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The VuQ model involves the addition of a vector isosinglet up-type quark to the standard model. In this
model the full Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix is 4 × 3. Using present flavor-
physics data, we perform a fit to this full CKM matrix, looking for signals of new physics (NP). We find
that the VuQmodel is very strongly constrained. There are no hints of NP in the CKMmatrix, and any VuQ
contributions to loop-level flavor-changing b → s, b → d and s → d transitions are very small. There can
be significant enhancements of the branching ratios of the flavor-changing decays t → uZ and t → cZ, but
these are still below present detection levels.
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I. INTRODUCTION

The standard model (SM) includes three generations
of fermions. In particular, there are three down-type
quarks (Qem ¼ −1=3: d, s, b) and three up-type quarks
(Qem ¼ 2=3: u, c, t). All quarks that have the same charge
mix, so that there is aW coupling between each down-type
and up-type quark. These couplings are tabulated in the
Cabibbo-Kobayashi-Maskawa (CKM) matrix.
Now, there is no a priori reason for there to be only three

down-type and three up-type quarks. Indeed, many models
of physics beyond the SM include new, exotic quarks. The
simplest of these consider a fourth generation of quarks
(denoted SM4), a vector isosinglet down-type quark b0
(denoted VdQ; both b0L and b

0
R haveweak isospin I ¼ 0), or

a vector isosinglet up-type quark t0 (denoted VuQ; both t0L
and t0R have weak isospin I ¼ 0).
There are two distinct ways to look for signals of such

new physics (NP). The first is via direct searches at
colliders. To date, no signals of exotic quarks have been
observed. The most stringent lower bounds on the masses
of SM4 quarks aremb0 > 611 GeV [1] andmt0 > 570 GeV
[2] (95% C.L.). However, as the fourth generation has a
significant effect on the Higgs sector of the SM, a much
stronger bound on the SM4 model comes from Higgs
production and its decay processes [3–8]. For example, in
SM4 there is a strong suppression of theH → γγ branching

ratio due to the destructive interference between the W and
fermion loops at next-to-leading order [9]. Now, both
ATLAS and CMS observe a H → γγ signal [10,11] that
is about 4σ away from SM4 prediction, indicating that SM4
is highly disfavored. Using the LHC and Tevatron data on
Higgs searches, along with the electroweak precision data,
it is shown in Ref. [7] that perturbative SM4 with a single
Higgs doublet is excluded at 5.3σ.
On the other hand, unlike fourth-generation quarks,

vectorlike quarks do not receive their masses from
Yukawa couplings to a Higgs doublet, and are hence
consistent with the present Higgs data. Limits on the
masses of these quarks depend on the specific assumptions
about their decay. Some recent results are (this is not
exhaustive) mb0 ≳ 450 GeV for the VdQ model [12] and
mt0 > 687–782 GeV (95% C.L.) for the VuQ model [13].
Second, one can look for indirect signals of the exotic

quarks through their loop-level contributions to various
processes. In fact, it is possible to simultaneously consider
all such loop-level effects. This is done as follows. Most of
these NP effects are charged-current interactions, which
involve the CKM matrix. In the SM, the CKM matrix is
3 × 3 and unitary. As such, it is parametrized by four
parameters. However, in all NP models the full mixing
matrix is larger than 3 × 3, so its parametrization requires
additional parameters. The idea is then to perform a fit to
the full CKM matrix using all the data. A signal of the NP
will be the nonunitarity of the 3 × 3 CKM matrix. That is,
some of the NP parameters will be found to be nonzero.
At first glance, the analysis to search for NP is the same

for all three models. First, in all cases the parametrization of
the full CKM matrix has four SM and five NP parameters.
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Second, one uses the same flavor-physics data to perform a
combined fit to these parameters. This yields the best-fit
values of all the parameters, and indicates whether any of
the NP parameters can be nonzero. However, the key point
is that the contributions to the flavor-physics observables
are model dependent. That is, the effects on the observables
vary from model to model, so that the analyses are not the
same for the three models. The SM4 and VdQ models were
examined in Refs. [14] and [20], respectively. In the present
paper we consider the VuQ model [24–26], in which the
full CKM matrix is 4 × 3.
For the fit, in addition to the six directly measured

magnitudes of CKM matrix elements, we include flavor-
physics observables that have small hadronic uncertainties:
(i) ϵK from CP violation in KL → ππ, (ii) the branching
fractions of Kþ → πþνν̄ and KL → μþμ−, (iii) Rb and Ab
from Z → bb̄, (iv) B0

s-B̄0
s and B0

d-B̄
0
d mixing, (v) the time-

dependent indirect CP asymmetries in B0
d → J=ψKS and

B0
s → J=ψϕ, (vi) the measurement of the CP-violating

angle γ of the unitarity triangle from tree-level decays,
(vii) the branching ratios of the inclusive decays
B → Xslþl− and B → Xsγ, and of the exclusive decay
B → Kμþμ−, (viii) many observables in B → K�μþμ−,
(ix) the branching ratio of Bþ → πþμþμ−, (x) the branch-
ing ratios of B0

s → μþμ−, B0
d → μþμ− and Bþ → τþντ,

(xi) the like-sign dimuon charge asymmetry Ab
SL, (xii) the

oblique parameters S and T. The fit is carried out for mt0 ¼
800 and 1200 GeV.
In the VuQ model, the t0L can mix with the uL, cL and tL.

However, because the t0L and fuL; cL; tLg have different
values of I3L (I3L ¼ 0 for t0L, I3L ¼ 1

2
for fuL; cL; tLg), this

mixing will induce tree-level Z-mediated flavor-changing
neutral currents (FCNCs) among the SM quarks. In particu-
lar, this means thatD0-D̄0 mixing occurs at tree level. Thus,
in principle there can be constraints from the experimental
measurement of this mixing. Now, in the SM, this mixing is
due to a box diagram with internal d, s and b quarks. The b
contribution suffers a significant CKM suppression of
Oðλ8Þ, so that D0-D̄0 mixing is dominated by the contribu-
tions of the internal d and s quarks. Because these quarks are
light, there can be large long-distance (LD) contributions to
themixing. At present, there is no definitive estimate of these
LD effects. As a result, we do not have an accurate prediction
of the value of D0-D̄0 mixing within the SM, so that this
measurement cannot be incorporated into the fit.
Once the fit has been performed, we can then make

predictions for other quantities that are expected to be
affected by the t0 quark, while still being consistent with the
above measurements. We examine the following observ-
ables: (i) the branching fraction of KL → π0νν̄, (ii) the
branching fraction of B → Xsνν̄, (iii) D0-D̄0 mixing and
the branching fraction of D0 → μþμ−, and (iv) the branch-
ing fraction of t → qZ (q ¼ u; c).
The paper is organized as follows. In Sec. II, we define

the CKM parametrization and discuss the measurements

used in the χ2 fit. The results of the fit are presented in
Sec. III. Given these results, we calculate the possible
effects of the VuQ model on several other flavor observ-
ables in Sec. IV. Section V summarizes the results.

