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@ Motivation
@ Solving the Cabibbo Angle Anomaly (s;4-dominance limit)

@ Phenomenology

@ Weak-Basis Invariants in VLQ extensions (enhancing CP violation)
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A fourth chiral generation of quarks is ruled out. However, extensions with VLQs where the LH and RH fields
transform in the same way under the SM gauge group are still allowed.

VLQs take 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,,s| (semi-leptonic kaon decays), the ratio

|Vus/Vud| (kaon and pion leptonic decays) and |V,,4| (3 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

Voal? + [Vis? + Vi | = 1 — A2, A ~0.04

Extensions with VLQs iso-singlets are natural candidates to explain this anomaly because they introduce
deviations to CKM unitarity.

CP Violation: The introduction of VLQs leads to larger mass matrices and, in principle, 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 @ = 2/3 VLQ iso-singlet T' = T, + Tr with mass m7 leads to:

My,d = VYu,d

o _E — yzg (I)UJR + yz4Q, (I)TR + yzg ’ (I)d, 1R + MuTLqu + M4 TLTR + h.c.

v My 3
Bare mass terms M, = (M )%1
- u’ —/ 5

Both 77, and Tr have the same quantum numbers as ur. In a general WB, the EW currents preserve their SM form.

Major changes arise when going to the physical basis where we get non-unitary mixing and tree-level FCNCs:

@ Lw = —%W“L (EL TL) Vexkum Yudr, + h.c. = Non-Unitary 4x3 CKM matrix

U; 3

o L,—=-L z» (ur, Tr) Fuvu 2E) —dprdr — 253, Jhy g
2c1y 17, U

f » Tree-Level FCNCs

U
h _ — Du 0 URr — o
@ —Ln= ; [(UL TL) F, ( 0 mT) (TR) —|—dLDddR] + h.c. h <
;)
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Solving the CAA with an up-type VLQ iso-singlet

The mixing can be parametrized as:

@ Auxiliary Unitary V— A, }3 10 0 0 1 0 0 | 0_3'524 C14 0 U S14€
Matrix: Bu }1 VT - 01 0 0 0 (_324 0 5246- 0 1 0 0
T o 0 0 C34 534 0 0 1 0 0 0 1 0
0 0 —s3u cs 0 —s94e™2t () Ca. —514€914 0 0 C1.
@ Non-Unitary 4x3 Verns — Al 34 34 24 ) 24 14 14
CKM Matrix: KM w 1 0 0 0 C13 0 f:’lgfi_m 0 C12 5192 0 0
0 ¢33 823 0 0 1 0 0 —s12 c12 0 0 0;; € 0, 7/2]
- - 0 —S93 €93 0 —s13¢0 0 ¢y 0 0 0 1 0
@ Matrix Controllin 23 Ca3 13 13 N
FCNCs: O = AlA, 0 0 0 1 o 0 0 1 0 0 01 dij € [0, 2]

CAA
We have for the first row of the mixing: |Via|” + [Vis|® + |[Vis|* =1 — 52, ———> s34 ~ 0.04 ~ )2

General solution and its parameter space analyzed in Branco et al. [2103.13409] for mr > 1 TeV

At first glance, a “minimal” solution to the CAA could be: si4 ~0.04 524,534 =0 014,024 — Factored out
We study this case in Botella et al. [2111.15401].

José Filipe Bastos - CFTP, Lisbon Extending the SM with Vector-Like Quarks



Phenomenology: the s,, - dominance limit

. —id
- C19C13C14 512C13C14 S13C14€ Cla 0 0 — S14C14
In the limit s94, s34 = 0 we have: B T S 14 ool
\V/ _ —S12C23 — € 7C12513523  C12C23 — € 512513523 C13523 P -
CKM — - 8 g s SZ I e u = 0 0 1 0
S12523 — € 7 C12513C23 —C12523 — € 512513C23 C13C23 - )
P, PR, N 7. P
—C12C13514 —512C13514 —513514€ sigcy 0 0 514

This limit, with s14 ~ A? is interesting phenomenologically:
Sirunyan et al. (CMS) [1708.02510]

@ The VLQ decays predominantly to the first generation: Br (T — dW ") + Br (I' — uZ) + Br (T — uh) ~ 1 = mg > 0.685 TeV

Typically searches assume: Br (T — bW ™") +Br(T — tZ) + Br (T — th) ~1 = mp >1—1.3 TeV

