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Vector-like fermions arise for instance in grand uniÞed models

Possible motivations to introduce isosinglet vector-like quarks

Naturally small violation of 3x3 unitarity of the VCKM and non-vanishing but naturally suppressed ßavour-changing neutral currents 
(FCNC)

This opens up many interesting possibilities for rare K and B decays as well as CP asymmetries in neutral B decays

Adding isosinglet quarks to the SM leads to new sources of CP violation

In particular one may achieve spontaneous CP violation in this framework with !
the addition of a complex scalar singlet to the Higgs sector

Possibility of solving the strong CP problem a la Barr and Nelson 

Bento, Branco, Parada, 1991 

Possibility of having a Common Origin for all CP Violations

Branco, Parada, MNR, 2003



Fundamental properties of the CKM matrix

Flavour Physics and CP Violation in the SM and Beyond

Can one violate the above two dogmas in reasonable extensions of the SM? The answer
is yes!

ÒReasonableÓ means that FCNC should be naturally suppressed without Þne-tuning. In the
gauge sector, thedogmacan be violated through the introduction of aQ = 1/ 3 and/orQ = 2/ 3
vector-like quark [8Ð14], since in this model one has naturally small violation of 3! 3 unitarity
of the CKM matrixV which in turn leads toZ-mediated FCNC at tree level, which are naturally
suppressed.
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In the Higgs sector, the dogma can be violated and yet having FCNC automatically suppressed
by small CKM matrix elements [8].

Fundamental properties of the CKM matrix

We have introduced in eq. (3.10) the CKM matrixV, which characterises the ßavour changing
charged currents in the quark sector:
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The CKM matrix is complex, but some of its phases have no physical meaning. This is due to the
fact that one has the freedom to rephase the mass eigenstate quark Þeldsu" ,dk:

u" = ei #" u#
" , dk = ei #kd#

k . (3.19)

Under this rephasing one has:

V#
" k = ei (#k" #" ) V" k . (3.20)

It is clear from eq. (3.20) that the individual phases ofVi j have no Physical meaning. It is useful
to look for rephasing invariant quantities, which do not change under this rephasing. The simplest
examples are moduli|V" k| and quartetsQ" i$ j , deÞned as

Q" i$ j $ V" i V$ j V
%
" j V

%
$i , (3.21)

with " &= $ and i &= j. Invariants of higher order may in general be written as functions of the
quartets and the moduli.
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The CKM matrix is complex but not all its phases have physical meaning
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There is freedom to rephase the mass eigenstate quark Þelds. As a result: 
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Only rephasing invariant quantities have physical meaning. !
The simplest rephasing invariants of the CKM matrix are moduli and "quartets"
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Details  about Rephasing invariant quantities

Example : 

 |Im Q| has the same value for all quartets and measures 
the strength of CP violation in the SM.

is essentially the sine of the Cabibbo angle and it is a parameter  
appearing in the Wolfenstein parametrisation of the   CKM matrix
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 Di!erences between the imaginary parts of the quartets  

In the SM, one can show that all imaginary parts of rephasing invariant quartets:
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Exercise 3. Show that:
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The quartets are easily constructed through the following scheme,
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where the two quartets,

VusVcbV!
ubV!

cs = Quscb, VcdVtsV!
tdV!

cs = Qcdts, (3.24)

are illustrated. The diagonal dotted line refers to the product of the corresponding CKM elements.

3.1 Neutrino masses

In the SM, neutrinos are exactly massless. No Dirac mass terms can be written since right-
handed neutrino Þelds are not introduced in the SM. On the other hand, Majorana mass terms are
not generated in higher orders, due to exact(B" L) conservation in the SM. As a result of having
massless neutrinos, neither leptonic mixing nor leptonic CP violation can be generated in the SM.
Indeed, any mixing arising from the diagonalisation of the charged-lepton masses can be rotated
away by a redeÞnition of the neutrino Þelds.

In the view of above, one concludes that the discovery of leptonic mixing and non-vanishing
neutrino masses, rules out the SM, as it was proposed. However a simple extension of the SM,
sometimes denoted$SM, can easily accommodate leptonic mixing and provide an explanation for
the smallness of neutrino masses, through the seesaw mechanism [15Ð19]. The nature of neutrinos
(i.e. Majorana or Dirac) is still an important open question. Both in the case of Majorana [15Ð19] or
Dirac neutrinos [20] one has to have a mechanism to understand the smallness of neutrino masses.

3.2 The Flavour sector of the SM

Let us now discuss the ßavour sector of the SM. The gauge invariance does not constrain the
ßavour structure of the Yukawa matricesYu, Yd and using eq. (3.4) one obtains two arbitrary mass
matricesmu andmd. The two quark mass matrices are arbitrary complex matrices which need not
to be Hermitian [21]. The two matricesmu, md contain(18+ 18) parameters, but most of them are
not physical. Due to the fermion family replication the gauge interaction part ofL SM has a very
large ßavour symmetry. One can make Weak-basis transformations which changemu, md but do
not change the physical content ofmu, md. One has then a large redundancy inmu, md. By making
a WB transformation such as:

u0
L = WL u0

L
#
; u0

R = Wu
R u0

R
#
, (3.25a)

d0
L = WL d0

L
#
; d0

R = Wd
R d0

R
#
, (3.25b)
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have the same modulus

In the presence of VLQs one obtains a di"erent result, for example: 

Im Q_2112 - Im Q_1132 = Im Q_1142



Changes in the unitarity relations in the presence of VLQs

Moduli differences:

In the SM, 3x3 unitarity of the CKM matrix leads to an ÒasymmetryÓ 
deÞned as:

|V31|2 ! |V13|2 = |V23|2 ! |V32|2. (2b)

Within the three generations SM, one can introduce an asymmetrya deÞned as

a " |V31|2 ! |V13|2 = |V23|2 ! |V32|2 = |V12|2 ! |V21|2. (3)

Experimentally, it is known that a is positive, since|V31| > |V13|.
For deÞniteness, consider an extension of the SM with one up-typeVLQ. The quark mixing

matrix is a 4 # 3 matrix which consists of the Þrst three columns of a 4# 4 unitary matrix

V =

!

"
"
#

V11 V12 V13 V14

V21 V22 V23 V24

V31 V32 V33 V34

V41 V42 V43 V44

$

%
%
& . (4)

From unitarity of the Þrst row and Þrst columns of the 4# 4 matrix, we have
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Changes in the unitarity relations in the presence of VLQs
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In the SM it is not possible to generate the Baryon Asymmetry of the 
Universe (BAU)

One of the reasons is that in the SM CP violation is too small: 

1 Introduction

The addition of Vector Like Quarks (VLQ) to the spectrum of the Standard Model
(SM) is one of the simplest extensions of the SM and VLQs may populate the desert
between the SM and the Planck scale, without worsening the hierarchy problem.
Among the best motivated VLQ models with either one down-type [1]or one up-type
[2, 3] isosinglet VLQ are those which attempt at solving the CKM unitarity problem
[4]-[12]. There are also models which feature both up and down-type isosinglet VLQs
[13, 14] and models which feature VLQs in di! erent SU(2) representations [15].

The study of Weak-Basis Invariants (WBIs) has been carried out both in the quark
sector [16]-[18] and the lepton sector [19] (see [20] for a more recent analysis). In this
paper, we study WBIs in an extension of the SM where an up-typeSU(2) singlet
VLQ is introduced to the SM. In particular, we are interested in identifying a set
of WBIs which enable one to reconstruct the full 4! 3 quark mixing matrix which
arises in this extension of the SM. Let us recall that it has been shown [21] that, in
the SM with 3 generations and squared mass matriceshi = mi m

 
i , i = u, d, for the

up and down quarks, the WBIs tr(huhd), tr( h2
uhd), tr( huh2

d) and tr( h2
uh2

d), enable
one to obtain the four independent moduli of the CKM matrix. With the knowledge
of these moduli, one can reconstruct the full CKM, including the strength of CP
violation. There is only a two-fold ambiguity in the sign of CP violation which can
be lifted by the evaluation of the CP-odd WBI tr[hu, hd]3 [16].

Here, we analyse the analogous question in the context of an extension of the SM
with an up-type VLQ. In this case there are nine independent moduliand we identify
the nine WBIs which enable one to reconstruct the full quark mixing matrix. Special
attention is given to the extreme chiral limit (ECL) where the Þrst two generations
may be considered massless. In this limit, there is no CP violation in the SM. We
will show that in the VLQ extension there is CP violation, even in the ECL, and
identify CP-odd WBI which do not vanish in this limit.

One of the reasons why in the SM it is not possible to generate a Baryon Asymmetry
of the Universe (BAU) consistent with observation, has to do with the fact that CP-
violation in the SM is too small. A rough estimate is

I CP = tr[ yuy 
u, ydy

 
d]3 "

tr[ hu, hd]3

v12
" 10! 25, (1)

whereyu and yd are the Yukawa-coupling matrices, which are related to the quark
mass matrices asyu = 1

v mu, yd = 1
v md and v is the electro-weak scale. The SM

CP-odd WBI, tr[ hu, hd]3 has a mass order ofM 12. However, in our extension of the
SM with the up-VLQ there is a CP-odd WBI of much lower order in mass,namely,
of orderM 8. Therefore, one expects that the contribution to BAU in the framework
of models with VLQs to be much larger than in the SM.

The paper is organised as follows: in section 2 we present a set of WBIs which

1

In models with VLQs one may have CP odd 
invariants of much lower mass scale

Example:

When VLQs are introduced to the theory, in general more physicalphases are
present. For instance, in the case of the SM extended with an up-type VLQ isos-
inglet (N = 1) there exist three physical phases and therefore extra sources of CP
violation. This then results in a larger set of necessary and su! cient conditions for
CP invariance.

From [24], a minimal set of seven CP-odd WBI is:

tr
!
[hu, hs

d] H (2)
u

"
= 2 im 2s

di
m4

u!
m2

u"
Im

!
F u

!" V !
! i V" i

"
,

tr
!#

h2
u, hs

d

$
H (2)

u

"
= 2 im 2s

di
m4

u!
m2

u"
m2

u#
Im

!
F u

!# F u
#" V !

! i V" i
"

,

tr
!
{ hu, hd} [h2

d, H (2)
u ]

"
= 2 im 4

di
m2

u!
m4

u"
Im

%
V! i V !

" i

&
m2

dj
V !

! j V" j ! m2
di

F u
"!

'(
,

tr
!
{ H (2)

u , h2
d} [hd, H (2)

u ]
"

= 2 im 4
di

m2
u!

m2
u"

m4
u#

Im
%
V! i V !

#i F
u
"!

&
m2

dj
V !

" j V#j ! m2
di

F u
#"

'(
,

tr [ hu, hd]3 = 6 im 2
di

m4
dj

m2
u!

m2
u"

m2
u#

Im
!
V! i V" j V !

! j V
!

#i F
u
#"

"
,

(25)

for s = 1, 2 and with an implicit sum over the quark indices (with! , " , # = 1, 2, 3, 4
and i, j = 1, 2, 3). The vanishing of this set of CP-odd invariants is a necessary and
su! cient condition for CP invariance.

The fact that CP violation now depends on a variety of invariants instead of a single
one could mean that in the presence of a VLQ there exists an enhancement of CP
violation, since even if the standard CP-odd invariant vanished, i.e. tr[hu, hd]3 =
0, there could exist CP violation arising from other sources. Not onlythat, but
in principle these new sources could lead to a much larger CP violation than the
one predicted in the SM. This is because now there are several CP-odd WBIs of
dimension lower than the SM invariant in Eq. (23), of dimensionM 12. In fact,

the invariant of lowest dimension is tr
&

[hu, hd] H (2)
u

'
, of dimension M 8 which is

necessarily7 the lowest order for CP-odd invariants in these type of theory.

Similarly to the SM quantity in Eq. (1), we expect that for a model with a VLQ,
the size of CP violation is dominated by a dimensionless quantity such as

I CP =
tr

&
[hu, hd] H (2)

u

'

V 8
, (26)

In the evaluation of this WBI and since we are considering a model beyond the
SM, we also could expect to have some energy scaleV di" erent from v of the SM.

7In this extension, when building WBIs using hermitian matrices, as for instance hu and hd,
as building blocks, all resulting invariants have even mass dimensionM 2n . Now, any invariant
of dimension M 2 is simply the trace of an hermitian matrix, therefore real and providing no
information regarding CPV. For dimension M 4 invariants the problem persists, because the product
of two hermitian matrices still has real trace. Similarly, dimension M 6 invariants can, in this case,
also only be written as products of two hermitian matrices, e.g. tr(h2

dhu ) or tr( hdH (2)
u ), leaving us

with M 8 as the lowest possible dimension for CP-odd invariants.
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which, as known, in the SM is equal to the identity. However, here and in general
for VLQ-models, it is not a diagonal matrix, thus leading to the FCNCs.

Due to the unitarity of V we have

AA   = 13! 3, A  A + B   B = 14! 4,

BB   = 1, AB   = 0 ! BA   = 0.
(16)

Note that, although the CKM matrix is no longer unitary (in fact, it is not even a
square matrix), we do still haveV  

CKM VCKM = 13! 3.

From Eqs. (8, 11), the diagonalized up-type quark mass matrixDu is given by

Du = A  muW + B   MuW. (17)

By multiplying Eq. (17) on the left by A or B and on the right by W   , and using
the identities from Eq. (16), we obtain

mu = A DuW   , Mu = B DuW   (18)

A Set of Hermitian Matrices relating Physical Parameters

Now, consider the following Hermitian matrices

H (r )
u " mu(m 

umu + M  
uMu)r " 1m 

u,
hd " mdm 

d

(19)

All these Hermitian matrices transform under weak-basis transformations (WBT)
in (4) as

h # V   h V. (20)

From Eqs. (16, 18), in the WB where the down sector mass matrix is diagonal, these
verify

H (r )
u = A(D2

u)r A  ,
hd = diag(m2

d, m2
s, m2

b)
(21)

and, with A  = VCKM , we Þnd the following relations between the weak-basis invari-
ants and the CKM matrix moduli and the quark masses

tr
!
H (r )

u hs
d

"
=

4#

! =1

3#

i =1

(m2
u!

)r (m2
di

)s|V! i |2, (22)

wheres and r are integers.
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The chiral limit is not only physically natural for studying CP violation beyond the
SM but phenomenologically relevant in practice. At very high energy collisions, for ex-
ample at the TeV scale, light fermion masses are negligible and there is no possibility of
distinguishing light quark jets. Sizeable CP violation at high energy is expected to have
its origin beyond the SM.

Finally, the extraction of physical phases from data needs to be reexamined in the
presence of VLQs. Recall that the mixing matrixV is (3 + nu) ! (3 + nd) and non-
unitary in general. As explained in the previous subsection, its upper-left 3! 3 block
VCKM contains 4 independent physical phases, see eq. (3.21). Without loss of generality,
one may adopt the following phase convention [21]

V =

|Vud| |Vus| ei ! !
|Vub| e! i " á á á

" |Vcd| |Vcs| |Vcb| á á á

|Vtd | e! i # " |Vts | ei ! |Vtb| á á á

...
...

...
. . .

!

"
"
"
"
"
"
"
#

$

%
%
%
%
%
%
%
&

VCKM

. (3.30)

NP e! ects may interfere in how these phases are obtained from experiment. If NP
contributions are negligible in weak processes where the SM contributes at tree level, as
is the case in models of VLQs, then the extractions of! and of moduli from the Þrst
two rows of VCKM are not disturbed. However, the extraction of" and # from B decays
may be contaminated by NP e! ects, with experiments being instead sensitive to the
combinations ø" # " " $d and ø# # # + $s. Here, $q (q = d, s) are phases parameterizing
NP-induced deviations from the SM in the neutral meson systemsB 0

qÐB 0
q. For instance,

the decayB 0
d $ J/ %K turns out to be sensitive to sin 2(ø" " #") % sin 2ø" , while the decay

B 0
s $ J/ % $measures sin 2ø#.

In the context of the SM or NP scenarios whereVCKM is unitary, the remaining phase
#" is constrained by unitarity to be extremely small, namely#" & 6! 10! 4 [86]. If VCKM is
not unitary but can nevertheless be written as part of a unitary matrix Ñ as is the case for
models of VLQs (cf. footnote 6) Ñ a bound on#" can still be placed [21,87]. In particular,
taking the CKM moduli to vary in their 3 & ranges [88], one Þnds|#"| ! 0.06 % 3#. This
phase can be neglected in most cases of interest. Similarly, the phase# can be made
signiÞcantly larger than the SM expectation# & 0.02 in models with up-type VLQs, but
not in models with down-type VLQs alone [86]. Up-type VLQs have also been used to
alleviate tensions in the data via a non-zero$d [89]. As we will see in what follows, both
up- and down-type VLQs may address apparent deviations from unitarity in the Þrst row
of VCKM [25,33,34].

Note that possible deviations from unitarity modify the familiar SM unitary triangle
and, e.g. in the case of extensions with only one VLQ, give rise to various quadran-
gles [20] instead. Subsequently, instead of Þnding only one CP-odd invariant, propor-
tional to Im ( VusVcbV $

ubV
$

cs), one obtains several rephasing-invariants from other quartets,
i.e. proportional to Im

'
Vij Vkm V $

im V $
kj

(
, which in general are not equal but may be partly

related.
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1 Introduction

Unitarity of the Cabibbo-Kobayashi-Maskawa (CKM) matrix is an important feature
of the Standard Model (SM) which has to be tested experimentally. Given the present
experimental precision, one of the predictions which can be tested to a high degree of
accuracy is the normalisation of the Þrst row of the CKM matrix. This is the row that
has been measured with better precision.

Recent measurements of|Vus| and |Vud| indicate that unitarity of the Þrst row may be
violated, |Vud|2+ |Vus|2+ |Vub|2 < 1, at the level of two or three standard deviations. This
deÞcit results from new theory calculations of the SM radiative corrections to! -decay
processes [1, 2] and was independently conÞrmed in Refs. [3Ð6]. If this result holds, it
would be a clear indication for New Physics [7,8].1 The fact that a unitary CKM matrix
has been so successful up till now in accommodating a vast number of experimental data
both on quark mixing and CP violation indicates that deviations from 3 ! 3 unitarity, if
present, should be small. Extensions of the SM with the addition of vector-like quarks
are minimal and have the notable feature of leading to naturally suppressed violations
of 3 ! 3 unitarity as well as to naturally suppressed ßavour changing neutral currents
(FCNC) at tree level. Early references include [23Ð36].

