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bTheoretical Physics Department, Fermi National Accelerator Laboratory,

Batavia, IL, 60510, U.S.A.
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1 Introduction

The first years of physics runs at the LHC confirmed that the Standard Model (SM)

describes the physics at the electroweak (EW) scale very well. The experimental ATLAS

and CMS collaborations found a Higgs-like1 particle [3, 4] with couplings close to the SM

Higgs expectations, seemingly completing the SM, while direct searches for new physics

beyond the SM (BSM) yielded only negative results so far. The lack of new states indicates

the presence of a mass gap between the electroweak scale and the scale of new physics.

This separation of scales enables us to use bottom-up effective field theories (EFTs) to

study the low-energy effects of heavy new physics in a systematic way.

In EFTs, the information about the ultraviolet (UV) and the infrared (IR) are sepa-

rated: the UV information is entirely contained in the Wilson coefficients (or low-energy

constants, LECs), and the IR information is described by the local operators. When all

LECs at a given order are kept as free parameters, the approach is model-independent

within a small and well-justified set of assumptions. These assumptions are usually mo-

tivated by experimental results and concern the low-energy particle content and the sym-

metries. When constructing an EFT for the SM, there is usually no debate about the

particle content. However, the newly-discovered Higgs can be treated in two different

ways. We either assume that it forms an IR doublet structure, together with the three

Nambu-Goldstone bosons of the electroweak symmetry breaking, or we do not assume any

specific relation between the Higgs and the Nambu-Goldstone bosons. In the latter case,

the Higgs can be parametrized by a scalar singlet with independent couplings. These two

cases lead to two different EFTs, with different power counting and therefore conceptually

different effective expansions.

In the first case, with an SU(2)L doublet structure at the electroweak scale, the re-

sulting EFT is an expansion in canonical dimensions that is called SM effective theory

(SMEFT). It usually describes weakly coupled new physics that decouples from the SM in

a certain limit. Since the doublet containing the Higgs and the EW Goldstones transforms

linearly under gauge transformations, the SMEFT is also called “linear” EFT.

The second case, called EW effective theory (EWET), EW chiral Lagrangian (EWChL)

or Higgs effective theory (HEFT), is a more general (non-linear) realization of the EW

symmetry breaking, which includes the SMEFT as a particular case. It allows for rather

large deviations from the Standard Model in the Higgs sector compared to the well-tested

gauge-fermion sector. Such effects are usually induced by strongly-coupled physics in the

UV. However, the choice of an appropriate EFT for a given UV model depends on more

model-dependent details. For example, a simple extension of the SM scalar sector with

an additional (heavy) singlet scalar induces at low energies the linear EFT with a Higgs

doublet and an expansion in canonical dimensions as the natural EFT in most of the

parameter space. In other regions of parameter space, however, the truly non-linear EFT

is induced and the low-energy expansion is not given by canonical dimensions [5].

When working with EFTs, we can pursue two different strategies. First, in a bottom-up

approach, we can fit the LECs to experimental data and look for deviations from the SM.

1We refer to this particle as “Higgs”, even though it might not be the SM Higgs boson.
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Figure 1. Schematic view of the energy regimes of the different (effective) theories. A possible UV

completion of the SM electroweak sector could behave somehow similarly to QCD.

Second, we can look at certain (classes of) UV models and analyze them in a top-down

manner to study the pattern of LECs they generate. Once a deviation from the SM is

observed in the data, the intuition gained in the top-down approach helps to find what

type of UV model is causing it.

An interesting class of new-physics models are strongly-coupled UV completions. In

this type of scenarios the electroweak scale is generated dynamically, as it happens in

Quantum Chromodynamics (QCD). The lightest states are the (pseudo-)Nambu-Goldstone

bosons associated with the EW symmetry breaking, possibly including the Higgs boson.

At higher energies, the resonances of the strongly-coupled interaction are excited. Since

the resonance masses set the cut-off of the low-energy EFT, they cannot be described

within this framework. However, as it is long known for QCD [6, 7], their dynamical

effects on the low-energy physics are incorporated through the LECs that carry all relevant

short-distance information.

The resonance states can be described within an effective Resonance Theory, where

they are included via a phenomenological Lagrangian that interpolates between the UV

and IR theories. In this paper, we construct an effective Lagrangian, containing the SM

states and the heavier fields, based on the symmetry group G = SU(3)C ⊗ SU(2)L ⊗
SU(2)R ⊗ U(1)X , with X = (B − L)/2, dynamically (or spontaneously) broken to H =

SU(3)C ⊗ SU(2)L+R ⊗U(1)X . Thus, our main assumption is the successful pattern of EW

symmetry breaking implemented in the SM. Integrating out the heavy resonance fields,

one recovers the low-energy EFT with explicit values for the LECs in terms of resonance

parameters. Figure 1 illustrates the plausible analogy between UV completions of the SM

and the well-known QCD case.

Previously [1, 2], we analyzed the impact of colorless bosonic resonances on the low-

energy electroweak effective theory. Here, we will continue to explore this direction and

study the contributions to the LECs from colored resonances, both of bosonic and fermionic

type.2 We consider bosonic heavy states with quantum numbers JP = 0± and JP = 1±,

which are in singlet or triplet representations of the electroweak group and in singlet or

octet representations of the SU(3)C group. At the lowest non-trivial order in inverse powers

2Some preliminary results have been already presented in ref. [8].
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of the heavy masses, the only relevant fermionic resonances are states with J = 1
2 that are

in a doublet representation of the electroweak group. We will discuss in some detail the new

technical aspects associated with fermionic resonances, since they were not considered at all

in refs. [1, 2]. The incorporation of the color degree of freedom requires an enlargement of

the operator basis defined in ref. [1], including also gluonic operators. This implies a larger

number of unknown LECs. Nevertheless, the LHC data are obviously more constraining

on QCD-sensitive operators. We will show, in particular, the implications of current dijet,

dilepton and diboson production data on the resonance mass scale.

The structure of this paper is as follows. In section 2, we review the construction of the

low-energy effective theory, introduce our notation, and discuss how colored fields can be

incorporated. We include the resonances in section 3 and derive their contributions to the

LECs in section 4. Section 5 discusses the current phenomenological status and illustrates

how our generic EFT framework can be easily particularized to specific (classes of) UV

completions and experimental searches. We conclude in section 6. Some technical aspects

are compiled in various appendices. A detailed comparison between our basis of effective

operators and the basis adopted in ref. [9] is given in appendix A, which proves their

equivalence and provides a complete dictionary to translate the results obtained in the two

bases. Some useful algebraic identities are listed in appendix B. Appendix C analyzes the

special case of a Higgsed heavy scalar resonance with enhanced couplings proportional to

its mass, and appendix D discusses the diagonalization of the quadratic fermion Lagrangian

through a redefinition of the (light and heavy) fermionic fields.

2 The low-energy effective theory

2.1 Constructing the effective theory

We make use of the non-linear EWET Lagrangian to describe the physics at the electroweak

scale [1, 2, 8–27]. This is a conservative choice, as the EWET is the most general electroweak

EFT, also allowing for (but not restricted to) a strongly-coupled UV completion. This is

further supported by the current knowledge about the Higgs couplings, which have still

rather large experimental uncertainties of at best O(10%) [28].3 The systematics of the

construction is analogous to [1, 26]. However, for completeness and readability we repeat

the main steps here again. In addition, we will discuss how colored fermions together with

the gluons of QCD are included. We construct the EFT with the following assumptions:

• Particle content. We assume the particle content of the SM, including the Higgs

h and the three EW Goldstone bosons ϕa, the four EW gauge bosons (W±, Z,A)

and the eight gluon fields (Ga). However, for simplicity, we will only consider a

single generation of colored fermions. Occasionally, we will comment on using leptons

3More precise constraints of some Higgs couplings have been obtained in simplified one-loop analyses [29]

of the oblique S and T parameters, by including further assumptions like, e.g., neglecting all the O(p4)

couplings and keeping only the (renormalized) one-loop contributions. A proper EFT study of these oblique

parameters at NLO shows that the hWW coupling can indeed be constrained to deviate no more than 6%

(95% C.L.) from its SM value in some dynamical scenarios, but O(10%) corrections remain allowed in more

general settings [30, 31].
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instead of quarks, but the study of the fermion flavor structure is beyond the scope

of this article. We do not assume that the Higgs forms a doublet together with the

three Goldstone bosons of the electroweak symmetry breaking, i.e., we include the

Higgs as a scalar singlet with mh = 125 GeV.

• Symmetries. Although the SM possesses an SU(2)L ⊗ U(1)Y gauge symmetry, its

scalar sector has an enhanced global chiral symmetry G = SU(2)L⊗SU(2)R that gets

spontaneously broken down to the subgroup H = SU(2)L+R. The three electroweak

Goldstone bosons parametrize the coset G/H through a unitary 2 × 2 matrix U(ϕ).

This pattern of electroweak symmetry breaking (EWSB) gives rise to the masses

of the gauge bosons W± and Z and implies the successful mass relation m2
W =

m2
Z cos2 θW . The main assumption in the construction of the EWET is that the

underlying BSM theory and our EWET also possess this EWSB pattern [1, 2, 8, 9,

16, 17, 23, 24, 26, 32–35]:

G ≡ SU(2)L ⊗ SU(2)R −→ H ≡ SU(2)L+R . (2.1)

The remaining symmetry H is called “custodial” symmetry [33], because it protects

the ratio of the W and Z masses from receiving large corrections. This ratio is

related to the electroweak T parameter [36, 37]. Given the strong experimental

constraints [29, 38], we assume that the breakings of custodial symmetry are small.

This assumption has some implications for the power counting that we discuss below.

