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ABSTRACT: We study the phenomenological consequences of the supersymmetric (SUSY)
E7/SU(5) x U(1)3 non-linear sigma model coupled to supergravity, where the three gen-
erations of quark and lepton chiral multiplets appear as (pseudo) Nambu Goldstone (NG)
multiplets, that is, the origin of the three families is explained. To break SUSY, we intro-
duce a SUSY breaking field charged under some symmetry avoiding the Polonyi problem.
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
the bino and wino turns out to be within O(1)% at the low energy. Thus, a bino-wino
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
the LHC and future collider experiments since the gauginos and some of the pseudo-NG
bosons are light. An axion-like multiplet, which can be identified with the QCD axion, is
also predicted.

KEYWORDS: Supersymmetry Phenomenology

ARX1v EPRINT: 1907.07168

OPEN AcCCESS, (© The Authors.

Article funded by SCOAP?. https://doi.org/10.1007/JHEP12(2019)169


mailto:tsutomu.tyanagida@ipmu.jp
mailto:yinwen@kaist.ac.kr
mailto:yokozaki@tuhep.phys.tohoku.ac.jp
https://arxiv.org/abs/1907.07168
https://doi.org/10.1007/JHEP12(2019)169

Contents

1 Introduction 1
2 Non-linear sigma (NLS) model in supergravity 3
2.1 Review on NLS model 3
2.2 F-term of § 4
3 Mediation mechanisms predicted by E7/SU(5) x U(1)® NLS model 5
3.1 SUSY breaking mediation from S multiplet (S-mediation) 7
4 Phenomenological consequences and miracle 11
4.1 Constraints and parameter region 12
4.2 Bino-wino coannihilation 14
4.3 Yukawa and gauge coupling unification 15
4.4 Miracle and collider signatures 16
5 [S] as the QCD axion 18
6 Conclusions and discussions 19
A Supergravity potential of a NLS model 21
B Formula for scalar masses 23

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) x 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 Eg. It was shown that the
number of the families is limited to be three even if we take the biggest exceptional group
Eg [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 F7 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, H,, and Hgy, are not (p)NGBs,



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 Ké&hler 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+ia (1.1)

where « 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 =mg)sfs (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
mg/p 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/f, 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 E;/SU(5) x U(1)3 NLS model with the SUSY breaking field, Z,
charged under some symmetry, the Polonyi problem is absent,! 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 Kéhler
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

40TeV < mg/y < 150 TeV.

!This kind of SUSY breaking field is assumed in PGM [4], anomaly mediation [9], and so on.



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 J[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) x U(1)® 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 Kéhler manifold G/H in supergravity.
The Kéahler potential for the NG multiplets is constructed from a real function of dimension
two transforming under G as

K(i, 8)) = K (i, 61) + fr(9i) + fu(0)', (2.1)

where fr is a holomorphic function of NG multiplets ¢;, and K is invariant under the
transformations of the unbroken symmetry, H. The function IC can be written as

K($i,05) = ¢+ . (2.2)

where --- denote the higher order terms of ¢i,¢}. The real function K itself is not G
invariant and the shift, fg($;) + 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 Kéhler potential in a general form

with
Ko ¢) s st

+—+
320 st st

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

X

(2.4)

ical scale of the higher dimensional couplings of S, ¢;, and qﬁz. In general, the scale of
higher dimensional couplings among ¢;, gbz can differ from fs9, but this does not change
our conclusion (see appendix A). The shift symmetry of S appears as

Sasiﬁmwm (25)
s0

under G transformation.



Since the NLS model of eq. (2.3) is consistently coupled to supergravity, the fields, ¢;,
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

o = 0. (2.7)
0X X=(X)
Then, one obtains
1% 1 9V
— = — — =0, (2.8)
K | x_ixy  [fa 0X|x_ixy

which means that the coefficients of |¢;|?, i.e. the mass terms, vanish.

2.2 F-term of S

Now let us assume that?
fso < Mp. (2.9)

In this case, we have to introduce a SUSY breaking field Z with
(Fz) ~V/3my ;s Mp. (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 ¢;, qﬁz and S to Z, the masslessness
of ¢; 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 ¢; 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 Kéhler potential can be expanded as [16-18]

K

> ®fo, <c1 (elei + fuoS + foSt) + 5 (¢l i + froS + f505T>2> o, (212)

s0

where ¢; and ¢y are functions of |Z|? and we introduced the compensator multiplet of
d, =1- 02m3/2. The combination in the brackets is required from the G-invariance;

20ur main conclusion, the quasi-degenerate bino and wino, does not change even if fso ~ Mp.