II. CONSTRAINTS ON THE CKM MATRIX

In the VdQ model the CKM matrix is 3 × 4. It was
shown in Ref. [27] that this is the upper 3 × 4 submatrix of
the 4 × 4 SM4 CKM matrix, denoted CKM4.1 Now, there
are many parametrizations of CKM4. For the VdQ model,
it is best to choose one in which the new matrix elements
Vub0 , Vcb0 and Vtb0 take simple forms. With this in mind, the
Dighe-Kim parametrization of Refs. [27,29] was used
in Ref. [20].
The logic is similar for the VuQ model. In this model the

CKM matrix is 4 × 3:

VVuQ ¼

0
BBB@

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

Vt0d Vt0s Vt0b

1
CCCA: ð1Þ

VVuQ is the left-hand 4 × 3 submatrix of CKM4. Here it is
best to choose a parametrization of CKM4 in which the
new matrix elements Vt0d, Vt0s and Vt0b take simple forms.
We use the Hou-Soni-Steger parametrization [30,31]. Here,

Vus ≡ λ; Vcb ≡ Aλ2; Vub ≡ Aλ3Ce−iδub ;

Vt0d ≡ −Pλ3eiδt0d ; Vt0s ≡ −Qλ2eiδt0s ; Vt0b ≡ −rλ;

ð2Þ

where λ is the sine of the Cabibbo angle. There are
four SM parameters (λ, A, C, δub) and five NP parameters
(P, Q, r, δt0d, δt0s). Of the remaining six CKM matrix
elements, Vud, Vcd andVcs retain their SM parametrizations:

Vud ¼ 1 −
λ2

2
; Vcd ¼ −λ; Vcs ¼ 1 −

λ2

2
; ð3Þ

but Vtd, Vts and Vtb are modified:

Vtd ¼ Aλ3ð1 − CeiδubÞ − Prλ4eiδt0d þ 1

2
ACλ5eiδub ;

Vts ¼ −Aλ2 −Qrλ3eiδt0s þ Aλ4
�
1

2
− Ceiδub

�
;

Vtb ¼ 1 −
1

2
r2λ2: ð4Þ

In the limit P ¼ Q ¼ r ¼ 0, only the elements present in
the 3 × 3 CKM matrix retain nontrivial values, and the

1Generalizations for the vectorlike quark multiplets can be
found in Refs. [25,28].
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above expansion corresponds to the Wolfenstein paramet-
rization [32] with C ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρ2 þ η2

p
and δub ¼ tan−1ðη=ρÞ. In

this limit, Vtb ¼ 1. In the VuQ model, r can be nonzero,
leading to a deviation of Vtb from 1.
For the fit, we consider all observables that can constrain

the parameters of the CKMmatrix. The total χ2 is written as
a function of these parameters, and their best-fit values are
those that minimize this χ2 function. The total χ2 function is
defined as

χ2total ¼ χ2CKM þ χ2jϵK j þ χ2K→πþνν̄ þ χ2KL→μþμ− þ χ2
Z→bb̄

þ χ2B0
d
þ χ2MR

þ χ2sin 2β þ χ2sin 2βs þ χ2γ þ χ2B→Xslþl−

þ χ2B→Xsγ
þ χ2B→Kμþμ− þ χ2B→K�μþμ− þ χ2Bþ→πþμþμ−

þ χ2Bq→μþμ− þ χ2B→τν þ χ2
Ab
SL
þ χ2Oblique: ð5Þ

In our analysis, the χ2 of an observable A whose measured
value is ðAc

exp � Aerr
expÞ is defined as

TABLE I. Experimental values of flavor-physics observables used as constraints. For Vub we use the weighted
average from the inclusive and exclusive semileptonic decays, V inc

ub ¼ ð44.1� 3.1Þ × 10−4 and
Vexc
ub ¼ ð32.3� 3.1Þ × 10−4. When not explicitly stated, we take the inputs from the Particle Data Group [33].

Wherever there are asymmetric experimental errors, they are symmetrized by taking the largest side error. Also,
wherever there is more than one source of uncertainty, the total error is obtained by adding these in quadrature.

jVudj ¼ 0.97425� 0.00022 BðB → Xslþl−Þlow ¼ ð1.60� 0.48Þ × 10−6 [34]

jVusj ¼ 0.2252� 0.0009 BðB → Xslþl−Þhigh ¼ ð0.57� 0.16Þ × 10−6 [34]
jVcdj ¼ 0.230� 0.011 109 GeV2 × hdBdq2iðB → Kμþμ−Þlow ¼ 18.7� 3.6 [35]

jVcsj ¼ 1.006� 0.023 109 GeV2 × hdBdq2iðB → Kμþμ−Þhigh ¼ 9.5� 1.7 [35]

jVubj ¼ 0.00382� 0.00021 BðBþ → πþμþμ−Þ ¼ ð2.60� 0.61Þ × 10−8 [36]
jVcbj ¼ ð40.9� 1.0Þ × 10−3 BðKþ → πþνν̄Þ ¼ ð1.7� 1.1Þ × 10−10

γ ¼ ð68.0� 11.0Þ° BðKL → μþμ−Þ ¼ ð0� 1.56Þ × 10−9 [37]
jϵK j × 103 ¼ 2.228� 0.011 BðBs → μþμ−Þ ¼ ð2.9� 0.7Þ × 10−9 [38–40]
ΔMd ¼ ð0.507� 0.004Þ ps−1 [41] BðBd → μþμ−Þ ¼ ð3.9� 1.6Þ × 10−10 [38–40]
ΔMs ¼ ð17.72� 0.04Þ ps−1 [41] BðB → XsγÞ ¼ ð3.55� 0.26Þ × 10−4

SJ=ψϕ ¼ 0.00� 0.07 [41] BðB → τν̄Þ ¼ ð1.14� 0.22Þ × 10−4 [41]
SJ=ψKS

¼ 0.68� 0.02 [41] Ab
sl ¼ ð−4.96� 1.69Þ × 10−3 [42]

S ¼ 0.00� 0.11 Ab ¼ 0.923� 0.020 [43]
T ¼ 0.02� 0.12 Rb ¼ 0.2164� 0.0007 [43]

TABLE II. Experimental values of the observables in B → K�μþμ− used as constraints. These are taken from
Refs. [44,45]. Here the errors have been symmetrized by taking the largest side error. Also, wherever there is more
than one source of uncertainty, the total error is obtained by adding these in quadrature.

q2 ¼ 0.1–2 GeV2 q2 ¼ 2–4.3 GeV2 q2 ¼ 4.3–8.68 GeV2

hdBdq2i ¼ ð0.60� 0.10Þ × 10−7 hdBdq2i ¼ ð0.30� 0.05Þ × 10−7 hdBdq2i ¼ ð0.49� 0.08Þ × 10−7

hFLi ¼ 0.37� 0.11 hFLi ¼ 0.74� 0.10 hFLi ¼ 0.57� 0.08
hP1i ¼ −0.19� 0.40 hP1i ¼ −0.29� 0.65 hP1i ¼ 0.36� 0.31
hP2i ¼ 0.03� 0.15 hP2i ¼ 0.50� 0.08 hP2i ¼ −0.25� 0.08
hP0

4i ¼ 0.00� 0.52 hP0
4i ¼ 0.74� 0.60 hP0

4i ¼ 1.18� 0.32
hP0

5i ¼ 0.45� 0.24 hP0
5i ¼ 0.29� 0.40 hP0

5i ¼ −0.19� 0.16
hP0

6i ¼ 0.24� 0.23 hP0
6i ¼ −0.15� 0.38 hP0

6i ¼ 0.04� 0.16
hP0

8i ¼ −0.12� 0.56 hP0
8i ¼ −0.3� 0.60 hP0

8i ¼ 0.58� 0.38
q2 ¼ 14.18–16 GeV2 q2 ¼ 16–19 GeV2

hdBdq2i ¼ ð0.56� 0.10Þ × 10−7 hdBdq2i ¼ ð0.41� 0.07Þ × 10−7

hFLi ¼ 0.33� 0.09 hFLi ¼ 0.38� 0.09
hP1i ¼ 0.07� 0.28 hP1i ¼ −0.71� 0.36
hP2i ¼ −0.50� 0.03 hP2i ¼ −0.32� 0.08
hP0

4i ¼ −0.18� 0.70 hP0
4i ¼ 0.70� 0.52

hP0
5i ¼ −0.79� 0.27 hP0

5i ¼ −0.60� 0.21
hP0

6i ¼ 0.18� 0.25 hP0
6i ¼ −0.31� 0.39

hP0
8i ¼ −0.40� 0.60 hP0

8i ¼ 0.12� 0.54

NEW-PHYSICS SIGNALS OF A MODEL WITH A VECTOR- … PHYSICAL REVIEW D 92, 013002 (2015)

013002-3



χ2A ¼
�
A − Ac

exp

Aerr
exp

�
2

: ð6Þ

In the following subsections, we discuss the various
experimental measurements used in the fit, and give their
individual contributions to χ2total.
The current experimental values for the 68 flavor-physics

observables enumerated in the Introduction are listed in
Tables I and II. The theoretical expressions for these
observables require additional inputs in the form of decay
constants, bag parameters, QCD corrections and other
parameters. These are listed in Table III.

