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The CKM matrix
The unitary Cabibbo-Kobayashi-Maskawa (CKM) matrix parametrises the 
misalignment between interaction and mass bases in the quark sector.
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The Anomaly

• : K → πℓν + f+(0)

|Vus | = 0.2232(11)

•  
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π → μν

+
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•  
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The Anomaly

CKM Unitarity
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LFUV

 as a test of LFUV complements to an already interesting picture R(Vus) =
VK/π

us

Vβ
us

R(Vus) ≃ 1 − (Vℒ
ud

Vℒ
us )

2 ϵμμ

2

R(Vus)
SM

= 1

{∼ 20

Modification of the coupling of the W with muons
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EFT Setup

ℒ = ℒSM +
1

Λ2 (C(1)
ϕℓQ(1)

ϕℓ + C(3)
ϕℓQ(3)

ϕℓ + CϕeQϕe)dim = 6

Q(1)
ϕℓ = ϕ†iDμϕℓ̄LγμℓL Q(3)

ϕℓ = ϕ†iDI
μϕℓ̄LτIγμℓL Qϕe = ϕ†iDμϕēRγμeR

Z → ℓℓ ∝ C(1)
ϕℓ + C(3)

ϕℓ Z → ee ∝ Cϕe

Z → νν ∝ C(3)
ϕℓ − C(1)

ϕℓ W → ℓν ∝ C(3)
ϕℓ

Modifications of the Gauge Bosons Couplings

Minimal Approach 
Consider operators which modify only the couplings of W and Z to leptons
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Minimal impact: we modify only the couplings of  and  with neutrinosW Z

• EW observables 

• Low energy observables ( K, , , W decays )π τ

Modified Neutrino Couplings
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LFV Parameters

Br[μ → eγ] → |ϵeμ | ≤ 10−5

Br[τ → μγ] → |ϵτμ | ≤ 10−2

Br[τ → eγ] → |ϵτe | ≤ 10−2

In flavour conserving processes do not interfere with the SM contributions, 
and enter only quadratically, therefore they are further suppressed.

Non-diagonal elements of  lead to charged lepton flavour violation ϵij

Assume in the following diagonal εij
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GF, α, MZ

Gexp
F = Gℒ

F (1 +
1
2

εee +
1
2
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EW Parameters
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us | ≈ |Vℒ
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|Vβ
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|VK/π
us |

|Vτ→K/π
us |

|Vτ→Xν
us |

Vus

NP Parameters :

Parameters and Observables

ϵee, ϵμμ, ϵττ
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π → μν
π → eν

∼
π → μν
π → eν

SM

(1 +
1
2

ϵμμ −
1
2

ϵee)

Test of LFU in the charged current 

τ → eνν
μ → eνν

∼
τ → eνν
μ → eνν

SM

(1 +
1
2

ϵττ −
1
2

ϵμμ)

τ → μνν
μ → eνν

∼
τ → μνν
μ → eνν

SM

(1 +
1
2

ϵττ −
1
2

ϵee)

K → μν
K → eν

τ → μνν
τ → eνν

K → πμν
K → πeν

W → μν
W → eν

{
τ → πν
π → μν

τ → Kν
K → μν

W → τν
W → μν

{
W → τν
W → eν{

Parameters and Observables

A global fit to all the data is necessary!

These measurements together with the EW precision tests constraint the 
size of our parameters 
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Global Fit

ICSM ≃ 93

ICNP ≃ 76
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Anomaly in the SM
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Anomaly in the NP Scenario
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Vector-Like Leptons

Prime Candidates since they modify  at tree-levelW → ℓν

VLLs are fermions whose left and right-handed components have the same representations of 
 , are singlets under QCD and can couple to the SM Higgs and SM leptons via 

Yukawa-like couplings.
SU(2)L × U(1)Y
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Vector-Like Leptons
Prime Candidates since they modify  at tree-levelW → ℓν

C(1)
ϕℓ

Λ2
= α

|λX |2

M2
X

C(3)
ϕℓ

Λ2
= β

|λX |2

M2
X

Cϕe

Λ2
= γ

|λΔ1
|2

M2
Δ1

N E

1/4 -1/4 - - 3/16 -3/16

-1/4 -1/4 - - 1/16 1/16

- - 1/2 -1/2 - -

Σ0 Σ1Δ3Δ1

α

β
γ



16

Flavour Violating Processes

VLL can contribute to ,   and  conversion  ℓ → ℓ′ γ ℓ → 3ℓ μ → e

Note that this bounds can always be avoided requiring multiple VLL generations

 

 

 

μ → eγ

μ → eee

μ → e
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Global Fit to VLL
• Each representation alone describes data similarly to the SM.   ICSM ≃ 93

Ex.:  N
ICN ≃ 93

Ex.:  Σ1
ICΣ1

≃ 92
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VLL Minimal Model
• We found a minimal scenario strongly improving the agreement with data:

ICSM ≃ 93

  coupling with electrons and  coupling with muonsN Σ1

ICNP ≃ 73
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Conclusions (I)

• There is a tension in the determination of  from different processes 

• It can be interpreted as an evidence of LFUV completing an already 
interesting picture 

• The CAA points towards  modified couplings. Therefore we performed 
a global fit to all the observables affected by those modifications. 

• The global fit to EW, LFU and  prefers LFUV NP at more than 99% C.L. 

Vus

Wℓν

Vus
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Conclusions (II)

• VLLs are very interesting candidates to solve this anomaly. 

• For each representation we extracted the bounds from EW, LFU and  obs. 

• We found a minimal model strongly improving the agreement with data: 

               coupling with electrons and  coupling with muons

Vus

N Σ1

Best and worst pulls of our minimal model with respect to the SM
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Backup
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The Anomaly with NP
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Parameters of the Fit
Parameters of the Model Independent global fit 

NP scenario without NNCNP − II ≡
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EW Observables

NP scenario without NNCNP − II ≡

Observables included in the Model Independent global fit 
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LFU & Observables Vus
Observables included in the Model Independent global fit 

NP scenario without NNCNP − II ≡
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LFU
EW
Vus
Global fit

-����� -����� -����� -����� ����� ����� �����
-�����

�����

�����

�����

�����

���

� �
�

Contributions to the Fit

Contributions to the global fit from each class of observables.  and  regions are shown in 
the  plane, marginalising over  .

1σ 2σ
ϵee vs ϵμμ ϵττ



27

 - 4D plotC(3)
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N and E bounds
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LHC bounds for the Vector-Like Leptons

N

Σ0
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LHC bounds for the Vector-Like Leptons

Δ1
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Information Criterion

In a bayesian approach, the Information Criterion allows for a comparison 
between different models

IC = − 2logL + 4σ2
logL

average of the log-likelihood
variance of the log-likelihood

The second term takes into account the effective numbers of parameters 
in the model, allowing for a meaningful comparison of models with 
different number of parameters. Preferred models are expected to give 
smaller IC values


