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The breakdown of Eg gauge symmetry at high energies may lead to supersymmetric models
based on the standard model gauge group together with extra U(1), and U(1), gauge symmetries.
To ensure anomaly cancellation the particle content of these E¢ inspired models involves extra exotic
states that generically give rise to nondiagonal flavor transitions and rapid proton decay. We argue that
a single discrete Zé" symmetry can be used to forbid tree-level flavor changing transitions, as well as
the most dangerous baryon and lepton number violating operators. We present 5D and 6D orbifold
grand unified theory constructions that lead to the Eg inspired supersymmetric models of this type. The
breakdown of U(1), and U(1), gauge symmetries that preserves E¢ matter parity assignment
guarantees that ordinary quarks and leptons and their superpartners, as well as the exotic states
which originate from 27 representations of Eg, survive to low energies. These Eg inspired models
contain two dark matter candidates and must also include additional TeV scale vectorlike lepton or
vectorlike down-type quark states to render the lightest exotic quark unstable. We examine gauge
coupling unification in these models and discuss their implications for collider phenomenology and

cosmology.
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L. INTRODUCTION

E¢ inspired models are well motivated extensions of the
standard model (SM). Indeed, supersymmetric (SUSY)
models based on the Eq gauge symmetry or its subgroup
can originate from the ten-dimensional heterotic super-
string theory [1]. Within this framework gauge and gravi-
tational anomaly cancellation was found to occur for the
gauge groups SO(32) or Eg X Eg. However only Eg X Ej
can contain the SM since it allows for chiral fermions while
S0(32) does not. Compactification of the extra dimensions
results in the breakdown of Eg up to Eg or one of its
subgroups in the observable sector [2]. The remaining Ej
couples to the usual matter representations of the E4 only
by virtue of gravitational interactions and comprises a
hidden sector that is thought to be responsible for the
spontaneous breakdown of local SUSY (supergravity). At
low energies the hidden sector decouples from the observ-
able sector of quarks and leptons, the gauge and Higgs
bosons and their superpartners. Its only manifest effect is a
set of soft SUSY breaking terms which spoil the degener-
acy between bosons and fermions within one supermulti-
plet [3]. The scale of soft SUSY breaking terms is set by
the gravitino mass, ms,. In the simplest SUSY extensions
of the SM these terms also determine the electroweak
(EW) scale. A large mass hierarchy between ms/, and
the Planck scale can be caused by the nonperturbative
effects in the hidden sector that may trigger the breakdown
of supergravity (SUGRA) [4].
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Since Eg is a rank-6 group the breakdown of E4 sym-
metry may result in low energy models based on rank-5 or
rank-6 gauge groups, with one or two additional U(1)
gauge group factors in comparison to the SM. Indeed, Eq
contains the maximal subgroup SO(10) X U(1), while
SO(10) can be decomposed in terms of the SU(5) X
U(1), subgroup [5,6]. By means of the Hosotani mecha-
nism [7] E¢ can be broken directly to

Eq— SUB)c X SUQR)y X U(l)y X U(1),, X U(1),,

which has rank 6. This rank-6 model may be reduced
further to an effective rank-5 model with only one extra
gauge symmetry U(1)" which is a linear combination of
U(1), and U(1),,:

U(1) = U(1), cosf + U(1), sind. (1)

In the models based on rank-6 or rank-5 subgroups of E¢
the anomalies are automatically canceled if the low energy
particle spectrum consists of a complete representation of
Es. Consequently, in Eg4 inspired SUSY 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 representa-
tions of Eg. Thus we will assume that the particle content
of these models includes at least three fundamental repre-
sentations of Eg at low energies. These multiplets decom-
pose under the SU(5) X U(1),, X U(1), subgroup of Eg as
follows:
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The first, second and third quantities in brackets are
the SU(5) representation and extra U(1), and U(l),
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 (u{ and df) as well as
right-handed charged leptons (), is assigned to
(10, \/LQ— — \/%)i + (5% ﬁ, \/i—o),-. Right-handed neutrinos

1

2)

Nf are associated with the last term in Eq. (2),
(1,\/#—, —\/%—O)i. The next-to-last term, (1,\%2—4, 0);, repre-
sents new SM singlet fields S;, with nonzero U (1)¢ charges
that therefore survive down to the EW scale. The pair of
SU(2)y doublets (H¢ and HY) that are contained in
(5%, — \/%’ - \/%6)1‘ and (5, — \/LEZ’ \/L'B)i have the quantum
numbers of Higgs doublets. They form either Higgs or
inert Higgs SU(2),y 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 (+ %) twice
larger than that of ordinary ones. In phenomenologically
viable E¢ inspired models they can be either diquarks or
leptoquarks.

The presence of the Z’ bosons associated with extra U(1)
gauge symmetries and exotic matter in the low energy
spectrum stimulated the extensive studies of the Ejg
inspired SUSY models over the years [5,8]. Recently, the
latest Tevatron and early LHC Z' mass limits in these
models have been discussed in Ref. [9] while different
aspects of phenomenology of exotic quarks and squarks
have been considered in Ref. [10]. Also the implications of
the E¢ inspired SUSY models have been studied for EW
symmetry breaking [11-14], neutrino physics [15,16], lep-
togenesis [17,18], EW baryogenesis [19], muon anomalous
magnetic moment [20], the electric dipole moment of
electrons [21] and tau leptons [22], lepton flavor violating
processes like u — ey [23] as well as charge conjugation
and parity (CP) violation in the Higgs sector [24]. The
neutralino sector in Eg inspired SUSY models was ana-
lyzed previously in Refs. [13,21-23,25-29]. Such models
have also been proposed as the solution to the tachyon
problems of anomaly mediated SUSY breaking, via U(1)’
D-term contributions [30], and used in combination with a
generation symmetry to construct a model explaining fer-
mion mass hierarchy and mixing [31]. An important

'We use the terminology ““inert Higgs” to denote Higgs-like
doublets that do not develop vacuum expectation values (VEVs).
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feature of E4 inspired SUSY models is that the mass of
the lightest Higgs particle can be substantially larger in
these models than in the minimal supersymmetric standard
model (MSSM) and next-to-minimal supersymmetric stan-
dard model (NMSSM) [14,32-34]. The Higgs sector in
these models was examined recently in Refs. [29,32,35].

Within the class of rank-5 E¢ inspired SUSY models,
there is a unique choice of Abelian U(1)y gauge symmetry
that allows zero charges for right-handed neutrinos and
thus a high scale seesaw mechanism. This corresponds to
6 = arctan+/15. Only in this exceptional supersymmetric
Standard Model (EcSSM) [32,33] right-handed neutrinos
may be superheavy, shedding light on the origin of
the mass hierarchy in the lepton sector and providing
a mechanism for the generation of the baryon asymmetry
in the Universe via leptogenesis [17,18]. Indeed, the
heavy Majorana right-handed neutrinos may decay into
final states with lepton number L = =1, thereby creating
a lepton asymmetry in the early Universe. Since in
the EqsSSM the Yukawa couplings of the new exotic
particles are not constrained by neutrino oscillation data,
substantial values of the CP asymmetries can be induced
even for a relatively small mass of the lightest right-handed
neutrino (M, ~ 10° GeV) so that successful thermal lepto-
genesis may be achieved without encountering a gravitino
problem [18].

Supersymmetric models with an additional U(1), gauge
symmetry have been studied in Ref. [16] in the context of
nonstandard neutrino models with extra singlets, in
Ref. [25] from the point of view of Z — Z' mixing, in
Refs. [13,25,26] where the neutralino sector was explored,
in Refs. [13,36] where the renormalization group (RG)
flow of couplings was examined and in Refs. [12-14]
where EW symmetry breaking was studied. The presence
of a Z' boson and of exotic quarks predicted by the excep-
tional SUSY model provides spectacular new physics sig-
nals at the LHC which were analyzed in Refs. [32-34,37].
The presence of light exotic particles in the ESSM spec-
trum also leads to the nonstandard decays of the SM-like
Higgs boson that were discussed in detail in Ref. [38].
Recently the particle spectrum and collider signatures
associated with it were studied within the constrained
version of the EcSSM [39].

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. In par-
ticular, light exotic states generically lead to nondiagonal
flavor transitions and rapid proton decay. To suppress
flavor changing processes as well as baryon and lepton
number violating operators one can impose a set of discrete
symmetries. For example, one can impose an approximate
Zi symmetry, under which all superfields except one pair
of HY and H! (say H; = HY and H, = HY) and one SM-
type singlet field (S = S3) are odd [32,33]. When all Z4
symmetry violating couplings are small this discrete
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symmetry allows us to suppress flavor changing processes.
If the Lagrangian of the E4 inspired SUSY models is
invariant with respect to either a Z{ symmetry, under
which all superfields except leptons are even (Model 1),
or a Z8 discrete symmetry that implies that exotic quark
and lepton superfields are odd whereas the others remain
even (Model II), then the most dangerous baryon and
lepton number violating operators get forbidden and the
proton is sufficiently long-lived [32,33]. The symmetries
ZH, ZE and Z8 obviously do not commute with E4 because
different components of fundamental representations of Eg
transform differently under these symmetries.

The necessity of introducing multiple discrete sym-
metries to ameliorate phenomenological problems that
generically arise due to the presence of low mass exotics
is an undesirable feature of these models. In this paper we
consider rank-6 Eg inspired SUSY models in which a
single discrete Z symmetry serves to simultaneously
forbid tree-level flavor changing transitions and the most
dangerous baryon and lepton number violating operators.
We consider models where the U(1), and U(1), gauge
symmetries are spontaneously broken at some intermediate
scale so that the matter parity,

zyl = (—1)¢70, 3)

is preserved. As a consequence the low energy spectrum of
the models will include rwo stable weakly interacting par-
ticles that potentially contribute to the dark matter density
of our Universe. The invariance of the Lagrangian with
respect to Z5! and ZH symmetries leads to unusual collider
signatures associated with exotic states that originate from
27-plets. These signatures have not been studied in detail
before. In addition to the exotic matter multiplets that stem
from the fundamental 27 representations of E, the consid-
ered models predict the existence of a set of vectorlike
supermultiplets. In particular the low energy spectrum of
the models involves either a doublet of vectorlike leptons or
a triplet of vectorlike down-type quarks. If these extra states
are relatively light, they will manifest themselves at the
LHC in the near future.

It is worth noting that in the Eg inspired SUSY models
considered here, different superfields, that are expected to
originate from the same Eg supermultiplet, transform dif-
ferently under the transformations of the Zg symmetry.
Therefore one can naively think that this may be incon-
sistent with grand unified theories (GUTs) based on the Eg
gauge group. In this paper we argue that the orbifolding in
higher-dimensional Eg theories might split 27-plets so
that the low energy limit of these theories is described
by the SUSY models with exact custodial ZNQ’ symmetry
mentioned above.

The layout of this paper is as follows. In Sec. II
we specify the rank-6 E4 inspired SUSY models with
exact custodial symmetry. In Sec. III we present five-
dimensional (5D) and six-dimensional (6D) orbifold
GUTs that lead to the rank-6 E¢ inspired SUSY models
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that we propose. In Secs. IV and V the RG flow of gauge
couplings and implications for collider phenomenology
and cosmology are discussed. Our results are summarized
in Sec. VL.

II. Eq INSPIRED SUSY MODELS WITH EXACT
CUSTODIAL ZY SYMMETRY

In our analysis we concentrate on the rank-6 Eg inspired
SUSY models with two extra U(1) gauge symmetries:
U(1), and U(1),. In other words we assume that near
the GUT or string scale Eq or its subgroup is broken
down to SUQ3)c X SUQ)w X U(1)y X U(1),, X U(1),.
In the next section we argue that this breakdown can be
achieved within orbifold GUT models. We also allow three
copies of 27-plets to survive to low energies so that anoma-
lies get canceled generation by generation within each
complete 27; representation of Eg. In Eg models the
renormalizable part of the superpotential comes from the
27 X 27 X 27 decomposition of the FEg fundamental
representation and can be written as

Wi, =Wy + W, +W,,
Wo = AipSi(H{HY) + ki Si(D;Dy) + hiy Nf(HYLy)
RS (HY Q) + WP (HIQ,) + hEes (HIL),
W, = g,%kDi(Qij) + g?jkDid;:uz’
W) = gV NeDjds + ghyesDjus + g2 (QiL)Dy.  (4)

Here the summation over repeated family indexes (i, j, k =
1,2, 3) is implied. In the considered models B — L number
is conserved automatically since the corresponding global
symmetry U(1)z_; is a linear superposition of U(1)y and
U(1),. 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)p and U(1); global symmetries.
In this case the 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
generations resulting in the phenomenologically unwanted
flavor changing transitions. For example, nondiagonal fla-
vor interactions contribute to the amplitude of K — K°
oscillations and give rise to new channels of muon decay
like 4 — e e*e”. In order to avoid the appearance of
flavor changing neutral currents (FCNCs) at the tree level
and forbid the most dangerous baryon and lepton number
violating operators one can try to impose a single Z~’2L’
discrete symmetry. One should note that the imposition
of additional discrete symmetry to stabilize the proton is a
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generic feature of many phenomenologically viable SUSY
models.

In our model building strategy we use 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 fundamen-
tal representations, that play a role in the Higgs fields
which break EW symmetry. In the MSSM the potentially
dangerous operators, that lead to the rapid proton decay,
are forbidden by the matter parity Z3 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 multip-
lets M; and M, have opposite U(1)y, U(1), and U(1),
charges their contributions to the anomalies get canceled
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=H,; S and N° = N§ then the SU2)y X U(1)y X
U(1), X U(1), symmetry can be broken down to U(1),,,
associated with electromagnetism. The VEVs of § and N¢
break U(1), and U(1), entirely while the SU(2)y X
U(1)y symmetry remains intact. When the neutral compo-
nents of H, and H,; acquire nonzero VEVs then SU(2)y, X
U(1)y symmetry gets broken to U(1),,, and the masses of
all quarks and charged leptons are generated.

As in the case of the MSSM we assume that all
multiplets M, are even under Z? symmetry while three
copies of the complete fundamental representations of Eg
are odd. This forbids couplings in the superpotential that
come from 27; X 27; X 27;. On the other hand the Z~§1
symmetry allows the Yukawa interactions that stem from
27) X 27, X 27;,, and 27} X 27; X 27,. The multiplets
M, have to be even under Z~§I symmetry because some
of them are expected to get VEVs. Otherwise the VEVs
of the corresponding fields lead to the breakdown of
the discrete Z¥ symmetry giving rise to the baryon and
lepton number violating operators in general. If the set
of multiplets M, includes only one pair of doublets, H,
and H,, the Z~§’ symmetry defined above permits us to
suppress unwanted FCNC processes at the tree level since
down-type quarks and charged leptons couple to just one
Higgs doublet H,;, whereas the up-type quarks couple to
H, only.

The superfields M, can be either odd or even under this
Z;’ symmetry. Depending on whether these fields are even
or odd under Zg , a subset of terms in the most general
renormalizable superpotential can be written as

Wiotal = Y}, 27127,,27, + Y,;;27,27,27 ;

+ Ylmnﬁ/lﬁ/mﬁln + /*L§127iﬁll + /:l;n127l/nﬁll tr
)
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where Y}, and Y;; are Yukawa couplings and u, and i/,
are mass parameters. Also one should keep in mind that
only M; and M, components of 27, and 27', appear below
the GUT scale. If M, is odd under Z% symmetry then the
terms ! 27,27, and Y,,,27 27,27, are forbidden
while u/, can have nonzero values. When M; is even u/,
vanish whereas i’ 27,27, and Y,,,27 27,27, are
allowed by Zg symmetry. In general mass parameters w!,
and !, are expected to be of the order of 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 My.

The VEVs of the superfields N¢, and N¢, (that originate
from 27/, and 27),) can be used not only for the breakdown
of U(1), and U(1), gauge symmetries, but also to generate
Majorana masses for the right-handed neutrinos that can be
induced through interactions

AWy = 2L(27.27,)(27,27)). (©)
MP]

The nonrenormalizable operators (6) give rise to the right-
handed neutrino masses which are substantially lower than
the VEVs of N¢ and N¢,. Because the observed pattern of
the left-handed neutrino masses and mixings can be natu-
rally reproduced by means of a seesaw mechanism if the
right-handed neutrinos are superheavy, the N¢, and N¢, are
expected to acquire VEVs (Ng)=(N¢) =< My. This
implies that U(1),, X U(1), symmetry is broken down to
U(1)y near the GUT scale, where U(1)y symmetry is a
linear superposition of U(1),, and U(1),, i.e.,

vy = Lo, + Lo, ™
under which right-handed neutrinos have zero charges.
Since N and N, acquire VEVs both supermultiplets
must be even under Zg symmetry.

At the same time the VEVs of N§, and N¢ may break
U(1)p_; symmetry. In particular, as follows from Eq. (4),
the VEV of Nj; can induce the bilinear terms M:(H}L ;)
and M g. (D;d¢) in the superpotential. Although such break-
down of gauge symmetry might be possible the extra
particles tend to be rather heavy in the considered case
and thus irrelevant for collider phenomenology. Therefore
we shall assume further that the couplings of Ny, to 27; are
forbidden. This, for example, can be achieved by imposing
an extra discrete symmetry Z,. Although this symmetry
can forbid the interactions of N, with three complete 27,
representations of E¢ it should allow nonrenormalizable
interactions (6) that induce the large Majorana masses for
right-handed neutrinos. These requirements are fulfilled if
the Lagrangian is invariant under Z, symmetry transfor-
mations N§, — —N§; and N§, — —N¢,. Alternatively, one
can impose Z, symmetry (n > 2) under which only N§,
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transforms. The invariance of the Lagrangian with respect
to Z, symmetry (n > 2) under which only Ny transforms
implies that the mass term uy N7 N in the superpotential
(5) is forbidden. On the other hand this symmetry allows a
nonrenormalizable term in the superpotential
_ (NGNG)"

In this case N§ and N¢, can develop VEVs along the D-flat
direction so that

1 M¢ 155
—S] , ©)

() = () ~ M [ 18
where My is a low energy supersymmetry breaking scale.
This mechanism permits us to generate (N§,) = 10'* GeV

resulting in right-handed neutrino masses of the order of

1
ijMp, - [1 %] = 10" GeV.
% M, Pl

The mechanism of the gauge symmetry breaking
discussed above ensures that the low energy effective
Lagrangian is automatically invariant under the matter par-
ity Z5. Such spontaneous breakdown of the U(1),, X U(1),
gauge symmetry can occur because Z3 is a discrete sub-
group of U(1), and U(1),. This follows from the U(1),
and U(1),, charge assignments presented in Eq. (2). Thus in
the considered case the VEVs of N¢ and N¢ break
U(1), X U(1), gauge symmetry down to U(1)y X Z3.
As a consequence the low energy effective Lagrangian is
invariant under both Z) and Z¥ discrete symmetries.
Moreover the Zg’ symmetry is a product of
ZH =70 x 7ZE, (10
where ZF is associated with most of the exotic states.
In other words all exotic quarks and squarks, inert
Higgs and Higgsino multiplets as well as SM singlet and
singlino states that do not get VEVs are odd under Z&
symmetry. The transformation properties of different
components of 27;, 27? and ﬁ? multiplets under the Zg s
ZM and ZE symmetries are summarized in Table 1. Since
the Lagrangian of the considered Eg inspired models is
invariant under Z% and Z¥ symmetries it is also invariant
under the transformations of Z£ symmetry. Because Z7 is
conserved, the lightest exotic state, which is odd under this
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symmetry, is absolutely stable and contributes to the relic
density of dark matter.

