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We have witnessed some flavor anomalies appearing in the past years, and explanations based on
extended gauge sectors are among the most popular solutions. These beyond the Standard Model (SM)
theories often assume flavor-changing interactions mediated by new vector bosons. Still, at the same
time, they could yield deviations from the SM in the K0 − K̄0, D0 − D̄0, B0

d − B̄ 0
d, and B0

s − B̄ 0
s meson

systems. Using up-to-date data on the mass difference of these meson systems, we derive lower mass
bounds on vector mediators for two different parametrizations of the quark mixing matrices. Focusing on a
well-motivated model based on the fundamental representation of the weak SU(3) gauge group, we put our
findings into perspective with current and future hadron colliders to conclude that meson mass systems can
give rise to bounds much more stringent than those from high-energy colliders and that recent new physics
interpretations of the b → s and RðD�Þ anomalies are disfavored.

DOI: 10.1103/PhysRevD.107.063005

I. INTRODUCTION

Since flavor-changing neutral current (FCNC) processes
are forbidden at tree level in the Standard Model (SM),
they are very sensitive to new physics. For this reason,

meson–antimeson mixing that belongs to the class of flavor-
changing neutral current processes are great laboratories for
flavor-changing interactions. Meson systems are key to our
understanding of the fundamental interactions and contin-
uously give rise to important results such as the recent
measurement of mixing and CP violation in neutral charm
mesons collected by the LHCb experiment [1].
FCNCs have historically been important to the develop-

ment of the SM. From the considerations of FCNC, the
charm quark was predicted to accommodate the data
that ruled out larger FCNC effects [2]. Analyzing the
neutral kaon meson system, the value of charm mass was
estimated [3]. Charged kaon decays revealed that weak
interactions do not conserve parity and charge operators.
Moreover, the KL decay into pions has shown that CP is
not preserved [4]. The SM with two fermion generations
could not reproduce this decay because CP-violating
interactions of quarks necessarily involve complex cou-
plings. Those complex couplings, if introduced in a 2 × 2
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mixing matrix, are eliminated after rotation, leaving, in
the end, a real 2 × 2 Cabibbo matrix. Kobayashi and
Maskawa concluded in 1973 that such complex terms
would survive in the quark mixing matrix if there were at
least three generations. This fact was ignored for quite
some time until the discovery of the bottom quark in 1977
by Ledermann [5], which later hinted at the existence of the
top quark [6,7]. Therefore, it is clear that mesons have
played a crucial role in our understanding of fundamental
interactions. As they are made up of one quark and one
antimatter quark. The antimatter state of a given meson is
also comprised of a quark and one antimatter quark. For
instance, theD0 meson consists of a charm quark and an up
antiquark, whereas its antiparticle, the D̄0, is made of a
charm antiquark and an up quark. In the quantum physics
world, the meson D0 particle can be itself and its anti-
particle at once, leading to a quantum superposition of
states, say D1 and D2, each with their own mass and their
decay width Γ1 and Γ2 (see Fig. 1). This superposition
allows a continuous oscillation between theD0 particle and
its antiparticle. In other words, the Hamiltonian is not
diagonal in the flavor basis, and thus flavor changing
interactions are present. The mass difference, mD1 −mD2,
determines the frequency of oscillations, which is measured
[8–10] and reported in terms of the dimensionless param-
eter x ¼ ðmD1 −mD2Þ=Γ, where Γ is the average width,
ðΓ1 þ Γ2Þ=2.
Such an oscillation pattern is present in four well-known

meson systems, namely, K0 − K̄0, D0 − D̄0, B0
d − B̄0

d, and
B0
s − B̄0

s. The SM FCNC occurs at a one-loop level via aW
boson exchange in a box diagram, involving the Cabibbo-
Kobayashi-Maskawa (CKM) matrix; precisely for that
reason, any new physics-inducing flavor-changing inter-
actions are tightly constrained by the mesons systems
aforementioned. The relevant quantity for our reasoning
is the mass difference between these mesons, where an
excellent agreement between theory and measurement is
found. In other words, one can use precise measurements

on the mass difference of these mesons to constrain any
new physics contribution to the mass differences. These
mesons are comprised of different quark flavors and,
consequently, are sensitive to different entries of the
CKM matrix, Therefore, the new physics reach for meson
mixing systems relies on the parametrization used for the
quark mixing matrices. In summary, a robust assessment of
the new physics potential of flavor probes requires control
over the systematic errors [11–13].
In our work, we focus on the FCNC effects stemming

