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Meson decays offer a good opportunity to probe new physics. The rare kaon decay Kþ → πþνν̄ is
one of the cleanest of them and, for this reason, is rather sensitive to new physics, in particular,
vector mediators. The NA62 Collaboration, running a fixed-target experiment at CERN, recently
reported an unprecedented sensitivity to this decay, namely a branching fraction of BRðKþ → πþνν̄Þ ¼
ð11þ4.0

−3.5 Þ × 10−11 at 68% C.L. Vector mediators that couple to neutrinos may yield a sizeable contribution to
this decay. Motivated by the new measurement, we interpret this result in the context of a concrete Z0

model, and put our findings into perspective with the correlated KL → π0νν̄ decay measured by the KOTO
Collaboration, current, and future colliders, namely the High-Luminosity and High-Energy Large Hadron
Collider.
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I. INTRODUCTION

Mesons have played a key role in the understanding of
properties of elementary particles. The introduction of
strangeness along with isospin lead us to the eight-fold
way, based on the SU(3) flavor symmetry. These theoretical
insights have contributed to the discovery of quantum
chromodynamics as we know today. Another good exam-
ple is the famous θ − τ puzzle. Two different decays were
found for charged strange mesons known at the time as θþ
and τþ. The decay modes had different parities, but the
particles were shown to have the same mass and lifetime. It
was indeed a puzzling observation. Later, it was realized
that weak interactions violate parity, and these two particles
were actually the same Kþ meson. Additionally, the
Glashow-Iliopoulos-Maiani mechanism and quark charm

surfaced as an explanation of the absence of weak flavor
changing neutral currents in the processes such as
Kþ → πþνν̄. The discovery of CP violation in the
K0 − K̄0 system further proved the importance of meson
physics for our understanding of nature. Furthermore,
meson systems are able to access possible new sources
of CP violation that are of paramount importance for
explaining the observed baryon-antibaryon asymmetry in
our universe [1]. Lastly, the Kþ rare decay into neutrinos
can efficiently probe the presence of heavy vector medi-
ators, beyond the Standard Model (SM) [2–9] via the
Feynman diagrams displayed in Fig. 1.
The meson decay Kþ → πþνν̄ is a flavor changing

neutral current process that occurs in the SM via the
box and penguin diagrams, with the latter being dominated
by the top quark contribution. Due to the GIM and loop
suppression, the SM contribution to this decay is very
small, reading BRðKþ→πþνν̄Þ¼ð8.4�1.0Þ×10−11 [10],
while the NA62 currently imposes BRðKþ → πþνν̄Þ ¼
11.0þ4.0

−3.5 × 10−11 [11,12] (results collected in 2016, 2017,
and 2018). Therefore, one can clearly notice that the
current sensitivity achieved by NA62 is not far from the
SM prediction. Having said that, the NA62 Collaboration
has been continuously searching for the rare kaon
decay [12]. The KOTO Collaboration has also con-
ducted some searches as well, but offering weaker
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constraints [13].1 To concretely show the relevance of the
recent NA62 result, we will put into perspective other
existing limits in a model that features a heavy vector
mediator. The model is based on the SUð3ÞC × SUð3ÞL ×
Uð1ÞY gauge group, known as 3-3-1 model. It is well
motivated by the ability to naturally explain the observed
replication of the generations, and nicely hosting dark
matter candidates [14–21], addressing neutrino masses
[22–25], among other interesting phenomena [3,26,26–
33]. As a result of the enlarged gauge group, the 3-3-1
model has several new gauge bosons, such as W0 and Z0
bosons, which are subject to restrictive constraints rising
from collider physics [34–37], the muon anomalous mag-
netic moment [38–41], and lepton flavor violation [42,43].
Wewill investigate the role of the Z0 gauge boson in the rate
Kþ decay and then use this to draw bounds on the Z0 mass
using the KL → π0ν̄ν, Kþ → πþν̄ν decays.
Our work is structured as follows: In Sec. II, we review

the 3-3-1 model and compute the Z0 couplings necessary to
our analyses; in Sec. III, we discuss the computation of the
branching fractions of the kaons in our model; in Sec. IV,
we discuss our results and, finally in Sec. VI, we draw our
conclusions.

