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Abstract. The breakdown of gauge symmetry within Grand
Unified Theories (GUTSs) 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
Standard Model, supersymmetry, dark matter, non-standard Higgs
bosons, supersymmetric partners of known particles, leptoquarks,
exotic particles

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 in Ref. [3]. The discovery of the Higgs
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
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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 Poincaré
group and SU(3). x SU(2),, x U(1), gauge symmetry
transformations. The Poincaré 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 Poincaré group and
an internal group. Thus, it is rather problematic to combine
the Poincaré 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:

[B,B] =B,

[B,F] =F,

{F,F} =B,

where B and F are bosonic and fermionic generators. Graded
Lie algebras that contain the Poincaré algebra are called
supersymmetries. The simplest N =1 supersymmetry
(SUSY) involves a single Weyl spinor operator Q, and its
complex conjugate Q) = Q. These operators change the spin
of the state, i.e.,

Q. |fermion) = |boson),  Q,|boson) = |fermion) .

The renormalization group (RG) flow of the SU(3).,
SU(2)y,, and U(1), gauge couplings in the framework of the
simplest SUSY extension of the SM — the minimal super-
symmetric Standard Model (MSSM) — indicates that at very
high energies E ~ Mx 2 10! GeV the SM can be embedded
into Grand Unified Theories (GUTs) [5] based on gauge


https://doi.org/10.3367/UFNe.2022.07.039223

544 R B Nevzorov

Physics— Uspekhi 66 (6)

groups such as SU(5), SO(10), or Eg. 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, which may
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 Eg gauge
group, the fundamental 27 representation of Eg4 can contain
one family of SM fermions, as well as the Higgs doublet.
The simplest representation of Eq decomposes under the
SO(10) x U(1),, subgroup as

27 — (16, \/%) @ <10, 7\/%) @ (1, \/%) Y

The first and second quantities in parentheses are the SO(10)
representation and extra U(1), charges, respectively. As
before, the supermultiplet (16, 1/4/24) can include one
family of quarks and leptons. The doublet of the Higgs
bosons may form components of the supermultiplet
(10, —2/+/24). The SM gauge bosons are assigned to the
adjoint representation of Eg, i.e., a 78-plet. In N =2 SUSY
GUTs with the Eg gauge symmetry, all SM bosons and SM
fermions may belong to a single 248 representation of Eg. This
representation decomposes under the E¢ subgroup of Eg as
follows:

248 — 78 3x27 B 3x2T @ 8x 1. ()

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 E¢ gauge group may be broken
down into its SU(3). x SU(2)y, x U(1)y x U(1), x U(1),
subgroup. For instance, E¢ can be broken into its maximal
subgroup SO(10) x U(1),, with a sequential breakdown of
SO(10) into SU(5) x U(1), and SU(5) into the SM gauge
group SU(3). x SU(2),, x U(1), (for reviews, see, for
example, Refs [8, 9]). If the U(1), x U(1), symmetry is
broken down into its discrete subgroup Py = (—1)*#~5),
where B and L are baryon and lepton numbers, then such a
breakdown of E¢ 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)" gauge
symmetry may arise when the rank-6 model with additional
U(1), x U(1),, symmetry is reduced further to an effective
rank-5 model with only one extra gauge symmetry U(1)’,
which is a linear superposition of U(1)  and U(1),:

U(1)' = U(1), cos O, + U(1), sin O, . (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 MSSM — the Next-to-minimal supersym-

metric Standard Model (NMSSM), and the U(1),, extension
of the MSSM (E¢SSM), which corresponds to the value of
0g, = arctan /15.

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 E¢SSM. In the framework of
these models, the renormalization group flow of the SM
gauge couplings and their unification at very high energies
E ~ Mx = 10'° 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 the MSSM, NMSSM,
and E¢SSM 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 SUSY models. In Section 6, the corresponding
restrictions are considered in the framework of the con-
strained MSSM and constrained E¢cSSM. 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) =mi H'H+ 2 (HH? + ... (4)

In order to ensure that the doublet of the Higgs fields H
acquires the vacuum expectation value (VEV) (H) =
v/v/2 =~ 174 GeV breaking the electroweak (EW) symmetry,
|m3 | is required to be of the order of (100 GeV)>. Although in
some GUTs the parameter m3 may vanish at the tree level
(see, for example, [15, 16]), most commonly |m}| tends to be
about M3Z. Moreover, even if m} is equal to zero there are

radiative corrections to the mass squared of the SU(2),,
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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 My, 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 |my| (or the EW scale) from becoming of the same
order as My, 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 scale A. Taking A
as high as the GUT scale Mx would require a tuning of mf; 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 Eg x E¢ gauge symmetry [27]. Compactification
of the extra dimensions in this theory gives rise to the
breakdown of Eg to Eg or its subgroups in the observable
sector [28]. The remaining E{ 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 1/2—the goldstino, which is
swallowed up by the superpartner of a graviton with spin
3/2 —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 SM bosons and fermions. Here,
we restrict our consideration to the simplest SUGRA models,
in which the soft SUSY breaking parameters and the sparticle
mass scale are determined by the gravitino mass (m3),).
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 mj3; < Mx. 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 A is replaced by the SUSY breaking scale, which
is of the order of the masses of sparticles, i.e., ~ mj3 /. 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 SUSY models. 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 1073—10-2 [44, 45]. The

generation of a large mass hierarchy between the GUT
scale Mx and mj;, 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, p, ~ 10753 M [14], where M7 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 ~ Adcp, ~ 10712M}. 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 p ,, 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
10°% 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
p4. 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 p,.
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 O, is more natural
than a value O, if more phenomenologically viable vacua lead
to O, than to O;. 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
my ~ 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 Lsysy is invariant under SUSY transformations,
whereas Lo includes a set of terms which break super-
symmetry. Lsysy is determined by a set of chiral (®;) and
vector (V,,,) superfields, as well as by a superpotential W(®;)
of the model under consideration. The chiral superfields can
be presented in the following form:

D;(x",0,0) = d;(v") + V200 (»*) + 0OF, ("), (6)

where y* =x* +i0g*0, o = (1,6%), ¢’ are 2 x 2 Pauli
matrices, 0, and 0 (o, & = 1, 2) are fermionic anticommut-
ing Grassmann coordinates. Here, ¢, is a complex scalar field,
F; is an auxiliary complex scalar field, and y; is a left-handed
Weyl spinor field. In Lagrangian (5), there are no kinetic
terms for the fields F;, so F; can be eliminated. The coefficients
in expansion (6), i.e., ¢;, Fi, and i, are called components of a
superfield @;. In the Wess—Zumino gauge [88], the vector
superfield takes the form

Vi = Vi, 0,00 = (007075, () + 100075 )

— 0004 (x") + = eeeeD,;;(x#))r (7)

where 7 are the generators of the non-Abelian group, V%, (x)
are the corresponding gauge fields, while the spinor fields
A (x) are associated with the superpartners of the gauge

fields, which are usually referred to as gauginos. D/ (x) are

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

The superpotential W(®;) is a holomorphic (analytic)
function of @, which may involve the products of chlral
superﬁelds only and must not contain any terms like &; <13 or
D;D; @k Moreover, W(®y) is required to be invariant under
the gauge group transformations. The function W(®;) has to
involve only up to the third power of the superfields @; to
obtain a renormalizable Lagrangian, i.e.,

é Vi PP Py . (8)
In Eqn (8) the sum over all possible combinations of chiral
superfields is understood while a;, Wijs and y;j 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], Lsf 1S given by

Lot = ( Z Mm)f”/bm +h.c. > + Vot »

a,m

Vo = Sl +Z( F——.

i,k

1
W(®r) = a;®; + =

3 Wi ®i®; +

©)

1
+ 5 Bijybiy + tiaid; + h'c') ’

where Z;, are gauginos of the gauge group associated with
index m. The terms in L5 clearly break SUSY, because they
involve only scalars and gauginos and not their respective
superpartners. A set of soft SUSY breaking pardmeters
includes gaugino masses M4, soft scalar masses 1> ;> tadpole
couplings #;, and trilinear and bilinear scalar couplings (4;x
and B;;). The soft terms in Lo are capable of giving masses 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
conjugated Higgs doublet ic, HT gives rise to the masses of up-
type quarks. In SUSY models, the Higgs-fermion Yukawa
interactions can originate from the superpotential W(®y)
only. Since W(®) is an analytic function of the chiral
superfields, it can not involve any conjugate superfield like
icoH'. Thus, we have no other choice than to introduce a
second Higgs doublet H, 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:

- 2
e (3,1, -2
ua (7 ) 3>7
1 - 1
Ly= (va, €4) ~ 1727__ s d; ~ 3, 1,5,
1

Hy = (HY, Hy) ~ (1, 2, —5), eq~ (1,1, 1),

Qs = (g, dg) ~ <37 2, é) ,

(10)

1
Hy = (Hy, H) ~ (1,2, §>,

where the first and second quantities in the parentheses are
the SU(3) . and SU(2),, representations of the corresponding
supermultiplet, the third quantity in the parentheses is the
U(1), hypercharge, while a is a family index that runs from 1
to 3. Here, Q, and L, contain the doublets of the left-handed
quark and lepton superfields, eS, uS, and df are associated
with the right-handed lepton, up- and down-type quark
superfields, respectively. H; and H; 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),, and SU(3). gauge interac-
tions.

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

I}IN(LLO)? V2:V2”‘[“N(1737 0)7

(11)

V3 = V;THN (8a ]7 O)a

which are associated with U(1)y, SU(3)., and SU(2),
interactions, respectively. V| is an abelian vector superfield
that contains the U(1), gauge field and its superpartner,
which is called a bino. ¥ involves a triplet of SU(2)  gauge
bosons and their superpartners (winos). V3 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:

Wyssm = Y5 Quus Hy + y20.df Hy + 5 Loes Hy + nH\ H,
(12)

where a and b are family indices. In Eqn (12), the Yukawa
couplings yY, y2, and y are dimensionless 3 x 3 matrices in
family space that determine the masses of quarks and charged
leptons as well as the phase of the Cabibbo-Kobayashi—
Maskawa (CKM) matrix. Here, we also include a term
wH| H, which is not present in the Lagrangian of the SM. It
gives rise to the masses of the superpartners of Higgs bosons
(higgsinos). The u term, as it is traditionally called, can be
written as u(Hy),(Ha)ze™, where ¢/ is used to tie together
SU(2),, weak isospin indices o, f = 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 = AL LaLyeS + 25 L,OpdS + p) LyHy + 25 udfds .
(13)

The terms in Wyg 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 = Wwussm + 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 in Wygr 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 (Pg) or, equiva-
lently, matter parity transformations (P,y)

PR _ (_1)3(3711)4»2.&‘7 PM _ (_1)3(37[,) ,

(14)

where s is the spin of the particle. It is easy to check that the
quark and lepton supermultiplets have Py, = —1, while the
Higgs and vector supermultiplets have Py, = +1. Matter
parity forbids all terms in Wygr. 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), , gauge symmetry that satisfies anomaly
cancellation conditions. Thus, Py, can survive as an exactly
conserved discrete remnant subgroup of U(1),_,. 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 and R-parity conservation are
equivalent, since the product of (71)23 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 the Higgs bosons have even R-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 Pgr =+1 and Pz = —1. Furthermore, every
interaction vertex in the MSSM contains an even number of
Pr = —1 states. This has three important phenomenological
consequences:

e 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 o is of the order of the TeV scale;

e in collider experiments sparticles can only be created in
pairs;

e cach 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, Lo is given by Eqn (9). The inclusion of
the soft SUSY breaking terms in the MSSM 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}; ~ m?5;;.
As a result, we get

- LU = ol + (3

+Z [ Ay Qatti Ha + Ay 1, Qaddy Hi

1a 1a
E M i, A,

a,m

+ ALyl Laes Hy +ByH1H2+hc> (15)

In Eqn (15), 24, 2%, and /| are gluinos winos, and bino,
respectively, while Q,, uS, df, L,, eS, Hi, and H, are scalar
components of the correspondlng ChlI‘dl superfields.

The MSSM suffers from the u problem: the superpotential
of the MSSM contains only one bilinear term uH; H, which
can be present before SUSY is broken. One would naturally
expect it to be of the order of either the GUT scale Mx or the
Planck scale Mpy. If  ~ Mx(~ Mpy), then the Higgs scalars
get a huge positive contribution ~ 42 to their squared masses
and EW Symmetry breaking (EWSB) does not occur. On the
other hand, the parameter u cannot simply be omitted. If
u = 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 (H;) = 0. Because of
this, down-type quarks and charged leptons remain massless.
In order to get the correct pattern of EWSB, pis 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., @; — exp (2in/3)®;. This symme-
try forbids any bilinear terms in the superpotential allowing
the interaction of S with the Higgs doublets H, and H>:

K
Wimssm = AS(H 1 Hy) 4 = S 4+ Wussm(u = 0) .