from neutral vector bosons. A wealth of Abelian and non-
Abelian extended gauge symmetries predict the existence
of extra neutral gauge bosons [14]. One can parametrize
these new physics contributions in terms of gauge cou-
plings and the mediator mass [15], but we will concentrate
our phenomenology on vector bosons arising from the
SUð3Þc ⊗ SUð3ÞL ⊗ Uð1ÞN gauge group, referred to as
3-3-1 models [16–20] because models based on this gauge
symmetry have been considered as a plausible explanation
to the b → s and RðD�Þ anomalies [21–26].1 FCNC studies
in the context of 3-3-1 models have been carried out in the
past [25,29–49], but our work differs from previous studies
for the following reasons:

(i) We take into account the four relevant meson
systems, including updated measurements;

(ii) We consider two different parametrizations to assess
the impact of systematic errors;

(iii) As the SM prediction agrees well with the data, we
enforce the new physics contribution to be within the
reported experimental error bar;

(iv) We put our results into perspective with future
hadron colliders; and

(v) We investigate whether recent proposals based on
the 3-3-1 symmetry are consistent with meson
mixings and collider bounds.

Our goal is to find lower mass bounds on the vector
mediator, a Z0, which mediates flavor-changing inter-
actions. Consequently, our findings are relevant to 3-3-1
constructions that feature a similar neutral current with SM
quarks [50–66].
Our work is structured as follows: in Sec. II we revise the

key ingredients of the 3-3-1 model under study; in Sec. III
we derive the 3-3-1 contribution to the mass difference of
these mesons; in Sec. IV we discuss the current and future
hadron collider bounds; we draw our conclusions in Sec. V.

II. THE MODEL

Our FCNC investigation is dedicated to models that
are based on the SUð3Þc ⊗ SUð3ÞL ⊗ Uð1ÞN symmetry,
which promotes the SM SUð2ÞL gauge group to a SUð3ÞL
one. There are several ways to arrange fermions in a
SUð3ÞL triplet, and these multiple possibilities give rise to

FIG. 1. An illustration of how flavor eigenstates of mesons
lead to mass eigenstates of mesons with different masses. The
mass difference in such systems of mixed mesons is at the core of
our study.

1See other flavor studies [27,28].
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different 3-3-1 models [18,33,34,67–71]. In this work, we
will focus on two of the most popular models based on
the 3-3-1 symmetry, namely, the 3-3-1 model with right-
handed neutrinos (RHN) and the 3-3-1 model with heavy
neutral fermion (LHN). These two particular versions of
the 3-3-1 symmetry can accommodate dark matter and
neutrino masses, which are the most convincing evidence
for physics beyond the SM. We will focus on the 3-3-1
model with right-handed neutrinos, but we emphasize that
those two models feature the same neutral current involving
the Z0 gauge boson and SM quarks. Therefore, our
conclusions are valid for both models. That said, under
the SUð3Þc ⊗ SUð3ÞL ⊗ Uð1ÞN gauge group the lepton
sector is arranged as

faL ¼

0
B@

νal
eal

ðνcRÞa

1
CA ∼ ð1; 3;−1=3Þ; eaR ∼ ð1; 1;−1Þ; ð1Þ

where a ¼ 1, 2, 3, indicate the three fermion generations.
Regarding the hadronic sector, gauge anomaly cancella-

tion requires that the quark generations transform differ-
ently under the SUð3ÞL group. The most simple way to
accomplish that without invoking several exotic new
fermions is by assuming that the first generation transforms
as triplets under SUð3ÞL, whereas the second and third ones
as antitriplets as follows:

Q3L ¼

0
B@

u3
d3
u03

1
CA

L

∼ ð3; 3; 1=3Þ;

u3R ∼ ð3; 1; 2=3Þ; d3R ∼ ð3; 1;−1=3Þ; u03R ∼ ð3; 1; 2=3Þ;

