Vector-Like Quarks and
Right-Handed Neutrinos

G. C. Branco
CFTP/IST, U. Lisboa

Talk given at "Cosmology, Astrophysics, Theory and
Collider Higgs 2024" conference (CATCH22+2)

Dublin, May 2024



Work Partially supported by:

FCT Fundacao para a Ciéncia e a Tecnologia
MINISTERIO DA EDUCACAO E CIENCIA

- ) QUADRO “’ '
& DF REFERENCIA
europa.eu b | ESTRATEGICO

European Union R — COMPETE

ﬁ FCT

Fundagio para a Ciéncia e a Tecnologia

Friday, February 7, 2014



' Standend Mald 1) and

Tn the SM Ngwihiines ane shiclh masellon:

No Dinac mas> Mg io mat inlodscd
No Majorzama inam ned thon ot Tute loel
Mz ok /u'jhn. ordvzs due Ao :
Exact B-L corocwalion
Thnefove : Th SM ha, boon raded
eul by export mal™. Ot hao L e SML,



VSM= smring

IF e :; mm 3
NVA%‘ )/ ¥} M‘atrualrﬁ(.:l_

Tizeevo , ent '
g,irmm . 73
: 8 ’U.yLJ/R 4-'!-“.

. Mojwm-n.mam-. MRV{C R

L,Lwd—.:ﬁf ':l?fvm mase Tnm 4» yrugl

Leads Too S m ﬁ;?
hJ .

My ~ (MB )Z
MR




ALHMG}SO(IO) 7



Sa' p- ) HammaL Grotyy di taled
e "AJMGVT", wa~ .SU/S)
Uhive rudyine ot A gain inarslees
dit o acudeddl D-L Lomsnalion
Recdl st tath by Mumngy Gsll-Mam
ok Columbia abent 50(/9...






Possible motivations to introduce isosinglet vector-like quarks

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

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 consistent with experiment
since it leads to a complex VCKM

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

Bento, gcb, Parada, 1991

Possibility of having a Common Origin for all CP Violations
gcb, Parada, Rebelo, 2003



Both Frameworks i.e., Models with right-handed
neutrinos and Models with Vector Like quarks (VLQSs)

lead to non-unitary fermionic mixing matrices.

Recall that even in the simple type | seesaw
mechanism one has deviations from unitarity

in the 3x3 leptonic mixing matrix (PMNS)



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

_ 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



Fundamental properties of the CKM matrix

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

Vid Vus Vb d
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Via Vis Vi b .

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

ug = ' %u, d, = '%*dj,

There is freedom to rephase the mass eigenstate quark fields. As a result:
V(;k = ei((pk_(POf) Vak

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

Vo] Quipj = VaiVpjVa;j Vi with & # B and i # j

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



Details about Rephasing invariant quantities

2

3
Example : % / )‘ )\
Q V’LLS ‘/Cb CS ub
Im Q - /\6 Sin(arg Q) arg Q 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.



\9,

Differences between the imaginary parts of the quartets

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

Vus Vcb V;; : Quscb ( Vud Vs Vao \

Vi= Vc Vcs Vc g
Vcd ‘/IS td cs -QCdtS d'-. ’

th . ’ Vts Vrb
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



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=|Vy|® — |Vis]? = |Vas|? — |Vae|? = |Via]® — |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:

Vi2
Vao
Va2
Via



Changes in the unitarity relations in the presence of VLQs

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

ar2,13 = (|Vizl® = [Var|?) = (|Vau|® — [Vis]?) = [V |* — |Vaa|?

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

a1232 = ([Viz]? = [Va1?) — (|Vas]? = [Va2]?) = [Vaa|* — [Vaal?,
13,23 = (|V13|2 — |V31|2) — (|V32|2 — |Vas|?) = |Vaq|® — |Vas|*.