3 (16)

On the EW scale, the superfield S gets a nonzero vacuum
expectation value ((S) = s/v/2) generating automatically an

effective u-term (u = A(S)) of the required size. The cubic
term of the new singlet superfield S 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 (> 10°—10'" GeV) [112-118], which
leads to the hierarchy problem. The nonzero values of «
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 Z; 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 Z§ or Z§ symmetries is imposed [122, 123]. The linear
term AS 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]

Wwunssm = AS(HiH2) + S+ Wassm(n = 0) . (17)
Other modifications of the NMSSM were also discussed
[128-133].

3.2 U(1), extensions of MSSM and E,

In the U(1)’ extensions of the MSSM inspired by Eg, the extra
U(1)" gauge symmetry forbids the u term u(H,H>) in the
superpotential if 0g, # 0 and Og, # n. Nevertheless, these
extensions of the SM allow the interaction of the Higgs
doublets H, and H, with the new SM singlet superfield S,
which carries the U(1) charge only. This interaction is
described by the term AS(H;H>) in the superpotential. At
the same time, the S? term is forbidden by the U(1)" gauge
symmetry. It is expected that, in the SUSY models under
consideration, the superfield S develops a large VEV, break-
ing the U(1)" gauge symmetry and inducing an effective u
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 Eg inspired U(1)" extensions of the MSSM, the
anomalies are automatically cancelled if the low energy
particle spectrum consists of a complete representations of
E¢. 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 E¢. Thus, we will assume
that the particle content of these models includes at least three
fundamental representations of E¢ at low energies. These
multiplets decompose under the SU(5) x U(1), x U(1),
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subgroup of E¢ as follows:

27, (10 1 ,L) +<5* 1 3
V247 40/, "V24° 40/
+(5* 2 —i> +<5 2 —)
TV247 40/, T V24 \40),

+(1,\/%,0>i+(1,\/%7—\/i4_0>i. (18)

The first, second, and third quantities in parentheses are the
SU(S) representation and extra U(1), and U(1), 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 Q; and leptons L;, right-handed up- and
down-quarks (u7 and df), as well as right-handed charged
leptons (¢f), is assigned to

Right-handed neutrinos N are associated with the last term
in Eqn (18), (1, 1/v24, —5/1/40).. The next-to-last term,
(1, 4/V/24,0),, represents new SM-singlet fields S; with
nonzero U(1), charges that therefore survive down to the
EW scale. The pair of SU(2),,~doublets (H,¢ and H}") that are

contained in

(-2 2) e (5202
v V), T ),

have the quantum numbers of Higgs doublets. They form
either Higgs or Inert Higgs SU(2),, multiplets.! Other
components of these SU(5) multiplets form color triplets of
exotic quarks D; and D; with electric charges +1/3 and —1/3,
respectively. These exotic quark states carry a B — L charge
(£2/3) twice as large as that of ordinary ones. In phenomen-
ologically viable E¢ inspired models, they can be either
diquarks or leptoquarks.

The presence of the Z' 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 Z’
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 E¢ 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 i — ey [165], and CP-violation
in the Higgs sector [166]. The neutralino sector in E¢ inspired
SUSY models was analyzed previously in [152, 163-165, 167—
174]. The Higgs sector and the upper bound on the mass of the
lightest Higgs boson in these models were examined in
Refs [153, 174-180].

Within the class of rank-5 Eg inspired SUSY models, there
is a unique linear superposition of U(1), and U(1), that
allows zero charges for the right-handed neutrinos and thus a

' We use the terminology ‘Inert Higgs’ to denote Higgs-like doublets that
do not develop VEVs.

Table 1. U(1), and U(1), charges of different components of 27-plet.

Qi |ut | ds | Li | et |Ne| S |HY|HS| Di | D

i i i

Syl | 21| 1 1| 1] 1] 1
ﬁ9f5*§§*51°°§*5*§§

VAN 1| 1| 22| 1|05 |-2]-3]-2]|-3

high scale see-saw mechanism. The corresponding Abelian
U(1), gauge symmetry is associated with fg, = arctan V15in
Eqn (3). Only in this Exceptional Supersymmetric Standard
Model (E¢cSSM) [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), and U(1),
charges of different components of the 27-plet are given in
Table 1.

Supersymmetric models with an additional U(1), gauge
symmetry were studied in [155] in the context of nonstandard
neutrino models with extra singlets, in [167] from the point of
view of Z—Z7' mixing, in [152, 184, 185], where the renorma-
lization group (RG) flow of couplings was examined, and in
[151-153], where EWSB was studied. The neutralino sector in
these models was explored in[152, 167, 168]. The presence of a
7' 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 E¢SSM in
[188-192].

Although the presence of TeV scale exotic matter in Eg
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 E4 inspired SUSY
models with two extra U(1) gauge symmetries— U(1),, and
U(l)l//. In these models, the most general renormalizable
superpotential which is allowed by the SU(3) x SU(2)x
U(1)y x U(1), x U(1), gauge symmetry can be written in
the following form:

W, = Wo+ Wy + W2,

Wy = /l,ij,(I‘deHj\u) + Kiiji(DjDk) + hl}j\g(Nlc(I{juLl‘)

+ hi%cuic(Hquk) + hi?kdic(H/ko) + higkef(Hka)

Wi = g8.Di(Q;0) + g Didfuy ,

Wy = gy NED;df + glef Djuf + g5.(Qilj) Dy .

(19)

In Eqn (19), summation over repeated family indexes
(i,j,k = 1,2,3) is implied. In such models, B — L number is
conserved automatically, since the corresponding global
symmetry U(1), , is a linear superposition of U(1), and
U(l)z. At the same time, if terms in W; and W, 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 D;
and D; so that the complete Lagrangian is invariant
separately under U(1), and U(1), global symmetries. In
this case, Yukawa interactions in W; and W, give rise to
rapid proton decay.

Another problem is associated with the presence of three
families of H" and H. All these Higgs-like doublets can
couple to ordinary quarks and charged leptons of different
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generations, resulting in phenomenologically unwanted
flavor changing transitions. For example, nondiagonal
flavor interactions contribute to the amplitude of K® — K
oscillations and give rise to new channels of muon decay like
p — e~ete”. To suppress flavor changing processes, one can
impose an approximate Zﬁl symmetry, under which all
superfields except one pair of H and H}' (say Hy = H$ and
H, = HY}') and one SM-type singlet field (S = S3) are odd
[176, 177]. When all ZY 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 in W, and W5.

However, if the Z4 symmetry were exact, the lightest
exotic quarks would be extremely long-lived particles. Indeed,
since the Z symmetry forbids all Yukawa interactions in W,
and W,, 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), and U(1), but also under U(1), symmetry
transformations:

D; — exp (ix)D;, Dy — exp (—ia)Dy. (20)
The U(1), invariance ensures that the lightest exotic quark is
very long-lived. The U(1),, U(1),, and U(1), 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 E¢ inspired SUSY models forbids any dimension five
operators that break U(1), global symmetry, the lifetime of
the lightest exotic quarks is expected to be of the order of

M

5 b
Hp

(21

DR

where pp is the mass of the lightest exotic quark. When
Up ~ 1 TeV, the lifetime of the lightest exotic quarks
b 2 10¥ GeV~! ~ 107 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 10~ 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 10~!° per nucleon.
Therefore, E¢ inspired models with very long-lived exotic
quarks are ruled out.

Thus, the Z¥ symmetry defined above can only be an
approximate one. When all Z% symmetry violating couplings
are small (< 10*4), this discrete symmetry allows flavor
changing processes to be suppressed. Nevertheless, the break-
down of the Z¥ 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

Table 2. Transformation properties of different components of 27-
plets under the Z¥, 7%, and Z# discrete symmetries.

Qilus | ds | Li|ef |NS|S, |HYHS| D | Di |Hy |Ha| S
-1 === 1-1-1-1-1-1-1-1+ +
ZZl+ |+ |+ |-+ |+ +]|+|+]+ +
ZZl+ |+ |+ |- |++]+]|-|-1+ +

a Zf ora Zf discrete symmetry [176]. When the Lagrangian is
invariant with respect to a Z% symmetry, under which all
superfields except lepton ones (L;, ef, Nf) are even (Model I),
then the baryon number conservation requires exotic quarks
to be diquarks, i.e., Bp = —2/3 and By = 2/3. The invar-
iance of the Lagrangian with respect to Z7 symmetry (Model
I1), under which only the exotic quark (D; and D;) and lepton
superfields (L;, ef, Nf) are odd, implies that D; and D;
manifest themselves in the Yukawa interactions as lepto-
quarks, i.e., Bp =1/3, By = —1/3, Lp = 1, and Lz = —1.
The transformation properties of different components of
27-plets under the Z¥, 7%, and Z# discrete symmetries are
presented in Table 2 (for a recent review, see [198]).

It is worth noting that, in the E¢ inspired SUSY models
under consideration, different supermultiplets that are
expected to stem from the same E¢ supermultiplet trans-
form differently under the transformations of the Zg’, Zé,
and Z% discrete symmetries. As a consequence, these
symmetries obviously do not commute with Eg, and one
can naively think that this may be inconsistent with GUTs
based on the E¢ 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), gauge symmetry that can
originate from Eq GUTs.

3.3 EcSSM

Again, let us assume that, near the GUT scale, E¢ or its
subgroup is broken down into the SU(3). x SU(2),, x
U(1)y x U(1),, x U(1),, gauge symmetry, while the particle
spectrum of SUSY model involves three 27-plets of Eg,
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 Zé”
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 E¢ by a number of components M; and M, from
extra 27/ and 27/, below the GUT scale. Because additional
pairs of multiplets M, and M, have opposite U(1)y, u(l),,
and U(1), charges, their contributions to the anomalies get
cancelled identically. As in the case of the MSSM, we allow
the set of multiplets M to be used for the breakdown of gauge
symmetry. If the corresponding set includes H" = H,,
HY=H4, S, and N¢= N§, then the SU(2),, x U(l), x
U(1), x U(1), symmetry can be broken down into U(1),,.
associated with electromagnetism. The VEVs of S and N°
break U(1), and U(1), entirely, while the SU(2),, x U(1)y
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symmetry remains intact. When the neutral components of
H, and Hy4 acquire nonzero VEVs, the SU(2), x U(1l),
symmetry gets broken into U(1),, and the masses of all
fermions and bosons are generated.
It is assumed that all multiplets M, are even under some
Zg’ symmetry, while three copies of the complete fundamental
representations of E¢ are odd. This forbids couplings in the
superpotentlal that come from 27; x 27; x 27;. On the other
hand, the 22 symmetry allows the Yuded interactions that
stem from 27; x 27, x 27, and 27/ x 27; x 27;.In contrast to
the 22 symmetry, it is expected that the discrete 22 symmetry
remains intact. The multiplets M, have to be even under the
Zﬁ’ symmetry, because they get large VEVs. Otherwise, the
VEVs of the correspondmg fields lead to the breakdown of
the discrete Z symmetry, giving rise to baryon and lepton
number v1olatmg operators in general. To ensure the correct
breakdown of the U(1), gauge symmetry, the set of Z? even
supermultiplets in the E¢SSM also involves a pure singlet
superfield ¢, which is uncharged under all of the gauge
symmetries [199, 200]. If the set of multiplets M; includes
only one pair of doublets Hy and H,, the Z;’ 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 doublet Hy, whereas the up-
type quarks couple to H, only. 5
The superfields M, can be either odd or even under this Zf
symmetry. Depending on whether these fields are even or odd
under Z#, a subset of terms in the most general renormaliz-
able superpotential can be written as

Wiotal = Y,;m27’27’ 27) 4+ Y327,27:27; + Y21 277,27,

+ d) + ()b +AF¢+ mn¢27 27/}1

b 27 2T 4 1l 2T 2T (22)

where Y}, Y, Yiwms Y, .. and k are Yukawa couplings, while
Iy By Hy» and Ap are mass parameters. One should keep in
mind that only M; and M, components of 27/ and 27/, appear
below the GUT scale. All other components of these 27/ and
27'; gain masses of the order of Mx. The form of the mass
terms associated with M; in Eqn (22) depend on the
transformation~properties of these superfields. Indeed, if M,
is odd under Z# symmetry, then the term f,,27,27'; is
forbidden, Wh11e ) can have nonzero values. When M is
even, u} vanish, whereas fi/,27/27'; is allowed by 7
symmetry. In general mass parameters, p and fi,, are
expected to be of the order of the GUT scale. In order to
allow some of the M; 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 than Mx.

The VEVs of the superfields N§ and N§ (that originate
from 27}, and 27’ y) can be used not only for the breakdown of
U(1), and U(1), gauge symmetries but also to generate
Majorana masses for right-handed neutrinos Nf. The
corresponding mass terms can be induced through interac-
tions [181]

%ij
AWy Mo,

(27,27')(27,27'y) . (23)

The nonrenormalizable operators (23) give rise to right-
handed neutrino masses which are substantially lower than
the VEVs of (N§;) and (N§;). In this case, the right-handed
neutrinos can be superheavy only if U(1),, x U(1), symmetry
is broken down into

U(l)N:lU(l)l—t—gU(l)w (24)

somewhere near the GUT scale. Since N§ and N§; acquire
ery large VEVs, both supermultiplets must be even under the
22 symmetry.

