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SM EFT
SM is not the ultimate theory of nature, so it must be 
viewed as an EFT. We should add higher-dim operators 
to its Lagrangian: 

• We don’t know the value of Λ (and different new 
physics could arise at different Λ’s),  

• Naturalness Ck ~ 1 
• Model independent way to search for New Physics

1 Introduction

The Standard Model (SM) of strong and electroweak interactions has been successfully tested
to a great precision [1]. Nevertheless, it is commonly accepted that it constitutes merely an
effective theory which is applicable up to energies not exceeding a certain scale Λ. A field
theory valid above that scale should satisfy the following requirements:

(i) its gauge group should contain SU(3)C × SU(2)L × U(1)Y of the SM,

(ii) all the SM degrees of freedom should be incorporated either as fundamental or composite
fields,

(iii) at low-energies, it should reduce to the SM, provided no undiscovered but weakly coupled
light particles exist, like axions or sterile neutrinos.

In most of beyond-SM theories that have been considered to date, reduction to the SM at
low energies proceeds via decoupling of heavy particles with masses of order Λ or larger. Such
a decoupling at the perturbative level is described by the Appelquist-Carazzone theorem [2].
This inevitably leads to appearance of higher-dimensional operators in the SM Lagrangian that
are suppressed by powers of Λ

LSM = L(4)
SM +

1

Λ

∑

k

C(5)
k Q(5)

k +
1

Λ2

∑

k

C(6)
k Q(6)

k +O

(
1

Λ3

)
, (1.1)

where L(4)
SM is the usual “renormalizable” part of the SM Lagrangian. It contains dimension-two

and -four operators only.1 In the remaining terms, Q(n)
k denote dimension-n operators, and

C(n)
k stand for the corresponding dimensionless coupling constants (Wilson coefficients). Once

the underlying high-energy theory is specified, all the coefficients C(n)
k can be determined by

integrating out the heavy fields.
Our goal in this paper is to find a complete set of independent operators of dimension 5 and 6

that are built out of the SM fields and are consistent with the SM gauge symmetries. We do not
rely on the original analysis of such operators by Buchmüller and Wyler [3] but rather perform
the full classification once again from the outset. One of the reasons for repeating the analysis
is the fact that many linear combinations of operators listed in Ref. [3] vanish by the Equations
Of Motion (EOMs). Such operators are redundant, i.e. they give no contribution to on-shell
matrix elements, both in perturbation theory (to all orders) and beyond [4–9]. Although the
presence of several EOM-vanishing combinations in Ref. [3] has been already pointed out in
the literature [10–13], no updated complete list has been published to date. Our final operator
basis differs from Ref. [3] also in the four-fermion sector where the EOMs play no role.

The article is organized as follows. Our notation and conventions are specified in Sec. 2. The
complete operator list is presented in Sec. 3. Comparison with Ref. [3] is outlined in Sec. 4.
Details of establishing operator bases in the zero-, two- and four-fermion sectors are described
in Secs. 5, 6 and 7, respectively. We conclude in Sec. 8.

1 Canonical dimensions of operators are determined from the field contents alone, excluding possible dimen-

sionful coupling constants. The only dimension-two operator in L(4)
SM is ϕ†ϕ in the Higgs mass term.
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Operator basis
Conceptually, writing down the operators is not more 
difficult than what we did for pure QED and QCD, but 
in practice, things become much more involved 

• 3 gauge groups: SUc(3) x SUL(2) X UY(1) 

• Complicated matter sector

fermions scalars

field ljLp eRp qαjLp uαRp dαRp ϕj

hypercharge Y −1
2 −1 1

6
2
3 −1

3
1
2

Table 1: The SM matter content

2 Notation and conventions

The SM matter content is summarized in Tab. 1 with isospin, colour, and generation indices
denoted by j = 1, 2, α = 1, 2, 3, and p = 1, 2, 3, respectively. Chirality indices (L, R) of the
fermion fields will be skipped in what follows. Complex conjugate of the Higgs field will always
occur either as ϕ† or ϕ̃, where ϕ̃j = εjk(ϕk)⋆, and εjk is totally antisymmetric with ε12 = +1.

The well-known expression for L(4)
SM before Spontaneous Symmetry Breakdown (SSB) reads

L(4)
SM = −

1

4
GA

µνG
Aµν −

1

4
W I

µνW
Iµν −

1

4
BµνB

µν + (Dµϕ)
† (Dµϕ) +m2ϕ†ϕ−

1

2
λ
(
ϕ†ϕ

)2

+ i
(
l̄D̸l + ē̸De+ q̄D̸q + ū̸Du+ d̄D̸d

)
−
(
l̄ Γeeϕ+ q̄ Γuuϕ̃+ q̄ Γddϕ+ h.c.

)
, (2.1)

where the Yukawa couplings Γe,u,d are matrices in the generation space. We shall not consider
SSB in this paper. Our sign convention for covariant derivatives is exemplified by

(Dµq)
αj =

(
∂µ + igsT

A
αβG

A
µ + igSI

jkW
I
µ + ig′YqBµ

)
qβk. (2.2)

Here, TA = 1
2λ

A and SI = 1
2τ

I are the SU(3) and SU(2) generators, while λA and τ I are the
Gell-Mann and Pauli matrices, respectively. All the hypercharges Y have been listed in Tab. 1.

