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We report the most general expression for the chiral charges of a Z’ gauge boson coming
from an FEjg unification model, as a function of the electroweak parameters and the
charges of the U(1) factors in the chain of subgroups. These charges are valid for an
arbitrary Higgs sector and only depend on the branching rules of the Fg fundamental
representation and the corresponding rules for the fermionic representations of their
subgroups. By assuming Eg unification, the renormalization group equations (RGE)
allow us to calculate the electroweak parameters at low energies for most of the chains of
subgroups in Eg. From RGE and unitary conditions, we show that at low energies there
must be a mixing between the gauge boson of the standard model hypercharge and the
Z'. From this, it is possible to delimit the preferred region in the parameter space for
a breaking pattern in Eg. In general, without unification, it is not viable to determine
this region; however, for some models and under certain assumptions, it is possible to
limit the corresponding parameter space. By using the most recent upper limits on the
cross-section of extra gauge vector bosons Z’ decaying into dileptons from the ATLAS
data at 13 TeV with accumulated luminosities of 36.1 fb~! and 13.3 fb—!, we report the
95% C.L. lower limits on the Z’ mass for the typical Eg benchmark models. We also
show the contours in the 95% C.L. of the Z’ mass bounds for the entire parameter space
of Eg.
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1. Introduction

From a group theory point of view, there are several ways to break the Eg symme-
try down to the standard model (SM) one. Although some of the breaking patterns
have been explored in the literature so far, a systematic study of the phenomenol-
ogy for all the alternative ways has not been done as far as we know. In general,
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intricate models are not appealing. A way to look for new models with a moderate
fermion content is to consider alternative versions of the models already known in
the literature.' '© Our work represents a first step in this direction. One of the first
alternative models was “flipped SU(5)”,1!1 which produces a symmetry breaking
for SO(10) down to SU(5) ® U(1), where the U(1) factor contributes to the elec-
tric charge, and as such, its basic predictions for sin? @y and the proton decay are
known to be different from those of SU(5).! An alternative model for the flipped
SU(5) is SO(10) ® U(1) N, where the right-handed neutrino has zero charge under
the U(1)n group allowing a Majorana mass term.>'2 The alternative versions of

413 a5 in the latter case,

the left-right model are also well known in the literature,
one of these models allows for a right-handed neutrino component effectively inert.*

The alternative models have been useful in the study of the grand unified theo-
ries (GUTs) phenomenology, for example, for the Eg subgroup SU(2) g @ SU(6) and
some of its three alternative versions, the gauge mediated proton decay operators
are suppressed at leading order due to the special placement of matter fields in the
unified multiplets.® 418

Heavy neutral gauge bosons are a generic prediction of many types of new physics
beyond the SM. In addition, these extra U(1)" symmetries serve as an important
model-building tool*® (for example, to suppress strongly constrained processes) giv-
ing rise, after spontaneous U(1) symmetry breaking, to physical Z’ vector bosons.
Thus, with the upgrade of the luminosity and the energy of the LHC, there exists
a real possibility for the on-shell production of a Z’ boson.?% 2!

All representations of the Eg gauge group?? 23 are anomaly-free and the funda-
mental 27-dimensional representation is chiral and can accommodate a full SM
fermion generation. As a consequence, Eg-motivated Z’' bosons arise naturally
in many popular extensions of the SM,220:24;
up constructions. Some of the FEg subgroups, such as the original unification
groups SU(5) and SO(10), and the gauge group of the left-right symmetric mod-
els SU(4)c @ SU(2)r, ® SU(2)rR, play central roles in some of the best motivated
extensions of the SM. Furthermore, the complete Fg-motivated Z’ family of mod-

25 both in top-down and bottom-

els appears in a supersymmetric bottom-up approach exploiting a set of widely
accepted theoretical and phenomenological requirements.?® The one-parameter Z’
families in reference,?” denoted as 10 + 25, d — zu and ¢ + zu, where 10 and 5 are
SU(5) representations, can also be discussed within the Eg framework.?®

For all these reasons there is an expectation that an Fg Yang-Mills theory,
or a subgroup of Fg containing the SM in a non-trivial way, might be part of a
realistic theory.? If a heavy vector boson is seen at the LHC or at an even more
energetic collider in the future, aspects of the Eg symmetry group will be central
to the discussion of what this resonance might be telling us about the fundamental
principles of nature.

The discrimination between Z’ models could be challenging at the LHC due to
the small number of high resolution channels at hadron colliders. Another reason
why the determination of the underlying symmetry structure is not straightforward
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is that the mass eigenstate of the Z’ is, in general, a linear combination of some of
the underlying Z’ charges with the ordinary Z boson of the SM. Hence, it is useful
to reduce the theoretical possibilities or at least to have a manageable setup. This
work represents an attempt in this direction and serves to spotlight a few tens of
models in the two-dimensional space of Fg-motivated Z’ models.

All the Eg breaking patterns and branching rules have been tabulated in Ref.?*
In references®” all the chains of subgroups were tabulated. The aim of the present
work is to set the impact of the latest LHC constraints on the possible embeddings
of the SM in the subgroups of Fs.

It is important to remark that many interesting phenomenological models appear
in a natural way in Eg breaking patterns, such as the proton-phobic, Z,, neutron-
phobic, Zy, (vector bosons which at zero momentum transfer do not couple to
protons and neutrons, respectively), leptophobic Zj, (with zero couplings to leptons)
and vector bosons from supersymmetric models, as for example the Zy model,> !2
etc. We will show a more complete list later.

The study reported here is a continuation of the analysis started in Ref.” where
the quantum numbers of the abelian gauge groups in alternative chains of subgroups
of Eg were calculated. Several of the subgroups shown there are well known in the
literature; however, as far as we know, the phenomenology of many of these models
have not been studied. Of particular importance for the electroweak constraints
are the Z’ chiral charges of the SM fermions which depend on the chosen chain of
subgroups. In the present work, we show the general expression for these charges and
determine the preferred region in the parameter space for some breaking patterns.
We also establish that the mixing between the Z’ charges and the SM hypercharge
is a measure of the deviation of the parameter space at low energies respect to their
unification values. We demonstrate that the presence of this mixing stems from the
gauge coupling splitting at low energies.

