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A new supergravity D-term, not associated to gauged R-symmetry, was recently discovered and used to
construct new supergravity models. In this paper we use a generalization of the new D-term that we used in
previous works, to construct a supergravity model of slow-roll inflation with the observable sector of the
minimal supersymmetric standard model. Supersymmetry is broken at a high scale in the hidden sector and
communicated to the observable sector by gravity mediation. The new D-term contains free parameters that
can give large masses to scalar superpartners of quarks and leptons and to the higgsinos while holding the
masses of observed particles fixed. Gauginos receive a mass from a noncanonical kinetic term for the vector
supermultiplets. We also present a simple argument proving in full generality that the cutoff Λ of effective
theories containing new D-terms can never exceed the supersymmetry breaking scale. In our theory, the
relation between D-term and the Hubble constant during inflation also implies the universal relation
Λ ≲ ffiffiffiffiffiffiffiffiffiffiffiffi

HMPl
p

.
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I. INTRODUCTION

The effective field theory describing the low-energy
dynamics of superstrings is described by a supergravity
theory. If supersymmetry is broken at an energy scale
comparable to the string scale MS ∼ ðα0Þ−1=2 it can be
realized nonlinearly [1] while if MS ≪ ðα0Þ−1=2 the con-
straints following from linearly realized supersymmetry
restrict the effective action to the general form found long
ago in [2]. This makes the construction of specific models
of inflation in superstring theory quite challenging. In fact,
no “standard,” canonical model of supergravity inflation
exists today, even without requiring a string theory origin
for it. When the supersymmetry breaking scale is higher
than the Hubble scale during slow-roll inflation, H, non-
linear realizations of supersymmetry give additional flex-
ibility in constructing scalar potentials for the inflaton. In
fact, they may be unnecessarily generic, since they do not
require one to have the same number of bosonic and
fermionic degrees of freedom, which is instead a robust
prediction of any superstring theory.

A novel method for enlarging the space of supergravity
effective theories while automatically ensuring that each
bosonic degree of freedomhas a fermionic partner does exist.
The method uses linear realizations of supersymmetry so all
interactions can be written in a manifestly supersymmetric
form in terms of a superfield. The differencewith the general
construction of [2] is that the new interactions become
singular when supersymmetry is unbroken, because they
contain inverse powers of some auxiliary fields. Among
these new termswewill be particularly interested in the “new
Fayet-Iliopoulos” (FI) terms written in a Kähler invariant,
field-dependent form by Aldabergenov, Ketov, and Knoops
(AKK) [3]. This is a generalization of the new FI terms
introduced by Antoniadis, Chatrabhuti, Isono, and Knoops
(ACIK) [4] aswell as of the first newD-term tobediscovered,
constructed in [5].WeusedACIK terms inour previous paper
[6] to construct a toy model of slow-roll inflation with a
semirealistic particle spectrumbased on theKachru-Kallosh-
Linde-Trivedi (KKLT) model [7] of superstring inflation. Its
effective field theory description is a supergravitymodelwith
a no-scaleKähler potential for its volumemodulus andwith a
superpotential that differs from its constant no-scale form
because of nonperturbative corrections. The KKLT super-
potential produces a supersymmetric anti–de-Sitter (AdS)
vacuum, which we lifted using the ACIK FI term. In the
model described in [6] supersymmetry was spontaneously
broken in a hidden sector at a very high but still sub-
Planckian scale Mpl ≫ MS ≫ 10−15Mpl. We employed
gravity mediation to communicate the supersymmetry
(SUSY) breaking to the observable sector, where
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supersymmetry breaking manifests itself through the exist-
ence of explicit soft SUSY breaking terms, characterized by
an energy scaleMobservable ≪ MS. Reference [8] instead used
AKK D-terms, a no-scale Kähler potential, and a linear
superpotential to obtain a slow-roll model of inflation.
The model we proposed in [6] had a major phenom-

enological weakness, originating from the fact that the
scalars of the observable sector possess a universal con-
tribution to the square mass m2,

m2 ¼ −
9

4
H2 þ � � � ; ð1Þ

where … denote small model-dependent corrections. The
large term −9H2=4 saturates the Breitenlohner-Freedman
bound [9] on the supersymmetric anti–de-Sitter vacuum,
where the scalar potential takes the value VAdS ¼
−3H2=8πG. When the vacuum energy is lifted up by a
positive constant due to a nonzero D-term contribution,
V → V þD2=2, the scalars become tachyons. We cor-
rected for this problem by adding large soft supersymmetry
breaking terms in the superpotential, which made the
masses of all scalar fields in the theory nontachyonic but
also gave unacceptably large masses to the fermions in the
observable sector.
The first aim of this paper is to propose a modification of

the ACIK-FI term that makes all scalars nontachyonic,
without requiring the introduction of large soft supersym-
metry breaking terms.
We will achieve a realistic spectrum of bosons and

fermions in the observable sector by using the AKK FI term
and by introducing a noncanonical kinetic term for some
vector supermultiplets of the observable sector.
The new FI terms come together with a host of multi-

fermion nonrenormalizable terms, that are cumbersome to
write and hard to study. The analysis carried out in [6]
suffered from three weaknesses. The first one was that it
was not systematic, because it examined only some non-
renormalizable terms that had the structures necessary to
give the strongest constraints on the UV cutoff of the
effective theory. The second one is that some of the
potentially dangerous terms could vanish due to Fierz
identities and other properties of multifermion terms.
The third and most significant one is that the gauginos
were not canonically normalized, so that spurious powers
of the gauge coupling constant associated to the FI vector
multiplet appeared in the formulas for the UV cutoff.
The second aim of this paper is to find the UV cutoff of

the theories with new FI terms. We will find that “three
wrongs make a right” and that these theories can have a
cutoff Λ ≫ H and so they can be reliable effective field
theories of inflation.
The downside of our new analysis is that we will show in

full generality that the cutoff of our theory cannot be
parametrically larger than MS.

This paper is organized as follows. In Sec. II we briefly
review the construction of the AKK-FI term [3] using the
superconformal tensor calculus language used in [6] and
we apply it to lift the AdS minimum of the KKLT model. In
Sec. III we give a simple, general and model-independent
argument showing that the UV cutoff Λ in all theories with
a new FI term obeys

Λ≲MS; Λ≲ ffiffiffiffiffiffiffiffiffiffiffiffi
HMPl

p
; MPl ≡ 1=

ffiffiffiffiffiffiffiffiffi
8πG

p
: ð2Þ

Section IV reviews the construction of a slow-roll
“Starobinsky”-type inflationary potential given in [6],
which uses the new FI term. The section also briefly
discusses the hidden-sector dynamics due to the potential.
In Sec. V we construct a superpotential that communicates
the supersymmetry breaking due to the D-term to the
observable sector and produces a realistic spectrum of
observable particles. In particular, we show how to keep
standard model fermions light while making their scalar
superpartners heavy, how to give mass to all the gauginos,
how to keep the physical Higgs scalar light while making
the higgsino heavy, and how to ensure that a light Higgs
field mass during inflation does not spoil the properties of
single-field inflation. The AKK generalization of the FI
term, that replaces the FI constant term with a function of
the scalar fields in chiral multiplets, is used to make all
scalars masses nontachyonic in the postinflation vacuum
while a nonminimal kinetic term for the gauge fields of the
observable sector is used to give masses to the gauginos.
An Appendix summarizes fermion masses formulas and
their derivation in superconformal tensor calculus.
Sections II, IV, V and Appendix A use results derived in
chapter 12 and Appendix C of the doctoral dissertation
of [10].

II. NEW FAYET-ILIOPOULOS TERMS AND KKLT

In this section we construct a superconformal action of
N ¼ 1 supergravity equipped with generalized Kähler-
invariant, field-dependent Fayet-Iliopoulos terms [3] using
superconformal tensor calculus [11,12]. To do this, we add
to the standard N ¼ 1 supergravity action a generalization
of the new FI terms studied in Ref. [13]. We write the
superconformal action as

L ¼ −3½S0S̄0e−KðZA;Z̄ĀÞ=3�D þ ½S30WðZAÞ�F
þ 1

2
½WαðVÞWαðVÞ�F þ c:c:þ LnewFI; ð3Þ

where S0 is the conformal compensator with Weyl/chiral
weights (1,1), ZA and V are chiral matter and vector
multiplets with weights (0,0), KðZ; Z̄Þ is a Kähler potential
gauged by a vector multiplet V, WðZÞ is a superpotential,
and WαðVÞ is the field strength of the vector multiplet V.
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Then, we decompose the matter multiplets ZA’s into
hidden and observable sectors, denoting with T the volume
modulus multiplet, and Zi the observable sector matter
multiplets. We then consider a superpotential of the form

WðTÞ≡WhðTÞ þWoðZiÞ; ð4Þ

where

WhðTÞ≡W0 þ Ae−aT; ð5Þ

WoðZiÞ≡WMSSM þ � � � � � � ; ð6Þ

WMSSM ≡ −YuÛRĤu · Q̂þ YdD̂RĤd · Q̂

þ YeÊRĤu · L̂þ μĤu · Ĥd

¼ −YuũRðHþ
u d̃L −H0

uũLÞ þ Ydd̃RðH0
dd̃L −H−

d ũLÞ
þ YeẽRðHþ

u ν̃L −H0
uẽ−LÞ þ μðHþ

u H−
d −H0

uH0
dÞ;
ð7Þ

where W0; A; a; Yu; Yd; Ye; μ are constants, Â · B̂≡
ϵabAaBb is the product between SUð2ÞL doublets in which
ϵ12 ¼ 1 ¼ −ϵ21, a, b are SUð2ÞL indices, and ũ; d̃; ẽ; ν̃ are
the scalar component fields of the superfield SUð2ÞL
doublets Q̂; L̂. They are scalar superpartners of the SM
quarks and leptons.
In our setup, the hidden sector superpotentialWh has the

form of a string theory superpotential with nonperturbative
corrections, which are obtained by either Euclidean D3
branes in type IIB compactifications or gaugino condensa-
tion due to D7 branes [7]. The observable sector super-
potential is the one used in minimal supersymmetric
extensions of the standard model (MSSM)1 plus ellipses
that stand for beyond the Standard Model corrections
which we will not need in this paper. Its supermultiplets
contain quarks, leptons, the Higgs fields, and their super-
symmetric partners. The Kähler potential of the volume
modulus T is the same as in KKLT string background [7] so
it is given by

K ¼ −3 ln½T þ T̄ −ΦðZi; Z̄īÞ=3�; ð8Þ

where ΦðZi; Z̄īÞ is a real function of the observable-sector
matter multiplets Zi’s. In terms of the real function Φ

