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The breakdown of E6 gauge symmetry at high energies may lead to supersymmetric models

based on the standard model gauge group together with extra Uð1Þc and Uð1Þ� gauge symmetries.

To ensure anomaly cancellation the particle content of these E6 inspired models involves extra exotic

states that generically give rise to nondiagonal flavor transitions and rapid proton decay. We argue that

a single discrete ~ZH
2 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 E6 inspired supersymmetric models of this type. The

breakdown of Uð1Þc and Uð1Þ� gauge symmetries that preserves E6 matter parity assignment

guarantees that ordinary quarks and leptons and their superpartners, as well as the exotic states

which originate from 27 representations of E6, survive to low energies. These E6 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.

DOI: 10.1103/PhysRevD.87.015029 PACS numbers: 12.60.Jv, 12.10.Dm, 12.60.Cn

I. INTRODUCTION

E6 inspired models are well motivated extensions of the
standard model (SM). Indeed, supersymmetric (SUSY)
models based on the E6 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 SOð32Þ or E8 � E0

8. However only E8 � E0
8

can contain the SM since it allows for chiral fermions while
SOð32Þ does not. Compactification of the extra dimensions
results in the breakdown of E8 up to E6 or one of its
subgroups in the observable sector [2]. The remaining E0

8

couples to the usual matter representations of the E6 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, m3=2. In the simplest SUSY extensions

of the SM these terms also determine the electroweak
(EW) scale. A large mass hierarchy between m3=2 and

the Planck scale can be caused by the nonperturbative
effects in the hidden sector that may trigger the breakdown
of supergravity (SUGRA) [4].

Since E6 is a rank-6 group the breakdown of E6 sym-
metry may result in low energy models based on rank-5 or
rank-6 gauge groups, with one or two additional Uð1Þ
gauge group factors in comparison to the SM. Indeed, E6

contains the maximal subgroup SOð10Þ �Uð1Þc while

SOð10Þ can be decomposed in terms of the SUð5Þ �
Uð1Þ� subgroup [5,6]. By means of the Hosotani mecha-

nism [7] E6 can be broken directly to

E6 ! SUð3ÞC � SUð2ÞW �Uð1ÞY �Uð1Þc �Uð1Þ�;

which has rank 6. This rank-6 model may be reduced
further to an effective rank-5 model with only one extra
gauge symmetry Uð1Þ0 which is a linear combination of
Uð1Þ� and Uð1Þc :

Uð1Þ0 ¼ Uð1Þ� cos�þUð1Þc sin�: (1)

In the models based on rank-6 or rank-5 subgroups of E6

the anomalies are automatically canceled if the low energy
particle spectrum consists of a complete representation of
E6. Consequently, in E6 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 E6. Thus we will assume that the particle content
of these models includes at least three fundamental repre-
sentations of E6 at low energies. These multiplets decom-
pose under the SUð5Þ �Uð1Þc �Uð1Þ� subgroup of E6 as

follows:*nevzorov@itep.ru
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The first, second and third quantities in brackets are
the SUð5Þ representation and extra Uð1Þc and Uð1Þ�
charges, respectively, while i is a family index that runs
from 1 to 3. An ordinary SM family, which contains
the doublets of left-handed quarks Qi and leptons Li,
right-handed up and down quarks (uci and dci ) as well as
right-handed charged leptons ðeci Þ, is assigned to
ð10; 1ffiffiffiffi

24
p ;� 1ffiffiffiffi

40
p Þi þ ð5�; 1ffiffiffiffi

24
p ; 3ffiffiffiffi

40
p Þi. Right-handed neutrinos

Nc
i are associated with the last term in Eq. (2),

ð1; 1ffiffiffiffi
24

p ;� 5ffiffiffiffi
40

p Þi. The next-to-last term, ð1; 4ffiffiffiffi
24

p ; 0Þi, repre-
sents new SM singlet fields Si, with nonzeroUð1Þc charges

that therefore survive down to the EW scale. The pair of
SUð2ÞW doublets (Hd

i and Hu
i ) that are contained in

ð5�;� 2ffiffiffiffi
24

p ;� 2ffiffiffiffi
40

p Þi and ð5;� 2ffiffiffiffi
24

p ; 2ffiffiffiffi
40

p Þi have the quantum

numbers of Higgs doublets. They form either Higgs or
inert Higgs SUð2ÞW multiplets.1 Other components of these
SUð5Þ multiplets form color triplets of exotic quarks �Di

andDi with electric chargesþ1=3 and�1=3, respectively.
These exotic quark states carry a B� L charge ð� 2

3Þ twice
larger than that of ordinary ones. In phenomenologically
viable E6 inspired models they can be either diquarks or
leptoquarks.

The presence of the Z0 bosons associated with extraUð1Þ
gauge symmetries and exotic matter in the low energy
spectrum stimulated the extensive studies of the E6

inspired SUSY models over the years [5,8]. Recently, the
latest Tevatron and early LHC Z0 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 E6 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 � ! e� [23] as well as charge conjugation
and parity (CP) violation in the Higgs sector [24]. The
neutralino sector in E6 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 Uð1Þ0
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

feature of E6 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 E6 inspired SUSY models,

there is a unique choice of AbelianUð1ÞN gauge symmetry
that allows zero charges for right-handed neutrinos and
thus a high scale seesaw mechanism. This corresponds to

� ¼ arctan
ffiffiffiffiffiffi
15

p
. Only in this exceptional supersymmetric

Standard Model (E6SSM) [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 ¼ �1, thereby creating
a lepton asymmetry in the early Universe. Since in
the E6SSM 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 (M1 � 106 GeV) so that successful thermal lepto-
genesis may be achieved without encountering a gravitino
problem [18].
Supersymmetric models with an additionalUð1ÞN 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� Z0 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 Z0 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 E6SSM 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 E6SSM [39].
Although the presence of TeV scale exotic matter in E6

inspired SUSY models gives rise to spectacular collider
signatures, it also causes some serious problems. 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
ZH
2 symmetry, under which all superfields except one pair

of Hd
i and Hu

i (say Hd � Hd
3 and Hu � Hu

3 ) and one SM-

type singlet field (S � S3) are odd [32,33]. When all ZH
2

symmetry violating couplings are small this discrete

1We use the terminology ‘‘inert Higgs’’ to denote Higgs-like
doublets that do not develop vacuum expectation values (VEVs).
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symmetry allows us to suppress flavor changing processes.
If the Lagrangian of the E6 inspired SUSY models is
invariant with respect to either a ZL

2 symmetry, under
which all superfields except leptons are even (Model I),
or a ZB

2 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
2 , Z

L
2 and ZB

2 obviously do not commute with E6 because
different components of fundamental representations of E6

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 E6 inspired SUSY models in which a
single discrete ~ZH

2 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 Uð1Þc and Uð1Þ� gauge

symmetries are spontaneously broken at some intermediate
scale so that the matter parity,

ZM
2 ¼ ð�1Þ3ðB�LÞ; (3)

is preserved. As a consequence the low energy spectrum of
the models will include two stable weakly interacting par-
ticles that potentially contribute to the dark matter density
of our Universe. The invariance of the Lagrangian with
respect to ZM

2 and ~ZH
2 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 E6 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 E6 inspired SUSY models
considered here, different superfields, that are expected to
originate from the same E6 supermultiplet, transform dif-
ferently under the transformations of the ~ZH

2 symmetry.
Therefore one can naively think that this may be incon-
sistent with grand unified theories (GUTs) based on the E6

gauge group. In this paper we argue that the orbifolding in
higher-dimensional E6 theories might split 27-plets so
that the low energy limit of these theories is described
by the SUSY models with exact custodial ~ZH

2 symmetry
mentioned above.

The layout of this paper is as follows. In Sec. II
we specify the rank-6 E6 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 E6 inspired SUSY models

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. VI.

II. E6 INSPIRED SUSY MODELS WITH EXACT
CUSTODIAL ~ZH

2 SYMMETRY

In our analysis we concentrate on the rank-6 E6 inspired
SUSY models with two extra Uð1Þ gauge symmetries:
Uð1Þ� and Uð1Þc . In other words we assume that near

the GUT or string scale E6 or its subgroup is broken
down to SUð3ÞC � SUð2ÞW �Uð1ÞY �Uð1Þc �Uð1Þ�.
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 27i representation of E6. In E6 models the
renormalizable part of the superpotential comes from the
27� 27� 27 decomposition of the E6 fundamental
representation and can be written as

WE6
¼W0 þW1 þW2;

W0 ¼ �ijkSiðHd
jH

u
k Þþ�ijkSiðDj

�DkÞþhNijkN
c
i ðHu

j LkÞ
þhUijku

c
i ðHu

jQkÞþhDijkd
c
i ðHd

jQkÞþ hEijke
c
i ðHd

j LkÞ;
W1 ¼ gQijkDiðQjQkÞþgqijk

�Did
c
ju

c
k;

W2 ¼ gNijkN
c
i Djd

c
kþ gEijke

c
i Dju

c
k þgDijkðQiLjÞ �Dk: (4)

Here the summation over repeated family indexes (i, j, k ¼
1, 2, 3) is implied. In the considered models B� L number
is conserved automatically since the corresponding global
symmetry Uð1ÞB�L is a linear superposition of Uð1ÞY and
Uð1Þ�. At the same time if terms in W1 and W2 are

simultaneously present in the superpotential then baryon
and lepton numbers are violated. In other words one cannot
define the baryon and lepton numbers of the exotic quarks
Di and �Di so that the complete Lagrangian is invariant
separately under Uð1ÞB and Uð1ÞL global symmetries.
In this case the Yukawa interactions in W1 and W2 give
rise to rapid proton decay.
Another problem is associated with the presence of three

families of Hu
i and Hd

i . 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 K0 � �K0

oscillations and give rise to new channels of muon decay
like � ! e�eþe�. 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 ~ZH

2

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 SUð5Þ SUSY
GUT as a guideline. Indeed, the low energy spectrum of
the MSSM, in addition to the complete SUð5Þ 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 ZM

2 under which Higgs
doublets are even while all matter superfields, that fill in
complete SUð5Þ representations, are odd. Following this
inspirational example we augment three 27-plets of E6 by a

number of components Ml and �Ml from extra 270l and 270l
below the GUT scale. Because additional pairs of multip-
lets Ml and �Ml have opposite Uð1ÞY , Uð1Þc and Uð1Þ�
charges their contributions to the anomalies get canceled
identically. As in the case of the MSSM we allow the set of
multiplets Ml to be used for the breakdown of gauge
symmetry. If the corresponding set includes Hu � Hu,
Hd � Hd, S and Nc � Nc

H then the SUð2ÞW �Uð1ÞY �
Uð1Þc �Uð1Þ� symmetry can be broken down to Uð1Þem
associated with electromagnetism. The VEVs of S and Nc

break Uð1Þc and Uð1Þ� entirely while the SUð2ÞW �
Uð1ÞY symmetry remains intact. When the neutral compo-
nents ofHu andHd acquire nonzero VEVs then SUð2ÞW �
Uð1ÞY symmetry gets broken to Uð1Þem and the masses of
all quarks and charged leptons are generated.

As in the case of the MSSM we assume that all
multiplets Ml are even under ~ZH

2 symmetry while three
copies of the complete fundamental representations of E6

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

2

symmetry allows the Yukawa interactions that stem from
270l � 270m � 270n, and 270l � 27i � 27k. The multiplets

Ml have to be even under ~ZH
2 symmetry because some

of them are expected to get VEVs. Otherwise the VEVs
of the corresponding fields lead to the breakdown of
the discrete ~ZH

2 symmetry giving rise to the baryon and
lepton number violating operators in general. If the set
of multiplets Ml includes only one pair of doublets, Hd

and Hu, the ~ZH
2 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 Hd, whereas the up-type quarks couple to
Hu only.

The superfields �Ml can be either odd or even under this
~ZH
2 symmetry. Depending on whether these fields are even

or odd under ~ZH
2 , a subset of terms in the most general

renormalizable superpotential can be written as

Wtotal¼Y0
lmn27

0
l27

0
m27

0
nþYlij27

0
l27i27j

þ ~Ylmn27
0
l27

0
m27

0
nþ�0

il27i27
0
lþ ~�0

ml27
0
m27

0
l . . . ;

(5)

where Y0
lmn and Ylij are Yukawa couplings and �

0
il and ~�0

ml

are mass parameters. Also one should keep in mind that

only Ml and �Ml components of 270l and 270l appear below
the GUT scale. If �Ml is odd under ~ZH

2 symmetry then the

terms ~�0
ml27

0
m27

0
l and ~Ylmn27

0
l27

0
m27

0
n are forbidden

while �0
il can have nonzero values. When �Ml is even �0

il

vanish whereas ~�0
ml27

0
m27

0
l and ~Ylmn27

0
l27

0
m27

0
n are

allowed by ~ZH
2 symmetry. In general mass parameters �0

il

and ~�0
ml are expected to be of the order of GUT scale.

In order to allow some of the �Ml multiplets to survive to
low energies we assume that the corresponding mass terms
are forbidden at high energies and get induced at some
intermediate scale which is much lower than MX.
The VEVs of the superfields Nc

H and �Nc
H (that originate

from 270N and 270N) can be used not only for the breakdown
ofUð1Þc andUð1Þ� gauge symmetries, but also to generate

Majorana masses for the right-handed neutrinos that can be
induced through interactions

�WN ¼ ßij

MPl

ð27i270NÞð27j270NÞ: (6)

The nonrenormalizable operators (6) give rise to the right-
handed neutrino masses which are substantially lower than
the VEVs of Nc

H and �Nc
H. 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 Nc

H and �Nc
H are

expected to acquire VEVs hNc
Hi ’ h �Nc

Hi & MX. This
implies that Uð1Þc �Uð1Þ� symmetry is broken down to

Uð1ÞN near the GUT scale, where Uð1ÞN symmetry is a
linear superposition of Uð1Þc and Uð1Þ�, i.e.,

Uð1ÞN ¼ 1

4
Uð1Þ� þ

ffiffiffiffiffiffi
15

p
4

Uð1Þc ; (7)

under which right-handed neutrinos have zero charges.
Since Nc

H and �Nc
H acquire VEVs both supermultiplets

must be even under ~ZH
2 symmetry.

At the same time the VEVs of Nc
H and �Nc

H may break
Uð1ÞB�L symmetry. In particular, as follows from Eq. (4),
the VEV of Nc

H can induce the bilinear terms ML
ijðHu

i LjÞ
andMB

ijðDid
c
jÞ 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 Nc

H to 27i are
forbidden. This, for example, can be achieved by imposing
an extra discrete symmetry Zn. Although this symmetry
can forbid the interactions of Nc

H with three complete 27i
representations of E6 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 Z2 symmetry transfor-
mations Nc

H ! �Nc
H and �Nc

H ! � �Nc
H. Alternatively, one

can impose Zn symmetry (n > 2) under which only Nc
H

ROMAN NEVZOROV PHYSICAL REVIEW D 87, 015029 (2013)

015029-4



transforms. The invariance of the Lagrangian with respect
to Zn symmetry (n > 2) under which only Nc

H transforms
implies that the mass term �HN

c
H
�Nc
H in the superpotential

(5) is forbidden. On the other hand this symmetry allows a
nonrenormalizable term in the superpotential

�WNc
H
¼ ß

ðNc
H
�Nc
HÞn

M2n�3
Pl

: (8)

In this case Nc
H and �Nc

H can develop VEVs along theD-flat
direction so that

hNc
Hi ’ h �Nc

Hi �MPl �
�
1

ß

MS

MPl

� 1
2n�2

; (9)

where MS is a low energy supersymmetry breaking scale.
This mechanism permits us to generate hNc

Hi * 1014 GeV
resulting in right-handed neutrino masses of the order of

ijMPl �
�
1

ß

MS

MPl

� 1
n�1

* 1011 GeV:

The mechanism of the gauge symmetry breaking
discussed above ensures that the low energy effective
Lagrangian is automatically invariant under the matter par-
ity ZM

2 . Such spontaneous breakdown of theUð1Þc �Uð1Þ�
gauge symmetry can occur because ZM

2 is a discrete sub-
group of Uð1Þc and Uð1Þ�. This follows from the Uð1Þc
andUð1Þ� charge assignments presented in Eq. (2). Thus in

the considered case the VEVs of Nc
H and �Nc

H break
Uð1Þc �Uð1Þ� gauge symmetry down to Uð1ÞN � ZM

2 .

As a consequence the low energy effective Lagrangian is
invariant under both ZM

2 and ~ZH
2 discrete symmetries.