Recently it has been suggested [8] that the addition of a down-type (Q = " 1/ 3)
vector-like isosinglet quark may lead to deviations from unitarity capable of accommo-
dating the recent measurements of|Vus| and |Vud|. In this paper, we point out that such
deviations from unitarity in the Þrst row of the CKM can alternatively be explained
through the introduction of an up-type ( Q = 2 / 3) isosinglet quark. This solution is
especially interesting because the experimental limits on FCNC in the up sector are less
stringent than those in the down sector. Furthermore, as explained in section 4, we Þnd
that this solution may be more plausible than the addition of a down-type vector-like
quark.

The key question addressed in this paper is whether it is possible to have the re-
quired deviations from unitarity while at the same time conforming to the stringent
experimental constraints arising from D 0-D

0
, K 0-K

0
and B 0

d,s-B
0
d,s mixings and to the

requirement of having perturbative Yukawa couplings. We will show that this is indeed
the case and furthermore a scenario with an extra vector-like up quark also provides
exciting prospects for New Physics at the reach of the LHC and its next upgrade.

The paper is organised as follows. In the next section we present our notation and
describe the framework of our extension of the SM, including the pattern of non-unitary
mixing and Z and Higgs FCNC. We use the fact that one can always choose, without
loss of generality, a weak basis (WB) where the down mass matrix is already real and
diagonal and as a result the physical mixing matrix can be read o! directly from the
left-hand side unitary matrix that diagonalises the up mass matrix. This choice of WB

1This hint stems from tensions between di! erent determinations of the Cabibbo angle (see also [9]).
Alternative explanations to the Cabibbo angle anomaly not relying on the violation of Þrst-row CKM
unitarity are possible [10] and have been proposed based on lepton ßavour universality violating new
physics [11, 12], like extra leptons [13, 14], extra gauge bosons [15], or a charged scalar singlet [16Ð18],
and from the perspective of e! ective Þeld theory [19Ð22].

1

Experimental data suggests:

where one identiÞes an enlarged 4! 3 mixing matrix V , corresponding to the Þrst three
columns of V 

L , namely

V = A 
L =

!

"
"
"
#

c12 c13 c14 s12 c13 c14 s13 c14 e! i ! 13

. . . . . . . . .

. . . . . . . . .

. . . . . . . . .

$

%
%
%
&

"

!

"
#

K CKM

K T

$

%
& . (2.8)

The Þrst three rows ofV , collectively denotedK CKM , play the role of the 3! 3 Cabibbo-
Kobayashi-Maskawa (CKM) mixing matrix.

It is clear from our choice of parameterisation that in the limit of ! 14, ! 24, ! 34 going
to zero there is no mixing with the new quark,K CKM is unitary and its parameterisation
reduces to the standard one [38], whileK T = (0 , 0, 0). However, it is crucial to note that
in general K CKM is not unitary. While V   V = 1, one generically hasV V  #= 1 and
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BBB suggested the addition of a down-type (Q=-1/3) vector-like isosinglet quark

In alternative, the introduction of an up-type (Q=2/3) vector-like !
isosinglet quark  is especially interesting since experimental !
limits on FCNC in the up sector are less stringent than those !
in the down sector

Several references in our work, e.g, FLAG Review 2021 !
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Following the spontaneous breakdown of electroweak symmetry:

Yukawa terms and bare mass terms (notation):

signiÞcantly simpliÞes the search for allowed regions of parameter space, due to the
reduction of free parameters it implies.

In section 3 we present the prospects for New Physics, including new contributions
to meson mixing, indirect CP violation in K L ! !! as well as rare top decayst ! qZ
(q = u, c). In section 4 we present the results of our numerical analysis and we give an
explicit benchmark. Finally in the last section we present our conclusions.

2 Notation and Framework

2.1 Lagrangian and mass matrices

We consider the SM with the minimal addition of one up-type (Q = +2 / 3) isosinglet
vector-like quark (VLQ), denoted T0

L and T0
R, which transforms as a triplet under SU(3)c.

The SM scalar sector remains unchanged. The relevant part of the Lagrangian reads, in
the ßavour basis:
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where Y u are the SM Yukawa couplings," denotes the Higgs doublet (÷" = # "! ), Q0
Li =

!
u0

Li d0
Li

"T and u0
Ri (i, j = 1 , 2, 3) denote the SM quark doublets and up-type quark

singlets, respectively. Here,Y denotes Yukawa couplings to the extra right-handed Þeld,
while M and M correspond, at this level, to bare mass terms. The down-sector Yukawa
Lagrangian is simply " L d = Y d

ij Q
0
Li " d0

Rj +h.c. . Note that the right-handed VLQ Þeld
T0

R is a priori indistinguishable from the SM fermion singletsu0
Ri , since they possess the

same quantum numbers.
Following the spontaneous breakdown of electroweak symmetry, the terms in the Þrst

line of eq. (2.1) give rise to the 3$ 3 mass matrix m = v"
2

Y u and to the 3 $ 1 mass

matrix m = v"
2

Y for the up-type quarks, with v % 246 GeV. Together with M and M ,
they make up the full 4 $ 4 mass matrix M u,
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It is important to emphasize that, in general, M u is not symmetric nor Hermitian and
that a hierarchy M & M ' m & m is expected. One is allowed, without loss of

2

signiÞcantly simpliÞes the search for allowed regions of parameter space, due to the
reduction of free parameters it implies.

In section 3 we present the prospects for New Physics, including new contributions
to meson mixing, indirect CP violation in K L ! !! as well as rare top decayst ! qZ
(q = u, c). In section 4 we present the results of our numerical analysis and we give an
explicit benchmark. Finally in the last section we present our conclusions.

2 Notation and Framework

2.1 Lagrangian and mass matrices

We consider the SM with the minimal addition of one up-type (Q = +2 / 3) isosinglet
vector-like quark (VLQ), denoted T0

L and T0
R, which transforms as a triplet under SU(3)c.

The SM scalar sector remains unchanged. The relevant part of the Lagrangian reads, in
the ßavour basis:

" L u # Y u
ij Q

0
Li

÷" u0
Rj + Y i Q

0
Li

÷" T0
R

+ M i T
0
L u0

Ri + M T
0
L T0

R + h.c. ,
(2.1)

where Y u are the SM Yukawa couplings," denotes the Higgs doublet (÷" = # "! ), Q0
Li =

!
u0

Li d0
Li

"T and u0
Ri (i, j = 1 , 2, 3) denote the SM quark doublets and up-type quark

singlets, respectively. Here,Y denotes Yukawa couplings to the extra right-handed Þeld,
while M and M correspond, at this level, to bare mass terms. The down-sector Yukawa
Lagrangian is simply " L d = Y d

ij Q
0
Li " d0

Rj +h.c. . Note that the right-handed VLQ Þeld
T0

R is a priori indistinguishable from the SM fermion singletsu0
Ri , since they possess the

same quantum numbers.
Following the spontaneous breakdown of electroweak symmetry, the terms in the Þrst

line of eq. (2.1) give rise to the 3$ 3 mass matrix m = v"
2

Y u and to the 3 $ 1 mass

matrix m = v"
2

Y for the up-type quarks, with v % 246 GeV. Together with M and M ,
they make up the full 4 $ 4 mass matrix M u,

" L #
#

u0
L T

0
L

$
M u

%
u0

R

T0
R

&

+ d
0
L M d d0

R + h.c. , (2.2)

with

M u =

'

(
(
(
)

m m

M M

*

+
+
+
,

. (2.3)

It is important to emphasize that, in general, M u is not symmetric nor Hermitian and
that a hierarchy M & M ' m & m is expected. One is allowed, without loss of

2

(artiÞcial splitting of R-handed components)
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generality, to work in a weak basis (WB) where the 3! 3 down-quark mass matrix
M d = v!

2
Y d is diagonal. In what follows we takeM d = Dd = diag( md, ms, mb).

The matrix M u can be diagonalised by bi-unitary transformations (their singular
value decompositions) as

V 
L M u VR = Du , (2.4)

with Du = diag( mu, mc, mt , mT ), where mT is the mass of the new and heavy up-type
quark T. The unitary rotations VL,R relate the ßavour basis to the physical basis.

2.2 Parameterisation

It is convenient to deÞne 3! 4 matrices AL,R as the Þrst three rows ofVL,R , denoting
the remaining fourth row by BL,R ,

VL,R "

!

"
"
"
#

AL,R

BL,R

$

%
%
%
&

. (2.5)

For a Þxed index (L or R, omitted) the unitarity of V implies AA   = 13" 3, BB   = 1,
AB   = 0, BA   = 0 and A  A + B   B = 14" 4.

In this context, it is convenient to parameterise V 
L instead of VL , since the physical

mixing matrix can be read o! directly from the former, as we will see shortly. We
consider the following parameterisation in terms of 6 mixing angles and 3 phases [37]:
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(2.6)
where cij = cos ! ij and sij = sin ! ij , with ! ij $ [0, " / 2], #ij $ [0, 2" ].

2.3 Non-unitary mixing

The interactions of SM quarks with the W , Z and Higgs bosons are modiÞed in the
presence of VLQs. Going from the ßavour basis to the physical basis, the charged
current Lagrangian becomes
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(2.7)
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Non-Unitary mixing

The matrix M u can be diagonalized by a bi-unitary transformation

V  M u W = Du (3)

with Du = diag(mu, mc, mt , mT ), where mT is the mass of the heavy up-type quark
T. The unitary rotations V, W relate the ßavour basis to the physical basis.

When one transforms the quark Þeld from the ßavour to the physical basis, the
charged current part of the Lagrangian becomes

L W = !
g

"
2

u0
Li

!
! µW +

µ

"
d0

Li = !
g

"
2

uL !
!
! µW +

µ

" !
V 

" ! i
dLi (4)

where theuL and dL are now in the physical basis. Notice that the down quark mass
matrix is already diagonal. Thus, we Þnd that the charged current quark mixing
VCKM corresponds to the 4# 3 block of the matrix V  speciÞed in Eq. (3)

VCKM =
!
V 

" (4! 3)
(5)

The couplings to theZ boson can be written as

L Z =
g

cW
Zµ

#
1
2

$
uLF

u�µuL ! dLF
d�µdL

%
! s2

W

&
2
3
u�µu !

1
3
d�µd

'(
(6)

with F d =
!
VCKM

"  
VCKM and F u = VCKM

!
VCKM

"  
. Moreover, one hascW =

cos"W and sW = sin "W , where"W is the Weinberg angle.

2.2 Quark mixing: the Botella-Chau parametrization

In order to parametrize the 4# 4 mixing, we use the Botella-Chau (BC) parametriza-
tion [23] of a 4# 4 unitary matrix. This parametrization can be readily related to
the SM usual 3# 3 Particle Data Group (PDG) parametrization [25]V P DG , and is
given in terms of 6 mixing angles and 3 phases. DeÞning

V P DG
4 =

)

*
*
+

,
V P DG

-(3! 3)
0
0
0

0 0 0 1
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where one identiÞes an enlarged 4! 3 mixing matrix V , corresponding to the Þrst three
columns of V 

L , namely

V = A 
L =

!

"
"
"
#

c12 c13 c14 s12 c13 c14 s13 c14 e! i ! 13

. . . . . . . . .

. . . . . . . . .

. . . . . . . . .
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%
%
&

"

!

"
#

K CKM

K T

$

%
& . (2.8)

The Þrst three rows ofV , collectively denotedK CKM , play the role of the 3! 3 Cabibbo-
Kobayashi-Maskawa (CKM) mixing matrix.

It is clear from our choice of parameterisation that in the limit of ! 14, ! 24, ! 34 going
to zero there is no mixing with the new quark,K CKM is unitary and its parameterisation
reduces to the standard one [38], whileK T = (0 , 0, 0). However, it is crucial to note that
in general K CKM is not unitary. While V   V = 1, one generically hasV V  #= 1 and
a violation of Þrst-row CKM unitarity, |Vud|2 + |Vus|2 + |Vub|2 < 1, is possible. In the
parameterisation we are using, the deviations from unitarity ! n of the n-th row of the
quark mixing matrix V take a simple form:

! " ! 1 = 1 $ |Vud|2 $ |Vus|2 $ |Vub|2 =
'
' V"

L 41

'
' 2 = s2

14 ,

! 2 = 1 $ |Vcd|2 $ |Vcs|2 $ |Vcb|2 =
'
' V"

L 42

'
' 2 = c2

14 s2
24 ,

! 3 = 1 $ |Vtd |2 $ |Vts |2 $ |Vtb|2 =
'
' V"

L 43

'
' 2 = c2

14 c2
24 s2

34 .

(2.9)

The experimental data suggests
%

! & 0.04 [8]. In order to isolate the deviations from
unitarity, one can also consider the left-polar decomposition

K CKM = HL UCKM " (1 $ " ) UCKM , (2.10)

where UCKM is a unitary matrix and HL and " are Hermitian matrices. The matrix
" can be written in terms of the ! i , see eq. (2.16). It is known that in the present
framework deviations from unitarity are naturally suppressed by the ratios mq/m T (q =
u, c, t) [23Ð25,39,40], as we discuss in section 2.5.

2.4 Z - and Higgs-mediated FCNCs

Changing to the physical basis, the neutral current Lagrangian becomes:
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(2.11)
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Useful Parametrisation

we can denote the BC parametrization as:
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(7)
wherecij = cos! ij and sij = sin ! ij , with ! ij " [0, " / 2], #ij " [0, 2" ].

The BC parametrization is such that

|Vud|2 + |Vus|2 + |Vub|
2 = 1 ! s2

14, (8)

making it evident that, in this context, a solution for the observed 3# 3 CKM
unitarity violation implies that the angle s14 $= 0.

2.3 Salient features ofs14! dominance

Let us consider the limit, which we deÞne as the exacts14 dominance, wheres14 $= 0,
while s24 = s34 = 0. Then from the general Botella-Chau parametrization in Eq.
(7), and from Eq. (5), we may write for the 4# 3 CKM mixing matrix VCKM ,
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where, due to the fact thats24 = s34 = 0, the phases#24 and #14 may be factored out
and absorbed by quark Þeld redeÞnitions. A salient feature of this matrix is that
the second and third rows ofVCKM exactly coincide with those of the SMV CKM .
In the limit s14 % 0 one recovers the exact SM standard PDG parametrization.

Following [11], we propose here a solution for CKM unitary problem where it is
assumed thats14 = O($2), with $ = |Vus|.

The introduction of vector-like quarks leads to New Physics and consequently to
new contributions in some very important physical observables. However, since in
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generality, to work in a weak basis (WB) where the 3! 3 down-quark mass matrix
M d = v!

2
Y d is diagonal. In what follows we takeM d = Dd = diag( md, ms, mb).

The matrix M u can be diagonalised by bi-unitary transformations (their singular
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where cij = cos ! ij and sij = sin ! ij , with ! ij $ [0, " / 2], #ij $ [0, 2" ].

2.3 Non-unitary mixing

The interactions of SM quarks with the W , Z and Higgs bosons are modiÞed in the
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The matrix M u can be diagonalized by a bi-unitary transformation

V  M u W = Du (3)

with Du = diag(mu, mc, mt , mT ), where mT is the mass of the heavy up-type quark
T. The unitary rotations V, W relate the ßavour basis to the physical basis.
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with F d =
!
VCKM

"  
VCKM and F u = VCKM

!
VCKM

"  
. Moreover, one hascW =
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2.2 Quark mixing: the Botella-Chau parametrization

In order to parametrize the 4# 4 mixing, we use the Botella-Chau (BC) parametriza-
tion [23] of a 4# 4 unitary matrix. This parametrization can be readily related to
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where, due to the fact thats24 = s34 = 0, the phases�24 and �14 may be factored out
and absorbed by quark Þeld redeÞnitions. A salient feature of this matrix is that
the second and third rows ofVCKM exactly coincide with those of the SMV CKM .
In the limit s14 % 0 one recovers the exact SM standard PDG parametrization.
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where one identiÞes an enlarged 4! 3 mixing matrix V , corresponding to the Þrst three
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L , namely
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The Þrst three rows ofV , collectively denotedK CKM , play the role of the 3! 3 Cabibbo-
Kobayashi-Maskawa (CKM) mixing matrix.

It is clear from our choice of parameterisation that in the limit of ! 14, ! 24, ! 34 going
to zero there is no mixing with the new quark,K CKM is unitary and its parameterisation
reduces to the standard one [38], whileK T = (0 , 0, 0). However, it is crucial to note that
in general K CKM is not unitary. While V   V = 1, one generically hasV V  #= 1 and
a violation of Þrst-row CKM unitarity, |Vud|2 + |Vus|2 + |Vub|2 < 1, is possible. In the
parameterisation we are using, the deviations from unitarity ! n of the n-th row of the
quark mixing matrix V take a simple form:

! " ! 1 = 1 $ |Vud|2 $ |Vus|2 $ |Vub|2 =
'
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L 41
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14 s2
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'
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14 c2
24 s2

34 .

(2.9)

The experimental data suggests
%

! & 0.04 [8]. In order to isolate the deviations from
unitarity, one can also consider the left-polar decomposition

K CKM = HL UCKM " (1 $ " ) UCKM , (2.10)

where UCKM is a unitary matrix and HL and " are Hermitian matrices. The matrix
" can be written in terms of the ! i , see eq. (2.16). It is known that in the present
framework deviations from unitarity are naturally suppressed by the ratios mq/m T (q =
u, c, t) [23Ð25,39,40], as we discuss in section 2.5.