II. THE MODEL

The 3-3-1 models are extensions of the standard model
and are based on the following local symmetry group:
SU(3)C × SU(3)L × U(1)N, where C corresponds to the
color charge, L denotes the left-handed fermions, and
N is the quantum number of the U(1) group. The general
expression for the electric charge operator in these models
is written as

Q
e
¼ 1

2
ðλ3 þ βλ8Þ þ NI ¼

0
B@

1
3
þ N

− 2
3
þ N

1
3
þ N

1
CA; ð1Þ

where λ3 ¼ diagð1;−1; 0Þ, λ8 ¼ diagð1; 1;−2Þ= ffiffiffi
3

p
, and I

are the diagonal Gell-Mann matrices and the identity
matrix, respectively. We took β ¼ − 1ffiffi

3
p because in our

work we choose the model known as 3-3-1 with right-
handed neutrinos (3-3-1 r.h.n) [44,45]. However, we high-
light that our conclusions are also applicable to the 3-3-1
model with neutral fermions proposed in [14]. The hyper-
charge in this model is given as

Y ¼ 2Q − λ3 ¼ 2N −
ffiffiffi
3

p
λ8
3

; ð2Þ

which is identical to the standard model one. The left (L)-
and right (R)-handed fermionic fields of this model are
represented as follows:

faL ¼

0
B@

νaL
la
L

ðνcRÞa

1
CA ∼ ð1; 3;−1=3Þ;

la
R ∼ ð1; 1;−1Þ; ð3Þ

QiL ¼

0
B@

diL
−uiL
d0iL

1
CA ∼ ð3; 3̄; 0Þ;

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

Q3L ¼

0
B@

u3L
d3L
TL

1
CA ∼ ð3; 3; 1=3Þ;

u3R ∼ ð3; 1; 2=3Þ; d3R ∼ ð3; 1;−1=3Þ;
TR ∼ ð3; 1; 2=3Þ; ð4Þ

where a ¼ 1, 2, 3 and i ¼ 1, 2 are the generation indexes,
and faL and QiL, Q3L represent the left-handed leptonic and
quark triplets, respectively. These fields encompass the SM
spectrum like neutrinos ðνa ¼ νe; νμ; ντÞ, charged leptons
la ¼ e, μ, τ, and quarks ui ¼ ū; c̄, di ¼ d̄; s̄, u3 ¼ t, and
d3 ¼ b. Besides, there are other particles in addition to the
SM: three right-handed neutrino ðνcRÞa and three new heavy
exotic quarks d0i and T, leading to nine leptons and nine
quarks in the model. In Eqs. (3), (4), we have specified the
field assignments indicating how they transform under
the symmetries ðSUð3Þc; SUð3ÞL;Uð1ÞNÞ, respectively.
The values of their electric charge and hypercharge can
be found from Eqs. (1) and (2).

FIG. 1. Feynman diagrams that illustrate how vector mediators
can contribute to the Kþ → πþνν̄ decay. The first diagram
requires Z0 coupling to neutrinos, the second further requires
couplings to the top quark, whereas in the third case the Z0 boson
mediates FCNC at tree level, which is the main focus of
this paper.

1KOTO collaboration has also recently reported the observa-
tion of three anomalous events in the KL → π0νν̄. This anomaly
requires the branching ratio for this decay mode to be about
2 orders of magnitude larger than the SM one [4], indicating
the presence of a new light and long-lived particle with mass
of the order of 100 MeV. There is no such light particle in our
model. Hence the KOTO anomaly will be regarded as a statistical
fluke.
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Furthermore, the 3-3-1 r.h.n model contains three scalar
fields χ, η, and ρ in the following representations:

χ ¼

0
B@

χ0

χ−

χ00

1
CA ∼ ð1; 3;−1=3Þ;

ρ ¼

0
B@

ρþ

ρ0

ρ0þ

1
CA ∼ ð1; 3; 2=3Þ;

η ¼

0
B@

η0

η−

η00

1
CA ∼ ð1; 3;−1=3Þ: ð5Þ

These scalar triplets in Eq. (6) are responsible for the
spontaneous symmetry breaking (SSB) in the model, with
the following vacuum expectation value (VEV) structure:

hχi ¼

0
B@

0

0

vχ

1
CA; hρi ¼

0
B@

0

vρ
0

1
CA; hηi ¼

0
B@

vη
0

0

1
CA: ð6Þ

We will assume that vχ ≫ vη; vρ, leading to the two-step
SSB,

SU(3)L × U(1)X !hχi SU(2)L × U(1)Y !hηi;hρiU(1)Q
with Uð1ÞQ, being the Uð1Þ from electrodynamics.
The fermion masses rise from the Yukawa Lagrangian