It is also well known that in SUSY models the lightest
supersymmetric particle, i.e., the lightest R-parity odd
particle [Z¥ = (—1)3B~L)*2] must be stable. If in the
considered models the lightest exotic state (i.e., the state
with Z¥ = —1) has even R-parity then the lightest R-parity
odd state cannot decay as usual. When the lightest exotic
state is an R-parity odd particle either the lightest R-parity
even exotic state or the next-to-lightest R-parity odd state
with Z¥ = +1 must be absolutely stable. Thus the consid-
ered Eq inspired SUSY models contain at least two dark
matter candidates.

The residual extra U(1)y gauge symmetry gets broken
by the VEV of the SM singlet superfield S (and possibly S).
The VEV of the field S induces the mass of the Z' asso-
ciated with U(1)y symmetry as well as the masses of all
exotic quarks and inert Higgsinos. If S acquires a VEV of
the order of 10—100 TeV (or even lower) the lightest exotic
particles can be produced at the LHC. This is the most
interesting scenario that we are going to focus on here.
In some cases the superfield § may also acquire a nonzero
VEV breaking U(1)y symmetry as we will discuss later.
If this is the case then S should be even under the Z¥
symmetry. Otherwise the superfield S can be Z% odd.

The above considerations indicate that the set of multip-
lets M, has to contain at least H,,, H;, S and N§; in order to
guarantee the appropriate breakdown of the gauge symme-
try in the rank-6 E¢ inspired SUSY models. However if the
set of Z4 even supermultiplets M, involve only H,, H,;, S
and Nj; then the lightest exotic quarks are extremely long-
lived particles. Indeed, in the considered case the Z%
symmetry forbids all Yukawa interactions in W; and W,
that allow 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)p but also under U(1), symmetry
transformations

D — e®D, D — e @D, (11)
The U(1)p, invariance ensures that the lightest exotic quark
is very long-lived. The U(1);, U(1)s and U(1), global
symmetries are expected to be broken by a set of non-
renormalizable operators which are suppressed by the
inverse power of the GUT scale My or Mp;. These opera-
tors give rise to the decays of the exotic quarks but do not
lead to the rapid proton decay. Since the extended gauge

TABLE I. Transformation properties of different components of E; multiplets under Z%, ZM and Z% discrete symmetries.

27; 27, 27y, @Ty) 27y 2Ty, QTy) 27y 27y 27y 27, Q7)) 27, (27;)

Q; ui, di, L; e, N} [)i) D;, Hfl) HY, S, H, (Hy) S I:Iu (I:Id) S Ny (N;-I) Ly (L_4) di (6?64)
zH - - + + - * + + +
z - + + + + + - - -
zE + - + + - + - - -
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symmetry in the considered rank-6 Eg inspired SUSY
models forbids any dimension five operators that break
U(1)p global symmetry the lifetime of the lightest exotic
quarks is expected to be of the order of

T = MY/ p, (12)

where wp is the mass of the lightest exotic quark. When
mp =TeV the lifetime of the lightest exotic quarks
7p = 10 GeV~! ~ 10! years, i.e., considerably larger
than the age of the Universe.

The long-lived exotic quarks would have been copiously
produced during the very early epochs of the big bang.
Those lightest exotic quarks which survive annihilation
would subsequently have been confined in heavy hadrons
which would annihilate further. The remaining heavy had-
rons 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 set limits on their relative concentrations from
1071 to 10739 per nucleon [40]. At the same time various
theoretical estimations [41] show that if remnant particles
would exist in nature today their concentration is expected
to be at the level of 107!° per nucleon. Therefore Eg
inspired models with very long-lived exotic quarks are
ruled out.

To ensure that the lightest exotic quarks decay within a
reasonable time the set of Z even supermultiplets M,
needs to be supplemented by some components of 27-
plet that carry SU(3)s color or lepton number. In this
context we consider two scenarios that lead to different
collider signatures associated with the exotic quarks. In the
simplest case (scenario A) the set of Z~’2LI even supermultip-
lets M, involves lepton superfields L, and/or e that survive
to low energies. This implies that 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 ZS’ symmetry. Then baryon number is
conserved and exotic quarks are leptoquarks.

In this paper we restrict our consideration to the Eg
inspired SUSY models that lead to the approximate uni-
fication of the SU(3)¢, SU(2)y and U(1)y gauge couplings
at some high energy scale My. This requirement implies
that in the one-loop approximation the gauge coupling
unification is expected to be almost exact. On the other
hand it is well known that the one-loop gauge coupling
unification in SUSY models remains intact if the MSSM
particle content is supplemented by the complete represen-
tations of SU(5) (see for example Ref. [42]). Thus we
require that the extra matter beyond the MSSM fill in
complete SU(5) representations. In scenario A this require-
ment can be fulfilled if #, and A, are odd under the Z%
symmetry while L, is a Z}' even supermultiplet. Then H,
and H, from the 27, can get combined with the superpo-
sition of the corresponding components from 27; so that

PHYSICAL REVIEW D 87, 015029 (2013)

the resulting vectorlike states gain masses of the order
of My. The supermultiplets L, and L, are also expected
to form vectorlike states. However these states are required
to be light enough to ensure that the lightest exotic quarks
decay sufficiently fast®> The appropriate mass term
wrLsL, in the superpotential can be induced within
SUGRA models just after the breakdown of local SUSY
if the Kiihler potential contains an extra term [Z; (L4L,) +
H.c.] [43].

The presence of the bosonic and fermionic components
of § at low energies is not constrained by the unification of
the SU(3)¢, SU(2)y and U(1)y gauge couplings since S is
the SM singlet superfield. If S is odd under the Z sym-
metry then it can get combined with the superposition of
the appropriate components of 27;. The corresponding
vectorlike states may be either superheavy (~My) or
gain TeV scale masses. When S is a ng even superfield
then its scalar component is expected to acquire a nonzero
VEV breaking U(1)y gauge symmetry.

Thus scenario A implies that in the simplest case the low
energy matter content of the considered Eg inspired SUSY
models involves

3[(Qi: ulqs dlL’ Li’ e[?', N;‘)] + 3(Di’ Dt) + Z(Sa) + 2(H(L)tz)
+2(HY) + Ly + Ly + N§ +N§ +S+H, + Hy,
(13)

where the right-handed neutrinos Ny are expected to gain
masses at some intermediate scale, while the remaining
matter survives down to the EW scale. In Eq. (13) & = 1,2
and i = 1, 2, 3. Integrating out N¢, N§, and N¢ as well as
neglecting all suppressed nonrenormalizable interactions
one gets an explicit expression for the superpotential in the
considered case

Wy =AS(H,H,) + AapS(HGHY) + K;;S(D;D))
+ fapSa(HGH,) + fopSa(H HY) + g0(Q;L4)D;
+hiyef(HGLy) + ppLaLy+ Wyssy(u=0).  (14)

ia%i

A second scenario, that allows the lightest exotic quarks
to decay within a reasonable time and prevents rapid
proton decay, is realized when the set of multiplets M;
together with H,, H;, S and N contains an extra dj
superfield (instead of L,) from 27/,. If the Z~§I even super-
multiplet dj survives to low energies then exotic quarks are
allowed to have nonzero Yukawa couplings with a pair of
quarks which permit their decays. They can also interact
with d§ and right-handed neutrinos. However if Majorana
right-handed neutrinos are very heavy (~My) then the
interactions of exotic quarks with leptons are extremely
suppressed. As a consequence in this scenario B D; and D,

*Note that the superfields e§ and & are not allowed to survive
to low energies because they spoil the one-loop gauge coupling
unification.
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manifest themselves in the Yukawa interactions as super-
fields with baryon number (+ %)

Although in scenario B the baryon and lepton number
violating operators are expected to be suppressed by in-
verse powers of the masses of the right-handed neutrinos
they can still lead to the rapid proton decay. The Yukawa
interactions of the Z} even superfield d§ with other super-
multiplets of ordinary and exotic matter can be written in
the following form:

AW, = hRdS(HIQy) + g?jD_,»djuj + g?]’.Nijdfl. (15)
Integrating out Majorana right-handed neutrinos one
obtains in the leading approximation

: = e o Wi _
AW, = hids(HQ) + giiDidiu; + 31 (LiH,)(D;ds).

(16)

where M, is an effective seesaw scale which is determined
by the masses and couplings of Ni and %;; ~ g{\]’ In the
considered case the baryon and lepton number violation
takes place only when all three terms in Egs. (15) and (16)
are present in the superpotential. If gfjl. =0 (%; =0) or
g?j = (0 the baryon and lepton number conservation
requires exotic quarks to be either diquarks or leptoquarks,
respectively. When h% vanish the conservation of the
baryon and lepton numbers implies that the superfields
D;, D; and d§ have the following U(1), and U(1)g charges:
BD = _B[) = _de = _1/6 and LD = _LD :Ldz =
—1/2. This consideration indicates that in the case when
all three terms are present in Egs. (15) and (16) the U(1);
and U(1)p global symmetries cannot be preserved. It
means that in the leading approximation the proton decay
rate is caused by all three types of the corresponding
Yukawa couplings and has to go to zero when the
Yukawa couplings of at least one type of Yukawa inter-
actions vanish. In practice, the proton lifetime is deter-
mined by the one-loop box diagram that leads to the
dimension seven operator

L= (c"f"’)(<H”>> €apyisdgPid,] (17
p M_% MN [ aBytai“Bjik 'yl] (17)
where (H,) = v,/+/2 and ciju > %g4(hP)%. In Eq. (17)
greek indices denote the color degrees of freedom while
SU(2) indices are suppressed. Here we assume that all
particles propagating in the loop have masses of the order
of Mg. For My = 10" GeV and h}} ~ g, ~ g the appro-
priate suppression of the proton decay rate can be achieved
if the corresponding Yukawa couplings are less than 1075,

Once again, the requirement of the approximate unifi-
cation of the SU(3)¢, SU(2)y and U(1)y gauge couplings
constrains the low energy matter content in scenario B.
The concept of gauge coupling unification implies that
the perturbation theory method provides an adequate
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description of the RG flow of gauge couplings up to the
GUT scale My at least. The requirement of the validity of
perturbation theory up to the scale My sets stringent con-
straint on the number of extra SU(2)y and SU(3) super-
multiplets that can survive to low energies in addition to
three complete fundamental representations of Eg. For
example, the applicability of perturbation theory up to
high energies permits only one extra pair of SU(3) triplet
superfields to have mass of the order of TeV scale. The
same requirement limits the number of pairs of SU(2)y
doublets to two.

Because in scenario B the Z¥ even supermultiplets d
and d; are expected to form vectorlike states which have to
have TeV scale masses, the limit caused by the validity of
perturbation theory up to the scale My is saturated. Then in
order to ensure that the extra matter beyond the MSSM fills
in complete SU(5) representations, H, and H, should
survive to the TeV scale as well. As before we assume
that these supermultiplets are odd under the Zf symmetry
so that they can get combined with the superposition of the
corresponding components from 27; at low energies form-
ing vectorlike states. Again the superfield S may or may
not survive to the TeV scale. It can be either even or odd
under the ZY symmetry. If S is Z even, it should survive to
low energies and its scalar component is expected to get a
VEV.

Following the above discussion the low energy
matter content in the simplest case of scenario B may be
summarized as

3y, uf, 5, L, e§, N)] + 3(D;, Dy) + 3(HY) + 3(HY)
+2(S,) +d§ +ds + Ny + N, +H, +H,
+H;,+H,;+S. (18)

All states in Eq. (18) are expected to be considerably
lighter than the GUT scale My. Assuming that N{, N§
and N¢, gain intermediate scale masses the renormalizable
part of the TeV scale superpotential associated with sce-
nario B can be written as

Wy = AS(H,H,) + A;jS(H{HY) + k;;S(D;D)
+ f‘aiSa(HldHu) + faiSa(HdH;l) + gzq/Dleu;
+ hBdS(HIQ)) + wadids + piHIH,

The superpotential (19) contains a set of the TeV
scale mass parameters, i.e., uy, U, ,ujf These are intro-
duced to avoid massless fermionic states associated with
ds, ds, H, and A, supermultiplets and can be induced after
the breakdown of local SUSY as discussed earlier. On
the other hand the superpotential (19) also contains the
Yukawa couplings gﬁ’j and hiDj which are expected to be
small in order to avoid rapid proton decay. The appropriate
suppression of the corresponding Yukawa couplings and
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mass parameters ug, u and p¢ can be achieved if the
Lagrangian of the Eg inspired model is invariant under the
discrete Z; symmetry which gets broken spontaneously at
the intermediate scale. As an example one can consider the
model with extra SM singlet superfield @ which trans-
forms under the discrete Z; symmetry. For concreteness
here we assume that at high energies the Lagrangian of the
model is invariant under the Zg symmetry transformations

D — wd,

H, — w*H

u u

dy — w5dj,

[__Id—) a)z[-_ld,

c;"'4 — w3c_lc4, 20)

where w = ¢/"/3. Then the part of the superpotential that

depends on the d§, d°,, H,, H,; and ® takes the form

P . e
AWy, = - loydi(HIQ) + &y Didus + 6yN;Dyds]
o _ ; 7
+ o [madidey + miHH, + n{H{H,]
Mp,
oo
t gt e2y)
Mp,

At the intermediate scale the imposed Z4 symmetry may be
broken spontaneously by the VEV of the superfield ®

M q1/4
<CI>>~[—S:| Mp = 101 GeV, (22)
Mp,

inducing bilinear mass terms in the superpotential and
small Yukawa couplings of the dj supermultiplet to other
superfields. The corresponding Yukawa couplings and
mass parameters are given by>

) (D)
,U«dNIU«,NM?NW Ms,
Pl (23)
(D) _
D __,49 _ ,N N 4
hlk gl] gl] = MP] 10

Although scenarios A and B discussed in this section
allow us to suppress baryon and lepton number violating
operators and nondiagonal flavor transitions they have at
least one drawback. Both scenarios imply that a number of
incomplete E¢ multiplets survive below the scale My. In
fact, the number of incomplete E4 multiplets tends to be
larger than the number of generations. Therefore the origin
and mechanism resulting in the incomplete E¢ representa-
tions require further justification. The splitting of GUT
multiplets can be naturally achieved in the framework of
orbifold GUTs. In the next section we present 5D and 6D
orbifold GUT models that can lead to scenarios A and B
just below the GUT scale.

*The same mechanism can be used for the generation of the
mass term u;L4L, in scenario A.
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II1. 5D AND 6D ORBIFOLD GUT MODELS

The structure of the E¢ inspired SUSY models discussed
in the previous section, its gauge group and field content,
points towards an underlying GUT model based on the Eg
or its subgroup. The breaking of these GUT groups down
to the SU3)¢ X SUQ)w X U(1)y X U(1),, X U(1), is in
general rather involved and requires often large Higgs
representations. In particular, the splitting of GUT multip-
lets [like doublet-triplet splitting within SU(5) GUT]
requires either fine-tuning of parameters or additional,
sophisticated mechanisms [44,45].

Higher-dimensional theories offer new possibilities to
describe gauge symmetry breaking. A simple and elegant
scheme is provided by orbifold compactifications which
have been considered for SUSY GUT models in five
dimensions [46-55] and six dimensions [54-59]. These
models apply ideas that first appeared in string-motivated
work [60]: the gauge symmetry is broken by identifications
imposed on the gauge fields under the spacetime symme-
tries of an orbifold. In these models many good properties
of GUTs like gauge coupling unification and charge
quantization are maintained while some unsatisfactory
properties of the conventional breaking mechanism, like
doublet-triplet splitting, are avoided. Recently, orbifold
compactifications of the heterotic string have been con-
structed which can account for the SM in four dimensions
and which have five- or six-dimensional GUT structures as
an intermediate step very similar to orbifold GUT models
[61]. Hence, orbifold compactifications provide an attrac-
tive starting point for attempts to embed the SM into
higher-dimensional string theories.

A. SU(5) X U(1), X U(1)y, model in five dimensions

The simplest GUT group which unifies the gauge inter-
actions of the SM is SU(5) [62]. Therefore we first analyze
the higher-dimensional SUSY GUT model based on the
SU(5) X U(1), X U(1),, gauge group which is a rank-6
subgroup of Eg. For simplicity we consider a single compact
extra dimension S', y ( = x5), and assume a fixed radius
with size given by the GUT scale (R ~ 1/My). The orbifold
§'/Z, is obtained by dividing the circle S' with a Z, trans-
formation which acts on S! according to y — —y. The
components of the SU(5) supermultiplets that propagate in
five dimensions transform under the specified Z, action
as ®(x,, —y) = P®(x,, y), where P acts on each compo-
nent of the SU(5) representation ®, making some compo-
nents positive and some components negative, i.e.,
P = (+,+,...—, —,...). The Lagrangian should be invari-
ant under the Z, transformations.* The Z, transformation
can be regarded as an equivalence relation that allows us to
reduce the circle S! to the interval y € [0, 7R].