The paper is organized as follows: In Section 2 we derive general expressions
for the electroweak (EW) charges of a Z’ in Eg as a function of the mixing angles
and the charges of an arbitrary U(1) in Eg. In section 3 we show that even for a
group with orthonormal charges at low energies there is a kinetic mixing due to
the splitting of the gauge coupling constants. In section 4 we revise the existing
literature about models based on Eg subgroups and their embeddings. By assuming
Es unification the renormalization group equations (RGE) allow us to determine the
parameter space of the Z’ associated with some of these models. For this purpose,
we take the expressions for the mass scales and couplings of the Robinett and
Rosner (RR) work.? In this section, we also point out the existence of non-trivial
models which, to the best of our knowledge, have not been studied in the literature.
In section 5 we delimit the parameter space when we put aside the unification
hypothesis as it usually happens for effective models at low energies. In section 6 the
95% C.L. exclusion limits on the neutral boson masses for the entire Eg-motivated
Z' parameter space are shown.
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2. General expressions

Owing to the fact that the rank of Fg is 6, for chains of subgroups with regular
embeddings (those preserving the rank) the most general form of the group associ-
ated with the low-energy effective model is*2% SU(3)c ® SU(2)r ® [, U(1),, with
Kk = a, b, c; where the U(1) factors come from the chains of subgroups of Fg. In order
to reproduce the SU(3)c ® SU(2);, ® U(1l)y symmetry of the SM it is necessary
that the SM hypercharge Y be a linear combination of the U (1), charges Q. If ¢ is
the SU(2), coupling constant and A%, the gauge boson associated with the third
component of the weak isospin, then the neutral current Lagrangian Ly¢ for the
most general case is

—Lnc :gJ;éLLASL,u+gaJ5Aa,u+ngélAby+gcJ(fLAc;L ) (1)

where g, and A represent the gauge coupling constant and the gauge field asso-
ciated with the U,(1) symmetry, respectively. The fermion currents J* are given
by

JE=> T ()P + €5(f) Prlf, (2)
f

where f runs over all fermions in the 27 representation of FEg, which is the
fundamental representation. The chirality projectors are defined as usual i.e.,
Prr = (14++°)/2 and frr = Prrf. The chiral charges are e1(f) = Qx(fL)
and er(f) = —Qx(f5). The U(1), charges satisfy the Eg normalization condition
Zfew Q2(f) = 3 (see Table 3 in appendix Appendix D). As a consequence of this,
the electric charge operator Q.. is given by

5
Qem = T3 +Y = T3 + \/;Q}E/G )

where T3 is the third component of weak isospin and Qgﬁ is the Fg normalized SM
hypercharge.

By means of an orthogonal transformation O we can pass from the gauge inter-
action basis to the basis in which one of the fields can be identified with the SM
hypercharge B* associated with the U(1)y symmetry. If we define such a rotation

through 2
AL AL, 10 0 0 AL,
AZ‘ —0 B* _ 0 011 012 013 B# (3)
A;: o AL o 0 021 022 023 Z'H ’
Aﬁ YA 0 031 032 033 A

@ The absence of mixing between AgL and the other fields is related to the strong constraints on
the Z and Z’ mixing angle by low energy experiments,? consequently, the only mixing between
the hypercharge and AgL is parametrized by the Weinberg angle 6y .
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then the Lagrangian (1) can be written as
—Lync = ngLABLﬂ + gy Ji¥B, + gz/Jg,Zl’L + gz//J“//Zl'L' . (4)

In order to keep invariant the Lagrangian, the currents must transform with the
same orthogonal matrix

gy Jy = 9aJiO11 + goJ{ Oa1 + geJU' O3 (5)
9z = gaJ} O12 + gvJ} O22 + gcJ!' O3, (6)
QZ//JZH = ganjOlg + ng[ﬁLOQg + gcJ#Ogg . (7)

The exact expression for the orthogonal matrix is given in appendix Appendix A.
In order to obtain the SM as an effective theory at low energies, the breaking
Ua(1) @ Up(1) @ U(1) — U(1)y must take place. If so, it is possible to find three
real coefficients k., k; and k. such that

5
Y = \/QQ}E/G :kaQa + kab + chc . (8)
From Egs. (2) and (8) we obtain for the currents the relation
Jy = ko Jl + ky JL + ke JE (9)

In Tables 4 to 7 (in appendix Appendix D) we have reported the values of k, for
the models considered in this work. By comparing Eq. (9) with Eq. (5), we get the
following expressions:

9a011 = kagy , 9021 = kvgy ,  9.031 = kegy (10)

which, along with the orthogonal condition OF; + 03, +03; = 1, impose a constraint
on the g4, g» and g. coupling constants, namely:

()G () -G w

From these expressions and the explicit form of the rotation matrix O (see Appendix
A) we get the Z’ chiral charges (see Appendix B)

gz,e{:R: Ap rcos@ + Bp psing , (12)
gzueg’/;% =—Ap psinf+ By pcosf , (13)
where
b
ge [ Ka€Lr 5, a
AL,R = dc ( B — ﬂkbEL,R> s (14)

Qe

ko€ o+ kpeb
Br.r =gy <””LRk + acez,R> : (15)
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and 6 is an angle of the rotation matrix O which can take any value between —m

. [k2 | k2 2 5
and 7. Here &, = g, &t g—g = \/g—g cot? Oy — k2, and 3 = Z—:. In order to have
a b

the chiral charges properly normalized in Fg we define

gz = Alé <cos2 092 (k2 + B*k3) — 2B(1 — 82)gegy kakpke cos O sin 0 (16)

(073
A 1/2
+ %93 ((k2 + k)k2 + &2) sin? 9) , (17)

which reduces to the Georgi-Glashow well known result \/égy = \/gg tan Oy for
ge = ga = gp- These charges reproduce the electroweak charges of trinification and
the left-right symmetric model which are well known in the literature (for additional
references look into our previous work'3). Since gz/€7 (0 +m/2) = gzuef:;%(HL the
parameter space associated with the Z” boson is the same as that of the Z/ boson.

