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multiplets, that is, the origin of the three families is explained. To break SUSY, we intro-
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The gaugino mass spectrum is almost uniquely determined when one requires the elec-

troweak vacuum to be (meta)stable: it would be a miracle that the mass difference between
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coannihilation is naturally predicted, which can explain the correct relic abundance of dark

matter. Moreover, we find that the bottom-tau Yukawa couplings and the gauge couplings

are unified up to O(1)% in most of the viable region. This scenario can be fully tested at
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bosons are light. An axion-like multiplet, which can be identified with the QCD axion, is

also predicted.
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1 Introduction

The presence of three families of quarks and leptons is one of the fundamental questions in

nature: why do we have three families? It was shown that the supersymmetric (SUSY) non-

linear sigma (NLS) model of G/H = E7/SU(5)×U(1)3 [1, 2] accommodates three families

of quarks and leptons as Nambu-Goldstone (NG) multiplets of the symmetry breaking.

In fact, the approach of NLS models based on exceptional groups predicts the maximal

number of families, since the exceptional group is limited up to E8. It was shown that the

number of the families is limited to be three even if we take the biggest exceptional group

E8 [3]. The scenario is fascinating because it answers the fundamental question why nature

has three families of quarks and leptons.

The unbroken SU(5) is identified with the gauge group of the grand unified theory

(GUT). The symmetry E7 is explicitly broken by the gauge couplings and the Higgs Yukawa

couplings to the quarks and leptons. Once SUSY is broken, the NG bosons (NGBs) get

soft SUSY breaking masses proportional to these couplings at the loop-level and become

pseudo-NGBs (pNGBs). On the other hand, Higgs doublets, Hu and Hd, are not (p)NGBs,
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and hence, their soft SUSY breaking masses are not suppressed. This scenario together

with pure gravity mediation (PGM) [4, 5] or minimal split SUSY [6] was studied in ref. [7].

It was shown that the Higgs mediation [8] and anomaly mediation [9, 10] arising from this

framework lead to the so-called Higgs-anomaly mediation [7, 11]. In this scenario, the muon

anomalous magnetic moment (g−2) anomaly, as well as the bottom-tau or top-bottom-tau

Yukawa coupling unification, can be explained. Light sleptons and squarks are predicted

in a way that the flavor changing neutral currents are suppressed [12].

In this paper, we first revisit a general NLS model on a compact Kähler manifold

coupled to supergravity, and point out there generally exist important SUSY breaking

effects. According to refs. [13, 14], a chiral multiplet, S, must exist to preserve the G-

invariance. The model has a shift symmetry

S → S + iα (1.1)

where α is a real constant. We point out that once SUSY is broken by an F -term of a

SUSY breaking field Z, S also acquires an F -term

FS = m3/2fs (1.2)

on a basis where the NGBs and S are canonically normalized. Here, fs is a dimension

one constant representing the typical size of the higher dimensional coupling of S and

m3/2 is the gravitino mass; we have assumed that Z is charged under some symmetry

and a vacuum expectation value of the scalar component of Z is vanishing. Since S must

have couplings to the NG multiplets suppressed by 1/fs for the G-invariance, the F -term

plays an important role in the SUSY breaking mediation via S multiplet (S-mediation) in

various models.

In particular, in the E7/SU(5) × U(1)3 NLS model with the SUSY breaking field, Z,

charged under some symmetry, the Polonyi problem is absent,1 and interesting phenom-

ena are predicted taking into account S-mediation. Much below the scale fs, this model

has the particle contents of the minimal supersymmetric standard model (MSSM) plus

the weakly-coupled S multiplet. The gaugino masses are suppressed at the tree-level and

they dominantly arise from anomaly mediation and S-mediation at the one-loop level. The

former contribution is known to be ultra-violet (UV) insensitive and the latter contribu-

tion is shown to be almost UV insensitive with given NG multiplets. It turns out that

the ratios of the gaugino masses only depend on the Higgs couplings to S in the Kähler

potential. Surprisingly, in most of the region compatible with vacuum (meta)stability of

the electroweak minimum and the Higgs boson mass, the mass difference between the bino

and wino is predicted to be within O(1)%. Therefore, the correct relic abundance of dark

matter is naturally explained by the bino-wino coannihilation. The range of the gravitino

mass consistent with the dark matter abundance is found to be

40 TeV . m3/2 . 150 TeV.

1This kind of SUSY breaking field is assumed in PGM [4], anomaly mediation [9], and so on.
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Furthermore, in most of the mass range the bottom-tau Yukawa coupling unification and

gauge coupling unification occur at O(1)% level. This scenario can be fully tested at the

LHC and future collider experiments by searching for colored SUSY particles. We also

point out that the boson of =[S] is consistent with the QCD axion solving the strong CP

problem. The moduli and gravitino problems are also discussed.

This paper is organized as follows. In section 2, we revisit the NLS model in the

framework of supergravity and discuss the F -term of the S multiplet. In section 3, we

consider the NLS model of G/H = E7/SU(5) × U(1)3 and show the mass spectra of the

MSSM particles. In section 4, the phenomenological consequences of the scenario are shown

including the prediction of the bino-wino coannihilation and the coupling unifications. The

possible identification of =[S] with the QCD axion is discussed in section 5. The last section

is devoted to conclusions and discussions.

2 Non-linear sigma (NLS) model in supergravity

2.1 Review on NLS model

Let us consider a NLS model defined in a compact Kähler manifold G/H in supergravity.

The Kähler potential for the NG multiplets is constructed from a real function of dimension

two transforming under G as

K(φi, φ
†
j)→ K(φi, φ

†
j) + fH(φi) + fH(φi)

†, (2.1)

where fH is a holomorphic function of NG multiplets φi, and K is invariant under the

transformations of the unbroken symmetry, H. The function K can be written as

K(φi, φ
†
j) = φ†iφi + · · · . (2.2)

where · · · denote the higher order terms of φi, φ
†
j . The real function K itself is not G

invariant and the shift, fH(φi) + h.c., changes the Lagrangian in the framework of super-

gravity; therefore, there must exist a chiral superfield, S, canceling the shift [13, 14]. We

can construct the G-invariant Kähler potential in a general form

K(φi, φ
†
j , S, S

†) = f2
s0F (X) , (2.3)

with

X ≡
K(φi, φ

†
j)

f2
s0

+
S

fs0
+
S†

fs0
(2.4)

being a G-invariant. Here, fs0 is a dimension one constant which characterizes the typ-

ical scale of the higher dimensional couplings of S, φi, and φ†i . In general, the scale of

higher dimensional couplings among φi, φ
†
i can differ from fs0, but this does not change

our conclusion (see appendix A). The shift symmetry of S appears as

S → S − 1

fs0
fH(φi), (2.5)

under G transformation.
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Since the NLS model of eq. (2.3) is consistently coupled to supergravity, the fields, φi,

are massless from the NG theorem even when SUSY is broken. This can be alternatively

understood from the fact that the scalar potential is also a function respecting the G-

invariance [15]:

V = V (X), (2.6)

(The direct derivation of the supergravity potential of a NLS model is given in appendix A.)

