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Vast Range of BSM Scenarios

2

• Deficits of the Standard Model: 

- Not accounting for several cosmological observations  
(dark matter, baryon asymmetry, dark energy, gravity, …) 

- Theoretical shortcomings:  

‣ No protection of Higgs mass (hierarchy problem) 

‣ No explanation of neutrino masses 

‣ No explanation for flavor structure 

‣ …
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• Resolved by NP beyond the SM at higher energies?  out of reach of current experiments→

Λ1

Λ2

NP1

NP2

……

• Wide range of possible BSM theories (SUSY, composite Higgs, Pati-Salam,…) 

• Not all SM shortcomings necessarily solved in single theory  multi-layer structure 

➡ Determining the next layer is the principal challenge of HEP

→
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Collider Limits on the New Physics Scale

3
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ADD GKK + g/q 0 e, µ, τ, γ 1 − 4 j Yes 139 n = 2 2102.1087411.2 TeVMD

ADD non-resonant γγ 2 γ − − 36.7 n = 3 HLZ NLO 1707.041478.6 TeVMS

ADD QBH − 2 j − 139 n = 6 1910.084479.4 TeVMth

ADD BH multijet − ≥3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → γγ 2 γ − − 139 k/MPl = 0.1 2102.134054.5 TeVGKK mass

Bulk RS GKK →WW /ZZ multi-channel 36.1 k/MPl = 1.0 1808.023802.3 TeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥1 b, ≥1J/2j Yes 36.1 Γ/m = 15% 1804.108233.8 TeVgKK mass

2UED / RPP 1 e, µ ≥2 b, ≥3 j Yes 36.1 Tier (1,1), B(A(1,1) → tt) = 1 1803.096781.8 TeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 139 1903.062485.1 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 36.1 1709.072422.42 TeVZ′ mass

Leptophobic Z ′ → bb − 2 b − 36.1 1805.092992.1 TeVZ′ mass

Leptophobic Z ′ → tt 0 e, µ ≥1 b, ≥2 J Yes 139 Γ/m = 1.2% 2005.051384.1 TeVZ′ mass

SSM W ′ → ℓν 1 e, µ − Yes 139 1906.056096.0 TeVW′ mass

SSM W ′ → τν 1 τ − Yes 139 ATLAS-CONF-2021-0255.0 TeVW′ mass

SSM W ′ → tb − ≥1 b, ≥1 J − 139 ATLAS-CONF-2021-0434.4 TeVW′ mass

HVT W ′ →WZ model B 0-2 e, µ 2 j / 1 J Yes 139 gV = 3 2004.146364.3 TeVW′ mass

HVT W ′ →WZ → ℓν ℓ′ℓ′ model C 3 e, µ 2 j (VBF) Yes 139 gV cH = 1, gf = 0 2207.03925340 GeVW′ mass

HVT Z ′ →WW model B 1 e, µ 2 j / 1 J Yes 139 gV = 3 2004.146363.9 TeVZ′ mass
LRSM WR → µNR 2 µ 1 J − 80 m(NR) = 0.5 TeV, gL = gR 1904.126795.0 TeVWR mass

CI qqqq − 2 j − 37.0 η−LL 1703.0912721.8 TeVΛ
CI ℓℓqq 2 e, µ − − 139 η−LL 2006.1294635.8 TeVΛ
CI eebs 2 e 1 b − 139 g∗ = 1 2105.138471.8 TeVΛ
CI µµbs 2 µ 1 b − 139 g∗ = 1 2105.138472.0 TeVΛ
CI tttt ≥1 e,µ ≥1 b, ≥1 j Yes 36.1 |C4t | = 4π 1811.023052.57 TeVΛ

Axial-vector med. (Dirac DM) − 2 j − 139 gq=0.25, gχ=1, m(χ)=10 TeV ATL-PHYS-PUB-2022-0363.8 TeVmmed

Pseudo-scalar med. (Dirac DM) 0 e,µ, τ, γ 1 − 4 j Yes 139 gq=1, gχ=1, m(χ)=1 GeV 2102.10874376 GeVmmed

Vector med. Z ′-2HDM (Dirac DM) 0 e, µ 2 b Yes 139 tan β=1, gZ =0.8, m(χ)=100 GeV 2108.133913.0 TeVmZ′

Pseudo-scalar med. 2HDM+a multi-channel 139 tan β=1, gχ=1, m(χ)=10 GeV ATLAS-CONF-2021-036800 GeVma

Scalar LQ 1st gen 2 e ≥2 j Yes 139 β = 1 2006.058721.8 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥2 j Yes 139 β = 1 2006.058721.7 TeVLQ mass

Scalar LQ 3rd gen 1 τ 2 b Yes 139 B(LQu
3 → bτ) = 1 2303.012941.49 TeVLQu

3
mass

Scalar LQ 3rd gen 0 e, µ ≥2 j, ≥2 b Yes 139 B(LQu
3 → tν) = 1 2004.140601.24 TeVLQu

3
mass

Scalar LQ 3rd gen ≥2 e, µ, ≥1 τ ≥1 j, ≥1 b − 139 B(LQd
3 → tτ) = 1 2101.115821.43 TeVLQd

3
mass

Scalar LQ 3rd gen 0 e, µ, ≥1 τ 0 − 2 j, 2 b Yes 139 B(LQd
3 → bν) = 1 2101.125271.26 TeVLQd

3
mass

Vector LQ mix gen multi-channel ≥1 j, ≥1 b Yes 139 B(Ũ1 → tµ) = 1, Y-M coupl. ATLAS-CONF-2022-0522.0 TeVLQV
3

mass

Vector LQ 3rd gen 2 e,µ, τ ≥1 b Yes 139 B(LQV
3 → bτ) = 1, Y-M coupl. 2303.012941.96 TeVLQV

3
mass

VLQ TT → Zt + X 2e/2µ/≥3e,µ ≥1 b, ≥1 j − 139 SU(2) doublet 2210.154131.46 TeVT mass

VLQ BB →Wt/Zb + X multi-channel 36.1 SU(2) doublet 1808.023431.34 TeVB mass
VLQ T5/3T5/3 |T5/3 →Wt + X 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 36.1 B(T5/3 →Wt)= 1, c(T5/3Wt)= 1 1807.118831.64 TeVT5/3 mass

VLQ T → Ht/Zt 1 e, µ ≥1 b, ≥3 j Yes 139 SU(2) singlet, κT = 0.5 ATLAS-CONF-2021-0401.8 TeVT mass

VLQ Y →Wb 1 e, µ ≥1 b, ≥1 j Yes 36.1 B(Y →Wb)= 1, cR (Wb)= 1 1812.073431.85 TeVY mass

VLQ B → Hb 0 e,µ ≥2b, ≥1j, ≥1J − 139 SU(2) doublet, κB= 0.3 ATLAS-CONF-2021-0182.0 TeVB mass

VLL τ′ → Zτ/Hτ multi-channel ≥1 j Yes 139 SU(2) doublet 2303.05441898 GeVτ′ mass

Excited quark q∗ → qg − 2 j − 139 only u∗ and d∗, Λ = m(q∗) 1910.084476.7 TeVq∗ mass