The VEVs of N§, and N§, may also break the U(1), ,
symmetry. In particular, the VEV of Nj; can induce the
bilinear terms M/ (H"L;) and M/ (D;df) 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 of Nj; to
27; are forbidden. This, for example, can be achieved by
imposing an extra discrete Z, symmetry, which implies
N, — —N§ and N§ — —N§,. Although this symmetry
forblds the interactions 27, 27 27; in the superpotential, it
allows nonrenormalizable interactions (23) that induce large
Majorana masses for right-handed neutrinos.

The mechanism of the U(1), and U(l), symmetry
breaking discussed above ensures that the VEVs of Ny, and
N§ break U(1), x U(1), gauge symmetry down into
U(1)y x Par. Such a spontaneous breakdown of the U(1),
and U(1), symmetries can occur, because Py is a discrete
subgroup of U(1),, and U(1),. Moreover, the 7% symmetry is
a product of

71— Py x ZF, (25)

where Z£ is a discrete symmetry associated with the exotic
states [181]. The transformation properties of different
components of 27,, 27/, and 27'; supermultiplets under the
Z¥, 73, and Z% symmetries are summarized in Table 3. As
follows from Table 3, all components of 27-plets that contain
exotic states, i.e., D;, D;, H,-d, H}!,and §;, are odd under the Zf
symmetry. Because the low-energy effective Lagrangian of
the models under consideration is invariant under the Z# and

Table 3. Transformation properties of different components of E¢ supermultiplets and superfield ¢ under Z#, Py, and Zf discrete symmetries.

27; 27; 274 275 27y, 27 27} 217,
(27ud) 27n,) 27'w) 27'1)
Q/a Ml s d’c’ B[a D;, Hu N ﬁu S NIL_I L4
Liyef, Nf HE HY.S; (Hq) (Ha) ) (L)
z4 - - + - + +
Py - + + + - -
z5 + - + - - -
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Py, symmetries, it is also invariant under the transformations
of the Z5 symmetry. Z5 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 Z5 = —1) has even
R-parity, then the conservation of the Z§ 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 Zf = +1 must
be absolutely stable. Thus, these E¢ inspired SUSY
models contain at least two dark-matter candidates.

Within the E¢SSM, the U(1), gauge symmetry gets
broken by the VEVs of S and S. Their VEVs should be
sufficiently large (2 10 TeV), because they induce the mass of
the Z' as well as the masses of all exotic quarks and inert
higgsinos. Because of this, S should be even under the Z%
symmetry and all components of the superfields S and S are
required to gain TeV scale masses.

If the set of Z‘; even supermultiplets M, involve only H,,
Hg, S, and Ny, then the Lagrangian of this model is invariant
under U(1),, symmetry transformations, and the lightest
exotic quarks are extremely long-lived particles. Indeed, in
this case, the Zgl symmetry forbids all Yukawa interactions in
W, and W, 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 Z4 even supermultiplets M, needs to be supplemented by
the SU(2),,, doublet of lepton superfields L4 that survives to
low energies. In this case, D; and D; can interact with leptons
and quarks only while the couplings of these exotic quarks to
a pair of quarks are forbidden by the postulated Z%
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 the Universe, which is caused
by out—of-equilibrium decays of the lightest right-handed
neutrino and sneutrino. In the EcSSM, 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 EsSSM
even when the lightest right-handed neutrinos/sneutrinos
have masses which are less than 10°—107 GeV, so successful
thermal leptogenesis may be achieved without encountering a
gravitino problem [201, 202].

The simplest scenario implies that H, and Hy are odd
under the Zﬁl symmetry, while Ly and L, are Zﬁl even. Then,
H, and Hy get combined with the superposition of the
corresponding components from 27; so that the resulting
vectorlike states gain masses of the order of Mx. The
supermultiplets L4 and Ly 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 u; L4L4 in the
superpotential can be induced within SUGRA models just

after the breakdown of local SUSY if the Kahler potential
contains an extra term (Zy(LsL4) + h.c.) [203, 204]. Thus,
E¢SSM implies that the low energy matter content of this
models involves

[(Qh ufcv dic7 Li7 eic7 NIC)} + (Dh 5l) + Si +H; +H;j

+Li+Ls+ N+ Nj+S+S+H +Hg+¢, (26
where the components of the superfields N¢, N§,, and N§, 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), « = 1,2and i = 1, 2, 3. Integrating out N7, Ny,, and
N§ and ignoring all suppressed nonrenormalizable interac-
tions, one gets an explicit expression for the superpotential in
this case [199]:

1 —_— K ﬂ
WE(,SSM = /LS(Hqu) — g¢SS+§ d)3 +7¢ d)Z +AF¢
+ jLDL/fS(HfH/?') + KijS(D,-Ej) +</}i1Si(HsHu)
+ L Si(HAH,) + ) (QiLa)Dj + hijef (HLs)

+upLala+GPpLals + Whssm(pt =0). (27)

The U(l), extensions of the MSSM with exact 71
symmetry discussed in this section have at least one draw-
back. These models imply that a number of incomplete Eg
multiplets survive below the scale M. In fact, the number of
incomplete E¢ multiplets tends to be larger than the number
of generations. The appropriate splitting of 27-plets can be
naturally achieved in the framework of Eqs GUTs with an
extra compact dimension (orbifold GUTs) [181]. In orbifold
GUT models, 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 and NMSSM, 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:

do; P bi
dr— 2n bi=bit g

(28)

where b; and b; are one-loop and two-loop contributions to
the f functions [217-224], t =1log(q/Mz), and ¢ is a
renormalization scale, with the index 7/ running from 1 to 3
corresponding to U(1),, SU(2),,, and SU(3). interactions,
respectively. One can obtain an approximate solution of the
RG equations (28) that at high energies can be written as [225]

1 . 1 b; ¢ C; @(l) n b, — biSM n T
O(,'(l) o O(,‘(Mz) 2n 12n ! 21 My )
(29)

The second term in Eqn (29) is the contribution of the one-
loop f 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 C; =0, C, =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 f functions are taken into
account

0,(1) = #J bidr. (30)

0

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

N
k _pSM
Ty = [ Lm0, (31)
k=1

where h3M are the coefficients of the one-loop f functions in
the SM, while m;, and Ab,-"' are masses and contributions to the
one-loop f functions due to new particles appearing in the
SUSY models under consideration. Because the two-loop
corrections to the running of the gauge couplings ©,(¢) are
considerably smaller than the leading terms, the gauge and
Yukawa couplings in b; 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 than ©;(7). 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 the EW and GUT scales for any SUSY
model. Then, by using the expressions describing the RG flow
of o (7) and o, (2), it is rather easy to find the scale Mx where
o1 (Mx) = ap(Mx) = ap and the value of the overall gauge
coupling ¢ on this scale. Substituting Mx and o into the
solution of the RG equations for the strong gauge coupling,
one finds the value of o3(Mz) for which exact gauge coupling
unification takes place [228]:

1 1 by —by by—bs 1

= __+@S_AS7
O(}(Mz) b1 — b2 OCQ(Mz) OC](Mz) 281
by —b by —b (32)
0, =——20,-—0,+0;, 0,=6,M
S —by ' by — b 2+ 03, (Mx),

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

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

0 3/10
b,-_<—6>+NH 1/2
-9 0

+2Ng, (33)

where Ny is the number of the Higgs doublets (Ny = 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 scale My, where the unification
of the gauge couplings takes place, is almost insensitive to Ng.
Indeed, all quarks, leptons, and their superpartners form
complete SU(5) multiplets and, as a consequence, make the
same contribution to the one-loop f functions. Thus, the
differences among the corresponding f 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

grows with the increasing number of complete SU(5) matter
multiplets. The requirement of the validity of perturbation
theory up to the scale M 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 4, in Eqn (32) takes the form [225, 228, 230, 231]

. 19 | M - T2100/19
A Yy n Vz ) - T125/19T356/l9 ’
T, = M4/25m,i/25< méﬁsm§/75m§1/75mtl/25m;/25) 7
i=1,2,3 ' '

(34
T = a5

3/25 1/25
T1 mm) )

i=1,2,3

1/2 /12 1/24 1/24
ro= ) ( TT g ")

i=1,2,3

where ma, M5, and My, are the masses of the heavy Higgs
states and superpartners of the SU(3). and SU(2),, gauge
bosons; my,, mg., and Mg, are the masses of the right-handed
and left-handed squarks; and mg, and m;, are the masses of the
left-handed and right-handed sleptons. Assuming for simpli-
city that superpartners of all quarks are degenerate, i.c., their
masses are equal to mg, and all sleptons have a common mass
myj, we find

3/19 4/19 28/19 3/19
=) ()G e
I 1 Mj mg

For p~ 1—2 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 Mg, exact gauge coupling unification can be attained
only for large values of o3(Mz) = 0.123 [235, 236]. For
Mg ~ M7, the exact unification of the SM gauge couplings
is achieved if o3(Mz) = 0.126 [230, 237]. Such large values of
o3(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 Ty = T» = T3 = Ms. In Fig. 1, the
evolution of the SM gauge couplings from the EW (M) scale
to the GUT scale (Mx ~2 x 10'® GeV) is plotted as a
function of log(q¢/Mx) for Ty =T, =T = Ms =2 TeV.
Dotted lines show the uncertainty in o;(¢f) 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/o;(Mx) and 1/03(M7z) induced by two-loop
contributions to beta functions in the MSSM and EgSSM* for
a(Mz) = 1/127.9, sin® By = 0.231, 03(Mz) = 0.118, and tan § = 10.

0, (&) O3 [OR
MSSM 0.556 0.953 0.473 —0.764
EsSSM 1 1.558 2.322 2.618 —0.250
E¢SSM 11 1.604 2.385 2.638 —0.305

* In the case of the E¢SSM, we consider two cases: the scenario E¢SSM 1
corresponds to k(Mz/) = k1 (Mz)) = k2(Mz) = A(Mz') = L(Mz/) =
).z(sz) = gl/(MZr), gl/z(sz) = 0227, gll(MZ/) = 00202, in the sce-
nario E¢SSM 11, we fix x; = 4; =0, g{>(Mz/) =0.227, g;1(Mz/) =
0.0202.
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Figure 1. (a) Two-loop RG flow of o,(z), a2(¢), and o3(7) as a function of
t =log(q/Mz) and (b) the running of SM gauge couplings near the scale
My calculated within the MSSM in the two-loop approximation for
tan,B = 10, T] = Tg = T3 = MS =2 TCV, dS(Mz) = 0.118, 7(Mz) =
1/127.9, and sin? 0w = 0.231. Solid, dashed, and bold lines correspond
to the running of o;(7), o2(#), and o3(z). Dotted lines represent the
uncertainty in «;(7) caused by the variation in o3(M7z) from 0.116 to 0.120.

attain the exact gauge coupling unification in the framework
of the MSSM when o3(Mz) = 0.116—0.120.

Now, let us consider the RG flow of gauge couplings
within the E¢SSM. To simplify our analysis, we assume
that U(1), x U(1), gauge symmetry is broken down into
U(l)y x PM near the scale Myx. Nevertheless, even in this
simplest scenario, the running of the gauge couplings in the
E¢SSM is affected by kinetic term mixing between the gauge
fields associated with the U(1), and U(1) , interactions. Such
mixing basically arises in all extensions of the SM with extra
U(1) gauge symmetry [238]. In the basis in which the
interactions between gauge and matter fields have the
canonical form, i.e., a covariant derivative D, which acts on
the doublet of the left-handed quarks is given by

D, =0, —ig3 AT — —igrQ"B) -

igaW)t" ign0 B, ,

(36)

the gauge kinetic part of the Lagrangian can be written as

LED - (EY) -

Slny Y =N
Z( uw 4\ F

2 vy

Liin = —

1

p 1
4 (G;u) - Z (I/V;[t)t) : (37)

In Eqns (36), (37), A
SU(Q2),

W}, B), and BY represent SU(3)

w " Puo
, U(1)y, and U(1), gauge ﬁelds G W, FY dnd

;u’ v

F lf: are field strengths for the corresponding gauge interac-
tions, while g3, g2, gy, and gy are SU(3)., SU(2),,, U(1),,
and U(1), gauge couplings, respectively.