It is useful to define Hermitian derivative terms that contain ϕ†
←

Dµϕ ≡ (Dµϕ)†ϕ as follows:

ϕ†i
↔

Dµ ϕ ≡ iϕ†
(
Dµ −

←

Dµ

)
ϕ and ϕ†i

↔

D I
µ ϕ ≡ iϕ†

(
τ IDµ −

←

Dµτ
I
)
ϕ. (2.3)

The gauge field strength tensors and their covariant derivatives read

GA
µν = ∂µGA

ν − ∂νGA
µ − gsfABCGB

µG
C
ν , (DρGµν)

A = ∂ρGA
µν − gsfABCGB

ρ G
C
µν ,

W I
µν = ∂µW I

ν − ∂νW I
µ − gεIJKW J

µW
K
ν , (DρWµν)

I = ∂ρW I
µν − gεIJKW J

ρ W
K
µν ,

Bµν = ∂µBν − ∂νBµ, DρBµν = ∂ρBµν . (2.4)

Dual tensors are defined by X̃µν =
1
2εµνρσX

ρσ (ε0123 = +1), where X stands for GA, W I or B.

The fermion kinetic terms in L(4)
SM are Hermitian up to total derivatives, i.e. iψ̄D̸ψ − h.c.

= ∂µ(ψ̄γµψ). Total derivatives of gauge-invariant objects in LSM are skipped throughout the
paper, as they give no physical effects. At the dimension-five and -six levels, we encounter no
gauge-invariant operators that are built out of non-abelian gauge fields only, and equal to total
derivatives of gauge-variant objects. At the dimension-four level, the two possible such terms
G̃A

µνG
Aµν = 4εµνρσ∂µ

(
GA
ν ∂ρG

A
σ − 1

3gsf
ABCGA

νG
B
ρ G

C
σ

)
and the analogous W̃ I

µνW
Iµν should be

understood as implicitly present on the r.h.s of Eq. (2.1). They leave the Feynman rules and
EOMs unaffected, showing up in topological quantum effects only [14–19].
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Only a single operator arises at d = 5 

• Violates lepton number 

• After EW symmetry breaking, this term gives 
Majorana masses to ν’s and causes ν-mixing. 

• Λ is very large ~1014 TeV, not relevant for LHC.

d = 5 operator

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 (l̄pσµνer)τ IϕW I
µν Q(1)

ϕl (ϕ†i
↔

Dµ ϕ)(l̄pγµlr)

QϕG̃ ϕ†ϕ G̃A
µνG

Aµν QeB (l̄pσµνer)ϕBµν Q(3)
ϕl (ϕ†i

↔

D I
µ ϕ)(l̄pτ

Iγµlr)

QϕW ϕ†ϕW I
µνW

Iµν QuG (q̄pσµνTAur)ϕ̃GA
µν Qϕe (ϕ†i

↔

Dµ ϕ)(ēpγµer)

Q
ϕW̃

ϕ†ϕ W̃ I
µνW

Iµν QuW (q̄pσµνur)τ I ϕ̃W I
µν Q(1)

ϕq (ϕ†i
↔

Dµ ϕ)(q̄pγµqr)

QϕB ϕ†ϕBµνBµν QuB (q̄pσµνur)ϕ̃Bµν Q(3)
ϕq (ϕ†i

↔

D I
µ ϕ)(q̄pτ

Iγµqr)

QϕB̃ ϕ†ϕ B̃µνBµν QdG (q̄pσµνTAdr)ϕGA
µν Qϕu (ϕ†i

↔

Dµ ϕ)(ūpγµur)

QϕWB ϕ†τ IϕW I
µνB

µν QdW (q̄pσµνdr)τ IϕW I
µν Qϕd (ϕ†i

↔

Dµ ϕ)(d̄pγµdr)

QϕW̃B ϕ†τ Iϕ W̃ I
µνB

µν QdB (q̄pσµνdr)ϕBµν Qϕud i(ϕ̃†Dµϕ)(ūpγµdr)

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.
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d = 6 operators
Many operators at d=6! Construction of operator basis is 
nontrivial, use 

• Fierz identities (Dirac and Color), … 

• integration by part, classical EOM, … 

to reduce operators to a minimal set 

• 59 operators (compared to 14 at d=4) which conserve 
baryon number B 

• + 5 additional ones if B is violated 

• flavor indices: 2499 parameters with B conserved

Buchmüller and Wyler, Nucl.Phys. B268 (1986) 621 
Grzadkowski, Iskrzyński, Misiak, Rosiek JHEP 1010 (2010) 085



d = 6 operators

plus four-fermion operators

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 (l̄pσµνer)τ IϕW I
µν Q(1)

ϕl (ϕ†i
↔

Dµ ϕ)(l̄pγµlr)

QϕG̃ ϕ†ϕ G̃A
µνG

Aµν QeB (l̄pσµνer)ϕBµν Q(3)
ϕl (ϕ†i

↔

D I
µ ϕ)(l̄pτ

Iγµlr)

