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The Standard Model as EFT (SMEFT)

Lagrangian

LSMEFT = LSM +
1
Λ

∑
i

C(5)
i O(5)

i +
1
Λ2

∑
i

C(6)
i O(6)

i + . . .

Os invariant under Lorentz and gauge symmetry

Operators

O(5) = (LαH)(LαH)

O(6) = (H†H)GA
µνGAµν , (H†τ IH)W I

µνBµν , . . .

...

A complete set of independent operators is called a basis.
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Redundancies

1. Equations of motion: O ∼ O′ + δS
δΦi

O′′

2. Integration by parts: O ∼ O′ + ∂O′′

3. Permutation symmetries: O ∼ πΦ ◦ O′

4. Fierz identities: gµνσ
µ
αα̇σ

ν
ββ̇

= 2ϵαβ ϵ̃α̇β̇
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Brief History of SMEFT

5

1979
[Weinberg]

Only a single complex term at d = 5

5 Magnus Schaaf | AutoEFT: On-Shell Bases | EPS-HEP2023

https://doi.org/10.1103/PhysRevLett.43.1566


Brief History of SMEFT

6

1986
[Buchmüller,Wyler]

5

1979
[Weinberg]

22 terms redundant, 1 missing
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https://doi.org/10.1016/0550-3213(86)90262-2
https://doi.org/10.1103/PhysRevLett.43.1566


Brief History of SMEFT

6

2010
[Grzadkowski et al.]

6

1986
[Buchmüller,Wyler]

5

1979
[Weinberg]

59 + 5 terms (nf = 1)
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https://arxiv.org/abs/1008.4884v1
https://doi.org/10.1016/0550-3213(86)90262-2
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Brief History of SMEFT

6

2017
[Grzadkowski et al.]

6

2010
[Grzadkowski et al.]

6

1986
[Buchmüller,Wyler]

5

1979
[Weinberg]

59 + 4 terms (nf = 1)
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https://arxiv.org/abs/1008.4884v3
https://arxiv.org/abs/1008.4884v1
https://doi.org/10.1016/0550-3213(86)90262-2
https://doi.org/10.1103/PhysRevLett.43.1566


Brief History of SMEFT

8

2020
[Li et al.]

6

2017
[Grzadkowski et al.]

6

2010
[Grzadkowski et al.]

6

1986
[Buchmüller,Wyler]

5

1979
[Weinberg]

44.807 operators (nf = 3) also by [Murphy; 2020]
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https://arxiv.org/abs/2005.00008
https://arxiv.org/abs/1008.4884v3
https://arxiv.org/abs/1008.4884v1
https://doi.org/10.1016/0550-3213(86)90262-2
https://doi.org/10.1103/PhysRevLett.43.1566
https://arxiv.org/abs/2005.00059


Brief History of SMEFT

12

2023
[Harlander,Kempkens,MS]

8

2020
[Li et al.]

6

2017
[Grzadkowski et al.]

6

2010
[Grzadkowski et al.]

6

1986
[Buchmüller,Wyler]

5

1979
[Weinberg]

75.577.476 operators (nf = 3)
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https://arxiv.org/abs/2305.06832
https://arxiv.org/abs/2005.00008
https://arxiv.org/abs/1008.4884v3
https://arxiv.org/abs/1008.4884v1
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Permutation Symmetries

Warsaw Basis v1

Q(1)
qqq = ϵαβγϵjkϵmn[(q

αj
p )

T
C qβk

r ][(qγm
s )

T C lnt ]

Q(3)
qqq = ϵαβγ(τ Iϵjk )(τ

Iϵmn)[(q
αj
p )

T
C qβk

r ][(qγm
s )

T C lnt ]

p, r , s, t = 1,2,3 ⇒ 2 · 34 = 162 operators

Warsaw Basis v3

Qqqq = ϵαβγϵjnϵkm[(q
αj
p )

T
C qβk

r ][(qγm
s )

T C lnt ]

p, r , s, t = 1,2,3 ⇒ 34 = 81 operators
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Permutation Symmetries Decomposed

Warsaw Basis v1

Q(1)
qqq =

1
3
O[2,1] −

1
3
O[3]

Q(3)
qqq = −O[1,1,1] −

1
3
O[2,1] −

2
3
O′

[2,1]

⇒ 3 · (8 + 10) + 3 · (1 + 8 + 8) = 105 operators

Warsaw Basis v3

Qqqq =
1
2
O[1,1,1] +

1
6
O[3] +

1
3
O′

[2,1]

⇒ 3 · (1 + 10 + 8) = 57 operators ✓
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Automated Construction

Classesd TLorentz

TypesModel TSU(3),SU(2)

indep. Os O-Basis

Lorentz
invariance

gauge

symmetry

SSYTx
e.o.m. & i.b.p.

