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= SM extended by higher dimensional operators formed solely 
from SM field content and their covariant derivatives

ℒ = ℒSM + ∑
d

∑
i

c(d)
i

Λd−4
𝒪(d)

i (Q, uc, dc, L, ec, H, Dμ, Fμν⋯)

Standard Model Effective Field Theory (SMEFT)

  = scale of heavy new physicsΛ
 = `Wilson coefficients’, 

encode info about interactions 
between heavy new physics 

and us

c(d)
i

Ex.) c (H L)2

Λ
c′ Q H σμνuc Bμν

Λ2

c (Q†σ̄μQ)(i H†DμH )
Λ2

c (Q†σ̄μQ)2

Λ2



EFT requirement: ratio of scales 

E
Λ

=
Energy of process (~ LHC  ) ̂s

Mass of some heavy stuff

Top down: if we have ANY* cool BSM particles but they are too heavy to 
produce on-shell, can map onto SMEFT (“integrate them out”)

*no other light particles (axions, DM), linearly realized EWSB

lowest dimension 
operators (= fewest )  

should be the most 
important effects

Λ
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ℒ ⊃ gZ′ Q†σ̄μQ Z′ μ −
M2

Z′ 

2
Z′ μZ′ μ

g2
Z′ (Q†σ̄μQ)2

̂s − M2
Z′ 

if  , expand̂s ≪ M2
Z′ 

−g2
Z′ 

M2
Z′ 

(Q†σ̄μQ)2 + 𝒪( ̂s/M4
Z′ 

) ci = − g2
Z′ 

Λ = MZ′ 

Ex.) 



Can also use as a bottom-up EFT: Turn on all operators  

Operators parameterize all possible deviations in SM inter-particle 
interactions. Bound these operators by precision measurements of 
how SM particles interact.

How many operators are there? 

Dim 5: 12

Dim 6: 2499

Dim 7: 948 

Dim 8: 36971

Use that information to inform about mass scale and properties of 
UV theories



But — can reduce the numbers by adding assumptions

• Only keep B, L preserving operators. Removes all odd dimension operators

• Only keep CP preserving operators

• Assume some flavor symmetry

often `flavor universality’ = effects are the same for all generations

(Q†
i σ̄μQi)(i H†DμH)(Q†

i σ̄μQj)(i H†DμH)

Dim 6: 59
Dim 8: 993

More manageable 

# operators fixed, but exact form is not. Need to pick a basis to cover all effects



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.

3

0-fermion and 2-fermion operators in “Warsaw basis”

Here, ; flavor indices (so  -> flavor universal)φ = H p, r, ⋯ = p = r



(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.

4

4-fermion operators in “Warsaw basis”

Implemented in MadGraph UFO models via SMEFTsim, SMEFT@NLO



What do these operators actually do?

SMEFT is actually a double expansion, 
v
Λ

and
E
Λ

Means higher dimensional operators can trickle down into lower dimension

cHQ (Q†
i σ̄μQi)(i H†DμH)

Λ2
Ex.)

New  vertices 
(

Q2 h2, Q2 h Zμ
DμH ⊃ ZμH, H = (v + h)



What do these operators actually do?

SMEFT is actually a double expansion, 
v
Λ

and
E
Λ

Means higher dimensional operators can trickle down into lower dimension

cHQ (Q†
i σ̄μQi)(i H†DμH)

Λ2
Ex.)

New  vertices 
(

Q2 h2, Q2 h Zμ
DμH ⊃ ZμH, H = (v + h)

but also changes how  couples to  !Q Zμ

δgZQQ ∼
g cHQ v2

2Λ2

[quite constrained from LEP I!]