QiL ¼

0
B@

di
−ui
d0i

1
CA

L

∼ ð3; 3̄; 0Þ;

uiR ∼ ð3; 1; 2=3Þ; diR ∼ ð3; 1;−1=3Þ; d0iR ∼ ð3; 1;−1=3Þ;
ð2Þ

where i ¼ 1, 2, with q0 being heavy exotic quarks with
electric charges Qðu03Þ ¼ 2=3 and Qðd01;2Þ ¼ −1=3.
We highlight that in the 3-3-1 LHN, a new heavy neutral

lepton Na
L replaces the left-handed neutrino in the lepton

triplet. In addition, a right-handed neutral fermion Na
R ∼

ð1; 1; 0Þ is introduced, which transforms as a singlet under
SUð3ÞL. The quark sector remains the same though. Hence,
as we stressed before, our reasoning for flavor-changing
interactions involving quarks applies to both 3-3-1 models.
Fermion masses are generated through the spontaneous

symmetry-breaking mechanism governed by three scalar
triplets. From a top-down approach, the scalar triplet χ
acquires a vacuum expectation value (vev) in the scale of
the TeVs with,

hχi ¼

0
B@

0

0

vχ

1
CA; ð3Þ

breaking SUð3ÞL ⊗ Uð1ÞN down to SUð2ÞL ⊗ Uð1ÞY ,
thus generating masses for the additional gauge bosons
and new fermions, namely, the exotic quarks via the
Yukawa Lagrangian,

Lχ
Yuk ¼ λ1Q̄1Lu01Rχ þ λ2ijQ̄iLd0jRχ

� þ H:c:; ð4Þ

where χ ∼ ð1; 3;−1=3Þ.
Then the SUð2Þ ⊗ Uð1ÞY breaks into electromagnetism

when two scalar triplets ρ, η get a vev as follows:

hρi ¼

0
B@

0

vρ
0

1
CA; hηi ¼

0
B@

vη
0

0

1
CA; ð5Þ

yielding masses for the SM quarks and charged lepton
masses through

LYuk ¼ λ1aQ̄1LdaRρþ λ2iaQ̄iLuaRρ� þGabf̄aLðfbLÞcρ�
þ G0

abf̄
a
Le

b
Rρþ λ3aQ̄1LuaRηþ λ4iaQ̄iLdaRη� þ H:c:

ð6Þ

Notice that the scalar triplets transform as ρ ∼ ð1; 3; 2=3Þ
and η ∼ ð1; 3;−1=3Þ. Furthermore, the third term in Eq. (6)
gives rise to two mass degenerate neutrinos and a massless
one. It is well known that this neutrino mass pattern cannot
reproduce the three mass differences observed in the
neutrino oscillation data [72–74]. However, one can nicely
solve this problem by adding a scalar sextet and realizing a
type II seesaw mechanism, or adding three right-handed
Majorana neutrinos to incorporate an inverse or linear
seesaw [75,76]. We emphasize that either way neutrino
masses are generated, our reasoning concerning FCNC is
left unchanged.
Besides the usual bilinear and quartic terms in the scalar

potential, these scalars give rise to the term − fffiffi
2

p ϵijkηiρjχk,

where f is in principle a free parameter which has energy
dimension. The main energy scale in our work is the energy
scale at which the 3-3-1 symmetry is broken down to the
SM one. Hence, it is natural to assume that f ∼ vχ .
We highlight this fact, because there is often the question

of the importance of FCNC mediated by scalar fields in
3-3-1 constructions. However, if f ∼ vχ , the new scalars in
the model are heavier than the Z0, and consequently the
FCNC effects induced by them are relatively smaller than
those rising from the Z0. For concreteness, taking f ¼ vχ ,
the scalars that induce FCNC have masses larger than vχ .
In contrast, the mass of the Z0 boson would be 0.45vχ .
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However, one can assume different values for the f
parameter, allowing scalars to be lighter than the Z0, as
has been explored in [49]. Notice that even if they are
indeed lighter than the Z0, this does not warrant a larger
FCNC effect because the magnitude of the FCNC induced
by the scalar fields will be subject to arbitrary choices of the
couplings in the scalar potential, see Appendix B of [35].
Thus, in summary, scalar fields usually give rise to
relatively meager FCNC effects. Moreover, FCNC arising
from scalar fields are necessarily less predictive than the
ones stemming from gauge interactions mediated by the Z0
field. Albeit, one can in principle overlook all these facts
and tune the couplings in the scalar potential in such a way
as to enhance the FCNC effects coming from scalar fields
and potentially make them the dominant contribution.
Now that we have reviewed the key aspects of the model,

we will concentrate on the main source of flavor-changing
neutral current, namely, the Z0 gauge boson.