- denotes higher order terms of (gbzqﬁi + fs0S + f50S1), terms only with |Z|?, and the
constant term —3M]23<I>l<l>c. By the field redefinition of ¢; and S, the kinetic terms can be
normalized as

RSP !

(2.12) > oy + 515+ £818 + f,5T0, + 2002 Lyt (2.13)
S

where we omit terms irrelevant to the following discussion; we have defined f; =

(c1/v/2¢3)fso. We emphasize that the coefficients of the linear terms of S and ST are

fixed by the G-invariance under which f,S + f,ST + <]5;r<]5i + -+ is invariant. From the

equation of motion for Fg, one immediately gets
Fg = fsmg)s. (2.14)

Since S couples to the ¢; at 1/ f,, the SUSY breaking mediation from S-multiplet is sizable
even though Fg < Mpmg/,. 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 E,;/SU(5) x U(1)3 NLS model

In this section, we study the SUSY particle mass spectra of G/H = E;/SU(5) x U(1)? NLS
model by taking into account the F-term of the S. The E;/SU(5) x U(1)3 model explains
why there are three families of the leptons and quarks. There are 133 — 24 — 3 = 106
NG modes:

¢(§ : 57 gb%b 110, o7 : 1, ¢a : 5, (31)

where a,b = 1...5 and I = 1...3. Here, ¢! and gb‘}b are identified with chiral multi-
plets of leptons and quarks in the MSSM, and ¢; 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)? are given in [19]. Strictly speaking, one
needs an additional matter multiplet (non-NGB), 5/, 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: ¢fp — ¢Te295V5¢, where Vs is the vector supermultiplet of SU(5), and g5 is the
coupling constant.

Since we can write down a Dirac mass term between ¢ and 5, they are decoupled in
the low energy theory. Moreover, Majorana mass terms for ¢ are allowed, which make the
right-handed neutrinos heavy.® By integrating out ¢;, 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). x SU(2);, x 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].



10'6 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, H, and Hg, which are matter
(non-NG) multiplets of E7, are given as follows:

W> yuHuQu + dede + yeHdLea (32)

where we have omitted the flavor indices, and ¢%° = {Qr,us,e;}, ¢L = {d;, L;}. 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 Er-invariant Kéhler potential at the zero limit of the gauge couplings relevant to

our discussion is

1
K 2wt 5ot + el Hul® 4l Hal? + 6 HuHg + b (33)
S

where we define x = gqubz + fsS + f,ST with ¢; being the NG multiplets in the MSSM, we
have not included the terms with fields of higher power. The coefficients, ¢, 4 = 1+ ¢, g2 +
?ém2/2 + O(23) and ¢, = ¢, + cf})x + 022)302/2 + O(x3), are functions of z.

Now let us introduce a SUSY breaking field Z = 62v/3Mpms /2 charged under some
symmetry so that the Polonyi problem is absent. Then, S and St in z acquire the F-

‘,

term (2.14). The p-term is given by, for example, W > rmg /o H, Hg [24] which is a Zygr
invariant since the gravitino mass ms/, has the R charge 2. Here x is an O(1) constant.
The contribution to the Higgs B-term, B,,, is given by, e.g., CLQ)\FSP/]”SQ. The soft SUSY
breaking masses, m%{u and m%{d, get contributed from —cg;]FgP /f2. Thus, all of the
soft mass parameters as well as u-term in the Higgs sector can be generated. They will
be treated as free parameters by considering that ¢, 4, are general functions. Although
there are other contributions including the model-dependent direct couplings of the MSSM
and S multiplets to | Z|?, 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 Eq-invariant.*

Note that the y-term and Higgs soft masses are of the order of m3/o, while the pPNGBs
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 = {91, 92, 93} and y = {yu, Y4, 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 F7 invariance and the S-couplings to the Higgs multiplets.

4Qur scenario is valid even if Z is sequestered from all the MSSM particles and S.



