Extending the SM with Vector-Like Quarks:
consequences for CKM unitarity and CP violation

José Filipe Bastos

CFTP, Instituto Superior Técnico,

Lisbon

In collaboration with: Francisco Botella, Gustavo C. Branco,
M. N. Rebelo, J. Silva-Marcos, Francisco Albergaria

TECN|C0 Ljubljana, December 4, 2024
LISBOA Based on:

[2207.14235], [2111.15401] and [2210.14248]

_ ¥ REPUBLICA ——
fg: S PORTUGUESA ‘6'2020



Motivation

@ Afourth chiral generation of quarks is ruled out, but the quark sector can be extended with VLQs.

@ VLQstake part in many models from GUTs, to the Nelson-Barr solutions to the strong CP problem.
They have a rich phenomenology that can be used to try to explain several types of anomalies/ tensions.

@ Cabibbo Angle Anomaly (CAA): The independent determinations of |V | (semi-leptonic kaon
decays), the ratio |V,./V 4| (kaon and pion leptonic decays) and |V, | (8 decays) are not in agreement
with each other within the framework of the CKM unitary of SM (discrepancy of ~3a). These values fit
best to the relation

‘Vud|2+‘vus|2+yvub‘2 = 1—A2, A%OOZI

@ Extensions with VLQs iso-singlets naturally introduce deviations to CKM unitarity.

@ CP Violation: The introduction of VLQs allows for extra Yukawa couplings and bare mass terms. In principle,
this means more physical phases which could lead to the enhancement of CP violation in the quark sector.
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Solving the CAA with an up-type VLQ iso-singlet

Introducing a Q=2/3 VLQ iso-singlet T=T, +T, with mass m+ leads to:
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Both T, and T, have the same quantum numbers as up.

In the physical basis we get non-unitary mixing and tree-level FCNCs:
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Solving the CAA with an up-type VLQ iso-singlet

The mixing can be parametrized as:

' ' : . 1014
@ Auxiliary Unitary Au\}3 Lo 0 0 1 0 0 U C14 00 s14¢
Matrix: V= B, }1 vt 01 0 0 0 Co4 (0 soue 202 0 1 0 0
< o 0 0 C34 534 0 0 _ 1 0 0 _ 0 1 0
@ Non-Unitary 4x3 v _4 r 0 0 —s31 3 0 —s94e™* 0 Cos —spuet 00 C1a
CKM Matrix: CKM — w 1 0 U U C13 0 8136_7;6 0 Cl12 S12 0 U
0 co3 523 0 0 1 0 0 —S12 ¢12 00 0:; € 0, 7/2]
i , ) ) _,'Iﬁ i . ) _
@ Matrix Controlling 0 —s93 o3 0 —s13¢” 0 c3 O 0 0 10 N
FCNCs: F, = VCKMV(;rKM 0 0 0 1 0 0 0 1 0 0 0 1 5%3 = [0? 277]
. .. 2 2 2 2 CAA
We have for the first row of the mixing: Vadl” + |Vus|” + Vs =1 — 5874 —=> 514~ 0.04 ~ )2
At first glance, a “minimal” solution to the CAA could be: s14 ~ 0.04

. ) d14,0 F t
We study this case in Botella et al. [2111.15401]. So4,834 =0 1T — Factored ou

General solution and its parameter space analyzed in Branco et al. [2103.13409], but VLQ mass bounds
assume predominant couplings to the third generation.
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Phenomenology: the s, .-dominance limit

C12€13C14 S12€13C14 -‘)’13(3141‘3_“S (:?f,1 0 0 —syyc14
VCKM _ —3512C23 — f:’-m(-312-5‘13-5‘23 C12C23 — f-"m_=‘f12-5‘13523 C13523 P — 0 1 0 0
512523 — f316(112513(323 —C12523 — f—’«mc‘>’12-5’13f123 C13€23 u 0 0 1 0
—C12C13514 —512€13514 —S13814€ " —s1cige 0 0 s2,
@ We assume: Br(T —dW™) +Br(T - uZ)+Br (T —uh) ~1 = mr > 115 TeV [2405.19862]
Typically searches assume: Br (T — bW ") +Br (T — tZ) + Br (T — th) ~1 = myp > 1.48 TeV
. . —0 ..
@ The NP contributions to ngs — B, , Mixing are suppressed NP SM NP/SM
W _ t1aVig ~ N Vaz = 1
h —¢—rrnanoan——e—— ([ F b W b Aaassall!
—0 —
Bg,s - Bd,s : Bg,_; uia \ 32_5 — Bg — Eg : T \ B ~A4
d, s —»— b ——— ) . .
i d W+ | d ——e— e
—0 t1aVi1 ~ A? Vi ~ A?
@ No NP contribution to D’ — D" in the s;,-dominance limit: 1aVig ~ A7 Vs ~
_ _ h——»— W b ——————mmnn W
Uu
0 =0 . Y7 Yi ~ 16
po—p’. P 4 pr ~|Fia| =0 B! - B,: A
5§ ——— W § —— - . W
c u $14Via ~ A? Vaz ~ A2

orto K; — n%ov or £ /e, since Im (VpaVy,) =0
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Phenomenology: Kaon Physics

The kaon system imposes the most stringent constraints.