. . —0 .
@ The NP contributions to ngs — B, s mixing are suppressed NP SM NP/SM
W t1aViz ~ N Vi = 1
Bg,s - ES{,S : BY, U; A v, Eg,‘ — Bg - Eg : T \F ~4
d s —»—! W —»— ) d W+ | d —<——hnnnnn
0 t1aVi1 ~ N Var ~ A
@ No NP contributionto D° — D" in the s;, — dominance limit: $14Vig ~ NP Vi ~
_ b —>—1rrn 1 b—>—prn i
u C
o 7 B 9 Boi—ﬂ. \ N Yt ~A6
p°-p’. D H p ~|F 2| = 314324 £
§ ————hnnon ] § ———— e
c S14Vig ~ A3 Vg ~ A°

@ No NP contribution to K, — 7’ov or £'/e, since Im (VpgVi,) =
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Phenomenology : Kaon Physics

The kaon system imposes the most stringent constraints.

W _
§ ———d—— A d
K°-K: K i & Y K
d > 0 > S
W

+ +,5 .
KT —=n"vv: u; A

Y/

d —»——rornanrnosaon—p————— Uy

W

W

5 —— NN l————— ak

K; — nm: Ui A

Y4q;

d — s —— e (L

|e55P| ~ (2.228 £0.011) x 10~ S04 2 0

sin (524 — (514) 7£ 0

I

Use instead S24, S34 < S14

} |57 | ~ (0.68 +1.80) x 10~
%] ~ (2.16 £ 0.18) x 1077

SM prediction from Brod et al. [1911.06822]

Br (K" — ntov),,, (106757 +0.9) x 107

_ - = =1.26 £ 0.51
i Y Br (K+ = mtw)g, (84+0.1) x 10~ 11
Z EW Penguin Loops
4 " N
w .
d i v 341;—4—3—4701 3 A ot d
Penguin Loops > z z
—_ A —= 4 W
S qr. W
V.24, 9 '
Z Z
- J
d qk ¢

NP
—4x 1071 < (—) <10x10°?
€ lo

[Aebischer et al. 2005.0597]
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Phenomenology: s;,-dominance Fit

1.0 p .
o Best-fit (sy4-dom.): /X2 ~225 ;= 1477 GeV
0.6 91-2 = 0225?(} 913 = 0.0038275 923 = 0039524
3
s24 X 107 11 = 0.045334,  Opy = 7.412 x 1074, 34 = 2.346 x 10~
0.2 d = 0382?’ 51_1 = 18?27!’ 52_1 = 1.979m.
0.0 ) ’
S 2 2 NP
- Vil = [Visl, Y =Y "SK
2.0} X = Z B + +
1.5} 4
TeV : 2 NP NP
r(TeV) ol (k/ksn) — (k/ksw), (/o) = (/o)
_mp=0.685 Tev i ELIAmie T z +
0.5: O—k/kSM 0-5’/6
%8 ‘ kEBr‘(K+—>ﬂ' w/)
1.0 ¢ — .
] Constraints:
do4 — 014 ©° : ° (Am];ép) < Amig”
T 0.4 ° \/ X2 < 3
0.2
. 0} ok @ Mmr € [0.685, 2.5]TeV
30 3.6 @ S24,S834 € [O, 0001]
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Weak-Basis Invariants (WBIs) - Standard Model

Weak-basis invariant quantities can relate the parameters in any WB to physical quantities (masses and mixing).

WBIs remain unchanged under weak-basis transformations (WBTs) which leave EW currents flavor-diagonal.

@ WBTsinthe SM: Q) — WipQ%, up — Waulp, dp — Whdp Wy, W};’d 3x3 ;intary
matrices

@ Hermitian “building blocks™ (b, )" = (m,m!)" — Wih"W,
(ha)™ = (mgm))™ — WTh”WL

@ Moduli of CKM determined by CP-even WBIs: tr (h; hj') Z m? ?l:"‘ Vil

Of'l,—

@ CP violating is determined by a single CP-odd WBI:

trlho, hal® = Gi(mi = mg)(mi —my,)(me — my) (m —m3)(miy —mg)(m —mj) Iop
ICP = Im (VMVBJ V* Vﬁz) 8128138236126%3623 sin &
@ The masses are determined by:

r(h) =md +md4md  x(hg) = mimd - mdmd 4 mdmd det (hy) = m3m3m3
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WBIs - Extension with up-type VLQ iso-singlet

This case is studied by us in Albergaria et al. [2210.14248]. Main take-aways:

/ /
@ WBTs with one up-type VLQ iso-singlet: Q) — W, Q}, T — e¥T,, dy — Wady, (uR) — Whg (UR)