QϕW ϕ†ϕW I
µνW

Iµν QuG (q̄pσµνTAur)ϕ̃GA
µν Qϕe (ϕ†i

↔

Dµ ϕ)(ēpγµer)

Q
ϕW̃

ϕ†ϕ W̃ I
µνW

Iµν QuW (q̄pσµνur)τ I ϕ̃W I
µν Q(1)

ϕq (ϕ†i
↔

Dµ ϕ)(q̄pγµqr)

QϕB ϕ†ϕBµνBµν QuB (q̄pσµνur)ϕ̃Bµν Q(3)
ϕq (ϕ†i

↔

D I
µ ϕ)(q̄pτ

Iγµqr)

QϕB̃ ϕ†ϕ B̃µνBµν QdG (q̄pσµνTAdr)ϕGA
µν Qϕu (ϕ†i

↔

Dµ ϕ)(ūpγµur)

QϕWB ϕ†τ IϕW I
µνB

µν QdW (q̄pσµνdr)τ IϕW I
µν Qϕd (ϕ†i

↔

Dµ ϕ)(d̄pγµdr)

QϕW̃B ϕ†τ Iϕ W̃ I
µνB

µν QdB (q̄pσµνdr)ϕBµν Qϕud i(ϕ̃†Dµϕ)(ūpγµdr)

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.
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d = 6 operators

plus four-fermion operators

X3 ϕ6 and ϕ4D2 ψ2ϕ3
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QϕW̃B ϕ†τ Iϕ W̃ I
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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.
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d = 6 four fermion operators
(L̄L)(L̄L) (R̄R)(R̄R) (L̄L)(R̄R)

Qll (l̄pγµlr)(l̄sγµlt) Qee (ēpγµer)(ēsγµet) Qle (l̄pγµlr)(ēsγµet)

Q(1)
qq (q̄pγµqr)(q̄sγµqt) Quu (ūpγµur)(ūsγµut) Qlu (l̄pγµlr)(ūsγµut)

Q(3)
qq (q̄pγµτ Iqr)(q̄sγµτ Iqt) Qdd (d̄pγµdr)(d̄sγµdt) Qld (l̄pγµlr)(d̄sγµdt)

Q(1)
lq (l̄pγµlr)(q̄sγµqt) Qeu (ēpγµer)(ūsγµut) Qqe (q̄pγµqr)(ēsγµet)

Q(3)
lq (l̄pγµτ I lr)(q̄sγµτ Iqt) Qed (ēpγµer)(d̄sγµdt) Q(1)

qu (q̄pγµqr)(ūsγµut)

Q(1)
ud (ūpγµur)(d̄sγµdt) Q(8)

qu (q̄pγµTAqr)(ūsγµTAut)

Q(8)
ud (ūpγµTAur)(d̄sγµTAdt) Q(1)

qd (q̄pγµqr)(d̄sγµdt)

Q(8)
qd (q̄pγµTAqr)(d̄sγµTAdt)

(L̄R)(R̄L) and (L̄R)(L̄R) B-violating

Qledq (l̄jper)(d̄sq
j
t ) Qduq εαβγεjk

[
(dαp )

TCuβr
] [
(qγjs )TClkt

]

Q(1)
quqd (q̄jpur)εjk(q̄ksdt) Qqqu εαβγεjk

[
(qαjp )TCqβkr

] [
(uγs )

TCet
]

Q(8)
quqd (q̄jpT

Aur)εjk(q̄ksT
Adt) Q(1)

qqq εαβγεjkεmn

[
(qαjp )TCqβkr

] [
(qγms )TClnt

]

Q(1)
lequ (l̄jper)εjk(q̄

k
sut) Q(3)

qqq εαβγ(τ Iε)jk(τ Iε)mn

[
(qαjp )TCqβkr

] [
(qγms )TClnt

]

Q(3)
lequ (l̄jpσµνer)εjk(q̄

k
sσ

µνut) Qduu εαβγ
[
(dαp )

TCuβr
] [
(uγs )

TCet
]

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.
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EFT for Higgs physics
Not all of the 59 operators are important for 
Higgs physics, but a significant number of 
them is. 

• A lot of recent work to identify the most 
important NP effects in Higgs physics 
and to parameterize possible effects in a 
model independent way. 

• Deviations are often parameterized as 
deviations from SM coupling strengths 
to given particle type.



Value of Λ
We have a plethora of SM measurements which 
impose constraints on Λ 

• Neutrino masses Λ ~ 1014 TeV 
• Flavor physics Λ ≿ 1 − 100 TeV 

• Most stringent bounds: FCNC’s 

• EW precision physics Λ ≿ 2 TeV 

Absence of New Physics signals can indicate 
either a high scale, or a special form which 
suppresses (e.g. flavor physics) signals.



Naturalness Problem
The SM contains a single relevant operator 

   
with 2μ2 = mH2 . Naturalness:  

• Expect New Physics around mH .  
• Should protect the Higgs mass from 

contributions from higher scales (such as Mpl). 
• SUSY, compositeness, … ? 

Naturalness problem: where is everybody?
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