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Two triplet vectorlike quarks (VLQs) with hypercharges of Y ¼ 2=3, −1=3 and one singlet scalar boson
are embedded in the standard model to resolve the 750 GeV diphoton excess. The constraints on the tree-
level Higgs- and Z-mediated flavor-changing neutral currents are discussed in detail. Besides the resolution
of excess, it is found that the signal strength of diphoton Higgs decay can have a 10% deviation from the
SM prediction and that the upper limits of the branching ratios for rare top-quark decays are
BRðt → cðh; ZÞÞ < ð6.8; 0.48Þ × 10−5. We find that the production cross section of a single VLQ by
electroweak processes is larger than that of a VLQ pair by QCD processes. To explore the signals of the
heavy VLQs at the LHC, we thoroughly analyze the production of single X�5=3 and Y∓4=3 via qiq0j
annihilations in pp collisions at

ffiffiffi
s

p ¼ 13 TeV. It is found that the electroweak production cross sections
for dX5=3, uY−4=3, and dY4=3 channels with mX ¼ mY ¼ 1 TeV can be 84.3, 72.3, and 157.8 fb,
respectively, and the dominant decay modes are X5=3 → ðc; tÞWþ and Y−4=3 → ðs; bÞW−. With adopting
kinematic cuts, the significance for the pp → dWþt channel can be over 5σ.

DOI: 10.1103/PhysRevD.94.035001

I. INTRODUCTION

With the discovery of the standard model (SM) Higgs in
the ATLAS [1] and CMS [2] experiments, we have taken
one step further toward understanding the electroweak
symmetry breaking (EWSB) through the spontaneous
symmetry breaking mechanism in the scalar sector. The
next mission for the high-luminosity LHC is to explore not
only the detailed properties of the SM Higgs but also the
new physics effects.
Since problems related to the origin of neutrino mass,

dark matter, and matter-antimatter asymmetry cannot be
resolved in the SM, it is believed that the SM of particle
physics is an effective theory at the electroweak scale. If
new physics exists at the TeV scale, the LHC can detect it.
Some potential events indicating the existence of new
effects indeed have been observed in the recent ATLAS
and CMS experiments. For instance, a diboson excess of
VV with V ¼ W=Z at around 2 TeV was shown by ATLAS
[3] and CMS [4]; the branching ratio (BR) for lepton-
flavor-violating Higgs decay h → μτ with a 2.4σ signifi-
cance was presented by CMS [5]; a resonance at a mass of
750 GeV in the diphoton-invariant mass spectrum was
reported by ATLAS [6,7] and CMS [8,9]. Although the
results are not conclusive yet, these experimental measure-
ments have inspired theorists to speculate various effects to
interpret the excesses.
Ever since the SM Higgs was observed, the Higgs

measurements have approached to the precision level. It
becomes an important issue to uncover the physics beyond

the SM through the Higgs portal. Precise Higgs measure-
ments can also give strict bounds on the new couplings; for
instance, cosðβ − αÞ in the two-Higgs-doublet model has
been limited to be close to the decoupling limit [10], and
the SM with a fourth generation of chiral fermions has
become disfavored [11].
Although the extension of the SM with chiral fermions

has been severely limited, the constraint on the vectorlike
quark (VLQ) models may not have the same situation due
to the use of different representations and coupling struc-
tures. Unlike chiral fermion models, where the appearance
of chiral quarks has to accompany chiral leptons due to
gauge anomaly, the gauge anomaly in VLQ models is
cancelled automatically. Therefore, it is not necessary
to introduce the exotic heavy leptons into the SM when
VLQs are added. Due to their interesting properties, the
phenomena of some specific VLQs at the LHC have been
investigated from a theoretical viewpoint [12–32]. In
experiments, single VLQs and pairs of VLQs have been
produced at ATLAS [33–40] and CMS [41–45].
Based on the SM gauge symmetry SUð2ÞL × Uð1ÞY, the

representations of VLQs can basically be any SUð2Þ
multiplets. However, in order to consider the VLQ decays,
the possible representations of VLQ couplings to the SM
quarks are singlet, doublet, and triplet. To interpret the
excesses of dibosons and diphotons indicated by ATLAS
and CMS, we proposed a model that contains one Higgs
singlet and two triplet VLQs with hypercharges of Y ¼ 2=3
and Y ¼ −1=3, respectively [30,32]. Since the representa-
tions of the VLQs are different from those of the SM
quarks, the Higgs- and Z-mediated flavor-changing neutral
currents (FCNCs) are induced at the tree level, and the
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Cabibbo-Kobayashi-Maskawa (CKM) matrix is nonunitary
matrix. In our earlier studies, besides the resolutions of the
excesses, we focused on the leading effects, which were
from the left-handed flavor-mixing matrices, and found that
they led to interesting contributions to top FCNCs t →
qðh; ZÞ and the SM Higgs production and decays.
In this study, we systematically discuss the left- and

right-handed flavor-mixing effects together. We revisit the
constraints and present the bounds from ΔF ¼ 2 processes
in detail. With the values of constrained parameters, it is
found that the modified top coupling to the SM Higgs,
which arises from the right-handed flavor mixing, can
diminish the influence of the SM Higgs production and the
decay to diphotons by around 10% and −2% deviations
from the SM results, respectively. We demonstrate how the
changes of the SM CKM matrix elements can be smeared
so that the severe bounds from the current measurements of
the CKM matrix elements are satisfied [46].
In addition to the phenomena in flavor physics, we also

investigate the single and pair production of VLQs in this
work. In the proposed model, the new quarks are T1;2, B1;2,
X, and Y, the associated electric charges of which are 2=3,
−1=3, 5=3, and −4=3, respectively. Therefore, T1;2 and B1;2

can be regarded as top and bottom partners, respectively.
Since VLQs X and Y carry the unusual electric charges,
they do not have FCNC couplings to the SM quarks. As a
result, their single production and decays are only through
charged weak interactions. Since the top and bottom
partners involve more complicated FCNC interactions,
we concentrate the study on VLQs X and Y. It is found
that the single production cross sections of X and Y can be
larger than the pair production cross sections, which are
dominant from QCD. In order to understand this phenome-
non, we analyze each process qiq0j → ðX; YÞqk for the
single production of X and Y. It is found that with
mXðYÞ ∼ 1 TeV, the cross sections for Xd and Ȳd modes
can be of the order of 100 fb, while the pair production
cross sections are smaller by a factor of around 2. We
postpone the study of event simulation to another paper.
The rest of this paper is organized as follows. We

establish the model, discuss the new flavor mixing effects,
and derive the new Higgs and gauge couplings in Sec. II.
We present the constraints from low-energy and Higgs
measurements in Sec. III. We also study the implications on
top-quark FCNC processes t → qðh; ZÞ. In Sec. IV, we
discuss the single and pair production for VLQs X5=3 and
Y−4=3 and thoroughly analyze the production mechanism in
pp collisions. The conclusions are given in Sec. V.

II. MODEL AND FLAVOR MIXINGS

A. Model and new interactions

We extend the SM by including one real Higgs singlet
and two vectorlike triplet quarks (VLTQs), where the
representations of VLTQs in SUð3Þc × SUð2ÞL ×Uð1ÞY

gauge symmetry are chosen as ð3; 3Þ2=3 and ð3; 3Þ−1=3 [30].
For suppressing the mixing between the Higgs singlet and
doublet, we impose a Z2 discrete symmetry on the scalar
potential, where the scalar fields follow the transformations
S → −S andH → H under the Z2 transformation. Thus, the
scalar potential is expressed as

VðH; SÞ ¼ μ2H†H þ λ1ðH†HÞ2 þm2
SS

2

þ λ2S4 þ λ3S2ðH†HÞ: ð1Þ

We adopt the following representation of H,

H ¼
� Gþ

1ffiffi
2

p ðvþ hþ iG0Þ
�
; ð2Þ

where Gþ and G0 are Goldstone bosons, h is the SM Higgs
field, and v is the vacuum expectation value (VEV) of H.
The S field cannot develop a nonvanishing VEV in the
scalar potential of Eq. (1) when λ2;3 > 0. Due to the Z2

symmetry, h and S do not mix at the tree level; thus
mS is the mass of S, v ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−μ2=λ1

p
, and mh ¼

ffiffiffiffiffiffiffi
2λ1

p
v ≈

125 GeV is the mass of the SM Higgs [1,2]. We note that
the Z2 symmetry is softly broken by some other sector of
the Lagrangian.
The gauge-invariant Yukawa couplings of VLTQs to the

