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Introduction
SMEFT, Operators and Flavor Symmetries



Introduction: SMEFT
• In the EFT program, Standard Model effective field 

theory (SMEFT) is of particular relevance


• Connection of BSM physics and the low energy EFTs


• Construction of the SMEFT:


• SM fields + symmetries (gauge and Poincaré)


• Existence of the scale separation


• Higher-dimensional operators

ℒSMEFT = ℒSM +
1
Λ

ℒ5 +
1

Λ2
ℒ6 + 𝒪(Λ−3)
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Introduction: SMEFT operators and bases
• Higher-dimensional operators are collected in the non-

redundant operator bases

• Dimension 6


• Dimension 7


• Dimension 8 


• Hilbert series


Grzadkowski, Iskrzynski, Misiak, Rosiek [1008.4884]

Liao, Ma [1612.04527], Lehman [1410.4193]

Murphy [2005.00059]

Henning, Lu, Melia, Murayama [1507.07240]
Marinissen, Rahn, Waalewijn [2004.09521]

• Automation tools

• Sym2Int


• AutoEFT
Fonseca [1703.05221]

Harlander, Schaaf [2309.15783]
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Introduction: dimension-6 operators
• Large number of independent parameters already at 

dimension 6

• Single generation: 59

• Three generations: 2499

Grzadkowski, Iskrzynski, Misiak, Rosiek [1008.4884]
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Introduction: dimension-6 operators
• Large number of independent parameters already at 

dimension 6

• Single generation: 59

• Three generations: 2499

Grzadkowski, Iskrzynski, Misiak, Rosiek [1008.4884]

• This suggests that the proliferation of parameters 
originates from the flavor structure


• In the Standard Model

U(3)5 = U(3)q × U(3)ℓ × U(3)u × U(3)d × U(3)e

U(1)B × U(1)e × U(1)μ × U(1)τ

−ℒY = q̄V† ̂Yu ϕ̃u +q̄ ̂Ydϕd + ℓ̄ ̂Yeϕe
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Introduction: dimension-6 operators

Grzadkowski, Iskrzynski, Misiak, Rosiek [1008.4884]

• In the Standard Model

U(3)5 = U(3)q × U(3)ℓ × U(3)u × U(3)d × U(3)e

U(1)B × U(1)e × U(1)μ × U(1)τ

−ℒY = q̄V† ̂Yu ϕ̃u +q̄ ̂Ydϕd + ℓ̄ ̂Yeϕe

• However, observed mass hierarchy and the CKM 
alignment point to approximate accidental symmetries


• This is the starting point of our analysis
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Flavor structure of the SMEFT



Viable options
• Subgroups of  exploredU(3)5

U(3)5 = U(3)q × U(3)u × U(3)d × U(3)ℓ × U(3)e
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Viable options: quark and lepton sector
• Subgroups of  exploredU(3)5

Quark sector

• 


• 


• 


•

MFVQ ≡ U(3)3

U(2)2 × U(3)d

U(2)3 × U(1)br

U(2)3

U(3)5 = U(3)q × U(3)u × U(3)d × U(3)ℓ × U(3)e
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Viable options: quark and lepton sector
• Subgroups of  exploredU(3)5

Quark sector

• 


• 


• 


•

MFVQ ≡ U(3)3

U(2)2 × U(3)d

U(2)3 × U(1)br

U(2)3

U(3)5 = U(3)q × U(3)u × U(3)d × U(3)ℓ × U(3)e

• 


• , 


• , 


• , 

MFVL ≡ U(3)2

U(3)V U(2)V

U(2)2 × U(1)2 U(2)2

U(1)6 U(1)3

Lepton sector

Greljo, AP, Thomsen [2203.09561]
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Viable options: quark and lepton sector
• Subgroups of  exploredU(3)5

Quark sector
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• 


•

MFVQ ≡ U(3)3

U(2)2 × U(3)d

U(2)3 × U(1)br

U(2)3

U(3)5 = U(3)q × U(3)u × U(3)d × U(3)ℓ × U(3)e

• 


• , 


• , 


• , 

MFVL ≡ U(3)2

U(3)V U(2)V

U(2)2 × U(1)2 U(2)2

U(1)6 U(1)3

Lepton sector

Greljo, AP, Thomsen [2203.09561]

