
CERN–2016–xxx
31 January 2016

ORGANISATION EUROPÉENNE POUR LA RECHERCHE NUCLÉAIRE

CERN EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

Handbook of LHC Higgs cross sections:

4. Deciphering the nature of the Higgs sector

Report of the LHC Higgs Cross Section Working Group

Editors: C. Anastasiou
D. de Florian
C. Grojean
F. Maltoni
C. Mariotti
A. Nikitenko
M. Schumacher
R. Tanaka

GENEVA
2016

1

Draft version o.02



Conveners
WG1: Higgs XS& BR: B. Mellado, P. Musella, M. Grazzini, R. Harlander3

– BR: A. Denner, S. Heinemeyer, A. Mück, I. Puljak, D. Rebuzzi4

– ggF: S. Forte, D. Gilberg, C. Hays, A. Lazopoulos, G. Petrucciani, G. Zanderighi5

– VBF and WH/ZH: S. Dittmaier, P. Govoni, B. Jäger, J. Nielsen, E. Pianori, A. Rizzi, F. Tramontano6

– ttH/tH: S. Guindon, C. Neu, S. Pozzorini, L. Reina7

WG2: Higgs properties: M. Dührssen, A. David, A. Falkowski, G. Isidori8

WG3: BSM Higgs: N. Rompotis, M. Pelliccioni, I. Low, M. Mühlleitner9

– MSSM neutral: S. Liebler, A. McCarn, P. Slavich, M. Spira, R. Wolf10

– MSSM charged: M. Flechl, S. Sekula, M. Ubiali, M. Zaro11

– NMSSM: U. Ellwanger, M. Mühlleitner, F. Staub, D. Strom12

– Neutral extended scalars: R. Gerosa, H. Logan, O. Stål, R. Santos, S. Su, X. Sun13

– Exotic decay: S. Bressler, S. Gori, M. Mohammadi, J. Shelton14

Cross-group task forces:15

– bbH/bH: M. Beckingham, A. Nikitenko, M. Spira, M. Wiesemann16

– HH: S. Dawson, C. Englert, M. Gouzevitch, R. Salerno, M. Slawinska17

– fiducial cross-sections: F. Bernlocher, S. Kraml, P. Milenovic, P. Monni18

– offshell Higgs: F. Caola, Y. Gao, N. Kauer, J. Wang19

– MCnet: S. Plätzer20

– PDF: S. Forte, J. Huston, R. Thorne21

ISBN XXX
ISSN XXX22

Copyright © CERN, 201623

Creative Commons Attribution 3.024

Knowledge transfer is an integral part of CERN’s mission.25

CERN publishes this report Open Access under the Creative Commons Attribution 3.0 license26

(http://creativecommons.org/licenses/by/3.0/) in order to permit its wide dissemination and use.27

This Report should be cited as:28

LHC Higgs Cross Section Working Group, C. Anastasiou, D. de Florian, C. Grojean, F. Maltoni, C. Mariotti,29

A. Nikitenko, M. Schumacher, R. Tanaka (Eds.),30

Handbook of LHC Higgs Cross Sections: 4. Deciphering the nature of the Higgs sector,31

CERN-2016-XXX (CERN, Geneva, 2016).32



Abstract33

This Report summarises the results of the activities in the period 2014–2015 of the LHC Higgs Cross Section Working34

Group. The main goal of the working group was to present the state of the art of Higgs Physics at the LHC, integrating35

all new results that have appeared in the last few years. This report follows the first working group report Handbook of36

LHC Higgs Cross Sections: 1. Inclusive Observables (CERN-2011-002) and the second working group report Handbook37

of LHC Higgs Cross Sections: 2. Differential Distributions (CERN-2012-002). Handbook of LHC Higgs Cross Sections:38

3. Higgs properties (CERN-2013-004). BlaBla...39
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Chapter 189

EFT formalism90

For a large class of models beyond the SM, physics at energies below the mass scale Λ of the new particles can91

be parametrized by an effective field theory (EFT) where the SM Lagrangian is supplemented by new operators92

with canonical dimensions D larger than 4. The theory has the same field content and the same linearly realized93

SU(3) × SU(2) × U(1) local symmetry as the SM.1 The higher-dimensional operators are organized in a systematic94

expansion in D, where each consecutive term is suppressed by a larger power of Λ. For a general introduction to the EFT95

formalism see e.g. [1–4]; for recent review articles about EFT in connection with Higgs physics see e.g. [5–9].96

Quite generally, the EFT Lagrangian takes the form:97

Leff = LSM +
∑
i

c
(5)
i

Λ
O(5)
i +

∑
i

c
(6)
i

Λ2
O(6)
i +

∑
i

c
(7)
i

Λ3
O(7)
i +

∑
i

c
(8)
i

Λ4
O(8)
i + · · · , (1.1)

where each O(D)
i is an SU(3) × SU(2) × U(1) invariant operator of dimension D and the parameters c(D)

i multiplying98

the operators in the Lagrangian are called the Wilson coefficients. This EFT is intended to parametrize observable effects99

of a large class of BSM theories where new particles, with mass of order Λ, are much heavier than the SM ones and much100

heavier than the energy scale at which the experiment is performed. The main motivation to use this framework is that101

the constraints on the EFT parameters can be later re-interpreted as constraints on masses and couplings of new particles102

in many BSM theories. In other words, translation of experimental data into a theoretical framework has to be done only103

once in the EFT context, rather than for each BSM model separately.104

The contribution of each O(D)
i to amplitudes of physical processes at the energy scale of order v scales2 as (v/Λ)D−4.105

Since v/Λ < 1 by construction, the EFT in its validity regime typically describes small deviations from the SM pre-106

dictions, although, under certain conditions discussed later in this chapter, it may be consistent to use this framework to107

describe large deviations.108

A complete and non-redundant set of operators that can be constructed from the SM fields is known for D=5 [10],109

D=6 [11], D=7 [12], and D=8 [13]. All D=5 operators violate the lepton number [10], while all D=7 operators violate110

B − L [12] (the latter is true for all odd-D operators [14]). Then, experimental constraints dictate that their Wilson111

coefficients must be suppressed at a level which makes them unobservable at the LHC [15], and for this reason D=5 and112

7 operators will not be discussed here. Consequently, the leading new physics effects are expected from operators with113

D=6 [16], whose contributions scale as (v/Λ)2. Contributions from operators with D ≥ 8 are suppressed by at least114

(v/Λ)4, and in most of the following discussion we will assume that they can be neglected.115

In the rest of this chapter, we discuss in detail the set D=6 operators that can be constructed from the SM fields.116

We review various possible choices of these operators (the so-called basis) and their phenomenological effects. We also117

discuss the validity regime of the SM EFT with D=6 operators. Only the operators that conserve the baryon and lepton118

numbers are considered. On the other hand, we do not impose a-priori any flavor symmetry. Also, we include CP violating119

operators in our discussion.120

In Section 1 we introduce the SM Lagrangian extended by dimension-6 operators. Two popular bases of dimension-121

6 operators using the manifestly SU(2) × U(1) invariant formalism are explicitly listed. In Section 2 we discuss the122

interactions of the SM mass eigenstates that arise in the presence of dimension-6 operators beyond the SM, with the123

emphasis on the Higgs interactions. We also derive provide a map between the couplings in that effective Lagrangian and124

1The latter assumption can be relaxed, leading to an EFT with a non-linearly realized electroweak symmetry. This framework is discussed in
Section ??.