3.1 SUSY breaking mediation from S multiplet (S-mediation)

Let us first canonically normalize the kinetic term for ¢; in eq. (2.13) as well as the Higgs
multiplets up to the F-term by the redefinition:

¢; = (1+ Fs6*/fs) ¢,
H!, = (1+ c,Fs6*/fs) Hy,
Hy = (1+c4Fs6?/f) Hy, (3.4)

where ¢, = 0¢,/0x and ¢4 = 0¢q/0x represent the Higgs-S couplings. In the basis, the
Yukawa couplings become

(3.2) = GuH. QW + jgH,Q'd + . H,L'¢ | (3.5)
where
gu = yu(l + FSGQ/fS)_Q(l + CUF592/fS)_1’

gd,e = yd,e(l + FSGQ/fs)_2(1 + CdFSGQ/fS)_la

are holomorphic functions. Consequently, SUSY breaking A-terms are generated at the
tree-level, e.g.

LD —(24 cu)mz)oyuQu' H, = — Ay, Qv Hj,. (3.6)

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

Ade = (2+ ca)mg). (3.7)

)

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

1 1 2 Fs0?
L3 /d294Wawa —>/d294 (1— 49? > kiTilog <1+ ; ))WQW‘H (3-8)

iClight 8

where the summation is taken only for light fields, we have omitted the indices of gauge
(groups). k; = 1, ¢y, cq for a quark/lepton, H,,, Hy respectively, and T is the Dynkin index
for the field. It turns out that the gaugino mass at the low energy gets contributions of

5NLSM m3/2
2 B2 Z kil (3.9)
1Clight

Note that there also exists anomaly mediation effect of §AMSB s

= m3/2ﬂg/g with /Bg =
dg/dlog prc with prg being the renormalization scale. The form of SNES M is consistent
with sigma-model anomaly mediation given in ref. [25]. We again emphasize that the
summations in egs. (3.8) and (3.9) only includes light pNGBs and Higgs multiplets.
Although there are various heavy modes, such as the pseudo-NG mode, ¢%, whose

masses are much larger than mg/9, these heavy modes do not affect the low energy mass



spectra of the MSSM particles in our setup. For instance, the mass term for the ¢%, 5’ on
canonically normalized basis up to the F-terms is given by

Fs6?\ " Fgo2\ '
W > M, <1+ *;9> <1+c5,;0> ¢°5' | (3.10)

where ¢z is the coupling between S and 5" in the Kéhler potential and Mz, is the SUSY
mass satisfying |Ms/| > mg/. Here, we have performed field redefinitions of ¢¢ and 5

therefore, we should take into account contributions to the gaugino mass originating from
the anomaly of the field redefinitions. These contributions are given by

6NLSM m
( 2 ) ~ 221 4 e). (3.11)
9 heavy 167

However, the above contributions are cancelled after integrating out ¢® and 5/, i.e., when
the renormalization scale becomes smaller than |Ms,/|. Threshold corrections from ¢* and
5! are estimated by using the formula of gauge mediation:

5GMSBM m
() ~ =B (14 ), (3.12)
heavy

g 1672

which has the same form as (3.11), but opposite sign. Hence, for urc < |Ms|, (3.11)
and (3.12) cancel with each other: there is no contribution to the gaugino mass from ¢¢
and 5/ 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 urg ~ ms/2, we can estimate the gaugino masses by taking
into account the contributions only from light multiplets whose masses are less than mgs;
therefore, the gaugino mass in (3.9) is UV insensitive i.e., it is written in terms of parameters
evaluated at the scale urg ~ mg/p. Here, we have used the fact that M /g? is invariant
under the change of the renormalization scale at the one-loop level.

Including contributions from anomaly mediation, the gaugino masses at urg ~ mg2
are given by®

9 3
~ = 5(31 + ¢y + cd)m3/2, (3.13)
9
1672

93

1672

(13 + cu + cq)msa, (3.14)

9Img ;. (3.15)

The gaugino masses are functions of two parameters, m3/; and ¢, +¢4. In figure 1, we show
the prediction of our scenario changing ¢, + ¢4 from —6 to 6 as red points. The blue points
correspond to ¢, + ¢g 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/ ¢? is invariant under the renormalization group evolution at the one-loop level. In
numerical calculations, these corrections are included.
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Figure 1. The gaugino mass relation in various mediation mechanisms. The red and blue points
correspond to our scenario, where we have varied —3 < ¢, ¢ < 3 and ¢, +¢cq = —4%£0.8, respectively.
On the black solid line, My = M.

