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SM Effective Field Theory

High-energy BSM physics manifests as contact interactions in the SMEFT

LSMEFT = LSM +
∑
d=5

∑
k

Cd,k
Λd−4

Od,k

UV Physics

NP scale

Bottom–up:

– EFTs allow for a model-comprehensive
(“model-independent”) analysis of deviations from the SM,
quantifying possible deviations as an expansion in E/Λ

Top–down:

– Precision calculations necessitates the use of EFTs to separate
the large BSM energy scales

– Many BSM models results in the same EFT, ensuring that
computation are reusable : you only need to compute once in
the EFT
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SMEFT as a double expansion

LSMEFT(φ) = LSM(φ) +

∞∑
d=5

∞∑
`=0

∑
k

C
(`)
d,k

(16π2)` Λd−4
O(`)
d,k(φ)

double expansion

NLO

Loop
ord.

EFT ord.

0

1

2

6 8 10

3× 103 ops. 4× 104 ops. 2× 106 ops.

RGEs

MC models,
EWPOs,
Matching,
RGEs

Here be dragons!
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Why higher-order effects matter
The dimension-six operators change with the renormalization scale:

dCi
d lnµ

= γi jCj

loop level

γi j is non-diagonal (operator mixing): leading effects, not only precision

Ctt
< (1.2TeV)−2 (CMS)

Hard to access at LHC

RG

CHt

RG

C(×)HD

Constrained by EWPOs

Allwicher et al. [2302.11584];
Allwicher et al. [2311.00020];
Haisch, Schnell [2410.13304]

δmW = 1 MeV · TeV2 ·
(

16 ln
Λ

mZ
− 10 ln2 Λ

mZ

)
Ctt

LONLO

|δmW | =

{
10 MeV CMS

0.26 MeV FCC-ee (proj.)

Biekötter, Pecjak [2503.07724]; Born, Fuentes-Mart́ın, AET [2601.19974]
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2-Loop SMEFT RGEs
/w Lukas Born and Javier Fuentes-Mart́ın [arXiv:2601.19974]

(/B part by Banik et al. [arXiv:2510.08682])

https://arxiv.org/abs/2601.19974
https://arxiv.org/abs/2510.08682


Why functional methods? The master formula

One-loop matching is the classical use-case of functional methods
Henning et al. [1412.1837]; Drozd et al. [1512.03003]; Fuentes-Mart́ın et al. [1607.02142];. . .

LUV

recipe−−−→ H

γ

γ D
ia

gr
am

at
ic

∑
1-loop

=
i~
2

STr logQ recipe−−−→

Fu
nc
ti
on
alLLEFT

Bookkeeping: organization by topology/internal propagators

Manifest covariance: There is no need to separate out

Dµ = ∂µ − iAµ

Recycling: the methods recycle known loop-integral techniques
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Matching and RG

EFT matching—extraction of EFT couplings

∼
∫
k

1

(k2 −M2)

1

(k + p)2 −m2
∼ −1

M2

∫
k

1

(k + p)2 −m2
+

Changed high-k int

local EFT vertex

UV field

Renormalization/RG functions—extraction of counterterms

∼
∫

d4k

(2π)4

1

(k2 −M2)2
−→

∫
ddk

(2π)d
1

(k2 −M2)2
+ δλ

local UV counterterm

Amplitudes? Why not?!
But there might be little point... and some trouble  non-local
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Semi-classical approximation
The loop-expansion is a polynomium of tensor contractions

Fuentes-Mart́ın, Palavrić, AET [2311.13630]; Fuentes-Mart́ın, Moreno-Sánchez, Palavrić, AET [2412.12270]

Γ[η̂] = Ŝ +
i~
2
ζII
(

log Q̂
)
II

STr logQ

+
i~2

2
ζII Q̂−1

IJ V̂
(1)
JI −

~2

8
Q̂−1
IJ Q̂−1

KL V̂
(0)
IJKL

+
~2

12
ζIMζJNζIN

Spin statistics: ±1

Q̂−1
LI Q̂−1

MJQ̂−1
NK V̂

(0)
IJKV̂

(0)
LMN +O(~3)

or as supergraphs

Γ = S +
i

2
log

+
i

2

(1) − 1

8
+

1

12
+O(~3)

All vertices and propagators are fully dressed with background fields

QIJ [η̂] =
δ2S(0)