) 7
@ Hermitian “building blocks” (all transforming as H — W HW, ): 4x4 unitary
hy = (mdm;rt)n hy = (mumL)n hfg,n) = mu(mLmu + MiMu)n_lmL

3
@ Moduli of CKM determined by CP-even WBIs:  tr (hg;%g@) = 3 w23 |V

a,i=1

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

3 4
tr ([hu,hd] hg?)) =203 N mEmi w2 Im (FYVEVe) ~ M
=1 a,f=1
@ The up-type masses are determined by:

2 9 2 9 2 9 2 9 2 9 2 9
tr (Hy) = mz + mg + m? n m% x1 (Hy) = mims +mim; +m:m3 +mim; +m-ms + m;m7

Ho = M! M,

2 2 9 2 2 92 2 2 92 2 2 9
det (H,) = mimgmffm% X2 (Hy) = mZmim; + mimim7 + mim;ms + mimimi
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WBIs - Enhancement of CP Violation with VLQs

CP violation should depend on dimensionless quantities such as

~.M12 ~M8 ~M10
(2) )
Tan = tr [y . y”ﬁr tr (b ha)’ 10-25 . tr ([huahd] ha ) . tr ([hﬁ,hd] s )
M — u? - T 15 ™ == —
u ddd 12 VLQ ,Uﬁm% VLQ v m2.

Some CP-odd dimensionless WBIs from VLQ extensions can be significantly larger than the SM one:

Best-fit (s14-dom.): /x?~225  mp = 1477 GeV o "
) tr ([hus ha] 1) tr ([12,ha] n2)
6o = 0.22579, 013 = 0.0038275, fo3 = 0.039524, ws u _ u? u _
. R "- # | Tyrq = — ~2.02 x 107" Tyrq = — ~ 1.16 x 1071
‘ ) 4 ‘ 4 vtmop vtmap
tha = 0.045334, foy = 7.412 x 1077, B34 = 2.346 x 1077,
§ = 0.382m, 814 = 1.872m, 024 = 1.9797. Important for Baryogenesis??

In these extensions we can even obtain CP violation in the limit of extremely high energies (extreme chiral limit)
where m, = m. =mgqg = ms =0 and Zg; = 0 (also pointed out in del Aguila et al. [hep-ph/9703410]).

2)\ _ o2, 2 2 2 2 C14 0 0
tr ([hu, ha] h! )) = 2i mym;mz(m7 —m;)IgcL
v o — 8514524 CoasCoy 523C24
CKM = idoL idor oL
5 9 —814C24534€ " —893C3q — Cp3S8924534€  ~ CogCaq — S9385948534€
— : ib 6 ibe
Ivct, = €23€14€54C34523524534 SIN OECL —814C24C34€" L S93834 — C93824C34€"°CL —Co3834 — S23894C34€" "
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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 EWPO and is related to
an unusual decay pattern for the VLQ.

@ The assumption of dominant decays of VLQs to the first generation has been largely overlooked
but should be more seriously considered.

@ The introduction of VLQs to the theory is capable of significantly enhancing CP violation in the

quark sector and even achieve CP violation at very high energies. This is also a consequence of
CKM non-unitarity.
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Thank You!



CAA

B. Belfatto and S. Trifinopoulos [2302.14097]

From unitarity:

0.975°
' Vis| 4 = 0.22308(55)
0.974/ . 1 |Vuslp = 0.22536(47)
— [ | — | |Visle = 0.2277(11)
"g - .
= 0.973] \
[ Vis|asp = 0.22440(51)
0 972_ VS > CAAl: ~2.70
o Vs = 0.2277(11)
I )
0.971 ' Vius| 4 = 0.22308(55)
222 0223 0224 0225 0226 0227 0228 0.229 v L CAAD: ~3 10
Vus| Vus| = 0.22536(47)
o
. - N
Best fit: 5CKM ~ 1.7 x 10 3 |Vus|A _ 0.22308(55)
_ 2
Scxn = 1 — [Vial|* — [Vaus|* = [V |? VS > ~3.70
|Vus|lc = 0.2277(11)
P



Neutral Meson Mixings

G%‘ Jw[a my f j%r Bf\;’ T Ny N T Ny N N T K - J ¥
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AV = VigVi;

Gt Myymi fi B
Ty MK ff{ KHKe
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G2 JJ“ MR fKBKFLE
12272 A
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|€Ix |

NP

0.004/
2 — L] e

"] 514~A y 824 = 0: F~ 27}518;&’1“8128%4813823 sin o
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— 2 K . K .l
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NN (2) 4 MEX () + MEX (o) + Aas |
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