that reads

LYuk ¼ λ1aQ̄1LdaRρþ λ2iaQ̄iLuaRρ� þ G0
abf̄

a
Le

b
Rρ

þGabε
ijkðf̄aLÞiðfbLÞcjðρ�Þk þ λ3aQ̄1LuaRη

þ λ4iaQ̄iLdaRη� þ λ1Q̄3LTRχ þ λ2ijQ̄iLd0jRχ
�

þ H:c: ð7Þ

The quark and charged lepton masses are proportional to
v ¼ 246 GeV, where v2 ¼ v2ρ þ v2η similarly to the SM.
The fourth term leads to a 3 × 3 antisymmetric neutrino
mass matrix [45], which would lead to one massless and
two degenerate neutrino mass eigenstates, in conflict with
the neutrino oscillation data. For this reason, it is necessary
to include a scalar sextet S ∼ ð1; 6;−2=3Þ in the particle
content, which couples to the lepton triplet as yabf̄aLðfbLÞcS.
When the scalar sextet and the scalar triplet χ acquires a
nonzero VEV, the 3-3-1 symmetry is broken giving rise to a
scalar doublet, a singlet field, and a scalar triplet, under the
SM gauge group. The active neutrino masses are propor-
tional to mνab ∼ ðv1 þ v2=ΛÞyab, where v1, v2, and Λ are
the VEV of the singlet, doublet, and triplet scalars,
respectively [43]. Given the freedom for the Yukawa

couplings and the vacuum choices, one could easily evoke
a scenario where active neutrino masses are around 0.1 eV,
while right-handed neutrinos masses lie below 1 TeV, being
heavy enough to not contribute to the K → πνν decay, but
light enough to enter in the Z0 width. For concreteness,
doing an order of magnitude exercise, if we take
v1 ∼ 10 MeV, v2 ∼ 100 GeV, and Λ ∼ 1010 GeV we get
mν ∼ 0.1 eV andmνR ∼ 100 GeV for yab ∼ 10−8. However,
one should keep in mind that indeed a right-handed
neutrino may be sufficiently light to represent an additional
decay channel to the Kþ meson. Studies exploring this idea
have been conducted by the NA62 Collaboration elsewhere
[46]. Conversely, if a seesaw type I mechanism prevails, the
right-handed neutrinos would not be kinematically acces-
sible to the Z0 decay, strengthening the Large Hadron
Collider (LHC) bound. In this case, our reasoning is still
valid but the LHC bounds will simply be a bit stronger.
We highlight that this discussion concerning the weakening
of the LHC bound and possible right-handed neutrino
contribution to the Kþ decay is also valid for the 3-3-
1LHN model.
The gauge bosonsW and Z acquire mass terms identical

to the SM as well. In addition to the SM fields, there are
new massive gauge bosons predicted by the model as a
result of the enlarged gauge symmetry, denoted as Z0; V�

and U0; U0†. The masses of these fields are

M2
W� ¼ 1

4
g2v2; M2

Z ¼ M2
W�

C2
W

;

M2
Z0 ¼ g2

4ð3 − 4S2WÞ
�
4C2

Wv
2
χ þ

v2

C2
W
þ v2ð1 − 2S2WÞ2

C2
W

�
;

M2
V� ¼ 1

4
g2ðv2χ þ v2Þ;M2

U0 ¼ 1

4
g2ðv2χ þ v2Þ; ð8Þ

with MW ≪ MU;MV , SW ¼ sin θW , and CW ¼ cos θW ,
with θW , the Weinberg angle.
The charged (CC) and neutral (NC) currents are found