28 cases
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Construction of flavor invariants
•  example: 


• Fields , , 


• Spurions  and 

MFVQ GF = U(3)q × U(3)u × U(3)d

q ∼ (3,1,1) u ∼ (1,3,1) d ∼ (1,1,3)

Yu ∼ (3,3̄,1) Yd ∼ (3,1,3̄)
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Construction of flavor invariants

16

•  example: 


• Fields , , 


• Spurions  and 

MFVQ GF = U(3)q × U(3)u × U(3)d

q ∼ (3,1,1) u ∼ (1,3,1) d ∼ (1,1,3)

Yu ∼ (3,3̄,1) Yd ∼ (3,1,3̄)

Examples of  flavor invariants2ψ

(q̄q) :
𝒪(1) : (q̄q)

𝒪(Y2
u) : (q̄YuY†

uq)

𝒪(Y2
d) : (q̄YdY†

d q)

(ūu) :
𝒪(1) : (ūu)

𝒪(Y2
u) : (ūY†

uYuu)

(d̄d) :
𝒪(1) : (d̄d)

𝒪(Y2
d) : (d̄Y†

d Ydd)

Greljo, AP, Thomsen [2203.09561]
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Construction of flavor invariants
•  example: 


• Fields , , 


• Spurions  and 

MFVQ GF = U(3)q × U(3)u × U(3)d

q ∼ (3,1,1) u ∼ (1,3,1) d ∼ (1,1,3)

Yu ∼ (3,3̄,1) Yd ∼ (3,1,3̄)
Examples of  flavor invariants4ψ

(q̄q)(q̄q) :

𝒪(1) : (q̄iqi)(q̄jqj), (q̄iqj)(q̄jqi)

𝒪(Y2
u) : (q̄YuY†

uq)(q̄q), (q̄iqj)(YuY†
u)i

k(q̄
kqj)

𝒪(Y2
d) : (q̄YdY†

d q)(q̄q), (q̄iqj)(YdY†
d )i

k(q̄
kqj)

(ūu)(ūu) :
𝒪(1) : (ūiui)(ūjuj), (ūiuj)(ūjui)

𝒪(Y2
u) : (ūY†

uYuu)(ūu), (ūiuj)(Y†
uYu)i

k(ūjuk)

(d̄d)(d̄d) :
𝒪(1) : (d̄idi)(d̄jdj), (d̄idj)(d̄jdi)

𝒪(Y2
d) : (d̄Y†

d Ydd)(d̄d), (d̄idj)(Y†
d Yd)i

k(d̄jdk)

Greljo, AP, Thomsen [2203.09561]
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Flavor counting

Greljo, AP, Thomsen [2203.09561]
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Flavor counting

Greljo, AP, Thomsen [2203.09561]

SMEFT dim-6 operator class
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Flavor counting

Greljo, AP, Thomsen [2203.09561]

SMEFT dim-6 operator class

Orders in spurion insertions
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Flavor counting

Greljo, AP, Thomsen [2203.09561]

SMEFT dim-6 operator class

Orders in spurion insertions

Total number of independent structures at the given order in spurion expansion
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Flavor counting: full  result𝒪(1)

Greljo, AP, Thomsen [2203.09561]

• Repeating the similar exercise both for quark and lepton sector 
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47 parameters in the MFV
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Flavor counting: full  result𝒪(1)
• Repeating the similar exercise both for quark and lepton sector 

147 parameters in U(2)5

47 parameters in the MFV

Faroughy, Isidori, Wilsch, Yamamoto [2005.05366]

Greljo, AP, Thomsen [2203.09561]
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Flavor counting: full  result𝒪(1)
• Repeating the similar exercise both for quark and lepton sector 

147 parameters in U(2)5

47 parameters in the MFV

2499 parameters without any symmetriesFaroughy, Isidori, Wilsch, Yamamoto [2005.05366]

Greljo, AP, Thomsen [2203.09561]
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Leading directions in the SMEFT



Leading directions: MFV basis

47 parameters in the MFV

Greljo, AP [2305.08898] 27



Leading directions: MFV basis

47 parameters in the MFV

Greljo, AP [2305.08898] 28

• In a renormalizable UV completion, operators can 
be generated at tree-level


• What are all tree-level UV completions that match 
to these operators? 