Ex.) cHW H†HWI
μνWI,μν

Λ2

New  interactionh2 W2



Ex.) cHW H†HWI
μνWI,μν

Λ2

New  interactionh2 W2

But, setting , looks like a shift in the  kinetic termH → v/ 2 W

We can redefine = to get back usual 

normalization, but we have to do that everywhere consistently

Wμν =
ŴI

μν

1 − cHW v2

2Λ2

ℒ ⊃ −
1
4 (1 −

cHW v2

2Λ2 )WI
μνWI,μν



In particular, mass matrix:

|DμH |2 ⊃
v2

2 (W3μ Bμ) [ g2 −gg′ 

−gg′ g′ 2 ] (
W3μ

Bμ )
Diagonalizing this gets us  and coupling to  is what we 

use to define electric couplings  
Zμ, Aμ Zμ, Aμ

e, sin θW



In particular, mass matrix:

|DμH |2 ⊃
v2

2 (W3μ Bμ) [ g2 −gg′ 

−gg′ g′ 2 ] (
W3μ

Bμ )
Diagonalizing this gets us  and coupling to  is what we 

use to define electric couplings  
Zμ, Aμ Zμ, Aμ

e, sin θW

v2

2 (Ŵ3μ Bμ)
g2

1 − cHWv2 /(2Λ2)
− gg′ 

1 − cHWv2 /(2Λ2)

− gg′ 

1 − cHWv2 /(2Λ2)
g′ 2 (

Ŵ3μ

Bμ )

But with the normalization change…

Mixing angles and couplings now depend on  :cHW sin ̂θW =
g′ 

g2 + g′ 2
+ 𝒪(cHW)



In particular, mass matrix:

|DμH |2 ⊃
v2

2 (W3μ Bμ) [ g2 −gg′ 

−gg′ g′ 2 ] (
W3μ

Bμ )
Diagonalizing this gets us  and coupling to  is what we 

use to define electric couplings  
Zμ, Aμ Zμ, Aμ

e, sin θW

Net result: SMEFT operators enter in subtle ways and in multiple processes

v2

2 (Ŵ3μ Bμ)
g2

1 − cHWv2 /(2Λ2)
− gg′ 

1 − cHWv2 /(2Λ2)

− gg′ 

1 − cHWv2 /(2Λ2)
g′ 2 (

Ŵ3μ

Bμ )

But with the normalization change…

Mixing angles and couplings now depend on  :cHW sin ̂θW =
g′ 

g2 + g′ 2
+ 𝒪(cHW)



Remember the goal: from pattern in deviations, determine Λ

Operators impact 
multiple processes: 

Global approach 
needed

12

SMEFT approach is a global approach

C
(1)
HQ

C
(3)
HQ

CHdC
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HqC

(3)
Hq CHu

CHD
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HlC
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CHW B Cll

CHt

C
3,1
Qq

CtB

CtW

CW

C
8
Qd
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Higgs tt̄ Diboson EWPO tt̄V top EW

Higgs tt̄ Diboson EWPO tt̄V top EW
Higgs tt̄ Diboson EWPO tt̄V top EW

Figure 1. Schematic representation of the datasets and their overlapping dependences on the 34
Wilson coefficients included in our analysis.

riety of studies of the SMEFT, for example, in electroweak processes [106–111], flavour
physics [112–120], low-energy precision data [121–123], diboson measurements [124–131],
at dimension 8 [87, 88, 132–136] (where collider positivity constraints are particularly rele-
vant [136–140]), and its connection with UV-complete models, both at tree-level [141–147]
and one-loop [148–159]. In particular, the most recent global analyses have set constraints
on dimension-6 SMEFT operator coefficients imposed by precision electroweak data from
LEP and the Tevatron, together with Higgs and diboson data from the LHC including some
from Run 2 [160–163] 2, while separate SMEFT fits of data on the top quark have also been
performed [165–171].

We present here the first global dimension-6 SMEFT analysis to include top data and
operators in a simultaneous combination of the constraints from the Higgs, electroweak,
diboson and top sectors. We use a full set of data from LHC Run 2, in particular the latest
Higgs Simplified Template Cross Section (STXS) measurements, differential distributions
in WW diboson and Zjj measurements, and updated top observables including kinematic
distributions, tt̄, single-top and tt̄W/Z production. In addition to expanding our dataset,
improvements over previous fits include a proper computation using SMEFT@NLO [172] of
the dimension-6 contributions to Higgs gluon fusion in STXS bins and incorporating the
full SMEFT dependence in off-shell Higgs to 4 lepton decays [173]. We also provide a
self-consistent treatment of the triple-gluon operator at linear order that had been omitted
from our previous fit [97] on the basis of strong constraints at quadratic order [174–176].
We discuss two possible options for the fermion flavour structure, one assuming a flavour-
universal symmetry and the other allowing the coefficients of operators containing third-
generation fermions to vary independently through a top-specific flavour symmetry, both of

2See Refs. [15, 164] for recent SMEFT interpretations of the Higgs by ATLAS and CMS.

