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Brief Philosophy of EFT
Part 1



Role of scale in physical problems
Some distribution  
of electric charges 

r
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observer

Far 
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Near observer , L~R, needs to know the position of every charge to describe electric field in her proximity  

Far observer , r >> R,  can instead use multipole expansion: V( !r ) =
q

r
+

!d " !r
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Far observer is able to describe electric field in his vicinity using just a few parameters: 
the total electric charge, eventually the dipole moment É. 

Higher order terms in the multipole expansion are suppressed by powers of the small parameter (R/r). 
 One can truncate the expansion at some order depending on the value of (R/r) and experimental precision

Far observer, like Moli•re's Mr. Jourdain,  
discovers that he has been using EFT all his life  

On the other hand, far observer can only guess the "fundamental" distributions of the charges, 
as many distinct distributions lead to the same Þrst few moments   



Scale in quantum field theory

Consider a theory of a light particle !  
interacting with a heavy particle H
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x1 x2

At small distance scales, |x 1-x2| << 1/mH,  
the heavy particle H propagates.  

Force acting between light particles !

At large distance scales, |x 1-x2| >> 1/mH,  
propagation of the heavy particle H suppressed. 
Interaction looks like a delta function potential 
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Heavy particle H propagator in coordinate space:
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Scale in quantum field theory
Consider a theory of a light particle !  

interacting with a heavy particle H

!

!
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H

!

!

At large momentum scales, p 2 >> mH2,  
we see propagation of the heavy particle H. 

Long range force acting between light particles !
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Heavy particle H propagator in momentum space:
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At small momentum scales, p 2 << mH2,  
propagation of the heavy particle H 

effectively leads to a contact interaction 
between light particles ! 



Scale in particle theory

!
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H
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!

¥ Processes probing  distance scales >> 1/mH, equivalently  energies scales << m H, 
cannot  resolve the propagation of H!

¥ Then, intuitively, exchange of heavy particle H between light particles φ should be 
indistinguishable from a contact interaction of φ  !

¥ In other words, the effective theory  describing  φ interactions should be well 
approximated by a local Lagrangian, that is, by a polynomial in φ and its derivatives 

This is the generic way how the effective theory description arise in particle physics,  
which will be repeated in many examples that follow 
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In!oducing "e SMEFT

Part 2



Elementary particles we know today

All these particles are propagating degrees of freedom right above the electroweak scale,  
that is at 100 GeV - 1 TeV E #



SMEFT

SMEFT is an e%ective theory for these degrees of freedom 
incorporating certain physical assumptions: 

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

q = (uL,dL) 3 2 1/6 1/2

uR 3 1 2/3 1/2

dR 3 1 -1/3 1/2

l = (" L,eL) 1 2 -1/2 1/2

eR 1 1 -1 1/2

H 1 2 1/2 0

Ga
! Wk

! B! 1

1. Locality, unitarity, PoincarŽ symmetry 
2. Mass gap: absence of non-SM degrees of freedom &

at or below the electroweak scale 
3. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&

strictly respected by all interactions



SMEFT

 SM Lagrangian

Higher-dimensional 
SU(3)C x SU(2)L x U(1)Y invariant  
interactions added to the SM

* SMEFT = * D=2 + * D=3 + * D=4 + * D=5 + * D=6 + * D=7 + * D=8 + É

If these assumptions are true we can organize the EFT as an expansion in 1/',  
where  is identiÞed with the mass scale of the UV completion of the SMEFT,  
and each term is a linear combination of SU(3)xSU(2)xU(1) invariant operators 

of a given canonical dimension D  

+

At each order we should include a complete  and non-redundant  set of operators 
eventually subject to some additional global symmetries

1. Locality, unitarity, PoincarŽ symmetry 
2. Mass gap: absence of non-SM degrees of freedom &

at or below the electroweak scale 
3. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&

strictly respected by all interactions



* D=4 = $
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* D=3 = 0

Experiment: ! H # 100 GeV

Experiment: all interactions at D=2 and D=4 above have been observed, except for   

(strictly speaking,  has not been observed directly. Its value is known within SM hypothesis,&
 but not within SMEFT, without additional assumptions) 

÷%
$

* SMEFT = * D=2 + * D=3 + * D=4 + * D=5 + * D=6 + * D=7 + * D=8 + É

SMEFT

* D=2 = ! 2
HH  H

Simply, no gauge invariant operators made of SM Þelds 
exist at canonical dimension D=3

D! f = - ! f $ igsG
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Unsolved mystery why the , 
which is called the hierarchy problem   

! 2
H & +2



¥ At dimension 5, the only gauge-invariant operators one can construct are the so-
called Weinberg operators, which break the lepton number!

¥ After electroweak symmetry breaking they give rise to Majorana mass terms for 
the SM (left-handed) neutrinos!

¥ Neutrino oscillation experiments strongly suggest that these operators are present  
(unless neutrino masses are of the Dirac type)

cij

+
(LiH)(LjH) + h. c . . cij

v2

+
"i" j + h. c .

SMEFT at dimension-5

H .
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0

v/ 2)
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(

" i
ei)

This is a huge success of the SMEFT paradigm: &
corrections to the SM Lagrangian predicted at the next order in the EFT expansion, are 

indeed observed in experiment!

* SMEFT = * D=2 + * D=4 + * D=5 + * D=6 + * D=7 + * D=8 + É

Weinberg (1979)&
 Phys. Rev. Lett. 43, 1566 



SMEFT at dimension-5

* SMEFT / cij
v2

+
"i" j + h. c .

Neutrino masses or most likely in the 0.01 eV - 0.1 eV ballpark &
 (while the lightest neutrino may even be massless)

It follows that  GeV 
+

cij
# 1015

One problem now:

If this is really the correct estimate, then we will never see any other e%ects &
of higher-dimensional operators, except possibly of baryon-number violating ones :/ 

* SMEFT = * D=2 + * D=4 + * D=5 + * D=6 + * D=7 + * D=8 + É

Naively:  and then  , , and so on* D=5 #
1

+
* D=6 #

1

+2
* D=7 #

1

+3
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Career opportunities



SMEFT at dimension-5

* SMEFT / cij
v2

+
"i" j + h. c .

Neutrino masses or most likely in the 0.01 eV - 0.1 eV ballpark &
 (while the lightest neutrino may even be massless)

Dimension-5 interactions are special because they violate lepton number  L. &
If we assume that the mass scale of new particles with L-violating interactions  is , &

and there is also L-conserving new physics at the scale   , then the estimate is  

+L
+ & +L

It follows that  GeV 
+

cij
# 1015

One problem now:

If this is really the correct estimate, then we will never see any other e%ects &
of higher-dimensional operators, except possibly of baryon-number violating ones :/ 

Alternatively, it is possible that there is more than one mass scale of new physics

* SMEFT = * D=2 + * D=4 + * D=5 + * D=6 + * D=7 + * D=8 + É

Naively:  and then  , , and so on* D=5 #
1

+
* D=6 #

1

+2
* D=7 #

1

+3

One option:   is not far from TeV, but instead    + cij & 1
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SMEFT at dimension-6

The ÞeldsGz and G± do not correspond to new physical degrees of freedom (they

kinetically mix with the massive gauge bosons and can be gauged away). From now

on until Chapter 5 I will work in the unitary gauge and set G± = 0 = Gz. The

scalar Þeldh corresponds to a scalar particle calledthe Higgs boson. Its mass can be

expressed by the parameters of the Higgs potential as

m2
h = 2µ2

H = 2! v2. (2.19)

2.2 Dimension-6 operators

Bosonic CP-even

OH (H   H )3

OH ! (H   H )! (H   H )

OHD
!
!H   DµH

!
!2

OHG H   H Ga
µ! Ga

µ!

OHW H   H W i
µ! W i

µ!

OHB H   H B µ! Bµ!

OHW B H   ! i H W i
µ! Bµ!

OW "ijk W i
µ! W j

!" W k
" µ

OG f abcGa
µ! Gb

!" Gc
" µ

Bosonic CP-odd

OH !G H   H "Ga
µ! Ga

µ!

OH "W H   H #W i
µ! W i

µ!

OH !B H   H "Bµ! Bµ!

OH "W B H   ! i H #W i
µ! Bµ!

O"W "ijk #W i
µ! W j

!" W k
" µ

O !G f abc "Ga
µ! Gb

!" Gc
" µ

Table 2.2: BosonicD=6 operators in the Warsaw basis.

We turn to discussing operators with canonical dimensionsD=6 in Eq. ( 2.1).

Their importance for characterizing low-energy e! ects of heavy particles has been

recognized long ago, see e.g. [21,35]. More recently, advantages of using a complete

and non-redundant set of operators have been emphasized. The point is that seem-

ingly di! erent higher-dimensional operators can have the same e! ect on on-shell am-

plitudes of the SM particles. This is the case if the operators can be related by using

equations of motion, integration by parts, Þeld redeÞnitions, or Fierz transformations.

13

This leads to non-trivial and often counter-intuitive relations between operators. For

example, by using equations of motion one can establish equivalence between purely

bosonic operators, and a linear combination of 2- and 4-fermionic operators! Thus,

starting from the set of all distinct D=6 operators that can be constructed from the

SM Þelds, a number of these operators will be redundant as they are equivalent to

linear combinations of other operators. The redundant operators can be removed to

simplify the EFT description, and to establish an unambiguous map from observables

to the EFT Wilson coe! cients. A minimal, non-redundant set of operators is called

a basis.