ΦðZi; Z̄īÞ ¼ δij̄Z
iZ̄j̄; ð9Þ

we have ΦiΦij̄Φj̄¼Φ where Φi≡∂Φ=∂zi and Φij̄Φlj̄¼δli.
The next step is to determine which type of new FI

terms we should be using. In this work, we employ the
Kähler-invariant “field-dependent” Fayet-Iliopoulos terms

proposed by Aldabergenov, Ketov, and Knoops [3], which
is a generalization of the ACIK-FI term [4]. We refer to this
FI term as a AKK-FI term to distinguish it from many other
FI terms. The AKK-FI term that we will use is

L1 ≡ −
�
ðS0S̄0e−K=3Þ−3

ðWαðVÞWαðVÞÞðW̄ _αðVÞW̄ _αðVÞÞ
Tðw̄2ÞT̄ðw2Þ

× ðVÞDðξ1 þ U1ðΦ; Φ̄; H; H̄; VÞÞ
�
D
; ð10Þ

where w2 ≡ WαðVÞWαðVÞ
ðS0S̄0e−KðZ;Z̄ÞÞ2 and w̄2 ≡ W̄ _αðVÞW̄ _αðVÞ

ðS0S̄0e−KðZ;Z̄ÞÞ2 are com-

posite multiplets, TðXÞ; T̄ðXÞ are chiral projectors, and
ðVÞD is a real multiplet, whose lowest component is the
auxiliary field D of the vector multiplet V, ξ is a non-
vanishing constant, and U is a function of the chiral
multiplets. The solution for the auxiliary field D for the
vector multiplet is

D=g2 ¼ ξþ U≡ U: ð11Þ

In this work all fields are neutral under the Uð1Þ gauge
symmetry gauged by the vector inside the V supermultiplet
so that no additional terms appear in the D-term equa-
tion (11). Then, the D-term scalar potential is given by

VD ¼ 1

2g2
D2 ¼ 1

2
g2ðξþUÞ2 ¼ 1

2
g2ξ2 þ g2ξU þ 1

2
g2U2:

ð12Þ

Next we decompose the generic function U into two
pieces as

U≡ Uh þ Uo ⇒ D=g2 ¼ U ¼ ξþ U ¼ ξþUh þUo;

ð13Þ

Uh depends on both hidden and observable sector fields
and we will use it to give large masses to unobserved
scalars. We will find it convenient to consider it as part of
the hidden sector potential. Uo depends on observable
sector fields; we will use it to give masses and expectation
values to the Higgs fields and we will consider it as part of
the observable sector potential.
The potential also depends on additional D-term poten-

tials due to independent vector multiplets corresponding to
the gauge symmetries of the theory. So, for different vector
multiplets VA, we have

V 0
D ≡X

A

VA
D ¼

X
A

g2A
2
ðkIAðzÞGI þ c:c:Þ2; ð14Þ

the gauge group contains of course Uð1ÞY × SUð2ÞL×
SUð3ÞC.1We follow the notations used in Ref. [14].
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Since the total supergravity scalar potential is given by the sum of F- and D-term potentials [VD and
VF ¼ eGðGAGAB̄GB̄ − 3Þ], we find

V ¼ VD þ VF ¼
�
g2

2
ðξþUh þUoÞ2 þ V 0

D

�
þ VF ≡ Vh þ Vsoft: ð15Þ

Here we decomposed the scalar potential into hidden-sector and soft contributions according to the separation of the
superpotentialW ¼ Wh þWo, and thus themost dominant termswith∼jWhj2 are combined into thehidden sector potentialVh:

Vh ≡ g2

2
ðξþ UhÞ2 −Wh

TW̄
h þ W̄h

T̄W
h

X2
þ jWh

T j2
3X2

�
X þ 1

3
ΦiΦij̄Φj̄

�

þ 1

3

1

X2

�
Wh

TΦiΦij̄W̄h
j̄ þ W̄h

T̄W
h
iΦij̄Φj̄

�
þ 1

X2
Wh

iΦij̄W̄h
j̄ ; ð16Þ

while the rest of the potential is

Vsoft ≡ g2ðξþUhÞðUoÞ þ g2

2
ðUoÞ2 þ V 0

D −
1

X2
½WoW̄h

T̄ þ W̄oWh
T �

þ 1

3

1

X2
½Wh

TΦiΦij̄W̄o
j̄ þ W̄h

T̄W
o
iΦij̄Φj̄� þ

1

X2
Wo

iΦij̄W̄o
j̄ : ð17Þ

HereX ≡ T þ T̄ −Φðz; z̄Þ=3 andWI ≡ ∂W=∂zI for I ¼ T, i. Inserting the superpotentials into the above equation we obtain,
similarly to Ref. [13],

Vh ¼
�
1

2
g2ξ2 þ g2ξUh þ 1

2
g2Uh2

�
−

1

X2
ð−2aA2e−aðXþΦ=3Þ þ 2acA2e−aðXþΦ=3Þ=2 cosðaImTÞÞ

þ 1

3X2

�
X þ 1

3
ΦiΦij̄Φj̄

�
a2A2e−aðXþΦ=3Þ; ð18Þ

Vsoft ≡ g2ðξþ UhÞðUoÞ þ g2

2
ðUoÞ2 þ

X
A

g2A
2
ðkIAðVAÞGI þ c:c:Þ2

þ aAe−aðXþΦ=3Þ=2

X2
½WoeiaImT þ W̄oe−iaImT � þ 1

9

a2A2e−aðXþΦ=3Þ

X2
ΦiΦij̄Φj̄

−
1

3

aAe−aðXþΦ=3Þ=2

X2
½e−iaImTΦiΦij̄W̄o

j̄ þ eiaImTWo
iΦij̄Φj̄� þ

1

X2
Wo

iΦij̄W̄o
j̄ : ð19Þ

In the previous formulas we definedW0 ≡ −cA, where c is
a constant.

III. THE UV CUTOFF DUE TO NEW FI TERMS

Once the fields in the vector multiplet V are canonically
normalized, their D-terms appear in the Lagrangian density
as follows:

L ¼ 1

2
D2 − ΞDþ

X
n≥0;m≥0

D−nM−m
Pl O

2nþmþ4: ð20Þ

Here Ξ has scaling dimension two and we kept the
dependence on MPl explicit. The nonrenormalizable oper-
ators O2nþmþ4 have scaling dimension Δ ¼ 2nþmþ 4;
they contain at lest two fermions and were given explicitly

in [13]. Equation (20) is an obvious consequence of
dimensional analysis and requires no knowledge of the
explicit form of the operators O2nþmþ4. The key point here
is that the powers of MPl appearing in the nonrenormaliz-
able terms are always nonpositive. This is because there
exist only two types of nonrenormalizable interactions. The
first type exists also in global supersymmetry. These are
terms with m ¼ 0 in Eq. (20) and are present because the
new FI term can be written in global supersymmetry too.
In superfield notations it reads

new FI term ¼ Ξ
Z

d4θðDαWα þ D̄ _αW̄ _αÞ
W2W̄2

D2W2D̄2W̄2
:

ð21Þ
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The second set of terms decouples in the limit MPl → ∞,
D ¼ Ξ ¼ const so it is weighted by strictly negative powers
of MPl. Equation (20) shows that for Ξ≲MPl the strongest
limit on the UV cutoff of the effective theory comes from
the m ¼ 0 terms and is

Λ2
cut ≲D ¼ Ξ; ð22Þ

where Λcut is the cutoff scale of the theory. If other mass
parameters m≲ ffiffiffiffi

Ξ
p

exist in the theory, they can only
appear in the numerator of (20) and so they only make the
constraint on the cutoff weaker. The scalar potential of the
KKLT model has a minimum at V ¼ −3H2=8πG and it
asymptotes to V ¼ 0 for large values of the would- be
inflaton. To get a realistic inflationary potential, the D-term
contribution must lift the minimum to −3H2=8πGþ
ξ2=2 ≈ 0 hence D ¼ Ξ ∼HMPl. Since the D-term breaks
supersymmetry we also get D ∼M2

S, hence the bounds
already given in Eq. (2)2

Λcut ≲
ffiffiffiffi
Ξ

p
∼MS; Λcut ≲

ffiffiffiffiffiffiffiffiffiffiffiffi
HMPl

p
: ð23Þ

IV. STAROBINSKY-TYPE INFLATION

In this section, we use the new FI term to derive an
inflationary potential and explore its hidden-sector dynam-
ics. Let us begin with the general potential V ¼ Vh þ Vsoft,
which is given by

V ¼
�
1

2
g2ξ2 þ g2ξUh þ 1

2
g2Uh2

�
−

1

X2
ð−2aA2e−aðXþΦ=3Þ

þ 2acA2e−aðXþΦ=3Þ=2 cosðaImTÞÞ

þ 1

3X2

�
X þ 1

3
ΦiΦij̄Φj̄

�
a2A2e−aðXþΦ=3Þ þ Vsoft:

ð24Þ
Now we assume that the hidden-sector part of the real
function, say Uh, is defined by

Uh ≡ Ciziz̄i; ð25Þ

where the zi’s are all matter scalars appearing in the
supergravity model—except the Higgs sector fields—and
the Ci’s are coupling constants. It is easy to see that the
minima of the total scalar potential V ¼ Vh þ Vsoft with
respect to the matter scalars zi’s without Higgs ones are
placed at zi ¼ 0.
To explore the inflationary trajectory in the direction of

inflaton field ϕ (or X ≡ e
ffiffiffiffiffiffi
2=3

p
ϕ), we focus on the path

along the minima at zi ¼ 0 where again i ≠ Higgs,

ImT ¼ 0, and Hþ
u ¼ H−

d ¼ 0, H0
u ¼ vu=

ffiffiffi
2

p
, H0

d ¼
vd=

ffiffiffi
2

p
where vu, vd are nonzero constants. Then, along

the path, the total scalar potential can be written as

Vjminima ¼
1

2
g2ξ2−

1

X2
ð−2aA2e−aðXþv2=6Þ

þ2acA2e−aðXþv2=6Þ=2Þ

þ 1

3X2

�
Xþv2

6

�
a2A2e−aðXþv2=6Þ þVsoftjminima;

ð26Þ

where we defined v2 ≡ v2u þ v2d. We can further simplify
the form of this potential using the fact that v ¼
246 GeV ∼ 10−16Mpl ≪ X ∼OðMplÞ all the time during
and after inflation. That is, we can take the limits X ≫ v2=6
and Vh ≫ Vsoft during and after inflation, which produce