3. Kinetic mixing from gauge coupling splitting

Because all the generators Qf; associated with the neutral currents can be diago-
nalized simultaneously the corresponding fields can be written as A* = ATS =
AMQ*(1)d;5, where Q®(7) stands for the charge of the i-fermion in the fundamental
representation. For these fields the most general lagrangian is given by
Tr[F,, F*] =Tr[Fy, T*F*T]
Fg, PN " Q(6)0:;Q0(4)85: =Ff, FM™* >~ Q(1)Q"(4). (18)

i,j i
When ¢ runs over the fermions in a multiplet of a simple group (or a semisim-
ple group that comes from the breaking of a simple Lie group) the charges are
orthonormal

D QRUNQ"E) =D e (i)e (i) = ap - (19)

i i
It is not possible to generate a kinetic mixing term to tree level because F*** trans-
forms with an orthogonal matrix; however, at low energies it is possible to generate
a kinetic mixing by one-loop corrections.?% 31733 Ag we will show, a source of kinetic
mixing at low energies is the splitting of the values of the coupling strengths. By
unitarity the currents should transform in the same way as the fields; if we trans-
form from the group basis to a basis where one of the fields corresponds to the

vector field associated with the SM hypercharge B, the corresponding expression
for the currents is

, T

gJéL g‘]iéfL Lo 0 0 ngL

gydy | _ oT gaJli | _ | 0011 O12 O13 9aJl (20)
gz JJ* g Jy 0 O21 O22 Oa3 g Jy

gz J'H geJ¥ 0 O31 O32 O33 geJ¥
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From the definitions gy J4 (f) = >, O1xguJE(f) , 92705 = >, OargrJa(f)*, and
the Eq. 2 we obtain the expressions

gyY = Z Oll’igmeﬁ(f) ) (21)
gzr€z =Y Ongre*(f) - (22)
B

By taking the dot product of the SM hypercharge gY and the Z’ charges gz €z we
obtain

oY gzer =Y gvY(fgzez(f)

fear

:Z Z O149r€" (f)O2agr€*(f) (23)
K, fE2T

=3 Z Olnogzgz ) (24)

where O is the rotation matrix (3). Here we made use of the Fg orthonormality
relation ) ooy e (f)er(f) = 30.x between the U(1), charges that come from a
chain of subgroups. By assuming that the three couplings are identical g, = g5 = gc
we obtain gyY - gz ez = 39> Do 01,.0T, = 392615 = 0, otherwise

Yoez = 3 Y(Pew(f) £0. (25)

fear

Zfymrd By < ;€ (DY (1)

Fig. 1. Z]-B,, kinetic mixing.

This result shows that the orthonormality of the SM hypercharge and the Z’
charges is only guaranteed when all the three couplings are equal as it happens in
unification; for the remaining cases a kinetic mixing is generated by the one-loop
diagram in figure 1 (even for complete fermion representations).

In general, at low energies the gauge couplings g, are different each other due
to the RGE; thus, as will be shown below, the Z’ charges associated with a chain of
subgroups in Fg are no longer orthonormal to the SM hypercharge. It is important to
notice that the 2-loop corrections are important for the RGE since they modify in a
considerable way the mass unification scales; however, for several models, unification
does not impose relations between the SM electroweak couplings in such a way that
the consistency of the model does not depend on high order corrections and the
SM values for the a; = g2/(47) can be considered as input parameters. Under
these conditions, the 1-loop coupling strengths? g, associated to the extra U(1)
abelian symmetries differs in just a few percent respect to the 2-loop result at the
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electroweak scale, since the bondary condition on the SM parameters is imposed at
the same energy scale.3

The phenomenological consequences of the B, — Z L kinetic mixing is a modifica-
tion of the Z charges.?%-32:33 In turn, this contribution represents a non-zero value
for the Z-Z' mixing angle, which is strongly constrained by Z-pole observables and
low energy constraints.?°

It is important to notice that something similar happens in the standard model
where the chiral charges of the photon Q = T3 + Y and are not orthogonal to those
of the Z boson Ty — sin’ Oy Q, hence, one effective kinetic mixing arise by one-loop

corrections.>?

4. Benchmark models in Fg

The maximal subgroups of Eg which can include SU(3) ® U(1) as an unbroken
symmetry are?® Spg, SU(2)®SU(6), SO(10)®U (1), Fy, and [SU(3)]?. By imposing
the SM gauge group as an intermediate step in the breaking chain Eg — SM —
SU(3) ® U(1)gm, the subgroups Spg and Fjy can be eliminated. So, from now on
we are going to focus only on the breaking chains in figure (2) which, by the way,
sets part of our convention in the sense that we refer to A as the chain belonging
to SO(10) ® U(1), B to the chain SU(2) ® SU(6),- -, etc.

4.1. SO(10) ® U(1)

In what follows, the models will also be denoted according to the generalized RR
notation.” The list of models and their respective RR notations are shown in table 1.

In Eg there are only three chains of subgroups for which the SM hypercharge
U(1)y (Us2r in RR notation) appears in a natural way. Two of them, Alg; and
Alar (see figure (3) and table 4), go trough SO(10) ® U(1) and that is one of
the reasons why this group have been widely studied in GUTs. The Alg; chain of
subgroups corresponds to the embedding of the Georgi-Glashow unification model?®
SU(5) in Eg through the breaking? Eg — SO(10)®U(1)42r — SU(5)@U(1)yxrr @
U(1)42R — SU(?)) ®SU(2) &® U(l)gg[ ® U(l)XR[ &® U(1)42R. The charges of U(I)XRI
and U(1)42p corresponds to those of' Z, and Zy (see table 3), respectively; these
models are well known in Fg (see table 1). After we rotate to the mass eigenstate
basis two vector bosons Z’ and Z” appear in addition to the SM fields. When the
mixing between the SM Z and the extra neutral vector bosons is zero3% 3739 the
Z' and Z" fields are a linear combination of ** Z, and Z,,

Z' = cosfZy +sinfZy . (26)