Moreover the ~ZH
2 symmetry is a product of

~ZH
2 ¼ ZM

2 � ZE
2 ; (10)

where ZE
2 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 ZE

2

symmetry. The transformation properties of different

components of 27i, 27
0
l and 270l multiplets under the ~ZH

2 ,

ZM
2 and ZE

2 symmetries are summarized in Table I. Since
the Lagrangian of the considered E6 inspired models is
invariant under ZM

2 and ~ZH
2 symmetries it is also invariant

under the transformations of ZE
2 symmetry. Because ZE

2 is
conserved, the lightest exotic state, which is odd under this

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 [ZR
2 ¼ ð�1Þ3ðB�LÞþ2s], must be stable. If in the

considered models the lightest exotic state (i.e., the state
with ZE

2 ¼ �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 ZE

2 ¼ þ1 must be absolutely stable. Thus the consid-
ered E6 inspired SUSY models contain at least two dark
matter candidates.
The residual extra Uð1ÞN gauge symmetry gets broken

by the VEVof the SM singlet superfield S (and possibly �S).
The VEV of the field S induces the mass of the Z0 asso-
ciated with Uð1ÞN symmetry as well as the masses of all
exotic quarks and inert Higgsinos. If S acquires a VEVof
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 �S may also acquire a nonzero
VEV breaking Uð1ÞN symmetry as we will discuss later.
If this is the case then �S should be even under the ~ZH

2

symmetry. Otherwise the superfield �S can be ~ZH
2 odd.

The above considerations indicate that the set of multip-
letsMl has to contain at least Hu, Hd, S and Nc

H in order to
guarantee the appropriate breakdown of the gauge symme-
try in the rank-6 E6 inspired SUSY models. However if the
set of ~ZH

2 even supermultiplets Ml involve only Hu, Hd, S
and Nc

H then the lightest exotic quarks are extremely long-
lived particles. Indeed, in the considered case the ~ZH

2

symmetry forbids all Yukawa interactions in W1 and W2

that allow the lightest exotic quarks to decay. Moreover the
Lagrangian of such a model is invariant not only with
respect toUð1ÞL andUð1ÞB but also underUð1ÞD symmetry
transformations

D ! ei�D; �D ! e�i� �D: (11)

TheUð1ÞD invariance ensures that the lightest exotic quark
is very long-lived. The Uð1ÞL, Uð1ÞB and Uð1ÞD 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 MX or MPl. 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 E6 multiplets under ~ZH
2 , Z

M
2 and ZE

2 discrete symmetries.

27i 27i 270Hu
(270Hd

) 270S 270Hu
(270Hd

) 270S 270N (270N) 270L (270L) 270d (270d)

Qi; u
c
i ; d

c
i , Li; e

c
i ; N

c
i

�Di;Di, H
d
i ;H

u
i ; Si Hu (Hd) S �Hu ( �Hd) �S Nc

H ( �Nc
H) L4 ( �L4) dc4 ( �dc4)

~ZH
2 � � þ þ � � þ þ þ

ZM
2 � þ þ þ þ þ � � �

ZE
2 þ � þ þ � � � � �
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symmetry in the considered rank-6 E6 inspired SUSY
models forbids any dimension five operators that break
Uð1ÞD global symmetry the lifetime of the lightest exotic
quarks is expected to be of the order of

�D * M4
X=�

5
D; (12)

where �D is the mass of the lightest exotic quark. When
�D ’ TeV the lifetime of the lightest exotic quarks
�D * 1049 GeV�1 � 1017 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
10�15 to 10�30 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 10�10 per nucleon. Therefore E6

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 ~ZH

2 even supermultiplets Ml

needs to be supplemented by some components of 27-
plet that carry SUð3ÞC 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 ~ZH

2 even supermultip-
letsMl involves lepton superfields L4 and/or e

c
4 that survive

to low energies. This implies that �Di and Di can interact
with leptons and quarks only while the couplings of
these exotic quarks to a pair of quarks are forbidden by
the postulated ~ZH

2 symmetry. Then baryon number is
conserved and exotic quarks are leptoquarks.

In this paper we restrict our consideration to the E6

inspired SUSY models that lead to the approximate uni-
fication of the SUð3ÞC, SUð2ÞW andUð1ÞY gauge couplings
at some high energy scale MX. 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 SUð5Þ (see for example Ref. [42]). Thus we
require that the extra matter beyond the MSSM fill in
complete SUð5Þ representations. In scenario A this require-
ment can be fulfilled if �Hu and �Hd are odd under the ~ZH

2

symmetry while �L4 is a ~ZH
2 even supermultiplet. Then �Hu

and �Hd from the 270l can get combined with the superpo-
sition of the corresponding components from 27i so that

the resulting vectorlike states gain masses of the order
of MX. The supermultiplets L4 and �L4 are also expected
to form vectorlike states. However these states are required
to be light enough to ensure that the lightest exotic quarks
decay sufficiently fast.2 The appropriate mass term
�LL4

�L4 in the superpotential can be induced within
SUGRA models just after the breakdown of local SUSY
if the Kähler potential contains an extra term ½ZLðL4

�L4Þ þ
H:c:� [43].
The presence of the bosonic and fermionic components

of �S at low energies is not constrained by the unification of
the SUð3ÞC, SUð2ÞW and Uð1ÞY gauge couplings since �S is
the SM singlet superfield. If �S is odd under the ~ZH

2 sym-
metry then it can get combined with the superposition of
the appropriate components of 27i. The corresponding
vectorlike states may be either superheavy (�MX) or
gain TeV scale masses. When �S is a ~ZH

2 even superfield
then its scalar component is expected to acquire a nonzero
VEV breaking Uð1ÞN gauge symmetry.
Thus scenario A implies that in the simplest case the low

energy matter content of the considered E6 inspired SUSY
models involves

3½ðQi; u
c
i ; d

c
i ; Li; e

c
i ; N

c
i Þ� þ 3ðDi; �DiÞ þ 2ðS�Þ þ 2ðHu

�Þ
þ 2ðHd

�Þ þ L4 þ �L4 þ Nc
H þ �Nc

H þ SþHu þHd;

(13)

where the right-handed neutrinos Nc
i are expected to gain

masses at some intermediate scale, while the remaining
matter survives down to the EW scale. In Eq. (13) � ¼ 1, 2
and i ¼ 1, 2, 3. Integrating out Nc

i , N
c
H and �Nc

H as well as
neglecting all suppressed nonrenormalizable interactions
one gets an explicit expression for the superpotential in the
considered case

WA¼�SðHuHdÞþ��	SðHd
�H

u
	Þþ�ijSðDi

�DjÞ
þ ~f�	S�ðHd

	HuÞþf�	S�ðHdH
u
	ÞþgDijðQiL4Þ �Dj

þhEi�e
c
i ðHd

�L4Þþ�LL4
�L4þWMSSMð�¼0Þ: (14)

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 Ml

together with Hu, Hd, S and Nc
H contains an extra dc4

superfield (instead of L4) from 270d. If the ~ZH
2 even super-

multiplet dc4 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 dc4 and right-handed neutrinos. However if Majorana
right-handed neutrinos are very heavy (�MX) then the
interactions of exotic quarks with leptons are extremely
suppressed. As a consequence in this scenario B �Di andDi

2Note that the superfields ec4 and �ec4 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 ð� 2

3Þ.
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 ~ZH

2 even superfield dc4 with other super-
multiplets of ordinary and exotic matter can be written in
the following form:

�Wdc4
¼ hDikd

c
4ðHd

i QkÞ þ gqij �Did
c
4u

c
j þ gNijN

c
i Djd

c
4: (15)

Integrating out Majorana right-handed neutrinos one
obtains in the leading approximation

�Wdc
4
! hDikd

c
4ðHd

i QkÞ þ gqij �Did
c
4u

c
j þ

~ßij
MN

ðLiHuÞðDjd
c
4Þ;
(16)

whereMN is an effective seesaw scale which is determined
by the masses and couplings of Nc

i and ~ßij � gNij. In the

considered case the baryon and lepton number violation
takes place only when all three terms in Eqs. (15) and (16)
are present in the superpotential. If gNij ¼ 0 (~ßij ¼ 0) or

gqij ¼ 0 the baryon and lepton number conservation

requires exotic quarks to be either diquarks or leptoquarks,
respectively. When hDik vanish the conservation of the

baryon and lepton numbers implies that the superfields
Di, �Di and d

c
4 have the followingUð1ÞL andUð1ÞB charges:

BD ¼ �B �D ¼ �Bdc
4
¼ �1=6 and LD ¼ �L �D ¼ Ldc

4
¼

�1=2. This consideration indicates that in the case when
all three terms are present in Eqs. (15) and (16) the Uð1ÞL
and Uð1ÞB 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

Lp ’
�
cijkl

M2
S

��hHui
MN

�
½
�	� �uc�id	j ��kd�l�; (17)

where hHui ¼ v2=
ffiffiffi
2

p
and cijkl / ~ßgqðhDÞ2. In Eq. (17)

greek indices denote the color degrees of freedom while
SUð2Þ indices are suppressed. Here we assume that all
particles propagating in the loop have masses of the order
ofMS. ForMN * 1011 GeV and hDik � gqij � gNij the appro-

priate suppression of the proton decay rate can be achieved
if the corresponding Yukawa couplings are less than 10�5.

Once again, the requirement of the approximate unifi-
cation of the SUð3ÞC, SUð2ÞW and Uð1ÞY 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

description of the RG flow of gauge couplings up to the
GUT scale MX at least. The requirement of the validity of
perturbation theory up to the scale MX sets stringent con-
straint on the number of extra SUð2ÞW and SUð3ÞC super-
multiplets that can survive to low energies in addition to
three complete fundamental representations of E6. For
example, the applicability of perturbation theory up to
high energies permits only one extra pair of SUð3ÞC triplet
superfields to have mass of the order of TeV scale. The
same requirement limits the number of pairs of SUð2ÞW
doublets to two.
Because in scenario B the ~ZH

2 even supermultiplets dc4
and �dc4 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 scaleMX is saturated. Then in
order to ensure that the extra matter beyond the MSSM fills
in complete SUð5Þ representations, �Hu and �Hd should
survive to the TeV scale as well. As before we assume
that these supermultiplets are odd under the ~ZH

2 symmetry
so that they can get combined with the superposition of the
corresponding components from 27i 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 ~ZH

2 symmetry. If �S is ~ZH
2 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

3½ðQi; u
c
i ; d

c
i ; Li; e

c
i ; N

c
i Þ� þ 3ðDi; �DiÞ þ 3ðHu

i Þ þ 3ðHd
i Þ

þ 2ðS�Þ þ dc4 þ �dc4 þ Nc
H þ �Nc

H þHu þ �Hu

þHd þ �Hd þ S: (18)

All states in Eq. (18) are expected to be considerably
lighter than the GUT scale MX. Assuming that Nc

i , N
c
H

and �Nc
H gain intermediate scale masses the renormalizable

part of the TeV scale superpotential associated with sce-
nario B can be written as

WB ¼ �SðHuHdÞ þ �ijSðHd
i H

u
j Þ þ �ijSðDi

�DjÞ
þ ~f�iS�ðHd

i HuÞ þ f�iS�ðHdH
u
i Þ þ gqij �Did

c
4u

c
j

þ hDijd
c
4ðHd

i QjÞ þ�dd
c
4
�dc4 þ�u

i H
u
i
�Hu

þ�d
i H

d
i
�Hd þWMSSMð� ¼ 0Þ: (19)

The superpotential (19) contains a set of the TeV
scale mass parameters, i.e., �d, �

u
i , �

d
i . These are intro-

duced to avoid massless fermionic states associated with
dc4,

�dc4, �Hu and �Hd 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 gqij and hDij 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 �d, �
u
i and �d

i can be achieved if the
Lagrangian of the E6 inspired model is invariant under the
discrete Zk 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 Zk symmetry. For concreteness
here we assume that at high energies the Lagrangian of the
model is invariant under the Z6 symmetry transformations

� ! !�; dc4 ! !5dc4;
�dc4 ! !3 �dc4;

�Hu ! !2 �Hu; �Hd ! !2 �Hd;
(20)

where ! ¼ ei�=3. Then the part of the superpotential that
depends on the dc4,

�dc4, �Hu, �Hd and � takes the form

�WZ6
¼ �

MPl

½
ijd
c
4ðHd

i QjÞ þ ~
ij
�Did

c
4u

c
j þ 
̂ijN

c
i Djd

c
4�

þ �4

M3
Pl

½�dd
c
4
�dc4 þ �u

i H
u
i
�Hu þ �d

i H
d
i
�Hd�

þ 

�6

M3
Pl

þ � � � : (21)

At the intermediate scale the imposed Z6 symmetry may be
broken spontaneously by the VEVof the superfield �

h�i �
�
MS

MPl

�
1=4

MPl ’ 1014 GeV; (22)

inducing bilinear mass terms in the superpotential and
small Yukawa couplings of the dc4 supermultiplet to other
superfields. The corresponding Yukawa couplings and
mass parameters are given by3

�d ��u
i ��d

i �
h�4i
M3

Pl

’ MS;

hDik � gqij � gNij &
h�i
MPl

� 10�4:

(23)

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 E6 multiplets survive below the scale MX. In
fact, the number of incomplete E6 multiplets tends to be
larger than the number of generations. Therefore the origin
and mechanism resulting in the incomplete E6 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.

III. 5D AND 6D ORBIFOLD GUT MODELS

The structure of the E6 inspired SUSY models discussed
in the previous section, its gauge group and field content,
points towards an underlying GUT model based on the E6

or its subgroup. The breaking of these GUT groups down
to the SUð3ÞC � SUð2ÞW �Uð1ÞY �Uð1Þc �Uð1Þ� is in

general rather involved and requires often large Higgs
representations. In particular, the splitting of GUT multip-
lets [like doublet-triplet splitting within SUð5Þ 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. SUð5Þ � Uð1Þ� � Uð1Þc model in five dimensions

The simplest GUT group which unifies the gauge inter-
actions of the SM is SUð5Þ [62]. Therefore we first analyze
the higher-dimensional SUSY GUT model based on the
SUð5Þ �Uð1Þ� �Uð1Þc gauge group which is a rank-6

subgroup ofE6. For simplicity we consider a single compact
extra dimension S1, y ( ¼ x5), and assume a fixed radius
with size given by the GUT scale (R� 1=MX). The orbifold
S1=Z2 is obtained by dividing the circle S1 with a Z2 trans-
formation which acts on S1 according to y ! �y. The
components of the SUð5Þ supermultiplets that propagate in
five dimensions transform under the specified Z2 action
as �ðx�;�yÞ ¼ P�ðx�; yÞ, where P acts on each compo-

nent of the SUð5Þ representation �, making some compo-
nents positive and some components negative, i.e.,
P ¼ ðþ;þ; . . .�;�; . . .Þ. The Lagrangian should be invari-
ant under the Z2 transformations.4 The Z2 transformation
can be regarded as an equivalence relation that allows us to
reduce the circle S1 to the interval y 2 ½0; �R�.

3The same mechanism can be used for the generation of the
mass term �LL4

�L4 in scenario A.

4It is worth pointing out that the Z2 invariance of the
Lagrangian does not require that P ¼ �I, where I is the unit
matrix. In general, matrix P should satisfy the condition P2 ¼ 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 M4 and the orbifold S1=ðZ2 � Z0

2Þ. The orbifold
S1=ðZ2 � Z0

2Þ is obtained by dividing S1=Z2 with another
Z2 transformation, denoted by Z0

2, which acts as y
0 ! �y0,

with y0 � y� �R=2. Each reflection symmetry, y ! �y
and y0 ! �y0, has its own orbifold parity, P and P0, which
are defined by

�ðx; yÞ ! �ðx;�yÞ ¼ P�ðx�; yÞ;
�ðx; y0Þ ! �ðx;�y0Þ ¼ P0�ðx�; y0Þ;

(24)

where �ðx; yÞ is a SUð5Þ multiplet field living in the 5D
bulk, while P and P0 are matrix representations of the two
Z2 operator actions which have eigenvalues �1. All inter-
actions must be invariant under Z2 � Z0

2 symmetry.
Each reflection also introduces special points,O and O0,

located at y ¼ 0 and y ¼ �R=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 2 ½0; ‘� with the two 4D walls (branes) placed
at the fixed points y ¼ 0 and y ¼ ‘. These are only
two inequivalent branes (the branes at y ¼ �R and y ¼
��R=2 are identified with those at y ¼ 0 and y ¼ �R=2,
respectively). Thus physical space reduces to the interval
½0; ‘� with a length of �R=2.