Vjminima ≈
1

2
g2ξ2 −

1

X2
ð−2aA2e−aX þ 2acA2e−aX=2Þ

þ 1

3X
a2A2e−aX: ð27Þ

The vacuum with respect to the direction X is at X ¼ x such
that c ¼ ð1þ ax=3Þe−ax=2 (see Ref. [13] for the derivation
of c). In fact, the scale of g2ξ2 must be of order of the
inflation energy since we want to describe inflation using
that potential. That is, we must require

1

2
g2ξ2 ¼! M4

I ≡H2M2
pl; ð28Þ

where MI and H denote the inflation and Hubble scale

respectively. Using X ¼ e
ffiffiffiffiffiffi
2=3

p
ϕ, we rewrite the potential as

Vjminima ≈M4
I − e−2

ffiffiffiffiffiffi
2=3

p
ϕð−2aA2e−ae

ffiffiffiffi
2=3

p
ϕ

þ 2acA2e−ae
ffiffiffiffi
2=3

p
ϕ=2Þ þ 1

3
a2A2e−

ffiffiffiffiffiffi
2=3

p
ϕe−ae

ffiffiffiffi
2=3

p
ϕ
:

ð29Þ

It is worth noticing that this result exactly coincides with
that of Ref. [13] so that an exponentially flat direction
similar to that of the Starobinsky potential is present in our
model too.
Our model has enough parameters to fix the postinflation

cosmological constant to the observed valueΛ∼10−120Mpl.
Now considering the value of the soft potential at the
vacuum when X ¼ x, i ≠ Higgs, ImT ¼ 0, Hþ

u ¼H−
d ¼ 0,

H0
u ¼ vu=

ffiffiffi
2

p
, andH0

d ¼ vd=
ffiffiffi
2

p
, we can determine what the

constant g2ξ2=2 must be. At the vacuum, if we define the
vacuum with respect to X (or ϕ) to be at x ¼ 1 (or ϕ ¼ 0),
the potential is given by

2We thank A. Gullen and F. Rondeau for a useful discussion on
this point.
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Vjvacua ¼
1

2
g2ξ2 −

a2A2e−a

3
þ Λsoft ≡ Λ; ð30Þ

where we define Λsoft ¼ hVsofti and impose that the VEVof
the potential is equal to the cosmological constant Λ.
Hence, we determine g2ξ2=2 as

1

2
g2ξ2 ¼ a2A2e−a

3
þ Λ − Λsoft: ð31Þ

Now let us investigate supersymmetry breaking in our
model. The SUSY breaking scale, say MS, can be found
by computing the positive contributions to both D- and
F-terms

Vþjvacuum ¼ ðV þ 3eGÞjvacua ¼ Λþ a2A2e−a

3
≡M4

S; ð32Þ

which gives

a2A2e−a

3
¼ M4

S − Λ ⇒
1

2
g2ξ2 ¼ M4

S − Λsoft ¼ M4
I ⇒ M4

S

¼ M4
I þ Λsoft: ð33Þ

This means that we have to require a high-scale super-
symmetry breaking [15] because the SUSY breaking mass
MS is at high scale as given by

MS ¼ ðH2M2
pl þ ΛsoftÞ1=4 ∼Oð ffiffiffiffiffiffiffiffiffiffiffiffi

HMpl

p Þ ¼ 10−2.5Mpl;

ð34Þ
where we note that H2M2

pl ≫ Λsoft.

V. MASSES AND MASS SPLITTINGS

In this section, we embed the minimal supersymmetric
standard model (MSSM) into the observable sector of our
supergravity theory, whose hidden sector we showed to
describes both inflation and the postinflationary vacuum.

A. Supersymmetric Higgs potential modified
by new FI terms

Here we focus on finding a supersymmetric Higgs
potential compatible with MSSM phenomenology in our
supergravity model of inflation. To generate the observed
Higgs and matter masses, we assume that the generic
function U ¼ Uh þ Uo is defined by

Uh ¼ Cijzij2 for non-Higgs matters; labeled by i; ð35Þ
Uo ¼ b½ðjHþ

u j2 þ jH0
uj2Þ − ðjH0

dj2 þ jH−
d j2Þ�

for the Higgs sector; ð36Þ
where Ci; b are free parameters. Notice that these are gauge
invariant under the SM gauge groups. We can then identify
the supersymmetric Higgs potential with the soft potential,
which is given by

Vsoft ¼ ξg2Uo þ g2

2
Uo2 þ VUð1ÞY þ VSUð2ÞL þ VSUð3Þc

þ 2

3

aAe−aðXþΦ=3Þ=2
X2

ðWo þ W̄oÞ þ 1

9

a2A2e−aðXþΦ=3Þ

X2
Φþ

Wo
i δ

ij̄W̄o
j̄

X2
: ð37Þ

Since the Higgs multiplets transform under Uð1ÞY and SUð2ÞL, the first line of the potential in Eq. (37) is

g2ξUo ¼ g2ξbðjHþ
u j2 þ jH0

uj2 − jH0
dj2 − jH−

d j2Þ; ð38Þ

g2

2
Uo2 ¼ g2b2

2
ðjHþ

u j2 þ jH0
uj2 − jH0

dj2 − jH−
d j2Þ2; ð39Þ

VUð1ÞY ⊃
g21
8X2

ðjHþ
u j2 þ jH0

uj2 − jH0
dj2 − jH−

d j2Þ2; ð40Þ

VSUð2ÞL ⊃
g22
2X2

jH̄0
uHþ

u þ H̄−
dH

0
dj2 þ

g22
8X2

ðjHþ
u j2 þ jH0

uj2 − jH0
dj2 − jH−

d j2Þ2: ð41Þ

In addition, we can find the other part of the Higgs potential from the F-term contributions to the soft potential VsoftjF, which
provides
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VsoftjF ⊃
2

3

aAe−aðXþΦ=3Þ=2
X2

ðWo þ W̄oÞ þ 1

9

a2A2e−aðXþΦ=3Þ

X2
Φþ

Wo
i δ

ij̄W̄o
j̄

X2

¼ 2

3

aAe−aðXþΦ=3Þ=2
X2

ðμðHþ
u H−

d −H0
uH0

dÞ þ H:c:Þ

þ
�
1

9

a2A2e−aðXþΦ=3Þ

X2
þ jμj2

X2

�
ðjHþ

u j2 þ jH0
uj2 þ jH0

dj2 þ jH−
d j2Þ: ð42Þ

Therefore, the final form of the Higgs potential at the non-Higgs matter minima zi ¼ 0 (where i ≠ Higgs) is given by

VH ¼ g22
2X2

jH̄0
uHþ

u þ H̄−
dH

0
dj2 þ

�
g21 þ g22
8X2

þ g2b2

2

�
ðjHþ

u j2 þ jH0
uj2 − jH0

dj2 − jH−
d j2Þ2

þ 4

3

aAe−aðXþðjHþ
u j2þjH0

uj2þjH0
dj2þjH−

d j2Þ=3Þ=2
X2

ReðμðHþ
u H−

d −H0
uH0

dÞÞ

þ
�
1

9

a2A2e−aðXþðjHþ
u j2þjH0

uj2þjH0
dj2þjH−

d j2Þ=3Þ

X2
þ jμj2

X2
þ g2ξb

�
ðjHþ

u j2 þ jH0
uj2Þ

þ
�
1

9

a2A2e−aðXþðjHþ
u j2þjH0

uj2þjH0
dj2þjH−

d j2Þ=3Þ

X2
þ jμj2

X2
− g2ξb

�
ðjH0

dj2 þ jH−
d j2Þ: ð43Þ

Since X ≫ H�;0
u;d the potential can be approximated into

VH ¼ g22
2X2

jH̄0
uHþ

u þ H̄−
dH

0
dj2 þ

�
g21 þ g22
8X2

þ g2b2

2

�
ðjHþ

u j2 þ jH0
uj2 − jH0

dj2 − jH−
d j2Þ2

þ 4

3

aAe−aX=2

X2
ReðμðHþ

u H−
d −H0

uH0
dÞÞ þ

�
1

9

a2A2e−aX

X2
þ jμj2

X2
þ g2ξb

�
ðjHþ

u j2 þ jH0
uj2Þ

þ
�
1

9

a2A2e−aX

X2
þ jμj2

X2
− g2ξb

�
ðjH0

dj2 þ jH−
d j2Þ: ð44Þ

We then find the minima at Hþ
u ¼ H−

d ¼ 0, which gives

VH ¼
�
g21 þ g22
8X2

þ g2b2

2

�
ðjH0

uj2 − jH0
dj2Þ2 −

4

3

aAe−aX=2

X2
ReðμH0

uH0
dÞ

þ
�
1

9

a2A2e−aX

X2
þ jμj2

X2
þ g2ξb

�
jH0

uj2 þ
�
1

9

a2A2e−aX

X2
þ jμj2

X2
− g2ξb

�
jH0

dj2: ð45Þ

In terms of the approximated potential, the vacuum solutions are those of the MSSM. That is,

hH0
ui ¼

vuffiffiffi
2

p ð¼ v2Þ; hH0
di ¼

vdffiffiffi
2

p ð¼ v1Þ; hH0
di ¼ hH−

d i ¼ 0 ⇒ H0
i ≈ hH0

i i þ φi; ð46Þ

where φi are fluctuations of the Higgs fieldsH0
i around the vacuum (i ¼ u, d). We take here the same definitions used in the

MSSM,

v2 ≡ v2u þ v2d ¼ ð246 GeVÞ2; tan β ¼ v2=v1 ¼ vu=vd; ð47Þ

where β is a free parameter such that 0 ≤ β ≤ π=2. Hence, we can merely recall the MSSM results when we compute scalar
masses.
Recalling some results of Sec. 28.5 in Ref. [16], we can identify the following correspondences:

g2 þ g02

8
→

g21 þ g22
8X2

þ g2b2

2
; m2

1 →
1

9

a2A2e−aX

X2
− g2ξb; m2

2 →
1

9

a2A2e−aX

X2
þ g2ξb; ð48Þ
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jμj2 → jμj2
X2

; Bμ →
4

3

aAe−aX=2

X2
μ; ð49Þ

m2
Z ¼ 1

2
ðg2 þ g02Þðv21 þ v22Þ → m02

Z ¼
�
g21 þ g22
2X2

þ 2g2b2
�
ðv21 þ v22Þ ¼

�
X−2 þ 4g2b2

g21 þ g22

�
m2

Z; ð50Þ

m2
A ¼ 2jμj2 þm2

1 þm2
2 → m02

A ¼ 2

9

a2A2e−aX

X2
þ 2jμj2

X2
; ð51Þ

and the vacuum solutions produce the following relations:

Bμ ¼ m02
A sin 2β; m2

1 −m2
2 ¼ −ðm02

A þm02
Z Þ cos 2β ¼ −2g2ξb; tan β ¼ v2=v1: ð52Þ

B. Supermassive scalars

The scalar masses are determined as follows. The Standard Model matter masses are found to be

m2
z jvac ¼ Vzz̄jz¼0 ¼ ðg2ξUzz̄ þ g2ðUzUz̄ þ UUzz̄Þ þ ðVF þ V 0

DÞzz̄Þjz¼0

¼ ðg2ξUzz̄ þ ðVF þ V 0
DÞzz̄Þjz¼0 ≫ H2

⇒ g2ξUzz̄jz¼0 ≫ H2 ð53Þ

along the vacua when z ¼ 0, aImT ¼ 0. Now we may suppose that the form of the general function U is

U ⊃ Ciziz̄i; ð54Þ

where zi’s are the matter fields without the Higgs fields. This leads to

g2ξUzz̄ ¼ g2ξCi ≫ H2 ⇒ Ci ≫
H2

g2ξ
> 0: ð55Þ

Notice that U is positive definite, so that D ¼ ξþ U > 0 is nowhere vanishing. Here the point is that the matter scalars can
be as heavy as we want during and after inflation, enabling us to integrate them out easily.
Next, let us identify the Higgs masses. The eigenvalues of the square mass matrix of the Higgs fields are

m2
H ¼ 1

2

�
m02

A þm02
Z þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm02

A þm02
ZÞ2 − 4m02

Am
02
Z cos

2 2β
q �

; ð56Þ

m2
h ¼

1

2

�
m02

A þm02
Z −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm02

A þm02
ZÞ2 − 4m02

Am
02
Z cos

2 2β
q �

≈
m02

Am
02
Z cos

2 2β

m02
A þm02

Z

≈
ðm2

1 −m2
2Þ2

m02
Am

02
Z

if m0
A ≫ m0

Z ⇒ m02
A ≈

ðm2
1 −m2

2Þ2
m2

hm
02
Z

; ð57Þ

where μ, B, m2
1, m

2
2 are the MSSM soft parameters. We

note that now the MSSM soft parameters are functions

of the inflaton field ϕ via X ≡ e
ffiffiffiffiffiffi
2=3

p
ϕ, whose vacuum

is at ϕ ¼ 0 (or X ¼ 1). First, let us check the Higgs
masses after inflation at X ¼ 1. Equations (56), (57)
imply that

m02
A ¼ 2a2A2e−a

9
þ 2jμj2 ≈ ðm2

1 −m2
2Þ2

m2
hm

02
Z

; ð58Þ

so that we can determine the parameter μ as

jμj2 ≈ ðm2
1 −m2

2Þ2
2m2

hm
02
Z

−
1

3
ðM4

I − ΛÞ ð59Þ

since 3ðM4
I − ΛÞ ¼ a2A2e−a ¼ 3m2

3=2. Since we have

m2
1 −m2

2 ¼ −2g2ξb ≈ −2g2b
ffiffiffi
2

p
M2

I

g
∼ 2

ffiffiffi
2

p
bgM2

I ; ð60Þ
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we obtain

jμj2 ∼
 

4b2g2

m2
hm

2
Zð1þ 4g2b2

g2
1
þg2

2

Þ
−
1

3

!
M4

I > 0; ð61Þ

where m2
Z ¼ g2

1
þg2

2

4
v2 is the Z boson mass.

We remark that it is necessary to consider the new FI
term in this model since it helps us to obtain different values
for m2

1 and m2
2. This property ensures that the light Higgs

scalar mass mh is nonvanishing. Furthermore, we observe
that we can integrate out the degrees of freedom of the
heavy Higgs scalar, with mass m2

H, because this mass is of
order of the Hubble scale, while the light Higgs mass can be
fixed to be that of the observed Higgs using the cancellation
between the first and second terms in the mass formula.
Next, let us inspect the Higgs masses during inflation for
X ≫ 1. In this phase, we have

m02
A→0; m02

Z→
4g2b2

g21þg22
m2

Z⇒m2
H→

4g2b2

g21þg22
m2

Z; m2
h→0:

ð62Þ
We thus need to impose

4g2b2

g21 þ g22
m2

Z ¼ g2b2

v2
≫ H2 ⇒ g ≫

vH
b

: ð63Þ

Since we have g ∼M−2
S and M2

S ∼H ∼ 10−5, Eq. (63)
reduces to

b ≫ vHM2
S ∼ 10−26: ð64Þ

We observe that the parameter b corresponds to the scale of
the low energy observable sector if the parameter b is
within the range ξ ∼M4

S ¼ M4
I ¼ H2 ∼ 10−10 ≫ b ≫

vHM2
S ∼ 10−26. In the limit, the μ term becomes

jμj2 ∼
�
4v2

m2
h

−
1

3

�
M4

I > 0 ⇒ μ ∼OðHÞ: ð65Þ

Hence, we need to obey the constraint

v >
mh

2
ffiffiffi
3

p ; ð66Þ

which can be satisfied since we already have v > mh with
the observed values, v ¼ 246 GeV and mh ¼ 125 GeV.
The impact of quantum loop corrections on the Higgs mass
is an important topic that we leave for future investigations.
We now summarize the spectra of the scalar masses. We

find that only the light Higgs scalar mass mh varies from
almost zero during inflation to the observed Higgs mass
mh ∼ 125 GeV at the true vacuum after inflation. On the
other hand, the other scalarmasses in thismodel can bemuch
heavier than the Hubble scale during and after inflation, so
they do not contribute to the dynamics of slow-roll inflation.

As for the light Higgs mass during inflation this seems to
be a problem for single-field slow-roll inflation at first
glance. However, according to Ref. [17], it is possible to
have a robust slow-roll inflation even when extra light
scalars are present if some reheating scenario conditions are
satisfied. We find that our model may be allowed to satisfy
either “Case-5” or “Case-8” reheating scenarios of [17],
which are strongly favored according to [17]. The corre-
sponding conditions are as follows:

Case-5∶ Γh <Γϕ <mh <H;

�
Γh

Γϕ

�
1=4

≪
hhi
Mpl

∼
v

Mpl
≪ 1;

ð67Þ

Case-8∶Γh <mh<Γϕ<H;

�
Γh

mh

�
1=4

≪
hhi
Mpl

∼
v

Mpl
≪1;

ð68Þ
where Γϕ;Γh are the decay rates of the inflaton ϕ and the
light Higgs h during the reheating phase, and v is the VEV
of the Higgs after inflation. Note that the decay rate of
Higgs has to be the smallest.
We also note that unlike our previous model in Ref. [13],

we can specify the reheating scenario conditions using the
observed values for mh and v3 and make use of them to
constrain the decay rates. We leave to future work a detailed
study of the decay rates and and reheating scenarios.

C. Ultralight SM fermions and heavy sfermions

In this section, we compute fermionic masses in our
supergravity model. First, we recall the superpotential in
our model

WðTÞ≡WhðTÞ þWoðZiÞ; ð69Þ
where

WhðTÞ≡W0 þ Ae−aT; ð70Þ
WoðZiÞ≡WMSSM ¼ −YuÛRĤu · Q̂þ YdD̂RĤd · Q̂

þ YeÊRĤu · L̂þ μĤu · Ĥd

¼ −YuũRðHþ
u d̃L −H0

uũLÞ þ Ydd̃RðH0
dd̃L −H−

d ũLÞ
þ YeẽRðHþ

u ν̃L −H0
uẽ−LÞ þ μðHþ

u H−
d −H0

uH0
dÞ:
ð71Þ

The most general fermion masses mðgÞ are given by all the
contributions from the standard supergravity, new FI terms,
and the super-Higgs effects to the fermion mass, which
are written in (A89). Here, we point out that if the gauge
kinetic function is purely a constant, then the gauginomasses
almost vanish at the vacuum. In particular, when a gauged

3For example, v¼ 246 GeV∼ 10−16Mpl and mh ¼ 125 GeV∼
10−16Mpl while H ∼ 10−5Mpl.
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R-symmetry is imposed, gauginos can get massive enough
thanks to theURð1Þ anomaly cancellation between one-loop
quantum correction to the Lagrangian and the shift of a
Green-Schwarz term by the presence of a linear term in some
charged moduli in the gauge kinetic function. However, in
our model, we consider a model with no gauging of the
R-symmetry. Thus, we can just add a linear term in the gauge
kinetic function as follows:

fABðTÞ ¼ δAB

�
1ffiffiffiffiffiffiffiffiffiffi
gAgB

p þ
ffiffiffiffiffiffiffiffiffiffi
βAβB

p
T

�
; ð72Þ

where T is the modulus field and δAB is the Kronecker delta.
We also assume that the coefficient βA can be sufficiently
small so that

g−2A ≫ βAT ⇒ g−2A ≫ βA at the vacuum where T ∼ 1;

ð73Þ

so that the gauge kinetic Lagrangian s is still approximately
canonically normalized. We note that in any case we can
make the scale of βg2 very small,

g≡ 10−n; β≡ 10m ⇒ βg2 ¼ 10m−2n ≪ 1 ⇒ m < 2n:

ð74Þ

This will be used for estimating the gaugino masses. For
example, when the gauge coupling is sufficiently small,
i.e. g¼10−n≪1, we may consider β∼Oð10mÞ where
0<m<2n.
This will contribute to the fermion masses as a large number
in our model. The smaller g gets, the larger β can become.
Then, the correspondimg fermion mass expressions

reduce to the following:

m3=2 ¼ WeK=2; ð75Þ

mðgÞ
IJ ¼ eK=2ðWIJ þ KIJW þ KJWI þ KIWJ þ KIKJWÞ

− eK=2GKL̄
∂IGJL̄ðWK þ KKWÞ − 2

3
ðWI þ KIWÞðWJ þ KJWÞ;

mðgÞ
IA ¼ i

ffiffiffi
2

p �
∂IPA −

1

4
δCA

ffiffiffiffiffiffiffiffiffiffi
βAβC

p
δIT

�
1ffiffiffiffiffiffiffiffiffiffi
gAgC

p þ
ffiffiffiffiffiffiffiffiffiffi
βAβC

p
ReT

�
−1
PC

�
− i

2

3
ffiffiffi
2

p
W

ðWI þ KIWÞPA; ð76Þ

mðgÞ
AB ¼ −

1

2
eK=2δAB

ffiffiffiffiffiffiffiffiffiffi
βAβB

p
GTJ̄ðW̄J̄ þ KJ̄W̄Þ þ 1

3eK=2W
PAPB; ð77Þ

mðgÞ
Iλ ¼ −

iffiffiffi
2

p UI

U
−
i
ffiffiffi
2

p

3W
ðWI þ KIWÞU ¼ mðgÞ

λI ; ð78Þ

mðgÞ
λλ ¼ −eK=2

�
W̄ þ 4GIJ̄

�
UI

U
þ KI

3

�
ðW̄J̄ þ KJ̄W̄Þ

�
þ U2

3eK=2W
; ð79Þ

where λA is the gaugino corresponding to the gauge
multiplet VA (A ¼ SUð3Þc; SUð2ÞL; Uð1ÞY), and λ is the
superpartner of the new FI term vector multiplet V.
Remember that U is nowhere vanishing by definition; that
is, U ¼ ξþU > 0 with U ≥ 0 and ξ > 0. The detailed
derivation of the masses is present in the Appendix. We
note that the gravitino in this model has a massOðHÞ, i.e. in
the super-EeV range. References [18–20] show that a

gravitino in the EeV mass range can be a heavy dark
matter candidate.
We have checked that only the neutral components H0

u,
H0

d of theHiggs fields have nonvanishing vacuum expectation
values (VEV), while all other matter scalars have vanishing
VEVs. In addition, we have assumed that Ujvac ¼
ðξþ UÞjvac > 0. Then,wehave the followingvacuumexpect-
ation values at the minimum (hH0

ai ¼ va=
ffiffiffi
2

p
and hzi0 i ¼ 0):

Φajvac ¼
v2a
2
; Φi0 jvac ¼ 0; Ujvac ≈ ξ ∼M4

S ∼H2; Xjvac ¼ 1; Wo
i0 jvac ¼ 0; Wo

i0bjvac ¼ 0;

m3=2 ¼ eG=2jvac ¼
ffiffiffiffiffiffiffiffiffi
jWj2

q
jvac ∼H; μ ∼OðHÞ; ð80Þ

where H0
u, H0

d are labeled by the index a, and the zi’s, including Hþ
u , H−

d , are labeled by the index i0 (in which i ≠ a).
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The moment maps with respect to the gauge groups of the SM are given by

PUð1ÞY ¼
g1
X

�X
i¼gen

�
1

6
Q̃†

i Q̃i −
1

2
L̃†
i L̃i −

2

3
ũ†Ri

ũRi
þ 1

3
d̃†Ri

d̃Ri
þ l̃†Ri

l̃Ri

�
þ 1

2
H†

uHu −
1

2
H†

dHd

�
; ð81Þ

PSUð2ÞL ¼ g2
X

�X
i¼gen

�
Q̃†

i
σ⃗

2
Q̃i þ L̃†

i
σ⃗

2
L̃i

�
þH†

u
σ⃗

2
Hu þH†

d
σ⃗

2
Hd

�
; ð82Þ

PSUð3Þc ¼
g3
X

�X
i¼gen

�
Q̃†

i
λ⃗

2
Q̃i − ũ†Ri

λ⃗

2
ũRi

− d̃†Ri

λ⃗

2
d̃Ri

��
; ð83Þ

where tilded fields are superpartner scalars to the SM fermions, σ⃗ and λ⃗ are Pauli and Gell-Mann matrices, g1, g2, g3 are
gauge couplings, and the index i runs over the three generations of particles in the SM. Their vacuum expectation values are

hPUð1ÞY i ¼
g1
4
ðv2u − v2dÞ; hPSUð2ÞLi ¼ −

g2
4
ðv2u − v2dÞ; hPSUð3Þci ¼ 0; ð84Þ

and

h∂H0
u
PUð1ÞY i ¼

g1vu
2
ffiffiffi
2

p þ g1vu
12

ffiffiffi
2

p ðv2u − v2dÞ; h∂H0
d
PUð1ÞY i ¼ −

g1vd
2
ffiffiffi
2

p þ g1vd
12

ffiffiffi
2

p ðv2u − v2dÞ; ð85Þ

h∂H0
u
PSUð2ÞLi ¼ −

g2vu
2
ffiffiffi
2

p −
g2vu
12

ffiffiffi
2

p ðv2u − v2dÞ; h∂H0
d
PSUð2ÞLi ¼

g2vd
2
ffiffiffi
2

p −
g2vd
12

ffiffiffi
2

p ðv2u − v2dÞ; ð86Þ

where h∂IPAi ¼ 0 for other scalars.
Now we are ready to estimate the scales of the fermionic masses. First, we estimate the masses of matter fermions. Given

the supergravity G-function G ¼ −3 ln½T þ T̄ −Φ=3� þ ln W þ ln W̄ with the superpotential W ¼ WhðTÞ þWoðziÞ, the
components of the fermion mass matrix are as follows:

mðgÞ
ij ¼

ffiffiffiffiffiffi
1

X3

r �
Wo

ij þ
2

3X
ðWo

iΦj þΦiWo
j Þ þ

2

3X2
ΦiΦjW

þ 2ΦiΦj

9X2
ðΦ −ΦmΦml̄Φl̄Þ

�
Wh

T

3
−
W
X

��
−
2

3

�
Wo

i þ
ΦiW
X

��
Wo

j þ
ΦjW

X

�
; ð87Þ

mðgÞ
iT ¼

ffiffiffiffiffiffi
1

X3

r �
−
Wo

i

X
þ 2Φi

X

�
Wh

T

3
−
W
X

�
−
�
Wh

T

3
−
W
X

�
ðΦ −ΦmΦml̄Φl̄Þ

2Φi

3X2

�
−
2

3

�
Wo

i þ
Φi

X
W
��

Wh
T −

3

X
W
�
; ð88Þ

mðgÞ
TT ¼ 6

X

�
W
X

−
Wh

T

3

��
1þ 1

3X
ðΦ −ΦmΦml̄Φl̄Þ

�
: ð89Þ

If Φ ¼ δij̄z
iz̄j̄, then Φ ¼ ΦmΦml̄Φl̄. Thus, the components reduce to

mðgÞ
ij ¼

ffiffiffiffiffiffi
1

X3

r �
Wo

ij þ
2

3X
ðWo

iΦj þΦiWo
j Þ þ

2

3X2
ΦiΦjW

�
−
2

3

�
Wo

i þ
ΦiW
X

��
Wo

j þ
ΦjW

X

�
; ð90Þ

mðgÞ
iT ¼

ffiffiffiffiffiffi
1

X3

r �
−
Wo

i

X
þ 2Φi

X

�
Wh

T

3
−
W
X

��
−
2

3

�
Wi þ

Φi

X
W

��
Wh

T −
3

X
W

�
; ð91Þ

mðgÞ
TT ¼ 6

X

�
W
X

−
Wh

T

3

�
: ð92Þ
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The nontrivial components at the vacuum are then given by

mðgÞ
i0j0 ¼ Wo

i0j0 ≈
vffiffiffi
2

p Yi0j0 ; ð93Þ

mðgÞ
uu ¼ −

2

3
μvuvd þ

1

6
v2uW −

2

3

�
−μ

vdffiffiffi
2

p þ v2uW
2

�
2

≈ μv2 ∼OðHv2Þ ∼mðgÞ
dd ; ð94Þ

mðgÞ
ud ¼

�
Wo

ud þ
1

3
ðWo

uvd þ vuWo
dÞ þ

1

6
vuvdW

�
−
2

3

�
Wo

u þ
v2uW
2

��
Wo

d þ
v2dW
2

�

≈ −μ ∼ −H ∼ −mðgÞ
þ−; ð95Þ

mðgÞ
uT ¼

�
−Wo

u þ v2u

�
Wh

T

3
−W

��
−
2

3

�
Wu þ

v2u
2
W

�
ðWh

T − 3WÞ ≈ μ
vdffiffiffi
2

p ∼Hv; ð96Þ

mðgÞ
dT ¼

�
−Wo

d þ v2d

�
Wh

T

3
−W

��
−
2

3

�
Wd þ

v2d
2
W

�
ðWh

T − 3WÞ ≈ μ
vuffiffiffi
2

p ∼Hv; ð97Þ

mðgÞ
TT ¼ 6W − 2Wh

T ≈m3=2 ∼H; ð98Þ

where i0’ denotes non-Higgs matters, and the indices �
denote Hþ

u and H−
d respectively. Next, let us estimate the

other mass parameters. We find

mðgÞ
uB ∼mðgÞ

dB ≈ gB

�
iv − i

ð−μvþ vHÞ
H

v2
�
∼ igBv; ð99Þ

mðgÞ
AB ≈ gAgB

v2

H
−HδAB

ffiffiffiffiffiffiffiffiffiffi
βAβB

p
∼ −OðβHÞ; ð100Þ

mðgÞ
AT ≈ gAOðv2Þ − βAg2AhPAi; ð101Þ

mðgÞ
Aλ ≈ gAOðv2Þ; ð102Þ

mðgÞ
uλ ≈ −i

bvu
ξ

− i
−μvd þ vuH

H
ξ ∼ −i

bv
H

∼mðgÞ
dλ ; ð103Þ

mðgÞ
Tλ ≈ ξ ∼H; ð104Þ

mðgÞ
λλ ≈m3=2 þ

ξ2

m3=2
∼H þH2

H
∼H; ð105Þ

where A;B ¼ 1, 2 for Uð1ÞY and SUð2ÞL respectively. In
terms of muλ, mdλ and since 10−26 ≪ b ≪ 10−10, we have