Excited quark q∗ → qγ 1 γ 1 j − 36.7 only u∗ and d∗, Λ = m(q∗) 1709.104405.3 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 139 1910.084473.2 TeVb∗ mass
Excited lepton τ∗ 2 τ ≥2 j − 139 Λ = 4.6 TeV 2303.094444.6 TeVτ∗ mass

Type III Seesaw 2,3,4 e, µ ≥2 j Yes 139 2202.02039910 GeVN0 mass
LRSM Majorana ν 2 µ 2 j − 36.1 m(WR ) = 4.1 TeV, gL = gR 1809.111053.2 TeVNR mass

Higgs triplet H±± →W ±W ± 2,3,4 e,µ (SS) various Yes 139 DY production 2101.11961350 GeVH±± mass
Higgs triplet H±± → ℓℓ 2,3,4 e,µ (SS) − − 139 DY production 2211.075051.08 TeVH±± mass
Multi-charged particles − − − 139 DY production, |q| = 5e ATLAS-CONF-2022-0341.59 TeVmulti-charged particle mass

Magnetic monopoles − − − 34.4 DY production, |g | = 1gD , spin 1/2 1905.101302.37 TeVmonopole mass

Mass scale [TeV]10−1 1 10

√
s = 13 TeV

partial data

√
s = 13 TeV
full data

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits
Status: March 2023

ATLAS Preliminary∫
L dt = (3.6 – 139) fb−1

√
s = 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.

†Small-radius (large-radius) jets are denoted by the letter j (J). 1 TeV 10 TeV
Scale separation: 
ΛNP ≫ vEW

https://cds.cern.ch/record/2853754/
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Benefits of Effective Field Theory

4

• Heavy BSM particles not directly produced in experiments 

• Probe heavy states indirectly through imprints on low-energy observables  𝒪exp ≃ 𝒪SM + δ𝒪NP
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• Effective Field Theory (EFT): 

- Consider  with fields  and  with masses  

- Construct effective description  containing only SM particles  

- Effects  incorporated through new small interactions  

 

- Only finite number of operators  allowed (for fixed ) 

➡ Model independent

ℒNP(ηH, ηL) ηH ηL Λ1 ∼ mH ≫ mL ∼ mW

ℒEFT(ηL) ηL

ηH Qi

ℒEFT(ηL) = ℒd=4(ηL) +
∞

∑
d=5

1
md−4

H
∑

i

C(d)
i Q(d)

i (ηL)

Qi d

SM SMEFT→

Buchmuller, Wyler  
[Nucl.Phys.B 268 (1986) 621-653]

https://doi.org/10.1016/0550-3213(86)90262-2
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• No particles with masses above the validity scale of the EFT 

➡ Resummation of large logarithmic corrections

Buchmuller, Wyler  
[Nucl.Phys.B 268 (1986) 621-653]

https://doi.org/10.1016/0550-3213(86)90262-2
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• Challenge:  

- Relate Wilson coefficients  to parameters of explicit BSM theoriesCi

• No particles with masses above the validity scale of the EFT 

➡ Resummation of large logarithmic corrections

Buchmuller, Wyler  
[Nucl.Phys.B 268 (1986) 621-653]

https://doi.org/10.1016/0550-3213(86)90262-2
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The Standard Model EFT Ladder

5

• Physics described by tower of EFTs valid at different energy scales (every QFT is an EFT) 

• Matching: connect different EFTs to each other  

• Renormalization Group (RG): evolve from high to low energy scale within an EFT 

• Proper analysis requires combination of EFTs  computationally challenging  automation→ →
Energy scale

⇤0
BSM

⇤BSM

mW

mb

mc

⇤QCD

Very heavy UV theory

BSM theory

SMEFT

LEFT

LEFT0 (without b quark)

...

Chiral perturbation theory

Matching

Matching

EWSB & Matching

Matching

Matching

Non-perturbative matching

BSM RGE

SMEFT RGE

LEFT RGE

LEFT0 RGE

RGE

Isidori, FW, Wyler [2303.16922]

https://arxiv.org/abs/2303.16922
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Chiral perturbation theory

Matching

Matching

EWSB & Matching

Matching

Matching

Non-perturbative matching

BSM RGE

SMEFT RGE

LEFT RGE

LEFT0 RGE

RGE

Theory work: 
SMEFT-to-LEFT matching: 
Jenkins, Manohar, Stoffer [1709.04486] 
Dekens, Stoffer [1908.05295] 
SMEFT RGE: 
Jenkins, Manohar, Trott [1308.2627], [1310.4838] 
Alonso, Jenkins, Manohar, Trott [1312.2014] 
LEFT RGE: 
Jenkins, Manohar, Stoffer [1711.05270]

Automatic computer programs: 
DsixTools:  
Celis, Fuentes-Martin, Vicente, Virto [1704.04504] 
Fuentes-Martin, Ruiz-Femenia, Vicente, Virto 
[2010.16341] 
Wilson:  
Aebischer, Kumar, Straub [1804.05033]

Isidori, FW, Wyler [2303.16922]

https://arxiv.org/abs/1709.04486
https://arxiv.org/abs/1908.05295
https://arxiv.org/abs/1308.2627
https://arxiv.org/abs/1310.4838
https://arxiv.org/abs/1312.2014
https://arxiv.org/abs/1711.05270
https://arxiv.org/abs/1704.04504
https://arxiv.org/abs/2010.16341
https://arxiv.org/abs/1804.05033
https://arxiv.org/abs/2303.16922
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[2010.16341] 
Wilson:  
Aebischer, Kumar, Straub [1804.05033]

Automatic computer programs: 
Matchete  (functional matching) 
Fuentes-Martin, König, Pages, Thomsen, FW [2212.04510] 

MatchMakerEFT  (diagrammatic matching) 
Carmona, Lazopoulos, Olgoso, Santiago [2112.10787] 

CoDEx  (UOLEA) 
Das Bakshi, Chakrabortty, Kumar Patra [1808.04403]

Isidori, FW, Wyler [2303.16922]

https://arxiv.org/abs/1709.04486
https://arxiv.org/abs/1908.05295
https://arxiv.org/abs/1308.2627
https://arxiv.org/abs/1310.4838
https://arxiv.org/abs/1312.2014
https://arxiv.org/abs/1711.05270
https://arxiv.org/abs/1704.04504
https://arxiv.org/abs/2010.16341
https://arxiv.org/abs/1804.05033
https://arxiv.org/abs/2212.04510
https://arxiv.org/abs/2112.10787
https://arxiv.org/abs/1808.04403
https://arxiv.org/abs/2303.16922
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CoDEx  (UOLEA) 
Das Bakshi, Chakrabortty, Kumar Patra [1808.04403]

Experimental 
Data

Isidori, FW, Wyler [2303.16922]

https://arxiv.org/abs/1709.04486
https://arxiv.org/abs/1908.05295
https://arxiv.org/abs/1308.2627
https://arxiv.org/abs/1310.4838
https://arxiv.org/abs/1312.2014
https://arxiv.org/abs/1711.05270
https://arxiv.org/abs/1704.04504
https://arxiv.org/abs/2010.16341
https://arxiv.org/abs/1804.05033
https://arxiv.org/abs/2212.04510
https://arxiv.org/abs/2112.10787
https://arxiv.org/abs/1808.04403
https://arxiv.org/abs/2303.16922


Scale Evolution in EFTs
Running and Matching in SMEFT and LEFT
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Renormalization Group Evolution in SMEFT and LEFT