By varying § from 0 to 7/2 the parameter space in figure (6) corresponds
to the vertical line which goes through Z, (U(1)s2r) and Z, (U(1)yrr). That
is the parameter space of the models orthogonal to the SM hypercharge, i.e.,
> re2r @z (f)Y (f) = 0, where Qz/(f) is the Z' charge of the fermion f and Y (f)
the SM hypercharge. As was shown in section 3, this vertical line also corresponds
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Table 1.  Eg-motivated Z’ benchmark models and their generalized RR notations.” The Z;,
Zg, and Zy bosons are blind, respectively, to up-type quarks, down-type quarks, and SM
leptons. Similarly, the Z, and the Z, are gauge bosons which do not couple (at vanishing
momentum transfer and at the tree level) to neutrons and protons, respectively. The Zp_p,
couples purely vector-like while the Z,, has only axial-vector couplings to the ordinary fermions.
For convenience the models with the same multiplet structure as the Z, are referred to as
Uy xy- The Zs model does not have RR notation

VA ZR2 Z¢28 —ZI2 _ZL1 2 _ZR1 2 Zp/28

RR Ur Ua Ur Uss Unr Usia

VAl —Z¢28’40 —ZB,LAU ZALR4 _ZE32 Z¢,2 ZX2

RR Upiz Usir Us1a Usir Usor Uy R1

VAl ZN5,12 ZX* [ﬂipped—SU(5)}1 Zn?) ZY42’43 ZS44,45 Z331G13'40’46
RR Uyar Uyra Us1ir Usar Usy 5, Uss

to the parameter space for any Fg-motivated Z’ at the unification limit; however,
owing to the RGE, at low energies the values of the g, couplings will depend on
the specific details of the breaking pattern. Because at low energies the couplings
are no longer identical, the Z’ parameter space acquires a component in the SM

hypercharge axis in figure (6), which is equivalent to a kinetic mixing of the form?®

Z' = cosacos BZ, + sinacos BY +sin BZ,, . (27)

Due to this mixing the Z’ parameter space will be out of the unification vertical
line as is shown for some models in figure (6).

SO(10) ® U(1)4x A
SU(2)x ® SU(6) B
SU(2), ® SU(6) C
SU(3)c ® SU(3), ®SU(3)z D

Fig. 2. FEg maximal subgroups

The other chain of subgroups in which the SM hypercharge appears naturally
is Al ;. The SU(5) is the Georgi-Glashow one, but the factor U(1), 45 is an alter-
native version of U, (U(1)yrr), which is known in the literature as Uy. Figure 3
shows the embedding of SU(5) @ U(1)n (i.e., SU(5) @ U(1)yar ) in Eg. This is the
symmetry group of the Exceptional Supersymmetric Standard Model (ESSM),'2
which is obtained from the Eg charges by requiring vanishing U(1)y charges for
right-handed neutrinos.

Table 4 shows the six possible ways to embed SU(5) into SO(10) ® U(1) C Eg
(all the chains of subgroups of the form Alxy can be seen in figure (3)); from these,
the Al chain corresponds to the flipped SU(5).!
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SU(5) ® U(1)yxy® U(1)4x  — SU(3)c ®SU(2), ® U(1)3,y

® U(L)yxy ® U(1)gx Al

SU(4) @ SU(2)x ®SU(2), — SU(3)c® SU(2), A2

A —{ ®U1) ® U(1)c® U(1)31x ® U(L)szx ’
SO(9)c ® U(1)40y — SU(3)c ® SU(2), ® U(1)5x® U(L)sx A3y

SO(7)c®SU(2)® U(1)gox — SU(3)c ® SU(2). ® U(1)31x ® U(1)sx A4,

Fig. 3. FEs — SO(10) ® U(1)42x chains of subgroups, where X,Y = R,I,A and X #Y.

Taking as inputs the values of the fine-structure constant and the corresponding
quantities for the strong and weak interactions, we find the strength couplings at
low energies by using the one-loop RGE equations;? however, we always find that for
the Alxy chains of subgroups it is not possible to get the right order between the
unification scales. That problem is related to the wrong prediction of the Weinberg
angle in SU(5). Although it is not possible to have a consistent picture for the
embeddings SU(5) ® U(1) C SO(10) ® U(1) C Eg, there are solutions in most of
the remaining Fg breaking patterns.

41.1. SU(4) ® SU2), ® SU(2) ® U(1) € SO(10) @ U(1) C Eg

From the three chains of subgroups A2x in figure (3) we can get low-energy Fjg
models (LEE6MS) i.e., models where at least one of the neutral currents in Eq. (9)
does not contribute to the hypercharge, therefore, the corresponding vector boson
is not necessary to have a consistent model. Usually, the fermion content of these
models is smaller than the fundamental representation of Ejg.

The A2z/U(1)42r chain P is the Pati-Salam model*!:4" (see figure (3)). The
EW charges of this model are the same as those of B2g/Us2pr (see figure (4)) and
C3r/Usar (see figure (5)) and are the same as the Left-Right (LR) symmetric
model. The A2,4/Uso4 chain of subgroups corresponds to the alternative left-right
model Z 4 r.* The EW charges for this model were reported in'? and are identical to
those of B24/Us24 and C34/Use4. A2 is a new model in the literature even though
is closely related to the second alternative model obtained from trinification;'? the
difference lies in the Abelian factor Ujer (in'® Y is a linear combination of Us;; and
U(1)r, while in the SO(10) embedding Usor is in place of Ur). Identical EW charges
are obtained from B2; and C3;. Note that the coefficients of the hypercharge in
A3r and A4y are identical to those of A2r; however, due to the absence of the
U(1)r factor in the chain of subgroups, in Eq. (12) there is no mixing with the
corresponding vector boson Z;. In Eg the parameter space for every Z’ of the A2
chain coincides with those of C3x in figure 6.

b A2R /U(1)42r denote the chain of subgroups A2 without the U(1)42r factor.
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SU(2)x®SU(5)®U(1)s;x — SU(3)c ® SU(2), ® SU(2)x® — SU(3)c ® SU(2). ® U(l)x® BI,

U(1)s1x ® U(1)3x U(1)s1x ® U(1)3x
B SU(2)x ® SU(4) ® SU(2), — SU(3)c ® SU(2)x ® SU(2),® — SU(3)c ® SU(2), ® U(l), ® B2,
& U(1)ix U(1)3:x® U(1)axx U(1)31x ® U(1)a2x
SU(2)x® SU(3)c — SU(2), ®SU(3)c ® SU(2)x® — SU(2), ® SU(3)c ®U(1),® B3,
SUB3) ® U(1)o¢ U(1);3 @ U(1)ux Ul)s3 ® U(l)x

Fig. 4. Es — SU(2)x ® SU(6) chains of subgroups, where X = R, I, A.