LR rule
contractions

bλ
x

flavour sym.

implemented in Python using SageMath & FORM
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Comparison to Hilbert Series
SMEFT

[Henning,Lu,Melia,Murayama; 2017]

=

=
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https://arxiv.org/abs/1512.03433


Custom Models

name: SMEFT

# arbitrary SU(N) and
# U(1) groups

symmetries:
sun_groups:

SU3_C:
N: 3

SU2_W:
N: 2

u1_groups:
U1_Y: {}

fields:

GL:
representations:

Lorentz: -1
SU3_C: [2,1]

uC:
representations:

Lorentz: -1/2
SU3_C: [1,1]
U1_Y: -2/3

generations: 3

...
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Custom Models

name: GRSMEFT

# arbitrary SU(N) and
# U(1) groups

symmetries:
sun_groups:

SU3_C:
N: 3

SU2_W:
N: 2

u1_groups:
U1_Y: {}

fields:

GL:
representations:

Lorentz: -1
SU3_C: [2,1]

uC:
representations:

Lorentz: -1/2
SU3_C: [1,1]
U1_Y: -2/3

generations: 3

CL:
representations:

Lorentz: -2
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Comparison to Hilbert Series
GRSMEFT

Gravity

Cµνρσ ≡ Rµνρσ −
(
gµ[ρRσ]ν − gν[ρRσ]µ

)
+

1
3

gµ[ρgσ]νR

CLαβγδ = Cµνρσ σ
µν
αβ σ

ρσ
γδ ∈ (2,0)

[Marinissen,Rahn,Waalewijn; 2020]
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https://arxiv.org/abs/2004.09521


Summary

AutoEFT
• Automated EFT construction

• Custom low energy models

• Arbitrary mass dimensions d

• Validated up to d = 12

Work in progress
• Translate operators

• Operator projection

• Basis transformation
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Backup



New Physics in Effective Field Theories

Fermi Theory (EFT) Standard Model
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New Physics in Effective Field Theories

SMEFT High Energy Theory ?
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Redundancies

Fierz identities

gµνσ
µ
αα̇σ

ν
ββ̇

= 2ϵαβ ϵ̃α̇β̇
ϵαβδγκ + ϵβγδακ + ϵγαδβκ = 0

ϵ̃α̇β̇δ
κ̇
γ̇ + ϵ̃β̇γ̇δ

κ̇
α̇ + ϵ̃γ̇α̇δ

κ̇
β̇
= 0

Field strength tensor

[Dµ,Dν ] = −iFµν
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Redundancies

Equations of motion

D2ϕ+ Jϕ = 0
i /Dψ + Jψ = 0

DµFµν + JνA = 0

Integration by parts

Dµ(XY ) ∼ 0 =⇒ X DµY ∼ −DµX Y
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Building Blocks

Lorentz group: SL(2,C) ≃ SU(2)l × SU(2)r

ϕ ∈ (0,0)

ψα ∈ (1/2,0) ψ† α̇ ∈ (0,1/2)

FLαβ =
i
2

Fµνσ
µν
αβ ∈ (1,0) F α̇β̇

R = − i
2

Fµν σ̄α̇β̇µν ∈ (0,1)

Dα̇
α = Dµσ

µα̇
α ∈ (1/2,1/2)

Gauge group: SU(3)C × SU(2)W × U(1)Y

Gabc = ϵacd(λ
A)d

bGA Wij = ϵjk (τ
I)k

i W I
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Operator Structure

Explicit index notation

ϵabc (Li Qj,a) (Qi,b Q j
c) = ϵabc Li

α Q α
j,a Q β

i,b Q j
c,β

= ϵabc︸︷︷︸
TSU(3)

ϵikϵjl︸︷︷︸
TSU(2)

ϵαβϵγδ︸ ︷︷ ︸
TLorentz

Lαi Q β
j,a Qγ

k ,b Q δ
l,c︸ ︷︷ ︸∏

n Φn

operators of same type only differ in choice of T
e.g.: TSU(2) = ϵijϵkl

⇒ TSU(3), TSU(2) & TLorentz govern the symmetry
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SMEFT Operators

General operator

O = T {g}
SU(3)T

{h}
SU(2)T

{l }
Lorentz ×

N∏
i=1

(DniΦi){g},{h},{l }

Invariant tensors

TSU(3) ∈ ⟨f ABC ,dABC , δAB, (λA)b
a, ϵabc , ϵ

abc⟩

TSU(2) ∈ ⟨ϵIJK , δIJ , (τ I)j
i , ϵij , ϵ

ij⟩
TLorentz ∈ ⟨σµναβ, σ̄

µν

α̇β̇
, σµαα̇, σ̄

µ α̇α, ϵαβ, ϵ̃α̇β̇⟩
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Irreducible Representations

Lorentz group: SL(2,C) ≃ SU(2)l × SU(2)r

ϕ ∈ (0,0) ψL ∈ (1/2,0) FL ∈ (1,0)

Equations of motion

∂2ϕ ∈ (0,0)︸ ︷︷ ︸
∼ϕ

⊕ (1,0)⊕ (0,1)︸ ︷︷ ︸
∼F

⊕ (1,1)

∂ψL ∈ (0,1/2)︸ ︷︷ ︸
∼ψR

⊕ (1,1/2)

