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We discuss the physics resulting from the supersymmetric Higgs-lepton inflation model and the recent
CMB B-mode observation by the BICEP2 experiment. The tensor-to-scalar ratio r = 0.20+0.07

−0.05 of the 
primordial fluctuations indicated by the CMB B-mode polarization is consistent with the prediction of
this inflationary model for natural parameter values. A salient feature of the model is that it predicts
the seesaw mass scale M from the amplitude of the tensor mode fluctuations. It is found that the
68% (95%) confidence level (CL) constraints from the BICEP2 experiment give 927 GeV < M < 1.62 TeV
(751 GeV < M < 2.37 TeV) for 50 e-foldings and 391 GeV < M < 795 GeV (355 GeV < M < 1.10 TeV)
for 60 e-foldings. In the type I seesaw case, the right-handed neutrinos in this mass range are elusive
in collider experiments due to the small mixing angle. In the type III seesaw, in contrast, the heavy
leptons will be within the reach of future experiments. We point out that a significant portion of the
parameter region corresponding to the 68% CL of the BICEP2 experiment will be covered by the Large
Hadron Collider experiments at 14 TeV.

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.

CrossMark 
1. Introduction

The discovery of the cosmic microwave background (CMB) 
B-mode polarization by the BICEP2 experiment [1] is truly re-
markable as the existence of the tensor mode in the primordial
fluctuations provides a direct evidence for inflation in the early
Universe.1 It has a significant impact on inflation model building.
In the past decade models producing small tensor mode fluctu-
ations were considered favourable since, for example, the Planck
data in 2013 [2] constrained the tensor-to-scalar ratio r < 0.11 at
95% confidence level (CL). The models of inflation producing such
small r include the Higgs inflation model [3,4], supersymmetric
Higgs inflation-type models [5–9], the hill-top inflation model [10],
and the R2 inflation model [11]. Among these, the Higgs inflation
model is a particularly simple and concrete particle physics real-
ization of inflation that also provides predictions in low-energy
particle physics. These models are in tension with the finding of

* Corresponding author.
E-mail addresses: kawai@skku.edu (S. Kawai), okadan@ua.edu (N. Okada).

1 The BICEP2 experiment uses 150 GHz single wavelength bolometers. In order
to conclude that the gravitational waves causing the polarization are undeniably of
inflationary origin, the results need to be confirmed also at other wavelengths.
http://dx.doi.org/10.1016/j.physletb.2014.06.042
0370-2693/© 2014 The Authors. Published by Elsevier B.V. This is an open access article
SCOAP3.
the BICEP2 experiment. See Refs. [12–14] for the updated status of 
various models.

In the present paper we point out that the prediction of the in-
flationary scenario which we call the Higgs-lepton inflation (HLI) 
[15,16] fits extremely well with the new data for natural choice 
of parameters. The HLI scenario is realized in the supersymmetric 
seesaw model, which is the simplest extension of the minimal su-
persymmetric Standard Model (MSSM) to include the right-handed 
neutrinos. The model incorporates the type I [17] or type III see-
saw mechanism [18] by which the small nonzero neutrino masses 
that are evidenced by the neutrino oscillations are naturally ex-
plained. It also includes possibility for generating baryon asym-
metry through leptogenesis or the Affleck–Dine mechanism. As a 
feature of the model, HLI directly associates the spectrum of the 
CMB with the mass scale of the right-handed neutrinos. We will 
see that the new data from the BICEP2 experiments constrains this 
mass scale to be between a few hundred GeV and a few TeV. These 
constraints are potentially useful since the right-handed (s)neutri-
nos may also be searched in colliders.

