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Possible motivations to introduce Isosinglet vector-like quarks

Vector-like fermions arise for instance in grand unibed models

Naturally small violation of 3x3 unitarity of the VCKM and non-vanishing but naturally suppressed [3avour-changing nt
(FCNC)

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

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

Possiblility 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

w = e ul,  dg= éFdf

There Is freedom to rephase the mass eigenstate quark pPelds. As a result:

V'#k = & F # )\ ‘

Only rephasing invariant guantities have physical meaning. !
The simplest rephasing invariants of the CKM matrix are moduli and "quartets”
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Higher order Invariants can in general be written in terms of these .



Details about Rephasing invariant quantities

Example :
Q = VusVenVesVip
Im Q L] ° Sin(argQ) argQ IS of order 1
| IS essentially the sine of the Cabibbo angle and it Is a parameter

appearing in the Wolfenstein parametrisation of the CKM matrix

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



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

IMmQ 2112-ImQ 1132=Im Q 1142



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 OasymmetryO
dePned as:

a" Vaal* ! Vaal® = [Vaal® ! Vol = [Vaal® ! [Vl

In an SM extension with one up-type VLQ the quark mixing matrix
consists of the Prst three columns of a 4x4 unitary matrix:
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Vll V12 V13 V14

vzl Vo Vo Vo V24§§
V31 Vzo Vi3 Vg
Va1 Va2 Vaz Vyu



Changes In the unitarity relations in the presence of VLQS

From unitarity of Prst row and Prst column of V, one derives:
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Using unitarity of other rows and columns of V one obtains:
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A1232 \V12|2 | \Vzl\z
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[ Vas|® ! |Vaof?
Vao|* ! [Vas)?

— ‘V24\2! ‘V42\2,
= |Vag|*! [Vas|*.

From Dy! Dy mixing, we know that, in models with one up-type VLQ, we hav

IV1al?|Vaal® < (2.1% 1.2)# 10 ©.



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:

trl hy, hgl®
o =] Yuyy Yayal " e 1028

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

Example:

trhy hSTH@ R mumm,+ MMy,
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Recent measurements ofVys| and |V q4| Indicate that unitarity of the brst row may be
violated, |V, q|%+ [Vus|?+ [Vub|? < 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?Eur. Phys. J. C 80 (2020) 149 [1906.02714].
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I ' 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 !
Isosinglet quark Is especially interesting since experimental !
limits on FCNC In the up sector are less stringent than those !

IN the down sector



Yukawa terms and bare mass terms (notation):

n =0 = 0 -
Ly # Y Q) "ugy + YiQu "TR

FMiToWS + M T T + he.,
(artibcial splitting of R-handed components)
n \ — =0 n

Following the spontaneous breakdown of electroweak symmetry:
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Non-Unitary mixing
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Ly = | "génﬂi W D = ) "QQUL! W vy

VCKM  corresponds to the 4 3 block of the matrix V

L, @3

VCKI\/I — V .
Useful Parametrisation F. Botella, L-L. Chau. 1986
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Couplings of the Z boson
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Coupllngs of the Higgs boson
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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" and by the ratios mg/v, (g =

=u,c, t T



Perturbativity Constraint

Requiring Yukawa couplings of order 1, gives approximate upper bound
My

mT ! 11 11 11
1+ 2+ " 3

if '1 dominates my | % which impliesmt ! 44TeVfor ! =0.04

Collider bounds: SSit > 1.3TeV (ATLAS), ssit > 1.0 TeV (CMS)

New Physics
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NO-N°  my [MeV] I m&® [MeV] fy [MeV] B
KO-K’ 497611+ 0.013 (3484+ 0.006)! 10 2 1557+ 0.3 0.717+ 0.024
BO-B” 527965+ 0.12 (3.334+ 0.013)! 10 1© 1900+ 1.3 130 0.10

