Þ

model. An order of magnitude splitting is predicted
between the GUT and B–L breaking scales. This con-
nection certainly provides a unique opportunity to probe
the seesaw mechanism and leptogenesis with gravitational
waves [73–76]. The metastable cosmic string network lies
within the 2σ NANOGrav 12.5 year data/PPTA and is also
within reach of future gravitational wave experiments.
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