-
Addressing the CKM unitarity problem with a
vector-like up quark

Pedro M. F. Pereira

Instituto Superior Técnico
pedromanuelpereira@tecnico.ulisboa.pt

In collaboration with:
G.C. Branco, M.N. Rebelo, J.l. Silva-Marcos,
J.T. Penedo

Lisbon, June 28, 2022
W TECNICO
LISBOA

F C F‘“’d sk Pon'rucm.
93520

Pedro M. F. Pereira (IST/CFTP) VLQs Lisbon, June 28, 2022 1/26

REPUBLICA
PORTUGUESA




Overview

© Motivation
© Lagrangian and Parameterisation
© New Physics and Results

@ Conclusions

it
S
pe)
i)

Pedro M. F. Pereira (IST/CFTP) VLQs



Motivation

The SM has unitary quark and leptonic mixing matrices. The vSM (SM +
vr) has a non-unitary leptonic mixing matrix, in principle. What if Vg
is also not unitary?

Ay = 1—|Vii]? — |Vio|* — |Vis]?

Ny = 1—|Var]? — |Vao|® — | Vas|?

Az = 1— |Va|? — |Vao|® — | Va3/?

Let's define this measure for the deviations from unitarity (DU) of mixing
matrices V = Vexu.
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Motivation

Experiments are pointing towards non-zero deviations from unitarity (DU)
in the quark sector:
e CKM Unitarity Problem/Cabibbo Angle Anomaly : Improved
measurements of V4 seem to indicate v/A; ~ 0.04
Solution(?): VLQs (one of many, arguably the simplest)
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Motivation: How to deal with DU?

Approximations are common in literature.

@ VLQs: Common assumption that heavy VLQs only couple to third
generation quarks.

What if you want to study a region... where these approximations fail?

What if you want to ... perform a general scan of the parameter
space, without biases?
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An up VLQ as a solution
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In [1], one up VLQ was introduced to explain the CKM unitarity problem.

!Branco, G.C., Penedo, J.T., Pereira, P.M.F. et al. J. High Energ. Phys. 2021, 99
(2021). https://doi.org/10.1007/JHEP07(2021)099
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__ Legrngien and Parametersation |
VLQs |

2
A=Ay = 1 Vial — Vil = [Vis = Vi [? = s
2
Dy = 1 |Vagl* = |V = Vs> = |VZ42‘ = Ci4 Sy

2
Az = 1= |Vig? = [Vis]* = [Val* = V]|

_ 2 2 2
= C14C4 534

The experimental data suggests /A ~ 0.04 [2]

?B. Belfatto, R. Beradze and Z. Berezhiani, Eur. Phys. J. C 80 (2020) 149
[1906.02714]
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Lagrangian and Parameterisation

Lagrangian

Ly = —(32 52) My d’% — (H% U?) M, u% +h.c.
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Lagrangian |l

V;: ----------------- x=LR ,q=u,d
A=3x3+n),B=nx(3+n)

Charged Currents:

d
g L n
L = ——=\u U V}/’u W + h.c.

L
Vv = A Ad
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Lagrangian Il
Neutral Interactions:

Ly = —

<|>

Ly = —

<|l>

[(m Q.) F'D,q (;2)] + he.
[(m N) F D (”C

L
] + h.c.
N
:
Fi= Al A
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Parameterisation

Vi M, Vg = D,

10 0 O 1 0 0 0 cu 0 0 sye u
yi_f0o1 0o o 0 o 0 spue % 0 10 0
L 0 0 c  su 0 0 1 0 0 0 1 0
0 0 —s32 ¢ 0 —spu g% o4 —S1449i614 0 0 Cia
1 0 0 0 C13 0 51387"613 0 C12 s, 0 O
0 C23 523 0 0 1 0 0 —S12 C12 0 0
0 —S23 23 0 —S13 eié13 0 Ci3 0 0 0 1 0
0 0 0 1 0 0 0 1 0 0 0 1

where ¢; = cosf;; and s; = sin 6, with 6; € [0,7/2], &; € [0, 27].
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Lagrangian and Parameterisation

Parameterisation 1l

C12C13C14 S12C13Cla  S13Cig e '8

<
I
>
I
If

In the weak basis where down quarks are diagonal.