– 3 –



SMEFT approach is a global approach

Figure 3. Constraints on the indicated individual and marginalised operator coefficients
Ci(1 TeV)2/⇤2 (top and third panels) and the corresponding scales ⇤ for the indicated values of
the Ci at the 95% confidence level (second and bottom panels), from a combined linear fit to the
Higgs, diboson and electroweak precision observables. In the top two panels, the bars show the 95%
CL ranges from the LHC Run 1 and early Run 2 data (light blue), current data without using the
STXS measurements (intermediate blue), and current data including STXS using either the on-shell
vector boson approximation or the full 1 ! 4 matrix elements for the 4-fermion Higgs decay modes
taken from Ref. [173] (dark blue). In the bottom two panels, the corresponding marginalised results
are indicated by yellow, orange and red bars, respectively. We also show in purple in the individual
case (grey in the marginalised case) the effect of dropping the ATLAS Z+ jets measurement.

– 23 –Figure 5. Constraints on the indicated individual and marginalised operator coefficients at the 95%
confidence level (upper and lower figures, respectively), from a combined linear fit to the top data
and electroweak precision observables. The impact of tt̄ data is highlighted by the evolution of the
constraints starting from no tt̄ data (light blue/yellow) adding Run 1 tt̄ total and differential cross-
section data (blue/pink), the corresponding Run 2 tt̄ data (purple/orange), and finally tt̄ asymmetry
measurements AFB from the Tevatron and AC from the LHC (green/red).

– 27 –

[Ellis et al 2012.02779]

Lots of work in the area! 
Tightest constraints on 

operators that affect  
couplings or 

f̄ f V
h → γγ



SMEFT approach is a global approach
What convinced me..Keep all operators gives eigenvectors of constraint

2012.02779 John Ellis, Maeve Madigan, Ken Mimasu, Veronica Sanze, and Tevong You

3) Properly eigenvectors of constraint, not individual op limits - what are the spaces?

27Nordic Winter School on Particle Physics and CosmologyMichael Trott, NBI, Sept 9-13 Maria Laach 10126Michael Trott, NBI, Sept 30 - Oct 4 OxfordMichael Trott, NBI,  Feb 18 112M.Trott, HEFT 2015 - Chicago,USA. 11Nordic Winter School on Particle Physics and Cosmology 8111Michael Trott, NBI

But lots more to do! 
New measurements expand the list of coefficients, spot 

inconsistencies or improve constraints

[Ellis et al 2012.02779]



Looking for heavy new physics

15



Looking for heavy new physics

SMEFT
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OK lets calculate something! Good idea to understand what we 
should get before diving in

A = ASM +
(A6,1 v2 + A6,2 v E + A6,3 E2)

Λ2
+ ⋯

|A |2 = |ASM |2 + 2 Re(A*SM

(A6,1 v2 + A6,2 v E + A6,3 E2)
Λ2 )

+
1

Λ4
| (A6,1 v2 + A6,2 v E + A6,3 E2) |2

 are functions of Wilson coefficients . Formed by turning 
new operators into Feynman rules (ex. FeynRules), calculating 

away

A6,i ci

interference term

New physics 
“squared” term



2 Re(A*SM

(A6,1 v2 + A6,2 v E + A6,3 E2)
Λ2 )

Know  . But  is fixed while  can vary (can be ‘selected’ by 
analysis cuts to focus on tails of distributions, etc.)