A. Direct measurements of the CKM elements

The latest values for the direct measurements of the
magnitudes of the CKM matrix elements can be found in
Ref. [33]. The contribution to χ2total from these measure-
ments is given by

χ2CKM ¼
�jVusj − 0.2252

0.0009

�
2

þ
�jVudj − 0.97425

0.00022

�
2

þ
�jVcsj − 1.006

0.023

�
2

þ
�jVcdj − 0.230

0.011

�
2

þ
�jVubj − 0.00382

0.00021

�
2

þ
�jVcbj − 0.0409

0.001

�
2

:

ð7Þ

B. CP violation in KL → ππ: ϵK
In the VuQmodel, the mixing amplitudeM12

K is modified
due to an additional contribution coming from a virtual t0

quark in the box diagram. There is a sizeable LD con-
tribution to the mass difference ΔMK in the K system, for
which, at present, there is no definitive estimate. We
therefore do not include ΔMK in our analysis. However,
jϵKj, the parameter describing the mixing-induced CP
asymmetry in neutral K decays, and which is proportional
to ImðM12

K Þ, is theoretically clean and is a well-measured
quantity. The theoretical expression for jϵKj in the presence
of a t0 quark is given in Refs. [14,16].
To calculate the contribution of jϵKj to χ2total, we use the

quantity

Kmix ¼
12

ffiffiffi
2

p
π2ðΔMKÞexpjϵKj

G2
FM

2
Wf

2
KMKB̂Kκϵ

− Im½ηcðVcsV�
cdÞ2SðxcÞ�:

ð8Þ

With the experimental and theoretical inputs given in
Tables I and III, we find

Kmix;exp ¼ ð1.69� 0.05Þ × 10−7: ð9Þ

The QCD correction ηct appears in the theoretical expres-
sion of jϵKj. In order to take its error into account, we
consider it to be a parameter and have added a contribution
to χ2total. We hold the other QCD correction ηt fixed to its
central value because its error is very small. The total
contribution to χ2total from jϵKj is then

χ2jϵK j ¼
�
Kmix − 1.69 × 10−7

0.05 × 10−7

�
2

þ
�
ηct − 0.496

0.047

�
2

: ð10Þ

TABLE III. Decay constants, bag parameters, QCD corrections and other parameters used in our analysis. When
not explicitly stated, we take the inputs from the Particle Data Group [33].

GF ¼ 1.16637 × 10−5 GeV−2 τBs
¼ ð1.497� 0.026Þ ps

sin2 θW ¼ 0.23116 τB� ¼ ð1.641� 0.008Þ ps
αðMZÞ ¼ 1

127.9
ηt ¼ 0.5765 [46]

αsðMZÞ ¼ 0.1184 ηct ¼ 0.496� 0.047 [47]
mtðmtÞ ¼ 163 GeV fK ¼ 0.1561� 0.0011 [48]
mcðmcÞ ¼ 1.275� 0.025 GeV BK ¼ 0.767� 0.010 [48]
mbðmbÞ ¼ 4.18� 0.03 GeV ΔMK ¼ ð0.5292� 0.0009Þ × 10−2ps−1

MW ¼ 80.385 GeV κϵ ¼ 0.94� 0.02 [49,50]
MZ ¼ 91.1876 GeV κþ ¼ ð5.36� 0.026Þ × 10−11 [51]
MK ¼ 0.497614 GeV κμ ¼ ð2.009� 0.017Þ × 10−9 [52]
MK� ¼ 0.89594 GeV fbd ¼ ð190.5� 4.2Þ MeV [53]
MD ¼ 1.86486 GeV fbs ¼ ð227.7� 4.5Þ MeV [53]
MBd

¼ 5.27917 GeV fB0
d

ffiffiffiffiffiffiffiffi
BB0

d

q
¼ ð0.216� 0.015Þ GeV [53]

MBs
¼ 5.36677 GeV ξ ¼ 1.268� 0.063 [53]

MB� ¼ 5.27926 GeV BðB → XclνÞ ¼ ð10.61� 0.17Þ × 10−2

mμ ¼ 0.105 GeV mc=mb ¼ 0.29� 0.02
mτ ¼ 1.77682 GeV
τBd

¼ ð1.519� 0.007Þ ps
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C. Branching fraction of the decay Kþ → πþνν̄

In Refs. [54,55], it was shown that the LD contribution to
BðKþ → πþνν̄Þ is suppressed—it is 3 orders of magnitude
smaller than the short-distance (SD) contribution. The SM
prediction for this observable is therefore under good
control. The decayKþ → πþνν̄ occurs via loops containing
virtual heavy particles, and hence is sensitive to the t0
quark. The theoretical expression for BðKþ → πþνν̄Þ in the
presence of a t0 quark is given in Refs. [14,16].
With the inputs given in Tables I and III, we estimate

BðKþ → πþνν̄Þ
κþ

¼ 3.17� 2.05; ð11Þ

where

κþ ¼ rKþ
3α2BðKþ → π0eþνÞ

2π2sin4θW
λ8: ð12Þ

Here rKþ ¼ 0.901 encapsulates the isospin-breaking cor-
rections in relating the branching ratio of Kþ → πþνν̄ to
that of the well-measured decay Kþ → π0eþν.
In order to include BðKþ → πþνν̄Þ in the fit, we define

χ2Kþ→πþνν̄ ¼
�½BðKþ → πþνν̄Þ=κþ� − 3.17

2.05

�
2

: ð13Þ

D. Branching fraction of the decay KL → μþμ−

Unlike Kþ → πþνν̄, the decay KL → μþμ− is not
cleanly dominated by the SD contribution. However, it
is possible to estimate the LD contribution to this decay.
The absorptive LD contribution is estimated using
KL → γγ, while the dispersive LD contribution is estimated
using chiral perturbation theory along with the experimen-
tal inputs on various K decays. Due to uncertainties
involved in the extraction of the dispersive contribution,
one can only obtain a conservative upper limit on the SD
contribution to BðKL → μþμ−Þ, which is ≤2.5 × 10−9 [37].
With all the inputs given in Tables I and III, we estimate

BðKL → μþμ−Þ
κμ

¼ 0� 0.778; ð14Þ

where

κμ ¼
α2BðKþ → μþνμÞ

π2sin4θW

τðKLÞ
τðKþÞ λ

8: ð15Þ

In the VuQ model, the theoretical expression for
BðKL → μþμ−Þ=κμ is given by

BðKL → μþμ−Þ
κμ

¼
�
ReðVcdV�

csÞ
λ

Pc þ
ReðVtdV�

tsÞ
λ5

YðxtÞ

þ ReðVt0dV�
t0sÞ

λ5
Yðxt0 Þ

�
2

: ð16Þ

Here YðxÞ is the structure function in the t or t0 sector
[56,57], while Pc is the corresponding structure function in
the charm sector. Its next-to-next-to-leading-order QCD-
corrected value is Pc ¼ 0.115� 0.018 [52]. In order to
include BðKL → μþμ−Þ in the fit, we define

χ2KL→μþμ− ¼
�
BðKL → μþμ−Þ=κμ − 0

0.778

�
2

þ
�
Pc − 0.115

0.018

�
2

: ð17Þ

Thus, the error on Pc has been taken into account by
considering it to be a parameter and adding a contribution
to χ2total.