“It is worth pointing out that the Z, invariance of the
Lagrangian does not require that P = *], where [ is the unit
matrix. In general, matrix P should satisfy the condition P> = I.
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Here we consider a five-dimensional space-time factor-
ized into a product of the ordinary 4D Minkowski space-
time M* and the orbifold S'/(Z, X Z}). The orbifold
S'/(z, X Z}) is obtained by dividing S'/Z, with another
Z, transformation, denoted by Z5, which acts as y’ — —y/,
with y = y — wR/2. Each reflection symmetry, y — —y
and y' — —y’, has its own orbifold parity, P and P’, which
are defined by

O(x, y) = O(x, —y) = PD(x,, y),
D(x, ) = P(x, —y') = P'D(x,, y),

(24)

where ®(x, y) is a SU(5) multiplet field living in the 5D
bulk, while P and P’ are matrix representations of the two
Z, operator actions which have eigenvalues *1. All inter-
actions must be invariant under Z, X Z} symmetry.

Each reflection also introduces special points, O and O/,
located at y = 0 and y = wR/2 = € which are fixed points
of the transformations. The equivalences associated with
the two reflection symmetries allow us to work with the
theory obtained by truncating to the physically irreducible
interval y € [0, €] with the two 4D walls (branes) placed
at the fixed points y =0 and y = €. These are only
two inequivalent branes (the branes at y = 7R and y =
—mR/2 are identified with those at y = 0 and y = wR/2,
respectively). Thus physical space reduces to the interval
[0, €] with a length of 7R /2.

Denoting the 5D bulk field with (P, P') = (*1, £1)
by ¢.. one obtains the following Fourier expansions

[46-49]:
—25” - \/ oY (x)cos—=,  (25)

. 1
bimlry) = Z\/— 7w eos Y o)

> 4 2n+1
d_i(x,y) = ;)J;¢91+1>(x) Sm¥, Q27)

$-—(xy) = \/74)(2””)( ) sin nr 2)y’ (28)
n= 0

where n is a non-negative integer. From the 4D perspec-
tive the Fourier component fields gb(zn)(x) QS(Z"H)( ),
¢>(,2T])(x) and $@*D(x) acquire masses 2n/R,
(2n + 1)/R, 2n+1)/R and (2n + 2)/R upon compactifi-
cation. Note that only ¢, , (x, y) and ¢, _(x, y) can exist
on the y = O brane. The fields ¢, (x, y) and ¢_, (x, y) are
nonvanishing on the y = 7wR/2 brane, whereas the field
¢ __(x, y) vanishes on both branes. Only ¢, (x, y) fields
have zero modes. Since full SU(5) 5D multiplets ®;(x, y)
can, in general, contain components with even and odd

¢++(x, )7)
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parities, P and P’, the matter content of the massless sector
can be smaller than that of the full 5D multiplet. Unless all
components of ®(x, y) have common parities, the gauge
symmetry reduction occurs upon compactification.

As in the case of the simplest orbifold GUT scenarios
[46—49] we start from the model with the minimal SUSY in
5D (with eight real supercharges, corresponding to N = 2
in 4D). We assume that the vector supermultiplets associ-
ated with the SU(5), U(1),, and U(1),, interactions exist in
the bulk M* X S'/(Z, X Z,). The 5D gauge supermultip-
lets contain vector bosons Ay, (M =0, 1, 2, 3, 5) and
gauginos. The 5D gaugino is composed of two 4D Weyl
fermions with opposite 4D chirality, A and A’. In addition
5D vector supermultiplets have to involve real scalars o to
ensure that the numbers of bosonic and fermionic degrees
of freedom are equal. Thus 5D gauge supermultiplets can
be decomposed into vector supermultiplets V with physical
components (A, A) and chiral multiplets 3 with compo-
nents ((o + iAs)/~/2, A') under N = 1 supersymmetry in
4D. These two N = 1 supermultiplets also form an N = 2
vector supermultiplet in 4D.

In addition to the 5D vector supermultiplets we assume
the presence of other SU(5) representations as well as
SU(5) singlet superfields that carry nonzero U(1), and
U(1), charges in the 5D bulk. The corresponding repre-
sentations also contain 5D fermions. Since each 5D fer-
mion state is composed of two 4D Weyl fermions, ¢ and
¢, SUSY implies that each 5D supermultiplet includes
two complex scalars ¢ and ¢€ as well. The states ¢, ¢, ¢¢
and ¢ ¢ form one 4D N = 2 hypermultiplet that consists of
two 4D N = 1 chiral multiplets, & = (¢, ¢) and ®° =
(¢, ¥©), transforming as conjugate representations with
each other under the gauge group.

Taking into account that the derivative 95 is odd under the
reflection Z, one can show that the 5D SUSY Lagrangian
is invariant under the following transformations [46]:

A (xy) = ALu(x, —y) = PA,(x, y)P7!,
As(x, y) = As(x, —y) = —PAs(x, y)P~!,
o(x,y) = o(x, —y) = —Po(x, y)P~},
Alx, y) = Alx, =y) = PA(x, )P,
N(x,y) = N(x, —y) = =PX(x,y)P~!, 29
di(x,y) = ¢i(x, —y) = Po;(x, y),
#i(x,y) = i(x, —y) = Pii(x, y),
¢i(x,y) = ¢i(x, —=y) = —Pd{(x, y),
i y) = ilx, —y) = =Pilx, y),

where index i represents different SU(5) supermultiplets
that exist in the bulk M* X S!'/(Z, X Z}). In the case
of SU(5) the components of the corresponding N = 2
vector supermultiplet in Eq. (29) are given by V(x, y) =
VA(x, y) T4 and 2(x, y) = 24(x, y)T4, where T4 is the set
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TABLE II.
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Parity assignments and KK masses of fields in the 5D bulk vector supermultiplets

associated with the SU(5), U(1),, and U(1), gauge interactions.

5D fields SU(3)¢ X SU(2)y quantum numbers Z, X Z), parity Mass
A, AY @& 1n+1,3)+(1,1) (+,+) 2n/R
Ad A (3,2) +(3,2) (+, ) (2n + 1)/R
Ag, o, N 8 1)+ (1,3) +(1,1) (= ) (2n +2)/R
Al ol \a (3,2) + (3,2) (=, +) (2n+ 1)/R
A%, Ay (1, 1) (+,+) 2n/R
Al o, A 1,1 (=) (2n +2)/R
ALl Ay (1, 1) (+, +) 2n/R
Al oy, X, (1, 1) (— ) (2n +2)/R

of the SU(5) generators (A = 1,2, ...,24). The transfor-
mations in Eq. (29) are associated with the Z, reflection
symmetry. By replacing y and P by y’ and P’ in Eq. (29)
one obtains Z} transformations. Note that mass terms for
bi, Yi, d¢ and ¢ are allowed by N = 2 SUSY but these
terms are not compatible with the P and P’ parity assign-
ments as follows from Eq. (29). Therefore the zero modes
of these fields do not receive a bulk mass contribution.

It is convenient to choose the matrix representation
of the parity assignment P, expressed in the fundamental
representation of SU(5), to be P=diag(+1,+1,+1,
+1,41) so that VA(x, —y)T4 = VA(x, y)TA. This bound-
ary condition does not break SU(5) on the O brane at
y = 0. However 4D N = 2 supersymmetry gets broken
by this parity assignment to 4D N = 1 SUSY. This can
be seen explicitly by examining the masses of the Kaluza-
Klein (KK) towers of the fields. Indeed, according to the
parity assignment P, only A,,, A, ¢ and ¢ are allowed to
have zero modes whereas other components of the N = 2
vector supermultiplet (o, A’) and N = 2 hypermultiplets
(¢¢, ¥$) with odd parity P do not possess massless modes.
For the SU(5) gauge symmetry to provide an understand-
ing of the quark and lepton quantum numbers, the three
families of 27; representations of Eg should reside on the O
brane where the SU(5) X U(1), X U(1), gauge symmetry
and N = 1 SUSY remain intact. Then at low energies all
ordinary quarks and leptons have to fill in complete SU(5)
multiplets.

The 5D SU(5) gauge symmetry is reduced to 4D
SU@3)c X SUQ2)y X U(1)y gauge symmetry by choosing
P' = diag(—1, —1, —1, +1, +1) acting on the fundamen-
tal representation of SU(5). This boundary condition
breaks not only SU(5) but also 4D N = 2 SUSY to 4D
N = 1 SUSY on the O’ brane at y = €. The parity assign-
ment associated with the Z} reflection symmetry leads to
the two types of the SU(5) gauge generators 7¢ and T%. All
generators of the SM gauge group satisfy the condition

P'T*P = T“, (30)
Therefore the corresponding gauge fields A¢ (x, y) and gau-

ginos A%(x, y) are even under the reflections Z, and Z)
whereas o“(x, y) and A’%(x, y) are odd. As a consequence

the KK expansions of vector bosons Af, (x, ¥) and gauginos
A%(x, y) contain massless zero modes Aﬁ(o)(x) and 17O (x)
corresponding to the unbroken gauge symmetry of the SM.
These zero modes form 4D N = 1 vector supermultiplets.
The KK modes Ag(z")(x) are swallowed by AZQ”)(x) result-
ing in the formation of vector boson state with mass 2n/R.
The KK gaugino modes A%?"(x) and A’*?")(x) form a 4D
fermion state with mass 2n/R. The KK scalar mode
@ (x) also gains mass 2n/R.

The other gauge generators T¢ of SU(5) obey the
relationship

P'TAp = —T4, 31)

which implies that A% (x, y) and A%(x, y) are odd under the
7, symmetry while o(x, y) and A"“(x, y) are even. This
means that all components of the 5D vector supermultiplet
associated with the broken SU(5) generators T¢ are odd
either under the reflection Z, or Z) so that their KK
expansions do not possess massless modes. The Z, and
Z), parity assignments for all components of the 5D bulk
vector supermultiplets are shown in Table II. The KK
modes Aﬁ(Z"H)(x), A§(2”+l)(x), 0.&(2n+1)(x), A&(2n+1)(x)
and A42n*D(x) form vector boson, scalar and fermion
states with masses (2n + 1)/R.

At the fixed point O’ the gauge transformations gener-
ated by T4 as well as the corresponding components of the
5D SU(5) vector supermultiplet vanish. At the same time
at an arbitrary point in the bulk all generators of the SU(5)
gauge group are operative. Thus orbifold procedure leads
to a local explicit breaking of SU(5) at the fixed point O’
due to the nontrivial orbifold quantum numbers of the
gauge parameters.

The Z, and Z), parity assignments for the components of
the U(1),, and U(1), bulk vector supermultiplets are such
that the KK expansions of vector bosons A% (x,y) and
AY(x,y) as well as the corresponding gaugino states
/\X(x, y) and Ay, y) contain massless zero modes

Aﬁ(o)(x), A}IZ(O)(x), Ag?)(x) and /\(g)(x) associated with the
unbroken U(1),, and U(l1), gauge symmetries (see
Table II). Other KK modes form vector boson, scalar and
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fermion states with masses (27 + 2)/R similar to the ones
that appear in the case of unbroken generators 7% of SU(5).

As in the simplest orbifold GUT scenarios [46—48] we
assume that all incomplete SU(5) supermultiplets which
are even under the custodial symmetry (the matter parity
Z} in the case of the MSSM and the ZY symmetry in the
case of the E4xSSM) originate from the 5D bulk super-
multiplets. In order to ensure that H, and H, as well as
H, and H , survive below the scale My ~ 1/R we include
two pairs of the 5D SU(5) bulk supermultiplets @, +
®p, and &y, + Py, that decompose as follows:

2 2
@y, = ¥y, = (5.~ = =)
e T H V24" /30
2 2 (32)
P, = Pa, = (5’J7_4’JT_0>’

where first, second and third quantities in brackets are the
SU(5) representation, extra U(1), and U(1), charges,
respectively. The multiplets @y and ®p as well as Oy,
and ®pz transform differently under Z, and Z) (see
Table III). Since P’ does not commute with SU(5) each
5D 5-plet is divided into four pieces associated with differ-
ent N = 1 chiral supermultiplets:

5=3,1,—-1/3)+(1,2,1/2) + (3,1,1/3)
+ (1,2, —-1/2). (33)

In Eq. (33) the first and second quantities in brackets are
SU(3)c and SU(2)y, quantum numbers whereas the third

PHYSICAL REVIEW D 87, 015029 (2013)

quantity is U(1)y charge. As one can see from Table IIT
chiral supermultiplets in Eq. (33) have different P and P’
parity assignments that result in different KK mode struc-
tures. These parity assignments are such that the orbifold
projection accomplishes doublet-triplet splitting, in the
sense that only one doublet superfield in Eq. (33) has a
zero mode while the KK expansions of other doublet,
triplet and antitriplet superfields do not possess massless
modes. Thus only H,, H,, H; and H,; may survive to low
energies.

The 4D superfields N7y, N 4. S and S can stem from the
5D SM singlet superfields that carry U(1), and U(1),

charges

4
® =q>-=(1,_,o),
S S m

1 5
by =~ (1 - 2
N = "Ny 24 40

According to Eq. (29) only either ¢; and ¢; or ¢¢ and ¢
can have massless modes. Different parity assignments
of @y and g as well as Py. and CI),\-,;I allow us to project

out different components of these superfields so that
only 4D superfields N, N§, S and § may be light
(see Table III).

Finally, the particle spectrum below the scale My should
be supplemented by either L, and L, or d; and d°, (but not
both) to allow the lightest exotic quarks to decay. These 4D
N =1 chiral superfields can come from either ®;, and

(34)

TABLE III. Parity assignments and KK masses of fields in the 4D chiral supermultiplets resulting from the 5D bulk supermultiplets

(I)Hu’ CD]:[M, CDHA’ (I)I:ld (1)5, (bg, (I)N;"i, q)N;-l’ (I)L4’ (I)[4’ (I)dz‘ and (I)(er.

5D fields SUQB)c X SUQ)w X U(1)y X U(1),, X U(1), quantum numbers Z, X Z), parity Mass
(3, 1,—-1/3,-2,2)+(3,1,1/3,2, —2) (+, -) (2n + 1)/R
(1,2,1/2,-2,2) + (1,2, —1/2,2, —2) (+, +) 2n/R
Dy, + Oy (3,1,1/3,2,—-2)+ (3,1, —1/3,-2,2) (=, +) (2n + 1)/R
(1,2,-1/2,2,-2) +(1,2,1/2, =2,2) (= -) (2n +2)/R
(3,1,—-1/3,2,2)+ (3,1,1/3, =2, —2) (=, +) (2n + 1)/R
(1,2,1/2,2,2) + (1,2, —1/2, =2, =2) (=, —) (2n + 2)/R
Dy, + Py (3,1,1/3,-2,-2)+ (3,1, —1/3,2,2) (+, ) (2n + 1)/R
(1,2,-1/2,-2,-2) +(1,2,1/2,2,2) (+, +) 2n/R
B + Do (1,1,0,4,0) + (1,1,0, —4,0) (+, +) 2n/R
s s (1,1,0,—4,0) + (1,1,0,4,0) (= ) (2n +2)/R
Do + Do (1,1,0,1,-5) +(1,1,0,—1,5) (+, +) 2n/R
Niy Nig (1,1,0,—1,5) + (1,1,0, 1, =5) (= -) (2n +2)/R
(3,1,—-1/3,—-1,-3)+(3,1,1/3,1,3) (=, +) (2n + 1)/R
. (1,2,1/2, =1, -3) + (1,2, =1/2,1,3) (=) (2n +2)/R
La Ls (3,1,1/3,1,3) + (3,1, —1/3, —1, —3) (+, ) (2n + 1)/R
(1,2,-1/2,1,3) + (1,2,1/2, —1, =3) (+, +) 2n/R
(3,1,—-1/3,—-1,-3)+(3,1,1/3,1,3) (=, -) (2n +2)/R
D + - (1,2,1/2,-1,=-3) + (1,2, -1/2,1,3) (=, +) (2n + 1)/R
a4 ay (3,1,1/3,1,3) + (3,1, —1/3, -1, —3) (+, +) 2n/R
(1,2,-1/2,1,3) +(1,2,1/2, —1, —3) (+, -) (2n + 1)/R
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@y, or @y and P which are 5D SU(5) bulk super-
multiplets with quantum numbers

1 3
- ——) 35
mm)”

Again parity assignments guarantee that only two 4D
doublet superfields L, and L, from @, , and @y can
survive to low energies whereas the other SU(2)y doublet,
color triplet and antitriplet partners do not have zero
modes. Using the freedom to flip the overall action of the
P’ parity on the SU(5) multiplets by a sign relative to
®,, + ®;, one can get the KK spectrum in which only
triplet or antitriplet components of SU(5) fundamental
supermultiplets possess massless modes. From Table III
one can see that this freedom is used in the case of ® & and

(I)L == (DL_4 = (I)dz == (I)&c4 == (5,

CI)(;(»4 supermultiplets. Due to the different structure of the

KK spectrum only 4D triplet or antitriplet superfields, d° 4
and dj from ¢ i, and @ ., are allowed to be light.

Since the three families of 27; representations of E¢ are
located on the O brane, where the SU(5) X U(1), X U(1),,
gauge symmetry remains intact, the Yukawa interactions
of quarks and leptons are necessarily SU(5) symmetric. In
general the SU(5) invariance yields the prediction for the
first and second generation fermion mass ratios m,/m,; =
m, /m,, which is in conflict with the data. In 4D GUTs
acceptable mass relations can be obtained using higher-
dimensional operators and relatively large representations
which acquire VEVs breaking SU(5) or SO(10) [45,63].
In the case of the simplest 5D orbifold GUTs there are
no SU(5) breaking VEVs. Nevertheless in this case one can
introduce two additional 5D bulk supermultiplets with
quantum numbers given by Eq. (35) that transform under
Z, and Z) as either ®;, and ®; or @4 and (I)L;c4.
Furthermore we assume that these bulk supermultiplets
are odd under Zf’ symmetry which is defined on the O
brane. Hence the zero modes of these extra 5D super-
multiplets, which are either weak doublets (Ls and Ls) or
SU(3)¢ triplet and antitriplet (3”5 and d5), can mix with
quark or lepton superfields from 27;, spoiling the SU(5)
relations between the down-type quark and charged lepton
masses. Indeed, suppose that zero modes are weak doublet
superfields Ls and Ls. Then Ls can get combined with the
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superposition of lepton doublet superfields from 27; so that
the resulting vectorlike states gain masses slightly below
My. The remaining three families of lepton doublets, that
survive to low energies, are superpositions of the corre-
sponding components from 27; and L5 while three gener-
ations of down-type quarks stem from 27; completely. As a
consequence the SU(5) relations between the down-type
quark and charged lepton masses may get spoiled entirely
if the Yukawa couplings of Ls to Higgs doublet H; are
relatively large (~ 0.01-0.1).