4.2. SU(2) ® SU(6) C Esg

The third chain of subgroups in which the SM hypercharge U(1)y appears in a
natural way is the B1; in figure (4). This model occurs in Calabi-Yau compactifica-
tions in string theory® and is commonly denoted as Zy. The charges of this model
correspond to those of U(1)s17 (see Table 3). In this chain of subgroups the SU(5)
is the same as that of Georgi-Glashow; however, the U(1)5; factor is different from
the corresponding factor in the embedding through SO(10). The other two chains
in SU(2)x ® SU(6) are B2x and B3x. For these chains, the Z’ charges of the
LEE6Ms correspond to those of the Pati-Salam and trinification models, and their
corresponding alternative versions, which have been studied in the previous sec-
tion and in reference.'® New models appear in the chains of subgroups containing
SU(2), ® SU(6); of particular interest are C2x, which contain a SU(5) different
from the Georgi-Glashow one. This new SU(5) allows a solution for the mass scales
in Eg from the one-loop RGE? (we saw above that such a solution is not possible
either in the Georgi-Glashow model or its alternative versions). The same is true for
the C1,, chains of subgroups. The chains C3x /U(1)42x and C4x have the same Z’
charges as the Pati-Salam and trinification models, respectively. The low-energy Z’
charges for Clx, C2x and C3x as a function of the § mixing angle (see Eq. (12))
are shown in the Sanson-Flamsteed projection in figure (6).

—SU(2). & SU(4) @ — SU2). @SU(3)c ® c1

LU(1)517® U(1)g1xv UL)s%® U(L)azy 8U(L)say Y

SU(2),®SU(5)®U(1)six — SU(3)c ® SU(2), ® SU(2)x @ — SU(3)c ®SU(2). ®U(1)x® C2,
U(D)s1x ® U(1)s5x U(1)six®U(1)33%

C SU(2), ® SU(4) ® SU(2)x __SU(3)c @ SU(2)x ®SU(2),® — SU(3). ®SU(2), ®U(1),® (3,
® U(1)4x U(D)31x ® U(1)apx U(1)31x®U(Laxx

SU(2) @ SU(3)c — SU(2), ®SU(3)c ® SU(2)x® — SU(2), ®SU(3)c ®U(1),® Ca,
SU(3) ® U(1)s5 U(1)s3 @U(l)ux U(1)33 ®U(1)yx

Fig. 5. Es — SU(2)r ® SU(6) chains of subgroups, where X, Y = R, I, A and X # Y.
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4.3. SU(3) ® SU(3) ® SU(3)

The SU(3) ® SU(3) ® SU(3) is the gauge group of trinification.?? 4851 In table 7
are shown the three possible chains of breakings for this group. As was shown in
reference,'® the charges of the three chains reduce to those of the universal 331
vector boson Zs316 (see table 2 for the LHC constraints). A detailed study of these

models and their EW constraints was presented in reference.!?

5. Low-energy models without unification.

The most general charges of any Fg-motivated Z’ model is generated by the linear
combination of three independent sets of charges associated with the U(1), sym-
metries, where k = a, b, c. In appendix Appendix C, we showed that for unification
models the values of a and 3 corresponds to the vertical line which passes through
Zy and Z,. At low energies the parameter space of these models keeps close to this
line, as can be seen in figure (6).

Without the unification hypothesis it is not possible to determine the preferred
region in the parameter space. There are several models based on Fg subgroups, and
in some of them unification is not necessary to get a predictable model. In most of
the well-known cases, the subgroup rank is less than the Fg rank and at least one of
the vector currents does not contribute to the electric charge. In order to ignore this
current we set # = 0 in Eq. (12), in such a way that for a fixed value of the couplings
the Z’ charges reduce to a single point in the Sanson-Flamsteed projection. Since
the values of the couplings is arbitrary, by varying them we generate the parameter
space for these models.

For these models the hypercharge is the combination of the charges of two U(1)’s.
If we put k. = 0 and sin @ = 0, the charges in Eq. (12) reduce to

’ €b ~
ngeg,R =gy (lﬂalél% - ﬁkbG%#R . (28)

Owing to the fact that . does not contribute to the electric charge, in these models
is possible to have a low-energy theory without the corresponding Z” associated
with U(1),. In section 4 we denoted them as LEE6Ms. In Eg there are three chains
of subgroups where one of the @ corresponds to the SM hypercharge, in these
cases, the SM is the LEE6M and, in principle, it does not require from other vector
bosons to be a consistent theory. In Eq. (28) the U, and U, charges appear in a
symmetric way, except by a global sign which, in general, can not be determined
from the symmetry group.

In panel (6) the bottom-right figure shows the parameter space of some models
based on Eg subgroups. The horizontal dotted magenta line corresponds to the
parameter space of the well-known LR models, which are LEE6Ms in the chains of
subgroups A2g, B2r and the C3g. As expected, in this line appears the charges
of the Zp_1, (Usir) and Zr (Ug). This line also represents the set of possible Z’
models for flipped SU(5) which are a linear combination of the Uy, g4 and Usza. The
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SU(2),x SU(B) > SUR)x SU(2) x SUE)NU,
U(i)x SU(2),x SU) U

SU@),» SU(E)
SU(2),x SU(E)
SU(2),% SUQ)

0 0
acosf acosf

Fig. 6. Sanson-Flamsteed projection of the a-f parameter space in Eg. The vertical line cos 5 = 0
represent the models with charges orthogonal to the SM hypercharge, thus, deviations of this line
show that at low energies there is a mixing between the Z’ and the field associated with the SM
hypercharge. To obtain the values of a and 3 in the top figures and in the bottom-left one we used
the RGE? in order to get the ga, g» and g. coupling strengths at the EW scale (from their initial
values at the grand unification scale), then, we solved Eq. (C.1) varying 6 between —m and 7. For
the bottom-right figure, we put aside the unification hypothesis and, by ignoring the mixing with
the fields associated with the charges that do not contribute to the electric charge, we explored
the possible values for the coupling strengths; see section 5 for additional details.