Further, we restrict our analysis to CP -even operators and assume conservation of

baryon (B) and lepton (L) numbers. More precisely, the EWET Lagrangian will have

the B−L symmetry of the SM. To incorporate colored states in our EWET, we also

assume a local SU(3)C symmetry.

• Power counting. The effective Lagrangian is organized as a low-energy expansion in

powers of generalized momenta [1, 9, 23, 25, 26, 39, 40],

LEWET =
∑
d̂≥2

L(d̂)
EWET , (2.2)

where the operators are not ordered according to their canonical dimensions and

one must use instead the chiral dimension d̂ which reflects their infrared behavior at

low momenta [39]. Quantum loops are renormalized order by order [41–43] in this

low-energy expansion. It is interesting to spotlight two features related to this power

counting, which differ from previous works [25, 34, 35]:

1. Assuming that the SM fermions couple weakly to the strong sector, we assign

an O(p2) to fermion bilinears [1]. Note that a näıve dimensional analysis would

assign them an O(p) scaling. In practice, the additional suppression will be im-

plicitly carried by the corresponding operator couplings as it occurs, for instance,

with the Y in the Yukawa Lagrangian in eq. (2.17) below.

– 4 –
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2. Considering its phenomenological suppression and therefore assuming no strong

breaking of the custodial symmetry, we assign an O(p) to the explicit breaking of

this symmetry through the spurion field T [1], contrary to the pioneering papers

studying the Higgsless EWET [34, 35]. This assignment leads to a more effi-

cient ordering of operators, pushing to higher orders structures that are tightly

constrained by the data, and is consistent with the SM sources of custodial

symmetry breaking [14].

Our counting for the effective operators that will be constructed in the next subsec-

tions can be summarized as [1]:

v , ϕi , u(ϕ/v) , U(ϕ/v) , h , W i
µ , Bµ , G

a
µ ∼ O

(
p0
)
,

ξ , ξ̄ , ψ , ψ̄ , DµU , uµ , ∂µ , Dµ , dµ , ∇µ , Ŵµ , B̂µ , X̂µ , Ĝµ ,

mh , mW , mZ , mψ , g , g
′ , gs, T , Y ∼ O (p) ,

Ŵµν , B̂µν , X̂µν , Ĝµν , f±µν , c
(V )
n , η̄ Γ ζ ∼ O

(
p2
)
,

∂µ1∂µ2 . . . ∂µn F(h/v) ∼ O (pn) , (2.3)

with the Dirac spinors ψ, ξ, η, ζ, the Dirac matrices Γ, the masses mh,W,Z,ψ of the

corresponding fields, the gauge couplings g, g′, gs, the EW scale v =
(√

2GF
)−1/2

=

246 GeV, and the constants c
(V )
n defining the Higgs potential V (h/v) below. All the

objects in eq. (2.3) are defined in detail and used in the next subsections to construct

the EWET Lagrangian. Thus, every effective operator will have a well-defined chiral

dimension d̂ (i.e. it will scale as O(pd̂)), assigned by these rules.

2.2 Bosonic fields

We describe the EW Goldstones in the CCWZ formalism [44, 45] through the G/H coset

representative u(ϕ) = exp{i~σ ~ϕ/(2v)}, transforming under the chiral symmetry group g ≡
(gL, gR) ∈ G as

u(ϕ) −→ gL u(ϕ) g†h = gh u(ϕ) g†R ,

U(ϕ) ≡ u(ϕ)2 −→ gL U(ϕ) g†R , (2.4)

with the compensating transformation gh ≡ gh(ϕ, g) ∈ SU(2)L+R. Promoting G to a local

symmetry, we introduce the auxiliary SU(2)L and SU(2)R matrix fields, respectively Ŵµ

and B̂µ, and their field-strength tensors,

Ŵµ −→ gL Ŵ
µg†L + i gL ∂

µg†L , B̂µ −→ gR B̂
µg†R + i gR ∂

µg†R ,

Ŵµν = ∂µŴν − ∂νŴµ − i [Ŵµ, Ŵν ] −→ gL Ŵµν g
†
L ,

B̂µν = ∂µB̂ν − ∂νB̂µ − i [B̂µ, B̂ν ] −→ gR B̂µν g
†
R ,

fµν± = u†Ŵµνu± u B̂µνu† −→ gh f
µν
± g†h . (2.5)

– 5 –
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These auxiliary fields provide the connection and covariant derivatives:

ΓLµ = u†(ϕ)
(
∂µ − i Ŵµ

)
u (ϕ) , ΓRµ = u(ϕ)

(
∂µ − i B̂µ

)
u†(ϕ) , Γµ =

1

2

(
ΓLµ + ΓRµ

)
,

uµ = i
(
ΓRµ − ΓLµ

)
= i u (DµU)†u = −i u†DµU u

† = u†µ −→ gh uµ g
†
h ,

DµU = ∂µU − i ŴµU + i UB̂µ −→ gL (DµU) g†R ,

∇µX = ∂µX + [Γµ,X ] −→ gh (∇µX ) g†h , (2.6)

with any tensor X transforming like X → ghX g†h. The parity and charge-conjugation

properties and the hermitian conjugation of all these bosonic tensors can be found in

appendix A of ref. [1].

The identification [46]

Ŵµ = −g ~σ
2
~Wµ , B̂µ = −g′ σ3

2
Bµ , (2.7)

explicitly breaks the chiral symmetry group G while preserving the SU(2)L ⊗U(1)Y gauge

symmetry, as in the SM.

Combining the previous covariant tensors and taking traces, one can easily build ef-

fective operators that are invariant under G. Taking into account that the Higgs field is

a singlet under SU(2)L ⊗ SU(2)R, we can multiply these invariant operators by arbitrary

analytical functions of h [22]. Then, we can write the bosonic part of the leading order

(LO) effective Lagrangian L(2)
EWET as

L(2)
EWET

∣∣∣Bosonic
=

1

2
∂µh ∂

µh− 1

2
m2
h h

2 − V (h/v) +
v2

4
Fu(h/v) 〈uµuµ〉2 + LYM , (2.8)

with LYM the Yang-Mills Lagrangian of the SM gauge bosons,

V (h/v) = v4
∑
n=3

c(V )
n

(
h

v

)n
, Fu(h/v) = 1 +

∑
n=1

c(u)
n

(
h

v

)n
, (2.9)

and 〈A〉k denoting the SU(k)-trace of a matrix A. One recovers the SM scalar Lagrangian

for c
(V )
3 = 1

2 m
2
h/v

2, c
(V )
4 = 1

8 m
2
h/v

2, c
(V )
n>4 = 0, c

(u)
1 = 2, c

(u)
2 = 1 and c

(u)
n>2 = 0. Although

the symmetry allows us to multiply the kinetic term of the Higgs by an arbitrary function

Fh(h/v), this function can be always reduced to Fh = 1 through an appropriate Higgs

field redefinition. Two equivalent, but complementary, explicit derivations are given in

appendix B of ref. [1] and appendix A of ref. [9].

We can incorporate the explicit breaking of custodial symmetry by means of a right-

handed spurion:

TR −→ gR TR g
†
R , T = u TR u† −→ ghT g

†
h . (2.10)

Making the identification

TR = −g′ σ3

2
, (2.11)

one obtains the custodial symmetry breaking operators induced through quantum loops

with internal Bµ lines. Note that TR is the only custodial-symmetry-violating spurion

consistent with the SM gauge symmetries [47].

– 6 –
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2.3 Fermionic fields

When colored SM fermions are incorporated to the EWET, the symmetry group must be

extended to G = SU(3)C⊗SU(2)L⊗SU(2)R⊗U(1)X with X = (B−L)/2, being B and L the

baryon and lepton quantum numbers, respectively [48]. This U(1)X component does not

affect the SM bosons and the expressions in the previous subsection remain unaffected. The

left and right chiralities of the SM quarks form SU(2)L and SU(2)R doublets, respectively:

ψL =

(
tL
bL

)
−→ gC gX gL ψL , ψR =

(
tR
bR

)
−→ gC gX gR ψR ,

ξL ≡ u† ψL −→ gC gX gh ξL , ξR ≡ uψR −→ gC gX gh ξR , (2.12)

with ψL,R = PL,R ψ transforming under (gC , gL, gR, gX) ∈ SU(3)C ⊗ SU(2)L ⊗ SU(2)R ⊗
U(1)X , the compensating transformation gh ∈ SU(2)L+R introduced in the previous sub-

section in the CCWZ representation of the EW Goldstones and PL,R = 1
2 (1∓γ5). Leptons

are similarly organized except that they are singlets under SU(3)C . From now on, we will

focus our analysis on the quark doublet. The corresponding covariant derivatives of these

fermion doublets are given by

DL
µψL =

(
∂µ − i Ĝµ − i Ŵµ − i xψ X̂µ

)
ψL −→ gC gX gL D

L
µψL ,

DR
µ ψR =

(
∂µ − i Ĝµ − i B̂µ − i xψ X̂µ

)
ψR −→ gC gX gR D

R
µ ψR ,

dLµξL = u†DL
µψL −→ gC gX gh d

L
µξL , dRµ ξR=uDR

µ ψR −→ gC gX gh d
R
µ ξR ,

dµξ = dRµ ξR + dLµξL −→ gC gX gh dµξ , (2.13)

where xψ is the corresponding U(1)X charge of the fermion ψ. The fields Ĝµ and X̂µ

are introduced to keep the covariance under local SU(3)C and U(1)X transformations,

respectively. These fields and their field-strength tensors transform under G like

