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

@ VLQs take part in many models from GUTs, to solutions to the strong CP problem or the EW

hierarchy problem. They have a rich phenomenology that can be used to try to explain
several types of anomalies/ tensions.

@ 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.

@ Models with VLQ iso-doublets (3.2); /s are the favored candidates in explaining the
Cabibbo Angle Anomalies (CAAS).

José Bastos VLQ doublets, WBIs and CP violation



The Cabibbo Angle Anomalies (CAAS)

The independent determinations of |V |, the ratio |V /V 4| and |V 4| are not in agreement with each other
within the framework of the CKM unitary of SM (discrepancy of ~3g). Extensions with VLQs iso-singlets
naturally introduce deviations to CKM unitarity.
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Extensions with VLQ iso-doublets

Introducing N VLQ iso-doublets with g.n.s (3,2); 6

Ul Ua
Q%Oé—(DO ) 3 Q%a_(DO (a:].,...jN)
Lo Ra

leads to Yukawa couplings
0 &0 0 0
L =[(Va);; ¥, Du; + (Ya),; q), @ d%; + hec }SM

H(Zu) oy Q) Py + (Za)o; @Y, dh; + hc.

> NP

H (M) 6 Qhs + (Mg),p @, Qs + bic.,

Bare-mass terms (sector independent)

a7

: 0

or using QL=( )
Q}

—L =] Y, u% + Q) ®YVyd%|+ Q9 M QY% |+ hec.
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Extensions with VLQ iso-doublets

After SSB, one obtains

0 0
e 0 Ur r dL,R
—Ly = UM UY + DIM DY, + hc. U = ( . ) . D)= (DO ) ,
L,R LR
with r 2 N B
| , Y, (M
M, = | M 3+N mg =" — U ) =
! " : ! ! Zq MQ
l .

We can now diagonalize the mass matrices by transforming into the mass eigenstates

Ur,. R dr.r
. O . r . p 3 O . d . d 3
Urr = VirULr = Vir ( ) s Drr =VirDLr = ViR ( )

ULr Dr r s D
N A%R }3
—Lyn = U D, Ur + Dr D3DRr + h.c. L.R B!, }N
VIt M, VL = D, = diag(m?, m%, m%, MY, ..., M%) | SN )
L e Vr — Yq = glmy, My, Mg, My, ..., My
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Extensions with VLQ iso-doublets

As for the gauge interactions we have

( -
e}
— - . g | o T .
L — — % Wit u% DY 4 UL A D%} + h.c. } flavor basis Vir = B, }/\/
- % W.ij— iu—L’Y'u Vi, Dr, + Uy Vg CDR} + h.c. ,} mass basis \ SN J
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Extensions with VLQ iso-doublets

As for the gauge interactions we have

~ ™)
e}
- S . q _ | R
Ly = — % W, ug A Dy + UL A" D%} + h.c. } flavor basis Vir = B } N
LH currents . . -
- % W.ij— UL A" VEDrf + UpHH Ve CDR} + h.c. ,} mass basis \ SN J
v, = Vi'vg
Unitary
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Extensions with VLQ iso-doublets

As for the gauge interactions we have

Ly = — % Wt _U_%’y“ DY+ UY A D%} + h.c. } flavor basis
LH currents RH currents
— % WL A" Vi, D) +{Ur A" Vi Dr] + hec. } mass basis
vV, = Yeiyd Vr = BRI Bf = Vi! diag(0,0,0,1,...,1) V§
Unitary Non-Unitary
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Extensions with VLQ iso-doublets

As for the gauge interactions we have - q ~
Al R } 3
—— —_— o a _ |\ .
Lw — — % W (U DY + UG D%} +he. } flavor basis Yir = ( BY , )} N
LH currents RH currents ~ g
= — % WJ Uy, YEVE D) H{Ur " Vg Dr|+ h.c. ,} mass basis " SN J
Uur
: W RH Charged
Vr = putyd Ve = B4TBL = Vil diag(0,0,0,1,..., 1) V4 o Currents
L L VL R PR R g R d ;
Unitary Non-Unitary “
Ly — — wa Z, (U AU — DY AP DY + UG U — DY A* DY, — 25%1,.]&1} } flavor basis