SM quarks, the SM Higgs doublet, and the new Higgs
singlet are expressed as

−LY
VLTQ ¼ Q̄LY1F1R

~H þ Q̄LY2F2RH þ y1TrðF̄1LF1RÞS
þ y2TrðF̄2LF2RÞSþMF1

TrðF̄1LF1RÞ
þMF2

TrðF̄2LF2RÞ þ H:c:; ð3Þ

where QL is the left-handed SM quark doublet, all flavor
indices are hidden, ~H ¼ iτ2H�, and F1ð2Þ is the 2 × 2

VLTQ with hypercharge 2=3ð−1=3Þ, the representations of
F1;2 of which are

F1 ¼
�
U1=

ffiffiffi
2

p
X

D1 −U1=
ffiffiffi
2

p
�
;

F2 ¼
�
D2=

ffiffiffi
2

p
U2

Y −D2=
ffiffiffi
2

p
�
: ð4Þ

Under Z2 transformation, F1L;2L → −F1L;2L. The electric
charges of U1;2, D1;2, X, and Y are 2=3, −1=3, 5=3, and
−4=3, respectively. Therefore, U1;2ðD1;2Þ can mix with up-
(down)-type SM quarks. The masses of VLTQs do not
originate from the electroweak symmetry breaking. Due to
the gauge symmetry, VLTQs in a given multiplet state are
degenerate and denoted by MF1ð2Þ. Since the mass terms of
VLTQs do not involve the S field and the associated
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operators are dimension 3, the discrete Z2 symmetry is
softly broken by MF1;2

terms.
It is worth mentioning that Y1;2 results in the mixture of

the SM quarks and VLTQs; consequently, the h coupling to
the top quark is modified, and the h couplings to VLTQs are
induced. As a result, the SMHiggs production cross section
via gluon-gluon fusion (ggF) and its decays will be
modified. In the next subsection, we discuss the modifi-
cations in detail. We note that the Z2 breaking effects will
induce the SH†H term through one-loop diagrams in the
scalar potential. However, in addition to the suppression
factor 1=ð4πÞ2, the loop effects are suppressed by the small
Yukawa couplings Y1;2 (see the detailed discussions later).
As a result, the induced VEVof the S field and the induced
mixing between h and S are small, and the BR for S → hh
decay is a factor of 2 smaller than that for S → γγ
decay [32].
Next, we discuss the weak interactions of VLTQs.

As usual, we write the covariant derivative of SUð2ÞL ×
Uð1ÞY as

Dμ ¼ ∂μ þ i
gffiffiffi
2

p ðTþWþ
μ þ T−W−

μ Þ

þ i
g
cW

ðT3 − s2WQÞZμ þ ieQAμ; ð5Þ

whereW�
μ , Zμ, and Aμ are the gauge bosons in the SM; g is

the gauge coupling of SUð2ÞL, sWðcWÞ ¼ sin θWðcos θWÞ;
θW is the Weinberg angle; T� ¼ T1 � iT2; and the charge
operator Q ¼ T3 þ Y, where Y is the hypercharge of the
particle. Thus, the gauge interactions of VLTQs are written
as [30]

LVFF ¼ −g½ðX̄γμU1 þ Ū1γ
μD1 þ D̄2γ

μY

þ Ū2γ
μD2ÞWþ

μ þ H:c:�

−
�
g
cW

F̄1γ
μðT3 − s2WQ1ÞF1Zμ þ eF̄1γ

μQ1F1Aμ

þ ðF1 → F2; Q1 → Q2Þ
�
; ð6Þ

where we express the triplet VLQs as FT
1 ¼ðX;U1;D1Þ and

FT
2 ¼ðU2;D2;YÞ, diagT3¼ð1;0;−1Þ, diagQ1¼ð5=3;2=3;

−1=3Þ, and diagQ2¼ð2=3;−1=3;−4=3Þ. To further under-
stand the weak interactions in terms of physical states, we
have to investigate the structures of flavor mixings when
Y1;2 effects in Eq. (3) are involved.

B. Flavor mixings and Higgs-mediated FCNCs

The introduced two SUð2ÞL triplet VLQs contain the
quarks with electric charges of þ2=3 and −1=3. From the
new Higgs Yukawa couplings to the SMHiggs and VLTQs,
the mixture between the SM quarks and VLTQs is
generated after EWSB. In order to get the physical mass

eigenstates of quarks and the new flavor mixings, we have
to diagonalize the mass matrices of the SM quarks and
VLTQs. With the Yukawa couplings Y1i and Y2i (i ¼ 1–3)
in Eq. (3), the quark mass terms are given by

−Lmass ¼ q̄LmqqR þ q̄LYqvFR þ F̄LmFFR þ H:c:; ð7Þ

where qT ¼ ðu; c; tÞ or ðd; s; bÞ denotes the SM up- or
down-type quarks. We have chosen the basis such that mq

is a 3 × 3 diagonal matrix, FT ¼ðU1;U2Þ or ðD1; D2Þ is the
VLTQ with charge þ2=3 or −1=3, diagmF ¼ ðmF1

; mF2
Þ,

and

Yu ¼

0
B@

Y11=2 Y21=
ffiffiffi
2

p

Y12=2 Y22=
ffiffiffi
2

p

Y13=2 Y23=
ffiffiffi
2

p

1
CA;

Yd ¼

0
B@

Y11=
ffiffiffi
2

p
−Y21=2

Y12=
ffiffiffi
2

p
−Y22=2

Y13=
ffiffiffi
2

p
−Y23=2

1
CA: ð8Þ

We do not have F̄LqR terms due to gauge invariance. The
quark mass matrices for electric charges þ2=3 and −1=3
now become 5 × 5 matrices. One can introduce the 5 × 5

unitary matrices Vq
L and Vq

R to diagonalize the mass
matrices, namely Mdia

q ¼ Vq
LMqV

q†
R . In order to obtain

the information of Vq
L;R, we consider the multiplications

of mass matrices to be Mdia
q Mdia† ¼ Vq

LMqM
†
qV

q†
L and

Mdia†
q Mdia

q ¼ Vq
RM

†
qMqV

q†
R , where MqM

†
q and M†

qMq are
expressed as

MqM
†
q ¼

�
mqm

†
q þ v2YqYq† vYqm†

F

mFYq†v mFm
†
F

�
;

M†
qMq ¼

�
m†

qmq vm†
qYq

vYq†mq m†
FmF þ v2Yq†Yq

�
ð9Þ

with m†
q ¼ mq, and m†

F ¼ mF. It is clear that the off-

diagonal matrix elements in MqM
†
q are related to vYqmF

while those inM†
qMq are vmqYq. Due to mqj , vY

q
ij ≪ mFi

,
the unitary matrices Vq

L;R can be expanded with respect to
v=mFi

and mq=MmFi
; at the leading-order approximation,

they can be formulated as

Vq
χ ≈

 
⊮3×3 −ðεqχÞ3×2

ðεq†χ Þ2×3 ⊮2×2

!
; ð10Þ

where χ¼L, R, εqR ¼ vmqYq=m2
F, and ε

q
L ¼ vYqmF=m2

F.
We find that the effects of εqR are suppressed by vmq=m2

Fi
,

while those of εqL are associated with v=mFi
. Since the top
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and bottom quarks are much heavier than other SM quarks,

in this study we keep the contributions from εuðdÞR13 ¼
vmtðbÞY

uðdÞ
13 =m2

F1
and εuðdÞR23 ¼ vmtðbÞY

uðdÞ
23 =m2

F2
and ignore

other εRij that involve the light quark masses. We use the
flavor mixing matrices of Eq. (10) to investigate the new
flavor couplings of the Higgs and the weak gauge
bosons below.
From the Yukawa couplings in Eq. (3), the SM Higgs

couplings to the quarks in the flavor space are written as

−Lhqq ¼ q̄0LV
qq0Rhþ H:c:; ð11Þ

where q0 ¼ ðu; c; t; T1; T2Þ or ðd; s; b; B1; B2Þ, Ti, and Bi
are the physical states of VLTQs and carry the electric
charges of 2=3 and−1=3, respectively, and Vq is the mixing
matrix for the q-type quark and is given by

Vq ¼ Vq
L

�
mq=v Yq

0 0

�
Vq†
R

≈
�
mq=v − Yqεq†R Yq

εq†L mq=v εq†L Yq

�
: ð12Þ

The small effects, such as mqε
q
R=v, εq†L Yqεq†R =v, and

εq†L mqε
q
R=v, have been dropped. According to Eq. (12),

the h-mediated FCNCs for the SM quarks (e.g., h − q − q00)
are proportional to mq;q00v=m2

F. If the mass effects of the
first two generations of quarks are neglected, we have the
flavor-changing Higgs interactions,