2.4 Z - and Higgs-mediated FCNCs

Changing to the physical basis, the neutral current Lagrangian becomes:
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/
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unitarity, one can also consider the left-polar decomposition
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where UCKM is a unitary matrix and HL and " are Hermitian matrices. The matrix
" can be written in terms of the ! i , see eq. (2.16). It is known that in the present
framework deviations from unitarity are naturally suppressed by the ratios mq/m T (q =
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where UCKM is a unitary matrix and HL and " are Hermitian matrices. The matrix
" can be written in terms of the ! i , see eq. (2.16). It is known that in the present
framework deviations from unitarity are naturally suppressed by the ratios mq/m T (q =
u, c, t) [23Ð25,39,40], as we discuss in section 2.5.
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where sW and cW are respectively the sine and cosine of the Weinberg angle. We have
further deÞned the complete spinors! = ! L + ! R, with ! ! { u(0) , d(0) , T (0) } . The
structure of the second line in eq. (2.11) is invariant under the rotation to the physical
basis. However, the Þrst line is modiÞed, showing that the presence of the VLQ singlet
generically brings about a violation of the GIM mechanism [41], leading to tree-level
Z -mediated ßavour changing neutral currents (FCNC) [23, 24]. In particular, F u is a
4 " 4 Hermitian matrix,

F u = V V  = A 
L AL = 1 # B  

L BL , (2.12)

whereV is the 4" 3 matrix appearing in the charged currents. Using eq. (2.8), one Þnds
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&

, (2.13)

while from eqs. (2.5), (2.6) and the last equality of eq. (2.12) one explicitly has
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where in the last equality we have used the deÞnitions (2.9) and the smallness of the! i .
In general, the matrix F u is not diagonal and thus the model includes potentially

dangerous FCNC. Transitions of the typeui & Z uj (i '= j ; i, j = 1 , . . . , 4) are controlled
by the magnitude of the o" -diagonal elementsF u

ij (see also the following section). Using
eq. (2.10) and taking into account the required smallness of the entries of the matrix" ,
one further has
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where sW and cW are respectively the sine and cosine of the Weinberg angle. We have
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where in the last equality we have used the deÞnitions (2.9) and the smallness of the! i .
In general, the matrix F u is not diagonal and thus the model includes potentially
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relating the deviations from unitarity of the rows of K CKM with the FCNC structure.

The Higgs bosonh may likewise mediate tree-level FCNC among up-type quarks,
since not all fermions acquire their mass via couplings to the Higgs doublet! . In the
unitary gauge, the interactions of quarks with the Higgs read, Þrst in the ßavour basis
and then in the physical basis:
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(2.17)

Similarly to the case of Z -mediated FCNC, the strength of Higgs-mediated FCNC is
controlled by the o! -diagonal entries of the matrix F u and by the ratios mq/v , (q =
u, c, t, T ). Note that for transitions involving only the lighter quarks u and c, a strong
suppression Ð by a factor ofmu/v or mc/v Ð is present.

2.5 Perturbativity

The magnitude of the Þrst three rows in M u is controlled by the scale of electroweak
symmetry breaking, v!

2
$ 174 GeV, and capped by the requirement of having pertur-

bative Yukawa couplings Y u
ij and Y i (i, j = 1 , 2, 3). One can relate the perturbativity

condition to quarks masses and deviations" i from unitarity, obtaining an upper bound
on the massmT of the new heavy top. We write the trace ofmm  + m m  as

Tr
%

mm  + m m 
&

= p m2
t (2.18)

where p is a numerical coe# cient, constrained by perturbativity. By taking the trace of
M uM  

u, using (2.4) and neglectingmu,c % mt,T , one Þnds
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(2.19)

by noting that 1 ! |VL 43 |2 = 1 ! " 3, with " 3 % 1, and 1! |VL 44 |2 =
'

i " i (see eq. (2.14)).
Using eq. (2.18) we obtain

(
" 1 + " 2 + " 3 =

(
p ! 1

mt

mT
, (2.20)

where it is clear that p should always be bigger than 1. Requiring Yukawa couplings of
at most O(1) constrains the last term of eq. (2.19) to be ofO(m2

t ). This indicates that"
p ! 1 should also be ofO(1). Hence, eq. (2.20) translates into the approximate upper

bound
mT !

mt"
" 1 + " 2 + " 3

. (2.21)
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where one identiÞes an enlarged 4! 3 mixing matrix V , corresponding to the Þrst three
columns of V†

L
, namely

V = A†
L

=

0

BBB@

c12 c13 c14 s12 c13 c14 s13 c14 e! i�13

. . . . . . . . .

. . . . . . . . .

. . . . . . . . .

1

CCCA
"

0

B@
K CKM

K T

1

CA . (2.8)

The Þrst three rows ofV , collectively denotedK CKM , play the role of the 3! 3 Cabibbo-
Kobayashi-Maskawa (CKM) mixing matrix.

It is clear from our choice of parameterisation that in the limit of ! 14, ! 24, ! 34 going
to zero there is no mixing with the new quark,K CKM is unitary and its parameterisation
reduces to the standard one [38], whileK T = (0 , 0, 0). However, it is crucial to note that
in general K CKM is not unitary. While V †V = 1, one generically hasV V† #= 1 and
a violation of Þrst-row CKM unitarity, |Vud|2 + |Vus|2 + |Vub|2 < 1, is possible. In the
parameterisation we are using, the deviations from unitarity ! n of the n-th row of the
quark mixing matrix V take a simple form:

! " ! 1 = 1 $ |Vud|2 $ |Vus|2 $ |Vub|2 =
��V"

L41

��2 = s2
14 ,

! 2 = 1 $ |Vcd|2 $ |Vcs|2 $ |Vcb|2 =
��V"

L42

��2 = c2
14 s2

24 ,

! 3 = 1 $ |Vtd|2 $ |Vts|2 $ |Vtb|2 =
��V"

L43

��2 = c2
14 c2

24 s2
34 .

(2.9)

The experimental data suggests
%

! & 0.04 [8]. In order to isolate the deviations from
unitarity, one can also consider the left-polar decomposition

K CKM = HL UCKM " (1 $ " ) UCKM , (2.10)

where UCKM is a unitary matrix and HL and " are Hermitian matrices. The matrix
" can be written in terms of the ! i, see eq. (2.16). It is known that in the present
framework deviations from unitarity are naturally suppressed by the ratios mq/m T (q =
u, c, t) [23Ð25,39,40], as we discuss in section 2.5.

2.4 Z - and Higgs-mediated FCNCs

Changing to the physical basis, the neutral current Lagrangian becomes:
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�
di #µ di

� �
Zµ ,

(2.11)
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dominates

Eq. (2.20) should come as no surprise as it is well-known that an appealing feature of the
present framework is that deviations from unitarity are suppressed by the ratios mq/m T

(q = u, c, t). In a scenario where �(1) dominates, i.e. � ! �2,3, one obtains

mT !
mt"
�

, (2.22)

which implies mT ! 4.4 TeV for
"
� = 0.04. Potentially weaker but more precise bounds

may in principle be obtained from perturbative unitarity considerations (see e.g. [42]).
The derivation of such bounds falls outside the scope of this paper and we make use of
the qualitative restriction of eq. (2.21) in what follows.

3 New Physics

A plethora of observables can be modified at the tree or loop level in the presence of an
up-type VLQs (see for instance [43–46]). In this work we focus on the New Physics (NP)
contributions to neutral meson mixing (D , K and Bd,s neutral-meson systems), and on
the NP enhancement of the rare top decays t # qZ. The new heavy quark T , if light
enough, may in principle be produced at present colliders. The dominant contributions
to the pair production cross sections only depend on the mass mT (see e.g. [47]). On the
other hand, single production mechanisms can in part be approximately parameterised
via functions of the mixing matrix elements VT d, VT s and VT b and are more model
dependent [48]. The same quantities influence the rates of the T decays into vector
bosons and SM quarks (see e.g. [49]). Lower bounds on the VLQ mass, mT > 1.3
TeV [50] and mT " 1.0 TeV [51], have been obtained at the 95% CL by the ATLAS and
CMS collaborations, respectively, in searches for pair-produced T -quarks.2

3.1 D 0
-D

0
Mixing

The Z -mediated tree-level FCNC discussed in the previous section may most notably

compete with the SM contribution to D 0-D
0
mixing, which occurs at the loop level [52].

The tree-level NP contribution is shown in Figure 1a and corresponds to the e↵ective
Lagrangian

L NP
e↵ = $

GF"
2
(F u

12)
2 (uL �

µcL )(uL �µcL ) , (3.1)

where GF is the Fermi constant and F u
12 = $ V!

L 41
VL 42 . This �C = 2 operator results in

a contribution to the D 0 mixing parameter xD = �mD / �D of size [52, 53]

xNP
D %

"
2mD

3�D
GF f 2

D BD r (mc, M Z )
!
!V!

L 41
VL 42

!
!2 , (3.2)

2Mass bounds depend on assumptions on branching ratios (and in the CMS case on the type of
analysis: cut-based vs. neural network). Experimental searches typically assume that the new quark
only couples to the third SM quark generation. In the generic case where VLQs mix with all SM quarks,
searches may need to be reinterpreted [45].

7

Eq. (2.20) should come as no surprise as it is well-known that an appealing feature of the
present framework is that deviations from unitarity are suppressed by the ratiosmq/m T

(q = u, c, t). In a scenario where! (1) dominates, i.e. ! ! ! 2,3, one obtains

mT !
mt"

!
, (2.22)

which implies mT ! 4.4 TeV for
"

! = 0 .04. Potentially weaker but more precise bounds
may in principle be obtained from perturbative unitarity considerations (see e.g. [42]).
The derivation of such bounds falls outside the scope of this paper and we make use of
the qualitative restriction of eq. (2.21) in what follows.

3 New Physics

A plethora of observables can be modiÞed at the tree or loop level in the presence of an
up-type VLQs (see for instance [43Ð46]). In this work we focus on the New Physics (NP)
contributions to neutral meson mixing (D , K and Bd,s neutral-meson systems), and on
the NP enhancement of the rare top decayst # qZ. The new heavy quark T, if light
enough, may in principle be produced at present colliders. The dominant contributions
to the pair production cross sections only depend on the massmT (see e.g. [47]). On the
other hand, single production mechanisms can in part be approximately parameterised
via functions of the mixing matrix elements VT d, VT s and VT b and are more model
dependent [48]. The same quantities inßuence the rates of theT decays into vector
bosons and SM quarks (see e.g. [49]). Lower bounds on the VLQ mass,mT > 1.3
TeV [50] and mT " 1.0 TeV [51], have been obtained at the 95% CL by the ATLAS and
CMS collaborations, respectively, in searches for pair-producedT-quarks.2

3.1 D 0-D
0

Mixing

The Z -mediated tree-level FCNC discussed in the previous section may most notably
compete with the SM contribution to D 0-D

0
mixing, which occurs at the loop level [52].

The tree-level NP contribution is shown in Figure 1a and corresponds to the e" ective
Lagrangian

L NP
e! = $

GF"
2

(F u
12)2 (uL ! µcL )(uL ! µcL ) , (3.1)

where GF is the Fermi constant and F u
12 = $ V!

L 41
VL 42 . This ! C = 2 operator results in

a contribution to the D 0 mixing parameter xD = ! mD / #D of size [52,53]

xNP
D %

"
2mD

3#D
GF f 2

D BD r (mc, M Z )
��V!

L 41
VL 42

��2 , (3.2)

2Mass bounds depend on assumptions on branching ratios (and in the CMS case on the type of
analysis: cut-based vs. neural network). Experimental searches typically assume that the new quark
only couples to the third SM quark generation. In the generic case where VLQs mix with all SM quarks,
searches may need to be reinterpreted [45].

7

New Physics

Collider bounds:

Eq. (2.20) should come as no surprise as it is well-known that an appealing feature of the
present framework is that deviations from unitarity are suppressed by the ratiosmq/m T

(q = u, c, t). In a scenario where! (1) dominates, i.e. ! ! ! 2,3, one obtains

mT !
mt"

!
, (2.22)

which implies mT ! 4.4 TeV for
"

! = 0 .04. Potentially weaker but more precise bounds
may in principle be obtained from perturbative unitarity considerations (see e.g. [42]).
The derivation of such bounds falls outside the scope of this paper and we make use of
the qualitative restriction of eq. (2.21) in what follows.

3 New Physics

A plethora of observables can be modiÞed at the tree or loop level in the presence of an
up-type VLQs (see for instance [43Ð46]). In this work we focus on the New Physics (NP)
contributions to neutral meson mixing (D , K and Bd,s neutral-meson systems), and on
the NP enhancement of the rare top decayst # qZ. The new heavy quark T, if light
enough, may in principle be produced at present colliders. The dominant contributions
to the pair production cross sections only depend on the massmT (see e.g. [47]). On the
other hand, single production mechanisms can in part be approximately parameterised
via functions of the mixing matrix elements VT d, VT s and VT b and are more model
dependent [48]. The same quantities inßuence the rates of theT decays into vector
bosons and SM quarks (see e.g. [49]). Lower bounds on the VLQ mass,mT > 1.3
TeV [50] and mT " 1.0 TeV [51], have been obtained at the 95% CL by the ATLAS and
CMS collaborations, respectively, in searches for pair-producedT-quarks.2

3.1 D 0-D
0

Mixing

The Z -mediated tree-level FCNC discussed in the previous section may most notably
compete with the SM contribution to D 0-D

0
mixing, which occurs at the loop level [52].

The tree-level NP contribution is shown in Figure 1a and corresponds to the e" ective
Lagrangian

L NP
e! = $

GF"
2

(F u
12)2 (uL ! µcL )(uL ! µcL ) , (3.1)

where GF is the Fermi constant and F u
12 = $ V!

L 41
VL 42 . This ! C = 2 operator results in

a contribution to the D 0 mixing parameter xD = ! mD / #D of size [52,53]

xNP
D %

"
2mD

3#D
GF f 2

D BD r (mc, M Z )
!
!V!

L 41
VL 42

!
!2 , (3.2)

2Mass bounds depend on assumptions on branching ratios (and in the CMS case on the type of
analysis: cut-based vs. neural network). Experimental searches typically assume that the new quark
only couples to the third SM quark generation. In the generic case where VLQs mix with all SM quarks,
searches may need to be reinterpreted [45].

7

1.3 TeV  (ATLAS),

Eq. (2.20) should come as no surprise as it is well-known that an appealing feature of the
present framework is that deviations from unitarity are suppressed by the ratiosmq/m T

(q = u, c, t). In a scenario where! (1) dominates, i.e. ! ! ! 2,3, one obtains

mT !
mt"

!
, (2.22)

which implies mT ! 4.4 TeV for
"

! = 0 .04. Potentially weaker but more precise bounds
may in principle be obtained from perturbative unitarity considerations (see e.g. [42]).
The derivation of such bounds falls outside the scope of this paper and we make use of
the qualitative restriction of eq. (2.21) in what follows.

3 New Physics

A plethora of observables can be modiÞed at the tree or loop level in the presence of an
up-type VLQs (see for instance [43Ð46]). In this work we focus on the New Physics (NP)
contributions to neutral meson mixing (D , K and Bd,s neutral-meson systems), and on
the NP enhancement of the rare top decayst # qZ. The new heavy quark T, if light
enough, may in principle be produced at present colliders. The dominant contributions
to the pair production cross sections only depend on the massmT (see e.g. [47]). On the
other hand, single production mechanisms can in part be approximately parameterised
via functions of the mixing matrix elements VT d, VT s and VT b and are more model
dependent [48]. The same quantities inßuence the rates of theT decays into vector
bosons and SM quarks (see e.g. [49]). Lower bounds on the VLQ mass,mT > 1.3
TeV [50] and mT " 1.0 TeV [51], have been obtained at the 95% CL by the ATLAS and
CMS collaborations, respectively, in searches for pair-producedT-quarks.2

3.1 D 0-D
0

Mixing

The Z -mediated tree-level FCNC discussed in the previous section may most notably
compete with the SM contribution to D 0-D

0
mixing, which occurs at the loop level [52].

The tree-level NP contribution is shown in Figure 1a and corresponds to the e" ective
Lagrangian

L NP
e! = $

GF"
2

(F u
12)2 (uL ! µcL )(uL ! µcL ) , (3.1)

where GF is the Fermi constant and F u
12 = $ V!

L 41
VL 42 . This ! C = 2 operator results in

a contribution to the D 0 mixing parameter xD = ! mD / #D of size [52,53]

xNP
D %

"
2mD

3#D
GF f 2

D BD r (mc, M Z )
!
!V!

L 41
VL 42

!
!2 , (3.2)

2Mass bounds depend on assumptions on branching ratios (and in the CMS case on the type of
analysis: cut-based vs. neural network). Experimental searches typically assume that the new quark
only couples to the third SM quark generation. In the generic case where VLQs mix with all SM quarks,
searches may need to be reinterpreted [45].

7

1.0 TeV (CMS)

Eq. (2.20) should come as no surprise as it is well-known that an appealing feature of the
present framework is that deviations from unitarity are suppressed by the ratios mq/m T

(q = u, c, t). In a scenario where ! (1) dominates, i.e. ! ! ! 2,3, one obtains

mT !
mt"

!
, (2.22)

which implies mT ! 4.4 TeV for
"

! = 0.04. Potentially weaker but more precise bounds
may in principle be obtained from perturbative unitarity considerations (see e.g. [42]).
The derivation of such bounds falls outside the scope of this paper and we make use of
the qualitative restriction of eq. (2.21) in what follows.

3 New Physics

A plethora of observables can be modified at the tree or loop level in the presence of an
up-type VLQs (see for instance [43–46]). In this work we focus on the New Physics (NP)
contributions to neutral meson mixing (D , K and Bd,s neutral-meson systems), and on
the NP enhancement of the rare top decays t # qZ. The new heavy quark T , if light
enough, may in principle be produced at present colliders. The dominant contributions
to the pair production cross sections only depend on the mass mT (see e.g. [47]). On the
other hand, single production mechanisms can in part be approximately parameterised
via functions of the mixing matrix elements VT d, VT s and VT b and are more model
dependent [48]. The same quantities influence the rates of the T decays into vector
bosons and SM quarks (see e.g. [49]). Lower bounds on the VLQ mass, mT > 1.3
TeV [50] and mT " 1.0 TeV [51], have been obtained at the 95% CL by the ATLAS and
CMS collaborations, respectively, in searches for pair-produced T -quarks.2

3.1 D 0-D
0

Mixing

The Z -mediated tree-level FCNC discussed in the previous section may most notably

compete with the SM contribution to D 0-D
0
mixing, which occurs at the loop level [52].

The tree-level NP contribution is shown in Figure 1a and corresponds to the e" ective
Lagrangian

L
NP
e↵ = $

GF"
2
(F u

12)
2 (uL ! µcL )(uL ! µcL ) , (3.1)

where GF is the Fermi constant and F u
12 = $ V

!
L 41

VL 42 . This ! C = 2 operator results in
a contribution to the D 0 mixing parameter xD = ! mD / #D of size [52, 53]

xNP
D %

"
2mD

3 #D
GF f 2

D BD r (mc, M Z )
!
!V !

L 41
VL 42

!
!2 , (3.2)

2Mass bounds depend on assumptions on branching ratios (and in the CMS case on the type of
analysis: cut-based vs. neural network). Experimental searches typically assume that the new quark
only couples to the third SM quark generation. In the generic case where VLQs mix with all SM quarks,
searches may need to be reinterpreted [45].