2Apart from the scaling with Λ, the effects of higher-dimensional operators also scale with appropriate powers of couplings in the UV theory. The
latter is important to assess the validity range of the EFT description, as discussed in Section 4.
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Wilson coefficients of dimension-6 operators introduced in Section 1. In Section 3 we define a new basis ofD=6 operators,125

the so-called Higgs basis, which is spanned by a subset of the independent couplings of the mass eigenstate Lagrangian.126

In Section 4 we discuss under which conditions and in which energy range does the EFT with D=6 operators provides an127

adequate description of the underlying theory beyond the SM. We also comment on several physically important examples128

where such a framework is insufficient. This chapter attempts to review the most important results from the point of view129

of LHC Higgs phenomenology. Some additional details and derivations can be found in the associated LHCHXSWG130

internal note [17].131

1 SM EFT with dimension-6 operators132

We consider an EFT Lagrangian where the SM is extended by dimension-6 operators:133

LEFT = LSM +
1

Λ2

∑
i

c
(6)
i O

(6)
i . (1.2)

To fix our notation and conventions, we first write down the SM Lagrangian:134

LSM = −1

4
GaµνG

a
µν −

1

4
W i
µνW

i
µν −

1

4
BµνBµν +DµH

†DµH + µ2
HH

†H − λ(H†H)2

+
∑
f∈q,`

if̄LγµDµfL +
∑

f∈u,d,e

if̄RγµDµfR

−
[
H̃†ūRyuqL +H†d̄RydV

†
CKMqL +H†ēRye`L + h.c.

]
. (1.3)

Here, Gaµ, W i
µ, and Bµ denote the gauge fields of the SU(3) × SU(2) × U(1) local symmetry. The corresponding135

gauge couplings are denoted by gs, g, g′; we also define the electromagnetic coupling e = gg′/
√
g2 + g′2, and the136

Weinberg angle sθ = g′/
√
g2 + g′2. The field strength tensors are defined as Gaµν = ∂µG

a
ν − ∂νGaµ + gsf

abcGbµG
c
ν ,137

W i
µν = ∂µW

i
ν − ∂νW i

µ + gεijkW j
µW

k
ν , Bµν = ∂µBν − ∂νBµ. The Higgs doublet is denoted as H , and we also define138

H̃i = εijH
∗
j . It acquires the VEV 〈H†H〉 = v2/2. In the unitary gauge we have H = (0, (v + h)/

√
2), where h is the139

Higgs boson field. After electroweak symmetry breaking, the electroweak gauge boson mass eigenstates are defined as140

W± = (W 1 ∓ iW 2)/
√

2, Z = cθW
3 − sθB, A = sθW

3 + cθB, where cθ =
√

1− s2
θ. The tree-level masses of W and141

Z bosons are given by mW = gv/2, mZ =
√
g2 + g′2v/2. The left-handed Dirac fermions qL = (uL, VCKMdL) and142

`L = (νL, eL) are doublets of the SU(2) gauge group, and the right-handed Dirac fermions uR, dR, eR are SU(2) singlets.143

All fermions are 3-component vectors in the generation space, and yf are 3 × 3 matrices. We work in the basis where144

the fermion mass matrix is diagonal with real, positive entries. In this basis, yf are diagonal, and the fermion masses are145

given by mfi = v[yf ]ii/
√

2. The 3 electroweak parameters g, g′, v are customarily derived from the Fermi constant GF146

measured in muon decays, Z boson mass mZ , and the low-energy electromagnetic coupling α(0). The tree-level relations147

between the input observables and the electroweak parameters are given by:148

GF =
1√
2v2

, α =
g2g′2

4π(g2 + g′2)
, mZ =

√
g2 + g′2v

2
. (1.4)

We demand that the dimension-6 operators O(6)
i in Eq. (1.2) form a complete, non-redundant set - a so-called ba-149

sis. Complete means that any dimension-6 operator is either a part of the basis or can be obtained from a combination150

of operators in the basis using equations of motion, integration by parts, field redefinitions, and Fierz transformations.151

Non-redundant means it is a minimal such set. Any complete basis leads to the same physical predictions concerning152

possible new physics effects. Several bases have been proposed in the literature, and they may be convenient for specific153

applications. Below we describe two popular choices in the existing literature. Later, in Section 3, we propose a new basis154

choice that is particularly convenient for leading-order LHC Higgs analyses in the EFT framework.155

Historically, a complete and non-redundant set ofD=6 operators was first identified in Ref. [11], and is usually referred156

to as the Warsaw basis. For our purpose, it is more convenient to work with a variant of that basis which differs from the157

one in Ref. [11] by the following aspects:158

– We replace the operator |H†DµH|2 by OT = (H†
←→
DµH)2, where H†

←→
DµH ≡ H†DµH −DµH

†H . The reason is159

that OT is more directly connected to violation of custodial symmetry among Higgs couplings.160

– For Yukawa-typeD=6 operatorsH|H|2f̄f we subtracted v2 from |H|2in the definition, so that they do not contribute161

to fermion mass terms. This way we avoid tedious rotations of the fermion fields to bring them back to the mass162

eigenstate basis. Moreover, we isolated factor of fermion masses in the definition, for a more direct connection163

to minimal flavor violating scenarios. Starting with the Yukawa couplings −Hf̄ ′R(Y ′f + c′fH
†H/v2)f ′L we can164



bring them to the form in Eq. (1.3) and Table 1.2 by defining f ′L,R = UL,RfL,R, √mimj [cf ]ij/v = [U†Rc
′
fUL]ij ,165

Yf = U†R(Y ′f + c′f/2)UL, where UL,R are unitary rotations to the mass eigenstate basis.166

For other operators, we often use a different notation and normalizations than the original reference. The full set of167

operators in the Warsaw basis is given in Tables 1.1, 1.2, and 1.3.168

Another D=6 basis choice commonly used in the literature is the SILH basis [18, 19]. In the case we also use a169

different notation and normalization than in the original references. Compared to the Warsaw basis, the SILH basis170

introduces the following nine new operators:171

OW =
ig

2

(
H†σi

←→
DµH

)
DνW

i
µν ,

OB =
ig′

2

(
H†
←→
DµH

)
∂νBµν ,

OHW = ig
(
DµH

†σiDνH
)
W i
µν ,

OHB = ig′
(
DµH

†DνH
)
Bµν ,

O
H̃W

= ig
(
DµH

†σiDνH
)
W̃ i
µν ,

O
H̃B

= ig′
(
DµH

†DνH
)
B̃µν ,

O2W = DµW
i
µνDρW

i
ρν ,

O2B = ∂µBµν∂ρBρν ,

O2G = DµG
a
µνDρG

a
ρν . (1.5)

Consequently, in order to have a non-redundant set of operators, 9 operators present in the Warsaw basis must be absent172

in the SILH basis. The absent ones are 4 bosonic operators OWW , O
W̃W

, OWB , O
W̃B

, 2 vertex operators [OH`]11,173

[O′H`]11, and 3 four-fermion operators [O``]1221, [O``]1122, [O′uu]3333.3 The remaining operators are the same as in the174

Warsaw basis, and we use the normalizations in Tables 1.1, 1.2, and 1.3. There exists a 1-to- linear map between the175

Wilson coefficients in the Warsaw and SILH bases. The dictionary is given in Ref. [17].176