- 2('? Zy [UpA* UL — D" Dr + Upy! Fu Ur — DAY FyDp — 257y J4y | } mass basis
W -
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Extensions with VLQ iso-doublets

As for the gauge interactions we have - q ~
e ))
[—— —_— . q T o
Ly = — % WUl 4" @) + Ug A" D%} +h.c. } flavor basis Vig = ( B ) }/\/
LH currents RH currents ~ g
- % W.ij— UL A"V, D) +HUr A VR Dr| + hec. ,} mass basis \ SN J
UuRr
j W RH Charged
Vr = putyd Ve = B4TBL = Vil diag(0,0,0,1,..., 1) V4 o Currents
L L VL R PR R g R d ;
Unitary Non-Unitary “
Lz = — 5o 2, (UG " U}~ D] D) + UR 5" Uf, ~ Dy Dy~ 258y a8} flavor basis

= - 2('? Zy [UpA* UL — D" Dr + Up! Fu Ur — DrA! Fi DR — 257y T4, ] } mass basis
JW 7 up )

Z

Fu = B%TB% — VR Vg’ - VET diag(o’ 0,0,1,..., 1) V}% R Tree-Level

< dr FCNCs

4

SRp
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Approximate masses and mixing

Current bounds on VLQ masses (Mg > 1.15 TeV) motivate expansions of observables on v/MQ <<Tandin

terms of Lagrangian parameters.

For one doublet we can decompose the mass matrices as (analogous for the up sector):

The quark masses are given by:

2 2 2 2 A2 2 2 4
ml = o2 = 02 {1—|za| p;Q +0(7;;,Q)

1d
UR
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Approximate masses and mixing

The RH mixings can be written as:

2 2 2
* v * v v v
( Zuzd M2 Zu,ZS M2 Z,Z,Zb M2 _ZZ MQ \ . ,UQ
* v2Q * 'U2Q * 'U2Q * U VOfRi = M2 Z;Z’i
ZC Zd _MC% ZC ZS _Mé ZC Zb _MCQQ —ZC MQ 3 Q
v
VR=| 2 2 ‘v +0( 3
Zi Zd 5o R Rs wgo Rt Rh —Z Q
t M2 t~Ss M2 1 M2 t MQ
Q Q Q . , For the 3x3
S o S PR I _ 1 2 2y v° i
\ 2471 Zs TG DR LT3 (|zul® + |24l?) 2z ) submatrices
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Approximate masses and mixing

The RH mixings can be written as:

2 2 2
* v * v v v
( Zuzd M2 Zu,ZS M2 Z,Z,Zb M2 _ZZ MQ \ . ,UQ
* v2Q * 'U2Q * 'U2Q * U VOfRi = M2 Z;Z’i
ZC Zd _MC% ZC ZS _MC% ZC Zb _MCQQ —ZC MQ 3 Q
v
VR =, 2 2 w2 ‘v +0( 3
Zi Zd 5o R Rs wgo Rt Rh —Z Q
t M2 t~Ss M2 1 M2 t MQ
Q Q Q . , For the 3x3
B O VR I _ 1 2 2y v° i
\ 24T Zs g DR LT3 (|zul® + |24l?) 2z ) submatrices
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Approximate masses and mixing

The RH mixings can be written as:

2 2 2
* v * v * v )
* v? * v? * v? * i = 32 Fa”i
Ze%d A T Rels 3T Zeib 3T —Ze 77 Mg
Ve = Q Q Q “ Lo 2
* v? * v? * v? I Y Mg’?
g teary A Mg For the 3x3
or the 3x
—2ire  —2s1 —wie 11— 3 (|2u)® + |24?) . submatrices
dMQ SMQ bMQ 2 u d MC?)
2 2 * 0?2 * 02 x U “u ,02 *
[1alsg sizea Az —Awg ) Fai = 3z %
02 2 2 v? v
ety el ag Zaar —Fg ;
F = Q Q Q Q o) B 2
u — 2 2 2 —I_ 3 ~d v *
sy Ly Zize Ly |ul? Ly —2f Mg S = =202,
t uMCQQ t CMC% MC% tMQ 2] Mé 1 ~]
v v v _ 2 v
\ ~FTLg “e g amrg 12 Mg, )
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Approximate masses and mixing

