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Abstract
We report the most general classification of 3-3-1 models with 3 = /3. We
found several solutions where anomaly cancellation occurs among fermions of
different families. These solutions are particularly interesting as they generate
non-universal heavy neutral vector bosons. Non-universality in the standard
model fermion charges under an additional gauge group generates charged lepton
flavor violation and flavor changing neutral currents; we discuss under what
conditions the new models can evade constraints coming from these processes. In
addition, we also report the Large Hadron Collider~(LHC) constraints.

Keywords: 3-3-1 models, 3-3-1 models with exotic electric charges, 3-3-1
models with 3 = \/§ , non-universal models, Pleitez and Frampton non-
universal 3-3-1 model, universal one-family models, non-universal heavy
neutral vector bosons

1. Introduction

Models with exotic fermions based on the gauge group symmetry SUQ3) ® SU(3) ® U(1)
(hereafter 3-3-1 models for short) have been proposed since the early 1970s [1-11]; however,
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many of these models lacked important properties of what is known nowadays as 3-3-1
models. For a model to be interesting from a modern perspective [12], it must be chiral, the
triangle anomalies must be canceled out only with a number of generations multiple of 3, and
most importantly, it must contain the standard model (SM).

In the 1990s, non-universal models without exotic leptons gained popularity as they were
very convenient in addressing flavor problems [13, 14]. These models have also been helpful
in explaining neutrino masses [15-24], dark matter [25-35], charge quantization [36], strong
CP violation [37, 38], muon anomalous magnetic moment (g-2 muon anomaly) [39-41] and
flavor anomalies [42-45].

Pleitez and Frampton proposed the non-universal 3-3-1 models [13, 14] as examples of
electroweak extensions with lepton number violation, where the number of families is
determined by anomaly cancellation. In the literature, there are many examples of models
without exotic electric charges, these models have been appropriately classified, and their
phenomenology is well known [46—48]. The original model of Pleitez and Framton has exotic
electric charges in the quark sector and corresponds to what is known in the literature as
0= \/§ [12]. As far as we know, an exhaustive classification of models with this 3 does not
exist in the literature, and therefore a work in this line is necessary. It is important to notice
that there are solutions for arbitrary [ [49]; however, this solution does not account for all the
possible models for a given (5. As we will see, the parameter 3 cannot be arbitrarily large,
from the matching conditions || S cotfy ~ 1.8. This condition constitutes a very impor-
tant restriction regarding the possible realizations of the 3-3-1 symmetry at low energies as it
limits the number of possible non-trivial cases to a countable set.

In section 2, we review the basics of the 3-3-1 models. In section 3, we propose sets of
fermions corresponding to families of quarks and leptons with the left-handed triplets, anti-
triplets, and singlets of SU(3);. In section 4, we show the anomaly-free sets (AFSs) that
constitute the basis for model building. This section lists all possible 3-3-1 models with
6 = /3 modulo lepton vector arrays. Finally, in section 5, we show the collider constraints
and the conditions the models must satisfy to avoid flavor changing neutral currents and
charged lepton flavor violation (CLFV) restrictions.

2. 3-3-1 models

In the subsequent discussion, we work the electroweak gauge group SUQ).®
SUQ3); ® U(l)x, expanding the electroweak sector of the SM, SUQ),® U(l)y, to
SU@3); ® U(1)x. Furthermore, we assume that, similar to the SM, the color group SU(3). is
vector-like (i.e. anomaly-free). Left-handed quarks (color triplets) and left-handed leptons
(color singlets) transform under the two fundamental representations of SU(3), (i.e. 3 and 3%).

Two categories of models will emerge: universal single-family models, where anomalies
cancel within each family similar to the SM, and family models, where anomalies are can-
celed through interactions among multiple families.

In the context of 3-3-1 models, the most complete electric charge operator for this elec-
troweak sector is

0 = a T3+ pTs + X1, 9]

here, Tr, = \,/2, where \,, ;a=1, 2, ..., 8 represents the Gell-Mann matrices for SU(3),
normalized as Tr (A, \,) = 20,5, and 1 =Diag(l, 1, 1) is the diagonal 3 X 3 unit matrix.
Assuming o =1, the SU(2), isospin group of the SM is fully covered in SU(3),. The
parameter 3 = 5 is a free parameter that defines the model ({3 is proportional to b present in
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Table 1. Z’ chiral charges for the SM leptons and the right-handed neutrino when
embedded in S;;. Here, Oy is the electroweak mixing angle.

= (v, er)T C3,egC 1 (asin Syy)

- Z VA
Fields 87 €L 877 €R
v, g ‘ 2cos? Oy — 3 0
cos 0w \[3(1 — 4sin2Byy)
e g 2cos? Oy — 3 g 3sintly
cosbw \[3(1 —4sinfy)  cosbw \[1 — 4sin2 6y

the electric charge of the exotic vector boson K,). The X values are determined through
anomaly cancellation. The 8 gauge fields Aﬁ of SU(3), can be expressed as [46, 47]

0 b+1/2
D1/1, W/jr K/S 2
SXAL =2 W, Dy, KPP 2)
a —(b+1/2 —(b—-1/2 0
Kll( +1/2) K#( /2) D3IJ

here, DY), = A} /N2 + A¥ /N6, Dy, = —A} /2 + A} /6, and DJ, = —24%/J6. The
superscripts on the gauge bosons in equation (2) indicate the electric charge of the particles,
some of which are functions of the parameter b.