If V is stabilized at X = 〈X〉 with 〈〉 being the vacuum expectation value (VEV), we get

∂V

∂X

∣∣∣∣
X=〈X〉

= 0. (2.7)

Then, one obtains
∂V

∂K

∣∣∣∣
X=〈X〉

=
1

f2
s0

∂V

∂X

∣∣∣∣
X=〈X〉

= 0, (2.8)

which means that the coefficients of |φi|2, i.e. the mass terms, vanish.

2.2 F -term of S

Now let us assume that2

fs0 �MP . (2.9)

In this case, we have to introduce a SUSY breaking field Z with

〈FZ〉 '
√

3m3/2MP . (2.10)

Here, we assume Z is charged under some symmetry and the VEV of the scalar component

vanishes. Although we can include direct couplings of φi, φ
†
i and S to Z, the masslessness

of φi is guaranteed as long as the couplings do not violate the G-invariance. The multiplet

S acquires an F -term once SUSY is broken. In particular, we will show that, because of

the G-invariance, the size of F -term is fixed to be a specific value when kinetic terms for

S and φi are canonically normalized.

Let us canonically normalize the kinetic terms by field redefinitions. First, we redefine

S such that it has the vanishing VEV

〈S〉 = 0. (2.11)

Then, the Kähler potential can be expanded as [16–18]

−3M2
PΦ†cΦc exp

(
− K

3M2
P

)
3 Φ†cΦc

(
c1

(
φ†iφi + fs0S + fs0S

†
)

+
c2

f2
s0

(
φ†iφi + fs0S + fs0S

†
)2
)

+ · · · , (2.12)

where c1 and c2 are functions of |Z|2 and we introduced the compensator multiplet of

Φc = 1 − θ2m3/2. The combination in the brackets is required from the G-invariance;

2Our main conclusion, the quasi-degenerate bino and wino, does not change even if fs0 ∼MP .
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· · · denotes higher order terms of (φ†iφi + fs0S + fs0S
†), terms only with |Z|2, and the

constant term −3M2
PΦ†cΦc. By the field redefinition of φi and S, the kinetic terms can be

normalized as

(2.12)→ φ†iφi + S†S + fsΦ
†
cS + fsS

†Φc + 2
<[SΦ−1

c ]

fs
φ†iφi (2.13)

where we omit terms irrelevant to the following discussion; we have defined fs ≡
(c1/
√

2c2)fs0. We emphasize that the coefficients of the linear terms of S and S† are

fixed by the G-invariance under which fsS + fsS
† + φ†iφi + · · · is invariant. From the

equation of motion for FS , one immediately gets

FS = fsm3/2. (2.14)

Since S couples to the φi at 1/fs, the SUSY breaking mediation from S-multiplet is sizable

even though FS � MPm3/2. Consequently, the S-mediation plays an important role in

a realistic model where G-invariance is explicitly broken by the gauge and Higgs Yukawa

couplings to the NGBs: A-terms are generated at the tree-level, and gauginos and the

masses of NGBs are generated at loop level.

3 Mediation mechanisms predicted by E7/SU(5)×U(1)3 NLS model

In this section, we study the SUSY particle mass spectra of G/H = E7/SU(5)×U(1)3 NLS

model by taking into account the F -term of the S. The E7/SU(5)×U(1)3 model explains

why there are three families of the leptons and quarks. There are 133 − 24 − 3 = 106

NG modes:

φIa : 5̄, φabI : 10, φI : 1, φa : 5, (3.1)

where a, b = 1 . . . 5 and I = 1 . . . 3. Here, φIa and φabI are identified with chiral multi-

plets of leptons and quarks in the MSSM, and φI are the right-handed neutrino multiplets.

One finds that the three families of the leptons, quarks and right-handed neutrinos ap-

pear as NG multiplets. The charges for U(1)3 are given in [19]. Strictly speaking, one

needs an additional matter multiplet (non-NGB), 5̄′, to cancel the non-linear sigma model

anomaly [2]. To be realistic, we assume that E7 is explicitly broken by gauge and Higgs

Yukawa couplings to the NGBs. Then, we can identify SU(5) in H with the GUT gauge

group: φ†φ → φ†e2g5V5φ, where V5 is the vector supermultiplet of SU(5), and g5 is the

coupling constant.

Since we can write down a Dirac mass term between φa and 5̄′, they are decoupled in

the low energy theory. Moreover, Majorana mass terms for φI are allowed, which make the

right-handed neutrinos heavy.3 By integrating out φI , tiny neutrino masses and neutrino

oscillations are explained by the seesaw mechanism [20–22] (see also ref. [23]). The GUT

gauge group is broken down to the SM gauge group SU(3)c × SU(2)L × U(1)Y around

3These explicit breaking terms of the E7 can be obtained by Yukawa couplings to gauge singlet Higgs

multiplets with non-vanishing VEVs [19].
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1016 GeV. At this scale, there may be various multiplets relevant to the GUT breaking.

However, in what follows, we will focus on the effective theory after the decouplings of the

heavy degrees of freedom, which are much heavier than the gravitino mass scale. The effect

of integrating out the heavy particles will be shown to be irrelevant to our main results.

The Yukawa interactions involving the Higgs doublets, Hu and Hd, which are matter

(non-NG) multiplets of E7, are given as follows:

W 3 yuHuQu+ ydHdQd+ yeHdLe, (3.2)

where we have omitted the flavor indices, and φabI = {QI , uI , eI}, φIa = {dI , LI}. Here

we have assumed a discrete R-symmetry, Z4R, where the NG multiplets should carry zero

charge, and the Higgs doublets carry two. As an accidental symmetry, the ordinary R-

parity appears.

The E7-invariant Kähler potential at the zero limit of the gauge couplings relevant to

our discussion is

K 3 x+
1

2f2
s

x2 + ĉu|Hu|2 + ĉd|Hd|2 + ĉµHuHd + h.c. (3.3)

where we define x = φ†iφi + fsS + fsS
† with φi being the NG multiplets in the MSSM, we

have not included the terms with fields of higher power. The coefficients, ĉu,d = 1+ cu,dx+

c
(2)
u,dx

2/2 +O(x3) and ĉµ = cµ + c
(1)
µ x+ c

(2)
µ x2/2 +O(x3), are functions of x.

Now let us introduce a SUSY breaking field Z = θ2
√

3MPm3/2 charged under some

symmetry so that the Polonyi problem is absent. Then, S and S† in x acquire the F -

term (2.14). The µ-term is given by, for example, W 3 κm3/2HuHd [24] which is a Z4R

invariant since the gravitino mass m3/2 has the R charge 2. Here κ is an O(1) constant.

The contribution to the Higgs B-term, Bµ, is given by, e.g., c
(2)
µ |FS |2/f2

s . The soft SUSY

breaking masses, m2
Hu

and m2
Hd
, get contributed from −c(2)

u,d|FS |
2/f2

s . Thus, all of the

soft mass parameters as well as µ-term in the Higgs sector can be generated. They will

be treated as free parameters by considering that ĉu,d,µ are general functions. Although

there are other contributions including the model-dependent direct couplings of the MSSM

and S multiplets to |Z|2, we do not explicitly show them which are redundant for the soft

parameters. They do not change our predictions as long as the couplings are E7-invariant.4

Note that the µ-term and Higgs soft masses are of the order of m3/2, while the pNGBs

are massless at the tree-level due to the E7 symmetry. Since Z is charged under some

symmetry, the gaugino masses are also suppressed at the tree-level. Therefore, radiative

corrections via the E7 breaking couplings, g = {g1, g2, g3} and y = {yu, yd, ye}, to the SUSY

particle masses are important to determine the spectra of the pNGBs and gauginos. It is

well known that the anomaly mediation occurs which contributes dominantly to the masses.