III. FCNC IN THE 3-3-1

Flavor-changing neutral current is a common feature in
3-3-1 models because gauge anomaly cancellation requires
one of the fermion generations to transform differently than
the others. This requirement naturally induces a flavor-
changing neutral current once one rotates the quark flavors
and introduces the CKMmatrix. In other words, the Z0 does
not have universal couplings to quarks, and thus flavor
changing interactions arise. This is key because the Z boson
does not induce flavor changing interactions in the SM,
conversely to the charged current mediated by theW boson.
Flavor-changing interactions in the SM model occurs
through the charged current. Thus, flavor changing inter-
actions induced by a W0 would be swamped by numerous
W boson interactions. Therefore, it is wise to investigate
flavor-changing interactions mediated by a neutral gauge
boson, as they are not masked by a large SM effect. We
remark that in the 3-3-1 models, we have additional neutral
gauge bosons, namely, theW0� , U0, and U0†. Nevertheless,
they do not generate FCNC. Thus, we focus on the Z0 field.
As we have explained earlier, mesons mass systems are

great laboratories to probe such flavor-changing inter-
actions because Z0 fields can induce sizable flavor tran-
sitions, impacting the mass difference of meson systems
[77–79], see Fig. 2. We would like to stress again that
FCNC seeded by scalar fields are typically suppressed

compared to those generated by Z0 bosons because these
scalars are typically heavier than the Z0 field; see
Refs. [35,51] and references therein. In fact, it has been
shown in [35] that two neutral scalars can induce sizable
FCNC, but their masses go as m ∼ vχ , rendering them
relatively heavier than the Z0. Besides, their contribution to
FCNC adds an extra systematic effect to the 3-3-1 prediction,
which are the Yukawa couplings and the couplings in the
scalar potential. Therefore, there is no predictivity regarding
neutral scalar contributions to FCNC. Anyway, this aspect
has been explored in [49]. Lastly, the scalars in the 3-3-1
models do not offer clean collider signals and their couplings
to SM fermions are proportional to Yukawa couplings,
which result in suppressed production rates at colliders.
Consequently, the interplay between FCNC and collider
physics is lost. Albeit, in principle, one can certainly fine-
tune the couplings in the scalar potential and generate a
scalar lighter than the Z0 boson making the reasoning in [49]
valid, but thus far, this has not been explicitly proven. For all
these reasons, we focus on the Z0 field.
In this way, after developing the covariant derivative, we

find the following currents,

LZ0
u ¼ g

2CW

� ð3 − 4S2WÞ
3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3 − 4S2W

p
�
½ūiLγμuiL�Z0

μ

−
g

2CW

�
6ð1 − S2WÞ
3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3 − 4S2W

p
�
½ū3Lγμu3L�Z0

μ; ð7Þ

LZ0
d ¼ g

2CW

� ð3 − 4S2WÞ
3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3 − 4S2W

p
�
½d̄iLγμdiL�Z0

μ

−
g

2CW

�
6ð1 − S2WÞ
3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3 − 4S2W

p
�
½d̄3Lγμd3L�Z0

μ; ð8Þ

with i ¼ 1, 2, indicating the generation indices, and
CW ≡ cos θW , SW ≡ sin θW , with θW being the Weinberg
angle. Note that Eqs. (7) and (8) are in the mass eigenstate
basis, and once we rotate to the flavor basis, FCNC arises.
The mass eigenstate and flavor bases are connected as
follows:

0
B@

u

c

t

1
CA

L;R

¼ VU
L;R

0
B@

u0

c0

t0

1
CA

L;R

;

0
B@

d

s

b

1
CA

L;R

¼ VD
L;R

0
B@

d0

s0

b0

1
CA;

FIG. 2. Feynman diagrams illustrating how the Z0 gauge boson changes the mass difference of the four meson systems under
investigation, namely, K0 − K̄0, D0 − D̄0, B0

d − B̄0d , and B0
s − B̄0s .
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where VU
L;R and VD

L;R are 3 × 3 unitary matrices, which determine the Cabibbo-Kobayashi-Maskawa (CKM) matrix

VCKM ¼ VU†
L VD

L , known to be [80]

VCKM ¼

0
B@

0.97435� 0.00016 0.22500� 0.00067 0.00369� 0.00011

0.22486� 0.00067 0.97349� 0.00016 0.04182þ0.00085
−0.000074

0.00857þ0.00020
−0.00018 0.04110þ0.00083

−0.00072 0.999118þ0.000031
−0.000036

1
CA: ð9Þ

After rotation, we get the tree level Z0 mediated neutral
current interactions,

LK0−K̄0

Z0eff ¼ G0 M
2
Z

M2
Z0
jðVD

L Þ�31ðVD
L Þ32j2jd̄01Lγμd02Lj2;