Denoting the 5D bulk field with ðP; P0Þ ¼ ð�1;�1Þ
by ��� one obtains the following Fourier expansions
[46–49]:

�þþðx; yÞ ¼
X1
n¼0

1ffiffiffiffiffiffiffiffiffi
2�n;0

p
ffiffiffiffiffiffiffi
4

�R

s
�ð2nÞ

þþðxÞ cos
2ny

R
; (25)

�þ�ðx; yÞ ¼
X1
n¼0

ffiffiffiffiffiffiffi
4

�R

s
�ð2nþ1Þ

þ� ðxÞ cosð2nþ 1Þy
R

; (26)

��þðx; yÞ ¼
X1
n¼0

ffiffiffiffiffiffiffi
4

�R

s
�ð2nþ1Þ

�þ ðxÞ sinð2nþ 1Þy
R

; (27)

���ðx; yÞ ¼
X1
n¼0

ffiffiffiffiffiffiffi
4

�R

s
�ð2nþ2Þ�� ðxÞ sinð2nþ 2Þy

R
; (28)

where n is a non-negative integer. From the 4D perspec-

tive the Fourier component fields �ð2nÞ
þþðxÞ, �ð2nþ1Þ

þ� ðxÞ,
�ð2nþ1Þ

�þ ðxÞ and �ð2nþ2Þ�� ðxÞ acquire masses 2n=R,
ð2nþ 1Þ=R, ð2nþ1Þ=R and ð2nþ 2Þ=R upon compactifi-
cation. Note that only �þþðx; yÞ and �þ�ðx; yÞ can exist
on the y ¼ 0 brane. The fields�þþðx; yÞ and��þðx; yÞ are
nonvanishing on the y ¼ �R=2 brane, whereas the field
���ðx; yÞ vanishes on both branes. Only �þþðx; yÞ fields
have zero modes. Since full SUð5Þ 5D multiplets �iðx; yÞ
can, in general, contain components with even and odd

parities, P and P0, the matter content of the massless sector
can be smaller than that of the full 5Dmultiplet. Unless all
components of �ðx; yÞ 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 ¼ 2
in 4D). We assume that the vector supermultiplets associ-
ated with the SUð5Þ, Uð1Þ� and Uð1Þc interactions exist in

the bulk M4 � S1=ðZ2 � Z0
2Þ. The 5D gauge supermultip-

lets contain vector bosons AM (M ¼ 0, 1, 2, 3, 5) and
gauginos. The 5D gaugino is composed of two 4D Weyl
fermions with opposite 4D chirality, � and �0. In addition
5D vector supermultiplets have to involve real scalars 
 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 ðA�; �Þ and chiral multiplets � with compo-

nents (ð
þ iA5Þ=
ffiffiffi
2

p
; �0) under N ¼ 1 supersymmetry in

4D. These two N ¼ 1 supermultiplets also form an N ¼ 2
vector supermultiplet in 4D.
In addition to the 5D vector supermultiplets we assume

the presence of other SUð5Þ representations as well as
SUð5Þ singlet superfields that carry nonzero Uð1Þ� and

Uð1Þc 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, c and
c c, SUSY implies that each 5D supermultiplet includes
two complex scalars� and�c as well. The states�, c ,�c

and c c form one 4D N ¼ 2 hypermultiplet that consists of

two 4D N ¼ 1 chiral multiplets, �̂ � ð�; c Þ and �̂c �
ð�c; c cÞ, transforming as conjugate representations with
each other under the gauge group.
Taking into account that the derivative @5 is odd under the

reflection Z2 one can show that the 5D SUSY Lagrangian
is invariant under the following transformations [46]:

A�ðx; yÞ ! A�ðx;�yÞ ¼ PA�ðx; yÞP�1;

A5ðx; yÞ ! A5ðx;�yÞ ¼ �PA5ðx; yÞP�1;


ðx; yÞ ! 
ðx;�yÞ ¼ �P
ðx; yÞP�1;

�ðx; yÞ ! �ðx;�yÞ ¼ P�ðx; yÞP�1;

�0ðx; yÞ ! �0ðx;�yÞ ¼ �P�0ðx; yÞP�1;

�iðx; yÞ ! �iðx;�yÞ ¼ P�iðx; yÞ;
c iðx; yÞ ! c iðx;�yÞ ¼ Pc iðx; yÞ;
�c

i ðx; yÞ ! �c
i ðx;�yÞ ¼ �P�c

i ðx; yÞ;
c c

i ðx; yÞ ! c c
i ðx;�yÞ ¼ �Pc c

i ðx; yÞ;

(29)

where index i represents different SUð5Þ supermultiplets
that exist in the bulk M4 � S1=ðZ2 � Z0

2Þ. In the case
of SUð5Þ the components of the corresponding N ¼ 2
vector supermultiplet in Eq. (29) are given by Vðx; yÞ ¼
VAðx; yÞTA and �ðx; yÞ ¼ �Aðx; yÞTA, where TA is the set
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of the SUð5Þ generators (A ¼ 1; 2; . . . ; 24). The transfor-
mations in Eq. (29) are associated with the Z2 reflection
symmetry. By replacing y and P by y0 and P0 in Eq. (29)
one obtains Z0

2 transformations. Note that mass terms for
�i, c i, �

c
i and c c

i are allowed by N ¼ 2 SUSY but these
terms are not compatible with the P and P0 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 SUð5Þ, to be P¼diagðþ1;þ1;þ1;
þ1;þ1Þ so that VAðx;�yÞTA ¼ VAðx; yÞTA. This bound-
ary condition does not break SUð5Þ on the O brane at
y ¼ 0. However 4D N ¼ 2 supersymmetry gets broken
by this parity assignment to 4D N ¼ 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�, �, � and c are allowed to

have zero modes whereas other components of the N ¼ 2
vector supermultiplet ð
; �0Þ and N ¼ 2 hypermultiplets
ð�c

i ; c
c
i Þ with odd parity P do not possess massless modes.

For the SUð5Þ gauge symmetry to provide an understand-
ing of the quark and lepton quantum numbers, the three
families of 27i representations of E6 should reside on theO
brane where the SUð5Þ �Uð1Þ� �Uð1Þc gauge symmetry

and N ¼ 1 SUSY remain intact. Then at low energies all
ordinary quarks and leptons have to fill in complete SUð5Þ
multiplets.

The 5D SUð5Þ gauge symmetry is reduced to 4D
SUð3ÞC � SUð2ÞW �Uð1ÞY gauge symmetry by choosing
P0 ¼ diagð�1;�1;�1;þ1;þ1Þ acting on the fundamen-
tal representation of SUð5Þ. This boundary condition
breaks not only SUð5Þ but also 4D N ¼ 2 SUSY to 4D
N ¼ 1 SUSY on the O0 brane at y ¼ ‘. The parity assign-
ment associated with the Z0

2 reflection symmetry leads to
the two types of the SUð5Þ gauge generators Ta and Tâ. All
generators of the SM gauge group satisfy the condition

P0TaP0 ¼ Ta: (30)

Therefore the corresponding gauge fields Aa
�ðx; yÞ and gau-

ginos �aðx; yÞ are even under the reflections Z2 and Z0
2

whereas 
aðx; yÞ and �0aðx; yÞ are odd. As a consequence

the KK expansions of vector bosons Aa
�ðx; yÞ and gauginos

�aðx; yÞ contain massless zero modes Aað0Þ
� ðxÞ and �að0ÞðxÞ

corresponding to the unbroken gauge symmetry of the SM.
These zero modes form 4D N ¼ 1 vector supermultiplets.

The KK modes Aað2nÞ
5 ðxÞ are swallowed by Aað2nÞ

� ðxÞ result-
ing in the formation of vector boson state with mass 2n=R.

The KK gaugino modes �að2nÞðxÞ and �0að2nÞðxÞ form a 4D
fermion state with mass 2n=R. The KK scalar mode


að2nÞðxÞ also gains mass 2n=R.
The other gauge generators Tâ of SUð5Þ obey the

relationship

P0TâP0 ¼ �Tâ; (31)

which implies that Aâ
�ðx; yÞ and �âðx; yÞ are odd under the

Z0
2 symmetry while 
âðx; yÞ and � ^0aðx; yÞ are even. This

means that all components of the 5D vector supermultiplet
associated with the broken SUð5Þ generators Tâ are odd
either under the reflection Z2 or Z0

2 so that their KK
expansions do not possess massless modes. The Z2 and
Z0
2 parity assignments for all components of the 5D bulk

vector supermultiplets are shown in Table II. The KK

modes Aâð2nþ1Þ
� ðxÞ, Aâð2nþ1Þ

5 ðxÞ, 
âð2nþ1ÞðxÞ, �âð2nþ1ÞðxÞ
and � ^0að2nþ1ÞðxÞ form vector boson, scalar and fermion
states with masses ð2nþ 1Þ=R.
At the fixed point O0 the gauge transformations gener-

ated by Tâ as well as the corresponding components of the
5D SUð5Þ vector supermultiplet vanish. At the same time
at an arbitrary point in the bulk all generators of the SUð5Þ
gauge group are operative. Thus orbifold procedure leads
to a local explicit breaking of SUð5Þ at the fixed point O0
due to the nontrivial orbifold quantum numbers of the
gauge parameters.
The Z2 and Z

0
2 parity assignments for the components of

the Uð1Þc and Uð1Þ� bulk vector supermultiplets are such

that the KK expansions of vector bosons A
�
�ðx; yÞ and

Ac
�ðx; yÞ as well as the corresponding gaugino states

��ðx; yÞ and �c ðx; yÞ contain massless zero modes

A
�ð0Þ
� ðxÞ, Ac ð0Þ

� ðxÞ, �ð0Þ
� ðxÞ and �ð0Þ

c ðxÞ associated with the

unbroken Uð1Þc and Uð1Þ� gauge symmetries (see

Table II). Other KK modes form vector boson, scalar and

TABLE II. Parity assignments and KK masses of fields in the 5D bulk vector supermultiplets
associated with the SUð5Þ, Uð1Þc and Uð1Þ� gauge interactions.

5D fields SUð3ÞC � SUð2ÞW quantum numbers Z2 � Z0
2 parity Mass

Aa
�, �

a ð8; 1Þ þ ð1; 3Þ þ ð1; 1Þ ðþ;þÞ 2n=R
Aâ
�, �

â ð3; 2Þ þ ð�3; 2Þ ðþ;�Þ ð2nþ 1Þ=R
Aa
5 , 


a, �0a ð8; 1Þ þ ð1; 3Þ þ ð1; 1Þ ð�;�Þ ð2nþ 2Þ=R
Aâ
5 , 


â, � ^0a ð3; 2Þ þ ð�3; 2Þ ð�;þÞ ð2nþ 1Þ=R
A
�
�, �� (1, 1) ðþ;þÞ 2n=R

A�
5 , 
�, �

0
� (1, 1) ð�;�Þ ð2nþ 2Þ=R

Ac
� , �c (1, 1) ðþ;þÞ 2n=R

Ac
5 , 
c , �

0
c (1, 1) ð�;�Þ ð2nþ 2Þ=R
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fermion states with masses ð2nþ 2Þ=R similar to the ones
that appear in the case of unbroken generators Ta of SUð5Þ.

As in the simplest orbifold GUT scenarios [46–48] we
assume that all incomplete SUð5Þ supermultiplets which
are even under the custodial symmetry (the matter parity
ZM
2 in the case of the MSSM and the ~ZH

2 symmetry in the
case of the E6SSM) originate from the 5D bulk super-
multiplets. In order to ensure that Hu and �Hu as well as
Hd and �Hd survive below the scale MX � 1=R we include
two pairs of the 5D SUð5Þ bulk supermultiplets �Hu

þ
� �Hu

and �Hd
þ� �Hd

that decompose as follows:

�Hu
¼ � �Hu

¼
�
5;� 2ffiffiffiffiffiffi

24
p ;

2ffiffiffiffiffiffi
40

p
�
;

�Hd
¼ � �Hd

¼
�
5;

2ffiffiffiffiffiffi
24

p ;
2ffiffiffiffiffiffi
40

p
�
;

(32)

where first, second and third quantities in brackets are the
SUð5Þ representation, extra Uð1Þc and Uð1Þ� charges,

respectively. The multiplets �Hu
and � �Hu

as well as �Hd

and � �Hd
transform differently under Z2 and Z0

2 (see

Table III). Since P0 does not commute with SUð5Þ each
5D 5-plet is divided into four pieces associated with differ-
ent N ¼ 1 chiral supermultiplets:

5 ¼ ð3; 1;�1=3Þ þ ð1; 2; 1=2Þ þ ð�3; 1; 1=3Þ
þ ð1; 2;�1=2Þ: (33)

In Eq. (33) the first and second quantities in brackets are
SUð3ÞC and SUð2ÞW quantum numbers whereas the third

quantity is Uð1ÞY charge. As one can see from Table III
chiral supermultiplets in Eq. (33) have different P and P0
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 Hu, �Hu, Hd and �Hd may survive to low
energies.
The 4D superfields Nc

H,
�Nc
H, S and �S can stem from the

5D SM singlet superfields that carry Uð1Þc and Uð1Þ�
charges

�S ¼ ��S ¼
�
1;

4ffiffiffiffiffiffi
24

p ; 0

�
;

�Nc
H
¼ � �Nc

H
¼
�
1;

1ffiffiffiffiffiffi
24

p ;� 5ffiffiffiffiffiffi
40

p
�
:

(34)

According to Eq. (29) only either �i and c i or �
c
i and c c

i

can have massless modes. Different parity assignments
of �S and ��S as well as �Nc

H
and � �Nc

H
allow us to project

out different components of these superfields so that
only 4D superfields Nc

H,
�Nc
H, S and �S may be light

(see Table III).
Finally, the particle spectrum below the scaleMX should

be supplemented by either L4 and �L4 or d
c
4 and

�dc4 (but not
both) to allow the lightest exotic quarks to decay. These 4D
N ¼ 1 chiral superfields can come from either �L4

and

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

, � �Hu
, �Hd

, � �Hd
�S, ��S, �Nc

H
, � �Nc

H
, �L4

, � �L4
, �dc

4
and ��dc

4
.

5D fields SUð3ÞC � SUð2ÞW �Uð1ÞY �Uð1Þc �Uð1Þ� quantum numbers Z2 � Z0
2 parity Mass

�Hu
þ�~Hu

ð3; 1;�1=3;�2; 2Þ þ ð�3; 1; 1=3; 2;�2Þ ðþ;�Þ ð2nþ 1Þ=R
ð1; 2; 1=2;�2; 2Þ þ ð1; 2;�1=2; 2;�2Þ ðþ;þÞ 2n=R
ð�3; 1; 1=3; 2;�2Þ þ ð3; 1;�1=3;�2; 2Þ ð�;þÞ ð2nþ 1Þ=R
ð1; 2;�1=2; 2;�2Þ þ ð1; 2; 1=2;�2; 2Þ ð�;�Þ ð2nþ 2Þ=R
ð3; 1;�1=3; 2; 2Þ þ ð�3; 1; 1=3;�2;�2Þ ð�;þÞ ð2nþ 1Þ=R

�Hd
þ�~Hd

ð1; 2; 1=2; 2; 2Þ þ ð1; 2;�1=2;�2;�2Þ ð�;�Þ ð2nþ 2Þ=R
ð�3; 1; 1=3;�2;�2Þ þ ð3; 1;�1=3; 2; 2Þ ðþ;�Þ ð2nþ 1Þ=R
ð1; 2;�1=2;�2;�2Þ þ ð1; 2; 1=2; 2; 2Þ ðþ;þÞ 2n=R

�S þ��S
ð1; 1; 0; 4; 0Þ þ ð1; 1; 0;�4; 0Þ ðþ;þÞ 2n=R
ð1; 1; 0;�4; 0Þ þ ð1; 1; 0; 4; 0Þ ð�;�Þ ð2nþ 2Þ=R

�Nc
H
þ� �Nc

H

ð1; 1; 0; 1;�5Þ þ ð1; 1; 0;�1; 5Þ ðþ;þÞ 2n=R
ð1; 1; 0;�1; 5Þ þ ð1; 1; 0; 1;�5Þ ð�;�Þ ð2nþ 2Þ=R

�L4
þ�~L4

ð3; 1;�1=3;�1;�3Þ þ ð�3; 1; 1=3; 1; 3Þ ð�;þÞ ð2nþ 1Þ=R
ð1; 2; 1=2;�1;�3Þ þ ð1; 2;�1=2; 1; 3Þ ð�;�Þ ð2nþ 2Þ=R
ð�3; 1; 1=3; 1; 3Þ þ ð3; 1;�1=3;�1;�3Þ ðþ;�Þ ð2nþ 1Þ=R
ð1; 2;�1=2; 1; 3Þ þ ð1; 2; 1=2;�1;�3Þ ðþ;þÞ 2n=R

�dc
4
þ��dc

4

ð3; 1;�1=3;�1;�3Þ þ ð�3; 1; 1=3; 1; 3Þ ð�;�Þ ð2nþ 2Þ=R
ð1; 2; 1=2;�1;�3Þ þ ð1; 2;�1=2; 1; 3Þ ð�;þÞ ð2nþ 1Þ=R
ð�3; 1; 1=3; 1; 3Þ þ ð3; 1;�1=3;�1;�3Þ ðþ;þÞ 2n=R
ð1; 2;�1=2; 1; 3Þ þ ð1; 2; 1=2;�1;�3Þ ðþ;�Þ ð2nþ 1Þ=R
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� �L4
or �dc4

and ��dc
4
which are 5D SUð5Þ bulk super-

multiplets with quantum numbers

�L4
¼ � �L4

¼ �dc
4
¼ ��dc

4
¼
�
5;� 1ffiffiffiffiffiffi

24
p ;� 3ffiffiffiffiffiffi

40
p

�
: (35)

Again parity assignments guarantee that only two 4D
doublet superfields L4 and �L4 from �L4

and � �L4
can

survive to low energies whereas the other SUð2ÞW doublet,
color triplet and antitriplet partners do not have zero
modes. Using the freedom to flip the overall action of the
P0 parity on the SUð5Þ multiplets by a sign relative to
�L4

þ� �L4
one can get the KK spectrum in which only

triplet or antitriplet components of SUð5Þ fundamental
supermultiplets possess massless modes. From Table III
one can see that this freedom is used in the case of�dc4

and

��dc
4
supermultiplets. Due to the different structure of the

KK spectrum only 4D triplet or antitriplet superfields, �dc4
and dc4 from ��dc4

and �dc
4
, are allowed to be light.