E. Z → bb̄ decay

Here we include constraints from Rb and Ab, respectively
the vertex correction and forward-backward asymmetry in
Z → bb̄. The theoretical expressions for Rb and Ab in the
VuQ model are given in Ref. [24]. We have

χ2Z→bb ¼
�
Rb − 0.216

0.001

�
2

þ
�
Ab − 0.923

0.020

�
2

: ð18Þ

F. B0
q-B̄0

q mixing (q ¼ d; s)

The theoretical expressions for Mq
12 (q ¼ d; s) in the

presence of a t0 quark, which then lead to ΔMd and ΔMs,
are given in Refs. [14,16]. To calculate χ2B0

d
for B0

d-B̄
0
d

mixing, we use the quantity

Bd
mix ¼

6π2ΔMd

G2
FM

2
WMBd

B̂bdf2B0
d

: ð19Þ

With the inputs given in Table I, we get

Bd
mix;exp ¼ ð9.12249� 1.26905Þ × 10−5; ð20Þ

leading to

χ2B0
d
¼

�
Bd
mix − 9.12249 × 10−5

1.26905 × 10−5

�
2

: ð21Þ

To take B0
s-B̄0

s mixing into account, we define

MR ¼ ΔMs

ΔMd

MBd

MBs

1

ξ2
; ð22Þ
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where ξ is the flavor SU(3) breaking ratio

ξ ¼ fB0
s

ffiffiffiffiffiffiffi
B̂bs

p
fB0

d

ffiffiffiffiffiffiffiffi
B̂bd

p : ð23Þ

The measured value of MR is

MR;exp ¼ 21.3831� 2.1321: ð24Þ

Then

χ2MR
¼

�
MR − 21.3831

2.1321

�
2

: ð25Þ

G. Indirect CP violation in B0
d → J=ψKS

and B0
s → J=ψϕ

The theoretical expressions for Mq
12 (q ¼ d; s) in the

VuQ model are discussed in the previous subsection. In
the SM, indirect CP violation in B0

d → J=ψKS and
B0
s → J=ψϕ probes sin 2β and sin 2βs, respectively. With

NP, we have

SJ=ψKS
¼ ImðMd

12Þ
jMd

12j
; SJ=ψϕ ¼ −

ImðMs
12Þ

jMs
12j

: ð26Þ

The experimentally measured values of sin 2β and sin 2βs
are given in Ref. [33]. Then

χ2sin 2β ¼
�
SJ=ψKS

− 0.68

0.02

�
2

;

χ2sin 2βs ¼
�
SJ=ψϕ − 0.00

0.07

�
2

: ð27Þ

H. CKM angle γ

In the Wolfenstein parametrization, the CKM angle
γ ¼ tan−1ðη=ρÞ, which is the argument of Vub. As this
angle is measured in tree-level decays, its value is
unchanged with the addition of a vector isosinglet up-type
quark. Therefore the χ2 of γ is given by

χ2γ ¼
�
δub − 68ðπ=180Þ

11ðπ=180Þ
�

2

: ð28Þ

I. Branching ratio of B → Xslþl− (l ¼ e; μ)

The quark-level transition b → slþl− can occur only at
loop level within the SM, so that it can be used to test
higher-order corrections to the SM, and to constrain various
NP models. Within the SM, the effective Hamiltonian for
this transition can be written as

Heff ¼ −
4GFffiffiffi

2
p VtsV�

tb

X10
i¼1

CiðμÞOiðμÞ; ð29Þ

where the form of the operators Oi and the expressions for
calculating the coefficients Ci are given in Ref. [58]. In the
VuQ model only the values of the Wilson coefficients
C7;8;9;10 are changed via the virtual exchange of the t0 quark.
The modified Wilson coefficients in the vector-singlet
up-quark model can then be written as [14,16]

Ctot
j ðμbÞ ¼ CjðμbÞ þ

Vt0sV�
t0b

VtsV�
tb
Ct0
j ðμbÞ; ð30Þ

where j ¼ 7; 8; 9; 10. The new Wilson coefficients Ct0
j can

be calculated from the expression of Cj by replacing mt
by mt0.
The inclusive decay mode B → Xslþl− has relatively

small theoretical errors as compared to the exclusive decay
modes B → ðK;K�Þlþl−. However, the inclusive decays
are less readily accessible experimentally. The branching
ratio of B → Xslþl− has been measured by the Belle and
BABAR Collaborations using the sum-of-exclusive tech-
nique. The latest Belle measurement uses only 25% of its
final data set [59]. The BABAR Collaboration has recently
published the measurement of BðB → Xslþl−Þ using the
full data set, which corresponds to 471 × 106 BB̄ events
[34]. This is an update of their previous result, which was
based on a data sample of 89 × 106 BB̄ events [60].
The prediction for the branching ratio is relatively

cleaner in the low-q2 (1 GeV2 ≤ q2 ≤ 6 GeV2) and
high-q2 (14.2 GeV2 ≤ q2 ≤ m2

b) regions. We consider
both regions in the fit. The theoretical predictions for
BðB → Xslþl−Þ are computed using the program SuperIso
[61,62], in which the higher-order and power corrections
are implemented following Refs. [63,64], while the electro-
magnetic logarithmically enhanced corrections are taken
from Ref. [65]. Bremsstrahlung contributions are imple-
mented following Ref. [66].
The contribution to χ2total is

χ2B→Xslþl−
¼

�
BðB → Xslþl−Þlow − 1.6 × 10−6

0.49 × 10−6

�
2

þ
�
BðB → Xslþl−Þhigh − 0.57 × 10−6

0.23 × 10−6

�
2

;

ð31Þ

where we have added a theoretical error of 7% to
BðB → Xslþl−Þlow, which includes corrections due to the
renormalization scale and quark masses, and a theoretical
error of 30% to BðB → Xslþl−Þhigh, which includes the
nonperturbative QCD corrections.
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J. Branching ratio of B → Xsγ

The quantity we use for B → Xsγ is

~R ¼ πfðm̂cÞκðm̂cÞ
6α

BðB → XsγÞ
BðB → Xceν̄eÞ

; ð32Þ

where the ratio of the two branching fractions is taken
in order to reduce the large uncertainties arising from
b-quark mass. Here fðm̂cÞ is the phase-space factor in
BðB → Xceν̄eÞ, and κðm̂cÞ is the 1-loop QCD correction
factor. The theoretical expression for BðB → XsγÞ is given
in Refs. [14,16]. From this, one can deduce the expression
for ~R. The measured value of ~R is

~Rexp ¼ 0.1069� 0.0120; ð33Þ

where we have added an overall correction of 5% due to the
nonperturbative terms. The contribution to χ2total is

χ2B→Xsγ
¼

�
~R − 0.1069
0.0120

�
2

: ð34Þ

K. Branching ratio of B → Kμþμ−

The theoretical expression for hdB=dq2iðB → Kμþμ−Þ
in the SM is given in Refs. [67,68], and can be
adapted straightforwardly to the VuQ model. The
predictions for the branching ratio are relatively cleaner
in the low-q2 (1.1 GeV2 ≤ q2 ≤ 6 GeV2) and the high-q2

(15 GeV2 ≤ q2 ≤ 22 GeV2) regions. Here, we consider
both regions in the fit. We use the recent LHCb measure-
ments of hdB=dq2iðB → Kμþμ−Þ [35].
Our analysis of B → Kμþμ− in the low-q2 region is

based on QCD factorization (QCDf) [69]. The factorizable
and nonfactorizable corrections of OðαsÞ are included in
our numerical analysis following Refs. [67,69]. In the
high-q2 region, following Ref. [68], we use the improved
Isgur-Wise relation between the form factors which are

determined using light-cone QCD sum-rule calculations
extrapolated to the high-q2 region. The contribution to χ2total
from B → Kμþμ− is

χ2B→Kμþμ− ¼
�hdBdq2iðB → Kμþμ−Þlow − 18.7 × 10−9

6.67 × 10−9

�
2

þ
�hdBdq2iðB → Kμþμ−Þhigh − 9.5 × 10−9

3.32 × 10−9

�
2

;

ð35Þ

where, following Refs. [67,68], we have included a
theoretical error of 30% in both low- and high-q2 bins.
This is due mainly to uncertainties in the B → K form
factors.