2 Effective Lagrangian of mass eigenstates177

In Section 1 we introduced an EFT with the SM supplemented by D=6 operators, using a manifestly SU(2) × U(1)178

invariant notation. At that point, the connection between the new operators and phenomenology is not obvious. To relate179

to high-energy collider observables, it is more transparent to work with the degrees of freedom that are mass eigenstates180

after electroweak symmetry breaking (Higgs boson, W , Z, photon, etc.). In this section we relate the Wilson coefficients181

of dimension-6 operators to the parameters of the tree-level effective Lagrangian describing the interactions of the mass182

eigenstates.183

We demand that the effective Lagrangian at tree level written in term of mass eigenstates has the following features:184

#1 All kinetic and mass terms are diagonal and canonically normalized.185

#2 Tree-level relations between the electroweak parameters and input observables are the same as the SM ones in186

Eq. (1.4).187

#3 The non-derivative photon and gluon interactions with fermions are the same as in the SM.188

#4 Two-derivative self-interactions of the Higgs boson are absent.189

#5 For each fermion pair, the coefficient of the vertex-like Higgs interaction terms
(

2hv + h2

v2

)
Vµf̄γµf is equal to the190

vertex correction to the respective Vµf̄γµf interaction.191

These conditions greatly simplify the relation between the parameters of the Lagrangian and collider observables. In192

general, dimension-6 operators can induce interaction terms that do not respect these features. However, the conditions193

#1-#5 can always be achieved, without any loss of generality, by using equations of motion, integrating by parts, and194

redefining the fields and couplings. The required set of transformations starting from the Warsaw basis is presented in195

Ref. [17]; an analogous procedure could be executed starting from the SILH basis.196

We move to discussing the interactions in the effective Lagrangian conditions once #1-#5 are satisfied. We will focus197

on interaction terms that are most relevant for LHC phenomenology. To organize the presentation, we split the Lagrangian198

into the following parts,199

LEFT = Lkinetic +Laff +Lvertex +Ldipole +Ltgc +Lhff +Lhvv +Lhvff +Lhdvff + Lh,self +Lh2 +Lother. (1.1)
3Refs. [18,19] do not specify flavor indices of the absent operators when general flavor structure ofD=6 operators is introduced. Here, for concrete-

ness, we made a particular though somewhat arbitrary choice of these indices.



Below we define each term in order of appearance. We also express the corrections to the SM interactions in LEFT via200

Wilson coefficients of D=6 operators in the Warsaw and SILH basis. These corrections start at O(1/Λ2) in the EFT201

expansion, and will ignore all O(1/Λ4) and higher contributions. Below we only present the Lagrangian in the unitary202

gauge when the Goldstone bosons eaten by W and Z are set to zero; see Ref. [17] for a generalization to the Rξ gauge.203

Kinetic Terms204

By construction, the kinetic terms of the mass eigenstates are diagonal and canonically normalized:205

Lkin = −1

2
W+
µνW

−
µν −

1

4
ZµνZµν −

1

4
AµνAµν −

1

4
GaµνG

a
µν

+
g2v2

4
(1 + δm)

2
W+
µ W

−
µ +

(g2 + g′2)v2

8
ZµZµ

+
1

2
∂µh∂µh− λv2h2 + i

∑
f∈q,`,u,d,e

f̄ (γµ∂µ −mf ) f. (1.2)

Above, the parameter λ is defined by the tree-level relationm2
h = 2λv2. There is no correction to the Z boson mass terms,206

in accordance with the condition #2. With this convention, the corrections to the W boson mass cannot be in general207

redefined away, and are parametrized by δm. The relation between δm and the Wilson coefficients in the Warsaw and208

SILH bases is given by209

δm =
1

g2 − g′2
[
−g2g′2cWB + g2cT − g′2δv

]
= − g2g′2

4(g2 − g′2)

(
sW + sB + s2W + s2B −

4

g′2
sT +

2

g2
[s′H`]22

)
. (1.3)

For the sake of clarity, here and in the following denote the Wilson coefficients in the Warsaw basis by ci, and in the SILH210

basis by si. We also define δv = ([c′H`]11 + [c′H`]22)/2− [c``]1221/4.211

Gauge boson interactions with fermions212

By construction (condition #3), the non-derivative photon and gluon interactions with fermions are the same as in the213

SM:214

Laff = eAµ
∑

f∈u,d,e

f̄γµQff + gsG
a
µ

∑
f∈u,d

f̄γµT
af. (1.4)

The analogous interactions of the W and Z boson may in general be affected by dimension-6 operators:215

Lvertex =
g√
2

(
W+
µ ν̄Lγµ

(
I3 + δgW`

L

)
eL +W+

µ ūγµ

(
I3 + δgWq

L

)
dL +W+

µ ūRγµδg
Wq
R dR + h.c.

)
+

√
g2 + g′2Zµ

 ∑
f∈u,d,e,ν

f̄L

(
T 3
f − s2

θQf + γµδg
Zf
L

)
fL +

∑
f∈u,d,e

f̄R

(
−s2

θQf + γµδg
Zf
R

)
fR

 ,(1.5)

Here, I3 is the 3× 3 identity matrix, and the vertex corrections δg are 3× 3 Hermitian matrices in the generation space,216

except for δgWq
R which is a general 3×3 complex matrix. The vertex corrections to W and Z boson couplings to fermions217

are expressed by the Wilson coefficients in the Warsaw basis as218

δgW`
L = c′H` + f(1/2, 0)− f(−1/2,−1),

δgZνL =
1

2
c′H` −

1

2
cH` + f(1/2, 0),

δgZeL = −1

2
c′H` −

1

2
cH` + f(−1/2,−1),

δgZeR = −1

2
cHe + f(0,−1), (1.6)

219

δgWq
L =

(
c′Hq + f(1/2, 2/3)− f(−1/2,−1/3)

)
VCKM,

δgWq
R = −1

2
cHud,

δgZuL =
1

2
c′Hq −

1

2
cHq + f(1/2, 2/3),



δgZdL = −1

2
V †CKMc

′
HqVCKM −

1

2
V †CKMcHqVCKM + f(−1/2,−1/3),

δgZuR = −1

2
cHu + f(0, 2/3),

δgZdR = −1

2
cHd + f(0,−1/3), (1.7)

where220

f(T 3
f , Qf ) =

[
−QfcWB

g2g′2

g2 − g′2
+ (cT − δv)

(
T 3
f +Qf

g′2

g2 − g′2

)]
. (1.8)

The analogous expression in the SILH basis read221

δgZνL =
1

2
s′H` −

1

2
sH` + f̂(1/2, 0),

δgZeL = −1

2
s′H` −

1

2
sH` + f̂(−1/2,−1),

δgZeR = −1

2
sHe + f̂(0,−1),

δgZuL =
1

2
s′Hq −

1

2
sHq + f̂(1/2, 2/3),

δgZdL = −1

2
V †CKMs

′
HqVCKM −

1

2
V †CKMsHqVCKM + f̂(−1/2,−1/3),

δgZuR = −1

2
sHu + f̂(0, 2/3),

δgZdR = −1

2
sHd + f̂(0,−1/3),

δgW`
L = s′H` + f̂(1/2, 0)− f̂(−1/2,−1),

δgWq
L =

(
s′Hq + f̂(1/2, 2/3)− f̂(−1/2,−1/3)

)
VCKM,

δgWq
R = −1

2
sHud, (1.9)

where222

f̂(T 3
f , Qf ) ≡ 1

4

[
g2s2W + g′2s2B + 4sT − 2[s′H`]22

]
T 3
f

+
g′2

4(g2 − g′2)

[
−(2g2 − g′2)s2B − g2(s2W + sW + sB) + 4sT − 2[s′H`]22

]
Qf .