BO-B. 536688+ 0.14 (11683% 0.0013)! 10' 8 2303+ 1.3 135+ 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
| I I I I |
| mg ideHvTS: < 74! 10 4 ideiivTS: < 27! 10 4
| mg ide::va: < 67! 10 4 ide“va: < 34! 10 4
SUCHE |!|VTSi-|-VTb! < 32! 103 | I!IVTS!I'!'VTb! < 16! 103
1k | Wrg''Vrs!h [sin2' < 88! 105 "pglhwys! [sin2 < 311 105

Table 2: Constraints from neutral meson observables on products of mixing matrix
elements (' = arg V;.Vrq) for two benchmark masses of the new heavy top quark. v = A



Rare top decays t & qZ (leading new physics contribution is tree level)

2 2 ~1
Vi V M? M2 M, M
Br(t — ¢iZ)xp = Vi L“;‘ <1 g) (1+2—§) (1 3—W +2—VGV>
2|\ Vip] my my my my
J. Aguilar-Saavedra, 2004
Br(t! UZ)exp < 1.7" 10 4 Br(t — €Z)exp < 2.4 x 107* (95% CL) ATLAS 2018
1BH(& uZ)sy $ 10 16 Br(t & cZ)sy $ 10 14 J. Aguilar-Saavedra, 2004

Br(t & gZ)np ! 0.46&, &, $ Aj Az, which for O(0.01) angles still exceeds the SV

contribution by several orders of magnitude.

Tree level NP contributions to the rare decays /st | gh

are suppressed with respect to t—q4

due to the additional suppression by the ratios mq/v

D |



Results of numerical analysis
Take CKM from PDG without assuming unitarity

| #
0.97370+ 0.00014 02245+ 0.0008 (382+ 0.24)" 10 °

Kckm | =" 0.221+ 0.004 0987+ 0.011  (410+ 1.4)" 1039
(8.0t 0.3)" 10 3 (38.8+ 11)" 10 3 1.013+ 0.030

Results after imposing previous constraints, and assuming that the phase !
\gamma remains unchanged:

- relatively large values for %, $ A and %4 are preferred
- disfavoured 634 = 0 at more than 20

- conversely %y, IS compatible with zero
(constraint coming from  DO-

D" mixing  leads to preference for small values)
- no reason for common OwisdomO that T couples more strongly to third generation

- maximum value for mt depends on the size of the deviations from unitarit

/U

-bxing " =0.04, one bndam ! 5 TeV
taking Into account the full 3" region of the bt, the bound becomeant ! 7 TeV

For several correlation plots and a benchmark point see our work

B. Belfatto and Z. Berezhiani, 2103.05549 very interesting work






Conjecture

The generation of |V_ub| and ImQ

from New Physics

We propose that the CKM matrix is generated from three
di'erent contributions

O / / Vo2 / FooU : Vo1 Fo1 /
UOI\\:,%VX () / V12 F12 / C / - Fg1 Vo2 /
_ _ FI
/ F12 Vi2 . Fo2U / Vo1 g / / O NV,
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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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At this level one has: Ugio iU and e/

Our conjecture o"ers an explanation why:
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Introduce an up-type VLQ
and assume the 4x4 up-type quark matrix to be of the form:

| $

M = O m22 Moqg m24e|! %
. # O mgzel M 33 O
M4q 0 " m439|# M



Numerical example:

Mass matrices In GeV at the m Z scale:

0.00292338 #0.0134741 0
My = 0.000673705 584675 0%
0 0 29

myg =0.003 mMm;=0.060 my=2.9,

I
| 0 0 0 537334 i
v 8;3 0 0.59952 #6.91815 12502 0285 %
U= 0 #0.0239936 17362 0
0.046526 0 1886 1190 1250

m,=0.002 m.=0.60, m{=1/3, my = 1251.



The CKM matrix isI the 4" 3 left-sub-matrix of the following full 4" 4 Qixing matrix

0.97354 (224413 (00370431 M429468
8;3 0.224536 (073644 (0399975 0099621
" 0.00833917 ®M393001 (®99192 (0151171
0.0416344 ®M105585 @MO01674 (99076

V] =



These mass matrices lead to:

CP violation rephasing invariant phases are

1 arg (" VugVepVL V.Y # 680,
sin(2') ! sin[2 arg (" VgV V. V,y)] # 0.746
#1 arg (" VisVeV.LV,) # 0.020

#%1 arg (" VegVusVaViy) # 5.71$ 10°4.