dashed cyan line contains the Z’ parameter space of the alternative left-right model
Z arr- These models are the linear combination of Us; 4 and Uy (the downphobic
model Zy). This line also corresponds to the possible Z’ of the LEE6M of the
chain of subgroups Al4r which has not been reported in the literature, as far
as we know. The dot-dashed gray line is the set of the possible Z’ models of the
LEE6M associated with the chain of subgroups C'4; which contains the universal
331 model.'?:40:46 We obtain these models from the linear combination of the U(1)33
and the Uy, 7, which have the quantum numbers of A\gz, and U(1)" in the 331 models,
respectively. This line is also generated from the third alternative left right model'?
and results from the linear combination of Usir (the leptophobic model Zy) and
Ujsor. This line also corresponds to the possible Z’ for the LEE6M of C2y, which,
to the best of our knowledge, has not been reported in the literature. This set of

points contains the Z, (Usir) model.
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6. LHC constraints

Finally, we also report the most recent constraints from colliders and low-energy ex-
periments on the neutral current parameters for some Z’-motivated Fg models and
the sequential standard model (SSM). For the time being, the strongest constraints
come from the proton-proton collisions data collected by the ATLAS experiment
at the LHC with an integrated luminosities of 36.1 fb~! and 13.3 fb~! at a center
of mass energy of 13 TeV.5%53 In particular, we used the upper limits at 95% C.L.
on the total cross-section of the Z’ decaying into dileptons (i.e., eTe™ and putpu™).
Figure (7) shows the contours of the lower limits on the Mz at 95% C.L. We ob-
tain these limits from the intersection of oNVO(pp — Z’ — [71T) with the ATLAS
95% C.L. upper limits on the cross-section (for additional details see reference?!).
As a cross-check we calculated these limits for some models as shown in table 2
for various Eg-motivated Z’ models and the SSM model. In order to compare, we
also show in this figure the constraints for all the models reported by ATLAS. For
the 36.1 fb~! data we multiply the theoretical cross-section by a global K factor
to reproduce the ATLAS constraints for the Z, model. This procedure was not
necessary for the 13.3 fb~! dataset.

Table 2.

95% C.L. lower mass limits (in TeV) for Eg-motivated Z’ models and the sequential

standard model Zssm. These constraints come from the 36.1 fb—! and 13.3 fb~! datasets for pro-
ton-proton collision at a center of mass energy of /s = 13 TeV.52:53

Z" model luminosity Zy Zy Zy | ZLr ZRr ZN Zs Zr | Zp—1 Zg | Z331G6 | Zssm
My (Tfitted) | (36.1fb~T) | 4.1 | 3.81 | 3.91 | 4.28 | 4.41 | 3.84 | 4.02 | 3.94 4.44 | 466 | 4.608 4.58
ATLAS (36.1fb~1) | 41 ] 38] 3.9 — | — ] 38] 40 40 — | — — 4.5
[ My [ (133fb~T) [ 3.62 | 335 [ 343 [ 3.77 [ 3.92 [ 3.38 [ 354 [ 347 [ 395 [ 415 410 4.05 |
| ATLAS | (133b~T) 366 | 336 | 343 [ — | —[341 362|355 | —| — [ — | 405 |
r T =N T T /x T
95% C.L. My limits st "V aro L =36.4fb" 95% C.L. My limits " “V™_qsr L=133f"
i i o T
= // 7 - unv/'/ \\\ T
| 45Tey 7% 72X asTev 7. 72X atev
L 47Ty X Zd ’ XZ‘ . a7 Teuf o * 2‘1 ’ XZI “ 42Tevy
xZg xZ, xZg xZ,
b \h‘L\ ¥y, *2y Y XZR ZV,% B \)J\{ 20 *2x < % R Z"/%
\ o \\
,.; - 2 ) A ] A - 2 ) kg Ex . ]
~ 7 ™= 13Tev ~ g
\ 7L e ~ s 13TeV
| — | | \4// |
-1 0 1 -1 0 1
acos B acos B
Fig. 7. «a-B Sanson-Flamsteed projection of the Z’ parameter space in Eg. The contours show

the 95% C.L. lower limits on the Z’ mass (in TeV).
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7. Conclusions

In the present work we have reported the most general expression for the chiral
charges of a neutral gauge boson Z’ coming from an Ejg unification model, in terms
of the EW parameters and the charges of the U(1) factors in the chain of subgroups.

We also showed for any breaking pattern that, the charges of SM hyper-
charge are orthogonal to the corresponding charges of the Z' gauge boson i.e.,
Y rear Y(f)Qz (f) = 0 (see section 3), if the values of the g, coupling strengths
associated with the U(1), factors of the chains of breakings are equal to each other.
Due to the RGE the couplings are no longer identical at low energies, therefore there
must be a mixing between the field associated with Y and the Z’. This mixing can
modify several observables as it has been shown in reference.??3133

Pure neutral gauge bosons coming from Fg are Z, and Z, as introduced in
section 4.1 but the physical neutral states Z’ and Z” are a mixing of those states
according to Egs. (26) and (27), which define the o and 8 angles in our analysis.
By using the RGE? and assuming FEg unification, we showed that for most of the
chains of breaking in Ej it is possible to solve the equations for the mass scales in a
consistent way (one important exception are the chains of subgroups that contain
the Georgi-Glashow SU(5) model and their alternative versions). This procedure
allowed us to calculate the low-energy coupling strengths for several chains of sub-
groups and the Z’ parameter space in the Sanson-Flamsteed projection. It is worth
noting that in Fg unification at low energies the parameter space of these models
keeps close to the mentioned vertical line as can be seen in figure (6). To the best of
our knowledge, several of the analyzed chains of subgroups presented here are new
in the literature.

The most general charges of any Eg-motivated Z’ model is generated by the
linear combination of three independent set of charges associated with the different
U(1) symmetries. By putting aside the unification hypothesis it is not possible
to determine the preferred region in the parameter space; however, by ignoring the
mixing with the associated charges that do not contribute to the electric charge, the
corresponding parameter space reduces to a single line in the a-3 Sanson-Flamsteed
projection as shown for some models in the bottom right figure in (6).