• RG evolution from one particle threshold to the next 

• Resummation of large logarithmic corrections: 

- SMEFT: ,  LEFT: , … 

- All  contributions to low-energy 
observables are resummed ( )

log ( Λ2
BSM

m2
W ) log ( m2

W

m2
b )

log(Λ2
BSM/μ2

exp)
μexp ≪ mW

7
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W
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log(Λ2
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exp)
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7

(Alonso), Jenkins, Manohar, Trott  
[1308.2627], [1310.4838]SMEFT Jenkins, Manohar, Stoffer  

[1711.05270]LEFT• One-loop RGE available for: 

- Implemented in tools like: 

- Automatic derivation for generic EFTs: 

Celis, Fuentes-Martin, Vicente, Virto [1704.04504] 
Fuentes-Martin, Ruiz-Femenia, Vicente, Virto [2010.16341]DsixTools

Aebischer, Kumar, Straub [1804.05033]Wilson

MatchMakerEFT  Carmona, Lazopoulos, Olgoso, Santiago [2112.10787] 
Matchete (future version) Fuentes-Martin, König, Pages, Thomsen, FW [2212.04510]

https://arxiv.org/abs/1308.2627
https://arxiv.org/abs/1310.4838
https://arxiv.org/abs/1711.05270
https://arxiv.org/abs/1704.04504
https://arxiv.org/abs/2010.16341
https://arxiv.org/abs/1804.05033
https://arxiv.org/abs/2112.10787
https://arxiv.org/abs/2212.04510
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Renormalization Group Evolution in SMEFT and LEFT

• RG evolution from one particle threshold to the next 

• Resummation of large logarithmic corrections: 

- SMEFT: ,  LEFT: , … 

- All  contributions to low-energy 
observables are resummed ( )

log ( Λ2
BSM

m2
W ) log ( m2

W

m2
b )

log(Λ2
BSM/μ2

exp)
μexp ≪ mW

7

(Alonso), Jenkins, Manohar, Trott  
[1308.2627], [1310.4838]SMEFT Jenkins, Manohar, Stoffer  

[1711.05270]LEFT• One-loop RGE available for: 

- Implemented in tools like: 

- Automatic derivation for generic EFTs: 

Celis, Fuentes-Martin, Vicente, Virto [1704.04504] 
Fuentes-Martin, Ruiz-Femenia, Vicente, Virto [2010.16341]DsixTools

Aebischer, Kumar, Straub [1804.05033]Wilson

Naterop, Stoffer [2412.13251] 
Born, Fuentes-Martín, Kvedaraitė, Thomsen [2410.07320] 
Di Noi, Gröber, Mandal [2408.03252] 
Jenkins, Manohar, Naterop, Pagès [2310.19883] 
Aebischer, Buras, Kumar [2203.11224] 
Bern, Parra-Martinez, Sawyer [2005.12917]

• Two-loop RGE: significant progress 

MatchMakerEFT  Carmona, Lazopoulos, Olgoso, Santiago [2112.10787] 
Matchete (future version) Fuentes-Martin, König, Pages, Thomsen, FW [2212.04510]

https://arxiv.org/abs/1308.2627
https://arxiv.org/abs/1310.4838
https://arxiv.org/abs/1711.05270
https://arxiv.org/abs/1704.04504
https://arxiv.org/abs/2010.16341
https://arxiv.org/abs/1804.05033
https://arxiv.org/abs/2412.13251
https://arxiv.org/abs/2410.07320
https://arxiv.org/abs/2408.03252
https://arxiv.org/abs/2310.19883
https://arxiv.org/abs/2203.11224
https://arxiv.org/abs/2005.12917
https://arxiv.org/abs/2112.10787
https://arxiv.org/abs/2212.04510
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RG Evolution Across Particle Thresholds: Matching

• RGE across the mass threshold: particle becomes non-dynamical  

• The particle should be integrated out of the spectrum 

- Obtaining new EFT with fewer particles 

• Matching: determining the operators and coefficient of this EFT

8

EFT 
 particlesN − 1

Full Theory 
 particlesN

Energy

M

RGE

RGE

m
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RG Evolution Across Particle Thresholds: Matching

• RGE across the mass threshold: particle becomes non-dynamical  

• The particle should be integrated out of the spectrum 

- Obtaining new EFT with fewer particles 

• Matching: determining the operators and coefficient of this EFT

8

• EFT Matching two options: 

- On-shell:  Equating -matrix elements in both theories:   

- Off-shell:  Equating the effective action of both theories:    

➡ Expand UV contribution in powers of  

➡ Solve system of equations for EFT coefficients: matching conditions

S ⟨ηL |SEFT |ηL⟩ = ⟨ηL |SUV |ηL⟩

ΓEFT[ηL] = ΓUV[ηL, ηH(ηL)]

m−1
H

As function of  
light fields  onlyηL

EFT 
 particlesN − 1

Full Theory 
 particlesN
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M

RGE
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RG Evolution Across Particle Thresholds: Matching

• RGE across the mass threshold: particle becomes non-dynamical  

• The particle should be integrated out of the spectrum 

- Obtaining new EFT with fewer particles 

• Matching: determining the operators and coefficient of this EFT

8

• EFT Matching two options: 

- On-shell:  Equating -matrix elements in both theories:   

- Off-shell:  Equating the effective action of both theories:    

➡ Expand UV contribution in powers of  

➡ Solve system of equations for EFT coefficients: matching conditions

S ⟨ηL |SEFT |ηL⟩ = ⟨ηL |SUV |ηL⟩

ΓEFT[ηL] = ΓUV[ηL, ηH(ηL)]

m−1
H

As function of  
light fields  onlyηL

• Matching conditions can be seen as RG equations when decoupling a particle while crossing 
its mass threshold  

- Log terms of matching conditions provide difference between RGE of UV and IR theory

EFT 
 particlesN − 1

Full Theory 
 particlesN

Energy

M

RGE

RGE

m
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Diagrammatic Matching: off-shell vs. on-shell

9

• Diagrammatic on-shell matching:  

- Compute all Feynman diagrams contributing to -matrix, i.e., 

‣ Calculate all on-shell amplitudes in the UV and EFT and equate the results 

- Guarantees that all physical observables of UV and EFT agree

S



Running and Matching in the SMEFT  |  ZPW2025  |  ZurichFelix Wilsch

Diagrammatic Matching: off-shell vs. on-shell
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• Diagrammatic on-shell matching:  

- Compute all Feynman diagrams contributing to -matrix, i.e., 

‣ Calculate all on-shell amplitudes in the UV and EFT and equate the results 

- Guarantees that all physical observables of UV and EFT agree

S

• Diagrammatic of-shell matching:  

- Compute all 1LPI Feynman diagrams contributing to effective action , i.e., 

‣ Calculate corresponding off-shell amplitudes in the UV and EFT and equate results 

- More restrictive: guarantees that physical of UV and EFT agrees also off-shell

Γ
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Diagrammatic Matching: off-shell vs. on-shell

9

• Diagrammatic on-shell matching:  

- Compute all Feynman diagrams contributing to -matrix, i.e., 

‣ Calculate all on-shell amplitudes in the UV and EFT and equate the results 

- Guarantees that all physical observables of UV and EFT agree

S

• Diagrammatic of-shell matching:  