Ĝµ −→ gC Ĝµ g
†
C + i gC ∂µg

†
C , Ĝµν = ∂µĜν − ∂νĜµ− i [Ĝµ, Ĝν ] −→ gC Ĝµν g

†
C ,

X̂µ −→ X̂µ + i gX ∂
µg†X , X̂µν = ∂µX̂ν − ∂νX̂µ −→ X̂µν . (2.14)

The SM gauge interactions are recovered by setting Ŵµ, B̂µ, X̂µ and Ĝµ to the values

given in eq. (2.7) in the previous subsection and

Ĝµ = gsG
a
µ T

a , X̂µ = −g′Bµ . (2.15)

These assignments explicitly break G while preserving the SM gauge symmetry SU(3)C ⊗
SU(2)L⊗U(1)Y ⊂ G. The QCD gluons Gaµ ensure that the covariant derivatives transform

indeed covariantly under SU(3)C gauge transformations: gs is the strong coupling and

T a = 1
2 λ

a (a = 1, . . . , 8) are the SU(3)C generators in the fundamental representation,

with normalization 〈T aT b 〉3 = δab/2. Further details on the QCD algebra are given in

appendix B.1.
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The fermion masses are incorporated through the Yukawa Lagrangian that explicitly

breaks the symmetry group G. To account for this type of symmetry breaking one intro-

duces right-handed spurion fields transforming as

YR −→ gR YR g
†
R , Y = uYR u† −→ gh Y g

†
h . (2.16)

The Yukawa Lagrangian then takes the form

L(2)
EWET

∣∣∣Yukawa
= −

∑
ξ

(
v ξ̄L Y ξR + h.c.

)
= −

∑
ψ

(
v ψ̄L U(ϕ)YR ψR + h.c.

)
, (2.17)

which is formally invariant under G transformations. The explicit symmetry breaking in

the SM Lagrangian is recovered when the spurion field adopts the value [9, 49, 50]

YR = Ŷt(h/v)P+ + Ŷb(h/v)P− , P± ≡
1

2
(I2 ± σ3) , Ŷt,b(h/v) =

∑
n=0

Ŷ
(n)
t,b

(
h

v

)n
,

(2.18)

where Ŷ
(0)
ψ = Ŷ

(1)
ψ = mψ/v and Ŷ

(n≥2)
ψ = 0 in the SM.

2.4 Leading-order Lagrangian

After having introduced all the required notation for the bosonic and fermionic fields in

the previous sections, we summarize the LO low-energy Lagrangian as [1, 9, 16, 18–26]

L(2)
EWET =

∑
ξ

[
i ξ̄γµdµξ − v

(
ξ̄L Y ξR + h.c.

)]
− 1

2g2
〈ŴµνŴ

µν〉2 −
1

2g′2
〈B̂µνB̂µν〉2 −

1

2g2
s

〈ĜµνĜµν〉3

+
1

2
∂µh ∂

µh− 1

2
m2
h h

2 − V (h/v) +
v2

4
Fu(h/v) 〈uµuµ〉2 .

(2.19)

2.5 Next-to-leading-order Lagrangian

In order to construct the next-to-leading-order (NLO) EWET Lagrangian, L(4)
EWET, the

fermionic fields are combined into generic bilinears JΓ and J8
Γ with well-defined Lorentz

transformation properties, which can be further used to build Lagrangian operators with an

even number of fermion fields. Note that the inclusion of gluons and colored quarks implies

changes in the notation, compared to ref. [1], since different transformation properties under

SU(3)C are required:

Color singlet : JΓ ≡ ξ̄i Γ ξj δij ,

Color octet : J8
Γ ≡ (J8,a

Γ )T a ≡ (ξ̄i Γ ξj T
a
ij) T

a . (2.20)

These bilinears are singlets under U(1)X and transform under SU(2)L ⊗ SU(2)R like

(JΓ)mn = ξ̄ni Γξmj δij −→ (gh)mr (JΓ)rs (g†h)sn , (2.21)

where Γ = {I, iγ5, γ
µ, γµγ5, σ

µν} is the usual basis of Dirac matrices. An analogous expres-

sion is assumed for J8
Γ, being these indices left implicit in the SU(2) trace expressions. In
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eqs. (2.20) and (2.21), a = 1, . . . , 8 and i, j = 1, 2, 3 are SU(3) indices, while m,n, r, s = 1, 2

refer to SU(2) indices.

Obviously, the inclusion of color in the EWET raises the number of operators, com-

pared to ref. [1]. At O(p4), one needs to consider one additional bosonic operator,

O12 = 〈 Ĝµν Ĝµν 〉3 , (2.22)

and one additional two-fermion operator,

Oψ
2

8 = 〈 Ĝµν J8µν
T 〉2,3 . (2.23)

There are no more new operators of these types due to the fact that color indices must

be closed. The set of O(p4) four-fermion operators, however, grows from 6 independent

operators to 12 when including color. We applied different relations among the operators to

minimize the number of structures. Particularly, using SU(3) relations and Fierz identities

(see appendices B.1 and B.3, respectively), we were able to relate operators involving the

color octet current to operators involving the color singlet current.

The final list of independent P -even and P -odd operators is given in tables 1 and 2,

respectively, and can be summarized in the following NLO Lagrangian:

L(4)
EWET =

12∑
i=1

Fi(h/v) Oi +

3∑
i=1

F̃i(h/v) Õi +

8∑
i=1

Fψ
2

i (h/v) Oψ
2

i +

3∑
i=1

F̃ψ
2

i (h/v) Õψ
2

i

+

10∑
i=1

Fψ
4

i (h/v) Oψ
4

i +

2∑
i=1

F̃ψ
4

i (h/v) Õψ
4

i . (2.24)

In order to crosscheck the completeness of the considered operator basis, we have

compared our results with the NLO basis of ref. [9]. We give the detailed comparison in

terms of a dictionary in the appendix A, together with other useful operator relations in

appendix B. We found agreement in the overall number of operators in both bases.

3 The resonance effective theory

3.1 The power counting

When writing a Lagrangian of resonances interacting with the light fields, we leave the

realms of the low-energy EFT, as the heavy masses are at or above the cutoff. The power

counting we discussed in section 2.1 is therefore not directly applicable. However, we can

still treat this Lagrangian in a consistent phenomenological way, which properly interpo-

lates between the UV and IR regimes, generating the correct low-energy predictions [6, 7].

For that purpose, let us organize the Lagrangian schematically by the number of resonance

fields in each operator [30]:

L = Lnon-res +
∑
R,i

ci χ
(i)
R R+

∑
R,R′,i

di χ
(i)
R,R′ RR

′ + · · · , (3.1)
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i Oi Oψ
2

i Oψ
4

i

1 1
4 〈 f

µν
+ f+µν − fµν− f−µν 〉2 〈 JS 〉2〈uµuµ 〉2 〈 JSJS 〉2

2 1
2 〈 f

µν
+ f+µν + fµν− f−µν 〉2 i 〈 JµνT [uµ, uν ] 〉2 〈 JPJP 〉2

3 i
2 〈 f

µν
+ [uµ, uν ] 〉2 〈 JµνT f+µν 〉2 〈 JS 〉2〈 JS 〉2

4 〈uµuν 〉2 〈uµuν 〉2 X̂µν〈 JµνT 〉2 〈 JP 〉2〈 JP 〉2

5 〈uµuµ 〉2 〈uνuν 〉2
∂µh

v
〈uµJP 〉2 〈 JµV JV,µ 〉2

6
(∂µh)(∂µh)

v2 〈uνuν 〉2 〈 JµA 〉2〈uµT 〉2 〈 JµAJA,µ 〉2

7
(∂µh)(∂νh)

v2 〈uµuν 〉2
(∂µh)(∂µh)

v2 〈 JS 〉2 〈 JµV 〉2〈 JV,µ 〉2

8
(∂µh)(∂µh)(∂νh)(∂νh)

v4 〈 ĜµνJ8µν
T 〉2,3 〈 JµA 〉2〈 JA,µ 〉2

9
(∂µh)
v 〈 fµν− uν 〉2 — 〈 JµνT JT µν 〉2

10 〈 T uµ 〉2 〈 T uµ 〉2 — 〈 JµνT 〉2〈 JT µν 〉2

11 X̂µνX̂
µν — —

12 〈 Ĝµν Ĝµν 〉3 — —

Table 1. CP -invariant and P -even operators of the O(p4) EWET Lagrangian. The left column

shows bosonic, the central two-fermion, and the right column four-fermion operators. All Wilson

coefficients are Higgs-dependent functions.

i Õi Õψ
2

i Õψ
4

i

1 i
2 〈 f

µν
− [uµ, uν ] 〉2 〈 JµνT f−µν 〉2 〈 JµV JA,µ 〉2

2 〈 fµν+ f−µν 〉2
∂µh

v
〈uνJµνT 〉2 〈 JµV 〉2〈 JA,µ 〉2

3
(∂µh)
v 〈 fµν+ uν 〉2 〈 JµV 〉2〈uµT 〉2 —

Table 2. CP -invariant and P -odd operators of the O(p4) EWET Lagrangian. The left column

shows bosonic, the central two-fermion, and the right column four-fermion operators. All Wilson

coefficients are Higgs-dependent functions.

where Lnon-res and the chiral structures χ
(i)
R , χ

(i)
R,R′ , . . . only contain light degrees of freedom

(dof). At energies below the resonance masses, we can integrate out the resonance fields,

recovering in this way the low-energy EWET.

At tree-level and for bosonic resonances, the Lagrangian (3.1) gives low-energy

equation-of-motion (EoM) solutions of the form

R ∼
∑
i

ci χ
(i)
R

M2
R

+O(v5/M4
R) , (3.2)
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where MR denotes the resonance mass. Unless ci ∼M2
R/v

2, which is a special case that we

discuss in appendix C, the contributions from operators with higher number of resonances

are further suppressed by additional powers of v2/M2
R. At NLO, O(v2/M2

R), it is therefore

sufficient to consider eq. (3.1) up to operators with a single resonance.