By using the most recent upper limits on the cross-section for extra gauge vector
bosons Z’ decaying into dileptons form ATLAS data at 13 TeV with accumulated
luminosities of 36.1fb~1%2 and 13.3fb=153 for the Drell-Yang processes pp — Z(v) —
IT1=, we set 95% C.L. lower limits on the Z’ mass for the typical Eg benchmark
models. We also reported the contours in the 95% C.L. Z’ mass limits for the entire
7' parameter space in Fg. Our results are in agreement with the lower mass limits
reported by ATLAS for the Fg-motivated Z’ models and the sequential standard
model ZSSM-

Finally it is important to stress that the recent LHCb anomalies could also be
explained by Fg subgroups.’*®° A natural continuation of our work would be to
find which of these models are able to explain the anomalies. That is an interesting
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question since the Fg models, in general, have been considered as phenomenologi-
cally safe.
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Appendix A. Rotation matrix

Let us now consider an explicit representation for the orthogonal matrix O in terms
of three angles w, ¢ and 6, which are allowed to take values in the [—m, 7) interval.
For convenience we choose

1 0 0 0 1 0 0 O 10 0 0
o0-— 0 cosw —sinw 0 0 cosp 0 —sing¢ 01 O 0
" |0sinw cosw Of]0 0 1 0O 00 cosf —sinf

0 0 0 1 0sing 0 cos¢ 00 sinf cosf
Relations in Eq.(10) imply then that

ka . k . ke
COS P coSw = Fagv , cosgsinw = bgY , sing= gy , (A1)

a b 9e

which allows us to write the ¢ and w angles in terms of the g, and g, coupling
constants and of the k., k; and k. coefficients. The 6 angle, however, cannot be
fixed and must be considered to be another free-parameter. It is easy to show that

cos ¢ = dcg—y, (A.2)
ka C
CosSwW = — J , (A.3)
ana
sinw = ]fbgc , (A.4)
Qb
where
. k2 k? g2 2
Qe = (¢ gg+g§\/92COt 0W*]€2 (A5)

Appendix B. Z’ charges
From the Lagrangian
_ENC :gJ;éLLA3L;L =+ gaJa;LAg + ngb,uAg + gch,uAlg
=Gn T p A = G T, Oporr s OF, A1
Egﬁ’Jn’uZH (Bl)

K
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where k runs over 3L, a, b, c and k¥’ and k" runs over 3L,Y, Z’, Z"  from this equation

we obtain
Ty = JupOrnr = OF, T . (B.2)
From this equation the current associated with the Z’ is given by®
ko JH + Ky J!' e (kaJl
gZ/JZ/ =0y (—()'O::_l)bk/’c‘f'&ce,]g) Sln9+ ‘? ( Bb _/Bk/’b‘]g> cos 3
(B.3)
ko JH + kyJ! e (koJl s
gZ//JZ// =gy (—mke + chéL> COsU — .?7 ( = b _ ﬁka(g) sin 6 s
Qe c 8
(B.4)
where § = 92 For the LEE6Ms (c = 0 and sinf = 0) we obtain
J JH
gZ,J.éILZ/ =9y (ka ,62 — ﬂkag) =gy (kb&bk‘a — dajg) sign(ky) , (B.5)
JH
=gy <&b=]l§t - kadakb> Sign(ka) ’ (BG)
b
where
92 b
Gap = ;—2 cot? Oy — kg’b ) (B.7)

Appendix C. Sanson-Flamsteed Projection

As we mentioned in section 4 in general any Z’ in Fg can be written as a linear
combination of three linear independent models. One usual basis is given by

gZ/G%:R =gz (COSO{ COS ﬁﬁf?R + sin o cos ﬁYL,R + sin Bef:/}R) s
=Ap,grsint + By gcost , with n==£1, (C.1)

where the ef’XR and 6?3 are the chiral charges of the Z,, and Z,, models, respectively.
In this equation gzs is given by the Eq. 16. In the last line we equate the chiral
charges for the Z' associated to a given chain of subgroups Eq. (12) to the general
expression of the Fg motivated Z’ charges in the a-8 parameter space Eq. 27. We
can obtain the partial unification mass scales for every breaking pattern according
to the reference?d. By evolving g., g, and g. down to low energies for every 6 there is
a pair (a, §) according with the equation (C.1). § parametrizes the mixing between
the Z' and Z” the charges (C.1) and the corresponding parameter space to low
energies is shown in figure (6). It is important to notice that at low energies the
charges keep close to the vertical line which corresponds to the unification parameter
space.

“We have omitted a global sign which cannot be determined from the symmetry group.
dFor some breakings there is some ambiguity, in these cases, we chose the lowest mass scale at its
minimum value
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Appendix D. tables

Table 3. Eg normalized chiral charges of ordinary fermions and
right-handed neutrinos. Here I, = (vr,er)” and qr = (ur,drp)T
denote the left-handed lepton and quark doublets.

[(Modd [ c)  caw) _enl) _cwl@) _enlw) )]
1 /3 3 1 2 1
Uy —2\5 0 Vs 215 15 V15
1 1 1 1
Ur 0 b3 —3 0 2 2
Ur 3 3 0 0 0 ~3
Ua % 0 % 0 7% 0
1 1 1 1
Uss 23 V3 3 IV 0 0
U, — 1 _1_ _1_ 0 1 1
21R V3 23 2V3 2V3 2V3
U, .~ 1 1 _ 1 0 1 1
211 2v3 2v3 V3 V3 2V3
Us 1 By 1 0 1 1
214 23 3 23 2V3 3
U. 1./3 1./3 1./3 1 __1 1
31R 21V 2 2V 2 2V 2 2V6 2V6 26
1 3 1 1
Usir 0 E\/; 0 26 NG T 2v6
U 0 0 _1./3 1 _1_ N
314 2V 2 276 216 V6
U. 1 1 1 1 1 1
42R 2v/6 26 26 26 2v/6 26
U 2 1 _ 1 1
421 3 26 NG 2V6
1

