
Abstract. The breakdown of gauge symmetry within Grand
Unified Theories (GUTs) can result in supersymmetric
(SUSY) extensions of the Standard Model (SM) at low ener-
gies, which allows the electroweak scale to be almost stabilized.
The gauge coupling unification, Higgs sector, and restrictions
on the sparticle spectrum are considered in the framework of
several SUSY extensions of the SM. Possible manifestations of
these SUSY models and existing experimental limits are also
discussed.

Keywords: Grand Unified Theories and models, extensions of the
StandardModel, supersymmetry, darkmatter, non-standardHiggs
bosons, supersymmetric partners of known particles, leptoquarks,
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1. Introduction

The discovery of the Higgs boson by the Large Hadron
Collider (LHC) experiments [1, 2] is an important step
forward towards our understanding of the mechanism of
electroweak symmetry breaking. The present status and
future prospects of investigations in this area of High Energy
Physics are summarized inRef. [3]. The discovery of theHiggs
state is consistent with the Standard Model (SM), which
involves all known fundamental particles and describes rather
precisely most experimental data measured in earth-based

experiments. On the other hand, there are several problems
that stimulate the exploration of different extensions of the
SM. One of them is the weakness of gravitational interaction
as compared with the strong and electroweak forces.

The Lagrangian of the SM is invariant under the Poincar�e
group and SU�3�C � SU�2�W �U�1�Y gauge symmetry
transformations. The Poincar�e group is an extension of the
Lorentz group that includes time and space translations. In
the 1970s, S Coleman and J Mandula proved a theorem
regarding the symmetry of the S-matrix [4]. According to this
theorem, the most general symmetry which quantum field
theory can have is a tensor product of the Poincar�e group and
an internal group. Thus, it is rather problematic to combine
the Poincar�e and internal symmetries, which prevents the
unification of gauge interactions with gravity. The Coleman±
Mandula theorem can be overcome within graded Lie
algebras that have the following structure:�

B̂; B̂
� � B̂ ;

�
B̂; F̂

� � F̂ ;
�
F̂; F̂

	 � B̂ ;

where B̂ and F̂ are bosonic and fermionic generators. Graded
Lie algebras that contain the Poincar�e algebra are called
supersymmetries. The simplest N � 1 supersymmetry
(SUSY) involves a single Weyl spinor operator Qa and its
complex conjugateQ ya � Q _a. These operators change the spin
of the state, i.e.,

Qajfermioni � jbosoni ; Q _ajbosoni � jfermioni :

The renormalization group (RG) flow of the SU�3�C,
SU�2�W, and U�1�Y gauge couplings in the framework of the
simplest SUSY extension of the SMÐthe minimal super-
symmetric Standard Model (MSSM)Ð indicates that at very
high energies E �MX 0 1016 GeV the SM can be embedded
into Grand Unified Theories (GUTs) [5] based on gauge
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groups such as SU�5�, SO�10�, or E6. In the case of minimal
SU�5� GUTs, each SM family of quarks and leptons forms
one antifundamental and one antisymmetric second-rank
tensor representation of SU�5�, i.e., 5� 10. Within SO�10�
GUTs, each family of SM fermions may belong to a single
16-dimensional spinor representation of SO�10�. Such mod-
els predict the existence of right-handed neutrinos, whichmay
be used for the see-saw mechanism [6, 7].

SUSY algebra implies that each supermultiplet has the
same number of bosonic and fermionic degrees of freedom.
As a consequence, in N � 1 SUSY GUTs with the E6 gauge
group, the fundamental 27 representation of E6 can contain
one family of SM fermions, as well as the Higgs doublet.
The simplest representation of E6 decomposes under the
SO�10� �U�1�c subgroup as

27!
�
16;

1�����
24
p

�
�
�
10; ÿ 2�����

24
p

�
�
�
1;

4�����
24
p

�
: �1�

The first and second quantities in parentheses are the SO�10�
representation and extra U�1�c charges, respectively. As
before, the supermultiplet �16; 1= �����

24
p � can include one

family of quarks and leptons. The doublet of the Higgs
bosons may form components of the supermultiplet
�10; ÿ2= �����

24
p �. The SM gauge bosons are assigned to the

adjoint representation of E6, i.e., a 78-plet. In N � 2 SUSY
GUTs with the E8 gauge symmetry, all SM bosons and SM
fermionsmay belong to a single 248 representation of E8. This
representation decomposes under the E6 subgroup of E8 as
follows:

248! 78� 3� 27 � 3� 27 � 8� 1 : �2�

In Eqn (2), three generations of SM fermions can be
associated with three 27-plets which may also contain the
doublet of the Higgs bosons, while some components of the
78-plet may form multiplets of SM gauge bosons.

Near the GUT scale, the E6 gauge group may be broken
down into its SU�3�C � SU�2�W �U�1�Y �U�1�c �U�1�w
subgroup. For instance, E6 can be broken into its maximal
subgroup SO�10� �U�1�c with a sequential breakdown of
SO�10� into SU�5� �U�1�w and SU�5� into the SM gauge
group SU�3�C � SU�2�W �U�1�Y (for reviews, see, for
example, Refs [8, 9]). If the U�1�w �U�1�c symmetry is
broken down into its discrete subgroup PM � �ÿ1�3�BÿL�,
where B and L are baryon and lepton numbers, then such a
breakdown of E6 may result in a variety of SUSY models at
low energies, including the MSSM and its extensions. The
U�1� extensions of the MSSM with extra U�1�0 gauge
symmetry may arise when the rank-6 model with additional
U�1�w �U�1�c symmetry is reduced further to an effective
rank-5 model with only one extra gauge symmetry U�1�0,
which is a linear superposition of U�1�w and U�1�c:

U�1�0 � U�1�w cos yE6
�U�1�c sin yE6

: �3�

The first reviews in which the phenomenological implica-
tions of SUSY extensions of the SM were discussed were
published in the 1980s [10±13]. The MSSM and its different
extensions have been intensively studied for the last forty
years. Since there are many models of this type, their detailed
consideration in one review is not possible. Therefore, in this
article, we consider only three models: MSSM, the simplest
extension of the MSSMÐthe Next-to-minimal supersym-

metric Standard Model (NMSSM), and the U�1�N extension
of the MSSM (E6SSM), which corresponds to the value of
yE6
� arctan

�����
15
p

.
So far, no indication of the presence of the superpartners

of SM particles has been detected. Nevertheless, there are
many possible manifestations of the SUSY extensions of the
SM which have been searched for in various experiments.
These manifestations have been analyzed in hundreds of
papers. Because this area of high energy physics is so wide,
here we focus on a few selected aspects of the SUSY
phenomenology that seem to be the most important
ones. In Section 2, the hierarchy problem in GUTs and
string theory is briefly discussed. In Section 3, we specify
the MSSM, NMSSM, and E6SSM. In the framework of
these models, the renormalization group flow of the SM
gauge couplings and their unification at very high energies
E �MX 0 1016 GeV are examined in Section 4. The SUSY
extensions of the SM predict that an upper bound exists on
the lightest Higgs boson mass. This is one of the most
important predictions of these models. The detection of a
new scalar with a mass of around 125 GeV by the LHC
experiments, which manifests itself in interactions with gauge
bosons and fermions as an SM-like Higgs boson, set some
constraints on the parameter space of SUSY models. In this
context, in Section 5, the breakdown of gauge symmetry and
the spectrum of the Higgs states within theMSSM, NMSSM,
and E6SSM are considered.

Astrophysical and cosmological observations indicate
that about 20±25% of the energy density of the Universe
exists in the form of dark matter [14]. Thus, nonluminous
matter constitutes most of the matter in our Universe. In
SUSY extensions of the SM, the lightest supersymmetric
particle (LSP) tends to be the lightest neutralino which is
neutral and can be stable. This makes it one of the most
suitable candidates for cold dark matter. Direct detection
searches for dark matter and the Higgs mass measurement
strongly constrain the allowed region of the parameter space
in the simplest SUSYmodels. In Section 6, the corresponding
restrictions are considered in the framework of the con-
strained MSSM and constrained E6SSM. They lead to
stringent bounds on the sparticle spectrum in the simplest
scenarios. LHC experimental limits on the masses of new
states, which are predicted by the SUSY models under
consideration, as well as some possible manifestations of
these states, are discussed in the second to last section of this
review. Section 8 is reserved for our conclusions.

2. Hierarchy problem and landscape
of string theory vacua

The breakdown of gauge symmetry within GUTs near some
high energy scale MX can result in the gauge group and field
content of the SM with the Higgs scalar potential

V�H� � m 2
H H yH� l �H yH�2 � . . . : �4�

In order to ensure that the doublet of the Higgs fields H
acquires the vacuum expectation value (VEV) hHi �
v=

���
2
p ' 174 GeV breaking the electroweak (EW) symmetry,
jm 2

Hj is required to be of the order of �100 GeV�2. Although in
some GUTs the parameter m 2

H may vanish at the tree level
(see, for example, [15, 16]), most commonly jm 2

Hj tends to be
about M 2

X. Moreover, even if m 2
H is equal to zero there are

radiative corrections to the mass squared of the SU�2�W
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doublet of the Higgs scalars that are quadratic in the masses
of the heavy states which interact with H [17±19]. In GUTs,
these heavy states have masses of the order of MX, which
means that, if the SM is to be embedded in GUTs, these high
scale theories generally require an extreme form of fine tuning
to prevent jmHj (or the EW scale) from becoming of the same
order asMX, known as the hierarchy problem.

Within the SM, such destabilization of the EW scale can
be identified with the radiative corrections that lead to the
quadratic divergences of loop integrals. These loop integrals
can be truncated at some high energy cutoff scaleL. TakingL
as high as the GUT scaleMX would require a tuning ofm 2

H in
Eqn (4) to 26 decimal places to maintain its phenomenologi-
cally acceptable value.

The situation is rather different in SUSY extensions of the
SM. Soon after supersymmetry was proposed [20±23], it was
also realized that the local version of SUSY (supergravity)
leads to a partial unification of gauge interactions with
gravity [24±26]. Because supergravity (SUGRA) is a non-
renormalizable theory, it should be regarded as a low energy
limit of some renormalizable or finite theory. The best
candidate for such a theory is a ten-dimensional superstring
theory with E8 � E 08 gauge symmetry [27]. Compactification
of the extra dimensions in this theory gives rise to the
breakdown of E8 to E6 or its subgroups in the observable
sector [28]. The remaining E 08 gauge group plays the role of a
hidden sector. This sector contains superfields that interact
with the observable ones only by means of gravity. It is
assumed that the hidden sector fields acquire VEVs generat-
ing the spontaneous breakdown of local supersymmetry. The
breakdown of local SUSY results in the appearance of a
massless fermion with spin 1=2Ð the goldstino, which is
swallowed up by the superpartner of a graviton with spin
3=2Ð the gravitino, which becomes massive. This phenom-
enon is called the super-Higgs effect [29±31].

At low energies, such a breakdown of local supersymme-
try induces a set of soft SUSY breaking terms in the
observable sector [32±35] that define the masses and cou-
plings of the superpartners of SMbosons and fermions. Here,
we restrict our consideration to the simplest SUGRAmodels,
in which the soft SUSY breaking parameters and the sparticle
mass scale are determined by the gravitino mass (m3=2).
Nevertheless, there is also a large class of models in which
the gravitino can be much lighter than the superpartners of
other particles [36±39].

The gauge symmetry breaking within SUSY GUTs at
the scale MX can give rise to a variety of extensions of the
SM with softly broken supersymmetry at low energies
if m3=2 5MX. In supersymmetric theories, the quadratic
divergences get cancelled identically because of the SUSY
relationships between the dimensionless couplings of boson±
fermion and boson±boson interactions [40±43]. The soft
breakdown of SUSY implies that these relationships remain
intact, so that the quadratic divergences from boson loops
cancel those from the fermion ones. In this case, the effective
cut-off scale L is replaced by the SUSY breaking scale, which
is of the order of the masses of sparticles, i.e.,� m3=2. Because
of this, for the last thirty years, the SUSY extensions of the
SM with sparticle masses that lie well below the TeV scale
were considered natural SUSYmodels. To date, there has not
been any evidence of the existence of such light sparticles. If
gravitinos and other sparticles have masses in the range of a
few TeV, then the fine tuning, which is required to stabilize
the EW scale, is of the order of 10ÿ3ÿ10ÿ2 [44, 45]. The

generation of a large mass hierarchy between the GUT
scale MX and m3=2 is a nontrivial problem. It can be
induced within the nonperturbative scenario of SUSY
breaking, which is caused by gaugino condensation in
the hidden sector [46].

The fine tuning associated with the stabilization of the
EW scale, which is caused by the emergence of the mass gap
between the sparticle mass scale and the measured Higgs
mass, has engendered some doubts as to whether low energy
supersymmetry is nature's solution to the hierarchy problem.
On the other hand, an incredible amount of fine-tuning of the
vacuum energy is needed to keep the cosmological constant as
small as observed. Indeed, a fit to the recent data shows that
there is a tiny energy density (cosmological constant) spread
all over the Universe, rL � 10ÿ55M 4

Z [14], where MZ is the
Z-boson mass. It is responsible for the accelerated expansion
of the Universe and constitutes 70±73% of its total energy
density [14]. At first glance, this dark energy density should be
much larger than its measured value. The presence of a gluon
condensate is expected to contribute an energy density of the
order of � L 4

QCD ' 10ÿ12M 4
Z. Even much larger contribu-

tions must come from breakdown of SUSY and the EW
symmetry breaking. Because of the enormous cancellation
among the contributions of different condensates to rL, the
smallness of the cosmological constant should be regarded as
a fine-tuning problem.

It is not obvious if the two problems mentioned above can
be considered separately. In this context, it is worth discussing
important developments in string theory that have emerged in
the 21st century. Starting in 2001, it was realized that the
multitude of string theory vacua [47±49] provided a setting for
Weinberg's anthropic solution to the cosmological constant
problem [50]. The space of such string theory vacua is called
the `landscape.' In the string theory landscape, of the order of
10500 different vacuum states might exist [51]. Each of these
states may have different matter content, different gauge
groups, and different values of physical constants, including
rL. Our Universe is then just one of a vast ensemble of
universes contained within a multiverse. In any anthropically
allowed (livable) universe, the vacuum energy density can not
be too large. Otherwise, this universe would expand too
quickly to allow galaxy and star formation, and conse-
quently no observers would be present to measure rL.
Similar arguments can be used to explain the magnitude of
other mass scales within the SM. In particular, if the Higgs
VEV was considerably larger than our universe's measured
value, then there would not be any stable nuclei and nuclear
physics would not be as we know it [52, 53]. In other words,
the solution to both the hierarchy and cosmological constant
problems might not involve natural cancellations, but follow
from a completely different reasoning, such as the idea that
galaxy and star formation, chemistry and biology, are simply
impossible without these scales having the values found in our
Universe [50, 52±55]. In this case, SUSY is still a necessary
ingredient in a fundamental theory of nature such as string
theory.

Recent developments in string theory have applied a
statistical approach to the large multitude of universes,
corresponding to the landscape of vacua present in the
theory [51, 56±60]. For the case of the string theory land-
scape, the concept of stringy naturalness was introduced [60].
It implies that the value of the observable O2 is more natural
than a valueO1 if more phenomenologically viable vacua lead
to O2 than to O1. The performed analysis indicates that,
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among the vast number of vacua, there can be a small subset
exhibiting low scale SUSY breaking with a sparticle mass
scale below 1 TeV. However, the fine tuning required to
achieve a small cosmological constant implies the need for a
much larger number of such vacua.

Remarkably, the total number of vacua in string theory
can be large enough to fine-tune both the cosmological
constant and the Higgs mass, favoring the highest soft
SUSY breaking terms [59±61], which are consistent with
generating the EW scale. In this case, the Higgs mass
mh � 125 GeV is statistically favored, while most sparticles
have masses beyond LHC search limits [62, 63]. It is thus
statistically feasible in string theory for us to live in a universe
fine-tuned in the way we find it, thereby having both a small
cosmological constant and the EW scale stabilized in the
100-GeV range. This idea motivated the introduction of the
Split SUSY scenario [64±74]. Within the corresponding
SUSY models, the TeV-scale lightest neutralino can be an
appropriate cold dark matter candidate [65±68], while all
sfermions have masses which are substantially larger than
10 TeV. Several string motivated constructions result in this
type of sparticle spectrum [75±87]. Supersymmetry in the Split
SUSY scenario is not used to stabilize the weak scale. In the
vast landscape of possible string theory vacua, we may find
ourselves in the observed ground state simply because of a
cosmic selection rule, i.e., the anthropic principle [50].

3. Supersymmetric extensions
of the Standard Model

The Lagrangian of SUSY models based on the softly broken
supersymmetry can be written as the sum

L � LSUSY � Lsoft ; �5�

where LSUSY is invariant under SUSY transformations,
whereas Lsoft includes a set of terms which break super-
symmetry. LSUSY is determined by a set of chiral �Fi� and
vector �Vm� superfields, as well as by a superpotentialW�Fk�
of the model under consideration. The chiral superfields can
be presented in the following form:

Fi�xm; y; �y� � fi�y m� �
���
2
p

yci�y m� � yyFi�y m� ; �6�

where ym � x m � iysm�y, sm � �1; s i�, s i are 2� 2 Pauli
matrices, ya and �y _a �a; _a � 1; 2� are fermionic anticommut-
ingGrassmann coordinates. Here,fi is a complex scalar field,
Fi is an auxiliary complex scalar field, and ci is a left-handed
Weyl spinor field. In Lagrangian (5), there are no kinetic
terms for the fields Fi, soFi can be eliminated. The coefficients
in expansion (6), i.e.,fi, Fi, andci, are called components of a
superfield Fi. In the Wess±Zumino gauge [88], the vector
superfield takes the form

Vm � Va
m�xm; y; �y�t a �

�
ÿysn�yVa

mn�x m� � iyy�y�lam�x m�

ÿ i�y�yylam�x m� � 1

2
yy�y�yDa

m�x m�
�
t a ; �7�

where t a are the generators of the non-Abelian group,Va
mn�x�

are the corresponding gauge fields, while the spinor fields
lam�x� are associated with the superpartners of the gauge
fields, which are usually referred to as gauginos. Da

m�x� are

another type of auxiliary field which do not have any kinetic
terms, so they can also be eliminated.

The superpotential W�Fk� is a holomorphic (analytic)
function of Fk which may involve the products of chiral
superfields only and must not contain any terms like FiF

y
j or

FiFjF
y
k . Moreover, W�Fk� is required to be invariant under

the gauge group transformations. The functionW�Fk� has to
involve only up to the third power of the superfields Fi to
obtain a renormalizable Lagrangian, i.e.,

W�Fk� � aiFi � 1

2
mi jFiFj � 1

6
yi jkFiFjFk : �8�

In Eqn (8) the sum over all possible combinations of chiral
superfields is understood while ai, mi j, and yi jk are constants.
The linear terms in the superpotential (8) are normally
forbidden by the gauge symmetry.

Since the set of terms which results in the soft breaking of
SUSY is known [89], Lsoft is given by

ÿ Lsoft �
�
1

2

X
a;m

Mml
a
ml

a
m � h:c:

�
� Vsoft ;

�9�
Vsoft �

X
i; j

m 2
i jf
y
i fj �

X
i; j; k

�
1

6
Ai jkyi jkfifjfk

� 1

2
Bi j mi jfifj � tiaifi � h:c:

�
;

where lam are gauginos of the gauge group associated with
index m. The terms in Lsoft clearly break SUSY, because they
involve only scalars and gauginos and not their respective
superpartners. A set of soft SUSY breaking parameters
includes gaugino masses MA, soft scalar masses m 2

i j, tadpole
couplings ti, and trilinear and bilinear scalar couplings (Ai jk

andBi j). The soft terms inLsoft are capable of givingmasses to
all of the scalars and gauginos.

3.1 MSSM and NMSSM
Since from the N � 1 SUSY algebra it follows that each
SUSY multiplet must have an equal number of bosonic and
fermionic degrees of freedom, the simplest supersymmetric
extensions of the SM should contain scalar degrees of
freedom associated with left-handed and right-handed SM
fermions. In other words, these models have to include scalar
particles, i.e., left-handed and right-handed squarks and
sleptons, in addition to the ordinary quarks and leptons.
These SUSY extensions of the SM should also involve the
fermionic partners of SM gauge bosons (gauginos) and Higgs
bosons (higgsinos).

