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Motivation

Motivation

Approximations are common in literature.

Neutrinos: Seesaw approximation, Casas-Ibarra, Fernandez-Martinez
et al.1, ...

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?

1arXiv:1605.08774 [hep-ph], mixing matrix written using an infinite power series,
truncate at your taste approach.

Pedro M. F. Pereira (IST/CFTP) ν and VLQs Corfu, September 4, 2021 3 / 24



Mass Matrices and their Diagonalisation

Mass Matrices and their Diagonalisation
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Mass Matrices and their Diagonalisation

Mass Matrices and their Diagonalisation

VqL
† Mq VqR = Dq

VTM∗V = D ,

Vqχ =

 Aq
χ

Bq
χ

 ,
V =

 A

B

 ,

χ = L,R , q = u, d A = 3× (3 + n) , B = n× (3 + n)

Unitary Vs: equations relating A, B with 0 and 1 matrices.
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Mass Matrices and their Diagonalisation

Mass Matrices and their Diagonalisation
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0 = ADAT ,

m = ADBT ,

M = B DBT .
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Interactions

Interactions

Charged Currents:
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Interactions

Interactions

Neutral Interactions:
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F q = Aq†

L Aq
L F = A†A
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Parameterisation

Parameterisation
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Non-singular general complex matrices K andK .

A = (K KX †) , B = (−K X K )
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Parameterisation

Parameterisation
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WB where mq is 0 (always possible,
same forMq)

X q
L =
√
D−1Pq

√
d

X q
R =
√
DPq
√
d−1

0 = d + X †DX ∗ ,

m = K X †D
(
Z−1

)∗
,

M = Z (D + X d XT )ZT .

X = ± i
√
D−1 Oc

√
d ,

Pedro M. F. Pereira (IST/CFTP) ν and VLQs Corfu, September 4, 2021 10 / 24



Parameterisation

Parameterisation
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Parameterisation

Parameterisation

V =

(
UK (13 + X †X )−1/2 UK (13 + X †X )−1/2X †

−UK (1nR + XX †)−1/2X UK (1nR + XX †)−1/2

)
Parameterisations in the leptonic sector with a similar structure existed in
the literature prior to this work [2] [3], but are either approximations or a
special case of this one.

2J.G. Korner, A. Pilaftsis and K. Schilcher, Leptonic CP asymmetries in flavor
changing H0 decays, Phys. Rev. D 47 (1993) 1080 [hep-ph/9301289] [INSPIRE]

3W. Grimus and L. Lavoura, JHEP 11, 042 (2000), arXiv:hep-ph/0008179 [hep-ph].
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Parameterisation

Procedure

Start with d , D, UK and Oc/Pq

Calculate X

Calculate mass matrices, V and F

Done. Everything at tree level is exact.

Things to worry about:

Radiative Corrections on the light neutrino masses

Perturbativity (Heavy masses and deviations from unitarity are in a
”seesaw”)
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Usefulness

Usefulness

Exact Formulas at tree level.

Easy to implement numerically.

(In principle) Extendable to any model with non-unitary mixing
matrices: Inverse Seesaw, Linear Seesaw, type-II and type-III seesaw,
models with vector like fermions and scalars, ...
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Used in

Used in: Neutrinos

Neutrino spectra were considered where the seesaw approximation fails:

All Mi ∼ TeV .
Deviations from Unitarity matching the experimentally allowed upper
bounds.

4Agostinho, N.R., Branco, G.C., Pereira, P.M.F. et al. Eur. Phys. J. C 78, 895
(2018). https://doi.org/10.1140/epjc/s10052-018-6347-2
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Used in

Used in: Neutrinos

and where 1st order approximations deviate from the exact result:

Mi ∼ eV, eV, GUT; Mi ∼ eV,KeV,GUT; Mi ∼ eV, TeV, TeV;
Spectra that could explain the ShortBaseline Anomaly;
Effects on CP asymmetries measurable in LongBaseline Experiments.

5Branco, G.C., Penedo, J.T., Pereira, P.M.F. et al. J. High Energ. Phys. 2020, 164
(2020). https://doi.org/10.1007/JHEP07(2020)164
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Used in

Used in: VLQs

In [6], one up VLQ was introduced to explain the CKM unitarity problem. Still
tractable in the standard PDG parameterisation. Our parameterisation is useful
when nq > 1.

A Review on VLQs, in collaboration with C.C. Nishi and A.L. Cherchiglia, expected
2022 on arXiv.

6Branco, 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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Used in

The End

Thank You!
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Used in

Backup Slides
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Used in

Backup Slides
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Used in

Backup Slides

V =
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ξ∗ = −XT ?
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Used in

Backup Slides

−XT = ∓i
√
dOT

c

√
D−1

But ξ∗ ≡ (mM−1)∗...

Exact result:
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D + X ∗dX †
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ξ∗ and −XT roughly the same when

K ∼ 1,Z ∼ 1,X ∗ d X † ∼ 0
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