Yukawa

[O 
eH ]IJ H   Hec

I H   ! J

[O 
uH ]IJ H   Hu c

I
!H   qJ

[O 
dH ]IJ H   Hdc

I H   qJ

Vertex

[O(1)
H ! ]IJ i ø! I ø" µ ! J H   !"DµH

[O(3)
H ! ]IJ i ø! I " i ø" µ ! J H   " i !"DµH

[OHe]IJ iec
I " µ øec

J H   !"DµH

[O(1)
Hq ]IJ i øqI ø" µqJ H   !"DµH

[O(3)
Hq ]IJ i øqI " i ø" µqJ H   " i !"DµH

[OHu ]IJ iu c
I " µ øuc

J H   !"DµH

[OHd ]IJ idc
I " µ ødc

J H   !"DµH

[OHud ]IJ iu c
I " µ ødc

J
÷H   DµH

Dipole

[O 
eW ]IJ ec

I " µ" H   " i ! J W i
µ"

[O 
eB ]IJ ec

I " µ" H   ! J Bµ"

[O 
uG ]IJ uc

I " µ" Ta !H   qJ Ga
µ"

[O 
uW ]IJ uc

I " µ" !H   " i qJ W i
µ"

[O 
uB ]IJ uc

I " µ" !H   qJ Bµ"

[O 
dG]IJ dc

I " µ" TaH   qJ Ga
µ"

[O 
dW ]IJ dc

I " µ" øH   " i qJ W i
µ"

[O 
dB ]IJ dc

I " µ" H   qJ Bµ"

Table 2.3: Two-fermionD=6 operators in the Warsaw basis. The ßavor indices are
denoted byI, J . For complex operators (OHud and all Yukawa and dipole operators)
the corresponding complex conjugate operator is implicitly included.

Because of a humungous number ofD=6 operators, and because establishing

equivalence between operators may be time consuming, identifying a basis is not a

14

( øRR)( øRR)

Oee ! (ec" µ øec)(ec" µ øec)

Ouu ! (uc" µ øuc)(uc" µ øuc)

Odd ! (dc" µ
ødc)(dc" µ

ødc)

Oeu (ec" µ øec)(uc" µ øuc)

Oed (ec" µ øec)(dc" µ
ødc)

Oud (uc" µ øuc)(dc" µ
ødc)

O!
ud (uc" µTaøuc)(dc" µTa ødc)

( øLL )( øRR)

O! e (ø#ø" µ#)(ec" µ øec)

O! u (ø#ø" µ#)(uc" µ øuc)

O! d (ø#ø" µ#)(dc" µ
ødc)

Oeq (ec" µ øec)(øqø" µq)

Oqu (øqø" µq)(uc" µ øuc)

O!
qu (øqø" µTaq)(uc" µTaøuc)

Oqd (øqø" µq)(dc" µ
ødc)

O!
qd (øqø" µTaq)(dc" µTa ødc)

( øLL )( øLL )

O!! ! (ø#ø" µ#)( ø#ø" µ#)

Oqq ! (øqø" µq)(øqø" µq)

O!
qq ! (øqø" µ" i q)(øqø" µ" i q)

O! q (ø#ø" µ#)(øqø" µq)

O!
! q (ø#ø" µ" i #)(øqø" µ" i q)

( øLR )( øLR )

Oquqd (ucqj )$jk (dcqk)

O!
quqd (ucTaqj )$jk (dcTaqk)

O! equ (ec#j )$jk (ucqk)

O!
! equ (ecø" µ" #j )$jk (ucø" µ" qk)

O! edq (ø#øec)(dcq)

Table 2.4: Four-fermionD=6 operators in the Warsaw basis. Flavor indices are
suppressed here to reduce the clutter. The factor! is equal to 1/ 2 when all ßavor
indices are equal (e.g. in [Oee]1111), and ! = 1 otherwise. For each complex operator
the complex conjugate should be included.

be more easily linked to collider observables such as (di! erential) cross sections and

decay widths.

Deriving collider predictions in an EFT with higher-dimensional operators involves

several subtleties that need to be taken into account.

¥ In the SM, the electroweak parametersgL , gY , v are customarily determined

from input observables: the electromagnetic coupling constant%, the Z boson

massmZ , and the muon lifetime &µ. In the presence ofD=6 operators the

SM relations between the input observables and the Lagrangian parameters

can be distorted. For example, the bosonic operatorOHD contributes to the

16

* SMEFT = * D=2 + * D=4 + * D=5 + * D=6 + * D=7 + * D=8 + É

At dimension-6 all hell breaks loose

Grzadkowski et al 
arXiv:1008.4884(
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SMEFT at higher dimensions

Exponential growth of the number of operators with the canonical dimension D

Henning et al 
arXiv:1512.03433(
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Figure 1 . Growth of the number of independent operators in the SM EFT up to mass dimension
15. Points joined by the lower solid line are for one fermion generation; those joined by the upper
solid line are for three generations. Dashed lines are to guide the eye to the growth of the even and
odd mass dimension operators in both cases.

information ( i.e. setting all spurions equal to unity), but still retaining Nf dependence:

# Dim 13 = ! 109Nf +
159296

15
N 2

f +
32063

90
N 3

f +
5140756

45
N 4

f +
78253

72
N 5

f +
42846881

360
N 6

f +
68723
360

N 7
f

+
4311047

360
N 8

f

# Dim 14 = 40715 ! 2Nf +
105860297

180
N 2

f +
89759

18
N 3

f +
1513774187

720
N 4

f +
63971

72
N 5

f +
299553293

180
N 6

f

!
117979

72
N 7

f +
51562231

240
N 8

f

# Dim 15 = ! 2427Nf +
21647887

180
N 2

f !
114619

20
N 3

f +
387130705

216
N 4

f !
10026269

1440
N 5

f +
456200951

160
N 6

f

!
3717991

720
N 7

f +
103741331

144
N 8

f !
534941
1440

N 9
f +

9163865
864

N 10
f

(which exhibit some rather large prime numbers!). The number of independent operators
evaluated for Nf = 1 and Nf = 3 up to dimension 15 are plotted in Fig. 1. We see the
growth is exponential, which is to be expected on general grounds [43].

5 Discussion

The method we have outlined in this paper can be extended trivially to determining the
content and number of higher dimension operators for any four-dimensional relativistic
gauge theory with scalar and fermionic matter. The master equation is eq. (3.16), which
needs to be modiÞed from the SM to the theory of interest. The pieces of eq. (3.16)
which are SM speciÞc are the gauge groups (and as such the Haar measures that need to be

Ð 17 Ð

Nf = 1

Nf = 3

* SMEFT = * D=2 + * D=4 + * D=5 + * D=6 + * D=7 + * D=8 + É



SMEFT at higher dimensions

Number of baryon-number-conserving operators

* SMEFT = * D=2 + * D=4 + * D=5 + * D=6 + * D=7 + * D=8 + É

Nf=1 Nf=2 Nf=3 ...

Dimension-5 2 6 12 ...

Dimension-6 76 582 2499 ...

Dimension-7 22 212 948 ...

Dimension-8 895 8251 36971 ...

... ... ... ... ...



Assump#ons behind  

"e SMEFT

Part 3



SMEFT

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

q = (uL,dL) 3 2 1/6 1/2

uR 3 1 2/3 1/2

dR 3 1 -1/3 1/2

l = (" L,eL) 1 2 -1/2 1/2

eR 1 1 -1 1/2

H 1 2 1/2 0

Ga
! Wk

! B! 1

But are !"e a#umptions true? 

1. Unitarity, locality, PoincarŽ symmetry 
2. Mass gap: absence of non-SM degrees of freedom &

at or below the electroweak scale 
3. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&

strictly respected by all interactions



SMEFT

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

q = (uL,dL) 3 2 1/6 1/2

uR 3 1 2/3 1/2

dR 3 1 -1/3 1/2

l = (" L,eL) 1 2 -1/2 1/2

eR 1 1 -1 1/2

H 1 2 1/2 0

Ga
! Wk

! B! 1

But are !"e a#umptions true? 

1. Unitarity, locality, PoincarŽ symmetry 
2. Mass gap: absence of non-SM degrees of freedom &

at or below the electroweak scale 
3. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&

strictly respected by all interactions



SMEFT

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

q = (uL,dL) 3 2 1/6 1/2

uR 3 1 2/3 1/2

dR 3 1 -1/3 1/2

l = (" L,eL) 1 2 -1/2 1/2

eR 1 1 -1 1/2

H 1 2 1/2 0

Ga
! Wk

! B! 1

But are !"e a#umptions true? 

Come on....

1. Unitarity, locality, PoincarŽ symmetry 
2. Mass gap: absence of non-SM degrees of freedom &

at or below the electroweak scale 
3. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&

strictly respected by all interactions



SMEFT

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

q = (uL,dL) 3 2 1/6 1/2

uR 3 1 2/3 1/2

dR 3 1 -1/3 1/2

l = (" L,eL) 1 2 -1/2 1/2

eR 1 1 -1 1/2

H 1 2 1/2 0

Ga
! Wk

! B! 1

But are !"e a#umptions true? 

1. Unitarity, locality, PoincarŽ symmetry 
2. Mass gap: absence of non-SM degrees of freedom &

at or below the electroweak scale 
3. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&

strictly respected by all interactions



SMEFT

But are !"e a#umptions true? 

Ce$ainly not,  

because gravity ex%ts ! 

graviton

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

q = (uL,dL) 3 2 1/6 1/2

uR 3 1 2/3 1/2

dR 3 1 -1/3 1/2

l = (" L,eL) 1 2 -1/2 1/2

eR 1 1 -1 1/2

H 1 2 1/2 0

Ga
! Wk

! B! 1

h! "

1. Unitarity, locality,  PoincarŽ symmetry 
2. Mass gap: absence of non-SM degrees of freedom &

at or below the electroweak scale 
3. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&

strictly respected by all interactions



GR-SMEFT

In principle, the relevant e%ective theory at the electroweak scale is GR-SMEFT rather than SMEFT

First of all, Einstein's GR can be generalised to an e%ective theory: GR-EFT

* GR$EFT = $ g
{

+4
c +

1

2
M2

Planck $ gR
}

+
1

+2{
c1C! "( ) C

( ) ' &C' &
! " + c2C! "( ) C

( ) ' & ÷C' &
! "

}
+ É

GR EFT corrections Ruhdorfer et al&
arXiv:1908.08050

Furthermore, one can consider the EFT of SM degrees of freedom coupled to gravity: GR-SMEFT.  
At lowest order, graviton couples to the energy-momentum tensor of matter, without any free 

parameters. At higher order one can construct e%ective operators with arbitrary Wilson coe)cients, 
for example at dimension-6 in the gauge-gravity sector one has: 

 

10

SM + Gravity (GRSMEFT): Dimension 6

* D=6 0

Weyl tensor  =  

 part in  
decomposition of Riemann tensor

C! " ' &

(2,0) 1 (0,2)



SMEFT

But are !"e a#umptions true? 