Λ ≫ v, E v E

Means for fixed  (and ) can have , so we can be 

sensitive to smaller  

Λ ci ( E
Λ ) ≫ ( v

Λ )
A6,3 ∼ ci

This is the main advantage of SMEFT at  LHC.  
Needs a combination of energy (  ) and precision!E > v



2 Re(A*SM

(A6,1 v2 + A6,2 v E + A6,3 E2)
Λ2 )

Know  . But  is fixed while  can vary (can be ‘selected’ by 
analysis cuts to focus on tails of distributions, etc.)


Λ ≫ v, E v E

  = kinematic variable 
(  , etc.)

X
HT, mij

SM alone SMEFT

1
σ

dσ
dX

X



But don’t get carried away

We’re still at the mercy of perturbation theory expansion in 

If >1, no sense that lowest order is adequate, expansion is invalid!

ci( v
Λ ), ci( E

Λ ) < 1

•   is set by process and cuts

•   and  are inputs set in parameter cards.  


E
ci Λ

[Running MC, you control this expansion:

e.g.  production, …  t̄th E ≳ 500 GeV

Need all three pieces to know the expansion parameter! ]

Analysis with expansion > 1 is a straw man for some non-SM effect, but 
results don’t contribute to SMEFT picture/goal



But don’t get carried away

Even if   , larger expansion parameter (in kinematic 

tails) means higher order corrections are more important

ci( E
Λ ) < 1

+
1

Λ4
| (A6,1 v2 + A6,2 v E + A6,3 E2) |2

MC already contain some higher order terms

But these aren’t the end of the story. Gotta do perturbation theory 
consistently, so if we need , we need all terms with that ‘power 

counting’
𝒪(1/Λ4)

SM x dimension-8 effects
Even with our simplifying assumptions, 993 dim-8 operators…



Can’t we just use ?|dim − 6 |2

•  is positive definite, net  doesn’t have to be 
(destructive interference) 

•  is restricted to dim-6 operators, limited structure, some 
already bounded, small in some UV setups

|dim − 6 |2 𝒪(1/Λ4)

|dim − 6 |2

Can suffice if no other choice, BUT

Can lead to wildly inaccurate estimates of  … 
 

Especially dangerous if  
without a good reason!! 

 

𝒪(1/Λ4)

|dim − 6 |2 > SM × (dim − 6)



If  vs.  is so important, how can I spot it in the operators 
I choose for my analysis?

E/Λ v/Λ

• Check out the helicity/polarization/color structure. To interfere, need to match 
the SM structure. Non-Higgs SM interactions interactions involve fermions 
with the same helicity ( , not , etc.)Q†Q, u†

RuR QuR

Q†σμνTA uR H GA
μν

vs.

So SMEFT operators with opposite helicity can’t interfere



If  vs.  is so important, how can I spot it in the operators 
I choose for my analysis?

E/Λ v/Λ

•  comes from . These hide in field strengths E ∂μ WI
μν = ∂μWI

ν − ∂νWI
μ + ⋯

Both make new  vertices, but..h W2

cHD

Λ2
(H†DμH)(H†DμH)*

cHW

Λ2
(H†H)WI

μνWI,μν

3 vevs

g2 cHD v3

2 2 Λ2

cHW v E2

2 Λ2

1 vev, 2 derivs



If  vs.  is so important, how can I spot it in the operators 
I choose for my analysis?

E/Λ v/Λ

• Count the propagators,  for each1/E2

A ∝
numerator

E2

Ex.)  Q†Q → Q†Q

ci
(Q†σ̄μQ)2

Λ2

A ∝
numerator

Λ2

relative  in cross section( E2

Λ2 )

vs.



Takeaways

• SMEFT is top-down or bottom-up EFT, SM + higher 
dimension operators formed from SM field content + .Dμ

Bottom up: determine  via global approach,  resonance search Λ ≠

• Lowest dimension operators (typically dim-6) are the most 
important, enter processes via interference with SM + new 
physics2. 

• ‘Energy enhanced effects’  are both a blessing and a curse. 
Increase sensitivity for fixed , but must be careful not to go 
too far to invalidate the EFT/introduce huge sensitivity to higher 
order effects 

• Rules of thumb to help determine which SMEFT effects a 
particular analysis is most sensitive to (without huge , small )

ci, Λ

ci Λ



Go forth and SMEFT!