LD0−D̄0

Z0eff ¼ G0 M
2
Z

M2
Z0
jðVU

L Þ�31ðVU
L Þ32j2jū01Lγμu02Lj2;

L
B0
d−B̄

0
d

Z0eff ¼ G0 M
2
Z

M2
Z0
jðVD

L Þ�31ðVD
L Þ33j2jd̄01Lγμd03Lj2;

LB0
s−B̄0

s
Z0eff ¼ G0 M

2
Z

M2
Z0
jðVD

L Þ�32ðVD
L Þ33j2jd̄02Lγμd03Lj2;

and, consequently [81–83],

ðΔmKÞZ0 ¼ G0 M
2
Z

M2
Z0
jðVD

L Þ�31ðVD
L Þ32j2f2KBKηKmK;

ðΔmDÞZ0 ¼ G0 M
2
Z

M2
Z0
jðVU

L Þ�31ðVU
L Þ32j2f2DBDηDmD;

ðΔmBd
ÞZ0 ¼ G0 M

2
Z

M2
Z0
jðVD

L Þ�31ðVD
L Þ33j2f2Bd

BBd
ηBd

mBd
;

ðΔmBs
ÞZ0 ¼ G0 M

2
Z

M2
Z0
jðVD

L Þ�32ðVD
L Þ33j2f2Bs

BBs
ηBs

mBs
; ð10Þ

where G0 ¼ 4
ffiffi
2

p
GFC4

W
3−4S2W

, with GF being the Fermi constant,

BK , BD, BB the bag parameters, fK , fD, fB the decay
constants, and ηK , ηD, ηB the QCD leading order correction
obtained in [25,77–79,84–86], and mK ,mD,mB the masses
of the mesons. In Table I we summarize the values of these
parameters.
Our reasoning to constrain new physics contributions to

the mass mixing systems goes as follows:
(i) The experimental mass difference of the K0 − K̄0

system is given by ðΔmKÞexp,
(ii) The SM prediction ðΔmKÞSM (see Table I) has good

agreement with the experimental, but errors are not
included in the SM prediction. We find different
values for the SM contribution in the literature,

(iii) Therefore, instead of imposing ðΔmKÞSM þ
ðΔmKÞZ0 < ðΔmKÞexp as done in previous works
[38,93–97], we enforce the Z0 contribution to be
smaller than the statistical error bar Table I. In this

way, our conclusions are less sensitive to theoretical
uncertainties and are driven by experimental mea-
surements.

(iv) We follow the same strategy for all four meson
systems.

(v) In summary, we impose,

ðΔmKÞZ0 < 0.006 × 10−12 MeV;

ðΔmDÞZ0 < 2.69 × 10−12 MeV;

ðΔmBd
ÞZ0 < 0.013 × 10−10 MeV;

ðΔmBs
ÞZ0 < 0.0013 × 10−8 MeV: ð11Þ

We remind the reader that the Z0 boson mediates FCNC
at tree level through Eq. (10) and for this reason, we will
be able to severely constrain the mass of this particle. An
advantage of working in the scope of a 3-3-1 model is
that the Z0 boson couples to SM fields proportional to the

TABLE I. Meson masses [10,87–92] and the values of the bag
parameters [80,92].

Input parameters

ðΔmKÞexp ¼ ð3.484� 0.006Þ × 10−12 MeV
ðΔmKÞSM ¼ 3.483 × 10−12 MeV
mK ¼ ð497.611� 0.013Þ MeVffiffiffiffiffiffi

BK
p

fK ¼ 131 MeV
ηK ¼ 0.57

ðΔmDÞexp ¼ ð6.25316þ2.69873−2.8962 Þ × 10−12 MeV
ðΔmDÞSM ¼ 10−14 MeV

mD ¼ ð1865� 0.005Þ MeVffiffiffiffiffiffi
BD

p
fD ¼ 187 MeV
ηD ¼ 0.57

ðΔmBd
Þexp ¼ ð3.334� 0.013Þ × 10−10 MeV

ðΔmBd
ÞSM ¼ ð3.653� 0.037� 0.019Þ × 10−10 MeV

mBd
¼ ð5279.65� 0.12Þ MeVffiffiffiffiffiffiffiffi
BBd

p
fBd ¼ 210.6 MeV
ηBd

¼ 0.55

ðΔmBs
Þexp ¼ ð1.1683� 0.0013Þ × 10−8 MeV

ðΔmBs
ÞSM ¼ ð1.1577� 0.022� 0.051Þ × 10−8 MeV

mBs
¼ ð5366.9� 0.12Þ MeVffiffiffiffiffiffiffi
BBs

p
fBs

¼ 256.1 MeV
ηBs

¼ 0.55
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SUð2ÞL gauge coupling. The only unknown quantities are
the mixing matrices and the Z0 mass.
We will assume two different parametrizations of the

mixing matrices that yield significant changes in the new
physics contribution to the mass difference systems. In this
way, we can assess the impact of such parametrizations. We
adopt parametrization 1,