2.1. The minimal model

In references [14, 50], it was demonstrated that, for b =13/2 (i.e. 8 = J3 ), the following
fermion structure is free of all gauge anomalies: wlTL =, 1/?, M~ (1, 3*%)0),
Or = (u, di, X)), ~ (3,3, —1/3), and QF, (ds, uz, Y) ~ (3, 3%,2/3), where I=e, pu, T
represents the lepton family index, i = 1, 2 for the first two quark families, and the quantum
numbers after the tilde (~) denote the 3-3-1 representation. The right-handed fields are
us ~ (3%,1, =2/3), d ~ (3*,1, 1/3), X;i ~ (3%,1, 4/3), and Y} ~ (3*,1, —5/3), where
a=1, 2, 3 is the quark family index, and there are three exotic quarks with electric charges:
—4/3 and 5/3. This version is referred to as minimal in the literature because it avoids the use
of exotic leptons, including possible right-handed neutrinos.

3. Lepton and quark generations

In what follows, we will propose sets of leptons S;; and quarks Sg; containing triplets (anti-
triplets) and singlets of SU(3). These sets must contain at least one SM generation of SM
fermions. From equation (1), for 3 = J3, the electric charges of the 3 and 3" triplets are:
Ooep(3) = Diag(1 +X, X, —1+X) and Qorp(3*) = Diag(— 1+ X, X, 1+ X), respec-
tively. The general expressions for the Z’ charges, with the Z — Z’ mixing angle equals to
zero, are shown in appendix A. For the SM fields embedded in the sets: Sy, S;2,5.3, Sp1 and
Sp2, the Z' charges are shown in tables 1-5, respectively.

* Lepton generation S;; = [(ug, e, E; ) Det @ ES 1. with quantum numbers (1, 3,
—1); (1, 1, 1) and (1, 1, 2) respectively. The Z’ charges for the SM fields are shown in
table 1:

e SetS;, = [(e, 19, E/") @ et @ E[ ], with quantum numbers (1, 3*,0); (1, 1, 1) and (1,
1, —1), respectively. The Z’ charges for the SM fields are shown in table 2:
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Table 2. Z' chiral charges for the SM leptons and the right-handed neutrino when
embedded in S;,. Here, Oy is the electroweak mixing angle.

= (v, er)T C 3% egC 1 (asin S;y)

. z' z'
Fields 8/€T 8/ €R
v, o N1 —4sin0y 0
cos Oy 23
e g \/1 — 4sin? Oy 8L J3 sin? Oy
cos Oy 2J3 cos O \/1 — 4sin? Oy

Table 3. Z’ chiral charges for the SM leptons and the right-handed neutrino when
embedded in S;3. Here, 6y is the electroweak mixing angle.

¢ = (v, e)T, eg C 3* (as in S;3)

. 7' 7!
Fields 8r€T 8/ €R
v, 81 \/1 — 4sin? Oy 0
cos Oy 2J3
e g 1 —4sin? 0y g 1 —4sin? 0y
cos Oy 2J3 cos Oy V3

Table 4. Z’ chiral charges for the SM quarks when they are embedded in Sy,. Here, 0
is the electroweak mixing angle.

g = (ur, dp)T C 3%, ug, dr C 1 (as in Spy)

. z' VA
Fields &y €L 8 €R
" 8 1 & 25sin? Oy
cosOw 2,/3(1 — 45in6) cos fw \[3(1 — 4sin? )
d 8L 1 g sin2 Oy

cos Ow 2,/3(1 — 45in26) cos 0w \[3(1 — 4sin?6)

Table 5. Z’ chiral charges for the SM quarks when they are embedded in Sg,. Here, 6y
is the electroweak mixing angle.

q = (ug, ;)" C 3, ug, dg C 1 (as in Sg,)

. 7/ z
Fields 8 €L 8/ €R
u [9 1 —25sin® Oy o 2sin? Oy
cos Ow 2,[3(1 — 45in20) cosfw \[3(1 — 4sin?0)
d 194 1 —2sin? 0y 8L sin? Oy
cos 0w 2,/3(1 — 4sin26) cosOw \[3(1 — 4sin26)

e Set S5 = [(e, 12, et)], with quantum numbers (1, 3*, 0). The Z’ charges for the SM
fields are shown in table 3:

* Set Spg1 = [(d, u, Q15/3) @ u¢ @ d° @ Qf]p with quantum numbers (3, 3%, 2/3); (3%, 1,
—2/3); (3", 1, 1/3) and (3", 1, —5/3), respectively. The Z’ for the SM fields are shown in
table 4:

* Set Spy = [, d, 0;*3) @ u¢ @ d° @ Qf];, with quantum numbers (3, 3, —1/3); (3,
1, -2/3);(3%, 1, 1/3) and (3", 1, 4/3), respectively. The Z’ charges for the SM fields are
shown in table 5:
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Table 6. Contribution to the anomalies for each family of quarks Sy, leptons S;, and
exotics Sg;, for 3-3-1 models with § = J3.

Anomalias SLl SLZ SL3 SQI SQ2 SEl SEZ
[SUBR)PUM)x 0O 0 0 0 0 0 0
[SUGLPU(M)y -1 0 0 2 -1 1 0
[Grav]*U(1)y 0 0 0 0 0 0 0
[U(DxP 6 0 0 —-12 6 -6 0
[SUGB).P 1 -1 -1 =3 3 -1 1

Table 7. AFSs for § = \/§ . We have classified the AFS according to the content of
quark families, i.e. 0%, QI and Q™. Combinations of these sets with three SM quark
and three SM lepton families can be considered as 3-3-1 models.

Vector-like lepton

i set (L;) One quark set (Q}) Two quarks set (Qiﬂ) Three quarks set (Qim)
1 Ser + 812 Sgr + 2811 + Soi Sp1+ S+ So1 + S 3801+ 2801 + S

2 Se1 + S Se1 4+ 2812 + Soo Sei+ Sz +So1 + S 3812+ So1 + 2802

3 Sp+ 813 Sg1+ 82+ S13 + S 3813+ So1 + 2802

4 SEI +2SL3+SQ2 2SL2+SL3+SQ1 +2SQ2
5 SL2+2SL3+SQ1 +2SQ2

* To cancel anomalies, it is advantageous introducing triplets and anti-triplets of exotic
leptons; for example, Sz = [N, EJ, E5 ") @ E; @ E5 ], with quantum numbers (1,
3% 1);(1, 1, —1) and (1, 1, —2), respectively. We do not report the Z’ charges of exotic
fermion fields because we assume they have a very high mass.