Since the three families of 27i representations of E6 are
located on the O brane, where the SUð5Þ�Uð1Þ��Uð1Þc
gauge symmetry remains intact, the Yukawa interactions
of quarks and leptons are necessarily SUð5Þ symmetric. In
general the SUð5Þ invariance yields the prediction for the
first and second generation fermion mass ratios ms=md ¼
m�=me, 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 SUð5Þ or SOð10Þ [45,63].
In the case of the simplest 5D orbifold GUTs there are
no SUð5Þ breaking VEVs. Nevertheless in this case one can
introduce two additional 5D bulk supermultiplets with
quantum numbers given by Eq. (35) that transform under
Z2 and Z0

2 as either �L4
and � �L4

or �dc
4
and ��dc

4
.

Furthermore we assume that these bulk supermultiplets
are odd under ~ZH

2 symmetry which is defined on the O
brane. Hence the zero modes of these extra 5D super-
multiplets, which are either weak doublets (L5 and �L5) or
SUð3ÞC triplet and antitriplet ( �dc5 and dc5), can mix with

quark or lepton superfields from 27i, spoiling the SUð5Þ
relations between the down-type quark and charged lepton
masses. Indeed, suppose that zero modes are weak doublet
superfields L5 and �L5. Then �L5 can get combined with the

superposition of lepton doublet superfields from 27i so that
the resulting vectorlike states gain masses slightly below
MX. The remaining three families of lepton doublets, that
survive to low energies, are superpositions of the corre-
sponding components from 27i and L5 while three gener-
ations of down-type quarks stem from 27i completely. As a
consequence the SUð5Þ relations between the down-type
quark and charged lepton masses may get spoiled entirely
if the Yukawa couplings of L5 to Higgs doublet Hd 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 SUð5Þ fundamental supermultiplets one can
include two larger representations of SUð5Þ that decom-
pose under SUð5Þ �Uð1Þ� �Uð1Þc as follows:

�ec ¼ ��ec ¼
�
10;

1ffiffiffiffiffiffi
24

p ;� 1ffiffiffiffiffiffi
40

p
�
: (36)

As before we assume that �ec and ��ec supermultiplets are
odd under ~ZH

2 symmetry. Due to P and P0 parity assign-
ments each SUð5Þ bulk decuplet is divided into six pieces
associated with different N ¼ 1 chiral supermultiplets:

10 ¼ ð�3; 1;�2=3Þ þ ð3; 2; 1=6Þ þ ð1; 1; 1Þ þ ð3; 1; 2=3Þ
þ ð�3; 2;�1=6Þ þ ð1; 1;�1Þ; (37)

where quantities in brackets are SUð3ÞC, SUð2ÞW and
Uð1ÞY quantum numbers. The Z2 and Z0

2 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 SUð2ÞW singlet superfields
(ec5 and �ec5) as well as 4D triplet and antitriplet super-

multiplets (uc5 and �uc5) from �ec and ��ec can survive

below scale MX � 1=R. Again �ec5 and �uc5 can get com-

bined with the superposition of the appropriate compo-
nents of 27i, forming vectorlike states which may have
masses slightly below MX. At the same time ec5 can mix

with the corresponding components of 27i, spoiling the
SUð5Þ 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 E6. This simplifies the structure of

TABLE IV. The ðZ2; Z
0
2Þ transformation properties and KK masses of 4D chiral supermultiplets that stem from SUð5Þ bulk

supermultiplets �ec and ��ec .

5D fields SUð3ÞC � SUð2ÞW �Uð1ÞY �Uð1Þc �Uð1Þ� quantum numbers Z2 � Z0
2 parity Mass

�ec þ��ec

ð�3; 1;�2=3; 1;�1Þ þ ð3; 1; 2=3;�1; 1Þ ðþ;þÞ 2n=R
ð3; 2; 1=6; 1;�1Þ þ ð�3; 2;�1=6;�1; 1Þ ðþ;�Þ ð2nþ 1Þ=R

ð1; 1; 1; 1;�1Þ þ ð1; 1;�1;�1; 1Þ ðþ;þÞ 2n=R
ð3; 1; 2=3;�1; 1Þ þ ð�3; 1;�2=3; 1;�1Þ ð�;�Þ ð2nþ 2Þ=R
ð�3; 2;�1=6;�1; 1Þ þ ð3; 2; 1=6; 1;�1Þ ð�;þÞ ð2nþ 1Þ=R

ð1; 1;�1;�1; 1Þ þ ð1; 1; 1; 1;�1Þ ð�;�Þ ð2nþ 2Þ=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.,
SUð5Þ �Uð1Þ� �Uð1Þc on the O brane and SUð3ÞC �
SUð2ÞW �Uð1ÞY �Uð1Þ� �Uð1Þc on the O0 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 27i
representations of E6, which reside on the O brane, to the
anomalies associated with this fixpoint get canceled auto-
matically. Moreover from Tables III and IVone can see that
the P and P0 parity assignments are chosen so that the zero
modes of the bulk fields localized at the O and O0 branes
always form pairs of N ¼ 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 c i@5c

c
i that leads to the Dirac mass terms of

the form c ð2nþ1Þ
i c cð2nþ1Þ

i . Since c cð2nþ1Þ
i 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 Uð1ÞR 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
½QQQL�F and ½ucucdcec�F 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 Uð1Þ� and

Uð1Þc 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 SUð3ÞC, SUð2ÞW and Uð1ÞY
interactions do not exactly unify at the scale MX � 1=R

where SUð5Þ gauge symmetry gets broken. The reason for
this is that the symmetry of the model on the GUT breaking
brane O0 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 SUð5Þ violating
coefficients 1=g2O0i. The part of the 5D effective SUSY

Lagrangian that contains kinetic terms for the SM gauge
fields can be written as follows:

Leff ¼
Z

d2�

�
1

g25
þ 1

2g2O
f�ðyÞ þ �ðy� �RÞg

�
TrW �W �

þX
i

Z
d2�

1

2g2O0i

�
�

�
y� �

2
R

�

þ �

�
yþ �

2
R

��
TrW �

i W
i
� þ H:c:; (38)

where W i
� (i ¼ 1, 2, 3) are the supersymmetric gauge

field strengths of the Uð1ÞY , SUð2ÞW and SUð3ÞC gauge
interactions on the O0 brane; and W � is the SUð5Þ
gauge field strength on the O brane and in the bulk.5

Integrating over y one obtains zero mode 4D SM gauge
couplings at the scale MX � 1=R

1

g2i ðMXÞ ¼ 2�R

g25
þ 1

g2O
þ 1

g2O0i
: (39)

Since SUð5Þ violating coefficients 1=g2O0i may differ from

each other substantially, the SUð3ÞC, SUð2ÞW and Uð1ÞY
gauge couplings g2i ðMXÞ 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 SUð5Þ 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 SUð5Þ 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 Eqs. (38) and (39) the discrepancy

between g2i ðMXÞ is determined by the SUð5Þ violating
gauge kinetic terms on the O0 brane. This discrepancy is
small when g2i ðMXÞ are relatively small whereas g2O0i are

large (g2O0i � 4�). On the other hand one can expect that

the relative contribution of the SUð5Þ violating brane cor-
rections to g2i ðMXÞ becomes more sizable in the case when
the SUð3ÞC, SUð2ÞW and Uð1ÞY gauge couplings are large
at the scale MX.

5Note that the O0 brane contribution vanishes for W � asso-
ciated with the leptoquark gauge bosons which are odd under Z0

2.
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B. E6 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 E6 inspired SUSY model specified
in Sec. II, we next study E6 gauge theory in 6DwithN ¼ 1
supersymmetry. We consider the compactification on a
torus T2 with two fixed radii R5 and R6 so that two extra
dimensions y ( ¼ x5) and z ( ¼ x6) are compact, i.e., y 2
ð��R5; �R5� and z 2 ð��R6; �R6�. The physical region
associated with the compactification on the orbifold T2=Z2

is a pillow with the four fixed points of the Z2 transforma-
tions (y ! �y, z ! �z) as corners. The orbifold T2=Z2

has the following fixpoints: (0, 0), ð�R5; 0Þ, ð0; �R6Þ and
ð�R5; �R6Þ.

Here we discuss E6 gauge theory in 6D compactified on
the orbifold T2=ðZ2 � ZI

2 � ZII
2 Þ. The Z2, Z

I
2 and ZII

2 sym-
metries are reflections. The Z2 transformations are defined
as before, i.e., y ! �y, z ! �z. The ZI

2 reflection sym-
metry transformations act as y0 ! �y0, z ! �z with y0 ¼
y� �R5=2. The reflection ZII

2 corresponds to y ! �y,
z0 ! �z0 where z0 ¼ z� �R6=2. The Z

I
2 and Z

II
2 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 Z2, Z

I
2

and ZII
2 reflection symmetries allow us to work with the

theory obtained by truncating to the physically irreducible
space in which y 2 ½0; �R5=2� and z 2 ½0; �R6=2� with
the four 4D walls (branes) located at its corners.

Again, we assume that the considered orbifold GUT
model contains a set of E6 bulk supermultiplets and an-
other set ofN ¼ 1 superfields which are confined on one of
the branes. The set of superfields that propagate in the bulk
M4 � T2=ðZ2 � ZI

2 � ZII
2 Þ includes an E6 gauge supermul-

tiplet and a few 27-plets. As before all quark and lepton
superfields are expected to be confined on one brane.

The E6 gauge supermultiplets that exist in the bulk must
involve vector bosons AM (M ¼ 0, 1, 2, 3, 5, 6) and 6D
Weyl fermions (gauginos) which are composed of two 4D
Weyl fermions, � and �0. These fields can be conveniently
grouped into vector and chiral multiplets of the N ¼ 1
supersymmetry in 4D, i.e.,

V ¼ ðA�; �Þ; � ¼ ððA5 þ iA6Þ=
ffiffiffi
2

p
; �0Þ; (40)

where V, AM, � and �0 are matrices in the adjoint
representation of E6. Two N ¼ 1 supermultiplets (40)
form an N ¼ 2 vector supermultiplet in 4D. The bulk
270 supermultiplets also include 6D Weyl fermion states
(that involve two 4D Weyl fermions, c i and c c

i ) together
with two complex scalars�i and�

c
i . The fields c i, c

c
i ,�i

and �c
i compose a 4D N ¼ 2 hypermultiplet containing

two 4D N ¼ 1 chiral superfields �̂i ¼ ð�i; c iÞ and its

conjugate �̂c
i ¼ ð�c

i ; c
c
i Þwith opposite quantum numbers.

Thus each bulk 270 supermultiplet involves two 4D N ¼ 1

supermultiplets 270 and 270.

To ensure the consistency of the construction the
Lagrangian of the considered orbifold GUT model has to
be invariant under Z2, Z

I
2 and ZII

2 symmetries. As in the
case of 5D orbifold GUTmodels each reflection symmetry,
Z2, Z

I
2 and ZII

2 , has its own orbifold parity, P, PI and PII.

The components �̂ and �̂c of the bulk 270 supermultiplet
� transform under Z2, Z

I
2 and ZII

2 as follows:

�̂ðx;�y;�zÞ ¼ P�̂ðx; y; zÞ;
�̂cðx;�y;�zÞ ¼ �P�̂cðx; y; zÞ;
�̂ðx;�y0;�zÞ ¼ PI�̂ðx; y0; zÞ;
�̂cðx;�y0;�zÞ ¼ �PI�̂

cðx; y0; zÞ;
�̂ðx;�y;�z0Þ ¼ PII�̂ðx; y; z0Þ;
�̂cðx;�y;�z0Þ ¼ �PII�̂

cðx; y; z0Þ;

(41)

where P, PI and PII are diagonal matrices with eigenvalues
�1 that act on each component of the fundamental repre-
sentation of E6.
It is convenient to specify the matrix representation of

the orbifold parity assignments in terms of the E6 weights
�j and gauge shifts, �, �I and �II, associated with Z2, Z

I
2

and ZII
2 . The diagonal elements of the matrices P, PI and

PII can be presented in the following form [55]:

ðPÞjj ¼ 
 expf2�i��jg;
ðPIÞjj ¼ 
I expf2�i�I�jg;
ðPIIÞjj ¼ 
II expf2�i�II�jg;

(42)

where 
, 
I and 
II are parities of the bulk 270 supermul-
tiplet, i.e., 
, 
I, 
II 2 fþ;�g. The particle assignments
of the weights in the fundamental representation of E6 are
well known (see, for example Ref. [55]). Here we choose
the following gauge shifts

� ¼
�
1

2
;
1

2
; 0;

1

2
;
1

2
; 0

�
; �I ¼

�
1

2
;
1

2
;
1

2
;
1

2
;
1

2
; 0

�
;

�II ¼
�
1

2
;
1

2
; 0; 0;

1

2
; 0

�
;

(43)

that correspond to the orbifold parity assignments shown in
Table V.
The components V and� of the E6 gauge supermultiplet

transform under Z2, Z
I
2 and ZII

2 as follows:

Vðx;�y;�zÞ ¼ PVðx; y; zÞP�1;

�ðx;�y;�zÞ ¼ �P�ðx; y; zÞP�1;

Vðx;�y0;�zÞ ¼ PIVðx; y0; zÞP�1
I ;

�ðx;�y0;�zÞ ¼ �PI�ðx; y0; zÞP�1
I ;

Vðx;�y;�z0Þ ¼ PIIVðx; y; z0ÞP�1
II ;

�ðx;�y;�z0Þ ¼ �PII�ðx; y; z0ÞP�1
II ;

(44)

where Vðx;y;zÞ¼VAðx;y;zÞTA and �ðx;y;zÞ¼�Aðx;y;zÞTA

while TA is the set of generators of the E6 group.
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The boundary conditions given by Eqs. (41) and (44) break
4D N ¼ 2 supersymmetry because different components
of the N ¼ 2 supermultiplets transform differently under
Z2, Z

I
2 and Z

II
2 reflection symmetries. Moreover since P, PI

and PII are not unit matrices the E6 gauge symmetry also
gets broken by these parity assignments.

The P parity assignment indicates that on the O brane
at y ¼ z ¼ 0 associated with the Z2 reflection symmetry
the E6 gauge group is broken down to SOð10Þ �Uð1Þc
subgroup. Indeed, according to Table V the SOð10Þ
representations that compose the bulk 270 supermultiplet
(27 ! 16þ 10þ 1) transform differently under Z2 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 SOð10Þ �Uð1Þc .

On the brane OI located at the fixed point y ¼ �R5=2,
z ¼ 0 and associated with the ZI

2 symmetry, the E6

gauge symmetry is broken to SUð6Þ � SUð2ÞW . Again
this follows from the PI parity assignment in the bulk 270
supermultiplet. The fundamental representation of E6

decomposes under the SUð6Þ � SUð2ÞW as follows:

27 ! ð15; 1Þ þ ð6; 2Þ;
where the first and second quantities in brackets are
the SUð6Þ and SUð2ÞW representations, respectively. The
multiplet (6, 2) is formed by all SUð2ÞW doublets which are
contained in the 27-plet. From Table Vone can see that all
SUð2ÞW doublet components of the 270 supermultiplet
transform differently under the ZI

2 reflection symmetry as
compared with other components of this supermultiplet

which form ð15; 1Þ.
The E6 gauge symmetry is also broken on the brane OII

placed at the fixed point y ¼ 0, z ¼ �R6=2 of the ZII
2

symmetry transformations. The PII parity assignment is
such that 16 components of the 270 are odd whereas 10þ 1
components are even or vice versa. This implies that the E6

group gets broken down to its SOð10Þ0 �Uð1Þ0 subgroup.
It is worth emphasizing here that SOð10Þ and SOð10Þ0 are
not the same SOð10Þ subgroups of E6. In particular, from
Table V one can see that the 16-plets of SOð10Þ and
SOð10Þ0 are formed by different components of the funda-
mental representation of E6. The Uð1Þc and Uð1Þ0 charge
assignments should also be different.