7

Z

c

u

u

c

D 0

!
""""""#

""""""$

%
""""""&

""""""'

D
0

(a) NP contribution to D 0-D
0

mixing via Z -mediated FCNC.

uid

s

s

d

K 0

!
""""#

""""$

%
""""&

""""'

K
0

W W

uj

Wd

s

s

d

K 0

!
""""#

""""$

%
""""&

""""'

K
0ui uj

W

(b) Leading contributions to K 0-K
0

mixing, including the e ! ect of the new heavy quark, ui,j = u, c, t, T .

B 0
d,s

!
""""#

""""$

W

B 0
d,s

!
""""#

""""$

%
""""&

""""'

B
0
d,sui uj

W

d, s

b

b

d, s

d, s ui
%
""""&

""""'

B
0
d,sW W

ujb

b

d, s

(c) The same as in (b) but for B 0
d,s -B

0
d,s mixing.

Figure 1: Feynman diagrams for the leading contributions to neutral meson mixing in
the presence of one up-type VLQ.

where mD = 1864.83 ± 0.05 MeV, ! D = 1 / ! D with ! D = (410.1 ± 1.5) ! 10! 15 s [38],
and the factor r (mc, M Z ) " 0.778 accounts for RG e" ects, while BD " 1.18 [54] and
f D = 212.0 ± 0.7 MeV [55].

We consider in our analysis the conservative boundxNP
D < x exp

D , where we takexexp
D =

0.39+0 .11
! 0.12 % [56]. This bound limits from above the product of deviations from unitarity

of the Þrst and second rows of the CKM matrix, # 1# 2 = |V"
L 41

VL 42 |2 < 1.5 ! 10! 8.
Taking into account the chosen parameterisation, we Þnd"14"24 "

#
# 1# 2 < 1.2! 10! 4

in the approximation of small angles"14 and "24.
Requiring xNP

D < x exp
D also keeps under control the NP (tree-level) contribution to

the as yet unobserved# C = 1 decay D 0 $ µ+ µ! [53]. Namely, Br(D 0 $ µ+ µ! )NP "
3.0 ! 10! 9 xNP

D < 1.2 ! 10! 11, while Br( D 0 $ µ+ µ! )exp < 6.2 ! 10! 9 (90% CL) [38].
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3.2 K 0-K
0

and B 0
d,s-B

0
d,s mixing

We now turn to the mixing N 0-N
0

of neutral mesonsN 0 = K 0, B 0
(d) , B 0

s . Given that

the valence quarks of these mesons are all of the down type (K 0 ! døs, B 0 ! døb and
B 0

s ! søb), there is no NP contribution to their mixing at the tree level. Nevertheless, the
loop-level short-distance NP contributions may appreciably compete with SM ones. The
corresponding diagrams are shown in Figures 1b and 1c. The amplitudes of these box
diagrams are proportional to

!
i,j ! N

i ! N
j F (xi , xj ), where xi = ( mi /m W )2 and F (xi , xj )

is a box loop function [57]. The sum is taken over all up-type quarks (i, j = u, c, t, T ).
One has further deÞned

! K
i " V !

is Vid , ! B
i " V !

ibVid , ! B s
i " V !

ibVis , (3.3)

for each of the considered neutral meson systems. Unitarity of the columns ofV , namely
V   V = 13" 3, implies

! N
u + ! N

c + ! N
t + ! N

T = 0 (3.4)

and can be used to eliminate the up-quark contributions, as is typically done in the SM
case (see e.g. [58]). The o! -diagonal element in the dispersive part of the amplitude for
neutral meson mixing is then given by [43,57]

"
M N

12

#!
#

mN

3
$

2
GF f 2

N BN
"

4#s2
W

$

i,j = c,t,T

r ij ! N
i ! N

j S(xi , xj ) , (3.5)

where mN , BN and f N are the average mass, bag parameter and decay constant of the
meson, respectively. Their values are summarised in Table 1.3 The factors r ij account
for O(1) QCD corrections to the electroweak diagrams. Finally, the functions

S(xi , xj ) = F (xi , xj ) %F (0, xi ) %F (0, xj ) + F (0, 0)

= xi xj

%
ln xi

(xi %xj )(1 %xi )2

&
1 %2xi +

x2
i

4

'
+ ( xi & xj ) %

3
4(1 %xi )(1 %xj )

(
,

S(xi ) " lim
xj # x i

S(xi , xj ) =
xi

(1 %xi )2

&
1 %

11
4

xi +
x2

i

4

'
%

3
2

x3
i ln xi

(1 %xi )3 , (3.6)

are the well-known Inami-Lim functions [62], obeying S(xi , xj ) = S(xj , xi ). We have
taken xu # 0 to a good approximation.

One can thus isolate the NP contributions to the mass di! erences" mN # 2|M N
12|.

It follows that

" mNP
N #

G2
F M 2

W mN f 2
N BN

6#2

)
)
)2r cT ! N

c ! N
T ScT + 2 r tT ! N

t ! N
T StT + rT T

"
! N

T

#2
ST

)
)
) ,

(3.7)
with the shorthands Sij = S(xi , xj ) and Si = S(xi ).

3Our conclusions are unchanged when taking into account an updated value for the bag parameter
BB s [59Ð61].
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where mD = 1864.83 ± 0.05 MeV, ! D = 1 / ! D with ! D = (410.1 ± 1.5) ! 10! 15 s [38],
and the factor r (mc, M Z ) " 0.778 accounts for RG e" ects, while BD " 1.18 [54] and
f D = 212.0 ± 0.7 MeV [55].

We consider in our analysis the conservative boundxNP
D < x exp

D , where we takexexp
D =

0.39+0 .11
! 0.12 % [56]. This bound limits from above the product of deviations from unitarity

of the Þrst and second rows of the CKM matrix, # 1# 2 = |V"
L 41

VL 42 |2 < 1.5 ! 10! 8.
Taking into account the chosen parameterisation, we Þnd"14"24 "

#
# 1# 2 < 1.2! 10! 4

in the approximation of small angles"14 and "24.
Requiring xNP

D < x exp
D also keeps under control the NP (tree-level) contribution to

the as yet unobserved# C = 1 decay D 0 $ µ+ µ! [53]. Namely, Br(D 0 $ µ+ µ! )NP "
3.0 ! 10! 9 xNP

D < 1.2 ! 10! 11, while Br( D 0 $ µ+ µ! )exp < 6.2 ! 10! 9 (90% CL) [38].
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where mD = 1864.83 ± 0.05 MeV, ! D = 1 / ! D with ! D = (410.1 ± 1.5) ! 10! 15 s [38],
and the factor r (mc, M Z ) " 0.778 accounts for RG e" ects, while BD " 1.18 [54] and
f D = 212.0 ± 0.7 MeV [55].

We consider in our analysis the conservative boundxNP
D < x exp

D , where we takexexp
D =

0.39+0 .11
! 0.12 % [56]. This bound limits from above the product of deviations from unitarity

of the Þrst and second rows of the CKM matrix, # 1# 2 = |V"
L 41

VL 42 |2 < 1.5 ! 10! 8.
Taking into account the chosen parameterisation, we Þnd"14"24 "

#
# 1# 2 < 1.2! 10! 4

in the approximation of small angles"14 and "24.
Requiring xNP

D < x exp
D also keeps under control the NP (tree-level) contribution to

the as yet unobserved# C = 1 decay D 0 $ µ+ µ! [53]. Namely, Br(D 0 $ µ+ µ! )NP "
3.0 ! 10! 9 xNP

D < 1.2 ! 10! 11, while Br( D 0 $ µ+ µ! )exp < 6.2 ! 10! 9 (90% CL) [38].
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N 0-N
0

mN [MeV] ! mexp
N [MeV] f N [MeV] BN

K 0-K
0

497.611± 0.013 (3.484± 0.006) ! 10! 12 155.7 ± 0.3 0.717± 0.024

B 0-B
0

5279.65± 0.12 (3.334± 0.013) ! 10! 10 190.0 ± 1.3 1.30± 0.10

B 0
s -B

0
s 5366.88± 0.14 (1.1683± 0.0013)! 10! 8 230.3 ± 1.3 1.35± 0.06

Table 1: Mass and mixing parameters [38] and decay constants and bag parameters [55]
for the neutral meson systems with down-type valence quarks considered in section 3.2.

Observable mT = 1 TeV mT = 3 TeV

! mK
!
!VT d

!
!
!
!VT s

!
! < 7.4 ! 10! 4

!
!VT d

!
!
!
!VT s

!
! < 2.7 ! 10! 4

! mB
!
!VT d

!
!
!
!VT b

!
! < 6.7 ! 10! 4

!
!VT d

!
!
!
!VT b

!
! < 3.4 ! 10! 4

! mB s

!
!VT s

!
!
!
!VT b

!
! < 3.2 ! 10! 3

!
!VT s

!
!
!
!VT b

!
! < 1.6 ! 10! 3

|! K |
!
!VT d

!
!
!
!VT s

!
!
"

| sin 2" | < 8.8 ! 10! 5
!
!VT d

!
!
!
!VT s

!
!
"

| sin 2" | < 3.1 ! 10! 5

Table 2: Constraints from neutral meson observables on products of mixing matrix
elements (" = arg V !

T s VT d ) for two benchmark masses of the new heavy top quark.

This NP term is sensitive to the mass of the new quarkmT and to the elements
of the fourth row of V , via " N

T . In our analysis we take a conservative estimate of the
impact of ! mNP

N by requiring ! mNP
N < ! mexp

N (we take r iT = 1). The experimental
values for the ! mexp

N are given in Table 1.
Before proceeding, note that one can obtain some insight into the strength of these

constraints by assuming that there are no cancellations and neglecting the charmed term,
ScT " StT < S T . Requiring, for illustrative purposes,

! mNP
N #

G2
F M 2

W mN f 2
N BN

6#2

#
2

!
!" N

t

!
!
!
!" N

T

!
! StT +

!
!" N

T

!
!2

ST

$
< ! mexp

N , (3.8)

one obtains approximatemT -dependent bounds on the quantities
!
!" K

T

!
! =

!
!VT d

!
!
!
!VT s

!
! ,

!
!" B

T

!
! =

!
!VT d

!
!
!
!VT b

!
! ,

!
!" B s

T

!
! =

!
!VT s

!
!
!
!VT b

!
! , (3.9)

which have no simple expression in the chosen angular parameterisation. We present
such bounds in Table 2 for two benchmark values of the heavy mass,mT = 1 , 3 TeV.

3.3 CP violation in K L $ !!

The parameter ! K describes the indirect CP violation in the kaon system and has been
measured to be|! K |exp = (2 .228± 0.011) ! 10! 3. It can be connected toM K

12 via [58]

|! K | =
$!%

2! mK

!
!Im M K

12

!
! , (3.10)
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where ! ! ! 0.92± 0.02 [63]. Using eq. (3.5), one Þnds the maximum possible value for
the NP contribution,

|"K |NP !
G2

F M 2
W mK f 2

K BK ! !

12
"

2#2 ! mK

!
!
!
!2r cT ScT Im

"
V !

csVcdV !
T sVT d

#

+ 2 r tT StT Im
"
V !

tsVtdV !
T sVT d

#
+ rT T ST Im

$"
V !

T sVT d
#2

%!
!
!
! .

(3.11)

While this expression is manifestly not rephasing-invariant, it holds provided$K
u is real,

as is the case for our parameterisation. This maximum NP contribution depends onmT

and on the angles and phases inV . In our analysis, we require that its absolute value
does not exceed the measured value,|"K |NP < |"K |exp (we take r iT = 1).

For illustrative purposes, a rough bound on $K
T = V !

T sVT d can be obtained at the
outset by assuming that only the last term in eq. (3.11) gives a sizeable contribution, as
ScT # StT < S T and |Vtd ||Vts | $ 3 %10" 4. Denoting by " the phase of$K

T = V !
T sVT d,

one has

|"K |NP $ 0.5
G2

F M 2
W mK f 2

K BK ! !

12
"

2#2 ! mK
ST

!
!V !

T sVT d
!
!2| sin 2" | < |"K |exp , (3.12)

where the ad-hoc 1/ 2 factor takes into account the fact that the tT term may partly can-
cel the T T one and leads to a more conservative bound. The consequences of eq. (3.12)
for the previously considered benchmarks (mT = 1 , 3 TeV) are shown in the last row of
Table 2.

3.4 Rare top decays t & qZ

Provided the new quark mixes with both the light and the third generations, the rates
of the rare FCNC decayst & qi Z (qi = u, c) may be enhanced with respect to their SM
expectation (see e.g. [64]). The leading-order NP contribution occurs at tree level and
is given by [65]

#(t & qi Z )NP !
%

32s2
W c2

W
|F u

i 3|2
m3

t

M 2
Z

&
1 '

M 2
Z

m2
t

' 2 &
1 + 2

M 2
Z

m2
t

'
, (3.13)

with F u
i 3 = ' V!

L 4i
VL 43 (i = 1 , 2). One can approximate the total decay width of the

top-quark by #t ! #(t & bW+ ) and obtain

Br( t & qi Z )NP !

!
!V!

L 4i
VL 43

!
!2

2 |Vtb|2

&
1 '

M 2
Z

m2
t

' 2&
1 + 2

M 2
Z

m2
t

' &
1 ' 3

M 4
W

m4
t

+ 2
M 6

W

m6
t

' " 1

,

(3.14)

at leading order. This is to be contrasted with the suppressed Br(t & uZ )SM $ 10" 16 and
Br( t & cZ)SM $ 10" 14 [65] in the SM. In the small angle approximation, one predicts
Br( t & qi Z )NP ! 0.46&2

i 4 &2
34 $ ! i ! 3, which for O(0.01) angles still exceeds the SM
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where mD = 1864.83 ± 0.05 MeV, ! D = 1 / ! D with ! D = (410.1 ± 1.5) ! 10! 15 s [38],
and the factor r (mc, M Z ) " 0.778 accounts for RG e" ects, while BD " 1.18 [54] and
f D = 212.0 ± 0.7 MeV [55].

We consider in our analysis the conservative boundxNP
D < x exp

D , where we takexexp
D =

0.39+0 .11
! 0.12 % [56]. This bound limits from above the product of deviations from unitarity

of the Þrst and second rows of the CKM matrix, # 1# 2 = |V"
L 41

VL 42 |2 < 1.5 ! 10! 8.
Taking into account the chosen parameterisation, we Þnd"14"24 "

#
# 1# 2 < 1.2! 10! 4

in the approximation of small angles"14 and "24.
Requiring xNP

D < x exp
D also keeps under control the NP (tree-level) contribution to

the as yet unobserved# C = 1 decay D 0 $ µ+ µ! [53]. Namely, Br(D 0 $ µ+ µ! )NP "
3.0 ! 10! 9 xNP

D < 1.2 ! 10! 11, while Br( D 0 $ µ+ µ! )exp < 6.2 ! 10! 9 (90% CL) [38].
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where mD = 1864.83 ± 0.05 MeV, ! D = 1 / ! D with ! D = (410.1 ± 1.5) ! 10! 15 s [38],
and the factor r (mc, M Z ) " 0.778 accounts for RG e" ects, while BD " 1.18 [54] and
f D = 212.0 ± 0.7 MeV [55].

We consider in our analysis the conservative boundxNP
D < x exp

D , where we takexexp
D =

0.39+0 .11
! 0.12 % [56]. This bound limits from above the product of deviations from unitarity

of the Þrst and second rows of the CKM matrix, # 1# 2 = |V"
L 41

VL 42 |2 < 1.5 ! 10! 8.
Taking into account the chosen parameterisation, we Þnd"14"24 "

#
# 1# 2 < 1.2! 10! 4

in the approximation of small angles"14 and "24.
Requiring xNP

D < x exp
D also keeps under control the NP (tree-level) contribution to

the as yet unobserved# C = 1 decay D 0 $ µ+ µ! [53]. Namely, Br(D 0 $ µ+ µ! )NP "
3.0 ! 10! 9 xNP

D < 1.2 ! 10! 11, while Br( D 0 $ µ+ µ! )exp < 6.2 ! 10! 9 (90% CL) [38].
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where one identiÞes an enlarged 4! 3 mixing matrix V , corresponding to the Þrst three
columns of V 

L , namely

V = A 
L =

!

"
"
"
#

c12 c13 c14 s12 c13 c14 s13 c14 e! i ! 13

. . . . . . . . .

. . . . . . . . .

. . . . . . . . .

$

%
%
%
&

"

!

"
#

K CKM

K T

$

%
& . (2.8)

The Þrst three rows ofV , collectively denotedK CKM , play the role of the 3! 3 Cabibbo-
Kobayashi-Maskawa (CKM) mixing matrix.

It is clear from our choice of parameterisation that in the limit of ! 14, ! 24, ! 34 going
to zero there is no mixing with the new quark,K CKM is unitary and its parameterisation
reduces to the standard one [38], whileK T = (0 , 0, 0). However, it is crucial to note that
in general K CKM is not unitary. While V   V = 1, one generically hasV V  #= 1 and
a violation of Þrst-row CKM unitarity, |Vud|2 + |Vus|2 + |Vub|2 < 1, is possible. In the
parameterisation we are using, the deviations from unitarity ! n of the n-th row of the
quark mixing matrix V take a simple form:

! " ! 1 = 1 $ |Vud|2 $ |Vus|2 $ |Vub|2 =
'
' V"

L 41

'
' 2 = s2

14 ,

! 2 = 1 $ |Vcd|2 $ |Vcs|2 $ |Vcb|2 =
'
' V"

L 42

'
' 2 = c2

14 s2
24 ,

! 3 = 1 $ |Vtd |2 $ |Vts |2 $ |Vtb|2 =
'
' V"

L 43

'
' 2 = c2

14 c2
24 s2

34 .

(2.9)

The experimental data suggests
%

! & 0.04 [8]. In order to isolate the deviations from
unitarity, one can also consider the left-polar decomposition

K CKM = HL UCKM " (1 $ " ) UCKM , (2.10)

where UCKM is a unitary matrix and HL and " are Hermitian matrices. The matrix
" can be written in terms of the ! i , see eq. (2.16). It is known that in the present
framework deviations from unitarity are naturally suppressed by the ratios mq/m T (q =
u, c, t) [23Ð25,39,40], as we discuss in section 2.5.