δηIδηJ
[η̂] =

( )−1

V(0)
IJK [η̂] =
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i~
2
ζII
(

log Q̂
)
II

STr logQ

+
i~2

2
ζII Q̂−1

IJ V̂
(1)
JI −

~2

8
Q̂−1
IJ Q̂−1

KL V̂
(0)
IJKL

+
~2

12
ζIMζJNζIN

Spin statistics: ±1

Q̂−1
LI Q̂−1

MJQ̂−1
NK V̂

(0)
IJKV̂

(0)
LMN +O(~3)

or as supergraphs

Γ = S +
i

2
log +

i

2

(1) − 1

8
+

1

12
+O(~3)

All vertices and propagators are fully dressed with background fields

QIJ [η̂] =
δ2S(0)

δηIδηJ
[η̂] =

( )−1

V(0)
IJK [η̂] =

Anders Eller Thomsen (U. Bern) SMEFT at NLO CEFT 2026 6

https://arxiv.org/abs/2311.13630
https://arxiv.org/abs/2412.12270


Semi-classical approximation
The loop-expansion is a polynomium of tensor contractions
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Sunset formula

x
a

b

c

y
a′

b′

c′

`

k

k + `

E
(mi ,nj )

aibj
(x, Px + k) ≡ (−1)mi (Px + k)

m←−iQ−1
aibj

(x, Px + k)(Px + k)nj

cov. devs. from vertices

kin. op.

Sunset master formula:

~2

12

∑
mi ,ni

∫
x

∫
k`

E
(0,0)
aa′ (y, Py − k − `)V (m1,n1)

abc (x)V
(m2,n2)

a′b′c ′ (y)

× [E(m1,m2)(x, Px + k)U(x, y) ]bb′ [E
(n1,n2)(x, Px + `)U(x, y) ]cc ′

∣∣∣∣
y=x

Wilson line: reinstates gauge-invariance

Grassmanian factor: ζaa′ζbb′ζcc ′ζabζacζa′bζa′cζbc ′ζa′b′ζa′c ′ = ±1
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Two-loop counterterms

An application of functional methods at multi-loop order
Born, Fuentes-Mart́ın, Kvedaraitė, AET [2410.07320]

δŜ(2) =
1

8
KR̄∗T

[
V̂(0)
IJKLQ̂−

1
IJ Q̂−

1
KL

]
− 1

12
KR̄∗T

[
V̂(0)
IJKQ̂−

1
IL Q̂−

1
JMQ̂−

1
KN V̂(0)

LMN

]

Evaluation recipe:

i) Construct gauge-invariant graphs w/ full background field dependence

ii) Expand in the hard loop-momentum region

iii) Subtract subdivergences w/ a local version of R∗-operation Herzog, Ruijl [1703.03776]

iv) Evaluate single-scale tadpole loop diagrams

R̄∗

P1

P2

P3

V1 V2 = +
∆

+
∆

+

∆∆∆
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Keeping track of the operator basis

Scehme d-dimensional MS

phys./ev. MS finitely compensated (MS)

d

P P f

Op. basis {Oi}

{Qa, Eα} {Qa, Eα}

Examples (`γµ`)(eγµe)

(`γµ`)(eγµe) (`γµ`)(eγµe)

(`e)(e`)

(`γµ`)(eγµe) + 1
2 (`e)(e`) (`γµ`)(eγµe) + 1

2 (`e)(e`)

Cts. {δgi}

{δλa, δηα} {δλa + ∆λa, δηα}
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∆

∼ 1
ε
(`γµγνγρ`)(eγργνγ

µe)

∆

∼ 1
ε
(`γµγνe)(`γνγ

µe)

R̄∗ counterterm insertions not in the “correct” operator basis!
Naterop, Stoffer [2412.13251]; Born, Fuentes-Mart́ın, AET [2601.19974]
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lnµ

E
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.

co
u

p
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n
gs

Phys.
couplin

gs

ga

η α
=

0 Pf -scheme

t

ga
+ β

P̄,a
dt

β
P̄
,α

d
t

η α
=

0

Pf -scheme

ga
+ β

Pf,
a
dt
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P̄-scheme
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Computation
Input Lagrangian

