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Effective field theories
BSM heavy scalar particle Φ:
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EFT interactions

LBSM contains

ēeΦ
µ̄µΦ

LSMEFT contains
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EFT interactions

LBSM contains

Ψ̄γµAµΨ

LSMEFT contains

AµA
µAνA

νAρA
ρ

M2
Ψ

+ . . .

3 / 15



EFT interactions

LBSM contains

Ψ̄γµAµΨ

LSMEFT contains

AµA
µAνA

νAρA
ρ

M2
Ψ

+ . . .

3 / 15



The EFT Lagrangian

Properties of the heavy particle(s) Φ (or Ψ) are unknown:

• Scalar Boson?
• Vector Boson?
• Fermion?
• U(1) charge?
• SU(2), SU(3) representation?
• How many heavy particles?
• Heavy particle masses?
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The EFT Lagrangian

LSMEFT = LSM +
∞∑

d=5

1
Λd−4

∑
i

CiOi

EFT operators Oi contain only SM fields.
Terms are sorted by Mass dimension d.

 . . .
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The EFT Lagrangian

LSMEFT = LSM +
∞∑

d=5

1
Λd−4

∑
i

CiOi

For fixed mass dimension d:

L(d)
SMEFT ∝

∑
i

CiOi

• The observed BSM effects are one vector in the space spanned by all
EFT operators.

• Diagrams with Oi inserted depend on Ci

• Need a set of operators with independent Ci (basis).
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SMEFT operator bases

X3 ϕ6 and ϕ4D2 ψ2ϕ3

QG fABCGAν
µ GBρ

ν GCµ
ρ Qϕ (ϕ†ϕ)3 Qeϕ (ϕ†ϕ)(l̄perϕ)

QG̃ fABCG̃Aν
µ GBρ

ν GCµ
ρ Qϕ� (ϕ†ϕ)�(ϕ†ϕ) Quϕ (ϕ†ϕ)(q̄purϕ̃)

QW εIJKW Iν
µ W Jρ

ν WKµ
ρ QϕD

(
ϕ†Dµϕ

)⋆ (
ϕ†Dµϕ

)
Qdϕ (ϕ†ϕ)(q̄pdrϕ)

QW̃ εIJKW̃ Iν
µ W Jρ

ν WKµ
ρ

X2ϕ2 ψ2Xϕ ψ2ϕ2D

QϕG ϕ†ϕGA
µνG

Aµν QeW (l̄pσ
µνer)τ

IϕW I
µν Q

(1)
ϕl (ϕ†i

↔
Dµ ϕ)(l̄pγ

µlr)

QϕG̃ ϕ†ϕ G̃A
µνG

Aµν QeB (l̄pσ
µνer)ϕBµν Q

(3)
ϕl (ϕ†i

↔
D I
µ ϕ)(l̄pτ

Iγµlr)

QϕW ϕ†ϕW I
µνW

Iµν QuG (q̄pσ
µνTAur)ϕ̃G

A
µν Qϕe (ϕ†i

↔
Dµ ϕ)(ēpγ

µer)

QϕW̃ ϕ†ϕ W̃ I
µνW

Iµν QuW (q̄pσ
µνur)τ

I ϕ̃W I
µν Q

(1)
ϕq (ϕ†i

↔
Dµ ϕ)(q̄pγ

µqr)

QϕB ϕ†ϕBµνB
µν QuB (q̄pσ

µνur)ϕ̃ Bµν Q
(3)
ϕq (ϕ†i

↔
D I
µ ϕ)(q̄pτ

Iγµqr)

QϕB̃ ϕ†ϕ B̃µνB
µν QdG (q̄pσ

µνTAdr)ϕG
A
µν Qϕu (ϕ†i

↔
Dµ ϕ)(ūpγ

µur)

QϕWB ϕ†τ IϕW I
µνB

µν QdW (q̄pσ
µνdr)τ

IϕW I
µν Qϕd (ϕ†i

↔
Dµ ϕ)(d̄pγ

µdr)

QϕW̃B ϕ†τ Iϕ W̃ I
µνB

µν QdB (q̄pσ
µνdr)ϕBµν Qϕud i(ϕ̃†Dµϕ)(ūpγ

µdr)

Table 2: Dimension-six operators other than the four-fermion ones.