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

q = (uL,dL) 3 2 1/6 1/2

uR 3 1 2/3 1/2

dR 3 1 -1/3 1/2

l = (" L,eL) 1 2 -1/2 1/2

eR 1 1 -1 1/2

H 1 2 1/2 0

Ga
! Wk

! B! 1

h! "

graviton

However, unless something weird happens  
at the level of higher-dimensional operators, &
we expect graviton couplings to matter to be&
very suppressed, likely by powers of  
In such a case, the GR- part of GR-SMEFT 

has tiny impact on collider or low-energy experiments. 
For the sake of these applications, we can safely 

ignore the graviton and focus on the SMEFT.  
On the other hand, for applications like black hole&

scattering/inspiral, weak gravity conjecture, 
early cosmology, etc. GR-SMEFT remains relevant

MPlanck

1. Unitarity, locality,  PoincarŽ symmetry 
2. Mass gap: absence of non-SM degrees of freedom &

at or below the electroweak scale 
3. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&

strictly respected by all interactions



SMEFT

SU(3)C SU(2)W U(1)Y Spin
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dR 3 1 -1/3 1/2
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eR 1 1 -1 1/2

H 1 2 1/2 0
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Ga
! Wk

! B! 1

But are !"e a#umptions true? 

Maybe  not, because 

light &ght-handed neut&nos

might as we' ex%t

1. Unitarity, locality, PoincarŽ symmetry 
2. Mass gap: absence of non-SM degrees of freedom &

at or below the electroweak scale 
3. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&

strictly respected by all interactions



R-SMEFT

Liao, Ma 
arXiv:1612.04527

hope to come back in the future.

The paper is organized as follows. Section 2 deals with dim-6operators, where we build several relations to be

used for the demonstration of redundancy of operators in Ref. [16]. In Sec. 3, we perform a systematic search for dim-7

operators in terms of the number of sterile neutrino Þelds involved, and make a detailed comparison with the operator

basis in Ref. [17]. We conclude brießy in the last Sec. 4.

2 Dimension six operators involving sterile neutrinos

We start with some notational preparations. We introduce for simplicity one sterile neutrinoN per generation of the SM

fermions (Q, u, d, L, e) although two would be enough to generate two light neutrinomasses at the tree level. Without

loss of generality, we assumeN to be right-handed. The renormalizable Lagrangian is,

L 4 = !
1
4

GA
µ! GAµ! !

1
4
WI

µ! WIµ! !
1
4

Bµ! Bµ! + ( DµH)  (Dµ H) ! "
!

H  H !
1
2

v2
" 2

+ #
$ = Q,L,u,d,e,N

ø$ i /D$ !
#

1
2

(NCMNN)+ øLYNN ÷H + øLYeeH+ øQYuu ÷H + øQYddH + h.c.
$

, (1)

whereH is the Higgs doublet with the vacuum expectation valuev and ÷Hi = %i j H"
j , andGA

µ! , WI
µ! , Bµ! are the gauge

Þeld strength tensors.MN is the symmetric mass matrix ofN andYu,d,e,N are the Yukawa coupling matrices.C is

the charge-conjugation matrix, andDµ is the gauge covariant derivative appropriate for each Þeldwhich for N is the

ordinary partial derivative&µ.

Considering the extended SM as a low energy effective Þeld theory, i.e.,! SMEFT, the above Lagrangian will be

augmented by a tower of higher dimensional operators,

L ! SMEFT = L 4 + L 5 + L 6 + L 7 + ááá. (2)

The Þnal list of operators without involving a sterile neutrino ÞeldN, i.e., within SMEFT, is explicitly given in Ref. [1]

for dim-5, Ref. [6] for dim-6, and Ref. [10] for dim-7 operators, respectively, while Refs. [13, 14] studied even higher

dimensional operators in the Hilbert series approach. In this work, we focus on the additional operators up to dim-7

that involve at least one factor ofN. Such dim-5 operators were easily found to be,(NCN)(H  H) and(NC' µ! N)Bµ!

(plus their Hermitian conjugates) [15], while dim-6 and dim-7 ones were studied previously in Refs. [16] and [17]

respectively. But as we will show in this and next section, those dim-6 and dim-7 operators are redundant and in

addition the dim-7 operators are incomplete.

The work in [16] made a systematic study of dim-6 operators and found 26 operators (without counting Hermitian

conjugates of non-Hermitian ones). These operators are listed in Table 1 in two categories according to our result, i.e.,

the complete and independent 19 operators vs 7 redundant ones. Here we follow as closely as possible the notations

for Þelds and operators in Refs. [3, 10]. That there are only two operators violating baryon number by one unit is also

consistent with Ref. [30]. To prove our claim, we will need the following Fierz identities that were derived in [10] based

on Refs. [31, 32]:

($ 1L( µ$ 2L)($ 3L(µ $ 4L) = 2($ 1L$ C
3L)($ C

4L$ 2L), (3)

($ 1L( µ$ 2L)($ 3R(µ $ 4R) = ! 2($ 1L$ 4R)($ 3R$ 2L), (4)

($ 1R$ 2L)($ C
3L$ 4L) = ! ($ 1R$ 3L)($ C

4L$ 2L) ! ($ 1R$ 4L)($ C
3L$ 2L), (5)

($ 1R( µ $ 2R)($ C
3L$ 4L) = ( $ 1R$ 3L)($ C

2R(µ $ 4L) + ( $ 1R$ 4L)($ C
2R(µ $ 3L), (6)

3

E%ective theory should include all interactions with singlet neutrinos: 

* 5 =
1

+ {
c1(LCH)(LCH) + c2(NCN)H  H + c3(NC&! " N)B! "

}
+ h. c .

! 2H3 ! 2H2D ! 2HX(+ h.c.)
OLNH(+ h.c.) ( øLN) ÷H(H  H) OHN ( øN" µN)(H  i

!"
Dµ H) ONB ( øL#µ$N) ÷HBµ$

OHNe(+ h.c.) ( øN" µe)( ÷H  iDµH) ONW ( øL#µ$N)%I ÷HWIµ$

( øRR)( øRR) ( øLL)( øRR) ( øLR)( øLR)(+ h.c.)
ONN ( øN" µ N)( øN"µ N) OLN ( øL" µ L)( øN"µ N) OLNLe ( øLN)&( øLe)
OeN ( øe" µ e)( øN"µN) OQN ( øQ" µ Q)( øN"µ N) OLNQd ( øLN)&( øQd))
OuN ( øu" µ u)( øN"µ N) OLdQN ( øLd)&( øQN)
OdN ( ød" µ d)( øN"µ N)

OduNe(+ h.c.) ( ød" µ u)( øN"µ e)
( øLR)( øRL) (/L # B)(+ h.c.) (/L# /B)(+ h.c.)

OQuNL(+ h.c.) ( øQu)( øNL) ONNNN (NCN)(NCN) OQQdN &i j &'(# (Qi
' CQj

( )(d# CN)
OuddN &'(# (u' Cd( )(d#CN)

Redundant operators
OLNNL ( øLN)( øNL) OQNNQ ( øQN)( øNQ) O$

NN ( øNNC)(NCN)
OQNdQ(+ h.c.) ( øQNC)( ødQC) OuNd(+ h.c.) &'(# ( øu' NC)( ød( dC

# )
ODN(+ h.c.) ( øLDµN)Dµ ÷H O øDN(+ h.c.) ( øL

!%
D µN)Dµ ÷H

Table 1: The 19 complete and independent dim-6 operators involving N named similarly to Refs. [3, 10] are shown
in the upper part of the table while the 7 redundant ones namedas in [16] are in the lower part. The notation(+ h.c.)
indicates the Hermitian conjugates of relevant operators,and' , ( , # (i, j) areSU(3)C (SU(2)L) indices.

where) C
L = C) L

T
and anticommutativity of fermion Þelds has been considered. The identities also hold true on

chirality ßip ) L & ) R.

We Þrst reduce the Þve redundant operators not involving a derivative as a direct consequence of the above Fierz

identities. We attach ßavor indicesp, r, v, w to Þelds and operators to show better the shift of ßavors:

Oprst
LNNL

(4)
= %

1
2

Optsr
LN ,

Oprst
QNNQ

(4)
= %

1
2

Optsr
QN ,

O$prst
NN

(3)
=

1
2

Optrs
NN ,

(Oprst
uNd)

  (5)
= Optsr

uddN%Opstr
uddN, (7)

where the operators on the right-hand side are among the 19 operators in Table 1, whileOprst
QNdQ= 0 trivially because of

chirality mismatch. To prove the redundancy of the operators involving derivatives, we require the well-known relations

2gµ$ = { "µ , "$} , (8)

"µ "$ = gµ$ %i#µ$, (9)

as well as IBP and EoM, so that we can transform them in steps:

O øDN
IBP= %ODN %( øLN)D2 ÷H
EoM= %ODN + . . . , (10)

4
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1. Unitarity, locality, PoincarŽ symmetry 
2. Mass gap: absence of non-SM degrees of freedom &

at or below the electroweak scale 
3. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&

strictly respected by all interactions
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might as we' ex%t
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2. Mass gap: absence of non-SM degrees of freedom &
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SMEFT

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

q = (uL,dL) 3 2 1/6 1/2

uR 3 1 2/3 1/2

dR 3 1 -1/3 1/2

l = (" L,eL) 1 2 -1/2 1/2

eR 1 1 -1 1/2

H 1 2 1/2 0

Ga
! Wk

! B! 1

But are !"e a#umptions true? 

Why *)ld +ysics beyond SM

r"pect , SM gau- symmetry? 