In the SM, one Higgs doublet H is used to generate the
masses for up- and down-type quarks and charged leptons.
These masses are induced by means of the Yukawa interac-
tions of quarks and leptons with the Higgs fields. More
precisely, the masses of the down-type quarks and charged
leptons are generated by the Higgs doublet itself, whereas the
conjugatedHiggs doublet is2H y gives rise to themasses of up-
type quarks. In SUSY models, the Higgs-fermion Yukawa
interactions can originate from the superpotential W�Fk�
only. Since W�Fk� is an analytic function of the chiral
superfields, it can not involve any conjugate superfield like
is2H y. Thus, we have no other choice than to introduce a
second Higgs doublet H2 with the opposite hypercharge,
which gives masses to the up-type quarks. The presence of
the second Higgs doublet also ensures the cancellation of
anomalies.
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Thus, the simplest SUSY extension of the SM, i.e.,
MSSM, includes the following set of chiral superfields:

Qa � �ua; da� �
�
3; 2;

1

6

�
; u c

a �
�

�3; 1; ÿ 2

3

�
;

La � �na; ea� �
�
1; 2; ÿ 1

2

�
; d c

a �
�

�3; 1;
1

3

�
;

H1 � �H 0
1 ; H

ÿ
1 � �

�
1; 2; ÿ 1

2

�
; e ca � �1; 1; 1� ;

�10�

H2 � �H�2 ; H 0
2 � �

�
1; 2;

1

2

�
;

where the first and second quantities in the parentheses are
the SU�3�C and SU�2�W representations of the corresponding
supermultiplet, the third quantity in the parentheses is the
U�1�Y hypercharge, while a is a family index that runs from 1
to 3. Here, Qa and La contain the doublets of the left-handed
quark and lepton superfields, e ca , u

c
a , and d c

a are associated
with the right-handed lepton, up- and down-type quark
superfields, respectively. H1 and H2 involve the doublets of
Higgs superfields that induce the masses of all quarks and
leptons. In Eqns (10) and further, we omit all isospin and
color indexes related to SU�2�W and SU�3�C gauge interac-
tions.

In addition to Higgs, quark, and lepton chiral superfields,
the MSSM includes three vector supermultiplets,

V̂1 � �1; 1; 0� ; V̂2 � Va
2 t

a � �1; 3; 0� ; �11�
V̂3 � Va

3T
a � �8; 1; 0� ;

which are associated with U�1�Y, SU�3�C, and SU�2�W
interactions, respectively. V̂1 is an abelian vector superfield
that contains the U�1�Y gauge field and its superpartner,
which is called a bino. V̂2 involves a triplet of SU�2�W gauge
bosons and their superpartners (winos). V̂3 includes an octet
of gluons and an octet of their superpartners (gluinos). As a
result of the mixing between a bino, neutral wino, and neutral
higgsino, a set of neutral fermionic states (neutralino) is
formed. The mixing of a charged wino and charged higgsino
gives rise to charged fermionic states, which are called
charginos.

In order to reproduce the Higgs-fermion Yukawa inter-
actions that induce the masses of all quarks and charged
leptons in the SM, we need to include the following sum of the
products of chiral superfields in the MSSM superpotential:

WMSSM � yU
abQau

c
bH2 � yD

abQad
c
b H1 � yL

abLae
c
bH1 � mH1H2 ;

�12�

where a and b are family indices. In Eqn (12), the Yukawa
couplings yU

ab, y
D
ab, and yL

ab are dimensionless 3� 3 matrices in
family space that determine themasses of quarks and charged
leptons as well as the phase of the Cabibbo±Kobayashi±
Maskawa (CKM) matrix. Here, we also include a term
mH1H2 which is not present in the Lagrangian of the SM. It
gives rise to the masses of the superpartners of Higgs bosons
(higgsinos). The m term, as it is traditionally called, can be
written as m�H1�a�H2�be ab, where e ab is used to tie together
SU�2�W weak isospin indices a; b � 1; 2 in a gauge invariant
way.

Although Eqn (12) defines the MSSM superpotential,
there are extra terms that one can write which are gauge
invariant and analytic in the chiral superfields. These
additional terms are given by

WNR � lLabdLaLbe
c
d � lL 0abdLaQbd

c
d � m 0aLaH2 � lBabdu

c
a d

c
b d

c
d :

�13�

The terms in WNR violate either lepton or baryon number,
resulting in rapid proton decay. The most general renormaliz-
able gauge invariant superpotential of the simplest SUSY
extension of the SM is a sum of Eqns (12) and (13), i.e.,
W �WMSSM �WNR. The terms given by Eqn (13) are absent
in the SM. The inclusion of such terms in the Lagrangian of
the SM would violate Lorentz invariance. Since B- and L-
violating processes have not been observed in nature, the
terms inWNR must be very strongly suppressed.

The baryon and lepton number violating processes in the
MSSM can be suppressed by postulating the invariance of the
Lagrangian under R-parity transformations �PR� or, equiva-
lently, matter parity transformations �PM�

PR � �ÿ1�3�BÿL��2s ; PM � �ÿ1�3�BÿL� ; �14�

where s is the spin of the particle. It is easy to check that the
quark and lepton supermultiplets have PM � ÿ1, while the
Higgs and vector supermultiplets have PM � �1. Matter
parity forbids all terms in WNR. This symmetry commutes
with SUSY, as all component fields of a given supermultiplet
have the same matter parity. The advantage of matter parity
is that it can in principle be an exact and fundamental
symmetry, whereas B and L themselves cannot, since they
are known to be violated by nonperturbative electroweak
effects. Indeed, matter parity can originate from the contin-
uous U�1�BÿL gauge symmetry that satisfies anomaly
cancellation conditions. Thus, PM can survive as an exactly
conserved discrete remnant subgroup of U�1�BÿL. Although
matter parity forbids all renormalizable interactions which
violate B and L in the MSSM, one may expect that baryon
and/or lepton number violation can occur in tiny amounts
due to the nonrenormalizable terms in the Lagrangian.

Matter parity conservation andR-parity conservation are
equivalent, since the product of �ÿ1�2s for the particles
involved in any interaction vertex in a theory, which
conserves angular momentum, is always equal to �1. At the
same time, particles within the same supermultiplet do not
have the same R-parity, and there is no physical principle
behind it. Due to matter parity conservation, it secretly does
commute with SUSY. Nevertheless, the R-parity assignment
is very useful for phenomenology, because all of the SM
particles and theHiggs bosons have evenR-parity, while all of
the squarks, sleptons, gauginos, and higgsinos have odd
R-parity. The R-parity odd particles are known as `SUSY
particles' or `sparticles.' Since in the conventional MSSM
R-parity is conserved, there can not be any mixing between
states with PR � �1 and PR � ÿ1. Furthermore, every
interaction vertex in the MSSM contains an even number of
PR � ÿ1 states. This has three important phenomenological
consequences:
� the lightest supersymmetric particle (LSP) must be

absolutely stable and can play the role of nonbaryonic dark
matter. In most supersymmetric scenarios, the LSP is the
lightest neutralino which is a mixture of higgsinos and
gauginos. Since the lightest neutralino is a heavy weakly
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interacting particle, it explains well the large scale structure of
the Universe and can provide the correct relic abundance of
dark matter if its mass mw0

1
is of the order of the TeV scale;

� in collider experiments sparticles can only be created in
pairs;
� each sparticle must eventually decay into a final state

that contains an odd number of LSPs (usually just one). Since
the stable lightest neutralinos can not be detected directly,
their signature would be missing energy and transverse
momentum in the final state.

SUSY predicts that bosons and fermions from one SUSY
multiplet have to be degenerate. Because superpartners of
quarks and leptons have not been observed yet, super-
symmetry must be broken, i.e., all sparticles have to be
heavy. In general, Lsoft is given by Eqn (9). The inclusion of
the soft SUSY breaking terms in theMSSM introduces many
new parameters that were not present in the SM. A careful
count reveals that there are more than one hundred masses,
phases, and mixing angles in the MSSM Lagrangian that
cannot be rotated away. On the other hand, new parameters
may lead to flavor mixing and/or CP violating effects which
are severely constrained by different experiments. In order to
avoid potentially dangerous processes, one can assume that
all soft SUSY breaking parameters are real and m 2

i j ' m 2
i di j.

As a result, we get

ÿ LMSSM
soft �

X
i

m 2
i jfij2 �

�
1

2

X
a;m

Mml
a
ml

a
m

�
X
a; b

�
AU

aby
U
abQau

c
bH2 � AD

aby
D
abQad

c
b H1

� AL
aby

L
abLae

c
bH1

�� BmH1H2 � h:c:

�
: �15�

In Eqn (15), la3, l
a
2, and l11 are gluinos, winos, and bino,

respectively, while Qa, u
c
a , d

c
a , La, e

c
a , H1, and H2 are scalar

components of the corresponding chiral superfields.
TheMSSMsuffers from the m problem: the superpotential

of the MSSM contains only one bilinear term mH1H2 which
can be present before SUSY is broken. One would naturally
expect it to be of the order of either the GUT scaleMX or the
Planck scale MPl. If m �MX��MPl�, then the Higgs scalars
get a huge positive contribution� m2 to their squared masses
and EW Symmetry breaking (EWSB) does not occur. On the
other hand, the parameter m cannot simply be omitted. If
m � 0 at some scale Q, the mixing between Higgs doublets is
not generated at any scale below Q due to the nonrenormal-
ization theorems [90, 91]. In this case, the minimum of the
Higgs boson potential is attained for hH1i � 0. Because of
this, down-type quarks and charged leptons remain massless.
In order to get the correct pattern of EWSB, m is required to be
of the order of the sparticle mass scale.

In the NMSSM [92±105] (for reviews see [106±108]),
which contains an additional SM singlet superfield S, the
superpotential is invariant under the transformations of a
discrete Z3 symmetry, i.e., Fi ! exp �2ip=3�Fi. This symme-
try forbids any bilinear terms in the superpotential allowing
the interaction of S with the Higgs doublets Ĥ1 and Ĥ2:

WNMSSM � lS�H1H2� � k
3
S 3 �WMSSM�m � 0� : �16�

On the EW scale, the superfield S gets a nonzero vacuum
expectation value �hSi � s=

���
2
p � generating automatically an

effective m-term �m � lhSi� of the required size. The cubic
term of the new singlet superfield Ŝ in the superpotential
breaks the Peccei±Quinn symmetry [109, 110], i.e., an
additional U�1� global symmetry. When k � 0, this extra
U�1� global symmetry gets spontaneously broken by the VEV
of the singlet field S, giving rise to a massless Goldstone
boson, the Peccei±Quinn (PQ) axion [111]. In the PQ-
symmetric NMSSM, astrophysical observations exclude
any choice of the parameters unless one allows s to be
enormously large (> 109ÿ1011 GeV) [112±118], which
leads to the hierarchy problem. The nonzero values of k
allow us to avoid the appearance of an axion in the
particle spectrum.

Although the explicit breakdown of the extra global U�1�
symmetry into its discrete Z3 subgroup in the NMSSM seems
to be well justified, the NMSSM itself is not without
problems. The vacuum expectation values of the Higgs fields
break the Z3 symmetry. This leads to the formation of domain
walls in the early Universe [119]. Such a domain structure of
the vacuum creates unacceptably large anisotropies in the
cosmic microwave background radiation [120]. In an attempt
to break the Z3 symmetry, operators suppressed by powers of
the Planck scale could be introduced, but it has been shown
that these operators give rise to quadratically divergent
tadpole contributions, which destabilize the mass hierarchy
[121]. Dangerous operators can be eliminated if an invariance
under ZR

2 or ZR
5 symmetries is imposed [122, 123]. The linear

term LŜ in the superpotential which is induced in this case
by high order operators is too small to upset the mass
hierarchy but large enough to prevent the appearance of
domain walls. The superpotential of the corresponding
modification of the NMSSM (MNSSM) can be written as
[123±127]

WMNSSM � lS�H1H2� � xS�WMSSM�m � 0� : �17�

Other modifications of the NMSSM were also discussed
[128±133].

3.2 U�1�N extensions of MSSM and E6

In the U�1�0 extensions of theMSSM inspired by E6, the extra
U�1�0 gauge symmetry forbids the m term m�H1H2� in the
superpotential if yE6

6� 0 and yE6
6� p. Nevertheless, these

extensions of the SM allow the interaction of the Higgs
doublets H1 and H2 with the new SM singlet superfield S,
which carries the U�1�0 charge only. This interaction is
described by the term lS�H1H2� in the superpotential. At
the same time, the S 3 term is forbidden by the U�1�0 gauge
symmetry. It is expected that, in the SUSY models under
consideration, the superfield S develops a large VEV, break-
ing the U�1�0 gauge symmetry and inducing an effective m
term of the required size. There are no problems associated
with the appearance of the PQ axion in the particle spectrum
or domain walls in such models.

In the E6 inspired U�1�0 extensions of the MSSM, the
anomalies are automatically cancelled if the low energy
particle spectrum consists of a complete representations of
E6. Consequently, in these models, one is forced to augment
the minimal particle spectrum by a number of exotics which,
together with ordinary quarks and leptons, form complete
fundamental 27 representations of E6. Thus, we will assume
that the particle content of thesemodels includes at least three
fundamental representations of E6 at low energies. These
multiplets decompose under the SU�5� �U�1�c �U�1�w
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subgroup of E6 as follows:

27i !
�
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1�����
24
p ; ÿ 1�����

40
p

�
i

�
�
5�;

1�����
24
p ;

3�����
40
p

�
i

�
�
5�; ÿ 2�����

24
p ; ÿ 2�����

40
p

�
i

�
�
5; ÿ 2�����

24
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2�����
40
p

�
i

�
�
1;
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24
p ; 0

�
i

�
�
1;

1�����
24
p ; ÿ 5�����

40
p

�
i

: �18�

The first, second, and third quantities in parentheses are the
SU�5� representation and extra U�1�c and U�1�w charges,
respectively, while i is a family index that runs from 1 to 3. An
ordinary SM family, which contains the doublets of left-
handed quarks Qi and leptons Li, right-handed up- and
down-quarks (u c

i and d c
i ), as well as right-handed charged

leptons �e ci �, is assigned to�
10;

1�����
24
p ; ÿ 1�����

40
p

�
i

�
�
5�;

1�����
24
p ;

3�����
40
p

�
i

:

Right-handed neutrinos N c
i are associated with the last term

in Eqn (18), 1; 1=
�����
24
p

; ÿ5= �����
40
pÿ �

i
. The next-to-last term,

�1; 4= �����
24
p

; 0�i, represents new SM-singlet fields Si with
nonzero U�1�c charges that therefore survive down to the
EW scale. The pair of SU�2�W-doublets (H d

i andH u
i ) that are

contained in�
5�; ÿ 2�����

24
p ; ÿ 2�����

40
p

�
i

and

�
5; ÿ 2�����

24
p ;

2�����
40
p

�
i

have the quantum numbers of Higgs doublets. They form
either Higgs or Inert Higgs SU�2�W multiplets.1 Other
components of these SU�5� multiplets form color triplets of
exotic quarksDi andDi with electric charges�1=3 andÿ1=3,
respectively. These exotic quark states carry a Bÿ L charge
��2=3� twice as large as that of ordinary ones. In phenomen-
ologically viable E6 inspired models, they can be either
diquarks or leptoquarks.

The presence of the Z0 boson associated with extra U�1�
gauge symmetry and exotic matter in the low-energy spec-
trum stimulated extensive studies of such models over the
years [8, 134±144]. In Ref. [145], the Tevatron and LHC Z0

mass limits in these models are discussed, while different
aspects of the phenomenology of exotic quarks and squarks
are considered in [146]. Also, the implications of E6 inspired
SUSY models have been studied for EW symmetry breaking
[147±153], neutrino physics [154, 155], and models explaining
the fermion mass hierarchy and mixing [156], leptogenesis
[157, 158] and EW baryogenesis [159, 160], the muon
anomalous magnetic moment [161, 162], the electric dipole
moment of the electron [163] and tau lepton [164], lepton
flavor violating processes like m! eg [165], andCP-violation
in the Higgs sector [166]. The neutralino sector in E6 inspired
SUSYmodels was analyzed previously in [152, 163±165, 167±
174]. TheHiggs sector and the upper bound on themass of the
lightest Higgs boson in these models were examined in
Refs [153, 174±180].

Within the class of rank-5 E6 inspired SUSYmodels, there
is a unique linear superposition of U�1�w and U�1�c that
allows zero charges for the right-handed neutrinos and thus a

high scale see-saw mechanism. The corresponding Abelian
U�1�N gauge symmetry is associated with yE6

� arctan
�����
15
p

in
Eqn (3). Only in this Exceptional Supersymmetric Standard
Model (E6SSM) [176, 177, 181±183] may right-handed
neutrinos be superheavy, shedding light on the origin of the
mass hierarchy in the lepton sector and providing a mechan-
ism for the generation of the baryon asymmetry in the
Universe via leptogenesis [157, 158]. The U�1�Y and U�1�N
charges of different components of the 27-plet are given in
Table 1.

Supersymmetric models with an additional U�1�N gauge
symmetry were studied in [155] in the context of nonstandard
neutrino models with extra singlets, in [167] from the point of
view of ZÿZ0 mixing, in [152, 184, 185], where the renorma-
lization group (RG) flow of couplings was examined, and in
[151±153], where EWSBwas studied. The neutralino sector in
thesemodels was explored in [152, 167, 168]. The presence of a
Z0 boson and of exotic quarks predicted by the Exceptional
SUSY model provided spectacular new physics signals at the
LHC, which were analyzed in [176±180, 186, 187]. The
particle spectrum and collider signatures associated with it
were studied within the constrained version of the E6SSM in
[188±192].

Although the presence of TeV scale exotic matter in E6

inspired SUSY models gives rise to spectacular collider
signatures, it also causes some serious problems. To demon-
strate this, let us consider the rank-6 E6 inspired SUSY
models with two extra U�1� gauge symmetriesÐU�1�w and
U�1�c. In these models, the most general renormalizable
superpotential which is allowed by the SU�3� � SU�2��
U�1�Y� U�1�w �U�1�c gauge symmetry can be written in
the following form:

WE6
�W0 �W1 �W2 ;

W0 � li jkSi�H d
j H

u
k � � ki jkSi�DjDk� � hN

i jkN
c
i �H u

j Lk�
� hU

i jku
c
i �H u

j Qk� � hD
i jkd

c
i �H d

j Qk� � hE
i jke

c
i �H d

j Lk� ;
W1 � g

Q
i jkDi�QjQk� � g

q
i jkDid

c
j u

c
k ;

�19�

W2 � gN
i jkN

c
i Djd

c
k � gE

i jke
c
i Dj u

c
k � gD

i jk�QiLj�Dk :

In Eqn (19), summation over repeated family indexes
�i; j; k � 1; 2; 3� is implied. In such models, Bÿ L number is
conserved automatically, since the corresponding global
symmetry U�1�BÿL is a linear superposition of U�1�Y and
U�1�w. At the same time, if terms in W1 and W2 are
simultaneously present in the superpotential, then baryon
and lepton numbers are violated. In other words, one cannot
define the baryon and lepton numbers of the exotic quarks Di

and Di so that the complete Lagrangian is invariant
separately under U�1�B and U�1�L global symmetries. In
this case, Yukawa interactions in W1 and W2 give rise to
rapid proton decay.

Another problem is associated with the presence of three
families of H u

i and H d
i . All these Higgs-like doublets can

couple to ordinary quarks and charged leptons of different

1 We use the terminology `Inert Higgs' to denote Higgs-like doublets that

do not develop VEVs.

Table 1.U�1�Y and U�1�N charges of different components of 27-plet.
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generations, resulting in phenomenologically unwanted
flavor changing transitions. For example, nondiagonal
flavor interactions contribute to the amplitude of K0 ÿK

0

oscillations and give rise to new channels of muon decay like
m! eÿe�eÿ. To suppress flavor changing processes, one can
impose an approximate ZH

2 symmetry, under which all
superfields except one pair of H d

i and Hu
i (say Hd � Hd

3 and
Hu � Hu

3 ) and one SM-type singlet field �S � S3� are odd
[176, 177]. When all ZH

2 symmetry violating couplings are
small, this discrete symmetry allows suppressing the most
dangerous baryon and lepton number violating operators as
well, since it forbids all terms inW1 andW2.