3 The complete set of dimension-five and -six operators

This Section is devoted to presenting our final results (derived in Secs. 5, 6 and 7) for the basis

of independent operators Q
(5)
n and Q

(6)
n . Their independence means that no linear combination

of them and their Hermitian conjugates is EOM-vanishing up to total derivatives.
Imposing the SM gauge symmetry constraints on Q

(5)
n leaves out just a single operator [20],

up to Hermitian conjugation and flavour assignments. It reads

Qνν = εjkεmnϕ
jϕm(lkp)

TClnr ≡ (ϕ̃†lp)
TC(ϕ̃†lr), (3.1)

where C is the charge conjugation matrix.2 Qνν violates the lepton number L. After the
electroweak symmetry breaking, it generates neutrino masses and mixings. Neither L(4)

SM nor
the dimension-six terms can do the job. Thus, consistency of the SM (as defined by Eq. (1.1)
and Tab. 1) with observations crucially depends on this dimension-five term.

All the independent dimension-six operators that are allowed by the SM gauge symmetries
are listed in Tabs. 2 and 3. Their names in the left column of each block should be supplemented
with generation indices of the fermion fields whenever necessary, e.g., Q

(1)
lq → Q

(1)prst
lq . Dirac

indices are always contracted within the brackets, and not displayed. The same is true for the

2 In the Dirac representation C = iγ2γ0, with Bjorken and Drell [21] phase conventions.

3

Some SMEFT Dimension 6 operators (Warsaw basis)
(Grzadkowski, Iskrzynski, Misiak, and Rosiek 2010)
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SMEFT operator bases

(L̄L)(L̄L) (R̄R)(R̄R) (L̄L)(R̄R)

Qll (l̄pγµlr)(l̄sγ
µlt) Qee (ēpγµer)(ēsγ

µet) Qle (l̄pγµlr)(ēsγ
µet)

Q
(1)
qq (q̄pγµqr)(q̄sγ

µqt) Quu (ūpγµur)(ūsγ
µut) Qlu (l̄pγµlr)(ūsγ

µut)

Q
(3)
qq (q̄pγµτ

Iqr)(q̄sγ
µτ Iqt) Qdd (d̄pγµdr)(d̄sγ

µdt) Qld (l̄pγµlr)(d̄sγ
µdt)

Q
(1)
lq (l̄pγµlr)(q̄sγ

µqt) Qeu (ēpγµer)(ūsγ
µut) Qqe (q̄pγµqr)(ēsγ

µet)

Q
(3)
lq (l̄pγµτ

I lr)(q̄sγ
µτ Iqt) Qed (ēpγµer)(d̄sγ

µdt) Q
(1)
qu (q̄pγµqr)(ūsγ

µut)

Q
(1)
ud (ūpγµur)(d̄sγ

µdt) Q
(8)
qu (q̄pγµT

Aqr)(ūsγ
µTAut)

Q
(8)
ud (ūpγµT

Aur)(d̄sγ
µTAdt) Q

(1)
qd (q̄pγµqr)(d̄sγ

µdt)

Q
(8)
qd (q̄pγµT

Aqr)(d̄sγ
µTAdt)

(L̄R)(R̄L) and (L̄R)(L̄R) B-violating

Qledq (l̄jper)(d̄sq
j
t ) Qduq εαβγεjk

[
(dαp )

TCuβr
] [
(qγjs )TClkt

]

Q
(1)
quqd (q̄jpur)εjk(q̄

k
sdt) Qqqu εαβγεjk

[
(qαjp )TCqβkr

] [
(uγs )

TCet
]

Q
(8)
quqd (q̄jpT

Aur)εjk(q̄
k
sT

Adt) Qqqq εαβγεjnεkm
[
(qαjp )TCqβkr

] [
(qγms )TClnt

]

Q
(1)
lequ (l̄jper)εjk(q̄

k
sut) Qduu εαβγ

[
(dαp )

TCuβr
] [
(uγs )

TCet
]

Q
(3)
lequ (l̄jpσµνer)εjk(q̄

k
sσ

µνut)

Table 3: Four-fermion operators.

isospin and colour indices in the upper part of Tab. 3. In the lower-left block of that table,
colour indices are still contracted within the brackets, while the isospin ones are made explicit.
Colour indices are displayed only for operators that violate the baryon number B (lower-right
block of Tab. 3). All the other operators in Tabs. 2 and 3 conserve both B and L.