1. Unitarity, locality, PoincarŽ symmetry 
2. Mass gap: absence of non-SM degrees of freedom &

at or below the electroweak scale 
3. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&

strictly respected by all interactions



! Gauge symmetries are not real symmetries, in the sense that they 
do not relate distinct physical states (unlike global symmetries) "

! Instead, gauge symmetries are now understood as a redundancy 
of our theoretical  description of fundamental interactions"

! As explained e.g. in Weinberg's QFT book, this redundancy is 
inevitable if one wants to write down a Lagrangian containing 
massless gauge bosons in a manifestly Lorentz-invariant way"

! Since we need a gauge symmetry for each massless gauge 
bosons, thus the EFT for SM degrees of freedom must have at 
least SU(3)xU(1) symmetry 

Gauge symmetry



HEFT

But are !"e a#umptions true? 

We can work wi! HEFT    

where only SU(3)xU(1)  

% linearly  realized 

1. Unitarity, locality, PoincarŽ symmetry 
2. Mass gap: absence of non-SM degrees of freedom &

at or below the electroweak scale 
3. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&

strictly respected by all interactions



Two mathematical formulations for e%ective theories with SM spectrum

Linearly realized 
electroweak symmetry

Non-linearly realized 
electroweak symmetry

SU(3)C x SU(2)L x U(1)Y SU(3)C x U(1)em

In general, the two formulations lead to two distinct e%ective theories 

Linear vs non-linear

SMEFT HEFT

125 GeV Higgs boson

Goldstone bosons 

eaten by W and Z U = exp
(

i* a&a

v )

0

H =
1

2 (
iG1 + G2

v + h + iG3)

U . LUR  h . hH . LH
L , SU(2)L R , U(1)Y

v 2 246 GeV
Higgs VEV Expansion 

parameter
v 2 246 GeV



SMEFT HEFT

HEFT: no correlations between self-couplings
SMEFT: Predicts correlations between self-couplings&

as long as ' >> v 

In the SM 
self-coupling  

completely ÞxedÉ

Ébut they can be deformed by BSM e%ects 

* SM / m2! H!2 $ $! H!4

. $
1

2
m2

hh2 $
m2

h

2v
h3 $

m2
h

8v2
h4

* SMEFT / $
m2

h

2v
(1 + +$3)h

3 $
m2

h

8v2
(1 + +$4)h

4 $
$5

v
h5 $

$6

v2
h6

* HEFT / $ c3
m2

h

2v
h3 $ c4

m2
h

8v2
h4 $

c5

v
h5 $

c6

v2
h6 + É* SMEFT = * SM $

c6

+2
! H!6 + 3 (+$4)

+$3 =
2c6v

4

m2
h+2

, +$4 =
12c6v

4

m2
h+2

, $5 =
3c6v

2

4+2
, $6 =

c6v
2

8+2

Linear vs non-linear: Higgs self-couplings



! SMEFT and HEFT lead to a vastly di#erent 
phenomenology at the electroweak scale"

! Choosing SMEFT or HEFT implicitly entails an 
assumption about a class of BSM theories that we want 
to characterize"

! SMEFT is appropriate to describe BSM theories which 
can be parametrically decoupled, that is to say, where the 
mass scale of the new particles depends on a free 
parameter(s) that can be taken to inÞnity"

! Conversely, HEFT is appropriate to describe non-
decoupling BSM theories, where the masses of the new 
particles vanish in the limit v ! 0  

Linear vs non-linear

AA, Rattazzi&
arXiv:1902.05936(



Example: cubic Higgs deformation

Consider a toy EFT model where Higgs cubic (and only that) deviates from the SM

V(h) =
m2

h

2
h2 +

m2
h

2v (1+ %3) h3 +
m2

h

8v2
h4

* = * SM$ %3
m2

h

2v
h3

This EFT belongs to the HEFT but not SMEFT parameter space 



HEFT = Non-analytic Higgs potential

V(h) =
m2

h

2
h2 +

m2
h

2v (1+ %3) h3 +
m2

h

8v2
h4

Given a Lagrangian for Higgs boson h, one can always uplift 
it to a manifestly SU(2)xU(1) invariant form by replacing h . 2H  H $ v

V(H) =
m2

h

8v2 (2H  H $ v2)
2

+ %3
m2

h

2v ( 2H  H $ v)
3

(1)

(2)

After this replacement, Higgs potential contains terms non-analytic at H=0

(1) and (2) are equal in the unitary gauge H .
1

2 (
0

v + h)

Thus, (1) and (2) describe the same physics



Non-analytic Higgs potential

V(H) =
m2

h

8v2 (2H  H $ v2)
2

+ %3
m2

h

2v ( 2H  H $ v)
3

H =
1

2 (
iG1 + G2

v + h + iG3)

In the unitary gauge, the Higgs potential looks totally healthy and renormalizableÉ

Away from the unitary gauge,  it becomes clear that the Higgs potential contains &
non-renormalizable interactions suppressed only by the EW scale v

V / %3
m2

h

2v (
(h + v)2 + G2 $ v

)

3

V / %3
3m2

h

4v

G2h2

h + v
+ 3 (G4) = %3

3m2
h

4
G2

4

"
n=2

(
$ h

v )

n

+ 3 (G4)

Going away from the unitary gauge:

G2 5 "
i

G2
i



 Multi-Higgs production

Expanded potential contains interactions

Amplitudes for multi-Higgs production in W/Z boson fusion are only 
suppressed by  the scale v and do not decay with growing energy, 

leading to unitarity loss at some scale right above v

VLVL . n 6 hConsider VBF production of n * 2 Higgs bosons: 

leading to interaction vertices with  
arbitrary number of Higgs bosons

V / = %3
3m2

h

4
G2

4

"
n=2

(
$ h

v )

n

VL

VL

) (GG . hÉ h
⏟

n

) # %3
n!m2

h

vn

By the equivalence theorem, &
at high energies the same as GG . n 6 h



S matrix unitarity

implies relation between forward scattering amplitude,  
and elastic and inelastic production cross sections

Equation is ÒdiagonalizedÓ after &
initial and Þnal 2-body state are projected into partial waves

symmetry factor 
for n-body Þnal state

Unitarity primer

This can be rewritten as the Argand circle equation

independently whether the particles are identical or not. The partial wave amplitudes
al are the matrix element of the T operator in that basis:

hE !, !p!, l!,m!|T |E, !p, l,mi = (2" )4#3(!p � !p!)#(E � E !)#ll! #mm! al(s). (2.14)

Note that by the Wigner theorem al must be independent of the spin projection m.
The two bases are related by a linear transformation. Consider the center of mass

frame with the direction of the first momentum given by
!k1

|!k1 |
= n̂ ⌘ (sin $cos%, sin $sin%, cos $).

Such a state can be expressed in the other basis using the spherical harmonics:

|!k1
!k2i =

4
p
2"

p
S2

!
1 �

4m2

s

"1/4

#

lm

Ylm($,%)|
p
s, 0, l,mi, (2.15)

where S2 = 1/2! if |!k1
!k2i contains two identical particles, and S2 = 1 otherwise.

The pre-factor here ensures the normalization in Eq. (2.13) given Eq. (2.11). Using$
d! Y "

l!m! ($,%)Ylm($,%) = #ll! #mm! we can invert Eq. (2.15):

|
p
s, 0, l,mi =

p
S2

%
1 �

4m2

s

&1/4

4
p
2"

'
d! Y "

lm
($,%)|!k1

!k2i. (2.16)

Given Eq. (2.15), the 2-to-2 elastic amplitude can be expressed by the partial wave
amplitude as

M (!p1!p2 ! !k1
!k2) =

8"

S2

(
1 � 4m2/s

##

l=0

(2l + 1)Pl(cos $)al(s). (2.17)

where $ is the angle between !p1 and !k1. The other way around:

al(s) =
S2

16"

)

1 �
4m2

s

' 1

$ 1
d cos $Pl(cos $)M (s, cos $), (2.18)

where I used
$1

$ 1 d cos $Pl(cos $)Pl! (cos $) = 2
2l+1 #ll! . It follows that the unit a operator

on the subspace of fixed
p
s can be written in terms of the partial wave states as

1 =
#

l,m

|
p
s, 0, l,mih

p
s, 0, l,m| +

#

n>2

Sn

'
d"̃ 1 . . . d"̃ n|k1 . . . knihk1 . . . kn|. (2.19)

We can also write the amplitude for a transition between a particular partial wave and
a n-particle state normalized as in Eq. (2.3):

M (
p
s, 0, l,m ! {n} ) =

(
1 � 4m2/s

p
S2

4
p
2"

'
d! Ylm(! )M (k1k2 ! {n} ). (2.20)

The unitarity condition in Eq. (2.7) evaluated for the in state |E, 0, l,mi becomes:

2Im al = |al|2 +
#

n%inel .