For comparison, we also consider other typical cases: universal gaugino mass at the
GUT scale leading to My : My : M3 = g2 : g5 : g3, and PGM/anomaly mediation cor-
responding to My : My : M3 = 3/5(11 + L)g? : (1 + L)g3 : —3g3, where L is O(1)
parameter representing threshold corrections from Higgs-Higgsino loops.® The predicted
values of My, My and Mg 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.

pPNGB masses. Now we discuss loop-induced masses for ¢; by S-mediation. The anoma-
lous dimension of ¢; is defined by

d 712 RIG—2-1
= [ (2 B2 o
dlog irG Hra  Hra

where Z; is a wave function renormalization of ¢; and we have used dimensional regular-
ization, and € = 2 — d/2. Here,

2 F 92
G r=g2 !1 - Y kiTilog <1 + =5 >] (3.17)

2
ARG iClight fs

in the basis with canonically normalized gauge kinetic terms. The kinetic term of ¢; at the
one-loop level is given by

1 2
o129V ¢; (1 + 5 log (gfg )'yi + - ) , (3.18)

c*c

5The threshold corrections also exist in our scenario, which needs a replacement of ¢, +cq to ¢y +cqa+ L
in (3.13) and (3.14). However in viable regions, L is suppressed as discussed later.



where we have explicitly written the dependence of the compensator field [26]. By expand-
ing the F-terms, we get

07; 0;
NLS, 2 i i <NLS
~ A— M. 1
6" Pmy, =~ mgy <8log WE 8log926 > (3.19)

This formula can be also found from mixed modulus-anomaly mediation [27-30]. The mass
squared in (3.19) is given at urg ~ 106 GeV. Although the squark/slepton mass spectra
at the scale f; 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 mg /9, and
the order of the masses would not be changed. Together with the anomaly mediation, we
can calculate the spectrum at the urg ~ 10'® GeV (see appendix B). For instance, the
left-handed selectron mass squared is approximated as

2
m3/2 3 4

9
ME, | ~1016 Gev ™ ~i6m2)2 <292(13 + ey +ca) + %9411(31 +cy + Cd)) . (3.20)

One finds that the selectron (as well as some other sfermions) is tachyonic at this scale
with ¢, +¢4 = £0O(1). This is not a problem once we take into account the renormalization
group (RG) running effects.”

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

. 2 3 m
5gaug1nomgL ~ T <_59%M12 _ 3g%M22) log (J?/2> . (3.21)
s

Due to large gaugino masses, (3.13) and (3.14), and the logarithmic factor, the mass squared
becomes positive at the energy scale of mg/y. 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.®

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

m%[u o m%[d o~ —chmg/Q, (3.22)

where we have taken ml%lu ~ m%{d so that the s-term, s = Zidight Ysz with Y; being the

hypercharge, is vanishing. In this case,

Cu = €4 (3.23)

7 Although 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
|H,|* = |Hy|? due to the Hubble-induced masses. In this case the sfermions can have much larger masses
than the Hubble parameter.

80ne may avoid this by taking the higgsino mass |u| 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 J[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.

~10 -



should also hold.? This is because the canonical normalization of H, 4 induces the contri-
bution to s proportional to ¢ — c?l. We emphasize that ¢j, can be positive, which leads to
the RG effects via the Higgs loops, called Higgs mediation [7, 8, 11, 12]. The negative and
large m%{u + A2, m%ld + Ag 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

6HMmtgL ~ F;mgﬂ (yf (—en+ 2+ cu)Q) + 42 (—en+ (24 cd)Q)) log (m;f), (3.24)
where 3 and g 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 0(10)%m§/2 for ¢, — (2 + c,)?> = 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

694 mg /2
HM, 2 2 2
60mz, ~ —mmgﬂch log < 7o) (3.25)
which makes the selectron heavier than the bino or wino. Then, the neutralino becomes
the LSP.

Notice that the negative and large m%{u and m%{d do not mean that the quadratic
terms in the Higgs potential are negative. This is because they appear as the combinations
of m%{u + p? and qud + u? in the potential with large |u|. In this case, tan 8 > 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 ura ~ ms/2,

m? ~ m%d —my, >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:
ﬁm%{u ~ ﬁ(ﬁy?m%[u, ﬁm%& ~ 16;2 (6y7 + yf)m%{d. This implies the inequality
(3.26) can be satisfied only when y,, vy 2 v, i.e. tan 5 2 O(10). (Notice m%[u,m%[d <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 M;,, = 1016 GeV.