2. Higgs-lepton inflation in the supersymmetric seesaw model

The HLI model [15,16] is an “all-in” phenomenological model
of inflation that includes the seesaw mechanism [17], the origin of 
the baryon asymmetry, the origin of the dark matter, as well as 
 under the CC BY license (http://creativecommons.org/licenses/by/3.0/). Funded by 
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the Standard Model of particle physics. It is based on the seesaw-
extended MSSM. The superpotential in the type I seesaw case is

W = WMSSM + 1

2
MNc Nc + yD Nc LHu, (1)

where WMSSM is the MSSM superpotential and Nc , L, Hu are the 
right-handed neutrino singlet, the lepton doublet, and the up-type 
Higgs doublet superfields, respectively (the family indices are sup-
pressed). In the type III case, the superpotential is

W = WMSSM + 1

2
M Tr

(
T c T c) + yD LT c Hu, (2)

where

T c = 1

2

(
N0

√
2N+√

2N− −N0

)
(3)

is the right-handed neutrino triplet superfield. With odd R-parity 
assigned to Nc or T c , the superpotential preserves the R-parity in 
both cases. The Majorana masses of the right-handed neutrinos M
and the Dirac Yukawa coupling yD are related by the seesaw rela-
tion

mν = mT
D M−1mD , (4)

where mD = yD〈H0
u〉 and 〈H0

u〉 � 174 GeV for moderate tan β . 
While realistic seesaw requires at least two families of the right-
handed neutrinos, we will be interested mainly in the outcome of 
inflation and consider a simplified one family case.2 Since the in-
flationary model is essentially the same for both type I and type III 
seesaw, we will describe in the case of the type I model below. 
Estimating the mass scale of the light (left-handed) neutrinos as 
m2

ν ≈ �2
32 = 2.32 × 10−3 eV2 where the data of [19] is used, the 

seesaw relation (4) reads

yD =
(

M

6.29 × 1014 GeV

)1/2

. (5)

Inflation is assumed to take place along one of the D-flat direc-
tions L–Hu , which is parametrized by a field ϕ so that

L = 1√
2

(
ϕ
0

)
, Hu = 1√

2

(
0
ϕ

)
. (6)

We consider supergravity embedding with slightly noncanonical 
Kähler potential K = −3Φ , where

Φ = 1 − 1

3

(∣∣Nc
∣∣2 + |ϕ|2) + γ

4

(
ϕ2 + c.c.

) + ζ

3

∣∣Nc
∣∣4

. (7)

Here γ and ζ are real parameters. The third term on the right 
hand side violates the R-parity; the consequence of this will be 
discussed in Section 3. We will use the unit in which the reduced 
Planck scale MP = (8πG)−1/2 = 2.44 × 1018 GeV is set to unity. 
During inflation only the fields Nc and ϕ are important and the 
superpotential simplifies to

W inf = 1

2
MNc Nc + 1

2
yD Ncϕ2. (8)

From (7) and (8) the Lagrangian of the model can be obtained fol-
lowing the standard supergravity computations [15,16].

The dynamics of the resulting system is complicated in gen-
eral, with a nontrivial inflaton trajectory in multidimensional field 
space. It can be shown however that with mild assumptions the 

2 See [16] for a detailed description of the HLI with two families (the minimal 
seesaw case) in type I seesaw.
model simplifies to give single-field slow roll inflation [15,16]. This 
is due to the non-zero quartic term in (7), which makes the Nc

field massive, ensuring the inflaton trajectory to lie along the ϕ
direction. Furthermore, the scalar potential can be shown to be 
stable along the real axis of the ϕ field so that the phase direc-
tion of ϕ does not participate in the inflationary dynamics. The 
model then involves only one real scalar field and the Lagrangian 
becomes

LJ = √−gJ

{
1

2
ΦR J − 1

2
gμν

J ∂μχ∂νχ − V J

}
, (9)

where the subscript J stands for the Jordan frame and

χ = √
2 Reϕ, V J = |yD |2

16
χ4. (10)

Here the field is understood to represent the scalar component. 
Note that Φ of (7) is now written as

Φ = 1 + ξχ2, ξ = γ

4
− 1

6
. (11)

This is the nonminimally coupled λφ4 model [20]. The Higgs infla-
tion model [3,4] also has the same structure. An essential feature 
of the HLI model here is that the inflaton self coupling is the 
square of the Yukawa coupling yD which is determined by the 
seesaw relation (4). In this supersymmetric model the effects of 
renormalization on the Yukawa coupling yD and the nonminimal 
curvature coupling ξ are negligibly small [15,16].