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

Via|?|Vaa|? < (21 4£1.2) x 1078,



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[hu, hd]3 _
Tep = trlyuyl, yayg® ~ — 55— ~ 1077

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

Example:

67 ([ha, b3 HP) H,” = my(mim, + M{M,)"m}

hd = mdmg
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Bastos, gcb, Silva-Marcos, 2022
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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 8136_1:6 C12 S12 0
V(?I’EM =10 Cos 5923 C 0 ' 1 0 | =812 Cis 0
0 —893 (€23 i —813 625 0 C12 NP 0 0 1 down



In order to implement the structure
we assume that there is a basis where the
down and up quark matrices take the form:

mclil m‘liz 0 my; O 0
d S35
Md — mgl m22 0 4 Mu — 0 mgz mg‘?‘
u u
0 0 M3y 0 Mgy My,

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 S19 0 C12 812 0
Vekm = [0 c23 823 - | =512 c12 O = | —S812C23 C23C12 —So3
0 —s23 ¢/ 0 0 1/ ,.. —823812 S23C12  C23

At this level one has: [Val=|Vio||Vasl and Vis=0

Our conjecture offers an explanation why:
IV_31| > |[V_13| !l

V13 = 0 also leads to vanishing CP violation



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

( 0 0 0 M4 \
0 M2 Mog  Moge”
Mu — Xe's
0 magao€ Trag 0
\m41 0 —my3e?® M )



Numerical example:

Mass matrices in GeV at the m_Z scale:

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

mg = 0.003, m, = 0.060, my, = 2.9,

0 0 0 03.7334
M. — 0 0.59952 —6.91815  1.250e0-28%
v 0 —0.0239936 172.862 0
0.046526 0 14.886¢ 1190 1250

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



ETEF)[vs vis Vis ()
Ved s V¢
ed Vg V-d

Yra Vf'_s rd

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| =



Q)

These mass matrices lead to:

CP violation rephasing invariant phases are
v = arg (~ViaVa Vi V) =~ 68.0°,
sin(28) = sin [2 arg (— VeV V3 V)] =~ 0.746,
x = arg (— ViV Ve Vi) =~ 0.020,

X = arg (—VeaVus VAVE) ~ 5.71 x 1074,

CP-odd invariant quantity Icp = [ImQ| = |Im (Vi Va Vi,V |

Icp ~ 3.00 x 1072,
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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:

0
u 0 0 0
( do ) ,'U,iR, dO!R’ DL’ 1 — 1,2,3, o = 1,...,4, ¢, S
iL
D is 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 Nelson
D'~ -p° S-S

SU(2) x U(1) X Zy invariant scalar potential

V =Vy (¢,5) + (1> + A\ S*S+ X2 ¢T#)(S2 + 5*2) + X3 (S* + 5™

V[_) contai_ns all ter_mg trha{: are phase ind(-apfandent anﬂdﬂinc}ud(?s thfe SMNI“-Iiggs

v

_ V exp(if)
\/51

V2

Real coefficients spontaneous CP violation () =

(5)



A Common Origin for all CP Violations
The Yukawa interactions of the quarks are given by: (ali coefficients are real)
Ly = —V2(u0 d)}(gi;6 A+ hijdulp) — MyDY D% —v2(f; S+ f{ §*) DYdip+h.c.
with (i,j = 1, 2, 3) and the down quark mass matrix is now of the form:
o my 0
Ma ( My My )

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

2
MdMJ;UL:UL(dd DQ) with U[_,—([S(, ;)

d

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

S~ —Dig(m mh) K where here My = f; Ve’ + fiVe ¥
_ 1
D2~ (M My + M?) Heps = mg miy — oo (Mma Ma')(Ma m)

d
- 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:

2

g
Z D 9QCD64;26W“‘6G3V gﬁ

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, fqcp s a free parameter

Experimentally what is measurable is the combination: 6 = 0acp — Bweak
O weak = arg(ciet M, x det My)

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: 7 5 10710

No additional symmetry is restored at Lagrangian level is restored when . 68 =0

SO g:o,z., u/m\wmﬂ.al



>
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® &) (g;¢ d?R"'hijq;ugR)_MdD_g DY —V2(f; S+£.8") Dy +h.c.
Since CP is a symmetry imposed in the Lagrangian bocp =0

) arg(det My x detm,).

weak —

my 0



A Common Origin for all CP Violations

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

L = PG €% + WG, V% + u TC(f,S ++£/SWE + he. all coefficients are real

Imposed symmetry: W) =), €% ik, vh =il

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

= Y9G %+ Y0G, b V9 + u TC(f,S + +£,/S W% + he

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



A Common Origin for all CP Violations

— — - 1
L, =G % +y0G,é vy + 5u?;f“c(wa’ + +£,/S*)% + h.c.

0 m v v
M—(m:r M)’ ml—EGl: m EGU

M= %(fi cos(e) +if; sin(e)) v=fxf

In the weak basis where m; is to chosen to be real and diagonal

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

K Tm~]\1/—ImTK * o=l 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
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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