Leading directions: SM + 1 NP
• Assume the extension of the Standard Model by one New Physics mediator
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Leading directions: SM + 1 NP
• Assume the extension of the Standard Model by one New Physics mediator

30

NP Mediators Scalars

Fermions

Vectors

De Blas, Criado, Perez-Victoria, Santiago [1711.10391]



Leading directions: Procedure and example

31

Pick a mediator

Impose MFVQ × MFVL

Determine the flavor 

irreps of the NP fields

Determine the flavor tensors

SMEFT Matching



Leading directions: Procedure and example
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Pick a mediator

Impose MFVQ × MFVL

Determine the flavor 

irreps of the NP fields

Determine the flavor tensors

SMEFT Matching

ω4 ∼ (3,1)−4/3 −ℒS ⊃ [yed
ω4

]rijω†
4rē

c
i dj + [yuu

ω4
]rijωα†

4 εαβγū
β
i uγ c

j + h . c .
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Leading directions: Procedure and example
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Pick a mediator

Impose MFVQ × MFVL

Determine the flavor 

irreps of the NP fields

Determine the flavor tensors

SMEFT Matching

Impose MFVQ × MFVL

ω ie jd
4 ∼ (3e,3d) ω iu

4 ∼ 3u

ω4 ∼ (3,1)−4/3 −ℒS ⊃ [yed
ω4

]rijω†
4rē

c
i dj + [yuu

ω4
]rijωα†

4 εαβγū
β
i uγ c

j + h . c .



Leading directions: Procedure and example
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Pick a mediator

Impose MFVQ × MFVL

Determine the flavor 

irreps of the NP fields

Determine the flavor tensors

SMEFT Matching

Impose MFVQ × MFVL

ω ie jd
4 ∼ (3e,3d) ω iu

4 ∼ 3u

ω4 ∼ (3,1)−4/3 −ℒS ⊃ [yed
ω4

]rijω†
4rē

c
i dj + [yuu

ω4
]rijωα†

4 εαβγū
β
i uγ c

j + h . c .

[yed
ω4

]iekd
jeld

= yed
ω4

δ ie
je

δkd
ld

[yuu
ω4

]iu juku = yuu
ω4

εiu juku



Leading directions: Procedure and example

36

Pick a mediator

Impose MFVQ × MFVL

Determine the flavor 

irreps of the NP fields

Determine the flavor tensors

SMEFT Matching

Impose MFVQ × MFVL

ω ie jd
4 ∼ (3e,3d) ω iu

4 ∼ 3u

ω4 ∼ (3,1)−4/3 −ℒS ⊃ [yed
ω4

]rijω†
4rē

c
i dj + [yuu

ω4
]rijωα†

4 εαβγū
β
i uγ c

j + h . c .

[yed
ω4

]iekd
jeld

= yed
ω4

δ ie
je

δkd
ld

[yuu
ω4

]iu juku = yuu
ω4

εiu juku

ℒSMEFT ⊃
|yed

ω4
|2

2M2
ω4

𝒪ed ℒSMEFT ⊃
|yuu

ω4
|2

M2
ω4

(𝒪D
uu − 𝒪E

uu)

Greljo, AP [2305.08898]

| | | |



Leading directions: Results
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Leading directions: Results

38Greljo, AP [2305.08898]

• Most of cases integrate out to a 
single linear combination of 
operators in the MFV basis.



Leading directions: Results

39Greljo, AP [2305.08898]

• Most of cases integrate out to a 
single linear combination of 
operators in the MFV basis.


• Leading directions suitable for 
1D pheno analysis



Leading directions: Phenomenology

40Greljo, AP [2305.08898]

• Compilation of the EFT bounds


• Phenomenological classes


• Class I: 4-lepton


• Class II: 2-quark-2-lepton


• Class III: 4-quark


• Class IV: W/Z corrections


• Class V: oblique/Higgs
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• Class III: 4-quark


• Class IV: W/Z corrections


• Class V: oblique/Higgs
1 10 [TeV]
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• Phenomenological classes


• Class I: 4-lepton


• Class II: 2-quark-2-lepton


• Class III: 4-quark


• Class IV: W/Z corrections


• Class V: oblique/Higgs

1 [TeV]10



Leading directions: Phenomenology
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• Compilation of the EFT bounds