+ Additional exotic lepton sets. Sg» = [(Es', Ny, Eg) @ E5 @ Eg'l, with quantum
numbers (1, 3, 0); (1, 1, —1) and (1, 1, 1), respectively. A more economical set is
Sgs = [(Es', NY, E5)] which has identical contributions to the anomalies as Sz, but
different Z’ charges. However, these details are irrelevant for the low energy
phenomenology, so we do not include Sg; in table 6.

4. Irreducible anomaly free sets and models

Table 6 shows the contribution of each set to the anomalies. From table 6, it is possible to
obtain the irreducible AFSs [48], shown in table 7. The irreducible AFSs O, QF and Q™ in
table 7 correspond to fermion sets with one quark family, two quark families, or three quark
families, respectively. These sets can be combined to build three family models as shown in
table 8. There are 33 different models (without considering all the possible embeddings).
These models can also be extended by adding vector-like lepton sets, L;, indicated in the
second column of table 7. To exemplify the possible embeddings we show some cases in
table 10. The choice of models in table 10 show how the phenomenology depends on the SM
fermion embedding in the model. For example, in the case of M 10, the embedding determines
whether it is strongly coupled. M17 was chosen because it had several embeddings. M3 is the
minimal model. M4 is similar to the minimal model but is not universal in the lepton sector.
In general, we obtain three classes of models as we can see below:
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Table 8. Three-family models built from the irreducible anomaly-free sets (table 7). It is
possible to obtain (trivially) new models by adding vector-like lepton sets; we are not
considering these possibilities in our counting unless they are necessary to complete the
lepton families.

Models
Mi o 3801+ 2801 + Son
M2 o 3810 + So1 + 2502
M3 QY 3813 + So1 + 2502
M4 O 2812+ S13 + So1 + 2502
M5 O Stz + 2813+ So1 + 2S00
M6 Q' + Qf 381+ Stz + Sg2 + 2801 + S
M7 o'+ 0} Sp1+ 3810 + Ser + So1 4+ 2850
M8 o' + 04 Sp1+ 2815 + Si3 + Ser + So1 + 28502
M9 0"+ Qf Sei + Si2+ 2813+ Sg1 + So1 + 2802
MI10 Q)+ Qf 3811 + 83 + Sg2 + 2801 + Sz
Ml Q'+ Q) Spi+ 2810+ Sp3 + Se1 + So1 + 2802
MI12 Q'+ Qf Sp1+ 82+ 2813 + Se1 + So1 + 2802
Mi13 o'+ Of Sp1+ 3813+ Se1 + So1 + 28502

Ml4 O+ Q) + Qf 2811+ 382+ S5+ 28k + Sea + So1 + 250>
MI5 Q' + Q3 + Qi 2811 + 2812 + 283 + 28k + Sp2 + So1 + 2802
MI16 Q] + Qf + Qf 2811+ Sio+ 3813+ 2Se1 + Se2 + So1 + 2802

M17  Qf + Qi + 0!} 3812+ 3513 + 38k + 3502

Mi18 30/ 6511 + 35Sk + 3501

M19 20! + 0} 48,1 + 2815 + 28k + Sg1 + 2501 + Son
M20 20!+ QF 4811+ Spo + Sp3 + Se1 + 2852 + 2501 + Sg2
M2l 20/ + Q4 ASp1 + 2813 + Sg1 + 282 + 2801 + Sz
M22 30} 6812+ 35k + 35S0

M23  20; + O} 2811 + 4812+ 28e1 + Se2 + So1 + 2802
M24  20; + 0F 5812+ Sp3 +3Se1 + 3502

M25 20} + Q) 4815+ 2813 + 38k + 3802

M26 304 3812+ 3813 + 38k + 3502

M27 201 + O 2871 + 2810 + 2813 + 2Sk1 + Sga + So1 + 2502
M28 201 + Of 4875 + 2873 + 35k + 3502

M29 207 + Of 2812 + 4813+ 38k + 3502

M30 30f 613+ 35Sk + 35S0

M3l 20+ O 2871 + 4813 + 28e1 + Sp2 + So1 + 2502
M32  20i + 05 287 + 4813+ 38k + 3502

M33 20} + Of Si2+ 583 + 38k + 3502

» Completely non-universal models: this happens if we embed each of the SM families in
different sets; for example, one of the possible embeddings for the M12 model in table 8
is to put the first lepton family in S75 and the remaining lepton families in S7; and S;,.
This class of models usually has very strong restrictions from FCNC and CLFV.

* Universal Models: in several AFSs, there are embeddings with the three families of SM
leptons in sets with the same quantum numbers; the same applies for the three families of
the SM quarks. For example, in the M26 model in table 8, it is possible to embed all the
three SM families in the sets 35,3 + 3S,. The remaining fields are considered exotic
fermions and are necessary to cancel anomalies.

6
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Table 9. The lepton families Sz, and Sy, are strongly coupled (For Sy, and S, the left-

handed lepton doublet fand the right-handed charged lepton singlet ez have couplings
greater than 1, respectively). Therefore only S;, is phenomenologically viable for the

first family. Depending on the quark content, i.e. Sy, or Sp,, we have two different
constraints.

Particle content LHC-lower limit

first generation in TeV
Si3+ So1 7.3
Si3+So2 6.4

* The 2 + 1 models: most AFSs have embeddings where two families are in sets with the
same quantum numbers, and the third family is a different set. To avoid the strongest
FCNC restrictions, it is necessary that the left-handed doublets of the first two SM quark
families have identical quantum numbers. This condition is also desirable for Lepton
families, although some models could avoid the FCNC constraints without satisfying this
condition. A typical example of these models is the Pisano—Pleitez—Frampton minimal
model [13, 14]. 355 + Sp1 + 25> (the M3 model in table 8). This model is universal in
the lepton sector and non-universal in the quark sector.