to be

LCC ¼ −
gffiffiffi
2

p ½ν̄aLγμeaLWþ
μ þ ðνc̄RÞaγμeaLVþ

μ þ ν̄aLγ
μðνcRÞaU0

μ�

−
gffiffiffi
2

p ½ðū3Lγμd3L þ ūiLγμdiLÞWþ
μ

þ ðT̄Lγ
μd3L þ ūiLγμd0iLÞVþ

μ

þ ðū3LγμTL − d̄0iLγ
μdiLÞU0

μ þ H:c:�; ð9Þ

LNC ¼ g
2cW

ff̄γμ½a1LðfÞð1− γ5Þ þ a1RðfÞð1þ γ5Þ�fZ1
μ

þf̄γμ½a2LðfÞð1− γ5Þ þ a2RðfÞð1þ γ5Þ�fZ2
μg: ð10Þ

The second and third terms in Eq. (9) violate leptonic
number and weak isospin [45]. Z1 and Z2 are neutral
physical gauge bosons, which rise from the Z and Z0 gauge
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boson mixtures. a1RðfÞ, a1LðfÞ, a2RðfÞ, and a2LðfÞ are
couplings of fermions with the Z1 and Z2 bosons. The
mixing angle of these bosons is commonly denoted as ϕ
and when ϕ ¼ 0, the couplings of Z1 with the leptons and
quarks are the same as the boson Z in the SM. Likewise, the
couplings of Z2 in this limiting case should be the same as
Z0 [45]. These couplings for the vertices Z0 − ν − ν̄,
Z0 − d̄i − di and Z0 − b̄ − b are shown in Table I.
In order to study meson physics in our model, and

investigate its connection to the Z0 boson, we need to
extract the flavor changing neutral current. To do so, we
start by reviewing how the flavor changing terms arise. The
quark fields in the following standard rotation are

0
B@

u

c

t

1
CA

L

¼ Vu
L

0
B@

u0

c0

t0

1
CA

L

;

0
B@

d

s

b

1
CA

L

¼ Vd
L

0
B@

d0

s0

b0

1
CA

L

;

where Vu
L and Vd

L are the 3 × 3 unitary matrices such that
for the Cabibbo-Kobayashi-Maskawa (CKM) matrix we
have VCKM ≡ Vu†

L Vd
L. Note that only the left-chiral terms

of the Lagrangian in Eq. (10) lead to the quark flavor
violation. The right-chiral quark couplings to Z0 in Eq. (10)
are independent of flavor and therefore are flavor diagonal

in the mass eigenstate basis. We can write these terms in the
form

LZ0 ⊃
g
CW

ðD0
Lγ

μYD
LD

0
LÞZ0

μ; ð11Þ

with D0
L ¼ ðd0; s0; b0ÞT , and

YD
L ¼ 1

6
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3 − 4S2W

p
× Diagonalð−3þ 4S2W;−3þ 4S2W; 3 − 2S2WÞ: ð12Þ

Changing the basis we get

LZ0 ⊃
g
CW

ðDLγ
μYD0

L DLÞZ0
μ ¼ Δsd

L ðsLγμdLÞZ0
μ þ � � � ; ð13Þ

where D0
L ¼ Vd

LDL and YD0
L ¼ Vd†

L YD
LV

d
L. Using the uni-

tarity of the VL matrix, we finally find the coupling
between the quarks d and s, which is given by

Δsd
L ¼ gCWffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3 − 4S2W
p V�

L32VL31: ð14Þ

Analogously for the neutrino-Z0 coupling we have

Δνν̄
L ¼ g

2CW

1 − 2S2Wffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3 − 4S2W

p : ð15Þ

In principle, we can vary the entries of the matrix Vd
L

freely since the CKM matrix does not constrain Vd
L, but the

product Vd
LV

u
L. So, we choose the following parametriza-

tion for the Vd
L matrix [47]:

Vd
L ¼

0
B@

c̃12c̃13 s̃12c̃23eiδ3 − c̃12s̃13s̃23eiðδ1−δ2Þ c̃12c̃23s̃13eiδ1 þ s̃12s̃23eiðδ2þδ3Þ

−c̃13s̃12e−iδ3 c̃12c̃23 þ s̃12 ˜̃s13s13s̃23eiðδ1−δ2−δ3Þ −s̃12s̃13c̃23eiðδ1−δ3Þ − c̃12s̃23eiδ2

−s̃13e−iδ1 −c̃13s̃23e−iδ2 c̃13c̃23

1
CA; ð16Þ

where s̃ij ¼ sin θ̃ij, c̃ij ¼ cos θ̃ij, and δi are the phases,
with i, j ¼ 1, 2, 3. For our purposes, the following entries
will be important:

Vd
L31 ¼ −s̃13e−iδ1 ; ð17Þ

Vd
L32 ¼ −c̃13s̃23e−iδ2 : ð18Þ

Then, the product which appears in the Δsd
L coupling is

Vd
L31V

d�
L32 ¼ −s̃13c̃13s̃23e−iðδ1−δ2Þ ≡ jVd�

L32V
d
L31je−iδ ð19Þ

where we leave the product jVd�
L32V

d
L31j and the phase δ as

free parameters.