Xi1 i2
Vi1 i2 i3

, Vi1 i2 i3 i4

One-loop counterterms

in Bd basis: δ
(1)

d̄P̄λi

Two-loop counterterms

in Bd basis: δ
(2)

d̄P̄λi

Physical
counterterms:

P
(
δ

(1)

d̄P̄λiO
i )

Evanescent
counterterms:

E
(
δ

(1)

d̄P̄λiO
i )

Physical
counterterms:

P
(
δ

(2)

d̄P̄λiO
i )

Evanescent
counterterms:

E
(
δ

(2)

d̄P̄λiO
i )R∗-shifts

Physical counterterm Lagrangian
in an off-shell BP basis:

δP̄ g
(2)
a Qa

Inserting evanescent oper-
ators into one-loop graphs

Evanescent shifts to the
Pf -scheme β-functions

Field redefinitions to go on-shellField redefinitions to go on-shell

Finitely-compensated, physical,

on-shell β-functions: β
(1)
P̄f

Finitely-compensated, physical,

on-shell β-functions: β
(2)
P̄f

∼
6

0
h

o
u

rs
@

1
core

(d
im

-6
S

M
E

F
T

)
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Fully automated counterterm calculation
Bespoke version

of

Mathematica, single core

Born, Fuentes-Mart́ın, Kvedaraitė, AET [2410.07320]

Result agrees with de Vries et al. [1907.04923]Anders Eller Thomsen (U. Bern) SMEFT at NLO CEFT 2026 11
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γ5-ambiguities and the limits of NDR
NDR assumptions: (d = 4− 2ε)

{γµ, γν} = 2gµν , {γµ, γ5} = 0, γ2
5 = 1,

Tr
[
γµγνγργσγ5

]
−−→
ε→0
−4iεµνρσ.

Reading point ambiguity /loss of cyclicity (for γ5-odd traces):

Tr
[
γαγµγνγργσγ

αγ5

]
= 4(4 + 2ε)iεµνρσ

−Tr
[
γαγαγµγνγργσγ5

]
= 4(4−2ε)iεµνρσ  

Operator class Problematic diagrams Affected β-functions

Reading point at the dimension-six vertex

Scalar ψ4 — —

Vector ψ4 — —

ψ2H2D — —

ψ2H3 1 CP-odd X2H2

ψ2XH 11 ψ2XH, CP-odd X2H2, and CP-odd X3

Averaging over vertex reading points

Scalar ψ4 1 CP-odd X2H2

ψ2XH 1 ψ2XH

H2X2 1 ψ2H3

X3 and H4D2 — —

Weinberg operator — —

Anders Eller Thomsen (U. Bern) SMEFT at NLO CEFT 2026 12
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Example: how some ambiguities can resolved

The reading-point for almost all four-fermion operators can be
verified through Fierzing to another operator basis

Strategy devised for the LEFT: Buras et al. [hep-ph/9211304]; Aebischer et al. [2501.08384]

(
eγµe

)(
dγµd

) (
eγµd

)(
dγµe

)

Fierzing tensor-current operators involves an ambiguous evanescent contribution
causing the trick to fail: we abandon the Warsaw basis
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The “Mainz” basis

See also https://github.com/NewSMEFTBasis/basis-proposal and discussions in the LHC EFT Working Group
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The “Mainz” basis

See also https://github.com/NewSMEFTBasis/basis-proposal and discussions in the LHC EFT Working Group

Avoiding uncontrolled γ5 traces from tensor currents:

Q
(3)
`equ =

(
¯̀
iσµνe

)
εi j
(
q̄jσ

µνu
)
−→ O`uqe =

(
¯̀
iu
)
εi j
(
q̄je
)
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The “Mainz” basis

See also https://github.com/NewSMEFTBasis/basis-proposal and discussions in the LHC EFT Working Group

Remove derivatives acting on multiple fields

Q�H =
(
H†H

)
�
(
H†H

)
−→ O(‖)

HD =
(
H†H

)(
DµH

†DµH
)
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The “Mainz” basis

See also https://github.com/NewSMEFTBasis/basis-proposal and discussions in the LHC EFT Working Group

Canonical gauge coupling normalization:

Xµν −→ gXXµν
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Results: pdf

+ another

296 pages
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Results: interactive notebook
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Modified Top-Yukawa
/w Born and Greljo: [arXiv:2604.26817]

https://arxiv.org/abs/2604.26817


Top-Yukawa feeding into EWPO @ 2 loops

q3 t

H
H

H

CtH

δκt = −v
2CtH
yt

|δκt | =

{
0.11 ATLAS, CMS

0.034 HL-LHC (proj.)

yt

yt yt

CtH

dC(×)

HD

d lnµ
⊃ − 18

(4π)4
|yt |2 Re

[
y ∗t CtH

]

δmW = 16.1 MeV · δκt ln
Λ

mZ

|δmW | =

{
10 MeV CMS

0.26 MeV FCC-ee (proj.)
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Top-philic 2HDM

UV realization of the CtH → C(×)

HD effect:

L = LSM + LΦ
kin −

[
λΦ(Φ†H)(H†H) + yΦq3Φ̃tR + H.c.

]
+ . . .

Integrating the heavy Higgs Φ out in the decoupling limit:

q3 t

H
H

H

Φ

H
H

H

H
H

H

Φ

q3 t

t q3

Φ
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EWPOs in the top-philic 2HDM

CtH

C(×)

q3t

CH

C(×)

Hq3

C(‖)
Hq3

CHt

C(‖)
HD

CtW (B)

C(×)

HD

CHWB

mW , Ae

Rb
κt

κ3

Tree-level One-loop Two-loop

NLO matching of 2HDM

Greljo, Stefanek, Valenti [2507.03073]

Our analysis uses the 2-loop running (no resummation) of Born, Fuentes-Mart́ın, AET [2601.19974],
1-loop matching with Matchete [2212.04510] and 1-loop determination of EWPOs Biekötter, Pecjak [2503.07724]

Anders Eller Thomsen (U. Bern) SMEFT at NLO CEFT 2026 19

https://arxiv.org/abs/2507.03073
https://arxiv.org/abs/2601.19974
https://arxiv.org/abs/2212.04510
https://arxiv.org/abs/2503.07724


parameter space for the top-philic 2HDM

103 104

MΦ [GeV]

10−1

100

y Φ
Topphilic 2HDM with δκt = 0.02

Unitarity

fixes λΦ

Born, Greljo, AET [2604.26817]

Anders Eller Thomsen (U. Bern) SMEFT at NLO CEFT 2026 20

https://arxiv.org/abs/2604.26817


parameter space for the top-philic 2HDM

103 104

MΦ [GeV]

10−1

100

y Φ
Topphilic 2HDM with δκt = 0.02

Unitarity

H0 → hh

H0 → tt̄

H+ → tb̄

fixes λΦ

Born, Greljo, AET [2604.26817]

Anders Eller Thomsen (U. Bern) SMEFT at NLO CEFT 2026 20

https://arxiv.org/abs/2604.26817


parameter space for the top-philic 2HDM

103 104

MΦ [GeV]

10−1

100

y Φ
Topphilic 2HDM with δκt = 0.02

κ3

Unitarity

H0 → hh

H0 → tt̄

H+ → tb̄

Rb

mW

fixes λΦ

Born, Greljo, AET [2604.26817]

Anders Eller Thomsen (U. Bern) SMEFT at NLO CEFT 2026 20

https://arxiv.org/abs/2604.26817


parameter space for the top-philic 2HDM

103 104

MΦ [GeV]

10−1

100

y Φ
Topphilic 2HDM with δκt = 0.02

κ3

Unitarity

H0 → hh

H0 → tt̄

H+ → tb̄

Rb

mW

κ3 @HL-LHC + FCC-ee

Rb @FCC-ee

mW @FCC-ee

Ae @FCC-ee

fixes λΦ

Born, Greljo, AET [2604.26817]

Anders Eller Thomsen (U. Bern) SMEFT at NLO CEFT 2026 20

https://arxiv.org/abs/2604.26817


parameter space for the top-philic 2HDM

103 104

MΦ [GeV]

10−1

100

y Φ
Topphilic 2HDM with δκt = 0.02

κ3

Unitarity

H0 → hh

H0 → tt̄

H+ → tb̄

Rb

mW

κ3 @HL-LHC + FCC-ee

Rb @FCC-ee

mW @FCC-ee

Ae @FCC-ee

mW w/o NLO RG

Ae w/o NLO RG

fixes λΦ

Born, Greljo, AET [2604.26817]

Anders Eller Thomsen (U. Bern) SMEFT at NLO CEFT 2026 20

https://arxiv.org/abs/2604.26817


parameter space for the top-philic 2HDM

103 104

MΦ [GeV]

10−1

100

y Φ
Topphilic 2HDM with δκt = −0.01

κ3

Unitarity

H0 → hh

H0 → tt̄

H+ → tb̄

Rb

mW
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Summary and outlook

Functional methods provide a strong basis for automated multi-loop
calculations of RGEs and matching quantities.