90On the other hand, ¢, ~ ¢4 ~ —2 will be forced by the vacuum stability.
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Figure 2. The viable parameter region for mg,, = 60 TeV and tan § = 50 on cp-c,(= cq) plane.
We fix sign[u] = —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 M; = 173.21 GeV and QCD coupling constant as as(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 ¢, = ¢4 ~ —2 so that the size of
the A-terms are small enough according to egs. (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(mg,, +mi,) > 3u° + Af. (4.1)
In figure 2, we show the parameter region satisfying this bound on cp-c, (= ¢4) plane
for mgz/y = 60TeV,tan 3 = 50 and p < 0. The black (gray) region is excluded by the

- 12 —
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Figure 3. Sfermion mass spectra at ¢, = ¢q = —2 by varying c¢,. Other parameter sets are same

as in figure 2. The purple line is the SUSY scale /m; m;, . The red solid (dashed, dotted) line
represents mg, (May, mg, ). The blue solid (dashed) line shows me, (me,). 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=cqg=—2%0(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 ¢y is shown in figure 3 by fixing ¢, = ¢4 = —2. One finds that the selectrons (blue
lines) become heavier than the bino-like neutralino LSP (black line) with ¢; 2 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 8 > O(10) [7].1

10 A possibility we did not consider here is that the multiplets ¢4, 5  are lighter than mg/o. In this case,
there should be also corrections to the mass difference up to around 1-10%, depending on cz/.
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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 < tan 8 < 80,0.01 < ¢, < 3 and —2.7 < ¢, = ¢4 <
—1.3 with sign[u] = —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 ms,, 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/, are shown in figure 4. We vary tan 8 = 40-80,
cp = 0.01-3, =2.7 < ¢, = ¢g < —1.3 with sign[u] = —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

Mg = 40 TeV — 600 TeV. (4.3)

We notice that the prediction on the Higgs boson mass is slightly smaller than the case with
smaller |u|-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
~ 3TeV 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].1' The required mass difference
for the correct relic abundance can be explained for ¢, = ¢4 < —2.

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

40TeV < myjy < 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 ¢, 4. 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 5, the Yukawa couplings, 74 and 7., 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 8 2 O(10) is required from (3.26). This is a good condition
for the b—7 Yukawa coupling unification. The difference between y, and y., |yp — y,| at the
renormalization scale urg = 10'% GeV, is plotted in figure 6 (right panel) with respect to
the mg/5. We also show the precision of the gauge coupling unification, max (91,92, 93) —
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,

YWhen ¢, 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
0(0.01) difference may come from the threshold corrections from GUT theory which may
be the order O((®gp) /Mp) or O(1/1672%). Here (®gp) ~ 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 f; can not be much smaller than 10'6 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 E;/SU(5) x U(1)? NLS model
coupled to supergravity with the dynamical scale, 106 GeV < f; < Mp. To break SUSY,
we have introduced the SUSY breaking field charged under some symmetry, avoiding the
Polonyi problem.'? 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 jirg ~ mg/9. 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 ZW,W® is allowed. The term significantly changes the gaugino masses at the tree-level.
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Parameters I II I11
mgo[TeV] 60 70 130
tan 3 53 49 50
Ch 0.84 1.7 0.6
Cy =C4 —24 —-2.3 —1.8
§HXONN 5 5/m3 )0 0 0 —0.003
spectrum [TeV] [TeV] [TeV]
X1 1.33 1.56 2.74
X2 1.36 1.59 2.74
g 3.81 4.38 6.64
X34 48 79 87
@,¢,d, 3 2.2-2.8 1.7-33 | 3.7-4.9
b 21-22 32-36 40-42
i, € 1.5-2.3 1.7-3.6 2.8-4.3
71,2 15,22 23,33 27,38
hsu [GeV] 122 124 124
couplings at prg = | 1016 GeV | 1016 GeV | 1016 GeV
Yb 0.58 0.42 0.58
Yr 0.65 0.51 0.60
g1, 92, g3 ~ (.69 ~ (.69 ~ (.69

Table 1. Sample data points. The model parameters except for tan 8 are set at My, = 1016 GeV.
All the points give the correct dark matter abundance €2, h* ~ 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

40TeV < ms/p S 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 §*¥°"Mj 5 3/my)5). All the points have the
consistent dark matter abundance from the bino-wino coannihilation.'3