The bosonic operators (classes X3, X2ϕ2, ϕ6 and ϕ4D2) are all Hermitian. Those containing

X̃µν are CP-odd, while the remaining ones are CP-even. For the operators containing fermions,
Hermitian conjugation is equivalent to transposition of generation indices in each of the fermionic
currents in classes (L̄L)(L̄L), (R̄R)(R̄R), (L̄L)(R̄R), and ψ2ϕ2D2 (except for Qϕud). For the
remaining operators with fermions, Hermitian conjugates are not listed explicitly.

If CP is defined in the weak eigenstate basis then Q−
(+)
Q† are CP-odd (-even) for all the

fermionic operators. It follows that CP-violation by any of those operators requires a non-
vanishing imaginary part of the corresponding Wilson coefficient. However, one should remem-
ber that such a CP is not equivalent to the usual (“experimental”) one defined in the mass
eigenstate basis, just because the two bases are related by a complex unitary transformation.

Counting the entries in Tabs. 2 and 3, we find 15 bosonic operators, 19 single-fermionic-
current ones, and 25 B-conserving four-fermion ones. In total, there are 15+19+25=59 inde-
pendent dimension-six operators, so long as B-conservation is imposed.

4

More SMEFT Dimension 6 operators (Warsaw basis)
(Grzadkowski, Iskrzynski, Misiak, and Rosiek 2010)
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SMEFT operator bases

Number of SMEFT operators by Mass dimension d
Mass dimension d
(order 1/Λd−4) Onshell operators Green’s basis operators

(offshell operators)
5 12 12
6 3045 3710
7 1542 2466
8 44 807 111 004
9 90 456 138 228
10 2 092 441 4 976 586

Onshell basis: Used for S-matrix-elements ⟨p|S|k⟩, cross-sections σ
Offshell basis: Used for calculations on correlation functions ⟨0|ϕ . . . |0⟩,
e.g. renormalization: Ci,bare = ZjiCj,R.
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AutoEFT

(Harlander and Schaaf 2024; Schaaf 2024)

EFT operator construction for many different models:

Supported fields
• Scalar fields
• Fermion fields (left/right Weyl spinors)
• Vector fields only as gauge fields
• Spin 2 Tensors (GRSMEFT)

Supported symmetries
• U(1) symmetries
• SU(n) symmetries

Symmetries can be either
local (gauge) or global.

Only Lorentz- and Gauge-invariant operators are constructed.

Added support for offshell basis (Green’s basis) construction.
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Operator redundancies
Naive idea: Write down every valid operator.
→ Overcomplete basis: Ci cannot be fixed by experiments.

Some examples of redundancies:(
ψ̄γµPLψ

)(
χ̄γµPLχ

)
=
(
ψ̄γµPLχ

)(
χ̄γµPLψ

)
(Fierz Identity)

Dµψ̄γ
µψϕ ≃ −ψ̄γµDµψϕ− ψ̄γµψDµϕ (Integration by Parts)

DµDνϕ−DνDµϕ = Fµνϕ (Commutator of Covariant Derivatives)

Only for onshell bases:

□ϕ ≃ 0, Dµγ
µψ ≃ 0, DµF

µν ≃ 0 (Equation of Motion)

Only for offshell bases:

ϵαβDα̇
αFLβγ ≃ ϵγ̇α̇D

γ̇
γFR

α̇β̇ (Bianchi identity)
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Construction algorithm

Describe the field’s representation in all symmetry groups:
• Lorentz group: SO+(3, 1) ≃ SL(2,C) ≃ SU(2) × SU(2)

→ A tuple of SU(2)-tableaux
(
TL ; TR

)
.