L. Constraints from B → K�μþμ−

The recent LHCb measurements of new angular observ-
ables in B → K�μþμ− exhibit small tensions with the SM
predictions [45,70]. These tensions can be due to NP,
but can also be attributed to underestimated hadronic
power corrections, or can simply be a statistical fluctuation.
In our analysis, we include all measured observables in
B → K�μþμ− in the low- and high-q2 regions. The exper-
imental results for B → K�μþμ− decay are given in
Table II, and are taken from Refs. [44,45].
The complete angular distribution for the decay

B → K�μþμ− is described by four independent kinematic
variables: the lepton-pair invariant mass squared q2, two
polar angles θμ and θK , and the angle between the planes of
the dimuon and Kπ decays, ϕ. The differential decay
distribution of B → K�μþμ− can be written as

d4Γ½B → K�ð→ KπÞμþμ−�
dq2d cos θld cos θKdϕ

¼ 9

32π
Jðq2; θl; θK;ϕÞ; ð36Þ

where the angular-dependent term can be written as

Jðq2; θl; θK;ϕÞ ¼ J1ssin2θK þ J1ccos2θK þ ðJ2ssin2θK þ J2ccos2θKÞ cos 2θl þ J3sin2θKsin2θl cos 2ϕ

þ J4 sin 2θK sin 2θl cosϕþ J5 sin 2θK sin θl cosϕþ ðJ6ssin2θK þ J6ccos2θKÞ cos θl
þ J7 sin 2θK sin θl sinϕþ J8 sin 2θK sin 2θl sinϕþ J9sin2θKsin2θl sin 2ϕ: ð37Þ

For massless leptons, the Ji’s depend on the six complex
K� spin amplitudes AL;R

∥ ; AL;R
⊥ and AL;R

0 . For example,

J1s ¼
3

4
½jAL⊥j2 þ jAL

∥ j2 þ jAR⊥j2 þ jAR
∥ j2�: ð38Þ

For massive leptons, the additional amplitude At has to be
introduced. In our analysis, the muon mass is included.

The analysis of B → K�μþμ− in the low-q2 region is
based on QCDf [69] and its quantum field-theoretical
formulation, soft-collinear effective theory (SCET). In
the limits of a heavy b quark and an energetic K� meson
[71–73], the form factors can be expanded in the small
ratios ΛQCD=mb and ΛQCD=E, where E is the energy
of the K� meson. At leading order in 1=mb and αs,
the seven a priori independent B → K� form factors
reduce to two universal form factors ξ⊥;∥ [71–75]. The
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symmetry-breaking corrections of OðαsÞ, both factorizable
and nonfactorizable, are included in our numerical analysis
following Ref. [69]. Regarding the ΛQCD=mb corrections to
the QCDf amplitudes, we do not have any means to
calculate them in general. These power corrections can
only be estimated by combining QCDf/SCET results with a
QCD sum-rule approach, see Refs. [76,77].
The analysis of B → K�μþμ− in the high-q2 region is

based on the heavy-quark effective theory framework by
Grinstein and Pirjol [78]. It was shown in Refs. [78,79] that
an operator product expansion is applicable, which allows
one to obtain the B → K�μþμ− matrix elements in a
systematic expansion in αs and in ΛQCD=mb. The leading
ΛQCD=mb corrections are parametrically suppressed and
contribute only at the few percent level. The improved
Isgur-Wise relations between the form factors at leading
order in 1=mb lead to simple expressions for the K� spin
amplitudes to leading order in 1=mb [80–82]. For the form
factors in the high-q2 region, we have used the recent lattice
results [83,84].
Of course, these theoretical predictions have errors

associated with them [77,80,85–90]. The main sources
of uncertainties in the low-q2 region, excluding uncertain-
ties due to CKM matrix elements, are (i) the form factors,
(ii) the unknown 1=mb subleading corrections, (iii) the
quark masses, and (iv) the renormalization scale μb. In the
high-q2 region, there is an additional subleading correction
of Oð1=mbÞ to the improved Isgur-Wise form factor
relations. For each B → K�μþμ− observable Oj, the theo-
retical error is incorporated in the fit by multiplying the
theoretical result by ð1� XjÞ, where Xj is the total
theoretical error corresponding to the jth observable and
can be easily estimated using Table II of Ref. [85].
For B → K�μþμ−, we use the observables hdB=dq2i, P1,

P2, P0
4, P

0
5, P

0
6, P

0
8 and FL in the low-q2 bins 0.1–2 GeV2,

2.0–4.3 GeV2, 4.3–8.68 GeV2, and the high-q2 bins
14.18–16 GeV2 and 16–19 GeV2. The SM theoretical
expressions for all observables in B → K�μþμ− in the
low- and high-q2 regions are given in [87], and are
straightforwardly adapted to the VuQ model by modifying
the values of the Wilson coefficients as in Eq. (30). The
theoretical predictions for all the B → K�μþμ− observables
are computed using the program SuperIso [61,62]. For each
bin, we compute the flavor observables and define the χ2 as

χ2B→K�μþμ− ¼
X
bins

� X
j∈ðB→K�μþμ−obs:Þ

�
Oexp

j −Oth
j

σi

�
2
�
: ð39Þ

M. Branching ratio of Bþ → πþμþμ−

The quark-level transition b → dμþμ− gives rise to the
inclusive semileptonic decay B0

d → Xdμ
þμ−, to exclusive

semileptonic decays such as B0
d → π0μþμ−, and also to the

purely leptonic decay B0
d → μþμ−. However, so far, none of

these decays have been observed. We only have an upper

bound on their branching ratios [91,92]. Recently, LHCb
has observed the Bþ → πþμþμ− decay with measured
branching ratio of ð2.3� 0.6� 0.1Þ × 10−8 [36]. This is
the first measurement of any decay channel induced
by b → dμþμ−.
The effective Hamiltonian for the process b → dμþμ−

and the modified Wilson coefficients in the VuQ model
can be respectively obtained from Eqs. (29) and (30)
by replacing s by d. The theoretical expression for
BðBþ → πþμþμ−Þ is given in Ref. [93]. The contribution
to χ2total is

χ2Bþ→πþμþμ− ¼
�
BðBþ → πþμþμ−Þ − 2.3 × 10−8

0.66 × 10−8

�
2

;

ð40Þ

where, following Ref. [93], we have included a theoretical
error of 10% in BðBþ → πþμþμ−Þ. This is due to uncer-
tainties in the Bþ → πþ form factors [94].