5. LHC and low energy constraints

We consider the ATLAS search for high-mass dilepton resonances in the mass range of
250 GeV to 6 TeV in proton—proton collisions at a center-of-mass energy of /s = 13 TeV
during Run 2 of the LHC with an integrated luminosity of 139 fb~' [51]. This data was
collected from searches of Z’ bosons decaying dileptons. We obtain the lower limit on the Z’
mass from the intersection of the theoretical predictions for the cross-section with
the corresponding upper limit reported by ATLAS at a 95% confidence level. We use
the expressions given in [52—54] to calculate the theoretical cross-section. We assume that the
Z — 7' mixing angle 6 (see appendix D) equals zero for these bounds. In table 9, the LHC
constraints for some models are presented. It is important to stress that the leptons of the first
family, i.e. the electron and its neutrino, should be embedded in S;; since it is the only
scenario where the right-handed electron has Z’ couplings less than 1. In table 9, this is the
best option for models with the first two lepton generations embedded in Sy 3, as it happens for
the minimal model (M3), since having identical quantum numbers for the first and second
lepton families avoids possible issues with CLFV and FCNC. To avoid the strongest FCNC
constraints in the quark sector, the charges of the left-handed quarks of the first two families
should be identical [55]; this feature is assumed to calculate the lower mass limits in table 9. It
is important to stress the non-universal Z’ couplings modify processes such as [56]: coherent
1t — e conversion in a muon atom, K® — K° and B — B mixing, ¢, and ¢’/¢, lepton, and
semileptonic decays (e.g. i — e7y) which, if observed in the future, the Non-universal Models
will be favored over the universal ones. For models with a Z’ boson coupling in a different
way to the third family, there are different predictions for the branching rations B(r — Hu) and
B(t — Hc). These predictions are strongly constrained by colliders [57]. In table 10, SC stands
for strongly coupled, indicating that in the sets S;; and S;,, the coupling of the right-handed
electron is greater than one, and therefore, the collider constraints are very strong. Even
though Z’ with couplings greater than one to the SM fields of the first generation are quite

7



Table 10. Alternative embeddings of the SM fields for some of the models in table 8. The lepton sets in square brackets contain the SM fields. The
superscripts correspond to the particle content of the SM, where ¢ (7) stands for a left-handed lepton doublet embedded in a SU(3), triplet (anti-
triplet), and e’* (e*) is the right-handed charged lepton embedded in a SU(3),, triplet (singlet). The check mark v'means that at least two (2+1) or
three (universal) families have the same charges under the gauge symmetry. The cross xstands for the opposite. LHC constraints are obtained from
table 9 for embeddings in which we can choose the same Z’ charges for the first two families, otherwise, we leave the space blank. To avoid a
strongly coupled model in the Lepton sector, it is necessary to embed the first Lepton family (electron and electron neutrino) in Sy 3. This feature will
be helpful to distinguish between the different embeddings. The embedding also defines the content of exotic particles in each case.

Model j SM Lepton embeddings Universal 2+1 Quark configuration LHC-lower limit
M3 = Q" (Minimal) — Bsi v X 2502+ So1 6.4 TeV
M4 =M — 2S5 + st x v 2502 + So1 6.4 TeV
M6 = (0] + o'y 1 St 14+S12 + Sk v X 2501 + Sg2 sc

2 2S5 + S5 140 + Sk X v 2501 + So2 SC
M17 = (0] + Q5 + Q1) 1 3875 ¢ 143815 + 38k v x 3802 e

2 385 14381, + 38k v x 3502 6.4 TeV

3 (285" + S5 1481 + 2813 + 3k x v 350 6.4 TeV

4 (S5 + 285 14282 + Si3 + 3k X v 350 6.4 TeV
M10 = Q! + Q) 1 BSE <1 +S03 + Sz v x 2501 + So2 SC

2 2S5 + S5 14S + Se X v 2501 + So2 7.3 TeV
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Figure 1. Doubly charged exotic lepton contribution to the process
qG — Z' — EYTE~~ — Ny = 0t ().

K~ -
7 § —4— — 44—
KO KO Q_4/3A VQ—4/3 KO
K+
S d—»— —»—— S

Figure 2. Exotic quark contribution to the K — K° mixing.

disfavored by colliders [52], strongly coupled models are also attractive in several phe-
nomenological approaches [55, 58]; for this reason, it is important to realize the existence of
these models, which naturally appear in 3-3-1 models with large  values. Regarding con-
straints on exotic particles, the restrictions on the mass of a sequential heavy lepton are above
100 GeV [59]. For exotic quarks ' and &/, the allowed mass ranges are above 1370 GeV and
1570 GeV, respectively [59]. The restrictions on fields with exotic electric charges are weaker
because the identification algorithms assume the charges are proportional to the charge of the
electron [60]. The presence of doubly charged exotic leptons can generate new decay
channels in proton—proton collisions at very high energies. In figure 1, the Feynman diagram
for the process q§ — Z' — EYTE~~ — {*~y — (T~ (7"17), generating four boosted
leptons in the final state (the doubly charged exotic lepton appears in S;;, which strongly
couples the Z’; for this reason, to avoid collider constraints, we restrict to leptons of the
second or third family). On the other hand, exotic quarks modify the K° — K° mixing, as
shown in figure 2. Fermions with exotic electric charges can contribute to several processes;
however, an exhaustive study of these processes is beyond the purpose of this work.