−Lhqq00 ¼ −ūiLCittRh − d̄iLCibbRhþ H:c:;

Cit ¼
mt

4v
ðζ1iζ13 þ 2ζ2iζ23Þ;

Cib ¼
mb

4v
ð2ζ1iζ13 þ ζ2iζ23Þ; ð13Þ

where u1ð2Þ ¼ uðcÞ quark, d1ð2Þ ¼ dðsÞ quark, the defini-
tion of Yq in Eq. (8) is applied, and ζij ¼ vYij=mFi

. The
Bd − B̄d and Bs − B̄s oscillations can be induced via
the tree-level Higgs mediation in the VLTQ model.
Additionally, the BRs for the flavor-changing processes
t → ðc; uÞh, which are highly suppressed in the SM,
become sizable. In addition to the new FCNC couplings,
the flavor-conserving couplings are also modified:

−Lhqq ¼
mt

v

�
1 −

ζ213 þ 2ζ223
4

�
t̄LtRh

þmb

v

�
1 −

2ζ213 þ ζ223
4

�
b̄LbRhþ H:c: ð14Þ

The modification of the Higgs coupling to the top quark
will affect the SM Higgs production and decays in the pp
collisions at the LHC. If we take mF1

¼ mF2
¼ 1 TeV,

Yij ¼ 1, and v ¼ 246 GeV, the h production cross section
by the top-quark loop will be reduced by 9% of the SM
prediction. That is, the influence of new effects cannot be
ignored arbitrarily.
From the flavor mixing matrix in Eq. (12), we can also

obtain the SM Higgs interactions with the VLTQs as

−LhFF ¼ ðT̄1L; T̄2LÞ

0
B@

ξ11
4

ξ12
2
ffiffi
2

p

ξ21
2
ffiffi
2

p ξ22
2

1
CA�T1R

T2R

�
h;

þ ðB̄1L; B̄2LÞ
0
@ ξ11

2
− ξ12

2
ffiffi
2

p

− ξ21
2
ffiffi
2

p ξ22
4

1
A�B1R

B2R

�
h ð15Þ

with ξij ¼
P

kζikYjk ¼ mFj
=v
P

kζikζjk. Since VLTQs are
color triplet states in SUð3ÞC and carry the same color
charges as those of the SM quarks, the new couplings hFF
also contribute to the h production cross section via the ggF
channel. We will study their influence on the process pp →
h → γγ in the numerical analysis.

C. Weak interactions of SM quarks and VLTQs

By combining the charged weak interactions of the SM
quarks with those of VLTQs in Eq. (6), the charged current
interactions of quarks can be formulated by

LW ¼ −
gffiffiffi
2

p ūLγ
μVL

CKMdLWþ
μ

−
gffiffiffi
2

p ūRγ
μVR

CKMdRWþ
μ þ H:c:; ð16Þ

where u ¼ ðu; c; t; T1; T2Þ and d ¼ ðd; s; b; B1; B2Þ are,
respectively, the physical up- and down-type quarks, and

VLðRÞ
CKM is the 5 × 5 CKM matrix for left- (right)-handed

quarks, defined by

VL
CKM ¼ Vu

L

� ðVCKMÞ3×3 ⊬3×2

⊬2×3

ffiffiffi
2

p
⊮2×2

�
Vd†
L ;

VR
CKM ¼ Vu

R

�⊬3×3 ⊬3×2

⊬2×3

ffiffiffi
2

p
⊮2×2

�
Vd†
R : ð17Þ

The 3 × 3 matrix VCKM is associated with the SM CKM
matrix. Since the weak isospin of a triplet quark differs
from that of a doublet quark, the new 5 × 5 CKM matrices
VL;R
CKM are nonunitary.
By using the results of Eq. (10), the CKM matrix

elements for the three-generation SM quarks are modified
to be

ðVSM
CKMÞij → ðVCKMÞij þ

1

2
ffiffiffi
2

p ðζ1iζ1j − ζ2iζ2jÞ: ð18Þ

With Y1i; Y2i < 1 and mF1;2
¼ 1 TeV, the changes of the

SM CKM matrix elements are roughly estimated as
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ðΔVSM
CKMÞij¼VSM

CKM−VCKM < 3%. As indicated by experi-
ments [46], the value of 3% has the same order of
magnitude as ðVCKMÞcb;ts and is larger than ðVCKMÞub;td.
To satisfy the constraints of ðVCKMÞub;td, the possible
schemes are (a) jζ2ijj is less than jVubj, the smallest
CKM matrix element; (b) ζ11;21¼0 so that ðΔVSM

CKMÞub¼

ðΔVSM
CKMÞtd¼0; and (c) ζ11ζ13−ζ21ζ23¼ 0, which leads to

ðΔVSM
CKMÞub ¼ ðΔVSM

CKMÞtd ¼ 0. Moreover, if we adopt
ζ1i ¼ ζ2i (i ¼ 1–3), all CKM matrix elements return to
the SM ones. With the leading-order approximation for ζij,
the W-boson interactions with the SM quarks and VLTQs
are given by [30]

LWFq ¼ −
gffiffiffi
2

p
�
−
3ζ2i
2

ūiLγμB2L þ
�
−
ζ1i
2
T̄1L þ

ffiffiffi
2

p
ζ2iT̄2L

�
γμdiL

�
Wþ

μ

−
g
2

�
ζ2id̄iLγμYL þmbζ23

mF2

b̄RγμYR − ζ1iX̄Lγ
μuiL −

mtζ13
mF1

X̄Rγ
μtR

�
Wþ

μ þ H:c: ð19Þ

The charged weak interactions of VLTQs can be directly
read from Eq. (6).
We next discuss the neutral weak interactions. It is

known that the left-handed and right-handed quarks in the
SM are SUð2ÞL doublets and singlets, respectively; how-
ever, the VLTQs are SUð2ÞL triplets. Since the isospin of a
triplet is different from those of doublets and singlets, in
order to combine the VLTQs with the SM quarks into the
same representation in the flavor space, we need to rewrite
the vertex structure of the Z-boson, T3 − s2WQ, in Eq. (6) to
fit the cases of doublets and singlets, such as I3 − s2WQ,
where I3 ¼ �1=2 for doublets and I3 ¼ 0 for singlets. Due
to the isospin difference, Z-mediated FCNCs are induced at
the tree level. Since VLTQs X and Y carry the electric
charges of 5=3 and −4=3, respectively, they can not mix up
with other quarks in the neutral current interactions.
In terms of weak eigenstates, we write the weak neutral

current interactions in Eq. (6) as

LZFF ¼ −
g
cW

Zμ

�
F̄Lγ

μðI3 − s2WQF ÞFL

þ F̄Rγ
μð−s2WQF ÞFR þ F̄Lγ

μ

�−1=2 0

0 1=2

�
FL

þ T̄Rγ
μ

�
0 0

0 1

�
TR þ B̄Rγ

μ

�−1 0

0 0

�
BR

�
; ð20Þ

where TT ¼ ðU1; U2Þ and BT ¼ ðD1; D2Þ are composed of
VLTQs with electric charges of 2=3 and −1=3, respec-
tively; F ¼ T, B; I3 ¼ �1=2 for TðBÞ; QT ¼ 2=3; and
QB ¼ −1=3. We succeed in expressing the Z couplings to
VLTQs by using the SM Z couplings. It is clear that the first
two terms in Eq. (20) lead to the flavor-conserving
couplings when the SM quarks and VLTQs form a
representation in the dimension-5 flavor space. Since the
SM quarks do not have the interaction structures, as shown
in the last three terms of Eq. (20), as a result, FCNCs via Z
mediation are generated. Hence, the Z-boson interactions
with quarks, which carry electric charges of 2=3 and −1=3,
can be formulated as

LZq0q0 ¼ −
g
cW

C
q0L
ij q̄

0
iLγ

μq0jLZμ −
g
cW

C
q0R
ij q̄

0
iRγ

μq0jRZμ;

C
q0L
ij ¼ ðIq03 − s2WQq0 Þδij þ

1

2
ð−Vq0

Li4V
q0�
Lj4 þ Vq0

Li5V
q0�
Lj5Þ;

