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1 Introduction

It is well known that group theoretical properties and number of Nambu-Goldstone (NG)

bosons are determined by a given coset space G/H. If we extend it to a supersymmetric

(SUSY) theory, the NG bosons are always accompanied by fermions. It is extremely

interesting to identify the fermions (called as quasi NG fermions) with observed quarks and

leptons [1, 2], since it may provide us not only an origin of families of quarks and leptons

but also an answer to the fundamental question why we have three families in nature.

The SUSY E7 non-linear sigma (NLS) model based on the coset space E7/SU(5) ×
U(1)3 [3, 4] is fascinating, since it can accommodate three families of quarks and sleptons

as its NG chiral multiplets. This suggests that we may predict the maximal number of

families in the approach of NLS based on exceptional groups, since the exceptional group

is limited up to E8. In fact, it is shown that number of the families is limited to be three

even if we take the biggest exceptional group E8 [5].

In this paper we consider the E7/SU(5) × U(1)3 model, where the unbroken SU(5)

is identified with the gauge group of the grand unified theory (GUT). The masses of the

squarks and sleptons are highly suppressed at the tree level, since the global E7 is assumed

to be exact in the limit where gauge couplings and Yukawa couplings vanish. Their masses

are dominantly generated via radiative corrections, leading to a natural solution to the

flavor changing neutral current (FCNC) problem. On the other hand, Higgs multiplets,

Hu and Hd, are considered to be non-NG multiplets, and hence, their masses are not

suppressed.

The purpose of this paper is to examine if the above NG boson hypothesis of all the

squarks and sleptons is consistent with observations. For this purpose, we choose one of
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the attractive and consistent mediation scenarios of SUSY breaking, that is called as pure

gravity mediation (PGM) [6, 7] or minimal split SUSY [8]. In the PGM, gaugino masses

are generated radiatively at the one-loop level via anomaly mediation [9, 10]. Since the

gravitino mass is larger than O(100) TeV, the cosmological gravitino problem is avoided

easily. The gaugino masses are generated without a gauge singlet SUSY breaking (Polonyi)

field; therefore, the cosmological Polonyi problem does not exist. Even without the gauge

singlet SUSY breaking field, the Higgsino mass term of the order of the gravitino mass arises

via an R-symmetry breaking term, i.e. the constant term in the superpotential [6, 11]. In

the PGM, the lightest neutralino is the pure wino of a mass range of O(100–1000) GeV,

providing us with a good dark matter candidate. Furthermore, it is expected that the

SUSY FCNC problem is significantly relaxed.

In this paper, we point out that the E7/SU(5) × U(1)3 NLS model is consistent with

pure gravity mediation.1 The present model can be regarded as an ultraviolet completion

of Higgs-Anomaly mediation proposed in ref. [13]. Furthermore, we also show the predicted

squark masses of the first and second generations are likely to be smaller than a few TeV

when the thermal leptogenesis [14] (see also [15, 16] for reviews) successfully explains the

observed baryon asymmetry. Those squarks can be discovered at the LHC Run-2 or at the

high luminosity LHC.

This paper is organized as follows. In section 2, we explain our setup, the E7 NLS model

combined with PGM. It is shown that the NG multiplets of the three chiral generations have

vanishing masses at the tree level. In section 3, we investigate low-energy phenomenology

of the model, paying attention to the the lightest squark and slepton masses. Section 4 is

devoted to the conclusion.

2 E7/SU(5) × U(1)3 model in pure gravity mediation

The E7/SU(5) × U(1)3 model is obtained via E7/SU(5) × SU(3) × U(1) model, which

contains 133− 24− 8− 1 = 100 NG modes. The NG multiplets are [3]

φia : (5̄,3, 2), φabi : (10, 3̄, 1), φa : (5,1, 3), (2.1)

where a, b = 1 . . . 5 and i = 1 . . . 3. Note that φia and φabi are identified with chiral multiplets

of three family leptons and quarks, whose scalar components are massless at the tree level.