The dynamics of inflation and the prediction of the model can 
be studied conveniently in the Einstein frame, by Weyl-rescaling 
the metric gE

μν = ΦgJ
μν and redefining the field χ into the canon-

ically normalized one χ̂ in the Einstein frame,

dχ̂ =
√

1 + ξχ2 + 6ξ2χ2

1 + ξχ2
dχ. (12)

The Lagrangian in the Einstein frame is then

LE = √−gE

{
1

2
RE − 1

2
gμν

E ∂μχ̂∂νχ̂ − V E

}
, (13)

where the scalar potential is

V E = V J

Φ2
. (14)

The slow roll parameters are defined in the usual way,

ε = 1

2

(
1

V E

dV E

dχ̂

)2

, η = 1

V E

d2 V E

dχ̂2
. (15)

The model contains two tuneable parameters yD and ξ , which 
are related to M and γ through (5) and (11). The value of ξ will 
be fixed by the amplitude of the CMB power spectrum as follows. 
The end of the slow roll is characterized by the condition that ei-
ther of the slow roll parameters are not small anymore; we use 
max(ε, |η|) = 1 and denote the value of the inflaton obtained from 
this condition as χ∗ . We then follow the inflaton trajectory back-
ward in time for Ne e-foldings, and identify the inflaton value 
χk that corresponds to the horizon exit of the comoving CMB 
scale k, using the relation Ne = ∫ χk

χ∗ dχ V E(dχ̂/dχ)/(dV E/dχ̂ ). Then 
the power spectrum of the curvature perturbation P R = V E/24π2ε
at the CMB scale χ = χk is obtained for a given set of Ne , yD , ξ . 
To compare this with the observed CMB amplitude, we use for 
definiteness the value As(k0) = 2.215 ×10−9 from the Planck satel-
lite experiment [2], with the pivot scale at k0 = 0.05 Mpc−1. Here, 
As(k) = k3

2 P R(k) and P R(k) is the Fourier transform of P R . Fixing 

2π
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Fig. 1. The spectral index ns and the tensor-to-scalar ratio r of the Higgs-lepton 
inflation (HLI), for the e-foldings Ne = 40, 50, 60 and 70. The nonminimal curva-
ture coupling ξ is fixed by the amplitude of the density fluctuations. The numbers 
shown alongside the plot are the seesaw scale M measured in GeV. The 68% and 
95% CL contours from the BICEP2 experiment [1] are shown in the background. 
The prediction of the minimally coupled m2φ2 chaotic model [ns = 1 − 2/(Ne + 1

2 ), 
r = 4(1 − ns), the red dotted line] and of the minimally coupled λφ4 model [ns =
1 − 3/(Ne + 3

2 ), r = 16
3 (1 − ns), the blue dashed line], are also shown for compari-

son. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.)

ξ by this procedure we obtain the prediction of the CMB spec-
trum for a given number of e-foldings Ne and a value of the 
Yukawa coupling yD . The prediction for the scalar spectral index 
ns = 1 − 6ε + 2η and the tensor-to-scalar ratio r ≡ Pgw/P R = 16ε
are plotted in Fig. 1. Instead of the Yukawa coupling yD , the see-
saw scale M is shown in the figure. In the background we also 
indicate the 68% and 95% CL constraint contours from the BICEP2 
experiment [1].

An important feature of the HLI model is that the inflaton 
quartic self coupling is given by the square of the Dirac Yukawa 
coupling, which in turn is related to the mass scale of the right-
handed (s)neutrinos by the seesaw relation (5). There is a lower 
bound of the Yukawa coupling, which is determined in the mini-
mal coupling limit ξ → 0 by the CMB amplitude. One can see from 
Fig. 1 that the constraints from the BICEP2 experiment yield the 
seesaw mass scale in the range between a few hundred GeV and a 
few TeV. More concretely we find

927 GeV < M < 1.62 TeV (68% CL)

751 GeV < M < 2.37 TeV (95% CL) (16)

for Ne = 50 and

391 GeV < M < 795 GeV (68% CL)

355 GeV < M < 1.10 TeV (95% CL) (17)

for Ne = 60. In Table 1 the values of the Dirac Yukawa coupling 
|yD |, the nonminimal curvature coupling ξ , the scalar spectral in-
dex ns and the tensor-to-scalar ratio r for these 68% and 95% 
threshold cases are shown. Note that the small inflaton quartic 
coupling ∼10−12 is not unnaturally small, since it is the square
of the Dirac Yukawa coupling. In fact the Dirac Yukawa coupling 
of yD ∼ 10−6 is in the same order as the electron Yukawa cou-
pling ye .