Although the discussed specific realization of the
mechanism which allows us to obtain the realistic pattern
of fermion masses is the simplest one it is worth consider-
ing another very attractive possibility. Instead of two addi-
tional 5D SU(5) fundamental supermultiplets one can
include two larger representations of SU(5) that decom-
pose under SU(5) X U(1), X U(1), as follows:

¢d=®y=< (36)

1 1
0t b
V24" 40,
As before we assume that ®,. and D, supermultiplets are
odd under Z} symmetry. Due to P and P’ parity assign-
ments each SU(5) bulk decuplet is divided into six pieces
associated with different N = 1 chiral supermultiplets:

10=3,1,-2/3)+(3,2,1/6) + (1,1,1) + (3,1,2/3)
+(3,2,—-1/6) + (1,1, —1), (37)

where quantities in brackets are SU(3)c, SU(2)y and
U(1)y quantum numbers. The Z, and Z} parity assign-
ments and mass spectrum for all components of the 5D
decuplets are given in Table IV. These parity assignments
guarantee that only two 4D SU(2)y singlet superfields
(e and e¢5) as well as 4D triplet and antitriplet super-
multiplets (u$ and #¢5) from ®,. and P, can survive
below scale My ~ 1/R. Again é°5 and @5 can get com-
bined with the superposition of the appropriate compo-
nents of 27;, forming vectorlike states which may have
masses slightly below My. At the same time e can mix
with the corresponding components of 27;, spoiling the
SU(5) relations between the masses of the down-type
quarks and charged leptons. It is worth noting that together
bulk supermultiplets (32) and (34)—(36) form two complete
27 representations of Eg. This simplifies the structure of

TABLE IV. The (Z,, Z}) transformation properties and KK masses of 4D chiral supermultiplets that stem from SU(5) bulk

supermultiplets @, and P.

5D fields SUB)e X SUQR)y X U(1)y X U(1),, X U(1), quantum numbers Zy X Z), parity Mass
(3, 1,-2/3,1,-1)+(3,1,2/3,—1,1) (+, +) 2n/R
(3,21/6,1,-1)+ (3,2, —-1/6,—1,1) (+, -) (2n + 1)/R
©. 4D (LLLL =1+ (1,-1,-11) (+, +) 2n/R
¢ ¢ (3,1,2/3, -1, 1)+ (3,1, -2/3, 1, —1) (- —) (2n + 2)/R
(3,2, -1/6,—-1,1)+ (3,2,1/6,1, —1) (= +) (2n+1)/R
1,1, -1, -L1D+(,1,1,1,—-1) (=, ) (2n +2)/R
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bulk supermultiplets making the considered 5D orbifold
GUT model more elegant.

For the consistency of the considered model it is crucial
that all anomalies get canceled. In 5D theories no bulk
anomalies exist. Nevertheless orbifold compactification
may lead to anomalies at orbifold fixpoints [64,65]. At
the fixed point the brane anomaly reduces to the anomaly
of the unbroken subgroup of the original group, i.e.,
SU(5) X U(1), X U(1), on the O brane and SU(3)c X
SUQ2)y X U(1)y X U(1), X U(1),, on the O’ brane. It
was also shown that the sum of the contributions to the
4D anomalies at the fixpoint is equal to the sum of the
contributions of the zero modes localized at the corre-
sponding brane [64,65]. In this context it is worth empha-
sizing that the contributions of three families of 27;
representations of Eg, which reside on the O brane, to the
anomalies associated with this fixpoint get canceled auto-
matically. Moreover from Tables III and IV one can see that
the P and P’ parity assignments are chosen so that the zero
modes of the bulk fields localized at the O and O’ branes
always form pairs of N = 1 supermultiplets with opposite
quantum numbers. Such choice of parity assignments guar-
antees that the contributions of zero modes of the bulk
superfields to the brane anomalies are canceled as well.

Another important issue for any GUT model is proton
stability which was discussed in the context of 5D orbifold
GUT models in Refs. [47,51,52]. 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. Indeed, in the considered class of models colored
Higgsinos acquire mass via the KK mode expansion of
operators ;054 that leads to the Dirac mass terms of

the form ¢V <D Since "V do not couple
directly to the quarks (squarks) and sleptons (leptons) the
dimension five operators are not generated. It turns out that
the absence of tree-level amplitudes (caused by the colored
Higgsino exchange) which result in proton decay is deeply
entangled with the orbifold construction and continuous
global U(1)r symmetry that the 5D bulk Lagrangian
possesses [47]. Although the dimension five operators
discussed above do not get induced within orbifold GUT
models one must also suppress the brane interactions
[00OQOL]r and [uu‘d‘e‘]r that may be already present
on the O brane as nonrenormalizable interactions. Such
operators can give a substantial contribution to the proton
decay rate if the fundamental scale of gravity is close to the
GUT scale. In the 5D orbifold GUT model considered here
these dangerous operators are forbidden by U(1), and
U(1), gauge symmetries. Nevertheless proton decay is
mediated by dimension six operators induced by the lep-
toquark gauge bosons [66].

Finally, one should mention that in the 5D orbifold GUT
models gauge couplings of the SU(3)¢, SU2)w and U(1)y
interactions do not exactly unify at the scale My ~ 1/R

PHYSICAL REVIEW D 87, 015029 (2013)

where SU(5) gauge symmetry gets broken. The reason for
this is that the symmetry of the model on the GUT breaking
brane O’ remains limited to the SM gauge group. In
particular, on this brane there are brane-localized 4D
kinetic terms for the SM gauge fields with SU(5) violating
coefficients 1/ g%,i. The part of the 5D effective SUSY
Lagrangian that contains kinetic terms for the SM gauge
fields can be written as follows:

Loy = /d29< {S(y) + 8(y — WR)})TrW”‘W

+Z/d2 ol 3%)

+ 8(y + ER)}TrW? ‘Wi + H.c, (38)

where Wi, (i =1, 2, 3) are the supersymmetric gauge
field strengths of the U(1)y, SU(2)y and SU(3), gauge
interactions on the O’ brane; and W, is the SU(5)
gauge field strength on the O brane and in the bulk.’
Integrating over y one obtains zero mode 4D SM gauge
couplings at the scale My ~ 1/R

I _27R 11 9
giMy) gl gh  ghi

Since SU(5) violating coefficients 1/g2,. may differ from
each other substantially, the SU(3)¢, SUR)w and U(1)y
gauge couplings g?(My) are not identical. However if in
the 5D model the bulk and brane gauge couplings have
almost equal strength then after integrating out y, the zero
mode gauge couplings are dominated by the bulk contri-
butions because of the spread of the wave function of the
zero mode gauge bosons. In other words the SU(5) violat-
ing brane kinetic terms are dominated by the bulk contri-
butions when the linear extent of the fifth dimension is
sufficiently large. Because the bulk contributions to the
gauge couplings (39) are necessarily SU(5) symmetric, a
4D observer sees an approximate unification of the SM
gauge couplings. The gauge coupling unification within
5D orbifold GUT models was discussed in Refs. [52,53].

As one can see from Eqgs. (38) and (39) the discrepancy
between g#(My) is determined by the SU(5) violating
gauge kinetic terms on the O’ brane. This discrepancy is
small when g?(My) are relatively small whereas gzo,i are
large (gzo,i ~ 41r). On the other hand one can expect that
the relative contribution of the SU(5) violating brane cor-
rections to g; 2(My) becomes more sizable in the case when
the SU(3)¢, SU(2)w and U(1)y gauge couplings are large
at the scale My.

>Note that the O’ brane contribution vanishes for W, asso-
ciated with the leptoquark gauge bosons which are odd under Z}.
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B. E¢ orbifold GUT model in six dimensions

Having discussed in detail the simplest 5D orbifold GUT
model, that may lead at low energies to the gauge group
and field content of the E¢ inspired SUSY model specified
in Sec. II, we next study E¢ gauge theory in 6D with N = 1
supersymmetry. We consider the compactification on a
torus 72 with two fixed radii Rs and R, so that two extra
dimensions y ( = x5) and z ( = x¢) are compact, i.e., y €
(=7Rs, mRs] and z € (—7Rg, wR¢]. The physical region
associated with the compactification on the orbifold 72/Z,
is a pillow with the four fixed points of the Z, transforma-
tions (y — —y, z — —z) as corners. The orbifold 7%/Z,
has the following fixpoints: (0, 0), (7Rs, 0), (0, 7R¢) and
(7TR5, 7TR6)

Here we discuss Eg gauge theory in 6D compactified on
the orbifold T2 /(Z, X Z4 X ZII). The Z,, Z} and Z!! sym-
metries are reflections. The Z, transformations are defined
as before, i.e., y— —y, z— —z. The Zé reflection sym-
metry transformations act as y' — —y/, z — —z with y/ =
y — mRs/2. The reflection Z4 corresponds to y — —y,
7/ — —7' where 7 = z — wR4/2. The Z} and Z!! reflection
symmetries introduce additional fixed points. As in the
case of 5D orbifold GUT models extra reflection symme-
tries lead to the reduction of the physical region which is
again limited by the appropriate fixed points. The Z,, Z}
and Z!! reflection symmetries allow us to work with the
theory obtained by truncating to the physically irreducible
space in which y € [0, wR5/2] and z € [0, wR4/2] with
the four 4D walls (branes) located at its corners.

Again, we assume that the considered orbifold GUT
model contains a set of Eg bulk supermultiplets and an-
other set of N = 1 superfields which are confined on one of
the branes. The set of superfields that propagate in the bulk
M* X T*/(Z, X Z x ZII) includes an E¢ gauge supermul-
tiplet and a few 27-plets. As before all quark and lepton
superfields are expected to be confined on one brane.

The Eg4 gauge supermultiplets that exist in the bulk must
involve vector bosons Ay, (M =0, 1, 2, 3, 5, 6) and 6D
Weyl fermions (gauginos) which are composed of two 4D
Weyl fermions, A and A’. These fields can be conveniently
grouped into vector and chiral multiplets of the N =1
supersymmetry in 4D, i.e.,

V=(A,N, 3=(As+iA)/V2X),  (40)

where V, Ay, A and A/ are matrices in the adjoint
representation of Eg. Two N =1 supermultiplets (40)
form an N = 2 vector supermultiplet in 4D. The bulk
27" supermultiplets also include 6D Weyl fermion states
(that involve two 4D Weyl fermions, ¢; and ¢¢) together
with two complex scalars ¢; and ¢¢. The fields ¢;, ¢, ¢;
and ¢¢§ compose a 4D N = 2 hypermultiplet containing
two 4D N =1 chiral superfields &, = (¢, ¢,) and its
conjugate ¢ = (¢¢, ¥§) with opposite quantum numbers.
Thus each bulk 27’ supermultiplet involves two 4D N = 1
supermultiplets 27’ and 27’
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To ensure the consistency of the construction the
Lagrangian of the considered orbifold GUT model has to
be invariant under Z,, Z) and ZY symmetries. As in the
case of 5D orbifold GUT models each reflection symmetry,
Z,, Z5 and Z!, has its own orbifold parity, P, P; and Py;.
The components & and ®° of the bulk 27’ supermultiplet
® transform under Z,, Z4 and Z4 as follows:

d(x, —y, —z) = PO(x, y, 2),
d(x, —y, —2) = —PP“(x, y, 2),
d(x, -y, —2) = P;d(x, ¥, 2),
O, =y, —2) = P& (x, ', 2), “D
(i)(x, -y, —7) = Pn(i)(X, v, 7)),
O(x, =y, =2) = =Py D (x, 3, ),

where P, P; and Pj; are diagonal matrices with eigenvalues
*+1 that act on each component of the fundamental repre-
sentation of Eg.

It is convenient to specify the matrix representation of
the orbifold parity assignments in terms of the E¢ weights
a; and gauge shifts, A, A; and A, associated with Z,, Z}
and Z!'. The diagonal elements of the matrices P, P; and
P;; can be presented in the following form [55]:

(Pp)j; = orexp{2mid;aj), (42)
(PII)jj =0y exp{Zm’AHaj},

where o, o; and o; are parities of the bulk 27’ supermul-
tiplet, i.e., o, oy, o;; € {+, —}. The particle assignments
of the weights in the fundamental representation of E¢ are
well known (see, for example Ref. [55]). Here we choose
the following gauge shifts

11 11 11111
A=(=Z-0-2 A === - -2
(2,2,0,2,2,0), 1 (2,2,2,2,2,0), )
11 1
Ay=1(55003,0}
174 (220020>

that correspond to the orbifold parity assignments shown in
Table V.

The components V and 2, of the E¢ gauge supermultiplet
transform under Z,, Z} and Z as follows:

V(x, =y, —2z) = PV(x,y, 2)P7,
S(x, —y, —z) = —P(x,y,2)P" !,
Vix, =y, —2) = P,V(x,y, )P/,
3(x, =y, —2) = —P;2(x,y, 2P/},
V(x, =y, =7') = P V(x, v, 2P},
2(x, —y, —2) = —Py2(x, v 2 )Py,

where V(x,y,7) =VA(x,y,2)T* and 2(x,y,z) =24(x,y,2) T4
while T4 is the set of generators of the Eg group.

(44)

015029-14



Eq INSPIRED SUPERSYMMETRIC MODELS WITH ...

PHYSICAL REVIEW D 87, 015029 (2013)

TABLE V. Orbifold parity assignments in the bulk 27’ supermultiplet with o = o; = o;; = +1.

0 uc e¢ L d¢ N¢ S H" D H? D
Z, - - - - - - + + + + +
zZ - + + - + + + - + - +
zi - - - + + + - + + - -

The boundary conditions given by Egs. (41) and (44) break
4D N = 2 supersymmetry because different components
of the N = 2 supermultiplets transform differently under
Z,, Z} and Z! reflection symmetries. Moreover since P, P;
and Pj; are not unit matrices the E4 gauge symmetry also
gets broken by these parity assignments.

The P parity assignment indicates that on the O brane
at y = z = 0 associated with the Z, reflection symmetry
the Eq gauge group is broken down to SO(10) X U(1),
subgroup. Indeed, according to Table V the SO(10)
representations that compose the bulk 27’ supermultiplet
(27— 16 + 10 + 1) transform differently under Z, sym-
metry, i.e., 16 = —16, 10 — 10 and 1 — 1. Since the
considered symmetry breaking mechanism preserves the
rank of the group, the unbroken subgroup at the fixed point
O should be SO(10) X U(1),,.

On the brane O, located at the fixed point y = 7wR5/2,
z=0 and associated with the Z} symmetry, the Ej
gauge symmetry is broken to SU(6) X SU(2)y. Again
this follows from the P; parity assignment in the bulk 27
supermultiplet. The fundamental representation of Ejg
decomposes under the SU(6) X SU(2)y as follows:

27— (15,1) + (6, 2),

where the first and second quantities in brackets are
the SU(6) and SU(2)y, representations, respectively. The
multiplet (6, 2) is formed by all SU(2)y, doublets which are
contained in the 27-plet. From Table V one can see that all
SU(2)y doublet components of the 27’ supermultiplet
transform differently under the Z} reflection symmetry as
compared with other components of this supermultiplet
which form (15, 1).

The E¢ gauge symmetry is also broken on the brane Oj;
placed at the fixed point y =0, z = 7Ry/2 of the ZI
symmetry transformations. The Pj; parity assignment is
such that 16 components of the 27’ are odd whereas 10 + 1
components are even or vice versa. This implies that the E¢
group gets broken down to its SO(10)’ X U(1)" subgroup.
It is worth emphasizing here that SO(10) and SO(10)' are
not the same SO(10) subgroups of Eg. In particular, from
Table V one can see that the 16-plets of SO(10) and
SO(10) are formed by different components of the funda-
mental representation of E¢. The U(1),, and U(1)" charge
assignments should also be different.

In addition to the three branes mentioned above, there is
a fourth brane located at the corner O, = (7Rs/2, mR¢/2)
of the physically irreducible space. The Z! reflection
symmetry associated with this brane is obtained by

combining the three symmetries Z,, Z} and Z!! defined
above. As a consequence the corresponding parity assign-
ment P;;; = PP;P;;. Combining three parity assignments
P, P; and Py, it is easy to see that on the brane Oy;; the
unbroken subgroup is SO(10)” X U(1).

The unbroken gauge group of the effective 4D theory
is given by the intersection of the E¢ subgroups at the
fixed points. Since P and P;; commute with SU(5) the
intersection of the Eq subgroups SO(10) X U(1), and
SO(10) X U(1)' is SU(5) X U(1), X U(1),. The inter-
section of SU(6) X SU(2)y and SU(5) X U(1), X U(1),
gives the SM gauge group together with two additional
U(1) factors, U(1),, and U(1),.

The mode expansion for the 6D bulk fields ¢(x, y, z)
with any combinations of parities reads [58]

- 1

_ (2n,2m)
¢+++(x, ¥, 2) = %W +1+m( )
2 2
X cos<ﬂ + ﬂ) (45)
Rs  Rg
©
by =Y P (x)

_l’_
y cos<(2n 1)y N 2mz)’

4
R: Re (46)

(2n, 2m+1) (X)

$iv-(xy,2) = Z \/-RS—— o) At

% cos <2ny 2m + l)z>’

R R 47

(2n+1,2m+1)(x)

b (xy,2) = Z \/W(]Lr,,

y cos((zn + 1)y N @2m + I)Z)’
Rs Rg

(48)

¢(2n+1 2m+1)( )

¢_++(.X, y: Z) Z \/R_R

y sin<(2n + 1)y N 2m + l)z)y
R;s Re

(49)
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do_i(xy2)= Z \/W @2+ (x)
$oi-(x,y,2) = ,% ﬂ¢(fii"2m)(x)
bo__(x,y2) = nzm \/____ @n2m)(x) Sin<2RnSy + 2ij)

(52)

where n and m are non-negative integers. As follows from
Eqgs. (45)—(52) each bosonic and fermionic KK mode
¢%0(x) is characterized by two integer numbers and
P + P
upon compactification. Only fields for which all parities
are positive have zero modes, i.e., modes with k = 0 and
€ = 0. Such modes form a 4D N = 1 massless vector
multiplet of the unbroken SU(3)c X SUQ)y X U(1)y X
U(1), X U(1), subgroup of Eg. The corresponding 6D
bulk fields are nonvanishing on all branes. All other KK
modes of the bulk gauge fields combine to massive states.

from the 4D perspective acquires mass

In particular, one linear combination of Ag(k’e)(x) and
Ag(k’f)(x) plays the role of the Nambu-Goldstone boson,
i.e., itis swallowed by AZ(M) (x) leading to the formation of

the 4D vector boson state with mass 1/(R%)Z + (,%)2. Thus

the mass generation of the vector boson states is analogous
to the Higgs mechanism. The orthogonal superpositions of
Ag(k’(')(x) and Ag(k‘a(x) compose a scalar state with the
same mass. The KK gaugino modes A“*9(x) and
Na®kO(x) form a 4D fermion state which is degenerate
with the corresponding vector and scalar states.