N. Branching ratio of Bq → μþμ− ðq ¼ s; dÞ
The branching ratio of Bq → μþμ− in the VuQ model is

given by

BðBq → μþμ−Þ ¼ G2
Fα

2MBq
m2

μf2bqτBq

16π3
jVtqV�

tbj2

×
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4ðm2

μ=M2
Bq
Þ

q
jCtot;q

10 j2; ð41Þ

where Ctot;s
10 is defined in Eq. (30), and Ctot;d

10 is given by

Ctot;d
10 ¼ C10 þ

Vt0dV�
t0b

VtdV�
tb

Ct0
10: ð42Þ

In order to include BðBq → μþμ−Þ ðq ¼ s; dÞ in the fit, we
define

Blepq ¼
16π3BðBq → μþμ−Þ

G2
Fα

2MBq
m2

μf2bqτBq

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4ðm2

μ=M2
Bq
Þ

q : ð43Þ

Using the inputs given in Tables I and III, we obtain

Bleps;exp ¼ 0.025� 0.006; 3

Blepd;exp ¼ 0.0048� 0.0020:
ð44Þ

The contribution to χ2total from BðB0
s → μþμ−Þ and

BðB0
d → μþμ−Þ is then

χ2Bq→μþμ− ¼
�
Bleps − 0.025

0.006

�
2

þ
�
Blepd − 0.0048

0.0020

�
2

:

ð45Þ
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O. Branching ratio of B → τν̄

The branching ratio of B → τν̄ is given by

BðB → τν̄Þ ¼ G2
FMBm2

τ

8π

�
1 −

m2
τ

M2
B

�
2

f2bdjVubj2τB� : ð46Þ

In order to include BðB → τν̄Þ in the fit, we define

BBtau−nu ¼
8πBðB → τν̄Þ

G2
FMBm2

τf2bdτB
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −m2

τ=M2
B

p : ð47Þ

Using the inputs given in Tables I and III, we obtain

BBtau−nu;exp ¼ ð1.779� 0.352Þ × 10−5: ð48Þ

The contribution to χ2total from BðB → τν̄Þ is then

χ2B→τν ¼
�
BBtau−nu − 1.779 × 10−5

0.352 × 10−5

�
2

: ð49Þ

P. Like-sign dimuon charge asymmetry Ab
SL

The (CP-violating) like-sign dimuon charge asymmetry
in the B system is defined as

Ab
SL ≡ Nþþ

b − N−−
b

Nþþ
b þ N−−

b
; ð50Þ

where N��
b is the number of events of bb̄ → μ�μ�X. It can

be written as

Ab
SL ¼ cdSLA

d
SL þ csSLA

s
SL; ð51Þ

where Aq
SL ¼ ImðΓðqÞ

12 =M
ðqÞ
12 Þ ðq ¼ s; dÞ, with cdSL ¼

0.594� 0.022 and csSL ¼ 0.406� 0.022. The theoretical
expression for Aq

SL in the presence of NP is given
in Ref. [95].
Ab
sl has been measured by the D0 Collaboration. The

measured value is ð−4.96� 1.53� 0.72Þ × 10−3 [42]. This
deviates by 2.7σ from the SM prediction of Ab

SL
is ð−2.44� 0.42Þ × 10−4.
The quantities a, b and c appear in the theoretical

expressions for Aq
SL [95]. In computing the contribution

to χ2 from Ab
SL, one must include the errors in these

quantities, as well as those in cdSL and csSL. To do so, we
consider all of these as parameters and add a contribution to
χ2total. To be precise,

χ2
Ab
SL
¼

�
Ab
SL − ð−4.96 × 10−3Þ

1.69 × 10−3

�
2

þ χ2c; ð52Þ

where

χ2c ¼
�
cdSL − 0.594

0.022

�
2

þ
�
csSL − 0.406

0.022

�
2

þ
�
a − 10.5

1.8

�
2

þ
�
b − 0.2
0.1

�
2

þ
�
c − ð−53.3Þ

12

�
2

: ð53Þ

Q. The oblique parameter S and T

The theoretical expressions for the oblique parameters S
and T in the VuQ model are given in Ref. [24]. For these
nondecoupling corrections we define

χ2Oblique ¼
�
S − 0.0
0.11

�
2

þ
�
T − 0.02
0.12

�
2

: ð54Þ

III. RESULTS OF THE FIT

We first perform a χ2 fit to obtain the Wolfenstein
parameters of the standard CKM matrix. We then redo the
fit, using the theoretical expressions of the VuQ model for
the observables. We obtain values for the Wolfenstein
parameters, as well as for the NP magnitudes P, Q and
r and the NP phases δt0d and δt0s. The results of both fits are
presented in Table IV, for mt0 ¼ 800 and 1200 GeV.
From Table IV, it can be seen that the three-generation

CKM parameters are not much affected by the addition of a
vector isosinglet up-type quark t0. The allowed parameter
space for C and δub expands a little as the constraints on
jVubj coming from the unitarity of the 3 × 3 CKM matrix
are relaxed by the addition of the t0 quark. The new real
parameters, P, Q and r, are consistent with zero. In
addition, the vanishing of P and Q implies vanishing
Vt0d and Vt0s, respectively. In this case, the phases of these
two elements have no significance.
The magnitudes of the elements of the 4 × 3 CKM

matrix, obtained using the fit values of Table IV, are
given in Table V. From this Table, we find that
jVtbj ≥ 0.98 at 3σ. Now, the direct measurement of
jVtbj, without assuming unitarity, has been performed
using the single-top-quark production cross section. At
the TeVatron one finds jVtbj ¼ 1.03� 0.06 [96,97], while

TABLE IV. The results of the fits to the parameters of the CKM
matrix in the SM and in the VuQ model.

Parameter SM mt0 ¼ 800 GeV mt0 ¼ 1200 GeV

λ 0.226� 0.001 0.226� 0.001 0.226� 0.001
A 0.780� 0.015 0.770� 0.019 0.769� 0.019
C 0.39� 0.01 0.44� 0.02 0.43� 0.02
δub 1.21� 0.08 1.13� 0.11 1.15� 0.09
P � � � 0.40� 0.26 0.30� 0.21
Q � � � 0.04� 0.06 0.03� 0.05
r � � � 0.45� 0.25 0.36� 0.22
δt0d � � � 0.55� 0.45 0.76� 0.42
δt0s � � � 0.52� 3.26 0.96� 1.21
χ2=d:o:f. 71.15=60 63.35=59 63.60=59
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the LHC finds jVtbj¼1.03�0.05 [98,99]. We therefore see
that, although the present direct measurement of jVtbj is
consistent with the SM, a sizeable deviation from its SM
value of 1 is not ruled out due to large experimental errors.
On the other hand, we see that the constraints from present
flavor-physics data do not allow such a sizeable deviation.
We also find that the allowed values of all of the NP elements
of the CKM matrix are consistent with zero. Furthermore,
the 3σ upper limits on these are jVt0dj≤0.01, jVt0sj≤ 0.01
and jVt0bj ≤ 0.27, indicating that the mixing of t0 quark with
the other three quarks is constrained to be small.
The values of the magnitudes of the CKM factors that

control mixing and decay in the Bd, Bs and K sectors are
given in Table VI. In the b → s sector, the NP contribution is
proportional to the CKM factor Vt0sV�

t0b. The corresponding
CKM factor in the SM is VtsV�

tb. The fit indicates that
jVt0sV�

t0bj ≪ jVtsV�
tbj. Thus, the NP contribution in the

b → s sector is tightly constrained in the VuQ model—
large deviations from the SM predictions are not possible.
This can be seen, for example, from the study of the
B → K�μþμ− observable P0

5 in the bin 4.3–8.68 GeV2

(see Table II). The disagreement between the experimental
measurement of P0

5 in this bin and its SM prediction is
around the 4σ level. In the SM fit, the χ2P0

5

contribution to the

total χ2min is 16.73, reflecting the large discrepancy between
measurement and prediction. In the VuQ fit, we find χ2P0

5

¼
18.18 formt0 ¼800GeV (χ2P0

5

¼17.36 formt0 ¼ 1200 GeV),

which shows no improvement over the SM.

The situation is almost the same in the b → d and
s → d sectors. It can be seen from Table VI that both
jVt0dV�

t0bj=jVtdV�
tbj and jVt0dV�

t0sj=jVtdV�
tsj are of Oð10−1Þ.

Thus the NP contributions in these sectors from the VuQ
model are also expected to be small.

IV. PREDICTIONS FOR OTHER
FLAVOR-PHYSICS OBSERVABLES

With the constraints found in the previous section for the
NP CKM matrix elements, it is interesting to see whether
any large deviations from the SM are possible in other
flavor-physics observables. In this section, we provide
predictions for some of the observables in the VuQ model.
These are summarized in Table VII.