Inserting the expression (3.2) back in eq. (3.1) and keeping terms up to O(v2/M2
R),

the resonance Lagrangian transforms into a sum of chiral-invariant structures of the form

(
∑

i ci χ
(i)
R )2/M2

R. Matching this result with the low-energy EWET Lagrangian discussed in

section 2, we can identify the different cicj/M
2
R terms with the corresponding pre-factors

Fj of the NLO EWET operators, with their given normalization factors properly taken

into account. In order to pin down all possible contributions to the O(p4) LECs, we only

need to consider tensors χ
(i)
R in eq. (3.1) of O(p2) or lower. We discuss the detailed form

of eq. (3.2) below.

For fermion resonances Ψ, the low-energy EoM solution in eq. (3.2) gets modified

into Ψ ∼
∑

i ci χ
(i)
Ψ /MΨ which, when inserted back in (3.1), generates EWET structures

that only contain a single heavy-mass factor: (
∑

i ci χ
(i)
Ψ )2/MΨ. However, the resulting

fermionic contributions to the LECs, cicj/MΨ, are also of O(p4) because, according to our

power-counting rules, the EWET fermionic operators always come in combination with

weak coupling factors in cicj that provide an additional suppression.

3.2 Colored bosonic resonances

Considering also colored fields in our analysis implies new tree-level interactions with res-

onances and thus additional contributions to the LECs of the EWET. Furthermore, we

consider colorful heavy objects that are in an octet representation of the SU(3)C group,

while all the heavy objects considered in ref. [1] correspond to the singlet representation. In

consequence, several types of heavy resonance states can be distinguished and they read as

R1
1 −→ R1

1 , ∂µR
1
1 ,

R1
3 −→ ghR

1
3 g
†
h , ∇µR1

3 = ∂µR
1
3 + [Γµ, R

1
3] ,

R8
1 −→ gC R

8
1 g
†
C , ∂̂µR

8
1 = ∂µR

8
1 + i [Ĝµ, R

8
1] ,

R8
3 −→ gC ghR

8
3 g
†
h g
†
C , ∇̂µR8

3 = ∂µR
8
3 + i [Ĝµ, R

8
3] + [Γµ, R

8
3] , (3.3)

where the dimension of the resonance representation is indicated, here and in the following,

with upper and lower indices in the scheme R
SU(3)
SU(2). As usual, R stands for any of the four

possible JPC bosonic states with quantum numbers 0++ (S), 0−+ (P), 1−− (V) and 1++

(A). For instance, P 8
3 refers to a pseudoscalar heavy multiplet that is an SU(2) triplet and

an SU(3) octet. Equation (3.3) also incorporates the covariant derivatives for the colored

resonances. The normalization used for the n-plets of resonances is

Rn3 =
1√
2

3∑
i=1

σiR
n
3,i , with 〈Rn3 Rm3 〉2 =

3∑
i=1

Rn3,iR
m
3,i , n,m = 1, 8 ;

R8
n =

8∑
a=1

T aR8,a
n , with 〈R8

nR
8
m 〉3 =

8∑
a=1

1

2
R8,a
n R8,a

m , n,m = 1, 3 , (3.4)

with 〈σiσj 〉2 = 2δij and 〈T aT b 〉3 = δab/2.
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In order to find the imprints of these heavy states in the LECs of the EWET at NLO,

it is enough to analyze the tree-level exchange of resonances. Including only interactions

linear in the resonance fields, the spin-0 Lagrangians read

LR1
1

=
1

2

(
∂µR1

1 ∂µR
1
1 −M2

R1
1

(R1
1)2
)

+R1
1 χR1

1
,

LR1
3

=
1

2
〈∇µR1

3∇µR1
3 −M2

R1
3

(R1
3)2 〉2 + 〈R1

3 χR1
3
〉2 ,

LR8
1

= 〈 ∂̂µR8
1 ∂̂µR

8
1 −M2

R8
1

(R8
1)2 〉3 + 〈R8

1 χR8
1
〉3 ,

LR8
3

= 〈 ∇̂µR8
3 ∇̂µR8

3 −M2
R8

3
(R8

3)2 〉2,3 + 〈R8
3 χR8

3
〉2,3 , (3.5)

with Rmn = Smn , P
m
n . We have included all tree-level interactions in the different χR tensors.

The O(p2) interacting structures for the scalar and pseudoscalar resonances are:4

χS1
1

= λhS1 v h
2 +

cd√
2
〈uµuµ 〉2 +

cS
1
1

√
2
〈 JS 〉2 , χP 1

1
=

cP
1
1

√
2
〈 JP 〉2 ,

χS1
3

= cS
1
3 JS , χP 1

3
= cP

1
3 JP + dP

(∂µh)

v
uµ ,

χS8
1

=
cS

8
1

√
2
〈 J8

S 〉2 , χP 8
1

=
cP

8
1

√
2
〈 J8

P 〉2 ,

χS8
3

= cS
8
3 J8

S , χP 8
3

= cP
8
3 J8

P . (3.6)

For the massive spin-1 fields there is some freedom in the selection of resonance formal-

ism: we can use either the four-vector Proca description R̂µ or the rank-2 antisymmetric

tensor Rµν [6, 7]. By using a change of variables within the path integral formulation, and

once a good short-distance behavior is required, we demonstrated the equivalence of both

formalisms in ref. [1]: they lead to the same predictions for the LECs of the EWET at

NLO. Although both descriptions are fully equivalent, they involve different Lagrangians.

Depending on the particular phenomenological application, one formalism can be more

efficient predicting the LECs than the other, in the sense that direct contributions from

Lnon-res (local operators without resonances) in eq. (3.1) are absent.

The antisymmetric tensor involves interactions of the type Rµνχ
µν
R and Rµν(∇µχνR −

∇νχµR) while, owing to its different Lorentz structure, the couplings of the Proca field

can be written in two different ways: R̂µχ
µ

R̂
and (∇µR̂ν − ∇νR̂µ)χµν

R̂
. There is a one-

to-one correspondence among vertices in both formalisms, although with different chiral

dimensions. The different momentum dependence of the two spin-1 representations is

compensated by different (but related) local Lagrangians Lnon-res that adjust a proper UV

behavior. In ref. [1] we demonstrated the following important result that simplifies the

calculation of the LECs:

The sum of tree-level resonance-exchange contributions from O(p2) χµ
R̂

(Proca) and

χµνR (antisymmetric) structures gives the complete (non-redundant and correct) set of

predictions for the O(p4) EWET LECs, without any additional contributions from local

Lnon-res operators.

4Note that we have slightly changed the notation with respect to ref. [1].
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In the following we just take advantage of this useful theorem, referring to ref. [1] for

its detailed proof. The relevant spin-1 Proca resonance Lagrangians are:

LR̂1
1

= −1

4

(
R̂1

1µν R̂
1µν
1 − 2M2

R1
1
R̂1

1µ R̂
1µ
1

)
+ R̂1

1µ χ
µ

R̂1
1

,

LR̂1
3

= −1

4
〈 R̂1

3µν R̂
1µν
3 − 2M2

R1
3
R̂1

3µ R̂
1µ
3 〉2 + 〈 R̂1

3µ χ
µ

R̂1
3

〉2 ,

LR̂8
1

= −1

2
〈 R̂8

1µν R̂
8µν
1 − 2M2

R8
1
R̂8

1µ R̂
8µ
1 〉3 + 〈 R̂8

1µ χ
µ

R̂8
1

〉3 ,

LR̂8
3

= −1

2
〈 R̂8

3µν R̂
8µν
3 − 2M2

R8
3
R̂8

3µ R̂
8µ
3 〉2,3 + 〈 R̂8

3µ χ
µ

R̂8
3

〉2,3 , (3.7)

where R̂mn = V̂ m
n , Âmn and R̂µν stands for the corresponding resonance strength tensor (e.g.,

R̂8
3µν = ∇̂µR̂8

3 ν − ∇̂νR̂8
3µ). The χµ

R̂
chiral structures take the form:

χµ
V̂ 1
1

= c̃T 〈uµT 〉2 +
cV̂

1
1

√
2
〈 JµV 〉2 +

c̃V̂
1
1

√
2
〈 JµA 〉2 ,

χµ
Â1

1

= cT 〈uµT 〉2 +
cÂ

1
1

√
2
〈 JµA 〉2 +

c̃Â
1
1

√
2
〈 JµV 〉2 ,

χµ
V̂ 1
3

= cV̂
1
3 JµV + c̃V̂

1
3 JµA , χµ

Â1
3

= cÂ
1
3 JµA + c̃Â

1
3 JµV ,

χµ
V̂ 8
1

=
cV̂

8
1

√
2
〈 J8µ

V 〉2 +
c̃V̂

8
1

√
2
〈 J8µ

A 〉2 , χµ
Â8

1

=
cÂ

8
1

√
2
〈 J8µ

A 〉2 +
c̃Â

8
1

√
2
〈 J8µ

V 〉2 ,

χµ
V̂ 8
3

= cV̂
8
3 J8µ

V + c̃V̂
8
3 J8µ

A , χµ
Â8

3

= cÂ
8
3 J8µ

A + c̃Â
8
3 J8µ

V . (3.8)

The antisymmetric Lagrangians read:

LR1
1

= −1

2

(
∂λR1

1λµ ∂σR
1σµ
1 − 1

2
M2
R1

1
R1

1µν R
1µν
1

)
+R1

1µν χ
µν
R1

1
,

LR1
3

= −1

2
〈∇λR1

3λµ∇σR
1σµ
3 − 1

2
M2
R1

3
R1

3µν R
1µν
3 〉2 + 〈R1

3µν χ
µν
R1

3
〉2 ,

LR8
1

= −〈 ∂̂λR8
1λµ ∂̂σR

8σµ
1 − 1

2
M2
R8

1
R8

1µν R
8µν
1 〉3 + 〈R8

1µν χ
µν
R8

1
〉3 ,

LR8
3

= −〈 ∇̂λR8
3λµ ∇̂σR

8σµ
3 − 1

2
M2
R8

3
R8

3µν R
8µν
3 〉2,3 + 〈R8

3µν χ
µν
R8

3
〉2,3 , (3.9)

with Rmn = V m
n , Amn and the tensor structures:

χµν
V 1
1

= FX X̂
µν +

C
V 1
1

0√
2
〈 JµνT 〉2 , χµν

A1
1

= F̃X X̂
µν +

C̃
A1

1
0√
2
〈 JµνT 〉2 ,

χµν
V 1
3

=
FV

2
√

2
fµν+ +

iGV

2
√

2
[uµ, uν ] +

F̃V

2
√

2
fµν− +

λ̃hV1√
2

[(∂µh)uν − (∂νh)uµ] + C
V 1
3

0 JµνT ,

χµν
A1

3
=

FA

2
√

2
fµν− +

λhA1√
2

[(∂µh)uν − (∂νh)uµ] +
F̃A

2
√

2
fµν+ +

i G̃A

2
√

2
[uµ, uν ] + C̃

A1
3

0 JµνT ,
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χµν
V 8
1

=
C
V 8
1

0√
2
〈 J8µν

T 〉2 + CG Ĝ
µν , χµν

A8
1

=
C̃
A8

1
0√
2
〈 J8µν

T 〉2 + C̃G Ĝ
µν ,

χµν
V 8
3

= C
V 8
3

0 J8µν
T , χµν

A8
3

= C̃
A8

3
0 J8µν

T . (3.10)

3.3 Fermionic doublet resonances

We are going to construct the interactions between the SM fields and one fermionic res-

onance Ψ. The resonance has to be an electroweak doublet, as with other representa-

tions it is not possible to construct invariant operators with just a single Ψ field and the

low-energy SM fermions at the order we consider. Under the complete symmetry group,

G = SU(3)C⊗SU(2)L⊗SU(2)R⊗U(1)X with X = (B− L)/2, the resonance Ψ transforms as

Ψ −→ gC gX ghΨ , (3.11)

with gC and gX the appropriate color and U(1)X transformations for the corresponding

representation of Ψ.

After performing several simplifications, the most compact and diagonalized form of

the fermionic resonance Lagrangian reads

LΨ = Ψ̄(i /D −MΨ)Ψ +
(
ΨχΨ + χΨΨ

)
, (3.12)

with the O(p2) fermionic chiral tensors

χΨ = uµγ
µ(λ1γ5 + λ̃1)ξ − i(∂µh)

v
γµ(λ2 + λ̃2γ5)ξ + (λ0 + λ̃0γ5)T ξ ,

χΨ = ξ̄γµ(λ1γ5 + λ̃1)uµ + iξ̄γµ(λ2 + λ̃2γ5)
(∂µh)

v
+ ξ̄T (λ0 − λ̃0γ5) . (3.13)

Notice that the resonance Lagrangian in eq. (3.12) is only invariant if ξ and Ψ have the

same color and B− L quantum numbers. This means that if Ψ is a quark-type doublet

(triplet in color and B− L = 1/3) then it will only couple to quarks and only the EWET

LECs Fψ
2

j and F̃ψ
2

j with ψ2 ∼ q̄q will receive contributions. If Ψ is a lepton-type doublet

(singlet in color and B− L = −1), it will only couple to (neutral or charged) leptons and

only the EWET LECs Fψ
2

j and F̃ψ
2

j with ψ2 ∼ ¯̀̀ will arise at low energies. Any other

SU(3)C ⊗ U(1)X representation of Ψ will not generate contributions to the low-energy

theory at the order we study.

Since the inclusion of fermionic resonances in the EWET was not discussed in previous

references, we detail in the appendix D the bare unsimplified fermionic doublet resonance

Lagrangian and how to obtain its final version in eq. (3.12).

4 Imprints of the heavy states in the EWET

Since there is no direct experimental evidence of the presence of heavy resonances, one can

only glimpse their effects through the imprints they leave in the LECs of the EWET, at

energies lower than the resonance masses. The resonance contributions to the LECs lead

to specific deviations in observables with respect to the SM expectations. The presence of
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some interacting heavy states might be then inferred from the precise pattern of deviations

they induce.

Once the resonance Lagrangian is set, the heavy states are integrated out from the

action and the outcome can be organized in powers of momenta over the resonance masses.

This procedure is standard in the context of EFTs and more details can be found for

example in refs. [1, 51].

4.1 Bosonic resonances

Replacing the resonance fields in the interaction Lagrangians (3.5), (3.7) and (3.9) by their

classical EoM solutions, truncated at leading order, one obtains the tree-level resonance-

exchange contributions to the O(p4) EWET Lagrangian. The scalar singlet resonance S1
1

also induces contributions that renormalize parameters of the LO Lagrangian L(2)
EWET in

eq. (2.19). These additional singlet contributions have been already discussed in ref. [1], as

colored bosonic resonances do not induce operators of L(2)
EWET. Therefore, we do not repeat

here the discussion again, although some additional details can be found in appendix C.

The resulting O(p4) low-energy Lagrangians from spin-0 scalar and pseudoscalar res-

onance exchanges are:

∆LO(p4)

R1
1

=
1

2M2
R1

1

(χR1
1
)2,

∆LO(p4)

R1
3

=
1

2M2
R1

3

(
〈χR1

3
χR1

3
〉2 −

1

2
〈χR1

3
〉2 〈χR1

3
〉2
)
,

∆LO(p4)

R8
1

=
1

4M2
R8

1

〈χR8
1
χR8

1
〉3 ,

∆LO(p4)

R8
3

=
1

4M2
R8

3

(
〈χR8

3
χR8

3
〉2,3 −

1

2
〈 〈χR8

3
〉2 〈χR8

3
〉2 〉3

)
, (4.1)

with Rmn = Smn , P
m
n and the interaction tensors χR listed in eq. (3.6). Contributions coming

from the product of two separated SU(3) traces are not listed since they vanish at O(p4)

(closed color indices imply that these traces are proportional to 〈T a 〉3〈T a 〉3 = 0).

For the spin-1 resonances, we combine results from the Proca and antisymmetric for-

malisms together, as indicated before, which ensures the completeness of the obtained set

of LECs. Through the exchange of Proca fields, the χµ
R̂
R̂µ interactions in eq. (3.7) generate

at low energies the following O(p4) Lagrangians:

∆LO(p4)

R̂1
1

= − 1

2M2
R1

1

(χµ
R̂1

1

)2 ,

∆LO(p4)

R̂1
3

= − 1

2M2
R1

3

(
〈χµ

R̂1
3

χR̂1
3 µ
〉2 −

1

2
〈χµ

R̂1
3

〉2 〈χR̂1
3 µ
〉2
)
,

∆LO(p4)

R̂8
1

= − 1

4M2
R8

1

〈χµ
R̂8

1

χR̂8
1 µ
〉3 ,

∆LO(p4)

R̂8
3

= − 1

4M2
R8

3

(
〈χµ

R̂8
3

χR̂8
3 µ
〉2,3 −

1

2
〈 〈χµ

R̂8
3

〉2 〈χR̂8
3 µ
〉2 〉3

)
, (4.2)
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J
H
E
P
0
5
(
2
0
1
9
)
0
9
2

i ∆Fi ∆F̃i i ∆Fi

1 −F
2
V − F̃ 2

V

4M2
V 1
3

+
F 2
A − F̃ 2

A

4M2
A1

3

− F̃VGV
2M2

V 1
3

− FAG̃A
2M2

A1
3

7
d2
P

2M2
P 1
3

+
λhA 2

1 v2

M2
A1

3

+
λ̃hV 2

1 v2

M2
V 1
3

2 −F
2
V + F̃ 2

V

8M2
V 1
3

− F 2
A + F̃ 2

A

8M2
A1

3

−FV F̃V
4M2

V 1
3

− FAF̃A
4M2

A1
3

8 0

3 −FVGV
2M2

V 1
3

− F̃AG̃A
2M2

A1
3

−FV λ̃
hV
1 v

M2
V 1
3

− F̃Aλ
hA
1 v

M2
A1

3

9 −FAλ
hA
1 v

M2
A1

3

− F̃V λ̃
hV
1 v

M2
V 1
3

4
G2
V

4M2
V 1
3

+
G̃2
A

4M2
A1

3

— 10 −
c̃2
T

2M2
V 1
1

−
c2
T

2M2
A1

1

5
c2
d

4M2
S1
1

− G2
V

4M2
V 1
3

− G̃2
A

4M2
A1

3

— 11 − F 2
X

M2
V 1
1

− F̃ 2
X

M2
A1

1

6 − λ̃
hV 2
1 v2

M2
V 1
3

− λhA 2
1 v2

M2
A1

3

— 12 −(CG)2

2M2
V 8
1

− (C̃G)2

2M2
A8

1

Table 3. Contributions to the bosonic O(p4) LECs from heavy scalar, pseudoscalar, vector, and

axial-vector exchanges.

with R̂mn = V̂ m
n , Âmn and χµ

R̂
the tensor structures in eq. (3.8). The χµνR Rµν interactions

in eq. (3.9) give rise, through the exchange of antisymmetric tensor fields, to the O(p4)

Lagrangians:

∆LO(p4)

R1
1

= − 1

M2
R1

1

(χµν
R1

1
)2 ,

∆LO(p4)

R1
3

= − 1

M2
R1

3

(
〈χµν

R1
3
χ
R1

3 µν
〉2 −

1

2
〈χµν

R1
3
〉2 〈χR1

3 µν
〉2
)
,

∆LO(p4)

R8
1

= − 1

2M2
R8

1

〈χµν
R8

1
χ
R8

1 µν
〉3 ,

∆LO(p4)

R8
3

= − 1

2M2
R8

3

(
〈χµν

R8
3
χ
R8

3 µν
〉2,3 −

1

2
〈 〈χµν

R8
3
〉2 〈χR8

3 µν
〉2 〉3

)
, (4.3)

where χµνR refer to the tensor structures of eq. (3.10).