VD
L ¼ VD

R ¼

0
B@

0.972 0.5 0.46

0.45 1.00 0.88

0.1 0.1 1.01

1
CA ð12Þ

and

VU
L ¼ VU

R

¼

0
B@

1.18622007 −0.22070355 −0.09032872
−0.34446205 1.17174168 −0.01837301
−0.23647983 −0.87899906 1.04637372

1
CA;

and parametrization 2,

VD
L ¼ VD

R ¼

0
B@

0.972 0.5 0.46

0.45 1.00 0.88

0.1 0.0001 1.01

1
CA ð13Þ

and

VU
L ¼ VU

R

¼

0
B@

1.19772759 −0.17792992 −0.1412471
0.37384218 1.06253529 0.11162792

−0.21612235 −0.80332999 0.95629613

1
CA:

Knowing the entries of the up-quark and down-quark
mixing matrices Vu

L and Vd
L, we determine the Z0 con-

tribution to the mass difference of the meson systems and
consequently place a lower mass bound. We adopt these
parametrizations because they yield very strong and very
conservative 3-3-1 contributions to the FCNC processes,
respectively, while keeping the CKM matrix in agreement
with the data. With this information at hand, we use
Eq. (10) combined with Eq. (11) to plot our findings in
Figs. 3–6. Using these parametrizations, one can assess the
systematic uncertainty embedded in FCNC studies. In other
words, FCNC alone is not robust enough.
Before discussing our results, it is important to put them

into context with current and future collider bounds. To do
so, we address those limits below.

IV. DILEPTON RESONANCE SEARCHES
AT THE LHC

Z0 gauge bosons are often targets of experimental
searches going from low to the multi-TeV mass range
[98–101]. In the TeV range, which is the focus of our study,
Z0 gauge bosons that feature sizable couplings to fermions
can leave a clear signature at the LHC in the form of dijet
and dilepton events. In the 3-3-1 model, the Z0 has similar

FIG. 3. The Z0 contribution to the ðΔmKÞZ0 as a function of it mass [see Eq. (10)] for the parametrization 1, Eq. (12) (blue solid curve),
and parametrization 2, Eq. (13). The silver region corresponds to the FCNC exclusion region. We overlaid current and projected
colliders bounds. Note that parametrization 2 is not shown in the plot because the lower bound of the Z0 boson mass in both
parametrizations is substantially different. See text for details.
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couplings to quarks and leptons. As dilepton events have
relatively good signal efficiencies and acceptance and a
well-controlled background originating primarily from
Drell-Yann processes [100,102,103], tighter constraints
on the Z0 mass are found compared to dijet events.
There have been experimental searches for Z0 gauge bosons
belonging to the 3-3-1 symmetry in the past [104,105]. The
most recent analysis taking advantage of the full dataset

from LHC was carried out in [106]. We consider the most
conservative bounds, which is the third benchmark scenario
presented in Table IV of [106]. The LHC bound was
based on an integrated luminosity of L ¼ 139 fb−1 withffiffiffi
s

p ¼ 13 TeV, whereas for the high-luminosity LHC setup
L ¼ 3000 fb−1 with

ffiffiffi
s

p ¼ 14 TeV. For the high-energy
LHC the latter luminosity was adopted, but usingffiffiffi
s

p ¼ 27 TeV. In summary, we used

FIG. 4. The blue curves correspond to Z0 contribution to the ðΔmDÞZ0 as a function of its mass [see Eq. (10)], for parametrization 1,
Eq. (12), and parametrization 2, Eq. (13). The silver region corresponds to the FCNC exclusion region. The lower mass bound for
parametrization 2 is mZ0 > 256 TeV. We overlaid current and projected colliders’ bounds. See text for details.