A. Branching fraction of KL → π0νν̄

In the SM, the decay KL → π0νν̄ is dominated by
the short-distance loop diagrams with top-quark exchange,
while the contributions due to the u and c quarks may be
neglected. Thus, the t0 quark in the loop may give a
significant contribution. With the addition of the t0, the
branching fraction of KL → π0νν̄ can be written as
[16,17]

BðKL → π0νν̄Þ

¼ κL

�
ImðVtdV�

tsÞ
λ5

XðxtÞ þ
ImðVt0dV�

t0sÞ
λ5

Xðxt0 Þ
�

2

; ð55Þ

TABLE V. Magnitudes of the 4 × 3 CKM matrix elements obtained from the fit.

Quantity SM mt0 ¼ 800 GeV mt0 ¼ 1200 GeV

jVudj 0.9745� 0.0002 0.9745� 0.0002 0.9745� 0.0002
jVusj 0.226� 0.001 0.226� 0.001 0.226� 0.001
jVubj ð3.52� 0.13Þ × 10−3 ð3.92� 0.24Þ × 10−3 ð3.85� 0.21Þ × 10−3

jVcdj 0.226� 0.001 0.226� 0.001 0.226� 0.001
jVcsj 0.9745� 0.0002 0.9745� 0.0002 0.9745� 0.0002
jVcbj 0.040� 0.001 0.039� 0.001 0.039� 0.001
jVtdj 0.0084� 0.0003 0.0078� 0.0005 0.0080� 0.0004
jVtsj 0.039� 0.001 0.039� 0.001 0.039� 0.001
jVtbj 1 0.995� 0.006 0.997� 0.004
jVt0dj � � � 0.005� 0.003 0.003� 0.002
jVt0sj � � � 0.002� 0.003 0.001� 0.002
jVt0bj � � � 0.101� 0.056 0.082� 0.049

TABLE VI. In the VuQ model, combinations of CKMmatrix elements that control mixing and decay in the Bd, Bs
and K sectors.

Quantity SM mt0 ¼ 800 GeV mt0 ¼ 1200 GeV

jVtdV�
tbj 0.0084� 0.0003 0.0077� 0.0006 0.0079� 0.0004

jVtsV�
tbj 0.0391� 0.0008 0.0387� 0.0011 0.0386� 0.001

jVtdV�
tsj ð0.33� 0.02Þ × 10−3 ð0.30� 0.02Þ × 10−3 ð0.30� 0.02Þ × 10−3

jVt0dV�
t0bj � � � ð0.47� 0.40Þ × 10−3 ð0.28� 0.26Þ × 10−3

jVt0sV�
t0bj � � � ð0.19� 0.32Þ × 10−3 ð0.12� 0.20Þ × 10−3

jVt0dV�
t0sj � � � ð0.09� 0.15Þ × 10−4 ð0.05� 0.09Þ × 10−4
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with

κL ¼ rKL

rKþ

τðKLÞ
τðKþÞ κþ ¼ ð2.31� 0.01Þ × 10−10: ð56Þ

The function XðxÞ (x≡m2
t;t0=M

2
W), relevant for the t and t0

pieces, is given by

XðxÞ ¼ ηXX0ðxÞ; ð57Þ
where

X0ðxÞ ¼
x
8

�
−
2þ x
1 − x

þ 3x − 6

ð1 − xÞ2 ln x
�
: ð58Þ

Above, ηX is the next-to-leading-order QCD correction; its
value is estimated to be 0.994 [100]. rKþ summarizes the
isospin-breaking corrections in relating Kþ → πþνν̄ to
Kþ → π0eþν, while rKL

summarizes the isospin-breaking
corrections in relating KL → π0νν̄ to Kþ → π0eþν.
BðKL → π0νν̄Þ is a purely CP-violating quantity; i.e., it

vanishes if CP is conserved. Thus, it is sensitive to
nonstandard CP-violating phases. Within the SM, the
branching ratio of KL → π0νν̄ can be predicted with very
small uncertainties. It is given by [101,102]

BðKL → π0νν̄Þ ¼ ð2.48� 0.29Þ × 10−11: ð59Þ
The main source of uncertainty in the branching ratio
prediction is the imaginary part of Vtd. Other theoretical
uncertainties are less than 2%. Experimentally, this decay
has yet to be observed. The present upper bound on its
branching ratio is 2.6 × 10−8 at 90% C.L. [103], which is
about 3 orders of magnitude above its SM prediction. Given
the constraints on the 4 × 3 CKM matrix, the VuQ
calculation predicts BðKL → π0νν̄Þ ¼ ð3.24� 0.74Þ ×
10−11 for mt0 ¼ 800 GeV (ð3.10� 0.59Þ × 10−11 for
mt0 ¼ 1200 GeV). At 2σ, BðKL → π0νν̄Þ ≤ 4.72 × 10−11,
indicating that a large enhancement in the branching ratio is
not allowed.

B. The branching fraction of B → Xsνν̄

In the SM, the decay B → Xsνν̄ is dominated by the Z0

penguin and box diagrams involving top-quark exchange,

and is theoretically clean. Therefore, we expect that any
additional contributions due to a t0 in the loop will be easily
identifiable. The branching fraction for B → Xsνν̄ in the
presence of a t0 quark is given by [16]

BðB → Xsνν̄Þ ¼
α2η̄BðB → Xceν̄Þ

2π2sin4θW jVcbj2fðm̂cÞκðm̂cÞ

× jV�
tbVtsX0ðxtÞj2

����1þ V�
t0bVt0s

V�
tbVts

X0ðxt0 Þ
X0ðxtÞ

����2:
ð60Þ

The factor η̄ ≈ 0.83 represents the QCD correction to
the matrix element of the b → sνν̄ transition due to virtual
and bremsstrahlung contributions. The SM prediction
for BðB → Xsνν̄Þ is ð2.16� 0.23Þ × 10−5, while in the
VuQ model this value changes slightly to ð1.94� 0.44Þ ×
10−5 for mt0 ¼ 800 GeV (ð1.95� 0.40Þ × 10−5 for mt0 ¼
1200 GeV). Hence a large enhancement of the branching
fraction of B → Xsνν̄ is not allowed.

C. D0-D̄0 mixing

Within the SM, D0-D̄0 mixing occurs at loop level and
involves the lighter quarks d, s and b. This implies a strong
Glashow-Iliopoulos-Maiani cancellation, and hence a small
SD contribution. Furthermore, the b-quark contribution is
highly suppressed, Oðλ8Þ, so that the mixing is dominated
by the d- and s-quark contributions. There are, therefore,
large LD contributions to D0-D̄0 mixing, and indeed they
dominate over the SD contributions. The present measure-
ment of the D0-D̄0 mixing parameter xD is

xD ≡ ΔMD

ΓD
¼ ð0.8� 0.1Þ%: ð61Þ

This is much larger than the short-distance SM prediction.
Still, in order to determine if the SM can explain this value
of xD, one must have an accurate estimate of the LD
contribution. Unfortunately, this is not available at present.
As noted in the Introduction, the mixing of the t0L with

fuL; cL; tLg will induce tree-level Z-mediated FCNCs
among the SM quarks. Thus, in the VuQ model, D0-D̄0

mixing occurs at tree level. It may therefore provide a much

TABLE VII. Predictions for observables in the VuQ model.