III. KAON DECAYS

The rare Kaon decay modes Kþ → πþνν̄ and KL →
π0νν̄ are considered golden modes in flavor physics, as they
are very well understood theoretically and are sensitive to
new physics contributions. In the SM both decays occur
only at loop level and are dominated by Z penguin and box
diagrams. The corresponding branching ratios have been
calculated at a high precision, including NNLO QCD,
electroweak corrections, and also nonperturbative and
isospin breaking effects [48–52].

TABLE I. Z0 couplings to neutrinos and the left-handed down-
type quarks, considering ϕ ¼ 0.

Z0 − ν − ν̄ Z0 − d̄i − di Z0 − b̄ − b

Coupling constant 1−2S2W
2

ffiffiffiffiffiffiffiffiffiffi
3−4S2W

p −
ffiffiffiffiffiffiffiffiffiffi
3−4S2W

p
6

3−2S2W
6

ffiffiffiffiffiffiffiffiffiffi
3−4S2W

p
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The decay Kþ → πþνν̄ is CP conserving, whereas
KL → π0νν̄ is CP violating. In the 3-3-1 model, the new
sources of flavor and CP violation which contribute to
these decays come from the Z0 interactions with ordinary
quarks and leptons, as discussed above. Although these
couplings induce the transitions at tree level, they are
suppressed by the large Z0 mass.
Following the notation of Ref. [53], we can write the

branching ratios for the Kaon decay modes K → πνν̄ as

BRðKþ → πþνν̄Þ

¼ κþ

��
ImXeff

λ5

�
2

þ
�
ReXeff

λ5
− P̄cðXÞ

�
2
�
; ð20Þ

and

BRðKL → π0νν̄Þ ¼ κL

�
ImXeff

λ5

�
2

: ð21Þ

In these expressions λ denotes the Cabibbo angle, κþ and
κL are given by

κþ ¼ ð5.21� 0.025Þ × 10−11
�

λ

0.2252

�
8

;

κL ¼ ð2.25� 0.01Þ × 10−10
�

λ

0.2252

�
8

;

and PcðXÞ summarizes the charm contribution,

P̄cðXÞ ¼
�
1 −

λ2

2

�
PcðXÞ;

with

PcðXÞ ¼ ð0.42� 0.03Þ
�
0.2252

λ

�
4

:

Xeff describes the contribution of short distance physics,

Xeff ¼ V�
tsVtdXLðKÞ;

where

XLðKÞ ¼ ηXX0ðxtÞ þ
Δνν̄

L

g2SMm
2
Z0

Δsd
L

V�
tsVtd

; ð22Þ

and

g2SM ¼ 4
m2

WG
2
F

2π2
¼ 1.78137 × 10−7 GeV−2:

The first term in Eq. (22) represents the SM contribution,
which is dominated by Z-penguin and box diagrams, and
includes QCD and electroweak corrections. The factor ηX is
close to unity, ηX ¼ 0.994, and

X0ðxtÞ ¼
xt
8

�
xt þ 2

xt − 1
þ 3xt − 6

ðxt − 1Þ2 ln xt
�
;

with xt ¼ m2
t =m2

W . The 3-3-1 contribution is enclosed in
the second term of Eq. (22), with Δsd

L and Δνν̄
L given in the

Eqs. (14) and (15), respectively. If Z0 is absent we have
Δνν̄

L ¼ Δsd
L ¼ 0 and the SM result is recovered.

The decays Kþ → πþνν̄ and KL → π0νν̄ are related to
each other in the SM, via isospin symmetry, since both
transitions are ruled by the same short distance operator.
This interdependence leads to the Grossman-Nir limit [54],

BRðKL → π0νν̄Þ ≤ 4.3BRðKþ → πþνν̄Þ: ð23Þ

For a fixed value of BRðKþ → πþνν̄Þ, this theoretical
bound provides an upper limit for BRðKL → π0νν̄Þ, which
is typically still stronger than the current experimental
limits. The bound remains valid in SM extensions in which
the new physics is much heavier than the Kaon mass.
In particular, the 3-3-1 model obeys the bound, as we
present in Fig. 2. In this plot, we made a scan over the
parameters 100 GeV < mZ0 < 10000 GeV, the module
10−4 < jVd�

L32V
d
L31j < 10−1, and the 0 < δ < π=2 phase,

showing explicitly the bounds from NA62 over the
BRðKþ → πþνν̄Þ (blue region), the limit from KOTO (gray
region), and the theoretical Grossman-Nir limit (green
region).
Having presented the formulas that summarizes the

predictions of the 3-3-1 model regarding meson FCNC
processes, we can now discuss the implications of the
experimental searches for the flavor violating Kaon decays
on the parameter space of the model.