- Compute all 1LPI Feynman diagrams contributing to effective action , i.e., 

‣ Calculate corresponding off-shell amplitudes in the UV and EFT and equate results 

- More restrictive: guarantees that physical of UV and EFT agrees also off-shell

Γ

• Example: matching the SM to Fermi’s theory 

 

e�

⌫e

µ�

⌫µ

W� E
mW

⌧ 1

e�

⌫e

µ�

⌫µ

Tree-level matching

µ�

µ+

s

b

W�

W+

E
mW

⌧ 1

µ�

µ+

s

b

One-loop matchingGF =
2

8
g2

M2
W
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Diagrammatic Matching: off-shell vs. on-shell

9

• Diagrammatic on-shell matching:  

- Compute all Feynman diagrams contributing to -matrix, i.e., 

‣ Calculate all on-shell amplitudes in the UV and EFT and equate the results 

- Guarantees that all physical observables of UV and EFT agree

S

• Diagrammatic of-shell matching:  

- Compute all 1LPI Feynman diagrams contributing to effective action , i.e., 

‣ Calculate corresponding off-shell amplitudes in the UV and EFT and equate results 

- More restrictive: guarantees that physical of UV and EFT agrees also off-shell

Γ

• Example: matching the SM to Fermi’s theory 

 

e�

⌫e

µ�

⌫µ

W� E
mW

⌧ 1

e�

⌫e

µ�

⌫µ

Tree-level matching

µ�

µ+

s

b

W�

W+

E
mW

⌧ 1

µ�

µ+

s

b

One-loop matching

Note: need to know EFT operators in advance

GF =
2

8
g2

M2
W
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Functional Matching

10

• Lagrangian:  with fields  and  
hierarchy  

• Background field method: shift all fields    
       : background fields (satisfy classical EOM) 
       : pure quantum fluctuation 

• Path integral representation of effective quantum action: 

 

- Perform path integral over    
(“integrating out” the heavy states) 

- Expand in powers of  

• Produces effective quantum action of EFT: 

-  containing all higher-dimensional operators and coefficients

ℒUV(η) η = (ηH, ηL)⊺

mH ≫ mL

η → ̂η + η
̂η

η

exp (iΓUV( ̂η)) = ∫ 𝒟η exp (i∫ dDx ℒUV(η + ̂η))
ηH

m−1
H

ΓEFT

Gaillard [Nucl. Phys. B 268 (1986) 669-692]; 

Cheyette [Nucl. Phys. B 297 (1988) 183-204]; 

Dittmaier, Grosse-Knetter  
[hep-ph/9501285] [hep-ph/9505266];  

Henning, Lu, Murayama  
[1412.1837]; 

Drozd, Ellis, Quevillon, You  
[1512.03003]; 

del Aguila, Kunszt, Santiago  
[1602.00126]; 

Fuentes-Martin, Portoles, Ruiz-Femenia  
[1607.02142]; 

Henning, Lu, Murayama  
[1604.01019]; 

Zhang  
[1610.00710]; 

Krämer, Summ, Voigt  
[1908.04798]; 

Cohen, Lu, Zhang  
[2011.02484] [2012.07851]; 

Fuentes-Martín, König, Pagès, Thomsen, FW  
[2012.08506] [2212.04510]; 

& many more

https://arxiv.org/abs/hep-ph/9501285
https://arxiv.org/abs/hep-ph/9505266
https://arxiv.org/abs/1412.1837
https://arxiv.org/abs/1512.03003
https://arxiv.org/abs/1602.00126
https://arxiv.org/abs/1607.02142
https://arxiv.org/abs/1604.01019
https://arxiv.org/abs/1610.00710
https://arxiv.org/abs/1908.04798
https://arxiv.org/abs/2011.02484
https://arxiv.org/abs/2012.07851
https://arxiv.org/abs/2012.08506
https://arxiv.org/abs/2212.04510
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Functional Matching at Tree-Level and One-Loop

11

• Saddle point approximation of the action:  

SUV(η) → SUV( ̂η + η) = SUV( ̂η) +
1
2

η̄i
δ2SUV

δη̄i δηj
η= ̂η

ηj + 𝒪(η3)
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• Saddle point approximation of the action:  

SUV(η) → SUV( ̂η + η) = SUV( ̂η) +
1
2

η̄i
δ2SUV

δη̄i δηj
η= ̂η

ηj + 𝒪(η3)

• Tree-level matching:   

- Substitute  by its EOM and expand in 

ℒ(0)
EFT = ℒUV ( ̂ηL, ̂ηH[ ̂ηL])

̂ηH m−1
H
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Functional Matching at Tree-Level and One-Loop

11

• Saddle point approximation of the action:  

SUV(η) → SUV( ̂η + η) = SUV( ̂η) +
1
2

η̄i
δ2SUV

δη̄i δηj
η= ̂η

ηj + 𝒪(η3)

fluctuation operator 𝓠ij

• Tree-level matching:   

- Substitute  by its EOM and expand in 

ℒ(0)
EFT = ℒUV ( ̂ηL, ̂ηH[ ̂ηL])

̂ηH m−1
H

• One-loop matching:   

- Gaussian path integral: 

 

- Expressed through a superdeterminant  or supertrace  

- Supertraces directly provide EFT Lagrangian: 

exp (iΓ(1)
UV) = ∫ 𝒟η exp (∫ dDx

1
2

η̄i 𝒬ij ηj)

Γ(1)
UV = − i log (SDet 𝒬[ ̂η])1/2 =

i
2

STr (log 𝒬[ ̂η]) = ± i
2 ∫

dDk
(2π)D

⟨k | tr (log 𝒬) |k⟩

(SDet) (STr)

∫ dDx ℒ(1)
EFT = Γ(1)

UV hard
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• Saddle point approximation of the action:  

SUV(η) → SUV( ̂η + η) = SUV( ̂η) +
1
2

η̄i
δ2SUV

δη̄i δηj
η= ̂η

ηj + 𝒪(η3)

fluctuation operator 𝓠ij

• Tree-level matching:   

- Substitute  by its EOM and expand in 

ℒ(0)
EFT = ℒUV ( ̂ηL, ̂ηH[ ̂ηL])

̂ηH m−1
H

• One-loop matching:   

- Gaussian path integral: 

 

- Expressed through a superdeterminant  or supertrace  

- Supertraces directly provide EFT Lagrangian: 

exp (iΓ(1)
UV) = ∫ 𝒟η exp (∫ dDx

1
2

η̄i 𝒬ij ηj)

Γ(1)
UV = − i log (SDet 𝒬[ ̂η])1/2 =

i
2

STr (log 𝒬[ ̂η]) = ± i
2 ∫

dDk
(2π)D

⟨k | tr (log 𝒬) |k⟩

(SDet) (STr)

∫ dDx ℒ(1)
EFT = Γ(1)

UV hard

Evaluation using: 
- Method of regions 

- Wilson lines  covariance→

Beneke, Smirnov [hep-ph/9711391] 
Jantzen [1111.2589]

Fuentes-Martín, Moreno-Sánchez,  
Palavrić, Thomsen [2412.12270]

https://arxiv.org/abs/2412.12270
https://arxiv.org/abs/hep-ph/9711391
https://arxiv.org/abs/1111.2589
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SUV(η) → SUV( ̂η + η) = SUV( ̂η) +
1
2