2.4 Z - and Higgs-mediated FCNCs

Changing to the physical basis, the neutral current Lagrangian becomes:

L Z = $
g

cW

(
1
2

)
u0

Li #µ u0
Li $ d

0
Li #µ d0

Li

*

$
2
3

s2
W

)
u0

i #µ u0
i + T

0
#µ T0

*
+

1
3

s2
W

)
d

0
i #µ d0

i

* +
Zµ

' $
g

cW

(
1
2

,
uL TL

-
F u #µ

.
uL

TL

/

$
1
2

dLi #µdLi

$
2
3

s2
W

,
ui #µ ui + T #µ T

-
+

1
3
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N 0-N
0

mN [MeV] ! mexp
N [MeV] f N [MeV] BN

K 0-K
0

497.611± 0.013 (3.484± 0.006) ! 10! 12 155.7 ± 0.3 0.717± 0.024

B 0-B
0

5279.65± 0.12 (3.334± 0.013) ! 10! 10 190.0 ± 1.3 1.30± 0.10

B 0
s -B

0
s 5366.88± 0.14 (1.1683± 0.0013)! 10! 8 230.3 ± 1.3 1.35± 0.06

Table 1: Mass and mixing parameters [38] and decay constants and bag parameters [55]
for the neutral meson systems with down-type valence quarks considered in section 3.2.

Observable mT = 1 TeV mT = 3 TeV
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Table 2: Constraints from neutral meson observables on products of mixing matrix
elements (" = arg V !

T s VT d ) for two benchmark masses of the new heavy top quark.

This NP term is sensitive to the mass of the new quarkmT and to the elements
of the fourth row of V , via " N

T . In our analysis we take a conservative estimate of the
impact of ! mNP

N by requiring ! mNP
N < ! mexp

N (we take r iT = 1). The experimental
values for the ! mexp

N are given in Table 1.
Before proceeding, note that one can obtain some insight into the strength of these

constraints by assuming that there are no cancellations and neglecting the charmed term,
ScT " StT < S T . Requiring, for illustrative purposes,
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one obtains approximatemT -dependent bounds on the quantities
!
!" K

T

!
! =

!
!VT d

!
!
!
!VT s

!
! ,

!
!" B

T

!
! =

!
!VT d

!
!
!
!VT b

!
! ,

!
!" B s

T

!
! =

!
!VT s

!
!
!
!VT b

!
! , (3.9)

which have no simple expression in the chosen angular parameterisation. We present
such bounds in Table 2 for two benchmark values of the heavy mass,mT = 1 , 3 TeV.

3.3 CP violation in K L $ !!

The parameter ! K describes the indirect CP violation in the kaon system and has been
measured to be|! K |exp = (2 .228± 0.011) ! 10! 3. It can be connected toM K

12 via [58]
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!
!Im M K

12

!
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where ! ! ! 0.92± 0.02 [63]. Using eq. (3.5), one Þnds the maximum possible value for
the NP contribution,
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While this expression is manifestly not rephasing-invariant, it holds provided$K
u is real,

as is the case for our parameterisation. This maximum NP contribution depends onmT

and on the angles and phases inV . In our analysis, we require that its absolute value
does not exceed the measured value,|"K |NP < |"K |exp (we take r iT = 1).

For illustrative purposes, a rough bound on $K
T = V !

T sVT d can be obtained at the
outset by assuming that only the last term in eq. (3.11) gives a sizeable contribution, as
ScT # StT < S T and |Vtd ||Vts | $ 3 %10" 4. Denoting by " the phase of$K

T = V !
T sVT d,

one has
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12
"
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!
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T sVT d
!
!2| sin 2" | < |"K |exp , (3.12)

where the ad-hoc 1/ 2 factor takes into account the fact that the tT term may partly can-
cel the T T one and leads to a more conservative bound. The consequences of eq. (3.12)
for the previously considered benchmarks (mT = 1 , 3 TeV) are shown in the last row of
Table 2.

3.4 Rare top decays t & qZ

Provided the new quark mixes with both the light and the third generations, the rates
of the rare FCNC decayst & qi Z (qi = u, c) may be enhanced with respect to their SM
expectation (see e.g. [64]). The leading-order NP contribution occurs at tree level and
is given by [65]
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with F u
i 3 = ' V!

L 4i
VL 43 (i = 1 , 2). One can approximate the total decay width of the

top-quark by #t ! #(t & bW+ ) and obtain
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(3.14)

at leading order. This is to be contrasted with the suppressed Br(t & uZ )SM $ 10" 16 and
Br( t & cZ)SM $ 10" 14 [65] in the SM. In the small angle approximation, one predicts
Br( t & qi Z )NP ! 0.46&2

i 4 &2
34 $ ! i ! 3, which for O(0.01) angles still exceeds the SM
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where ✏ ' 0.92± 0.02 [63]. Using eq. (3.5), one Þnds the maximum possible value for
the NP contribution,
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While this expression is manifestly not rephasing-invariant, it holds provided�K
u is real,

as is the case for our parameterisation. This maximum NP contribution depends onmT

and on the angles and phases inV . In our analysis, we require that its absolute value
does not exceed the measured value,|✏K |
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where the ad-hoc 1/2 factor takes into account the fact that the tT term may partly can-
cel the TT one and leads to a more conservative bound. The consequences of eq. (3.12)
for the previously considered benchmarks (mT = 1 , 3 TeV) are shown in the last row of
Table 2.

3.4 Rare top decays t ! qZ

Provided the new quark mixes with both the light and the third generations, the rates
of the rare FCNC decayst ! qiZ (qi = u, c) may be enhanced with respect to their SM
expectation (see e.g. [64]). The leading-order NP contribution occurs at tree level and
is given by [65]
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VL43 (i = 1 , 2). One can approximate the total decay width of the
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(3.14)

at leading order. This is to be contrasted with the suppressed Br(t ! uZ)SM ⇠ 10�16 and
Br( t ! cZ)SM ⇠ 10�14 [65] in the SM. In the small angle approximation, one predicts
Br( t ! qiZ)NP ' 0.46✓2

i4 ✓
2
34 ⇠ �i�3, which for O(0.01) angles still exceeds the SM
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contribution by several orders of magnitude. At present, the strongest bound on these
branching ratios is set by the ATLAS collaboration, namely Br( t ! uZ )exp < 1.7" 10! 4

and Br(t ! cZ)exp < 2.4 " 10! 4 (95% CL) [66].
As noted in section 2.4, the tree-level NP contribution to the rare decayt ! qh is

suppressed with respect tot ! qZ and is not considered in our analysis. The same goes
for the new contributions to the rare top decays proceeding at loop levelt ! qg and
t ! q! , which generically exceed the GIM-suppressed SM contributions.

4 Numerical analysis

In order to explore the viability of the SM extension with one up-type VLQ we are
considering, we have performed a numerical scan of the parameter space of the model.
From the outset, the model is constrained by the absolute values of the entries of the
CKM matrix. Their present best-Þt values, without imposing unitarity, are [38]

|K CKM | =

!

"
0.97370± 0.00014 0.2245± 0.0008 (3.82± 0.24) " 10! 3

0.221± 0.004 0.987± 0.011 (41.0 ± 1.4) " 10! 3

(8.0 ± 0.3) " 10! 3 (38.8 ± 1.1) " 10! 3 1.013± 0.030

#

$ . (4.1)

We further assume [64,67] that the presence of an up-type VLQ does not a! ect the value
of the phase! = arg( # VudVcbV "

ubV "
cd), which is obtained from SM tree-level dominated

B decays,! = (72 .1+4 .1
! 4.5)¡ [38]. We useN " =

%
#2 as a measure of the goodness of Þt,

where #2 is approximated as a sum of priors,

#2 =
&

ij

'
Vij # V c

ij

" (Vij )

( 2

+
'

! # ! c

" (! )

( 2

, (4.2)

with the superscript c denoting central values and" (! ) = 4 .5¡. We take mc(M Z ) =
0.619± 0.084 GeV, mt (M Z ) = 171.7 ± 3.0 GeV [68] and requiremT > 1 TeV, in line
with collider bounds.

The values of the new angles and phases compatible with the above criteria are
shown as the dashed regions in the correlation plot of Figure 2. These regions contract
to the solid green 2" and 3" contours after all the constraints from the previous sections
are taken into account. These constraints comprise the bounds onxD , " mN (N =
K 0, B 0, B 0

s ), and |$K | discussed in section 3 and the perturbativity bound of eq. (2.21).
One sees that relatively large values for both%14 $

%
" and %34 are preferred by the

data, which disfavour %34 = 0 at more than 2" . Conversely,%24 is compatible with zero
and the preference shown for small values of this angle is driven by the constraint coming
from D 0-D

0
mixing (see section 3.1).

The perturbativity constraint also restricts the allowed values of mT , which are shown
against Þrst-row deviations from unitarity in Figure 3. As anticipated in section 2.5, the
maximum value for mT depends on the size of the deviations from unitarity. Fixing%

" = 0 .04, one ÞndsmT ! 5 TeV. Taking into account the full 3 " region of the Þt, the
bound becomesmT ! 7 TeV.
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where ! ! ! 0.92± 0.02 [63]. Using eq. (3.5), one Þnds the maximum possible value for
the NP contribution,
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While this expression is manifestly not rephasing-invariant, it holds provided$K
u is real,

as is the case for our parameterisation. This maximum NP contribution depends onmT

and on the angles and phases inV . In our analysis, we require that its absolute value
does not exceed the measured value,|"K |NP < |"K |exp (we take r iT = 1).

For illustrative purposes, a rough bound on $K
T = V !

T sVT d can be obtained at the
outset by assuming that only the last term in eq. (3.11) gives a sizeable contribution, as
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where the ad-hoc 1/ 2 factor takes into account the fact that the tT term may partly can-
cel the T T one and leads to a more conservative bound. The consequences of eq. (3.12)
for the previously considered benchmarks (mT = 1 , 3 TeV) are shown in the last row of
Table 2.

3.4 Rare top decays t & qZ

Provided the new quark mixes with both the light and the third generations, the rates
of the rare FCNC decayst & qi Z (qi = u, c) may be enhanced with respect to their SM
expectation (see e.g. [64]). The leading-order NP contribution occurs at tree level and
is given by [65]
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at leading order. This is to be contrasted with the suppressed Br(t & uZ )SM $ 10" 16 and
Br( t & cZ)SM $ 10" 14 [65] in the SM. In the small angle approximation, one predicts
Br( t & qi Z )NP ! 0.46&2
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34 $ ! i ! 3, which for O(0.01) angles still exceeds the SM
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where the ad-hoc 1/ 2 factor takes into account the fact that the tT term may partly can-
cel the T T one and leads to a more conservative bound. The consequences of eq. (3.12)
for the previously considered benchmarks (mT = 1 , 3 TeV) are shown in the last row of
Table 2.
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where ! ! ! 0.92± 0.02 [63]. Using eq. (3.5), one Þnds the maximum possible value for
the NP contribution,
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While this expression is manifestly not rephasing-invariant, it holds provided$K
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where the ad-hoc 1/ 2 factor takes into account the fact that the tT term may partly can-
cel the T T one and leads to a more conservative bound. The consequences of eq. (3.12)
for the previously considered benchmarks (mT = 1 , 3 TeV) are shown in the last row of
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at leading order. This is to be contrasted with the suppressed Br(t & uZ )SM $ 10�16 and
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with the superscript c denoting central values and �(�) = 4.5¡. We take mc(MZ ) =
0.619 ± 0.084 GeV, mt (MZ ) = 171.7 ± 3.0 GeV [68] and require mT > 1 TeV, in line
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data, which disfavour ✓34 = 0 at more than 2�. Conversely, ✓24 is compatible with zero
and the preference shown for small values of this angle is driven by the constraint coming

from D
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The perturbativity constraint also restricts the allowed values ofmT , which are shown
against first-row deviations from unitarity in Figure 3. As anticipated in section 2.5, the
maximum value for mT depends on the size of the deviations from unitarity. Fixing
p

" = 0.04, one finds mT ! 5 TeV. Taking into account the full 3� region of the fit, the
bound becomes mT ! 7 TeV.
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relating the deviations from unitarity of the rows of KCKM with the FCNC structure.

The Higgs boson h may likewise mediate tree-level FCNC among up-type quarks,
since not all fermions acquire their mass via couplings to the Higgs doublet �. In the
unitary gauge, the interactions of quarks with the Higgs read, first in the flavour basis
and then in the physical basis:
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Similarly to the case of Z-mediated FCNC, the strength of Higgs-mediated FCNC is
controlled by the o↵-diagonal entries of the matrix F

u and by the ratios mq/v, (q =
u, c, t, T ). Note that for transitions involving only the lighter quarks u and c, a strong
suppression – by a factor of mu/v or mc/v – is present.

2.5 Perturbativity

The magnitude of the first three rows in Mu is controlled by the scale of electroweak
symmetry breaking, vp

2
' 174 GeV, and capped by the requirement of having pertur-

bative Yukawa couplings Y
u

ij
and Y i (i, j = 1, 2, 3). One can relate the perturbativity

condition to quarks masses and deviations �i from unitarity, obtaining an upper bound
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by noting that 1�|VL43 |
2 = 1��3, with�3 ⌧ 1, and 1�|VL44 |

2 =
P

i
�i (see eq. (2.14)).

Using eq. (2.18) we obtain
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where it is clear that p should always be bigger than 1. Requiring Yukawa couplings of
at most O(1) constrains the last term of eq. (2.19) to be of O(m2

t ). This indicates thatp
p� 1 should also be of O(1). Hence, eq. (2.20) translates into the approximate upper
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. (2.21)

6



Results of numerical analysis
Take CKM from PDG without assuming unitarity
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- no reason for common ÒwisdomÓ that T couples more strongly to third generation
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It can be shown that one can obtain these patterns through the 
introduction of a Z_4 symmetry at the Lagrangian level
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Now, when one introduces New Physics and extends the up quark sector with one isosinglet
VLQ, one obtains a 4! 4 extended up-quark mass matrix with new elements. Let us then
assume that this new mass matrix structure is near toMu in Eq. (2) and given by

M u =

!

"
"
#

0 0 0 m14

0 m22 m23 m24ei !

0 m32ei " m33 0
m41 0 " m43ei # M

$

%
%
& , (4)

where the (mij , M ) are real, ! , " , # # [0, 2$] and for simplicity, we have takenmu
11 = 0

and mu
34 = 0. In addition one may also choose a WB wheremu

42 = 0. These structures
for the up and down quark mass matrices may also be obtained by imposing a discrete
Z4 symmetry on the Lagrangian (see Appendix A).

However, the crucial point here is that, in this new scenario,|V13| is now e! ectively
di! erent from zero, and generated by the mixing with the heavy extra vector-like particle.
Consequently, one may now have signiÞcant CP violation. To see this,it is useful to
re-write M u in a di! erent WB where some right-handed Þelds have been transformed,
such as to obtain (M !

u)4i = 0, i = 1, 2, 3. One Þnds, in leading order

M u
WB""$ M !

u = M u á Wu

M !
u =

!

"
"
#

" m14 m41
M 0 m14 m43

M ei # m14

" m24 m41
M ei ! m22 m23 m24ei !

0 m32ei " m33 " m33 m43
M e" i #

0 0 0 M

$

%
%
&

(5)

where we assume that|mij | % |m33| & |M |.

Several results can then be, immediately, derived from Eq. (5). The Þrst one is that the
e! ective up-quark mass matrix for the three lightest quarks is given by

M e!
u =

!

#
" m41 m14

M 0 m14 m43
M ei #

" m41 m24
M ei ! m22 m23

0 m32ei " m33

$

& . (6)

Then, taking here the limit m41 = 0, corresponding tomu = 0, and assuming thatM '
mT , the mass of the heavy vector-like quark, andm33 ' mt while the other parameters
are (much) smaller, one already Þnds, in a rough approximation, forthe diagonalization
matrix V u of the up-quarks that

V u
23 '

m23

mt
, V u

13 '
m14m43

mT mt
ei #. (7)

From from Eq. (5), one also obtains rough estimates for the extramixing angles involving
the New Physics coming from the extra heavy up quark, the heavy top. It easy to see

3

Introduce an up-type VLQ 

and assume the 4x4 up-type quark matrix to be of the form:

then one can generate:



Numerical example:

Mass matrices in GeV at the m_Z scale:

dominant mixing of the heavy-top with the Þrst generation [29]. Usingthis result one has

|V34| !
mtm43

m2
T

! 6.27" 10! 3. (20)

These upper-bounds for|V24| and |V34| are well within the allowed regions presented in [25],
where the parameter regions of a general model with a heavy-topare scanned while impos-
ing the experimental constraints coming fromK 0 # K

0
and B 0

d,s # B
0
d,s. Nonetheless, as it

was pointed out in [24], the NP contributions to! K are currently much more constrained,
roughly 10% of the standard model contribution which is very near to the experimental
bound. Therefore, when introducing a VLQ, one should be very careful as not to exceed
this bound. As it was shown, there exists a signiÞcant region of parameter space where
the NP contribution to ! K are small (and|! NP

K | ! |! exp
K |/ 10), and where

|V24|, |V34| $ |V14| % " 2. (21)

In this region, the NP contributions to the golden mode kaon decaysand ! "/ ! are also
within the experimental bounds (see Appendix B).

3.1 Numerical Example

Next, we present a benchmark numerical example of our model andcompute the NP
contributions to the most relevant EWPM quantities.

We consider the following mass matrices (in GeV, at theMZ scale) for the down and
up-sectors, respectively

Md =

!

"
0.00292338 # 0.0134741 0
0.000673705 0.0584675 0

0 0 2.9

#

$ ,

M u =

!

%
%
"

0 0 0 53.7334
0 0.59952 # 6.91815 1.250e! 0.285i

0 # 0.0239936 172.862 0
0.046526 0 14.886e! 1.190i 1250

#

&
&
$ .

(22)

From these one obtains the following mass spectrum (also in GeV, at the MZ scale)

md = 0.003, ms = 0.060, mb = 2.9,

mu = 0.002, mc = 0.60, mt = 173, mT = 1251.
(23)

The CKM matrix is the 4 " 3 left-sub-matrix of the following full 4" 4 mixing matrix

|V| =

!

%
%
"

0.97354 0.224413 0.00370431 0.0429468
0.224536 0.973644 0.0399975 0.000996211

0.00833917 0.0393001 0.999192 0.00151171
0.0416344 0.0105585 0.001674 0.999076

#

&
&
$ , (24)
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bound. Therefore, when introducing a VLQ, one should be very careful as not to exceed
this bound. As it was shown, there exists a signiÞcant region of parameter space where
the NP contribution to ! K are small (and|! NP

K | ! |! exp
K |/ 10), and where

|V24|, |V34| $ |V14| % " 2. (21)

In this region, the NP contributions to the golden mode kaon decaysand ! "/ ! are also
within the experimental bounds (see Appendix B).