(1.10)

Another type of gauge boson interactions with fermions are the so-called dipole interactions. These do not occur in223

the tree-level SM Lagrangian, but they in general may appear in the EFT with D=6 operators. We parametrize them as224

follows:225

Ldipole = − 1

4v

gs ∑
f∈u,d

√
mfimfj

v
f̄iσµνT

a[dGf ]ijfjG
a
µν + e

∑
f∈u,d,e

√
mfimfj

v
f̄iσµν [dAf ]ijfjAµν

+
√
g2 + g′2

∑
f∈u,d,e

√
mfimfj

v
f̄iσµν [dZf ]ijfjZµν

+
√

2g

(√
mui

muj

v
d̄L,iσµν [dWu]ijuR,jW

−
µν +

√
mdimdj

v
ūL,iσµν [dWd]ijdR,jW

+
µν + h.c.

)
+
√

2g

(√
meimej

v
ν̄L,iσµν [dWe]ijeR,jW

+
µν + h.c.

)
+gs

∑
f∈u,d

√
mfimfj

v
f̄iσµνT

a[d̃Gf ]ijfjG̃
a
µν + e

∑
f∈u,d,e

√
mfimfj

v
f̄iσµν [d̃Af ]ijfjÃµν

+
√
g2 + g′2

√
mfimfj

v

∑
f∈u,d,e

f̄iσµν [d̃Zf ]ijfjZ̃µν

 ,



(1.11)

where σµν = i[γµ, γν ]/2, and dAf , d̃Af , dZf , d̃Zf are Hermitian 3 × 3 matrices, while dWf are general complex 3 × 3226

matrices. The field strength tensors are defined as Xµν = ∂µXν − ∂νXµ, and X̃µν = εµνρσ∂ρXσ . The coefficients dvf227

are related to the Wilson coefficients in the Warsaw basis as228

dGf − id̃Gf = −2
√

2cfG,

dAf − id̃Af = −2
√

2 (ηfcfW + cfB) ,

dZf − id̃Zf = − 2
√

2

g2 + g′2
(
g2ηfcfW − g′2cfB

)
,

dWf = −2
√

2cfW , (1.12)

where ηu = +1, ηd,e = −1, and the formulas in the SILH basis are the same with ci → si.229

Gauge boson self-interactions230

Gauge boson self-interactions are not directly relevant for LHC Higgs searches, however we include them in this presen-231

tation because of the important synergy between the triple gauge couplings and Higgs couplings measurements [6,20–24].232

The triple gauge interactions in the effective Lagrangian are parameterized by233

Ltgc = ie
(
W+
µνW

−
µ −W−µνW+

µ

)
Aν + ie

[
(1 + δκγ)AµνW

+
µ W

−
ν + κ̃γÃµνW

+
µ W

−
ν

]
+ igcθ

[
(1 + δg1,z)

(
W+
µνW

−
µ −W−µνW+

µ

)
Zν + (1 + δκz)ZµνW

+
µ W

−
ν + κ̃z Z̃µνW

+
µ W

−
ν

]
+ i

e

m2
W

[
λγW

+
µνW

−
νρAρµ + λ̃γW

+
µνW

−
νρÃρµ

]
+ i

gcθ
m2
W

[
λzW

+
µνW

−
νρZρµ + λ̃zW

+
µνW

−
νρZ̃ρµ

]
− gsf

abc∂µG
a
νG

b
µG

c
ν .+

c3G
v2

g3
sf

abcGaµνG
b
νρG

c
ρµ +

c̃3G
v2

g3
sf

abcG̃aµνG
b
νρG

c
ρµ. (1.13)

The couplings of electroweak gauge bosons follow the customary parametrization of Ref. [25]. The anomalous triple234

gauge couplings of electroweak gauge bosons are related to the Wilson coefficients in the Warsaw basis as235

δg1,z =
g2 + g′2

g2 − g′2
(
−g′2cWB + cT − δv

)
,

δκγ = g2cWB ,

δκz = −2cWB
g2g′2

g2 − g′2
+
g2 + g′2

g2 − g′2
(cT − δv) ,

λγ = −3

2
g4c3W ,

λz = −3

2
g4c3W ,

κ̃γ = g2c̃WB ,

κ̃z = −g′2c̃WB ,

λ̃γ = −3

2
g4c̃3W ,

λ̃z = −3

2
g4c̃3W . (1.14)

The analogous relations for the SILH basis read236

δg1z = − g2 + g′2

4(g2 − g′2)

[
(g2 − g′2)sHW + g2(sW + s2W ) + g′2(sB + s2B)− 4sT + 2[s′H`]22

]
,

δκγ = −g
2

4
[sHW + sHB ] ,

δκz = −1

4

(
g2sHW − g′2sHB

)
− g2 + g′2

4(g2 − g′2)

[
g2(sW + s2W ) + g′2(sB + s2B)− 4sT + 2[s′H`]22

]
,

λz = −3

2
g4s3W , λγ = λz,

δκ̃γ = −g
2

4
[s̃HW + s̃HB ] ,



δκ̃z =
g′2

4
[s̃HW + s̃HB ] ,

λ̃z = −3

2
g4s̃3W , λ̃γ = λ̃z. (1.15)

Single Higgs couplings237

In this subsection we discuss the terms in the effective Lagrangian that involve a single Higgs boson field h. This part is238

the most relevant one from the point of view of the LHC Higgs phenomenology.239

We first define the Higgs boson couplings to a pair of fermions:240

Lhff = −h
v

∑
f∈u,d,e

∑
ij

√
mfimfj

(
δij + [δyf ]ije

i[φf ]ij
)
f̄R,ifL,j + h.c., (1.16)

where [δyf ]ij and φij are general 3 × 3 matrices with real element. The corrections to the SM Yukawa interactions are241

related to the Wilson coefficients in the Warsaw and SILH basis by242

[δyf ]ije
i[φf ]ij =

1√
2

[cf ]ij − δij (cH + δv)

= [sf ]ij − δij
[
sH +

1

2
[s′H`]22

]
, (1.17)

Next, we define the following single Higgs boson couplings to a pair of the SM gauge fields:243

Lhvv =
h

v

[
(1 + δcw)

g2v2

2
W+
µ W

−
µ + (1 + δcz)

(g2 + g′2)v2

4
ZµZµ

− +cww
g2

2
W+
µνW

−
µν + c̃ww

g2

2
W+
µνW̃

−
µν + cw�g

2
(
W−µ ∂νW

+
µν + h.c.