However, if the ZH
2 symmetry were exact, the lightest

exotic quarks would be extremely long-lived particles. Indeed,
since the ZH

2 symmetry forbids all Yukawa interactions inW1

and W2, superpotential (19) does not contain any operator
that allows the lightest exotic quarks to decay. Moreover,
the Lagrangian of such a model is invariant not only with
respect to U�1�L and U�1�B but also under U�1�D symmetry
transformations:

Dj ! exp �ia�Dj ; Dk ! exp �ÿia�Dk : �20�

The U�1�D invariance ensures that the lightest exotic quark is
very long-lived. The U�1�L, U�1�B, and U�1�D global
symmetries are expected to be broken by a set of nonrenor-
malizable operators which are suppressed by the inverse
power of the GUT scale MX. These operators give rise to
decays of the exotic quarks but do not lead to rapid proton
decay. Since the extended gauge symmetry in the considered
rank-6 E6 inspired SUSY models forbids any dimension five
operators that break U�1�D global symmetry, the lifetime of
the lightest exotic quarks is expected to be of the order of

tD 0
M 4

X

m 5
D

; �21�

where mD is the mass of the lightest exotic quark. When
mD ' 1 TeV, the lifetime of the lightest exotic quarks
tD 0 1049 GeVÿ1 � 1017 yr, i.e., considerably larger than
the age of the Universe.

Long-lived exotic quarks would have been copiously
produced during the very early epochs of the Big Bang.
Those lightest exotic quarks which survived annihilation
would subsequently have been confined in heavy hadrons,
which would annihilate further. The remaining heavy
hadrons originating from the Big Bang should be present in
terrestrial matter. There are very strong upper limits on the
abundances of nuclear isotopes which contain such stable
relics in the mass range from 1 GeV to 10 TeV. Different
experiments indicate that their relative concentrations should
not exceed 10ÿ15 per nucleon [193±195]. At the same time,
various theoretical estimations [196, 197] show that, if
remnant particles existed in nature today, their concentra-
tion would be expected to be at the level of 10ÿ10 per nucleon.
Therefore, E6 inspired models with very long-lived exotic
quarks are ruled out.

Thus, the ZH
2 symmetry defined above can only be an

approximate one. When all ZH
2 symmetry violating couplings

are small �9 10ÿ4�, this discrete symmetry allows flavor
changing processes to be suppressed. Nevertheless, the break-
down of the ZH

2 symmetry should not give rise to operators
leading to rapid proton decay. The appropriate suppression
of the proton decay rate can be achieved if one imposes either

a ZL
2 or a ZB

2 discrete symmetry [176]. When the Lagrangian is
invariant with respect to a ZL

2 symmetry, under which all
superfields except lepton ones (Li, e

c
i ,N

c
i ) are even (Model I),

then the baryon number conservation requires exotic quarks
to be diquarks, i.e., BD � ÿ2=3 and BD � 2=3. The invar-
iance of the Lagrangian with respect to ZB

2 symmetry (Model
II), under which only the exotic quark (Di and Di) and lepton
superfields (Li, e ci , N c

i ) are odd, implies that Di and Di

manifest themselves in the Yukawa interactions as lepto-
quarks, i.e., BD � 1=3, BD � ÿ1=3, LD � 1, and LD � ÿ1.
The transformation properties of different components of
27-plets under the ZH

2 , Z
L
2 , and ZB

2 discrete symmetries are
presented in Table 2 (for a recent review, see [198]).

It is worth noting that, in the E6 inspired SUSY models
under consideration, different supermultiplets that are
expected to stem from the same E6 supermultiplet trans-
form differently under the transformations of the ZH

2 , Z
L
2 ,

and ZB
2 discrete symmetries. As a consequence, these

symmetries obviously do not commute with E6, and one
can naively think that this may be inconsistent with GUTs
based on the E6 gauge group. Moreover, the necessity of
introducing multiple discrete symmetries to ameliorate
phenomenological problems that generically arise due to
the presence of low mass exotics is an undesirable feature
of these models. In this context, we now specify the SUSY
model with additional U�1�N gauge symmetry that can
originate from E6 GUTs.

3.3 E6SSM
Again, let us assume that, near the GUT scale, E6 or its
subgroup is broken down into the SU�3�C � SU�2�W�
U�1�Y �U�1�c �U�1�w gauge symmetry, while the particle
spectrum of SUSY model involves three 27-plets of E6,
ensuring anomaly cancellation. In our model building
strategy, we use the SU�5� SUSY GUT as a guideline.
Indeed, the low-energy spectrum of the MSSM, in addition
to the complete SU�5� multiplets, contains an extra pair of
doublets from 5 and 5 fundamental representations, that
plays the role of Higgs fields which break EW symmetry. In
the MSSM, potentially dangerous operators that lead to
rapid proton decay are forbidden by the matter parity ZM

2

under which Higgs doublets are even, while all matter
superfields that fill in complete SU�5� representations are
odd. Following this inspirational example, we augment three
27-plets of E6 by a number of components Ml and Ml from
extra 27 0l and 27 0l below the GUT scale. Because additional
pairs of multiplets Ml and Ml have opposite U�1�Y, U�1�c,
and U�1�w charges, their contributions to the anomalies get
cancelled identically. As in the case of the MSSM, we allow
the set of multipletsMl to be used for the breakdown of gauge
symmetry. If the corresponding set includes Hu � Hu,
H d � Hd, S, and N c � N c

H, then the SU�2�W �U�1�Y�
U�1�c �U�1�w symmetry can be broken down into U�1�em,
associated with electromagnetism. The VEVs of S and N c

break U�1�c and U�1�w entirely, while the SU�2�W �U�1�Y

Table 2. Transformation properties of different components of 27-
plets under the ZH

2 , Z
L
2 , and ZB

2 discrete symmetries.

Qi u c
i d c

i Li e ci N c
i Sa H u

a H d
a Di Di Hu Hd S

ZH
2 ÿ ÿ ÿ ÿ ÿ ÿ ÿ ÿ ÿ ÿ ÿ � � �

ZL
2 � � � ÿ ÿ ÿ � � � � � � � �

ZB
2 � � � ÿ ÿ ÿ � � � ÿ ÿ � � �
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symmetry remains intact. When the neutral components of
Hu and Hd acquire nonzero VEVs, the SU�2�W �U�1�Y
symmetry gets broken into U�1�em and the masses of all
fermions and bosons are generated.

It is assumed that all multiplets Ml are even under some
~ZH
2 symmetry, while three copies of the complete fundamental

representations of E6 are odd. This forbids couplings in the
superpotential that come from 27i � 27j � 27k. On the other
hand, the ~ZH

2 symmetry allows the Yukawa interactions that
stem from 27 0l � 27 0m � 27 0n and 27

0
l � 27i � 27k. In contrast to

the ZH
2 symmetry, it is expected that the discrete ~ZH

2 symmetry
remains intact. The multiplets Ml have to be even under the
~ZH
2 symmetry, because they get large VEVs. Otherwise, the

VEVs of the corresponding fields lead to the breakdown of
the discrete ~ZH

2 symmetry, giving rise to baryon and lepton
number violating operators in general. To ensure the correct
breakdown of the U�1�N gauge symmetry, the set of ~ZH

2 even
supermultiplets in the E6SSM also involves a pure singlet
superfield f, which is uncharged under all of the gauge
symmetries [199, 200]. If the set of multiplets Ml includes
only one pair of doublets Hd and Hu, the ~ZH

2 symmetry
defined above permits suppressing unwanted FCNC pro-
cesses at the tree level, since down-type quarks and charged
leptons couple to just one Higgs doubletHd, whereas the up-
type quarks couple toHu only.

The superfieldsMl can be either odd or even under this ~ZH
2

symmetry. Depending on whether these fields are even or odd
under ~ZH

2 , a subset of terms in the most general renormaliz-
able superpotential can be written as

Wtotal � Y 0lmn27
0
l 27

0
m27

0
n � Ylij27

0
l 27i27j � ~Ylmn27 0l27 0m27 0n

� k
3
f3 � mf

2
f2 � LFf� Y 0mnf 27 0m27 0n

� m 0il 27i 27 0l � ~m 0ml 27
0
m27

0
l � . . . ; �22�

whereY 0lmn,Ylij, ~Ylmn,Y
0
mn, and k areYukawa couplings, while

m 0il, ~m 0ml, mf, and LF are mass parameters. One should keep in
mind that onlyMl andMl components of 27 0l and 27 0l appear
below the GUT scale. All other components of these 27 0l and
27 0l gain masses of the order of MX. The form of the mass
terms associated with Ml in Eqn (22) depend on the
transformation properties of these superfields. Indeed, if Ml

is odd under ~ZH
2 symmetry, then the term ~m 0ml27

0
m27

0
l is

forbidden, while m 0il can have nonzero values. When Ml is
even, m 0il vanish, whereas ~m 0ml27

0
m27

0
l is allowed by ~ZH

2

symmetry. In general mass parameters, m 0il and ~m 0ml are
expected to be of the order of the GUT scale. In order to
allow some of theMl multiplets to survive to low energies, we
assume that the corresponding mass terms are forbidden at
high energies and get induced at some intermediate scale
which is much lower thanMX.

The VEVs of the superfields N c
H and N c

H (that originate
from 27 0N and 27 0N) can be used not only for the breakdown of
U�1�c and U�1�w gauge symmetries but also to generate
Majorana masses for right-handed neutrinos N c

i . The
corresponding mass terms can be induced through interac-
tions [181]

DWN � Ki j
MPl
�27i 27 0N��27j 27 0N� : �23�

The nonrenormalizable operators (23) give rise to right-
handed neutrino masses which are substantially lower than
the VEVs of hN c

Hi and hN c
Hi. In this case, the right-handed

neutrinos can be superheavy only if U�1�c �U�1�w symmetry
is broken down into

U�1�N �
1

4
U�1�w �

�����
15
p

4
U�1�c �24�

somewhere near the GUT scale. Since N c
H and N c

H acquire
very large VEVs, both supermultiplets must be even under the
~ZH
2 symmetry.
The VEVs of N c

H and N c
H may also break the U�1�BÿL

symmetry. In particular, the VEV of N c
H can induce the

bilinear terms ML
i j �H u

i Lj� and MB
i j �Did

c
j � in the superpoten-

tial. Although such a breakdown of gauge symmetry might be
possible, the extra exotic particles tend to be rather heavy in
this case and thus irrelevant for collider phenomenology.
Therefore, we shall assume further that the couplings ofN c

H to
27i are forbidden. This, for example, can be achieved by
imposing an extra discrete Z2 symmetry, which implies
N c

H ! ÿN c
H and N c

H ! ÿN c
H. Although this symmetry

forbids the interactions 27 0N27i27j in the superpotential, it
allows nonrenormalizable interactions (23) that induce large
Majorana masses for right-handed neutrinos.

The mechanism of the U�1�c and U�1�w symmetry
breaking discussed above ensures that the VEVs of N c

H and
N c

H break U�1�c �U�1�w gauge symmetry down into
U�1�N � PM. Such a spontaneous breakdown of the U�1�c
and U�1�w symmetries can occur, because PM is a discrete
subgroup of U�1�c and U�1�w. Moreover, the ~ZH

2 symmetry is
a product of

~ZH
2 � PM � ZE

2 ; �25�

where ZE
2 is a discrete symmetry associated with the exotic

states [181]. The transformation properties of different
components of 27i, 27

0
l , and 27 0l supermultiplets under the

~ZH
2 , Z

M
2 , and ZE

2 symmetries are summarized in Table 3. As
follows from Table 3, all components of 27-plets that contain
exotic states, i.e.,Di,Di,H

d
i ,H

u
i , and Si, are odd under the ~ZE

2

symmetry. Because the low-energy effective Lagrangian of
the models under consideration is invariant under the ~ZH

2 and

Table 3. Transformation properties of different components of E6 supermultiplets and superfield f under ~ZH
2 , PM, and ZE

2 discrete symmetries.

27i 27i 27 0Hu

�27 0Hd
�

27 0S 27 0Hu

�27 0Hd
�

27 0S 27 0N
�27 0N�

27 0L
�27 0L�

1

Qi, u c
i , d

c
i ,

Li, e ci , N
c
i

Di, Di,

H d
i ,H

u
i , Si

Hu

�Hd�
S Hu

�Hd�
S N c

H

�N c
H�

L4

�L4�
f

~ZH
2 ÿ ÿ � � ÿ � � � �

PM ÿ � � � � � ÿ ÿ �
ZE
2 � ÿ � � ÿ � ÿ ÿ �
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PM symmetries, it is also invariant under the transformations
of the ZE

2 symmetry. ZE
2 symmetry conservation implies that

the lightest exotic state, which is odd under this symmetry, is
absolutely stable and contributes to the relic density of dark
matter.

As was mentioned before, in SUSY models, the lightest
supersymmetric particle (LSP), i.e., the lightest R-parity odd
state, must be stable. If in the models under consideration
the lightest exotic state (i.e., state with ZE

2 � ÿ1) has even
R-parity, then the conservation of the ZE

2 symmetry and
R-parity forbids the decay of this exotic particle, as well
as the decay of the lightest R-parity odd state. When the
lightest exotic state is also the lightest R-parity odd
particle, either the lightest R-parity even exotic state or
the next-to-lightest R-parity odd state with ZE

2 � �1 must
be absolutely stable. Thus, these E6 inspired SUSY
models contain at least two dark-matter candidates.

Within the E6SSM, the U�1�N gauge symmetry gets
broken by the VEVs of S and S. Their VEVs should be
sufficiently large (0 10 TeV), because they induce the mass of
the Z0 as well as the masses of all exotic quarks and inert
higgsinos. Because of this, S should be even under the ~ZH

2

symmetry and all components of the superfields S and S are
required to gain TeV scale masses.

If the set of ~ZH
2 even supermultiplets Ml involve only Hu,

Hd, S, andN c
H, then the Lagrangian of this model is invariant

under U�1�D symmetry transformations, and the lightest
exotic quarks are extremely long-lived particles. Indeed, in
this case, the ~ZH

2 symmetry forbids all Yukawa interactions in
W1 and W2 that allow the lightest exotic quarks to decay.
Such models are basically ruled out. To ensure that the
lightest exotic quarks decay within a reasonable time, the set
of ~ZH

2 even supermultiplets Ml needs to be supplemented by
the SU�2�W doublet of lepton superfields L4 that survives to
low energies. In this case, Di and Di can interact with leptons
and quarks only while the couplings of these exotic quarks to
a pair of quarks are forbidden by the postulated ~ZH

2

symmetry. The baryon number is then conserved and exotic
quarks are leptoquarks.

The relatively light components of the supermultiplets L4

and L4 can significantly facilitate the process of the genera-
tion of the baryon asymmetry of theUniverse, which is caused
by out±of-equilibrium decays of the lightest right-handed
neutrino and sneutrino. In the E6SSM, these states contri-
bute to the CP asymmetries that control the corresponding
process. Moreover, the components of the supermultiplets L4

and L4 give rise to extra CP asymmetries associated with the
new channels of the decays of the lightest right-handed
neutrino and its superpartner [157]. The appropriate value
of the baryon asymmetry can be induced within the E6SSM
even when the lightest right-handed neutrinos/sneutrinos
have masses which are less than 106ÿ107 GeV, so successful
thermal leptogenesis may be achieved without encountering a
gravitino problem [201, 202].

The simplest scenario implies that Hu and Hd are odd
under the ~ZH

2 symmetry, while L4 and L4 are ~ZH
2 even. Then,

Hu and Hd get combined with the superposition of the
corresponding components from 27i so that the resulting
vectorlike states gain masses of the order of MX. The
supermultiplets L4 and L4 are also expected to form vector-
like states. However, these states are required to be light
enough to ensure that the lightest exotic quarks decay
sufficiently fast. The appropriate mass term mLL4L4 in the
superpotential can be induced within SUGRA models just

after the breakdown of local SUSY if the K�ahler potential
contains an extra term �ZL�L4L4� � h:c:� [203, 204]. Thus,
E6SSM implies that the low energy matter content of this
models involves��Qi; u

c
i ; d

c
i ; Li; e

c
i ; N

c
i �
�� �Di; Di� � Si �H u

a �H d
a

� L4 � L4 �N c
H �N c

H � S� S�Hu �Hd � f ; �26�

where the components of the superfields N c
i , N

c
H, and N c

H are
expected to gain masses which are much larger than 100 TeV,
while the remaining matter survives down to the TeV scale. In
Eqn (26), a � 1; 2 and i � 1; 2; 3. Integrating outN c

i ,N
c
H, and

N c
H and ignoring all suppressed nonrenormalizable interac-

tions, one gets an explicit expression for the superpotential in
this case [199]:

WE6SSM � lS�HuHd� ÿ sfSS� k
3
f3 � mf

2
f2 � LFf

� labS�H d
aH

u
b � � ki jS�DiDj� � ~fiaSi�H d

aHu�
� fiaSi�HdH

u
a � � gD

i j �QiL4�Dj � hE
iae

c
i �H d

a L4�
� mLL4L4 � ~sfL4L4 �WMSSM�m � 0� : �27�

The U�1�N extensions of the MSSM with exact ~ZH
2

symmetry discussed in this section have at least one draw-
back. These models imply that a number of incomplete E6

multiplets survive below the scaleMX. In fact, the number of
incomplete E6 multiplets tends to be larger than the number
of generations. The appropriate splitting of 27-plets can be
naturally achieved in the framework of E6 GUTs with an
extra compact dimension (orbifold GUTs) [181]. In orbifold
GUTmodels, the dimension five operators, which are caused
by an exchange of the color triplet higgsino multiplets and
give rise to proton decay in ordinary GUTs, do not get
induced [205]. Proton stability was discussed in the context
of orbifold GUT models in [205±215]. In these models, the
proton decay is mediated by dimension six operators
generated by the leptoquark gauge bosons [216].

4. Gauge coupling unification

The approximate unification of the SM gauge couplings
remains one of the most attractive features of SUSY
extensions of the SM based on experimental data. In the
MSSM andNMSSM, the running of the SM gauge couplings
is described by a system of the renormalization group (RG)
equations (RGEs), which can be written in the following
form:

dai
dt
� bia

2
i

2p
; bi � bi �

~bi
4p

; �28�

where bi and ~bi are one-loop and two-loop contributions to
the b functions [217±224], t � log �q=MZ�, and q is a
renormalization scale, with the index i running from 1 to 3
corresponding to U�1�Y, SU�2�W, and SU�3�C interactions,
respectively. One can obtain an approximate solution of the
RG equations (28) that at high energies can be written as [225]

1

ai�t� �
1

ai�MZ� ÿ
bi
2p

tÿ Ci

12p
ÿYi�t� � bi ÿ b SM

i

2p
ln

Ti

MZ
:

�29�

The second term in Eqn (29) is the contribution of the one-
loop b function in the RG flow of the SM gauge couplings.
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The third term on the right-hand side of Eqn (29) is the
MS! DR conversion factor with C1 � 0, C2 � 2, C3 � 3
[226, 227]. Although the contributions of the third terms are
quite small, they should be included when the contributions
of two-loop corrections to the b functions are taken into
account

Yi�t� � 1

8p2

� t

0

~bi dt : �30�

The threshold corrections are associated with the last terms in
Eqn (29), which are determined by

Ti �
YN
k�1
�mk�Db

k
i =�biÿb SM

i � ; �31�

where b SM
i are the coefficients of the one-loop b functions in

the SM, whilemk andDbk
i aremasses and contributions to the

one-loop b functions due to new particles appearing in the
SUSY models under consideration. Because the two-loop
corrections to the running of the gauge couplings Yi�t� are
considerably smaller than the leading terms, the gauge and
Yukawa couplings in ~bi are usually replaced by the corre-
sponding solutions of the RG equations obtained in the one-
loop approximation. The threshold corrections associated
with the last terms in Eqn (29) are of the same order as or even
less thanYi�t�. Therefore, in Eqn (31), only leading one-loop
threshold effects are taken into account.

Relying on the approximate solution of the RG equations
(29), one can establish the relationships between the values of
the gauge couplings on theEWandGUT scales for any SUSY
model. Then, by using the expressions describing the RG flow
of a1�t� and a2�t�, it is rather easy to find the scaleMX where
a1�MX� � a2�MX� � a0 and the value of the overall gauge
coupling a0 on this scale. Substituting MX and a0 into the
solution of the RG equations for the strong gauge coupling,
one finds the value of a3�MZ� for which exact gauge coupling
unification takes place [228]:

1

a3�MZ� �
1

b1 ÿ b2

�
b1 ÿ b3
a2�MZ� ÿ

b2 ÿ b3
a1�MZ�

�
ÿ 1

28p
�Ys ÿ Ds ;

Ys � b2 ÿ b3
b1 ÿ b2

Y1 ÿ b1 ÿ b3
b1 ÿ b2

Y2 �Y3 ; Yi � Yi�MX� ;
�32�

where Ds are combined threshold corrections whose precise
form depends on the model under consideration.