CP-odd invariant quantity Icp = [ImQ| ! [Im (VuVeaV,qVap) |

lcp # 3.00$ 10°°.
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Physics BSM with vector-like quarks (VLQS)

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

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 S
Violation of some

Z mediated Flavour-Changing-Neutral-Currents Dogmas of the Past!

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



There Is an Intriguing similarity

between vector like quarks and

right-nantded neutrinos

This increases the plausipility of

New Physics including
Vector-like quarks
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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:
! O 11
. uS, &, DO i=1,23 ! =1,..4, ", S
d() 1 YR | R 9 - y &=y - T y =y Ty 9
IL
D iIs a down-type vector-like quark, S Is a scalar singlet

A Z, symmetry is imposed in order to naturally suppress strong CP ala Barr and Nelso
D%"1 DY S"I S

BU(2)$ U(1)$ Z, invariant scalar potential

V=V (,S)+(p*+#, S'S+#,! 1)(S?°+ S'9)+ #; (S*+ S'Y

Vp contains all terms that are phase independent and includes the SM Hic

— —

Real coe#cients spontaneous CP violation TR= #V_é 1" = v ei—,%pza )



A Common Origin for all CP Violations

The Yukawa interactions of the quarks are given by: (all coet#cients are real)
Ly =1 20 do)| (gi! dk +h; Fuk)! M¢D?DR! 2(f; S+f/S")DPd) +h.c.

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

_ mg O
Ma=" ©, Mq
Diagonalisation of this mass matrix: Bento, gcb, Parada, 1991
| " | "
o . K R
M 4M d U = UL d Dczj with U = S T

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

S#! é(l\/l—d m,) K where hereMg = f; Vé' + f/Vé"
d

1 _
D2# (Mg Mg + M?) Hett = Mg My ! D—g(md Mg )(Mg my)

- 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



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:

05
L | !QCD64§2#J " Gh G,

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, 2ocp s a free parameter
Experimentally what is measurable 1s the combination: B=1oco # ! weak
I weak = arg(dét M," detM g)

Within the SM the electric dipole moment of the neutron which is CP, P and T violating !
is proportional to 1

Itis the factthat '!. is tiny that constitutes the strong CP problem: g1 101

No additional symmetry Is restored at Lagrangian level is restored when 2H =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 pelds.

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

Bento, gcb, Parada mode|

Ly =1 20 dO) (g;! d} +h;Fux)! MgD?DR! 2(f; S+f;S")D?d) +h.c.
Since CP Is a symmetry imposed in the Lagrangian 2ocp =0
"weak = arg(detM 4 $ detm,).

weak = O Ma=" M, M,



A Common Origin for all CP Violations

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

. 1 " ) .
L= "'G#ex+ "G #!p+ 5! S C(fS++f, SR+ hc. all coe#cients are real
Imposed symmetry: Pty et ieg, 't il

. The InitilaZ, symmetry is thus promoted to aZ, symmetry

__ . 1 ol
Ly ="0G# el + "G #!2+ élgTC(f!S++f! S')Ia + h.c.

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

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



A Common Origin for all CP Violations

_ . 1 -
Li="G#er+"0G#!o+ 1'C(f,S++f, S')!I2+ h.c.

2R
| O m V \Y;
— - 1 - 1 |
M = %ur cos() + if | sin(")) fo " frxfy

In the weak basis wheram, Is to chosen to be real and diagon:

light neutrino masses and low energy leptonic mixing are obtained to an excellent !
approximation by:

# K mMimTK = d where Upyng can be identified to K.

m Is a real matrix, while M is a generic complex matrix, therefore K will also be complex

Leptonic CP violation Is generated at low energies. CP violation at high energies !
can also be generated. Possibility of having Leptogenesis

Lepton number asymmetry is sensitive to the CP violating phases appearing in M m

In the weak basis where m_| 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
elects

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

smallness of neutrino masses