)
+cgg

g2
s

4
GaµνG

a
µν + cγγ

e2

4
AµνAµν + czγ

e
√
g2 + g′2

2
ZµνAµν + czz

g2 + g′2

4
ZµνZµν

+cz�g
2Zµ∂νZµν + cγ�gg

′Zµ∂νAµν

+c̃gg
g2
s

4
GaµνG̃

a
µν + c̃γγ

e2

4
AµνÃµν + c̃zγ

e
√
g2 + g′2

2
ZµνÃµν + c̃zz

g2 + g′2

4
ZµνZ̃µν

]
,

(1.18)

where all the couplings above are real. The terms in the first two lines describe corrections to the SM Higgs couplings to244

W and Z, while the remaining terms introduce Higgs couplings to gauge bosons with a tensor structure that is absent in245

the SM Lagrangian. Note that, using equations of motion, we could get rid of certain 2-derivative interactions between the246

Higgs and gauge bosons: hZµ∂νZνµ, hZµ∂νAνµ, and hW±µ ∂νW
∓
νµ. These interactions would then be traded for contact247

interactions of the Higgs, gauge bosons and fermions in Eq. (1.5). However, one of the defining features of our effective248

Lagrangian is that the coefficients of the latter couplings are equal to the corresponding vertex correction in Eq. (1.5).249

This form can be always obtained, without any loss of generality, starting from an arbitrary dimension-6 Lagrangian250

provided the 2-derivative hVµ∂νVνµ are kept in the Lagrangian. Note that we work in the limit where the neutrinos are251

massless and the Higgs boson does not couple to the neutrinos. In the EFT context, the couplings to neutrinos induced by252

dimension-5 operators are proportional to neutrino masses, therefore they are far too small to have any relevance for LHC253

phenomenology.254

The shifts of the Higgs couplings to W and Z bosons are related to the Wilson coefficients in the Warsaw and SILH255

basis by256

δcw = −cH − cWB
4g2g′2

g2 − g′2
+ 4cT

g2

g2 − g′2
− δv 3g2 + g′2

g2 − g′2

= −sH −
g2g′2

g2 − g′2

[
sW + sB + s2W + s2B −

4

g′2
sT +

3g2 + g′2

2g2g′2
[s′H`]22

]
,

δcz = −cH − 3δv

= −sH −
3

2
[s′H`]22, (1.19)

The two-derivative Higgs couplings to gauge bosons are related to the Wilson coefficients in the Warsaw basis by257

cgg = cGG,



cγγ = cWW + cBB − 4cWB ,

czz =
g4cWW + g′4cBB + 4g2g′2cWB

(g2 + g′2)2
,

cz� = − 2

g2
(cT − δv) ,

czγ =
g2cWW − g′2cBB − 2(g2 − g′2)cWB

g2 + g′2
,

cγ� =
2

g2 − g′2
(
(g2 + g′2)cWB − 2cT + 2δv

)
,

cww = cWW ,

cw� =
2

g2 − g′2
(
g′2cWB − cT + δv

)
.

(1.20)

and the same for the CP-odd couplings c̃gg , c̃γγ , c̃zγ , c̃zz , c̃ww, with c → c̃ on the right hand side. The analogous258

expressions for the SILH basis read259

cgg = sGG,

cγγ = sBB ,

czz = − 1

g2 + g′2
[
g2sHW + g′2sHB − g′2s2

θsBB
]
,

cz� =
1

2g2

[
g2(sW + sHW + s2W ) + g′2(sB + sHB + s2B)− 4sT + 2[s′H`]22

]
,

czγ =
sHB − sHW

2
− s2

θsBB ,

cγ� =
sHW − sHB

2
+

1

g2 − g′2
[
g2(sW + s2W ) + g′2(sB + s2B)− 4sT + 2[s′H`]22

]
,

cww = −sHW ,

cw� =
sHW

2
+

1

2(g2 − g′2)

[
g2(sW + s2W ) + g′2(sB + s2B)− 4sT + 2[s′H`]22

]
, (1.21)

Next, couplings of the Higgs boson to a gauge field and two fermions (which are not present in the SM Lagrangian)260

can be generated by dimension-6 operators. The vertex-like contact interactions between the Higgs, electroweak gauge261

bosons, and fermions are parametrized as:262

Lhvff =
√

2g
h

v
W+
µ

(
ūLγµδg

hWq
L dL + ūRγµδg

hWq
R dR + ν̄Lγµδg

hW`
L eL

)
+ h.c.

+ 2
h

v

√
g2 + g′2Zµ

 ∑
f=u,d,e,ν

f̄Lγµδg
hZf
L fL +

∑
f=u,d,e

f̄Rγµδg
hZf
R fR

 , (1.22)

By construction (condition #5), the coefficients of these interaction are equal to the corresponding vertex correction in263

Eq. (1.5):264

δghzf = δgZf , δghWf = δgWf . (1.23)

The dipole-type contact interactions of the Higgs boson are parametrized as:265

Lhdvff = − h

4v2

gs ∑
f∈u,d

f̄σµνT
adhGffG

a
µν + e

∑
f∈u,d,e

f̄σµνdhAffAµν +
√
g2 + g′2

∑
f∈u,d,e

f̄σµνdhZffZµν

+
√

2g
(
d̄LσµνdhWuuRW

−
µν + ūLσµνdhWddRW

+
µν + ν̄LσµνdhWeeRW

+
µν + h.c.

)
+gs

∑
f∈u,d

f̄σµνT
ad̃hGffG̃

a
µν + e

∑
f∈u,d,e

f̄σµν d̃hAffÃµν +
√
g2 + g′2

∑
f∈u,d,e

f̄σµν d̃hZffZ̃µν

 ,
(1.24)

where dhAf , d̃hAf , dhZf , d̃hZf are Hermitian 3 × 3 matrices, while dhWf are general complex 3 × 3 matrices. The266

coefficients are simply related to the corresponding dipole interactions in Eq. (1.11):267

dhV f = dV f . (1.25)



Dimension-6 operators can also induce single Higgs couplings to 3 gauge bosons, but we do not display them here.268

Higgs boson self-couplings and double Higgs couplings269

The cubic Higgs boson self-coupling and couplings of two Higgs boson fields to matter play a role in the EFT description270

of double Higgs production [26, 27]. The cubic Higgs boson self-coupling is parametrized as271

Lh,self = −(λ+ δλ3)vh3. (1.26)

The relation between the cubic Higgs coupling correction and the Wilson coefficients in the Warsaw and SILH basis is272

given by273

δλ3 = −λ (3cH + δv)− c6H

= −λ
(

3sH +
1

2
[s′H`]22

)
− s6H . (1.27)

In accordance with the condition #4, the 2-derivative Higgs boson self-couplings have been traded for other equivalent274

interactions and do not occur in the mass eigenstate Lagrangian. Self-interactions terms with 4, 5, and 6 Higgs boson275

fields may also arise from dimension-6 operators, but we do not display them here.276

The interactions between two Higgs bosons and two other SM fields are parametrized as follows:277

Lhh = h2
(

1 + 2δc(2)
z

) g2 + g′2

4
ZµZµ + h2

(
1 + 2δc(2)

w

) g2

2
W+
µ W

−
µ −

h2

2v2

∑
f ;ij

√
mfimfj

[
f̄i,R[y

(2)
f ]ijfj,L + h.c.

]
.