Here, we assume φa has a large Dirac mass term with another 5̄′,2 which is required to

cancel the non-linear sigma model and gauge anomalies [4]. The Higgs chiral multiplets, Hu

and Hd, are introduced as non-NG matter multiplets. Then, their boson components are

expected to have SUSY breaking soft masses of the order of the gravitino mass, m3/2. The

E7/SU(5) × U(1)3 model is obtained through the further breaking SU(3) down to U(1)2,

leading to six more NG bosons. These NG bosons are identified with scalar partners of three

1In ref. [12], it has been shown that gaugino-Higgs mediation is consistent with the E7/SU(5) × U(1)3

model. In this case, the higgsino-like neutralino rather than the stau can be the lightest SUSY particle,

reducing the fine-tuning of the electroweak symmetry breaking.
2We do not identify the NG multiplet φa with one of Higgs multiplets, Hu, in this paper.
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right-handed neutrinos. After all, the three new NG chiral multiplets of E7/SU(5)×U(1)3

are identified with three chiral multiplets of the right-handed neutrinos.

The Kähler potential for the NG multiplets is constructed from a real function trans-

forming under E7 as

K(φ, φ†)→ K(φ, φ†) + fH(φ) + fH(φ)†, (2.2)

where fH is a holomorphic function of φ, and K is invariant under transformations of the

unbroken symmetry, SU(5) × U(1)3. The real function K itself can not be E7 invariant,

since the shift of K with the holomorphic function does not leave the Lagrangian invariant

in supergravity theories: we need an chiral superfield, S, to cancel the shift [17, 18]. Then,

we have the E7 invariant Kähler potential as

K(φ, φ†, S, S†) = F (K(φ, φ†) + S + S†), (2.3)

with

S → S − fH(φ), (2.4)

under E7 transformation.

Soft masses. To examine a soft SUSY breaking mass for φ, let us consider the leading

term of φ†φ as

K = F (φ†φ+ S + S† + . . . ), (2.5)

where . . . denotes irrelevant terms such as higher order terms of φ†φ.

The soft SUSY breaking mass of φ arises from

V (S, S†, φ, φ†) = eK/M
2
P

[∣∣∣∣∂K∂φ
∣∣∣∣2K−1

φφ +

∣∣∣∣∂K∂S
∣∣∣∣2K−1

SS +
∂K

∂φ

∂K

∂S†
K−1
φS + h.c.

]
|W |2

M4
P

= eK/M
2
P

(
∂K

∂x

)2(∂2K

∂x2

)−1 |W |2

M4
P

= G(x), (2.6)

where x = φ†φ + S + S†; W is the superpotential with eK/M
2
P |W |2 = m2

3/2. Here, MP '
2.4× 1018 GeV is the reduced Planck mass. Then,

∂2V

∂φ†∂φ
=
∂V

∂x
+ |φ|2∂

2V

∂x2
, (2.7)

which vanishes at the minimum. We see all NG bosons are massless at the tree level.3

The above argument does not depend on whether there is a direct coupling between a

(pseudo) NG multiplet and a SUSY breaking field Z, since the potential is just replaced

as G(x)→ G(x, Z, Z†) (see appendix for an explicit calculation).

3See also ref. [19] for another clarification of the masslessness.
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On the other hand, we assume that the soft SUSY breaking masses for the Higgs

doublets, which are non-NG multiplets, are given by:

m2
Hu

= m2
Hd
' cHm2

3/2, (2.8)

at the tree level, where cH is a constant free parameter. The negativeness of m2
Hu

and

m2
Hd

is important to solve the tachyonic slepton problem [13] and give large masses for

stops [13, 20], enhancing the Higgs boson mass [21–25]. In fact, the soft SUSY breaking

masses for NG bosons arise radiatively via anomaly mediation and renormalization group

(RG) running effects from m2
Hu

and m2
Hd

. At the high energy scale, say, the GUT scale

(MGUT), the scalar mass of the NG multiplet is written as

m̃2
φ(µR = MGUT) ' −1

4

[
∂γφ
∂g

βg +
∂γφ
∂y

βy

]
m2

3/2 , (2.9)

where m3/2 is a gravitino mass and γφ is an anomalous dimension defined by γφ ≡
∂ lnZφ/∂ lnµR with µR of a renormalization scale. For cH = 0 in eq. (2.8), the above

relation holds at any scale and the sleptons are tachyonic below the GUT scale due to

the positive beta-functions for the U(1)Y and SU(2)L gauge couplings. In the next sec-

tion, we show that this problem can be solved if the Higgs soft mass squares are negative

at MGUT [13].