Sn

'
d" n|M (E, 0, l,m ! {n} )|2. (2.21)

4

2Im) (p1p2 . p1p2) = S2!
d7 2! ) elastic(p1p2 . k1k2) !2 + " Sn!

d7 n! ) inelastic(p1p2 . k1É kn) !2

2Imal = a2
l + " Sn!

d7 n! ) inelastic
l !2

(Real)
2 + (Imal $ 1)2 = R2

l , R2
l = 1 $ " Sn!

d7 n! ) inelastic
l !2



 implies constraints on both  &
elastic and inelastic amplitudes

Unitarity primer

Argand circle equation

Re(al)

Im(al)
Argand circle shrinks 

 in the presence of 

 inelastic channels

1

1

2

0

(Real)
2 + (Imal $ 1)2 = R2

l , R2
l = 1 $ " Sn!

d7 n! ) inelastic
l !2

! Real ! 8 1

" Sn!
d7 n! ) inelastic

l !2 8 1

Often used

Often forgotten



Unitarity constraints on inelastic channels

4

"
n=2

1

n! !
d7 n! ) (GG . hn) !2 =

4

"
n=2

1

n!
Vn( s) ! ) (GG . hn) !2 9 3 (1)

Unitarity (strong coupling) constraint on inelastic multi-Higgs production 

Volume of phase space&
 in the massless limit: 

Vn( s) =
!

d7 n =
sn$2

2(n $ 1)!(n $ 2)!(4* )2n$3
#

sn$2

(n!)2(4* )2n

In a fundamental theory, &
2 !  n amplitude must decay as 1/s n/2-1   

in order to maintain unitarity up to arbitrary high scales   

Process Unitarity limit

2 !  2 1
2 !  3 1/s 1/2

2 !  4 1/s
É É



Unitarity constraints on HEFT

+ 9 (4* v)log1/2

(

4* v

mh! %3!1/2 )

In model with deformed Higgs cubic, multi-Higgs amplitude do not decay with energy 
leading to unitarity loss at a Þnite value of energy 

) (GG . hÉ h
⏟

n

) # %3
n!m2

h

vn

3 (1) :
4

"
n=2

1

n!
Vn( s) ! ) (GG . hn) !2 #

4

"
n=2

1

n!

sn$2

(n!)2(4* )2n
%2

3

(n!)2m4
h

v2n
#

%2
3m

4
h

s2
exp

[
s

(4* v)2 ]

4

"
n=2

1

n!
Vn( s) ! ) (GG . hn) !2 9 3 (1)Unitarity equation

Our amplitude

Unless + 3 is unobservably small, unitarity loss happens at the scale 4 , v ~ 3 TeV  ! 



Perspective on HEFT

Example of UV model leading to non-analytic terms in low-energy e%ective theory 

* UV = * SM $
,

2
! ; !4 + ! 2(;   H + h. c.)

Eqs of motion: ; =
(

! 2

, H  H )

1/3

H

E%ective Lagrangian: * EFT 2 * SM +
3! 8/3

2, 1/3 (H  H)
2/3

Non-analyticity appears because of integrating out particle 
that would be massless in the absence of EW symmetry breaking



More familiar example is integrating out 4th chiral generation at one loop, 
which  produces Log|H| 2  terms in the Coleman-Weinberg potential

Perspective on HEFT

 Below a similar example with scalar instead of fermion: Cohen et al 
arXiv:2008.08597

+
1

4! S

!
m2 + " |H |2

"2
!

1
8

" 2

! S m2

!
#|H |2

"2
+ O (dim-8) , (6.17)

which is a SMEFT expansion. In addition, we also see that the decoupling limit
m2 " # is well behaved,i.e., the curvature R(h) " 0, see Eq. (6.15).

m 2 = 0 : Matching Onto HEFT is Required

When m2 = 0, the singlet s gets all of its mass from the vev ofH , see Eq. (6.6).
Therefore, we expect the e! ective Lagrangian to be non-analytic atH = 0, and as
such it cannot be mapped onto SMEFT. This is reßected by the divergence of the
scalar curvature ath! = ! v:

R|m2=0 =
N! (N! ! 1)"

(" ! 2! S)(v + h)2
!!!!"

h " h!
# . (6.18)

Our LO Criteria imply that the e ! ective Lagrangian with m2 = 0 can only be
matched onto HEFT.

6.2 Integrating Out a Singlet Scalar at Loop Level

Now that we have seen how our LO Criteria work in the context of a concrete example
at tree-level, we will turn to the sameZ2 singlet model in the regime whereS does not
get a vev, so that the leading Wilson coe" cients are generated at one-loop order. We
note that matching coe" cients up to one-loop and dimension-6 for the more general
parameter space of the singlet scalar model have been previously computed [53Ð55].
The novel result derived here will be the all-orders form factorsF (h) and K (h).

We set the singlet quartic coupling to zero for simplicity, such that the La-
grangian is

L UV = |#H |2 + µ2
H |H |2 ! ! H |H |4 +

1
2

S
!
! #2 ! m2 ! " |H |2

"
S , (6.19)

Our goal is to integrate outS to obtain the e! ective Lagrangian forH , and then apply
our LO Criteria to determine under what conditions one can match onto SMEFT.
The Þeld-dependent mass ofS is

m2
S[H ] = m2 + " |H |2 , (6.20)

and similarly, we expect to be able to match onto SMEFT whenm2 $= 0. If m2 = 0,
the mass ofS is purely from electroweak symmetry breaking, and we expect to be
forced to match onto HEFT. In what follows, we will see that this expectation is
consistent with our LO Criteria.

Ð 34 Ð

E! ective Lagrangian

Starting with the Lagrangian in Eq. (6.19), it is straightforward to derive the tree-
level equation of motion forS:

!
! ! 2 ! m2 ! " |H |2

"
S = 0 =" Sc = 0 . (6.21)

Since Sc vanishes at tree level, the new physics contribution to the e! ective La-
grangian for H begins at one loop. As is well known, the e! ective Lagrangian can
be computed from a functional determinant:

L E! , tree(H ) = |! H |2 + µ2
H |H |2 ! #H |H |4 , (6.22a)

#
d4x L E! , 1-loop(H ) =

i
2

log detS
!
! 2 + m2 + " |H |2

"
. (6.22b)

No techniques exist to evaluate the functional determinant in Eq. (6.22b) to all
orders. However, we can make progress by organizing the e! ective Lagrangian as a
derivative expansion:

L E! = L (0)
E! + L (2)

E! + O
!
! 4

"
, (6.23)

whereL (k)
EFT contains all the terms with k derivatives, we are dropping the Ò1-loopÓ

subscript for brevity, and terms with odd-powers of derivatives do not contribute
since we only consider operators with bosonic Þelds.

In App. D, we work out a new formalism that allows one to calculate the two
derivative contribution to the e! ective Lagrangian to all orders in the Þelds, by
evaluating the functional determinant directly from the path integral. Here, we are
interested in the potential V = ! L (0)

EFT , and the form factorsK (h) and F (h) that
multiply the two-derivative terms L (2)

EFT . Then we can apply Eq. (D.21) with the
identiÞcation M 2 = m2 and U = " |H |2, such that the terms of O([U,! µU]) = 0
identically since |H |2 is a singlet and has a vanishing commutator.18 The resulting
e! ective Lagrangian is thus

L (0)
E! = µ2

H |H |2 ! #H |H |4 +
1

64$2

!
m2 + " |H |2

"2
$

ln
µ2

m2 + " |H |2
+

3
2

%
(6.24a)

L (2)
E! = |! H |2 +

1
384$2

" 2

m2 + " |H |2
!
! |H |2

"2
. (6.24b)

In this basis, it is already clear by inspection that whenm2 #= 0, this Lagrangian can
be expanded in1/m 2 and matched onto SMEFT, while whenm2 = 0 one encoun-
ters non-analytic behavior aboutH = 0. We will see this intuition play out more

18In the next section, we will present a model where this commutator does not vanish, leading to
more involved expressions for the form factors.

Ð 35 Ð

Effective Lagrangian

Starting with the Lagrangian in Eq. (6.19), it is straightforward to derive the tree-
level equation of motion for S:

�
�@2

�m2
� |H|

2�S = 0 =) Sc = 0 . (6.21)

Since Sc vanishes at tree level, the new physics contribution to the effective La-
grangian for H begins at one loop. As is well known, the effective Lagrangian can
be computed from a functional determinant:

LEff, tree(H) = |@H|
2
+ µ2

H
|H|

2
� �H |H|

4 , (6.22a)
Z

d
4xLEff, 1-loop(H) =

i

2
log detS

�
@2

+m2
+ |H|

2� . (6.22b)

No techniques exist to evaluate the functional determinant in Eq. (6.22b) to all
orders. However, we can make progress by organizing the effective Lagrangian as a
derivative expansion:

LEff = L
(0)
Eff

+ L
(2)
Eff

+O
�
@4
�
, (6.23)

where L
(k)
EFT

contains all the terms with k derivatives, we are dropping the “1-loop”
subscript for brevity, and terms with odd-powers of derivatives do not contribute
since we only consider operators with bosonic fields.

In App. D, we work out a new formalism that allows one to calculate the two
derivative contribution to the effective Lagrangian to all orders in the fields, by
evaluating the functional determinant directly from the path integral. Here, we are
interested in the potential V = �L

(0)
EFT

, and the form factors K(h) and F (h) that
multiply the two-derivative terms L

(2)
EFT

. Then we can apply Eq. (D.21) with the
identification M2

= m2 and U = |H|
2, such that the terms of O([U, @µU ]) = 0

identically since |H|
2 is a singlet and has a vanishing commutator.18 The resulting

effective Lagrangian is thus

L
(0)
Eff

= µ2
H
|H|

2
� �H |H|

4
+

1

64⇡2

�
m2

+ |H|
2�2

✓
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µ2

m2 + |H|
2 +

3

2

◆
(6.24a)

L
(2)
Eff

= |@H|
2
+

1

384⇡2

2

m2 + |H|
2

�
@|H|

2�2 . (6.24b)

In this basis, it is already clear by inspection that when m2
6= 0, this Lagrangian can

be expanded in 1/m2 and matched onto SMEFT, while when m2
= 0 one encoun-

ters non-analytic behavior about H = 0. We will see this intuition play out more

18In the next section, we will present a model where this commutator does not vanish, leading to
more involved expressions for the form factors.
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Integrating out the scalar S  at one produces the CW potential: 

E%ective Lagrangian at zero and two derivative levels:  

For  we can expand in powers if , which leads to analytic SMEFT Lagrangian 

For   we cannot expand, and e%ective Lagrangian is non-analytic, which corresponds to HEFT

m2 ( , v2 1/m2

m2 & , v2



! EFT with non-linearly realized electroweak symmetry (aka HEFT) is 
equivalent to EFT with linearly realized electroweak symmetry but 
whose Lagrangian is a non-polynomial function of the Higgs Þeld that 
is non-analytic at H=0 "

! This non-analyticity leads to explosion of multi-Higgs amplitudes at 
the scale 4 $ v . For this reason, the validity regime of HEFT is limited 
below the scale of order  4 $ v ~ 3 TeV "

! HEFT is useful to approximate BSM theories where new particlesÕ 
masses vanish in the limit v !  0, e.g. SM + a 4th generation of chiral 
fermions or when most of the new particle mass comes from EW 
symmetry breaking"

! On the other hand, an EFT with linearly realized electroweak symmetry 
and the Lagrangian polynomial in the Higgs Þeld (aka SMEFT) is useful 
to approximate BSM theories where new particlesÕ masses  do not 
vanish in the limit v !  0, and are parametrically larger than the 
electroweak scale, e.g. SM + vector-like fermions

Linear vs non-linear summary



SMEFT

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

q = (uL,dL) 3 2 1/6 1/2

uR 3 1 2/3 1/2

dR 3 1 -1/3 1/2

l = (" L,eL) 1 2 -1/2 1/2

eR 1 1 -1 1/2

H 1 2 1/2 0

Ga
! Wk

! B! 1

But are !"e a#umptions true? 