In addition to the three branes mentioned above, there is
a fourth brane located at the corner OIII¼ð�R5=2;�R6=2Þ
of the physically irreducible space. The ZIII

2 reflection
symmetry associated with this brane is obtained by

combining the three symmetries Z2, Z
I
2 and ZII

2 defined
above. As a consequence the corresponding parity assign-
ment PIII ¼ PPIPII. Combining three parity assignments
P, PI and PII it is easy to see that on the brane OIII the
unbroken subgroup is SOð10Þ00 � ~Uð1Þ.
The unbroken gauge group of the effective 4D theory

is given by the intersection of the E6 subgroups at the
fixed points. Since P and PII commute with SUð5Þ the
intersection of the E6 subgroups SOð10Þ �Uð1Þc and

SOð10Þ0 �Uð1Þ0 is SUð5Þ �Uð1Þ� �Uð1Þc . The inter-

section of SUð6Þ � SUð2ÞW and SUð5Þ �Uð1Þ� �Uð1Þc
gives the SM gauge group together with two additional
Uð1Þ factors, Uð1Þc and Uð1Þ�.
The mode expansion for the 6D bulk fields �ðx; y; zÞ

with any combinations of parities reads [58]

�þþþðx; y; zÞ ¼
X1
n;m

1

2�n;0�m;0�
ffiffiffiffiffiffiffiffiffiffiffi
R5R6

p �ð2n;2mÞ
þþþ ðxÞ

� cos

�
2ny

R5

þ 2mz

R6

�
; (45)

�þ�þðx; y; zÞ ¼
X1
n;m

1

�
ffiffiffiffiffiffiffiffiffiffiffi
R5R6

p �ð2nþ1;2mÞ
þ�þ ðxÞ

� cos

�ð2nþ 1Þy
R5

þ 2mz

R6

�
; (46)

�þþ�ðx; y; zÞ ¼
X1
n;m

1

�
ffiffiffiffiffiffiffiffiffiffiffi
R5R6

p �ð2n;2mþ1Þ
þþ� ðxÞ

� cos

�
2ny

R5

þ ð2mþ 1Þz
R6

�
; (47)

�þ��ðx; y; zÞ ¼
X1
n;m

1

�
ffiffiffiffiffiffiffiffiffiffiffi
R5R6

p �ð2nþ1;2mþ1Þ
þ�� ðxÞ

� cos

�ð2nþ 1Þy
R5

þ ð2mþ 1Þz
R6

�
; (48)

��þþðx; y; zÞ ¼
X1
n;m

1

�
ffiffiffiffiffiffiffiffiffiffiffi
R5R6

p �ð2nþ1;2mþ1Þ
�þþ ðxÞ

� sin

�ð2nþ 1Þy
R5

þ ð2mþ 1Þz
R6

�
; (49)

TABLE V. Orbifold parity assignments in the bulk 270 supermultiplet with 
 ¼ 
I ¼ 
II ¼ þ1.

Q uc ec L dc Nc S Hu D Hd �D

Z2 � � � � � � þ þ þ þ þ
ZI
2 � þ þ � þ þ þ � þ � þ

ZII
2 � � � þ þ þ � þ þ � �
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���þðx; y; zÞ ¼
X1
n;m

1

�
ffiffiffiffiffiffiffiffiffiffiffi
R5R6

p �ð2n;2mþ1Þ
��þ ðxÞ

� sin

�
2ny

R5

þ ð2mþ 1Þz
R6

�
; (50)

��þ�ðx; y; zÞ ¼
X1
n;m

1

�
ffiffiffiffiffiffiffiffiffiffiffi
R5R6

p �ð2nþ1;2mÞ
��þ ðxÞ

� sin

�ð2nþ 1Þy
R5

þ 2mz

R6

�
; (51)

����ðx; y; zÞ ¼
X1
n;m

1

�
ffiffiffiffiffiffiffiffiffiffiffi
R5R6

p �ð2n;2mÞ��� ðxÞ sin
�
2ny

R5

þ 2mz

R6

�
;

(52)

where n and m are non-negative integers. As follows from
Eqs. (45)–(52) each bosonic and fermionic KK mode

�ðk;‘ÞðxÞ is characterized by two integer numbers and

from the 4D perspective acquires mass
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð kR5

Þ2 þ ð ‘R5
Þ2

q
upon compactification. Only fields for which all parities
are positive have zero modes, i.e., modes with k ¼ 0 and
‘ ¼ 0. Such modes form a 4D N ¼ 1 massless vector
multiplet of the unbroken SUð3ÞC � SUð2ÞW �Uð1ÞY �
Uð1Þc �Uð1Þ� subgroup of E6. The corresponding 6D

bulk fields are nonvanishing on all branes. All other KK
modes of the bulk gauge fields combine to massive states.

In particular, one linear combination of Aaðk;‘Þ
5 ðxÞ and

Aaðk;‘Þ
6 ðxÞ plays the role of the Nambu-Goldstone boson,

i.e., it is swallowed by Aaðk;‘Þ
� ðxÞ leading to the formation of

the 4D vector boson state with mass
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð kR5

Þ2 þ ð ‘R5
Þ2

q
. Thus

the mass generation of the vector boson states is analogous
to the Higgs mechanism. The orthogonal superpositions of

Aaðk;‘Þ
5 ðxÞ and Aaðk;‘Þ

6 ðxÞ compose a scalar state with the

same mass. The KK gaugino modes �aðk;‘ÞðxÞ and

�0aðk;‘ÞðxÞ form a 4D fermion state which is degenerate
with the corresponding vector and scalar states.

As before we assume that all incomplete E6 supermul-
tiplets in the E6SSM, which are even under the ~ZH

2 sym-
metry, stem from the 6D bulk superfields. Hereafter we
also require that the three complete families of 27i repre-
sentations of E6 are located on the O brane where the E6

gauge group is broken down to SOð10Þ �Uð1Þc . The 4D
superfieldsHu and �Hu can originate from the bulk 270-plets
�0

Hu
and �0

�Hu
that decompose as follows:

�0
Hu

¼ ð27;þ;�;þÞ; �0
�Hu
¼ ð27;�;þ;�Þ; (53)

where the first, second, third and fourth quantities in brack-
ets are the E6 representation as well as 
, 
I and 
II

associated with this representation, respectively. The par-
ities of these bulk 270-plets are chosen so that Hu and �Hu

components of the N ¼ 1 chiral superfields �̂0
Hu

and �̂0c
�Hu

have positive parities with respect to Z2, Z
I
2 and ZII

2 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

�̂0
�Hu
and �̂0c

�Hu
are opposite. Since the parities ofHu and �Hu

are positive the KK expansions of the bulk 270-plets �0
Hu

and�0
�Hu
contain zero modes that form N ¼ 1 chiral super-

fields with quantum numbers of Hu and �Hu.
The SUð2ÞW doublet chiral superfields Hu and �Hu are

not the only supermultiplets from �0
Hu

and �0
�Hu

that may

survive below the scale MX � 1=R. Indeed, the parity
assignments in Eq. (53) indicate that the �uc and �ec compo-

nents of the �̂0c
Hu

as well as uc and ec components of the

�̂0
�Hu

also have positive parities with respect to Z2, Z
I
2 and

ZII
2 symmetries. It means that the KK mode structures of

the bulk supermultiplets �0
Hu

and �0
�Hu
involve zero modes

that correspond to N ¼ 1 chiral superfields uc, ec, �uc and
�ec. Because the E6 gauge symmetry is broken down to the
SOð10Þ �Uð1Þc subgroup on the O brane the zero modes

that come from the same bulk 270-plet but belong to differ-
ent SOð10Þ representations are not required to have the
same transformation properties under the custodial ~ZH

2

symmetry. This permits us to assume that 4D chiral super-
fields uc, ec, �uc and �ec are odd under the ~ZH

2 symmetry.
Then these supermultiplets are expected to mix with the
appropriate components from other 27-plets, forming vec-
torlike states with masses slightly below MX and spoiling
the SOð10Þ relations among the Yukawa couplings of
quarks and leptons and Hu and Hd as discussed in the
previous subsection.
The 4D superfields Hd and �Hd can originate from

another pair of bulk 270-plets

�0
Hd

¼ ð27;þ;�;�Þ; �0
�Hd
¼ ð27;�;þ;þÞ: (54)

Using the orbifold parity assignments presented in Table V
it is easy to check that all parities of Hd and �Hd compo-

nents of theN ¼ 1 superfields �̂0
Hd

and �̂0c
�Hd
are positive so

that the KK expansions of 6D superfields �0
Hu

and �0
�Hu

contain the appropriate zero modes. On the other hand one

can also find that �dc and �Nc components of the �̂0c
Hd
, as well

as dc and Nc components of the �̂0
�Hd
, also have positive

parities with respect to Z2, Z
I
2 and ZII

2 reflection symme-
tries. Therefore the particle content below the scale MX

includes bosonic and fermionic states from N ¼ 1 chiral
supermultiplets dc, Nc, �dc and �Nc as well. The scalar
components of the 4D superfields Nc and �Nc can be used
to break Uð1Þc and Uð1Þ� down to Uð1ÞN � ZM

2 . Because

of this the supermultiplets dc, Nc, �dc and �Nc are expected
to be even under the ~ZH

2 symmetry and therefore cannot
mix with the components of 27i localized on the O brane.
The large VEVs of Nc and �Nc (& MX) can give rise to the
masses of the bosonic and fermionic components ofNc and
�Nc as well as dc and �dc which are just slightly below MX.
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In order to achieve the appropriate breakdown of the
SUð2ÞW �Uð1ÞY �Uð1ÞN gauge symmetry at low ener-
gies the particle spectrum below the scale MX should be
supplemented by the 4D chiral superfields S and �S which
are even under the ~ZH

2 symmetry. The corresponding zero
modes can come from the pair of bulk 270-plets

�0
S ¼ ð27;þ;þ;�Þ; �0

�S
¼ ð27;�;�;þÞ: (55)

The S and �S components of the N ¼ 1 superfields �̂0
S and

�̂0c
�S have positive orbifold parities. The �D component of �̂0

S

and the companion component from the �̂0c
�S superfield have

also positive parities with respect to Z2, Z
I
2 and Z

II
2 symme-

tries. It is convenient to assume that the states associated
with these exotic quark supermultiplets are odd under the
~ZH
2 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 MX and spoiling
the SOð10Þ relations among the Yukawa couplings of S to
the inert Higgs and exotic quark states. In addition to the

components of �̂0
S and �̂0c

�S mentioned above the orbifold

parities of �L and L components of �̂0c
S and �̂0

�S are positive.

If the zero modes associated with these components survive
to low energies and the corresponding N ¼ 1 supermultip-
lets are even under the ~ZH

2 symmetry then the Yukawa
couplings of these superfields to Qi and �Dk 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 E6 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 270-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 E6 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

orbifold model involves six bulk 270-plets. The 4D anoma-
lies at the fixpoints also get canceled within the 6D orbifold
GUT model discussed above. Indeed, the contributions of
27i 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 270 superfields
localized at the fixpoints always form pairs ofN ¼ 1 super-
multiplets with opposite quantum numbers, the contribu-
tions of the bulk 270-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 MX, 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 GUTmodels based on the SOð10Þ 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 MX should be larger than 9� 1015 GeV. This
restriction on the scale MX can be used in the case of the
E6 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 g2i ðMXÞ in these
models are three to five times larger than in theMSSM. This
implies that the lower bound on the scale MX in the con-
sidered E6 inspired models is expected to be 1:5� 1016 to
2� 1016 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 MX 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
g2i ðMXÞ as discussed before. The gauge coupling unification
in the 6D orbifold GUTmodels was considered in Ref. [57].

IV. RG FLOW OF GAUGE COUPLINGS
IN THE E6SSM

In this section we discuss the RG flow of the SM gauge
couplings giðtÞ above the EW scale. The running of these
couplings betweenMX andMZ is described by a system of
renormalization group equations (RGEs). To simplify our
analysis we assume that Uð1Þc �Uð1Þ� gauge symmetry

is broken down to Uð1ÞN � ZM
2 near the scale MX. This

permits us to restrict our consideration to the analysis
of the RG flow of four diagonal gauge couplings g3ðtÞ,
g2ðtÞ, g1ðtÞ and g01ðtÞ which correspond to SUð3ÞC,
SUð2ÞW ,Uð1ÞY andUð1ÞN 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 theUð1ÞN gauge field and matter
fields that can be parametrized in terms of the off-diagonal
gauge coupling g11 (see Refs. [11,32,72]). In this frame-
work the RG equations can be written as follows:

dG

dt
¼ G�B;

dg2
dt

¼ 	2g
3
2

ð4�Þ2 ;
dg3
dt

¼ 	3g
3
3

ð4�Þ2 ; (56)

where t ¼ lnðq=MZÞ and q is a renormalization scale,
while B and G are 2� 2 matrices

G ¼ g1 g11

0 g01

 !
;

B ¼ 1

ð4�Þ2
	1g

2
1 2g1g

0
1	11 þ 2g1g11	1

0 g021 	
0
1 þ 2g01g11	11 þ g211	1

 !
: (57)

In Eqs. (56) and (57) 	i and 	11 are beta functions.
Here we examine the RG flow of gauge couplings in the

two-loop approximation. In general the two-loop diagonal

	i and off-diagonal	11 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 g11 being set to zero at the

scale MX remains very small at any other scale below MX.

Since it seems to be rather natural to assume that just after

the breakdown of the E6 symmetry there is no mixing in

the gauge kinetic part of the Lagrangian between the field

strengths associated with the Uð1ÞY and Uð1ÞN gauge

interactions, g11 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 	11.

In the case of scenario A the one-loop off-diagonal beta

function is given by 	11 ¼ �
ffiffi
6

p
5 while in scenario B

	11 ¼ 3
ffiffi
6

p
10 .

In scenario A the two-loop diagonal beta functions 	i

are given by

	3 ¼�9þ 3Ngþ 1

16�2
½g23ð�54þ 34NgÞþ 3Ngg

2
2þNgg

2
1þNgg

02
1 � 4h2t � 4h2b� 2���;

	2 ¼�5þ 3Ngþ 1

16�2

�
8Ngg

2
3þð�17þ 21NgÞg22þ

�
3

5
þNg

�
g21þ

�
2

5
þNg

�
g021 � 6h2t � 6h2b� 2h2�� 2��

�
;

	1 ¼ 3

5
þ 3Ngþ 1

16�2

�
8Ngg

2
3þ

�
9

5
þ 3Ng

�
g22þ

�
9

25
þ 3Ng

�
g21þ

�
6

25
þNg

�
g021 � 26

5
h2t � 14

5
h2b�

18

5
h2�� 6

5
��� 4

5
��

�
;

	0
1 ¼

2

5
þ 3Ngþ 5

4
nþ 1

16�2

�
8Ngg

2
3þ

�
6

5
þ 3Ng

�
g22þ

�
6

25
þNg

�
g21þ

�
4

25
þ 3Ngþ 25

8
n

�
g021

� 9

5
h2t � 21

5
h2b�

7

5
h2�� 19

5
��� 57

10
��

�
;

�� ¼ �2
1þ�2

2þ�2; �� ¼ �2
1þ�2

2þ�2
3; (58)

where Ng is a number of generations forming complete E6 fundamental representations that the considered model involves
at low energies, i.e., Ng ¼ 3; whereas n is a number of S and �S supermultiplets from 270S and 270S that survive to low
energies (i.e., n ¼ 0 or 1). Here we assume that the structure of the Yukawa interactions appearing in the superpotential
(14) is relatively simple (i.e., ��	 ¼ ����	 and �ij ¼ �i�ij), while ~f�	, f�	, g

D
ij and hEi� are small and can therefore be

ignored (i, j ¼ 1, 2, 3 and �, 	 ¼ 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) ht, hb and h� are top quark, b quark and � lepton
Yukawa couplings, respectively. In the limit of n ¼ 0 the RG equations (58) coincide with the ones presented in Ref. [36].