As we will show that the S-mediation is as important as the anomaly mediation. The

contribution is determined by the E7 invariance and the S-couplings to the Higgs multiplets.

4Our scenario is valid even if Z is sequestered from all the MSSM particles and S.
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3.1 SUSY breaking mediation from S multiplet (S-mediation)

Let us first canonically normalize the kinetic term for φi in eq. (2.13) as well as the Higgs

multiplets up to the F -term by the redefinition:

φ′i =
(
1 + FSθ

2/fs
)
φi,

H ′u =
(
1 + cuFSθ

2/fs
)
Hu,

H ′d =
(
1 + cdFSθ

2/fs
)
Hd, (3.4)

where cu = ∂ĉu/∂x and cd = ∂ĉd/∂x represent the Higgs-S couplings. In the basis, the

Yukawa couplings become

(3.2)→ ỹuH
′
uQ
′u′ + ỹdH

′
dQ
′d′ + ỹeH

′
dL
′e′, (3.5)

where

ỹu ≡ yu(1 + FSθ
2/fs)

−2(1 + cuFSθ
2/fs)

−1,

ỹd,e ≡ yd,e(1 + FSθ
2/fs)

−2(1 + cdFSθ
2/fs)

−1,

are holomorphic functions. Consequently, SUSY breaking A-terms are generated at the

tree-level, e.g.

L ⊃ −(2 + cu)m3/2yuQ
′u′H ′u ≡ −AuyuQ′u′H ′u. (3.6)

The A-terms including Hd also take the similar form as

Ad,e = (2 + cd)m3/2. (3.7)

Gaugino masses. At the loop level, the field redefinition in (3.4) is anomalous and the

gauge kinetic term becomes

L 3
∫
d2θ

1

4
WαW

α →
∫
d2θ

1

4

(
1− g2

4π2

∑
i⊂light

κiTi log

(
1 +

FSθ
2

fs

))
WαW

α, (3.8)

where the summation is taken only for light fields, we have omitted the indices of gauge

(groups). κi = 1, cu, cd for a quark/lepton, Hu, Hd respectively, and Ti is the Dynkin index

for the field. It turns out that the gaugino mass at the low energy gets contributions of

δNLSM

g2
'
m3/2

8π2

∑
i⊂light

κiTi. (3.9)

Note that there also exists anomaly mediation effect of δAMSBM = m3/2βg/g with βg ≡
dg/d log µRG with µRG being the renormalization scale. The form of δNLSM is consistent

with sigma-model anomaly mediation given in ref. [25]. We again emphasize that the

summations in eqs. (3.8) and (3.9) only includes light pNGBs and Higgs multiplets.

Although there are various heavy modes, such as the pseudo-NG mode, φa, whose

masses are much larger than m3/2, these heavy modes do not affect the low energy mass

– 7 –
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spectra of the MSSM particles in our setup. For instance, the mass term for the φa, 5̄′ on

canonically normalized basis up to the F -terms is given by

W 3M5̄′

(
1 +

FSθ
2

fs

)−1(
1 + c5̄′

FSθ
2

fs

)−1

φa5̄′a, (3.10)

where c5̄′ is the coupling between S and 5̄′ in the Kähler potential and M5̄′ is the SUSY

mass satisfying |M5̄′ | � m3/2. Here, we have performed field redefinitions of φa and 5̄′a;

therefore, we should take into account contributions to the gaugino mass originating from

the anomaly of the field redefinitions. These contributions are given by(
δNLSM

g2

)
heavy

'
m3/2

16π2
(1 + c5̄′). (3.11)

However, the above contributions are cancelled after integrating out φa and 5̄′a i.e., when

the renormalization scale becomes smaller than |M5̄′ |. Threshold corrections from φa and

5̄′a are estimated by using the formula of gauge mediation:(
δGMSBM

g2

)
heavy

' −
m3/2

16π2
(1 + c5̄′), (3.12)

which has the same form as (3.11), but opposite sign. Hence, for µRG < |M5̄′ |, (3.11)

and (3.12) cancel with each other: there is no contribution to the gaugino mass from φa

and 5̄′a at the low energy. Within our setup, heavy modes generically do not contribute to

the gaugino mass when the renormalization scale is lower than the mass scales of them.

This implies that, at the scale µRG ∼ m3/2, we can estimate the gaugino masses by taking

into account the contributions only from light multiplets whose masses are less than m3/2;

therefore, the gaugino mass in (3.9) is UV insensitive i.e., it is written in terms of parameters

evaluated at the scale µRG ∼ m3/2. Here, we have used the fact that M/g2 is invariant

under the change of the renormalization scale at the one-loop level.

Including contributions from anomaly mediation, the gaugino masses at µRG ∼ m3/2

are given by5

M1 '
g2

1

16π2

3

5
(31 + cu + cd)m3/2, (3.13)

M2 '
g2

2

16π2
(13 + cu + cd)m3/2, (3.14)

M3 '
g2

3

16π2
9m3/2. (3.15)

The gaugino masses are functions of two parameters, m3/2 and cu+cd. In figure 1, we show

the prediction of our scenario changing cu+ cd from −6 to 6 as red points. The blue points

correspond to cu + cd within −4 ± 0.8, where the vacuum stability condition is satisfied

(see next section).

5The renormalization group running effects give only sub-leading corrections to (3.13), (3.14) and (3.15)

because the quantity M/g2 is invariant under the renormalization group evolution at the one-loop level. In

numerical calculations, these corrections are included.
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M1/M3

M
2
/M

3

E7 /SU(5)U(1)3

E7 /SU(5)U(1)3,cud∼-2

PGM/AMSB

Universal

Figure 1. The gaugino mass relation in various mediation mechanisms. The red and blue points

correspond to our scenario, where we have varied −3 < cu,d < 3 and cu+cd = −4±0.8, respectively.

On the black solid line, M1 = M2.

For comparison, we also consider other typical cases: universal gaugino mass at the

GUT scale leading to M1 : M2 : M3 = g2
1 : g2

2 : g2
3, and PGM/anomaly mediation cor-

responding to M1 : M2 : M3 = 3/5(11 + L)g2
1 : (1 + L)g2

2 : −3g2
3, where L is O(1)

parameter representing threshold corrections from Higgs-Higgsino loops.6 The predicted

values of M1, M2 and M3 with the universal gaugino mass are shown as purple points

and those in PGM/anomaly mediation are shown as green points. We vary the gauge cou-

plings slightly taking into account the renormalization scale dependence. One finds that

the spectra (3.13), (3.14), and (3.15) are distinguishable to the other scenarios, that is, our

scenario can be tested by measuring the gaugino masses.