η̄i
δ2SUV

δη̄i δηj
η= ̂η

ηj + 𝒪(η3)

fluctuation operator 𝓠ij

higher loop orders
Fuentes-Martín, (Moreno-Sánchez,)  
Palavrić, Thomsen  
[2311.13630], [2412.12270]

• Tree-level matching:   

- Substitute  by its EOM and expand in 

ℒ(0)
EFT = ℒUV ( ̂ηL, ̂ηH[ ̂ηL])

̂ηH m−1
H
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Evaluation using: 
- Method of regions 
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https://arxiv.org/abs/2412.12270
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Tools for Automatic One-Loop Matching

12

• Matching UV models onto their corresponding low-energy EFTs is an arduous task 

- Matching has to be performed on a model-by-model basis (vast range of theories) 

- Matching requires computation of substantial number of diagrams 

• But: purely algebraic problem  well suited for automation→
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Tools for Automatic One-Loop Matching

• Automatic tools for matching EFTs: 

- Tree-level matching: MatchingTools 

- Diagrammatic one-loop matching:  

- Functional one-loop matching: 

- Universal One-Loop Effective Action: CoDEx

12

• Matching UV models onto their corresponding low-energy EFTs is an arduous task 

- Matching has to be performed on a model-by-model basis (vast range of theories) 

- Matching requires computation of substantial number of diagrams 

• But: purely algebraic problem  well suited for automation→

Criado [1710.06445]

Carmona, Lazopoulos, Olgoso, Santiago [2112.10787]

Fuentes-Martín, König, Pagès, Thomsen, FW [2212.04510]

Das Bakshi, Chakrabortty, Kumar Patra [1808.04403]

https://arxiv.org/abs/1710.06445
https://arxiv.org/abs/2112.10787
https://arxiv.org/abs/2212.04510
https://arxiv.org/abs/1808.04403
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• Automatic tools for matching EFTs: 

- Tree-level matching: MatchingTools 

- Diagrammatic one-loop matching:  

- Functional one-loop matching: 

- Universal One-Loop Effective Action: CoDEx

12

• Matching UV models onto their corresponding low-energy EFTs is an arduous task 

- Matching has to be performed on a model-by-model basis (vast range of theories) 

- Matching requires computation of substantial number of diagrams 

• But: purely algebraic problem  well suited for automation→

Also allow RGE  
computationCriado [1710.06445]

Carmona, Lazopoulos, Olgoso, Santiago [2112.10787]

Fuentes-Martín, König, Pagès, Thomsen, FW [2212.04510]

Das Bakshi, Chakrabortty, Kumar Patra [1808.04403]

https://arxiv.org/abs/1710.06445
https://arxiv.org/abs/2112.10787
https://arxiv.org/abs/2212.04510
https://arxiv.org/abs/1808.04403
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Tools for Automatic One-Loop Matching

• Automatic tools for matching EFTs: 

- Tree-level matching: MatchingTools 

- Diagrammatic one-loop matching:  

- Functional one-loop matching: 

- Universal One-Loop Effective Action: CoDEx

12

• Matching UV models onto their corresponding low-energy EFTs is an arduous task 

- Matching has to be performed on a model-by-model basis (vast range of theories) 

- Matching requires computation of substantial number of diagrams 

• But: purely algebraic problem  well suited for automation→

Also allow RGE  
computationCriado [1710.06445]

Carmona, Lazopoulos, Olgoso, Santiago [2112.10787]

Fuentes-Martín, König, Pagès, Thomsen, FW [2212.04510]

Das Bakshi, Chakrabortty, Kumar Patra [1808.04403]

• Missing pieces: 

- Integrating out vector bosons 

- Linking to the phenomenological EFT toolchain

https://arxiv.org/abs/1710.06445
https://arxiv.org/abs/2112.10787
https://arxiv.org/abs/2212.04510
https://arxiv.org/abs/1808.04403
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Eliminating Redundant Operators (when matching off-shell)

13

•  directly provides EFT operators & coefficients,  

but  contains redundancies among the operators and is in a -dimensional space 

➡Need to reduce redundancies and projection on a 4-dimensional basis

Γ(1)
UV hard

= ∫ dDx ℒ(1)
EFT

ℒEFT D
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Eliminating Redundant Operators (when matching off-shell)

13

•  directly provides EFT operators & coefficients,  

but  contains redundancies among the operators and is in a -dimensional space 

➡Need to reduce redundancies and projection on a 4-dimensional basis

Γ(1)
UV hard

= ∫ dDx ℒ(1)
EFT

ℒEFT D

• Goal: bring  to minimal form by using: 

- Integration by parts identities 

- Diagonalize kinetic & mass mixing 

- Field redefinitions | equations of motion 

- Reduction of Dirac algebra 

- Fierz identities 

- … 

➡  in minimal basis (e.g. Warsaw basis for the SMEFT)

ℒEFT

ℒEFT
Grzadkowski, Iskrzynski, Misiak, Rosiek [1008.4884]

https://arxiv.org/abs/1008.4884
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Eliminating Redundant Operators (when matching off-shell)

13

•  directly provides EFT operators & coefficients,  

but  contains redundancies among the operators and is in a -dimensional space 

➡Need to reduce redundancies and projection on a 4-dimensional basis

Γ(1)
UV hard

= ∫ dDx ℒ(1)
EFT

ℒEFT D

• Goal: bring  to minimal form by using: 

- Integration by parts identities 

- Diagonalize kinetic & mass mixing 

- Field redefinitions | equations of motion 

- Reduction of Dirac algebra 

- Fierz identities 

- … 

➡  in minimal basis (e.g. Warsaw basis for the SMEFT)

ℒEFT

ℒEFT

 evanescent operators→

Grzadkowski, Iskrzynski, Misiak, Rosiek [1008.4884]

https://arxiv.org/abs/1008.4884
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Evanescent Operators

14

• Some identities for the reduction of redundant operator structures are             
intrinsically 4-dimensional and do not hold in  dimensions: 

- Projections onto 4-dimensional Dirac basis  

‣ Dirac reduction             

‣ Fierz identities         

- Contractions of Levi-Civita tensors

D = 4 − 2ϵ

{ΓN} = {PL, PR, γμPL, γμPR, σμν}

X ⊗ Y = ∑
n

bn(X, Y )Γn ⊗ Γ̃n

(X) ⊗ [Y ] =
1
4

tr{X Γ̃nY Γ̃m} (Γm] ⊗ [Γn)

• Applying these identities in combination with a matching performed using dimensional 
regularization in  dimensions introduces order  mistakeD = 4 − 2ϵ 𝒪(ϵ)

only in D = 4

Required for: 
matching & running
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(X) ⊗ [Y ] =
1
4

tr{X Γ̃nY Γ̃m} (Γm] ⊗ [Γn)

• Introducing evanescent operators  allows us to keep using the 4-dimensional identities 

 

E

R D=4 identities Q

redundant  basisD = 4

• Applying these identities in combination with a matching performed using dimensional 
regularization in  dimensions introduces order  mistakeD = 4 − 2ϵ 𝒪(ϵ)

only in D = 4

Required for: 
matching & running
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Evanescent Operators

14

• Some identities for the reduction of redundant operator structures are             
intrinsically 4-dimensional and do not hold in  dimensions: 