• Phenomenological classes


• Class I: 4-lepton


• Class II: 2-quark-2-lepton


• Class III: 4-quark


• Class IV: W/Z corrections


• Class V: oblique/Higgs

1 [TeV]10

Greljo, AP [2305.08898]



Leading directions: Phenomenology
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• Compilation of the EFT bounds


• Phenomenological classes


• Class I: 4-lepton


• Class II: 2-quark-2-lepton


• Class III: 4-quark


• Class IV: W/Z corrections


• Class V: oblique/Higgs

Tree-level EFT bounds



Leading directions: Phenomenology
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• Compilation of the EFT bounds


• Phenomenological classes


• Class I: 4-lepton


• Class II: 2-quark-2-lepton


• Class III: 4-quark


• Class IV: W/Z corrections


• Class V: oblique/Higgs

Tree-level EFT bounds
What about RG effects and 
for which directions are RG 

effects important?



Leading directions: Phenomenology
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• Compilation of the EFT bounds


• Phenomenological classes


• Class I: 4-lepton


• Class II: 2-quark-2-lepton


• Class III: 4-quark


• Class IV: W/Z corrections


• Class V: oblique/Higgs

Tree-level EFT bounds
What about RG effects and 
for which directions are RG 

effects important?



RG Effects and Leading Directions



RG Effects: improved analysis of the EFT bounds
• Main idea: identify the set of leading directions for which the RG-induced effects offer 

comparable/stronger bound compared to the tree-level constraints

50



RG Effects: improved analysis of the EFT bounds
• Main idea: identify the set of leading directions for which the RG-induced effects offer 

comparable/stronger bound compared to the tree-level constraints


• Starting point: Subset of SMEFT operators from the MFV basis


• RG-induced effects introduce a new set of observables:


• Flavor observables ( , )


•  pole observables


•  mass


• -decay


• Atomic parity violation (APV)

b → sℓℓ ε′ /ε

Z

W

β

51



RG Effects: setup and procedure
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• Relevant set of operators:

Greljo, AP, Smolkovič [2312.09179]
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• Relevant set of operators:


• Four-quark operators


• Two-quark operators


• Remaining operators

• RG mixing diagrams:


• Four-quark operators mixing into EW boson vertex


• Four-quark operators mixing with 2 insertions of Yukawa


• Four-quark operators mixing into semileptonic operators

Greljo, AP, Smolkovič [2312.09179]



RG Effects: setup and procedure

57

• Relevant set of operators:


• Four-quark operators


• Two-quark operators


• Remaining operators

• RG mixing diagrams:


• Four-quark operators mixing into EW boson vertex


• Four-quark operators mixing with 2 insertions of Yukawa


• Four-quark operators mixing into semileptonic operators

• Application to low-energy observables

Greljo, AP, Smolkovič [2312.09179]



RG Effects: setup and procedure
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• Four-quark operators mixing into EW boson vertex


• Representative diagram

C(1)
qq

q

q

q

q

Yu

Y†
u

u

ϕ

ϕ

Greljo, AP, Smolkovič [2312.09179]



RG Effects: setup and procedure
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• Four-quark operators mixing into EW boson vertex


• Representative diagram and RG equations

C(1)
qq

q

q

q

q

Yu

Y†
u

u

ϕ

ϕ

·C(1)
ϕq
pr

= C(1)
ϕq,FV[YuY†

u]pr + C(1)
ϕq,FDδpr

·C(3)
ϕq
pr

= C(3)
ϕq,FV[YuY†

u]pr + C(3)
ϕq,FDδpr

·Cϕu
pr

= C1
ϕu,FD[Y†

uYu]pr + C2
ϕu,FDδpr

·Cϕd
pr

= Cϕd,FDδpr

Greljo, AP, Smolkovič [2312.09179]



RG Effects: setup and procedure
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• Four-quark operators mixing into EW boson vertex


• Representative diagram and RG equations

C(1)
qq

q

q

q

q

Yu

Y†
u

u

ϕ

ϕ

·C(1)
ϕq
pr

= C(1)
ϕq,FV[YuY†

u]pr + C(1)
ϕq,FDδpr

·C(3)
ϕq
pr

= C(3)
ϕq,FV[YuY†

u]pr + C(3)
ϕq,FDδpr

·Cϕu
pr

= C1
ϕu,FD[Y†

uYu]pr + C2
ϕu,FDδpr

·Cϕd
pr

= Cϕd,FDδpr

C(1)
ϕq,FV ≡ 2C(1)D

qq + 6C(3)D
qq + 12C(1)E

qq − Cϕu + 4C(1)
ϕq − 9C(3)