+
h2

8v2

(
c(2)
gg g

2
sG

a
µνG

a
µν + 2c(2)

wwg
2W+

µνW
−
µν + c(2)

zz (g2 + g′2)ZµνZµν + 2c(2)
zγ gg

′ZµνAµν + c(2)
γγ e

2AµνAµν

)
+

h2

8v2

(
c̃(2)
gg g

2
sG

a
µνG̃

a
µν + 2c̃(2)

wwg
2W+

µνW̃
−
µν + c̃(2)

zz (g2 + g′2)ZµνZ̃µν + 2c̃(2)
zγ gg

′ZµνÃµν + c̃(2)
γγ e

2AµνÃµν

)
− h2

2v2

(
g2c

(2)
w�(W+

µ ∂νW
−
νµ +W−µ ∂νW

+
νµ) + g2c

(2)
z�Zµ∂νZνµ + gg′c

(2)
γ�Zµ∂νAνµ

)
. (1.28)

All double Higgs couplings arising from D=6 operators can be expressed by the single Higgs couplings:278

δc(2)
z = δcz, δc(2)

w = δcz + 3δm,

[y
(2)
f ]ij = 3[δyf ]ije

iφij − δcz δij ,

c(2)
vv = cvv, c̃(2)

vv = c̃vv, v ∈ {g, w, z, γ},
c
(2)
v� = cv�, v ∈ {w, z, γ}. (1.29)

Other interaction terms with two Higgs bosons involve at least 5 fields: e.g the h2V 3 or h2ffV contact interactions, and279

are not displayed here.280

Other terms281

In this section we wrote down the interaction terms of mass eigenstates in the D=6 EFT Lagrangian which are most282

relevant for LHC Higgs phenomenology. They either enter the single and double Higgs production at tree level, or they283

affect electroweak precision observables that are complementary to Higgs couplings measurements. The remaining terms284

in the mass eigenstate Lagrangian, which are not explicitly displayed in this chapter, are contained in Lother in Eq. (1.1).285

They include 4-fermion terms, couplings of a single Higgs boson to 3 or more gauge bosons, quartic Higgs and gauge286

boson self-interactions, dipole-like interactions of two gauge bosons and two fermions, and interaction terms with 5 or287

more fields.288

3 Higgs basis289

In the previous section we related the Wilson coefficients in the Warsaw and SILH bases of D=6 operators to the cou-290

plings of mass eigenstates in the Lagrangian. With this information at hand, one can proceed to calculating observables291

at a given order in the EFT as a function of the Wilson coefficients. The information provided above is enough to cal-292

culate the leading order EFT corrections to SM predictions for single and double Higgs production and decays in all293

phenomenologically relevant channels.294

There is no theoretical obstacle to present the results of LHC Higgs analyses as constraints on the Wilson coefficients in295

the Warsaw or SILH basis. However, this procedure may not be the most efficient one from the experimental point of view.296

The reason is that the relation between these Wilson coefficients and the couplings of the Higgs boson in the Lagrangian is297



somewhat complicated, c.f. Eqs (1.6), (1.19), (1.20). In this section we propose another, equivalent parametrization of the298

EFT with D=6 operators. The idea, put forward in Ref. [28], is to parametrize the space of D=6 operators using a subset299

of couplings in the mass eigenstate Lagrangian, such as the one defined in Eq. (1.1) of Section 2. The parametrization300

described in this section, which differs slightly from that in Ref. [28], is referred to as the Higgs basis.301

The salient features of the Higgs basis are the following. The goal is to parametrize the space of D=6 operators in a302

way that can be more directly connected to observable quantities in Higgs physics. Technically, the Higgs basis can be303

defined as a linear transformation from the Warsaw or SILH basis into the coefficients of certain interaction terms of the304

mass eigenstates (in particular the W, Z, and the Higgs bosons) in the effective Lagrangian. In practice, we will define305

the Higgs basis by choosing a subset of the couplings parametrizing interaction terms in the mass eigenstate Lagrangian306

in Eq. (1.1). All couplings in the subset have to be independent, in the sense that none can be expressed by the remaining307

ones at the level of a general D = 6 EFT Lagrangian. It is also a maximal such subset, which implies that their number is308

the same as the number of independent operators in the Warsaw or SILH basis. We will refer to this set as the independent309

couplings. They parametrize all possible deformations of the SM Lagrangian in the presence ofD=6 operators. Therefore,310

they can be used on par with any other basis to describe the effects of dimension-6 operators on any physical observables311

(also those unrelated to Higgs physics). By definition of the Higgs basis, the independent couplings include single Higgs312

boson couplings to gauge bosons and fermions. Thanks to that, the parameters of the Higgs basis can be connected in a313

more intuitive way to LHC Higgs observables calculated at leading order in the EFT. Furthermore, the vertex corrections to314

the Z boson interactions with fermions are chosen to be among the independent couplings. As a consequence, combining315

experimental information from Higgs and electroweak precision observables is more transparent in the Higgs basis.316

3.1 Independent couplings317

We now describe the choice of independent couplings which defines the Higgs basis.318

The first group of independent couplings that we parametrizes the interactions of the Higgs boson with the SM gauge319

boson, fermions, and with itself:320

cgg, δcz, cγγ , czγ , czz, cz�, c̃gg, c̃γγ , c̃zγ , c̃zz,

δyu, δyd, δye, φu, φd, φ`, δλ3. (1.1)

The first line is defined by Eq. (1.18), and the second one by Eq. (1.16) except for the last coupling which is defined in321

Eq. (1.28). All these couplings affect the Higgs boson production and/or decay at the leading order in the EFT. Therefore322

they are of crucial importance for LHC Higgs phenomenology. Moreover, at the leading order, they are not constrained at323

all by LEP-1 electroweak precision tests or low-energy precision observables.324

The second group of independent couplings parametrizes the W boson mass and the Z and W boson couplings to325

fermions:326

δm, δgZeL , δgZeR , δgW`
L , δgZuL , δgZuR , δgZdL , δgZdR , δgWq

R ,

dGu, dGd, dAe, dAu, dAd, dZe, dZu, dZd, d̃Gu, d̃Gd, d̃Ae, d̃Au, d̃Ad, d̃Ze, d̃Zu, d̃Zd.

(1.2)

Here the mass correction δm is defined in Eq. (1.2), the vertex corrections δgi are defined in Eq. (1.5), and the dipole327

moments di are defined in Eq. (1.11). All these parameters also affect the Higgs boson production and/or decay at the328

leading order in the EFT. However, as opposed to the ones in Eq. (1.1), they affect at the same order electroweak and/or329

low-energy precision observables.330

The third group of independent couplings parametrizes the self-couplings of gauge bosons:331

λz, λ̃z, c3G, c̃3G. (1.3)

They are defined in Eq. (1.13). These couplings do not affect Higgs production and decay at the leading order in EFT.332

To complete the definition of the Higgs basis, one has to select the independent couplings corresponding to 4-fermion333

operators. We choose to parametrize them by the same set of Wilson coefficients as in the Warsaw basis:334

c``, cqq, c
′
qq, c`q, c

′
`q, cquqd, c

′
quqd, c`equ, c

′
`equ, c`edq,

c`e, c`u, c`d, cqe, cqu, c
′
qu, cqd, c

′
qd, cee, cuu, cdd, ceu, ced, cud, c

′
ud. (1.4)

The parameters cff have 4 flavor indices. The non-trivial question of which combination of flavor indices constitutes335

an independent set was worked out in Ref. [29]. In the Higgs basis we take the same choice of independent 4-fermion336

couplings as in that reference, with one exception. As explained in the next subsection, in a D=6 EFT Lagrangian, the337

coupling [c``]1221 multiplying a particular 4-lepton operator can be expressed by δm and δgi. Therefore [c``]1221 is not338

among the independent couplings defining the Higgs basis.339



3.2 Dependent couplings340

The number of parameters characterizing departure from the SM Lagrangian in Eq. (1.1) is larger than the number of341