Predictions

Observable SM mt0 ¼ 800 GeV mt0 ¼ 1200 GeV

BðKL → π0νν̄Þ × 1011 2.48� 0.29 3.24� 0.74 3.10� 0.59
BðB → Xsνν̄Þ × 105 2.16� 0.23 1.94� 0.44 1.95� 0.40
xD Unknown ≤ 0.08% at 2σ ≤ 0.03% at 2σ
BðD → μþμ−Þ ≈3 × 10−13 ð4.56� 10.01Þ × 10−13 ð1.47� 2.98Þ × 10−13

Bðt → uZÞ ∼10−17 ð1.34� 2.19Þ × 10−7 ð0.50� 0.89Þ × 10−7

Bðt → cZÞ ∼10−14 ð1.03� 2.69Þ × 10−7 ð0.39� 1.01Þ × 10−7
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larger contribution than that of the (short-distance) SM.
Neglecting the SM contributions, in the VuQ model D0-D̄0

mixing is given by [104,105]

xd ¼
GFjUucj2f2DMDBDrðmc;MZÞ

3
ffiffiffi
2

p
ΓD

; ð62Þ

where jUucj ¼ Vu4V�
c4 is the Z-u-c flavor-changing cou-

pling, and rðmc;MZÞ ¼ 0.778 is the renormalization-group
factor. Using fD ¼ 209.2� 3.3 MeV [53], BD ¼ 1.18�
0.07 [106] and τ̄D ¼ 0.4101 ps [33], we find that, given the
constraints on Vu4V�

c4, in the VuQ model, xD ¼ ð0.016�
0.034Þ% for mt0 ¼ 800 GeV (ð0.005� 0.010Þ% for
mt0 ¼ 1200 GeV). Thus at 2σ, xD ≤ 0.08%. We therefore
see that the SD contribution in the VuQ model falls far
below the observed value of D0-D̄0 mixing.

D. Branching fraction of D0 → μþμ−

Unlike D0-D̄0 mixing, the SM prediction for the
branching fraction of D0 → μþμ− can be estimated
fairly accurately, even after including the LD contribution.
The SM prediction for the D0 → μþμ− branching ratio is
≈3 × 10−13, hence highly suppressed. Thus, D0 → μþμ−
has the potential for large NP contributions. At present, we
only have an experimental upper bound on the branching
ratio: BðD0 → μþμ−Þ ≤ 7.6 × 10−9 at 95% C.L. [107],
which is several orders of magnitude larger than the SM
prediction.
Within the VuQ model, D0 → μþμ− occurs at tree level

due to Z-mediated FCNCs. Neglecting the SM contribu-
tion, the branching ratio in the VuQmodel is given by [105]

BðD0 → μþμ−Þ ¼ GFm2
μf2DMD

32πΓD

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
μ

m2
D

s
jUucj2: ð63Þ

For mt0 ¼ 800 GeV, BðD0 → μþμ−Þ ¼ ð4.56� 10.01Þ ×
10−13 (ð1.47� 2.98Þ × 10−13 for mt0 ¼ 1200 GeV). Thus,
at 2σ, BðD0 → μþμ−Þ ≤ 2.46 × 10−12. We therefore
observe that the branching ratio of D0 → μþμ− can be
enhanced by an order of magnitude above its SM value, but
this is still far below the present detection level.

E. Branching fraction of t → qZ (q ¼ c; u)

Within the SM, the branching ratios of the FCNC top
decays t → uZ and t → cZ are ∼10−17 and ∼10−14,
respectively [108,109]. The present upper bound on Bðt →
qZÞ is 0.21% at 95% C.L. [110]. The discovery potential of
Bðt → qZÞ is ∼10−4–10−5 at ATLAS and CMS. The SM
value of Bðt → qZÞ is thus far below the detection level for
these decays. This implies that these decays can only be
observed if NP enhances their branching ratios by many
orders of magnitude above their SM values.
This may be possible within the VuQ model, as here, due

to Z-mediated FCNCs, these decays occur at tree level.

Neglecting the SM contribution, the decay rate for t → qZ
is given by [109]

Γðt → qZÞ ¼ α

32sin2θWcos2θW
jUqtj2

m3
t

M2
Z

�
1 −

M2
Z

m2
t

�
2

×

�
1þ 2

M2
Z

m2
t

�
; ð64Þ

where mt ¼ 173.2� 0.9 GeV [111] and jUqtj ¼ Vq4V�
t4.

As Vtb in this model is close to unity, we can approximate
the top width by Γðt → bWþÞ, which at leading order is
given by

Γðt → bWþÞ ¼ α

16sin2θW
jVtbj2

m3
t

M2
W

�
1 − 3

M4
W

m4
t
þ 2

M6
W

m6
t

�
:

ð65Þ
The branching ratio of t → qZ is therefore given by

Bðt → qZÞ ¼ ð0.463� 0.001Þ jUqtj2
jVtbj2

: ð66Þ

Using the values of parameters given in Table IV, we obtain
jUutj ¼ ð0.53� 0.43Þ × 10−3 (ð0.33� 0.29Þ × 10−3) and
jUctj ¼ ð0.47� 0.61Þ × 10−3 (ð0.29� 0.37Þ × 10−3) for
mt0 ¼ 800 GeV (1200 GeV). This leads to Bðt → uZÞ ¼
ð1.34� 2.19Þ × 10−7 (ð0.50� 0.89Þ × 10−7) and Bðt →
cZÞ ¼ ð1.03� 2.69Þ × 10−7 (ð0.39� 1.01Þ × 10−7) for
mt0 ¼ 800 GeV (1200 GeV). Therefore, the FCNC branch-
ing ratios can indeed be enhanced by many orders of
magnitude above their SM values. However, they are still 2
orders of magnitude below the present detection level for
these decays.

V. CONCLUSIONS

In this paper we consider the VuQ model, in which a
vector isosinglet up-type quark t0 is added to the SM. In the
VuQ model, the full CKM quark mixing matrix is 4 × 3,
and is parametrized by four SM and five NP parameters.
The NP parameters include three magnitudes and two (CP-
violating) phases. We perform a fit using flavor-physics
data to constrain all CKM parameters. The purpose is to
determine whether there are any indications of NP, such as
the nonunitarity of the 3 × 3 SM CKM matrix, or, equiv-
alently, nonzero values for some of the NP parameters. And
even if there is no evidence of NP, we would like to
ascertain whether sizeable NP effects are still possible in
other flavor-physics observables, while being consistent
with the constraints found in the fit.
The fit involves 68 flavor-physics observables. No

evidence for NP is found: the values of the three NP
magnitudes are consistent with zero, in which case the two
NP phases have no significance. Specific results include the
following:

ALOK et al. PHYSICAL REVIEW D 92, 013002 (2015)

013002-12



(i) The deviations of the CKM matrix elements Vts and
Vtd from their SM prediction are small.

(ii) At 3σ, jVtbj ≥ 0.98. Any large deviation of jVtbj
from unity is therefore not possible in the
VuQ model.

(iii) The 3σ upper limits on the new elements of the VuQ
CKM matrix are jVt0dj ≤ 0.01, jVt0sj ≤ 0.01 and
jVt0bj ≤ 0.27, indicating that the mixing of t0 quark
with the other three quarks is constrained to
be small.

Turning to possible NP effects in the VuQmodel, we find
that any NP contributions to b → s, b → d and s → d
transitions are tightly constrained. We also find

(i) A large enhancement of SD contribution to xd (i.e.,
D0-D̄0 mixing) is not allowed.

(ii) The branching ratio of D0 → μþμ− can be enhanced
by an order of magnitude above its SM value, but
this is still far below the present detection level.

(iii) The branching ratios of the flavor-changing decays
t → qZ (q ¼ c; u) can be enhanced by many orders

of magnitude. However, they are still 2 orders of
magnitude below the present detection level.

In summary, current flavor data puts extremely stringent
constraints on the VuQ model. There are no hints of NP in
the CKM matrix. Furthermore, the fit to the data indicates
that any VuQ contributions to loop-level flavor-changing
b → s, b → d and s → d transitions are very small. There
can be significant enhancements of the branching ratios of
t → uZ and t → cZ decays, but these are still below
detection levels.
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