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

Tr(Q"0") = )

i=chiral fields

(Q/0") #0 (38)

The complete E¢ multiplets do not contribute to this trace. Its
nonzero value is due to the incomplete 27; +27'; super-
multiplets of the original E¢ symmetry from which only Ly4
and L, 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 by means of a
nonunitary transformation of the two U(1) gauge fields [239—
242]:

BZ;!
cosy

B! =B, — Bytany, B)= (39)

In terms of the new gauge variables By, and B,,, the covariant
derivative (36) becomes [238]

D, =0, —igsAiT" —ig;W)t" —ig1 Q] By,
—i(g/0N + 10 )Bay (40)
where
8N
g1 =28v, g{:COSX, g = —grtany. (41)

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

Dy =0, —igsAST" —igyWt" —iQ"GBy, (42)
where QT = (0, 0"), BT = (B, By), and G is a 2 x 2
matrix of new gauge couphngs,

_ (& &
G_(O §>'
In this approximation, the gauge kinetic mixing changes
effectively the U(1), charges of the fields to

0:=0"+0/9,

(43)

(44)

where 0 = g1;/g{, while the U(1), charges remain the same.
As the gauge coupling constants g;; and g{ are scale
dependent, the effective U(1), charges (44) are scale
dependent as well. The particle spectrum now depends on
the effective U(1),, charges Q.

The exploration of the RG flow of the gauge couplings
within the E¢SSM should include an analysis of the evolution
of four diagonal gauge couplings, g3(7), g2(¢), g1 (¢), and g{ (7),
which correspond to the SU(3) -, SU(2),,, U(1)y, and U(1),
gauge interactions, respectively, as well as an investigation of
the running of one off-diagonal gauge coupling, g, (7). Using
the matrix notation for the structure of U(1) interactions (42),
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(43), the RG equations can be written in a compact form [239—
242]:

dG dg> _ prgs

dgs  Bsg3
——~—GxB o2 a8 _ P3
dr x5 dr (4n)*’ dt

C (4m)?’ (43)

where Bis a 2 x 2 matrix of f§ functions given by

_ 1 <51g12 2g121 P11 + 201215 ) (46)
(4n)* \ 0 g*Bi +2giguBun +gib /)’

while f5; and f3;, are  functions. In the one-loop approxima-
tion, the f§ functions associated with the U(1) interactions are
given by

=Y P=%. K=Y =2

i i

ﬁll :ZQ,‘YQ,‘N:—

(47)

where the index i is summed over all possible chiral super-
fields. From Eqns (47), one can see that, in the E¢SSM,
Bi =~ B > Bi; [181, 184]. Since near the GUT scale it is
expected that g;(Mx)~g{(Mx) and g (Mx)~0, the
values of gi(¢) and g{(¢) are almost the same at any scale
q < Mx, whereas the off-diagonal gauge coupling g1;(¢) is
much smaller than the diagonal gauge couplings g;(¢) and
g1 (7). Because of this, one can disregard two-loop corrections
to the off-diagonal f function f,;.

In the framework of the E¢SSM, in the one-loop
approximation, f/, =4 and f; =0. Since the one-loop f
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 § functions of gauge couplings. In
the E¢SSM, the two-loop f 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 EsSSM. In this case, one
should substitute into Eqn (29) the expressions for b; and b;
calculated in the framework of the E¢SSM, whereas Ty, T,
T3, and M in Eqns (29), (31), and (34) have to be replaced by
T], Tz, T3, and Tsi
T2172/19

Ts = 595719 »
T155/19T398/19

- S/11 4/55 2/55 4/165 8/165
7= 17" 0 m! < m]’){ '“D/f )

i=1,2,3

x < H mﬁﬁssug{ﬁ) ;

o=1,2 (48)
= 25/43 4/43  2/43 2/43 4/43
=T, / ,uL/ mL/ ( H mH{ ,uﬂ/ ),
a=1,2 ’
7= 1 (TT )
i=1,2,3

Here, pp, and mp_are the masses of exotic quarks and their
superpartners; my, and pi; are the masses of inert Higgs and
inert higgsino fields; m and p; are the masses of the scalar
and fermion components of Ly and Ly, while T}, T», 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 EcSSM, we fix the effective

0.105
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0.100
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Figure 2. (a) Two-loop RG flow of o (7), a2 (¢), and a3(¢) as a function of
t =log(q/Mz) and (b) running of the gauge couplings near scale My,
calculated within the E¢SSM in the two-loop approximation for
tanf=10, T) =T, =T3=Ts=2 TeV, o(Mz)=0.118, a(Mz)=
1/1279, SiI'l2 HW: 0.231, K1 (Ts) = KQ(T_g): K3(Tg): /11 (Ts) = ig(TS) =
MTs) = g{(Ts). and f,5 = fop = g2 = hE = 0. Solid, dashed, and bold
lines correspond to the running of o (7), ax(7), and o3(f). Dotted lines
represent the uncertainty in o;() caused by the variation in a3(M7z) from
0.116 to 0.120.

SUSY threshold scales to be equal, i.e., T,=T = Tg = TS.
The results of our numerical analysis are summarized in
Fig. 2. We apply the two-loop SM f functions to describe
the running of gauge couplings between M and T’. Then, the
two-loop RG equations of the EgSSM are used to compute
the flow of g;(¢) for ¢ 2 T’s. In order to calculate the evolution
of the Yukawa couplings, the sets of one-loop RG equations
of the SM and E¢SSM are used. Low energy values of g/
and g, are chosen so that all four diagonal gauge couplings
are approximately equal near the GUT scale Mx and
gll(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 EcSSM for a3(Mz) ~ 0.116
and Tg=2 TeV. With increasing (decreasing) effective
threshold scale T, the value of a3(M7), at which the exact
gauge coupling unification takes place near the scale
Mx ~ 3 x 10'® GeV, becomes lower (greater). The threshold
scale Ts, which can be parameterized in terms of the effective
threshold scale M,

12/19 6/19 m6/19'ul.2/19
= :u'L mL H, a,
TSMS(www)(H W)
H s o=1,2 mD, H

Ds Ds D,

(49)

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



556 R B Nevzorov

Physics— Uspekhi 66 (6)

the masses of the scalar and fermion components of L4
and L. The mass term uy L4L4 in the superpotential is
not involved in the process of EW symmetry breaking.
As a consequence, the parameters p; and Ts remain
arbitrary. The large range of variation in T allows the
exact unification of gauge couplings to be achieved for
any value of a3(Myz) 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 f
functions would spoil the unification of the SM gauge
couplings entirely in the EcSSM. Indeed, as follows from
Table 4 the two-loop corrections to o;(Mx) are considerably
bigger in the E¢SSM 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 E¢SSM 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 @, in the
E¢SSM 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 §§ functions in the model
under consideration. As a result, the prediction of the value of
o3(Mz) at which the exact gauge coupling unification takes
place is considerably lower in the ESSM than in the MSSM
[184, 185].

It is also worthwhile to point out that, at high energies,
the uncertainty in o3(¢) caused by the variations in o3(Mz)
is much bigger in the E¢SSM than in the MSSM. This is
because in the EcSSM 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 E¢SSM is approximately equal to the low
energy uncertainty in o3(z), while in the MSSM the
interval of variations of o3(7) near the scale Mx shrinks
drastically. The relatively large uncertainty in a3(Mx) in
the E¢SSM, 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 the MSSM can
be written as

V(H, Hy) =

3
+2%
=1

a

m?|H\|* + m3|Hy|* — m}(H Hy + h.c.)

NI\)

(H} o H\ + Hy 0,H,)*

2
%(|H1| — ") + AV, (50)

where g’ = +/3/5¢1, g2 and g; are the low energy (GUT
normalized) SU2)y and U(1), gauge couplings, m? =
mg, + p?, m3 =mj, + w2, and mj = —Bu. The parameters
B, mj, , and mj, break global SUSY. In Eqn (50), AV
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

() m-(2)

breaking the SU(2),, x U(l), gauge symmetry to U(1),,
associated with electromagnetism. It is convenient to intro-
duce v = (v +v3)"/* ~ 246 GeV and tan = v,/v|, which
remains arbitrary.

At tree-level (AV = 0), the Higgs potential is described by
the sum of the first five terms in Eqn (50). It contains only
three independent parameters: m{,m7, and m?. The stable
vacuum of the scalar potential (50) exists only if

(Hy) (51)

m? +m? > 2lms|*. (52)
Otherwise, the physical vacuum becomes unstable, i.e.,
|v1] = |v2] — 0. On the other hand, Higgs doublets acquire
nonzero VEVs only when

mlzmz2 < |M3|4.

(53)
Indeed, if m2m? > |ms|*, then the scalar potential (50) is
positive definite and its minimum corresponds to
|vi] = |v2| =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., 0V/0v; = 0 and 0V /0v, = 0,
one finds

2m3
in(2f) = ——— 54
sin (2f) = s (54)
g’ e 2(m} —2m2 J tan” f3) ’ (55)
4 tan f — 1
where g= (g2 +¢'%)"* Requiring that v2>0 and

|'sin (28)| < 1, we can reproduce conditions (52) and (53).
The breakdown of the SU(2),, x U(1l), symmetry induces
the masses of the W* and Z bosons

MW:g—;v7 Mzzgv. (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 AV comes
from the loops involving the top-quark and its superpartners.
Due to the EW symmetry breaking, two scalar superpartners
(fL and fR) of the left-handed and right-handed top quark
states get mixed, resulting in the formation of two charged
scalar fields with masses

1 2
my, =3 (mé +md +2ml + \/(mé —m)” +4m? Xt2> ,
(57)

where X; = 4, — y/tan f§ is a stop mixing parameter, 4, is a

trilinear scalar coupling associated with the top quark

Yukawa coupling, and m;, is the running top quark mass

which is defined as

hy (M, .
(M) vsin ff,

V2 (58)
—1.333 (:C”‘) 9125( (i”‘)ﬂ.

my(My) =

my(My) =
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In the one-loop approximation, the contribution of the top-
quark and its superpartners to AV'is determined by the masses
of the corresponding bosonic and fermionic states, i.e.,

2 2
3 4 my 3 4 g 3
V:327|:m{| <lnq72]—§> er{z ln qz —E
m2 3

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

(59)

M_§:m§l+zj—(m§2+zg’)tan2ﬁ_ X

6
2 tan? f — 1 . (60)
where
f/_i OAV " _iaAV
47y vy “ Ty Ouy

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 of Mz, so
that the considered spectrum is fine-tuned. The fine-tuning
measures are used to quantify the sensitivity of My to the
SUSY parameters. In the literature, one can find two main
SUSY fine-tuning measures. In this context, it is worth noting
that the low energy values of g, mﬁl, m}zb, Z(‘/, and X on the
right-hand side of Eqn (60) depend on the set of fundamental
parameters p; 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

Oln M}
ahlpl‘

_| pi oMy
B M% opi

(61)

A :m[ax{c,-}, ¢ = ‘

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

M} ~
T:ZC,——&-;C;” (62)
where
mI%II mﬁz tan’ 8 5
O Zanrp—10 T g T
- x4 - ¥tan® B

= Zd  Ceu=
T tan2p—1’

tan?f — 1~
The EW SUSY fine-tuning measure parameterizes how
sensitive My is to variations in each of the terms in Eqn (62).
The coefficients Cy are proportional to Z;,’ and X that
contain the sum of different contributions. The maximum of
these contributions is used to compute Cz;,’ and Csu, i.e.,

Cyq = max (Czj) , Cyv=max (Cxr).

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

A max{‘ G ‘}
EW = M .
i M2/

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

2 2 2
my =mi +mj + Aa,

M{: =mx + My, + 4., (64)
where Ay and 44 are the loop corrections. In the leading
approximation, the analytic expressions for the masses of the
CP-odd and charged Higgs states were obtained in Refs [246—
259] and [251-262], respectively.

The CP-even states are mixed and form a 2 x 2 mass
matrix. It is convenient to introduce a new field space basis
(H, h) rotated by the angle 8 with respect to the initial one:

_ hcos B — Hsinf + vy

ReH! = ,
: V2 (65)
ReHg :hsin[H—f\;;os[H—vz .

In this new basis, only one diagonal entry M7, depends onm?,
m#, and m$ [263]:

18°v 1V
) M M _ 1}26[32 v 0vop
M" = 2 2 ) 2 2 ’ (66)
My M; Loy ov
vOovdf  dv?
Mflzmﬁ—i—M%sianB)—l—A“,
M222 = Mé cos? (2p) + 422, (67)
1 .
M} = M3, = -3 MZsin (48) + A1,
where
AV AV 1 0AV
Ayy = 40> ——— Ap =20 — — 2
2T e " (spsters o2 )
A 1 8%A (68)
A =4 AV ’AV A,

0wy v ot

In the leading approximation, the contributions from loop

corrections 4;; 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?, m?, and
2

my.