.% % a very reasonable a#umption,

given we haven't seen non-SM pa$icl"

ar)nd , EW scale 

1. Unitarity, locality, PoincarŽ symmetry 
2. Mass gap: absence of non-SM degrees of freedom &

at or below the electroweak scale 
3. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&

strictly respected by all interactions



SMEFT

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

q = (uL,dL) 3 2 1/6 1/2

uR 3 1 2/3 1/2

dR 3 1 -1/3 1/2

l = (" L,eL) 1 2 -1/2 1/2

eR 1 1 -1 1/2

H 1 2 1/2 0

Ga
! Wk

! B! 1

But are !"e a#umptions true? 

In a#umptions #2 and #3 are related 

#3 means !at , ma# gap % such !at 

+ : 4* v # 3 TeV

1. Unitarity, locality, PoincarŽ symmetry 
2. Mass gap: absence of non-SM degrees of freedom &

at or below the electroweak scale 
3. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&

strictly respected by all interactions



Bases of SMEFT

Part 4 



Bases of EFT 

! Quantum Þeld theories formulated in terms of Þelds and Lagrangians have an important 
redundancy, in addition to the gauge symmetry redundancy"

! The point is that quantum Þelds are not physical observables, but merely tools in our 
computations, akin to integration variables under the integral"

! Continuing with this analogy, changing variables, that is Þeld redeÞnitions, do not 
change the physical content of the theory. However they do change the Lagrangian!"

! Therefore Lagrangian parameters are "measurable" only after (redundant) operators in 
the same equivalence classes are eliminated. This can be done in practice by 
eliminating certain terms using equations of motion for the EFT Þelds, as this is 
equivalent to using Þeld redeÞnitions.  "

! Since the elimination of redundant operators can be performed in many di#erent 
manners, a single EFT corresponds to  an inÞnite number of Lagrangians that lead to 
equivalent results. For a given canonical dimension, these di#erent Lagrangians are 
called bases. "

! Thus, the SMEFT has an inÞnite number of equivalent bases, at each canonical 
dimension. They are multi-dimensional, e.g. at dimension 6 each basis has 3045 
di#erent interaction terms"

!  To illustrate the concept of the basis, let us Þrst consider a simpler toy example, where 
the dimension-6 basis has one element



Toy model EFT Lagrangian

Consider an EFT of a single real scalar Þeld  with Z2 symmetry "
By general arguments, the EFT Lagrangian  must have the following form 

- - . $ -

* EFT =
1

2 [ (- ! - )2 $ m2- 2
] $ C4

- 4

4!
$

C6

+2

- 6

6!
+ 3 (+$4)

In this discussion we truncate the Lagrangian at order , %
ignoring all operators with dimension higher than six  

+$4

Operators with odd dimensions do not appear in this EFT 
because of the Z2 symmetry

<O6 5 (= - )2, ÷O6 5 - = - 3, ÷O> 6 5 - 2 = - 2, ÷O> > 6 5 - 2- ! - - ! - , É

What about other dimension-6 operators, e.g. 

These are all redundant , that is to say, &
they can be expressed by the operators already present in  by using &

equations of motion, Þelds redeÞnitions, and integration by parts 
* EFT



O6 5 - 6, <O6 5 (= - )2, ÷O6 5 - 3 = - , ÷O> 6 5 - 2 = - 2, ÷O> > 6 5 - 2- ! - - ! - , É

Redundant operators

* EFT =
1

2 [ (- ! - )2 $ m2- 2
] $ C4

- 4

4!
$

C6

+2

- 6

6!
+ 3 (+$4)

- 2- ! - - ! - = $ 2- - ! - - ! - - $ - 3 = - ' ÷O> > 6 = $
1

3
- 3 = - = $

1

3
÷O6

- 2 = - 2 = 2- 2- ! (- - ! - ) = 2- 3 = - + 2- 2(- ! - )2 ' ÷O> 6 = 2 ÷O6 + 2 ÷O> > 6 =
4

3
÷O6

Use Leibniz rule + integration by parts: 

Use equations of motion: = - = $ m2- $
C4

6
- 3 + 3 (+$2)

This is relevant only if  
we want to keep track 

of dimension-8 operators ÷O6 5 - 3 = - = $ m2- 4 $
C4

6
- 6 = $ m2O4 $

C4

6
O6

O2 5 - 2

O4 5 - 4

<O6 5 (= - )2 = m4- 2 +
m2C4

3
- 4 +

C2
4

36
- 6 = m4O2 +

m2C4

3
O4 +

C2
4

36
O6



Bases of operators

* EFT =
1

2 [ (- ! - )2 $ m2- 2
] $ C4

- 4

4!
$

C6

+2

- 6

6!
+ 3 (+$4)

We can equivalently use an EFT Lagrangian where O 6 is absent, &
and replaced by another equivalent operator

÷O6 5 - 3 = - = $ m2O4 $
C4

6
O6 ' O6 = $

6

C4
- 3 = - $

6m2

C4
O4

ÒUnbox basisÓ

O2 5 - 2

O4 5 - 4

O6 5 - 6

* EFT =
1

2 [ (- ! - )2 $ ÷m2- 2
] $ ÷C4

- 4

4!
$

÷C6

+2

- 3 = -

4!
+ 3 (+$4)

ÒBox basisÓ

Map between &
the Wilson coe)cients &

in the two bases: 

÷C6 = $
C6

5C4

÷C4 = C4 $
m2

+2

C6

5C4

÷m = m



Bases of operators

* EFT =
1

2 [ (- ! - )2 $ m2- 2
] $ C4

- 4

4!
$

C6

+2

- 6

6!
+ 3 (+$4)

We can equivalently use an EFT Lagrangian where O 6 is absent, &
and replaced by another equivalent operators

ÒUnbox basisÓ

O2 5 - 2

O4 5 - 4

O6 5 - 6

* EFT =
1

2 [ (- ! - )2 $ <m2- 2
] $ <C4

- 4

4!
$

<C6

+2

(= - )2

2
+ 3 (+$4)

ÒDouble-Box basisÓ

Map between the Wilson coe)cients 
in the two bases 

<C6 = $
C6

10C2
4

<C4 = C4 $
m2

+2

2C6

5C4

<m2 = m2 $
m4

+2

C6

30C2
4

<O6 5 (= - )2 = m4- 2 +
m2C4

3
- 4 +

C2
4

36
- 6 ' O6 =

36

C2
4

<O6 $ 12
m2

C4
O4 +

36m4

C2
4

O2



Bases of operators

Unbox 
basis

Box 
Basis Double- 

Box 
Basis

É. É.

Every EFT has an inÞnite number of equivalent bases 

In our toy example, a basis of dimension-6 operators is one dimensional"
(to be compared e.g. with the -dimensional basis of dimension-6 operators in the SMEFT) 

Physics is independent of which basis we use, &
but the Lagrangian and intermediate calculations look di%erent in di%erent bases!



Bases of operators

* EFT =
1

2 [ (- ! - )2 $ m2- 2
] $ C4

- 4

4!
$

C6

+2

- 6

6!
+ 3 (+$4)ÒUnbox basisÓ

* EFT =
1

2 [ (- ! - )2 $ m2- 2
] $ ÷C4

- 4

4!
$

÷C6

+2

- 3 = -

4!
+ 3 (+$4)ÒBox basisÓ

÷C6 = $
C6

5C4

÷C4 = C4 $
m2

M2

C6

5C4

Consider 2-to-2 scattering in the box and unbox bases

Map

) unbox
EFT = $ C4 + 3 (+$4)

) box
EFT = $ ÷C4 +

÷C6

4+2(p2
1 + p2

2 + p2
3 + p2

4) + 3 (+$4)

= $ ÷C4 + ÷C6
m2

+2
+ 3 (+$4)

) unbox
EFT = ) box

EFT + 3 (+$4)

on-shell



SMEFT at dimension-6

The ÞeldsGz and G± do not correspond to new physical degrees of freedom (they

kinetically mix with the massive gauge bosons and can be gauged away). From now

on until Chapter 5 I will work in the unitary gauge and set G± = 0 = Gz. The

scalar Þeldh corresponds to a scalar particle calledthe Higgs boson. Its mass can be

expressed by the parameters of the Higgs potential as

m2
h = 2µ2

H = 2! v2. (2.19)

2.2 Dimension-6 operators

Bosonic CP-even

OH (H   H )3

OH ! (H   H )! (H   H )

OHD
!
!H   DµH

!
!2

OHG H   H Ga
µ! Ga

µ!

OHW H   H W i
µ! W i

µ!

OHB H   H B µ! Bµ!

OHW B H   ! i H W i
µ! Bµ!

OW "ijk W i
µ! W j

!" W k
" µ

OG f abcGa
µ! Gb

!" Gc
" µ

Bosonic CP-odd

OH !G H   H "Ga
µ! Ga

µ!

OH "W H   H #W i
µ! W i

µ!

OH !B H   H "Bµ! Bµ!

OH "W B H   ! i H #W i
µ! Bµ!

O"W "ijk #W i
µ! W j

!" W k
" µ

O !G f abc "Ga
µ! Gb

!" Gc
" µ

Table 2.2: BosonicD=6 operators in the Warsaw basis.

We turn to discussing operators with canonical dimensionsD=6 in Eq. ( 2.1).