Pl ~ (2,228 £ 0.011) x 1073
; ek = (2:228 £ 0.011) > 10 W] & (0.68 £1.80) x 107! — 5824 #50 .
KO0 o u; & K eS| ~ (2,16 4+ 0.18) x 1073 sin 211 14) 7
d > .
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s\ NP
d —— gk d Tk —4x107* < (2)1 <10x 107

[Aebischer et al. 2005.0597]
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Phenomenology: the s,.-dominance fit

1.0,
o Mass Lower Bound: The assumption of predominant
0.6/ .
| scan coupling to the 1st gen. allows for a

> 3 [ ~ o o

s24 % 107 | mp =~ 0.80 TeV more promising bound, than the 3@
0.2 R O ATLAS gen. assumption.
0.0l s My = 1.15 TeV
2.5 ( N
20l Best-fit (sq4,-dom.): x2~225  mp = 1477 GeV
. ’_ 615 = 0.22579, 615 = 0.0038275, B9 = 0.039524,

mp(TeV) |
1.0} 91,1 = 0045334, 92,1 = 7.412 x 10 '1, 934 = 2.346 x 10 'l,
0.5 6= 0382?1’_ 51_1 = 1.872m, 52_1 = 1.9797.
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(524 - (514 0
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SM Mixing and CPV from a VLQ model

@ Consider a minimal solution where the mass matrices take the form (Branco et al. [2207.14235])

mill miiz 0 This form can be motivated within a
My=|mg md 0 2HDM with an underlying Z,
0 0 m, symmetry
u
o 0o mimiy g migm i
u _ Mao. Ma3 Mgyt F u .
(ij > 0) MU - 0 mngmx mg?) 0 é Mter, I~ _mz?\zrnzu 616 m121,2 m12,r,3
mY 0 —m}f?)e“s M 0 mso mss

@ In the decoupling limit we have:
0 0 0

1 0 0 C12 S12 0 C12 S12 0
eff A
M, =10 myy m; j Vcﬁﬁl\[: 0 o3 So3 - | —s12 13 0 = | —S12C23 C23C12 —S23
1
up down

0 m13L2 m§3 0 —s23 cCo3 0 0 —S8923812 S23C12 (23

In the absence of VLQ - SM quark We obtain |V, pl<IVigl=I Vel Vel Which
couplings, we have m =0, V,,=0 and Is a crude approximation of what we
J=0. observe in the SM.
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SM Mixing and CPV from a VLQ model

@ In general, the mixing is described by CAA
u u _—id u 312 —_— A mu
My4Mysc Mg ~ 14
( €12 512 mymr mr \ S14 =~ .
me &
. M3 My ,—if3 593 ~ —2 U
512 €12 me mr ¢ my So4 A M4
VT ~ miymy. s mes. ms mymys 4§ vub:"l'-o o mr
—Cro e + 51p 728 —C1272 1 ——m%‘w e’
u
MMy o Mgy
miy mas i3 miy mimag ,—10 18 mem P 2
\ —C127, —Cl2, €7 — S127 7 mZ. e 1 / ther T
and the 3x3 effective mixing reduces to the SM form
CcpPV
1 0 0 Cy: 0 sy3e ™ c12  S12 0
e 13 13 12 12 P mismls . mYy ind <2
Vekm = | 0 23 S23 : 0 | 1 0 | —s12 3 0 ~ m? mr
0 —sS23 ¢o3 ap —s13€¢" 0 C12 NP 0 0 1

down

A non-zero mY,, coupling, crucial to address the

The large VLQ mass is responsible for the s;,, 5,5>>
CAA, allows for a non-zero m,, V,, and J.

s;3 hierarchy and the CPV suppression in the SM

quark sector J<<1.
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Enhancing CP Violation with VLQs

@ We study this Albergaria et al. [2210.14248].

@ Weak Basis Invariants remain unchanged under weak-basis transformations (WBTs) s S?)M:
which leave EW currents flavor-diagonal. CP-odd WBIs point to new sources of CPV. t (A, ha]” o< J
@ WBTs with one up-type VLQ iso-singlet:
: u u
Qh Wiy, Th > *Tj, dy > Widn, (77) > Wi (i
} SO
3x3 unitary 3X3 unitary 4x4 unitary
@ Hermitian “building blocks” (all transforming as H — WEHWL)
3 - (mdmz)n h: B (mumL)n h&n) — mu(mLmu + MrIMu)nilmL

- : m
built from the up-sector mass matrix: M, = (M“)
u

@ More CP violating phases imply more independent CP-odd WBI. The WBI of lowest mass dimension is:

3 4
tr ([hu,hd] hg,?)) =203 3" mZmd m? Im (FisVE V) ~ M
i=1 a,f=1
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Enhancing CP Violation with VLQs