In the MSSM and NMSSM, the one-loop contributions
to the b functions bi are given by

bi �
0
ÿ6
ÿ9

 !
�NH

3=10

1=2
0

0@ 1A� 2NG ; �33�

whereNH is the number of the Higgs doublets (NH � 2 in the
case of the MSSM and NMSSM), whereas NG is the number
of fermion generations. From Eqn (33), it follows that, in the
one±loop approximation, the scaleMX, where the unification
of the gauge couplings takes place, is almost insensitive toNG.
Indeed, all quarks, leptons, and their superpartners form
complete SU�5� multiplets and, as a consequence, make the
same contribution to the one-loop b functions. Thus, the
differences among the corresponding b functions do not
depend on NG or the number of complete SU�5� multiplets.
At the same time, the value of the overall gauge coupling a0

grows with the increasing number of complete SU�5� matter
multiplets. The requirement of the validity of perturbation
theory up to the scale MX sets a stringent constraint on the
number of complete SU�5� matter supermultiplets that can
survive to low energies in addition to three generations of
fermions and sfermions [229].

In the MSSM, the contribution of the threshold correc-
tions Ds in Eqn (32) takes the form [225, 228, 230, 231]

Ds � ÿ 19

28p
ln

~MS

MZ
; ~MS � T

100=19
2

T
25=19
1 T

56=19
3

;

T1 � m 4=25m
1=25
A

� Y
i�1; 2; 3

m
1=75
~Qi

m
2=75
~di

m
8=75
~ui

m
1=25
~Li

m
2=25
~ei

�
;

�34�
T2 �M

8=25
~W

m 4=25m
1=25
A

� Y
i�1; 2; 3

m
3=25
~Qi

m
1=25
~Li

�
;

T3 �M
1=2
~g

� Y
i�1; 2; 3

m
1=12
~Qi

m
1=24
~ui

m
1=24
~di

�
;

where mA, M~g, and M ~W are the masses of the heavy Higgs
states and superpartners of the SU�3�C and SU�2�W gauge
bosons; m~ui , m~di

, and m~Qi
are the masses of the right-handed

and left-handed squarks; andm~Li
andm~ei are themasses of the

left-handed and right-handed sleptons. Assuming for simpli-
city that superpartners of all quarks are degenerate, i.e., their
masses are equal tom~q, and all sleptons have a common mass
m~l, we find

~MS ' m
�
mA

m

�3=19�
M ~W

m

�4=19�
M ~W

M~g

�28=19�m~l

m~q

�3=19

: �35�

For m ' 1ÿ2 TeV, the scale ~MS varies in the mass range of
200±300 GeV [225, 228, 230 ± 234]. From Eqns (32) and (35)
as well as Table 4, it follows that, for such small values of the
scale ~MS, exact gauge coupling unification can be attained
only for large values of a3�MZ�0 0:123 [235, 236]. For
~MS 'MZ, the exact unification of the SM gauge couplings
is achieved if a3�MZ�5 0:126 [230, 237]. Such large values of
a3�MZ� are disfavored by the recent fit to experimental data.

To simplify the analysis of the RG flow of the SM gauge
couplings, one can set T1 � T2 � T3 � ~MS. In Fig. 1, the
evolution of the SM gauge couplings from the EW �MZ� scale
to the GUT scale (MX ' 2� 1016 GeV) is plotted as a
function of log �q=MX� for T1 � T2 � T3 � ~MS � 2 TeV.
Dotted lines show the uncertainty in ai�t� caused by
variations in a3�MZ� from 0.116 to 0.120. The results
presented in Fig. 1 indicate that it is rather problematic to

Table 4. Corrections to 1=ai�MX� and 1=a3�MZ� induced by two-loop
contributions to beta functions in the MSSM and E6SSM* for
a�MZ� � 1=127:9, sin2 yW � 0:231, a3�MZ� � 0:118, and tan b � 10.

Y1 Y2 Y3 Ys

MSSM 0.556 0.953 0.473 ÿ0:764
E6SSM I 1.558 2.322 2.618 ÿ0:250
E6SSM II 1.604 2.385 2.638 ÿ0:305

* In the case of the E6SSM, we consider two cases: the scenario E6SSM I

corresponds to k�MZ 0 � � k1�MZ 0 � � k2�MZ 0 � � l�MZ 0 � � l1�MZ 0 � �
l2�MZ 0 � � g 01�MZ 0 �, g 0 21 �MZ 0 � � 0:227, g11�MZ 0 � � 0:0202; in the sce-

nario E6SSM II, we éx ki � li � 0, g 0 21 �MZ 0 � � 0:227, g11�MZ 0 � �
0:0202.
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attain the exact gauge coupling unification in the framework
of the MSSM when a3�MZ� � 0:116ÿ0:120.

Now, let us consider the RG flow of gauge couplings
within the E6SSM. To simplify our analysis, we assume
that U�1�c �U�1�w gauge symmetry is broken down into
U�1�N � PM near the scale MX. Nevertheless, even in this
simplest scenario, the running of the gauge couplings in the
E6SSM is affected by kinetic term mixing between the gauge
fields associated with the U�1�Y andU�1�N interactions. Such
mixing basically arises in all extensions of the SM with extra
U�1�0 gauge symmetry [238]. In the basis in which the
interactions between gauge and matter fields have the
canonical form, i.e., a covariant derivative Dm which acts on
the doublet of the left-handed quarks is given by

Dm � qm ÿ ig3A
a
mT

a ÿ ig2W
b
m t

b ÿ igYQ
Y
i B

Y
m ÿ igNQ

N
i BN

m ;

�36�

the gauge kinetic part of the Lagrangian can be written as

Lkin � ÿ 1

4

ÿ
FY
mn

�2 ÿ 1

4

ÿ
FN
mn

�2 ÿ sin w
2

FY
mnF

N
mn

ÿ 1

4

ÿ
Ga

mn

�2 ÿ 1

4

ÿ
Wb

mn

�2
: �37�

In Eqns (36), (37), Aa
m, W

b
m , B

Y
m , and BN

m represent SU�3�C,
SU�2�W, U�1�Y, and U�1�N gauge fields, Ga

mn, W
b
mn, F

Y
mn, and

FN
mn are field strengths for the corresponding gauge interac-

tions, while g3, g2, gY, and gN are SU�3�C, SU�2�W, U�1�Y,
and U�1�N gauge couplings, respectively.

Although one can expect that, near the GUT scaleMX the
parameter sin w is equal to zero at the tree-level, it arises from
loop effects since

Tr �QYQN� �
X

i� chiral fields

�QY
i Q

N
i � 6� 0 : �38�

The complete E6 multiplets do not contribute to this trace. Its
nonzero value is due to the incomplete 27 0L � 27 0L super-
multiplets of the original E6 symmetry from which only L4

and L4 survive to low energy. This leads to the mixing
between the gauge fields. The mixing in the gauge kinetic
part of Lagrangian (37) can be easily eliminated bymeans of a
nonunitary transformation of the twoU�1� gauge fields [239±
242]:

BY
m � B1m ÿ B2m tan w ; BN

m �
B2m

cos w
: �39�

In terms of the new gauge variablesB1m andB2m, the covariant
derivative (36) becomes [238]

Dm � qm ÿ ig3A
a
mT

a ÿ ig2W
b
m t

b ÿ ig1Q
Y
i B1m

ÿ i�g 01QN
i � g11Q

Y
i �B2m ; �40�

where

g1 � gY ; g 01 �
gN
cos w

; g11 � ÿgY tan w : �41�

In the new Lagrangian, written in terms of the new gauge
variables B1m and B2m, the mixing effect is concealed in the
interaction between the U�1�N gauge field and matter fields
and is characterized by a new off-diagonal gauge coupling g11.
The covariant derivative (40) can be rewritten in a more
compact form,

Dm � qm ÿ ig3A
a
mT

a ÿ ig2W
b
m t

b ÿ iQTGBm ; �42�

where QT � �QY
i ; Q

N
i �, BT

m � �B1m; B2m�, and G is a 2� 2
matrix of new gauge couplings,

G � g1 g11
0 g 01

� �
: �43�

In this approximation, the gauge kinetic mixing changes
effectively the U�1�N charges of the fields to

~Qi � QN
i �QY

i d ; �44�

where d � g11=g
0
1, while the U�1�Y charges remain the same.

As the gauge coupling constants g11 and g 01 are scale
dependent, the effective U�1�N charges (44) are scale
dependent as well. The particle spectrum now depends on
the effective U�1�N charges ~Qi.

The exploration of the RG flow of the gauge couplings
within the E6SSM should include an analysis of the evolution
of four diagonal gauge couplings, g3�t�, g2�t�, g1�t�, and g 01�t�,
which correspond to the SU�3�C, SU�2�W, U�1�Y, and U�1�N
gauge interactions, respectively, as well as an investigation of
the running of one off-diagonal gauge coupling, g11�t�. Using
thematrix notation for the structure ofU�1� interactions (42),

0.10

ai�t�
0.08
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0.04

0.02

0
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t
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ai�t�
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b

Figure 1. (a) Two-loop RG êow of a1�t�, a2�t�, and a3�t� as a function of
t � log �q=MZ� and (b) the running of SM gauge couplings near the scale
MX calculated within the MSSM in the two-loop approximation for
tan b � 10, T1 � T2 � T3 � ~MS � 2 TeV, as�MZ� � 0:118, a�MZ� �
1=127:9, and sin2 yW � 0:231. Solid, dashed, and bold lines correspond
to the running of a1�t�, a2�t�, and a3�t�. Dotted lines represent the
uncertainty in ai�t� caused by the variation in a3�MZ� from 0.116 to 0.120.
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(43), theRGequations can bewritten in a compact form [239±
242]:

dG

dt
� G� B ;

dg2
dt
� b2g

3
2

�4p�2 ;
dg3
dt
� b3g

3
3

�4p�2 ; �45�

where B is a 2� 2 matrix of b functions given by

B � 1

�4p�2
b1g

2
1 2g1g

0
1b11 � 2g1g11b1

0 g 0 21 b 01 � 2g 01g11b11 � g 2
11b1

� �
; �46�

while bi and b11 are b functions. In the one-loop approxima-
tion, the b functions associated with the U�1� interactions are
given by

b1 �
X
i

�QY
i �2 �

48

5
; b 01 �

X
i

�QN
i �2 �

213

20
;
�47�

b11 �
X
i

QY
i Q

N
i � ÿ

���
6
p

5
;

where the index i is summed over all possible chiral super-
fields. From Eqns (47), one can see that, in the E6SSM,
b1 � b 01 4 b11 [181, 184]. Since near the GUT scale it is
expected that g1�MX� ' g 01�MX� and g11�MX� ' 0, the
values of g1�t� and g 01�t� are almost the same at any scale
q9MX, whereas the off-diagonal gauge coupling g11�t� is
much smaller than the diagonal gauge couplings g1�t� and
g 01�t�. Because of this, one can disregard two-loop corrections
to the off-diagonal b function b11.

In the framework of the E6SSM, in the one-loop
approximation, b2 � 4 and b3 � 0. Since the one-loop b
function of strong interactions vanishes, any reliable analysis
of the RG flow of the gauge coupling requires the inclusion of
two-loop corrections to the b functions of gauge couplings. In
the E6SSM, the two-loop b functions of the diagonal gauge
couplings were calculated in Refs [181, 184].

As in the case of the MSSM, one can use the approximate
solution of the RG equations (29) to analyze the evolution of
the SM gauge couplings within the E6SSM. In this case, one
should substitute into Eqn (29) the expressions for bi and ~bi
calculated in the framework of the E6SSM, whereas T1, T2,
T3, and ~MS in Eqns (29), (31), and (34) have to be replaced by
~T1, ~T2, ~T3, and ~TS:

~TS �
~T
172=19
2

~T
55=19
1

~T
98=19
3

;

~T1 � T
5=11
1 m 4=55

L m
2=55
L

� Y
i�1; 2; 3

m
4=165
~Di

m8=165Di

�

�
� Y

a�1; 2
m

2=55
Ha

m 4=55
~Ha

�
;

�48�
~T2 � T

25=43
2 m4=43L m

2=43
L

� Y
a�1; 2

m
2=43
Ha

m4=43~Ha

�
;

~T3 � T
4=7
3

� Y
i�1; 2; 3

m
1=21
~Di

m2=21Di

�
:

Here, mDi
and m ~Di

are the masses of exotic quarks and their
superpartners;mHa and m ~Ha

are the masses of inert Higgs and
inert higgsino fields; mL and mL are the masses of the scalar
and fermion components of L4 and L4, while T1, T2, and T3

are the effective threshold scales in the MSSM (34).
As before, to simplify our numerical studies of the running

of diagonal gauge couplings in the E6SSM, we fix the effective

SUSY threshold scales to be equal, i.e., ~T1 � ~T2 � ~T3 � ~TS.
The results of our numerical analysis are summarized in
Fig. 2. We apply the two-loop SM b functions to describe
the running of gauge couplings betweenMZ and ~TS. Then, the
two-loop RG equations of the E6SSM are used to compute
the flow of gi�t� for q0 ~TS. In order to calculate the evolution
of the Yukawa couplings, the sets of one-loop RG equations
of the SM and E6SSM are used. Low energy values of g 01
and g11 are chosen so that all four diagonal gauge couplings
are approximately equal near the GUT scale MX and
g11�MX� ' 0.

The results of the numerical analysis presented in Fig. 2
demonstrate that an almost exact unification of the SM gauge
couplings can be achieved in the E6SSM for a3�MZ� � 0:116
and ~TS � 2 TeV. With increasing (decreasing) effective
threshold scale ~TS, the value of a3�MZ�, at which the exact
gauge coupling unification takes place near the scale
MX ' 3� 1016 GeV, becomes lower (greater). The threshold
scale ~TS, which can be parameterized in terms of the effective
threshold scale ~MS,

~TS � ~MS

 
m12=19L m

6=19
L

m12=19D3
m

6=19
~D3

! Y
a�1; 2

m
6=19
Ha

m12=19~Ha

m
6=19
~Da

m12=19Da

!
; �49�

can be substantially larger (or smaller) than in the MSSM.
From Eqn (49), it is obvious that ~TS is determined by

ai�t�
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Figure 2. (a) Two-loop RG êow of a1�t�, a2�t�, and a3�t� as a function of
t � log �q=MZ� and (b) running of the gauge couplings near scale MX,
calculated within the E6SSM in the two-loop approximation for
tan b � 10, ~T1 � ~T2 � ~T3 � ~TS � 2 TeV, as�MZ� � 0:118, a�MZ� �
1=127:9, sin2 yW� 0:231, k1�TS�� k2�TS�� k3�TS�� l1�TS� � l2�TS� �
l�TS� � g 01�TS�, and ~fab � fab � gD

i j � hE
ia � 0. Solid, dashed, and bold

lines correspond to the running of a1�t�, a2�t�, and a3�t�. Dotted lines
represent the uncertainty in ai�t� caused by the variation in a3�MZ� from
0.116 to 0.120.
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the masses of the scalar and fermion components of L4

and L4. The mass term mLL4L4 in the superpotential is
not involved in the process of EW symmetry breaking.
As a consequence, the parameters mL and ~TS remain
arbitrary. The large range of variation in ~TS allows the
exact unification of gauge couplings to be achieved for
any value of a3�MZ� which is in agreement with current
data.

It is worth noting here that, in principle, one could naively
expect that large two-loop corrections to the diagonal b
functions would spoil the unification of the SM gauge
couplings entirely in the E6SSM. Indeed, as follows from
Table 4 the two-loop corrections to ai�MX� are considerably
bigger in the E6SSM than in the MSSM. This is not as
surprising as it may first appear, because at any intermediate
scale the values of the gauge couplings in the E6SSM are
substantially larger than the ones in the MSSM. Nevertheless
due to the remarkable cancellation of different two-loop
corrections in Eqn (32) the absolute value of Ys in the
E6SSM is less than a third of what it is in the MSSM (see
Table 4). This cancellation is caused by the structure of the
two-loop corrections to the diagonal b functions in the model
under consideration. As a result, the prediction of the value of
a3�MZ� at which the exact gauge coupling unification takes
place is considerably lower in the E6SSM than in the MSSM
[184, 185].

It is also worthwhile to point out that, at high energies,
the uncertainty in a3�t� caused by the variations in a3�MZ�
is much bigger in the E6SSM than in the MSSM. This is
because in the E6SSM the strong gauge coupling grows
slightly with an increase in the renormalization scale,
whereas in the MSSM it decreases at high energies. This
implies that the uncertainty in the high energy value of
a3�t� in the E6SSM is approximately equal to the low
energy uncertainty in a3�t�, while in the MSSM the
interval of variations of a3�t� near the scale MX shrinks
drastically. The relatively large uncertainty in a3�MX� in
the E6SSM, compared to the MSSM, allows us to achieve
exact unification of gauge couplings for values of a3�MZ�
which are within one standard deviation of its measured
central value.

5. Higgs bosons in supersymmetric models

5.1 Higgs sector of the MSSM
Including soft SUSY breaking terms and radiative correc-
tions, the resulting Higgs effective potential in theMSSM can
be written as

V�H1;H2� � m 2
1 jH1j2 �m 2

2 jH2j2 ÿm 2
3 �H1H2 � h:c:�

�
X3
a�1

g 2
2

8
�H�1 saH1 �H�2 saH2�2

� g 02

8

ÿjH1j2 ÿ jH2j2
�2 � DV ; �50�

where g 0 � ��������
3=5

p
g1, g2 and g1 are the low energy (GUT

normalized) SU�2�W and U�1�Y gauge couplings, m 2
1 �

m 2
H1
� m2, m 2

2 � m 2
H2
� m2, and m 2

3 � ÿBm. The parameters
B, m 2

H1
, and m 2

H2
break global SUSY. In Eqn (50), DV

represents the contribution of loop corrections to the Higgs
effective potential. At the physical minimum of the scalar

potential (50), the Higgs fields develop VEVs

hH1i � 1���
2
p v1

0

� �
; hH2i � 1���

2
p 0

v2

� �
; �51�

breaking the SU�2�W �U�1�Y gauge symmetry to U�1�em
associated with electromagnetism. It is convenient to intro-
duce v � �v 2

1 � v 2
2 �1=2 ' 246 GeV and tan b � v2=v1, which

remains arbitrary.
At tree-level �DV � 0�, the Higgs potential is described by

the sum of the first five terms in Eqn (50). It contains only
three independent parameters: m 2

1 ,m
2
2 , andm

2
3 . The stable

vacuum of the scalar potential (50) exists only if

m 2
1 �m 2

2 > 2jm3j2 : �52�

Otherwise, the physical vacuum becomes unstable, i.e.,
jv1j � jv2j ! 1. On the other hand, Higgs doublets acquire
nonzero VEVs only when

m 2
1m

2
2 < jm3j4 : �53�

Indeed, if m 2
1m

2
2 > jm3j4, then the scalar potential (50) is

positive definite and its minimum corresponds to
jv1j � jv2j � 0, i.e., the breakdown of EW symmetry does
not take place. Using two equations for the extrema of the
Higgs boson potential (50), i.e., qV=qv1 � 0 and qV=qv2 � 0,
one finds

sin �2b� � 2m 2
3

m 2
1 �m 2

2

; �54�

�g 2

4
v 2 � 2�m 2

1 ÿm 2
2 tan

2 b�
tan2 bÿ 1

; �55�

where �g � �g 2
2 � g 0 2�1=2. Requiring that v 2 > 0 and

j sin �2b�j < 1, we can reproduce conditions (52) and (53).
The breakdown of the SU�2�W �U�1�Y symmetry induces
the masses of the W� and Z bosons

MW � g2
2
v ; MZ � �g

2
v : �56�

The inclusion of loop effects, which play an important role
in the simplest SUSY extensions of the SM, makes the
analysis of EW symmetry breaking much more complicated.
In these models, the dominant contribution to DV comes
from the loops involving the top-quark and its superpartners.
Due to the EW symmetry breaking, two scalar superpartners
(~tL and ~tR) of the left-handed and right-handed top quark
states get mixed, resulting in the formation of two charged
scalar fields with masses

m~t1; 2 �
1

2

�
m 2

Q �m 2
U � 2m 2

t �
����������������������������������������������
�m 2

Q ÿm 2
U�2 � 4m 2

t X
2
t

q �
;