Their importance for characterizing low-energy e! ects of heavy particles has been

recognized long ago, see e.g. [21,35]. More recently, advantages of using a complete

and non-redundant set of operators have been emphasized. The point is that seem-

ingly di! erent higher-dimensional operators can have the same e! ect on on-shell am-

plitudes of the SM particles. This is the case if the operators can be related by using

equations of motion, integration by parts, Þeld redeÞnitions, or Fierz transformations.

13

This leads to non-trivial and often counter-intuitive relations between operators. For

example, by using equations of motion one can establish equivalence between purely

bosonic operators, and a linear combination of 2- and 4-fermionic operators! Thus,

starting from the set of all distinct D=6 operators that can be constructed from the

SM Þelds, a number of these operators will be redundant as they are equivalent to

linear combinations of other operators. The redundant operators can be removed to

simplify the EFT description, and to establish an unambiguous map from observables

to the EFT Wilson coe! cients. A minimal, non-redundant set of operators is called

a basis.

Yukawa

[O 
eH ]IJ H   Hec

I H   ! J

[O 
uH ]IJ H   Hu c

I
!H   qJ

[O 
dH ]IJ H   Hdc

I H   qJ

Vertex

[O(1)
H ! ]IJ i ø! I ø" µ ! J H   !"DµH

[O(3)
H ! ]IJ i ø! I " i ø" µ ! J H   " i !"DµH

[OHe]IJ iec
I " µ øec

J H   !"DµH

[O(1)
Hq ]IJ i øqI ø" µqJ H   !"DµH

[O(3)
Hq ]IJ i øqI " i ø" µqJ H   " i !"DµH

[OHu ]IJ iu c
I " µ øuc

J H   !"DµH

[OHd ]IJ idc
I " µ ødc

J H   !"DµH

[OHud ]IJ iu c
I " µ ødc

J
÷H   DµH

Dipole

[O 
eW ]IJ ec

I " µ" H   " i ! J W i
µ"

[O 
eB ]IJ ec

I " µ" H   ! J Bµ"

[O 
uG ]IJ uc

I " µ" Ta !H   qJ Ga
µ"

[O 
uW ]IJ uc

I " µ" !H   " i qJ W i
µ"

[O 
uB ]IJ uc

I " µ" !H   qJ Bµ"

[O 
dG]IJ dc

I " µ" TaH   qJ Ga
µ"

[O 
dW ]IJ dc

I " µ" øH   " i qJ W i
µ"

[O 
dB ]IJ dc

I " µ" H   qJ Bµ"

Table 2.3: Two-fermionD=6 operators in the Warsaw basis. The ßavor indices are
denoted byI, J . For complex operators (OHud and all Yukawa and dipole operators)
the corresponding complex conjugate operator is implicitly included.

Because of a humungous number ofD=6 operators, and because establishing

equivalence between operators may be time consuming, identifying a basis is not a
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( øRR)( øRR)

Oee ! (ec" µ øec)(ec" µ øec)

Ouu ! (uc" µ øuc)(uc" µ øuc)

Odd ! (dc" µ
ødc)(dc" µ

ødc)

Oeu (ec" µ øec)(uc" µ øuc)

Oed (ec" µ øec)(dc" µ
ødc)

Oud (uc" µ øuc)(dc" µ
ødc)

O!
ud (uc" µTaøuc)(dc" µTa ødc)

( øLL )( øRR)

O! e (ø#ø" µ#)(ec" µ øec)

O! u (ø#ø" µ#)(uc" µ øuc)

O! d (ø#ø" µ#)(dc" µ
ødc)

Oeq (ec" µ øec)(øqø" µq)

Oqu (øqø" µq)(uc" µ øuc)

O!
qu (øqø" µTaq)(uc" µTaøuc)

Oqd (øqø" µq)(dc" µ
ødc)

O!
qd (øqø" µTaq)(dc" µTa ødc)

( øLL )( øLL )

O!! ! (ø#ø" µ#)( ø#ø" µ#)

Oqq ! (øqø" µq)(øqø" µq)

O!
qq ! (øqø" µ" i q)(øqø" µ" i q)

O! q (ø#ø" µ#)(øqø" µq)

O!
! q (ø#ø" µ" i #)(øqø" µ" i q)

( øLR )( øLR )

Oquqd (ucqj )$jk (dcqk)

O!
quqd (ucTaqj )$jk (dcTaqk)

O! equ (ec#j )$jk (ucqk)

O!
! equ (ecø" µ" #j )$jk (ucø" µ" qk)

O! edq (ø#øec)(dcq)

Table 2.4: Four-fermionD=6 operators in the Warsaw basis. Flavor indices are
suppressed here to reduce the clutter. The factor! is equal to 1/ 2 when all ßavor
indices are equal (e.g. in [Oee]1111), and ! = 1 otherwise. For each complex operator
the complex conjugate should be included.

be more easily linked to collider observables such as (di! erential) cross sections and

decay widths.

Deriving collider predictions in an EFT with higher-dimensional operators involves

several subtleties that need to be taken into account.

¥ In the SM, the electroweak parametersgL , gY , v are customarily determined

from input observables: the electromagnetic coupling constant%, the Z boson

massmZ , and the muon lifetime &µ. In the presence ofD=6 operators the

SM relations between the input observables and the Lagrangian parameters

can be distorted. For example, the bosonic operatorOHD contributes to the
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* SMEFT = * D=2 + * D=4 + * D=5 + * D=6 + * D=7 + * D=8 + É

Warsaw basis  of  B-conserving dimension-6 operators

Grzadkowski et al 
arXiv:1008.4884(



SM equations of motion

Each fermion field is a 3-component vector in the generation space. The covariant

derivatives are defined as

Dµf =
!
! µ ! igsG

a

µ
T a

f
! igLW

i

µ
T i

f
! igY YfBµ

"
f. (2.6)

Here T a

f
= (" a, ! " a, 0) for f in the triplet/anti-triplet/singlet representation of SU(3),

where " a are Gell-Mann matrices; T i

f
= (#i/2, 0) for f in the doublet/singlet repre-

sentation of SU(2); Yf is the U(1) hypercharge. The electric charge is given by

Qf = T 3
f
+ Yf .

The third term in Eq. (2.2) contains Yukawa interactions between the Higgs field

and the fermions:

L SM
Y = ! H̃   ucyuq ! H   dcydq ! H   ecye$+ h.c., (2.7)

where yf are 3 " 3 matrices in the generation space.

The last term in Eq. (2.2) are the Higgs kinetic and potential terms:

L SM
H = DµH

 DµH + µ2
H
H  H ! " (H  H)2, (2.8)

where the covariant derivative acting on the Higgs field is

DµH =

#
! µ !

i

2
gLW

i

µ
#i !

i

2
gYBµ

$
H. (2.9)

For a future use, I write here the equations of motion for the SM gauge bosons:

! ! B! µ = !
igY
2

H   #$DµH ! gY j
Y

µ
,

!
! ! W

i

! µ + %ijkgLW j

! W
k

! µ

"
= D! W

i

! µ = !
i

2
gLH

  #i
#$
DµH ! gLj

i

µ
,

D! G
a

! µ = ! gsj
a

µ
, (2.10)

10

why itÕs not in Warsaw basis? 

Integration by parts

SM

SMEFT at dimension-6



288 II.2.1. Bases for the Standard Model Effective Field Theory

Table 98: Two-fermion dimension-6 operators in the SILH basis. They are the same as in the Warsaw basis, except
that the operators [OH`]11, [O0

H`
]11 are absent by definition. We define ! µ⌫ = i[" µ, " ⌫ ]/2. In this table, e, u, d

are always right-handed fermions, while # and q are left-handed. For complex operators the complex conjugate
operator is implicit.

Vertex

[OH`]ij
i

v2 #̄i" µ#jH† !DµH

[O0
H`

]ij
i

v2 #̄i! k" µ#jH†! k
 !
DµH

[OHe]ij
i

v2 ēi" µējH† !DµH

[OHq]ij
i

v2 q̄i" µqjH† !DµH

[O0
Hq

]ij
i

v2 q̄i! k" µqjH†! k
 !
DµH

[OHu]ij
i

v2 ūi" µujH† !DµH

[OHd]ij
i

v2 d̄i" µdjH† !DµH

[OHud]ij
i

v2 ūi" µdjH̃†DµH

Yukawa and Dipole

[Oe]ij

p
2mei

mej

v3 H†H#̄iHej

[Ou]ij

p
2mui

muj

v3 H†Hq̄i
eHuj

[Od]ij

p
2mdi

mdj

v3 H†Hq̄iHdj

[OeW ]ij
g

m
2

W

p
2mei

mej

v
#̄i! kH! µ⌫ejW k

µ⌫

[OeB ]ij
g

0

m
2

W

p
2mei

mej

v
#̄iH! µ⌫ejBµ⌫

[OuG]ij
gs

m
2

W

p
2mui

muj

v
q̄iH̃! µ⌫T aujGa

µ⌫

[OuW ]ij
g

m
2

W

p
2mui

muj

v
q̄i! kH̃! µ⌫ujW k

µ⌫

[OuB ]ij
g

0

m
2

W

p
2mui

muj

v
q̄iH̃! µ⌫ujBµ⌫

[OdG]ij
gs

m
2

W

p
2mdi

mdj

v
q̄iH! µ⌫T adjGa

µ⌫

[OdW ]ij
g

m
2

W

p
2mdi

mdj

v
q̄i! kH! µ⌫djW k

µ⌫

[OdB ]ij
g

0

m
2

W

p
2mdi

mdj

v
q̄iH! µ⌫djBµ⌫

II.2.1.c Effective Lagrangian of mass eigenstates
In Section. II.2.1.b we introduced an EFT with the SM supplemented by D=6 operators, using a man-
ifestly SU(2) ⇥ U(1) invariant notation. At that point, the connection between the new operators and
phenomenology is not obvious. To relate to high-energy collider observables, it is more transparent to ex-
press the EFT Lagrangian in terms of the mass eigenstates after electroweak symmetry breaking (Higgs
boson, W , Z, photon, etc.). Once this step is made, only the unbroken SU(3)c ⇥ U(1)em local symme-
try is manifest in the Lagrangian. Moreover, to simplify the interaction vertices, we will make further
field transformations that respect only SU(3)c⇥U(1)em. Since field redefinitions do not affect physical
predictions, the gauge invariance of the EFT we started with ensures that observables calculated using
this mass eigenstate Lagrangian are also gauge invariant. This is possible because the full SU(2)⇥U(1)
electroweak symmetry is still present, albeit in a non-manifest way, in the form of non-trivial relations be-
tween different couplings of mass eigenstates. Finally, for the sake of calculating observables beyond the
tree-level one needs to specify the gauge fixing terms. Again, the gauge invariance of the starting point
ensures that physical observables are independent of the gauge fixing procedure. Below we only present
the Lagrangian in the unitary gauge when the Goldstone bosons eaten by W and Z are set to zero, which
is completely sufficient to calculate LHC Higgs observables at tree level; see Appendix C of Ref. [621]
for a generalization to the R⇠ gauge.

