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The CKM matrix
The unitary Cabibbo-Kobayashi-Maskawa (CKM) matrix parametrize the misalignment 
between the up- and down-quark Yukawa couplings in the physical basis with 
diagonal mass matrices.
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The Anomaly

• : K → πℓν + f+(0)

|Vus | = 0.2232(11)

•  

         

K → μν
π → μν

+
fK±

fπ±

Vus

Vud
= 0.2313(5)

•  

       

        

0+ − 0+ + corrections

|Vud |CMS = 0.97389(18)

|Vud |SGPR = 0.97370(14)
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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) =
VKμ2

us

Vβ
us

R(Vus) ≃ 1 + (Vℒ
ud

Vℒ
us )ϵμμ

R(Vus)
SM

= 1

{∼ 20

Modification of the coupling of the W with muons
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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

There is 1 Operator which modifies only neutrino couplings :  

 L̄iγμτILjH†iDμ
I H with τI = (1 , − σ1 , − σ2 , − σ3)

dim = 6
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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

Neglected in what follows
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GF, α, MZ

Gexp
F = Gℒ

F (1 +
1
2

εee +
1
2

εμμ)

EW Parameters

       |VKμ3
us | ≈ |Vℒ

us |(1 −
1
2

εee) |Vβ
us | ≈ 1 − |Vℒ

ud |2 (1 −
1
2

εμμ)
2

|Vτ→Kν
us | ≈ |Vℒ

us |(1 −
1
2

εee −
1
2

εμμ +
1
2

εττ)

Not affected

 

 

|VK/π
us |

|Vτ→K/π
us |

|Vτ→Xν
us |

 ObservablesVus

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)

Low Energy Observables

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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LFU
EW
Vus
Global fit
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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
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Global Fit

NP preferred at more than 
99% C.L.

ICSM ≃ 73

ICNP ≃ 63
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Global Fit
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Global Fit
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Combining CAA with b → sℓℓ
Many observables related to the flavour-changing neutral-current transition 

 exhibit deviations from SM expectations.b → sℓ+ℓ−

Due to their suppression in the SM, they have a high sensitivity to potential NP 
contributions.

To perform a global fit to all the data we work within the model-independent 
approach of the effective Hamiltonian:

Heff = −
4GF

2
VtbV*ts ∑

i

CiOi


O9 =
e2

16π2
(s̄γμPLb)(ℓ̄γμℓ)

O10 =
e2

16π2
(s̄γμPLb)(ℓ̄γμγ5ℓ)
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 and Z′ W′ 

Is there a correlation between the Cabibbo Angle Anomaly and  ?b → sℓℓ

 models provide a promising solution to 
 , but we need:


1. flavour violating couplings to quarks;


2. non-universal couplings to leptons;

Z′ 

b → sℓℓ

Prompted by the , we can attempt to solve the CAA anomaly with a Z′ W′ 

Z′ b

s

ℓ

ℓTree-level effect
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Deeper impact: modified  and  couplings & direct effects from  and W Z W′ Z′ 

• EW observables 

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

•

π τ

b → sℓℓ

The Vector Triplet Model

W′ W

Z′ ZZ’Z′ 

A new heavy Vector Triplet coupling to left-handed fermions provides an interesting solution

Z’W′ 
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The Vector Triplet Model

ℒint
X = − gℓ

ji Xμ
a ℓ̄jγμ

σa

2
ℓi − gq

ji X
μ
a q̄jγμ

σa

2
qi − (igDϕ

X Xμ
a ϕ† σa

2
Dμϕ + h . c . )

EW Parameters :

NP Parameters :

 

 

           

GF, α, MZ
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Z = Mℒ
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|gDϕ

X |2 v2

4M2
X )

Gexp
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gDϕ

X (gℓ
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22)v2

2M2
X ) +

gℓ
11gℓ

22

4 2M2
X

gℓ
ee, gℓ

μμ, gℓ
ττ, gq, gDϕ

X
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EW+LFU+  Vus

Preliminary

ICSM ≃ 110.61

ICNP ≃ 96.453
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 b → sℓℓ
Is there a connection between the Cabibbo Angle Anomaly and  ?b → sℓℓ

Pull SM = 5.6 σ

CNP
9, j = − CNP

10, j = −
16π2

e2

gd
23gℓ

jj

16 2GFM2
XVtbV*ts
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Global Fit

ICSM ≃ 167.72 ICNP ≃ 102.25

Preliminary
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Conclusions (I)

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


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


• We tried to solve the tension modifying the couplings of neutrinos with gauge 
bosons


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


Vus

Vus
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Conclusions (II)

• We tried to solve the anomaly with a different tree-level effects, and the Vector 
Triplet model turned to be a good candidate


• With this simplified model, we are able to explain  and CAA 
simultaneously 

b → sℓℓ

Rπ,exp
μ/e = 1.0010 ± 0.0009

   Rπ,SM
μ/e = 1 → Rπ

μ/e = 1.00173 ± 0.00043

PEN

Example

Looking forward to see results!!!

This results are of notable importance for research at PSI, since they 
emphasise the need for precise tests of LFU

PREDICTION WITH MODIFIED NEUTRINO COUPLINGS
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Backup
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The Anomaly with NP
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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

 

  

−ig2

2
ℓ̄iγμPLνjWμ ⇒

−ig2

2
ℓ̄iγμPLνjWμ (δij +

1
2

εij)
−ig2

2cW
ν̄iγμPLνjZμ ⇒

−ig2

2cW
ν̄iγμPLνjZμ (δij + εij)

There is 1 Operator which modifies only neutrino couplings :  

 L̄iγμτILjH†iDμ
I H with τI = (1 , − σ1 , − σ2 , − σ3)

dim = 6
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Parameters of Fit I
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EW Observables of Fit I
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LFU & Observables of Fit IVus
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Right-handed Neutrinos Fit

|εeμ | = |εee | |εμμ |

Lepton Radiative Decays Bounds 

 
 

|εeμ | ≤ 1.4 × 10−5

|εμτ | ≤ 9.4 × 10−3

|εeτ | ≤ 1.1 × 10−2
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Mixing for the Vector Triplet Model

M2
0 =

M2
Z(0)

x
cW

x*
cW

M2
X

M2
± = (M2

W(0) x
x* M2

X) x = MW(0)
gDϕ

X v
2

After EWSB

(W′ ±

W±) = (
X±cosαWW′ − W(0)

± sinαWW′ 

X±sinαWW′ + W(0)
± cosαWW′ 

)

sinαWW′ ≈
x

M2
X

sinαZZ′ ≈
x

M2
XxW



31

LHC bounds for the Vector Triplet Model

2-quarks-2-leptons

−
4π

(24TeV2)
≤

gℓ
11gq

4MZ′ 
≤

4π
(37TeV2)

−
4π

(20TeV2)
≤

gℓ
22gq

4MZ′ 
≤

4π
(30TeV2)

−10.5
M2

W′ 

(10TeV)2
≤ gℓ

33g
q ≤ 0

2-jets

|gq |2 ≤ 15
M2

Z′ 

(10TeV)2
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APV & QWEAK bounds for the VT model 

 −2(2C1u + C1d) = 0.0719 ± 0.0045

−2(188C1u + 211C1d) = − 72.62 ± 0.43

QWEAK

APV

        C1d = 0.3419 +
2

GF

gqgℓ
11

16M2
Z′ 

C1u = − 0.1887 −
2

GF

gqgℓ
11

16M2
Z′ 
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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