ϕq

Cϕd,FD ≡ 6(C(1)
qd − C(1)

ud + Cϕd)y2
t

Greljo, AP, Smolkovič [2312.09179]



RG Effects: setup and procedure
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• Four-quark operators mixing with 2 insertions of Yukawa


• Representative diagram

Cuu

u

u

u

u

Yu

Y†
u

ϕ

q

q

Greljo, AP, Smolkovič [2312.09179]



RG Effects: setup and procedure
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• Four-quark operators mixing with 2 insertions of Yukawa


• Representative diagram and RG equations

Cuu

u

u

u

u

Yu

Y†
u

ϕ

q

q

·C(1)
qu
prst

= C(1)
qu,FV[YuY†

u]prδst
·C(1)

qd
prst

= C(1)
qd,FV[YuY†

u]prδst

·C(8)
qu
prst

= C(8)
qu,FV[YuY†

u]prδst
·C(8)

qd
prst

= C(8)
qd,FV[YuY†

u]prδst

Greljo, AP, Smolkovič [2312.09179]



RG Effects: setup and procedure
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• Four-quark operators mixing with 2 insertions of Yukawa


• Representative diagram and RG equations

Cuu

u

u

u

u

Yu

Y†
u

ϕ

q

q

·C(1)
qu
prst

= C(1)
qu,FV[YuY†

u]prδst
·C(1)

qd
prst

= C(1)
qd,FV[YuY†

u]prδst

·C(8)
qu
prst

= C(8)
qu,FV[YuY†

u]prδst
·C(8)

qd
prst

= C(8)
qd,FV[YuY†

u]prδst

C(1)
qu,FV ≡ C(1)

qu −
2
3

CE
uu − 2CD

uu

C(8)
qu,FV ≡ C(8)

qu − 4CE
uu

Greljo, AP, Smolkovič [2312.09179]



RG Effects: setup and procedure
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• Four-quark operators mixing into semileptonic operators


• Representative diagram

C(3)
qq

q

q

q

q

ℓ

ℓ

Greljo, AP, Smolkovič [2312.09179]

W



RG Effects: setup and procedure
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• Four-quark operators mixing into semileptonic operators


• Representative diagram and RG equation

C(3)
qq

q

q

q

q

ℓ

ℓ

·C(3)
ℓq
prst

= g2
2 C(3)

ℓq,FDδprδst

Greljo, AP, Smolkovič [2312.09179]

W



RG Effects: setup and procedure
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• Four-quark operators mixing into semileptonic operators


• Representative diagram and RG equation

C(3)
qq

q

q

q

q

ℓ

ℓ

·C(3)
ℓq
prst

= g2
2 C(3)

ℓq,FDδprδst

C(3)
ℓq,FD ≡

2
3 (C(1)D

qq + 3C(1)E
qq + 17C(3)D

qq + 3C(3)E
qq )

Greljo, AP, Smolkovič [2312.09179]

W



RG Effects: examples of low-energy observables

67

• RG equations are solved in the leading log (LL) approximation


• Low-energy observables expressed in terms of the linear combinations of the Wilson 
coefficients from the MFV basis

Greljo, AP, Smolkovič [2312.09179]



RG Effects: examples of low-energy observables
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• RG equations are solved in the leading log (LL) approximation


• Low-energy observables expressed in terms of the linear combinations of the Wilson 
coefficients from the MFV basis


• b → sℓℓ

Greljo, AP, Smolkovič [2312.09179]

ℋeff. ⊃ −
4GF

2

α
4π

V*tsVtb(C9 𝒪9 + C10 𝒪10) + h . c .



RG Effects: examples of low-energy observables
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• RG equations are solved in the leading log (LL) approximation


• Low-energy observables expressed in terms of the linear combinations of the Wilson 
coefficients from the MFV basis


• b → sℓℓ

Greljo, AP, Smolkovič [2312.09179]

ℋeff. ⊃ −
4GF

2

α
4π

V*tsVtb(C9 𝒪9 + C10 𝒪10) + h . c .