Since there is no Polonyi field in our setup, the gaugino masses are purely generated

from anomaly mediation:

M1 =
33

5
g2

1m3/2, M2 = g2
2m3/2, M3 = −3g2

3m3/2, (2.10)

above a SUSY particle mass scale. Here, M1,M2 and M3 are bino, wino and gluino mass,

respectively; g1, g2 and g3 are gauge coupling constants of U(1)Y , SU(2)L and SU(3)C .

Below the SUSY particle mass scale, the threshold corrections [26] need to be included.

Trilinear couplings are also generated from anomaly mediation and given by

Almn =
1

2
(γl + γm + γn)m3/2, (2.11)

with V 3 Almnylmnφlφmφn + h.c.

3 Phenomenological implications

3.1 Case of vanishing squark and slepton masses

We assume, in this subsection, that the gauge and Yukawa interactions are only sources of

the explicit breaking of the global E7, and hence all squarks and sleptons are massless at

the tree level.4 The masses of squark and sleptons arise only through anomaly mediation

at the high energy (GUT) scale. Thus, sleptons are tachyonic at MGUT as discussed in the

4The quantum corrections other than those from anomaly mediation may be suppressed enough, if one

consider the sequestering between the SUSY breaking hidden sector and the MSSM sector (see e.g. appendix

in ref. [27]).
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previous section. However, radiative corrections from the Higgs loops lift up the slepton

mass for cH < 0, solving the tachyonic slepton problem. We estimate the positive contri-

butions to sfermion masses from Higgs loops by taking into account RG running effects.

The resultant mass spectrum is hierarchical among generations since Yukawa couplings of

Higgs doublets are hierarchical [13, 20], and hence we obtain relatively large masses for

stops which explains easily the observed Higgs boson mass of 125 GeV.

Since the sleptons and squarks are massless at the tree level, this model has four

parameters:

m3/2, tanβ, cH , sign(µ), (3.1)

where tan β is the ratio of the vacuum expectation values of Hu to Hd. Note that from

the conditions of the correct electroweak symmetry breaking, the viable range of tan β is

fixed to be tan β & 40 (60) for sign(µ) = + (−). This is because one needs large Yukawa

couplings of the tau and bottom, Yτ and Yb.

The necessity of the large tan β is explained as follows. From the electroweak symmetry

breaking (EWSB) conditions, we have

m2
A ' (m2

Hu
+m2

Hd
+ 2|µ|2) ' (m2

Hd
−m2

Hu
)(1 + 2/ tan2 β), (3.2)

where mA is a mass of the CP-odd Higgs. Here, we have used µ2 ' −m2
Hu

+ (m2
Hd
−

m2
Hu

)/ tan2 β. In order to avoid a tachyonic CP-odd Higgs, m2
A < 0, m2

Hd
> m2

Hu
should

be satisfied at the electroweak scale. This is achieved via the RG running of m2
Hd

,

dm2
Hd

d lnµR
3 1

16π2
(6Y 2

b + 2Y 2
τ )m2

Hd
, (3.3)

for large Yb and Yτ (remember that m2
Hd

is negative). For large tan β & 40 (or 60 for

µ < 0), the above contribution is larger than that for m2
Hu

,

dm2
Hu

d lnµR
3 1

16π2
(6Y 2

t )m2
Hu
. (3.4)

Then, m2
Hd

> m2
Hu

(|m2
Hd
| < |m2

Hu
|) is realized at the low-energy scale, which is required

for the correct EWSB.

