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Direct Searches

𝒪(10TeV)

CMS
Scale gap

EW scale 3



Indirect Searches

M. Bona PoS (CKM2016) 096 UTfit

ℋeff = CI OI

CI =
cI

Λ2

cI ∼ 𝒪(1)

Λ ∼ 𝒪(102) − 𝒪(105) TeV

Constraints on NP scale from Meson-antiMeson mixing
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Gauge Symmetry at work

Λ

SU(3)c ⊗ SU(2)L ⊗ U(1)Y

SU(3)c ⊗ U(1)em

c1(mZ′￼)
m2

Z′￼

(s̄γμPLb)(s̄γμPLb)

μEW

μlow

c(1)
qq (mZ′￼)

m2
Z′￼

(q̄3γμPLq2)(q̄3γμPLq2)

qI = (uI
L

dI
L)

For  we should work with Gauge Invariant effective operators.Λ > > μEW
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Standard Model Effective Field Theory

ℒSMEFT = ℒSM + ℒeff

ℒeff = ∑
d=5,6,..

CjOj

Buchmuller and Wyler 1986

15 (Bosonic) +  
19 (Single-fermion current) +  
25 (Four-fermion) = 59 Operators

Warsaw Basis (without Flavour and Color) 
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• Standard Model field content.


• Operators respect the full Gauge symmetry.


• Electroweak symmetry is broken by one Higgs-doublet.



SMEFT Strategy

Weak Effective Theory (WET)

SM Effective Field Theory (SMEFT)

UV Completion

SU(3)c ⊗ SU(2)L ⊗ U(1)Y

SU(3)c ⊗ U(1)em
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Meson - antiMeson mixing in SM

[Mij
12]SM = ⟨M0 |ℋij

ΔF=2 |M0⟩

ij = ds, sb, db : K0, Bs, Bd

ℋeff =
G2

Fm2
W

4π2
(λij

t )2 [Cij
VLL(μ)]SM (d̄iγμPLdj) (d̄iγμPLdj) + h . c .

λij
t = V*ti Vtj
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Operator bases for Meson-antiMeson mixing in WET

BMU Basis 

+ Chirality flipped operators 

Buras, Misiak, Urban 2000

ℋij
ΔF=2 = [ℋij

ΔF=2]SM + ∑a Cij
a Qij

a + h . c .

4-Fermion operators

9



Meson-antiMeson mixing in SMEFT

ℋij
ΔF=2 = [ℋij

ΔF=2]SM + ∑
a

Cij
a (μ)Qij

a + h . c .

New operators beyond 4F structures come into play.
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[O(1)
ϕq ]ij = (ϕ†i Dμ ϕ)(q̄i γμ qj)

[O(3)
ϕq ]ij = (ϕ†i DμτI ϕ)(q̄i γμ τIqj)

Flavour violating Z Boson couplings in SMEFT

ϕ =
1

2 ( 0
v + h)

Electroweak symmetry breaking

∝ − v2

2 ([C(1)
ϕq ]ij + [C(3)

ϕq ]ij)

ψ2ϕ2D
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New structures in SMEFT -> WET matching

Bobeth, Buras, Celis, Jung 2017

ψ2ϕ2D SMEFT

[O(1)
ϕq ]ij = (ϕ†i Dμ ϕ)(q̄i γμ qj)

[O(3)
ϕq ]ij = (ϕ†i DμτI ϕ)(q̄i γμ τIqj)

ψ4 WET

[Oϕd]ij = (ϕ†i Dμ ϕ)(d̄i γμ dj)
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New flavour structures in SMEFT RGE

[Cij
VLL](μEW) ∝ y2

t (λik
t [C(1)

qq (Λ)]kijij − λij
t [C(1)

qu (Λ)]ij33) + …

Operator mixing due to Yukawas

[O(1)
qu ]ij33 = (q̄iγμqj)(tγμt)

[O(1)
qq ]ijij = (q̄iγμqj)(qiγμqj)

Top-Yukawayt =

Jenkins, Manohar, Trott 2013

ψ4 SMEFTψ4 WET

λij
t = V*ti Vtj
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SMEFT operators entering in F=2 processesΔ

At the NP scale

14



Yukawa 
Strong 
Weak

SMEFT RGEs: operator mixing
Flavour Structures

ijij = 2323 (Bs − Bs)
1313 (Bd − Bd)
2121 (K0 − K0)

ik, kj,33 → ij

ij → ij
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Master Formula  for                 processes in terms of all SMEFT WCs at NP scale.                 

Master formulae

ΔF = 2

Facilitate the model independent studies of                 observables.ΔF = 2

  Wilson Coefficients at the NP scale.Ca(Λ)

 contains all the information about:  

— Matrix Elements. 
— RG in WET. 
— RG in SMEFT.

Pij
a (Λ)
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How to read Master Formulae at Λ = 5TeV .

Σ =
2[Mij

12]BSM

(ΔM)exp

Fraction of NP contribution.

 means 10% NP contribution.Σ = 0.10

[O(1)
qq ]ijij = (q̄iγμqj)(qiγμqj)

[O(3)
ϕq ]ij = (ϕ†i DμτI ϕ)(q̄i γμ τIqj)
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Bs − Bs



Probing High Scales using Meson mixing

Values of  for which , given Λ Σ = 10 % c(1)
qq = 10.

c(1)
qq

Λ2
(q̄iγμqj)(q̄kγμql)

qi = (
V†

ijui
L

di
L )

Warsaw-down basis
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Master Formulae for Minimal extensions of SM 

Tree-level matching to SMEFT at Λ

G′￼ (8,1,0)
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Master Formulae for  G′￼ (8,1,0)
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Summary

— Master formulae for Meson-antiMeson mixing facilitate the model 
independent studies, include RG running effects above and below the EW scale.

— SMEFT RG running effects due to Yukawas can lead to complicated 
operator mixing pattern: Meson mixing depends on new operators and 
flavour structures

— Lack of observations of the new states at the LHC suggest a scale gap 
between the EW and NP scales. 

— SMEFT provides a convenient framework to parameterise the NP effects.

Thanks for your attention!!



Models to SMEFT dictionary

Blas, Criado, Victoria, Santiago 2018
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Operator bases for Meson-antiMeson mixing in WET

JMS Basis: 

Good for matching to SMEFT

+ Chirality flipped operators 
Jenkins, Manohar, Stoffer 2018

ℋij
ΔF=2 = [ℋij

ΔF=2]SM + ∑a Cij
a Qij

a + h . c .

Dekens, Stoffer 2019

4-Fermion operators
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