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Physics BSM with vector-like quarks

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

Bare mass terms in the Lagrangian are allowed

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 r
(FCNC)

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

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

G. C Branco, L. Lavoura, J. P. Silva "CP Violation" Oxford University Press 1999
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The CKM matrix is complex but not all its phases have physical meaning

ug = e'%ul,, d;, = ¢'%d,

There is freedom to rephase the mass eigenstate quark fields. As a result:

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

|Vak| Qaiﬁj = VaiVﬁjV;jVEi with &¢ # 8 and i # j.

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



Details about Rephasing invariant quantities

Example :
Q Vusv;:b Cs ub
Im @ ~ A\°sin(arg Q) arg @  isoforderl

)\ 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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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:

tr[hua hd]3 _
Tep = trlyuyl, yayy)® ~ — 55— ~ 107

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

Example:

tr ([hy, S HR)) B = mulmima + MIM.)™m]

hd = mdmjl



Differences between the imaginary parts of the quartets

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

* *
Vus Vcb ubYes — QuSCb ( Via Vs § Vi \

+

¥ y7rx V= V. V, .' "V ;
Vea Vis td Vcs — chts d “ ¢

\er- ..Vts th)

have the same modulus

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

Im Q_2112 - Im Q_1132 =Im Q_1142
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Changes in the unitarity relations in the presence of VLQs
Moduli differences: Albergaria, gcb, 2023

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

a=|Va|® — [Vis|* = |Vas|?* — |Vae|* = [Vao|® — [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:

Viin. Vig Viz Viy
Var Voo Vo Vo
Va1 Vay Vaz Vg
Va Ve Vi Vy



Changes in the unitarity relations in the presence of VLQs

-

From unitarity of first row and first column of V, one derives /W m SM’

wilh | VLR :

a1213 = (|Viz]? = [Va1l?) — ([Va1]® = [Vis|?) = |V |* — [Via)?

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

ai2,32 = (|Vaa|* — [Va1]?) — (|Vas|® — |Vaal?) = |Vau|® — [Vael?,
ai323 = (|Vis]® — [Va1l*) — (|Va2|® — |Vas)?) = |Vaa|® — |Vas|*.

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

Via|?|Vae|? < (2.1 £1.2) x 1078,
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Recent measurements of |V,,s| and |V,4| indicate that unitarity of the first row may be
violated, |Vya|? +|Vas|?+|Vas|? < 1, at the level of two or three standard deviations. This
Experimental data suggests:

B. Belfatto, R. Beradze and Z. Berezhiani, The CKM unitarity problem: A trace
of new physics at the TeV scale?, Fur. Phys. J. C 80 (2020) 149 [1906.02714].
— 2 2 2 2
A=Ay =1— Vgl = |Vas|* = [Vaa* = Vi, |
VA ~ 0.04

9
= 514

Several references in our work, e.g, FLAG Review 2021
(Flavour Lattice Averaging group) (2111.09849)

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
iIsosinglet quark is especially interesting since experimental
limits on FCNC in the up sector are less stringent than those

in the down sector

Q.(,;p,u wnﬁm wi b Bl Martgiamo



Yukawa terms and bare mass terms (notation):
=0 7 = =0 =
—Ly D Y3 Qriduk; +Y; Qi 6TR
+ M Tyl + MTLTS + hee.,
(artificial splitting of R-handed components)
—0
Following the spontaneous breakdown of electroweak symmetry:

UO
-£ > (=) T7) M. (Tﬁ) +dy Myd + he.

R L]
_ vy o U ~ _
m= Y m=5Y v = 246 GeV M, i L Em
3x3 3x1 M M
4 x4

Possible to chocose WB where the down
quark mass matrix is real diagonal

Vi MuVa =, S



Non-Unitary mixing

‘CW - _%ﬁ[}ﬁ (PY#W:) d%z = _%ELCE (’Y“W:) (VT)M dL,;

YCKEM correspoﬁds to the 4 x 3 block of the matrix V!

YCKM _ (Vf)(4><3) — A},

Useful Parametrisation F. Botella, L-L. Chau. 1986

0
PDG |:3><3:I
t PDG yroa | [V 0
VU = O34Va4 V14 - V4 4 0
0 0 0 1
10 0 0 1 0 0 0 €14 0 0 spqe 14
spolor o o 0 cx 0 sgge ¥ 0 10 0 V4PDG
L= 00 Cad 834 0 0 1 0 0_ 01 0
0 0 —s34 cag 0 —32;.163“5""4 0 €4 3148“514 0 0 C14

A=Ay =1 Vel — Visl® = Vil = Vi |* = k4 VA ~ 0.04
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Couplings of the Z boson

F*=al4, =1-BlB

Couplings of the Higgs boson

1 1
ﬁh = — \/ﬁuLz(Y“uRj —i—?‘:TIO{)h— \/5 szd h + hC
_ UR —
— — (. Tp) F“Du( )ﬁ—dLDddRﬁ-kh.c..
Tr) v v

Similarly to the case of Z-mediated FCNC, the strength of Higgs-mediated FCNC is
controlled by the off-diagonal entries of the matrix F™ and by the ratios mg/v, (¢ =

=u,ctT

{6
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Conjecture:

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 3136_?:6 ci2 Si2 0
VégM =10 Co3 So3 . 0 ‘ 1 0 | —8512 Ci3 0
0 — S93 Co3 e —813 616 0 013 NP 0 0 1 down