The dependence of the required tan β on sign(µ) originates from the radiative correction

to Yb from sbottom-gluino loops [28, 29]. Since the SUSY contribution to the muon g − 2

is opposite to the needed one and the required tan β for correct EWSB is so large in the

case of sign(µ) = −, we focus on the region of sign(µ) = + in this paper, unless otherwise

noted. In fact, we can not find particular differences in the SUSY-particle spectra between

the regions with sign(µ) = − and sign(µ) = +, apart from the required tan β and the

contribution to the muon g − 2.

The SUSY spectrum is computed using SuSpect 2.4.3 [30]. We scan all allowed pa-

rameter space of cH and tan β,

0 > cH > −0.5, 40 < tanβ < 60, (3.5)
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Figure 1. The masses of the lightest chargino/neutralino and the gluino in the case of the

vanishing squark and slepton masses. The triangles and pentagons (squares and circles) show

maximum (minimum) values. Here, αs(mZ) = 0.1185 and mt(pole) = 173.34 GeV.

and take the maximum and minimum values of m±χ1
/mχ0

1
for each m3/2. Here, m±χ1

and

mχ0
1

are the lightest chargino mass and neutralino mass, respectively, and they are nearly

degenerated. The input parameter cH is set at Minp = 1016 GeV (≈ MGUT). We have

demanded the lightest slepton (squark) to be heavier than 340 (1000) GeV from the null

results of the LHC SUSY searches [31, 32].5

The range of cH has been determined to avoid the tachyonic squarks and sleptons:

squarks become tachyonic in the regions of cH < −0.5. Note that on the viable parameter

space, we find that all Yukawa couplings at the GUT scale are smaller than
√

0.1× 4π.

We now show the mass of the lightest chargino, which is almost pure wino, in fig-

ure 1 (left). We see the wino mass is almost insensitive to tan β and cH . This is because

the threshold correction [26]

∆M2

M2
3 g2

2

16π2

µ

M2
sin(2β)

m2
A

µ2 −m2
A

ln
µ2

m2
A

(3.6)

is suppressed by large tan β and µ2 � m2
A: in contrast to usual PGM models, the relation

between wino mass and gravitino mass is almost fixed. Since the Higgsino is heavy, the

leading dark matter candidate in this model is the wino-like neutralino. This is the reason

why we restrict the range of m3/2 ' 100–1000 TeV, (approximately) corresponding to the

mass range for the wino dark matter, 270 GeV< mχ̃0
1
< 2.9 TeV. This is followed by the

phenomenological constraints assuming that the wino is the lightest SUSY particle (LSP).

The lower-bound comes from the wino search at the LHC [33] while the upper-bound

5The lower bound of the slepton mass of 340 GeV is given in the case that the slepton is lighter than

the lightest neutralino and effectively stable inside the detectors.
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Figure 2. Scatter plot of the stop mass.

is given by the condition to avoid the over-closure of the universe with the wino dark

matter [34].6

On the right panel in figure 1, we also show the maximum and minimum values of the

gluino mass. The gluino is accessible at the LHC only when the gravitino mass is smaller

than about 150 TeV.

Next, we show the stop mass, defined by mt̃ ≡ (mQ3mŪ3
)1/2 in figure 2 to estimate

regions consistent with the Higgs boson mass of 125 GeV. Here, mQ3 and mŪ3
are the

masses of the left-handed and right-handed stop, respectively. The scanned range of the

parameter space is the same as in eq. (3.5). The stop mass is lifted up via RG running:

dmQ2
3

d lnµR
3 1

16π2
(2Y 2

t m
2
Hu

+ 2Y 2
b m

2
Hd

),
dm2

Ū3

d lnµR
3 1

16π2
4Y 2

t m
2
Hu
. (3.7)

Therefore, the large |cH | leads to the larger stop masses. On almost all points, the stop

mass is larger than 10 TeV,7 and hence the Higgs boson mass of 125 GeV is easily explained

in most of the parameter space.