𝒪9 = (ℓ̄γμℓ)(s̄LγμbL) , 𝒪10 = (ℓ̄γμγ5ℓ)(s̄LγμbL)
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• RG equations are solved in the leading log (LL) approximation


• Low-energy observables expressed in terms of the linear combinations of the Wilson 
coefficients from the MFV basis


• b → sℓℓ

Greljo, AP, Smolkovič [2312.09179]

ℋeff. ⊃ −
4GF

2

α
4π

V*tsVtb(C9 𝒪9 + C10 𝒪10) + h . c .

𝒪9 = (ℓ̄γμℓ)(s̄LγμbL) , 𝒪10 = (ℓ̄γμγ5ℓ)(s̄LγμbL)

CNP
10 = −

v2

4e2
y2

t (C(1)
ϕq,FV + C(3)

ϕq,FV)ln( μi

μf )
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• RG equations are solved in the leading log (LL) approximation


• Low-energy observables expressed in terms of the linear combinations of the Wilson 
coefficients from the MFV basis


• b → sℓℓ

Greljo, AP, Smolkovič [2312.09179]

ℋeff. ⊃ −
4GF

2

α
4π

V*tsVtb(C9 𝒪9 + C10 𝒪10) + h . c .

𝒪9 = (ℓ̄γμℓ)(s̄LγμbL) , 𝒪10 = (ℓ̄γμγ5ℓ)(s̄LγμbL)

CNP
10 = −

v2

4e2
y2

t (C(1)
ϕq,FV + C(3)

ϕq,FV)ln( μi

μf )

• , 


•  used as a pseudo-observable


•

μi ∼ 𝒪(TeV) μf ∼ mZ

C10

CNP
10 = 0.23 ± 0.15 Greljo, Salko, Smolkovič, 


Stangl [2212.10497]
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• RG equations are solved in the leading log (LL) approximation


• Low-energy observables expressed in terms of the linear combinations of the Wilson 
coefficients from the MFV basis


• -decayβ

Greljo, AP, Smolkovič [2312.09179]

ℋeff ⊃
4GF

2 ∑
x=d,s,b

Ṽux(ūLγμxL)(ēLγμνeL) + h . c .
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• RG equations are solved in the leading log (LL) approximation


• Low-energy observables expressed in terms of the linear combinations of the Wilson 
coefficients from the MFV basis


• -decayβ

Greljo, AP, Smolkovič [2312.09179]

ℋeff ⊃
4GF

2 ∑
x=d,s,b

Ṽux(ūLγμxL)(ēLγμνeL) + h . c .

Ṽux = Vux(1 + ϵx
L)
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• RG equations are solved in the leading log (LL) approximation


• Low-energy observables expressed in terms of the linear combinations of the Wilson 
coefficients from the MFV basis


• -decayβ

Greljo, AP, Smolkovič [2312.09179]

ℋeff ⊃
4GF

2 ∑
x=d,s,b

Ṽux(ūLγμxL)(ēLγμνeL) + h . c .

Ṽux = Vux(1 + ϵx
L)

ϵx
L =

v2

16π2 (g2
2C(3)

ℓq,FD − C(3)
ϕq,FD) ln( μi

μf )
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• RG equations are solved in the leading log (LL) approximation


• Low-energy observables expressed in terms of the linear combinations of the Wilson 
coefficients from the MFV basis


• -decayβ

Greljo, AP, Smolkovič [2312.09179]

ℋeff ⊃
4GF

2 ∑
x=d,s,b

Ṽux(ūLγμxL)(ēLγμνeL) + h . c .

Ṽux = Vux(1 + ϵx
L)

ϵx
L =

v2

16π2 (g2
2C(3)

ℓq,FD − C(3)
ϕq,FD) ln( μi

μf )

• , 


• Violation of CKM unitarity


•

μi ∼ 𝒪(TeV) μf ∼ mZ

ΔCKM = (−1.52 ± 0.70) × 10−3

ΔCKM ≡ |Ṽud|2 + |Ṽus|2 + |Ṽub|2 − 1

Cirigliano, Dekens, de Vries, Mereghetti, Tong  [2311.00021]
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Aebischer, Kumar, Straub [1804.05033]
• Numerical analysis performed using wilson

Greljo, AP, Smolkovič [2312.09179]
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