Wilson coefficients in a basis of D=6 operators. Due to this fact, there must be relations among these parameters. Work-342

ing in the Higgs basis, some of the parameters in the mass eigenstate Lagrangian can be expressed by the independent343

couplings; we call them the dependent couplings. The relations between dependent and independent couplings can be344

inferred from the matching between the effective Lagrangian and the Warsaw or SILH basis in Section 2. These relations345

hold at the level of the dimension-6 Lagrangian, and they are in general not respected in the presence of dimension-8 and346

higher operators.347

We start with the dependent couplings in Eq. (1.18) parametrizing the single Higgs boson interactions with gauge348

bosons. They can be expressed in terms of the independent couplings as4
349

δcw = δcz + 4δm,

cww = czz + 2s2
θczγ + s4

θcγγ ,

c̃ww = c̃zz + 2s2
θ c̃zγ + s4

θ c̃γγ ,

cw� =
1

g2 − g′2
[
g2cz� + g′2czz − e2s2

θcγγ − (g2 − g′2)s2
θczγ

]
,

cγ� =
1

g2 − g′2
[
2g2cz� + (g2 + g′2)czz − e2cγγ − (g2 − g′2)czγ

]
. (1.5)

The coefficients of W-boson dipole interactions in Eq. (1.11) are related to those of the Z and the photon as350

ηfdwf = dzf − id̃zf + s2
θ(dAf − id̃Af ), (1.6)

where ηu = 1 and ηd,e = −1. The coefficients of the dipole-like Higgs couplings in Eq. (1.24) are simply related to the351

corresponding dipole moments:352

dhvf = dvf , d̃hvf = d̃vf , v ∈ {g, w, z, γ}. (1.7)

Coefficients of all interaction terms with two Higgs bosons in Eq. (1.28) are dependent couplings. The can be expressed353

in terms of the independent couplings as:354

δc(2)
z = δcz, δc(2)

w = δcz + 3δm,

[y
(2)
f ]ij = 3[δyf ]ije

iφij − δcz δij ,

c(2)
vv = cvv, c̃(2)

vv = c̃vv, v ∈ {g, w, z, γ},
c
(2)
v� = cv�, v ∈ {w, z, γ}. (1.8)

The dependent vertex corrections are expressed in terms of the independent couplings as355

δgZνL = δgZeL + δgW`
L , δgWq

L = δgZuL VCKM − VCKMδg
Zd
L . (1.9)

All but two triple gauge couplings in Eq. (1.13) are dependent couplings expressed in terms of the independent couplings356

as357

δg1,z =
1

2(g2 − g′2)

[
cγγe

2g′2 + czγ(g2 − g′2)g′2 − czz(g2 + g′2)g′2 − cz�(g2 + g′2)g2
]

δκγ = −g
2

2

(
cγγ

e2

g2 + g′2
+ czγ

g2 − g′2

g2 + g′2
− czz

)
,

κ̃γ = −g
2

2

(
c̃γγ

e2

g2 + g′2
+ c̃zγ

g2 − g′2

g2 + g′2
− c̃zz

)
,

δκz = δg1,z − t2θδκγ , κ̃z = −t2θκ̃γ ,
λγ = λz, λ̃γ = λ̃z. (1.10)

Finally, we discuss how the Wilson coefficient [c``]1221 is expressed by the independent couplings. One defining358

feature of the mass eigenstate Lagrangian Eq. (1.1) is that the tree-level relations between the SM electroweak parameters359

4The relation between cww , c̃ww and other parameters can also be viewed as a consequence of the accidental custodial symmetry at the level of the
dimension-6 operators [19].



and input observables are not affected by D=6 operators (condition # 2). On the other hand, one of the four-fermion360

couplings in the Lagrangian,361

LD=6
4f ⊃ [c``]1221(¯̀

1,Lγρ`2,L)(¯̀
2,Lγρ`1,L) (1.11)

does affect the relation between the parameter v and the muon decay width from which v = (
√

2GF )−2 is determined:362

Γ(µ→ eνν)

Γ(µ→ eνν)SM
≈ 1 + 2[δgWe

L ]11 + 2[δgWe
L ]22 − 4δm− [c``]1221. (1.12)

Therefore, the muon decay width is unchanged with respect to the SM when [c``]1221 is related to δm and δg as363

[c``]1221 = 2δ[gWe
L ]11 + 2[δgWe

L ]22 − 4δm. (1.13)

In other words, due to the fact that we selected δm and δg selected as an independent coupling in the Higgs basis, [c``]1221364

has to be a dependent coupling. Of course, one could equivalently choose [c``]1221 to define a basis, and remove e.g. δm365

from the list of independent couplings.366

3.3 Summary and comments367

In summary, in the Higgs basis the parameters spanning the space of D=6 EFT operators are the independent couplings in368

Eqs. (1.1), (1.2), (1.3), and (1.4). In the EFT expansion, the independent couplings are formally of order O(Λ−2. These369

parameters describe certain deviations from the SM interactions in the mass eigenstate Lagrangian in Eq. (1.1). All other370

deviations in the mass eigenstate Lagrangian can be expressed by the independent coupling.371

The Higgs basis can be used in par with any other basis to describe the effects of dimension-6 operators on physical372

observables. It should be stressed that it is not intrinsically better or worse than any other complete basis. Its usefulness is373

in the fact that description of Higgs observables and electroweak precision observables at the leading EFT order (tree-level374

O(Λ−2)) is more transparent than in other bases. On the other hand, most of the existing one-loop EFT calculations have375

been performed in the SILH [30–33] Warsaw [29, 34–38] basis, therefore these bases are currently the natural choice as376

far as analyses beyond the leading order are concerned. Nevertheless, experimental constraints on the parameters in the377

Higgs basis can be always translated to other bases. To this end, the linear map between the parameters in the Higgs basis378

and the Wilson coefficient in the SILH and Warsaw bases provided in Section 2 can used (see e.g. [24] for the translation379

of the LHC Higgs and TGC constraints). These maps are used by the Rosetta program [39], which provides automated380

translation between different bases and an interface to Monte Carlo simulations in the MadGraph 5 framework [40]. At381

the same time, the independent couplings can be easily connected to Higgs pseudo-observables at the amplitude level, as382

defined e.g. in Ref. [41].383

In total, the Higgs basis, as any complete basis at the dimension-6 level, is parametrized by 2499 independent real384

couplings [29]. One should not, however, be intimidated by this number. The point is that a much smaller subset of the385

independent couplings is relevant for analyses of Higgs data at leading EFT order. First of all, the coefficients of 4-fermion386

interactions in Eq. (1.4) and triple gauge interactions in Eq. (1.3) do not enter Higgs observables at the leading order. At387

that order, the parameters relevant for LHC Higgs analyses are those in Eqs. (1.1) and (1.2), which already reduces the388

number of variables by a significant number. Furthermore, there are several motivated assumptions about the UV theory389

underlying the EFT which could be used to further reduce the number of parameters:390

– Minimal flavor violation, in which case the matrices δyf , df , δgf , and sinφf reduce to a single number for each f .391

– CP conservation, in which case all CP-odd couplings vanish: c̃i = φf = d̃f = 0.392