3.1 Numerical Example

Next, we present a benchmark numerical example of our model andcompute the NP
contributions to the most relevant EWPM quantities.

We consider the following mass matrices (in GeV, at theMZ scale) for the down and
up-sectors, respectively

Md =

!

"
0.00292338 # 0.0134741 0
0.000673705 0.0584675 0

0 0 2.9

#

$ ,

M u =

!

%
%
"

0 0 0 53.7334
0 0.59952 # 6.91815 1.250e! 0.285i

0 # 0.0239936 172.862 0
0.046526 0 14.886e! 1.190i 1250

#

&
&
$ .

(22)

From these one obtains the following mass spectrum (also in GeV, at the MZ scale)

md = 0.003, ms = 0.060, mb = 2.9,

mu = 0.002, mc = 0.60, mt = 173, mT = 1251.
(23)

The CKM matrix is the 4 " 3 left-sub-matrix of the following full 4" 4 mixing matrix

|V| =

!

%
%
"

0.97354 0.224413 0.00370431 0.0429468
0.224536 0.973644 0.0399975 0.000996211

0.00833917 0.0393001 0.999192 0.00151171
0.0416344 0.0105585 0.001674 0.999076

#

&
&
$ , (24)
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These mass matrices  lead to:

and the resulting CP violation rephasing invariant phases are

! ! arg (" VudVcbV !
ubV

!
cd) # 68.0" ,

sin(2" ) ! sin [2 arg (" VcdVtbV !
cbV

!
td )] # 0.746,

# ! arg (" VtsVcbV !
csV

!
tb) # 0.020,

## ! arg (" VcdVusV !
csV

!
ud) # 5.71$ 10$ 4.

(25)

with the CP-odd invariant quantity I CP = |ImQ| ! |Im (VubVcdV !
udV !

cb) |,

I CP # 3.00$ 10$ 5. (26)

Finally, in table (1) we present the results for the most relevant EWPM quantities.

Observable NP prediction Observable NP prediction

! mB d 1.50$ 10$ 11 MeV xD 0.048%

! mB s 2.79$ 10$ 11 MeV $#/ $ " 6.28$ 10$ 5

! mK 7.96$ 10$ 13 MeV
Br (K + $% ! + "" )

Br( K + $% ! + "" )SM
0.429

$K 2.25$ 10$ 5 Br (K 0$% ! 0"" )
Br( K 0$% ! 0"" )SM

0.636

Table 1: NP contributions to various processes for the numerical case in Eq.(22).

4 Conclusions

We have put forward the conjecture that the small numbers inVCKM originate from Physics
Beyond the SM. As small numbers, we identify|Vub| and the strength of CP violation,
namely I CP = |ImQ|, with Q denotinq a rephasing invariant quartet ofVCKM .

We further propose that there is a weak basis where the e" ective VCKM matrix arises from
a rotation in the 2 " 3 up quark sector and a 1" 2 rotation in the down quark sector.
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Physics BSM with vector-like quarks (VLQs)

Rich variety of new Physics

Bare mass terms in the Lagrangian are allowed (as it is the case of  !
neutrino Majorana mass terms)

Mixing of the new quarks with the SM-like quarks gives rise to: 
Deviations from unitarity of the VCKM

Z mediated Flavour-Changing-Neutral-Currents

Higgs mediated Flavour-Changing-Neutral-Currents 

These new phenomena are suppressed by the ratio of electroweak scale  !
and the masses of the new heavy quarks

VLQs may populate the desert between the EW and the GUT scale 
without worsening the hierarchy problem

P. Ramond, 1981 

Violation of some 
Dogmas of the Past!



There is an intriguing similarity   

between vector like quarks and 

right-hantded neutrinos . 

This increases the plausibility of 

New Physics including 

           Vector-like quarks











A Common Origin for all CP Violations

The Lagrangian is CP invariant. CP is spontaneously violated

Field content, Higgs and quark sector:

7 Spontaneous CP violation with VLQs and the strong
CP problem

7.1 Generating a complex CKM from a vacuum phase

At present, there is experimental evidence that the CKM matrix is complex even if one
allows for the presence of New Physics [56]. However, the origin of CP violation is not
known. The breaking of CP may arise from the introduction of complex Yukawa couplings
leading to CP violation at the Lagrangian level. This is the situation one encounters in
the SM with only one scalar doublet. Alternatively, one may impose CP invariance at the
Lagrangian level but have CP spontaneously broken by the vacuum of an extended scalar
sector. In this case, in order to be in agreement with experiment, the vacuum phase(s)
should be able to generate a complex CKM matrix.

Models with vector-like quarks provide some of the most plausible scenarios with CP
violation generated spontaneously. In order to understand the above statement, let us
recall some of the various scenarios which have been proposed for having CP spontaneously
broken.

The idea of spontaneous CP violation was Þrst introduced by T.D. Lee who considered
[57] an extension of the SM with two Higgs doublets. For three families of quarks in
the original Lee model, the vacuum phase is able to generate a complex CKM matrix.
However LeeÕs model has dangerous scalar mediated FCNC at tree level which render the
model unrealistic. If one tries to eliminate these tree level scalar FCNC by introducing,
for example, an extra unßavoured symmetry of the Lagrangian, it turns out that one
eliminates [58] the possibility of having a CP violating vacuum in the context of two
Higgs doublet models, while this is still possible in the context of three Higgs doublets.
Recently, it was pointed out [59] that one can have a viable model with spontaneous CP
violation in the context of two Higgs doublets. The model is built in the framework of
a generalised Branco-Grimus-Lavoura (BGL) model [60] with a ßavouredZ2 symmetry.
In the sequel it will be shown that in the context of VLQ models, one may have a viable
scenario for spontaneous CP violation in a much simpler (plausible) model. In its simplest
implementation only a very minimal extension of the Standard Model is required with
the addition of a vector-like down isosinglet quark and a complex singlet scalar [61]. The
complex singlet scalar acquires a complex vev breaking CP spontaneously at a high energy
scale. It is through the coupling of the vector-like quark to this singlet and the mixing
of this quark with the SM-like quarks that this phase generates a complexVCKM matrix.
None of the main features of this scenario depend on the type of vector-like quark being
up or down or on the number of vector-like quarks introduced.

The Þeld content of the model Þrst introduced in Ref. [61] is:
!

u0

d0

"

iL

, u0
iR , d0

! R, D0
L , i = 1, 2, 3, ! = 1, ..., 4, " , S (7.1)

together with the gauge bosons and the leptons, where" is a Higgs doublet andS is a
complex singlet scalar.

The Þrst illustration of the generation of a complex CKM from a vacuum phase in
this framework only had one large mass scale [61]. This was achieved by forbidding bare
mass terms of the type (D 0

L d0
! R) through a discreteZ2 symmetry under whichD 0

L , and S
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We write only the operator forms without the couplings. Denoting byS the scalars in
condition 2, we can add to (7.21) the light-heavy CP breaking mixing terms

øqL SQR + øBL SdR + øTL SuR + h.c. , (7.23)

and the CP conserving terms

øQL QR + øBL BR + øTL TR + h.c. (7.24)

CP breaking heavy-heavy and light-light mixing terms are forbidden by condition 2.
Analyzing the charge! 1/ 3 mass matrix, conditions 1 and 2 enforce the zeros in

dR QR BR

!

"
"
"
#

$

%
%
%
&

øqL (2, 1/ 2) (1, 0)ei ! 0

øQL 0 (1, 0) 0

øBL (1, 0)ei ! 0 (1, 0)

(7.25)

The conditions also ensure that CP breaking phases only appear in the positions denoted
by S " ei ! .

It is immediately clear that the charge! 1/ 3 mass matrix in (7.25) has real determinant
even with complex entries. These complex entries should and indeed can account for the
CP violation in the SM. As a similar consideration applies for the charge 2/ 3 sector,ø! = 0
at tree-level.

The position of the zeros, of the real and of the complex entries in the matrix above
are crucial to guaranteeø! = 0 at tree-level and still generate CP violation. The position of
the zeros can be enforced by gauge or global symmetries and the conditions above can be
embedded in grand uniÞed groups [85,86]. In the latter case, vector-like representations
may arise from real representations of the larger gauge group. Within the SM gauge
group, the simplest choice is the addition of a globalZ2 symmetry which makes the heavy
quarks and the CP breaking scalars odd. This symmetry is always deÞnable but given the
last terms in (7.22) it is only su! cient if singlet and doublet VLQs are not simultaneously
present. Adding only one down-type singlet VLQ leads exactly to the minimal model
proposed by Bento, Branco, Parada [17] which we will describe in detail in the next
section. This Z2 was also used recently in [90] to deÞne VLQ of Nelson-Barr type that
are electroweak singlets. Larger symmetries suchZn or U(1) can be used [87] as well.

[Adriano, Celso here]
[explain how non-Decoupling is crucial in this case]

7.4 A minimal model: the Bento-Branco-Parada model

The Bento-Branco-Parada model was introduced in Ref. [17]. The Lagrangian is chosen
to be CP invariant. The model resembles the one described in subsection 7.1, the Þeld
content is the same, but a di" erent Z2 symmetry is imposed in order to naturally suppress
strong CP a la Barr and Nelson. Under the newZ2 symmetry all Þelds of the SM transform
trivially and all new Þelds (D 0

L , D 0
R, and S) are odd. The scalar potential is the same as

in the Þrst subsection, leading to the possibility of having spontaneous CP violation. The
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7.7 A common origin for all CP violations

In this section we describe a framework [101] in which all manifestations of CP violation
would have a common origin, starting from a CP conserving Lagrangian and having CP
violation generated spontaneously. In order to generate CP spontaneously the scalar
sector of the Standard Model must be extended. The framework described here is an
extension to the leptonic sector of the Bento-Branco-Parada model [17]. This model deals
with two of four aspects of CP violation: CP violation in quark sector and a possible
solution to the strong CP problem. The other two additional aspects considered in this
extension are: accounting for the possibility of having CP violation at low energies in
the leptonic sector and also leptonic CP violation at high energies thus opening the door
for the possibility of leptogenesis [102] as the mechanism generating the observed baryon
asymmetry of the Universe (BAU). CP violation in the leptonic sector has not yet been
observed, however the fact that it has already been observed in other sectors of the
Lagrangian makes is very plausible and natural for CP to be violated in this sector.

In the leptonic sector in the context of seesaw [103Ð107], with the introduction of
three right handed neutrinos, which are singlets of all gauge interactions, one obtains the
following mass terms after spontaneous symmetry breakdown:

L m = !
!
! 0

L m! 0
R +

1
2

! 0T
R CM ! 0

R + l0
L ml l0

R

"
+ h .c.

= !
!

1
2

nT
L CM ! nL + l0

L ml l0
R

"
+ h .c. .

The extension of the Bento-Branco-Parada model to the leptonic sector requires that the
transformation of the leptonic Þelds under the additionalZ2 symmetry be deÞned. The
Þelds that are not invariant underZ2 transform as:

D 0 " ! D 0, S " ! S ,

" 0
l " i " 0

l , e0
R " ie0

R, ! 0
R " i ! 0

R ,

where" l
0 denotes the left handed lepton doublets,e0

R and ! 0
R are the right handed charged

lepton and neutrino singlets. The transformations in the Þrst row of this equation are the
ones given in section 7.4. The initialZ2 symmetry is thus promoted to aZ4 symmetry
with the extension of this model to the leptonic sector. In the quark sector of the model
all SM Þelds are invariant under the initialZ2 symmetry and this remains for the new
Z4 symmetry, whereas in the leptonic sector the SM Þelds are not invariant under the
symmetry. The Yukawa terms for the quark sector are those given in eq. (7.26). For the
leptonic sector we have:

L l = " 0
l Gl# e0

R + " 0
l G!

÷# ! 0
R +

1
2

! 0T
R C(f ! S + + f !

"S! )! 0
R + h.c. (7.53)

All new coe! cients Gl and G! are taken to be real. TheZ4 symmetry prevents the
existence of bare Majorana mass terms for the neutrinos, which otherwise would imply
the appearance of an additional mass scale, however terms of this form are generated after
spontaneous symmetry breakdown through the coupling to the scalar singletS. In the
quark sector a bare mass term of the formMdD 0

L D 0
R is allowed by the symmetry. The
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D is a down-type vector-like quark, S is a scalar singletare odd and all other Þelds are even, as a result the two di! erent mass scales are the vevs
of ! and S:

! ! 0" =
v

#
2

, !S" =
V exp(i " )

#
2

(7.2)

CP invariance is imposed at the Lagrangian level, therefore all coe" cients are real. The
scalar potential leading to the above vevs is the most generalSU(2) $ U(1) $ Z2 invariant
potential:

V = V0 (! , S) + ( µ2 + #1 S! S + #2 !   ! )(S2 + S! 2) + #3 (S4 + S! 4) (7.3)

where V0 contains all terms that are phase independent and includes the SM Higgs po-
tential. It was shown in Ref. [61] that in general the vevs of Eq. (7.2) violate CP sponta-
neously. This violation occurs at a high energy scale since it is associated to the vev of
a singlet of the gauge group. This can be understood by checking that after spontaneous
symmetry breaking the phase dependent part ofV can be expressed in the form:

V(v, V," ) = acos(2" ) + bcos(4" ) (7.4)

in the region of parameters whereb is positive and (|a| < 4b) the absolute minimum of
the potencial is at

" =
1
2

arccos(a/ 4b) (7.5)

and CP is spontaneously broken.
The Yukawa interactions of the quarks are given by:

L Y = %
#

2(u0 d0)i
L (gi ! ! d0

! R + hij
÷! u0

jR ) %
#

2(f ! S + f "
! S! ) D 0

L d0
! R + h.c. (7.6)

where all coe" cients are real. We work in the weak basis where the up quark mass matrix
is diagonal. The down quark mass matrix is of the general form:

M d =
!

md md

Md Md

"
(7.7)

where Mdj = f j V ei " + f "
j V e# i " , and Md = f 4 V ei " + f "

4V e# i " . All terms in the fourth
row of M d are potencially complex. There is a parameter redundancy in the mass matrix
M d. As already pointed out, one can choose to go to a weak basis where eithermd or
Md are zero blocks. On the other hand imposing certain symmetries may automatically
lead to di! erent zero sectors in this matrix, in the basis where the symmetry is imposed.
A choice of weak basis does not change the physics whereas symmetries have physical
implications.

The matrix M dM  
d is diagonalised by a unitary matrixUL & VL , and the diagonali-

sation condition can be expressed in the form:

M dM  
d UL = UL

!
d2

d
D 2

d

"
with UL =

!
K R
S T

"
(7.8)

leading to;

(md m 
d + md md

  ) K + ( md Md
 

+ md M  
d) S = K d 2

d (7.9)
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Real coe#cients spontaneous CP violation
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where all coe" cients are real. We work in the weak basis where the up quark mass matrix
is diagonal. The down quark mass matrix is of the general form:
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where Mdj = f j V ei " + f "
j V e# i " , and Md = f 4 V ei " + f "

4V e# i " . All terms in the fourth
row of M d are potencially complex. There is a parameter redundancy in the mass matrix
M d. As already pointed out, one can choose to go to a weak basis where eithermd or
Md are zero blocks. On the other hand imposing certain symmetries may automatically
lead to di! erent zero sectors in this matrix, in the basis where the symmetry is imposed.
A choice of weak basis does not change the physics whereas symmetries have physical
implications.

The matrix M dM  
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in the weak basis where the symmetry is imposed. The only contribution toMd is the
bare mass term, which is real, since theZ2 symmetry forbids the coupling (DL DRS) as
well as (DL DRS" ).
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These expressions show that the square of the mass of the heavy quark is the sum of a
term proportional to V 2 whereV is the scale of the vev of the scalar singlet and another
term proportional to the square of the bare mass term, as a result this mass grows with
both scales. FromS, and analogously fromR, one sees that the suppression of deviations
from unitarity of VCKM occurs irrespective of which one of these scales dominates. On
the other hand, in what concerns the generation of a complex phase inVCKM from spon-
taneous CP violation, there is no such suppression, i.e., there is no decoupling provided
that the scale of the bare mass term of the quark singlet does not dominate over the scale
of the vev of the scalar singlet. Since both these scales contribute to the mass of the heavy
quark its mass may go to inÞnity while at the same time CP violation at low energies is
not suppressed.

The parameter " associated to the strong CP violation is, as explained in the pre-
vious subsection, the sum of two componenents" = "QCD ! "weak were "weak =
arg(detM d $ detmu). In the present framework, since CP is a symmetry imposed
on the Lagrangian, we have"QCD = 0. On the other hand the zeros in the 3$ 1 block of
M d which is a consequence of theZ2 symmetry guarantee that the determinant ofM d

is real. The determinant ofmu is also real as a result of imposing CP conservation at
the Lagrangian level. In Ref. [17] the higher order corrections to" are evaluated. Since
"weak is zero at tree level, as a result of a symmetry, higher order corrections to" are
Þnite and calculable [91]. In Ref. [17] it was shown that it is possible to comply with
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a singlet of the gauge group. This can be understood by checking that after spontaneous
symmetry breaking the phase dependent part ofV can be expressed in the form:

V(v, V," ) = acos(2" ) + bcos(4" ) (7.4)

in the region of parameters whereb is positive and (|a| < 4b) the absolute minimum of
the potencial is at

" =
1
2

arccos(a/ 4b) (7.5)

and CP is spontaneously broken.
The Yukawa interactions of the quarks are given by:

L Y = %
#

2(u0 d0)i
L (gi ! ! d0

! R + hij
÷! u0

jR ) %
#

2(f ! S + f "
! S! ) D 0

L d0
! R + h.c. (7.6)

where all coe" cients are real. We work in the weak basis where the up quark mass matrix
is diagonal. The down quark mass matrix is of the general form:

M d =
!

md md

Md Md

"
(7.7)

where Mdj = f j V ei " + f "
j V e# i " , and Md = f 4 V ei " + f "

4V e# i " . All terms in the fourth
row of M d are potencially complex. There is a parameter redundancy in the mass matrix
M d. As already pointed out, one can choose to go to a weak basis where eithermd or
Md are zero blocks. On the other hand imposing certain symmetries may automatically
lead to di! erent zero sectors in this matrix, in the basis where the symmetry is imposed.
A choice of weak basis does not change the physics whereas symmetries have physical
implications.