3. Physics implied by the TeV seesaw scale

We now turn to discuss various features of the HLI scenario 
when the seesaw scale is in the range (16), (17).
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Table 1
The values of the Yukawa coupling |yD |, the nonminimal curvature coupling ξ , 
the scalar spectral index ns and the tensor-to-scalar ratio r of the HLI model with 
e-foldings 50 and 60. The chosen seesaw scales M correspond to the 68% and 95% 
CL contours of the BICEP2 experiment.

Ne M (GeV) |yD | ξ ns r

50 751 1.09 × 10−6 5.89 × 10−4 0.946 0.250
927 1.21 × 10−6 1.29 × 10−3 0.948 0.203
1.63 × 103 1.61 × 10−6 4.00 × 10−3 0.954 0.118
2.37 × 103 1.94 × 10−6 6.86 × 10−3 0.956 0.0822

60 355 7.52 × 10−7 0 0.951 0.260
391 7.89 × 10−7 2.09 × 10−4 0.953 0.236
795 1.12 × 10−6 2.49 × 10−3 0.960 0.117
1.10 × 103 1.32 × 10−6 4.19 × 10−3 0.962 0.0855

3.1. Reheating temperature

The inflaton ϕ of the HLI model is the L–Hu flat direction of 
the supersymmetric seesaw model. The dominant decay channel 
of the Higgs component is ϕ → bb̄. In the perturbative reheating 
scenario, the upper bound of the reheating temperature is then 
estimated using the decay rate as Trh � 107 GeV. Parametric reso-
nance effects and/or contributions from other decay channels may 
slightly alter this estimate. Allowing for the redshift before the 
Universe reaches thermalization, we evaluate the reheating tem-
perature of this model to be

Trh ≈ 105–107 GeV. (18)

The effects of the nonminimal coupling should be negligible, since 
such effects become important only when ξ is extremely large and 
the coupling of the inflaton with the particle to which it decays is 
extremely small [21].

3.2. Baryon asymmetry

The reheating temperature (18) is lower than the grand unifi-
cation scale. Thus, the baryon asymmetry of the Universe (BAU) 
needs to be produced in a mechanism other than in the GUT 
phase transition. The supersymmetric seesaw model includes the 
right-handed (s)neutrinos and there is possibility that the BAU can 
be produced by the leptogenesis scenario [22,23], in which the 
lepton number first generated by the out-of-equilibrium decay of 
the right-handed (s)neutrinos is later converted into the baryon 
number via (B + L)-violating sphaleron transitions. We found in 
Refs. [15,16] that when the seesaw scale is higher the leptogenesis 
scenario operates successfully. Let us see how the scenario is al-
tered when the seesaw mass scale is (16), (17) conforming to the 
results of the BICEP2 experiment.

As the masses of the right-handed (s)neutrinos are much 
smaller than the reheating temperature (18), the right-handed 
(s)neutrinos are thermally produced in the reheating process. The 
question of whether the thermal leptogenesis operates well or 
not may be studied in two steps: (i) whether sufficient lepton 
asymmetry is generated by the decay of the (s)neutrinos, and 
(ii) whether the lepton number is successfully converted into the 
observed abundance of the baryon number, namely Y B ≡ nB/s ∼
10−10 where nB is the baryon number density and s is the entropy 
density.