�57�

where Xt � At ÿ m=tan b is a stop mixing parameter, At is a
trilinear scalar coupling associated with the top quark
Yukawa coupling, and mt is the running top quark mass
which is defined as

mt�Mt� � ht�Mt����
2
p v sin b ;

�58�

mt�Mt� �Mt

�
1ÿ 1:333

a3�Mt�
p
ÿ 9:125

�
as�Mt�

p

�2�
:
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In the one-loop approximation, the contribution of the top-
quark and its superpartners toDV is determined by themasses
of the corresponding bosonic and fermionic states, i.e.,

DV � 3

32p2

�
m 4

~t1

�
ln

m 2
~t1

q 2
ÿ 3

2

�
�m 4

~t2

�
ln

m 2
~t2

q 2
ÿ 3

2

�
ÿ 2m 4

t

�
ln

m 2
t

q 2
ÿ 3

2

��
: �59�

The inclusion of loop corrections modifies the equations
for the extrema of the Higgs potential (54), (55). In particular,
Eqn (55) can be written as

M 2
Z

2
� m 2

H1
� S d

d ÿ �m 2
H2
� S u

u � tan2 b
tan2 bÿ 1

ÿ m2 ; �60�

where

S d
d �

1

v1

qDV
qv1

; S u
u �

1

v2

qDV
qv2

:

As was pointed out in Section 2, some degree of
cancellation between the SUSY parameters appearing on
the right-hand side of Eqn (60) is required to obtain the
observed value of the Z boson mass MZ ' 91:2 GeV. If the
needed cancellation is large, then small changes in the SUSY
parameters should result in a widely different value ofMZ, so
that the considered spectrum is fine-tuned. The fine-tuning
measures are used to quantify the sensitivity of MZ to the
SUSY parameters. In the literature, one can find two main
SUSY fine-tuningmeasures. In this context, it is worth noting
that the low energy values of m, m 2

H1
, m 2

H2
, S d

d , and S u
u on the

right-hand side of Eqn (60) depend on the set of fundamental
parameters pi of some high-scale theory. Therefore, the
traditional measure, which was proposed in Refs [243, 244],
does take underlying model assumptions into account. It is
defined as

DBG � max
i
fcig ; ci �

���� q lnM 2
Z

q ln pi

���� � ���� pi

M 2
Z

qM 2
Z

qpi

���� : �61�
On the other hand, Eqn (60) can be presented as a sum,

M 2
Z

2
�
X
i

Ci �
X
k

~Ck ; �62�

where

CmH1
� m 2

H1

tan2 bÿ 1
; CmH2

� ÿm 2
H2

tan2 b

tan2 bÿ 1
; Cm � ÿm2 ;

~CS d
d
� S d

d

tan2 bÿ 1
; ~CS u

u
� ÿ S u

u tan
2 b

tan2 bÿ 1
:

The EW SUSY fine-tuning measure parameterizes how
sensitive MZ is to variations in each of the terms in Eqn (62).
The coefficients ~Ck are proportional to S d

d and S u
u that

contain the sum of different contributions. The maximum of
these contributions is used to compute CS d

d
and CS u

u
, i.e.,

CS d
d
� max � ~CS d

d
� ; CS u

u
� max � ~CS u

u
� :

The EW SUSY fine-tuning measure is defined as [245]

DEW � max
i

����� Ci

M 2
Z=2

����� : �63�

When CP is conserved, the MSSM Higgs sector involves
two charged, oneCP-odd, and twoCP-evenHiggs states. The
masses of the charged and CP-odd Higgs bosons are

m 2
A � m 2

1 �m 2
2 � DA ; M 2

H� � m 2
A �M 2

W � D� ; �64�

where D� and DA are the loop corrections. In the leading
approximation, the analytic expressions for the masses of the
CP-odd and chargedHiggs states were obtained in Refs [246±
259] and [251±262], respectively.

The CP-even states are mixed and form a 2� 2 mass
matrix. It is convenient to introduce a new field space basis
�H; h� rotated by the angle b with respect to the initial one:

ReH 0
1 �

h cos bÿH sin b� v1���
2
p ;

�65�
ReH 0

2 �
h sin b�H cos b� v2���

2
p :

In this new basis, only one diagonal entryM 2
11 depends onm

2
1 ,

m 2
2 , and m 2

3 [263]:

M 2 � M 2
11 M 2

12

M 2
21 M 2

22

� �
�

1

v 2
q2V

qb 2

1

v

q2V
qv qb

1

v

q2V
qv qb

q2V
qv 2

0BBB@
1CCCA ; �66�

M 2
11 � m 2

A �M 2
Z sin

2 �2b� � D11 ;

M 2
22 �M 2

Z cos
2 �2b� � D22 ; �67�

M 2
12 �M 2

21 � ÿ
1

2
M 2

Z sin �4b� � D12 ;

where

D22 � 4v 2
q2DV

q�v 2�2 ; D12 � 2

�
q2DV

qb q�v 2� ÿ
1

v 2
qDV
qb

�
;

D11 � 4
qDV
q�v 2� �

1

v 2

q2DV

qb 2
ÿ DA :

�68�

In the leading approximation, the contributions from loop
corrections Di j were analyzed in Refs [246±259, 264±282]. In
Eqns (67), (68), the equations for the extrema of the Higgs
boson effective potential are used to eliminate m 2

1 , m
2
2 , and

m 2
3 .
From Eqns (64) and (67), it can be seen that at tree-level

the masses of the Higgs bosons in the MSSM can be
parameterized in the terms mA and tanb only. The masses of
the two CP-even eigenstates obtained by diagonalizing the
matrix (66)±(68) are given by

m 2
h1 ;h2

� 1

2

�
M 2

11 �M 2
22 �

���������������������������������������������
�M 2

22 ÿM 2
11�2 � 4M 4

12

q �
: �69�

With increasing mA, which should be identified with the
sparticle mass scale, the masses of all Higgs particles grow.
At very large values ofmA �m 2

A 4M 2
Z), themasses of charged,

CP-odd, and the heaviest CP-even states are almost degen-
erate, i.e., MH� ' mh2 ' mA, whereas the lightest Higgs
boson mass approaches its theoretical upper limit �M 2

22�1=2.
At tree-level, the lightest Higgs boson mass in the MSSM

is always less than MZj cos �2b�j. This theoretical upper
bound was derived in Refs [283±285]. Although the inclusion
of loop corrections does not change the qualitative pattern of
the Higgs spectrum, the upper bound on the lightest Higgs
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mass in the MSSM increases:

mh1 4
���������������������������������������
M 2

Z cos
2 �2b� � D22

q
: �70�

In Ref. [248], an approximate analytic expression for the sum
of one-loop and two-loop corrections associated with D22 was
obtained in the leading approximation (see also [286]):

D22 � 3

2p2
m 4

t

v 2

�
1

2
Ut � L� 1

16p2

�
3
m 2

t

v 2
ÿ 32pa3

�
� �UtL� L2�

�
ÿ 3

4p2
m 2

t

v 2

�
MZ cos �2b�

�2
L ; �71�

where

L � ln
M 2

S

m 2
t

; Ut � 2X 2
t

M 2
S

�
1ÿ X 2

t

12M 2
S

�
;

andMS � ��������������
m~t1

m~t2

p
. As follows from Eqns (71), the contribu-

tion of loop corrections D22 is proportional tom 4
t , wheremt is

the running top quark mass, and depends rather weakly on
MS. The lightest Higgs boson mass reaches its maximal value
for tan b4 1 and Xt � �

���
6
p

MS (Ut � 6).
For fixed values of tan b,MS, and Xt, the accuracy of the

theoretical predictions for the lightest Higgs boson mass in
the MSSM has improved very significantly over the last 10±
15 years (for a recent review, see [287]). The inclusion of loop
corrections allows reproducing the observed value of the
Higgs mass. However, even for m 2

A 4M 2
Z and tan b4 1, a

large loop contribution of D22 � �85 GeV�2, which is nearly
as large as M 2

Z, is required to raise the lightest Higgs boson
mass to 125 GeV. The values of D22 'M 2

Z can be obtained
only if MS 0 1 TeV [287]. Using Eqns (61) and (63), one can
estimate that fine-tuning of the order of 10ÿ3ÿ10ÿ2 is needed
to stabilize the EW scale within the MSSM in this case [44,
45].

5.2 Spectrum of Higgs bosons in NMSSM
The fine-tuning of the MSSM can be partially ameliorated in
the scale invariant NMSSM. Ignoring all possible Z3

symmetry violating operators in the superpotential, the
potential energy of the Higgs field interaction in this model
can be presented as a sum:

V � VF � VD � Vsoft � DV ; �72�
VF � l2jSj2ÿjH1j2 � jH2j2

�� l2
���H1H2�

��2
� lk

�
S � 2�H1H2� � h:c:

�� k 2jSj4 ; �73�
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X3
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g 2
2

8
�H�1 saH1 �H�2 saH2�2 � g 0 2

8

ÿjH1j2 ÿ jH2j2
�2
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�74�
Vsoft � m 2

1 jH1j2 �m 2
2 jH2j2 �m 2

S jSj2

�
�
lAlS�H1H2� � k

3
AkS

3 � h:c:

�
: �75�

At tree-level, the Higgs potential is described by the sum of
the first three terms in Eqn (72). VF and VD are the F and D
terms. Their structure is fixed by the superpotential (16) and
the EWgauge interactions. The soft SUSYbreaking terms are
collected in Vsoft. The set of the soft SUSY breaking
parameters involves soft scalar masses m 2

1 , m
2
2 , m

2
S , as well

as trilinear scalar couplings Ak and Al. The last term in
Eqn (72), DV, corresponds to the contribution of loop
corrections. In the leading one-loop approximation, DV in

theNMSSM is given byEqn (59) in which m has to be replaced
by lS. Further, it is assumed that l, k, and all soft SUSY
breaking parameters are real so that CP is conserved.

In a physical vacuum, the SU�2�W doublets of the Higgs
bosons develop VEVs (51). Singlet field S also acquires
nonzero VEV hSi � s=

���
2
p

. The equations for the extrema of
the full Higgs boson effective potential are given by

qV
qs
�
�
m 2

S �
l2

2
�v 21 � v 22 � ÿ lkv1v2

�
sÿ lAl���

2
p v1v2

� kAk���
2
p s 2 � k 2s 3 � qDV

qs
� 0 ; �76�
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qv1
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l2

2
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8
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�
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2

s 2 � lAl���
2
p s

�
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qv1
� 0 ; �77�

qV
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�
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2
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8
�v 2

2 ÿ v 2
1 �
�
v2

ÿ
�
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2

s 2 � lAl���
2
p s

�
v1 � qDV

qv2
� 0 : �78�

As in the MSSM, upon breakdown of the EW symmetry in
theNMSSM, three goldstonemodes (G� andG 0) emerge and
are absorbed by theW� and Z bosons. In the field space basis
rotated by an angle b with respect to the initial direction, i.e.,

ImH 0
1 �

P sin b� G 0 cos b���
2
p ; H�2 � H� cos bÿ G� sin b ;

ImH 0
2 �

P cos bÿ G 0 sin b���
2
p ; Hÿ1 � Gÿ cos b�Hÿ sin b ;

ReH 0
1 �

h cos bÿH sin b� v1���
2
p ; ImS � PS���

2
p ;

�79�

ReH 0
2 �

h sin b�H cos b� v2���
2
p ; ReS � s�N���

2
p ;

these unphysical degrees of freedom decouple, and the mass
terms associated with physical states can be written as
follows:

Vmass �M 2
H�H

�Hÿ � 1

2
�P PS� ~M 2 P

PS

� �
� 1

2
�H h N�M 2

H
h
N

 !
: �80�

Using the conditions for the extrema (76)±(78), one can
express m 2

S , m
2
1 , m

2
2 via other fundamental parameters, tan b

and s. Substituting the obtained relations for the soft masses
into the 2� 2 CP-odd mass matrix ~M 2

i j, one finds:

~M 2
11 � m 2

A �
4m2

sin2 �2b�

�
xÿ k

2l
sin �2b�

�
� ~D11 ; �81�

~M 2
22 �

l2v 2

2
x� lk

2
v 2 sin �2b� ÿ 3

k
l
Akm� ~D22 ; �82�

~M 2
12 � ~M 2

21 �
���
2
p

lvm
�

x

sin �2b� ÿ 2
k
l

�
� ~D12 ; �83�

where x � �1=2m��Al � 2�k=l�m� sin �2b�, and m � ls=
���
2
p

and ~Di j are contributions of the loop corrections to the mass
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matrix elements. The CP-odd Higgs sector and the corre-
sponding loop corrections were examined in Refs [288±293].
In the leading one-loop approximation, one finds

~D22 � v sin �2b�
2s

~D12 �
�
v sin �2b�

2s

�2
~D11 : �84�

The mass matrix (81)±(83) can be easily diagonalized. Its
eigenvalues are given by

m 2
A2;A1

� 1

2

�
~M 2
11 � ~M 2

22 �
���������������������������������������������
� ~M 2

11 ÿ ~M 2
22�2 � 4 ~M 4

12

q �
: �85�

Since the charged components of the Higgs doublets are
not mixed with the neutral Higgs states, the charged Higgs
fieldsH� are already physical mass eigenstates with

M 2
H� � m 2

A ÿ
l2v 2

2
�M 2

W � D� : �86�

Here,D� includes loop corrections to the chargedHiggsmass,
which are basically the same as in the MSSM (accurate up to
the substitution m! ls=

���
2
p

).
In the rotated basis �H; h; N�, the mass matrix of the

NMSSM CP-even Higgs sector takes the form [128, 263]

M 2 �
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where D11, D22, and D12 are given by Eqns (68), in which DA

and m should be replaced by ~D11 and ls=
���
2
p

, respectively,
while

D13 � 1

v

qDV
qb qs

; D23 � 2v
q2DV
q�v 2�qs ; �94�

D33 � q2DV
qs 2

ÿ 1

s

qDV
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:

The CP-even Higgs sector and the corresponding loop
corrections were explored in Refs [288±297]. As follows

from Eqns (81)±(93) at tree-level, the spectrum of the Higgs
bosons and their couplings depend on six parameters: l, k,
m � ls=

���
2
p

, tanb, Ak, and mA (or x).
Since the minimal eigenvalue of a Hermitian matrix

does not exceed its smallest diagonal element, one Higgs
scalar is always light. Its mass mh1 remains smaller than
�M 2

22�1=2 �MZ evenwhen the sparticle mass scaleMS is much
larger than the EW scale, i.e.,

m 2
h1
9

q2V�v 2�
qv 2

� 4v 2 q2V�v 2�
q�v 2�2 �M 2

Z cos
2 �2b�

� l2v 2

2
sin2 �2b� � D22 : �95�

At tree-level, the upper bound on the mass of the lightest
Higgs scalar in the NMSSM was found in Refs [298, 299]. If
l0 0:6, the theoretical bound (95) attains its maximal value
for tanb � 1. Taking l � 0:6 and tan b � 2, the tree-level
contributions tomh1 can reach 100GeV, andD22 is required to
be about �75 GeV�2. As a consequence, MS is allowed to be
lower so that the NMSSM requires less fine-tuning than the
MSSM [300, 301].

First, let us consider the MSSM limit of the NMSSM
when the Yukawa couplings l and k are tiny. In this case, all
terms which are proportional to lvi and kvi in the minimiza-
tion conditions (76)±(78) can be ignored. On the other hand,
Eqns (77), (78) imply that s should grow with decreasing l to
ensure the correct breakdown of EW symmetry. In the limit
under consideration, Eqns (77), (78) reproduce two equations
for the extrema of theMSSMHiggs potential with m � ls=

���
2
p

and m 2
3 � ÿ�lk=2�s 2 ÿ �l=

���
2
p �Als, while Eqn (76) takes the

form

s

�
m 2

S �
kAk���

2
p s� k 2s 2

�
' 0 : �96�

Equation (96) always has at least one solution s0 � 0. In
addition, two nontrivial roots arise if A2

k > 8m 2
S . They are

given by

s1; 2 '
ÿAk �

��������������������
A2

k ÿ 8m 2
S

q
2
���
2
p

k
: �97�

When m2
S > 0, the root s0 � 0 corresponds to the local

minimum of the Higgs potential (72)±(75), which does not
lead to an acceptable solution to the m problem. The second
nontrivial vacuum, which appears if A2

k > 8m 2
S , remains

unstable for A2
k < 9m 2

S . Larger absolute values of Ak

�A2
k > 9m 2

S� stabilize the second minimum, which is attained
at s � s1�s2� for negative (positive) Ak. From Eqn (97), it
becomes clear that increasing s can be achieved either by
decreasing k or by raisingm 2

S andAk. Since there is no natural
reasonwhym 2

S andAk should be very large while all other soft
SUSY breaking terms are left in the TeV range, the values of l
and k must go to zero simultaneously in the MSSM limit of
the NMSSM.

Since in the MSSM limit of the NMSSM mixing between
singlet states and neutral components of the Higgs doublets is
small, the mass matrices (81)±(83) and (87)±(93) can be
diagonalized using the perturbation theory [128]. In this
case, the masses of the charged and one CP-odd Higgs states
are determined by Eqns (64) and the masses of two CP-even
Higgs bosons are the same as in the MSSM as well (see
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Eqn (69)). The masses of the extra CP-even �Hs� and CP-odd
�As�Higgs states, which are predominantly SM singlet fields,
can be estimated as

m 2
As
' ÿ3 k

l
Akm ; �98�

m 2
Hs
' 4

k 2

l2
m2 � k

l
Akm� l2v 2

2
x sin2 �2b�

ÿ 2l2v 2m2

M 2
Z cos

2 �2b� �1ÿ x�2 : �99�

When k � l, the last two terms in Eqn (99) can be
disregarded. The parameter Ak occurs in the masses of extra
scalarmHs

and pseudoscalarm 2
As

with the opposite sign and is
therefore responsible for their splitting. To ensure that the
physical vacuum is a global minimum of the Higgs potential
and the masses squared of all Higgs states are positive in this
vacuum, the parameter Ak must satisfy the following
constraints:

ÿ3
�
k
l
m
�2

9Ak

�
k
l
m
�
9 0 : �100�

From Eqns (98)±(100), it follows that the masses of the SM
singlet scalar and pseudoscalar are set by �k=l�m.

Decreasing k reduces the masses of extra scalar and
pseudoscalar states so that for k5 l they can be the lightest
particles in the Higgs boson spectrum. For small but nonzero
values of k 2 5 l2 5 0:01, the first and second terms can be
comparable to the last ones in Eqn (99). Moreover, for large
absolute values of jmj0MZ and tan b4 1, which are needed
to get the SM-like Higgs boson with a mass of around
125 GeV in this case, m 2

Hs
tends to be negative if the auxiliary

variable x differs too much from unity. As evident from
Eqn (99), the positivity of m 2

Hs
implies that x has to be

localized near unity, i.e.,

1ÿ
���� ���

2
p

kMZ

l2v

���� < x < 1�
���� ���

2
p

kMZ

l2v

���� : �101�

On the other hand, at tree-level for the parameter m 2
A, one

finds

m 2
A ' �m tan b�2 x : �102�

The restrictions (101) lead to the hierarchical structure of the
Higgs spectrum [302±305]. Indeed, the charged, heaviest CP-
odd and heaviestCP-evenHiggs states are almost degenerate,
with masses aroundmA. All other Higgs bosons are consider-
ably lighter. In particular, the masses of extra scalar and
pseudoscalar states are set by �2k=l�m5mA.

In the part of the NMSSM parameter space associated
with k 2 5 l2, the main features of the NMSSM Higgs
spectrum discussed above are retained, even when l and k
are larger than 0:1. When l�MX� � k�MX�0 1, the small
ratio k=l at low energies can be due to the RG flow of these
couplings from the GUT scale MX to Mt. In the infrared
region, the solutions of the NMSSM RG equations are
focused near the intersection of the Hill-type effective surface
and invariant line [129, 306±308]. As a result, at low energies,
the ratio k=l tends to be less than unity even when
k�MX� > l�MX� initially. In Fig. 3, the dependence of the
masses of the NMSSMHiggs bosons onmA is explored. As a
representative example, the Yukawa couplings are chosen so

that l�MX� � k�MX� � 2ht�MX� � 1:6, which corresponds
to tan b � 3, l�Mt� � 0:6 and k�Mt� � 0:36. In order to
obtain a realistic spectrum, the leading one-loop corrections
from the top and stop loops are taken into account. From
Fig. 3, it can be seen that the requirement of stability of the
physical vacuum limits the range of variations of mA from
below and above,maintaining themass hierarchy in theHiggs
spectrum. Relying on this mass hierarchy, the approximate
solutions for the Higgs masses and couplings can be obtained
[302, 303]. The numerical results presented in Fig. 3 reveal
that the masses of the heaviest CP-even, heaviest CP-odd,
and chargedHiggs states are approximately degenerate, while
the other three neutral states are considerably lighter. This
hierarchical structure of the Higgs spectrum ensures that the
heaviest CP-even and CP-odd Higgs bosons are mainly
composed of the components of the Higgs basis H and P,
respectively. When the mass of the second lightest Higgs
scalar is close to its minimal value in Fig. 3, this state
manifests itself in interactions with other SM bosons and
fermions as an SM-like Higgs boson. In this case, the lightest
Higgs scalar and pseudoscalar are singlet dominated. These
states have reduced couplings to SM bosons and fermions
that could have allowed them to escape detection in earlier
collider experiments at the LHC.