ð21Þ

C
q0R
ij ¼ −s2WQq0δij þ ϵq0 ðVq0

R Þiαq0 ðV
q0�
R Þαq0 j; ð22Þ

where q0 ¼ ðu;c;t;T1;T2Þ or ðd; s; b; B1; B2Þ, Vq0
L;R are

defined in Eq. (10), ðϵu;αuÞ¼ð1;5Þ, and ðϵd; αdÞ ¼ ð−1; 4Þ.
Using Eq. (10) and the leading-order approximation, the

new gauge couplings of the Z-boson to the SM quarks are
given by

LZqiqj ¼ −
g

8cW
ðaqζ1iζ1j − bqζ2iζ2jÞq̄iLγμqjLZμ; ð23Þ

where qi denote the up- or down-type SM quarks,
au ¼ bd ¼ 1, and bu ¼ ad ¼

ffiffiffi
2

p
. It can be seen that the

FCNC effects can contribute to ΔF ¼ 2 neutral meson
mixings. A comparison with the results in Eq. (18) indicates
that the induced new coupling structures in charged and
neutral currents are different. It is interesting to investigate
the possible schemes that can simultaneously satisfy the
constraints from the CKM matrix elements and the data of
neutral meson oscillations. The interactions of the Z-boson
coupling to one VLTQ and one SM quark are shown as

LZFq ¼ −
g

4cW
ūiLγμðζ1iT1L −

ffiffiffi
2

p
ζ2iT2LÞZμ

−
g

4cW
d̄iLγμð

ffiffiffi
2

p
ζ1iB1L þ ζ2iB2LÞZμ

−
g
cW

�
−

mtζ23ffiffiffi
2

p
mF2

�
t̄RγμT2RZμ

−
g
cW

�
mbζ13ffiffiffi
2

p
mF1

�
b̄RγμB1RZμ þ H:c: ð24Þ

One can get the Z couplings to VLTQs from Eq. (6).
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III. CONSTRAINTS AND TOP-QUARK FCNCS

In this section, we discuss the constraints from low-
energy ΔF ¼ 2 processes and from the data of the SM
Higgs production and decay into diphotons.

A. P − P̄ mixings

From Eqs. (13) and (23), we know that the h- and
Z-mediated FCNCs appear and contribute to the ΔF ¼ 2

processes, such as K − K̄ and Bq − B̄q mixings, where the
current experimental data can give strict constraints on the
free parameters. Since the FCNC couplings in the up-type
quarks are the same as those in the down-type quarks and
the hadronic effects in the D-meson system are dominated
by unclear nonperturbative effects, we focus on ΔK ¼ 2
and ΔB ¼ 2 processes.
Following the notations in previous studies [47,48], the

transition matrix elements for K − K̄ and Bq − B̄q mixings
are given by

MK
12ðhÞ¼−

ðΔbd
L ðhÞÞ2
2m2

h

½CSLL
1 ðμhÞP̄SLL

1 ðμhÞþCSLL
2 P̄SLL

2 ðμhÞ�;

ð25Þ

MK
12ðZÞ ¼

ðΔsd
L ðZÞÞ2
2m2

Z
CVLL
1 ðμZÞP̄VLL

1 ðK; μZÞ; ð26Þ

M
Bq

12 ðZÞ ¼
ðΔbd

L ðZÞÞ2
2m2

Z
CVLL
1 ðμZÞP̄VLL

1 ðBq; μZÞ: ð27Þ

Ca
i is the Wilson coefficient with OðαsÞ QCD corrections,

and P̄a
i denotes the hadronic effects that include the

renormalization group (RG) evolution from high energy
to low energy, the expressions of which are [47,48]

CSLL
1 ¼ 1þ αs

4π

�
−3 ln

m2
h

μ2h
þ 9

2

�
; CSLL

2 ¼ αs
4π

�
−

1

12
ln
m2

h

μ2h
þ 1

8

�
;

CVLL
1 ¼ 1þ αs

4π

�
−2 ln

m2
Z

μ2Z
þ 11

3

�
; P̄a

i ðP; μÞ ¼
1

3
mPf2PP

a
i ðP; μpÞ;

PSLL
1 ðBq; μbÞ ¼ −

5

8
½η11ðμbÞ�SLLrBq

BSLL
1 ðμbÞ −

3

2
½η21ðμbÞ�SLLrBq

BSLL
2 ðμbÞ;

PSLL
2 ðBq; μbÞ ¼ −

5

8
½η12ðμbÞ�SLLrBq

BSLL
1 ðμbÞ −

3

2
½η22ðμbÞ�SLLrBq

BSLL
2 ðμbÞ; ð28Þ

PVLL
1 ðP;μpÞ¼ ηVLLðμpÞBVLLðP;μpÞ, where mP and fP

are themass anddecay constant of theP-meson, respectively,
μp¼2ðμbÞGeV for the KðBqÞ-meson, rBq

¼ðmBq
=

ðmbþmqÞÞ2, and the values of other hadronic effects and
RG evolution effects are given in Table I. Δqiqj

L are from the
short-distance interactions of Eqs. (13) and (23) and are
written as

Δbq
L ðhÞ ¼ −

mb

4v
ð2ζ13ζ1j þ ζ23ζ2jÞ;

Δds
L ðZÞ ¼ g

8cW
ð
ffiffiffi
2

p
ζ12ζ11 − ζ22ζ21Þ;

Δbq
L ðZÞ ¼ 8

8cW
ð
ffiffiffi
2

p
ζ13ζ1j − ζ23ζ2jÞ: ð29Þ

Since we have ignored the effects of light quark masses, the
h-mediated FCNC has no contribution to K − K̄ mixing.

To constrain the parameters, we assume that the obtained
ΔmP in the model should be less than the experimental
measurements. To understand the individual influences of h
mediation and Z mediation, we show their constraints

separately. With ΔmK ¼ 2jReMK
12j, ΔmBq

¼ 2jMBq

12 j, and
the inputs of Table I, we obtain the constraints as K − K̄
mixing:

j
ffiffiffi
2

p
ζ12ζ11 − ζ22ζ21j < 0.0013ðZÞ; ð30Þ

Bd − B̄d mixing:

j2ζ13ζ11 þ ζ23ζ21j < 0.053ðhÞ;
j
ffiffiffi
2

p
ζ13ζ11 − ζ23ζ21j < 0.0024ðZÞ; ð31Þ

TABLE I. Meson masses and decay constants, the values of
other hadronic effects and RG evolution effects.

mK (GeV) mBd
(GeV) mBs

(GeV) fK (GeV) fBd
(GeV)

0.497 5.28 5.37 0.16 0.186
fBs

(GeV) ΔmK (GeV) ΔmBd
(GeV) ΔmBs

(GeV) mb (GeV)
0.224 3.48×10−15 3.37×10−13 1.17×10−11 4.8
½η11ðμbÞ�SLL ½η12ðμbÞ�SLL ½η21ðμb�SLL ½η22ðμbÞ�SLL ½ηðμLÞ�VLL
1.654 1.993 −0.007 0.549 0.788
½ηðμbÞ�VLL BVLL

1 ðK;μLÞ BVLL
1 ðBq;μbÞ αs μL (GeV)

0.842 0.57 1 0.118 2
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Bs − B̄s mixing:

j2ζ13ζ12 þ ζ23ζ22j < 0.26ðhÞ;
j
ffiffiffi
2

p
ζ13ζ12 − ζ23ζ22j < 0.012ðZÞ: ð32Þ

From these results, we find that the constraint from ΔmK is
only a factor of 2 stronger than that from ΔmBd

. Since the
ratio

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔmBd

=ΔmBs

p
in experiments is very close to the

Wolfenstein parameter λ ≈ 0.22 [46], the difference of a
factor of 0.2 between Eq. (31) and Eq. (32) is reasonable.
From the definition ζij ¼ vYij=mFi

, if we take Y13;23 ≈ 1
andmFi

¼ 1 TeV, we have ζ13;23 ≈ 0.25. It is interesting to
understand whether the values of ζ11;21;12;22 could be the
same orders of magnitude as ζ13;23 ≈ 0.25 when the
constraints of Eqs. (30), (31), and (32) are satisfied
simultaneously. Recalling Eq. (18), in order to avoid
the constraint from the CKM matrix elements, one of
the possible schemes is ζ1i ¼ ζ2i. With this scheme, Z-
mediated ΔBd will give the bound to be ϵ11;21 < 0.013.
That is, it is difficult to require all values of ζij to be as large
as 0.25. To obey the constraints from CKMmatrix elements
and ΔF ¼ 2 processes, one can adopt the modified scheme
ζ11 ¼ ζ21 ≪ 1 and ζ12ð13Þ ¼ ζ22ð23Þ. As a result, the SM
CKM matrix is not changed, and ΔmK;Bd

, via Z-mediated
effects, can be automatically small; thus, the main con-
straint is from ΔmBs

. If we set ζ12ð22Þ ∼ ζ13ð23Þ ¼ ϵ, from
Eq. (32), we get ϵ2 < 0.087 by hmediation and ϵ2 < 0.029
(i.e., ϵ < 0.17) by the Z mediation. Clearly, the Z-boson
FCNCs give a stronger bound on ϵ.