As before we assume that all incomplete E¢ supermul-
tiplets in the E4SSM, which are even under the anq sym-
metry, stem from the 6D bulk superfields. Hereafter we
also require that the three complete families of 27; repre-
sentations of Eg are located on the O brane where the E¢
gauge group is broken down to SO(10) X U(1),,. The 4D
superfields H,, and H,, can originate from the bulk 27'-plets
@}, and @}, that decompose as follows:

= (27) +’ _) +)7 ®/H = (27) _, +) _)’ (53)

where the first, second, third and fourth quantities in brack-
ets are the Eg representation as well as o, o; and oy
associated with this representation, respectively. The par-
ities of these bulk 27’-plets are chosen so that H, and H,
components of the N = 1 chiral superfields @}, and <i)}‘1
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have positive parities with respect to Z,, Z4 and Z¥ reflec-
tion symmetries (see Table V). In this context it is essential
to keep in mind that the invariance of the 6D action
requires that the parities of the 4D chiral supermultiplets
Ci)}, and Ci)}j are opposite. Since the parities of H, and H,,
are positive the KK expansions of the bulk 27'-plets @3,

and <I)’- contain zero modes that form N = 1 chiral super-

fields w1th quantum numbers of H, and H,,. .
The SU(2)y, doublet chiral superfields H, and H, are
not the only supermultiplets from @, and (I);q that may

survive below the scale My ~ 1/R. Indeed, the parity
assignments in Eq. (53) indicate that the i“ and ¢ compo-
nents of the Ci)zu as well as u¢ and e¢ components of the
(i);_-lu also have positive parities with respect to Z,, Z and
ZI symmetries. It means that the KK mode structures of
the bulk supermultiplets (I)}, and (I)’- involve zero modes

that correspond to N = 1 chiral superﬁelds u, e, u¢ and
e¢. Because the E4 gauge symmetry is broken down to the
S0(10) X U(1),, subgroup on the O brane the zero modes
that come from the same bulk 27’-plet but belong to differ-
ent SO(10) representations are not required to have the
same transformation properties under the custodial Z~§’
symmetry. This permits us to assume that 4D chiral super-
fields u®, e¢, i and &¢ are odd under the Zf symmetry.
Then these supermultiplets are expected to mix with the
appropriate components from other 27-plets, forming vec-
torlike states with masses slightly below My and spoiling
the SO(10) relations among the Yukawa couplings of
quarks and leptons and H, and H, as discussed in the
previous subsection.

The 4D superfields H,; and H, can originate from
another pair of bulk 27'-plets

=@+, ), P =Q—+ ). (54

Using the orbifold parity assignments presented in Table V
it is easy to check that all parities of Hd and H,; compo-
nents of the N = 1 superfields ol H, and e 71, re positive so
that the KK expansions of 6D superfields @, and @ A,

contain the appropriate zero modes. On the other hand one
can also find that d¢ and N¢ components of the bl > as well
as d° and N¢ components of the Ciﬁqd, also have positive
parities with respect to Z,, Z) and Z¥ reflection symme-
tries. Therefore the particle content below the scale My
includes bosonic and fermionic states from N = 1 chiral
supermultiplets d¢, N¢, d° and N¢ as well. The scalar
components of the 4D superfields N and N¢ can be used
to break U(1),, and U(1), down to U(1)y X Zj'. Because
of this the supermultiplets d¢, N¢, d° and N°¢ are expected
to be even under the Z~§1 symmetry and therefore cannot
mix with the components of 27; localized on the O brane.
The large VEVs of N¢ and N¢ (< My) can give rise to the
masses of the bosonic and fermionic components of N¢ and
N¢ as well as d° and d° which are just slightly below My.
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In order to achieve the appropriate breakdown of the
SUQ)y X U(l)y X U(1)y gauge symmetry at low ener-
gies the particle spectrum below the scale My should be
supplemented by the 4D chiral superfields S and S which
are even under the Z¥ symmetry. The corresponding zero
modes can come from the pair of bulk 27'-plets

= (27, +, +, —), OL=(27,—, -, +). (55

The S and S components of the N = 1 superfields ® and
(P have positive orbifold parities. The D component of P s
and the companion component from the b 5 superfield have
also positive parities with respect to Z,, Z} and Z} symme-
tries. It is convenient to assume that the states associated
with these exotic quark supermultiplets are odd under the
ZH symmetry so that the corresponding zero modes can mix
with the appropriate components of the 27-plets localized
on the O brane, leading to the formation of the vectorlike
states with masses slightly below My and spoiling
the SO(10) relations among the Yukawa couplings of S to
the inert Higgs and exotic quark states. In addition to the
components of P! s and <I> ' mentioned above the orbifold
parities of L and L components of bl s and q) are positive.
If the zero modes associated with these components survive
to low energies and the corresponding N = 1 supermultip-
lets are even under the Zg symmetry then the Yukawa
couplings of these superfields to Q; and D, allow the light-
est exotic quarks to decay like in the case of scenario A.
The discussion above indicates that the simplest 6D
orbifold GUT model based on the Eg gauge group, which
may lead at low energies to the gauge group and field
content of scenario A specified in Sec. II, includes six
bulk 27’-plets. The consistency of this orbifold GUT model
requires the absence of anomalies. In the 6D orbifold
models there are two types of anomalies: 4D anomalies
[67] intrinsic to the fixed points and bulk anomalies
[65,68,69] which are induced by box diagrams with four
gauge currents. For the 6D orbifold GUT model to be
consistent it is necessary that both the fixed point and the
bulk anomalies cancel. The contributions of the anomalous
box diagrams with four gauge currents to the 6D bulk
anomalies are determined by the trace of four generators
of the gauge group. This trace contains a nonfactorizable
part and a part which can be reduced to the product of traces
of two generators. The nonfactorizable part is associated
with the irreducible gauge anomaly while the factorized
contribution corresponds to what is known as a reducible
anomaly. The reducible anomalies can be canceled by the
Green-Schwarz mechanism [70]. For consistency the chiral
field content of the 6D orbifold model must lead to the
cancellation of the irreducible anomalies which is normally
a highly restrictive requirement [71]. However 6D orbifold
GUT models based on the E4 gauge group do not have an
irreducible bulk anomaly [68,69]. Moreover using the
results obtained in Ref. [69] one can show that the reducible
gauge anomaly gets canceled if the field content of the 6D
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orbifold model involves six bulk 27'-plets. The 4D anoma-
lies at the fixpoints also get canceled within the 6D orbifold
GUT model discussed above. Indeed, the contributions of
27; supermultiplets, that reside on the O brane, to the
anomalies vanish. Since the orbifold parity assignments
are such that the KK modes of the bulk 27’ superfields
localized at the fixpoints always form pairs of N = 1 super-
multiplets with opposite quantum numbers, the contribu-
tions of the bulk 27'-plets to the 4D fixed point anomalies
are canceled automatically as well.

Phenomenological viability of the 5D and 6D orbifold
GUT models considered in this section requires the ade-
quate suppression of the baryon and lepton number violat-
ing operators which can be induced at the scale My, giving
rise to proton decay. As mentioned before the dimension
five operators, that lead to the proton decay, are forbidden
by the gauge symmetry in these models. However baryon
and lepton number violating operators, which are mediated
by the exchange of the leptoquark gauge bosons, are
enhanced compared to the usual 4D case due to the presence
of KK towers of such states. The proton decay rate in the 6D
orbifold GUT models based on the SO(10) gauge group was
studied in Ref. [59] where it was shown that in order to
satisfy the experimental lower limit on the proton lifetime
the scale My should be larger than 9 X 10" GeV. This
restriction on the scale My can be used in the case of the
E¢ inspired SUSY models as well. However the analysis of
the RG flow of the gauge couplings, which we are going to
consider next, indicates that the values of g%(M v) in these
models are three to five times larger than in the MSSM. This
implies that the lower bound on the scale My in the con-
sidered E, inspired models is expected to be 1.5 X 10'6 to
2 X 10'® GeV. It is worth noting here again that the sim-
plest 5D and 6D orbifold GUT models discussed in this
section do not lead to the exact gauge coupling unification at
the scale My due to the brane contributions to the gauge
couplings. The relative contribution of these brane correc-
tions is expected to become more sizable with increasing
g7(My) as discussed before. The gauge coupling unification
in the 6D orbifold GUT models was considered in Ref. [57].

IV. RG FLOW OF GAUGE COUPLINGS
IN THE E¢SSM

In this section we discuss the RG flow of the SM gauge
couplings g;(¢) above the EW scale. The running of these
couplings between My and M is described by a system of
renormalization group equations (RGEs). To simplify our
analysis we assume that U(1), X U(1), gauge symmetry
is broken down to U(1)y X Z) near the scale My. This
permits us to restrict our consideration to the analysis
of the RG flow of four diagonal gauge couplings gs(7),
g(1), gi(t) and g{(r) which correspond to SU(3)c,
SU(Q2)w, U(1)y and U(1)y gauge interactions, respectively.
Also, the evolution of these gauge couplings is affected by
a kinetic term mixing. The mixing effect can be concealed
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in the interaction between the U(1)y gauge field and matter
fields that can be parametrized in terms of the off-diagonal
gauge coupling g; (see Refs. [11,32,72]). In this frame-
work the RG equations can be written as follows:

dG
= =Gx

dt dt

sy _

Bzg%
(4m)*’

dgs _
dt

5383

4

)2’

(56)

where 7= In(q/M,) and g is a renormalization scale,
while B and G are 2 X 2 matrices

81
0

(1

~ @m)?

811
/ b

81
,318%

("

2181811 28181181
gPB, + 28811 B + &3, B

)

(57)

In Eqgs. (56) and (57) B, and B, are beta functions.
Here we examine the RG flow of gauge couplings in the
two-loop approximation. In general the two-loop diagonal
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B; and off-diagonal B, beta functions may be presented as
a sum of one-loop and two-loop contributions. However
the previous analysis performed in Ref. [36] revealed that
an off-diagonal gauge coupling g;; being set to zero at the
scale My remains very small at any other scale below My.
Since it seems to be rather natural to assume that just after
the breakdown of the E4 symmetry there is no mixing in
the gauge kinetic part of the Lagrangian between the field
strengths associated with the U(1)y and U(1)y gauge
interactions, g;; tends to be substantially smaller than the
diagonal gauge couplings. Because of this we can neglect
two-loop corrections to the off-diagonal beta function 8;;.
In the case of scenario A the one-loop off-diagonal beta

_ 6

function is given by S = while in scenario B

3.6

11~ 0

In scenario A the two-loop diagonal beta functions S;
are given by

1
B3=—9+3N, + = [g5(—54 + 34N,) + 3N, g5 + N,g} + N gi* — 4hi — 4hj, — 23],
1 3 2
B2 =—5+3N, +16 [SNgg§+(—17+21Ng)g§+(§+Ng)g% <5+N) — 6h? — 6h%—2h$—22,\:|,
3 1 9 9 6 26 14 18 4
=-+3N, +—|8N,g +3N, )¢5 + (= +3N, )¢ + ( +N) B——hl——h) ——hi—Z-3%), — < ]
Ai=5 167 [ (5 &)gz (25 Z’)gl 25 5 5 5 2* 52
2 5 1 6 6 4 25
B =5 TNt |:8Ngg§+<§+3Ng)g%+(E+Ng)g% (25+3N 3 )g'ﬁ
9 21 57
__h2 —/’l2 _hZ - ]’
5 t 5 T EA OEK
Sy=A+ A3+ A EK=K%+K2+K%, (58)

where N, is a number of generations forming complete E¢ fundamental representations that the considered model involves
at low energles i.e., N, = 3; whereas n is a number of S and S supermultiplets from 27/ and 27 that survive to low
energies (i.e., n = 0 or 1). Here we assume that the structure of the Yukawa interactions appearing in the superpotential
(14) is relatively simple (i.e., Aqg = A8, and k;; = x;6;)), while fog, fop. g} and hj, are small and can therefore be
ignored (i, j = 1, 2, 3 and «, B = 1, 2). We have also neglected all Yukawa couplings that may be associated with the
presence of extra S and S supermultiplets at low energies. In Eqs. (58) A,, h;, and A, are top quark, b quark and 7 lepton
Yukawa couplings, respectively. In the limit of n = 0 the RG equations (58) coincide with the ones presented in Ref. [36].

In scenario B the two-loop diagonal beta functions 3; can be written in the following form:

1 128

4 2
By = —8+3N, + 10— I:gz(——3 + 34N ) +3N,g3 + <Ng + B>g% + <Ng + §>g'12 — 4 — 43, — 22K],
1 6 13 s
Br=—4 43N, + [SNgg§ + (=10 + 21N,)g3 + (§ + Ng)g% (10 + N, ) — 6h7 — 6hj, — 2h7 — 2EA:|,
8 1 32 18 62 47
+ 3N, + 8N + + 3N + 3N, + N, |g”?
Pi=3 16 2[( 8 15) (5 ) (75 Z’)g‘ (50 é)gl
26 14 18 = 4
?hZ ?hz ?hz —E/\ __EK »
19 5 1 16 39 47 121 25
| =—+3N, +=n+—]| (8N, + + =+ 3N 2+<—+N)2+<—+3N +—)'2
=10 4" T lem [( 5>g3 (10 g)gz 50 "e)81 T \qp0 T e T g ST
9 21 7 19 57217
_ghtz _?hZ g 2 _—E)\ —EK > (59)
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where X, = A} + A + A3 4+ A%, As before we assume a
relatively simple structure of the Yukawa interactions in
the superpotentlal (19) (i.e., Ajj = A0y, K 0,;) and
ignore Fais S ais gl i h as well as all Yukawa couphngs of
extra S and S supermultlplets

As one can see from Egs. (58) and (59) N, = 3 is the
critical value for the one-loop beta function of the strong
interactions in the case of scenario A. Indeed, in the one-
loop approximation the SU(3) gauge coupling is equal to
zero in this case. In scenario B the one-loop contribution to
B3 remains rather small (b3 = 1). Because of this any
reliable analysis of the RG flow of gauge couplings
requires the inclusion of two-loop corrections to the diago-
nal beta functions.

One can obtain an approximate solution of the two-loop
RGEs presented above (see Ref. [73]). At high energies
this solution for the SM gauge couplings can be written as

Lt b, G —@(t)+7bi_b’sM In1i
a;(t) oMy 27 127 ! 2 M,
(60)
where a;(1) = & L0 b; and bM are the coefficients of the

(477) ;
one-loop beta functions in the EcSSM and SM, respec-
tively; the third term in the right-hand side of Eq. (60) is
the MS — DR conversion factor with C; =0, C, = 2,
C5; = 3 [74], while

1 ! & h-iﬁM
®i(t)_%'/0(,8i_bi)d7: Ti—I!:[l(mk) i (61)

In Eq. (61) my and Ab¥ are masses and one-loop contribu-
tions to the beta functions due to new particles appearing in
the E4SSM. For the calculation of ©,(¢) the solutions of the
one-loop RGEs are normally used. In Egs. (60) and (61)
only leading one-loop threshold effects are taken into
account.

Using the approximate solution of the two-loop RGEs in
Egs. (60) and (61) one can establish the relationships
between the values of the gauge couplings at low energies
and GUT scale. Then by using the expressions describing
the RG flow of a(r) and «a,(7) it is rather easy to find the
scale My, where a(Myx) = a,(Myx) = «y, and the value
of the overall gauge coupling « at this scale. Substituting
My and « into the solution of the RGE for the strong
gauge coupling one finds the value of a3(M,) for which an
exact gauge coupling unification occurs (see Ref. [75]):

L [bl by b bg]
as(Mz) by —byLlay(Mz)  a;(My)

| 19 Ty
387 O T ag, M
by — by by — by )
= +
0, (b1 —20, 26, 4 0;
®l = ®1(MX) (62)
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The combined threshold scale T, that appears in Eq. (62),
can be expressed in terms of the effective threshold scales
T,, T, and T5. The expression for T'g is model dependent.
In scenario A Ty is given by
T172/19
s = T55/19T98/]9’

T, = M?/l 1 Mi/ssmi/55<

4/165 8/165
Mg Mp, )

i=1,2,3

< ( Ty,

a=1,2

~25/43 4/43  2/43
T2=Mz/ ML/ mL/ (n

4/42)

~4/7 121, 2/21
ry = wt( T mi i) (63)
=123
where wp, and mp are the masses of exotic quarks and
their superpartners, my and wuy are the masses of inert

Higgs and inert Higgsino fields, m; and w; are the masses
of the scalar and fermion components of L, and L, while
M,, M, and M, are the effective threshold scales in the
MSSM:

~ 45 1/25 1/75.2/75 8/75 _1/25_2/25
My = p*®m, (”m Mg Ma, Mpo Mg )

i=123 0
M :M8/25 4/25,,1/25 3/25 1/25
2 wo wEm (T mQ, mg, (64)
i=1,2,
M3 =M£;/2< l_[ mIQ(lzm£/24m;(24>.

i=1,23

In Egs. (64) M; and My, are masses of gluinos and winos
[superpartners of SU(2)y, gauge bosons]; u and my are the
effective u term and masses of heavy Higgs states, respec-
tively; m;, m; and my_are the masses of the right-handed

and left-handed squarks and m;_and mg, are the masses of

the left-handed and right-handed sleptons.
In the case of scenario B we find

y T196/19
Ty = T65/19T112/19’

_~5/13 8/195_4/195 4/65 2/65 4/65 2/65
Tl M Ma, Mg, Mp, My, Mg, My,

4/195 8195 2/65 4/65
< ( T ) TLmiu)
a=1,2

1,2

F, = 25/49M4/49m2/49 4/49m2/49( l—[ 2/ 4/49>,

o, Mg, Mg, My, H, Mg
a=1,2
= 12 1/12. 1/24 124 1/12
7y = Wl Pl TT my ), (65)
i=1,2,3

where p,,, py, and py, are the masses of the fermionic
components of d§ and d¢,, H" and H, as well as H¢ and
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FIG. 1 (color online). Two-loop RG flow of gauge couplings in
scenario A: (a) RG flow of SUQ3)¢, SU(2)y and U(1)y couplings
from M, to My for Tg = 400GeV and ng = 1; (b) running of
SM gauge couplings in the vicinity of My for Ty = 400 GeV
and ng = 1. Thick, dashed and solid lines correspond to the
running of SU3)¢, SU2)w and U(1)y couplings, respectively.
We used tanB =10, a,(M,) =0.118, a(M,) =1/127.9,
sin?fy, = 0.231 and «,(Ts) = ky(Tg) = K5(Ts) = A, (Ts) =
M (Ts) = A3(Ts) = g|(Ts). The dotted lines represent the
uncertainty in «;(¢) caused by the variation of the strong gauge
coupling from 0.116 to 0.120 at the EW scale.