pNGB masses. Now we discuss loop-induced masses for φi by S-mediation. The anoma-

lous dimension of φi is defined by

γi ≡
d

d log µRG
log

[
Zi

(
|ỹ|2

µ2ε
RG

,
<[g̃−2]−1

µ2ε
RG

)]
, (3.16)

where Zi is a wave function renormalization of φi and we have used dimensional regular-

ization, and ε = 2− d/2. Here,

g̃−2 ≡ g−2

[
1− g2

4π2µ2ε
RG

∑
i⊂light

κiTi log

(
1 +

FSθ
2

fs

)]
(3.17)

in the basis with canonically normalized gauge kinetic terms. The kinetic term of φi at the

one-loop level is given by

φ†ie
2gV φi

(
1 +

1

2
log

(
µ2

RG

Φ†cΦc

)
γi + · · ·

)
, (3.18)

6The threshold corrections also exist in our scenario, which needs a replacement of cu+ cd to cu+ cd+L

in (3.13) and (3.14). However in viable regions, L is suppressed as discussed later.
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where we have explicitly written the dependence of the compensator field [26]. By expand-

ing the F -terms, we get

δNLSm2
φi
' m3/2

(
∂γi

∂ log |y|2
A− ∂γi

∂ log g2
δNLSM

)
. (3.19)

This formula can be also found from mixed modulus-anomaly mediation [27–30]. The mass

squared in (3.19) is given at µRG ∼ 1016 GeV. Although the squark/slepton mass spectra

at the scale fs may be modified by UV physics or regularization scheme (cf. refs. [31, 32]),

we believe that the mass squares are generically loop suppressed compared with m3/2, and

the order of the masses would not be changed. Together with the anomaly mediation, we

can calculate the spectrum at the µRG ∼ 1016 GeV (see appendix B). For instance, the

left-handed selectron mass squared is approximated as

m2
ẽL
|µRG∼1016 GeV ' −

m2
3/2

(16π2)2

(
3

2
g4

2(13 + cu + cd) +
9

50
g4

1(31 + cu + cd)

)
. (3.20)

One finds that the selectron (as well as some other sfermions) is tachyonic at this scale

with cu+cd = ±O(1). This is not a problem once we take into account the renormalization

group (RG) running effects.7

One of the RG effects is from the gaugino loops. The contribution is approximated as

δgauginom2
ẽL
∼ 2

16π2

(
−3

5
g2

1M
2
1 − 3g2

2M
2
2

)
log

(
m3/2

fs

)
. (3.21)

Due to large gaugino masses, (3.13) and (3.14), and the logarithmic factor, the mass squared

becomes positive at the energy scale of m3/2. For the first two generation squarks, the

masses increase to be positive as well due to the gluino loops. However, the selectron and

smuon masses would be below the bino or wino mass, and hence the bino or wino can not

be the lightest superparticle (LSP), unless we take into account the contributions from the

Higgs sector. In fact, the slepton LSP conflicts with the standard cosmology.8

In the Higgs sector, the soft breaking masses exist at the tree-level, which can induce

sizable effects on the squark and slepton masses through the RG running. The Higgs soft

masses are given by

m2
Hu ' m

2
Hd
' −chm2

3/2, (3.22)

where we have taken m2
Hu
' m2

Hd
so that the s-term, s =

∑
i⊂light Yim

2
i with Yi being the

hypercharge, is vanishing. In this case,

cu = cd (3.23)

7Although the tachyonic sfermions at high energy scale can introduce a local minimum in some direction

of the scalar potential deeper than the current one, the vacuum decay rate of our universe is sufficiently

suppressed after the inflation [33]. During the inflation epoch, the sfermion fields are stabilized at the

potential origin if the Higgs fields acquire large expectation values in the (approximate) flat direction

|Hu|2 = |Hd|2 due to the Hubble-induced masses. In this case the sfermions can have much larger masses

than the Hubble parameter.
8One may avoid this by taking the higgsino mass |µ| much smaller than m3/2, so that the higgsino is

the LSP. Also, one may assume an R-parity violation in which case the dark matter may be =[S]. In these

cases, the gaugino mass pattern may be tested from the decays of the gauginos to the LSP at the collider

experiments. In this paper, however, we do not take these further assumptions.
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should also hold.9 This is because the canonical normalization of Hu,d induces the contri-

bution to s proportional to c2
u − c2

d. We emphasize that ch can be positive, which leads to

the RG effects via the Higgs loops, called Higgs mediation [7, 8, 11, 12]. The negative and

large m2
Hu

+A2
t ,m

2
Hd

+A2
d dominantly contribute to the squark and slepton masses of the

third generation through the one-loop RG running [8]. For instance, the left-handed stop

mass squared gets

δHMm2
t̃L
∼ 2

16π2
m2

3/2

(
y2
t

(
−ch + (2 + cu)2

)
+ y2

b

(
−ch + (2 + cd)

2
))

log

(
m3/2

fs

)
, (3.24)

where yt and yb are the Yukawa couplings of top and bottom quarks, respectively. The

contribution from Higgs mediation to the third generation squarks and sleptons can be as

large as O(10)%m2
3/2 for ch − (2 + cu)2 = O(1). The one-loop contributions to the first

two generations are highly suppressed by the small Yukawa couplings. Their masses are

dominantly generated at the two-loop level [11]. For instance, the selectron mass obtains

a two-loop contribution of

δHMm2
ẽL
∼ − 6g4

2

(16π2)2
m2

3/2ch log

(
m3/2

fs

)
, (3.25)

which makes the selectron heavier than the bino or wino. Then, the neutralino becomes

the LSP.

Notice that the negative and large m2
Hu

and m2
Hd

do not mean that the quadratic

terms in the Higgs potential are negative. This is because they appear as the combinations

of m2
Hu

+ µ2 and m2
Hd

+ µ2 in the potential with large |µ|. In this case, tan β & O(10) is

required for a successful EW symmetry breaking. This can be found from the non-tachyonic

condition of the MSSM Higgs boson at the µRG ∼ m3/2,

m2
A ' m2

Hd
−m2

Hu > 0, (3.26)

which differs from the tree-level condition (3.22). Thus, the radiative corrections to the

mass differences are needed. The radiative corrections are estimated by the RG equations:
d

d log µm
2
Hu
' 1

16π2 6y2
tm

2
Hu
, d

d log µm
2
Hd
' 1

16π2 (6y2
b + y2

τ )m2
Hd
. This implies the inequality

(3.26) can be satisfied only when yτ , yb & yt, i.e. tan β & O(10). (Notice m2
Hu
,m2

Hd
< 0.)

The RG running effects will be taken into account by solving two-loop RG equations in

the next section.

4 Phenomenological consequences and miracle

Now let us perform numerical calculations for SUSY mass spectra using SuSpect 2.4.3 [34]

with modifications. The conditions, (3.6), (3.7), (3.13)–(3.15), and (3.23), together with

the scalar masses in appendix B are set at the input scale Minp = 1016 GeV.

9On the other hand, cu ∼ cd ∼ −2 will be forced by the vacuum stability.
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Figure 2. The viable parameter region for m3/2 = 60 TeV and tan β = 50 on ch-cu(= cd) plane.

We fix sign[µ] = −1. The contours denote the mass ratio of the lightest chargino to the light-

est neutralino. The black region contradicts with (4.1). The gray region is excluded due to a

tachyonic/too-light scalar particle. On the purple range the lightest neutralino is the LSP, which is

bino-like. Left (right) to the purple range, the LSP is the slepton (squark). Throughout the paper,

we take the top mass as Mt = 173.21 GeV and QCD coupling constant as αs(mZ) = 0.1181.