• SU(n) groups: One SU(n)-tableau T .
• U(1) groups: A charge q.

Example: SM Gluon field strength tensor GI
µν :

GI
µν →



Lorentz (Left): (GL)αβ = (σµν)αβGµν →
(

α β ; 1
)

Lorentz (Right): (GR)α̇β̇ = (σ̄µν)α̇β̇Gµν →
(
1 ; α̇ β̇

)
SU(3): Gabc = ϵadc(T I)b

dG
I → a b

c

SU(2): G (trivial) → 1
U(1): G (trivial) → 0
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Construction algorithm

Young Tableau product (modified Littlewood-Richardson rule):

GI · GJ → G(IGJ), δIJGIGJ , f IJKGIGJ , . . .

a b

c
⊗ d e

f
= a b d e

c f
⊕

a b

c d

e f

⊕
a b d

c e

f

⊕ . . .

One SU(3) invariant contraction. Combine with fields G:

a b

c d

e f

→
O = ϵaceϵbdfG

abcGdef

= ϵaceϵbdf

(
ϵagc(T I)b

gG
I)(ϵdhf (T J)e

hG
J)

11 / 15
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Projection

Two groups work with an EFT operator A:

Group A uses a basis that
contains A:

A = O1

Result is σ(C1).

Group B uses basis that does
not contain A:

A =
∑

n

a′
nO′

n

Result is σ(C′
1, . . . C′

n).

What are the expansion coefficients a′
n?

What are the Wilson coefficients C′
i(C1, . . . Cn)?
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Projection

Falkowski, Fuks, Mawatari, Mimasu, Riva and Sanz: Rosetta 9

In the first of these relations, δm denotes the shift of the W -
boson mass that is possibly induced by the presence of higher-
dimensional operators and that we normalize as

∆Lmass = 2δm
g2v2

4
W+
µ W

−µ . (10)

An input file (that we name HiggsBasis.dat in our ex-
ample) describing this part of the Higgs basis Lagrangian would
be of the form

BLOCK BASIS
1 higgs # basis

BLOCK HBxh
1 1.00000e-01 # dCz
2 1.00000e-01 # Cgg
3 1.00000e-01 # Caa
4 1.00000e-01 # Cza
5 1.00000e-01 # Czz
6 1.00000e-01 # Czbx

It includes, in addition to the blocks above, the SM parameters
as well as vanishing values for all other EFT coefficients. In
order to export this setup to the BSMC Lagrangian, we use
Rosetta by typing in a shell

./translate HiggsBasis.dat

Rosetta first calculates all dependent coefficients and next
generates an output file named HiggsBasis new.dat given
in the framework of the BSMC Lagrangian. This file contains in
particular values for the four δcw, cww, cw� and cγ� dependent
parameters, the corresponding output block being, according
to Eq. (9),

BLOCK BCxh
1 +1.00000e-01 # dCw
1 +1.00000e-01 # dCw
2 +1.00000e-01 # dCz
3 +1.52190e-01 # Cww
4 +1.00000e-01 # Cgg
5 +1.00000e-01 # Caa
6 +1.00000e-01 # Cza
7 +1.00000e-01 # Czz
8 +1.56506e-01 # Cwbx
9 +1.00000e-01 # Czbx
10 +3.41838e-01 # Cabx

In addition, the HiggsBasis new.dat file also includes extra
non-vanishing coefficients that are linked to the six indepen-
dent parameters δcz, cgg, cγγ , czγ , czz and cz� by gauge in-
variance. For instance, a di-Higgs coupling to two gluonic field
strength tensors is present,

BLOCK BCxhh
4 1.00000e-01 # cgg2

3.2 The Warsaw basis

The ten interaction terms of the ∆Lh Lagrangian introduced
in Section 3.1 can be seen as generated by six independent
operators of the Warsaw basis,