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 tan  only. The masses of
the two CP-even eigenstates obtained by diagonalizing the
matrix (66)—(68) are given by

1 2
i, =3 (M121 + M3 F \/(Mzzz - Mp) +4Ml42> - (69)

With increasing ma, which should be identified with the
sparticle mass scale, the masses of all Higgs particles grow.
Atvery large values of ma (m3 > M2), the masses of charged,
CP-odd, and the heaviest CP-even states are almost degen-
erate, i.e., My= ~ my, ~ ma, whereas the lightest Higgs
boson mass approaches its theoretical upper limit (M2,)'

At tree-level, the lightest Higgs boson mass in the MSSM
is always less than Myz|cos(2f)]. 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:

my, </ MBcos? (2) + An (70)
In Ref. [248], an approximate analytic expression for the sum
of one-loop and two-loop corrections associated with 45, was
obtained in the leading approximation (see also [286]):

3 mt4 1 1 m2
A22N2_T[2’U |:2U[+L+162<3—2—327TO(3
UL+ L2 3M e cos QP 71
x (UL + L7) —472?[ zcos (2)] (71)
where
M2 2Xx? X?
L:ln—g, U(: 12<1_ 12)7
m; My 12M

and Ms = \/'t—]nTt‘ As follows from Eqns (71), the contribu-
tion of loop corrections 4, is proportional to m;}, where m; is
the running top quark mass, and depends rather weakly on
Ms. The lightest Higgs boson mass reaches its maximal value
fortanff > 1 and X, = +v6Ms (Uy = 6).

For fixed values of tan f§, Mg, and X, 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 m3 > MZ and tanff > 1, a
large loop contribution of 45, = (85 GeV) which is nearly
as large as M2, is required to raise the lightest Higgs boson
mass to 125 GeV. The values of 4,5, ~ M% can be obtained
only if Mg = 1 TeV [287]. Using Eqns (61) and (63), one can
estimate that fine-tuning of the order of 1073 — 1072 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=Vr+Vp+ Vsol‘t+AV7 (72)
Vi = 2ISP(H + [Ha?) + 2| (1 1) [
+ 2K [S*H(H Hy) + hee] + 128, (73)

3 2 12
2
Yo=Y %(HTGaHl + Hy o,H>)* Jrg7(|Hl|2 —|’P),
=1

(74)
Vsoft =my |Hl| +m22|H2‘ + mS|S|
+ {AAAS(HIHZ) +§ A.S% +hel. (75)

At tree-level, the Higgs potential is described by the sum of
the first three terms in Eqn (72). Vg and Vp are the Fand D
terms. Their structure is fixed by the superpotential (16) and
the EW gauge interactions. The soft SUSY breaking terms are
collected in Vp. The set of the soft SUSY breaking
parameters involves soft scalar masses m#, m3, m2, as well
as trilinear scalar couplings A, and A,. The last term in
Eqn (72), AV, corresponds to the contribution of loop

corrections. In the leading one-loop approximation, AV in

the NMSSM is given by Eqn (59) in which p has to be replaced
by AS. Further, it is assumed that /, x, and all soft SUSY
breaking parameters are real so that CP is conserved.

In a physical vacuum, the SU(2),,, doublets of the Higgs
bosons develop VEVs (51). Singlet field S also acquires
nonzero VEV (S) = s/v/2. The equations for the extrema of
the full Higgs boson effective potential are given by

or _ 2, 2 AA;
o - -2 =
s { SJr ) (Ul +v5) KUlvz}S \/ivlvg
KAy OAV
A sttt 4= =0, (76)
oV 52
6__{ 12+?(022+52)+%(v1 —U22):|’l)1
AKc 2 AA; aAV_
_ (7 + \/§ s)vz +—avl 0, (77)
oV 22 72
o0, { 22+3(v12+s2)+§(v22—v12)}v2
M 5 Ad, OAV
— (7 + Na s)vl +6—v2 0 (78)

As in the MSSM, upon breakdown of the EW symmetry in
the NMSSM, three goldstone modes (G* and G°) emerge and
are absorbed by the W* and Z bosons. In the field space basis
rotated by an angle § with respect to the initial direction, i.e.,

ImH?:IW, H = H%Ycosp—G*sinf,
ImHg—%\/ZGOSinﬁ, H =G cosp+H sinf,
ReH{):hcosﬁ—\l;lisinﬁ—i—vl7 ImS:%, (79)
ReHg:hsinﬁ—kﬁgosﬁ—kvz7 ReS:S\—;iN,

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

_ 1 ~>( P
Vnnzlss:MI%[iH+H +§(P PS)M2<PS>

| H
+=(HhNYM*| h |.
2 N

Using the conditions for the extrema (76)—(78), one can
express mZ, m{, m3 via other fundamental parameters, tan 8
and s. Substituting the obtained relations for the soft masses

into the 2 x 2 CP-odd mass matrix Mlzj, one finds:

(80)

- 4#2 < ) ~
M2 = m? = sin (2B) | + 411, 81
o et ) T
2202 2K K A
M3 = =Xt v?sin (28) — 3 7 Aep+ 42, (82)
M2 = M3, =2 ~__ ok + 41 (83)
2= M sin (28) 7 ’

where x = (1/2u)(A4; +2(x/2)p) sin (2B), and pu= As/\V2
and 4;; 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

1 MZ‘UZ[M} All

Ayy = 84
2 28 (84)

2s

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

1 - - - ~ =
Mg, A, =5 (M121 + M3, £ \/(M121 - M%)’ +4M142> . (85)

Since the charged components of the Higgs doublets are
not mixed with the neutral Higgs states, the charged Higgs
fields H* are already physical mass eigenstates with

2 )»2’112

Mp. =m} — 5 + Mg+ Ay

(86)

Here, A includes loop corrections to the charged Higgs mass,
which are basically the same as in the MSSM (accurate up to
the substitution u — As/v/2).

In the rotated basis (H, &, N), the mass matrix of the
NMSSM CP-even Higgs sector takes the form [128, 263]

(o
M= = M221 M222 M223
M§ o M3 M3
1E ey 1 ey
v2 9p? v Ovdp wdsdp
2 2 2
_|1ovy or oV 7 (87)
v avaﬁ ov?2 Ov0s
1R By ey
v 0sOp  Ovds 0s2
g2 ;{2
M121:m§+<Z7?)U sm (2ﬁ)+A11 (88)
22
M3, = M2 cos® (2f) + = v? sin” (28) + A, (89)
K2 K 220?
M323:4,—2M2+—AKM (2B) + 433,
A A 2
(90)
2 2 /12 g2 2o
Mlz:lez(ng) sin (4f) + 412, 1)
V2)wux cos (28)
ME = M2 = YRR AR Y 2
13 31 sin (2) + 413, (92)
M3y = M3, = V2ou(l = x) + 4a3, (93)

where 411, 4, and 4, are glven by Eqns (68), in which 44
and u should be replaced by 4, and 1s/v/2, respectively,
while

1 0AV AV

Ay = Ay =20

BTvopas’ P T aw)es (94)
AV 10AV

Ay =20 2987
3 0s2 s Os

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: 4, K,
w= is/\/i tan f§, A,., 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 my, remains smaller than
(M3)'* ~ My even when the sparticle mass scale Ms is much
larger than the EW scale, i.e.,

V(v o*V(v?)

2 2

my < 0l =4v 3
v o(v2)?

= M3 cos® (2p)

A22

A .
+ T” sin? (25) + A . (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
A 2 0.6, the theoretical bound (95) attains its maximal value
for tan ff ~ 1. Taking A = 0.6 and tan f§ = 2, the tree-level
contributions to my, can reach 100 GeV, and 4y, is required to
be about (75 GeV)~. As a consequence, M 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 / and k are tiny. In this case, all
terms which are proportional to Av; and kv; in the minimiza-
tion conditions (76)—(78) can be ignored. On the other hand,
Eqns (77), (78) imply that s should grow with decreasing / to
ensure the correct breakdown of EW symmetry. In the limit
under consideration, Eqns (77), (78) reproduce two equations
for the extrema of the MSSM Higgs potential with u = As/v/2
and m} = —(2x/2)s? — (1/V/2)A;s, while Eqn (76) takes the

form
Ay
s<m§ K\/§ 2) ~0.

Equation (96) always has at least one solution sy = 0. In
addition, two nontrivial roots arise if 42 > 8mZ. They are

given by
—A £ /A2 — 8m}

242k

When mé > 0, the root s =0 corresponds to the local
minimum of the Higgs potential (72)—(75), which does not
lead to an acceptable solution to the u problem. The second
nontrivial vacuum, which appears if 42 > 8mZ, remains
unstable for A2 < 9m?2. Larger absolute values of A,
(A2 > 9m}) stabilize the second minimum, which is attained
at s = s1(s) for negative (positive) A,. From Eqn (97), it
becomes clear that increasing s can be achieved either by
decreasing x or by raising m2 and 4. Since there is no natural
reason why m§ and A, should be very large while all other soft
SUSY breaking terms are left in the TeV range, the values of 1
and x 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

(96)

©7)

S1,20 =
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Eqn (69)). The masses of the extra CP-even (H,) and CP-odd
(As) Higgs states, which are predominantly SM singlet fields,
can be estimated as

mA -3 7 AKM, (98)
K2 K yRIE
mﬁl ~4 = w+ 7 Aep + - xsin? (28)
222022 5
- (1 —x)". 99
M2 cos? (2f) (1=x) 99)

When x ~ A, the last two terms in Eqn (99) can be
disregarded. The parameter 4, occurs in the masses of extra
scalar my_ and pseudoscalar 3 A, with the opposite sign and is
therefore responsible for their sphttlng 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 A, must satisfy the following
constraints:

2
K K
=3~ <A1c o $ .

From Eqns (98)—(100), it follows that the masses of the SM
singlet scalar and pseudoscalar are set by (x/4)u.

Decreasing k reduces the masses of extra scalar and
pseudoscalar states so that for k < A they can be the lightest
particles in the Higgs boson spectrum. For small but nonzero
values of k2 < 1% < 0.01, the first and second terms can be
comparable to the last ones in Eqn (99). Moreover, for large
absolute values of || 2 Mz and tan f > 1, which are needed
to get the SM-like Higgs boson with a mass of around
125 GeV in this case, mﬁ, tends to be negative if the auxiliary
variable x differs too much from unity. As evident from
Eqn (99), the positivity of mHY implies that x has to be
localized near unity, i.e., '

\/EKMZ
720

(100)

V2KkMy

17‘ . (101)

v<1+ ]2

On the other hand, at tree-level for the parameter mi, one
finds

m3 o~ (,utanﬂ)zx (102)
The restrictions (101) lead to the hierarchical structure of the
Higgs spectrum [302-305]. Indeed, the charged, heaviest CP-
odd and heaviest CP-even Higgs states are almost degenerate,
with masses around ma . All other Higgs bosons are consider-
ably lighter. In particular, the masses of extra scalar and
pseudoscalar states are set by (2k/2)u < ma.

In the part of the NMSSM parameter space associated
with x2 < /2, the main features of the NMSSM Higgs
spectrum discussed above are retained, even when A and
are larger than 0.1. When A(Mx) ~ x(Mx) 2 1, the small
ratio x/Z at low energies can be due to the RG flow of these
couplings from the GUT scale Mx to M. 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 x/4 tends to be less than unity even when
k(Mx) > A(Mx) initially. In Fig. 3, the dependence of the
masses of the NMSSM Higgs bosons on m, is explored. As a
representative example, the Yukawa couplings are chosen so

600
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300
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200

100

200 300 400 500 600 700
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Figure 3. One-loop masses of NMSSM Higgs bosons versus ma for
/=06, k=036, u=150 GeV, tanf =3, A4, =135 GeV, mé =
md = M2, X, = V6Ms, and Mg = 1.5 TeV. Solid, dashed, and dashed—
dotted lines correspond to the masses of CP-even, CP-odd, and charged
Higgs bosons, respectively.

that A(Mx) = k(Mx) = 2h(Mx) = 1.6, which corresponds
to tanf ~ 3, A(M,) ~ 0.6 and x(M,) = 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 m, from
below and above, maintaining the mass hierarchy in the Higgs
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 charged Higgs 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 E¢SSM

As was mentioned in Section 3, the sector responsible for
breaking the gauge symmetry in the EcSSM includes two
Higgs doublets, H, and Hjy, as well as the SM singlet fields S,
S, and ¢. The resulting Higgs effective potential can be
presented as four sums:

V=Vr+Vp+ Vi + AV, (103)
Vi = 22|SP(|Ha* + |Ho*) + |2(HaH,) — 04 S|’
+ 02 PPIS] + |~o(SS) + k¢® + g + Ar|, (104)

12
. . 2
Vp — Z %(H(;aaHd + HioH,) +% (|Ha*— |Hu)

a=1

%(Qmw + On|Hl* + OsISP — Os[SIP), (103)
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Viott = m3|S|* +m2[S|> +m} |Ho|* +m}y |Ho|> +m3|¢|*

He

+ [AA;LS(Hqu) — A ¢(SS) +§ A.p>+ B 5 ¢’

+EApp + h.c} : (106)

where g/ is the U(1), gauge coupling, and Ou,, Ou,. and Qs
are the effective U(1),, charges of Hq, H,, and S, respectively.
As in the MSSM and NMSSM, the dominant contribution to
AV, which comes from the loops containing the top-quark
and its superpartners, is given by Eqn (59), in which g has to
be replaced by AS. At the same time, V' contains new terms
which are proportional to g{ 2. These terms are not present in
the MSSM or NMSSM. They represent D-term contributions
due to the additional U(1),, factor. At the physical minimum,
H, and Hy acquire VEVs (51), whereas

_S gy

In the limit when ¢ — 0, the U(1), D-term contribution to
the scalar potential may force the minimum of this potential
to be along the D-flat direction [309] so that s ~ s, ~
¢ ~ Mg/a, where Mg is the sparticle mass scale.