FIG. 5. The solid blue line corresponds to Z0 contribution to the ðΔmBs
ÞZ0 as a function of it mass [see Eq. (10)], for parametrization 1,

Eq. (12), and parametrization 2, Eq. (13). The silver region corresponds to the FCNC exclusion region. The lower mass bound for
parametrization 1 is mZ0 > 154 TeV. We overlaid current and projected colliders’ bounds. See text for details.
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(i) MZ0 ≥ 4 TeV, LHC 13 TeV
(ii) MZ0 ≥ 5.6 TeV, HL-LHC 14 TeV
(iii) MZ0 ≥ 9.6 TeV, HE-LHC 27 TeV
(iv) MZ0 ≥ 27 TeV, FCC-hh 100 TeV
These limits are exhibited in Figs. 3–6. We have gathered

enough information to discuss our results.

V. DISCUSSION

For the K0 − K̄0 system, the results are summarized in
Fig. 3. The silver region corresponds to the region in
which the Z0 contribution exceeds the experimental error
[see Eq. (11)]. One can see that the parametrizations
one and two give rise to distinct bounds on the Z0 mass.
Adopting parametrization 1 we find mZ0 > 113 TeV,
whereas using parametrization 2 we get mZ0>112GeV.
We superimposed the LHC 13 TeV bound as well as
projections for the HL-LHC, HE-LHC, and FCC-hh
collider.
Regarding the D0 − D̄0 system, Fig. 4, we get mZ0 >

307 TeV for parametrization 1, and for parametrization 2
we getmZ0 > 256 TeV. We superimposed the LHC 13 TeV
bound as well as projections for the HL-LHC, HE-LHC,
and FCC-hh collider. As for theB0

s − B̄s
0 system, Fig. 5, we

obtain mZ0 > 154 TeV for parametrization 1, and for
parametrization 2 we get mZ0 > 154 GeV. Lastly, for the
B0
d − B̄d

0 system, Fig. 6, we find mZ0 > 400 TeV for both
parametrizations.
We highlight that in Figs. 3 and 5 the lower bound on the

Z0 boson mass rising from parametrization 2 is too weak,
falling out of the plot range. Thus, it does not appear in
the figures. It is clear from our findings that one ought to

consider all four meson systems at the same time because
one can randomly pick a parametrization designed to
suppress the new physics contribution for a given meson
system. Without a general approach over FCNC no solid
conclusions can be drawn. Moreover, for the parametriza-
tion explored in this work, the B0

d − B̄d
0 system is the most

constraining. We remind the reader that our lower mass
bounds are driven by experimental errors, as discussed in
Eq. (11). It is exciting to see the interplay between future
colliders and FCNC because depending on the parametri-
zation used, FCNC can offer a most restrictive probe than
future colliders.
We highlight that our conclusions are also applicable to

the 3-3-1 model with heavy neutral leptons because the
neutral current is identical [51,54,55,107]. One should have
in mind, depending on the parametrization adopted, FCNC
does lead to a lower mass bound much stronger than the
LHC and even future colliders. Hence, one cannot overlook
the Z0 contributions to FCNC processes.
Having in mind the complementary aspect between

flavor physics and colliders, we discuss recent flavor
anomalies in the context of 3-3-1 models.

VI. FLAVOR ANOMALIES

A. b → s transitions

b → s transitions not consistent with the SM predictions
have been observed in the LHCb data [108–112], which has
triggered a multitude of new physics studies in the context
of Z0 models. Some of them that are of interest to us reside
on the SUð3ÞC × SUð3ÞL ×Uð1ÞN gauge group. It is true
that there are several ways to arrange the fermion content

FIG. 6. The solid blue and dotted red lines correspond to Z0 contribution to the ðΔmBd
ÞZ0 as a function of it mass (see Eq. (10), for the

two parametrizations of the VD
L matrix, see Eqs. (12) and (13). The silver region corresponds to the FCNC exclusion region. We overlaid

current and projected colliders bounds. See text for details.
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under this gauge symmetry, and these arrangements have
an impact on the precise neutral current mediated by the Z0
boson. However, the impact is minimal as far as collider
physics goes. If there are new exotic fermions that couple to
the Z0 boson and are sufficiently light, the collider limits
based on dilepton searches will be weakened due to the
presence of a new and significant decay mode. Besides
collider physics, the mass difference of the four meson
systems also places a bound on the Z0 mass. That said, we
will assess whether these interpretations to explain the
b → s anomaly are indeed viable. In [23], the authors
considered a model similar to ours but with five lepton
generations. The SM quarks possess the same quantum
numbers as ours. If the exotic leptons in [23] are sufficiently
heavy to not contribute to the Z0 decay width, the afore-
mentioned collider limits are also applicable. In order to fit
the b → sll anomaly, according to the recent global fits one
needs Cμ