1§



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

down and up quark matrices take the form:

m$, mf, 0 m¥ 0 0
M= mgl mgz 0 M,=120 Mgy Mg
0 0 mg 0 mb, mi

It can be shown that one can obtain these patterns through the
introduction of a Z_4 symmetry at the Lagrangian level

19



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

1 0 0 C12 S19 0 Ci12 S12 0
Vekm = |0 co3  s23 | =812 ¢ci2 O = | —S12C23 C23C12 —S23
0 —s3 ¢/ o 0 1/, . —523512 S23C12 €23

At this level one has: [Val|= Vil [Vas] and Vs =0

Our conjecture offers an explanation why:
IV_31| > |[v_13] !l

Vis = 0 also leads to vanishing CP violation

20



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

( 0 0 0 mi4 \
0 Moo Moy m24ew
M’u = 1o
0 mase M33 0

\7?’&41 0 —m4367;5 M )
then one can generate:

(y;;" ¥ #06 \Im Q‘I{;ﬁ'o



Numerical example:

Mass matrices in GeV at the m_Z scale:

0.00292338 —0.0134741 O
My = | 0.000673705 0.0584675 0
0 0 2.9

mg = 0.003, mg; = 0.060, m, = 2.9,

0 0 0 33.7334
M. — 0 0.59952 —6.91815  1.250e0-285
s 0 —0.0239936 172.862 0
0.046526 0 14.886¢1-19% 1250

m,, = 0.002, m,=0.60, m, =173, mp = 1251.

22



ETeF) (v vis Vs []
Ved s V¢
ed Vs V-d

Yra ¥, ¢s Vrb

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

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

V| =

23



These mass matrices lead to:

CP violation rephasing invariant phases are
Y = arg (—Vud%bVJbV;’;) ~ 68.00,
sin(28) = sin [2 arg (— V4 ViV V)] =~ 0.746,
p:g x = arg (—V;s Vi VAV =~ 0.020,

F 4 X = arg (— VoV, VEVE) ~ 571 x 1074,
K

CP-odd invariant quantity Icp = [ImQ| = |Im (Vy, Vo VEVE) |

Icp ~ 3.00 x 107°.

L



There Is an intriguing similarity

between vector like quarks and

right-handed neutrinos.

This increases the plausibility of

New Physics including
Vector-like quarks
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CONCLUSIONS

Vector-like quarks are very interesting candidates for physics BSM

Very simple extension of the SM, providing striking new experimental
effects

Vector-like quarks are “cousins” of right-handed neutrinos which
provide through seesaw the most plausible explanation of the

smallness of neutrino masses
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A Common Origin for all CP Violations
The Lagrangian is CP invariant. CP is spontaneously violated
Field content, Higgs and quark sector:
UO 0 0 .
P ) ovr dom Di, i=1,23, a=1,.4, ¢, S
tL

D is a down-type vector-like quark, S is a scalar singlet

A Zp symmetry is imposed in order to naturally suppress strong CP a la Barr and Nelson
D' -D° S5 -8

SU(2) x U(1) x Z, invariant scalar potential

V = Vo (6,5) + (1% + A S*S + Ay 16)(S% + S*2) + Ag (S*+ §*9)

V(_) contaips all Iter_msi t'ha!: are phase indfapfandent a.nﬁd_inc;ud.e\zs thfa SMﬁI_—Iiggs

v _ Vexp(iB)
i Y=z

Real coefficients spontaneous CP violation (%)




A Common Origin for all CP Violations

The Yukawa interactions of the quarks are given by: (all coefficients are real)

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

. my 0
M”’"(E Md)

Diagonalisation of this mass matrix: Bento, gcb, Parada, 1991

d> . K R
MdMLUL—UL( d Dg) with UL:(S T)

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

S —— (Mg m}) K where here My = f; Ve + fjVe™#

_ 1
D2 ~ (M M3 + M2) Hess = ma mfy — o (ma M) (Mo m)

concerning the generation of a complex VCKM

- Suppression of deviations from unitarity irrespective of which scale dominates

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,



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:
2

9s vaf va a
£ i, QQCD'@E‘” GPW af

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

However, CP violation has not been observed in the strong interactions
Furthermore, 6qcp s a free parameter

Experimentally what is measurable is the combination: g = 8qcp — Oweak
B eak = arg(ciet M, x det M)

Within the SM the electric dipole moment of the neutron which is CP, P and T violating
is proportional to g,

It is the fact that 8. is tiny that constitutes the strong CP problem: 0 5 10710

No additional symmetry is restored at Lagrangian level i§ restored when 6 =0



A Common Origin for all CP Violations

Strong CP
Nelson-Barr proposal

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

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

Bento, gcb, Parada model
Ly = —V2(u® Yy (gi;¢ g +hijdulg)— MDY D —v2(fi S+ f{ S*) DIdlp+h.c.

Since CP is a symmetry imposed in the Lagrangian fgcp =0

arg(det My x detm,,).

my 0



A Common Origin for all CP Violations

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

1

Ly = Y0G1¢ €% + PG, b 1Y + 51/?30( fS++£/8% + hec all coefficients are real
imposed symmetry: zb? — z'1,!)? , eOR — z'e?_—i, 1/% — z'v%

The initial Z5 symmetry is thus promoted to a Z; symmetry

— — - 1
,Cg == ’L/)?qub GOR Sl ’(,[J?GV¢ V?% + EV%TC(fUS + +fy’S*)V?Z + h.c.

the symmetry prevents the existence of bare Majorana terms, however these are
generated by the couplings to the field S

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