5.3 Upper bound on the mass of the lightest Higgs boson
in the E6SSM
As was mentioned in Section 3, the sector responsible for
breaking the gauge symmetry in the E6SSM includes two
Higgs doublets,Hu andHd, as well as the SM singlet fields S,
S, and f. The resulting Higgs effective potential can be
presented as four sums:

V � VF � VD � Vsoft � DV ; �103�
VF � l2jSj2ÿjHdj2 � jHuj2

�� ��l�HdHu� ÿ sfS
��2

� s 2jfj2jSj2 � ��ÿs�SS� � kf2 � mff� LF

��2 ; �104�

VD �
X3
a�1

g 2
2

8
�H ydsaHd �H yusaHu�2 � g 02

8

ÿjHdj2ÿ jHuj2
�2

� g 0 21
2

ÿ
~QHd
jHdj2 � ~QHu

jHuj2 � ~QSjSj2 ÿ ~QSjSj2
�2
; �105�

600

m
h
i;
A

a
;H
�

500

400

300

200

100

200 300 400 500 600 700
mA, GeV

Figure 3. One-loop masses of NMSSM Higgs bosons versus mA for

l � 0:6, k � 0:36, m � 150 GeV, tan b � 3, Ak � 135 GeV, m 2
Q �

m 2
U �M 2

S , Xt �
���
6
p

MS, and MS � 1:5 TeV. Solid, dashed, and dashed±

dotted lines correspond to the masses of CP-even, CP-odd, and charged

Higgs bosons, respectively.
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Vsoft � m 2
S jSj2 �m 2

S
jSj2 �m 2

Hd
jHdj2 �m 2

Hu
jHuj2 �m 2

fjfj2

�
�
lAlS�HuHd� ÿ sAsf�SS� � k

3
Akf

3 � B
mf
2

f2

� xLFf� h:c:

�
; �106�

where g 01 is the U�1�N gauge coupling, and ~QHd
, ~QHu

, and ~QS

are the effective U�1�N charges ofHd,Hu, and S, respectively.
As in theMSSM andNMSSM, the dominant contribution to
DV, which comes from the loops containing the top-quark
and its superpartners, is given by Eqn (59), in which m has to
be replaced by lS. At the same time, VD contains new terms
which are proportional to g 01

2. These terms are not present in
theMSSMorNMSSM. They representD-term contributions
due to the additional U�1�N factor. At the physical minimum,
Hu andHd acquire VEVs (51), whereas

hSi � s1���
2
p ; hSi � s2���

2
p ; hfi � j���

2
p : �107�

In the limit when s! 0, the U�1�N D-term contribution to
the scalar potential may force the minimum of this potential
to be along the D-flat direction [309] so that s1 ' s2 �
j �MS=s, whereMS is the sparticle mass scale.

The masses of the vector bosons are induced via the
interaction of the gauge fields with Hu, Hd, S, and S . This
results in MW � �g2=2�v. Meanwhile, the mechanism of the
neutral gauge boson mass generation differs substantially.
The ZÿZ0 mass squared matrix is given by

M 2
ZZ 0 �

�g 2

4
v 2 D2

D2 g 0 21 v
2
ÿ

~Q 2
Hd

cos2 b� ~Q 2
Hu

sin2 b
�� g 0 21 ~Q 2

Ss
2

0@ 1A;
�108�

where s �
���������������
s 21 � s 22

q
and

D2 � �gg 01
2
v 2
ÿ

~QHd
cos2 bÿ ~QHu

sin2 b
�
: �109�

LHC constraints typically require the extra U�1�N vector
boson to be heavier than 4.5 TeV [310, 311]. To ensure that
the Z0 boson is sufficiently heavy, the SM singlet fields Smust
acquire large VEV, s5 12 TeV. In this case, the mass of the
lightest neutral vector boson is very close to MZ � �gv=2, the
Z0 mass is set by s, i.e., MZ 0 � g 01 ~QS s, while the mixing
between Z and Z0 is very suppressed, i.e., the mixing angle
aZZ 0 9 10ÿ3ÿ10ÿ4.

The spontaneous breakdown of the gauge symmetry
within the E6SSM gives rise to four massless Goldstone
modes which are swallowed by the W�, Z, and Z0 vector
bosons. As a consequence, the Higgs spectrum involves two
charged, three CP-odd, and five CP-even states. As in other
SUSY models, one can compute the upper bound on the
lightest Higgs scalar within the E6SSM:

m2
h1
9 4v 2

q2V�v 2�
q�v 2�2 �

l2

2
v 2 sin2 �2b� � �g 2

4
v2 cos2 �2b�

� g 0 21 v
2� ~QHd

cos2 b� ~QHu
sin2 b�2 � D22 : �110�

The growth of the Yukawa couplings l�Mt� and ht�Mt� in
the E6SSMandNMSSM leads to the appearance of a Landau
pole in the evolution of these Yukawa couplings. For each
fixed value of tanb, one can compute the maximal allowed
value of l�Mt� � lmax. The appearance of the Landau pole in

the evolution of theYukawa couplings for any q9MX can be
avoided if l�Mt�9lmax. In the E6SSM, the restrictions on the
low energy values of l�Mt� are weaker than in the NMSSM
(Fig. 4a). The presence of exotic matter changes the evolution
of the SM gauge couplings. Indeed, at the intermediate scales
q4MS, the values of these couplings are bigger in the E6SSM
than in the NMSSM. The growth of the SM gauge couplings
and the extra U�1�N gauge coupling reduce the values of the
Yukawa couplings at intermediate scales, preventing the
appearance of the Landau pole in the RG flow of these
couplings. Therefore, within the E6SSM, the values of lmax

are larger than in the NMSSM. The upper bound on l�Mt�
grows with increasing tan b, since ht�Mt� decreases. At large
tan b, this bound approaches the saturation limit. In the
NMSSM and E6SSM, the maximal possible values of l�Mt�
are 0.71 and 0.84, respectively (Fig. 4a).

In Fig. 4b the tree-level upper bound on the mass of the
lightest Higgs scalar in the E6SSM is compared to the
corresponding bounds in the MSSM and NMSSM. At
moderate values of tan b, the theoretical restriction on the
lightest Higgs boson mass in the E6SSM and NMSSM
exceeds the corresponding bound in the MSSM. Since in the
E6SSM l is allowed to be larger than in theNMSSM, the tree-
level theoretical restriction onmh1 in the E6SSM is also larger
at moderate values of tan b than the one in the NMSSM. For
tan b � 1:2ÿ3:4, the tree-level upper bound on the mass of
the lightest Higgs boson in the E6SSM is larger than 115 GeV
[176]. Therefore, in this model, the contribution of loop
corrections to m 2

h1
is not needed to be as big as in the MSSM
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Figure 4. (a) Upper limit on l�Mt� in the NMSSM (lower dotted line) and

E6SSM (upper dotted line) versus tan b. (b) Tree-level upper bound on the

mass of the lightest Higgs scalar as a function of tan b in the MSSM (solid

line), NMSSM (lower dotted line), and E6SSM (upper dotted line).
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and NMSSM in order to get the SM-like Higgs boson with a
mass of around 125 GeV. In the corresponding part of the
parameter space, the coupling l varies from 0:65 to 0:8.
Assuming that s1 ' s2 5 8:5 TeV and using Eqn (63), one
can estimate the value of DEW, i.e.,

DEW � l2s 21
M 2

Z

� 104 ;

that characterizes the fine tuning which is needed to stabilize
the EW scale in this case.

The upper bounds on mh1 in the NMSSM and E6SSM
diminish when tanb rises, and at large tan b4 3, the
theoretical restriction on the mass of the lightest Higgs
boson in the NMSSM approaches the corresponding limit in
the MSSM. Nevertheless, even at very large values of
tan b � 10, the tree-level upper limit on mh1 in the E6SSM is
still 6±7 GeV larger than the ones in theMSSM and NMSSM
because of the extra U�1�N D-term contribution to the Higgs
potential (103)±(106) [176 ± 180].

6. Limits on the superparticle spectrum
in the simplest scenarios

Let us now consider the restrictions on the sparticle spectrum
in theMSSM and E6SSM caused by direct detection searches
for dark matter and the Higgs mass measurement. Here, we
explore scenarios in which the lightest neutralino w 0

1 accounts
for all or some of the observed cold dark matter relic density.
Within the MSSM, the desired thermal dark matter density
can be obtained in a few distinct regions of the parameter
space (for a recent review, see [312]):

(i) if the mass of the lightest neutralino mw0
1
is nearly the

same as that of some sfermion (co-annihilation) [313 ± 315];
(ii) when 2mw0

1
is close to the masses of the Z-boson [316],

the SM-like Higgs boson [317], or one of the heavy Higgs
states [318];

(iii) if w 0
1 has a large higgsino or wino component [319±

321].
In order to reduce the number of free parameters, we

restrict our consideration in this section to the constrained
SUSY models which impose extra unification constraints on
the soft SUSY breaking parameters [322]. In particular, all
soft scalarmasses are set to be equal tom2

0 at the scaleMX, i.e.,
m 2

i �MX� � m 2
0 . Gaugino masses Mi�MX� are equal to an

overall gaugino massM1=2 at the GUT scale, and all trilinear
and bilinear scalar couplings coincide at this scale as well, i.e.,
Mi�MX� �M1=2, Ai�MX� � A0, and Bi�MX� � B0.

Within the constrained MSSM, the lightest neutralino
may have a mass which is close to either the lightest stau mass
m~t1 or the lightest stop mass m~t1

. Most scenarios with
mw0

1
� m~t1 are characterized by m0 < 2 TeV and M1=2 <

1:5 TeV [323 ± 325]. Therefore, they are strongly constrained
by LHC searches for squarks and gluinos. Moreover, the
stringent limit on M1=2 implies that in most cases
m~t1 ÿmw0

1
9 5 GeV [326]. This means that the realization of

such scenarios requires an additional tuning of fundamental
parameters. Moreover, in these scenarios, the mass of the
lightest Higgs boson tends to be somewhat lower than
125 GeV. As a result, it is rather problematic to find
phenomenologically acceptable solutions with mw 0

1
� m~t1 .

In case (ii), mw0
1
' 40ÿ70 GeV or mw0

1
' mA=2. When

mw0
1
' 40ÿ65 GeV, the lightest neutralino is predominantly

bino and M1 ' mw0
1
. Since in the constrained SUSY models

M2 ' 2M1 andM3 ' 6:5M1 at low energies, themasses of the
lightest chargino w�1 and next-to-lightest neutralino w02 states
have to be relatively close to 100 GeV, whereas the gluino is
lighter than 500 GeV in this case. Because of this, the
scenarios with mw0

1
' 40ÿ70 GeV are basically ruled out in

these models.
Thus, in the constrained MSSM, cases (i) and (ii)

mentioned above are reduced to the scenarios with
mw0

1
' m~t1

and mw0
1
' mA=2, which are associated with

tan b ' 5ÿ12 and tan b ' 40ÿ50, respectively [325, 327].
They can only be achieved in narrow slices of the parameter
space and require some extra tuning of the initial parameters
to engineer the desired coincidence of masses. Therefore,
here, we restrict our consideration to case (iii), which can be
realized without any additional tuning. The low-energy
relation M2 ' 2M1 implies that, in the constrained SUSY
models, the lightest neutralino is predominantly the super-
position of the bino and higgsino.

To calculate the particle spectrum within the MSSM and
E6SSM, FlexibleSUSY [328], SARAH [329±333], and SOFT-
SUSY [334, 335] were used. For the computation of the mass
of the lightest Higgs boson, SUSYHD [336] was used. The
values of the soft scalar masses m 2

i �MS� and trilinear scalar
couplingsAi�MS� at the sparticle mass scaleMS are related to
m 2

0 , A0, andM1=2 by

m 2
i �MS� � ai�MS�m 2

0 � bi�MS�M 2
1=2

� ci�MS�M1=2A0 � di�MS�A2
0 ; �111�

Ai�MS� � ei�MS�M1=2 � fi�MS�A0 ;

whereMS is set to be equal to
��������������
m~t1m~t2

p
. The values ofMi�MS�

are determined byM1=2. In the MSSM,

M1�MS� � 0:4M1=2 ; M2�MS� � 0:8M1=2 ; �112�
M3�MS� � 2:7M1=2 ;

whereas, in the framework of the E6SSM,

M1�MS� �M 0
1�MS� � 0:2M1=2 ; �113�

M2�MS� � 0:3M1=2 ; M3�MS� � 0:7M1=2 :

Here, we shall assume that in the E6SSM ~fia � fia 9 10ÿ7. In
this case, the lightest exotic states are basically fermion
components of the superfields Si with masses which are
much smaller than 10ÿ3 eV. These states form hot dark
matter but make only a very minor contribution to the dark
matter density. As in the MSSM, in this part of the E6SSM
parameter space, the lightest ordinary neutralino may
account for all or some of the observed cold dark matter
density sinceR-parity is conserved. From Eqns (112), (113), it
follows that the mass of the lightest neutralino tends to be
considerably lower thanMS.

To simplify the analysis, some E6SSM parameters were
fixed, i.e.,

lab � l0dab ; mf�MX� � 0 ; mL�MX� � 10 TeV ; �114�
ki j � k0di j ; s�MX� � 2� 10ÿ2 ; k�MX� � 10ÿ2 ;

and the Z0 boson mass was chosen to be very large, MZ 0 �
240 TeV4MS, which corresponds to s � �s 21 � s 22 �1=2 '
650 TeV. Such large VEVs of S and S can be obtained for
LF 4M 2

S . In this limit, s1 � s2, i.e., tan y � s2=s1 is close to
unity. The phenomenologically acceptable dark matter
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density is then achieved for very small jlj5 s. Moreover, it is
assumed that the couplings ~s, gD

i j , and h
E
ia are negligibly small,

while l0 5 s and k0 5 s.
The structure of the neutralino spectrum in the E6SSM

is simplified when MZ0 4MS. The neutralino sector is
formed by the superpartners of neutral gauge bosons ( ~W3,
~B, and ~B 0) associated with the SU�2�W, U�1�Y, and U�1�N
interactions as well as by the fermion components of the
superfields H 0

d , H
0
u , S, S, and f, i.e., ~H 0

d ,
~H 0
u ,

~S, ~S, and ~f.
After the breakdown of gauge symmetry, all these fermion
states mix. In the basis

~c 0
j � � ~H 0

d ;
~H 0
u ;

~W3; ~B; ~B 0; ~S cos yÿ ~S sin y; ~S sin y� ~S cos y; ~f�;
�115�

the neutralino mass matrix can be written as

M~w 0 � A C T

C B

� �
; �116�

where

A �

0 ÿmeff
g2v

2
cos b ÿ g 0v

2
cos b

ÿmeff 0 ÿ g2v

2
sin b

g 0v
2

sin b

g2v

2
cos b ÿ g2v

2
sin b M2 0

ÿ g 0v
2

cos b
g 0v
2

sin b 0 M1

0BBBBBBBBBB@

1CCCCCCCCCCA
;

�117�

B �

M 0
1 g 01 ~QSs 0 0

g 01 ~QSs
sj���
2
p sin �2y� ÿ sj���

2
p cos �2y� 0

0 ÿ sj���
2
p cos �2y� ÿ sj���

2
p sin �2y� ÿ ss���

2
p

0 0 ÿ ss���
2
p ���

2
p

kj� mf

0BBBBBBBBB@

1CCCCCCCCCA
;

�118�

C �

~QHd
g 01v cos b ~QHu

g 01v sin b 0 0

ÿ lv���
2
p sin b cos y ÿ lv���

2
p cos b cos y 0 0

ÿ lv���
2
p sin b sin y ÿ lv���

2
p cos b sin y 0 0

0 0 0 0

0BBBBBBB@

1CCCCCCCA : �119�

In Eqns (117), (118), meff � ls cos y=
���
2
p

, whereasM1,M2, and
M 0

1 are gaugino masses for ~B, ~W3, and ~B 0, respectively. In
matrix (119), the Abelian gaugino mass mixing M11 between
~B and ~B 0 is ignored. The submatrix A contains the neutralino
mass matrix of the MSSM, where the parameter m is replaced
by meff.

The submatrix B represents the mixing of extra neutralino
states in the E6SSM. IfMZ 0 4MS, an inspection of Eqn (118)
shows that two such neutralinos, those that are a mixture of
~B 0 and ~S cos yÿ ~S sin y, have their masses set by the large
value of MZ 0 . In this limit, two such neutralinos are the
heaviest states in the neutralino spectrum. The remaining
extra neutralino states are mixture of ~S sin y� ~S cos y and ~f.
Their masses are expected to be of the order of MS because
they are defined by either sj=

���
2
p

or ss=
���
2
p

. Since jlj5 s and

M1;M2 5MS, all extra neutralino states in the E6SSM are
considerably heavier than the ones which are linear super-
positions of ~H 0

d ,
~H 0
u ,

~W3, and ~B.
Due to the lack of significant mixing between the heaviest

states in the neutralino spectrum and the four lightest ones
within the E6SSM, the heaviest neutralinos can be ignored in
the first approximation as far as determining the dark matter
density goes. Thus, as in theMSSM, the masses of the lightest
neutralino states in the E6SSM are set by M1, M2, and meff.
Equations (112), (113) indicate that the lightest state in the
neutralino spectrum is predominantly a mixture of the
higgsino and gaugino associated with the U�1�Y interaction.
Because its mass and couplings are defined byM1=2 and m, in
our numerical analysis, it is worth fixing the value of m�MS� in
the MSSM and E6SSM. Then, using the minimization
conditions, which determine the physical minimum of the
Higgs effective potential in the MSSM and E6SSM, one can
computem 2

0 and other parameters of thesemodels for each set
ofM1=2, A0, and tanb.

The relic density was calculated numerically with
micrOMEGAS [337±340]. In the SUSY models under
consideration, the values of jm�MS�j4 1 TeV usually result
in an unacceptably large darkmatter density. Therefore, here,
only scenarios with jm�MS�j4 1 TeV are explored. In the case
of the E6SSMwith s ' 650 TeV and tan y ' 1, this leads to an
upper bound jl�MX�j9 2:4� 10ÿ3. The results presented
in Figs 5, 6 and Figs 7, 8 were obtained for m�MS� �
meff�MS� � 417 GeV, l0�MX�� k0�MX�� 10ÿ3 and m�MS��
meff�MS�� 1046GeV, l0�MX� � k0�MX� � 3� 10ÿ3, respec-
tively. Only scenarios with the dark matter density
OCDMh 2 4 0:120 are considered.

In order to get the lightest Higgs boson with mass
mh1 ' 125 GeV, we restrict our consideration to tan b4 1.
Here, we set tan b ' 10. The parameters M1=2 and A0 are
varied from 0 to 20 TeV and from ÿ20 TeV to 20 TeV,
respectively. For each set of parameters M1=2, A0, and tan b,
the lightest Higgs mass can be computed. Here, all scenarios
with mh1 5 122 GeV and mh1 4 128 GeV are considered. In
all scenarios, soft scalar masses are required to satisfy
constraints m 2

i �MS� > 0. Negative values of m 2
i �MS� are

allowed only for fields which acquire VEVs.
For m�MS� � meff�MS� � 417 GeV, the allowed parts of

the parameter space in the �M1=2;m0� plane, in which all
the constraints mentioned above are fulfilled, are shown
in Figs 5, 6. The lightest Higgs state with mass, which is close
to 125 GeV, can be obtained in this case only when
ln �M 2

S=m
2
t � is sufficiently large. If m 2

0 4M 2
1=2, this corre-

sponds to the lower bound m0 0 5ÿ6 TeV. Another lower
bound onm0 arises whenm0 �M1=2. For fixed values of tan b
and m�MS� � meff�MS�,

m 2
0 � x1M

2
1=2 � x2M1=2A0 � x3A

2
0 � x0 ; �120�

where x0, x1, x2, and x3 are some numbers and x1; x3 > 0. The
right-hand side of Eqn (120) attains its minimal value for
A0 � ÿ�x2=2x3�M1=2, so that

m 2
0 5x4M

2
1=2 � x0 ; x4 � x1 ÿ

x 2
2

4x3
;

where x4 > 0. When M1=2 4 m�MS� � meff�MS�, the value of
m0 must be larger than

�����
x4
p

M1=2 (see Figs 5±8).
As follows from Figs 5±8, in the E6SSM, there is also an

upper bound on m0. For fixed M1=2, the value of m0 grows
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with increasing jA0j. However, large values of jA0j give rise to
large mixing in the CP-even and CP-odd Higgs sectors of the
E6SSM. As a consequence, at some value of A0, either the
mass squared of the lightest Higgs pseudoscalar m 2

A1
or the

mass squared of the lightest Higgs scalar m 2
h1

becomes
negative. Because of this, it is rather problematic to find any
phenomenologically acceptable scenario within the E6SSM
for relatively large values of jA0j and m0.