The matrix M dM  
d is diagonalised by a unitary matrixUL & VL , and the diagonali-

sation condition can be expressed in the form:

M dM  
d UL = UL

!
d2

d
D 2

d

"
with UL =

!
K R
S T

"
(7.8)

leading to;

(md m 
d + md md

  ) K + ( md Md
 

+ md M  
d) S = K d 2

d (7.9)

55
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Working in the weak basis where the up quark mass matrix is diagonal)

new Z2 symmetry allows for a bare mass term for the vector-like quark. Therefore, there
are two new mass scales in this scenario, other than the scale of electroweak symmetry
breaking, the scale of the vev of the new scalar singlet and the scale of the bare mass term
of the quark singlet. The Yukawa interactions of the quarks are now given by:
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with (i,j = 1, 2, 3) and the down quark mass matrix is now of the form:

M d =
!

md 0
Md Md
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in the weak basis where the symmetry is imposed. The only contribution toMd is the
bare mass term, which is real, since theZ2 symmetry forbids the coupling (DL DRS) as
well as (DL DRS" ).

From Eqs. (7.9, 7.11, 7.12) we now obtain:
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These expressions show that the square of the mass of the heavy quark is the sum of a
term proportional to V 2 whereV is the scale of the vev of the scalar singlet and another
term proportional to the square of the bare mass term, as a result this mass grows with
both scales. FromS, and analogously fromR, one sees that the suppression of deviations
from unitarity of VCKM occurs irrespective of which one of these scales dominates. On
the other hand, in what concerns the generation of a complex phase inVCKM from spon-
taneous CP violation, there is no such suppression, i.e., there is no decoupling provided
that the scale of the bare mass term of the quark singlet does not dominate over the scale
of the vev of the scalar singlet. Since both these scales contribute to the mass of the heavy
quark its mass may go to inÞnity while at the same time CP violation at low energies is
not suppressed.

The parameter " associated to the strong CP violation is, as explained in the pre-
vious subsection, the sum of two componenents" = "QCD ! "weak were "weak =
arg(detM d $ detmu). In the present framework, since CP is a symmetry imposed
on the Lagrangian, we have"QCD = 0. On the other hand the zeros in the 3$ 1 block of
M d which is a consequence of theZ2 symmetry guarantee that the determinant ofM d

is real. The determinant ofmu is also real as a result of imposing CP conservation at
the Lagrangian level. In Ref. [17] the higher order corrections to" are evaluated. Since
"weak is zero at tree level, as a result of a symmetry, higher order corrections to" are
Þnite and calculable [91]. In Ref. [17] it was shown that it is possible to comply with
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- Non decoupling provided the scale of  the bare mass term of D does not dominate over the scale of the vev of the scalar singlet, 
concerning the generation of a complex VCKM

- Suppression of deviations from unitarity irrespective of which scale dominates 

(all coe#cients are real)

Bento, gcb, Parada, 1991 



A Common Origin for all CP Violations

From the previous page we see that in the Bento, gcb, Parada framework a complex !
CKM matrix can be generated from spontaneous CP violation at a high energy scale

Concerning strong CP violation:

The QCD Lagrangian contains a CP violating term originating from the QCD vacuum 

quadratic sensitivity of the Higgs boson mass to high new physics scales (weak scale
naturalness problem); the hierarchy between the masses of the di! erent fermions (mass
hierarchy problem); the absence of dark matter candidates (dark matter problem); the dif-
ference in proportion to the observed matter and antimatter in the Universe (the matter-
antimatter asymmetry problem), to cite a few. Another issue is related to a more intricate
subject, connected to the fact that Naturedoesdistinguish between right and left as well
as between particle and antiparticle, at least in the energies we have access to. This
astonishing fact was Þrst observed in 1964, in experiments involving kaon mesons [156].
However, only in 1973 an elegant and economical description of the phenomena could be
put forward, known as the Kobayashi-Maskawa (KM) mechanism [75].

In practical terms, it amounts to a complex phase parameter in the mixing matrix that
connects the interaction of theW boson, up-type quarks and down-type quarks when the
fermion Þelds are written in the mass eigenstate basis. Rephrased in an equivalent form,
the mass matrix of the quarks must be intrinsically complex to comply with the observed
CP violation in Nature. Although models that seek to explain the origin of the complexity
of these matrices can be written (for instance the one presented on the last section), it
does not pose a problem per se. The real problem occurs when one realizes the existence
of another CP (and P) violating parameter arising from the non-trivial vacuum structure
of QCD:

L ! ! QCD
g2

s

64" 2
#µ!"# Ga

µ! Ga
"# , (6.14)

with #0123 = 1. The parameter ! QCD itself is not physical because the rephasing of each
quark ÞeldqjL " e! i " L

j qjL and qjR " e! i " R
j qjR modiÞes the path integral measure [157]

which exactly induces

L " L +

!
"

j

$L
j #

"

j

$R
j

#
g2

s

64" 2
#µ!"# Ga

µ! Ga
"# . (6.15)

Thus the physical parameter is the reparameterization-invariant combination

ø! = ! QCD # ! weak , (6.16)

which in the SM involves the quark Yukawa couplings in

! weak = arg det Yu + arg det Yd . (6.17)

We use the basis whereYd accompanies øqiL djR and similarly for Yu. In the presence of
VLQs, the previous relation generalizes to

! weak = arg det M u + arg det M d , (6.18)

whereM d, M u are the full mass matrices (2.4).
It is the fact that ø! is tiny ( ø! ! 10! 10 [158Ð161]) that constitutes the Strong CP

problem, to be added to the set of issues that the Standard Model cannot account for.
More interestingly, the Strong CP problem is quite unique in two ways: (1) it cannot be
dismissed based on the anthropic principle [162,163] (no appreciable di! erence would occur
in nuclear physics if the present value ofø! were changed by several orders of magnitude);
(2) no additional symmetry at Lagrangian level is restored whenø! = 0, and yet its value
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However, CP violation has not been observed in the strong interactions

Furthermore, 

ter and FCNC. We should note that singlet VLQs by themselves may be responsible for
solving other recent problems, see, for instance, [34] related to theW-mass measurement
by the CDF collaboration [35].3

Models with VLQs have a very rich phenomenology. Their presence a! ects a plethora
of ßavour observables such as meson mixing, oblique and electroweak parameters, among
others. This is expected since, as already explained, in models with VLQs the presence
of FCNC mediated by theZ or Higgs bosons is unavoidable. Moreover, since the CKM
matrix is no longer unitary, weak processes are also modiÞed. In section 5, we collect
general formulas for a set of ßavour observables a! ected by VLQs, which may help the
reader perform their own phenomenological studies. We also brießy review how models
with VLQs can be matched to the SM e! ective Þeld theory (SMEFT) in section 5.3.

In the SM there is only one Higgs doublet and CP is violated explicitly through the
introduction of complex coe" cients in the Yukawa sector. Adding a second scalar doublet
or a complex singlet are the two simplest extensions of the SM allowing for spontaneous CP
violation putting CP breaking and electroweak symmetry breaking on the same footing.
For CP to be spontaneously violated it must be a good symmetry of the Lagrangian,
broken only by the vacuum (which must be complex). An important challenge for any
realistic model of spontaneous CP violation is to generate both a CP-violating vacuum
phase and a complex CKM matrix. Scalar singlets can couple directly to isosinglet VLQs,
which in turn can mix with the SM-like quarks. Therefore, introducing a scalar singlet
that acquires a complex VEV together with at least one VLQ is enough to generate a
realistic CKM matrix, as will be shown in section 6. Since the singlet VEV introduces
a new mass scale, in general the isosinglet VLQ may acquire mass terms of scaleM !

through the coupling to the scalar singlet, in addition to the bare mass terms of scale
M . Interestingly, the limit in which only the bare mass of the isosinglet quark becomes
very large leads to an unrealistic CKM matrix, showing that an interplay between the CP
breaking scale and the VLQ quark masses must be present.

Another motivation for the introduction of VLQs is the fact that they provide one of
the simplest solutions the the strong CP problem without axions, as suggested by Nelson
and Barr [37, 38]. The strong CP problem arose from the Õt Hooft solution to the U(1)
problem [39, 40]. An essential point of the solution is the inclusion in the Lagrangian of
a CP-violating term with coe" cient ! QCD originating from the QCD vacuum. However,
CP violation has not been observed in the strong interactions. Furthermore,! QCD is a
free parameter. Experimentally, what is measurable is the combination! = ! QCD ! ! weak

which is an angle ranging from 0 to 2" . In fact, within the SM the electric dipole moment
of the neutron, which is CP, P and T violating, is proportional to ! . The parameter
! weak is given by! weak = arg(det M u " detM d), whereM u,d are the quark mass matrices.
The experimental bound on the electric dipole moment of the neutron requires! < 5 "
10" 11 [41]. This implies a strong cancellation between the two terms! QCD and ! weak or
the extreme smallness of both. Either way, this puzzling situation constitutes the strong
CP problem. An elegant solution was proposed by Peccei and Quinn [42,43] which leads
to the existence of axions. Another solution [44Ð46] consists of assuming that CP is a
good symmetry of the Lagrangian, which implies that! QCD vanishes in a natural way,

3A VLQ doublet may help solve the CKM unitarity problem and, at the same time, account for the
new W -mass measurement, while a simultaneous explanation of both anomalies using VLQ singlets is
disfavoured [36].
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ter and FCNC. We should note that singlet VLQs by themselves may be responsible for
solving other recent problems, see, for instance, [34] related to theW-mass measurement
by the CDF collaboration [35].3

Models with VLQs have a very rich phenomenology. Their presence a! ects a plethora
of ßavour observables such as meson mixing, oblique and electroweak parameters, among
others. This is expected since, as already explained, in models with VLQs the presence
of FCNC mediated by theZ or Higgs bosons is unavoidable. Moreover, since the CKM
matrix is no longer unitary, weak processes are also modiÞed. In section 5, we collect
general formulas for a set of ßavour observables a! ected by VLQs, which may help the
reader perform their own phenomenological studies. We also brießy review how models
with VLQs can be matched to the SM e! ective Þeld theory (SMEFT) in section 5.3.

In the SM there is only one Higgs doublet and CP is violated explicitly through the
introduction of complex coe" cients in the Yukawa sector. Adding a second scalar doublet
or a complex singlet are the two simplest extensions of the SM allowing for spontaneous CP
violation putting CP breaking and electroweak symmetry breaking on the same footing.
For CP to be spontaneously violated it must be a good symmetry of the Lagrangian,
broken only by the vacuum (which must be complex). An important challenge for any
realistic model of spontaneous CP violation is to generate both a CP-violating vacuum
phase and a complex CKM matrix. Scalar singlets can couple directly to isosinglet VLQs,
which in turn can mix with the SM-like quarks. Therefore, introducing a scalar singlet
that acquires a complex VEV together with at least one VLQ is enough to generate a
realistic CKM matrix, as will be shown in section 6. Since the singlet VEV introduces
a new mass scale, in general the isosinglet VLQ may acquire mass terms of scaleM !

through the coupling to the scalar singlet, in addition to the bare mass terms of scale
M . Interestingly, the limit in which only the bare mass of the isosinglet quark becomes
very large leads to an unrealistic CKM matrix, showing that an interplay between the CP
breaking scale and the VLQ quark masses must be present.

Another motivation for the introduction of VLQs is the fact that they provide one of
the simplest solutions the the strong CP problem without axions, as suggested by Nelson
and Barr [37, 38]. The strong CP problem arose from the Õt Hooft solution to the U(1)
problem [39, 40]. An essential point of the solution is the inclusion in the Lagrangian of
a CP-violating term with coe" cient ! QCD originating from the QCD vacuum. However,
CP violation has not been observed in the strong interactions. Furthermore,! QCD is a
free parameter. Experimentally, what is measurable is the combination! = ! QCD ! ! weak

which is an angle ranging from 0 to 2" . In fact, within the SM the electric dipole moment
of the neutron, which is CP, P and T violating, is proportional to ! . The parameter
! weak is given by! weak = arg(det M u " detM d), whereM u,d are the quark mass matrices.
The experimental bound on the electric dipole moment of the neutron requires! < 5 "
10" 11 [41]. This implies a strong cancellation between the two terms! QCD and ! weak or
the extreme smallness of both. Either way, this puzzling situation constitutes the strong
CP problem. An elegant solution was proposed by Peccei and Quinn [42,43] which leads
to the existence of axions. Another solution [44Ð46] consists of assuming that CP is a
good symmetry of the Lagrangian, which implies that! QCD vanishes in a natural way,

3A VLQ doublet may help solve the CKM unitarity problem and, at the same time, account for the
new W -mass measurement, while a simultaneous explanation of both anomalies using VLQ singlets is
disfavoured [36].
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quadratic sensitivity of the Higgs boson mass to high new physics scales (weak scale
naturalness problem); the hierarchy between the masses of the di! erent fermions (mass
hierarchy problem); the absence of dark matter candidates (dark matter problem); the dif-
ference in proportion to the observed matter and antimatter in the Universe (the matter-
antimatter asymmetry problem), to cite a few. Another issue is related to a more intricate
subject, connected to the fact that Naturedoesdistinguish between right and left as well
as between particle and antiparticle, at least in the energies we have access to. This
astonishing fact was Þrst observed in 1964, in experiments involving kaon mesons [156].
However, only in 1973 an elegant and economical description of the phenomena could be
put forward, known as the Kobayashi-Maskawa (KM) mechanism [75].

In practical terms, it amounts to a complex phase parameter in the mixing matrix that
connects the interaction of theW boson, up-type quarks and down-type quarks when the
fermion Þelds are written in the mass eigenstate basis. Rephrased in an equivalent form,
the mass matrix of the quarks must be intrinsically complex to comply with the observed
CP violation in Nature. Although models that seek to explain the origin of the complexity
of these matrices can be written (for instance the one presented on the last section), it
does not pose a problem per se. The real problem occurs when one realizes the existence
of another CP (and P) violating parameter arising from the non-trivial vacuum structure
of QCD:

L � ✓QCD
g2
s

64⇡2 ✏
µ⌫↵�Ga

µ⌫Ga
↵� , (6.14)

with ✏0123 = 1. The parameter ✓QCD itself is not physical because the rephasing of each
quark ÞeldqjL ! e�i↵L

j qjL and qjR ! e�i↵R
j qjR modiÞes the path integral measure [157]

which exactly induces

L ! L +

 
X

j
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j �

X

j

↵R
j

!
g2
s

64⇡2 ✏
µ⌫↵�Ga

µ⌫Ga
↵� . (6.15)

Thus the physical parameter is the reparameterization-invariant combination

ø✓ = ✓QCD � ✓weak , (6.16)

which in the SM involves the quark Yukawa couplings in

✓weak = arg det Yu + arg det Yd . (6.17)

We use the basis whereYd accompanies øqiLdjR and similarly for Yu. In the presence of
VLQs, the previous relation generalizes to

✓weak = arg det M u + arg det M d , (6.18)

whereM d, M u are the full mass matrices (2.4).
It is the fact that ø✓ is tiny ( ø✓ ! 10�10 [158Ð161]) that constitutes the Strong CP

problem, to be added to the set of issues that the Standard Model cannot account for.
More interestingly, the Strong CP problem is quite unique in two ways: (1) it cannot be
dismissed based on the anthropic principle [162,163] (no appreciable di! erence would occur
in nuclear physics if the present value ofø✓ were changed by several orders of magnitude);
(2) no additional symmetry at Lagrangian level is restored whenø✓ = 0, and yet its value
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A Common Origin for all CP Violations

Since CP is a symmetry imposed in the Lagrangian

new Z2 symmetry allows for a bare mass term for the vector-like quark. Therefore, there
are two new mass scales in this scenario, other than the scale of electroweak symmetry
breaking, the scale of the vev of the new scalar singlet and the scale of the bare mass term
of the quark singlet. The Yukawa interactions of the quarks are now given by:

L Y = !
"

2(u0 d0)i
L (gij ! d0

jR + hij
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jR ) ! MdD 0
L D 0

R !
"

2(f i S+ f !
i S" ) D 0

L d0
iR +h.c. (7.26)

with (i,j = 1, 2, 3) and the down quark mass matrix is now of the form:

M d =
!

md 0
Md Md

"
(7.27)

in the weak basis where the symmetry is imposed. The only contribution toMd is the
bare mass term, which is real, since theZ2 symmetry forbids the coupling (DL DRS) as
well as (DL DRS" ).

From Eqs. (7.9, 7.11, 7.12) we now obtain:
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d

(Md m 
d) K (7.28)
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d # (Md Md
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where hereMdj = f j V ei ! + f !
j V e# i ! and

H eff = md m 
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D 2

d

(md Md
 
)(Md m 

d) (7.30)

These expressions show that the square of the mass of the heavy quark is the sum of a
term proportional to V 2 whereV is the scale of the vev of the scalar singlet and another
term proportional to the square of the bare mass term, as a result this mass grows with
both scales. FromS, and analogously fromR, one sees that the suppression of deviations
from unitarity of VCKM occurs irrespective of which one of these scales dominates. On
the other hand, in what concerns the generation of a complex phase inVCKM from spon-
taneous CP violation, there is no such suppression, i.e., there is no decoupling provided
that the scale of the bare mass term of the quark singlet does not dominate over the scale
of the vev of the scalar singlet. Since both these scales contribute to the mass of the heavy
quark its mass may go to inÞnity while at the same time CP violation at low energies is
not suppressed.

The parameter " associated to the strong CP violation is, as explained in the pre-
vious subsection, the sum of two componenents" = "QCD ! "weak were "weak =
arg(detM d $ detmu). In the present framework, since CP is a symmetry imposed
on the Lagrangian, we have"QCD = 0. On the other hand the zeros in the 3$ 1 block of
M d which is a consequence of theZ2 symmetry guarantee that the determinant ofM d

is real. The determinant ofmu is also real as a result of imposing CP conservation at
the Lagrangian level. In Ref. [17] the higher order corrections to" are evaluated. Since
"weak is zero at tree level, as a result of a symmetry, higher order corrections to" are
Þnite and calculable [91]. In Ref. [17] it was shown that it is possible to comply with
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Nelson-Barr proposal

is small. More detailed discussion of the problem, focusing mainly on the axion solution,
as well as original references can be found in various review articles [164Ð168].

From the point of view of model building, the Strong CP problem can be addressed
from three di! erent perspectives: (i) the promotion ofø! to a dynamical Þeld (the axion),
which couples to the QCD gluon potential being dynamically driven to zero at potential
minima [42, 43]; (ii) the up quark is considered massless, allowingø! to be removed by a
global axial symmetry (strongly disfavoured by lattice calculations [169, 170]); (iii) CP
(or P) is a conserved symmetry at fundamental level, whose observed violation is due
to a spontaneous symmetry breaking. In the latter case, a calculableø! is induced by
radiative corrections and its tiny value may be potentially justiÞed [37,38,44Ð46,171,172].
See also [173Ð189] for recent proposals.Following the last approach, the Nelson-Barr
mechanism is one of the simplest ways to guaranteeø! = 0 at tree level upon explicit CP
conservation [37, 38]. Having in mind the connection to VLQs, we will mainly focus on
the last approach in this section.