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

	3 ¼ �8þ 3Ng þ 1

16�2

�
g23

�
� 128

3
þ 34Ng

�
þ 3Ngg

2
2 þ

�
Ng þ 4

15

�
g21 þ

�
Ng þ 2

5

�
g021 � 4h2t � 4h2b � 2��

�
;

	2 ¼ �4þ 3Ng þ 1

16�2

�
8Ngg

2
3 þ ð�10þ 21NgÞg22 þ

�
6

5
þ Ng

�
g21 þ

�
13

10
þ Ng

�
g021 � 6h2t � 6h2b � 2h2� � 2~��

�
;

	1 ¼ 8

5
þ 3Ng þ 1

16�2

��
8Ng þ 32

15

�
g23 þ

�
18

5
þ 3Ng

�
g22 þ

�
62

75
þ 3Ng

�
g21 þ

�
47

50
þ Ng

�
g021

� 26

5
h2t � 14

5
h2b �

18

5
h2� � 6

5
~�� � 4

5
��

�
;

	0
1 ¼

19

10
þ 3Ng þ 5

4
nþ 1

16�2

��
8Ng þ 16

5

�
g23 þ

�
39

10
þ 3Ng

�
g22 þ

�
47

50
þ Ng

�
g21 þ

�
121

100
þ 3Ng þ 25

8
n

�
g021

� 9

5
h2t � 21

5
h2b �

7

5
h2� � 19

5
~�� � 57

10
��

�
; (59)
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where ~�� ¼ �2
1 þ �2

2 þ �2
3 þ �2. As before we assume a

relatively simple structure of the Yukawa interactions in
the superpotential (19) (i.e., �ij ¼ �i�ij, �ij ¼ �i�ij) and
ignore ~f�i, f�i, g

q
ij, h

D
ij as well as all Yukawa couplings of

extra S and �S supermultiplets.
As one can see from Eqs. (58) and (59) Ng ¼ 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 SUð3ÞC gauge coupling is equal to
zero in this case. In scenario B the one-loop contribution to
	3 remains rather small (b3 ¼ 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

1

�iðtÞ ¼
1

�iðMZÞ �
bi
2�

t� Ci

12�
��iðtÞ þ bi � bSMi

2�
ln

Ti

MZ

;

(60)

where �iðtÞ ¼ g2i ðtÞ
ð4�Þ ; bi and bSMi are the coefficients of the

one-loop beta functions in the E6SSM and SM, respec-
tively; the third term in the right-hand side of Eq. (60) is

the MS ! DR conversion factor with C1 ¼ 0, C2 ¼ 2,
C3 ¼ 3 [74], while

�iðtÞ¼ 1

2�

Z t

0
ð	i�biÞd�; Ti¼

YN
k¼1

ðmkÞ
�bk

i

bi�bSM
i : (61)

In Eq. (61) mk and �bki are masses and one-loop contribu-
tions to the beta functions due to new particles appearing in
the E6SSM. For the calculation of�iðtÞ the solutions of the
one-loop RGEs are normally used. In Eqs. (60) and (61)
only leading one-loop threshold effects are taken into
account.

Using the approximate solution of the two-loop RGEs in
Eqs. (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 �1ðtÞ and �2ðtÞ it is rather easy to find the
scale MX, where �1ðMXÞ ¼ �2ðMXÞ ¼ �0, and the value
of the overall gauge coupling �0 at this scale. Substituting
MX and �0 into the solution of the RGE for the strong
gauge coupling one finds the value of �3ðMZÞ for which an
exact gauge coupling unification occurs (see Ref. [75]):

1

�3ðMZÞ ¼
1

b1 � b2

�
b1 � b3
�2ðMZÞ �

b2 � b3
�1ðMZÞ

�

� 1

28�
þ�s þ 19

28�
ln
TS

MZ

;

�s ¼
�
b2 � b3
b1 � b2

�1 � b1 � b3
b1 � b2

�2 þ�3

�
;

�i ¼ �iðMXÞ: (62)

The combined threshold scale TS, that appears in Eq. (62),
can be expressed in terms of the effective threshold scales
T1, T2 and T3. The expression for TS is model dependent.
In scenario A TS is given by

TS ¼ T172=19
2

T55=19
1 T98=19

3

;

T1 ¼ ~M5=11
1 �4=55

L m2=55
L

� Y
i¼1;2;3

m4=165
~Di

�8=165
Di

�

�
� Y
�¼1;2

m2=55
H�

�4=55
~H�

�
;

T2 ¼ ~M25=43
2 �4=43

L m2=43
L

� Y
�¼1;2

m2=43
H�

�4=43
~H�

�
;

T3 ¼ ~M4=7
3

� Y
i¼1;2;3

m1=21
~Di

�2=21
Di

�
; (63)

where �Di
and m ~Di

are the masses of exotic quarks and

their superpartners, mH�
and � ~H�

are the masses of inert

Higgs and inert Higgsino fields, mL and �L are the masses
of the scalar and fermion components of L4 and �L4 while
~M1, ~M2 and ~M3 are the effective threshold scales in the
MSSM:

~M1 ¼ �4=25m1=25
A

� Y
i¼1;2;3

m1=75
~Qi

m2=75
~di

m8=75
~ui

m1=25
~Li

m2=25
~ei

�
;

~M2 ¼ M8=25
~W

�4=25m1=25
A

� Y
i¼1;2;3

m3=25
~Qi

m1=25
~Li

�
;

~M3 ¼ M1=2
~g

� Y
i¼1;2;3

m1=12
~Qi

m1=24
~ui

m1=24
~di

�
:

(64)

In Eqs. (64) M~g and M ~W are masses of gluinos and winos

[superpartners of SUð2ÞW gauge bosons];� andmA are the
effective � term and masses of heavy Higgs states, respec-
tively; m~ui , m~di

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

and left-handed squarks and m ~Li
and m~ei are the masses of

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

~TS ¼
~T196=19
2

~T65=19
1

~T112=19
3

;

~T1 ¼ ~M5=13
1 �8=195

d4
m4=195

d4
�4=65

Hu
m2=65

Hu
�4=65

Hd
m2=65

Hd

�
� Y
i¼1;2;3

m4=195
~Di

�8=195
Di

�� Y
�¼1;2

m2=65
H�

�4=65
~H�

�
;

~T2 ¼ ~M25=49
2 �4=49

Hu
m2=49

Hu
�4=49

Hd
m2=49

Hd

� Y
�¼1;2

m2=49
H�

�4=49
~H�

�
;

~T3 ¼ ~M1=2
3 �1=12

d4
m1=24

d4

� Y
i¼1;2;3

m1=24
~Di

�1=12
Di

�
; (65)

where �d4 , �Hu
and �Hd

are the masses of the fermionic

components of dc4 and �dc4, H
u
i and �Hu as well as Hd

i and
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�Hd, that form vectorlike states at low energies; whereas
md4 , mHu

and mHd
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 TS and ~TS 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 T1 ¼ T2 ¼ T3 ¼ TS and ~T1 ¼ ~T2 ¼ ~T3 ¼ ~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

two-loop SM beta functions to describe the running of
gauge couplings between MZ and T1 ¼ T2 ¼ T3 ¼ TS

(or ~T1 ¼ ~T2 ¼ ~T3 ¼ ~TS), then we apply the two-loop
RGEs of the E6SSM to compute the flow of giðtÞ from
TS (or ~TS) to MX which is equal to 3� 1016 GeV in the
case of the E6SSM. The low energy values of g01 and g11
are chosen so that all four diagonal gauge couplings are
approximately equal near the GUT scale and g11 ¼ 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 MZ to MX assuming that the low energy
matter content involves three 27-plets of E6 as well as L4,
�L4, S and �S supermultiplets. Figure 1(b) shows a blowup of
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FIG. 1 (color online). Two-loop RG flow of gauge couplings in
scenario A: (a) RG flow of SUð3ÞC, SUð2ÞW andUð1ÞY couplings
from MZ to MX for TS ¼ 400GeV and nS ¼ 1; (b) running of
SM gauge couplings in the vicinity of MX for TS ¼ 400 GeV
and nS ¼ 1. Thick, dashed and solid lines correspond to the
running of SUð3ÞC, SUð2ÞW and Uð1ÞY couplings, respectively.
We used tan	 ¼ 10, �sðMZÞ ¼ 0:118, �ðMZÞ ¼ 1=127:9,
sin2�W ¼ 0:231 and �1ðTSÞ ¼ �2ðTSÞ ¼ �3ðTSÞ ¼ �1ðTSÞ ¼
�2ðTSÞ ¼ �3ðTSÞ ¼ g01ðTSÞ. The dotted lines represent the

uncertainty in �iðtÞ caused by the variation of the strong gauge
coupling from 0.116 to 0.120 at the EW scale.
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FIG. 2 (color online). Two-loop RG flow of gauge couplings in
scenario B: (a) evolution of SUð3ÞC, SUð2ÞW and Uð1ÞY cou-
plings from the EW scale to the GUT scale for ~TS ¼ 3 TeV and
nS ¼ 0; (b) running of SM gauge couplings near the scale MX

for ~TS ¼ 3 TeV and nS ¼ 0. The parameters and notations are
the same as in Fig. 1.
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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 1
 deviations of �3ðMZÞ around its average
value, i.e., �3ðMZÞ ’ 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 �3ðMZÞ ¼ 0:118 and ~TS ¼
400 GeV. By increasing (decreasing) the effective thresh-
old scale the value of �3ðMZÞ, 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 �3ðMZÞ,
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 �sðMZÞ ’ 0:118, the com-
bined threshold scale, which is given by [73,75,77,78]

~MS ¼
~M100=19
2

~M25=19
1

~M56=19
3

’ �=6; (66)

must be around ~MS 	 1 TeV. However the correct
pattern of EW symmetry breaking requires � to lie within
the 1–2 TeV range which implies ~MS < 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 �3ðMZÞ,
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 �3ðMZÞ ’ 0:123 [80].

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

TS ¼ ~MS �
0
@�12=19

L m6=19
L

�12=19
D3

m6=19
~D3

1
A
0
@ Y

�¼1;2

m6=19
H�

�12=19
~H�

m6=19
~D�

�12=19
D�

1
A: (67)

From Eq. (67) it is obvious that TS is determined by the
masses of the scalar and fermion components of L4 and �L4.
The term�LL4

�L4 in the superpotential (14) is not involved
in the process of EW symmetry breaking. As a conse-
quence the parameter �L remains arbitrary.6 In particular,
since the corresponding mass term is not suppressed by the
E6 symmetry the components of the doublet superfields L4

and �L4 may be much heavier than the masses of all exotic
states, resulting in the large combined threshold scale TS

that lies in a few hundred GeV range even when the scale
~MS is relatively low. The large range of variation of TS

allows us to achieve the exact unification of gauge

couplings in scenario A for any value of �3ðMZÞ 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 E6SSM 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 �iðMXÞ are a few times bigger
in the E6SSM than in the MSSM. At the same time due to
the remarkable cancellation of different two-loop correc-
tions, the absolute value of �s is more than three times
smaller in the E6SSM 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 �3ðMZÞ
at which exact gauge coupling unification takes place is
considerably lower in the E6SSM than in the MSSM.
The only difference between the E6SSM 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 Eqs. (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 giðtÞ 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 �3ðtÞ caused by the variations of �3ðMZÞ is
much bigger in the E6SSM than in the MSSM. This is
because in the E6SSM 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 �3ðtÞ in the
E6SSM is approximately equal to the low energy uncer-
tainty in �3ðtÞwhile in the MSSM the interval of variations
of �3ðtÞ near the scale MX shrinks drastically. The
relatively large uncertainty in �3ðMXÞ in the E6SSM,
compared to the MSSM, allows one to achieve an exact
unification of gauge couplings for values of �3ðMZÞ which
are within 1
 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., ~T1 ¼ ~T2 ¼ ~T3 ¼ ~TS. Our
numerical analysis reveals that the evolution of �iðtÞ

6When �L is considerably larger than the SUSY breaking
scale mL ’ �L.
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depends very strongly on ~TS. When ~TS & 1 TeV the gauge
couplings become rather large near the GUT scale, i.e.,
�iðMXÞ � 1, whereas before we set MX ’ 3� 1016 GeV.
For such large values of �iðtÞ the perturbation theory
method becomes inapplicable. Therefore in our analysis
we consider the range of scales ~TS which are much higher
than 1 TeV. In Figs. 2(a) and 2(b) we set the threshold
scale ~TS to be equal to 3 TeV. As one can see from these
figures for ~TS ¼ 3 TeV, the values of �iðMXÞ are about 0.2
that still allow us to use the perturbation theory up to the
scale MX.

The effective threshold scale that we consider in our
analysis ~TS is in the multi-TeV range. At first glance, it is
not clear if such large values of ~Ti and ~TS 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 ~MS to be lower than 200–300 GeVas it was
mentioned above. In the case of scenario B the analytical
expression for the threshold scale ~TS can be obtained by
combining Eqs. (65) which gives

~TS ¼ ~MS �
0
@�12=19

Hu
m6=19

Hu
�12=19

Hd
m6=19

Hd

�12=19
d4

m6=19
d4

�12=19
D3

m6=19
~D3

1
A

�
0
@ Y

�¼1;2

m6=19
H�

�12=19
~H�

m6=19
~D�

�12=19
D�

1
A: (68)

Equation (68) indicates that the combined threshold
scale ~TS tends to be very large if, for example, �Hu

’
mHu

’ �Hd
’ mHd

are considerably larger than the masses

of the scalar and fermion components of dc4 and
�dc4 as well

as the masses of all exotic states. In this case ~TS can be as
large as 10 TeV even when ~MS lies in a few hundred GeV
range and �Hu

’ mHu
’ �Hd

’ mHd
& 10 TeV. This can

be achieved if the components of dc4 and
�dc4 and some of

the exotic quark and squark states have masses below
1 TeV. The effective threshold scales ~T1, ~T2 and ~T3 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
~T1, ~T2, ~T3 and ~TS 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 E6 as well as d

c
4,

�dc4, Hu, �Hu Hd and �Hd

supermultiplets. Figure 2(b) shows the same RG flow of the
SM gauge couplings but just around the scale where the
values of �iðtÞ become rather close. Again dotted lines in

Figs. 2(a) and 2(b) represent the changes of the evolution of
the SM gauge couplings induced by the variations of
�3ðMZÞ within 1
 around its average value.
From Figs. 2(a) and 2(b) one can see that the interval of

variations of �3ðtÞ enlarges with increasing renormaliza-
tion scale. The growth of the uncertainty in the high energy
value of �3ðtÞ 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 �3ðtÞ 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 �3ðMZÞ in scenarios A and B
because extra matter in these scenarios forms complete
SUð5Þ representations which contribute equally to the
one-loop beta functions of the SUð3ÞC, SUð2ÞW and
Uð1ÞY interactions so that the differences of the coefficients
of the one-loop beta functions bi � bj remain intact. At the

same time the contributions of two-loop corrections to
�iðMXÞ ð�iÞ and �3ðMZÞ ð�sÞ are different in these cases.
Our numerical analysis reveals that for ~TS ’ 3 TeV the
exact gauge coupling unification can be achieved in sce-
nario B only if the value of �3ðMZÞ is around 0.112. For
higher scale TS the exact unification of �iðtÞ requires even
smaller values of �3ðMZÞ which are disfavored by the
recent fit to experimental data. The lower scales TS &
3 TeV lead to the larger values of �iðMXÞ, 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 �iðtÞ. As a result the value
of �3ðMZÞ 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 �iðMXÞ are not so much
different from each other. From Fig. 2(b) it follows that the
relative discrepancy of �iðMXÞ 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 MX, 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 �iðMXÞ are large, the relative discrepancy of
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10% between �iðMXÞ 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 E6 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
Z0 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 Hu, Hd

and S acquire nonzero VEVs breaking SUð2ÞW �Uð1ÞY �
Uð1ÞN symmetry to Uð1Þem associated with electromagne-

tism. Assuming that f�	 and ~f�	 are sufficiently small, the

masses of the exotic quarks, inert Higgsino states and Z0
boson are given by

�Di
¼ �iffiffiffi

2
p s; �H�

¼ ��ffiffiffi
2

p s; MZ0 ’ g01 ~QSs; (69)

where s is a VEV of the field S, i.e., hSi ¼ s=
ffiffiffi
2

p
.

Here without loss of generality we set �ij ¼ �i�ij and

��	 ¼ ����	. Since �Di
, �H�

and MZ0 are determined

by s, that remains a free parameter, the Z0 boson mass and
the masses of exotic quarks and inert Higgsinos cannot be
predicted. Because recent measurements from the LHC
experiments exclude E6 inspired Z0 with masses lower
than 2–2.5 TeV [81] the singlet field Smust acquire a large
VEV (s * 5:5–6 TeV) to induce sufficiently large MZ0 .
The couplings �i 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 E6SSM.
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 Z0 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 E6SSM is not an
exception. In the simplest case when only Hu, Hd and S
develop the VEVs, so that hHdi ¼ v1ffiffi

2
p , hHui ¼ v2ffiffi

2
p and hSi ¼

sffiffi
2

p , the Higgs sector involves ten degrees of freedom.