10−32 ≪ muλ; mdλ ≪ 10−16 ≪ H: ð106Þ

In summary, the fermion mass matrix in the postinfla-
tionary vacuum is

Mf≡

0
BBBBBBBBBBBBBBBBBBBBB@

mðgÞ
i0j0 mðgÞ

i0u mðgÞ
i0d mðgÞ

i0þ mðgÞ
i0− mðgÞ

i0T mðgÞ
i0B mðgÞ

i0λ

mðgÞ
uj0 mðgÞ

uu mðgÞ
ud mðgÞ

uþ mðgÞ
u− mðgÞ

uT mðgÞ
uB mðgÞ

uλ

mðgÞ
dj0 mðgÞ

du mðgÞ
dd mðgÞ

dþ mðgÞ
d− mðgÞ

dT mðgÞ
dB mðgÞ

dλ

mðgÞ
þj0 mðgÞ

þu mðgÞ
þd mðgÞ

þþ mðgÞ
þ− mðgÞ

þT mðgÞ
þB mðgÞ

þλ

mðgÞ
−j0 mðgÞ

−u mðgÞ
−d mðgÞ

−þ mðgÞ
−− mðgÞ

−T mðgÞ
−B mðgÞ

−λ

mðgÞ
Tj0 mðgÞ

Tu mðgÞ
Td mðgÞ

Tþ mðgÞ
T− mðgÞ

TT mðgÞ
TB mðgÞ

Tλ

mðgÞ
Aj0 mðgÞ

Au mðgÞ
Ad mðgÞ

Aþ mðgÞ
A− mðgÞ

AT mðgÞ
AB mðgÞ

Aλ

mðgÞ
λj0 mðgÞ

λu mðgÞ
λd mðgÞ

λþ mðgÞ
λ− mðgÞ

λT mðgÞ
λB mðgÞ

λλ

1
CCCCCCCCCCCCCCCCCCCCCA

≈

0
BBBBBBBBBBBBBBB@

vffiffi
2

p Yij 0 0 0 0 0 0 0

0 OðHv2Þ −H 0 0 Hv ivgB −ibvH
0 −H OðHv2Þ 0 0 Hv ivgB −ibvH
0 0 0 0 H 0 0 0

0 0 0 H 0 0 0 0

0 Hv Hv 0 0 H Oðv2ÞgB H

0 ivgA ivgA 0 0 Oðv2ÞgA −OðβHÞ 0

0 −ibvH −ibvH 0 0 H 0 H

1
CCCCCCCCCCCCCCCA

;

ð107Þ
where mðgÞ

Aλ ¼ mðgÞ
λB ¼ 0 since there are no couplings between the relevant vector multiplets. Keeping the Yukawa masses of

the matter fermions and dropping all other terms much smaller than the Hubble scale, the fermion mass matrix can be
approximated by
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Mf ≈

0
BBBBBBBBBBBBB@

vffiffi
2

p Yij 0 0 0 0 0 0 0

0 0 −H 0 0 0 0 0

0 −H 0 0 0 0 0 0

0 0 0 0 H 0 0 0

0 0 0 H 0 0 0 0

0 0 0 0 0 H 0 H

0 0 0 0 0 0 −βH 0

0 0 0 0 0 H 0 H

1
CCCCCCCCCCCCCCCA

: ð108Þ

The masses of the SMmatter fermions can be matched with
the observed values by adjusting the Yukawa couplings
which are free parameters. Diagonalizing the fermion mass
matrices may produce negative (positive) mass eigenvalues,
but the masses can be made to be positive (negative) by
absorbing the sign into the mixing matrices that get
imaginary (i.e. by a chiral rotation) [21]. We note that
the chargino, neutralino, and gaugino masses at the true
vacua after inflation are of the order of the Hubble scale
Oð10−5ÞMpl ∼Oð1013Þ GeV, implying that they may be
candidates for the so-called supermassive dark matter
“WIMPZILLA” [22–25] (or superheavy dark matter in
Ref. [26]).
Finally, we can summarize all the parameters in our

supergravity model of inflation compatible with MSSM as
follows:

(i) Hubble scale H (∼μ; g−1;M2
S; A) for inflation,

(ii) Yukawa couplings Yi0j0 for fermion masses,

(iii) neutral Higgs VEVs vu, vd such that v≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2u þ v2d

q
for the Higgs mechanism, which also determines the
angle between vu and vd, i.e. tan β ¼ vu=vd,

(iv) Gauge couplings g1, g2, g3 for strong, weak, and
hypercharge interactions in the SM,

(v) new-FI-term hidden-sector parameters Ci’s for pro-
ducing scalar bosons heavier than Hubble,

(vi) new-FI-term observable-sector parameter b for gen-
erating a supersymmetric Higgs potential,

(vii) hidden-sector superpotential parameter a for KKLT
superpotential, and

(viii) gauge kinetic term parameters βA, to make gauginos
massive.

ACKNOWLEDGMENTS

We would like to thank Anthony Gullen and François
Rondeau for useful discussions. M. P. is supported in part
by the NSF Grant No. PHY-1915219. M. P. would like to
thank Imperial College, London, for its kind hospitality
during the completion of this paper. H. J. was supported by
a James Arthur Graduate Associate Fellowship (JAGA).

APPENDIX: DERIVATION OF FERMION
MASSES IN SUPERCONFORMAL TENSOR

CALCULUS

We consider matter chiral multiplets Zi, the chiral
compensator S0, a real multiplet V, and another real
multiplet ðVÞD, whose lowest component is the auxiliary
D-term of the real multiplet V. Their superconformal
multiplets are given as follows:

V ¼ f0; 0; 0; 0; Aμ; λ; Dg in the Wess-Zumino gauge; i:e: v ¼ ζ ¼ H ¼ 0; ðA1Þ

Zi ¼ ðzi;−i
ffiffiffi
2

p
PLχ

i;−2Fi; 0;þiDμzi; 0; 0Þ ¼ fzi; PLχ
i; Fig; ðA2Þ

Z̄ī ¼ ðz̄ī;þi
ffiffiffi
2

p
PRχ

ī; 0;−2F̄ī;−iDμz̄ī; 0; 0Þ ¼ fz̄ī; PRχ
ī; F̄īg; ðA3Þ

S0 ¼ ðs0;−i
ffiffiffi
2

p
PLχ

0;−2F0; 0;þiDμs0; 0; 0Þ ¼ fs0; PLχ
0; F0g; ðA4Þ

S̄0 ¼ ðs̄0;þi
ffiffiffi
2

p
PRχ

0; 0;−2F̄0;−iDμs̄0; 0; 0Þ ¼ fs̄0; PRχ
0; F̄0g; ðA5Þ

λ̄PLλ ¼ ðλ̄PLλ;−i
ffiffiffi
2

p
PLΛ; 2D2

−; 0;þiDμðλ̄PLλÞ; 0; 0Þ ¼ fλ̄PLλ; PLΛ;−D2
−g; ðA6Þ

λ̄PRλ ¼ ðλ̄PRλ;þi
ffiffiffi
2

p
PRΛ; 0; 2D2þ;−iDμðλ̄PRλÞ; 0; 0Þ ¼ fλ̄PRλ; PRΛ;−D2þg; ðA7Þ
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ðVÞD ¼ ðD;Dλ; 0; 0;DbF̂ab;−DDλ;−□CDÞ; ðA8Þ

where

PLΛ≡ ffiffiffi
2

p
PL

�
−
1

2
γ · F̂ þ iD

�
λ; PRΛ≡ ffiffiffi

2
p

PR

�
−
1

2
γ · F̂ − iD

�
λ; ðA9Þ

D2
− ≡D2 − F̂− · F̂− − 2λ̄PLDλ; D2þ ≡D2 − F̂þ · F̂þ − 2λ̄PRDλ; ðA10Þ

Dμλ≡
�
∂μ −

3

2
bμ þ

1

4
wab
μ γab −

3

2
iγ�Aμ

�
λ −

�
1

4
γabF̂ab þ

1

2
iγ�D

�
ψμ; ðA11Þ

F̂ab ≡ Fab þ eaμebνψ̄ ½μγν�λ; Fab ≡ eaμebνð2∂½μAν�Þ; ðA12Þ

F̂�
μν ≡ 1

2
ðF̂μν � ˜̂FμνÞ; ˜̂Fμν ≡ −

1

2
iϵμνρσF̂

ρσ: ðA13Þ

Next, we exhibit the components of the superconformal composite complex multiplets w02 and w̄02 with Weyl/chiral
weights ð−1; 3Þ and ð−1;−3Þ respectively. These composite multiplets are

w02 ≡ λ̄PLλ

ðS0S̄0e−K=3Þ2
¼ fCw;Zw;Hw;Kw;Bw

μ ;Λw;Dwg; ðA14Þ

w̄02 ≡ λ̄PRλ

ðS0S̄0e−K=3Þ2
¼ fCw̄;Zw̄;Hw̄;Kw̄;Bw̄

μ ;Λw̄;Dw̄g; ðA15Þ

where

Cw ¼ h≡ λ̄PLλ

ðs0s̄0e−Kðz;z̄Þ=3Þ2
; ðA16Þ

Zw ¼ i
ffiffiffi
2

p
ð−haΩa þ hāΩāÞ; ðA17Þ

Hw ¼ −2haFa þ habΩ̄aΩb; ðA18Þ

Kw ¼ −2hāFā þ hā b̄Ω̄āΩb̄; ðA19Þ

Bw
μ ¼ ihaDμXa − ihāDμX̄ā þ ihab̄Ω̄aγμΩb̄; ðA20Þ

PLΛw ¼ −
ffiffiffi
2

p
ihāb½ðDXbÞΩā − FāΩb� − iffiffiffi

2
p hā b̄ cΩcΩ̄āΩb̄; ðA21Þ

PRΛw ¼
ffiffiffi
2

p
ihab̄½ðDX̄b̄ÞΩa − FaΩb̄� þ iffiffiffi

2
p habc̄Ωc̄Ω̄aΩb; ðA22Þ

Dw ¼ 2hab̄

�
−DμXaDμX̄b̄ −

1

2
Ω̄aPLDΩb̄ −

1

2
Ω̄b̄PRDΩa þ FaFb̄

�

þ habc̄ð−Ω̄aΩbFc̄ þ Ω̄aðDXbÞΩc̄Þ þ hā b̄ cð−Ω̄āΩb̄Fc þ Ω̄āðDX̄b̄ÞΩcÞ

þ 1

2
habc̄ d̄ðΩ̄aPLΩbÞðΩ̄c̄PRΩd̄Þ: ðA23Þ

Notice that when finding the multiplet w̄02, we can just replace h by its complex conjugate h�.
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The second types of superconformal multiplets that we need are the composite chiral projection multiplets Tðw̄02Þ and
T̄ðw02Þ with Weyl/chiral weights (0,0). From their component supermultiplets defined by

Tðw̄02Þ ¼
�
−
1

2
Kw̄;−

1

2

ffiffiffi
2

p
iPLðDZw̄ þ Λw̄Þ;

1

2
ðDw̄ þ□

CCw̄ þ iDaBa
w̄Þ
�
; ðA24Þ

T̄ðw02Þ ¼
�
−
1

2
K�̄

w;
1

2

ffiffiffi
2

p
iPRðDZC

w̄ þ ΛC
w̄Þ;

1

2
ðD�̄

w þ□CC�̄w − iDaðBa
w̄Þ�Þ

�
; ðA25Þ

we find the corresponding superconformal multiplets and their complex conjugates as follows:

T ≡ Tðw̄02Þ ¼ fCT;ZT;HT;KT;BT
μ ;ΛT;DTg;

T̄ ≡ T̄ðw02Þ ¼ fCT̄ ;ZT̄ ;HT̄ ;KT̄ ;B
T̄
μ ;ΛT̄ ;DT̄g; ðA26Þ

whose superconformal components are given by

CT ¼ −
1

2
Kw̄ ¼ h�̄aFā −

1

2
h�
ā b̄
Ω̄āΩb̄ ≡ CT; ðA27Þ

ZT ¼ −
ffiffiffi
2

p
iPL

�
Dð−h�aΩa þ h�̄aΩāÞ − h�āb½ðDXbÞΩā − FāΩb� − 1

2
h�
ā b̄ c

ΩcΩ̄āΩb̄

þ h�
ab̄
½ðDX̄b̄ÞΩa − FaΩb̄� þ 1

2
h�abc̄Ωc̄Ω̄aΩb

�
≡ −

ffiffiffi
2

p
iPLΩT; ðA28Þ

HT ¼ −2
�
h�
ab̄

�
−DμXaDμX̄b̄ −

1

2
Ω̄aPLDΩb̄ −

1

2
Ω̄b̄PRDΩa þ FaFb̄

�

þ 1

2
h�abc̄ð−Ω̄aΩbFc̄ þ Ω̄aðDXbÞΩc̄Þ þ 1

2
h�
ā b̄ c

ð−Ω̄āΩb̄Fc þ Ω̄āðDX̄b̄ÞΩcÞ

þ 1

4
h�
abc̄ d̄

ðΩ̄aPLΩbÞðΩ̄c̄PRΩd̄Þ þ 1

2
□

Ch� þ 1

2
iDμðih�aDμXa − ih�̄aDμX̄ā þ ih�

ab̄
Ω̄aγμΩb̄Þ

�
≡ −2FT; ðA29Þ

KT ¼ 0; ðA30Þ

BT
μ ¼ −iDμCT; ðA31Þ

ΛT ¼ 0; ðA32Þ

DT ¼ 0; ðA33Þ

where we used a; b; c; d ¼ 0; ið≡ziÞ,Wð≡λ̄PLλÞ. This gives the superfield components of the chiral projection multiplet T:

Tðw̄02Þ ¼ ðCT; PLΩT; FTÞ ðA34Þ

where

CT ¼ h�̄aFā −
1

2
h�
ā b̄
Ω̄āΩb̄; ðA35Þ

PLΩT ¼ Dð−h�aΩa þ h�̄aΩāÞ − h�āb½ðDXbÞΩā − FāΩb� − 1

2
h�
ā b̄ c

ΩcΩ̄āΩb̄

þ h�
ab̄
½ðDX̄b̄ÞΩa − FaΩb̄� þ 1

2
h�abc̄Ωc̄Ω̄aΩb; ðA36Þ
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FT ¼ h�
ab̄

�
−DμXaDμX̄b̄ −

1

2
Ω̄aPLDΩb̄ −

1

2
Ω̄b̄PRDΩa þ FaFb̄

�

þ 1

2
h�abc̄ð−Ω̄aΩbFc̄ þ Ω̄aðDXbÞΩc̄Þ þ 1

2
h�
ā b̄ c

ð−Ω̄āΩb̄Fc þ Ω̄āðDX̄b̄ÞΩcÞ

þ 1

4
h�
abc̄ d̄

ðΩ̄aPLΩbÞðΩ̄c̄PRΩd̄Þ þ 1

2
□

Ch� −
1

2
Dμðh�aDμXa − h�̄aDμX̄ā þ h�

ab̄
Ω̄aγμΩb̄Þ: ðA37Þ

Moreover,

T̄ðw02Þ ¼ fC�
T; PRΩT; F�

Tg ðA38Þ
where

C�
T ¼ haFa −

1

2
habΩ̄aΩb; ðA39Þ

PRΩT ¼ Dð−haΩa þ hāΩāÞ − hāb½ðDXbÞΩā − FāΩb� − 1

2
hā b̄ cΩcΩ̄āΩb̄

þ hab̄½ðDX̄b̄ÞΩa − FaΩb̄� þ 1

2
habc̄Ωc̄Ω̄aΩb; ðA40Þ

F�
T ¼ hab̄

�
−DμXaDμX̄b̄ −

1

2
Ω̄aPLDΩb̄ −

1

2
Ω̄b̄PRDΩa þ FaFb̄

�

þ 1

2
habc̄ð−Ω̄aΩbFc̄ þ Ω̄aðDXbÞΩc̄Þ þ 1

2
hā b̄ cð−Ω̄āΩb̄Fc þ Ω̄āðDX̄b̄ÞΩcÞ

þ 1

4
habc̄ d̄ðΩ̄aPLΩbÞðΩ̄c̄PRΩd̄Þ þ 1

2
□

Ch −
1

2
DμðhaDμXa − hāDμX̄ā þ hab̄Ω̄b̄γμΩaÞ: ðA41Þ

We then present a superconformal composite real multi-
plet R with Weyl/chiral weights (0,0). By introducing the
chiral multiplets XA≡ fXA;PLΩA;FAg where A¼ fS0;Zi;
λ̄PLλ;Tðw̄02Þg and their conjugates; we represent R as

R≡ ðS0S̄0e−K=3Þ−3
ðλ̄PLλÞðλ̄PRλÞ
Tðw̄02ÞT̄ðw02Þ U ðA42Þ

whose lowest component is

CR ≡ ðs0s̄0e−K=3Þ−3
ðλ̄PLλÞðλ̄PRλÞ

CTCT̄
U ≡ fðXA; X̄ĀÞ ðA43Þ

whereCT ¼−D2þΔ−2, CT̄ ¼ −D2
−Δ−2, andΔ≡ s0s̄0e−K=3,

and K, U are functions of the matter multiplets Zi’s,

CR ¼ f ≡ ðs0s̄0e−K=3Þ−3
ðλ̄PLλÞðλ̄PRλÞ

CTCT̄
U; ðA44Þ

ZR ¼ i
ffiffiffi
2

p
ð−fAΩA þ fĀΩĀÞ; ðA45Þ

HR ¼ −2fAFA þ fABΩ̄AΩB; ðA46Þ

KR ¼ −2fĀFĀ þ fĀ B̄Ω̄ĀΩB̄; ðA47Þ

BR
μ ¼ ifADμXA − ifĀDμX̄Ā þ ifAB̄Ω̄AγμΩB̄; ðA48Þ

PLΛR¼−
ffiffiffi
2

p
ifĀB½ðDXBÞΩĀ−FĀΩB�− iffiffiffi

2
p fĀB̄CΩCΩ̄ĀΩB̄;

ðA49Þ

PRΛR ¼
ffiffiffi
2

p
ifAB̄½ðDX̄B̄ÞΩA−FAΩB̄� þ iffiffiffi

2
p fABC̄ΩC̄Ω̄AΩB;

ðA50Þ

DR ¼ 2fAB̄

�
−DμXADμX̄B̄ −

1

2
Ω̄APLDΩB̄ −

1

2
Ω̄B̄PRDΩA þ FAFB̄

�

þ fABC̄ð−Ω̄AΩBFC̄ þ Ω̄AðDXBÞΩC̄Þ þ fĀ B̄ Cð−Ω̄ĀΩB̄FC þ Ω̄ĀðDX̄B̄ÞΩCÞ

þ 1

2
fABC̄ D̄ðΩ̄APLΩBÞðΩ̄C̄PRΩD̄Þ: ðA51Þ
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Then, the superconformal multiplet of the new Fayet-Iliopoulos term can be written by using

R · ðVÞD ¼ fC̃; Z̃; H̃; K̃; B̃μ; Λ̃; D̃g; ðA52Þ

whose superconformal multiplet components are as follows:

C̃ ¼ Df; ðA53Þ

Z̃ ¼ fDλþDi
ffiffiffi
2

p
ð−fAΩA þ fĀΩĀÞ; ðA54Þ

H̃ ¼ Dð−2fAFA þ fABΩ̄AΩBÞ − i
ffiffiffi
2

p
ð−fAΩ̄A þ fĀΩ̄ĀÞPLDλ; ðA55Þ

K̃ ¼ Dð−2fĀFĀ þ fĀ B̄Ω̄ĀΩB̄Þ − i
ffiffiffi
2

p
ð−fAΩ̄A þ fĀΩ̄ĀÞPRDλ; ðA56Þ

B̃ ¼ðDνF̂μνÞf þDðifADμXA − ifĀDμX̄Ā þ ifAB̄Ω̄AγμΩB̄Þ; ðA57Þ

Λ̃ ¼ −fDDλþDðPLΛR þ PRΛRÞ þ
1

2
ðγ�ð−fADXA þ fĀDX̄Ā − fAB̄Ω̄A=γΩB̄Þ

þ PLð−2fĀFĀ þ fĀ B̄Ω̄ĀΩB̄Þ þ PRð−2fAFA þ fABΩ̄AΩBÞ −DfÞDλ

þ 1

2
ðiγ�γμDνF̂μν −DDÞi

ffiffiffi
2

p
ð−fAΩA þ fĀΩĀÞ; ðA58Þ

D̃ ¼ −f□CDþD

	
2fAB̄

�
−DμXADμX̄B̄ −

1

2
Ω̄APLDΩB̄ −

1

2
ΩB̄PRDΩA þ FAFB̄

�

þ fABC̄ð−Ω̄AΩBFC̄ þ Ω̄AðDXBÞΩC̄Þ þ fĀ B̄Cð−Ω̄ĀΩB̄FC þ Ω̄ĀðDX̄B̄ÞΩCÞ

þ 1

2
fABC̄ D̄ðΩ̄APLΩBÞðΩ̄C̄PRΩD̄Þ




− ðDνF̂
μνÞðifADμXA − ifĀDμX̄Ā þ ifAB̄Ω̄AγμΩB̄Þ

þ
� ffiffiffi

2
p

ifĀB½ðDXBÞΩĀ − FĀΩB� þ iffiffiffi
2

p fĀ B̄ CΩCΩ̄ĀΩB̄

�
Dλ

−
� ffiffiffi

2
p

ifAB̄½ðDX̄B̄ÞΩA − FAΩB̄� þ iffiffiffi
2

p fABC̄ΩC̄Ω̄AΩB

�
Dλ

− ðDμfÞðDμDÞ − 1

2
D½i

ffiffiffi
2

p
ð−fAΩA þ fĀΩĀÞ�ðDλÞ þ 1

2
i
ffiffiffi
2

p
ð−fAΩA þ fĀΩĀÞðDDλÞ; ðA59Þ

where the indices A, B, C, D run over 0, i, W, T. The component action of the new FI term is then given by the D-term
density formula