- Projections onto 4-dimensional Dirac basis  

‣ Dirac reduction             

‣ Fierz identities         

- Contractions of Levi-Civita tensors

D = 4 − 2ϵ

{ΓN} = {PL, PR, γμPL, γμPR, σμν}

X ⊗ Y = ∑
n

bn(X, Y )Γn ⊗ Γ̃n

(X) ⊗ [Y ] =
1
4

tr{X Γ̃nY Γ̃m} (Γm] ⊗ [Γn)

• Introducing evanescent operators  allows us to keep using the 4-dimensional identities 

 

E

R D=4 identities Q

redundant  basisD = 4 evanescent

+ E(X, Y )

+ E(X, Y )

in D = 4 − 2ϵ

• Applying these identities in combination with a matching performed using dimensional 
regularization in  dimensions introduces order  mistakeD = 4 − 2ϵ 𝒪(ϵ)

E ≡ R − Q ∼ 𝒪(ϵ)

Required for: 
matching & running
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Physical Contributions by Evanescent Operators

15

• Evanescent operators  formally of rank  

- Tree level: no physical contributions 

- One loop: contributions from (local) UV poles  finite contribution to matrix elements 

• Effect of evanescent operators can be absorbed by a finite renormalization

E ≡ R − Q ϵ

⇒

Buras, Weisz [Nucl.Phys.B 333 (1990) 66-99];  
Dugan and Grinstein [PLB 256 (1991) 239];  
Herrlich, Nierste [hep-ph/9412375]

https://arxiv.org/abs/hep-ph/9412375
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- Tree level: no physical contributions 

- One loop: contributions from (local) UV poles  finite contribution to matrix elements 

• Effect of evanescent operators can be absorbed by a finite renormalization

E ≡ R − Q ϵ

⇒

• Can drop all evanescent operators for the computation of one-loop matrix elements if: 

- Projecting redundant operators  onto the physical basis  with  identities 

- Shifting coefficients of  by the appropriate finite renormalization constants

R Q D = 4

Q

Buras, Weisz [Nucl.Phys.B 333 (1990) 66-99];  
Dugan and Grinstein [PLB 256 (1991) 239];  
Herrlich, Nierste [hep-ph/9412375]

https://arxiv.org/abs/hep-ph/9412375
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Physical Contributions by Evanescent Operators

15

• Evanescent operators  formally of rank  

- Tree level: no physical contributions 

- One loop: contributions from (local) UV poles  finite contribution to matrix elements 

• Effect of evanescent operators can be absorbed by a finite renormalization

E ≡ R − Q ϵ

⇒

• Can drop all evanescent operators for the computation of one-loop matrix elements if: 

- Projecting redundant operators  onto the physical basis  with  identities 

- Shifting coefficients of  by the appropriate finite renormalization constants

R Q D = 4

Q

• Resulting renormalization scheme is an evanescent-free version of MS

Buras, Weisz [Nucl.Phys.B 333 (1990) 66-99];  
Dugan and Grinstein [PLB 256 (1991) 239];  
Herrlich, Nierste [hep-ph/9412375]

• For one-loop EFT action  we find  (  projection  using  identities) 

,     where      

- :   sum of one-loop diagrams with vertices from  contributing to effective action 

- : sum of one-loop diagrams with insertions of evanescent operators 

S(1) 𝒫 R → Q D = 4

𝒫S(1)
Q = 𝒫S(1)

R + ΔS(1) ΔS(1) ≡ 𝒫 (Γ(1)
R − Γ(1)

Q )
Γ(1)

X X

ΔS(1) E = R − Q

Aebischer, Buras, Kumar [2202.01225]; Aebischer, Pesut [2208.10513]; Aebischer, Pesut, Polonsky [2211.01379]; 
Fuentes-Martin, König, Pages, Thomsen, FW [2211.09144];

https://arxiv.org/abs/hep-ph/9412375
https://arxiv.org/abs/2202.01225
https://arxiv.org/abs/2208.10513
https://arxiv.org/abs/2211.01379
https://arxiv.org/abs/2211.09144
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Example

16

• Example term from tree-level EFT Lagrangian requiring Fierzing to map onto Warsaw basis 

• Fierz identity:   

• Insert evanescent operator in all possible UV-divergent one-loop diagrams

(qpur)(usqt) = −
1
6

(qpγμqt)(usγμur) − (qpγμTAqt)(usγμTAur)
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Example

16

• Example term from tree-level EFT Lagrangian requiring Fierzing to map onto Warsaw basis 

• Fierz identity:   

• Insert evanescent operator in all possible UV-divergent one-loop diagrams

(qpur)(usqt) = −
1
6

(qpγμqt)(usγμur) − (qpγμTAqt)(usγμTAur)

Fuentes-Martín, König, Pagès, Thomsen, FW [2211.09144]

- Finite renormalization to compensate 
for evanescent operator 
(loop suppressed  only relevant for  
tree-level EFT Lagrangian) 

- Renormalization scheme: 
evanescent-free version of  

- All finite renormalization constants  
required for SMEFT computed in

→

MS−

https://arxiv.org/abs/2211.09144


Phenomenology
From High to Low Energies
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Combining Data at Different Energies with EFTs

18

• Low-energy BSM analyses often performed directly in EFT setup (LEFT) 

- EFT validity    

- Pheno tools with large sets of experimental observables available  

‣ e.g. flavio               , EOS  

• High-energy BSM searches at LHC mostly performed for explicit BSM theories 

- EFT validity  ?   has to be assessed case by case 

- Have to be recast/reinterpreted in EFT framework 

- Some tools for certain observables 

‣ e.g. SMEFiT             , HEPfit              , HighPT 

• Some results now directly provided in EFT framework 

- More hopefully in the future 

➡ Advantageous for EFT program

E ≪ ΛNP

E ≲ ΛNP →

Straub (Stangl) [1810.08132]

Giani et al. [2302.06660] De Blas et al. [1910.14012]

van Dyk et al. [2111.15428]

Allwicher, Faroughy, Jaffredo,  
Sumensari, FW [2207.10756]

https://arxiv.org/abs/1810.08132
https://arxiv.org/abs/2302.06660
https://arxiv.org/abs/1910.14012
https://arxiv.org/abs/2111.15428
https://arxiv.org/abs/2207.10756


Example: 
Importance of RG Mixing for  

 and (g − 2)μ 𝓑(μ → eγ)
Flavor Patterns of the Anomalous Magnetic Moment of the Muon
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Measurements of  and (g − 2)μ 𝓑(μ → eγ)

20

• We work in the SMEFT/LEFT with the hypothesis of heavy NP:     

• Electromagnetic dipole operator in LEFT:  

ΛNP ≫ v

[Qeγ]αβ = (v/ 2)(ēL
ασμνeR

β ) Fμν

 

 

 
[hep-ex/0602035, 2104.03281, 2006.04822] 

Hints at non-vanishing dipole operator  

(g − 2)μ

μL μR

γ

[Ceγ]22

Δaμ = aExp
μ − aSM

μ = (251 ± 59) × 10−11

[C′￼eγ]22

[C′￼eγ]22 = 1.0 × 10−5 TeV−2
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Measurements of  and (g − 2)μ 𝓑(μ → eγ)

20

• We work in the SMEFT/LEFT with the hypothesis of heavy NP:     

• Electromagnetic dipole operator in LEFT:  

ΛNP ≫ v

[Qeγ]αβ = (v/ 2)(ēL
ασμνeR

β ) Fμν

 

 

 
[hep-ex/0602035, 2104.03281, 2006.04822] 

Hints at non-vanishing dipole operator  

(g − 2)μ

μL μR

γ

[Ceγ]22

Δaμ = aExp
μ − aSM

μ = (251 ± 59) × 10−11

[C′￼eγ]22

[C′￼eγ]22 = 1.0 × 10−5 TeV−2

 

 

Non-observation of radiative LFV decays 
 (90% C.L.) 