∆LW
h =

1

v2

[
cGG

g2s
4
Φ†ΦGaµνG

µν
a + cWW

g2

4
Φ†ΦW i

µνW
µν
i

+ cWBgg
′ Φ†σiΦW

i
µνB

µν + cBB
g′2

4
Φ†ΦBµνB

µν

+ cH ∂µ
[
Φ†Φ

]
∂µ
[
Φ†Φ

]
+ cT

[
Φ†
←→
D µΦ

][
Φ†
←→
D
µ
Φ
]]
. (11)

In this expression, we have introduced the Pauli matrices σi,
the Hermitian derivative operator,

Φ†
←→
D µΦ = Φ†(DµΦ)− (DµΦ

†)Φ , (12)

the gauge-covariant derivative and the hypercharge and weak
field strength tensors

DµΦ =
(
∂µ − i

2
gσkW

k
µ −

i

2
g′Bµ

)
Φ ,

W i
µν = ∂µW

i
ν − ∂νW i

µ + gεijkW
j
µW

k
ν ,

Bµν = ∂µBν − ∂νBµ .

(13)

The six Wilson coefficients cGG, cWW , cWB , cBB , cH and
cT appearing in ∆LW

h are related to the ten couplings in the
effective Lagrangian ∆Lh as

δcw = − cH − 4g2g′2

g2 − g′2 cWB +
4g2

g2 − g′2 cT −
3g2 + g′2

g2 − g′2 δv ,

δcz = − cH − 3δv ,

cgg = cGG ,

cww = cWW ,

czz =
g4cWW + 4g2g′2cWB + g′4cBB

(g2 + g′2)2
,

czγ =
g2cWW − 2(g2 − g′2)cWB − g′2cBB

g2 + g′2
, (14)

cγγ = cWW + cBB − 4cWB ,

cw� =
2

g2 − g′2
[
g′2cWB − cT + δv

]
,

cz� = − 2

g2
[
cT − δv

]
,

cγ� =
2

g2 − g′2
[
(g2 + g′2)cWB − 2cT + 2δv

]
.

Here, δv is defined by

δv =
1

2

[
(c′H`)11 + (c′H`)22

]
− 1

4
(c``)1221 (15)

and summarizes the dependence on the additional Warsaw ba-
sis operators,3

i

v2
c′H`

[
¯̀σiγµ`

][
Φ†σi

←→
D
µ
Φ
]

+
1

v2
c``
[
¯̀γµ`

][
¯̀γµ`

]
. (16)

Starting from the Higgs basis example of Section 3.1 where
all independent parameters are fixed to 0.1, we employ Ro-
setta to invert the relations of this section and calculate the
numerical values of the Warsaw basis coefficients included in
∆LW

h that would yield the same ∆Lh Lagrangian. Typing in
a shell

./translate HiggsBasis.dat -t warsaw

we obtain an output file where several non-zero EFT coeffi-
cients can be found. The numerical value of those on which we
focus here can be extracted from the generated file,

3 These operators contribute to the muon decay at the tree
level. Taking this into account leads to a shift between the
measured Fermi constant and the vacuum expectation value of
the Higgs field, which motivates the notation δv.

Relations between redundant Wilson coefficients in SMEFT
(Falkowski, Fuks, Mawatari, Mimasu, Riva, and Sanz 2015)
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Projection

Projection algorithm: Find a general function

P : A → an such that A =
∑

n

anOn

Inner product ⟨A|B⟩:

⟨A|B⟩ =
∑
n,m

anbm ⟨On|Om⟩ =
∑
n,m

angnmam

Define gnm = ⟨On|Om⟩ = δnm for one special basis.
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Summary

• General EFT operators can be used to describe high-energy effects
without having to decide on a specific high-energy model.

• The Number of operators of an EFT increases with mass dimension,
and for SMEFT past dimension 7 the basis can not be constructed by
hand.

• AutoEFT generates EFT operator bases for SMEFT, and any other
model with U(1) and SU(N) symmetries.

• Both Onshell and Offshell bases are supported. Mass dimension is
limited only by computation time.

• Operator projection enables us to deal with EFT operators just like
ordinary vectors, including easy change of basis.
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Backup

Backup
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