6. Conclusions

Since that for 3-3-1 models, the absolute value of the parameter 3 must be less than
B 5 cotby = 1.8 (for sin?fy = 0.231 in the MS renormalization scheme at the Z-pole
energy scale), and the values of 3 are further limited by the Requirement that the vector boson
charges be integers, the possible values of this parameter are reduced to a few cases. For a
realistic model, the maximum possible value corresponds to 3 = /3 ~ 1.73. This case is
important since it contains the Pleitez-Frampton minimal model. We have constructed three
sets of lepton families, S;;, two quark families, Sy;, and two exotic lepton families Sg;, and we

9
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calculated their contribution to anomalies. In our analysis, we obtained 14 irreducible AFSs,
from which we built 33 non-trivial 3-3-1 models (without considering the different embed-
dings) with at least three quark and three lepton families for each case. Each of these
embeddings constitutes a phenomenologically distinguishable model; however, we limited
our analysis of the possible embeddings to a few cases. In the same way, from our analysis of
the 3-3-1 models with 3 = /3 we report the couplings of the SM fields to the Z’ boson for all
the possible quark and lepton families and the corresponding lower limits on the Z’' mass. We
also discuss the conditions under which the reported models avoid FCNC and CLFV. We also
observed that strongly coupled models appear naturally and require a high value for the Z’
mass. They can be helpful in specific phenomenological approaches based on models with
strong dynamics. In the future, a detailed analysis of each model will be necessary; however,
this is beyond the scope of the present work.
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Appendix A. Z’ charges for a general 3-3-1 model

At low energy, the 3-3-1 models, i.e. the gauge symmetry SU3) ® SU(3), ® U(1)x reduces
to the low energy effective theory SU3)c ® SU2); ® U(1)g, @ U(l)x — SUB)c @ SU2), ®
U(1)y. From the covariant derivatives, for the neutral currents, we obtain the interaction
Lagrangian

=L D g 1Ay + &K1 AsLy + 8xJIx Axps (AL)
which can be written as

7£NC = giJi/LAj“ = gj-]j,u Ojk OlchAlu7

= &AL (A2)

where Al = Ol A/, then (A}, A}) = (Ad;, A), A, A)) = (B, Z'M), (gJ}'s &J4) =
(g AL, exAY) and (GA!", 5A5) = (g} gzJy)- At high energies, the symmetry is
broken following the breaking chain SUQ)c® SUB3);, ® Ux(1) — SUQB)cRSU(2), ®
Us (1) ® Ux(1) = SUB)c ®@SU(2), @ Uy (1) ® U'(D), i.e.

Az

Az 1 0
1x2 0
o (02 | 02;2) al | (A3)
. X
7 x2)| Al
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Next step SU(3)¢ ® SUQ2), @ Uy(1) @ U'(1) — SUB)¢e @ Ugep(1), ie.

AH sinfy  cosfy 0\ A3
Z¢ | =|cosOy —sinfy O|| B~ (A4)
7 0 0 1 7/

where the fields correspond to the SM photon A * and the Z* boson, and a heavy vector-boson
Z'. Proceeding similarly for the currents, and limiting ourselves to the fields on which the
orthogonal submatrix Q, . acts, from equation (A2) we obtain g J;' = gJf Oy, ie.

. On Op
ngk# = (gYJ)ﬁ’, gZ/J;/>:(gLJ£8, gXJ}I?)(Ozl 022 5

= (8,150 + gxJ{ 001, 8, Tf500 + gy 4 0). (AS)

Without further assumption

(011 012) _ (cosw —sinw) (A6)

051 Opp sinw cosw

so that

gyly = g lfscosw + gyJf sinw,

8y ly = —g Jlgsinw + gy J§ cosw. (A7)
The charge operator in a three-dimensional representation is given by

Oqep = Tp3 + BTz + X1, (A8)
hence

Y = (T + X. (A9)

From this expression, it is possible to obtain a relation between the currents (the currents are
proportional to the charges)

Jy = By + J§. (A10)
Comparing this result with (A7)
g cosw | = gy Sinw

ﬁ 9
8y 8y

(Al1)

From cos?w + sinfw = 1, we obtain

2 2
(ﬂ) n (L) _ Lz (A12)
gL gX gy

In the SM, g, ~ 0.652 and g, = g tanfy,
g, tan Oy
gX Ealiaar————__ -
J1 — B2 tan? Oy

This expression shows that the parameter 5 cannot be arbitrarily large from the matching
conditions (§ S cotfy; some care must be taken on this approximation since this is a
renormalization-scheme dependent inequality. From these expressions, we obtain

(A13)

11
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cosw = ﬁgy = Btanfy, sinw =1 — B>tan0Oy . (A14)
8

L

From equation (A7), g, ez = —g Tz sinw + gy Xy cosw, we obtain

tan? Oy, X
gpez =—g Tisy1 — B*tan’ Oy + /BgL—W,
J1 — B%tan? 6y

2
= gL(—TLga + ﬁta“f’WX), (A15)
&
where & = /1 — B2 tan? Oy = ]9 J1 — 4sin?0y, for g = /3.
cos Oy

Appendix B. Chiral charges for the 3 representation
In what follows, we propose sets of fermions representing the particle content of a generation
of leptons or quarks, for left-handed triplets 3, and for right-handed fermions in an SU(3),

singlet, in general we have

1 tan2 Oy,

_ﬁ& + B % X 0 0
gl (=g 0 _%a + gtangew X 0 g gy
0 0 %? T gty
BD

Here we add the subindex R to the X-charge of the right-handed singlet to emphasize that
it differs from the quantum number of the left-handed triplet, i.e. X. If the charge conjugate of
the right-handed fermion is identified with the third component of a triplet,

1 ~ tanZ Oy

then €% = —gL(

Appendix C. The conjugate representation 3*

To cancel the anomalies of SU(3);, triplets must be put in the conjugate representation. In
general, for any set of generators 7 of an SU(N) symmetry with N < 3 there exists another set
of generators —T“, which satisfy the same algebra. This set of generators spawns the so-
called conjugate representation of SU(N). With these generators, we can build charge
operators and multiplets containing the SM particles. To compare with the conjugate repre-
sentation, we use the projectors

1 00 010
P = 010} ﬁlZ =|1 0 O} (C])
000 000

They should not be confused with permutation operators, as the purpose of these operators is
to compare only the first two rows of the charge operators. p,, also permutes the first two
eigenvalues to make a proper comparison with the conjugate operator. We can obtain the X ,
i.e. the charge of the triplet 3* in the conjugate representation, from the equation

12
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Pro(Tis + BTis + XDp
= pio(=Ti3 — BTis + XDp/, (C2)

only the signs of the SU(3) generators were changed. This matrix equation is equivalent to a
couple of linear equations. These equations have the solution X¢ = (% + X ) = (1 + X).