FIG. 2. BRðKL → π0 þ ν̄νÞ versus BRðKþ → πþ þ ν̄νÞ; the
blue dots were generated varying the Z0 mass, the module
jVd�

L32V
d
L31j, and the δ phase for the 3-3-1 r.h.n. model. We

combined three different limits, the theoretical Grossman-Nir
limit (green region), the NA62 bounds (blue region), and the
exclusion region from KOTO (gray region).
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IV. RESULTS

In this section, we present our results for the FCNC
processes using Eqs. (20) and (21), for the 3-3-1 r.h.n
model, but we emphasize that our findings are also
applicable to the 3-3-1LHN [14], which is a 3-3-1 version
that features heavy neutral leptons instead of right-handed
neutrinos. Anyway, we compare our results with the
last limits from KOTO [55] and, NA62 Run1
(2016þ 2017þ 2018) [11,12,56]. In Fig. 3, we display
the branching for KL (right panel) and Kþ (left panel)
versus the Z0 mass for the 3-3-1 r.h.n model, namely
combining the standard model contribution and the new
one provided by the new Z0 boson, as mentioned above. We
compute both branching varying the Z0 mass, the phase δ
(color bar) and we fix the product jVd�

L32V
d
L31j ¼ 10−3.

From the left-panel of Fig. 3 one can conclude that the
KOTO experiment excludes at most Z0 masses around
400 GeV, which occurs for δ > 1.4. However, from the
right panel of Fig. 3, we find that Z0 masses below 3 ×
103 GeV might be excluded depending on the value
adopted for the phase δ. For δ → π=2, the NA62 sensitivity
to heavy Z0 mediators severely weakens. Hence, NA62
yields complementary limits to other existing probes
[35,57,58]. We can also see the presence of a dip due to
destructive interference between the Z0 and the SM con-
tributions, where the branching ratio lies bellow the SM
predicted value. In the plot, it occurs for Z0 masses in the
600–900 GeV range, but in general its depth and location
depends on the combination of jVd�

L32V
d
L31j and δ. Notice

that there is no dip when δ ¼ π=2, while it reaches its
maximum depth for δ ¼ 0.
We have drawn quantitative conclusions based on a

particular value for Vd�
L32V

d
L31. To assess how our bounds

change for different choices of this product we examine
the range 10−4 < Vd�

L32V
d
L31 < 10−1. In Fig. 4 we show

exclusion plots in the plane jVd�
L32V

d
L31j versus mZ0 , for

fixed δ ¼ 0 (left panel) and δ ¼ π=2 (right panel). Here
we combined limits from NA62, KOTO, and LHC,
High-Luminosity LHC (HL-LHC), and High-Energy
LHC (HE-LHC). The strongest collider bounds on the
Z0 mass stems from the resonant production of Z0 decaying
into dileptons [40].
There is an interesting interplay between collider and

flavor physics. While collider bounds rely mostly on the
interaction strength between the Z0 boson and fermions,
which is fixed in 3-3-1 models, the flavor bounds weaken
with jVd�

L32V
d
L31j. The collider bounds displayed in Fig. 4

are conservative, as they take into account the presence of
Z0 decays into right-handed neutrinos and exotic quarks,
which can be light enough so that the decays are not
kinematically forbidden. The original lower mass bound
reads mZ0 > 4 TeV [57], but those exotic decays were
ignored in [57]. If more decay channels become available,
then the bound weakens. Here, in order to take into account
this uncertainty on the Z0 decay modes, we assume
conservatively a branching fraction of 50% into charged
leptons, which leads to the gray region in Fig. 4 in
agreement with [41]. We also show the prospects for the
HL-LHC, with 3 ab−1 of integrated luminosity, and the HE-
LHC, which corresponds to an integrated luminosity of
15 ab−1 at a center-of-mass energy of 27 TeV. These
projected collider limits were obtained using the code
described in [59], which can be used to forecast lower
mass limits for resonance searches, which is precisely
our case.
We found that the NA62 bounds from the decay Kþ →