6.3 The general Nelson-Barr proposal

The Nelson-Barr [37, 38] proposal to solve the strong CP problem is based on sponta-
neously broken CP withø! naturally vanishing at tree level even after the breaking. The
challenge is to keep the radiative corrections small enough [182, 190]. The transmission
of spontaneously broken CP from a CP breaking sector to the SM is accomplished by
heavy vector-like quarks that mix with ordinary quarks. The Þrst model was proposed
in Ref. [37] and was based on anSU(5) gauge group. And soon after it was realized
by Barr [38, 191] that to guaranteeø! = 0 at tree level it was su" cient that these heavy
vector-like quarks obey a set of conditions on their couplings with the SM.

Barr considers the SM with additional heavy VLQs (real representation of SM gauge
group) and his conditions [38] are the following:

1. VEVs that break the SM gauge group cannot break CP and they only connect the
usual quark Þelds.

2. VEVs that break CP spontaneously cannot break the SM gauge group and they can
only connect SM quark Þelds with the additional VLQs.

VEVs may be replaced by bare mass terms in condition 2.
There is an implicit assumption that these VLQs need to mix with the SM quarks.

Condition 2 tell us that CP should be broken by scalars that are SM singlets. Therefore, to
couple with these scalars and with the usual SM quark ÞeldsqL ⇠ (2, 1/ 6), dR ⇠ (1,�1/ 3)
and uR ⇠ (1, 2/ 3), the possible VLQs that can mix with SM quarks can only have
quantum numbers identical to the SM ones asQL, QR ⇠ (2, 1/ 6), DL, DR ⇠ (1,�1/ 3)
and UL, UR ⇠ (1, 2/ 3). So we only have three out of the seven irreps available in table 1
of section 2.

The only scalar representation that couples to ordinary quarks and obeys condition 1
is the usual Higgs doublet# ⇠ (2, 1/ 2).22 Condition 1 allows for the usual quark Yukawa
couplings

� L � øqL# dR + øqL÷# uR + h.c. , (6.19)

22With more than one Higgs doublet, one needs to ensure that their VEVs do not break CP.
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suppress strong CP a la Barr and Nelson. Under the newZ2 symmetry all Þelds of the
SM transform trivially and all new Þelds (D 0

L , D 0
R, and S) are odd. The scalar potential

is the same as in the Þrst subsection, leading to the possibility of having spontaneous
CP violation. The new Z2 symmetry allows for a bare mass term for the vector-like
quark. Therefore, there are two new mass scales in this scenario, other than the scale of
electroweak symmetry breaking, the scale of the VEV of the new scalar singlet and the
scale of the bare mass term of the quark singlet. The Yukawa interactions of the quarks
are now given by:

L Y = !
"

2(u0 d0)i
L (gij ! d0

jR + hij
÷! u0

jR )! MdD 0
L D 0

R !
"

2(f i S+ f !
i S" ) D 0

L d0
iR +h.c. , (6.24)

with ( i, j = 1, 2, 3) and the down quark mass matrix is now of the form

M d =

!
md 0

M d Md

"

(6.25)

in the weak basis where the symmetry is imposed. The only contribution toMd is the
bare mass term, which is real, since theZ2 symmetry forbids the couplingDL DRS as well
as DL DRS" .

From eqs. (6.9a), (6.9c) and (6.9d) we now obtain:

S # !
1

D 2
d

(M d m 
d) K , (6.26)

with
D 2

d # (M d M
 
d + M 2

d ) , (6.27)

where here (M d)j = f j V ei ! + f !
j V e# i ! and

he! = md m 
d !

1
D 2

d

(md M
 
d)(M d m 

d) . (6.28)

Here,he! stands for a particular case ofhe! deÞned in eqs. (3.34) and (3.35), withm = 0.
These expressions show that the square of the mass of the heavy quark (given byD 2

d) is
the sum of a term proportional toV 2, whereV is the scale of the VEV of the scalar singlet,
and another term proportional to the square of the bare mass term. As a result, this mass
grows with both scales. From the matrixS given by eq. (6.26), and analogously fromR,
one sees that the suppression of deviations from unitarity ofVCKM occurs irrespective of
which one of these scales dominates. On the other hand, in what concerns the generation
of a complex phase inVCKM from spontaneous CP violation, there is no such suppression,
provided that the scale of the bare mass term of the quark singlet does not dominate over
the scale of the VEV of the scalar singlet. Since both these scales contribute to the mass
of the heavy quark its mass may go to inÞnity, while at the same time CP violation at
low energies is not suppressed.

The parameter" associated to the strong CP violation is, as explained in section 6.2,
the sum of two components" = "QCD ! "weak where"weak = arg(det M d $ detmu) in this
case (see eq. (6.18) for the general expression). In the present framework, since CP is a
symmetry imposed on the Lagrangian, we have"QCD = 0. On the other hand the zeros
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These expressions show that the square of the mass of the heavy quark is the sum of a
term proportional to V 2 whereV is the scale of the vev of the scalar singlet and another
term proportional to the square of the bare mass term, as a result this mass grows with
both scales. FromS, and analogously fromR, one sees that the suppression of deviations
from unitarity of VCKM occurs irrespective of which one of these scales dominates. On
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that the scale of the bare mass term of the quark singlet does not dominate over the scale
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The parameter " associated to the strong CP violation is, as explained in the pre-
vious subsection, the sum of two componenents" = "QCD ! "weak were "weak =
arg(detM d $ detmu). In the present framework, since CP is a symmetry imposed
on the Lagrangian, we have"QCD = 0. On the other hand the zeros in the 3$ 1 block of
M d which is a consequence of theZ2 symmetry guarantee that the determinant ofM d

is real. The determinant ofmu is also real as a result of imposing CP conservation at
the Lagrangian level. In Ref. [17] the higher order corrections to" are evaluated. Since
"weak is zero at tree level, as a result of a symmetry, higher order corrections to" are
Þnite and calculable [91]. In Ref. [17] it was shown that it is possible to comply with
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A Common Origin for all CP Violations

7.7 A common origin for all CP violations

In this section we describe a framework [101] in which all manifestations of CP violation
would have a common origin, starting from a CP conserving Lagrangian and having CP
violation generated spontaneously. In order to generate CP spontaneously the scalar
sector of the Standard Model must be extended. The framework described here is an
extension to the leptonic sector of the Bento-Branco-Parada model [17]. This model deals
with two of four aspects of CP violation: CP violation in quark sector and a possible
solution to the strong CP problem. The other two additional aspects considered in this
extension are: accounting for the possibility of having CP violation at low energies in
the leptonic sector and also leptonic CP violation at high energies thus opening the door
for the possibility of leptogenesis [102] as the mechanism generating the observed baryon
asymmetry of the Universe (BAU). CP violation in the leptonic sector has not yet been
observed, however the fact that it has already been observed in other sectors of the
Lagrangian makes is very plausible and natural for CP to be violated in this sector.

In the leptonic sector in the context of seesaw [103Ð107], with the introduction of
three right handed neutrinos, which are singlets of all gauge interactions, one obtains the
following mass terms after spontaneous symmetry breakdown:

L m = !
!
! 0

L m! 0
R +

1
2

! 0T
R CM ! 0

R + l0
L ml l0

R

"
+ h .c.

= !
!

1
2

nT
L CM ! nL + l0

L ml l0
R

"
+ h .c. .

The extension of the Bento-Branco-Parada model to the leptonic sector requires that the
transformation of the leptonic Þelds under the additionalZ2 symmetry be deÞned. The
Þelds that are not invariant underZ2 transform as:

D 0 " ! D 0, S " ! S ,

" 0
l " i " 0

l , e0
R " ie0

R, ! 0
R " i ! 0

R ,

where" l
0 denotes the left handed lepton doublets,e0

R and ! 0
R are the right handed charged

lepton and neutrino singlets. The transformations in the Þrst row of this equation are the
ones given in section 7.4. The initialZ2 symmetry is thus promoted to aZ4 symmetry
with the extension of this model to the leptonic sector. In the quark sector of the model
all SM Þelds are invariant under the initialZ2 symmetry and this remains for the new
Z4 symmetry, whereas in the leptonic sector the SM Þelds are not invariant under the
symmetry. The Yukawa terms for the quark sector are those given in eq. (7.26). For the
leptonic sector we have:

L l = " 0
l Gl# e0

R + " 0
l G!

÷# ! 0
R +

1
2

! 0T
R C(f ! S + + f !

"S! )! 0
R + h.c. (7.53)

All new coe! cients Gl and G! are taken to be real. TheZ4 symmetry prevents the
existence of bare Majorana mass terms for the neutrinos, which otherwise would imply
the appearance of an additional mass scale, however terms of this form are generated after
spontaneous symmetry breakdown through the coupling to the scalar singletS. In the
quark sector a bare mass term of the formMdD 0

L D 0
R is allowed by the symmetry. The
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the symmetry prevents the existence of bare Majorana terms, however these are !
generated by the couplings to the Þeld S

Extension to the Leptonic sector: three right handed neutrinos are included

there are standard model particles transforming non-trivially under the symmetry



vevs of! and S are given by eq. (7.2). The leptonic mass matrices of eq. (7.53) are given
by:

M =
!

0 m
mT M

"
, ml =

v
!

2
Gl , m =

v
!

2
G!

M =
V
!

2
(f +

! cos(" ) + if !
! sin(" ))

with f !
± " f ! ± f !

". In the weak basis whereml is to chosen to be real and diagonal the
light neutrino massesd! and the low energy leptonic mixing,UP MNS , are obtained to an
excellent approximation by:

# K   m
1

M
mT K # = d! , (7.54)

whereUPMNS can be identiÞed toK . The matrix m is real whileM is a generic complex
matrix therefore in generalK will contain three CP violating phases, after eliminating
three factorisable phases, one of Dirac type and two Majorana phases. In the seesaw
framework the heavy neutrino masses are very approximately given by the eigenvalues of
the matrix M . It is always possible to choose a weak basis in which bothml and M are
chosen to be real and diagonal at the same time. In this weak basis the decay of the heavy
Majorana neutrino N j into charged leptonsl±

i (i = e, µ, #) generates a lepton-number
asymmetry given by [108Ð111]:

Aj =
g2

MW
2

#

k$= j

Im
$
(m  m)jk (m  m)jk

% 1
16$

!
I (xk) +

!
xk

1 # xk

"
1

(m  m)jj
(7.55)

where xk is deÞned asxk = M k
2

M j
2 , Mk are the heavy neutrino masses, andI (xk) =

!
xk

&
1 + (1 + xk) log( xk

1+ xk
)
'

. These expressions apply to the case of unßavoured lep-
togenesis. In this framework the lepton-number asymmetry is only sensitive to the CP-
violating phases appearing inm  m. Notice that although the matrix m in eq. (7.54) is
real, once we change to the weak basis where the matrixM is diagonal real and positive
the phases appearing inM are shifted to the matrix m. In general one can thus generate
the CP violation required by leptogenesis [101].
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Leptonic CP violation is generated at low energies.  CP violation at high energies !
can also be generated. Possibility of having Leptogenesis
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the phases appearing inM are shifted to the matrix m. In general one can thus generate
the CP violation required by leptogenesis [101].
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7.7 A common origin for all CP violations

In this section we describe a framework [101] in which all manifestations of CP violation
would have a common origin, starting from a CP conserving Lagrangian and having CP
violation generated spontaneously. In order to generate CP spontaneously the scalar
sector of the Standard Model must be extended. The framework described here is an
extension to the leptonic sector of the Bento-Branco-Parada model [17]. This model deals
with two of four aspects of CP violation: CP violation in quark sector and a possible
solution to the strong CP problem. The other two additional aspects considered in this
extension are: accounting for the possibility of having CP violation at low energies in
the leptonic sector and also leptonic CP violation at high energies thus opening the door
for the possibility of leptogenesis [102] as the mechanism generating the observed baryon
asymmetry of the Universe (BAU). CP violation in the leptonic sector has not yet been
observed, however the fact that it has already been observed in other sectors of the
Lagrangian makes is very plausible and natural for CP to be violated in this sector.

In the leptonic sector in the context of seesaw [103Ð107], with the introduction of
three right handed neutrinos, which are singlets of all gauge interactions, one obtains the
following mass terms after spontaneous symmetry breakdown:

L m = !
!
! 0

L m! 0
R +

1
2

! 0T
R CM ! 0

R + l0
L ml l0

R

"
+ h .c.

= !
!

1
2

nT
L CM ! nL + l0

L ml l0
R

"
+ h .c. .

The extension of the Bento-Branco-Parada model to the leptonic sector requires that the
transformation of the leptonic Þelds under the additionalZ2 symmetry be deÞned. The
Þelds that are not invariant underZ2 transform as:

D 0 " ! D 0, S " ! S ,

" 0
l " i " 0

l , e0
R " ie0

R, ! 0
R " i ! 0

R ,

where" l
0 denotes the left handed lepton doublets,e0

R and ! 0
R are the right handed charged

lepton and neutrino singlets. The transformations in the Þrst row of this equation are the
ones given in section 7.4. The initialZ2 symmetry is thus promoted to aZ4 symmetry
with the extension of this model to the leptonic sector. In the quark sector of the model
all SM Þelds are invariant under the initialZ2 symmetry and this remains for the new
Z4 symmetry, whereas in the leptonic sector the SM Þelds are not invariant under the
symmetry. The Yukawa terms for the quark sector are those given in eq. (7.26). For the
leptonic sector we have:

L l = " 0
l Gl# e0

R + " 0
l G!

÷# ! 0
R +

1
2

! 0T
R C(f ! S + + f !

"S! )! 0
R + h.c. (7.53)

All new coe! cients Gl and G! are taken to be real. TheZ4 symmetry prevents the
existence of bare Majorana mass terms for the neutrinos, which otherwise would imply
the appearance of an additional mass scale, however terms of this form are generated after
spontaneous symmetry breakdown through the coupling to the scalar singletS. In the
quark sector a bare mass term of the formMdD 0

L D 0
R is allowed by the symmetry. The
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with f !
± ! f ! ± f !

!. In the weak basis whereml is to chosen to be real and diagonal the
light neutrino massesd! and the low energy leptonic mixing,UPMNS , are obtained to an
excellent approximation by:

" K   m
1

M
mT K " = d! , (6.53)

whereUPMNS can be identiÞed toK . The matrix m is real whileM is a generic complex
matrix therefore in generalK will contain three CP violating phases, after eliminating
three factorizable phases, one of Dirac type and two Majorana phases. In the seesaw
framework the heavy neutrino masses are very approximately given by the eigenvalues of
the matrix M . It is always possible to choose a weak basis in which bothml and M are
chosen to be real and diagonal at the same time. In this weak basis the decay of the heavy
Majorana neutrino N j into charged leptonsl±

i (i = e, µ, ! ) generates a lepton-number
asymmetry given by [207Ð210]:

Aj =
g2

MW
2

!

k#= j

Im
"
(m  m)jk (m  m)jk

# 1
16"

$
I (xk) +

#
xk

1 " xk

%
1

(m  m)jj
, (6.54)

where xk is deÞned asxk = M k
2

M j
2 , Mk are the heavy neutrino masses, andI (xk) =

#
xk

&
1 + (1 + xk) log( xk

1+ xk
)
'

. These expressions apply to the case of unßavoured lep-
togenesis. In this framework the lepton-number asymmetry is only sensitive to the CP-
violating phases appearing inm  m. Notice that although the matrix m in eq. (6.52) is
real, once we change to the weak basis where the matrixM is diagonal real and positive
the phases appearing inM are shifted to the matrix m. In general one can thus generate
the CP violation required by leptogenesis [200].
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0. In the weak basis where ml is to chosen to be real and diagonal the
light neutrino masses d⌫ and the low energy leptonic mixing, UPMNS, are obtained to an
excellent approximation by:

�K†m
1
M

mTK⇤ = d⌫ , (6.53)

where UPMNS can be identified to K. The matrix m is real while M is a generic complex
matrix therefore in general K will contain three CP violating phases, after eliminating
three factorizable phases, one of Dirac type and two Majorana phases. In the seesaw
framework the heavy neutrino masses are very approximately given by the eigenvalues of
the matrix M . It is always possible to choose a weak basis in which both ml and M are
chosen to be real and diagonal at the same time. In this weak basis the decay of the heavy
Majorana neutrino N j into charged leptons l±i (i = e, µ, ⌧) generates a lepton-number
asymmetry given by [207–210]:

Aj = g2

MW
2

X
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Im
�
(m†m)jk(m†m)jk

� 1
16⇡

✓
I(xk) +

p
xk
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(m†m)jj
, (6.54)

where xk is defined as xk = Mk
2

Mj
2 , Mk are the heavy neutrino masses, and I(xk) =

p
xk

⇣
1 + (1 + xk) log( xk

1+xk
)
⌘

. These expressions apply to the case of unflavoured lep-
togenesis. In this framework the lepton-number asymmetry is only sensitive to the CP-
violating phases appearing in m†m. Notice that although the matrix m in eq. (6.52) is
real, once we change to the weak basis where the matrix M is diagonal real and positive
the phases appearing in M are shifted to the matrix m. In general one can thus generate
the CP violation required by leptogenesis [200].
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the matrix M . It is always possible to choose a weak basis in which bothml and M are
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where xk is deÞned asxk = M k
2

M j
2 , Mk are the heavy neutrino masses, andI (xk) =
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. These expressions apply to the case of unßavoured lep-
togenesis. In this framework the lepton-number asymmetry is only sensitive to the CP-
violating phases appearing inm  m. Notice that although the matrix m in eq. (6.52) is
real, once we change to the weak basis where the matrixM is diagonal real and positive
the phases appearing inM are shifted to the matrix m. In general one can thus generate
the CP violation required by leptogenesis [200].
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in the weak basis where m_l and M are chosen to be real and diagonal



CONCLUSIONS

Vector-like quarks are very interesting candidates for physics BSM

Very simple extension of the SM, providing striking new experimental 
e!ects 

Vector-like quarks are ÒcousinsÓ of right-handed neutrinos which 

provide through seesaw the most plausible explanation of the  

smallness of neutrino masses




