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Physics BSM with vector-like quarks (VLQSs)

Quarks with L and R components transforming in the same way under
the SM gauge group

Bare mass terms in the Lagrangian are allowed

VLQs may populate the desert between the EW and the GUT scale

without worsening the hierarchy problem
P. Ramond, 1981

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

Rich variety of new Physics



Possible motivations to introduce isosinglet vector-like quarks

Vector-like fermions arise for instance in grand unified models

Naturally small violation of 3x3 unitarity of the VCKM and non-vanishing but naturally
suppressed flavour-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



Changes in the unitarity relations in the presence of VLQs

Moduli differences:

In the SM, 3x3 unitarity of the CKM matrix leads to an “asymmetry”
defined as:

a=|Va|® — [Vis]? = |Vas|® — [Vae|® = [Vi2|* — |Vau|?

In an SM extension with one up-type VLQ the quark mixing matrix
consists of the first three columns of a 4x4 unitary matrix:

Vit Vie Vig Vi)
Var Vao Vas Vi
Var Vi Vig Vi
\Vir Vie Vas Vi)




Changes in the unitarity relations in the presence of VLQs

From unitarity of first row and first column of V, one derives:

a12,13 = (’Vm|2 — |V21\2) — ("/5)1|2 — "/13|2) — |V41’2 — \‘/14’2

Using unitarity of other rows and columns of V one obtains:

a12,325(v122— ‘/212)—(‘/232— ‘/322): Vaa|? — ‘/4227
a13,235(v132— V312)—(V322— ‘/232): V342— V432-

From D, — D, mixing, we know that, in models with one up-type VLQ, we have

Via|*[Vau|> < (2.1 £1.2) x 1078,



Differences between the imaginary parts of the quartets

In the SM, one can show that all imaginary parts of rephasing
iInvariant quartets:

VisVer V, = Qusch [ Vaa Vs Vi )

X Y7k V=1 v V, " ‘.V
Vcd Vts th Vcs — chts d " “

\Vt/ v, Vi

have the same modulus

In the presence of VLQs one obtains a different result, for exam

ImQ 2112 -ImQ_1132 =Im Q_1142



Fundamental properties of the CKM matrix

G. C Branco, L. Lavoura, J. P. Silva "CP Violation" Oxford University Press 1999

Vid Vus Vup d
Fec=(aci) 1" Ve Ves Voo | | s| Wi +He

Via Vis Vip bJ,

The CKM matrix is complex but not all its phases have physical meaning

ug = e'%u, . d, = e'%d|

There is freedom to rephase the mass eigenstate quark fields. As a result:
V(;Ck p— i(@k—gDa) VOCk

Only rephasing invariant quantities have physical meaning.
The simplest rephasing invariants of the CKM matrix are moduli and "quartets”

‘VOCk| Q(xiﬁj - Vaivﬁj V;]Vﬁ*l with a # B and i # j.

Higher order Invariants can in general be written in terms of these .



Details about Rephasing invariant quantities

Example :

Q VuvaCb CS ub
Im @ ~ \°sin(arg Q)

)\ Is essentially the sine of the Cabibbo angle and it is a parameter
appearing in the Wolfenstein parametrisation of the CKM matrix

lIm QI has the same value for all quartets and measures
the strength of CP violation in the SM.
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The generation of |[V_ub| and ImQ

from New Physics

We propose that the CKM matrix is generated
from three different contributions

1 0 0 C13 0 813€_i5 cl1oa  S12 0
V(?%M — 0 C23 593 . 0 | 1 0 . —S12 (13 0
0 — S23 (93 up —S513 625 0 C12 NP 0 0 1 down



In order to implement the structure
we assume that there 1s a basis where the

down and up quark matrices take the form:

d d W
m}zl mcle 0 mi; 0 0
- _ u u
Mg=1 m3 m3, O M,=1 0 Moy Miys
0 0 m§i3 0 M3y Mas

It can be shown that one can obtain these
patterns through the introduction of a Z 4
symmetry at the Lagrangian level



Without the introduction of New Physics, one simply obtains a simplified and reduced
CKM mixing, where

1 0 0 C12 S192 0 C192 S192 0
Vekmr = | 0 o3 So3 | =812 ¢c12 O — | —S512€23 C23C12 —S523
0 —S23 (o3 up 0 0 1 down —3S23512  S23C12 (23

At this level one has: [Vail= Vi Vsl and Vs =0

Our conjecture offers an explanation why:
V_31| > [V_13| !!!

Vi3 = 0 also leads to vanishing CP violation
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