Projecting these expressions into the O(p4) operator basis, one gets the corresponding

contributions to the EWET LECs. They are compiled in tables 3, 4, 5, and 6 together

with the results from fermionic resonance exchanges. Table 3 shows the LECs of bosonic

operators, table 4 the P -even two-fermion LECs, table 5 the P -even four-fermion ones, and

table 6 the LECS of P -odd fermion operators. We have applied several Fierz identities to

express the resulting four-fermion operators in terms of our operator basis. Interestingly,

the spin-0 resonances only contribute to P -even operators.
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0
5
(
2
0
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0
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i ∆Fψ
2

i i ∆Fψ
2

i

1
cdc

S1
1

2M2
S1
1

+
λ̃2

1 − λ2
1

2MΨ
5

dP c
P 1
3

M2
P 1
3

+
2(λ1λ2 − λ̃1λ̃2)

MΨ

2 −GV C
V 1
3

0√
2M2

V 1
3

− G̃AC̃
A1

3
0√

2M2
A1

3

− λ̃2
1 − λ2

1

2MΨ
6 − c̃T c̃

V̂ 1
1

√
2M2

V 1
1

− cT c
Â1

1

√
2M2

A1
1

+
(λ0λ1 + λ̃0λ̃1)

MΨ

3 − FV C
V 1
3

0√
2M2

V 1
3

− F̃AC̃
A1

3
0√

2M2
A1

3

7
λ2

2 − λ̃2
2

MΨ

4 −
√

2FXC
V 1
1

0

M2
V 1
1

−
√

2F̃XC̃
A1

1
0

M2
A1

1

8 −CGC
V 8
1

0√
2M2

V 8
1

− C̃GC̃
A8

1
0√

2M2
A8

1

Table 4. Contributions to the O(p4) LECs of two-fermion P -even operators from heavy scalar,

pseudoscalar, vector, axial-vector and fermionic exchanges.

4.2 Fermionic resonances

Similarly, we solve the EoM for the fermionic resonance Ψ and expand it for p�MΨ, up

to O(p2). We obtain

ΨO(p2) =
1

MΨ
χΨ , Ψ

O(p2)
=

1

MΨ
χΨ . (4.4)

Substituting this EoM solution in the resonance Lagrangian (3.12), we get the contribution

from the Ψ exchanges to the low-energy EWET at O(p4):

∆LO(p4)
Ψ =

1

MΨ
χΨ χΨ

=
g′ 2(λ2

0 − λ̃2
0)

4MΨ
ξ̄ξ +

∑
j=1,2,5,6,7

∆Fψ
2

j O
ψ2

j +
∑
j=2,3

∆F̃ψ
2

j Õ
ψ2

j , (4.5)

which expressed in terms of the previously developed EFT basis yields the correspond-

ing LECs. The remaining NLO operators do not receive contributions from the doublet

fermionic resonance Ψ. The results are shown in detail in tables 4 and 6.

The first term in the second line of (4.5) has the form of a SM fermion mass Lagrangian.

From pure näıve dimensional analysis, the fermion bilinear would scale in the low-energy

counting as O(p) while the factor g′2, coming from the custodial breaking tensor T in

the interaction vertex (3.13), scales like O(p2). In addition, our assumption that the SM

fermions carry an additional weak coupling suppression (encoded in the operator coupling)

implies that λ2
0 and λ̃2

0 scale like O(p). Hence, this contribution is formally of O(p4)

although, at the practical level, it adds up to the Yukawa mass terms in the LO Lagrangian

and will not be discussed separately any more.

We would like to make one final remark on the distinction between fermionic resonances

with quark (Ψquark) and lepton (Ψlepton) quantum numbers, when they are considered at the
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8
3 )2

32M2
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3

+
(c̃V̂

8
3 )2

32M2
V 8
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+
(cV̂

8
1 )2

32M2
V 8
1

− (c̃V̂
8
1 )2

32M2
V 8
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+
(cÂ

8
3)2

32M2
A8

3

− (c̃Â
8
3)2

32M2
A8

3

1 − (cÂ
8
1)2

32M2
A8

1

+
(c̃Â

8
1)2

32M2
A8

1

− 3(C
V 8
3

0 )2

16M2
V 8
3

+
3(C

V 8
1

0 )2

16M2
V 8
1

− 3(C̃
A8

3
0 )2

16M2
A8

3

+
3(C̃

A8
1

0 )2

16M2
A8

1

+
(cS

1
3 )2

2M2
S1
3

+
1

128

(
−5(cS

8
3 )2

3M2
S8
3

− (cS
8
1 )2

M2
S8
1

− (cP
8
3 )2

M2
P 8
3
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(cP

8
1 )2
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P 8
1

)

− (cV̂
8
3 )2

32M2
V 8
3

+
(c̃V̂

8
3 )2

32M2
V 8
3

+
(cV̂

8
1 )2

32M2
V 8
1

− (c̃V̂
8
1 )2

32M2
V 8
1

− (cÂ
8
1)2

32M2
A8

1

+
(c̃Â

8
1)2

32M2
A8

1

2 +
(cÂ

8
3)2

32M2
A8

3

− (c̃Â
8
3)2

32M2
A8

3

+
3(C

V 8
3

0 )2

16M2
V 8
3

− 3(C
V 8
1

0 )2

16M2
V 8
1

+
3(C̃

A8
3

0 )2

16M2
A8

3

− 3(C̃
A8

1
0 )2

16M2
A8

1

+
(cP

1
3 )2

2M2
P 1
3

+
1

128

(
−(cS

8
3 )2

M2
S8
3

+
(cS

8
1 )2

M2
S8
1

− 5(cP
8
3 )2

3M2
P 8
3

− (cP
8
1 )2

M2
P 8
1

)

3
(cV̂

8
3 )2

16M2
V 8
3

− (c̃V̂
8
3 )2

16M2
V 8
3

− (cÂ
8
3)2

16M2
A8

3

+
(c̃Â

8
3)2

16M2
A8

3

+
3(C

V 8
3

0 )2

8M2
V 8
3

+
3(C̃

A8
3

0 )2

8M2
A8

3

−(cS
1
3 )2

4M2
S1
3

+
(cS

1
1 )2

4M2
S1
1

+
1

64

(
−(cS

8
3 )2

3M2
S8
3

− 2(cS
8
1 )2

3M2
S8
1

+
(cP

8
3 )2

M2
P 8
3

)

4
(cV̂

8
3 )2

16M2
V 8
3

− (c̃V̂
8
3 )2

16M2
V 8
3

− (cÂ
8
3)2

16M2
A8

3

+
(c̃Â

8
3)2

16M2
A8

3

− 3(C
V 8
3

0 )2

8M2
V 8
3

− 3(C̃
A8

3
0 )2

8M2
A8

3

−(cP
1
3 )2

4M2
P 1
3

+
(cP

1
1 )2

4M2
P 1
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+
1
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(
(cS

8
3 )2

M2
S8
3

− (cP
8
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3M2
P 8
3

− 2(cP
8
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3M2
P 8
1
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1
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(
(cS

8
3 )2

M2
S8
3

− (cS
8
1 )2

M2
S8
1

+
(cP

8
3 )2

M2
P 8
3

− (cP
8
1 )2

M2
P 8
1

)
− (cV̂

1
3 )2

2M2
V 1
3

− (c̃Â
1
3)2

2M2
A1

3

+
1

64

(
7(cV̂

8
3 )2

3M2
V 8
3

+
(c̃V̂

8
3 )2

M2
V 8
3

− (cV̂
8
1 )2

M2
V 8
1

− (c̃V̂
8
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M2
V 8
1

+
(cÂ

8
3)2

M2
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3

+
7(c̃Â

8
3)2

3M2
A8

3

− (cÂ
8
1)2

M2
A8

1

− (c̃Â
8
1)2

M2
A8

1

)

6 −(c̃V̂
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2M2
V 1
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1
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2M2
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(cP

8
1 )2

M2
P 8
1

)

+
1

64

(
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)

Table 5. Contributions to the O(p4) LECs of four-fermion P -even operators from heavy scalar,

pseudoscalar, vector and axial-vector exchanges.
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8
1)2

96M2
A8

1

8
(cS

8
3 )2

64M2
S8
3

+
(c
P 8
3

1 )2

64M2
P 8
3

+
(c̃V̂

1
3 )2

4M2
V 1
3

+
(cÂ
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Table 5. (continued) Contributions to the O(p4) LECs of four-fermion P -even operators from

heavy scalar, pseudoscalar, vector and axial-vector exchanges.
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√
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− cT c̃
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—

Table 6. Contributions to the O(p4) LECs of two- and four-fermion P -odd operators from heavy

scalar, pseudoscalar, vector, axial-vector and fermionic exchanges.
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same time. Unless Ψquark and Ψlepton belong to a common multiplet of some unified group

(e.g. the SU(4) Pati-Salam group [52]), one must distinguish between quark and leptonic

EFT operators, being the effective couplings of these two sectors independent parameters.