Keckm = Hi Uckm = (1 — 1) Uckm
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Lagrangian and Parameterisation

Parameterisation Il

Fu _ KekmKekm 1 KekmKr
K P ek P
KKl | KTKG
1- A VAW Dpe 1) /Ay BgeT " /Dy
B VA /Agei(514_524) 1—A, VA, /A3e—i524 _ /Age_i524
N —V A1\/ A3ei514 —V AQ\/ A3ei524 1-— A3 —V Ag
— /D en —/DAyeit —VA3 A1+ Ax+ Az
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New Physics

New Physics
o DO-D° (tree level)
KO-K° (loop)
BY By (Ioop)
CP violation in K| — @

Rare top decays t — (u,c)Z
Conservative estimate: NP < Exp
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New Physics |l

We used this to restrain our fit, for instance

Observable mgy = 1TeV mp = 3TeV
Ampg [Vira||Virs| < 7.4 x 1074 |Vira||Virs| < 2.7 x 1074
Amp |Vira| [Vire| < 6.7 x 1074 [Vra||Vire| < 3.4 x 1074
Amp, [Virs|[Virs| < 3.2 x 1073 |Virs|[Vire| < 1.6 x 1073
lex] [Vira|[Vrs|V/[sin20] < 8.8 x 107°  |Viprg||Vips|y/[sin20] < 3.1 x 1075

where © = Arg(V7, V1q)

The mass dependence on the bounds comes from the Inami-Lim loop

functions.
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Perturbativity

Tr (mmJr +mm*) =pm?

Tr (mmJr +ﬁﬁT) ~ mf + (Al + Ay +A3z)m

VAL + Do+ Az = \/P—l —

For A = A1 > Ay ~ Az and since y/p — 1 should be O(l)

TS~
VA
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New Physics and Results
Fit

Procedure
o NP + Perturbativity to restrict parameter space

@ Best fit region minimizing

e=x () ()

y
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Fit I

Using best-fit values of CKM without imposing unitarity, \/,j is given by
0.97370 £+ 0.00014 0.2245 + 0.0008 (3.82+£0.24) x 1073
|Kekm| = | 0.221+0.004 0.987 +0.011 (41.0 +1.4) x 103
(8.04+0.3) x 1073 (38.8+1.1) x 10~3 1.013 4 0.030

And ~¢ = (72.1Jj1'_§)°, since the presence of an up-type VLQ does not affect the
value of the phase v = arg(—V,q VeV, V), which is obtained from SM
tree-level dominated B decays.
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New Physics and Results

Results ||

The selected point in parameter space corresponds to a mass mr = 1.5
TeV and is described by

012 = 0.2265 , 013 = 0.003818 , 0,3 = 0.03998 ,

0ha =~ /Ay = 0.03951 , g =~ /Ay =0.002078 , 634 ~ /A3 =0.01271
513 =0.3%m7 ; (514 =1.818~« 3 524 = 0.7287T,

corresponding to x? ~ 3.2, to a perturbativity factor p — 1 ~ 0.13.
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Results Il

3 0.9737 0.2243 0.0038 } 0.0395
|VT ~ | '/0.2243 0.9737 0.0400 | 0.0021

“ | o.0081 0.0393 0.9991 0.0127
10.0390 0.0065 0.0126 | 0.9991

____________________
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Results IV

0.99843969 0.00008203 0.00050179 0.03946672
0.00008203 0.99999569 0.00002638 0.00207496
0.00050179 0.00002638 0.99983863 0.01269224
0.03946672 0.00207496 0.01269224 0.001726

IFl =

0.78016 0.04102 0.25089
In| = | 0.04102 0.00216 0.01319 | x 1073
0.25089 0.01319 0.08069

Pedro M. F. Pereira (IST/CFTP) VLQs Lisbon, June 28, 2022 22/26



Results V
0.06
0.05

perturbativity

exclusion
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Future Work

C.C. Nishi.

A Review on VLQs, in collaboration with J. M. Alves, A.L. Cherchiglia and
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Conclusions

Conclusions

@ DUs might play an important part in the discovery of New Physics.

@ DUs can be the bridge to new heavy particles that might explain
current anomalies.
@ Vector-like quarks are one of the simplest solutions available.
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The End

Thank You!
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