An equivalent treatment is to obtain the conjugate representation from T5; — Tg; + X©,
which generates the exact electric charges but in a different order. We verify that both
approaches contribute identically to the anomalies, developing the same particle content and
models. For left-handed triplets in the conjugate representation 3*, and right-handed fermions
in an SU(3), singlet, we have, in general,

2
vl gy gl fwye 0 0
2J3 &
2 2
gz’f% G =g 0 +L@ + QMXC 0 > ‘lzt = gL‘jMXC'
2J§ & &
2
0 0 —La s g fuye
J3 &

(€3)
If the charge conjugate of the right-handed fermion is identified with the third component

of a triplet, then ¢ = —gL(—%& + ﬂ@Xc).

Appendix D. Z-Z’ mixing

Mixing angle 0 between Z and Z’ is tightly constrained [61], i.e. 8 < 10~; however, in
several phenomenological analyzes, it is still useful delivering expressions for the mass
eigenstates.

Zl'=2ZF'cosf + Z'"sin ),
Z}'=—Z'sin@ + Z'" cos 6. (D1)
At low energies, Z; is identified with the SM Z boson. In order to keep the Lagrangian

invariant, this field rotation must be compensated by the corresponding rotation of the
currents

gl = 8,05 cos O + g5, sin 0,
803" = —g,J5 sinf + g,.J ) cos 6. (D2)
From which we get

8,01 =g,07c0s0 + 8,07 sinb,
8,0, =—8,0z5sin0 + g, Q7 cosd. (D3)

ORCID iDs

Yithsbey Giraldo © https://orcid.org/0000-0002-5348-8033
Eduardo Rojas @ https://orcid.org/0000-0002-7412-1345


https://orcid.org/0000-0002-5348-8033
https://orcid.org/0000-0002-5348-8033
https://orcid.org/0000-0002-5348-8033
https://orcid.org/0000-0002-7412-1345
https://orcid.org/0000-0002-7412-1345
https://orcid.org/0000-0002-7412-1345

J. Phys. G: Nucl. Part. Phys. 51 (2024) 035004 E Suarez et al

References

(1]
(2]
(3]
(4]
(3]
(6]
(7]
(8]
(91
[10]
[11]
[12]
[13]

[14]
[15]

[16]
[17]
(18]
[19]
[20]
(21]
[22]
(23]

(24]

[25]
[26]
[27]

(28]

Schechter J and Ueda Y 1973 Unified weak-electromagnetic gauge schemes based on the three-
dimensional unitary group Phys. Rev. D 8 484

Albright C H, Jarlskog C and Tjia M O 1975 Implications of gauge theories for heavy leptons
Nucl. Phys. B 86 535

Fayet P 1974 A gauge theory of weak and electromagnetic interactions with spontaneous parity
breaking Nucl. Phys. B 78 14

Fritzsch H and Minkowski P 1976 SU(3) as gauge group of the vector-like weak and
electromagnetic interactions Phys. Lett. B 63 99

Segre G, Weyers J and Vector-Like A 1976 Theory with a parity violating neutral current and
natural symmetry Phys. Lett. B 65 243

Mohapatra R N and Pati J C 1976 Essential restriction on the symmetry of a unified theory for the
case of massive gluons Phys. Lett. B 63 204

Lee B W and Weinberg S 1977 SU(3) x U(1) gauge theory of the weak and electromagnetic
interactions Phys. Rev. Lett. 38 1237

Lee B W and Shrock R E 1978 An su(3) x U(1) theory of weak and electromagnetic interactions
Phys. Rev. D 17 2410

Langacker P, Segre G and Golshani M 1978 Gauge theory of weak and electromagnetic
interactions with an SU(3) x U(1) symmetry Phys. Rev. D 17 1402

Georgi H and Pais A 1979 Generalization of gim: horizontal and vertical flavor mixing Phys. Rev.
D 19 2746

Singer M, Valle J] W F and Schechter J 1980 Canonical neutral current predictions from the weak
electromagnetic gauge group su(3) X u(1) Phys. Rev. D 22 738

Pleitez V 2021 Challenges for the 3-3-1 models 5th Colombian Meeting on High Energy Physics
arXiv:2112.10888

Pisano F and Pleitez V 1992 An SU(3) x U(1) model for electroweak interactions Phys. Rev. D
46 410

Frampton P H 1992 Chiral dilepton model and the flavor question Phys. Rev. Lett. 69 2889

Queiroz F, C A de, Pires S and da Silva P S R 2010 A minimal 3-3-1 model with naturally sub-eV
neutrinos Phys. Rev. D 82 065018

Caetano W, Cogollo D, Pires C A de S and Rodrigues da Silva P S 2012 Combining type I and
type Il seesaw mechanisms in the minimal 3-3-1 model Phys. Rev. D 86 055021

Ferreira J G Jr, Pinheiro P R D, Pires C A d S and da Silva P S R 2011 The minimal 3-3-1 model
with only two higgs triplets Phys. Rev. D 84 095019

Mohapatra R N and Senjanovic G 1980 Neutrino mass and spontaneous parity nonconservation
Phys. Rev. Lett. 44 912

Dias A G, Pires C A de S and Rodrigues da Silva P S 2005 Naturally light right-handed neutrinos
in a 3-3-1 model Phys. Lett. B 628 85