5 Phenomenology

In this section we discuss some phenomenological signatures of the electroweak resonances,

at energies lower than their mass scale. The more generic (model-independent) aspects

are analyzed first. Afterwards, we connect our general approach to three specific examples

with very contrasting initial assumptions, encompassing both weakly and strongly coupled

models. This reflects the great power and versatility of the EWET, being able to properly

describe any high-energy scenario provided the assumed pattern of EWSB is satisfied. Note

that for some of the models, where the Higgs boson is embedded in an electroweak doublet,

the SMEFT also gives a convenient description.

5.1 Current EWET phenomenology

We have seen in section 4 that most of the resonances contribute only to the NLO (and

higher-order) LECs of the EWET. The scalar singlet S1
1 and the fermionic doublet Ψ

are the only exceptions that also contribute to LO structures. However, all resonance

contributions are of O(p4) and suppressed by inverse powers of the resonance mass scale

(1/M2
R for bosonic resonances and 1/MR for fermionic ones), also the contributions to LO

operators. Thus, even though the S1
1 state could manifest in current measurements of the

Higgs couplings, its effects are expected to be suppressed. This is consistent with the recent

fit to LHC data [28], which does not see any deviation from the SM predictions. However,

the present uncertainties are still sizable, of O(10%).

Another possibility to access the LO couplings is double-Higgs production, which is

sensitive to the triple Higgs coupling [53]. If a discrepancy with the SM would be identi-

fied in a LO coupling, the mass scale of some of the resonances could also be estimated

using unitarization techniques [27, 54–60], albeit with some degree of model dependence

originating in the resonance couplings neglected in those analyses.

The fermion resonance doublet Ψ also contributes to the LO EWET Lagrangian: a

similar shift ∆mψ = g
′ 2(λ̃2

0 − λ2
0)/MΨ is generated for the mass of both the t and b

components of the SM doublet ψ. If ∆mψ was of the order of the top mass, it seems

unlikely that the rest of SM fermion masses would remain much smaller than mt. Thus,

one expects a very suppressed correction |∆mψ| � mt, in agreement with our assumptions,

which classify these fermion contributions as NLO in the EWET.

The oblique S and T parameters are sensitive to vector and axial-vector triplet reso-

nances that contribute to S already at LO [36, 37]. Their effects were studied in refs. [30,

31, 46], including NLO corrections. Current experimental bounds [29, 38] on these parame-

ters and the requirement of a good high-energy behavior of the UV theory push the masses

of the vector and axial-vector resonances to the TeV range [2, 30]. Scalar and fermion res-

onances can generate additional NLO corrections to the gauge-boson self-energies, which

have not been studied yet.
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Apart from modifications of the SM-like couplings, one expects new interaction vertices

not present in the SM Lagrangian. An important class of these novel contributions are four-

fermion operators. Standard dijet and dilepton studies at LHC [61–64] and LEP [65] have

looked for four-fermion operators containing light leptons and/or quarks. Their theoretical

interpretation depends on whether one considers a diagonal flavor structure of the theory,

with similar couplings and LECs for all generations, or a particular suppression of BSM

interactions in the first and second families. In these experimental searches, it has been

customary to express the four-fermion LECs in terms of a suppression scale Λ defined

through |Fψ
4

j | = 2π/Λ2. Currently, the tightest (95% CL) lower limits on these contact

interactions are:5

1. From dijet production:

– Λ ≥ 21.8 TeV from ATLAS [61],

– Λ ≥ 18.6 TeV from CMS [62],

– Λ ≥ 16.2 TeV from LEP [65].

2. From dilepton production:

– Λ ≥ 26.3 TeV from ATLAS [63],

– Λ ≥ 19.0 TeV from CMS [64],

– Λ ≥ 24.6 TeV from LEP [65].

Since typically these analyses check the contact four-fermion operators one by one,

setting the remaining NLO vertices to zero, the exact constraints vary from operator to

operator and between production channels. Nonetheless, they all lead in general to bounds

of the order Λ & O(10 TeV). For further limits on leptonic four-fermion operators see

also ref. [66].

The lower bounds above refer to first and second generation four-fermion operators.

Nevertheless, in recent years there have been also some studies on four-fermion operators

including top and bottom quarks (see ref. [67] for a wider review of these results):6

1. From high-energy collider studies:

– Λ ≥ 1.5 TeV from multi-top production at LHC and Tevatron [68],

– Λ ≥ 2.3 TeV from t and tt̄ production at LHC and Tevatron [69],

– Λ ≥ 4.7 TeV from dilepton production at LHC [70].

5We note that refs. [63, 65] consider a different LEC normalization (|Fψ
4

j | = 4π/Λ2) for some analyses.

Nevertheless, as we are just interested in showing the order of magnitude of the current lower bounds on

the new-physics scale, the values of Λ quoted in the present article are simply those given in refs. [63, 65],

without any modification.
6For illustration, we have taken the most stringent bounds in every case. In order to ease the compar-

ison, the four-fermion couplings cj given in refs. [67–72] are related to the scale Λ presented here through

|cj | = 2π/Λ2.
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2. From low-energy studies:

– Λ ≥ 14.5 TeV from Bs −Bs mixing [71],

– Λ ≥ 3.3 TeV from semileptonic B decays [72].

Thus, although pure näıve dimensional analysis would assign them a chiral dimension

d̂ = 2, dilepton and dijet studies suggest a stronger suppression of the four-fermion effective

operators. This provides a strong phenomenological confirmation of our fermion power-

counting in the EWET, and the assigned formal scaling ξ̄Γη ∼ O(p2). An additional weak

coupling is implicitly assumed to be contained in the (non-SM) couplings of the fermionic

interaction Lagrangian, such that the suppression scale is much larger than O(1 TeV). In

the next subsection, we will come back to the four-fermion operators within a more specific

theoretical framework: the heavy vector-triplet (simplified) model.

5.2 The heavy vector triplet (simplified) model

LHC diboson (WW , WZ, ZZ, Wh and Zh) production analyses [73–86] confront the search

for new physics from a different perspective. Instead of looking for a smooth increase of

the signal over the SM background, these studies look for narrow bumps in the diboson

invariant mass spectrum. The absence of any positive signals has set lower limits on the

mass of a possible SU(2)-triplet and colorless spin-1 resonance V 1
3 (see [87] and references

therein). Nevertheless, these limits heavily depend on the resonance width and quantum

numbers assumed in the analysis.

Particular models and benchmark points are considered as a common basis to interpret

the experimental data, among them the spin-1 Heavy Vector Triplet model B (HVT-B) as

one of the most popular ones [88]. The HVT-A variant has a coupling to fermions similar

to the HVT-B one, but a much smaller resonance coupling to dibosons [88]. In general,

HVT-A always leads to looser exclusion bounds and, hence, we will focus on the HVT-B

scenario in what follows. In the narrow-width approximation the diboson production cross

section is given by

σ(pp→ V → diboson) =
∑
i,j ∈ p

48π2γij
(2Si + 1)(2Sj + 1)CiCj

dLij
dŝ

∣∣∣∣
ŝ=M2

V

, (5.1)

with i, j ∈ p = {q, q̄′,W,Z, . . . }, dLij
dŝ the corresponding parton luminosity, Sk and Ck the

spin and color factor of the parton k, respectively, while

γij =
ΓV→ij
MV

× BV→dibos (5.2)

incorporates the partial width ΓV→ij into the partons ij, the resonance mass MV and its

branching ratio BV→dibos into the diboson final state of the particular experimental data at

hand (diboson ∈ {W+W−, Zh} or {W±Z,W±h} for V 0 and V ± production, respectively).

In the HVT-B model, the branching ratios into two weak bosons and into a Higgs and a

gauge boson are roughly 50% each, the branching ratios into fermions being less than 1%.
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It is important to remark that experimental diboson studies implicitly assume that

Drell-Yan (qq̄′ → V → diboson) is the dominant V production channel. Most works rely

on the HVT benchmark for the interpretation of vector triplet signals [87]. Although the

HVT-B variant has a fermionic branching ratio two orders of magnitude smaller than the

bosonic one, the qq̄′ luminosity is from four to six orders of magnitude larger than the

diboson one, strongly suppressing the vector-boson-fusion production channel even with

an enhanced partial width [88]. Thus, unless the BSM light-quark couplings are extremely

suppressed, B(V → qq̄′)� 10−4, Drell-Yan production will dominate:

σ(pp→ V → diboson) '
∑
q,q̄′

48π2γqq̄′

4N2
C

dLq,q̄′

dŝ

∣∣∣∣
ŝ=M2

V

, (5.3)

with q and q̄′ summed over the different flavors (u, d, . . . ). Works relying on vector-boson-

fusion production for a vector triplet lead to much smaller cross sections [89] than those

usually predicted with the HVT benchmark [87, 88].

In the HVT model, the partial decay width of the vector resonance into quarks is given

by ΓV 0→qq̄/MV = (g2g−1
V cF )2 × NC/(96π) with g2 = 4m2

W /v
2 and cF ' 1 (for a spin-1

triplet, ΓV ±→qq̄′ = 2ΓV 0→qq̄) [88]. In the present article, we consider a much more general

fermionic structure where the triplet partial width is related to the resonance couplings

cV̂
1
3 , c̃V̂

1
3 and C

V 1
3

0 through

c2
eff ≡ (cV̂

1
3 )2 + (c̃V̂

1
3 )2 +

1

2
(C

V 1
3

0 )2 =
24π

NC

γqq̄
BV 0→dibos.