The masses of the vector bosons are induced via the
interaction of the gauge fields with H,, Hy, S, and S . This
results in My = (g2/2)v. Meanwhile, the mechanism of the
neutral gauge boson mass generation differs substantially.
The Z—7' mass squared matrix is given by

(107)

=2
g 2
= A
M3, = ( 4" ) ) ) )
A? g{zvz(leid cos f+ Q,ziu sin’ B) +g1>03s>

(108)
where s = y/s? + 57 and
=/
A? :&vz(ém cos’ B — Qp, sin® ) . (109)

2

LHC constraints typically require the extra U(1), vector
boson to be heavier than 4.5 TeV [310, 311]. To ensure that
the Z’ boson is sufficiently heavy, the SM singlet fields .S must
acquire large VEV, s > 12 TeV. In this case, the mass of the
lightest neutral vector boson is very close to Mz = gv/2, the
7' mass is set by s, i.e., Mz zg{QNSs, while the mixing
between Z and Z’ is very suppressed, i.e., the mixing angle
a7z < 1073—1074.

The spontaneous breakdown of the gauge symmetry
within the E¢SSM gives rise to four massless Goldstone
modes which are swallowed by the W=, Z, and Z’ 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 EgSSM:

21,02 2 =2
aa(z(zvf) = %vz sin” (28) + gZ v* cos? (2)

+ g1*v?(Qu, cos® B + Qup, sin® B)* + 4.

mﬁ < 402
1

(110)

The growth of the Yukawa couplings A(M,) and /(M) in
the EgSSM and NMSSM leads to the appearance of a Landau
pole in the evolution of these Yukawa couplings. For each
fixed value of tan f, one can compute the maximal allowed
value of 2(M;) = Amax. The appearance of the Landau pole in

Zmax

0.8

0.6 -

02

6 7
tan f§

Figure 4. (a) Upper limit on A(M;) in the NMSSM (lower dotted line) and
E¢SSM (upper dotted line) versus tan f3. (b) Tree-level upper bound on the
mass of the lightest Higgs scalar as a function of tan ff in the MSSM (solid
line), NMSSM (lower dotted line), and E¢SSM (upper dotted line).

the evolution of the Yukawa couplings for any ¢ < Mx can be
avoided if A(M;) < Zmax. In the E¢SSM, the restrictions on the
low energy values of A(M,) 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
q > M, the values of these couplings are bigger in the ESSM
than in the NMSSM. The growth of the SM gauge couplings
and the extra U(1), 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 E¢SSM, the values of Apax
are larger than in the NMSSM. The upper bound on A(M;)
grows with increasing tan f3, since /(M) decreases. At large
tan f§, this bound approaches the saturation limit. In the
NMSSM and E¢SSM, the maximal possible values of (M)
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 E¢SSM is compared to the
corresponding bounds in the MSSM and NMSSM. At
moderate values of tan f8, the theoretical restriction on the
lightest Higgs boson mass in the E¢SSM and NMSSM
exceeds the corresponding bound in the MSSM. Since in the
E¢SSM /. is allowed to be larger than in the NMSSM, the tree-
level theoretical restriction on my, in the EsSSM is also larger
at moderate values of tan f§ than the one in the NMSSM. For
tan f = 1.2—3.4, the tree-level upper bound on the mass of
the lightest Higgs boson in the E¢SSM is larger than 115 GeV
[176]. Therefore, in this model, the contribution of loop
corrections to mﬁl is not needed to be as big as in the MSSM
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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 A varies from 0.65 to 0.8.
Assuming that s; ~ s, > 8.5 TeV and using Eqn (63), one
can estimate the value of Agw, i.€.,

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

The upper bounds on my, in the NMSSM and E¢SSM
diminish when tanf rises, and at large tanpf > 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  ~ 10, the tree-level upper limit on my, in the EcSSM is
still 6-7 GeV larger than the ones in the MSSM and NMSSM
because of the extra U(1), 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 the MSSM and E4SSM caused by direct detection searches
for dark matter and the Higgs mass measurement. Here, we
explore scenarios in which the lightest neutralino y{ 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 m,o is nearly the
same as that of some sfermion (co- annihilationb [313-315];

(ii) when 2mxo is close to the masses of the Z-boson [316],
the SM-like nggs boson [317], or one of the heavy Higgs
states [318];

(iii) if ! 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 scalar masses are set to be equal to m% at thescale Mx,i.e.,
m}(Mx) = m¢. Gaugino masses M;(Mx) are equal to an
overall gaugino mass M|, at the GUT scale, and all trilinear
and bilinear scalar couplings coincide at this scale as well, i.e.,
M,'(Mx) = M]/z, Ai(Mx) = A(), and B,'(Mx) = B().

Within the constrained MSSM, the lightest neutralino
may have a mass which is close to either the lightest stau mass
mz, or the lightest stop mass nz;. Most scenarios with
Mo / my, are characterized by mg <2 TeV and M, <
1.5 TeV [323—325]. Therefore, they are strongly constrained
by LHC searches for squarks and gluinos. Moreover, the
stringent limit on M, implies that in most cases
Mz, — My < 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 Myo & Nz, .

In case (ii), myo ~ 40—70 GeV or My =~ mA/2 When

Myo 40—65 GeV, the lightest neutralino is predominantly
bino and M 1. Since in the constrained SUSY models

My ~2M, and M5 ~ 6.5M) atlow energies, the masses of the
lightest chargino x;* and next-to-lightest neutralino y) 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 o 40—70 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
Myo = 1, and nyo > ma/2, which are associated with

anﬁ ~ 5712 and tan[j ~ 40—50, 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 M, ~ 2M, 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
E¢SSM, 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?(Ms) and trilinear scalar
couplings 4;(Ms) at the sparticle mass scale My are related to
n102, Ao, and M, > by

mi(Ms) = a;(Ms)mg + bi(Ms)M7 ),
-+ C[(Ms)Ml/QA() + d,(Ms)A% s
Ai(Ms) = e;(Ms)M ), + fi(Ms) Ao,

(111)

where Ms is set to be equal to , /775, 777, . The values of M;(Ms)
are determined by M ;. In the MSSM,

M](MS) %0.4M1/2, Mz(MS) %0.8]\41/27

(112)
M3(Ms) ~ 2.7M1/2 s
whereas, in the framework of the E4SSM,
MI(MS)%M{(MS)%02M|/27 (113)

Mz(Ms) %0.3M1/2, M3(Ms) %0.7M1/2.
Here, we shall assume that in the EgSSM f,-lx ~fiy S 1077, In
this case, the lightest exotic states are basically fermion
components of the superfields S; with masses which are
much smaller than 10~ 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 ESSM
parameter space, the lightest ordinary neutralino may
account for all or some of the observed cold dark matter
density since R-parity is conserved. From Eqns (112), (113), it
follows that the mass of the lightest neutralino tends to be
considerably lower than Ms.

To simplify the analysis, some E¢SSM parameters were

fixed, i.e.,
)”aﬁ = 206&/3, ‘u¢(Mx) = 0, ,UL(M)() =10 TCV,

K(Mx) =

(114)
Kij = Kodij, o(Mx)=2x1072, 1072,

and the Z’ boson mass was chosen to be very large Mz =~
240 TeV > Ms, which corresponds to s = (s + 53 )1/2
650 TeV. Such large VEVs of S and S can be obtained for
Ap > M. In this limit, 51 & sy, i.e., tan = 5,/s; is close to
unity. The phenomenologically acceptable dark matter
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density is then achieved for very small |A| < ¢. Moreover, it is
assumed that the couplings &, g, and i/, are negligibly small,
while g <€ o and kg < 0.

The structure of the neutralino spectrum in the E¢SSM
is simplified when Mz > Ms. The neutralino sector is
formed by the superpartners of neutral gauge bosons (W3,
B, and B’) associated with the SU(2),,, U(1), and U(1),
interactions as well as by the fermion components of the
superfields H?Y, Hl?, S, S, and ¢, i.e., ﬁg, fIL?, S, S, and ¢.
After the breakdown of gauge symmetry, all these fermion
states mix. In the basis

W= (A, HY, W3, B, B',Scos 0 — Ssin0, Ssin 0+ Scos 0, ),

(115)
the neutralino mass matrix can be written as
A CT
MXOZ(C B)’ (116)
where
gv g'v
0 — Mefp = cos p - =5 cos B
!
Uefr 0 —82%in b &Y Sin p
A= 2 2 7
% cosf f% sin f8 M, 0
! !
fg—zvcosﬁ %Sinﬁ 0 M,
(117)
M| 2/ 0ss 0 0
) A op . op
s ——=sin (20 ———cos (20 0
= o op . os )
0 ———cos(20) ——=sin (20 -
7 (20) 7 (20) 7
os
0 0 —— V2ip +
(118)
On,g{vcos B Ou,gjvsinf 0 0
—ﬂsinﬁcosé) —ﬂcosﬁcose 0 0
c= \)/5 \)ﬁ . (119)
v v
———sinfisinff ——=cosfisinf 0 O
oy Vit
0 0 00

In Eqns (117), (118), per = Ascos 0/\/5, whereas M, M», and
M| are gaugino masses for B, W3, and B’, respectively. In
matrix (119), the Abelian gaugino mass mixing M, between
Band B’ isignored. The submatrix A4 contains the neutralino
mass matrix of the MSSM, where the parameter p is replaced
by Legr-

The submatrix B represents the mixing of extra neutralino
states in the EgSSM. If Mz > Mg, an inspection of Eqn (118)
shows that two such neutralinos, those that are a mixture of
B’ and Scosf — Ssin 0, have their masses set by the large
value of Mz.. In this limit, two such neutralinos are the
heaviest states in the neutralino spectrum. The remaining
extra neutralino states are mixture of Ssin 6 + Scos 0 and ¢.
Their masses are expected to be of the order of Mg because
they are defined by either ¢/+/2 or as/+/2. Since || < ¢ and

My, M, < Ms, all extra neutralino states in the E4SSM are
considerably heavier than the ones which are linear super-
positions of HY, H?, 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 EcSSM, the heaviest neutralinos can be ignored in
the first approximation as far as determining the dark matter
density goes. Thus, as in the MSSM, the masses of the lightest
neutralino states in the E¢SSM are set by M, M>, and g
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), interaction.
Because its mass and couplings are defined by M/, and y, in
our numerical analysis, it is worth fixing the value of u(Ms) in
the MSSM and EgSSM. Then, using the minimization
conditions, which determine the physical minimum of the
Higgs effective potential in the MSSM and E¢SSM, one can
compute mg and other parameters of these models for each set
of M3, Ay, and tan f.

The relic density was calculated numerically with
micrtOMEGAS [337-340]. In the SUSY models under
consideration, the values of |u(Mg)| > 1 TeV usually result
in an unacceptably large dark matter density. Therefore, here,
only scenarios with |u(Ms)| < 1 TeV are explored. In the case
of the EgSSM with s ~ 650 TeV and tan 0 ~ 1, thisleads to an
upper bound |A(Mx)| < 2.4 x 1073, The results presented
in Figs 5, 6 and Figs 7, 8 were obtained for u(Msg) =
,ueff(Ms) =417 GeV, )O(MX) = Ko(Mx): 1073 and ,u(Ms) =
Lepr(Ms) = 1046 GeV, o(Mx) = ro(Mx) = 3 x 1073, respec-
tively. Only scenarios with the dark matter density
Qcpmh? < 0.120 are considered.

In order to get the lightest Higgs boson with mass
my, ~ 125 GeV, we restrict our consideration to tanff > 1.
Here, we set tan f§ ~ 10. The parameters M,,, and Ao are
varied from 0 to 20 TeV and from —20 TeV to 20 TeV,
respectively. For each set of parameters M, Ag, and tan f3,
the lightest Higgs mass can be computed. Here, all scenarios
with my,, > 122 GeV and my, < 128 GeV are considered. In
all scenarios, soft scalar masses are required to satisfy
constraints m?(Ms) > 0. Negative values of m?(Ms) are
allowed only for fields which acquire VEVs.

For u(Ms) = p(Ms) = 417 GeV, the allowed parts of
the parameter space in the (M, mp) 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
In (M3 /m?) is sufficiently large. If m¢ > M}, this corre-
sponds to the lower bound my = 5—6 TeV. Another lower
bound on my arises when mg ~ M ,. For fixed values of tan 8

and p(Ms) = per(Ms),

mg = EM7 )y + EMyp Ao + EAG + &,

(120)

where &, &, &, and &; are some numbers and &, &3 > 0. The
right-hand side of Eqn (120) attains its minimal value for
Ao = —(&/2¢3)M, )3, so that

52
m022<Z4M12/2+50, 54:51*4?23,
where &, > 0. When M, > u(Ms) = p(Ms), the value of
mo must be larger than \/4M , (see Figs 5-8).