Dias A G, Pires C A de S and Rodrigues da Silva P S 2010 The left-right SU(3)(1) x SUB)(r) x U
(1)(x) model with light, kev and heavy neutrinos Phys. Rev. D 82 035013

Cogollo D, Diniz H and Pires C A de S 2009 Kev right-handed neutrinos from type ii seesaw
mechanism in a 3-3-1 model Phys. Lett. B 677 338

Ky N A and Van N T H 2005 Scalar sextet in the 331 model with right-handed neutrinos Phys.
Rev. D 72 115017

Palcu A 2006 Implementing canonical seesaw mechanism in the exact solution aa 3-3-1 gauge
model without exotic electric charges Mod. Phys. Lett. A 21 2591

Dias A G, Pires C A de S and da Silva P S R 2011 How the inverse see-saw mechanism can reveal
itself natural, canonical and independent of the right-handed neutrino mass Phys. Rev. D 84
053011

Fregolente D and Tonasse M D 2003 Selfinteracting dark matter from an SU(3)(1) x U(1)(N)
electroweak model Phys. Lett. B 555 7

Long H N and Lan N Q 2003 Selfinteracting dark matter and higgs bosons in the SU(3)(C)
x SUB)(L) x U(1)(N) model with right-handed neutrinos EPL 64 571

Filippi S, Ponce W A and Sanchez L A 2006 Dark matter from the scalar sector of 3-3-1 models
without exotic electric charges Europhys. Lett. 73 142

Mizukoshi J K, Pires C A de S, Queiroz F S and Rodrigues da Silva P S 2011 Wimps in a 3-3-1
model with heavy sterile neutrinos Phys. Rev. D 83 065024


https://doi.org/10.1103/PhysRevD.8.484
https://doi.org/10.1016/0550-3213(75)90360-0
https://doi.org/10.1016/0550-3213(74)90113-8
https://doi.org/10.1016/0370-2693(76)90477-9
https://doi.org/10.1016/0370-2693(76)90173-8
https://doi.org/10.1016/0370-2693(76)90649-3
https://doi.org/10.1103/PhysRevLett.38.1237
https://doi.org/10.1103/PhysRevD.17.2410
https://doi.org/10.1103/PhysRevD.17.1402
https://doi.org/10.1103/PhysRevD.19.2746
https://doi.org/10.1103/PhysRevD.22.738
http://arxiv.org/abs/2112.10888
https://doi.org/10.1103/PhysRevD.46.410
https://doi.org/10.1103/PhysRevLett.69.2889
https://doi.org/10.1103/PhysRevD.82.065018
https://doi.org/10.1103/PhysRevD.86.055021
https://doi.org/10.1103/PhysRevD.84.095019
https://doi.org/10.1103/PhysRevLett.44.912
https://doi.org/10.1016/j.physletb.2005.09.028
https://doi.org/10.1103/PhysRevD.82.035013
https://doi.org/10.1016/j.physletb.2009.05.060
https://doi.org/10.1103/PhysRevD.72.115017
https://doi.org/10.1142/S0217732306021566
https://doi.org/10.1103/PhysRevD.84.053011
https://doi.org/10.1103/PhysRevD.84.053011
https://doi.org/10.1016/S0370-2693(03)00037-6
https://doi.org/10.1209/epl/i2003-00267-5
https://doi.org/10.1209/epl/i2005-10349-x
https://doi.org/10.1103/PhysRevD.83.065024

J. Phys. G: Nucl. Part. Phys. 51 (2024) 035004 E Suarez et al

[29]
(30]
(31]
(32]

(33]

[34]
(35]
[36]
[37]
[38]

(391

[40]
[41]
[42]
(43]
[44]
(45]
[46]
[47]
(48]
[49]
[50]
[51]
[52]
[53]
[54]

[55]
[56]

Profumo S and Queiroz F S 2014 Constraining the Z’ mass in 331 models using direct dark matter
detection Eur. Phys. J. C 74 2960

Kelso C, Pires C A de S, Profumo S, Queiroz F S and Rodrigues da Silva P S 2014a A 331 wimpy
dark radiation model Eur. Phys. J. C 74 2797

Rodrigues da Silva P S and Brief A 2016 Review on wimps in 331 electroweak gauge models
Phys. Int. 7 15

Queiroz F S 2015 Non-thermal wimps as dark radiation AIP Conf. Proc vol 1604 p 83
arXiv:1310.3026

Cogollo D, Gonzalez-Morales A X, Queiroz F S and Teles P R 2014 Excluding the light dark
matter window of a 331 model using lhc and direct dark matter detection data J. Cosmol.
Astropart. Phys. JCAP11(2014)002

Kelso C, Long H N, Martinez R and Queiroz F S 2014b Connection of g — 2
matter, and collider constraints on 331 models Phys. Rev. D 90 113011

Dong P V, Ngan N T K and Soa D V 2014 Simple 3-3-1 model and implication for dark matter
Phys. Rev. D 90 075019

de Sousa Pires C A and Ravinez O P 1998 Charge quantization in a chiral bilepton gauge model
Phys. Rev. D 58 035008

Pal P B 1995 The strong cp question in SU3)(C) x SU@B)(L) x U(1)(N) models Phys. Rev. D
52 1659

Dias A G, Pires C A de S and Rodrigues da Silva P S 2003 Discrete symmetries, invisible axion
and lepton number symmetry in an economic 3-3-1 model Phys. Rev. D 68 115009

de Jesus A S, Kovalenko S, Queiroz F S, Pires C A de S and Villamizar Y S 2020 Dead or alive?
Implications of the muon anomalous magnetic moment for 3-3-1 models Phys. Lett. B 809
135689

Hue L T, Thanh P N and Tham T D 2020 Anomalous magnetic dipole moment (g — 2)u in 3-3-1
model with inverse seesaw neutrinos Commun. Phys. 30 221