However four of them are massless Goldstone modes
which are swallowed by the W�, Z and Z0 gauge bosons

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 Z0 boson massMZ0 . The
masses of another CP-even, the CP-odd and the charged
Higgs states are almost degenerate. When � * g01, 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
theMSSM and NMSSM, one of theCP-even Higgs bosons
is always light irrespective of the SUSY breaking scale.
However, in contrast with the MSSM, the lightest
Higgs boson in the E6SSM 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 E6SSM
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, �Hu and �Hd, which may survive
below the scale MX, get combined with the corresponding
superpositions of the fermion components of the super-
fields Si, H

u
i and Hd

i , 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 ( ~Hu

� and ~Hd
�) and two generations of inert

singlinos ~S�. The Yukawa interactions of these superfields
are described by the superpotential

WIH ¼ ��	SðHd
�H

u
	Þ þ f�	S�ðHdH

u
	Þ þ ~f�	S�ðHd

	HuÞ;
(70)

where �, 	 ¼ 1, 2.
Thus below the TeV scale the inert neutralino states

are a linear superposition of the inert singlino states

ð~S1; ~S2Þ and neutral components of inert Higgsinos
ð ~Hd0

1 ; ~Hd0
2 ; ~Hu0

1 ; ~Hu0
2 Þ. The charged components of the inert

Higgsinos ð ~Huþ
2 ; ~Huþ

1 ; ~Hd�
2 ; ~Hd�

1 Þ form an inert chargino
sector. In order to avoid the LEP lower limit on the masses
of inert charginos the couplings ��	 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 ��	, f�	 and ~f�	. 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 ( ~H0

1 and ~H0
2) 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 �0

1 and �0
2

to the lightest CP-even Higgs boson h1 are proportional to

the mass=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2
1 þ v2

2

q
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 ZE

2 symmetry. It is worth

remembering here that in the considered E6 inspired SUSY
modelsUð1Þc �Uð1Þ� gauge symmetry is broken down to

Uð1ÞN � ZM
2 where ZM

2 ¼ ð�1Þ3ðB�LÞ is the so-called mat-

ter parity which is a discrete subgroup ofUð1Þc andUð1Þ�.
Since the low energy effective Lagrangian is invariant
under both ZM

2 and ~ZH
2 symmetries and ~ZH

2 ¼ ZM
2 � ZE

2

(see Table I), the ZE
2 symmetry is also conserved. This

means that the lightest exotic state, which is odd under the
ZE
2 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 ZE

2 ¼ þ1 must

be absolutely stable. When f�	 and ~f�	 are large enough

(f�	 � ~f�	 � 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 �0

1 and the decay of �0
1 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 �0

1. Most commonly �0
1 is considerably lighter

than the lightest inert Higgs scalar (pseudoscalar) so that
the lightest CP-even (CP-odd) inert Higgs state can decay
into �0

1 and the lightest inert neutralino state. In other

words, in the considered E6 inspired SUSY models the
lightest R-parity odd state with ZE

2 ¼ þ1, i.e., �0
1, tends to

be substantially lighter than the R-parity even exotic states.
As a result the lightest neutralino state �0

1 is a natural

candidate for a cold component of dark matter in these
models.
In the neutralino sector of the E6SSM there are two extra

neutralinos besides the four MSSM ones. One of them is an
extra gaugino ~B0 coming from the Z0 vector supermultiplet.

The other one is an additional singlino ~Swhich is a fermion
component of the SM singlet superfield S. Extra neutrali-

nos form two eigenstates ð ~B0 � ~SÞ= ffiffiffi
2

p
with masses around

MZ0 [32]. Since LHC experiments set a very stringent
lower bound on the mass of the Z0 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 E6SSM, that determine the
composition of �0

1 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 E6SSM, like in the MSSM, the lightest neutralino �0

1

can give a substantial contribution to the relic density
which is in agreement with the measured abundance of
cold dark matter �CDMh

2 ¼ 0:1099� 0:0062 [86].
In the E6SSM the lightest inert neutralino can account

for all or some of the observed cold dark matter relic
density if �0

1 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 jm ~H0

1
j 
 MZ the lightest inert neutralino states

are almost inert singlinos and the couplings of ~H0
1 to gauge

bosons, Higgs states, quarks (squarks) and leptons
(sleptons) are quite small, leading to a relatively small
annihilation cross section for ~H0

1
~H0
1 ! 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
jm ~H0

1;2
j 
 MZ gives rise to a relic density which is typi-

cally much larger than its measured value.7

Because the scenarios with jm ~H0
1;2
j �MZ=2 imply that

the couplings of ~H0
1 and

~H0
2 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 ~H0

1 and
~H0
2 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 E6 inspired SUSY models is almost the
same as in the MSSM. Therefore the evidence for the
Higgs boson recently presented by ATLAS [90] and

7When f�	, ~f�	 ! 0 the masses of ~H0
1 and ~H0

2 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�	 � ~f�	 � 10�5.

Such small values of the Yukawa couplings f�	 and ~f�	
result in extremely light inert neutralino states ~H0

1 and
~H0
2

which are basically inert singlinos. These states have
masses of about 1 eV. Since ~H0

1 and ~H0
2 are so light and

absolutely stable they form hot dark matter in the
Universe.8 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 Z0 boson is sufficiently heavy the
presence of such light inert neutralinos does not affect big
bang nucleosynthesis [88]. When the masses of ~H0

1 and
~H0
2

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

�NLES � 8�2

f2MNLES

; (71)

where f�	 � ~f�	 � f and MNLES is the mass of the next-

to-lightest exotic state. Assuming that MNLES � 1 TeV we

get �NLES � 10�15 s. With increasing f�	 and ~f�	 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.

B. LHC signatures

We can now turn to the possible collider signatures of
the E6 inspired SUSY models with exact custodial ~ZH

2

symmetry. The presence of the Z0 boson and exotic mul-
tiplets of matter in the particle spectrum is a very peculiar
feature that may permit us to distinguish the considered E6

inspired SUSY models from the MSSM or NMSSM.
Although the masses of the Z0 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 Hu, Hd and S
are determined by the corresponding soft scalar masses.
Since naturalness arguments favor SUSY models with
Oð1 TeVÞ soft SUSY breaking terms the VEV s is
expected to be of the order of 1–10 TeV. On the other

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 �i and �� whereas
the gauge coupling unification implies that g01ðqÞ ’ g1ðqÞ.
As a consequence the Z0 boson and exotic states are
expected to have masses below 10 TeV.9

Collider experiments and precision EW tests set strin-
gent limits on the mass of the Z0 boson and Z� Z0 mixing.
The direct searches at the Fermilab Tevatron (p �p ! Z0 !
lþl�) exclude Z0, which is associated with Uð1ÞN , with a
mass below 892 GeV [9].10 Recently ATLAS and CMS
experiments ruled out E6 inspired Z0 with masses lower
than 2–2.15 TeV [81]. The analysis performed in Ref. [94]
revealed that the Z0 boson in the E6 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
MZ0 & 22:5 TeV [95]. The precision EW tests bound the
Z� Z0 mixing angle to be around ½�1:5; 0:7� � 10�3 [96].
Possible Z0 decay channels in E6 inspired supersymmetric
models were studied in Refs. [9,28]. The potential influ-
ence of gauge kinetic mixing on Z0 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
leptons 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

8In the context of E6 inspired SUSY models warm dark matter
was recently discussed in Ref. [92].

9Note that the effective � term (� ¼ �ffiffi
2

p s) can be substantially
smaller than the masses of the exotic quark and inert Higgsino
states because coupling � can be considerably smaller than the
Yukawa couplings �� and �i that determine the masses of these
states. Indeed, in the considered E6 inspired models there is no
relation between � and other Yukawa couplings (see discussion
in Sec. II).
10A slightly weaker lower bound on the mass of the Z0

N boson
was obtained in Ref. [93].
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case of the E6 inspired SUSY models considered here.
Since ZE

2 symmetry is conserved every interaction vertex
contains an even number of exotic states. As a consequence
each exotic particle must eventually decay into a final state
that contains at least one lightest 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 ZE

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

In this context let us consider the production and sequen-
tial decays of the lightest exotic quarks at the LHC first.
Because D and �D states are odd under the ZE

2 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 gDijðQiL4Þ �Dj

and hEi�e
c
i ðHd

�L4Þ in the superpotential (14). These opera-
tors ensure that the lightest exotic quarks decay into

D ! uiðdiÞ þ ‘ð�Þ þ Emiss
T þ 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‘þ‘� þ Emiss

T þ X if
they are relatively light. In scenario B the decays of the
lightest exotic quarks are induced by the operators
gqij �Did

c
4u

c
j and h

D
ijd

c
4ðHd

i QjÞ. As a consequence the lightest
diquarks decay into

D ! uci þ dcj þ Emiss
T þ X;

where X again can contain charged leptons that may come
from the decays of intermediate states. In this case the
presence of lightD fermions in the particle spectrum could
result in an appreciable enhancement of the cross section
pp ! jjjjþ Emiss

T þ 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 E6SSM 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

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 ! uiðdiÞ þ ‘ð�Þ þ Emiss
T þ X;

if the exotic squark is a scalar leptoquark, or

~D ! uci þ dcj þ Emiss
T þ X;

if it is a scalar diquark. Due to the ZE
2 symmetry conser-

vation Emiss
T 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 ZE

2 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‘þ‘� þ Emiss

T þ X if ~D is a
scalar leptoquark or pp ! jjjjþ Emiss

T þ 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 ! jjjjþ Emiss

T þ X. In this context the presence
of additional charged leptons in X can play an important
role, leading to characteristic signatures such as ‘þ‘� 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 ZE

2 symmetry mainly couple
to the third generation fermions and sfermions.11 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 ! t�t‘þ‘� þ Emiss

T þ X or
pp ! t�tb �bþ Emiss

T þ X.
Here it is worthwhile to point out that the collider

signatures associated with the light scalar leptoquarks or
diquarks in the considered E6 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

11This possibility was discussed at length in Refs. [32–34,39].
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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 E6 inspired SUSY models
considered here the ZE

2 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.12

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 D �D ~D ~�D in the
corresponding final state. The sequential decays of exotic
quarks and squarks give rise to the enhancement of either
pp ! 4‘þ 4jþ Emiss

T þ X if exotic color states are lep-
toquarks or pp ! 8jþ Emiss

T þ 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-off-diagonal couplings �gij of gluinos to Di

and ~Dj (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
�gij are relatively small, i.e., �gij * 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 E6 inspired SUSY
models considered here are related to the presence of
vectorlike states dc4 and �dc4 as well as L4 and �L4. In the

case of scenario B the fermionic components of the super-
multiplets dc4 and

�dc4 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 dc4 and

�dc4 are odd under
the ZE

2 symmetry the decays of the corresponding quarks

(d4) and squarks (~d4) must always lead to the missing
energy in the final state. In the limit when the lightest

exotic color states include d4 and/or ~d4 whereas all other
exotic states and sparticles are much heavier, the operators
hDijd

c
4ðHd

i QjÞ give rise to the following decay modes of d4
and ~d4:

d4 ! qi þ Emiss
T þ X; ~d4 ! di þ Emiss

T þ X;

where qi 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 d4
should contain the lightest neutralino and the lightest inert
neutralino to ensure the conservation of R parity and ZE

2

symmetry. Again due to the ZE
2 symmetry conservation d4

and ~d4 can only be pair produced at the LHC resulting in an

enhancement of pp ! jjþ Emiss
T þ X. If d4 and ~d4 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 E6 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
E6 inspired SUSY models from the simplest SUSY exten-
sions of the SM.
In the case of scenario A the fermionic components of

the supermultiplets L4 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 ( ~L4) and fermionic (L4)
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 L4

and/or ~L4 are induced by the operators hEi�e
c
i ðHd

�L4Þ. As a
consequence the decays of L4 and/or ~L4 always lead to
either the � lepton or electron/muon as well as missing
energy in the final state. In the case of ~L4 decays the
missing energy in the final state can be associated with
only one lightest inert neutralino whereas the final state of
the L4 decays must contain at least one lightest inert
neutralino and one lightest ordinary neutralino to ensure
the conservation of R parity and ZE

2 symmetry. More
efficiently L4 and/or ~L4 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 �� is rather small. On the other hand if at least one
coupling �� is large it can induce a large mixing in the inert

12Novel gluino decays in the E6 inspired models were recently
considered in Ref. [101].
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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 ZE

2 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 Hu, Hd and S acquire
VEVs at low energies, there are serious reasons to believe
that the Z0 boson and all exotic states from three complete
27i representations of E6 have masses below 10 TeV.
However the situation may change dramatically when ~ZH

2

even superfield �S survives to low energies. In order to
demonstrate this, let us consider a simple toy model, where
Uð1ÞN 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 �SS �S,
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 ¼ ðm2
S þ�2

SÞjSj2 þ ðm2
�S
þ�2

SÞj �Sj2

þ ðBS�SS �Sþ H:c:Þ þQ2
Sg

02
1

2
ðjSj2 � j �Sj2Þ2; (72)

where m2
S, m

2
�S
and BS are soft SUSY breaking parameters

and QS is a Uð1ÞN charge of the SM singlet superfields S.
The last term in Eq. (72), which is the Uð1ÞN D-term
contribution to the scalar potential, forces the minimum
of the corresponding potential to be along the D-flat di-
rection hSi ¼ h �Si. Indeed, in the limit hSi ¼ h �Si the quartic
terms in the potential (72) vanish. In the considered case
the scalar potential (72) remains positive definite only if
ðm2

S þm2
�S
þ 2�2

S � 2jBS�SjÞ> 0. Otherwise physical

vacuum becomes unstable, i.e., hSi ¼ h �Si ! 1.
The scalar potential can be easily stabilized if bilinear

term �SS �S in the superpotential is replaced by

WS ¼ �0
~�S �Sþ fð ~�Þ; (73)

where ~� is a ~ZH
2 even superfield that does not participate in

the SUð3ÞC � SUð2ÞW �Uð1ÞY �Uð1Þc �Uð1Þ� gauge

interactions. When �0 is small (i.e., �0 
 0:1) the Uð1ÞN
D-term contribution to the scalar potential still forces the
minimum of the scalar potential to be along the nearly
D-flat direction if m2

S þm2
~S
< 0. This condition can be

satisfied because sufficiently large values of �i affect the
evolution ofm2

S rather strongly, resulting in negative values

ofm2
S at low energies [39]. If m2

S þm2
~S
< 0 and �0 is small

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

h ~�i � hSi ’ h �Si �MSUSY=�0; (74)

where MSUSY is a supersymmetry breaking scale. If
�0 ’ 10�3–10�4 the VEVs of the SM singlet superfields
S and �S are of the order of 103 to 104 TeV even when
MSUSY � 1 TeV. So large VEV of the superfield S may
give rise to the extremely heavy spectrum of exotic parti-
cles and Z0. This can lead to the MSSM type of particle
spectrum at the TeV scale.
Nevertheless even in this case the broken Uð1ÞN sym-

metry leaves its imprint on the MSSM sfermion mass
spectrum. Since m2

S � m2
~S
the VEVs of the SM singlet

superfields S and �S deviate from the D-flat direction

Q2
Sg

02
1 ðhSi2 � h �Si2Þ ’ m2

�S
�m2

S: (75)

As a consequence all sfermions receive an additional con-
tribution to the mass that comes from the Uð1ÞN D-term
quartic interactions in the scalar potential [102]. This
contribution �i is proportional to the Uð1ÞN charge of the
corresponding sfermion Qi, i.e.,

�i ¼ g021
2
ðQ1v

2
1 þQ2v

2
2 þ 2QSðhSi2 � h �Si2ÞÞQi

¼ M2
0

ffiffiffiffiffiffi
40

p
Qi; (76)

where Q1 and Q2 are the Uð1ÞN charges of Hd and Hu.
Thus for the superpartners of the first and second genera-
tion quarks and leptons one finds

m2
~dLi

’ m2
Qi

þ
�
� 1

2
þ 1

3
sin2�W

�
M2

Z cos2	þM2
0;

m2
~uLi

’ m2
Qi

þ
�
1

2
� 2

3
sin2�W

�
M2

Z cos2	þM2
0;

m2
~uRi

’ m2
uci
þ 2

3
M2

Zsin
2�W cos2	þM2

0;

m2
~dRi

’ m2
dci
� 1

3
M2

Zsin
2�W cos2	þ 2M2

0;

m2
~eLi

’ m2
Li
þ
�
� 1

2
þ sin2�W

�
M2

Z cos2	þ 2M2
0;

m2
~�i
’ m2

Li
þ 1

2
M2

Z cos2	þ 2M2
0;

m2
~eRi

’ m2
eci
�M2

Zsin
2�W cos2	þM2

0:

VI. CONCLUSIONS

In this paper we have considered the E6 inspired SUSY
models in which a single discrete ~ZH

2 symmetry forbids
the tree-level flavor changing transitions and baryon num-
ber violating operators. We assumed that the breakdown of
E6 symmetry or its subgroup lead to the rank-6 SUSY
models below the GUT scale MX. These models are based
on the SM gauge group together with extra Uð1Þc and
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Uð1Þ� gauge symmetries. We also allow three copies of 27i
representations of E6 to survive below the scaleMX so that
anomalies get canceled generation by generation. If extra
exotic states from 27i-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 ~ZH

2 discrete symmetry.