9 ¼ −Cμ
10 ≃ −0.6. Being Cμ

9 and Cμ
10 the Wilson

coefficients that contribute to new physics present in the
effective Hamiltonian described in Eq. (30) of [23].
In [23] however, two quantities are important rBs

and
Cμ
9, with the former controlling the bound from the Bs

mixing and the latter the b → sll anomaly. The 3-3-1
model could explain the LHCb anomaly without being
excluded by Bs mixing if Cμ

9 ¼ −Cμ
10 ≃ −0.6 and rBs

≃ 0.1.
However, rBs

¼ 347 × 103ðmW=mZ0 Þ2d2, and Cμ
9 ¼ 11.3×

103ðmW=mZ0 Þ2d, where d ¼ −0.005 is a parameter that
depends on the entries of the quark mixing matrices
relevant for Bs mixing (d ¼ ðVD

L Þ�32ðVD
L Þ33). This value

was assigned to obey the current bound. When we use our
parametrizations, the parameter d takes the following
values: 0.101 and 0.000101 for the parametrizations 1
and 2, respectively.
Given the current LHC bound on the Z0 mass, ∼4 TeV,

one cannot explain simultaneously address the LHCb
anomaly and respect the LHC lower mass bound. We
emphasize that this 4 TeV bound relies on the assumption
that there are no extra decay modes besides the usual
3-3-1 field content. Hence, a way to circumvent our
conclusion is allowing the extra leptons added in [23] to
be sufficiently light to decrease the Z0 branching ratio into
charged leptons and consequently weaken the LHC bound.
This is a nontrival task knowing that these leptons are chiral
leptons, thus can be produced via SM gauge bosons at
colliders, and consequently are subject to strong collider
bounds [113–120].
In [26], we investigated a similar 3-3-1 model and

advocated that existing collider bounds on the Z0 gauge
boson belonging to the 3-3-1 model could be significantly
lowered if all Z0 decay channel modes are included. The
possible 3-3-1 decay channels have already been included
in [106]. Once more, a weakening of the LHC bound would
require the chiral leptons introduced in [26] to be suffi-
ciently light. Our reason to disfavor this possibility was
mentioned above.

B. RðD�Þ Anomaly

In [24], the authors considered an exotic field content based
on the 3-3-1 symmetry, and focused on the charged Higgs
contribution to the semileptonic B-meson decay, particularly
onRðD�Þ the anomaly reported by BABAR, Belle, and LHCb.
However, the authors argue that they can take the charged
Higgs mass below 1 TeV while keeping the gauge boson
masses at sufficiently high scales. It has been shown that
despite being a scalar, its mass is naturally predicted to be
around the energy scale at which the 3-3-1 symmetry is
spontaneously broken, unless ones invoke a fine-tuning in the
quartic scalar couplings [49]. In other words, the mass of the
charged scalar is around vχ . Therefore, given the collider
bounds, and the FCNC bounds we derived, the proposed
3-3-1 explanation to the RðD�Þ anomaly is disfavored.

VII. CONCLUSIONS

We have studied FCNC in a 3-3-1 model using the four
meson systems, namely, K0 − K̄0, D0 − D̄0, B0

d − B̄0
d, and

B0
s − B̄0

s. We derived lower mass bounds that range from
112 GeV up to 400 TeV using different parametrizations of
the quark mixing matrices to solidly show that constraints
stemming from FCNC are subject to large systematic
uncertainties. We have shown that a robust assessment
of FCNC should consider the four meson systems because
specific parametrizations of the quark mixing matrices can
suppress new physics effects at one of the meson systems.
However, as the CKM matrix should be preserved, these
parametrizations tend to enhance FCNC effects on the other
mesons. We carried out a study based on the Z0 contribu-
tions to FCNC, as the scalars are typically much heavier
than the Z0 field, their corrections to FCNC are subdomi-
nant. Considering only gauge interactions, the systematic
effects already drive the new physics sensitivity, let alone
the scalar fields whose contributions depend on arbitrary
choices of the Yukawa couplings and scalar potential
parameters. In summary, a broader view of FCNC is
needed before drawing conclusions. Lastly, we argued that
recent anomalies in b → s and RðD�Þ transitions are
disfavored in light of recent collider bounds.
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