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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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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 + . . .

Operators

O(5) = (LαH)(LαH)

O(6) = (H†H) GA
µνGAµν , (H†τ IH) W I

µνBµν , . . .

...
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Brief History of SMEFT

1980 Weinberg: d = 5 & nf = 1
→ 1 Operator (LLHH)

1986 Buchmüller-Wyler: d = 6 & nf = 1
→ 80 Operators (22 redundant, 1 missing)

...

2010 Grzadkowski et al.: d = 6 & nf = 1
→ 59 Operators

2020 H.-L. Li et al.: d = 8,9 & nf = 1,3
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Redundancies

1. Fierz identities: gµνσ
µ
αα̇σ

ν
ββ̇

= 2εαβ ε̃α̇β̇

2. Equations of motion: i /Dψ + Jψ = 0

3. Integration by parts: X DµY ∼ −DµX Y

4. Flavour relations: (Lf1H)(Lf2H) = (Lf2H)(Lf1H)

7 Magnus C. Schaaf | EFT Operator Bases | “Physics at the Terascale” 2021



Outline

Search for new physics with EFTs

Constructing EFT operator bases

Some details on the explicit construction

Implementation of the algorithm

8 Magnus C. Schaaf | EFT Operator Bases | “Physics at the Terascale” 2021



SMEFT Building Blocks

Standard Model fields

Felder SU(3)C SU(2)W U(1)Y

G 8 1 0
W 1 3 0
B 1 1 0

L 1 2 −1/2
eC 1 1 1
Q 3 2 1/6
uC 3̄ 1 −2/3
dC 3̄ 1 1/3

H 1 2 1/2
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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

(Dni Φi){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, σ

µ α̇α, σµναβ, ε
αβ, ε̃α̇β̇〉
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Fundamental Representation

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

φ ∈ (0,0) ψα ∈ (1/2,0) FLαβ =
i
2

Fµνσ
µν
αβ ∈ (1,0)

Dαα̇ = Dµσ
µ
αα̇ ∈ (1/2,1/2)

Gauge group: SU(3)C × SU(2)W × U(1)Y

Gabc = εacd (λA)d
bGA , Wij = εjk (τ I)k

i W I , . . .
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Explicit Contraction of Lorentz Indices

Integration by parts

−Dµφ1 φ2φ3Dµφ4 = φ1Dµφ2 φ3Dµφ4 + φ1φ2Dµφ3 Dµφ4

Tableaux⇔ Operators

− 2 1
3 4

= − 1 2
3 4

+
1 3
2 4︸ ︷︷ ︸

semi-standard Young tableaux

⇒ 2 independent Lorentz invariants
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Explicit Contraction of Gauge Group Indices

Littlewood–Richardson rule

Q : j Q : k Q : l L : i W : m1m2

j → j k → j k l → j k l
i

→ j k l
i m1m2

∼ εjiεkm1εlm2 QjQk QlLiWm1m2

j → j k → j k
l

→ j k i
l

→ j k i
l m1m2

∼ εjlεkm1εim2 QjQk QlLiWm1m2

j → j
k

→ j l
k

→ j l i
k

→ j l i
k m1m2

∼ εjkεlm1εim2 QjQk QlLiWm1m2

⇒ 3 independent contractions of SU(2) indices
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Multiple Generations

Relations between generations

Of1f2
LLHH = (Lf1H)(Lf2H) = Of2f1

LLHH

⇒ 3 independent operators for nf = 2:

Oee
LLHH , Oeµ

LLHH , OµµLLHH

Higher rank tensors

Of1f2f3 = Of1f2f3
[3] +Of1f2f3

[2,1] +Of1f2f3
[13]

Of1f2f3
λ = bλx Of1f2f3
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Automated Construction

[Li,Ren,Shu,Xiao,Yu,Zheng, 2020]

Classesd TLorentz

TypesModel TSU(3),SU(2)

Oy -Basis O-Basis

Lorentz
invariance

gauge

symmetry

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

LR rule
contractions

bλ
x

flavour sym.

SageMath + FORM
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Custom Models

name: SMEFT

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

symmetries:
SUN:

SU3:
n: 3

SU2:
n: 2

U1: [U1]

fields:

# arbitrary fields in
# arbitrary representations

G:
reps:

Lorentz: (1,0)
SU3: [2,1]

uC:
reps:

Lorentz: (1/2 ,0)
SU3: [1,1]
U1: -2/3

ac: True
nf: 3
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Summary

Operator Basis

• Complete and minimal

• Automated construction

• Custom low energy models

• Arbitrary mass dimensions d

• d = 9 SMEFT in ∼ 2 min
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Backup



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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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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https://arxiv.org/abs/1512.03433


Building Blocks

(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 = 2εαβσνγα̇DµFµν

(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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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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Field Definitions

qL =

(
Q
0

)
, uR =

(
0

u†C

)
, dR =

(
0

d†C

)
, lL =

(
L
0

)
, eR =

(
0

e†C

)

FL/R =
1
2

(
F ± i F̃

)
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