Now let us discuss collider signatures. The lower bound of (4.5) corresponds to the
LSP mass around 1TeV. 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 ~ 3TeV. The gluino can be searched for up to ~ 6TeV

13We have neglected the coannihilation effect between the bino and the slepton/squark.
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and ~ 12TeV at future 33 TeV and 100 TeV collider experiments, respectively [44]. In
particular, the 100 TeV colliders can cover the whole viable region.'* Here, we have assumed
that the squarks and sleptons are heavy enough for a conservative purpose.'® 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, mg/, < 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[u] < 0, where SUSY contributions to the muon g — 2 are negative, the muon g —2
anomaly may be explained for sign[u] > 0 with a small enough m3/,. 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 egs. (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[S] as the QCD axion

In our scenario, there is another massless particle, the scalar of J[S], due to the shift
symmetry (1.1). An interesting possibility is that J[S] is a QCD axion. In this case, S
couples to the field strength superfields of SU(5) as

S
LD /d29(csg§)MWaW“ +h.c., (5.1)

where ¢ is a real constant, g5 is gauge coupling of SU(5), M, is a cut-off scale, and W, 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).
coupling becomes strong at around the QCD scale, the J[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
1 M.,

T 3272 |y

fa (5.2)

40n 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

2

i g; fs .
OMONN ~ — 2t _“Zsion|cglms/g. 5.3
i 1672 f, gnlcs) 3/2 (5.3)

For (fs/fa) S 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, f, < 1017 GeV [46-48]. These facts imply M, ~ 10¥-10° GeV,
i.e. M, ~ Mp for cs = O(1). (Remember that fs > 101¢ GeV. )

The axion abundance is overproduced if the initial amplitude of the axion coherent
oscillation is set to be O(f,). This overproduction problem could be absent by taking the
initial amplitude smaller than O(1073)f,.1® 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
R[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 R[S] is around msg/,
and the decay constant is small as f; < Mp, R[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 R[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 R[S] is suppressed
adiabatically [59-61].17

6 Conclusions and discussions

We have studied the phenomenological consequences of the supersymmetric E7/SU(5) X
U(1)? 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].

""There may be thermally produced scalar R[S] and the fermionic partner with mass O(ms/2), which
decay into the MSSM particles later. This may cause the overproduction of the LSP. One possibility to
avoid this is fs < 10'% 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 fsmg/p, which contributes to soft
SUSY breaking parameters for MSSM particles. Since couplings of S to Nambu Goldstone
multiplets are fixed by F; 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 f; is around the dynamical scale of non-linear sigma and
10 GeV < f, < Mp. In this case, the E; 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 p and mg/, 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) x U(1)3. Alternatively, one may only gauge
SU(3),xSU(2)r x 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 f; < 100 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[u] > 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 Kahler
manifold of CP; = SU(2)/U(1) to confirm our general analysis in the main part. Let us
consider the Kihler potential for the NG multiplets ¢, ¢! as

K = F(z,y), (A.1)
where
z = f2log (1 + ‘if) + f(S+ S, y=27Z. (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 Kéahler potential for the NG multiplets is constructed
from a real function transforming under SU(2) as

i T
#log <1 N qf}i) S flog (1 ; q}ﬁ) T Ia(d) + fa(o).

The singlet S enjoys the symmetry

fsS — fsS - fH(¢)7

so that x does not change under SU(2). The superpotential is given by
W =W(Z,¢). (A.3)

The dependence on ¢ implies that the SU(2) is explicitly broken.
The potential from the supergravity can be derived from

oK W Iy

oS M3| o8
OK W OW\ 0K W

el /MR ( - > K +he
op M3~ 0¢ ) 0St M3~ 95

OK W oW

0p M2 ' 0¢

67W 2K71

o7 zZ7

V(S,5t 6,07, 2 ~ 0,2 ~ 0) = /ME

2

Kfl

K/M2
Fer 66

el /Mp

W2
gz W (A.4)
M2

From straightforward calculations, one can obtain

1
Kgyp = AT o2/ )2 (Ky + [6]* K o)

KSS = fSZKacac
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Kzz = K,

1
K — T 19 o\ Js TKx:c
S6 = Ty jol2 72
Kzs =0
Kzs =0, (A.5)

and
Ky = (1+¢1*/ 1)K, !
Kga = 2 (01K + K;))