Results can be adapted to the Warsaw basis at the price of an extra ambiguity

Remaining ambiguities in the 2-loop SMEFT (such as they are) would have
to be resolved in the BMHV scheme: we hope to integrate the code with a
BMHV-scheme implementation w/ Adrian Moreno-Sánchez

Full use of the results will require implementation into SMEFT running codes

NLO contributions to EWPO can be the best probes of some operators, e.g.,
Ctt and CtH

Thank you!
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Backup



The R-star operation

Any ‘diagram’ G satisfies Herzog, Ruijl [1703.03776]

finite = ∆G

counterterm op.

+ R̄∗G = ∆G +
∑

S∈WUV(G)
S′∈WIR(G)
S∩S′=∅

∆IR(S′) ∗∆(S) ∗ G/S \ S′
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The R-star operation

Any ‘diagram’ G satisfies Herzog, Ruijl [1703.03776]

finite = ∆G

counterterm op.

+ R̄∗G = ∆G +
∑

S∈WUV(G)
S′∈WIR(G)
S∩S′=∅

∆IR(S′) ∗∆(S) ∗ G/S \ S′

finite =∆





 + ∆

( )
∗

+ ∆IR

( )
∗ +

It is an extension of the R operation, which is used to prove perturbative renormalization
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The R-star operation

Any ‘diagram’ G satisfies Herzog, Ruijl [1703.03776]

finite = ∆G

counterterm op.

+ R̄∗G = ∆G +
∑

S∈WUV(G)
S′∈WIR(G)
S∩S′=∅

∆IR(S′) ∗∆(S) ∗ G/S \ S′

∆G = −K
ε-pole operator

R̄∗G

The counterterm is polynomial (local)

∆G = −KR̄∗T (ω(G))

{pi ,m2
j }

Taylor expansion

G

IR rearrangement: counterterms are insensitive to momentum routing and masses

∆G = ∆G′, for ω(G) = 0, G′ ∼ G
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The R-star operation

Any ‘diagram’ G satisfies Herzog, Ruijl [1703.03776]

finite = ∆G

counterterm op.

+ R̄∗G = ∆G +
∑

S∈WUV(G)
S′∈WIR(G)
S∩S′=∅

∆IR(S′) ∗∆(S) ∗ G/S \ S′

The counterterm operator ∆ applied to Γ yields

Counterterm master formula

δS(2) =
1

8
KR̄∗T

[
D(0)
IJKLQ−

1
IJ Q−

1
KL

]
− 1

12
KR̄∗T

[
C(0)
IJKQ−

1
ILQ−

1
JMQ−

1
KNC

(0)
LMN

]
Born, Fuentes-Mart́ın, Kvedaraitė, AET: [2410.07320]

Includes a truncating hard region–like expansion (T )

No need to explicitly calculate counterterm topologies

No need to include EOM-vanishing or gauge-violating counterterms!
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R-star in practice

Scaleless integrals do not vanish under the R-star operation

− 1

12
KR̄∗T

Hard-region expansion( )
⊃ −m

2λ2φ2

4
KR̄∗

∫
k,`

1

k4

1

`2

1

(k + `)2

With auxiliary mass IR rearrangement , all IR subdivergences are removed

−m
2λ2φ2

4
KR̄∗

∫
k,`

1

k4−a
1

`2−a
1

(k + `)2−a

−m
2λ2φ2

4
K

(∫
k,`

1

k4 − a
1

`2 − a
1

(k + `)2 − a +

∫
k

1

k4 − a∆
∫
`

1

`2 − a
1

(k + `)2 − a

i/εKR̄∗T (0)

)

All dependence on the auxiliary mass vanishes from the counterterm:

δS(2) ⊃ m2λ2φ2

8

(
1

ε2
− 1

ε

)

Each diagram/graph/integral gives a local counterterm!
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