LNEW ≡ −½R · ðVÞD�D ¼ −
1

4

Z
d4xe

�
D̃ −

1

2
ψ̄ · γiγ�Λ̃ −

1

3
C̃RðωÞ

þ 1

6
ðC̃ψ̄μγ

μρσ − i ¯̃Zγρσγ�ÞR0
ρσðQÞ þ 1

4
εabcdψ̄aγbψc

�
B̃d −

1

2
ψ̄dZ̃

��
þ H:c: ðA60Þ

Using f ¼ Δ−3 WW̄
CTCT̄

U, W ≡ ðλ̄PLλÞ, W̄ ≡ ðλ̄PRλÞ, ΩW ∼
ffiffiffi
2

p
iDPLλ, Ω̄T ∼ 2D2Δ−2

�
Ω̄0

s0
− KIΩ̄I

3

�
, CT ∼ −D2Δ−2,

FW ∼ −D2, FT̄ ∼ 2D2Δ−2
�

F0̄

s̄0
− 1

3
KJ̄F

J̄

�
where Δ≡ s0s̄0e−K=3,
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Lð2fÞ
newFIe

−1 ¼ −Df0W̄ F0FW̄ −DfIW̄F
I FW̄ −DfTW̄F

T FW̄

þ 1

2
f0WW̄Ω̄0ΩWFW̄ þ 1

2
fIWW̄Ω̄IΩWFW̄ þ 1

2
fTWW̄Ω̄TΩW FW̄ −D

ffiffiffi
2

p

4
ψ̄γμfW̄W FW̄ΩW þ c:c:;

¼ −3Δ ðλ̄PLλÞ
D

U
F0

s0
þ Δ

ðλ̄PLλÞ
D

ðKIU þ UIÞFI þ 2Δ
ðλ̄PLλÞ

D
U
�
F0

s0
− 1

3
KIFI

�

þ 3iffiffiffi
2

p Δ
Ds0

UðΩ̄0PLγÞ − iffiffiffi
2

p Δ
D
ðKIU þ UIÞðΩ̄IPLλÞ þ

ffiffiffi
2

p
i
Δ
Ds0

UðΩ̄0PLλÞ −
ffiffiffi
2

p
i

3

Δ
D
UKIðΩ̄IPLλÞ

þ i
2
ΔUðψ̄μγ

μPLλÞ þ c:c:;

¼ Δ
D

�
−F0U

s0
þ UIFI þ 1

3
UKIFI

�
ðλ̄PLλÞ þ

5ffiffiffi
2

p i
Δ
Ds0

UðΩ̄0PLλÞ

− i
Δ
D

�
5

3
ffiffiffi
2

p KIU þ 1ffiffiffi
2

p UI

�
ðΩ̄IPLλÞ þ

i
2
ΔUðψ̄uγ

μPLλÞ þ H:c: ðA61Þ

In the superconformal gauge (i.e. PLΩ0 ¼ 1
3
eK=6KIPLΩI, s0 ¼ s̄0 ¼ eK=6, Δ ¼ 1), the Lagrangian is

Lð2fÞ
newFIe

−1 ¼ 1

D

�
−F0Ue−K=6 þ UIFI þ 1

3
UKIFI

�
ðλ̄PLλÞ − i

D
UIffiffiffi
2

p ðΩ̄I PLλÞ þ
i
2
Uðψ̄μγ

μ PLλÞ þ H:c: ðA62Þ

The D-term Lagrangian is found to be

LDe−1 ⊃
1

2
D2 − UDþ 1

D

�
−F0Ue−K=6 þ UIFI þ 1

3
UKIFI

�
ðλ̄PLλÞ −

i
D

UIffiffiffi
2

p ðΩ̄IPLλÞ

þ 1

D

�
−F0̄Ue−K=6 þ U J̄F

J̄ þ 1

3
UKJ̄F

J̄

�
ðλ̄PRλÞ þ

i
D

U J̄ffiffiffi
2

p ðΩ̄J̄PRλÞ: ðA63Þ

The solution for D is

D ¼ U þ 1

U2

��
−F0Ue−K=6 þ UIFI þ 1

3
UKIFI

�
ðλ̄PLλÞ − i

UIffiffiffi
2

p ðΩ̄IPLλÞ þ H:c:

�
þ higher order terms: ðA64Þ

Then, we find

Lð2fÞ
newFIe

−1 ¼ 1

U

��
−F0Ue−K=6 þ UIFI þ 1

3
UKIFI

�
ðλ̄PLλÞ − i

UIffiffiffi
2

p ðΩ̄I PLλÞ þ H:c:
�
: ðA65Þ

The total Lagrangian containing the auxiliary fields F0 and FI is given by

Le−1 ¼ −3e−K=3F0F0̄ þ 3eK=3WF0 þ 3eK=3W̄F0̄ þ 1

9
GIJ̄F

IFJ̄ þ 1

3
eK=2∇IWFI þ 1

3
eK=2∇J̄W̄FJ̄

þ 1

U

��
−F0Ue−K=6 þ UIFI þ 1

3
UKIFI

�
ðλ̄PLλÞ − i

UIffiffiffi
2

p ðΩ̄IPLλÞ
�

þ 1

U

��
−F0̄Ue−K=6 þ U J̄F

J̄ þ 1

3
UKJ̄F

J̄

�
ðλ̄PRλÞ þ i

U J̄ffiffiffi
2

p ðΩ̄J̄PRλÞ
�
; ðA66Þ

where ∇IW ≡WI þ KIW. By solving the equations of motion for the auxiliary fields, we find

F0 ¼ e2K=3W̄ −
1

3
eK=6ðλ̄PRλÞ; ðA67Þ

FJ̄ ¼ −3eK=2GIJ̄∇IW − GIJ̄

�
9
UI

U
þ 3KI

�
ðλ̄PLλÞ ðA68Þ

and also read off the mass mIλ
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mFI
Iλ ¼ −

iffiffiffi
2

p UI

U
; ðA69Þ

mFI
λλ ¼ −eK=2

�
W̄ þ 4GIJ̄

�
UI

U
þ KI

3

�
ðW̄J̄ þ KJ̄W̄Þ

�
:

ðA70Þ
The gravitino mixing term is given by

Lmixe−1 ¼
1ffiffiffi
2

p ∇IWeK=2ψ̄μγ
μPLΩI þ i

2
PAψ̄μγ

μPLλ
A

þ i
2
Uψ̄μγ

μ PLλþ H:c: ¼ −ψ̄μγ
μ PLvþ H:c:;

ðA71Þ

which gives the goldstino

PLv ¼ −
1ffiffiffi
2

p ∇IWeK=2PLΩI −
i
2
PAPLλ

A −
i
2
UPLλ;

ðA72Þ
where λA is the gaugino corresponding to the gauge
multiplet VA, and λ is the superpartner of the new FI term
vector multiplet V.
The fermionic masses from standard N ¼ 1 supergrav-

ity are found to be

m3=2 ¼ eK=2W; ðA73Þ
mð0Þ

IJ ¼ eK=2ð∂I þ KIÞðWJ þ KJWÞ
− eK=2GKL̄

∂IGJL̄ðWK þ KKWÞ; ðA74Þ

mð0Þ
IA ¼ i

ffiffiffi
2

p �
∂IPA −

1

4
fABIðRefÞ−1 BCPC

�
; ðA75Þ

mð0Þ
AB ¼ −

1

2
eK=2fABIGIJ̄ðW̄J̄ þ KJ̄W̄Þ; ðA76Þ

mð0Þ
Iλ ¼ 0; ðA77Þ

mð0Þ
λλ ¼ 0: ðA78Þ

The fermionic masses generated by the super-Higgs effect
are given by

mðνÞ
IJ ¼ −

2

3W
eK=2ðWI þ KIWÞðWJ þ KJWÞ; ðA79Þ

mðνÞ
IA ¼ −i

2

3
ffiffiffi
2

p
W

ðWI þ KIWÞPA; ðA80Þ

mðνÞ
AB ¼ 1

3eK=2W
PAPB; ðA81Þ

mðνÞ
Iλ ¼ −i

2

3
ffiffiffi
2

p
W

ðWI þ KIWÞU; ðA82Þ

mðνÞ
λλ ¼ U2

3eK=2W
: ðA83Þ

The fermionic masses from the new FI term are

mFI
IJ ¼ 0; ðA84Þ

mFI
IA ¼ 0; ðA85Þ

mFI
AB ¼ 0; ðA86Þ

mFI
Iλ ¼ −

iffiffiffi
2

p UI

U
; ðA87Þ

mFI
λλ ¼ −eK=2

�
W̄ þ 4GIJ̄

�
UI

U
þ KI

3

�
ðW̄J̄ þ KJ̄W̄Þ

�
:

ðA88Þ

Thus, the final fermionic masses are obtained by combining
the three contributions above as follows:

m3=2 ¼ WeK=2;

mðgÞ
IJ ¼ mð0Þ

IJ þmFI
IJ þmðνÞ

IJ

¼ eK=2ðWIJ þ KIJW þ KJWI þ KIWJ þ KIKJWÞ
− eK=2GKL̄

∂IGJL̄ðWK þ KKWÞ

−
2

3
ðWI þ KIWÞðWJ þ KJWÞ;

mðgÞ
IA ¼ mð0Þ

IA þmFI
IA þmðνÞ

IA

¼ i
ffiffiffi
2

p �
∂IPA −

1

4
fABIðRefÞ−1 BCPC

�

− i
2

3
ffiffiffi
2

p
W

ðWI þ KIWÞPA;

mðgÞ
AB ¼ mð0Þ

IA þmFI
IA þmðνÞ

IA

¼ −
1

2
eK=2fABIGIJ̄ðW̄J̄ þ KJ̄W̄Þ þ 1

3eK=2W
PAPB;

mðgÞ
Iλ ¼ mð0Þ

Iλ þmFI
Iλ þmðνÞ

Iλ

¼ −
iffiffiffi
2

p UI

U
−
i
ffiffiffi
2

p

3W
ðWI þ KIWÞU ¼ mðgÞ

λI ;

mðgÞ
λλ ¼ mð0Þ

λλ þmFI
λλ þmðνÞ

λλ

¼ −eK=2
�
W̄ þ 4GIJ̄

�
UI

U
þ KI

3

�
ðW̄J̄ þ KJ̄W̄Þ

�

þ U2

3eK=2W
: ðA89Þ
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