πþνν̄ are rather restrictive, providing stronger limits than
the ones from colliders over a significant region of the
parameter space. Looking at the left-panel of Fig. 4, for
instance, where δ ¼ 0, NA62 can exclude Z0 masses as high

FIG. 3. Branching ratio versus Z0 mass for kaon long (left panel), BRðKL → π0 þ ν̄νÞ, and for the Kþ, BRðKþ → πþ þ ν̄νÞ (right
panel). The green band provides the excluded region by the KOTO experiment, and the blue region provides that allowed by the NA62
experiment. The colored bar represents the variation of the δ phase; for details see the text.
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as 10 TeV, if jVd�
L32V

d
L31j is of the order 10−2 or larger. In the

same vein, NA62 enforces the product jVd�
L32V

d
L31j to

remain below ∼10−3, when mZ0 ∼ 2 TeV.
On the other hand, these parameters are completely

unconstrained by KOTO when δ ¼ 0, since the contribu-
tion from Z0 to the decay KL → π0νν̄ vanishes in this case.
In the absence of new CP violating sources, the BRðKL →
π0νν̄Þ takes the same value as in the SM, since this process
will occur only through the contribution to CP violation
from the SM via CKM matrix.
This can be easily understood with Eq. (21), from which

we see that BRðKL → π0νν̄Þ depends only on the imagi-
nary part of Xeff , in particular, on ImðV�

tsVtdÞ when δ ¼ 0.
Still in the left panel of Fig. 4 we notice that in the range
shown, the KOTO limit does not appear; as δ increases
from 0 to π=2, this bound becomes more relevant, and the
KOTO exclusion region gradually grows, reflecting the
enhancement in the KL → π0νν̄ decay, while the NA62
exclusion region slightly decreases. Nevertheless, even
with maximum enhancement at δ ¼ π=2 (right plot), the
KOTO bounds remain less constraining compared
to NA62.

V. DISCUSSION

Our conclusions relied on the presence of flavor chang-
ing interactions involving the Z0 boson, but as the model
features a large scalar sector, that could be new sources of
flavor changing interactions rising from the heavy scalar
fields. These new contributions have been shown to be
subdominant, and thus can be safely ignored. Also,
regarding the possible impact of the presence of right-
handed neutrinos on the K → πνν decays, they can give
some contribution if their masses are of order MeV.
However, this is not the case in this model, where they
get masses above the GeV scale, so their presence does not
alter our results. Moreover, although the entire reasoning
was based on the 3-3-1 model with right-handed neutrinos,

our results are also applicable to the 3-3-1 model where the
right-handed neutrinos are replaced by heavy neutral fields.
This occurs because these models have the same neutral
current. In summary, our findings are relevant for two
different models and solid irrespective of the presence of
scalar fields.

VI. CONCLUSION

In this work we explored the FCNC processes mediated
by a Z0 gauge boson featuring both in the 3-3-1 r.h.n and 3-
3-1LHN models. We computed the Kþ and KL decay rates
to missing energy, considering the extra contributions from
the Z0 in addition to the SM contribution, leaving the quark
mixing matrix and the Z0 mass as free parameters. We
performed a complementary analysis using the results from
NA62, KOTO, and the LHC (current and prospects) to set
bounds on the 3-3-1 r.h.n parameters. We found that the last
result of the NA62 experiment was able to constrain a large
region of the parameter space, setting lower limits on the Z0
mass that can be more stringent than those from dilepton
searches at the LHC. For example, we can impose mZ0 >
10 TeV for jV�

L32VL31j ∼ 10−1, while jV�
L32VL31j≲ 2 ×

10−3 for mZ0 ¼ 3 TeV. These results apply for δ ¼ 0,
where the sensitivity of NA62 is maximum. In the case
when the new CP violation effects are large our constraints
weaken.
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Velásquez, Fermion masses and mixings and some phe-
nomenological aspects of a 3-3-1 model with linear seesaw
mechanism, Phys. Rev. D 100, 095025 (2019).

[25] A. Cárcamo Hernández, Y. Hidalgo Velásquez, and N. A.
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