H 4> that form vectorlike states at low energies; whereas
mg,, my and my  are the masses of the scalar components
of the corresponding supermultiplets.

In general the effective threshold scales derived above
can be quite different. Since our purpose is to establish the
range of the values of T and 7' that leads to the unification
of gauge couplings we shall set these effective threshold
scales equal to each other. Then from Eqs (63) and (65) it
follows that Tl = T2 = T3 = TS and Tl = T2 T'; TS
The results of our numerical studies of the two-loop RG
flow of gauge couplings in the case of scenarios A and B
are summarized in Figs. 1 and 2, respectively. We use the
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FIG. 2 (color online). Two-loop RG flow of gauge couplings in
scenario B: (a) evolution of SU(3)¢, SU(2)y and U(1)y cou-
plings from the EW scale to the GUT scale for T = 3 TeV and
ng = 0; (b) running of SM gauge couplings near the scale My
for Ty = 3 TeV and ng = 0. The parameters and notations are
the same as in Fig. 1.

two-loop SM beta functions to describe the running of
gauge couplings between My and T} =T, =T3 =Ty
(or T, =T, =T;=Ts), then we apply the two-loop
RGEs of the E4SSM to compute the flow of g;(¢) from
T, (or T) to My which is equal to 3 X 10'® GeV in the
case of the EsSSM. The low energy values of g} and gy,
are chosen so that all four diagonal gauge couplings are
approximately equal near the GUT scale and g;; = 0 at
this scale. For the calculation of the evolution of Yukawa
couplings a set of one-loop RGEs is used. The correspond-
ing one-loop RG equations are specified in Ref. [32].

In Fig. 1 we fix the effective threshold scale to be equal to
400 GeV. In Fig. 1(a) we plot the running of the gauge
couplings from M, to My assuming that the low energy
matter content involves three 27-plets of Eg as well as Ly,
Ly, S and S supermultiplets. Figure 1(b) shows a blowup of
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the crucial region in the vicinity of the GUT scale. Dotted
lines show the interval of variations of gauge couplings
caused by lo deviations of a3(M;) around its average
value, i.e., a3(M,)=~0.118 = 0.002. The results of the
numerical analysis presented in Fig. 1 demonstrate that in
scenario A almost exact unification of the SM gauge
couplings can be achieved for a;(M,) = 0.118 and T =
400 GeV. By increasing (decreasing) the effective thresh-
old scale the value of a3(M;), at which exact gauge cou-
pling unification takes place, becomes lower (greater). Thus
in this case the gauge coupling unification can be achieved
for any phenomenologically reasonable value of a3(M),
consistent with the central measured low energy value,
unlike in the MSSM where it is rather problematic to get
the exact unification of gauge couplings [73,76,77]. Indeed,
it is well known that in order to achieve gauge coupling
unification in the MSSM with a (M) =~ 0.118, the com-
bined threshold scale, which is given by [73,75,77,78]

_ M100/19
Mszzizlu/@
~25/19 1456/19

1Y i Ve

(66)
must be around Mg~ 1 TeV. However the correct
pattern of EW symmetry breaking requires w to lie within
the 1-2 TeV range which implies Mg < 200-300 GeV,
so that, ignoring the effects of high energy threshold
corrections, the exact gauge coupling unification in the
MSSM requires significantly higher values of a3(My),
well above the experimentally measured central value
[73,75,77-79]. It was argued that it is possible to get the
unification of gauge couplings in the minimal SUSY model
for a3(M) = 0.123 [80].

On the other hand in the case of scenario A the combined
threshold scale T can be substantially larger than in the
MSSM. This can be seen directly from the explicit expres-
sion for T5. Combining Egs. (63) we find

12/196/19 6/19 12/19
Ty = it (PEm” [ 2 B ) )
5 s 12/19__6/19 /19 12/19 |’
M ms a=12Mp "~

D5 Ds D,

From Eq. (67) it is obvious that Ty is determined by the
masses of the scalar and fermion components of L, and L,.
The term u; L, L, in the superpotential (14) is not involved
in the process of EW symmetry breaking. As a conse-
quence the parameter w1, remains arbitrary.® In particular,
since the corresponding mass term is not suppressed by the
E¢ symmetry the components of the doublet superfields L,
and L, may be much heavier than the masses of all exotic
states, resulting in the large combined threshold scale T'g
that lies in a few hundred GeV range even when the scale
Mg is relatively low. The large range of variation of T
allows us to achieve the exact unification of gauge

®When u, is considerably larger than the SUSY breaking
scale m; = u;.
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couplings in scenario A for any value of a;(M,) 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 di-
agonal beta functions would spoil the unification of the SM
gauge couplings entirely in the considered case. Indeed, in
scenario A these corrections affect the RG flow of gauge
couplings much more strongly than in the case of the
MSSM because at any intermediate scale the values of
the gauge couplings in the E4SSM are substantially larger
compared to the ones in the MSSM. Nevertheless the
results of our analysis discussed above are not as surprising
as they may first appear. The analysis of the RG flow of the
SM gauge couplings performed in Ref. [36] revealed that
the two-loop corrections to «;(My) are a few times bigger
in the EgSSM than in the MSSM. At the same time due to
the remarkable cancellation of different two-loop correc-
tions, the absolute value of ®, is more than three times
smaller in the EcSSM as compared with the MSSM. This
cancellation is caused by the structure of the two-loop
corrections to the diagonal beta functions in the considered
model. As a result, the prediction for the value of a;(M)
at which exact gauge coupling unification takes place is
considerably lower in the EqSSM than in the MSSM.

The only difference between the E4SSM scenario, which
was studied in Ref. [36], and scenario A discussed above is
in the possible presence of extra S and S supermultiplets at
low energies. From Egs. (58) it follows that these super-
multiplets do not contribute to the diagonal beta functions
of the SM gauge couplings. Our analysis of the RG flow
of g;(¢) reveals that the evolution of the SM gauge cou-
plings does not change much when the low energy particle
spectrum is supplemented by the bosonic and fermionic
components that originate from the extra S and S chiral
superfields. This explains why our results are so similar to
those previously obtained in Ref. [36].

It is also worthwhile to point out that at high energies the
uncertainty in a;(7) caused by the variations of a3(M) is
much bigger in the E4SSM than in the MSSM. This is
because in the E¢SSM the strong gauge coupling grows
slightly with increasing renormalization scale whereas in
the MSSM it decreases at high energies. This implies that
the uncertainty in the high energy value of as(¢) in the
E¢SSM is approximately equal to the low energy uncer-
tainty in a3(r) while in the MSSM the interval of variations
of a3(f) near the scale My shrinks drastically. The
relatively large uncertainty in a3(My) in the EgSSM,
compared to the MSSM, allows one to achieve an exact
unification of gauge couplings for values of a;(M,) which
are within 1o deviation of its measured central value.

The RG flow of the SM gauge couplings changes sub-
stantially in the case of scenario B as can be seen from
Figs. 2(a) and 2(b). As before we assume that the effective
threshold scales are equal, i.e., T, = T, = T3 = T. Our
numerical analysis reveals that the evolution of «;(r)
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depends very strongly on Ts. When T < 1 TeV the gauge
couplings become rather large near the GUT scale, i.e.,
a;(My) ~ 1, whereas before we set My =~ 3 X 10'¢ GeV.
For such large values of «;(¢) the perturbation theory
method becomes inapplicable. Therefore in our analysis
we consider the range of scales 7'y which are much higher
than 1 TeV. In Figs. 2(a) and 2(b) we set the threshold
scale T to be equal to 3 TeV. As one can see from these
figures for T = 3 TeV, the values of a;(My) are about 0.2
that still allow us to use the perturbation theory up to the
scale My.

The effective threshold scale that we consider in our
analysis T is in the multi-TeV range. At first glance, it is
not clear if such large values of 7; and T's can be obtained
for a reasonable set of parameters. In particular, to satisfy
naturalness requirements the third generation sfermions as
well as neutralino and chargino states which are super-
partners of the SM gauge bosons and Higgs fields are
expected to have masses below 1 TeV. Because of this in
the MSSM, naturalness arguments constrain the combined
threshold scale M to be lower than 200-300 GeV as it was
mentioned above. In the case of scenario B the analytical
expression for the threshold scale 7' can be obtained by
combining Egs. (65) which gives

M12/19m6/19M12/19m6/l9
TS — MS . Hu Hu Hd Hd

12/19_6/19 _12/19_6/19
dy M, Mpy Mp,
6/19 12/19
My, P
X n 6/19 12/19 |' (68)
a:I’ZmDa Mp,

Equation (68) indicates that the combined threshold
scale T tends to be very large if, for example, Mp, =
my, = py, = my, are considerably larger than the masses
of the scalar and fermion components of d and d°, as well
as the masses of all exotic states. In this case T can be as
large as 10 TeV even when Mg lies in a few hundred GeV
range and uy, ~my = puy, = my, < 10 TeV. This can
be achieved if the components of d§ and d¢, and some of
the exotic quark and squark states have masses below
1 TeV. The effective threshold scales T, T, and T can
also be as large as a few TeV if the scalar superpartners of
the first and second generation fermions and some of the
exotic states have masses above 10 TeV. Naturalness does
not require these states to be light and, in fact, allowing
them to be heavy ameliorates SUSY flavor and CP prob-
lems. As a consequence the several TeV threshold scales
T,, T,, T and T can naturally emerge in scenario B.

In Fig. 2(a) we show the running of the SM gauge
couplings from the EW scale to high energies. We assume
that in this case the low energy matter content includes
three 27-plets of Eg as well as d5, d°,, H,, H, H; and H,
supermultiplets. Figure 2(b) shows the same RG flow of the
SM gauge couplings but just around the scale where the
values of a;(f) become rather close. Again dotted lines in
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Figs. 2(a) and 2(b) represent the changes of the evolution of
the SM gauge couplings induced by the variations of
a3(My) within 1o around its average value.

From Figs. 2(a) and 2(b) one can see that the interval of
variations of as(r) enlarges with increasing renormaliza-
tion scale. The growth of the uncertainty in the high energy
value of a;(?) is caused by the rise of this coupling itself.
As follows from Figs. 1 and 2 in scenario B the SM gauge
couplings grow faster with increasing renormalization
scale than in the case of scenario A. This happens because
the one-loop beta functions of these couplings are larger in
scenario B as compared to the ones in scenario A. As a
consequence the interval of variations of as(¢) at high
energies is also a bit bigger in the former than in the latter.
However as one can see from Figs. 2(a) and 2(b) this does
not facilitate the gauge coupling unification in scenario B.
In fact, these figures demonstrate that large two-loop cor-
rections spoil the unification of gauge couplings in this
case. Indeed, in the one-loop approximation Eq. (62) leads
to the same prediction for a3(M;) in scenarios A and B
because extra matter in these scenarios forms complete
SU(5) representations which contribute equally to the
one-loop beta functions of the SU(3)., SU(2)y and
U(1)y interactions so that the differences of the coefficients
of the one-loop beta functions b; — b; remain intact. At the
same time the contributions of two-loop corrections to
a;(My) (0,) and as(M,) (0,) are different in these cases.
Our numerical analysis reveals that for T =~ 3 TeV the
exact gauge coupling unification can be achieved in sce-
nario B only if the value of a3(My) is around 0.112. For
higher scale T the exact unification of «;(f) requires even
smaller values of a3;(M;) which are disfavored by the
recent fit to experimental data. The lower scales Tg <
3 TeV lead to the larger values of a;(My), making ques-
tionable the validity of our calculations.

As before extra S and S superfields, that may survive
to low energies, do not contribute to the diagonal beta
functions of the SM gauge couplings and, therefore, do
not change much the RG flow of «;(). As a result the value
of a3(M) at which exact gauge coupling unification takes
place also does not change much after the inclusion of the
bosonic and fermionic components of these supermultip-
lets. Thus it seems to be rather difficult to reconcile the
unification of gauge couplings with present data in sce-
nario B. Nevertheless the values of «;(My) are not so much
different from each other. From Fig. 2(b) it follows that the
relative discrepancy of «;(My) is about 10%. This brings
us back to the orbifold GUT framework which was dis-
cussed in the previous section. As already mentioned
orbifold GUTs do not imply the exact gauge coupling
unification near the scale My, which is associated with
the size of compact extra dimensions, due to the brane
contributions to the gauge couplings [see Eq. (39)]. Since
one can expect that these brane corrections become more
sizable when a;(My) are large, the relative discrepancy of
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10% between «a;(My) should probably not be considered
as a big problem in the case of scenario B.

V. PHENOMENOLOGICAL IMPLICATIONS

‘We now consider cosmological implications and collider
signatures of the Eg inspired SUSY models discussed
above. The phenomenological implications of these
models are determined by the structure of the particle
spectrum that can vary substantially depending on the
choice of the parameters. For example, the masses of the
Z' boson, exotic quarks, inert Higgsinos and inert singlinos
are set by the VEVs of the Higgs fields. In this section
we primarily focus on the simplest case when only H,,, H,
and § acquire nonzero VEVs breaking SU(2)y X U(1)y X
U(1)y symmetry to U(1)., associated with electromagne-
tism. Assuming that f, 3 and Fa p are sufficiently small, the
masses of the exotic quarks, inert Higgsino states and Z'
boson are given by

Ki Aa
=K _——
#o, V2 He V2

where s is a VEV of the field S, ie., (S)=s5/+2.
Here without loss of generality we set k;; = k;6;; and
Aap = AgOqp. Since up., py, and My are determined
by s, that remains a free parameter, the Z’ boson mass and
the masses of exotic quarks and inert Higgsinos cannot be
predicted. Because recent measurements from the LHC
experiments exclude Eg inspired Z’' with masses lower
than 2-2.5 TeV [81] the singlet field S must acquire a large
VEV (s = 5.5-6 TeV) to induce sufficiently large M .
The couplings «; should be also large enough to ensure
that the exotic fermions are sufficiently heavy to avoid
conflict with direct particle searches at present and former
accelerators. However the exotic fermions (quarks and
inert Higgsinos) can be relatively light in the E;SSM.
This happens, for example, when the Yukawa couplings
of the exotic particles have a hierarchical structure similar
to the one observed in the ordinary quark and lepton
sectors. Then Z' mass lies beyond 10 TeV and the only
manifestation of the considered models may be the pres-
ence of light exotic quark and/or inert Higgsino states in
the particle spectrum.

Since the qualitative pattern of the particle spectrum and
associated collider signatures are so sensitive to the pa-
rameter choice it is worth discussing first the robust pre-
dictions that the considered models have. It is well known
that SUSY models predict that the mass of the lightest
Higgs particle is limited from above. The EsSSM is not an
exception. In the simplest case when only H,, H; and S
develop the VEVs, so that (H;) = % (H,) = % and (S) =

S

7 the Higgs sector involves ten degrees of freedom.

My =g\ Qgs, (69)

However four of them are massless Goldstone modes
which are swallowed by the W*, Z and Z' gauge bosons
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that gain nonzero masses. If CP invariance is preserved the
other degrees of freedom form two charged, one CP-odd
and three CP-even Higgs states. When the SUSY breaking
scale is considerably larger than the EW scale, the mass
matrix of the CP-even Higgs sector has a hierarchical
structure and can be diagonalized using the perturbation
theory [82,83]. In this case the mass of one CP-even Higgs
particle is always very close to the Z’ boson mass M. The
masses of another CP-even, the CP-odd and the charged
Higgs states are almost degenerate. When A = g, the
qualitative pattern of the Higgs spectrum is rather similar
to the one which arises in the Peccei-Quinn symmetric
NMSSM [83,84]. In the considered limit the heaviest
CP-even, CP-odd and charged states are almost degener-
ate and lie beyond the TeV range [32]. Finally, like in
the MSSM and NMSSM, one of the CP-even Higgs bosons
is always light irrespective of the SUSY breaking scale.
However, in contrast with the MSSM, the lightest
Higgs boson in the E¢SSM can be heavier than
110-120 GeV even at the tree level. In the two-loop ap-
proximation the lightest Higgs boson mass does not exceed
150-155 GeV [32].

A. Dark matter

The structure of the Yukawa interactions in the E4SSM
leads to another important prediction. Using the method
proposed in Ref. [85] one can argue that there are theo-
retical upper bounds on the masses of the lightest and
second lightest inert neutralino states [38]. To simplify
the analysis we assume that the fermion components of
the supermultiplets S, A, and H,, which may survive
below the scale My, get combined with the corresponding
superpositions of the fermion components of the super-
fields S;, H and HY, resulting in a set of heavy vectorlike
states. Furthermore we also assume that these vectorlike
states completely decouple so that the particle spectrum
below the TeV scale contains only two generations of inert
Higgsinos (HY and H%) and two generations of inert
singlinos S,. The Yukawa interactions of these superfields
are described by the superpotential

WIH = )‘aBS(HgHz) + fa,BSa(HdH,[M;) + fNa,BSa(HZi;Hu)r
(70)

where a, B8 =1, 2.