The results presented in Figs 5, 6 indicate that, for fixed
m�MS� �or meff�MS��, a lower bound on M1=2 exists that
corresponds to M1�MS� ' m�MS� (or M1�MS� ' meff�MS�).
Indeed, the lightest neutralino gives rise to an unacceptably
large dark matter density when M1�MS�9m�MS� �or
M1�MS�9meff�MS��. If M1�MS�0m�MS� �or M1�MS�0
meff�MS��, then the lightest neutralino w01 is predominantly a
higgsino in the SUSY models under consideration. As a
consequence, the annihilation cross section for w01w

0
1 !

SM particles increases substantially, so that w 0
1 can account

for all or some fraction of the measured darkmatter density if
m�MS�; meff�MS�9 1 TeV. Figure 5 demonstrates that for
m�MS�; meff�MS�5 1 TeV the measured value of the dark
matter density can be obtained only in a narrow region of
the parameter space near M1�MS� ' m�MS� (or M1�MS� '

meff�MS�). For m�MS� � meff�MS� � 417 GeV, the lower
bound on M1=2 implies that M1=2 0 0:85 TeV in the MSSM
and M1=2 0 2:1ÿ2:2 TeV in the E6SSM. Although the lower
bounds onM1=2 in theMSSMandE6SSMdiffer significantly,
they correspond to approximately the same lower bound on
the gluinomassM~g 0 2:1ÿ2:2 TeV.With increasingM1=2 �or
M1�MS��, the dark matter density decreases. For m�MS� �
meff�MS� � 417 GeV and M1�MS�4 417 GeV, the dark
matter density induced by w 0

1 constitutes only 15% of its
observed value.

The values ofM1=2 are even more strongly constrained by
null results from direct detection experiments that set limits
on the dark matter±nucleus scattering cross section. The
lightest neutralino±nucleon scattering cross section involves
two parts. The first spin-independent (SI) part of w 0

1 -nucleon
cross section sSI makes a contribution to the dark matter±
nucleus scattering cross section, which is proportional to A2,
where A is a number of nucleons in nucleus. The second spin-
dependent (SD) part sSD does not lead to such an enhanced
contribution to the corresponding cross section. We further
focus on sSI. The first spin-independent part is dominated by
t-channel exchange of the lightestCP-evenHiggs boson h1. In
the leading approximation, the SI part of the w01-nucleon cross
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the lightest neutralino is predominantly the higgsino, dark matter density

is about 15% of its observed value (see also [347]).
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section takes the form

sSI ' 4m 2
r m

2
N

pv 2m 4
h1

jgh1w1w1F Nj2 ; mr �
mw0

1
mN

mw0
1
�mN

;
�121�

F N �
X

q�u; d; s
f N
Tq �

2

27

X
Q�c;b; t

f N
TQ ;

where mN and mw0
1
are the masses of the nucleon and lightest

neutralino,

mN f N
Tq � hNjmq�qqjNi ; f N

TQ � 1ÿ
X

q�u; d; s
f N
Tq ;

while f N
Tu ' 0:0153, f N

Td ' 0:0191, and f NTs ' 0:0447 [341]. In
the MSSM and E6SSM, mw0

1
4mN and mr � mN. The size of

the cross section (121) is set by the coupling gh1w1w1 that
determines the strength of the interaction of the lightest
neutralino with the lightest Higgs boson. When MS 4MZ,
this coupling is given by

gh1w1w1 �
1

2

ÿ
g 0R14 ÿ g2R13

��
R11�V�11 ÿ R12�V�12

�
; �122�

where the matrices V and R are defined as

w0i � Ri j
~cj ; hi � Vi jS

0
j : �123�

In Eqn (123), w 0
i are neutralino eigenstates, hi are CP-even

Higgs eigenstates, ~cj are components of the basis in the
neutralino sector, and S 0j are components of the basis in the
CP-even Higgs sector. In the case of the MSSM,
~cj � � ~H 0

d ;
~H 0
u ;

~W3; ~B� and S 0j � �
���
2
p

ReH 0
d ;

���
2
p

ReH 0
u �. In

the E6SSM, the basis in the neutralino sector is given by
Eqn (115), whereas

S 0j �
� ���

2
p

ReH 0
d ;

���
2
p

ReH 0
u ;

���
2
p

ReS;
���
2
p

ReS;
���
2
p

Ref
�
:

The cross section (121) attains its maximal value of
� 10ÿ45ÿ10ÿ44 cm2 for jM1�MS�j' jm�MS�j (or jM1�MS�j'
jmeff�MS�j), when jR11R14j � jR12R14j � 1. The 90% exclu-
sion limits set by the experiments LUX (Large Underground
Xenon experiment) [342], XENON1T [343], PandaX-4T
[344], and LUX±ZEPLIN (LZ) [345] rule out such large
cross sections sSI. For Oh 2 � 0:118ÿ0:119 and the lightest
neutralino masses, which vary from 200 GeV to 1000 GeV,
the experimental limits on sSI, which are set by LZ, are of the
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order of 0:5� 10ÿ46ÿ3� 10ÿ46 cm2 [345]. With increasing
M1�MS� and M1=2, the cross section sSI diminishes because
jR14j decreases (see Fig. 6). Additionally, the reduction inOh 2

for larger values of M1=2 implies a reduction in the local
number density of WIMPs and thereby weakens the limits
from direct detection, i.e.,

sSI <
0:119

�Oh 2�th
s exp
SI �m~w0

1
� ; �124�

where sSI and �Oh 2�th are computed values of these quantities
for each set of the parameters of either MSSM or E6SSM,
while s exp

SI �m~w0
1
� is the experimental limit on the cross section

sSI at the given mass m~w0
1
. Any set of parameters of either

MSSM or E6SSM that does not satisfy condition (124) is
basically ruled out [346, 347]. Simple estimates show that the
lower bound on M1=2 computed using condition (124)
increases from 0.85 TeV to 2 TeV in the MSSM and from
2.1 TeV to 5 TeV in the E6SSM. This corresponds to the lower
bound on gluino mass M~g 0 5:2 TeV in the MSSM and
E6SSM.

The results of the numerical analysis presented in Figs 5a
and 6a indicate that there is a small part of the E6SSM
parameter space in which a reasonable value of the dark
matter density can be obtained even if M1�MS�5 meff�MS�
[347]. In this part of the parameter space, the mass of the
lightest CP-odd Higgs boson mA1

� 2mw0
1
, which leads to the

enhancement of the annihilation cross section for w01w
0
1 !

SM particles, reducing OCDMh 2. The cross section sSI is
relatively small in this region of the parameter space, and
condition (124) is satisfied. The lightest CP-odd Higgs state
with mass mA1

� 2mw0
1
appears only for certain values of A0.

Unfortunately, for meff�MS� � 417 GeV, almost all such
scenarios with M1=2 9 2 TeV have already been ruled out by
the LHC experiments. In the framework of the MSSM, the
corresponding scenarios with tanb0 50 were considered in
Ref. [348].

For m�MS� � meff�MS� � 1046 GeV, the allowed parts of
the parameter space in the �M1=2;m0� plane are shown in
Figs 7 and 8. They correspond to the substantially heavier
spectrum of sparticles and the larger mass of the lightest
Higgs boson as compared with the scenarios with m�MS� �
meff�MS� � 417 GeV. As discussed earlier, the scenarios with
sufficiently smallM1=2 associated withM1�MS�9m�MS� �or
M1�MS�9meff�MS�� give rise to unacceptably large dark
matter density, so they are ruled out. In almost all scenarios
from the allowed parts of the parameter space, which are
presented in Fig. 7, the darkmatter density is about 90%of its
observed value. The lightest neutralino is predominantly the
higgsino in all these cases. The absolute values of the matrix
elements R14 and R13 are rather small, so the cross section sSI
is smaller than the one associated with the scenarios with
m�MS� � meff�MS� � 417 GeV. The results of the numerical
analysis presented in Fig. 8 indicate that the cross section sSI
diminishes when M1=2 rises. The experimental upper limit on
sSI weakens upon increasing the lightest neutralino massmw0

1
.

Nevertheless, it still allows us to get the stringent lower bound
onM1=2. For m�MS� � meff�MS� � 1046 GeV, the experimen-
tal limit on sSI implies thatM1=2 0 3:9 TeV in theMSSM and
M1=2 0 9:5 TeV in the E6SSM. This corresponds to M~g 0
10 TeV in the MSSM and E6SSM.

As before in the E6SSM with meff�MS� � 1046 GeV, one
can find scenarios with mA1

� 2mw0
1

which lead to the
phenomenologically acceptable dark matter density and

relatively small cross section sSI, even when M1�MS�9
meff�MS� (see Figs 7a and 8a). However, all of them require a
substantial degree of tuning and in all such scenarios the
values ofm0 andM1=2 are too large, so the observation of any
sparticle at the LHC seems to be rather problematic. Exotic
states are also too heavy in this case because k0�MX� �
l0�MX� � 3� 10ÿ3. This choice of l0�MX� and k0�MX�
corresponds to the masses of exotic quarks mDi

� 3:2 TeV
and the masses of the inert higgsino m ~H�a

� 1:7 TeV. At
the same time, it is worth noting that in the limit
l0�MX�; k0�MX�5 s�MX� the allowed region of the E6SSM
parameter space does not change much when l0�MX� and
k0�MX� vary.

In the simplest scenarios under consideration, the annihi-
lation cross section for w01w

0
1 ! SM particles becomes too

small, and the dark matter density is unacceptably large when
m�MS�4 1 TeV or meff�MS�4 1 TeV.Within the constrained
MSSM, the allowed range of m�MS� enlarges in the limit when
mw0

1
� mA=2. In this case, the mass of the lightest neutralino

and m�MS� may be considerably larger than 2 TeV, because
the annihilation cross section of w01w

0
1 increases [327]. The

sparticle spectrum becomes heavier as well. A relatively light
sparticle spectrum arises in the constrained MSSM if
mw0

1
' m~t1 . The corresponding solutions imply that m0 varies

from 2 TeV to 4.5 TeV. As a consequence, the masses of
almost all scalars are larger than 2±3 TeV. The lightest
neutralino is predominantly bino in this case. The dark
matter density that it forms tends to be significantly smaller
than its observed value, while sSI may be much lower than the
corresponding experimental limits [325, 327].

In the near future, the experiments XENONnT [349],
LUX±ZEPLIN (LZ) [350], DarkSide-20k [351], and DAR-
WIN [352] may set even more stringent constraints on the
cross section sSI. Furthermore, since neutralinos can annihi-
late, their annihilation products, which include neutrinos,
gamma rays, positrons, and antiprotons, can be detected. In
the context of annihilation of neutralinos with TeV scale
masses, the detection of signals associated with very high
energy gamma rays (E0 100 GeV) plays a major role. The
Cherenkov Telescope Array (CTA) [353] is going to be
sensitive to such signals. It is expected that this experiment
will be able to detect gamma rays which originate from the
annihilation of neutralinos with masses mw0

1
0 1 TeV in the

region around the Galactic center [353±355].

7. Searching for supersymmetric signals
at the Large Hadron Collider

Searches for possible manifestations of SUSYmodels remain
one of the main goals of the LHC experiments (see reviews
[356±358]). Since in collider experiments the superpartners of
SM particles can only be created in pairs and each of them
decays into a final state, which involves at least one LSP, the
typical SUSY search signature contains leptons and/or jets
with high-pT, which are produced in the decay chains of heavy
sparticles, and significant missing momentum originating
from the two LSPs produced at the end of the decay chain,
which escape experimental detection. The absence of any
observation of such phenomena at the LHC place stringent
bounds on the parameters of SUSY models.

ATLAS (A Toroidal Large Hadron Collider (LHC)
ApparatuS) and CMS (Compact Muon Solenoid) have
adopted simplified models as the primary framework to
provide interpretations of their searches. In these models,
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the production of a limited set of SUSY particles as well as
their decay modes are examined. These models leave open the
possibility of varying masses and other parameters freely.
Since none of the searches performed so far have shown
significant excess above the SM background prediction, the
interpretation of the LHC results are exclusion limits on the
SUSY parameter space. In practice, simplified model limits
are often used as an approximation of the constraints that can
be placed on sparticle masses for more complex SUSY
spectra. Although simplified models are very convenient for
the interpretation of individual SUSY production and decay
topologies, care must be taken when applying the obtained
limits to more complex SUSY scenarios.

When gluinos are lighter than squarks �M~g 9m~q�, they
decay through ~g! q~q � ! q�q� ~w01. Therefore, gluino pair
production should result in an appreciable enhancement of
the cross section for pp! q�qq�q� Emiss

T � X, where X refers,
hereafter, to any number of light quark/gluon jets. Experi-
mental limits on the gluino mass are strongly affected by the
assumption of the lightest neutralino mass m~w0

1
. For massless

neutralino ~w01, the LHC experiments excluded gluino masses
below 2.2±2.3 TeV [359±362]. Form~w0

1
0 1:2 TeV, no limit on

M~g can be placed. If m~w0
1
9 1 TeV and M~g ' m~q, the mass

exclusion is about 3 TeV [362]. The LHC experiments also
search for the production of third generation squarks.
Assuming that the bottom squark decays predominantly
into b~w01 while the top squark decays either via ~t! t~w01 or
via ~t! b~w�1 , ~w�1 !W�~w01, ATLAS and CMS set lower
mass limits of 1200±1300 GeV for massless neutralinos
~w01 [359, 361, 363 ± 365]. However, no limit can be placed
for m~w0

1
5 800 GeV.

LEP (Large Electron±Positron collider) experiments set
lower limits on the lightest chargino massm~w�

1
. Depending on

themass of the lightest neutralino and other parameters, these
limits vary from 92 to 103 GeV. At the LHC, charginos have
been searched for via production of ~w�1 ~w02 and w�1 w

�
1 in which

the masses of w�1 and ~w02 �m~w0
2
� are somewhat larger than m~w0

1
.

The results of the search for ~w�1 ~w02 production is normally
presented for m~w�

1
� m~w0

2
. The decay modes of ~w�1 and ~w02

involving multilepton final states provide the best discrimina-
tion against the large multijet background. If the decays of ~w�1
and ~w02 are predominantly mediated by light sleptons (~e and
~m), then ATLAS and CMS ruled out m~w�

1
� m~w0

2
, which are

below 1100±1400 GeV for massless LSPs [366 ± 368], but no
limits can be set form~w0

1
5 1 TeV. When the decays of ~w�1 and

~w02 lead to tau leptons in the final state, the bound on
m~w�

1
� m~w0

2
reduces to 760±1000 GeV for m~w0

1
4 400 GeV

[366, 369]. If all sparticles and additional Higgs bosons are
heavy, it is assumed that ~w�1 !W�~w01, whereas ~w02 decays
either via ~w02 ! Z~w01 or via ~w02 ! h1~w01. In this case, ATLAS
and CMS limits on the lightest chargino mass reach 900±
1060 GeV for massless LSPs [366 ± 368, 370 ± 373]. These
limits vanish for LSP masses above 400 GeV.

Multilepton analyses have also been used to set bounds
on the ~w02~w03 production for m~w0

2
� m~w0

3
5m~w0

1
. In the limit

when the neutralino ~w02 and ~w03 decay through light sleptons,
ATLAS sets a lower limit on the masses of these neutralino
states, which is about 680 GeV for m~w0

1
4 400 GeV [374].

When the mass splitting between ~w�1 and ~w01 is small, the
chargino decay products are very soft and may escape
detection. Therefore, the results of the search for charginos
and neutralinos in such a compressed mass spectrum depend
on Dm � m~w�

1
ÿm~w0

1
. ATLAS excluded chargino states with

masses below 190±240 GeV for Dm � 10 GeV [375], while

CMS ruled out charginos with masses below 112 GeV for
Dm � 1 GeV [376]. In scenarios with compressed mass
spectra, charginos may be long-lived. If their lifetime is
longer than the time needed to pass through the detector,
these states appear as charged stable massive particles. LHC
experiments exclude such charginos with masses below
1090 GeV [377].

If the squark masses are much higher then the TeV scale,
gluinos may hadronize to long-lived strongly interacting
particles known as R-hadrons. ATLAS and CMS exclude
such semi-stable gluinos with masses below 2 TeV [377, 378].
Top squarks can also be long-lived and hadronize to
R-hadrons. This happens, for example, in the scenario where
the lightest top squark is the next-to-lightest SUSY particle
(NLSP) and has a mass which is very close to the mass of the
LSP. ATLAS sets a lower limit of 1340 GeV on such top
squarks [377].

Pair production of sleptons at the LHC is not only
strongly suppressed with respect to pair production of
squarks, but the corresponding cross section is also two
orders of magnitude smaller then the one of pair production
of charginos and neutralinos. LHC experiments searched for
pair production of selectrons and smuons, assuming that each
slepton decays into a lepton and the lightest neutralino ~w01.
ATLAS and CMS exclude such sleptons with masses below
700 GeV for m~w0

1
4 400 GeV [367, 379]. ATLAS and CMS

also set a somewhat weaker lower limit on the mass of the
superpartner of t-lepton, which is around 390 GeV for the
massless LSP, but no limit can be set for m~w0

1
5 150 GeV

[380, 381]. When the masses of selectrons and smuons are
just 5±10 GeV larger than m~w0

1
, ATLAS rules out such

sleptons if their masses are lower than 230±250 GeV [375].
Sleptons may also appear to be stable charged massive
particles if they have masses which are very close to that of
the LSP. LHC experiments exclude such stable super-
partners of the t-lepton with masses below 430 GeV [377].

The LHC experiments have also searched for additional
Higgs bosons predicted by SUSYmodels. Within theMSSM,
the SM-likeHiggs particle with amass of around 125GeV can
be obtained only when tan b4 1. In this case, the most
stringent lower bound on the masses of additional Higgs
states comes from searches for heavy neutral Higgs bosons
decaying into t�tÿ [382]. The corresponding experimental
limit grows rapidly with increasing tan b. For tan b ' 8,
ATLAS rules out mA ' mh2 'MH� 9 1 TeV, whereas, for
tan b ' 21, ATLAS excludes additional heavy Higgs states
with masses mA ' mh2 'MH� below 1.5 TeV [382]. The
lower experimental bound on the masses of extra Higgs
particles mentioned here becomes substantially weaker when
tan b9 6. Nevertheless, it is quite difficult to find scenarios
with a 125-GeV Higgs scalar for such values of tanb in the
MSSM.

In the NMSSM, scenarios with an SM-like Higgs boson
mass near 125 GeV can be found even for moderate values of
tan b, i.e., 24 tan b4 6, if jlj is bigger than 0.55±0.6 at low
energies. When jlj0 0:6, the validity of perturbation theory
up to the scaleMX requires the low energy values of jkj to be
relatively small, so that jkj2 5 jlj2. As discussed in
Section 5.2, in this part of the NMSSM parameter space,
the heaviest CP-odd, heaviest CP-even, and charged Higgs
states (A2, h3, and H�) are mostly formed by the components
of the Higgs doublets. They are almost degenerate, i.e.,
mA2
' mh3 ' MH� ' mA. Two other Higgs scalars and one

pseudoscalar tend to be substantially lighter. One of these
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Higgs scalars has to be a 125-GeV SM-like Higgs boson h.
Another CP-even and the lightest CP-odd Higgs states (HS

and AS) are singlet dominated. This structure of the NMSSM
Higgs spectrum leads to a rich phenomenology associated
with the decays of the heaviest CP-even and CP-odd Higgs
bosons (see for example [383]) such as

h3 ! hh ; h3 ! hHS ; h3 ! HSHS ; A2 ! ASh ;

A2 ! ASHS ; h3 ! ASZ ; A2 ! Zh ; A2 ! ZHS :

LHC searches for heavy resonances decaying into Zh [384],
ZZ [385], and hh [386] constrain the NMSSM parameter
space if 24 tan b4 4. For tanb5 4, the most stringent
experimental limit on mA is again due to searches for heavy
neutral Higgs states decaying into t�tÿ [382]. All these
constraints indicate that it is rather problematic to find
phenomenologically viable scenarios with mA 9 400 GeV
and moderate values of tan b �24 tan b4 6�. Moreover,
from the search for the heavy Higgs boson h3 decaying into
hHS in the t�tb�b final state, it follows that a considerable part
of the NMSSM parameter space is ruled out if mA changes
within the interval from 400 to 600 GeV [387].