4.1 Constraints and parameter region

We notice again that the squarks and sleptons are massless at the tree-level, which implies

that we may have too large trilinear-terms, e.g. (3.6). Although the squarks and sleptons

can get masses at the loop-levels, this may induce a true minimum with color/charge

breaking and cause rapid decay of the electroweak vacuum. In particular, a larger trilinear

Higgs-stop coupling would result in a deeper true vacuum and a smaller potential barrier.

Here, we show that a consistent EW vacuum requires cu = cd ∼ −2 so that the size of

the A-terms are small enough according to eqs. (3.6) and (3.7). This leads to a surprising

prediction: quasi-degenerate masses of the bino and wino.

To discuss the vacuum (meta)stability, we adopt the empirical constraint for the

squarks-Higgs system from ref. [35]

7.5(m2
Q̃3

+m2
ũ3

) > 3µ2 +A2
t . (4.1)

In figure 2, we show the parameter region satisfying this bound on ch-cu(= cd) plane

for m3/2 = 60 TeV, tanβ = 50 and µ < 0. The black (gray) region is excluded by the
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Figure 3. Sfermion mass spectra at cu = cd = −2 by varying ch. Other parameter sets are same

as in figure 2. The purple line is the SUSY scale
√
mt̃R

mt̃L
. The red solid (dashed, dotted) line

represents mũL
(mũR

,md̃R
). The blue solid (dashed) line shows mẽL(mẽR). The horizontal black

solid line shows the bino-like neutralino mass.

vacuum stability constraint (tachyonic/too light scalars). On the purple shaded region the

neutralino is the LSP. The contour represents the ratio of the wino-like chargino to the

bino-like neutralino. Firstly, one finds that the vacuum stability requires that

cu = cd = −2±O(0.1). (4.2)

Secondly, the region with a neutralino LSP, which is bino-like, exists due to the RG running

effects from the Higgs soft masses. The numerical result of the sfermion mass dependence

on ch is shown in figure 3 by fixing cu = cd = −2. One finds that the selectrons (blue

lines) become heavier than the bino-like neutralino LSP (black line) with ch & 0.4. This is

consistent with (3.25). Lastly, a surprising fact is that the masses of the bino-like neutralino

and the wino-like chargino are almost the same when (4.2) is satisfied. The masses at most

differ by O(1)%. The physics of this coincidence will be discussed soon.

Let us comment on possible corrections to the mass difference of the bino and wino,

and show that the degeneracy should not be removed by higher order corrections. As we

noted, the formula of (3.13)–(3.15) is insensitive to the UV physics up to one-loop level but

there are model-dependent UV corrections and RG running effects at the two-loop level or

higher. They contribute to the gaugino masses and thus to the bino-wino mass difference by

O(1)%. Other contributions are threshold corrections from MSSM particles, which we have

included in the numerical calculations (see ref. [36] for the dominant threshold corrections).

These contributions are also at most O(1)% level. In particular, contributions from Higgs-

Higgsino loops are suppressed because tan β & O(10) [7].10

10A possibility we did not consider here is that the multiplets φa, 5̄
′ are lighter than m3/2. In this case,

there should be also corrections to the mass difference up to around 1-10%, depending on c5̄′ .
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Figure 4. The masses of gluino (blue band), lightest chargino (red band) and lightest neutralino

(black band) from top to bottom. We vary 40 ≤ tanβ ≤ 80, 0.01 ≤ ch ≤ 3 and −2.7 ≤ cu = cd ≤
−1.3 with sign[µ] = −1 fixed. Only data points with the (meta)stable electroweak vacuum and

neutralino LSP are shown.

The gaugino masses, (3.13)–(3.15), are almost fixed by one free parameter m3/2 due

to (4.2), which leads to a unique gaugino mass spectrum. The mass dependences of gluino

(blue band), the lightest chargino (red band), and the lightest neutralino (black band at the

lower boundary of the red band) on m3/2 are shown in figure 4. We vary tan β = 40 - 80,

ch = 0.01 - 3, −2.7 < cu = cd < −1.3 with sign[µ] = −1. These ranges of the parameters

will be used in the following numerical calculations. This mass relation of gauginos is one

of the robust predictions in our scenario.

Another constraint is the Higgs boson mass ' 125 GeV±3 GeV. To estimate the Higgs

boson mass we use SUSYHD 1.0.2 [37]. The plot is given in figure 5. The region with the

neutralino LSP corresponds to the purple band. The gray band represents the whole region

consistent with (4.1). It turns out that the Higgs boson mass predicts

m3/2 ' 40 TeV − 600 TeV. (4.3)

We notice that the prediction on the Higgs boson mass is slightly smaller than the case with

smaller |µ|-term. (See also table 1 and ref. [38])This is due to the negative sbottom-loop

contribution on the quartic coupling of the Higgs boson [37].

4.2 Bino-wino coannihilation

The scenario predicts that the bino and wino have almost degenerate masses, and the bino-

like neutralino is the LSP in most cases. When the bino-like neutralino mass is smaller than

∼ 3 TeV and the mass difference between the wino and bino is around or below O(10) GeV,

the dark matter abundance can be explained through the bino-wino coannihilation, taking
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Figure 5. The Higgs boson mass for the neutralino LSP region (purple band) and the region with

vacuum stability (gray band). The ranges of the parameters are same as in figure 4.

into account the Sommerfeld effect for the wino [39–43].11 The required mass difference

for the correct relic abundance can be explained for cu = cd . −2.

The range of the gravitino mass consistent with the thermal dark matter [42], M1 .
3 TeV, and the Higgs boson mass (4.3) is

40 TeV . m3/2 . 150 TeV, (4.4)

which corresponds to our viable region. The mass difference between bino and wino can be

small enough to have correct abundance with small enough cu,d. Although the bino dark

matter gets a correct abundance via the coannihilation with wino, the dark matter today

has a suppressed interaction rate with the SM particles. Therefore, the direct and indirect

detections of dark matter are difficult, i.e. our scenario is almost free from the constraints.

4.3 Yukawa and gauge coupling unification

Since the down-type quarks and left-handed leptons in the MSSM form complete SU(5)

multiplets 5̄, the Yukawa couplings, yd and ye, are expected to be unified at the GUT

scale. As we have discussed, to have neutralino LSP, the Higgs mass squares should be

negatively large, and thus tan β & O(10) is required from (3.26). This is a good condition

for the b−τ Yukawa coupling unification. The difference between yb and yτ , |yb−yτ | at the

renormalization scale µRG = 1016 GeV, is plotted in figure 6 (right panel) with respect to

the m3/2. We also show the precision of the gauge coupling unification, max (g1, g2, g3) −
min (g1, g2, g3) (left panel). On the gray data points, the vacuum stability constraint is

satisfied. On the blue and red points, the LSP is the lightest neutralino. We find that,

11When ch is parametrically large, the squark mass can be close to the LSP mass due to the two-loop

RG effects. In this case, the squark-wino-bino coannihilation takes place and the mass of the LSP larger

than ∼ 3 TeV may still be allowed.
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Figure 6. Precisions of gauge and Yukawa coupling unifications in the left and right panel, respec-

tively. The gray points satisfy (4.1). On blue/red points, the neutralino is LSP. The ranges of the

parameters are same as in figure 4.

when the neutralino is the LSP, the gauge and Yukawa coupling unifications can occur at

O(1)% precision level. (The analysis of the coupling unification is based on ref. [12].) The

O(0.01) difference may come from the threshold corrections from GUT theory which may

be the order O(〈ΦGB〉 /MP ) or O(1/16π2). Here 〈ΦGB〉 ∼ 1016 GeV is the VEV of a GUT

breaking field. We do not care about the unifications of the Yukawa couplings for the first

two generations, because the threshold corrections may be dominant.