The RH mixings can be written as:

2 2 2
* v * v v v
( Zuzd M2 Zu,ZS M2 Z,Z,Zb M2 _Z’ZM \ ’[)2
§ 5 5 ¢ VE =
v v * v * U ar 2 ~“a~t
2524 T 25 Zs T Pecb 3T —Z, 37 Mg,
Vi — Q Q Q @ Lo 2
* v? * v? *., v I Y Mg’?
g Fs g b g “t Mg For the 3x3
or the 3x
v vV 0 1 2 2\ 02 .
\ ~zazf;  ~FEg; i 13 (|zul® + |24l?) "z ) submatrices
/ ’ 2 2 * 02 * 0?2 x U Fu ,02 *
Ful” Az Aufc iz Auct JZ —2uM, \ | = 772 Fa”
v 2 v U v
derung el Zaag | —Fng ;
Q Q Q Q@ v 2
F“ — * 02 * 12 2 w2 x v +0 M3 ~d Y *
22 3 At Re 3T | 2¢| T —2i 31 Q i = A2 Zi %j
Q Q Q < , Q
v v v 2 v
—Zurs —Rews  —cAws 1= |zul|tem }
\ Mg ¢ Mg t Mg Zu M3
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Approximate masses and mixing

While for the LH mixing we have:

. 5 A ,
I3z Yozl 25 ’ L3xs3 Yyzh 2
ol (VL M3 »
VL = Y ’02 1 ~ Uz ‘|‘ O W
Zu¥u 37z 1 —zVy iy 1 &
@ Q
( \ For the 3x3 submatrix
Ve ~U' U Oy L L 2.2 vl
L =UyuVdL M3, Vai:Vai+Osz_é
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Approximate masses and mixing

While for the LH mixing we have:

- 5 A ,
Lses Yzl 7\ /v lsx3  Ygzlh 23
Q VL MQ ’{)4
VL = ¥ 112 ~ Uz ‘|‘ O W
@ Q
( \ For the 3x3 submatrix
Ve ~U' U Oy L L 2_2 v
L = YyurVdL M3 vmzvm+osz_é

~ the SM CKM mixing
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Approximate masses and mixing

While for the LH mixing we have:

4
( | \ For the 3x3 submatrix
|
~ - A,i_ | O ’U2 R A
Vi = UU’L Uar : sz_C?? VQI% — VaI% +0 (QQZQﬁ)
~ | Q
|

~ the SM CKM mixing

Contrary to the VLQ iso-singlet case, here the LH mixing is unitary and the couplings outside the 3x3 block
are suppressed naturally.

The CAAs cannot be addressed solely with the LH currents.
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Addressing the CAAs with VLQ doublets

The presence of both LH and RH charged currents makes it possible to accommodate both CAA1 and CAA2.

[-:CCD_

9
2y/2

d

— Y (Ve — Vi

W; (u ¢ t) [*}/”’(VL + VR)

S

| E—

Vector coupling Axial coupling

b

/ o Now each measurement is associated with a distinct
1 NP contribution beyond the LH mixing:

|VU8‘A — ‘Vug + f/ulzb

:|VUS|/|Vud|B

Belfatto & Trifinopoulos [2302.14097]
0.9750% T '/ T BEERE E -
0.9745-- - -
__ 09740; Vector (=)
5 097350 coupling ‘
0.9730" .
: Axial 9 2
0.9725- . coupling
0.9720°" . A
222 0223 0224 0225 0226 0227 0228 0229 Vector B — decays
coupling
|V usl
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Weak Basis Invariants

Weak Basis Invariants remain unchanged under weak-basis transformations (WBTs) which leave EW
currents flavor-diagonal. CP-odd WBIs point to sources of CPV.

WBTs with VLQ iso-doublets:

uo — pvjud up — Wl U9 — [wglo?
(3*N)x(3+N) 0 il .o 3 unitary NxN unitary

DY — Vo) - unitary drp — Wgldg DY, — |Wg[DY%

Hermitian “building blocks” (all transforming as X — WEXWL) p "
3 N
Mg=1| mg , M 3+N
I

More CP violating couplings imply more independent CP-odd WBiIs. L ! y

The WBI of lowest mass dimension is:

ImTr (H,HqH) = 2i Z mia milm (Valé* VaRi)

ol
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The Extreme Chiral Limit

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 there is no CPV in the SM.