∂FL ∈ (1/2,1/2)︸ ︷︷ ︸
∼A

⊕ (3/2,1/2)

⇒ only keep symmetric combinations
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Equations of Motion

(Dr−|h|Φ)α(1)...α(r−h)α̇(1)...α̇(r+h) ≡

{
Dα(1)α̇(1) . . .Dα(r+h)α̇(r+h)Φα(r+h+1)...α(r−h) , h<0

Dα(1)α̇(1) . . .Dα(r−h)α̇(r−h)Φα̇(r−h+1)...α̇(r+h) , h>0

D[αα̇Dβ]β̇ϕ = −ϵαβ ϵ̃α̇β̇D2ϕ+
i
2
ϵαβ σ̄

µν

α̇β̇
[Dµ,Dν ]ϕ

D[αα̇ψβ] = −ϵαβ( /Dψ)α̇
D[αα̇FL β]γ = 2ϵαβσ

ν
γα̇DµFµν

(Dr−|h|Φ)
(α̇(1)...α̇(r+h))
(α(1)...α(r−h))

≡ (Dr−|h|Φ)α̇
r+h

αr−h ∈
(

r − h
2

,
r + h

2

)
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Irreducible Representations

Integration by parts

−Dϕ1 ϕ2ϕ3Dϕ4 = ϕ1Dϕ2 ϕ3Dϕ4 + ϕ1ϕ2Dϕ3 Dϕ4

Irreducible representation of SU(N)

− 2 1
3 4

= − 1 2
3 4

+
1 3
2 4

⇒ only keep Semi-Standard Young Tableaux

23 Magnus Schaaf | AutoEFT: On-Shell Bases | EPS-HEP2023



Irreducible Representations

Integration by parts

−Dϕ1 ϕ2ϕ3Dϕ4 = ϕ1Dϕ2 ϕ3Dϕ4 + ϕ1ϕ2Dϕ3 Dϕ4

Irreducible representation of SU(N)

− 2 1
3 4

= − 1 2
3 4

+
1 3
2 4

⇒ only keep Semi-Standard Young Tableaux

23 Magnus Schaaf | AutoEFT: On-Shell Bases | EPS-HEP2023



Lorentz Structure as SU(N) State

Young diagrams for N = 4 fields

ϵ ∼ ϵ̃ ∼ =

⇓

TLorentz = (ϵ̃α̇k α̇l )
⊗ñ(ϵαiαj )⊗n n=ñ=1∼

︸ ︷︷ ︸
primary

+ +

︸ ︷︷ ︸
total derivative
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Irreducible Representations

Gauge group: SU(3)C × SU(2)W × U(1)Y

SU(3) : 3 ∼ 3 ∼ 8 ∼

SU(2) : 2 ∼ 3 ∼

25 Magnus Schaaf | AutoEFT: On-Shell Bases | EPS-HEP2023



Irreducible Representations

Invariant contractions

Li ∼ i Qj ∼ j Qk ∼ k Ql ∼ l

i → i j → i j
k

→ i j
k l

∼ ϵikϵjlLiQjQk Ql

i → i
j

→ i k
j

→ i k
j l

∼ ϵijϵklLiQjQk Ql

⇒ tensors according to Littlewood-Richardson rule
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Permutation Symmetries

LQ3

2 Lorentz × 2 SU(2) invariant contractions:

O1 = OLorentz
1 ⊗OSU(2)

1 O2 = OLorentz
1 ⊗OSU(2)

2

O3 = OLorentz
2 ⊗OSU(2)

1 O4 = OLorentz
2 ⊗OSU(2)

2

Change of basis
O[3]

O[2,1],1
O[2,1],2
O[1,1,1]

 =


2 −1 −1 2
−1 2 2 −1
−1 −1 −1 2
0 −1 1 0



O1
O2
O3
O4


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Permutation Symmetries

Adding flavor: LQf1Qf2Qf3

κf1f2f3
[3] Of1f2f3

[3] + (κf1f2f3
[2,1] + κ̂f1f3f2

[2,1] )O
f1f2f3
[2,1],1 + κf1f2f3

[1,1,1]O
f1f2f3
[1,1,1]

= κf1f2f3(Of1f2f3
[3] +Of1f2f3

[2,1],1 +Of1f2f3
[1,1,1]) ≡ κf1f2f3Of1f2f3

LQ3

Single independent term remains

OLQ3 = O1 + 2O3 +O4

→ 3 · (10 + 8 + 1) = 57 independent components of κf1f2f3
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Field Definitions

q L =

(
Q
0

)
u R =

(
0

u†
C

)
d R =

(
0

d†
C

)
l L =

(
L
0

)
e R =

(
0

e†
C

)

FL/R =
1
2

(
F ± i F̃

)
CL/R =

1
2

(
C ± iC̃

)
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Hilbert Series

H(p, ϕ1, . . . , ϕn) =

∫
dµconf. dµgauge

∞∑
i=1

piχ∗
[i;0]

∏
j

PE[ϕjχj(q, α, β)]

[Henning,Lu,Melia,Murayama; 2017]
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