Notice that the fs can not be much smaller than 1016 GeV for the perturbative gauge

coupling unification. This is because otherwise higher dimensional terms, e.g. the last term

of (2.13), become strongly-coupled below the GUT scale.

4.4 Miracle and collider signatures

Let us summarize what we have shown. We consider the E7/SU(5) × U(1)3 NLS model

coupled to supergravity with the dynamical scale, 1016 GeV . fs �MP . To break SUSY,

we have introduced the SUSY breaking field charged under some symmetry, avoiding the

Polonyi problem.12 To make the model realistic, E7 is explicitly broken by the gauge inter-

actions, and the Yukawa interactions among the Higgs (non-NG) multiplets and NG mul-

tiplets. Then, massless gauginos, sleptons and squarks at the tree-level but non-vanishing

Higgs soft mass parameters are predicted.

At the loop level, S-mediation as well as anomaly mediation gives non-vanishing gaug-

ino masses. This is because the S must have couplings to the NG multiplets as well as

the compensator field, which are determined by the E7 symmetry. The contributions from

S-mediation and those from anomaly mediation are almost UV-insensitive, and thus the

gaugino mass relations, (3.13)–(3.15), are justified at µRG ∼ m3/2. By searching for a con-

sistent electroweak vacuum, as any scenario does, we found that the mass difference of the

bino and wino is within O(1%). Note that the mass degeneracy is essentially determined

by the observables at the low energy: the gauge coupling constants and the structure of

the EW vacuum. Therefore, our prediction is highly non-trivial and robust. As a natural

12This assumption was also important for the prediction of the quasi-degenerate bino and wino since

otherwise ZWαW
α is allowed. The term significantly changes the gaugino masses at the tree-level.
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Parameters I II III

m3/2[TeV] 60 70 130

tanβ 53 49 50

ch 0.84 1.7 0.6

cu = cd −2.4 −2.3 −1.8

δaxionM1,2,3/m3/2 0 0 −0.003

spectrum [TeV] [TeV] [TeV]

χ1 1.33 1.56 2.74

χ2 1.36 1.59 2.74

g̃ 3.81 4.38 6.64

χ3,4 48 79 87

ũ, c̃, d̃, s̃ 2.2–2.8 1.7–3.3 3.7–4.9

t̃, b̃ 21–22 32–36 40–42

µ̃, ẽ 1.5–2.3 1.7–3.6 2.8–4.3

τ̃1,2 15,22 23,33 27,38

hSM [GeV] 122 124 124

couplings at µRG = 1016 GeV 1016 GeV 1016 GeV

yb 0.58 0.42 0.58

yτ 0.65 0.51 0.60

g1, g2, g3 ' 0.69 ' 0.69 ' 0.69

Table 1. Sample data points. The model parameters except for tan β are set at Minp = 1016 GeV.

All the points give the correct dark matter abundance Ωχ1h
2 ∼ 0.1 according to ref. [42].

consequence, we can have a successful thermal bino dark matter with bino-wino coannihi-

lation. From conditions for the dark matter abundance and the Higgs boson mass we get

the gravitino mass of

40 TeV . m3/2 . 150 TeV. (4.5)

Moreover, we found that the Yukawa coupling unification and gauge coupling unification

occur at the level of O(1%) in most of the viable region. The gravitino heavier than

O(10) TeV decays well before the epoch of the Big Bang nucleosynthesis (BBN); therefore,

the gravitino problem is alleviated. The sample data points in the miraculous region

are given in table. 1 (see the next section for δaxionM1,2,3/m3/2). All the points have the

consistent dark matter abundance from the bino-wino coannihilation.13

Now let us discuss collider signatures. The lower bound of (4.5) corresponds to the

LSP mass around 1 TeV. This is consistent with null results of LHC SUSY searches (up to

now) because the LSP is quite heavy: even if SUSY particles are produced, their decays

to the LSP are difficult to be identified. In the future, the scenario can be tested by

collider searches for the gauginos, especially the gluino. The existence of the gluino can

be checked at the LHC up to ∼ 3 TeV. The gluino can be searched for up to ∼ 6 TeV

13We have neglected the coannihilation effect between the bino and the slepton/squark.
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and ∼ 12 TeV at future 33 TeV and 100 TeV collider experiments, respectively [44]. In

particular, the 100 TeV colliders can cover the whole viable region.14 Here, we have assumed

that the squarks and sleptons are heavy enough for a conservative purpose.15 The light

squarks and sleptons, which appear in our numerical estimations, make our scenario easier

to be tested due to the enhanced production cross section of the SUSY particles. In

fact, the first two generation squarks are lighter than the gluino in the viable region. In

that case, m3/2 . 80 TeV (180 TeV, 420 TeV) may be tested at the LHC (33 TeV, 100 TeV

colliders) [44]. This gives an optimistic view to the collider searches: the LHC can test a

large fraction of the viable region and a 33 TeV collider may cover the whole region.

Before ending this section, let us comment on three things. One is the existence of the

region consistent with the unification of top-bottom-tau Yukawa couplings. The other is

the region explaining the muon g − 2 anomaly. Although we have focused on the region

with sign[µ] < 0, where SUSY contributions to the muon g−2 are negative, the muon g−2

anomaly may be explained for sign[µ] > 0 with a small enough m3/2. The shortcoming, in

this case, is that the bottom-tau Yukawa coupling unification is difficult to be explained.

The last thing is the little hierarchy between the stop mass scale and the weak scale. In

order to make the slepton heavier than the neutralino, the Higgs loop effect is needed.

This effect also increases stop masses (see eqs. (3.24) and (3.25)) so that the Higgs boson

mass can be explained. However, this implies that the stop mass is much larger than the

weak scale.

5 =[S] as the QCD axion

In our scenario, there is another massless particle, the scalar of =[S], due to the shift

symmetry (1.1). An interesting possibility is that =[S] is a QCD axion. In this case, S

couples to the field strength superfields of SU(5) as

L ⊃
∫
d2θ(csg

2
5)

S

M∗
WαW

α + h.c., (5.1)

where cs is a real constant, g5 is gauge coupling of SU(5), M∗ is a cut-off scale, and Wα is

the field strength superfield. Here, we take the canonically normalized kinetic term for the

gauge fields. Notice that (5.1) breaks the shift symmetry (1.1) explicitly. Since the SU(3)c
coupling becomes strong at around the QCD scale, the =[S] acquires a non-flat potential

and eliminates the strong CP phase at the vacuum. The decay constant of the QCD axion

is given by

fa =
1

32π2

M∗
|cs|

. (5.2)