In figure 3, the scatter plots of the masses of the lightest squark and slepton are

shown. Here, the lightest squark is either the right-handed up squark or down squark,

while the lightest slepton is the left-handed or right-handed selectron, depending on the

parameter space. The threshold corrections to the squark masses are included utilizing

one-loop RG equations (see e.g. [35]) to incorporate the large mass hierarchy between the

third generation squarks and first/second generation squarks.8 The dark-green and red

dots satisfy the constraint, 122 ≤ mh ≤ 128 GeV, while the gray dots do not. Here, mh

6In our case only some of the squarks are light as 1000 GeV, i.e. the event cross sections are expected to

be smaller than those used in the reference.
7Only in the case that |cH | is as small as 0.04 and m3/2 = 100 TeV, the stop mass becomes ∼ 9 TeV.
8We have modified the SuSpect code to include the resummation of the logarithmic corrections.
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Figure 3. Scatter plots of the lightest squark mass (left) and the lightest slepton mass (right).

The dark-green and red dots satisfy the constraint 122 GeV ≤ mh ≤ 128 GeV while the gray dots

do not. The black solid lines show the minimum values of mχ0
1

is the Higgs boson mass computed using SUSYHD 1.0.2 [36]. The black solid lines show

the minimum values of mχ0
1

in figure 1. Thus, the points below the lines are excluded

unless the R-parity is violated. It can be seen that the lightest squark can be as light

as 1–2 TeV even for m3/2 = 1000 TeV. However, the stop mass is too large in such cases

and mh becomes larger than 128 GeV: larger |cH | leads to smaller (larger) squark (stop)

masses. Considering the Higgs boson mass constraint and the sizes of the squark mass and

the lightest neutralino mass, it is expected that the regions for m3/2 . 300–350 TeV can

be tested at the high-luminosity LHC [37].9

Regions favored by the thermal leptogenesis. If the thermal leptogenesis is respon-

sible for the observed baryon asymmetry, the mass of the wino-like neutralino needs to be

smaller than about 1 TeV [7] when it is the stable DM. This is because the neutralino pro-

duced from the gravitino decay leads to the over-closure of the universe for mχ0
1
& 1 TeV,

if the reheating temperature is higher than ∼ 109 GeV due to the large energy density

of the gravitino. Note that the reheating temperature higher than about ∼ 109 GeV is

required for the successful thermal leptogenesis [38, 39]. The critical value, mχ0
1
' 1 TeV,

corresponds to m3/2 ' 320 TeV; therefore the regions with m3/2 ∼ 300 TeV or smaller are

especially interesting.

In figure 4, we show the contours of the lightest squark mass (left) and slepton mass

(right) as well as mh. On the upper (lower) two panels, we take m3/2 = 150 (300) TeV. In

the gray regions, the lightest slepton is lighter than 340 GeV or the lightest squark is lighter

9One may consider the case that the R-parity is slightly violated. In this case, the viable region is much

wider, since the sleptons and squarks can be lighter than χ0
1. The region with m3/2 . 700 TeV may be

tested at the LHC by searching an R-hadron. Notably, the region for even heavier gravitino may be also

tested by searching a stable slepton in both LHC and ILC. (The sleptons can be O(100) GeV even for

m3/2 = 1000 TeV.)
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Figure 4. Contours of the lightest squark mass (left panels) and slepton mass (right panels) in

unit of GeV. The upper (lower) two panels the gravitino mass is taken as m3/2 = 150 (300) TeV.