@ CP violation should depend on dimensionless quantities such as

~ M2 ~ M8 ~ M0
P13t s, ha)” e tr ([hu, hal h,Ef)) tr ([h,ﬁ,hd] h,if))
Iy = tr {yuyu, ydyd} = " 10 IvLg = oy Lo = o

@ These WBIs in VLQ extensions can be significantly larger than the SM one:

f 1
Best-fit (s,-dom.): VX2 =225  mr = 1477 GeV o 2
7 7 o ([hu’ hal ) 10 b ([h’i’ hd i )) 10
2 = 022979, Gha = D002, G = 003924, e =——55 ~ 2,02 x 10~ N = ——57 ~1.16 x 10
r T
014 = 0.045334, Oy = 7412 x 1071, B34 = 2.346 x 1074,
§ = 0.382r, 514 = 1.8727, 5oy = 1.9797. Important for Baryogenesis??
\- J

With VLQs we can even obtain CP violation in the limit of extremely high energies (extreme chiral limit)
where m,=m_ =m4=m_=0 and Ilg,,=0 (also pointed out in del Aguila et al. [hep-ph/9703410]).

2 .2 92 9 2 2 -1, 0 0
o ([hu, ha] h )) = 2i mym;mp(mp — mi)lecL o
— 514594 C23C24

523C24
idc b
—814C24534€ " —S33C34 — C23S24534€ "

e
C3C34 — S93894834€" L

Vekum =
TpcL = €23¢343 in 0
ECL — €23C14€94€C34523524534 S111 OECL

ide ide ide
—814C24Ca4€ CL 899534 — Co3594C34€C CL — (93534 — S593594C34€ CL
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Summary/Conclusions

@ Extension with VLQs can provide very simple solutions to the CAA.

@ The s, ,-dominance limit is particularly safe in relation to a large variety of pheno.
constraints and is related to an unusual decay pattern for the VLQ connected to the
most favorable mass bounds for singlets.

@ Within the framework of s,,-dominance we show how some of the structure of CKM,
hierarchies and CPV suppression may emerge from mixing with VLQs.

@ The introduction of VLQs to the theory could enhance CP violation in the quark
sector and even achieve CP violation at very high energies. This is also a
consegquence of CKM non-unitarity.
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Thank You!



B. Belfatto and S. Trifinopoulos [2302.14097]

From unitarity:

0.975+ |
' : 1 [Vs|a = 0.22308(55)
: Vsl = 0.22536(4
0.974 |Vus|B = 0.22536(47)
— ' Vis|c = 0.2277(11)
g
> 0.973} \
_ Vis|avp = 0.22440(51)
0.972} | Vs > CAAL ~2.70
ot - Vis|o = 0.2277(11)
I )
0.971 ' Vis| 4 = 0.22308(55)
222 0223 0224 0225 0226 0227 0228 0.229 Ve L cAM: <310
Vus] Vsl B = 0.22536(47)
P
. . :
Best fit: JCKM ~ 1.7 x 1073 |Vus|A _ 0.22308(55)
_ 2 2
5CKN[ =1—- ‘Vud‘ — |Vus‘ — |Vub|2 VS » ~3.70
|Vus|lc = 0.2277(11)
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Neutral Meson Mixings

GQ JIQ 'm»_-'\"f 2-' B N 7 NN 7 NN N 7 A VA Vi
AmF ~ ZE HS?r? N 1202 S AN AN + 20X S p AN AN 4 . Sr (AN)?| A id Vis
)‘? =V z,}l;
T G2 .i?lf?'?n ’f2"B "H - P - - - - - - Gz .;1‘[2 f - 2 B Y
NP FMjyymi g DK Ke K K\K K K\K , K K\2 Miymi [ B ke
€p | Im (2078 A AT + 20,0Ser Ay A + nppSt(A — _F W K F \Bs — v v
€k | 12v272 Amp ‘ [ T - AT LS Ay Ap + nppSt(Ar) ” 12V202 A i ib

2 — [ ] K :
° 514“’)l y 824 = 0: F= 277tTStT3123%4813323 sin 0

) 514_"'12, 524~A4:

N 2 K . K Y
F 251287, (mTStTSmSz?, $in 0 — N STT 514524 81N 0 )

0" = 024 — 014




NEXN () + M X () + MEX () + Aas [
AEXNNL () + M X (1)

@ DBr(K" —n'ww) _
BI‘(ff"' — W+§L’)SM

, ) N(zsz;) = ’TST (log r; — log Tj>
Ads = Vie (F" — I) ViaN (i, 7j) ~ —%6%4034/\% i
i,j=c,t,T T
N(z;,z;)) = lim N(z;, z;) = —
T 8

—

/\ NP
¢ (F—) ~ F(x;)Im( M) ~ —F(2;)c2,514524 5in &'

F(:I‘T) EF(:I?T)—%(Px—I—Py—I—PZ)



Phenomenology: s,,- dominance Fit
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SM Mixing and CPV from a VLQ model
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