B. Constraint from diphoton Higgs decay

The Higgs measurement usually is described by the
signal strength, defined as the ratio of observation to the
SM prediction and expressed as

μf ¼ σðpp → hÞBRðh → fÞ
σðpp → hÞSMBRðh → fÞSM

; ð33Þ

where f stands for the possible channels. Although vector-
boson fusion can also produce the SM Higgs, we only
consider the ggF process because it is the dominant one.
Since the new flavor mixings directly affect the Higgs
production and the Higgs decay to diphotons, we concen-
trate on the constraint from the diphoton channel (i.e.,
f ¼ γγ), where the current results measured by ATLAS and
CMS are μγγ ¼ 1.17� 0.27 [49] and μγγ ¼ 1.13� 0.24
[50], respectively.
It is known that the h production is dominated by the

loop with a heavy quark; in the SM, the top-quark loop
gives the dominant contributions. Besides the top quark,
four heavy VLTQs, namely T1;2 and B1;2, in the model can
contribute to the Higgs production. In addition, they also
affect the Higgs decay to diphotons. In order to understand

their influence, we discuss the Higgs production and decay
separately. According to the couplings in Eq. (14), the
Higgs coupling to the top quark is modified as

mt

v
→

mt

v

�
1 −

ζ213 þ 2ζ223
4

�
: ð34Þ

Therefore, the effective Lagrangian for ggh by the top-
quark loop can be obtained by multiplying the extra factor
to the SM one, that is

Lt
ggh ¼

αs
16πv

�
1 −

ζ213 þ 2ζ223
4

�
A1=2ðτtÞhGaμνGa

μν; ð35Þ

where τt ¼ 4m2
t =m2

h and the loop function is

A1=2ðτÞ ¼ −2τ½1þ ð1 − τÞfðτÞ2�;
fðxÞ ¼ sin−1ð1= ffiffiffi

x
p Þ: ð36Þ

Using the Higgs couplings to VLTQs in Eq. (15), the
effective Lagrangian for ggh induced by the VLTQ loops
can be formulated as

LVLTQ
ggh ¼ αs

16π

�X
i¼1;2

3ξii
4mFi

A1=2ðτFi
Þ
�
hGaμνGa

μν

≈
αs

16πv
3

4

�X
i¼1;2

ðζ2i2 þ ζ2i3ÞA1=2ðτFi
Þ
�
hGaμνGa

μν;

ð37Þ

where τFi
¼ 4m2

Fi
=m2

h and the small effects ζ211;21 ≪ 1 are
dropped in the second line of the above equation. It is
known that when τt;Fi

→ ∞, A1=2 → −4=3. The deviations
of A1=2 from the limit of −4=3 for mt ¼ 174 GeV and
mFi

¼ 1 TeV are only 3% and 0.09%, respectively. Taking
A1=2 ¼ −4=3 as a good approximation, the effective inter-
action of hgg that combines Eq. (35) with Eq. (37) can be
written as

Lggh ¼−
αs

12πv

�
1þ1

4
ð3ζ212þ2ζ213þ3ζ222þζ223Þ

�
hGaμνGa

μν:

ð38Þ

If we adopt ζ12;13;22;23 ∼ ϵ, the ratio of the Higgs production
cross section to the SM result through the ggF process is
easily obtained as

σðpp → hÞ
σðpp → hÞSM

≈
����1þ 9

4
ϵ2
����2: ð39Þ

With ϵ ¼ 0.17, the deviation from 1 is around 13%.
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Next, we discuss the modification of the partial decay
width for the decay h → γγ. Following the notations in a
previous study [51], we write the partial decay width for
h → γγ as

Γh
γγ ¼

αm3
h

246π3v2

����X
i

NciQ2
i AiðτiÞ

����2; ð40Þ

where Nci is the number of colors carried by the internal
particle i, Q2

i is the electric charge square of particle i, and
Ai is the corresponding loop integral function. In the SM,
theW loop and the top-quark loop are the main effects. The
loop function from the W-boson contribution is

AWðτWÞ ¼ 2þ 3τW þ 3τWð2 − τWÞfðτWÞ2 ≈ 8.34 ð41Þ

with τW ¼ 4m2
W=m

2
h. The loop integral function from the

top quark is A1=2, which has been defined in Eq. (36). Since
the introduced VLTQs are spin-1=2 particles, the resulting
loop integral function is also A1=2 but with the different
argument τFi

¼ 4m2
Fi
=m2

h. The modification of Γh
γγ can thus

be formulated as

Γh
γγ ¼ Γh;SM

γγ

����1þ Nc
ζtγγ þ ζTBγγ

AWðτWÞ þ NcQ2
uA1=2ðτtÞ

����2;
ζtγγ ¼ −

Q2
u

4
ðζ213 þ ζ223ÞA1=2ðτtÞ;

ζTBγγ ≈
Q2

u þ 2Q2
d

4
ðζ212 þ ζ213ÞA1=2ðτF1

Þ

þ 2Q2
u þQ2

d

4
ðζ222 þ ζ223ÞA1=2ðτF2

Þ; ð42Þ

where Nc ¼ 3, Qu ¼ 2=3, Qd ¼ −1=3, and the small
effects ζ211;21 ≪ 1 in ζTBγγ have been neglected. As discussed
earlier, it is a good approximation to use the limit
τt;Fi

→ ∞, i.e., A1=2 ¼ −4=3. Using this limit and taking
ϵ12;13;22;23 ∼ ϵ, the ratio of Γh

γγ to the SM result can be
simplified as

Γðh → γγÞ
Γðh → γγÞSM

≈
����1 − Nc

ð4Q2
u=3þ 2Q2

dÞϵ2
AWðτWÞ þ NcQ2

uA1=2ðτtÞ
����2: ð43Þ

With ϵ ¼ 0.17, we find that the deviation of Γh
γγ from the

SM result is only −2%.
Since the influence of new physics on the Higgs width is

small, the result in Eq. (43) can be regarded as the result of
BRðh → γγÞ=BRðh → γγÞSM. According to our analysis, if
we take ϵ≲ 0.17, the signal strength for diphoton Higgs
decay defined in Eq. (33) is μγγ ≲ 10%. This result is
consistent with the current measurements at the LHC.

C. Rare t → qh and t → qZ decays

It is known that the FCNCs in the SM arise from charged
weak interactions through the loop effects. However, not all
of them are sizable and detectable in the experiments, such
as the rare top-quark decays t→uih and t→uiZ (ui ¼ u, c),
in which the SM results are highly suppressed. As
discussed earlier, the tree-level h- and Z-mediated FCNC
couplings to the SM quarks occur in this model. Following
Eqs. (13) and (23), the partial decay rates for t → uih and
t → uiZ are derived as

Γðt → uihÞ ¼
mt

32π
jCitj2

�
1 −

m2
h

m2
t

�
2

; ð44Þ

Γðt → uiZÞ ¼
mt

32π
jCZ

itj2
m2

t

m2
Z

�
1þ 2

m2
h

m2
t

��
1 −

m2
h

m2
t

�
2

;

CZ
it ¼ −

g
8cW

ðζ1iζ13 −
ffiffiffi
2

p
ζ2iζ23Þ: ð45Þ

Taking ζ12 ¼ ζ22 and ζ13 ¼ ζ23, the constraints from the
ΔF ¼ 2 processes in Eqs. (30), (31), and (32) can be
directly applied. As a result, we get

BRðt → ðu; cÞhÞ < ð0.08; 6.8Þ × 10−5;

BRðt → ðu; cÞZÞ < ð0.19; 4.8Þ × 10−6: ð46Þ

The current upper limits from ATLAS and CMS for
t → cðuÞh are 0.46(0.45)% [52] and 0.47(0.42)% [53]
and for t → uiZ are 7 × 10−4 [54] and 5 × 10−4 [55],
respectively. It can be seen that the results for the decays
t → cðh; ZÞ in Eq. (46) are smaller than the current data by
2 orders of magnitude.