Thus below the TeV scale the inert neutralino states
are a linear superposition of the inert singlino states
(5;,S,) and neutral components of inert Higgsinos
(A%, 1:1‘210, H ‘fo, H 30). The charged components of the inert
Higgsinos (Hy*, HY*, H4~, A¢") form an inert chargino
sector. In order to avoid the LEP lower limit on the masses
of inert charginos the couplings A,z and s must be chosen
so that all inert chargino states are heavier than 100 GeV.
In addition, the requirement of the validity of perturbation
theory up to the GUT scale constrains the allowed range of
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Yukawa couplings A,g, fop and fa p- The restrictions
specified above set very stringent limits on the masses of
the two lightest inert neutralinos. The analysis performed
in Ref. [38] indicates that the lightest and second lightest
inert neutralinos (A9 and HY) are typically lighter than
60-65 GeV. These neutralinos are predominantly inert
singlinos so that they can have rather small couplings to
the Z boson. Therefore any possible signal which these
neutralinos could give rise to at LEP would be extremely
suppressed. On the other hand the couplings of x? and x9
to the lightest CP-even Higgs boson £ are proportional to

the mass/4/v? + v3 in the leading approximation [38]. As

a consequence the couplings of the two lightest inert
neutralinos to the lightest Higgs state are always large if
the corresponding states have appreciable masses.

The discussion above indicates that the lightest and
second lightest inert neutralinos tend to be the lightest
states which are odd under the Z5 symmetry. It is worth
remembering here that in the considered E¢ inspired SUSY
models U(1),, X U(1), gauge symmetry is broken down to
U(1)y X ZY where Z) = (—1)*#~1) is the so-called mat-
ter parity which is a discrete subgroup of U(1),, and U(1),.
Since the low energy effective Lagrangian is invariant
under both ZY and Z symmetries and Z = Z3 x Z&
(see Table 1), the Z& symmetry is also conserved. This
means that the lightest exotic state, which is odd under the
ZE symmetry, is absolutely stable and contributes to the
relic density of dark matter.

Because the lightest inert neutralino is also the lightest
R-parity odd state either the lightest R-parity even exotic
state or the lightest R-parity odd state with Z& = +1 must
be absolutely stable. When f, 5 and fu p are large enough
(fap ~faﬁ ~0.5) the large mixing in the inert Higgs
sector may lead to the lightest CP-even (or CP-odd) inert
Higgs state with mass of the order of the EW scale. The
corresponding exotic state is an R-parity even neutral
particle. If it is substantially lighter than the lightest ordi-
nary neutralino state ) and the decay of x9 into the
lightest inert neutralino and the lightest inert Higgs scalar
(pseudoscalar) is kinematically allowed, then this lightest
inert Higgs scalar (pseudoscalar) is absolutely stable and
may result in a considerable contribution to the relic dark
matter density.

Although the possibility mentioned above looks very
attractive, a substantial fine-tuning is normally required
to make the lightest inert Higgs scalar (pseudoscalar)
lighter than x?. Most commonly x? is considerably lighter
than the lightest inert Higgs scalar (pseudoscalar) so that
the lightest CP-even (CP-odd) inert Higgs state can decay
into x? and the lightest inert neutralino state. In other
words, in the considered Eg inspired SUSY models the
lightest R-parity odd state with Z& = +1, i.e., xJ, tends to
be substantially lighter than the R-parity even exotic states.
As a result the lightest neutralino state x? is a natural
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candidate for a cold component of dark matter in these
models.

In the neutralino sector of the EsSSM there are two extra
neutralinos besides the four MSSM ones. One of them is an
extra gaugino B’ coming from the Z’ vector supermultiplet.
The other one is an additional singlino S which is a fermion
component of the SM singlet superfield S. Extra neutrali-
nos form two eigenstates (B’ = §)/+/2 with masses around
My [32]. Since LHC experiments set a very stringent
lower bound on the mass of the Z’ boson, extra neutralino
eigenstates tend to be the heaviest ones and decouple. The
mixing among these heavy neutralino states and other
gauginos and Higgsinos is very small. Therefore the light-
est neutralino states in the E¢SSM, that determine the
composition of y! and as a consequence its contribution
to the relic dark matter density, become almost indistin-
guishable from the ones in the MSSM. This means that in
the EsSSM, like in the MSSM, the lightest neutralino x!
can give a substantial contribution to the relic density
which is in agreement with the measured abundance of
cold dark matter Qcpyh? = 0.1099 + 0.0062 [86].

In the EcSSM the lightest inert neutralino can account
for all or some of the observed cold dark matter relic
density if 9 has a mass close to half the Z mass. In this
case the lightest inert neutralino states annihilate mainly
through an s-channel Z boson, via its inert Higgsino dou-
blet components which couple to the Z boson [38,87].
When |m H‘fl <« M, the lightest inert neutralino states

are almost inert singlinos and the couplings of I:I? to gauge
bosons, Higgs states, quarks (squarks) and leptons
(sleptons) are quite small, leading to a relatively small
annihilation cross section for HYHY — SM particles.
Since the dark matter number density is inversely propor-
tional to the annihilation cross section at the freeze-out
temperature, the lightest inert neutralino state with mass
Imgo | < M gives rise to a relic density which is typi-

cally much larger than its measured value.’
Because the scenarios with Im;,?7| ~ M,/2 imply that

the couplings of A? and HY to the lightest Higgs boson are
much larger than the b-quark Yukawa coupling, the lightest
Higgs state decays more than 95% of the time into A 9 and
HY in these cases while the total branching ratio into SM
particles varies from 2% to 4% [38]. At the same time the
LHC production cross section of the lightest Higgs state in
the considered Eg inspired SUSY models is almost the
same as in the MSSM. Therefore the evidence for the
Higgs boson recently presented by ATLAS [90] and

"When f,p, fap — O the masses of A and HY tend to zero
and inert singlino states essentially decouple from the rest of the
spectrum. In this limit the lightest nondecoupled inert neutralino
may be rather stable and can play the role of dark matter [88].
The presence of very light neutral fermions in the particle
spectrum might have interesting implications for the neutrino
physics (see, for example, Ref. [89]).
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CMS [91] indicates that the corresponding scenarios are
basically ruled out.

In this context one should point out another class of
scenarios that might have interesting cosmological impli-
cations. Let us consider a limit when f,z ~ fa,g ~1075.
Such small values of the Yukawa couplings fa@ and f ap
result in extremely light inert neutralino states H) and HY
which are basically inert singlinos. These states have
masses of about 1 eV. Since H and HY are so light and
absolutely stable they form hot dark matter in the
Universe.® These inert neutralinos have negligible cou-
plings to the Z boson and would not have been observed
at earlier collider experiments. These states also do not
change the branching ratios of the Z boson and Higgs
decays. Moreover if the Z’ boson is sufficiently heavy the
presence of such light inert neutralinos does not affect big
bang nucleosynthesis [88]. When the masses of HY and H9
are about 1 eV these states give only a very minor con-
tribution to the dark matter density while the lightest
neutralino may account for all or some of the observed
dark matter density. In this case one can expect that the
lifetime of the next-to-lightest exotic state (for example, an
inert chargino) is given by

872

f*Myies’

where f,g ~ faﬁ ~ f and My gs is the mass of the next-
to-lightest exotic state. Assuming that My;gs ~ 1 TeV we
get Tngs ~ 1071 s. With increasing f,z and f,pz the
masses of the lightest inert neutralino states grow and their
contribution to the relic density of dark matter becomes
larger. This may lead to some interesting cosmological
implications. The detailed study of these implications is
beyond the scope of this paper and will be considered
elsewhere.

TNLES ~ (71)

B. LHC signatures

We can now turn to the possible collider signatures of
the Eq inspired SUSY models with exact custodial Z¥
symmetry. The presence of the Z’ boson and exotic mul-
tiplets of matter in the particle spectrum is a very peculiar
feature that may permit us to distinguish the considered E¢
inspired SUSY models from the MSSM or NMSSM.
Although the masses of the Z' boson and exotic states
cannot be predicted there are serious reasons to believe
that the corresponding particles should be relatively light.
Indeed, in the simplest scenario the VEVs of H,, H; and S
are determined by the corresponding soft scalar masses.
Since naturalness arguments favor SUSY models with
O(1 TeV) soft SUSY breaking terms the VEV s is
expected to be of the order of 1-10 TeV. On the other

®In the context of Eg inspired SUSY models warm dark matter
was recently discussed in Ref. [92].
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hand the requirement of the validity of perturbation theory
up to the GUT scale sets stringent upper bounds on the low
energy values of the Yukawa couplings «; and A, whereas
the gauge coupling unification implies that g{(q) = g,(g).
As a consequence the Z' boson and exotic states are
expected to have masses below 10 TeV.’

Collider experiments and precision EW tests set strin-
gent limits on the mass of the Z’ boson and Z — Z’ mixing.
The direct searches at the Fermilab Tevatron (pp — Z' —
IT17) exclude Z', which is associated with U(1)y, with a
mass below 892 GeV [9]."” Recently ATLAS and CMS
experiments ruled out Eg inspired Z' with masses lower
than 2-2.15 TeV [81]. The analysis performed in Ref. [94]
revealed that the Z' boson in the Eg inspired models can be
discovered at the LHC if its mass is less than 4-4.5 TeV.
The determination of its couplings should be possible if
My < 22.5 TeV [95]. The precision EW tests bound the
Z — 7' mixing angle to be around [—1.5, 0.7] X 1073 [96].
Possible Z' decay channels in Eg inspired supersymmetric
models were studied in Refs. [9,28]. The potential influ-
ence of gauge kinetic mixing on Z’ production at the 7 TeV
LHC was considered in Ref. [97].

The production of TeV scale exotic states will also
provide spectacular LHC signals. Several experiments at
LEP, HERA, Tevatron and LHC have searched for colored
objects that decay into either a pair of quarks or a quark and
a lepton. But most searches focus on exotic color states,
i.e., leptoquarks or diquarks, that have integer spin. So they
are either scalars or vectors. These colored objects can be
coupled directly to either a pair of quarks or to a quark and
a lepton. Moreover it is usually assumed that leptoquarks
and diquarks have appreciable couplings to the quarks and
lIeptons of the first generation. The most stringent con-
straints on the masses of leptoquarks come from the non-
observation of these exotic color states at the ATLAS and
CMS experiments. Recently the ATLAS collaboration
ruled out first and second generation scalar leptoquarks
(i.e., leptoquarks that couple to the first and second
generation fermions, respectively) with masses below
600-700 GeV [98]. The CMS collaboration excluded first
and second generation scalar leptoquarks which are lighter
than 640-840 GeV [99]. The experimental lower bounds on
the masses of dijet resonances (in particular, diquarks) tend
to be considerably higher (see, for example, Ref. [100]).

However the LHC lower bounds on the masses of exotic
quarks mentioned above are not directly applicable in the

“Note that the effective Mterm (u = iz s) can be substantially
smaller than the masses of the exotic quark and inert Higgsino
states because coupling A can be considerably smaller than the
Yukawa couplings A, and «; that determine the masses of these
states. Indeed, in the considered E4 inspired models there is no
relation between A and other Yukawa couplings (see discussion
in Sec. II).

'9A slightly weaker lower bound on the mass of the Z} boson
was obtained in Ref. [93].
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case of the Eg inspired SUSY models considered here.
Since Z¥ 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 inert neutralino (or an odd
number of the lightest inert neutralinos). Since the stable
lightest inert neutralinos cannot be detected directly each
exotic state should result 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 sequen-
tial decays of the lightest exotic quarks at the LHC first.
Because D and D states are odd under the Z5 symmetry
they can only be pair produced via strong interactions. In
scenario A the lifetime and decay modes of the lightest
exotic quarks are determined by the operators g7 (Q;L4)D;

and hf e$(HYL,) in the superpotential (14). These opera-

ia%i

tors ensure that the lightest exotic quarks decay into
D — u,(d;) + €(v) + EFs + X,

where € is either an electron or muon. Here X may contain
extra charged leptons that can originate from the decays
of intermediate states (like an inert chargino or inert
neutralino). Since the lightest exotic quarks are pair
produced these states may lead to a substantial enhance-
ment of the cross section pp — jj* €~ + EP + X if
they are relatively light. In scenario B the decays of the
lightest exotic quarks are induced by the operators
g1;D;du$ and hbd§(H{ Q). As a consequence the lightest
diquarks decay into

D — uf + d5 + EF™ + X,

where X again can contain charged leptons that may come
from the decays of intermediate states. In this case the
presence of light D fermions in the particle spectrum could
result in an appreciable enhancement of the cross section
pp = jjjj + EfS + X.

In general exotic squarks are expected to be substantially
heavier than the exotic quarks because their masses are
determined by the soft SUSY breaking terms. Nevertheless
the exotic squark associated with the heavy exotic quark
may be relatively light. Indeed, as in the case of the super-
partners of the top quark in the MSSM, the large mass
of the heaviest exotic quark in the EsSSM gives rise to
the large mixing in the corresponding exotic squark sector
that may result in the large mass splitting between the
appropriate mass eigenstates. As a consequence the light-
est exotic squark can have a mass in the TeV range.
Moreover, in principle, the lightest exotic squark can be
even lighter than the lightest exotic quark. If this is the case
then the decays of the lightest exotic squark are induced by
the same operators which give rise to the decays of the
lightest exotic quarks when all exotic squarks are heavy.
Therefore the decay patterns of the lightest exotic color
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states are rather similar in both cases. In other words when
an exotic squark is the lightest exotic color state in the
particle spectrum it decays into either

D — u(d;) + €(v) + EFS + X,
if the exotic squark is a scalar leptoquark, or
D — uf +d§ + EP's + X,

if it is a scalar diquark. Due to the Z§ symmetry conser-
vation EP'SS should always contain a contribution associ-
ated with the lightest exotic particle. However since the
lightest exotic squark is an R-parity even state whereas the
lightest inert neutralino is an R-parity odd particle, the final
state in the decay of D should also involve the lightest
neutralino to ensure that R parity is conserved. Again, X
may contain charged leptons that can stem from the decays
of intermediate states. Because the Z§ symmetry conser-
vation implies that the lightest exotic squarks can only be
pair produced in the considered case the presence of light
D is expected to lead to an appreciable enhancement of the
cross section of either pp — jj€* €~ + EFs + X if Disa
scalar leptoquark or pp — jjjj+ EF + X if D is a
scalar diquark.

Thus one can see that in both scenarios when the lightest
exotic color state is either a D fermion or a D scalar the
collider signatures associated with these new states are
rather similar. Moreover since the decays of the lightest
exotic color particles lead to the missing energy and trans-
verse momentum in the final state it might be rather
problematic to distinguish the corresponding signatures
from the ones which are associated with the MSSM.
For example, the pair production of gluinos at the LHC
should also result in the enhancement of the cross section
of pp— jjjj+ EP + X. In this context the presence
of additional charged leptons in X can play an important
role, leading to characteristic signatures such as €* €~ pairs
together with large missing energy in the final state.
The situation also becomes a bit more promising if one
assumes that the Yukawa couplings of the exotic particles
have a hierarchical structure similar to the one observed
in the ordinary quark and lepton sectors. In this case all
states which are odd under the Z5 symmetry mainly couple
to the third generation fermions and sfermions.'' As
a consequence the presence of the relatively light
exotic color states should give rise to the enhancement of
the cross section of either pp — tH*¢~ + EXS + X or
pp — titbb + EFS + X,

Here it is worthwhile to point out that the collider
signatures associated with the light scalar leptoquarks or
diquarks in the considered E4 inspired SUSY models are
very different from the commonly established ones which
have been thoroughly studied. For instance, it is expected
that scalar diquarks may be produced singly at the LHC

""This possibility was discussed at length in Refs. [32-34,39].

015029-26



Eq INSPIRED SUPERSYMMETRIC MODELS WITH ...

and decay into quark-quark without missing energy in the
final state. The scalar leptoquarks can only be pair pro-
duced at the LHC but it is commonly assumed that these
states decay into quark-lepton without missing energy as
well. On the other hand in the E4 inspired SUSY models
considered here the Z¥ symmetry conservation necessarily
leads to the missing energy and transverse momentum in
the corresponding final state.

The presence of relatively light exotic quarks and
squarks can substantially modify the collider signatures
associated with the production and decay of gluinos.'?
Indeed, if all squarks except the lightest exotic squark are
rather heavy and the decay of the gluino into an exotic
quark and squark is kinematically allowed then the gluino

pair production at the LHC results in DD DD in the
corresponding final state. The sequential decays of exotic
quarks and squarks give rise to the enhancement of either
pp — 40+ 4j + EFS + X if exotic color states are lep-
toquarks or pp — 8j + Er}’iss + X if exotic color states are
diquarks, modulo of course effects of QCD radiation and
jet merging. The modification of the gluino collider sig-
natures discussed above might be possible only if there are
nonzero flavor-oft-diagonal couplings 0% of gluinos to D;
and D ; (i # j). This is a necessary condition because the
lightest exotic squark is normally associated with the heav-
iest exotic quark. Rough estimates indicate that the corre-
sponding modification of the gluino collider signatures can
occur even when the gluino flavor-off-diagonal couplings
49[3]- are relatively small, i.e., ij = 0.01.

If the gluino is heavier than the lightest exotic color
state, but is substantially lighter than the second lightest
exotic color state then the branching ratios of the non-
standard gluino decays mentioned above are suppressed.
In this case the second lightest exotic color state can decay
mostly into the lightest exotic color state and a gluino if the
corresponding decay channel is kinematically allowed.
This happens when the lightest exotic color state is an
exotic D fermion while the second lightest exotic color
state is a D scalar or vice versa.

Other possible manifestations of the E inspired SUSY
models considered here are related to the presence of
vectorlike states d and d°, as well as Ly and Ly. In the
case of scenario B the fermionic components of the super-
multiplets d and d¢, can have masses below the TeV scale.
One of the superpartners of this vectorlike quark state may
also be relatively light due to the mixing in the correspond-
ing squark sector. If these quark and/or squark states are
light they can be pair produced at the LHC via strong
interactions. Since the superfields d$ and d°, are odd under
the ZX symmetry the decays of the corresponding quarks
(dy) and squarks (d,) must always lead to the missing
energy in the final state. In the limit when the lightest

Novel gluino decays in the Eq inspired models were recently
considered in Ref. [101].
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exotic color states include d, and/or d, whereas all other
exotic states and sparticles are much heavier, the operators
hgdg(HfQ ;) give rise to the following decay modes of d,
and d,:
dy— g +EPS +X,  dy—d; + EPS + X,

where ¢; can be either an up-type or down-type quark
while X may contain charged leptons which can appear
as a result of the decays of intermediate states. As in the
case of exotic squarks the final state in the decay of dj
should contain the lightest neutralino and the lightest inert
neutralino to ensure the conservation of R parity and Z%
symmetry. Again due to the Z5 symmetry conservation dy
and d, can only be pair produced at the LHC resulting in an
enhancement of pp — jj + EPS + X. If d, and d, couple
predominantly to the third generation fermions and sfer-
mions then the pair production of these quarks/squarks
should lead to the presence of two heavy quarks in the
final state. As before these collider signatures do not permit
us to distinguish easily the considered Eg4 inspired SUSY
models from other supersymmetric models. For example,
squark pair production at the LHC can also lead to two
jets and missing energy in the final state. Again, the
presence of additional charged leptons in X can lead to
the signatures that may help to distinguish the considered
Eg inspired SUSY models from the simplest SUSY exten-
sions of the SM.