In the case of the E6SSM, one can obtain the 125-GeV
Higgs boson for tan b0 1:15. When tanb varies from 1.15 to
1.8, the most stringent experimental limit on the masses of
extra heavy Higgs states, which are composed of the
components of Higgs doublets, comes from the search for
the charged Higgs bosons decaying into a top quark and a
bottom quark [388]. For such low values of tan b, ATLAS
excludes MH� below 600±750 GeV [388]. On the other hand,
because in this part of the E6SSM parameter space jlj has to
be larger than g 01 at low energies, all Higgs particles except the
lightest Higgs boson lie beyond the multi-TeV range and
therefore cannot be detected in the LHC experiments [198].

The search for decays of Z0 bosons, which are associated
with the linear superposition ofU�1�w andU�1�c (3) into e�eÿ
and m�mÿ by the LHC experiments, sets lower limits on the
masses of such states. Depending on yE6

these bounds vary
from 4.5 TeV to 4.8 TeV [310, 311]. The LHC experiments
have also been searching for pair production of scalar
leptoquarks, which arise within E6 inspired U�1� extensions
of the MSSM. Scalar leptoquarks that couple to the first
(second, third) generation of SM fermions are referred as
first- (second-, third-) generation leptoquarks. Since these
states belong to the color±triplet representation of SU�3�C,
their pair production cross section at the LHC can be
determined solely as a function of the mass of the scalar
leptoquark. Then, the results of the corresponding analysis
are determined by the branching fraction bLQ of leptoquark
decays into a final state that contains a charged lepton. When
bLQ changes from 0.5 to 1, the lower bound on the mass of the
first-generation (second-generation) leptoquark increases
from 1.4 TeV to 1.8 TeV (1.7 TeV) [389]. Experimental limits
on the mass of the third-generation leptoquark are somewhat
weaker. For bLQ � 0 and bLQ � 1, ATLAS andCMS rule out
such states with masses below 1.2 TeV and 1.43 TeV,
respectively [361, 390].

In the E6SSM, all exotic states except the three lightest
exotic fermions can be very heavy. Using the method
proposed in [391 ± 394], it was shown that the masses of
fermions, which are predominantly linear superpositions of
the fermion components of SM singlet superfields Si, do not
exceed 60±65 GeV [395 ± 398]. The simplest phenomenologi-
cally viable scenario implies that the two lightest exotic

fermions are substantially lighter than 1 eV. In this scenario,
these lightest exotic particles form hot dark matter in the
Universe butmake only a veryminor contribution to the dark
matter density. At the same time, one exotic fermion ~H0

2 can
have a mass of the order of a few GeV and gives rise to
nonstandard Higgs decays. In this case, the lightest ordinary
neutralino may account for all or some of the observed cold
dark matter density.

The LHC lower bounds on the masses of leptoquarks
mentioned above are not directly applicable in the case of the
E6SSM. Since ZE

2 symmetry is conserved, every interaction
vertex contains an even number of exotic states. As a
consequence, each exotic particle must eventually decay into
a final state that contains at least one lightest exotic fermion,
which results in themissing energy and transversemomentum
in the final state. The ZE

2 symmetry conservation also implies
that in collider experiments exotic particles can only be
created in pairs.

In this context, let us consider the production and
sequential decays of the lightest exotic quarks at the LHC
first. Because D andD states are odd under the ZE

2 symmetry,
they can only be pair produced via strong interactions. The
lifetime and decay modes of the lightest exotic quarks are
determined by the operators gD

i j �QiL4�Dj and hE
iae

c
i �H d

a L4� in
the E6SSM superpotential (27). These operators ensure that
the lightest exotic quarks D1 decay into

D1 ! ui�di� � `j�nj� � Emiss
T � X ;

where `j (nj) is a charged lepton (neutrino). Here, X may
contain extra charged leptons and/or jets that can originate
from the decays of intermediate states. Since the lightest
exotic quarks are pair produced, these states may lead to
some enhancement of the cross sections of pp! jj`�`ÿ�
Emiss
T � X and pp! jj� Emiss

T � X if they are relatively light.
In general, exotic squarks are expected to be substantially

heavier than exotic quarks, because their masses are deter-
mined by the soft SUSY breaking terms. Nevertheless, the
lightest scalar leptoquark associated with the heavy exotic
quark may be relatively light. Indeed, the large mass of the
heavy exotic quark gives rise to large mixing in the exotic
squark sector of the E6SSM that may result in large mass
splitting between the appropriate mass eigenstates. As a
consequence, the lightest exotic squark ~D1 can be even
lighter than the lightest exotic quark. If this is the case, then
the decays of the lightest scalar leptoquark are induced by the
same operators which give rise to decays of the lightest exotic
quarks in the limit when all exotic squarks are heavy.
Therefore, the decay patterns of the lightest exotic color
states are rather similar in both cases. Due to the ZE

2

symmetry conservation, Emiss
T should always contain a

contribution associated with the lightest exotic fermion.
However, since the lightest exotic squark is an R-parity even
state, whereas the lightest exotic state is an R-parity odd
particle, the final state in the decay of ~D1 should also involve
the lightest ordinary neutralino to ensure that R-parity is
conserved.

If all states which are odd under the ZE
2 symmetry couple

to the third generation fermions and sfermions mainly, then
the presence of the relatively light D1 or ~D1 should give rise to
an enhancement of the cross sections of pp! t�tt�tÿ�
Emiss
T � X and pp! b�b� Emiss

T � X. ATLAS and CMS
have not set any limits on the masses of such states. Never-
theless, the decays of the relatively light superpartner of the
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b-quark ~b1 would also lead to some enhancement of the cross
section of pp! b�b� Emiss

T � X. Therefore, one can expect
that the experimental bounds on the masses of ~D1 and ~b1
should be approximately the same if ~D1 decays predomi-
nantly into b� n� Emiss

T . In other words, ~D1 tends to be
heavier than 1.2±1.3 TeV.

Assuming that in the E6SSM ~f3a � f3a � 0, let us consider
the decays of the lightest Higgs boson h1 ! ~H0

2
~H0
2. In this

limit, the part of the Lagrangian that describes the interac-
tions of two lightest exotic fermions ( ~H0

1 and ~H0
2) with the

Z boson and the SM-like Higgs particle can be presented in
the following form:

LZh �
X
a; b

MZ

2v
Zm
ÿ

~H 0T
a gmg5 ~H 0

b

�
RZab

�
X
a; b

�ÿ1�ya�ybXh1
ab

ÿ
c0T
a �ÿig5�ya�ybc0

b

�
h1 ; �125�

where a; b � 1; 2. In Eqn (125), c0
a � �ÿig5�ya ~H 0

a is the set of
inert neutralino eigenstates with positive masses m ~H0

a
, while

ya � 0�1� if the eigenvalue of the mass matrix corresponding
to ~H0

a is positive (negative). Although ~H0
1 and ~H0

2 are
substantially lighter than 100 GeV, their couplings to the
Z boson and other SM particles are negligibly small [399].
Therefore, any possible signal which ~H0

1 and ~H0
2 could give

rise to in previous and present collider experiments would be
extremely suppressed, and such states could remain unde-
tected.

The couplings of the SM-likeHiggs boson h1 to ~H0
1 and

~H0
2

are determined by themasses of the lightest exotic states [395].
Since ~H0

1 is extremely light, it does not affect the Higgs
phenomenology. The absolute value of the coupling of h1 to
another lightest exotic fermion jXh

22j ' jm ~H0
2
j=v [395]. This

coupling gives rise to decays of h1 into ~H0
2 pairs with the

partial width given by

G�h1 ! ~H0
2
~H0
2� �

jXh
22j2mh1

4p

�
1ÿ 4

jm ~H0
2
j2

m 2
h1

�3=2

: �126�

The partial decay width (126) depends rather strongly on
jm ~H0

2
j. To avoid the suppression of the branching ratios for the

lightest Higgs decays into SM particles, we restrict our
consideration here to the GeV-scale masses of ~H0

2.
The results of the numerical analysis are presented in

Table 5. In order to get the lightest Higgs boson with mass
mh1 ' 125 GeV, the E6SSM parameters are chosen so
that mQ ' mU 'MS ' 4 TeV, Xt ' ÿ

���
6
p

MS, l�MS� ' 0:6,
tan b ' 1:5, and s ' 12 TeV (MZ 0 ' 4500 GeV). In all bench-
mark scenarios presented in Table 5, the structure of the
Higgs spectrum is very hierarchical, and the partial widths of
the decays of h1 into SM particles are basically the same as in
the SM, in which the Higgs boson with a mass of 125 GeV
decays predominantly into b�b. The corresponding branching
ratio is about 60%. The branching ratios associated with the
Higgs decays into gg, ZZ, and WW are about 0.2%, 2%, and
20%, respectively [300]. The total decay width of this Higgs
boson is about 4 MeV.

The benchmark scenarios A, B, C, and D presented in
Table 5 demonstrate that the branching ratio of the exotic
decays of h1 changes from 0.2% to 20%when m ~H0

2
varies from

0.3 GeV to 2.7 GeV [399±402]. For smaller (larger) values of
m ~H0

2
, the branching ratio of these decays is even smaller

(larger). On the other hand, the couplings of ~H0
1 and ~H0

2 to
the Z boson are so small that these exotic fermions could not

be observed before. In particular, their contribution to the
Z-boson width tend to be negligibly small. After being
produced, ~H0

2 sequentially decay into ~H0
1 and a fermion±

antifermion pair via virtual Z. Nevertheless, since jRZ12j is
quite small, in the scenarios A, C, and D, ~H0

2 tends to live
longer than 10ÿ8 s and typically decays outside the detectors.
As a consequence, in these cases, the decay channel
h1 ! ~H0

2
~H0
2 gives rise to an invisible branching ratio of the

SM-like Higgs boson [399]. In the case of benchmark scenario
B, jRZ12j is larger so that t ~H0

2
� 10ÿ11 s and some of the decay

products of ~H0
2 might be observed at the LHC.

Because RZ12 is relatively small, ~H0
2 may decay during or

after Big Bang Nucleosynthesis (BBN), destroying the
agreement between the predicted and observed light element
abundances. To preserve the success of the BBN, ~H0

2 should
decay before BBN, i.e., its lifetime t ~H0

2
should not be longer

than 1 s. This requirement constrains jRZ12j. Indeed, for
m ~H0

2
' 1 GeV, the absolute value of the coupling RZ12 has to

be larger than 1� 10ÿ6 [403]. The constraint on jRZ12j
becomes more stringent with decreasing m ~H0

2
because

t ~H0
2
� 1=�jRZ12j2m5~H0

2

�. The results of our analysis indicate
that it is somewhat problematic to ensure that t ~H0

2
9 1 s if

m ~H0
2
9 100 MeV [399, 402].
ATLAS and CMS set an upper limit on the branching

ratio of the invisible Higgs decay of about 10±20% [404]. It is
expected that High-Luminosity (HL) LHC as well as future
e�eÿ colliders (ILC, CLIC, etc.) will allow measuring the
Higgs mass and its branching ratios muchmore precisely. HL
LHC should also be beneficial in the search for the
production of the chargino, the neutralino, and long-lived
sparticles.

Table 5.Masses and couplings of the lightest exotic fermions ( ~H0
1 and

~H0
2)

as well as the branching ratios of the lightest Higgs boson h1 associated
with scenarios A, B, C, and D.

A B C D

l22 ÿ0:03 ÿ0:012 ÿ0:06 0

l21 0 0 0 0.02

l12 0 0 0 0.02

l11 0.03 0.012 0.06 0

f22 ÿ0:1 ÿ0:1 ÿ0:1 0.6

f21 ÿ0:1 ÿ0:1 ÿ0:1 0.00245

f12 0.00001 0.00001 0.00001 0.00245

f11 0.1 0.1 0.1 0.00001

~f22 0.1 0.1 0.1 0.6

~f21 0.1 0.1 0.1 0.002

~f12 0.000011 0.000011 0.000011 0.002

~f11 0.1 0.1 0.1 0.00001

jm ~H0
1
j, GeV 2:7� 10ÿ11 6:5� 10ÿ11 1:4� 10ÿ11 0:31� 10ÿ9

jm ~H0
2
j, GeV 1.09 2.67 0.55 0.319

jRZ11j 0.0036 0.0212 0.00090 1:5� 10ÿ7

jRZ12j 0.0046 0.0271 0.00116 1:7� 10ÿ4

jRZ22j 0.0018 0.0103 0.00045 0.106

Br�h1! ~H0
2

~H0
2� 4.7% 21.9% 1.23% 0.22%

Br�h1 ! b�b� 56.6% 46.4% 58.7% 59.3%
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8. Conclusions

Despite the fact that no sparticle has been discovered at the
LHC so far, active investigations of SUSY extensions of
the SM continue. The muon gÿ 2 from the Fermi National
Accelerator Laboratory (Fermilab) measurement [405]
combined with the Brookhaven National Laboratory
(BNL) result [406] has a value which is 4:2s above the SM
prediction [407]. Just during 2021, more than twenty
articles were released in which the corresponding devia-
tion was discussed in the context of the MSSM and its
extensions [408±430]. In 2022, there have been already
several studies on SUSY contributions to the W-boson
mass [431±436] inspired by the CDF II W-mass measure-
ment, which shows a 7s deviation from the SM prediction
[437]. Within the SUSY extensions of the SM, the
deviations mentioned above can be explained if some
sparticles have masses below 1 TeV. However, the muon
gÿ 2 and W-boson mass measurements may not be a real
hint of new physics. For instance, if the lattice simulation
result of the hadronic contribution to muon gÿ 2 is taken,
then the 4:2s deviation can be reduced to 1:5s [438].
Therefore, in this review paper, we focus on more reliable
measurements of the cold dark matter density and the SM-
like Higgs boson mass.

One of the main motivations to consider models with
softly broken SUSY is associated with the possible unifica-
tion of forces and incorporation of gravitational interactions
into this unification scheme. Indeed, supersymmetry is a
necessary ingredient in GUTs. The breakdown of E6 (or E8)
gauge symmetry at the GUT scale MX may lead to either the
MSSM/NMSSM or U�1�N extension of the MSSM (E6SSM)
at low energies. In the MSSM and NMSSM, an approximate
gauge coupling unification takes place around the scale
MX ' 2� 1016 GeV. Within the E6SSM, the exact unifica-
tion of the gauge couplings near MX ' 3� 1016 GeV can be
attained for any value of a3�MZ� which is in agreement with
current data.

InGUTs, an enormous fine tuning is generally required to
prevent the EW scale from becoming of the same order as
MX. This so-called hierarchy problem can be significantly
alleviated if the low-energy limit of such high scale theories is
described by extensions of the SM with softly broken SUSY.
However, since superpartners of the SMparticles have not yet
been observed, the sparticle mass scale lies well above the TeV
scale. As a consequence, a substantial tuning, � 10ÿ3ÿ10ÿ2,
is needed to stabilize the EW scale in this case. At the same
time, a much larger degree of tuning is required to keep the
total vacuum energy density around the observed value of the
cosmological constant. It is not clear if these two problems
can be considered separately. In string theory, there can be a
small subset of vacua in which the sparticle mass scale is
below 1 TeV. However, a much larger number of such vacua
is needed to ensure the existence of the vacuum with the
cosmological constant as small as observed. Nevertheless, the
total number of vacua in string theory is large enough to allow
for the ground state with the measured value of the
cosmological constant and the 125-GeV Higgs boson.
Although most sparticles tend to have masses beyond LHC
search limits in this case [62, 63], the soft SUSY breaking
parameters can still be consistent with generating the EW
scale. Thus, the solution to the problems mentioned above
may not involve natural cancellations but follow from the
anthropic principle [50].

At tree-level, the lightest Higgs boson mass mh1 in the
MSSM does not exceed the mass of the Z-boson MZ. The
inclusion of one-loop and two-loop corrections permits us to
increase the upper bound on mh1 to 130±135 GeV. The
theoretical restriction on mh1 is saturated when the sparticle
mass scaleMS is much bigger thanMZ and tan b4 1. In order
to reproduce the observed value of the SM-like Higgs mass in
theMSSM, the contribution of loop corrections tom2

h1
has to

be nearly as large as M 2
Z. Such a large loop contribution can

be obtained if MS is considerably larger than 1 TeV. As was
noted above, the emergence of such a mass gap between MS

and mh1 gives rise to fine-tuning which is of the order of
10ÿ3ÿ10ÿ2. The fine-tuning of the MSSM can be partially
ameliorated within theNMSSM inwhich the upper bound on
mh1 attains its maximal value for tan b � 1. The tree-level
theoretical restriction on the SM-like Higgs bosonmass in the
NMSSM can be 10GeV larger than in theMSSM. Therefore,
the mass gap between MS and mh1 in the NMSSM may be
somewhat smaller than the one in the MSSM. In the
NMSSM, one or two Higgs states can be lighter than the
SM-like Higgs boson, which may lead to some interesting
phenomenological implications.

Within the E6SSM, the tree-level mass of the lightest
Higgs scalar can be larger than 115 GeV if tanb ' 1:2ÿ3:4.
Because of this, one can obtain the SM-like Higgs state with a
mass of around 125 GeV even when the contribution of loop
corrections to m2

h1
is much smaller thanM 2

Z. However, in the
corresponding part of the E6SSM parameter space, the
stabilization of the EW scale requires a tuning at least of the
order of 10ÿ4, which is higher than in the MSSM and
NMSSM. The lightest exotic fermions may give rise to
nonstandard decays of the lightest Higgs boson in the
E6SSM. The branching ratio of such decays can be as large
as 10±20%.

The measurements of the SM-like Higgs boson mass and
the cold dark matter density set stringent limits on the
parameter space of the constrained SUSY models. In our
analysis, only scenarios with the relic dark matter density
OCDMh 2 4 0:120 were taken into consideration. The phe-
nomenologically acceptable density of dark matter can be
obtained in the MSSM if the mass of the lightest neutralino
mw0

1
is nearly the same as the mass of one of the sfermions or if

2mw0
1
is close to the mass of heavy Higgs bosons mA.

Nevertheless, such scenarios require some additional tuning
of the initial parameters to engineer the desired coincidence of
masses. Therefore, we restrict our consideration to the part of
the MSSM and E6SSM parameter space where the lightest
neutralino has a large higgsino component. In this case, the
appropriate dark matter density can be obtained if
mw0

1
9 1ÿ1:1 TeV. Such phenomenologically viable scenar-

ios with OCDMh 2 4 0:120 and mh1 ' 125 GeV imply that all
scalars are heavier than 5±6 TeV [327, 347]. The direct
detection experiments XENON1T [343], PandaX-4T [344],
and LZ [345] set lower limits on M1=2 in this case. As a
consequence, in the allowed part of the parameter space, the
lightest neutralino is basically a higgsino, whereas a gluino is
heavier than 5 TeV if mw0

1
0 400 GeV. The constraints

mentioned above are considerably more stringent than the
limits on the masses of sparticles set by the LHC experiments.

The relatively light sparticle spectrum in the constrained
MSSM can be obtained when mw0

1
is close to the mass of the

lightest stop. Sincem0 vary from 2 TeV to 4.5 TeV, almost all
scalars are heavier than 2±3 TeV in this case [327]. In the
corresponding part of the parameter space, the dark matter
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density formed by the lightest neutralino, which is predomi-
nantly a bino, tends to be lower than its observed value,
whereas the lightest neutralino±nucleon scattering cross
section may be extremely small. The sparticle spectrum in
such scenarios includes the lightest stop with a mass below
1 TeV that can be discovered at HL LHC in the near future,
whileHE±LHC [439] or FCC [440, 441]may open a new era in
elementary particle physics.
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