MEG [1605.05081] 

Implies strongly suppressed off-diagonal 
couplings  

μ → eγ

μL eR

γ

[Ceγ]12

ℬ(μ+ → e+γ) ≤ 4.2 × 10−13

[C′￼eγ]12(21) ≪ [C′￼eγ]22

| [C′￼eγ]12(21) | ≤ 2.1 × 10−10 TeV−2

Misalignment:  ϵL(R)
12 ≡ [C′￼eγ]12(21)/[C′￼eγ]22 ≤ 2 × 10−5

https://arxiv.org/abs/1605.05081
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Renormalization Group Mixing of the Dipole Operators

21

Energy

v

ΛNP

exp.

BSM theory

SMEFT 
(unbroken phase)

SMEFT 
(broken phase) 

 LEFT∼

EWSB

Matching

RG mixing
Alonso, Jenkins,  
Manohar, Trott  
[1312.2014]

https://arxiv.org/abs/1312.2014
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Energy

v

ΛNP

exp.

BSM theory

SMEFT 
(unbroken phase)

SMEFT 
(broken phase) 

 LEFT∼

EWSB

Matching

RG mixing
Alonso, Jenkins,  
Manohar, Trott  
[1312.2014]

The broken phase

https://arxiv.org/abs/1312.2014
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Renormalization Group Mixing of the Dipole Operators

21

Energy

v

ΛNP

exp.

BSM theory

SMEFT 
(unbroken phase)

SMEFT 
(broken phase) 

 LEFT∼

EWSB

Matching

RG mixing
Alonso, Jenkins,  
Manohar, Trott  
[1312.2014]

SMEFT operators with  structure: 
















(ℓ̄αΓeβ)

[Q(1)
lequ]αβij = (ℓ̄n

αeβ)ϵnm(q̄m
i uj)

[Q(3)
lequ]αβij = (ℓ̄n

ασμνeβ)ϵnm(q̄m
i σμνuj)

[Qledq]αβij = (ℓ̄n
αeβ)(d̄iqn

j )

[QeB]αβ = (ℓ̄ασμνeβ)HBμν

[QeW]αβ = (ℓ̄ασμνeβ)τIHWI
μν

[QeH]αβ = (H†H )(ℓ̄αeβH )

The broken phase

https://arxiv.org/abs/1312.2014
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Renormalization Group Mixing of the Dipole Operators

21

 and  Yukawa enhanced running:yt yb

Energy

v

ΛNP

exp.

BSM theory

SMEFT 
(unbroken phase)

SMEFT 
(broken phase) 

 LEFT∼

EWSB

Matching

RG mixing
Alonso, Jenkins,  
Manohar, Trott  
[1312.2014]

SMEFT operators with  structure: 
















(ℓ̄αΓeβ)

[Q(1)
lequ]αβij = (ℓ̄n

αeβ)ϵnm(q̄m
i uj)

[Q(3)
lequ]αβij = (ℓ̄n

ασμνeβ)ϵnm(q̄m
i σμνuj)

[Qledq]αβij = (ℓ̄n
αeβ)(d̄iqn

j )

[QeB]αβ = (ℓ̄ασμνeβ)HBμν

[QeW]αβ = (ℓ̄ασμνeβ)τIHWI
μν

[QeH]αβ = (H†H )(ℓ̄αeβH )

The broken phase

https://arxiv.org/abs/1312.2014
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Renormalization Group Mixing of the Dipole Operators

21

 and  Yukawa enhanced running:yt yb

Energy

v

ΛNP

exp.

BSM theory

SMEFT 
(unbroken phase)

SMEFT 
(broken phase) 

 LEFT∼

EWSB

Matching

RG mixing
Alonso, Jenkins,  
Manohar, Trott  
[1312.2014]

rotate to 
mass basis

θY
L =

[Ye]12

[Ye]22 μH

, θeγ
L =

Ceγ
12

Ceγ
22 μH

, θeH
L =

CeH
12

CeH
22 μH

, θui
L =

C(i)
lequ
1233

C(i)
lequ
2233 μH

, θd
L =

Cledq
1233

Cledq
2233 μH

https://arxiv.org/abs/1312.2014
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Matching to a BSM Model

22

Defining the  leptoquark model: S1 ∼ (3̄,1)1/3

ℒUV = ℒSM + (DμS1)†(DμS1) − M2 S†
1 S1 − [ λL

pr (q̄c
pεℓr) S1 + λR

pr (ūc
per) S1 + h . c . ]
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Matching to a BSM Model

22

Matching at tree level                        &   one loop:
Q(1)

lq = (ℓ̄pγμℓr)(q̄sγμqt) → C(1)
lq = 1

4 λL
prλL*

ts

Q(3)
lq = (ℓ̄pγμτIℓr)(q̄sγμτIqt) → C(3)

lq = − 1
4 λL

prλL*
ts

Qeu = (ēpγμer)(ūsγμut) → Ceq = 1
2 λR

rpλR*
st

Q(1)
lequ = (ℓ̄i

per)εij(q̄j
sut) → C(1)

lequ = 1
2 λR

prλL*
ts

Q(3)
lequ = (ℓ̄i

pσμνer)εij(q̄j
sσμνut) → C(3)

lequ = −2λR
prλL*

ts

Defining the  leptoquark model: S1 ∼ (3̄,1)1/3

ℒUV = ℒSM + (DμS1)†(DμS1) − M2 S†
1 S1 − [ λL

pr (q̄c
pεℓr) S1 + λR

pr (ūc
per) S1 + h . c . ]
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Matching to a BSM Model

22

Matching at tree level                        &   one loop:
Q(1)

lq = (ℓ̄pγμℓr)(q̄sγμqt) → C(1)
lq = 1

4 λL
prλL*

ts

Q(3)
lq = (ℓ̄pγμτIℓr)(q̄sγμτIqt) → C(3)

lq = − 1
4 λL

prλL*
ts

Qeu = (ēpγμer)(ūsγμut) → Ceq = 1
2 λR

rpλR*
st

Q(1)
lequ = (ℓ̄i

per)εij(q̄j
sut) → C(1)

lequ = 1
2 λR

prλL*
ts

Q(3)
lequ = (ℓ̄i

pσμνer)εij(q̄j
sσμνut) → C(3)

lequ = −2λR
prλL*

ts

-0.0002 -0.0001 0 0.0001 0.0002

-0.0002

-0.0001

0

0.0001

0.0002

-0.04 -0.02 0 0.02 0.04

-0.04

-0.02

0

0.02

0.04

➡  Peculiar flavor structure implied: Isidori, Pagès, FW [2111.13724]; Aebischer, Dekens, Jenkins, Manohar, Sengupta, Stoffer [2102.08954] 