1 1
NG 26
1 2 1
Usza 6 \/? 2./6 2./6 2.6 6
1 3 1 1 1
Us2r 2\/; 0 0 Vs Ve Vs
1 3 3 1 2 1
Usar —5\/; 0 Vs DV v Vs
Usza ;\/5 \ﬁ 0 1 1 _ 2
2V 5 5 215 V15 V15
U.e 0 ;\/E 1\/5 1 1 1
32R 2V 5 2V.5 V15 215 2V/15
Une ;\/5 ;\/E \/3 _ _ 1
327 2V 5 2\ 5 5 Vis Vis 2V15
Uues 1\/3 \/E 1\/3 _ 1 _
3274 2V 5 5 2\V5 715 2v/15 /15
Usin 2 1\/5 1. /5 1 _ 1 __1
. V15 2V 3 2V 3 V15 215 215
Usiz 1 ;\/f 1 1 1 1
215 2V 3 V15 V15 V15 215
1 1 1 /5 1 1 1
Usia 2./15 15 2V 3 5 215 15
U. — ;\/E 2 2 __1 1 1
51R 213 V15 V15 215 V15 V15
U..~ 1 2 1 1 2 1
511 21/15 V15 V15 215 V15 V15
U..— 1 1 _ 1 1 _ 2
514 215 15 15 215 15 15
Ujira \/E \/E 3 -1 -1 -
5 5 210 210 210 V10
Upiar | —52 3 -1 —_1 3 __1
2V10 210 2V10 210 2V10 210
Usirr 0 y —\/2 v L -3
: 2V10 5 210 V10 210
Usrar \/g 3 \/E - -+ -
5 210 5 210 V10 210
Usira 0 2 - - 3 -k
- 5 210 210 210 V10
Unir 1 1 __3 1 1 __3
210 210 210 210 2v10 210
U 3 1 /5 1 1 1 __3
xXRI 210 2V 2 2V/10 2V/10 2V10 2V/10
Uy an 1 0 ,;\/E 1 3 1
X V1) 2V 2 21/10 2v10 V1o
Ussa 1 __1 0 1 _1 __1
xI V10 2V10 210 V10 210
U 1 1 /5 0 __1 1 __3
xIR V10 2V 2 2V10 V10 2V10
3 1 1 3 1
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4. Models arising
Eg — SO(IO) ® U(1)42X — SU(3)C ® SU(?)L ®R G — GSA{ chains of
subgroups, where Ggpr = SU(3)c @ SU(2)L @ U(1)y.

from

Paper

the

Model G factor
Alxy | U(1)32y @ U(1)yxy ® U(1)a2x ka ky ke
Alrg: | U1)32r @ U(1)y1r @ U(1)421 —\/% \/% 3
Alg: | U1)a2r @ U(1)xyar ® U(1)a24 *\/% 2\/% 0
Alpgy: U(1)321 @ U(1)xr1r @ U(1)a2r \/% 0 0 1,24,36
Al ag: U(1)3271 @ U(1)xar @ U(1)424 \/§ 0 0 12
Alga: | U(1)324 ® U(1)xra ® U(1)azr = /30 !
Alra: | U(1)324 @ U(1)x1a ® U(1)421 ﬁ 7\/%7) —y/3
A2x U)x ®U(D)31x @ U(1)a2x ka ky, ke
A2pR: Ul)r®U(1)31r ® U(1)42r 1 - % 0 41,47
A2;p: U ®UL)s11 ® U(1)a2r 0 ﬁ -3 '
A24: U1)Aa®U(1)314 @ U(1)424 -1 \/g 0 4
A3x U(1)s1x ® U(1)42x ka Ky
A3R: U(1)31r ® U(1)a2r - -
A3p: U(1)3171 ® U(1) 421 % —/3/2
A3 4: U(1)314 @ U(1)424 - -
Table 5. Models arising from the

Es — SU(2)x ® SU(6) — SUB)c ® SU(2), ® G — Ggps chains of
subgroups, where Ggpr = SU(3)c @ SU2), @ U(1)y.

Model G factor

Blx | U(l)s2x @U(1)s1x @ U(1)x ka Ky, ke
Blg: | U)32r®@U()51r®@U(L)R —\/%—5 -2 1
Blr: U(Q)32r ® U(L)511 @ U(L)g \/§ 0 0 |3
Bla: | U324 ®@U(1)514 ®U(1) 4 = -/ 1
B2x | U)s1ix @ U(Da2x @ U(L)x same as  A2x

B3x U(1)33 @U(1)5;x ®U(1)x same as  Dx

19
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Table 6. Models arising from
the Fg — SU(2) ® SU(6) — SUB)c ® SU(2), ® G — Ggpr chains
of subgroups, where Ggpr = SU(3)c @ SU(2)L @ U(1)y.

Model G factor

Clxy | U)z1y @ U(Daixy @U(1) 5% ka ky ke
Clir: | U)s1ir®@U(L)a1rr @ U(L)5 7 —\/g \/g \/g
Clar: | U(1)31r®@U(L)a1ar ®U(1) 57 —\/g \/g \/g
Clrr: | UM)31r ®U(1)aarr @ U(1) 515 ﬁ \/%—0 —\/g
Clar: | UM)31r @ U(N)a1ar @ U(1) 517 ﬁ —\/il—o \/g
Clra: | U)314@U(1)a1ra ®@U(1) 55 \/g \/g —\/g
Clra: | U(L)zs14a ®@U(1)a11a @ U(L)5;7 \/g _\/g \/g
C2x UM x @U(l)3x ®U(1)5% kq ky ke
C2r: | UMROUW)gr®U(g5 1 /2
C2r: UMW) @ U357 @ U(L)5y7 0 A
C24: | UMa®UW) gz ® U5z -1 -8
C3x U(l)x @ U(1)31x @ U(1)42x same as A2y

Cax Ul)x ® U(1)yx @ U(1)33 same as Dx

Table 7. Models arising from

the B — SU(3) @ SU(3) ® SU(3) — SUB)c @ SU(2), ® G — Gsm
chains of subgroups, where Gspr = SU(3)c @ SU(2), @ U(1)y .

Model G factor

Dx | UMx®U1)yx®UM)ss | ka ks ke

Dr: | UrR®U1)yzg®U(l)ss | 1 —% —%

Dr: | UM ®@UM)y7®UMss | 0 J5  —gz | 192548790
Da: | UL)a®@U(1)yz®@U(L)3s | —1 % —%
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