IV. SINGLE PRODUCTION OF X�5=3 AND Y∓4=3

The introduced VLQs in the model are T1;2, B1;2, X, and
Y, where the first two VLQs can be regarded as the partners
of up- and down-type quarks that carry electric charges of
Qu ¼ 2=3 and Qd ¼ 1=3, respectively; however, the exotic
particles X and Y carry electric charges of 5=3 and −4=3,
respectively. Since the couplings of X and Y to the SM
particles are QCD and charged weak interactions, in order
to clearly understand the production mechanism for the
VLQs, we focus the studies on the VLQs X and Y. To
present the production of VLQs and their antiparticles, we
use the notations of X�5=3 and Y∓4=3, where the subscript
indicates the electric charge of the particle.
The production cross section for a VLQ pair is lower

than that for a single VLQ when the mass of the VLQ is as
heavy as 1 TeV; therefore, in this study we discuss the
single production of X�5=3 and Y∓4=3 in detail. The relevant
free parameters are the masses of VLQs and ζij. In the
numerical analysis, we adopt
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mX ¼mY ¼mF ∈ ½750;1200�GeV; ζ11¼ ζ21¼ 0.02;

ζ12¼ ζ13¼ ζ22¼ ζ23¼ ζ∈ ½0.1;0.3�: ð47Þ
These taken values are close to the constraints from the
low-energy physics and from the Higgs measurements. We
separately discuss the QCD and electroweak production
processes below. To calculate the production cross section
in the pp collisions at

ffiffiffi
s

p ¼ 13 TeV, we implement our
model in CalcHEP [56] and adopt CTEQ6L parton dis-
tribution functions (PDFs) [57].

A. QCD production channels

Since X�5=3 and Y∓4=3 are color triplet fermions, their
couplings to the gluons are the same as those of the SM
quarks. In this subsection, we discuss the VLQ production
through the QCD processes. To compare with the single
production,we present theVLQ-pair production cross section
with respect to mF in Table II, where the QCD and
electroweak effects are included and Q ¼ X5=3, Y−4=3.
SinceQCDdominates the pair production, theQ-pair produc-
tion cross section only depends on the mass of the VLQ.
As mentioned earlier, the relevant couplings of X and Y

to the SM particles are strong and charged weak inter-
actions; therefore, the production of a single VLQ in the
final state via QCD effects is gq → QW, where q is the
possible up- (down)-type quarks, while Q ¼ X5=3ðY−4=3Þ
andW ¼ W−ðWþÞ. The Feynman diagrams are sketched in
Fig. 1. With ζ ¼ 0.2 and ζ11;21 ¼ 0.02, we show the
production cross section for the QW process with respect
to mF in Table III. Since the values of CP-conjugate
processes are close to the results in Table III, we do not
show them repeatedly. The ζij-dependence of the scattering
amplitudes can be understood as follows:

Mðqig → XðYÞWÞ ∝ ζ1iðζ2iÞ: ð48Þ

From the results of Table III, it can be seen that, except
for the Y−4=3Wþ mode with mY ¼ 800 GeV which can
have the cross section of Oð1Þ fb, the others are below or
far below 1 fb. In addition, σðpp → X5=3W−Þ is smaller
than σðpp → Y−4=3WþÞ by a factor of 2. These results can
be understood as follows. The quark q in the gq scattering
is dominated by a sea quark, i.e., c-quark or s-quark. It is
known that the PDF of a sea quark is smaller than that of a
valence quark when the momentum fraction is roughly
larger than 0.1. Therefore, the single production cross
section of a VLQ via the gq channel typically is small.
Although the initial state for X=Y production can be the
valence u=d-quark, small production cross sections result
from small couplings taken as ζ11;21 ≪ 1. If one uses
ζ11;21 ¼ 1 instead, the production cross section for mF ¼
1 TeV then can reach 75 fb, which is a few factors larger
than that for the case of pair production. For the same
reasons, the production cross sections for the CP-conjugate
processes are the same as those shown in Table III. The
factor of 2 difference between X5=3W− and Y−4=3Wþ

actually arises from the different PDFs in the initial quarks,
where the averaged c-quark PDF for the former channel is a
factor of around 2 smaller than the s-quark PDF for the
latter channel. In summary, we conclude that the single
production cross section of a VLQ via the gq channel is far
below 1 fb when the heavy quark mass approaches 1 TeV.

B. Electroweak production channels

One usually expects that the production of a heavy quark
is dominated by the strong interactions. As we showed
before, the heavy-quark-pair production cross section for
mF ¼ 1 TeV at

ffiffiffi
s

p ¼ 13 TeV is around 20 fb, while the
single production of a heavy quark is far below 1 fb. In this
subsection, we thoroughly investigate the single production
of X and Y through the electroweak interactions. We
demonstrate that the single VLQ production cross section
by electroweak interactions is much larger than that for

TABLE II. Heavy-quark-pair production cross section in pp
collisions at

ffiffiffi
s

p ¼ 13 TeV, where Q ¼ X5=3, Y−4=3.

mF (GeV) 800 900 1000 1100 1200

σðpp → QQ̄Þ (fb) 88 42 22 11 06

FIG. 1. Feynman diagrams for gq → QW, where q is
possible up- (down-)type quarks while Q ¼ X5=3ðY−4=3Þ and
W ¼ W−ðWþÞ.

TABLE III. Production cross sections for X5=3W− and
Y−4=3Wþ with various values of mF, where

ffiffiffi
s

p ¼ 13 TeV,
ζ11;21 ¼ 0.02, and ζ ¼ 0.2 are used.

mF (GeV) 800 900 1000 1100 1200

σðpp → X5=3W−Þ (fb) 0.72 0.38 0.21 0.12 0.07
σðpp → Y−4=3WþÞ (fb) 1.4 0.73 0.40 0.23 0.13

FIG. 2. S-channel (left) and t-channel (right) q0q̄00 annihilation
Feynman diagrams for production of X5=3ūi, where ūi ¼ ðū; c̄; t̄Þ.
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VLQ-pair production. Since the initial quarks for producing
X�5=3 and Y∓4=3 are different, we discuss their situations
separately.

1. X�5=3 þ jet processes

X5=3 accompanied by a quark jet can be produced by
W-mediated channels in pp collisions, that is,
pp → X5=3q, where q can be anti-up-type quarks ūi ¼
ðū; c̄; t̄Þ or down-type quarks di ¼ ðd; s; bÞ. Since the
involved initial quarks for q ¼ ūi and q ¼ di final states
are different, in order to understand the contributions
from different situations, we discuss them separately.
Additionally, due to the difference in the PDF between
the uðdÞ-quark and its antiquark, we distinguish the CP-
conjugate mode X−5=3q̄ from the X5=3q mode.
We first study the X5=3ūi processes. The possible

Feynman diagrams are sketched in Fig. 2, where the
left- (right)-handed one is the s- (t)-channel q0q̄00 annihila-
tion diagrams. The ζij-dependence of the scattering ampli-
tudes is

Mðuid̄j → W → X5=3ūkÞ ∝ ζ1k;

MðuðcÞdi → X5=3uiÞ ∝ ζ11ðζ12Þ; ð49Þ

where the CP-conjugate processes have the same depend-
ence. Since the off-diagonal CKM matrix elements are
small, in the numerical estimations, we ignore their con-
tributions. Due to ζ11 ≪ 1, the processes that involve the
vertex u-X-W are small, and their values are similar to those
shown in Table III. Since the coupling in the s-channel q0q̄00
annihilation to X5=3ūi is the SM vertex u-d-W, unlike the
case for the single VLQ production, the coupling from the
valence u-quark is not suppressed.
We display the production cross sections for X5=3ūi as a

function of mX in Fig. 3(a), where
ffiffiffi
s

p ¼ 13 TeV,
ζ11 ¼ 0.02, and ζ ¼ 0.2 are used. It can be seen clearly

that the relative magnitude of each production cross section
is σðX5=3ūÞ > σðX5=3c̄Þ ≫ σðX5=3 t̄Þ. For mX ¼ 1 TeV, we
get σðX5=3ūÞ ¼ 6.5 fb, σðX5=3c̄Þ ¼ 3.5 fb, and σðX5=3t̄Þ ¼
0.3 fb. We take mX ¼ 1 TeV as the example to understand
these results. The typical value of the cross section for
mX ¼ 1 TeV from the s-channel ud̄ → X5=3ðc̄; t̄Þ is 0.1 fb;
however, it becomes 10−3 fb for cs̄ → X5=3 t̄, where the
suppressed cross section originates from the two sea quarks
in the initial state. Accordingly, we can conclude that the
production cross section that arises from the s channel is far
less than 1 fb. The results above 1 fb are indeed from the t-
channel annihilations. For instance, the production cross
section for the t-channel process cd̄ → X5=3ū is 4.5 fb. We
note that since b̄ and b have smaller PDFs, the cross section
for the t-channel cb̄ → X5=3t̄ is of the order of 0.1 fb.
It is interesting to explore the difference between the CP-

conjugate modes. With the same values of parameters, we
present the X−5=3ui production cross section via W media-
tion as a function of mX in Fig. 3(b). It is apparent that
σðX−5=3uÞ in pp collisions is much larger than σðX5=3ūÞ,
while the others are close to their CP-conjugate modes. For
mX¼1TeV, we have σðX−5=3uÞ¼28.3 fb, σðX−5=3cÞ¼
2.4 fb, and σðX−5=3tÞ ¼ 0.1 fb. The enhanced cross section
for the X−5=3u mode originates from the valence d-quark,
where the associated PDF is larger, the process is dictated by
t-channeldc̄ → X−5=3u, and the corresponding cross section
is 27.6 fb. From the results,we see clearly that the production
cross section for the X−5=3umode can be as large as that for
VLQ-pair production.
In addition to X5=3ūi and X−5=3ui modes, where the net

electric charges in the final state are�1, we find that X5=3di
and X−5=3d̄i (di ¼ d, s) modes, the electrical charge of
which is �4=3, are allowed and important. Since the net
charges of the initial quarks have to be �4=3, the possible
combinations of quarks are uu, uc, cc, and their anti-
particles. Therefore, only t-channel annihilation diagrams