In the case of scenario A the fermionic components of
the supermultiplets L, and L4 as well as one of the super-
partners of this vectorlike state may have masses below the
TeV scale. If all other exotic states and sparticles are rather
heavy the corresponding bosonic (L,) and fermionic (L)
states can be produced at the LHC via weak interactions
only. Because of this their production cross section is
relatively small. In the considered limit the decays of L,
and/or L, are induced by the operators i, eS(HZL,). As a
consequence the decays of L, and/or L, always lead to
either the 7 lepton or electron/muon as well as missing
energy in the final state. In the case of L, decays the
missing energy in the final state can be associated with
only one lightest inert neutralino whereas the final state of
the L, decays must contain at least one lightest inert
neutralino and one lightest ordinary neutralino to ensure
the conservation of R parity and Z5 symmetry. More
efficiently L, and/or L, can be produced through the
decays of the lightest exotic color states (i.e., D and/or
D) if these states are relatively light and the corresponding
decay channels are kinematically allowed.

The inert Higgs bosons and/or inert neutralino and char-
gino states, which are predominantly inert Higgsinos, can
also be light or heavy depending on their free parameters.
Indeed, as follows from Eq. (69) the lightest inert
Higgsinos may be light if the corresponding Yukawa cou-
pling A, is rather small. On the other hand if at least one
coupling A, is large it can induce a large mixing in the inert
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Higgs sector that may lead to relatively light inert Higgs
boson states. Since inert Higgs and Higgsino states do not
couple to quarks directly at the LHC the corresponding
states can be produced in pairs via off-shell W and Z
bosons. Therefore their production cross section remains
relatively small even when these states have masses below
the TeV scale. The lightest inert Higgs and Higgsino states
are expected to decay via virtual lightest Higgs, Z and W
exchange. The conservation of R parity and Z£ symmetry
implies that the final state in the decay of inert Higgsino
involves at least one lightest inert neutralino while the final
state in the decay of inert Higgs state should contain at least
one lightest ordinary neutralino and one lightest inert
neutralino.

As it was mentioned in the beginning of this subsection
in the simplest scenario, when only H,, H; and S acquire
VEVs at low energies, there are serious reasons to believe
that the Z’ boson and all exotic states from three complete
27, representations of Eg have masses below 10 TeV.
However the situation may change dramatically when Z’;
even superfield S survives to low energies. In order to
demonstrate this, let us consider a simple toy model, where
U(1)y gauge symmetry is broken by VEVs of a pair of SM
singlet superfields S and S. Assuming that the superpoten-
tial of the considered model involves bilinear term wugSS,
the part of the tree-level scalar potential, which depends on
the scalar components of the superfields S and S only, can
be written as

Vs = (mg + p3)ISI* + (m} + u3)IS1
g 0387 o2 —15]2)2
+ (BgugSS + Hee.) + T(|S| 1S1%)?, (72)

where mg, m} and By are soft SUSY breaking parameters
and Qg is a U(1)y charge of the SM singlet superfields S.
The last term in Eq. (72), which is the U(1)y D-term
contribution to the scalar potential, forces the minimum
of the corresponding potential to be along the D-flat di-
rection (S) = (S). Indeed, in the limit {(S) = (S) the quartic
terms in the potential (72) vanish. In the considered case
the scalar potential (72) remains positive definite only if
(m3 + m% + 2u5 — 2|Bgugl) > 0. Otherwise  physical
vacuum becomes unstable, i.e., (§) = (S) — 0.

The scalar potential can be easily stabilized if bilinear
term ¢SS in the superpotential is replaced by

Ws = 4SS + f(), (73)

where ¢ is a 7} even superfield that does not participate in
the SUB)c X SUQ)y X U(1)y X U(1),, X U(1), gauge
interactions. When A is small (i.e., Ay << 0.1) the U(1)y
D-term contribution to the scalar potential still forces the
minimum of the scalar potential to be along the nearly
D-flat direction if m§ + m% < 0. This condition can be
satisfied because sufficiently large values of k; affect the
evolution of m? rather strongly, resulting in negative values
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of m§ at low energies [39]. If m§ + m% < 0 and A, is small

then the scalar components of the superfields ¢, S and S
acquire very large VEVs, i.e.,

() ~(S) = (S) ~ Msysy/ Ao, (74)

where Mgy gy 1S a supersymmetry breaking scale. If
Ao = 1073-107* the VEVs of the SM singlet superfields
S and S are of the order of 10 to 10* TeV even when
Mgysy ~ 1 TeV. So large VEV of the superfield S may
give rise to the extremely heavy spectrum of exotic parti-
cles and Z'. This can lead to the MSSM type of particle
spectrum at the TeV scale.

Nevertheless even in this case the broken U(1)y sym-
metry leaves its imprint on the MSSM sfermion mass
spectrum. Since mg # mj the VEVs of the SM singlet

superfields S and S deviate from the D-flat direction
02g2(S)? — (5) = m2 — md. (75)

As a consequence all sfermions receive an additional con-
tribution to the mass that comes from the U(1)y D-term
quartic interactions in the scalar potential [102]. This
contribution A; is proportional to the U(1)y charge of the
corresponding sfermion Q;, i.e.,

2
A =2L(Q1v% + 0203 + 20,((SP ~ ()0,

= M3V400,, (76)

where Q; and Q, are the U(1)y charges of H; and H,,.
Thus for the superpartners of the first and second genera-
tion quarks and leptons one finds

1 1
m: =my + (— 5t gsinzﬁw)M% cos2 + M3,

dr;

1 2
m2 =~ sz’_ + (5 - gsin20W)M% cos23 + M3,

2
mi =~ m + gM%sinzﬁw cos23 + M3,
1
m: = mf, - §M%Sin20W cos2f + 2M3,
1
m2, =m} + (— 5t sin20W>M% cos2B + 2M3,

1
m} =mi + EM% cos2B + 2M3,

m2 =~ m2 — M2sin?0y cos23 + M3,
1

VI. CONCLUSIONS

In this paper we have considered the Eg inspired SUSY
models in which a single discrete Z} symmetry forbids
the tree-level flavor changing transitions and baryon num-
ber violating operators. We assumed that the breakdown of
Eg¢ symmetry or its subgroup lead to the rank-6 SUSY
models below the GUT scale My. These models are based
on the SM gauge group together with extra U(1), and
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U(1), gauge symmetries. We also allow three copies of 27;
representations of E4 to survive below the scale My so that
anomalies get canceled generation by generation. If extra
exotic states from 27;-plets survive to low energies they
give rise to tree-level nondiagonal flavor transitions and
rapid proton decay. In order to suppress baryon number
violating operators one can impose ZNf discrete symmetry.
We assumed that all matter superfields, that fill in complete
27; representations of Eg, are odd under this discrete
symmetry. Thus Z~§1 symmetry is defined analogously to
the matter parity ZY in the simplest SU(5) SUSY GUTs,
that lead to the low energy spectrum of the MSSM.

In addition to three complete fundamental representa-
tions of E4 we further assumed the presence of M, and M,
supermultiplets from the incomplete 27, and 27/ represen-
tation just below the GUT scale. Because multiplets M; and
M, have opposite U(1)y, U(1), and U(1), charges their
contributions to the anomalies get canceled identically. As
in the MSSM we allowed the set of multiplets M; to be
used for the breakdown of gauge symmetry and therefore
assumed that all multiplets M, are even under Z¥ symme-
try. In order to ensure that the SUQ2)y X U(l)y X
U(1), X U(1), symmetry is broken down to U(1),,, asso-
ciated with the electromagnetism, the set of multiplets M;
should involve H,, H;, S and Nj,.

We argued that U(1),, X U(1), gauge symmetry can be
broken by the VEVs of N§, and N¢; down to U(1)y X Z}
because matter parity is a discrete subgroup of U(1), and
U(1),. Such a breakdown of U(1), and U(1), gauge
symmetries guarantees that the exotic states which origi-
nate from 27; representations of E4 as well as ordinary
quark and lepton states survive to low energies. On the
other hand the large VEVs of N¢ and N¢ can induce the
large Majorana masses for right-handed neutrinos, allow-
ing them to be used for the seesaw mechanism. For this
reason we assumed that the U(1), X U(1), symmetry is
broken down to U(1)y X Z3 just below the GUT scale.

The Z} symmetry allows the Yukawa interactions in the
superpotential that originate from 27) X 27, X 27, and
27} X 27; X 27,. Since the set of multiplets M; contains
only one pair of doublets H, and H, the Z symmetry
defined above forbids not only the most dangerous baryon
and lepton number violating operators but also unwanted
FCNC processes at the tree level. Nevertheless if the set of
ZS’ even supermultiplets M, involve only H,, H;, S and Nj;
then the lightest exotic quarks are extremely long-lived
particles because ZY symmetry forbids all Yukawa inter-
actions in the superpotential that allow the lightest exotic
quarks to decay. Since models with stable charged exotic
particles are ruled out by different terrestrial experiments
the set of supermultiplets M, in the phenomenologically
viable E4 inspired SUSY models should be supplemented
by some components of 27-plet that carry SU(3) color or
lepton number.
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In this work we required that extra matter beyond the
MSSM fill in complete SU(5) representations because in
this case the gauge coupling unification remains almost
exact in the one-loop approximation. As a consequence we
restricted our consideration to two scenarios that result in
different collider signatures associated with the exotic
quarks. In scenario A the set of Z4 even supermultiplets
M, involves lepton superfields L,. To ensure the unification
of gauge couplings we assumed that H, and H, are odd
under the Zg symmetry whereas supermultiplet L, is even.
Then H, and H, from the 27, get combined with the
superposition of the corresponding components from 27;
so that the resulting vectorlike states gain masses of the
order of My. In contrast, L, and L, should form vectorlike
states at low energies, facilitating the decays of exotic
quarks. The superfield S can be either odd or even under
the Z¥ symmetry. The bosonic and fermionic components
of § may or may not survive to low energies. In scenario A
the exotic quarks are leptoquarks.

Another scenario, that permits the lightest exotic quarks
to decay within a reasonable time, implies that the set of
multiplets M, together with H,,, H;, S and N§, contains an
extra dj supermultiplet. Because in this scenario B the zZH
even supermultiplets dj and de 4 give rise to the decays of
the lightest exotic color states, they are expected to form
vectorlike states with the TeV scale masses. Then to ensure
that the extra matter beyond the MSSM fill in complete
SU(5) representations H, and H, should survive to the
TeV scale as well. Again we assumed that A, and H, are
odd under the Z symmetry so that they can get combined
with the superposition of the corresponding components
from 27;, forming vectorlike states at low energies. As in
the case of scenario A the superfield S can be either even or
odd under the Zg symmetry and may or may not survive to
the TeV scale. In scenario B the exotic quarks manifest
themselves in the Yukawa interactions as superfields with
baryon number (* 3).

The gauge group and field content of the Eg4 inspired
SUSY model discussed here can originate from the 5D and
6D orbifold GUT models in which the splitting of GUT
multiplets can be naturally achieved. In particular, we
studied the SU(5) X U(1), X U(1),, SUSY GUT model
in 5D compactified on the orbifold S'/(Z, X Z}). At low
energies this model may lead to scenarios A and B. We also
considered Eg¢ gauge theory in 6D compactified on the
orbifold T?/(Z, X Z4 X Z!!) that can lead to scenario A
at low energies. In these orbifold GUT models all anoma-
lies get canceled and GUT relations between Yukawa
couplings get spoiled. The adequate suppression of the
operators, that give rise to proton decay, can be also
achieved if the GUT scale My ~1/R is larger than
1.5 X 10' to 2 X 10'6 GeV.

We examined the RG flow of gauge couplings from
M5 to My in the case of scenarios A and B using both
analytical and numerical techniques. We derived the
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corresponding two-loop RG equations and studied the
running of the gauge couplings with and without extra S
and S superfields at the TeV scale. In scenario A the gauge
coupling unification can be achieved for any phenomeno-
logically reasonable value of a3(M,) consistent with the
central measured low energy value. This was already
established in the case of the SUSY model with extra
U(l)y gauge symmetry and low energy matter content
that involves three 27-plets of E4 as well as L, and L,
[36]. Our analysis here revealed that the evolution of the
SM gauge couplings does not change much when the low
energy particle spectrum is supplemented by the S and §
chiral superfields. Thus this is not so surprising that the
unification of the SM gauge couplings can be so easily
achieved even in this case. In scenario B large two-loop
corrections spoil the unification of gauge couplings.
Indeed, in this case the exact gauge coupling unification
can be achieved only if as;(M,;) < 0.112. As before the
inclusion of extra S and § superfields does not much
change the RG flow of «;(r) and therefore does not
improve gauge coupling unification. However the relative
discrepancy of a;(My) is about 10%. At the same time the
orbifold GUT framework does not imply the exact gauge
coupling unification near the scale My ~ 1/R because of
the brane contributions to the gauge couplings. Therefore
relative discrepancy of 10% between «;(My) should
probably not be considered as a big problem.

Finally we also discussed the cosmological implications
and collider signatures of the Eq inspired SUSY models
discussed above. As it was mentioned the low energy
effective Lagrangian of these models is invariant under
both ZY and Z% symmetries. Since Z§ = Z} X ZE the
ZE symmetry associated with exotic states is also con-
served. As a result the lightest exotic state, which is odd
under the Z£ symmetry, must be stable. In scenarios A and
B the lightest and second lightest inert neutralinos tend to
be the lightest exotic states in the particle spectrum. On the
other hand the Z) symmetry conservation implies that R
parity is conserved. Because the lightest inert neutralino
H" is also the lightest R-parity odd state either the lightest
R-parity even exotic state or the lightest R-parity odd state
with ZF = +1 must be absolutely stable. Most commonly
the second stable state is the lightest ordinary neutralino )((1)
(212E = +1). Both stable states are natural dark matter
candidates in the considered E4 inspired SUSY models.

When |m1_"](])| < M the lightest inert neutralino is pre-

dominantly an inert singlino and its couplings to the gauge
bosons, Higgs states, quarks and leptons are very small,
resulting in too small value of an annihilation cross section
HYH) — SM particles. As a consequence the cold dark
matter density is much larger than its measured value. In
principle, A? could account for all or some of the observed
cold dark matter density if it had mass close to half the Z
mass. In this case the lightest inert neutralino states anni-
hilate mainly through an s-channel Z boson. However the
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usual SM-like Higgs boson decays more than 95% of the
time into either Y or HY in these cases while the total
branching ratio into SM particles is suppressed. Because of
this the corresponding scenarios are basically ruled out
nowadays. The simplest phenomenologically viable sce-
narios imply that the lightest and second lightest inert
neutralinos are extremely light. For example, these states
can have masses about 1 eV. The lightest and second
lightest inert neutralinos with masses about 1 eV form
hot dark matter in the Universe but give only a very minor
contribution to the dark matter density while the lightest
ordinary neutralino may account for all or some of the
observed dark matter density.

The presence of two types of dark matter is a very
peculiar feature that affect the collider signatures of the
considered E¢ inspired SUSY models. The most spectacu-
lar LHC signals associated with these models may come
from the TeV scale exotic color states and Z'. The produc-
tion of the Z’' boson, that corresponds to the U(1)y gauge
symmetry, should lead to an unmistakable signal of pp —
Z'—I*1" at the LHC. The Z£ symmetry conservation
implies that in collider experiments exotic particles can
only be created in pairs. Moreover each exotic particle has
to decay into a final state that contains at least one lightest
inert neutralino, resulting in the missing energy. Because of
this the lightest exotic color state, that can be either a D
fermion or a D scalar, decays into either u;(d;) + €(v) +
E™ss + X if the exotic quark (squark) is a leptoquark or
uj +dj + EMss + X if the exotic quark (squark) is a
diquark. The Z% symmetry conservation requires that
EPss should always contain a contribution associated
with the lightest inert neutralino. Since the lightest exotic
squark is an R-parity even state while the lightest inert
neutralino is an R-parity odd particle, the final state in the
decay of D should also involve the lightest ordinary neu-
tralino to ensure R-parity conservation. Thus the pair pro-
duction of the lightest exotic color state is expected to lead
to a substantial enhancement of the cross section of either
pp— jjlte + EXS + X or pp — jjjj + EMS + X, If
the Yukawa couplings of the exotic particles have a hier-
archical structure similar to the one observed in the ordi-
nary quark and lepton sectors then all states which are odd
under the Z5 symmetry mainly couple to the third genera-
tion fermions and sfermions. As a result the TeV scale
exotic color states should give rise to the enhancement of
the cross section of either pp — t#{* ¢~ + EF + X or
pp — titbb + EFS + X,

Our consideration indicates that D scalars in the consid-
ered Eg inspired SUSY models lead to rather unusual
collider signatures. Indeed, it is commonly expected that
scalar diquarks decay into quark-quark without missing
energy in the final state while the scalar leptoquarks decay
into quark-lepton without missing energy as well. In the
models considered here the Z§ symmetry conservation
necessarily leads to the missing energy in the corresponding
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final states. In addition relatively light exotic quarks and
squarks can modify the collider signatures associated with
gluinos if the decay of the gluino into an exotic quark and
squark is kinematically allowed. In this case gluino pair

production at the LHC may result in DD D D in the final
state. The sequential decays of D fermions and D scalars
give rise to the enhancement of either pp — 4€ + 4 +
EPsS + X or pp — 8j + EFS + X.

In scenario B the fermionic components of the super-
multiplets d§ and d¢, that form a vectorlike quark state as
well as their superpartner may have TeV scale masses. Then
these quark and/or squark states can be pair produced at the
LHC via strong interactions and decay into g; + EP's + X
where g; can be either an up-type or down-type quark. This
may lead to an enhancement of pp — jj + E‘}‘iss + X.

The discovery of Z' and new exotic particles predicted
by the E¢ inspired SUSY models considered here will open
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a new era in elementary particle physics. This would not
only represent a revolution in particle physics, but would
also point towards an underlying E¢ gauge structure at high
energies.
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