With one VLQ doublet, in this limit the mass matrices reduce to the minimal form:

0 0 0 0 0 O 0 0

0 0 0 0 0 0 ysv O
M, = R = )

0 0 gwv 0 Ma 0 0 wypv O

0 zov zv Mg 0 zv [ZpU] M,

Q

complex

CP violation may be present in this limit, as in general one CP-odd WBI survives

1 ’U4 ~ * memyg *
WImTr HouHaH]) = —Im (J1yssz2:2 ) = ﬁlm (l/tht‘E )

i
Q Mg Q
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Weak Basis Invariants

We find a larger number and variety of independent CP-odd WBIs, sighaling many more sources of CP
violation.

In the SM, CP violation hinges solely on one WBI  tr [hy, hd]3 < J

With one VLQ doublet alone we find a much more f ,
complex situation: (.4 =u,d q#q)
#ig Az, #0 #IM26.3) #IM>8,4), #I(M>8,4)y 1(10,5) In3iy

3 3 6 9
3-blocks: I(n + m, 3) = ImTr (%ZH? ) 3 2 5 7
2 2 4 4
4-blocks: I(n+m+p,4), = ImTr (K H H, H) s 1 4 ; .
I(n+m+p,4), =ImTr (HyHEH] H) 2 1 3 2 1
3 0 3 —0 6 —0 —0
5-blocks: I(n+m+p+¢,5) =ImTr (H, H H HIH) 2 0 2 —0 2 —0 ~0
11 2 1 1
SM -like: 1(12,4) = ImTr (’Hi%i?—[u%d) 10 1 =0 =0 =0 =0 1

Number and structure of WBIs whose vanishing is needed for
CPIl in each possible scenario
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Rephasing Invariants

Under general rephasing transformations @i — CDZ' ei""i and U, — Uu, e'Pa we have

Voﬁ y o iPa—ei) Valé

V£ — e_i(ﬁpa_@z‘) Va}z

and we can build the following complex rephasing invariants (RIs)

Boi = VEV I

ol ¥ at

Bilinears:

For the 3x3

Trilinears: sector of SM

LxyrL* pu

[

o LxyrL* rnd
Taij = Vai Vay Fij

Quartets: ;

LyrRyrLxyrLx*
Qaisj = VaiVsiVai Vi

o1

Ly,LyrLxyrLx*
Qai,@j =V, Vﬁjvaj Vz

SM-Like
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Effective Rls

Ve

Boi = WZZ%V@I%* = Vvl

o T

Tiop = ~r2at8Vai Vai = FagVai Vi

) ,U?Q R A7~
7:1,13 = Mgg Z: ] Valfj,va%* = F%C; VCII%V@%*

A v? x YLy rLxY;Lx — YrRy-L
Qazﬁj = 2 Zazivﬁj VOAj Vi ? VOéi VBJ
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Connecting Rephasing Invariants and WBIs

We can establish unique connections between the structure of CP-odd WBIs and the types of effective
rephasing invariants

3-blocks:

4-blocks:

5-blocks:

SM - like:

1 Uz 5 ege
WlmTf (HuHaH) ~ M—éya% ImB,;| bilinear
1 v VS S, . -
Mlo ——ImTr (Hd?‘-[ HAH ) M4 Yalfs ImBm—l—M6 YalsYs y; Im (80”833) ME) v,y y; ImT, 45| trilinear
1 v? 0 .
WImTr (HaH HaH H) ~ 73 —— Yo y; ImBa; + Mg yayﬁyzyj ImQ*, g;| €xotic-quartet
1 27/2 3 - - vt? A
M—ImTr (HIHZHaH) ~ () ImBai+ () Im Ty i+ (o) I T 0 g+ () ImQaipi+ Még ImQ i,
SM-like-quartet
1 _ ~J
In the SM: m[huh;ﬁ, hahl)? = [V YT Yav i ~ 1072 SM
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Bounds from Phenomenology

Bounds on CP violating RIs from flavor observables in the limit where the mixing can address the CAAs