As follows from Figs 5-8, in the E¢SSM, there is also an
upper bound on n1y. For fixed M|, the value of my grows
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Figure 5. Contour plots in the (M5, m) plane of the dark matter density
in the E¢SSM (a) and in the MSSM (b) for pu(Ms) = p(Ms) = 417 GeV,
tan f ~ 10, and |4o| < 20 TeV. Mass of the lightest Higgs state varies from
122 to 128 GeV. In the case of the E¢SSM, My ~ 240 TeV, s=
(s? + 522)1/2 ~ 650 TeV, and Jo(Mx) = xo(Mx) = 1073, At large values
of M\, when the lightest neutralino is predominantly the higgsino, dark
matter density is about 15% of its observed value (see also [347]).
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Figure 6. Contour plotsin the (M »,mg) plane of oy in the EsSSM (a) and
in the MSSM (b) for u(Ms) = u(Ms) =417 GeV, tanf ~ 10, and
|4p] <20 TeV. Mass of the lightest Higgs state varies from 122 to
128 GeV. In the case of the E¢SSM, Mz =~ 240 TeV, s = (s + s22)'/2 ~
650 TeV, and /o(Mx) = xo(Mx) = 1073, At large values of M), when
the lightest neutralino is predominantly the higgsino, dark matter density
is about 15% of its observed value (see also [347]).

with increasing |4|. However, large values of | 4| give rise to
large mixing in the CP-even and CP-odd Higgs sectors of the
EcSSM. As a consequence, at some value of Ay, either the
mass squared of the lightest Higgs pseudoscalar mil or the
mass squared of the lightest Higgs scalar mhz1 becomes
negative. Because of this, it is rather problematic to find any
phenomenologically acceptable scenario within the E¢SSM
for relatively large values of |4y| and my.

The results presented in Figs 5, 6 indicate that, for fixed
W(Ms) (or per(Ms)), a lower bound on M, exists that
corresponds to M (Ms) ~ u(Ms) (or M{(Ms) =~ p(Ms)).
Indeed, the lightest neutralino gives rise to an unacceptably
large dark matter density when M;(Ms) < u(Ms) (or
My (Ms) < pe(Ms)). IE My(Ms) 2 u(Ms) (or Mi(Ms) 2
Lerr(Ms)), then the lightest neutralino x) is predominantly a
higgsino in the SUSY models under consideration. As a
consequence, the annihilation cross section for yJy) —
SM particles increases substantially, so that x can account
for all or some fraction of the measured dark matter density if
u(Ms), uge(Ms) < 1 TeV. Figure 5 demonstrates that for
w(Ms), tp(Ms) <1 TeV the measured value of the dark
matter density can be obtained only in a narrow region of
the parameter space near M, (Ms) ~ u(Ms) (or M (Mg) ~

Uerr(Ms)). For u(Ms) = per(Ms) = 417 GeV, the lower
bound on M, implies that M;,, 2 0.85 TeV in the MSSM
and M/, 2 2.1-2.2 TeV in the E¢SSM. Although the lower
bounds on M|/, in the MSSM and EsSSM differ significantly,
they correspond to approximately the same lower bound on
the gluino mass Mz 2 2.1—2.2 TeV. With increasing M/ (or
M, (Ms)), the dark matter density decreases. For u(Ms) =
Uer(Mg) = 417 GeV and M, (Ms) > 417 GeV, the dark
matter density induced by y{ constitutes only 15% of its
observed value.

The values of M|/, 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 y’-nucleon
cross section og; makes a contribution to the dark matter—
nucleus scattering cross section, which is proportional to 42,
where A is a number of nucleons in nucleus. The second spin-
dependent (SD) part osp does not lead to such an enhanced
contribution to the corresponding cross section. We further
focus on agy. The first spin-independent part is dominated by
t-channel exchange of the lightest CP-even Higgs boson h;. In
the leading approximation, the SI part of the y{-nucleon cross
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Figure 7. Contour plots in the (M5, m) plane of the dark matter density
in the E¢SSM (a) and in the MSSM (b) for u(Ms) = u(Ms) = 1046 GeV,
tan ff ~ 10, and |4g| < 20 TeV. Mass of the lightest Higgs state varies
from 122 to 128 GeV. In the case of the E4SSM, My ~ 240 TeV,
s= (5?4532~ 650 TeV, and Ao(Mx) =ro(Mx) =3 x 107 (see
also [347]).
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Figure 8. Contour plotsin the (M, mo) plane of gs; in the EsSSM (a) and
in the MSSM (b) for u(Ms) = u(Ms) = 1046 GeV, tan ff ~ 10, and
|4g| <20 TeV. Mass of the lightest Higgs state varies from 122 to
128 GeV. In the case of the EgSSM, Mz ~ 240 TeV, s = (le + s22)1/2 ~
650 TeV, and Zg(Mx) = xo(Mx) = 3 x 1073 (see also [347]).

section takes the form

2,2 m,om
mEmy N2 O TIN
osp =~ ; 4 |gh1X1X1F | ) my = ! 9
vTmy My +mN- o (121)
2
N _ N N
F~ = Z qu+ﬁ Z fTQa
g=u,d,s Q=c,b,t

where my and Mo are the masses of the nucleon and lightest
neutralino,

mnfy = (NImgqalNy,  fro=1— > f1,

g=u,d,s

while /A ~ 0.0153, /3 ~0.0191, and f} =~ 0.0447 [341]. In
the MSSM and E4SSM, My > my and m, ~ my. The size of
the cross section (121) is set by the coupling gp ., ,, that
determines the strength of the interaction of the lightest
neutralino with the lightest Higgs boson. When Mg > My,
this coupling is given by

—_

S E( 'Ris — &2Ri3) [Ru(V), — Ra(V)y,], (122)

where the matrices 7 and R are defined as

O=R;, hi= VijS;] . (123)
In Eqn (123), y? are neutralino eigenstates, /; are CP-even
Higgs ecigenstates, y; are components of the basis in the
neutralino sector, and Sj’ are components of the basis in the
CP-even Higgs sector. In the case of the MSSM,
Y; = (HY, H, W3, B) and S/ = (vV2 Re HJ, V2 Re H)). In
the E¢SSM, the basis in the neutralino sector is given by
Eqn (115), whereas

S/ = (V2Re HY, V2Re HY, V2Re'S, V2ReS, V2Re) .

The cross section (121) attains its maximal value of
~ 1075 —107% cm? for | M (Ms)|~ |u(Ms)| (or |M(Msg)|~
|:ueff(MS)Da when |R11R14| ~ |R12R14| ~ 1. The 90% exclu-
sion limits set by the experiments LUX (Large Underground
Xenon experiment) [342], XENONIT [343], PandaX-4T
[344], and LUX-ZEPLIN (LZ) [345] rule out such large
cross sections as;. For Q7% ~0.118—0.119 and the lightest
neutralino masses, which vary from 200 GeV to 1000 GeV,
the experimental limits on agy, which are set by LZ, are of the
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order of 0.5 x 107 —3 x 1074 cm? [345]. With increasing
M, (Ms) and M, ,, the cross section og; diminishes because
|R14| decreases (see Fig. 6). Additionally, the reduction in Qh?
for larger values of M/, implies a reduction in the local
number density of WIMPs and thereby weakens the limits
from direct detection, i.e.,

0.119

(Qh?),, o'

ms; u)

2 (124)

os] < ———

where gy and (Q4 2)lll are computed values of these quantities
for each set of the parameters of either MSSM or E¢SSM,
while anp(m 0) is the experimental limit on the cross section
gs1 at the glven mass mg. Any set of parameters of either
MSSM or E¢SSM that does not satisfy condition (124) is
basically ruled out [346, 347]. Simple estimates show that the
lower bound on M, computed using condition (124)
increases from 0.85 TeV to 2 TeV in the MSSM and from
2.1 TeV to 5TeV in the EcSSM. This corresponds to the lower
bound on gluino mass Mz 2 5.2 TeV in the MSSM and
E¢SSM.

The results of the numerical analysis presented in Figs 5a
and 6a indicate that there is a small part of the EsSSM
parameter space in which a reasonable value of the dark
matter density can be obtained even if M| (Ms) < pg(Ms)
[347]. In this part of the parameter space, the mass of the
lightest CP-odd Higgs boson nia, =~ 2mx? which leads to the
enhancement of the annihilation cross section for 93" —
SM particles, reducing Qcpmh?. The cross section g is
relatively small in this region of the parameter space, and
condition (124) is satisfied. The lightest CP-odd Higgs state
with mass ma, ~ 2mxo appears only for certain values of 4.
Unfortunately, for ,ueff(Ms) =417 GeV, almost all such
scenarios with M, < 2 TeV have already been ruled out by
the LHC experiments. In the framework of the MSSM, the
corresponding scenarios with tan § 2 50 were considered in
Ref. [348].

For u(Ms) = pe(Ms) = 1046 GeV, the allowed parts of
the parameter space in the (M, ,,mg) 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 u(Msg) =
Uer(Ms) = 417 GeV. As discussed earlier, the scenarios with
sufficiently small M, associated with M (Ms) < u(Ms) (or
M (Ms) < uge(Msg)) 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 dark matter 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 R4 and R;3 are rather small, so the cross section og
is smaller than the one associated with the scenarios with
U(Ms) = per(Ms) = 417 GeV. The results of the numerical
analysis presented in Fig. 8 indicate that the cross section og;
diminishes when M1/2 rises. The experimental upper limit on
as1 weakens upon increasing the lightest neutralino mass nyo.
Nevertheless, it still allows us to get the stringent lower bound
on M ;. For u(Ms) = pe(Ms) = 1046 GeV, the experimen-
tal limit on os; implies that M/, 2 3.9 TeV in the MSSM and
M), 2 9.5 TeV in the EsSSM. This corresponds to M 2
10 TeV in the MSSM and E¢SSM.

As before in the EcSSM with p(Ms) = 1046 GeV, one
can find scenarios with myu, ~2m, which lead to the

o
phenomenologically acceptable dark’ matter density and

relatively small cross section gg;, even when M;(Ms) <
Uer(Ms) (see Figs 7a and 8a). However, all of them require a
substantial degree of tuning and in all such scenarios the
values of mg and M,/ 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 rxo(Mx) =
Jo(Mx) =3 x 1073, This choice of Jo(Mx) and ro(Mx)
corresponds to the masses of exotic quarks pup, =~ 3.2 TeV
and the masses of the inert higgsino Hps R 1.7 TeV. At
the same time, it is worth noting that in the limit
Jo(Mx), ko(Mx) < a(Myx) the allowed region of the E¢SSM
parameter space does not change much when 1o(Mx) and
Ko(Mx) vary.

In the simplest scendrios under consideration, the annihi-
lation cross section for x)y) — SM particles becomes too
small, and the dark matter density is unacceptably large when
u(Ms) > 1 TeV or pp(Ms) > 1 TeV. Within the constrained
MSSM, the allowed range of u(Ms) enlarges in the limit when
Mo /M /2. In this case, the mass of the lightest neutralino
and u(Ms) may be considerably ldrger than 2 TeV, because
the annihilation cross section of yy) increases [327]. The
sparticle spectrum becomes heavier as well. A relatively light
sparticle spectrum arises in the constrained MSSM if
Mo = ;. The corresponding solutions imply that m 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 ag; 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 os;. 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 (E = 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 m.0 = 1 TeV in the

X
region around the Galactic center [3537355]f

7. Searching for supersymmetric signals
at the Large Hadron Collider

Searches for possible manifestations of SUSY models 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-pr, 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 < myg), they
decay through § — qq* — qq + ). Therefore, gluino pair
production should result in an appreciable enhancement of
the cross section for pp — qqqq + EM + 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 0. For massless
neutralino 3!, the LHC experiments excluded gluino masses
below 2.2-2.3 TeV [359-362]. For Mz = 1.2 TeV, no limit on
M5 can be placed. If my < 1 TeV and M; ~ mg, the mass
exclusmn 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 by} while the top squark decays either via t — t] or
via t — byi, 75 — W*3), ATLAS and CMS set lower
mass limits of 1200-1300 GeV for massless neutralinos

%) [359, 361, 363-365]. However, no limit can be placed
for myo = 800 GeV.

LEi’ (Large Electron—Positron collider) experiments set
lower limits on the lightest chargino mass m;. . Depending on
the mass 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 %3 and iy in which
the masses of xi and 75 (my) are somewhdt larger than s
The results of the search for 1% production is normally
presented for Mye = M. The decay modes of 3f and 35
involving multilepton final states provide the best dlscrnmnd-
tion agalnst the large multijet background. If the decays of ¥
and %3 are predominantly mediated by light sleptons (€ and
ft), then ATLAS and CMS ruled out My R Mg, which are
below 1100-1400 GeV for massless LSPs [366— §68] but no
llmlts can be set for myo = 1 TeV. When the decays of 35 and

9 lead to tau leptons in the final state, the bound on
mxli ~ my reduces to 760-1000 GeV for Mz < 400 GeV
[366, 369]. If all sparticles and additional Higgs bosons are
heavy, it is assumed that i — W*%), whereas 73 decays
either via 35 — Zx) or via 33 — hy%). 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 ¥3%3 productlon for mxo =mg = . In the limit
when the neutralino %3 and %3 decay through light sleptons,
ATLAS sets a lower limit on the masses of these neutralino
states, which is about 680 GeV for m;, 0 < 400 GeV [374].