14On the other hand, it was shown that the wino up to mass 2.3 TeV may also be tested by precise studies

on pair productions of charged leptons or of a charged lepton plus a neutrino at future 100 TeV collider

experiments [45].
15The model-dependent UV corrections may increase the squark and slepton masses. However, these

corrections do not change the predictions of the bino-wino coannihilation and the unification of the bottom

and tau Yukawa couplings significantly. The soft parameters relevant to the predictions are either in the

gaugino sector or the Higgs sector. The former parameters were shown to be irrelevant to the UV corrections,

and the latter parameters are at tree-level whose contributions via the one-loop RGE should dominate over

the UV radiative corrections.
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Due to the F -term (2.14), the gaugino masses get additional contributions of

δaxionMi ' −
g2
i

16π2

fs
fa

sign[cs]m3/2. (5.3)

For (fs/fa) . O(1), the above contribution to the mass difference between bino and wino

is at most O(1)%, and does not spoil the successful explanation of the relic dark matter

abundance. There is also constraint on the decay constant of the QCD axion from the

black hole super-radiance, fa . 1017 GeV [46–48]. These facts imply M∗ ∼ 1018-1019 GeV,

i.e. M∗ ∼MP for cs = O(1). (Remember that fs & 1016 GeV. )

The axion abundance is overproduced if the initial amplitude of the axion coherent

oscillation is set to be O(fa). This overproduction problem could be absent by taking the

initial amplitude smaller than O(10−3)fa.
16 The axion may be tested by the further spin

measurements of the black holes.

The axion can compose a dominant fraction of dark matter, when the neutralino LSP

abundance is not enough. The axion dark matter can be tested by the ABRACADABRA

experiment [55] or a dark matter radio wave experiment [56]. (See also ref. [57] for review

and ref. [58] for the latest result of the ABRACADABRA experiment.)

Lastly, we mention the moduli problem caused by the scalar component of <[S]. The

<[S] during the inflation may not be at the potential minimum. After the inflation it

starts to oscillate around the potential minimum and the energy density of the coherent

oscillation easily dominates over the Universe. Since the mass of <[S] is around m3/2

and the decay constant is small as fs � MP , <[S] decays to the pNGBs and the Higgs

multiplets well before the BBN. However the decay may produce too much entropy that

dilutes the preexisting baryon asymmetry. This moduli problem can be naturally alle-

viated if <[S] also couples to the inflaton with operators suppressed by 1/fs, which is

stronger than those suppressed by 1/MP . In this case, the abundance of <[S] is suppressed

adiabatically [59–61].17

6 Conclusions and discussions

We have studied the phenomenological consequences of the supersymmetric E7/SU(5) ×
U(1)3 non-linear sigma model. In this model, the three generations of quark and lepton

chiral multiplets appear as (pseudo) Nambu Goldstone multiplets. Therefore, the origin

of the three families is explained. A direct consequence is that the squarks and sleptons

are massless at the tree-level. When this model couples to supergravity, a chiral multiplet

S, which has a shift symmetry, is required. Hence, we have the MSSM particles and the

16This may be due to an anthropic selection. On the other hand, a small amplitude can be obtained if

the Hubble parameter during (eternal-)inflation is smaller than the QCD scale [49–51]. Low-scale inflation

can be possible with successful reheating if the inflaton is an axion-like particle [52–54].
17There may be thermally produced scalar <[S] and the fermionic partner with mass O(m3/2), which

decay into the MSSM particles later. This may cause the overproduction of the LSP. One possibility to

avoid this is fs . 1016 GeV so that the decay happens when the LSP is in thermal equilibrium. Also, it is

avoided if the reheating temperature is small enough.
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weakly-coupled S at the low energy. To break SUSY we introduce a SUSY breaking field

Z which is charged under some symmetry, avoiding the Polonyi problem.

We pointed out that S gets a non-zero F -term of fsm3/2, which contributes to soft

SUSY breaking parameters for MSSM particles. Since couplings of S to Nambu Goldstone

multiplets are fixed by E7 invariance, the soft SUSY breaking parameters take a specific

form. In particular, the gaugino masses are dominantly generated from supersymmetry

breaking mediation from S multiplet and anomaly mediation at the one-loop level, and

they are almost UV insensitive. Surprisingly, the predicted masses of the bino and wino are

quasi-degenerated at O(1)% level in the region consistent with the (meta)stable electroweak

vacuum. As a result, the correct relic abundance of dark matter is explained through bino-

wino coannihilation. Moreover, we found that the bottom-tau Yukawa couplings and the

gauge couplings are unified precisely. The scenario can be tested at the LHC and can be

fully covered at future collider experiments, by searching for the light gauginos as well as

the light squarks and sleptons.

We have assumed that fs is around the dynamical scale of non-linear sigma and

1016 GeV . fs � MP . In this case, the E7 symmetry and (1.1), may not be spoiled

by non-perturbative gravity effects [62]. Another important issue is the SUSY CP prob-

lem. Since we have a potentially large CP violating phase in the Higgs B-term, on the

basis that µ and m3/2 are reals, the electron electric dipole moment may exceed the ex-

perimental bound from ACME [63]. In this paper, we have assumed that the CP violating

phase is absent in the E7-invariant interaction, and thus the B-term is treated to be real.

A suppression mechanism of CP violating phases will be discussed elsewhere.

We have gauged the SU(5) in H = SU(5)×U(1)3. Alternatively, one may only gauge

SU(3)c×SU(2)L×U(1)Y in SU(5), which still enables us to explain the charge quantization

with the partially gauged SU(5). In this case, the constraint on the proton decay is allevi-

ated even for fs . 1016 GeV, e.g. within the QCD axion window. This is because SU(5)

partners of the gauge multiplets are absent, and SU(5) partners of the Higgs doublets may

not couple to the quarks and leptons. Then, the region with sign[µ] > 0, explaining the

muon g − 2 anomaly but without the bottom-tau Yukawa coupling unification, becomes

more attractive. The muon g − 2 anomaly in the context of NLS model will be discussed

in our forthcoming work.
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A Supergravity potential of a NLS model

Here, we explicitly calculate the supergravity potential of a NLS model in the Kähler

manifold of CP1 = SU(2)/U(1) to confirm our general analysis in the main part. Let us

consider the Kähler potential for the NG multiplets φ, φ† as

K = F (x, y), (A.1)

where

x = f2 log

(
1 +

φφ†

f2

)
+ fs(S + S†), y = Z†Z. (A.2)

Here f is the dynamical scale of the NLM model which does not appear in the leading

order level calculation and was assumed to be the same with fs in the main part. We have

included the SUSY breaking field Z, the lowest component of which is supposed to have a

negligible VEV for simplicity. The Kähler potential for the NG multiplets is constructed

from a real function transforming under SU(2) as

f2 log

(
1 +

φφ†

f2

)
→ f2 log

(
1 +

φφ†

f2

)
+ fH(φ) + fH(φ)†.

The singlet S enjoys the symmetry

fsS → fsS − fH(φ),

so that x does not change under SU(2). The superpotential is given by

W = W (Z, φ). (A.3)

The dependence on φ implies that the SU(2) is explicitly broken.

The potential from the supergravity can be derived from

V (S, S†, φ, φ†, Z ' 0, Z† ' 0) = eK/M
2
P

∣∣∣∣∂K∂S W

M2
P

∣∣∣∣2K−1
SS

+eK/M
2
P

(
∂K

∂φ

W

M2
P

+
∂W

∂φ

)
∂K

∂S†
W

M2
P

K−1
φS + h.c.