The Higgs boson masses in unit of GeV are shown as dashed lines. In the blue shaded region,

the selectron is the LSP. In the green (pink) shaded regions, the lightest squark (slepton) is the

right-handed down squark (the left-handed selectron).

than 1 TeV; hence, those regions are likely to be excluded. In the blue shaded region, the

slepton is lighter than χ0
1/χ

±
1 and the LSP. In the green (pink) shaded regions, the lightest

squark (slepton) is the right-handed down squark (left-handed selectron). [Thus, the right-

handed strange squark (the left-handed smuon) is also light.] In the other regions of the left

(right) panels, the right-handed up squark (right-handed selectron) is the lightest squark

(slepton). (The right-handed smuon is also light.) In the wide regions, the lightest squark

is lighter than 3 TeV, which may be discovered at the future LHC experiments. Also, the

slepton can be light as 500 GeV for m3/2 = 150 TeV.
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Figure 5. The regions consistent with the muon g− 2 experiment at 1σ (red), 1.5σ (orange) and

2σ (yellow) level. In the upper two panels, the gravitino mass is taken as m3/2 = 100 (140) TeV.

We also show the contours of the lightest squark (slepton) mass in the left (right) panels, in unit

of GeV. In the blue shaded regions, the selectron is the LSP.

Muon g − 2. Finally, let us briefly comment on regions where the muon g − 2

anomaly [40–42]10 is explained via SUSY contributions [44–46]. Since the sleptons and

bino can be light as O(100) GeV and ' 1 TeV, respectively for m3/2 ∼ 100 TeV and µ tanβ

is as large as ∼ O(103) TeV, there are regions consistent with the muon g − 2 experiment.

In figure 5, we show the regions consistent with the experimental value of the muon g − 2

at 1σ (red), 1.5σ (orange) and 2σ (yellow) level. In the left (right) panels, the contours

of the lightest squark (slepton) mass are also shown. We take m3/2 = 100 (140) TeV in

the upper (lower) two panels. We include leading two-loop corrections to the muon g − 2:

the correction to the muon Yukawa coupling [47] and the logarithmic QED correction [48].

10See also [43] for a standard model prediction of the muon g − 2.
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Figure 6. The masses of the lightest chargino/neutralino and the gluino with m0. The triangles

and pentagons (squares and circles) show maximum (minimum) values.

These regions are explored in details in ref. [13], where further information such as the

bottom-tau Yukawa unification and bottom-tau-top Yukawa unification can be found.11

Note that in the regions consistent with the muon g − 2 at 1σ level, the wino mass is

less than about 500 GeV; therefore, these regions are expected to be covered at the high

luminosity running of the LHC.

3.2 Case of non-vanishing squark and slepton masses

Since Yukawa and gauge couplings break E7 explicitly, there might be small SUSY-breaking

soft masses for the squarks and sleptons. In this subsection, we consider the case that

squark and sleptons have a common soft mass m0 of O(1) TeV in addition to the con-

tribution from anomaly mediation in eq. (2.9). Notice that m0 breaks the E7 symmetry

explicitly. The model parameters in this setup are

m0, m3/2, tanβ, cH , sign(µ). (3.8)

The masses of the lightest chargino and the gluino are shown in figure 6. We take

sign(µ) = +. The maximum (minimum) values are denoted as triangles and pentagons

(squares and circles). The lightest chargino (neutralino) is almost pure wino as in the case

of section 3.1. We scan the parameter space over the ranges

40 < tanβ < 60, 1000 GeV +m3/2/100 < m0 < 2(1000 GeV +m3/2/100), (3.9)

with the fixed cH , cH = −1. The result is very similar to the one in figure 1, where

there is an approximate one-to-one correspondence between the chargino mass and the

gravitino mass.

11SUSY models beyond the MSSM explaining the muon g − 2 are shown in refs. [49–55].

– 11 –



J
H
E
P
0
9
(
2
0
1
6
)
0
8
6

 1000

 2000

 3000

 4000

 5000

 6000

 7000

 100  150  200  250  300  350  400

m
0 (

Ge
V)

m3/2 (TeV)

125
126

127

1286 5

4

3

2

 2000

 3000

 4000

 5000

 6000

 7000

 8000

 9000

 10000

 100  150  200  250  300  350

m
0 (

Ge
V)

m3/2 (TeV)

126
127

128

6

5
4
3
2

Figure 7. The contours of mh (GeV) and mq̃ (TeV) for cH = −0.5 and −1. The red solid (blue

dashed) line shows mh (mq̃). Here, mq̃ is a mass of the lightest squark.