In the traditional thermal leptogenesis with hierarchical see-
saw masses, generation of sufficient lepton asymmetry requires 
large enough seesaw mass M � 6 × 108 GeV [24] and high enough 
reheating temperature Trh � 109 GeV (see e.g. [25]). These con-
ditions are based on assumptions such as the hierarchy of the 
seesaw masses and the flavor structure, and may be relaxed. In 
particular, it is known that when at least two of the right-handed 
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neutrino masses are nearly degenerate, resonance enhancement of 
the CP-asymmetry parameter takes place, resulting in larger BAU 
for lower reheating temperature (resonant leptogenesis [26–28]). 
In fact, for M � TeV in the case of the minimal type I seesaw case 
(with two families of Nc ), we have shown in [16] that sufficient 
BAU can be produced in the HLI model, both for the normal mass 
hierarchy and for the inverted mass hierarchy. However, when M is 
below a few TeV, the efficiency of the sphaleron process is strongly 
suppressed, diminishing the conversion of the lepton number into 
the baryon number. In the type III seesaw the lower bound of the 
seesaw mass for successful leptogenesis is [29,30]

M > 1.6 TeV. (19)

The lower bound of the type I seesaw mass is in the same order 
(see e.g. [31]).

To conclude, the seesaw mass scale (16), (17) is too small for 
successful thermal leptogenesis, as the sphaleron process becomes 
inefficient and the lepton number cannot be successfully converted 
into the baryon number. The HLI model is equipped with super-
symmetry and the BAU may be generated for example by the 
Affleck–Dine mechanism [32].

3.3. R-parity violation

The third term of the Kähler potential (7) is proportional to 
γ LHu + c.c., which violates the R-parity.3 For the small values of 
the nonminimal coupling ξ (see Table 1), the coefficient of this 
term is γ = 4(ξ + 1

6 ) ≈O(1). Along with supersymmetry breaking, 
this term induces an R-parity violating effective superpotential of 
the form W/R ∼ μ′LHu , where μ′ = γ F †

φ and Fφ is the conformal 
compensator F-term. Combined with the usual MSSM μ-term, the 
superpotential of the form W ∼ Hu(μHd + μ′L) generates lepton 
number violating terms

W�L=1 ∼ (yeε)ec LL + (ydε)dc Q L, (20)

with ε ∼ μ′/μ. These terms are potentially hazardous as they 
hamper baryogenesis (which we assume to take place by the 
Affleck–Dine mechanism).

In generic models of supersymmetry breaking, the gravitino 
mass is given by m3/2 ≈ Fφ and hence μ′ ≈ m3/2. The cosmolog-
ical constraints on the size of the effective Yukawa couplings in 
(20) indicate ε ∼ m3/2/μ � 10−6 [34–36]. R-parity violating terms 
may also generate neutrino masses (separately from the seesaw 
mechanism) and the condition that such effects do not lead to 
unacceptably large neutrino masses gives somewhat weaker con-
straint ε � 10−3 [37–39]. Using the typical value of the MSSM 
μ parameter μ ∼ 1 TeV, ε � 10−6 gives the upper bound of the 
gravitino mass m3/2 � 1 MeV. In practice, the consequence of the 
R-parity violation largely depends on the details of assumed sce-
nario of supersymmetry breaking [16]. For example, in the “almost 
no-scale” scenario [40], we have m3/2 � Fφ and consequently the 
gravitino mass can be much larger than 1 MeV.

3.4. Dark matter candidates

As the gravitino mass of ∼1 MeV is much smaller than the typ-
ical neutralino or slepton masses, the lightest superparticle (LSP) of 
the HLI model is the gravitinos. It also can be shown that for the 
small R-parity violation the gravitinos are sufficiently long-lived, 

3 Small R-parity violating terms are employed to solve various problems. See 
e.g. [33].
and the mass of ∼1 MeV is large enough for cold dark matter par-
ticles. Thus the gravitinos are a good candidate of the dark matter 
in this inflationary scenario.

The overproduction constraints of the thermally produced grav-
itinos give further restriction on the reheating temperature. The 
abundance of the gravitinos is [41–43]

Ω3/2h2 � 0.3 ×
(

Trh

1010 GeV

)(
100 GeV

m3/2

)(
Mg̃

1 TeV

)2

, (21)

where Mg̃ is the running gluino mass and h ≈ 0.670 is the Hubble 
parameter measured in 100 km Mpc−1 sec−1. Now using m3/2 ≈
1 MeV, Mg̃ ≈ 1 TeV and Ω3/2 ≈ 0.1, the reheating temperature is 
found to be Trh ≈ 105 GeV. This is consistent with the reheating 
temperature estimated previously in (18).