+eK/M
2
P

∣∣∣∣∂K∂φ W

M2
P

+
∂W

∂φ

∣∣∣∣2K−1
φφ

+eK/M
2
P

∣∣∣∣∂W∂Z
∣∣∣∣2K−1

ZZ

−3eK/M
2
P
|W |2

M2
P

. (A.4)

From straightforward calculations, one can obtain

Kφφ =
1

(1 + |φ|2/f2)2

(
Kx + |φ|2Kxx

)
KSS = f2

sKxx
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KZZ = Ky

KSφ =
1

(1 + |φ|2/f2)
fsφ
†Kxx

KZφ = 0

KZS = 0, (A.5)

and

K−1
φφ = (1 + |φ|2/f2)2K−1

x

K−1
SS = f−2

s

(
|φ|2K−1

x +K−1
xx

)
K−1
ZZ = K−1

y

K−1
φS = −φ(1 + |φ|2/f2)(fsKx)−1

K−1
φZ = 0

K−1
SZ = 0. (A.6)

Here “O′” means ∂O/∂x. By inserting them into the potential, we arrive at

V = − eK/M2
P

3|W |2

M2
P

(A.7)

+ eK/M
2
PK−1

y

∣∣∣∣∂W∂Z
∣∣∣∣2 (A.8)

+ eK/M
2
P |Kx|2K−1

xx

|W |2

M4
P

(A.9)

+ eK/M
2
PK−1

x

∣∣∣∣∂W∂φ
∣∣∣∣2(1 +

|φ|2

f2

)2

. (A.10)

The first two terms contain the contribution of order m2
3/2M

2
P which cancel to get a van-

ishingly small cosmological constant as usual. The third term is a potential term for the

NLS model, which is of order m2
3/2f

2
s � M2

Pm
2
3/2. The last term represents the F -term

contribution of φ.

We emphasize that

〈Kx〉 = 1, 〈Kxx〉 = f−2
s , 〈Ky〉 = 1 (A.11)

for φ, S,Z canonically normalized, respectively.

A-term. One immediately gets that by taking W = W0−yφ3 the A-term is generated as

A = −3W ∗0
M2
P

. (A.12)

Let us notice that there is no additional term canceling it. Ordinary the contribution

is cancelled by the term in (A.4), but in this case this term is part of (A.9), which is

suppressed as

V ⊃ |W |
2

M2
P

(
fs
MP

)2

(A.13)

due to the canonical normalization of the kinetic terms.
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Stabilization of potential by S. By taking into account the kinetic normalization, let

us minimize the potential by S with setting φ,Z = 0. We find the relevant terms in the

potential can be expanded around the vacuum as

V ⊃ eK/M2
P

(
K−1
y

∣∣∣∣∂W∂Z
∣∣∣∣2 + |Kx|2K−1

xx

|W |2

M4
P

)
' eK/M2

P

(
f2
s

M2
P

|W |2

M2
P

+

∣∣∣∣∂W∂Z
∣∣∣∣2)

+

(
2
|W |2

M4
P

−Kxy

∣∣∣∣∂W∂Z
∣∣∣∣2 − f4

s

M4
P

|W |2Kxxx

)
fs(δS + δS†), (A.14)

where we have taken

Ky ' 1 +Kxyfs(δS + δS†), Kx ' 1 + fs(δS + δS†), Kxx ' 1 +Kxxxfs(δS + δS†),

and S = 〈S〉+ δS. The potential is stabilized if the coefficient of δS + δS† vanishes:

m2
3/2(2− 3M2

PKxy − f4
sKxxx) = 0

(
∂V

∂<[S]
= 0

)
. (A.15)

Here we have used eK/M
2
P |W |2/M2

P = M2
Pm

2
3/2 = 1/3eK/M

2
P |∂W/∂Z|2. One finds that the

stabilization can be done only if Kxy 6= 0 or Kxxx 6= 0.

The mass of <[S] can be obtained around the vacuum as

m2
<[S] = 2f2

s

∂2V

∂x2
(A.16)

= 2m2
3/2 + 2m2

3/2f
2
s

[
3M2

P (2K2
xy −Kxxy) + 2f2

sKxxx(−1 + f4
sKxxx)− f4

sKxxxx

]
,

where the higher dimensional term coefficients are evaluated at x = 〈x〉 .

Summary. In summary, the consistent non-linear sigma model should satisfy the follow-

ing condition,

(2− 3M2
PKxy − f4

sKxxx) = 0

(
∂V

∂<[S]
= 0

)
,

Kx = Ky = 1,

Kxx = f−2
s . (A.17)

B Formula for scalar masses

The dimension two soft parameters used in the numerical simulation at Minp = 1016 GeV

are given as follows for the third generation squarks and sleptons as well as the Higgs bosons.

m2
tL

= −
m2

3/2

2

d

dt
γtL

−
m3/2

16π2

∑
a=1,2,3

C(a)g2
aδ

NLSMa −
m2

3/2

8π2
(2 + cu) y2

t −
m2

3/2

8π2
(2 + cd) y

2
b , (B.1)
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m2
tR

= −
m2

3/2

2

d

dt
γtR

−
m3/2

16π2

∑
a=1,2,3

C(a)g2
aδ

NLSMa − 2
m2

3/2

8π2
(2 + cu) y2

t , (B.2)

m2
bR

= −
m2

3/2

2

d

dt
γbR

−
m3/2

16π2

∑
a=1,2,3

C(a)g2
aδ

NLSMa − 2
m2

3/2

8π2
(2 + cd) y

2
b , (B.3)

m2
τL

= −
m2

3/2

2

d

dt
γτL

−
m3/2

16π2

∑
a=1,2,3

C(a)g2
aδ

NLSMa −
m2

3/2

8π2
(2 + cd) y

2
τ , (B.4)

m2
τR

= −
m2

3/2

2

d

dt
γτR

−
m3/2

16π2

∑
a=1,2,3

C(a)g2
aδ

NLSMa − 2
m2

3/2

8π2
(2 + cd) y

2
τ , (B.5)

m2
Hu = − chm2

3/2 −
m2

3/2

2

d

dt
γHu

−
m3/2

16π2

∑
a=1,2,3

C(a)g2
aδ

NLSMa − 3
m2

3/2

8π2
(2 + cu) y2

t , (B.6)

m2
Hd

= − chm2
3/2 −

m2
3/2

2

d

dt
γHd

−
m3/2

16π2

∑
a=1,2,3

C(a)g2
aδ

NLSMa −
m2

3/2

8π2
(2 + cd) (3y2

d + y2
τ ). (B.7)

Here

δNLSM1 =
g2

1

16π2
m3/2

(
12 +

3

5
cu +

3

5
cd

)
, (B.8)

δNLSM2 =
g2

2

16π2
m3/2(12 + cu + cd), (B.9)

δNLSM3 =
g2

3

16π2
m3/212, (B.10)

with C(a) = {Y 2
i 6/5, δi3/2, δ̃i8/3} for {U(1)Y , SU(2)L, SU(3)c} for the supermultiplet i.

δi = 1 (δ̃i = 1) for an SU(2)L doublet (SU(3)c triplet) otherwise 0. γi can be found in

ref. [64]. For a first two generation squark or slepton, we use the formula for the third

generation by taking the Yukawa couplings to zero.
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