We assumed that all matter superfields, that fill in complete
27i representations of E6, are odd under this discrete
symmetry. Thus ~ZH

2 symmetry is defined analogously to

the matter parity ZM
2 in the simplest SUð5Þ SUSY GUTs,

that lead to the low energy spectrum of the MSSM.
In addition to three complete fundamental representa-

tions of E6 we further assumed the presence of Ml and �Ml

supermultiplets from the incomplete 270l and 270l represen-
tation just below the GUT scale. Because multipletsMl and
�Ml have opposite Uð1ÞY , Uð1Þc and Uð1Þ� charges their

contributions to the anomalies get canceled identically. As
in the MSSM we allowed the set of multiplets Ml to be
used for the breakdown of gauge symmetry and therefore
assumed that all multiplets Ml are even under ~ZH

2 symme-

try. In order to ensure that the SUð2ÞW �Uð1ÞY �
Uð1Þc �Uð1Þ� symmetry is broken down to Uð1Þem asso-

ciated with the electromagnetism, the set of multiplets Ml

should involve Hu, Hd, S and Nc
H.

We argued that Uð1Þc �Uð1Þ� gauge symmetry can be

broken by the VEVs of Nc
H and �Nc

H down to Uð1ÞN � ZM
2

because matter parity is a discrete subgroup of Uð1Þc and

Uð1Þ�. Such a breakdown of Uð1Þc and Uð1Þ� gauge

symmetries guarantees that the exotic states which origi-
nate from 27i representations of E6 as well as ordinary
quark and lepton states survive to low energies. On the
other hand the large VEVs of Nc

H and �Nc
H 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 Uð1Þc �Uð1Þ� symmetry is

broken down to Uð1ÞN � ZM
2 just below the GUT scale.

The ~ZH
2 symmetry allows the Yukawa interactions in the

superpotential that originate from 270l � 270m � 270n and

270l � 27i � 27k. Since the set of multiplets Ml contains

only one pair of doublets Hd and Hu the ~ZH
2 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
~ZH
2 even supermultipletsMl involve onlyHu,Hd, S andNc

H

then the lightest exotic quarks are extremely long-lived
particles because ~ZH

2 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 Ml in the phenomenologically
viable E6 inspired SUSY models should be supplemented
by some components of 27-plet that carry SUð3ÞC color or
lepton number.

In this work we required that extra matter beyond the
MSSM fill in complete SUð5Þ 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 ~ZH

2 even supermultiplets
Ml involves lepton superfields L4. To ensure the unification
of gauge couplings we assumed that �Hu and �Hd are odd
under the ~ZH

2 symmetry whereas supermultiplet �L4 is even.

Then �Hu and �Hd from the 270l get combined with the
superposition of the corresponding components from 27i
so that the resulting vectorlike states gain masses of the
order ofMX. In contrast, L4 and �L4 should form vectorlike
states at low energies, facilitating the decays of exotic
quarks. The superfield �S can be either odd or even under
the ~ZH

2 symmetry. The bosonic and fermionic components

of �Smay 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 Ml together with Hu, Hd, S and Nc

H contains an
extra dc4 supermultiplet. Because in this scenario B the ~ZH

2

even supermultiplets dc4 and
�dc4 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
SUð5Þ representations �Hu and �Hd should survive to the
TeV scale as well. Again we assumed that �Hu and �Hd are
odd under the ~ZH

2 symmetry so that they can get combined

with the superposition of the corresponding components
from 27i, forming vectorlike states at low energies. As in
the case of scenario A the superfield �S can be either even or
odd under the ~ZH

2 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 ð� 2

3Þ.
The gauge group and field content of the E6 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 SUð5Þ �Uð1Þ� �Uð1Þc SUSY GUT model

in 5D compactified on the orbifold S1=ðZ2 � Z0
2Þ. At low

energies this model may lead to scenarios A and B.We also
considered E6 gauge theory in 6D compactified on the
orbifold T2=ðZ2 � ZI

2 � ZII
2 Þ 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 MX � 1=R is larger than
1:5� 1016 to 2� 1016 GeV.
We examined the RG flow of gauge couplings from

MZ to MX 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 �3ðMZÞ consistent with the
central measured low energy value. This was already
established in the case of the SUSY model with extra
Uð1ÞN gauge symmetry and low energy matter content
that involves three 27-plets of E6 as well as L4 and �L4

[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 �S
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 �3ðMZÞ & 0:112. As before the
inclusion of extra S and �S superfields does not much
change the RG flow of �iðtÞ and therefore does not
improve gauge coupling unification. However the relative
discrepancy of �iðMXÞ is about 10%. At the same time the
orbifold GUT framework does not imply the exact gauge
coupling unification near the scale MX � 1=R because of
the brane contributions to the gauge couplings. Therefore
relative discrepancy of 10% between �iðMXÞ should
probably not be considered as a big problem.

Finally we also discussed the cosmological implications
and collider signatures of the E6 inspired SUSY models
discussed above. As it was mentioned the low energy
effective Lagrangian of these models is invariant under
both ZM

2 and ~ZH
2 symmetries. Since ~ZH

2 ¼ ZM
2 � ZE

2 the

ZE
2 symmetry associated with exotic states is also con-

served. As a result the lightest exotic state, which is odd
under the ZE

2 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 ZM

2 symmetry conservation implies that R
parity is conserved. Because the lightest inert neutralino
~H0
1 is also the lightest R-parity odd state either the lightest

R-parity even exotic state or the lightest R-parity odd state
with ZE

2 ¼ þ1 must be absolutely stable. Most commonly

the second stable state is the lightest ordinary neutralino �0
1

(ZE
2 ¼ þ1). Both stable states are natural dark matter

candidates in the considered E6 inspired SUSY models.
When jm ~H0

1
j 
 MZ 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
~H0
1
~H0
1 ! SM particles. As a consequence the cold dark

matter density is much larger than its measured value. In
principle, ~H0

1 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

usual SM-like Higgs boson decays more than 95% of the
time into either ~H0

1 or ~H0
2 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 E6 inspired SUSY models. The most spectacu-
lar LHC signals associated with these models may come
from the TeV scale exotic color states and Z0. The produc-
tion of the Z0 boson, that corresponds to the Uð1ÞN gauge
symmetry, should lead to an unmistakable signal of pp !
Z0 ! lþl� at the LHC. The ZE

2 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 uiðdiÞ þ ‘ð�Þ þ
Emiss
T þ X if the exotic quark (squark) is a leptoquark or

uci þ dcj þ Emiss
T þ X if the exotic quark (squark) is a

diquark. The ZE
2 symmetry conservation requires that

Emiss
T 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 ! jj‘þ‘� þ Emiss

T þ X or pp ! jjjjþ Emiss
T þ 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 ZE

2 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�t‘þ‘� þ Emiss

T þ X or
pp ! t�tb �bþ Emiss

T þ X.
Our consideration indicates that ~D scalars in the consid-

ered E6 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 ZE

2 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 D �D ~D ~�D in the final
state. The sequential decays of D fermions and ~D scalars
give rise to the enhancement of either pp ! 4‘þ 4jþ
Emiss
T þ X or pp ! 8jþ Emiss

T þ X.
In scenario B the fermionic components of the super-

multiplets dc4 and
�dc4 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 qi þ Emiss

T þ X
where qi can be either an up-type or down-type quark. This
may lead to an enhancement of pp ! jjþ Emiss

T þ X.
The discovery of Z0 and new exotic particles predicted

by the E6 inspired SUSYmodels considered here will open

a new era in elementary particle physics. This would not
only represent a revolution in particle physics, but would
also point towards an underlying E6 gauge structure at high
energies.

ACKNOWLEDGMENTS

R.N. thanks X. Tata for sharing his valuable ideas in
connection with this work. R. N. acknowledges fruitful
discussions with S. F. King, J. Kumar, S. Moretti, S.
Pakvasa and T. Rizzo. R. N. is also grateful to P. Athron,
J. Bjorken, K. R. Dienes, J. Hewett, S. Kraml, D. J. Miller,
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[94] M. Cvetič and S. Godfrey, arXiv:hep-ph/9504216;
A. Leike, Phys. Rep. 317, 143 (1999); J. Kang and
P. Langacker, Phys. Rev. D 71, 035014 (2005).

[95] M. Dittmar, A. S. Nicollerat, and A. Djouadi, Phys. Lett. B
583, 111 (2004).

[96] J. Erler, P. Langacker, S. Munir, and E. R. Pena, J. High
Energy Phys. 08 (2009) 017.

[97] T.G. Rizzo, Phys. Rev. D 85, 055010 (2012).
[98] G. Aad et al. (ATLAS Collaboration), Phys. Lett. B 709,

158 (2012); 711, 442(E) (2012); G. Aad et al. (ATLAS
Collaboration), Eur. Phys. J. C 72, 2151 (2012).

[99] S. Chatrchyan et al. (CMS Collaboration), Phys. Rev. D
86, 052013 (2012).

[100] G. Aad et al. (ATLAS Collaboration), Phys. Lett. B 708,
37 (2012).

[101] A. Belyaev, J. P. Hall, S. F. King, and P. Svantesson, Phys.
Rev. D 86, 031702 (2012).

[102] C. F. Kolda and S. P. Martin, Phys. Rev. D 53, 3871
(1996).

E6 INSPIRED SUPERSYMMETRIC MODELS WITH . . . PHYSICAL REVIEW D 87, 015029 (2013)

015029-33

http://dx.doi.org/10.1016/j.nuclphysb.2007.06.028
http://dx.doi.org/10.1088/1126-6708/2007/09/113
http://dx.doi.org/10.1103/PhysRevD.77.046013
http://dx.doi.org/10.1103/PhysRevD.77.046013
http://dx.doi.org/10.1103/PhysRevLett.32.438
http://dx.doi.org/10.1016/0370-2693(79)90476-3
http://dx.doi.org/10.1016/0370-2693(79)90842-6
http://dx.doi.org/10.1103/PhysRevLett.68.1984
http://dx.doi.org/10.1103/PhysRevLett.68.1984
http://dx.doi.org/10.1103/PhysRevD.45.4192
http://dx.doi.org/10.1103/PhysRevD.45.4192
http://dx.doi.org/10.1016/S0370-2693(01)00946-7
http://dx.doi.org/10.1016/S0370-2693(01)00946-7
http://dx.doi.org/10.1016/S0370-2693(01)01430-7
http://dx.doi.org/10.1103/PhysRevD.66.024025
http://dx.doi.org/10.1016/S0550-3213(02)00976-8
http://dx.doi.org/10.1016/S0550-3213(02)00976-8
http://dx.doi.org/10.1103/PhysRevD.68.105002
http://dx.doi.org/10.1103/PhysRevD.68.105002
http://dx.doi.org/10.1142/S0217751X04018518
http://dx.doi.org/10.1142/S0217751X04018518
http://dx.doi.org/10.1016/0370-2693(79)90477-5
http://dx.doi.org/10.1016/0370-2693(79)90477-5
http://dx.doi.org/10.1103/PhysRev.177.2426
http://dx.doi.org/10.1103/PhysRev.182.1517
http://dx.doi.org/10.1007/BF02823296
http://dx.doi.org/10.1103/PhysRevD.65.025017
http://dx.doi.org/10.1103/PhysRevD.65.025017
http://dx.doi.org/10.1088/1126-6708/2007/03/083
http://dx.doi.org/10.1088/1126-6708/2007/03/083
http://dx.doi.org/10.1016/0370-2693(84)91565-X
http://dx.doi.org/10.1016/0370-2693(84)91565-X
http://dx.doi.org/10.1103/PhysRevLett.87.031801
http://dx.doi.org/10.1103/PhysRevLett.87.031801
http://dx.doi.org/10.1016/S0550-3213(02)00016-0
http://dx.doi.org/10.1103/PhysRevD.54.4635
http://dx.doi.org/10.1103/PhysRevD.54.4635
http://dx.doi.org/10.1103/PhysRevD.59.055017
http://dx.doi.org/10.1103/PhysRevD.59.055017
http://dx.doi.org/10.1103/PhysRevD.59.015020
http://dx.doi.org/10.1016/0370-2693(95)00965-N
http://dx.doi.org/10.1016/0370-2693(82)90693-1
http://dx.doi.org/10.1016/0370-2693(82)90693-1
http://dx.doi.org/10.1016/0550-3213(83)90407-8
http://dx.doi.org/10.1016/0550-3213(93)90161-H
http://dx.doi.org/10.1016/0550-3213(93)90161-H
http://dx.doi.org/10.1016/0370-2693(95)00207-2
http://dx.doi.org/10.1016/0370-2693(95)00207-2
http://dx.doi.org/10.1103/PhysRevD.52.3081
http://dx.doi.org/10.1103/PhysRevD.47.4028
http://dx.doi.org/10.1016/0550-3213(92)90302-R
http://dx.doi.org/10.1016/0550-3213(92)90302-R
http://dx.doi.org/10.1103/PhysRevD.47.1093
http://dx.doi.org/10.1103/PhysRevD.49.1454
http://dx.doi.org/10.1016/j.physletb.2004.01.083
http://dx.doi.org/10.1016/j.physletb.2006.03.028
http://dx.doi.org/10.1016/j.physletb.2012.06.051
http://dx.doi.org/10.1016/j.physletb.2012.06.051
http://dx.doi.org/10.1134/1.1342876
http://dx.doi.org/10.1134/1.1342876
http://dx.doi.org/10.1134/1.1451944
http://dx.doi.org/10.1134/1.1451944
http://dx.doi.org/10.1016/j.nuclphysb.2003.12.021
http://dx.doi.org/10.1016/j.nuclphysb.2003.12.021
http://dx.doi.org/10.1103/PhysRevD.63.055003
http://dx.doi.org/10.1103/PhysRevD.63.055003
http://arXiv.org/abs/hep-ph/0309143
http://arXiv.org/abs/hep-ph/0309143
http://dx.doi.org/10.1016/j.physletb.2008.02.050
http://dx.doi.org/10.1016/j.physletb.2008.02.050
http://arXiv.org/abs/0710.2550
http://arXiv.org/abs/0810.0511
http://dx.doi.org/10.1088/0067-0049/180/2/306
http://dx.doi.org/10.1088/0067-0049/180/2/306
http://dx.doi.org/10.1088/1126-6708/2009/08/088
http://dx.doi.org/10.1088/1126-6708/2009/08/088
http://dx.doi.org/10.1007/JHEP06(2011)006
http://dx.doi.org/10.1007/JHEP06(2011)006
http://dx.doi.org/10.1016/S0370-2693(96)01667-X
http://dx.doi.org/10.1016/S0370-2693(96)01667-X
http://dx.doi.org/10.1016/j.physletb.2012.08.020
http://dx.doi.org/10.1016/j.physletb.2012.08.020
http://dx.doi.org/10.1016/j.physletb.2012.08.021
http://dx.doi.org/10.1016/j.physletb.2012.08.021
http://dx.doi.org/10.1088/1475-7516/2012/08/016
http://dx.doi.org/10.1088/1475-7516/2012/08/016
http://dx.doi.org/10.1007/JHEP11(2011)076
http://dx.doi.org/10.1007/JHEP11(2011)076
http://arXiv.org/abs/hep-ph/9504216
http://dx.doi.org/10.1016/S0370-1573(98)00133-1
http://dx.doi.org/10.1103/PhysRevD.71.035014
http://dx.doi.org/10.1016/j.physletb.2003.09.103
http://dx.doi.org/10.1016/j.physletb.2003.09.103
http://dx.doi.org/10.1088/1126-6708/2009/08/017
http://dx.doi.org/10.1088/1126-6708/2009/08/017
http://dx.doi.org/10.1103/PhysRevD.85.055010
http://dx.doi.org/10.1016/j.physletb.2012.02.004
http://dx.doi.org/10.1016/j.physletb.2012.02.004
http://dx.doi.org/10.1016/j.physletb.2012.03.023
http://dx.doi.org/10.1140/epjc/s10052-012-2151-6
http://dx.doi.org/10.1103/PhysRevD.86.052013
http://dx.doi.org/10.1103/PhysRevD.86.052013
http://dx.doi.org/10.1016/j.physletb.2012.01.035
http://dx.doi.org/10.1016/j.physletb.2012.01.035
http://dx.doi.org/10.1103/PhysRevD.86.031702
http://dx.doi.org/10.1103/PhysRevD.86.031702
http://dx.doi.org/10.1103/PhysRevD.53.3871
http://dx.doi.org/10.1103/PhysRevD.53.3871