(a) (b)

FIG. 3. Production cross section (in units of fb) as function of mX in pp collisions at
ffiffiffi
s

p ¼ 13 TeV, where plot (a) is for X5=3ðū; c̄; t̄Þ
processes while plot (b) is for X−5=3ðu; c; tÞ. ζ11 ¼ 0.02 and ζ ¼ 0.2 are applied.
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are involved. If the initial quarks are composed of ūiūj,
since they are sea quarks, we expect that the resulting cross
sections will be similar to those for X5=3ūi. However, the
situations for uiuj are different. For instance, the processes
for X5=3d can be classified as (i) uu → X5=3d and
(ii) cu → X5=3d, where the ζij-dependence of the scattering
amplitudes is given by

Mðuu → X5=3dÞ ∝ ζ11; Mðcu → X5=3dÞ ∝ ζ12:

ð50Þ
Although process i depends on the small coupling ζ11, the
two large u-quark PDFs compensate the suppression. For
process ii, although it involves a sea quark c in the initial
state, the related coupling is ζ, and one u-quark PDF can
enhance the contributions. With mX ¼ 1 TeV and ζ ¼ 0.2,
we get σðuu→X5=3dÞ¼14.5 fb and σðuc → X5=3dÞ ¼
69.8 fb. Clearly, the production cross section for the
X5=3d mode can be over 80 fb. Since the situation of the
X5=3s mode is similar to that of the X5=3c mode, we expect
that its production cross section is of the order of a few fb.
We present the production cross sections for X5=3di and
X−5=3d̄i modes as a function of mX in Figs. 4(a) and 4(b),
respectively. It can be seen that the X5=3d production cross
section can be over 100 fb if the mass of the VLQ is lighter
than 950 GeV. Obviously, this result is higher than that for
VLQ-pair production.

2. Y∓4=3 þ jet processes

We discuss the single production of Y−4=3 in this sub-
section. Similar to the production of X�5=3, Y−4=3 accom-
panied by a quark jet can be generated through the
W-mediated processes and is described by pp → Y−4=3q̄,
where q̄ ¼ d̄i ¼ ðd̄; s̄; b̄Þ or q̄ ¼ ui ¼ ðu; c; tÞ. Since the
involvedPDFs for theCP-conjugatemodes are different, we
discuss Y−4=3q̄ and Y4=3q modes separately.

We first discuss the Y−4=3d̄i final states, in which the
W-mediated processes are through the s- and t-channel diūj
annihilations, and the corresponding Feynman diagrams
are shown in Fig. 5. The ζij-dependence of the scattering
amplitudes is read as

Mðūidj → W → Y−4=3d̄kÞ ∝ ζ2k;

Mðūðc̄Þdi → Y−4=3d̄ðs̄ÞÞ ∝ ζ2i; ð51Þ

where the same dependence can be applied to their CP-
conjugate processes. Based on the analysis for the single
X�5=3 production, one expects t-channel annihilation dia-
grams to be dominant. With mY ¼ 1 TeV, ζ21 ¼ 0.02, and
ζ ¼ 0.2, we illustrate the production cross section for the s
channel to be σðdū → Y−4=3ðs̄; b̄ÞÞ ¼ 3.8 × 10−2 fb; how-
ever, it becomes σðsc̄ → Y−4=3b̄Þ ¼ 1.4 × 10−3 fb when
the initial state involves two sea quarks. Since the net
electric charges of Y−4=3d̄i processes are −1 and their initial
states mostly involve two sea quarks, the t-channel pro-
duction cross sections for ðs; bÞū → Y−4=3d̄ and sc̄ →
Y−4=3s̄ are (6.9,2.3) fb. Although the t-channel dðū; c̄Þ →
Y−4=3ðd̄; s̄Þ processes have one valence d-quark in the
initial state, due to the small coupling ζ21 ≪ 1, their cross
sections are suppressed to be (0.68,0.27) fb. We present the
production cross sections for Y−4=3d̄i modes as a function
of mY in Fig. 6(a), where

ffiffiffi
s

p ¼ 13 TeV, ζ21 ¼ 0.02, and

(a) (b)

FIG. 4. Production cross section (in units of fb) as function of mX in pp collisions at
ffiffiffi
s

p ¼ 13 TeV, where plot (a) is for X5=3ðd; sÞ
processes, while plot (b) is for X−5=3ðd̄; s̄Þ. ζ11 ¼ 0.02 and ζ ¼ 0.2 are applied.

FIG. 5. s-channel (left) and t-channel (right) diūj annihila-
tion Feynman diagrams for production of Y−4=3d̄i, where
d̄i ¼ ðd̄; s̄; b̄Þ.
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ζ ¼ 0.2 are used. For mY ¼ 1 TeV, we have σðY−4=3d̄Þ ¼
10 fb, σðY−4=3s̄Þ ¼ 3.3 fb, and σðY−4=3b̄Þ ¼ 0.04 fb. All
of these results can be understood from the discussions
for pp → X5=3ūi.
It is interesting to examine the processes pp → Y4=3di

which is the CP-conjugate modes of Y−4=3d̄i. As men-
tioned earlier, the t-channel σðsū → Y−4=3dÞ with sea
quarks in the initial state can be of the order of 10 fb;
since the CP-conjugate process is us̄ → Y4=3d̄, where the
initial state involves a valence u-quark, the cross section
for such a mode should be much larger than Y−4=3d.
With mY ¼ 1 TeV, ζ21 ¼ 0.02, and ζ ¼ 0.2, we obtain
σðus̄ → Y4=3dÞ ¼ 111 fb and σðub̄ → Y4=3dÞ ¼ 45 fb.
The production cross section for the Y4=3d mode is 1 order
of magnitude larger than that for the Y−4=3d̄ mode. Since
the production mechanism for Y4=3ðs; bÞ modes is similar
to that for their CP-conjugate modes, it is expected that the
results are close to Y−4=3ðs̄; b̄Þ. In order to clearly see the
numerical results, we plot the production cross sections
for Y4=3di as a function of mY in Fig. 6(b), whereffiffiffi
s

p ¼ 13 TeV, ζ21 ¼ 0.02, and ζ ¼ 0.2 are applied.
Besides Y−4=3d̄i and Y4=3di, in which the net charges

of final states are ∓1, we can have the single Y∓4=3
associated with a ui=ūi quark in the final state, in which
the net charges are ∓2=3 and the ζij-dependence of the
scattering amplitudes including their CP-conjugate proc-
esses is

Mðdidj → Y−4=3ujÞ ∝ ζ2i: ð52Þ
The single Y∓4=3 production channels are thus from didj
and d̄id̄j scatterings. Since the initial states d̄id̄j are the
sea quarks, it can be expected that the resultant produc-
tion cross sections should be similar to those of the
processes pp → Y−4=3d̄i. The production channels from
didj scatterings can have larger cross sections. For

instance, with mY ¼ 1 TeV and ζ ¼ 0.2, we get σðsd →
Y−4=3uÞ ¼ 49 fb and σðbd → Y−3=4uÞ ¼ 19 fb. In addi-
tion, even though the process dd → Y−4=3u involves the
coupling ζ21 ¼ 0.02, its contribution can still reach
σðdd → Y−4=3uÞ ¼ 3.6 fb. As to the Y−4=3c mode, its
result is similar to that of Y4=3s. We should mention that,
unlike the Y4=3b and Y−4=3b̄ modes, which are from the
s-channel, Y−4=3t and Y4=3 t̄ are mainly from the t-channel
sb and s̄ b̄ annihilations, respectively. Although the cross
sections are still small, they are larger than those for
Y4=3b and Y−4=3b̄ modes. In sum, we have
σðpp → Y−4=3uÞ ¼ 72 fb, σðpp → Y−4=3cÞ ¼ 6.9 fb,
and σðpp → Y−4=3tÞ ¼ 0.4 fb. We numerically present
the production cross sections for Y4=3ūi and Y4=3ui
modes as a function of mY in Fig. 7, whereffiffiffi
s

p ¼ 13 TeV, ζ21 ¼ 0.02, and ζ ¼ 0.2 are applied.
To further understand the ζ dependence of the single

X and Y production processes, we show the production
cross section as a function of ζ in Fig. 8, where we use
mX ¼ mY ¼ 900 GeV. Plot (a) is for X5=3d (solid line)
and X−5=3u (dashed line), and plot (b) is for Y−4=3u
(solid line) and Y4=3d (dashed line). With the scheme
ζ12 ≈ ζ13 ≈ ζ22 ≈ ζ23, the main decay channels for X5=3

and Y4=3 are X5=3 → Wþðt; cÞ and Y4=3 → Wþðs̄; b̄Þ,
respectively, and each BR is almost equal to 1=2.
Hence, the favorable channels to search for the single
production of VLQs X and Y are

pp → dX5=3 → dWþc;

pp → dX5=3 → dWþt → dWþðWþbÞ;
pp → dY4=3 → dWþðs̄; b̄Þ: ð53Þ

In the following, we briefly simulate the signals for the
proposed processes. Since the final states involve the
W-boson, we focus on the leptonic decays of theW-boson.