In figure 7, we show the contours of the squark mass and mh on m3/2-m0 plane for

cH = −0.5 (left) and -1 (right). We set tan β = 50. We focus on the viable parameter

space, where 122 ≤ mh ≤ 128, corresponding to the gravitino mass up to 400 (300) TeV

for cH = −0.5(1). If the universal scalar mass at Minp is smaller than 3–4 TeV, the

lightest squark is lighter than about 3.5 TeV, which may be accessible to the future LHC

experiments.

3.3 Mass spectra

We show mass spectra at some example points in the viable parameter space of the model

(table 1). On the points I-III, the masses of the squarks and sleptons vanish at Minp, while

on the point IV, we introduce the small universal mass m0. On the point III, sign(µ) = −;

therefore, tan β is large as ∼ 60. On the point II, the smuons are light and the SUSY

contribution to the muon g − 2 is 1.4 × 10−9. On that point, the calculated Higgs boson

mass using SUSYHD is ' 122 GeV. However, the stop mass is as large as 15 TeV, and the

computed Higgs mass using FeynHiggs 2.12.0 [56–60] is larger than 125 GeV; therefore,

the point could be consistent with the observed Higgs boson mass. Although µ tanβ is

very large in our scenario and there may exist a charge breaking minimum deeper than the

EWSB one in the smuon-Higgs potential, the constraint from the (meta) stability of the

EWSB minimum is not severe due to the small Yukawa coupling of the muon [61]. On the

listed points, the mass of the lightest squark is smaller than 3 TeV, which may be tested

at the LHC Run-2 or at the high luminosity LHC.
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Parameters Point I Point II Point III Point IV

m3/2 (TeV) 320 140 250 100

cH −0.25 −0.06 −0.2 -1

tanβ 50 47 62 50

m0 (GeV) 0 0 0 3000

sign(µ) + + − +

Particles Mass (GeV) Mass (GeV) Mass (GeV) Mass (GeV)

g̃ 6350 2960 5060 2330

q̃ 2340 – 5470 2130 – 2410 2990 – 4430 1760 – 3490

t̃2,1 (TeV) 62, 62 15, 14 44, 41 39, 37

b̃2,1 (TeV) 65, 64 16, 15 42, 39 39, 38

χ̃0
1/χ̃±1 993 441 790 323

χ̃0
2 2990 1290 2340 934

ẽL,R 4200, 3310 700, 662 3150, 1720 4230, 3530

µ̃L,R 4480, 3980 757, 779 4530, 4900 4420, 3980

τ̃2,1 (TeV) 60, 43 13, 8.9 52, 37 38, 27

H± (TeV) 47 12 25 22

hSM-like 126.6 122.3 125.5 125.2

µ (TeV) 140 30 -98 88

Table 1. Mass spectra in sample points.

4 Conclusion

The E7/SU(5) × U(1)3 non-linear sigma model is very attractive, since it may provide us

an intriguing answer to one of the fundamental questions, why we have three families of

quarks and leptons. In the E7 NLS model, the masses of squarks and sleptons vanish at

the tree level while the Higgs doublets have soft SUSY breaking masses of the order of the

gravitino mass.

In this paper, we have shown that the E7/SU(5)×U(1)3 NLS model is consistent with

all observations if one adopts the pure gravity mediation or minimal split SUSY, where

the gaugino masses arise only from anomaly mediation. The tachyonic slepton problem

in anomaly mediation is solved due to the renormalization group running effects from the

negative Higgs soft mass squares. We have shown that if the observed baryon asymmetry is

explained by the thermal leptogenesis, the squarks are lighter than 2–3 TeV in a wide range

of the viable parameter space, and we expect them to be discovered at the LHC Run-2 or

at the high luminosity running. Moreover, the sleptons may be as light as O(100) GeV,

giving rise to a possibility for explaining the muon g − 2 anomaly. The sleptons are also

interesting target at the LHC and at ILC.