In this section we relate the Wilson coefficients of dimension-6 operators in the SILH basis to the
parameters of the tree-level effective Lagrangian describing the interactions of the mass eigenstates. The
analogous relations can be derived for any other basis; see Appendix A of [621] for the map from the
Warsaw basis. The form of the mass eigenstate Lagrangian obtained directly by inserting the Higgs VEV
and eigenstates into Eq. (II.2.2) is not convenient for practical applications. However, at this point one is
free to make the following redefinitions of fields and couplings in the Lagrangian:

Ga
µ ! (1 + $G)Ga

µ, W±
µ ! (1 + $W )W±

µ , Zµ ! (1 + $Z)Zµ, Aµ ! (1 + $A)Aµ + $AZZµ,
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The tree-level relations between the input observables and the electroweak parameters are given by:

GF =
1
p

2v2
, ↵ =

g2g02

4⇡(g2 + g02)
, mZ =

p
g2 + g02v

2
, m2

h = 2�v2. (II.2.4)

We demand that the dimension-6 operators O(6)
i in Eq. (II.2.2) form a complete, non-redundant

set - a so-called basis. Complete means that any dimension-6 operator is either a part of the basis or
can be obtained from a combination of operators in the basis using equations of motion, integration
by parts, field redefinitions, and Fierz transformations. Non-redundant means it is a minimal such set.
Any complete basis leads to the same physical predictions concerning possible new physics effects.
Several bases have been proposed in the literature, and they may be convenient for specific applications.
Historically, a complete and non-redundant set of D=6 operators was first identified in Ref. [614], and
is usually referred to as the Warsaw basis. This basis is described in detail in Section II.2.3., and the
relevant formulas are summarized in Appendix A of Ref. [621]. Below, we work with another basis
choice commonly used in the literature: the so-called SILH basis [464]. Later, in Section. II.2.1.d, we
propose a new basis choice that is particularly convenient for leading-order LHC Higgs analyses in the
EFT framework.

Table 97: Bosonic D=6 operators in the SILH basis.

Bosonic CP-even

OH
1

2v2

⇥
@µ(H†H)

⇤2

OT
1

2v2

⇣
H† !DµH

⌘2

O6 �
�

v2 (H†H)3

Og

g
2

s

m
2

W

H†H Ga

µ⌫
Ga

µ⌫

O�
g

02

m
2

W

H†H Bµ⌫Bµ⌫

OW
ig

2m
2

W

⇣
H†�i

 !
DµH

⌘
D⌫W i

µ⌫

OB
ig

0

2m
2

W

⇣
H† !DµH

⌘
@⌫Bµ⌫

OHW
ig

m
2

W

�
DµH†�iD⌫H

�
W i

µ⌫

OHB
ig

0

m
2

W

�
DµH†D⌫H

�
Bµ⌫

O2W
1

m
2

W

DµW i

µ⌫
D⇢W i

⇢⌫

O2B
1

m
2

W

@µBµ⌫@⇢B⇢⌫

O2G
1

m
2

W

DµGa

µ⌫
D⇢Ga

⇢⌫

O3W
g
3

m
2

W

✏ijkW i

µ⌫
W j

⌫⇢
W k

⇢µ

O3G

g
3

s

m
2

W

fabcGa

µ⌫
Gb

⌫⇢
Gc

⇢µ

Bosonic CP-odd

eOg

g
2

s

m
2

W

H†H eGa

µ⌫
Ga

µ⌫

eO�
g

02

m
2

W

H†H eBµ⌫Bµ⌫

eOHW
ig

m
2

W

�
DµH†�iD⌫H

� fW i

µ⌫

eOHB
ig

m
2

W

�
DµH†D⌫H

� eBµ⌫

eO3W
g
3

m
2

W

✏ijkfW i

µ⌫
W j

⌫⇢
W k

⇢µ

eO3G

g
3

s

m
2

W

fabc eGa

µ⌫
Gb

⌫⇢
Gc

⇢µ

The full set of operators in the SILH basis is given in Tables 97, 98, and 99. We use the normal-
ization and conventions of Ref. [464].II.4

II.4In Ref. [464] it was assumed that the flavour indices of fermionic D=6 operators are proportional to the unit matrix.
Generalizing this to an arbitrary flavour structure, one needs to specify flavour indices of the operators [OH`], [O0

H`], [O``] and
[O0

uu] which are absent in the SILH basis to avoid redundancy. Here, for concreteness, we made a particular though somewhat
arbitrary choice of these indices.

SMEFT at dimension-6

* SMEFT = * D=2 + * D=4 + * D=5 + * D=6 + * D=7 + * D=8 + É

SILH basis  of  B-conserving dimension-6 operators

Giudice et al  hep-ph/0703164 !
Contino et al 1303.3876 
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Table 99: Four-fermion operators in the SILH basis. They are the same as in the Warsaw basis [614], except that
the operators [O``]1221, [O``]1122, [Ouu]3333 are absent by definition. In this table, e, u, d are always right-handed
fermions, while ` and q are left-handed. A flavour index is implicit for each fermion field. For complex operators
the complex conjugate operator is implicit.

(L̄L)(L̄L) and (L̄R)(L̄R)

O``
1
v2 (¯̀�µ`)(¯̀�µ`)

Oqq
1
v2 (q̄�µq)(q̄�µq)

O0
qq

1
v2 (q̄�µ�iq)(q̄�µ�iq)

O`q
1
v2 (¯̀�µ`)(q̄�µq)

O0
`q

1
v2 (¯̀�µ�i`)(q̄�µ�iq)

Oquqd
1
v2 (q̄ju)✏jk(q̄kd)

O0
quqd

1
v2 (q̄jT au)✏jk(q̄kT ad)

O`equ
1
v2 (¯̀je)✏jk(q̄ku)

O0
`equ

1
v2 (¯̀j�µ⌫e)✏jk(q̄k�µ⌫u)

O`edq
1
v2 (¯̀je)(d̄qj)

(R̄R)(R̄R)

Oee
1
v2 (ē�µe)(ē�µe)

Ouu
1
v2 (ū�µu)(ū�µu)

Odd
1
v2 (d̄�µd)(d̄�µd)

Oeu
1
v2 (ē�µe)(ū�µu)

Oed
1
v2 (ē�µe)(d̄�µd)

Oud
1
v2 (ū�µu)(d̄�µd)

O0
ud

1
v2 (ū�µT au)(d̄�µT ad)

(L̄L)(R̄R)

O`e
1
v2 (¯̀�µ`)(ē�µe)

O`u
1
v2 (¯̀�µ`)(ū�µu)

O`d
1
v2 (¯̀�µ`)(d̄�µd)

Oeq
1
v2 (q̄�µq)(ē�µe)

Oqu
1
v2 (q̄�µq)(ū�µu)

O0
qu

1
v2 (q̄�µT aq)(ū�µT au)

Oqd
1
v2 (q̄�µq)(d̄�µd)

O0
qd

1
v2 (q̄�µT aq)(d̄�µT ad)

v ! v(1 + �v), gs ! gs(1 + �gs), g ! g(1 + �g), g0
! g0(1 + �g0),

� ! �(1 + ��), h ! (1 + �1)h + �2h
2/v + �3h

3/v2, (II.2.5)

where the free parameters �i are O(⇤�2) in the EFT expansion. Note that the non-linear transformation
of the Higgs boson field does not generate any new interaction terms at O(⇤�2) in the effective La-
grangian that cannot be generated by D=6 operators.II.5 In addition, one is free to add to the Lagrangian
a total derivative and/or interactions terms that vanish by equations of motion. These redefinitions of
course do not change the physical predictions or symmetries of the theory. However, they allow one to
bring the theory to a more convenient form to perform practical calculations.II.6 We will use this freedom
to demand that the mass eigenstate Lagrangian has the following features:

#1 All kinetic and mass terms are diagonal and canonically normalized. In particular, higher-derivative
kinetic terms are absent.

#2 The non-derivative photon and gluon interactions with fermions are the same as in the SM.
#3 Tree-level relations between the electroweak parameters and input observables are the same as the

SM ones in Eq. (II.2.4).
#4 Two-derivative self-interactions of the Higgs boson (e.g. h@µh@µh) are absent.
#5 In the Higgs boson interactions with gauge bosons, the derivative does not act on the Higgs (e.g.,

there is no @µhV⌫Vµ⌫ terms).
#6 For each fermion pair, the coefficient of the vertex-like Higgs interaction terms

⇣
2h

v + h2

v2

⌘
Vµf̄�µf

is equal to the vertex correction to the respective Vµf̄�µf interaction.

II.5For example, applied to the h4 self-interaction term in the SM Lagrangian, it generates h5 and h6 self-interactions at
O(⇤

�2
), which are also generated by the O6 operator in the SILH basis. Rather than applying the non-linear transformation,

one can equivalently use the equations of motion for the Higgs boson field.
II.6Editor footnote: Another point of view is expressed in Section II.2.3, where it is argued that this kind of transformations

make one-loop calculations harder to develop.
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