-1 1
K;, = K,
Kig = —¢(1+ 10/ f*)(fsKz) "
1
quz =0
Kgz =0. (A.6)
Here “O” means 00O /dz. By inserting them into the potential, we arrive at
3|W?
V= —fMEE (A7)
Mg
2
w3 g1 | OV
+e PKy 57 (A.S)
2 _ W2
+ eK/MP|KI‘2K:L‘x1 ]\jJl (AQ)
P
oWt el
KM RS (1455 ) A.10
Te & 3¢ < + f2 ( )

The first two terms contain the contribution of order m% /2M]23 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 m3 /2 f2 < MEm; /2- The last term represents the F-term
contribution of ¢.

We emphasize that

<KJ?> = 17 <wa> = f§2, <Ky> =1 (A.ll)
for ¢, S, Z canonically normalized, respectively.

A-term. One immediately gets that by taking W = Wy —y¢> the A-term is generated as

ALY (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

W2 [ fo \?
VDo ‘MILJ <A];P> (A.13)

due to the canonical normalization of the kinetic terms.

suppressed as
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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 ¢, Z = 0. We find the relevant terms in the

potential can be expanded around the vacuum as

2 2
4 |W]

— | 4 |K)PK}
M

V o eK/Mp (Kyl

07
Lok (L J2IWP (oW )?
- M2 M2 07
‘W‘Q K : 2K 6S + 651 A.14
+ M4 - xy 87 4|W’ T fS( + )7 ( 1)

where we have taken

Ky~ 1+ Ky fs(6S +6S7), K,
(S) 4 6S. The potential is stabilized if the coefficient of §S + §ST vanishes

<‘9V = 0>. (A.15)

~ 14 fo(6S +0ST),  Kup 14 Kppofs(6S + 65T,

and S =

m§/2(

Here we have used eK/MI%\WF/M]% = Ml%mg/z = 1/3eK/ME|0W/0Z[2. One finds that the
stabilization can be done only if K, # 0 or K, # 0.
The mass of R[S] can be obtained around the vacuum as

82V

- Kmy) + QfsQKmM(_l + ngzm) -

where the higher dimensional term coefficients are evaluated at x = (x)

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

Summary.
ing condition,
2%
2~ 3M3EK,y — f2Kype) =0 ——=0],
( P Y fs ) (8%[8] )
K,=K,=1,
Kuw = f72 (A.17)

B Formula for scalar masses

The dimension two soft parameters used in the numerical simulation at M., = 1016 GeV
are given as follows for the third generation squarks and sleptons as well as the Higgs bosons.

m3/2 d
i, = =y g
2 2
13/2 32 mg g
- 167:2 212230(@935“81%— 87/2 2+ cu) yi — 87r/ 2+ ca) v} (B.1)
a_ 1<

~ 93 -



2 mg/Q d

Mg = 7 Ty g
2
m3/2 2 NLS M3/2 2
TTL2 _ m§/2 d
br T T g i bm
2
m3/2 2 ¢NLS 3/2 2
- 1672 Z C g 4 M 2 (2+Cd)yb7 <B3)
a=1,2,3
m2
2 3/2 d
Mo, = 7 Ty g
2
m3/2 2 NLS M3/2 2
— C 6P M, — 2 B4
2
m2 = _ m3/2 d
" 2 dt'"
2
ms/o 2 (NLS M3/2
— OV M, — 2 2 B.
1672 a; 3C(a)ga a ]2 ( + Cd) y‘rv ( 5)
2 2 m§/2 d
my, = — Mgy — 9 dt'VHu
msz/2 2 (NLS 3/2
— C 1) M, —3 2 B.6
m2,, d
2 2 73/2
MHy = = ChM3s = 5= 5 THy
2
mg/o LLEYD!
o O Cla)g2aNSM, — 5 (24 ca) (393 + v2)- (B.7)
a=1,2,3
Here
2
g 3 3
6NLSM1 = ]_6717'2 m3/2 <12 —+ gcu + 5Cd>, (B8)
2
SNUS A, = %m;;/g(m + ey + ca), (B.9)
2
NS M3 = o 2mg/212 (B.10)

with C(a) = {Y;?6/5,0,3/2,0,8/3} for {U(1)y,SU(2)1,SU(3).} for the supermultiplet i.
6 =1 (8; = 1) for an SU(2). doublet (SU(3), triplet) otherwise 0. ~; 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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