Although we have concentrated on the case that the R-parity is conserved, one can

also consider the small R-parity violation. In this case, it is easy to imagine that the viable

parameter region becomes wider, since the squarks and sleptons can be lighter than the

– 13 –
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lightest neutralino. Note that the testability of the model is also enhanced: the stable

squark can be checked by searching an R-hadron for heavy gravitino of ∼ 700 TeV; the

stable slepton can be as light as O(100) GeV even for m3/2 = 1000 TeV.

Finally, let us comment on the SUSY CP-problem for m3/2 = 100–300 TeV, where the

selectron, bino and first/second generation squarks are as light as a few TeV. In this case,

the constraints from the electron and neutron electric dipole moment (EDM) are severe.

For instance, in the base that the µ-term and gravitino mass are real, the argument of the

Higgs B-term needs to be as small as 10−3–10−4 to avoid the constraint from the electron

EDM [62]. It is, however, remarkable that we need CP violation only in the E7-breaking

Yukawa couplings, so far. Thus, it is very interesting to consider that violations of two

independent symmetries, CP and E7, arise from an underlying common physics.
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A Vanishing soft mass for NG multiplet with direct coupling to the

SUSY breaking field

To explicitly see that the soft mass of the NG multiplet vanishes even if there is a direct

coupling to the SUSY breaking field, let us consider the following Kähler potential and

superpotential:

K = f(x)(1 + cZ†Z) + Z†Z, W = W (Z) + C, (A.1)

where x = φ†φ + S + S† and C is a constant term; S is required for the E7 invariance of

the Lagrangian. We take unit of MP = 1.

Kφφ = (f ′ + |φ|2f ′′)(1 + c|Z|2)

KSS = f ′′(1 + c|Z|2)

KZZ = 1 + cf

KSφ = φ†f ′′(1 + c|Z|2)

KZφ = φ†f ′(cZ)

KZS = f ′(cZ), (A.2)

where Kij = ∂2K

∂q†i qj
. We see that

det(K) = −(1 + c|Z|2)f ′[c2|Z|2f ′2 − (1 + c|Z|2)(1 + cf)f ′′]

= F (x, |Z|2), (A.3)

where the dependence on |φ|2 arises only though x.
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First consider the simple case: 〈Z〉 = 0,

Kφφ = f ′ + |φ|2f ′′ ,
KSS = f ′′ ,

KZZ = 1 + cf ,

KSφ = φ†f ′′ ,

KZφ = 0 ,

KZS = 0 . (A.4)

The inverse matrix is almost same as in the case of section 2; thus, the argument in section 2

is still valid, even if there is an additional term:

V 3 eK
∣∣∣∣∂W∂Z

∣∣∣∣2 1

1 + cf
= G1(x, |Z|2). (A.5)

So far, ∂2V
∂φ†∂φ

vanishes at the minimum.

Next we consider the case 〈Z〉 6= 0. The inverse matrix is given by

det(K)K−1
φφ = −c2|Z|2f ′2 + (1 + c|Z|2)(1 + cf)f ′′ ,

det(K)K−1
SS = −c2|Z|2|φ2|f ′2 + (1 + c|Z|2)(1 + cf)(f ′ + |φ|2f ′′) ,

det(K)K−1
ZZ = (1 + c|Z|2)f ′f ′′ ,

det(K)K−1
φS = φ

[
c2|Z|2f ′2 − (1 + c|Z|2)(1 + cf)f ′′

]
,

det(K)K−1
φZ = 0 ,

det(K)K−1
SZ = −c(1 + c|Z|2)Z†f ′2. (A.6)

Therefore, only

V 3 eK |W |2
[∣∣∣∣∂K∂φ

∣∣∣∣2K−1
φφ +

∣∣∣∣∂K∂S
∣∣∣∣2K−1

SS +
∂K

∂S

∂K

∂φ†
K−1
Sφ + h.c.

]
= G2(x, |Z|2) (A.7)

is relevant as in eq. (2.6). This G2 gives the vanishing soft mass to the NG multiplet.
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