When the mass splitting between xl and x) 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 Am = My — M. ATLAS excluded chargino states with
masses below 190-240 GeV for Am = 10 GeV [375], while

0.

CMS ruled out charginos with masses below 112 GeV for
Am =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 %).
ATLAS and CMS exclude such sleptons with masses below
700 GeV for mz < 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 mso = 150 GeV
[380, 381]. When the masses of selectrons and smuons are
just 5-10 GeV larger than m; 0, 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 SUSY models. Within the MSSM,
the SM-like Higgs particle with a mass of around 125 GeV can
be obtained only when tanf > 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 17t~ [382]. The corresponding experimental
limit grows rapidly with increasing tan ff. For tanf ~ 8,
ATLAS rules out ma ~ my, ~ My < 1 TeV, whereas, for
tan f ~ 21, ATLAS excludes additional heavy Higgs states
with masses ma ~ my, >~ My: below 1.5 TeV [382]. The
lower experimental bound on the masses of extra Higgs
particles mentioned here becomes substantially weaker when
tan § < 6. Nevertheless, it is quite difficult to find scenarios
with a 125-GeV Higgs scalar for such values of tan f 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 f, i.e., 2 < tan f§ < 6, if || is bigger than 0.55-0.6 at low
energies. When |/| 2 0.6, the validity of perturbation theory
up to the scale Mx requires the low energy values of || to be
relatively small, so that |k|* <|i. 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 (A, h3, and H¥) are mostly formed by the components
of the Higgs doublets. They are almost degenerate, i.e.,
ma, >~ my, ~ My: ~ 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 (Hg
and Ag) 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—>hh7 1’13—>1’1Hs7
A, — AsHs,

h; — HsHg, A; — Agh,
h; - AsZ, A, —Z7Zh, A, —ZHs.

LHC searches for heavy resonances decaying into Zh [384],
77 [385], and hh [386] constrain the NMSSM parameter
space if 2 < tanff < 4. For tanf > 4, the most stringent
experimental limit on m, is again due to searches for heavy
neutral Higgs states decaying into ttt~ [382]. All these
constraints indicate that it is rather problematic to find
phenomenologically viable scenarios with ma < 400 GeV
and moderate values of tanf (2 < tanff < 6). Moreover,
from the search for the heavy Higgs boson hj; decaying into
hHg in the TTbb 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 E4SSM, one can obtain the 125-GeV
Higgs boson for tan f = 1.15. When tan f§ 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 5, ATLAS
excludes My: below 600-750 GeV [388]. On the other hand,
because in this part of the EsSSM parameter space || has to
be larger than g{ 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 Z' bosons, which are associated
with the linear superposition of U(1), and U(1),, (3)intoe*e™
and ptu~ by the LHC experiments, sets lower limits on the
masses of such states. Depending on 0g, 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 Eq 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).,
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 f;  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 f; o = 0and f§; o = 1, ATLAS and CMS rule out
such states with masses below 1.2 TeV and 1.43 TeV,
respectively [361, 390].

In the E¢SSM, 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 S;, 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 but make only a very minor contribution to the dark
matter density. At the same time, one exotic fermion ﬁg 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
E¢SSM. Since Zf 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 the missing energy and transverse momentum
in the final state. The Z% 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 and D states are odd under the ZF 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 ¢/ (Q;L4)D; and hfef(H{ Ly) in
the E¢SSM superpotential (27). These operators ensure that
the lightest exotic quarks D decay into

Dy — u(d)) + 4(v)) + EF™ + X,

where /; (v;) 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 — jjét4~+
EMss + X and pp — jj + EMS + 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 E¢SSM that may result in large mass
splitting between the appropriate mass eigenstates. As a
consequence, the lightest exotic squark D; 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 Z%
symmetry conservation, EWS 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 D, should also involve
the lightest ordinary neutralino to ensure that R-parity is
conserved.

If all states which are odd under the Z% symmetry couple
to the third generation fermions and sfermions mainly, then
the presence of the relatively light D; or D, should give rise to
an enhancement of the cross sections of pp — tttrt +
EMs + X and pp — bb+ EMS + 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 b; would also lead to some enhancement of the cross
section of pp — bb + ES + X. Therefore, one can expect
that the experimental bounds on the masses of D; and b,
should be approximately the same if D, decays predomi-
nantly into b+ v+ Em'Ss In other words, D; tends to be
heavier than 1.2-1.3 TeV ~

Assuming that in the E¢SSM f3, = f3, = 0, let us consider
the decays of the lightest Higgs boson h; — HIHY). In this
limit, the part of the Lagrangian that describes the interac-
tions of two lightest exotic fermions (HY and HY) with the
Z boson and the SM-like Higgs particle can be presented in
the following form:

»CZh—Z 7
+Z

where o, f = 1,2. In Eqn (125), y = (—iys)™ H? is the set of
inert neutrahno eigenstates with positive masses M0 while
0, = 0( ) if the eigenvalue of the mass matrix corresponding
to H is positive (negative). Although H0 and H0 are
substantlally lighter than 100 GeV, their couphngs to the
Z boson and other SM particles are neghglbly small [399].
Therefore, any possible signal which H and H could give
rise to in previous and present collider experlments would be
extremely suppressed, and such states could remain unde-
tected.

The couplings of the SM-like Higgs boson h; to ICI? and ﬁg
are determined by the masses of the lightest exotic states [395].
Since I:I(l’ is extremely light, it does not affect the Higgs
phenomenology. The absolute value of the coupling of h; to
another lightest exotic fermion |X%| ~ |um|/v [395]. This
coupling gives rise to decays of h; into Hj pairs with the
partial width given by

u HOT/p/SH/{>RZoc/3

0 +0/;Xh] [//OT( 1?5)0 +0/glpﬁ) (125)

(126)

12\ 3/2
X Ko
r(h, — AORY) = |224|%(1—4ﬂ) .

mg
The partial decay width (126) depends rather strongly on
| i |. To avoid the suppression of the branching ratios for the
hghtest Higgs decays into SM particles, we restrict our
consideration here to the GeV-scale masses of HY.

The results of the numerical analysis are presented in
Table 5. In order to get the lightest Higgs boson with mass
my, ~ 125 GeV, the EsSSM parameters are chosen so
that mq ~ my ~ Ms ~ 4 TeV, X, ~ —v6Ms, M Msg) ~ 0.6,
tan f ~ 1.5,and s ~ 12 TeV (M7 ~ 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 h; 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 bb. The corresponding branching
ratio is about 60%. The branching ratios associated with the
Higgs decays into yy, 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 h; changes from 0.2% to 20% when puy varies from
0.3 GeV to 2.7 GeV [399-402]. For smaller (larger) values of
o, the branching ratio of these decays is even smaller
(larger) On the other hand, the couplings of HO and HO to
the Z boson are so small that these exotic fermlons could not

Table 5. Masses and couplings of the lightest exotic fermions (IZI(I) and I:Ig)
as well as the branching ratios of the lightest Higgs boson h; associated
with scenarios A, B, C, and D.

A B C D
I —0.03 —0.012 —0.06 0
o1 0 0 0 0.02
12 0 0 0 0.02
21 0.03 0.012 0.06 0
S -0.1 —0.1 —0.1 0.6
Ja —0.1 —-0.1 —0.1 0.00245
fi2 0.00001 0.00001 0.00001 0.00245
fil 0.1 0.1 0.1 0.00001
Fa 0.1 0.1 0.1 0.6
Jar 0.1 0.1 0.1 0.002
T2 0.000011 | 0.000011 | 0.000011 0.002
it 0.1 0.1 0.1 0.00001
lugol, GeV | 27 x 1071 [ 6.5 x 1071 | 1.4 x 107" 031 x 10~
|ugpo, GeV 1.09 2.67 0.55 0.319
|Rz11 0.0036 0.0212 0.00090 | 1.5x 1077
|Rz12] 0.0046 0.0271 0.00116 | 1.7 x 1074
|Rz2] 0.0018 0.0103 0.00045 0.106
Br(h; — HIHY) 4.7% 21.9% 1.23% 0.22%
Br(h; — bb) 56.6% 46.4% 58.7% 59.3%

be observed before. In particular, their contribution to the
Z-boson width tend to be negligibly small. After being
produced, I:Ig sequentially decay into ﬁ? and a fermion—
antifermion pair via virtual Z. Nevertheless, since |Rzi| is
quite small, in the scenarios A, C, and D, Hg tends to live
longer than 1078 s and typically decays outside the detectors.
As a consequence, in these cases, the decay channel
h; — HJHY gives rise to an invisible branching ratio of the
SM-like Higgs boson [399]. In the case of benchmark scenario
B, |Rz12] is larger so that Tro ~ 10~ s and some of the decay
products of H) might be observed at the LHC.

Because R212 is relatively small, H0 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, H) should
decay before BBN, i.e., its lifetime T should not be longer
than 1 s. This requirement constrains |Rzi»|. Indeed, for
Mgy = 1 GeV, the absolute value of the coupling Rz, has to
be larger than 1 x 1076 [403]. The constraint on |Rzp|
becomes more stringent with decreasing py0 because
Tho ~ 1/(|Rz1a| 1t0)- The results of our analysis indicate
that it is somewhat problematic to ensure that T S < 1sif
tgo < 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
ete™ colliders (ILC, CLIC, etc.) will allow measuring the
Higgs mass and its branching ratios much more precisely. HL
LHC should also be beneficial in the search for the
production of the chargino, the neutralino, and long-lived
sparticles.
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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 g — 2 from the Fermi National
Accelerator Laboratory (Fermilab) measurement [405]
combined with the Brookhaven National Laboratory
(BNL) result [406] has a value which is 4.2¢ 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 7¢ 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
g — 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 g — 2 is taken,
then the 4.2¢ deviation can be reduced to 1.5¢ [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 E¢ (or Eg)
gauge symmetry at the GUT scale Mx may lead to either the
MSSM/NMSSM or U(1),, extension of the MSSM (EsSSM)
at low energies. In the MSSM and NMSSM, an approximate
gauge coupling unification takes place around the scale
Myx ~ 2 x 10'® GeV. Within the E¢SSM, the exact unifica-
tion of the gauge couplings near Mx ~ 3 x 10'® GeV can be
attained for any value of o3(M7z) which is in agreement with
current data.

In GUTs, 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 SM particles have not yet
been observed, the sparticle mass scale lies well above the TeV
scale. As a consequence, a substantial tuning, ~ 1073 —1072,
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 my, in the
MSSM does not exceed the mass of the Z-boson Myz. The
inclusion of one-loop and two-loop corrections permits us to
increase the upper bound on my, to 130-135 GeV. The
theoretical restriction on my, is saturated when the sparticle
mass scale Mg is much bigger than Mz and tan f > 1. In order
to reproduce the observed value of the SM-like Higgs mass in
the MSSM, the contribution of loop corrections to mh has to
be nearly as large as M2. Such a large loop contribution can
be obtained if My is considerably larger than 1 TeV. As was
noted above, the emergence of such a mass gap between Mg
and my, gives rise to fine-tuning which is of the order of
10~3—1072. The fine-tuning of the MSSM can be partially
ameliorated within the NMSSM in which the upper bound on
my, attains its maximal value for tan f ~ 1. The tree-level
theoretical restriction on the SM-like Higgs boson mass in the
NMSSM can be 10 GeV larger than in the MSSM. Therefore,
the mass gap between Mg and my, 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 E¢SSM, the tree-level mass of the lightest
Higgs scalar can be larger than 115 GeV if tanff ~ 1.2—3.4.
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 mj is much smaller than M. However, in the
corresponding part of the E¢SSM parameter space, the
stabilization of the EW scale requires a tuning at least of the
order of 107*, 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
E¢SSM. 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
Qcpmh? < 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
m.o is nearly the same as the mass of one of the sfermions or if

i
2m. is close to the mass of heavy Higgs bosons mia.

Neiertheless 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 E¢SSM parameter space where the lightest
neutralino has a large higgsino component. In this case, the
appropriate dark matter density can be obtained if
My S < 1—1.1 TeV. Such phenomenologically viable scenar-
ios with Qcpm/? < 0.120 and my,, ~ 125 GeV imply that all
scalars are heavier than 5-6 TeV [327, 347]. The direct
detection experiments XENONIT [343], PandaX-4T [344],
and LZ [345] set lower limits on M/, 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 m 0 R 400 GeV. The constraints
mentioned above are conmderably 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 m,o is close to the mass of the
lightest stop. Since m vary from i 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,
while HE-LHC [439] or FCC[440, 441] may open a new era in
elementary particle physics.
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