3.5. Collider physics

Finally, let us comment on implication of our inflationary sce-
nario in collider physics. Candidates of the seesaw particles are 
actively searched e.g. in the Large Hadron Collider (LHC) [44–49]. It 
would be important to discuss detectability of the seesaw particles 
in the mass range (16), (17). In the case of type I seesaw, produc-
tion of the singlet neutrinos in colliders is due to mixing with the 
doublet neutrinos. However, the smallness of the Yukawa coupling 
corresponding to the TeV scale seesaw indicates that the mixing 
angle is too small, and production in colliders is negligible [50,51]. 
In the type III seesaw case, in contrast, the triplet fermions are 
produced by the electroweak gauge interactions, and production 
in LHC is in principle possible. Indeed, the type III seesaw parti-
cles of mass scale below 245 GeV have already been excluded at 
95% CL by the ATLAS experiment [49] (CMS gives similar lower 
bound 180–210 GeV [48]). The coverage of the LHC at 14 TeV run 
is expected to be up to 750 GeV [52]. This means that in Fig. 1
significant part of the parameter space inside the 68% contour will 
be covered. It would be interesting to see whether the type III HLI 
model survives this test.

4. Summary and discussion

We have discussed in this paper implications of the BICEP2 re-
sults in the Higgs-lepton inflation (HLI) model. The large nonzero 
value of the tensor mode r = 0.20+0.07

−0.05 calls for significant change 
of its interpretation. We have found that the HLI model can be fit 
with the new CMB data, it stays consistent with the neutrino oscil-
lation data, and the thermally produced gravitinos remain a viable 
candidate of the cold dark matter. The BAU, nevertheless, cannot 
be generated by the leptogenesis scenario; due to the smallness of 
the seesaw mass scale, the sphaleron process becomes inefficient 
and the lepton asymmetry generated along with the right-handed 
(s)neutrinos cannot be converted into baryon asymmetry. We dis-
cussed that the Affleck–Dine mechanism is a possible scenario of 
baryogenesis. We also pointed out that in the type III seesaw case, 
the triplet fermions in the mass range conforming to the BICEP2 
experiment can be searched in the LHC at 14 TeV run.

One of the original motivations for the HLI model [15,16] was 
to overcome the shortcomings of the Higgs inflation model [3,4]
which predicts small tensor mode fluctuations at the cost of in-
troducing extremely large nonminimal curvature coupling ξ ∼ 104. 
Due to the discovery of the large tensor mode fluctuations of infla-
tionary origin by the BICEP2 experiment, the Higgs inflation model 
lost its attractiveness and the good-old λφ4 and m2φ2 minimally 
coupled chaotic inflation models have resurfaced as favored mod-
els. The HLI model with small seesaw mass scale which we dis-
cussed in the present paper is in fact an almost minimally coupled 
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λφ4 model. Let us point out however that the HLI model has at 
least two advantages over the λφ4 chaotic inflation model. One is 
that it is a concrete particle physics realization of inflation with 
predictive power in particle phenomenology. The other advan-
tage is that the extremely small inflaton self coupling λ ∼ 10−12

is not unnatural in HLI, since λ ∼ |yD |2 and |yD | ∼ 10−6 which 
is, while small, in the same order as the electron Yukawa cou-
pling.

In view of the BICEP2 results, the m2φ2 chaotic inflation model 
driven by the right-handed scalar neutrinos [53] is an attractive 
model, sharing many aspects with the one presented in this paper. 
Both inflationary models are realized in the supersymmetric see-
saw model. They arise as different choices of Kähler potential and 
inflaton trajectory. In their model [53], leptogenesis is always suc-
cessful and the seesaw scale is necessarily large, M ∼ 1013 GeV. 
Seesaw particles of such large masses are, unlike in our model 
here, obviously far beyond the reach of any collider experiments. It 
would be interesting if the future CMB or other observations dis-
tinguish these models.
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