(a) (b)

FIG. 6. Production cross section (in units of fb) as a function of mY in pp collisions at
ffiffiffi
s

p ¼ 13 TeV, where plot (a) is for Y−4=3d̄i
processes, while plot (b) is for Y4=3di, where ζ21 ¼ 0.02 and ζ ¼ 0.2 are applied.
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Thus, the signal events for dWþcðs̄; b̄Þ and dWþt are lþ þ
jets and lþlþ þ jets, respectively, where l ¼ e, μ and the
number of jets is set to be njet ≥ 2. As to the backgrounds
from the SM contributions, we consider the processes
pp → WþðZÞjj and pp → WþWþðZZÞjj. To generate the
signal and background events, we use the event generator
MADGRAPH/MADEVENT 5 [58], where we have employed
FeynRules 2.0 [59] to create the relevant Feynman rules
and parameters of the model, and we apply the
NNPDF23LO1 PDF [60]. We use PYTHIA 6 [61] to
include hadronization effects, the initial-state radiation
and final-state radiation effects, and the decays of the
SM particles. Additionally, the generated events are
run through the PGS 4 to perform detector-level
simulation [62].
In order to reduce the backgrounds, we adopt the

following kinematical cuts:

pTðjleadingÞ > 300 GeV; pTðjÞ > 30 GeV;

pTðlÞ > 30 GeV for lþ þ jets;

pTðjleadingÞ > 100 GeV; pTðjÞ > 30 GeV;

pTðlÞ > 30 GeV for lþlþ þ jets: ð54Þ
With the cuts, we present the numbers of signal (S) and
background (B) events and the significance S=

ffiffiffiffi
B

p
with a

luminosity of 100 fb−1 in Table IV, where mF ¼ 900 GeV
and ζ ¼ 0.1, 0.2 are used. It is found that the significances
of the channels dWþc and dWþðs̄; b̄Þ are small; however,
since the processes with two same-sign leptons in the final
state have smaller backgrounds, the channel dWþt has a
larger significance. We believe that the significance can be
further improved by imposing more strict kinematical cuts.
The detailed event simulations will be studied in
another paper.

(a) (b)

FIG. 8. Production cross section (in units of fb) as a function of ζ in pp collisions at
ffiffiffi
s

p ¼ 13 TeV, where plot (a) is for
X5=3d (solid) and X−5=3u (dashed) processes, while plot (b) is for Y−4=3u (solid) and Y4=3d processes, where the mass of the VLQ is set to
be 900 GeV.

FIG. 7. Production cross section (in units of fb) as a function of mY in pp collisions at
ffiffiffi
s

p ¼ 13 TeV, where plot (a) is for Y4=3ūi
processes, while plot (b) is for Y−4=3ui, where ζ21 ¼ 0.02 and ζ ¼ 0.2 are applied.
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Finally, we briefly discuss the new physics in connection
to the flavor physics. In this study, we do not introduce new
couplings to the lepton sector, and therefore the contribu-
tions to the lepton flavor-changing processes are similar to
the SM predictions. However, the introduced VLQs lead to
FCNCs at the tree level in the quark sector, where the strict
constraints from ΔF ¼ 2 processes have been considered
in Sec. III. Besides the rare decays t → ðu; cÞh and t →
ðu; cÞZ that were discussed earlier, it is also interesting to
investigate the FCNC effects in the low-energy physics. For
instance, the coupling sdZ can contribute to the Kþ →
πþνν̄ and KL → π0νν̄ decays, where the SM predicted BRs
are of Oð10−11Þ; both are sensitive to the new physics
effects; and the theoretical uncertainties are well controlled
[63]. Furthermore, the NA62 experiment at CERN can
achieve the BRðKþ → πþνν̄Þ to be a precision of 10%
[64,65], and the KOTO experiment at J-PARC for KL →
π0νν̄ decays can reach the SM sensitivity. Thus, it is
important to search for new physics in rare K decays. In
B-meson physics, the tree-level couplingsbqZwithq ¼ d, s
can contribute to b → qlþl− decays. Although the mea-
sured BRðBs → μþμ−Þ is consistent with the SM prediction
[66], a 3.4σ deviation from the SM prediction in the angular
analysis of B → K�μþμ− is observed [67]. It is worthy to
explore the excess in our model. Since the detailed analysis
of flavor physics is beyond the scope of this paper, a
complete analysis will be studied elsewhere [68].

V. CONCLUSION

We have studied the phenomenology of which two triplet
VLQs with Y ¼ 2=3, −1=3 and a Higgs singlet are

embedded in the SM. Because the isospin of VLQs is
different from that of the SM quarks, Higgs- and Z-
mediated FCNCs are generated at the tree level, and the
new CKM matrix becomes a nonunitary matrix. We find
that the modifications of the CKMmatrix elements coupled
to the SM quarks can be smeared out if two triplet VLQs
are introduced and the scheme ζ1i ¼ ζ2i is adopted, where
ζij ¼ vYij=mF are the parameters from flavor mixings.
Although the tree-level FCNCs cannot be removed, it

was found that when the constraints from ΔF ¼ 2 proc-
esses are applied, the upper limits of BRs for t → cðh; ZÞ
decays are ð6.8; 0.48Þ × 10−5, which is 2 orders of magni-
tude smaller than the current experimental bounds. With the
values of constrained parameters, we examined the influ-
ence of the model on the SM Higgs production and its
diphoton decay; we found that σðpp → hÞ and BRðh →
γγÞ can have 13% and −2% deviations from the SM results,
respectively. As a result, the signal strength for pp → h →
γγ is thus changed by 10%.
The main purpose of this work was to explore the single

production of exotic VLQs X and Y in the pp collisions atffiffiffi
s

p ¼ 13 TeV. We gave a detailed analysis for each
possible qiq0j scattering, where qi and q0j are the possible
initial quarks. It was found that the contributions of s-
channel annihilations are much smaller than those of t-
channel annihilations. From this study, we comprehend the
contribution of each subprocess to the production cross
section of a specific VLQ. The interesting production
channels are X5=3d, Y−4=3u, and Y4=3d, where the corre-
sponding production cross sections for mX ¼ mY ¼ 1 TeV
are 84.3, 72.3, and 157.8 fb, respectively. From our
analysis, it is clear to see that the single production cross
sections of VLQs are much larger than the pair production
cross sections, which are through QCD processes. The
dominant decay modes of the VLQs are X5=3 → ðc; tÞWþ

and Y−4=3 → ðs; bÞW−. Each BR can be 1=2 in our chosen
scheme. For illustration, we estimate the significances for
the channels proposed in Eq. (53). It is found that the
significance for the pp → dWþt channel can be over 5σ.
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TABLE IV. Numbers of signal and background (BG) events
and the significance of the signal, where we adopt a luminosity of
100 fb−1, mF ¼ 900 GeV, and ζ ¼ 0.1, 0.2, and the kinematic
cuts shown in Eq. (54) are applied.

Wþjj Zjj WþWþjj ZZjj
BG 5.17 × 105 8.93 × 104 161 94.1

Signal dWþc dWþðs̄; b̄Þ dWþt
ζ ¼ 0.1 262 349 64.1
ðS= ffiffiffiffi

B
p Þζ¼0.1

0.34 0.45 4.0

ζ ¼ 0.2 883 1330 218
ðS= ffiffiffiffi

B
p Þζ¼0.2

1.1 1.7 14
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