Δaμ = (251 ± 59) × 10−11 ℬ(μ+ → e+γ) < 4.2 × 10−13

Defining the  leptoquark model: S1 ∼ (3̄,1)1/3

ℒUV = ℒSM + (DμS1)†(DμS1) − M2 S†
1 S1 − [ λL

pr (q̄c
pεℓr) S1 + λR

pr (ūc
per) S1 + h . c . ]

Results:

https://arxiv.org/abs/2111.13724
https://arxiv.org/abs/2102.08954


Example: 
Complementarity of  
Low- and High-Energy Data
Linking High-  Drell-Yan Tails to  Anomalies in a Leptoquark ModelpT RD(*)
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New Physics in  Transitions?b → c τ ν

24

RD(*) =
ℬ (B → D(*)τν)
ℬ (B → D(*)ℓν)

World average: 

•  

•

RD = 0.344 ± 0.026

RD* = 0.285 ± 0.012

SM prediction: 

•  

•

RSM
D = 0.298 ± 0.004

RSM
D* = 0.254 ± 0.005

Hints for NP in  transitions:b → c τ ν

0.2 0.3 0.4 0.5
R(D)

0.2

0.25

0.3

0.35

0.4

R
(D

*)

HFLAV SM Prediction
 0.004±R(D) = 0.298 

 0.005±R(D*) = 0.254 

68% CL contours

World Average
total 0.026±R(D) = 0.344 

total 0.012±R(D*) = 0.285 
 = -0.39ρ

) = 29%2χP(

aLHCb
bLHCb

cLHCb

bBelle

cBelle

aBelle BaBar

BelleII

Average

HFLAV
Moriond 2024

https://hflav-eos.web.cern.ch/hflav-eos/semi/moriond24/html/RDsDsstar/RDRDs.html
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New Physics in  Transitions?b → c τ ν

24

RD(*) =
ℬ (B → D(*)τν)
ℬ (B → D(*)ℓν)

Cαβ
ij

ℓα

ℓβ

qi

qj

qi qj

B D

ℓβℓα

Cαβ
ij

low-energy

b → cτ ν̄

Probing semileptonic operators at different scales:

World average: 

•  

•

RD = 0.344 ± 0.026

RD* = 0.285 ± 0.012

SM prediction: 

•  

•

RSM
D = 0.298 ± 0.004

RSM
D* = 0.254 ± 0.005

Hints for NP in  transitions:b → c τ ν

0.2 0.3 0.4 0.5
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0.25

0.3

0.35

0.4

R
(D
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HFLAV SM Prediction
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 0.005±R(D*) = 0.254 

68% CL contours

World Average
total 0.026±R(D) = 0.344 

total 0.012±R(D*) = 0.285 
 = -0.39ρ

) = 29%2χP(
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Moriond 2024

https://hflav-eos.web.cern.ch/hflav-eos/semi/moriond24/html/RDsDsstar/RDRDs.html
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New Physics in  Transitions?b → c τ ν

24

RD(*) =
ℬ (B → D(*)τν)
ℬ (B → D(*)ℓν)

Cαβ
ij

ℓα

ℓβ

qi

qj

qi qj

B D

ℓβℓα

Cαβ
ij

low-energy

b → cτ ν̄

high-energy

E
TeV

mW

mb

pp → ℓ̄α ℓβ

M → ℓ̄α ℓβ

M → M′￼ℓ̄α ℓβ

NP?

p

p

ℓβ

ℓα

Cαβ
ij

qi

qj

bb̄ → τ+τ−, bs̄ → τ+τ−, bc̄ → τ−ν̄

Probing semileptonic operators at different scales:

World average: 

•  

•

RD = 0.344 ± 0.026

RD* = 0.285 ± 0.012

SM prediction: 

•  

•

RSM
D = 0.298 ± 0.004

RSM
D* = 0.254 ± 0.005

Hints for NP in  transitions:b → c τ ν

➡  Possible NP explanations:  leptoquarksS1, U1, R2

0.2 0.3 0.4 0.5
R(D)
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0.25

0.3

0.35

0.4

R
(D
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HFLAV SM Prediction
 0.004±R(D) = 0.298 

 0.005±R(D*) = 0.254 

68% CL contours

World Average
total 0.026±R(D) = 0.344 

total 0.012±R(D*) = 0.285 
 = -0.39ρ

) = 29%2χP(

aLHCb
bLHCb

cLHCb
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cBelle

aBelle BaBar

BelleII

Average

HFLAV
Moriond 2024

https://hflav-eos.web.cern.ch/hflav-eos/semi/moriond24/html/RDsDsstar/RDRDs.html
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SM prediction: 

•  

•
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D = 0.298 ± 0.004
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D* = 0.254 ± 0.005

Hints for NP in  transitions:b → c τ ν

➡  Possible NP explanations:  leptoquarksS1, U1, R2
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https://hflav-eos.web.cern.ch/hflav-eos/semi/moriond24/html/RDsDsstar/RDRDs.html
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Example: Matching the  Vector Leptoquark onto SMEFTU1

• The  vector leptoquark U1 (3, 1)2/3

25
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Example: Matching the  Vector Leptoquark onto SMEFTU1

• The  vector leptoquark U1 (3, 1)2/3

25

• Integrating out the U1

• Mapping onto Warsaw basis

 transitions at low energiesb → cτν
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Example: Matching the  Vector Leptoquark onto SMEFTU1

• The  vector leptoquark U1 (3, 1)2/3

25

• Integrating out the U1

• Mapping onto Warsaw basis

Collider signatures:

 focus on Drell-Yan here⇒
(can be analyzed in full model or EFT)

 transitions at low energiesb → cτν
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Drell-Yan in Light of the  Anomalies:  LeptoquarkRD(*) U1

26

• Electroweak and flavor limits run up to 2 TeV using SMEFT/LEFT RGE

LQ with : mU1
= 2 TeV ℒU1

= [xL
1 ]iαUμ

1 (qiγμℓα) + [xR
1 ]iαUμ

1 (diγμeα) + H . c . → [C(1)
lq ]αβij = [C(3)

lq ]αβij = −
[xL

1 ]iβ[xL
1 ]*jα

2
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Drell-Yan in Light of the  Anomalies:  LeptoquarkRD(*) U1

26

SMEFT fit

HighPT  
SMEFT mode

EW:  
Flavor:  and 

W → τν
RD RD*

HighPT

• Electroweak and flavor limits run up to 2 TeV using SMEFT/LEFT RGE
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Allwicher, Faroughy, Jaffredo,  
Sumensari, FW [2207.10714]

https://arxiv.org/abs/2207.10714
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Sumensari, FW [2207.10714]

https://arxiv.org/abs/2412.14162
https://arxiv.org/abs/2207.10714
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Conclusions and Future Directions

• Plethora of BSM theories w/o clear preferences 

• Wide range of complementary measurements from: 
high-  tails at LHC, EWPO, Higgs decays, flavor, … 

• Complicated analyses involving many energy scales 

• EFTs are ideal tool: 

- Model independent 

- Separates problems by involved energy scales 

- Linking of EFTs by running and matching 

- Reduction of parameters by matching onto BSM 

- Most steps automatized in various tool 

• Future: 

- Linking of various EFT tools for  
matching, running, and obtaining the likelihoods 

- Investigating more complex NP scenarios (e.g. MSSM)

pT
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Thank you!

https://arxiv.org/abs/2303.16922