– Custodial symmetry, in which case δm = 0.5393

We stress that independent couplings should not be arbitrarily set to zero without an underlying symmetry assumption.394

Furthermore, the relations between the dependent and independent couplings in the mass eigenstate Lagrangian should be395

consistently imposed, so as to preserve the structure of the D=6 EFT Lagrangian.396

Finally, to reduce the number of variables, one can take advantage of the fact that, in addition to Higgs observables,397

other measurements are sensitive to the parameters in Eq. (1.2). In particular, the parameters in the first line of Eq. (1.2) are398

constrained by electroweak precision tests in LEP-1. These are among the most stringent constraints on EFT parameters,399

and they have an important impact on possible signals in Higgs searches. Assuming minimal flavor violation, all the400

vertex corrections in Eq. (1.2) are constrained to be smaller than O(10−3) (for the leptonic vertex corrections and δm),401

or O(10−2) (for the quark vertex corrections) [21, 42, 43].6 Even when the assumption of minimal flavor violation is402

5Custodial symmetry implies several relations between Higgs couplings to gauge bosons: δcw = δcz , cw� = c2θcz� + s2θcγ�, cww = czz +

2s2θczγ + s4θcγ , and c̃ww = c̃zz + 2s2θ c̃zγ + s4θ c̃γ . The last three are satisfied automatically at the level of dimension-6 Lagrangian, while the first
one is true for δm = 0, see Eq. (1.5).

6These constraints may be relaxed if the D=6 EFT does not provide a good description of electroweak precision observables [44]. Such cases are
discussed in more detail in Section 4.



not imposed, all the leptonic, bottom and charm quark vertex corrections are still constrained at the level of O(10−2) or403

better [45]. Similarly, many parameters in the second line of Eq. (1.2) are strongly constrained by measurements of the404

magnetic and electric dipole moments. In the LHC environment, experimental sensitivity is often not sufficient to probe405

these parameters with a comparable accuracy. If that is indeed the case, it is well-motivated to neglect the parameters in406

Eq. (1.2) in LHC Higgs analyses.407

Once the parameters in Eq. (1.2) are neglected, this leaves the parameter in Eq. (1.1) to describe Higgs observables.408

This set consists of 10 bosonic and 2 × 3 × 3 × 3 = 54 fermionic couplings. Furthermore, 31 of these couplings are409

CP-odd, therefore they affect the Higgs signal strength measurements only at the quadratic level (O(Λ−4) in the EFT410

expansion), while flavor off-diagonal Yukawa couplings only affect exotic Higgs decays. In the limit where fermionic411

couplings respect the minimal flavor violation paradigm, 9 parameters remain to describe leading order EFT corrections412

to the existing Higgs signal strength measurements at the LHC. In the Higgs basis, these 9 parameters are:413

cgg, δcz, cγγ , czγ , czz, cz�, δyu, δyd, δye. (1.14)

4 Comments of EFT validity414



Bosonic
OH

[
∂µ(H†H)

]2
OT

(
H†←→DµH

)2
O6H (H†H)3

O3G g3sf
abcGaµνG

b
νρG

c
ρµ

O3̃G g3sf
abcG̃aµνG

b
νρG

c
ρµ

O3W g3εijkW i
µνW

j
νρW

k
ρµ

O3̃W g3εijkW̃ i
µνW

j
νρW

k
ρµ

OGG
g2s
4
H†H GaµνG

a
µν

OG̃G
g2s
4
H†H G̃aµνG

a
µν

OWW
g2

4
H†HW i

µνW
i
µν

O
W̃W

g2

4
H†H W̃ i

µνW
i
µν

OBB
g′2

4
H†H BµνBµν

OB̃B
g′2

4
H†H B̃µνBµν

OWB gg′H†σiHW i
µνBµν

OW̃B gg′H†σiH W̃ i
µνBµν

Table 1.1: Bosonic dimension-6 operators in the Warsaw basis.

Yukawa and Vertex

[Oe]ij −
√
mei

mej

v
(H†H − v2

2
)ēiH

†`j

[Ou]ij −
√
mui

muj

v
(H†H − v2

2
)ūiH̃

†qj

[Od]ij −
√
mdi

mdj

v
(H†H − v2

2
)d̄iH

†qj

[OH`]ij i¯̀iγµ`jH
†←→DµH

[O′
H`]ij i¯̀iσ

kγµ`jH
†σk
←→
DµH

[OHe]ij iēiγµējH
†←→DµH

[OHq]ij iq̄iγµqjH
†←→DµH

[O′
Hq]ij iq̄iσ

kγµqjH
†σk
←→
DµH

[OHu]ij iūiγµujH
†←→DµH

[OHd]ij id̄iγµdjH
†←→DµH

[OHud]ij iūiγµdjH̃
†DµH

Dipole

[OeW ]ij g

√
mei

mej

v
¯̀
iσ
kHσµνejW

k
µν

[OeB ]ij g′
√
mei

mej

v
¯̀
iHσµνejBµν

[OuG]ij gs

√
mui

muj

v
q̄iH̃σµνT

aujG
a
µν

[OuW ]ij g

√
mui

muj

v
q̄iσ

kH̃σµνujW
k
µν

[OuB ]ij g′
√
mui

muj

v
q̄iH̃σµνujBµν

[OdG]ij gs

√
mdi

mdj

v
q̄iHσµνT

adjG
a
µν

[OdW ]ij g

√
mdi

mdj

v
q̄iσ

kHσµνdjW
k
µν

[OdB ]ij g′
√
mdi

mdj

v
q̄iHσµνdjBµν

Table 1.2: Two-fermion dimension-6 operators in the Warsaw basis. 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.

(L̄L)(L̄L) and (L̄R)(L̄R)

O`` (¯̀γµ`)(¯̀γµ`)

Oqq (q̄γµq)(q̄γµq)

O′
qq (q̄γµσ

iq)(q̄γµσ
iq)

O`q (¯̀γµ`)(q̄γµq)

O′
`q (¯̀γµσ

i`)(q̄γµσ
iq)

Oquqd (q̄ju)εjk(q̄kd)

O′
quqd (q̄jT au)εjk(q̄kT ad)

O`equ (¯̀je)εjk(q̄ku)

O′
`equ (¯̀jσµνe)εjk(q̄kσµνu)

O`edq (¯̀je)(d̄qj)

(R̄R)(R̄R)

Oee (ēγµe)(ēγµe)

Ouu (ūγµu)(ūγµu)

Odd (d̄γµd)(d̄γµd)

Oeu (ēγµe)(ūγµu)

Oed (ēγµe)(d̄γµd)

Oud (ūγµu)(d̄γµd)

O′
ud (ūγµT

au)(d̄γµT
ad)

(L̄L)(R̄R)

O`e (¯̀γµ`)(ēγµe)

O`u (¯̀γµ`)(ūγµu)

O`d (¯̀γµ`)(d̄γµd)

Oeq (q̄γµq)(ēγµe)

Oqu (q̄γµq)(ūγµu)

O′
qu (q̄γµT

aq)(ūγµT
au)

Oqd (q̄γµq)(d̄γµd)

O′
qd (q̄γµT

aq)(d̄γµT
ad)

Table 1.3: Four-fermion operators in the Warsaw basis [11]. In this table, e, u, d are always right-handed fermions, while ` and q are
left-handed. A flavor index is implicit for each fermion field. For complex operators the complex conjugate operator is implicit.
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