José Bastos

(- -
YL, (PR 1, ReBud
Vud = Vud + Vud ~ Vud‘ + - Lu C £ !
‘Vud onventiona Bounds on VLQ invariants
name
-~ -~ -~ ReBuS
Vis| = |VE+VE| ~ |V - o L
K{3 us us us VL |V11LS|AREB'LLG‘, _ |Vud|‘ReBu3 < -3
Vs lw VL v ~ 10
VL _ VR . - . o VA | Tm Bug VE | Tm Bus
Vus us us N ’Vu's’ (1 B ReBus ReBud) Re - |{:de| + |f/12l’s| _
e ~ ~ |YrL 7L |2 L o M2
Vud % ‘ VU% — ‘/;ﬁ‘ V’Md| |Vus| ‘Vud|2 Im?:.—.ﬁ,cés (:UL&’ Ow 5 6 X 10—7
% y |Vusvud‘
ImByy ImBus <« 9 —6
M e vl wa S8 00
I'(Z — had) FU F?<5x1073 (for a # t)
2 Tu sl -7 —4
ReB €|, Am Nuasl 651077 — 2% 10
= 0.79(27) x 107 el Ami VEIVE]
‘Vud‘ B + |
- Br(Kp — nlvir) ‘f‘j;dg;gj <2x107°
€ — w us
= = —1.24(37) x 10 3 P
Vs Br(K+ — ntup) T < (3—8)x107°
ud " us
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Summary/Conclusions

@ Extension with VLQs doublets provide the most promising solutions to the CAAs.

@ A wide variety of possible new sources of CPV arise in these models. This is
Mmanifested via the appearance of new types of rephasing and weak basis invariants.

@ The new sources can potentially be subject to much less suppression than the SM ones

@ Some of these sources may allow for CPV at extremely high energies.

@ We established a direct and unambiguous connection between WBIs and effective
rephasing invariants and thus to flavor observables.
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Thank You!



h - Y. O — (Y O
L, = —— [UY Uy, + 09 D% | +h.c.
| | V2 L(Zu o) BETL\z, 0) "
Couplings to the Higgs: -
h [— Dy, —— Dy
= —— U, —1—-F) Up+Dr, —= (1 — Fy) T h.c.,
ﬂ_LU( ) Ur + D —= d)oDR}JF C.
Vi Dy B = Vi Dy BE'
Relation between LH, RH D,Vr = VL. D,y Fy, D, Vg = Vg D, F,

matrices and FCNCs:
Du.FuDuVL — VLDdFdDd
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d, ~Tm |(1.4+0.7) VEVE £ (2.7 +1.3) f‘/j:f/;;i] x 1077 e fm,

dy~Tm | — (2.7 + 1.3) VEVE — (3.6 + 1.5) VL VE] x 1077 e fm

Im | V.5V 5] Im |V VR
u u _6
(2.3 + 1.1) HA/L + (1.0 + 0.5) |f/L S 3 x 1077,
ud Uus
Im [V{’f ffﬁ] Im [Vuﬁ* VUE]
u u _6
(3.3 + 1.6) A (1.0 + 0.4) 7z < 6x10°°,
ud Uus
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MNP ~ 1 2 0.43 GF F2 G%’ 1M2 FAQ
12 = —3mkfi 0. o s T2 | Mo s

2
Mg

— 3.1
(md + ms)2

Fas VEDE m, £ (o, m] }

Im [Mfép (’\u)2] 1 GF (7";@3)2 G { 1

= —mgf0.43 Im {

(Tuas)

2
_MQ

EE 3 V2 R a2V TN
; o7
miy 7'-Lz,,ds Qtsud 2
~ ~ . 2
Br(K; — 7nup) 3 Im [V“%V“%* FSd]

— ~ 11— — T .
Br(Kp — mvv)sm Im [VL Vi o (Vc‘?*‘éﬁX (zc) + Vg Vig X (“"Jt)) ]

us " ud 2msin? Oy

% (Vul.é Vu%i*) F'Sd
e (VEVE) (VA VEX (@) + VEVEX (20)

27 sin? Oy

Kt > atuvr - 0.98 < |— +1| < 1.44
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