Hue L T, Phan K H, Nguyen T P, Long H N and Hung H T 2022 An explanation of experimental
data of (g — 2),,, in 3-3-1 models with inverse seesaw neutrinos Eur. Phys. J. C 82 722

Buras A J, De Fazio F, Girrbach J and Carlucci M V 2013 The anatomy of quark flavour
observables in 331 models in the flavour precision era J. High Energy Phys. JHEP02(2013)023

Addazi A, Ricciardi G, Scarlatella S, Srivastava R and Valle J W F 2022 Interpreting B anomalies
within an extended 331 gauge theory Phys. Rev. D 106 035030

Descotes-Genon S, Moscati M and Ricciardi G 2018 Nonminimal 331 model for lepton flavor
universality violation in b — s¢¢ decays Phys. Rev. D 98 115030

Wei M and Chong-Xing Y 2017 Charged higgs bosons from the 3-3-1 models and the R(D™)
anomalies Phys. Rev. D 95 035040

Ponce W A, Florez J B and Sanchez L A 2002 Analysis of SU(3)(c) x SUB)(L) x U(1)(X) local
gauge theory Int. J. Mod. Phys. A 17 643

Ponce W A, Giraldo Y and Sanchez L A 2003 Minimal scalar sector of 3-3-1 models without
exotic electric charges Phys. Rev. D 67 075001

Benavides R H, Giraldo Y, Mufioz L, Ponce W A and Rojas E 2022 Systematic study of the
SUQB). ® SUB), ® U(1)y local gauge symmetry J. Phys. G 49 105007

Diaz R A, Martinez R and Ochoa F 2005 SU(3)(c) x SUQB)L) x U(1)X) models for beta
arbitrary and families with mirror fermions Phys. Rev. D 72 035018

Valle J W F and Singer M 1983 Lepton number violation with quasi Dirac neutrinos Phys. Rev. D
28 540

Aad G(ATLAS) et al 2019 Search for high-mass dilepton resonances using 139 fb ~' of pp
collision data collected at /s = 13 TeV with the ATLAS detector Phys. Lett. B 796 68

Erler J, Langacker P, Munir S and Rojas E 2011 Z’ Bosons at colliders: a Bayesian viewpoint
J. High Energy Phys. JHEP11(2011)076

Salazar C, Benavides R H, Ponce W A and Rojas E 2015 LHC constraints on 3-3-1 models J. High
Energy Phys. JHEP07(2015)096

Benavides R H, Muiioz L, Ponce W A, Rodriguez O and Rojas E 2018 Electroweak couplings and
LHC constraints on alternative Z’ models in Eg Int. J. Mod. Phys. A 33 1850206

Langacker P 2009 The physics of heavy Z' Gauge Bosons Rev. Mod. Phys. 81 1199

Langacker P and Plumacher M 2000 Flavor changing effects in theories with a heavy Z’ boson
with family nonuniversal couplings Phys. Rev. D 62 013006

1w €lectroweak, dark


https://doi.org/10.1140/epjc/s10052-014-2960-x
https://doi.org/10.3844/pisp.2016.15.27
http://arXiv.org/abs/1310.3026
https://doi.org/10.1088/1475-7516/2014/11/002
https://doi.org/10.1103/PhysRevD.90.113011
https://doi.org/10.1103/PhysRevD.90.075019
https://doi.org/10.1103/PhysRevD.58.035008
https://doi.org/10.1103/PhysRevD.52.1659
https://doi.org/10.1016/j.physletb.2020.135689
https://doi.org/10.1016/j.physletb.2020.135689
https://doi.org/10.15625/0868-3166/30/3/14963
https://doi.org/10.1140/epjc/s10052-022-10691-5
https://doi.org/10.1103/PhysRevD.106.035030
https://doi.org/10.1142/S0217751X02005815
https://doi.org/10.1103/PhysRevD.67.075001
https://doi.org/10.1088/1361-6471/ac894a
https://doi.org/10.1103/PhysRevD.72.035018
https://doi.org/10.1103/PhysRevD.28.540
https://doi.org/10.1016/j.physletb.2019.07.016
https://doi.org/10.1007/JHEP11(2011)076
https://doi.org/10.1007/JHEP07(2015)096
https://doi.org/10.1142/S0217751X18502068
https://doi.org/10.1103/RevModPhys.81.1199
https://doi.org/10.1103/PhysRevD.62.013006

J. Phys. G: Nucl. Part. Phys. 51 (2024) 035004 E Suarez et al

[57] Tumasyan A(CMS) et al 2022 Search for flavor-changing neutral current interactions of the top
quark and the Higgs boson decaying to a bottom quark-antiquark pair at /s = 13 TeV J. High
Energy Phys. JHEP02(2022)169

[58] Hill C T and Simmons E H 2003 Strong dynamics and electroweak symmetry breaking Phys. Rep.
381 235

Hill C T and Simmons E H 2004 Phys. Rep. 390 553-554

[59] Workman R L et al (Particle Data Group) 2022 Review of particle physics PTEP 2022 083C01

[60] Romero Abad D, Portales J R and Ramirez Barreto E 2020 Electric charge quantisation in 331
models with exotic charges Pramana 94 84

[61] Erler J, Langacker P, Munir S and Rojas E 2009 Improved constraints on z-prime bosons from
electroweak precision data J. High Energy Phys. JHEP08(2009)017


https://doi.org/10.1007/JHEP02(2022)169
https://doi.org/10.1007/s12043-020-01955-4
https://doi.org/10.1007/JHEP08(2009)017

	1. Introduction
	2.3-3-1 models
	2.1. The minimal model

	3. Lepton and quark generations
	4. Irreducible anomaly free sets and models
	5. LHC and low energy constraints
	6. Conclusions
	Acknowledgments
	Data availability statement
	Appendix A.
	Appendix B.
	Appendix C.
	Appendix D.
	References