≥ 24π

NC
γqq̄ ≡ (cbound

eff )2 . (5.4)

The identities ceff = 1
2 g

2g−1
V cF and (cbound

eff )2 = c2
eff × BV 0→dibos. provide a simple relation

between the two theoretical frameworks. We note that γqq̄ here refers to the neutral

V 0 production.

The experimental analyses consider benchmark points with constant γqq̄. In particular,

HVT-BgV =3 studies have γqq̄ = 1.0 × 10−4 (together with cF ' 1 and BV→dibos. ' 50%).

The V mass is varied and values that yield a larger cross section than the experimentally

observed one become excluded. In general, the HVT-BgV =3 analyses have excluded masses

MV ≤ Mbound
V at the 95% CL [86]: the most stringent bound, Mbound

V = 4.15 TeV, has

been given by the recent W+W−/W±Z/ZZ production analysis [86], where the diboson

system was reconstructed using large-radius jets. At constant γqq̄, lower resonance masses

yield larger production cross sections and are excluded, whereas larger values of γqq̄ give

higher cross sections for fixed MV and are, therefore, also excluded. This implies the 95%

CL exclusion limit ceff ≥ cbound
eff = 5.0 × 10−2, for MV ≤ Mbound

V = 4.15 TeV [86], on the

resonance coupling combination provided by eq. (5.4). Note that, for a given value of γqq̄
(which at the end encodes all the new physics in standard diboson analyses), the limit on

this ceff combination becomes stronger if one assumes a model with particular values for

the diboson branching ratio. E.g., in the HVT-B model, BV→dibos = 50% would actually

imply ceff ≥
√

2 cbound
eff . These resonance couplings determine the V 1

3 contribution to the

low-energy four-fermion LECs through the relations (see table 5):

Fψ
4

7 + Fψ
4

8 +
Fψ

4

10

4
= −1

2

(
Fψ

4

5 + Fψ
4

6 +
Fψ

4

9

4

)
=

c2
eff

4M2
V

=
6πΓV 0→qq̄

NCM
3
V

. (5.5)
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Figure 2. Exclusion regions based on diboson production experimental analyses [73–87] (shaded

gray region). The black dots represent the values (Mbound
V , cbound

eff ) obtained in the various HVT-

BgV =3 studies, representing the red star the most stringent constraint Mbound
V = 4.15 TeV [86].

The relevant LEC combination is expressed in terms of the scale Λ defined by F7 + F8 + F10/4 =

c2eff/(4M
2
V ) = 2πΛ−2, with the value for each point given by the color legend on the right-hand

side. More details are given in the text.

Analogous expressions have been derived in the past for O(p4) LECs in Chiral Perturbation

Theory, in terms of the ratio of the vector triplet partial width and its mass [90, 91]. Those

results are based on the same basic assumption we employ: an appropriate behavior of the

amplitudes at high energies, dictated by unitarity (in addition to the standard requirements

of analyticity and crossing of a well-defined field theory).

In order to ease the comparison with four-fermion interaction studies at LHC [61–64]

and LEP [65], it is convenient to rewrite the previous combination of LECs in terms of the

Λ scale suppression,

2πΛ−2 ≡ Fψ
4

7 + Fψ
4

8 +
Fψ

4

10

4
=⇒ Λ2 =

8πM2
V

c2
eff

. (5.6)

Each particular γqq̄ benchmark-point study leads to the exclusion of vector triplet

resonances with ceff ≥ cbound
eff if MV ≤ Mbound

V . The black dots in figure 2 provide the

values (Mbound
V , cbound

eff ) for each HVT-BgV =3 analysis [73–87]. The most stringent exclusion

bound [82] is provided by the red star in figure 2 (Mbound
V = 4.15 TeV, cbound

eff = 5.0×10−2),

with γqq̄ = 10−4. It yields the widest 95% CL exclusion region, shown in figure 2 as the

upper-left shaded gray region. At this red-star point, the LEC scale suppression is found

to be Λ = 410 TeV.
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Thus, these standard diboson searches lead to an important extension of the (MV , ceff)

exclusion regions listed in the previous section 5.1, derived through effective four-fermion

operator analyses which typically excluded (MV , ceff) points with Λ . 10 TeV. These points

would be in the upper-left corner of figure 2, being, indeed, out of the range of the plot

presented here.

Since the spin-1 triplet studies have been mainly focused on just two γqq̄ benchmark

points (corresponding to HVT-AgV =1 and HVT-BgV =3), there are still several exclusion

regions unexplored: smaller values of Λ are still allowed for 1) a light spin-1 resonance

if γqq̄ (or ceff) is small enough, and 2) a large resonance parameter γqq̄ (or ceff) if MV is

large enough.

It is remarkable that direct resonance searches — based on specific benchmarks — lead

to the exclusion of (MV , ceff) values with a Λ which is one order of magnitude more stringent

than dedicated four-fermion studies, leading to the shaded gray rectangular exclusion region

in figure 2. However, these diboson searches are not truly exhaustive for Λ. Four-fermion

analyses at LHC and LEP lead to looser bounds, but an exclusion limit is given by a

constant Λ that corresponds to a diagonal line in figure 2; all points on the top or left of

this line are excluded. Therefore, although these experimental analyses do not reach such

strong bounds as the diboson ones, they cover ranges of the resonance parameter space

that scape to the latter: bounds from contact interaction studies serve to exclude values of

(MV , ceff) that are not tested by diboson searches, providing complementary information.

Thus, a reanalysis of these diboson studies for different values of γqq̄ = NC(cbound
eff )2/(24π)

is advised, as it would definitely enlarge the exclusion range shown in figure 2.

The study in this subsection only refers to the available diboson analyses performed

by other groups, which considered a narrow width approximation. In order to extract

information on our LECs from those works [73–88], we followed the approximations used

therein. These assumptions agree with those in the present work, as we are neglecting one-

loop corrections and, in particular, the impact from resonance widths in the intermediate

propagators. In the range of resonance couplings discussed in [73–88], resonance widths

are small enough to safely use the narrow-width approximation. If (much) larger resonance

couplings than those depicted in figure 2 are studied in future collider analyses, finite-width

corrections should be properly accounted and loop effects must be properly incorporated.

5.3 Composite Higgs models

Composite Higgs models (CHMs) [92–106] are appealing UV completions, able to accom-

modate a light Higgs particle. The Higgs arises as a pseudo-Nambu-Goldstone boson

(pNGB) (similarly to the QCD pions) and is, therefore, naturally lighter than the other

new-physics states. The spectrum of the heavier resonances, however, is model dependent.

Nevertheless, a broad class of these models can be described by the electroweak resonance

theory and the EWET, as we outline below. Subsets of resonance states have been ana-

lyzed previously in the context of CHMs [99, 104, 107–111], as well as compositeness of

the electroweak gauge bosons [106]. There are also lattice studies [112–116] that bring a

deeper understanding on this type of scenarios.
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The minimal incarnation of the CHMs is the Minimal Composite Higgs Model

(MCHM) [97, 98, 117]. It is based on the coset SO(5)/SO(4) and therefore implies four

real Goldstone Bosons. Even though they transform as a fundamental representation

of the SO(4), i.e., there is a SU(2)L Higgs doublet Φ in the spectrum, it is better de-

scribed by the EWET. The reason is that this coset construction, reflecting the strongly-

coupled UV completion, induces in the leading Lagrangian (2.19) a function of the form

Fu = f2/v2 sin2 (θ + (h/f)), with f the SO(5)/SO(4) spontaneous symmetry breaking scale

and θ = arcsin (v/f) the misalignment angle [109].

As pointed out by [118, 119], sometimes a non-linearly realized EWET can be rewritten

in terms of a linear SMEFT realization. This is the case of the MCHM [97, 109, 118, 119]:

the non-linear transformation h/f = arcsin(
√

2Φ†Φ/f) − θ yields an equivalent SMEFT

scalar Lagrangian ∆L = DµΦ†DµΦ − cH
Λ2 |Φ|2�|Φ|2 − V (|Φ|) up to NLO in the 1/Λ2 ex-

pansion, with cH/Λ
2 = 1/(2f2) and the expectation value 〈Φ†Φ 〉 = v2/2 [118–120]. Note,

however, that this SMEFT rearrangement is linked to a v2/f2 expansion in the observ-

ables. SMEFT perturbation theory may then eventually break down (or poorly converge)

for small enough values of f , while these potentially large corrections are always well ac-

counted in the EWET approach as far as energies remain below the lightest resonance

mass MR. In general, this scale f is not the cut-off (the lightest resonance mass) but

rather the decay constant, which can be significantly smaller than MR. Notice that cur-

rent O(10%) Higgs coupling experimental uncertainties still allow for MCHM values of f

as low as 0.6 TeV based on the relation ghWW /g
SM
hWW =

√
1− v2/f2 [28, 117]. The Fu

operator of the SO(5)/SO(4) MCHM Lagrangian, as well as other operators, are then best

written in the non-linear EWET (see [47] for an explicit matching of the operators). On

the other hand, when v � f , the SMEFT representation provides a more economic and

efficient approach.

The MCHM has a non-renormalizable holographic (partial) UV-completion in five

spacetime dimensions [117]. There are other CHMs beyond the minimal coset that have

four-dimensional UV completions [105] based on strong dynamics.

This underlying strong dynamics is inspired by QCD, but cannot be a scaled-up ver-

sion of it. A “wishlist” of required properties for phenomenologically-viable models was

compiled in ref. [101]. They should have a simple, asymptotically-free hypercolor gauge

group; a global symmetry group that contains the SM custodial and gauge groups; a pNGB

state that has the quantum numbers of the SM Higgs; as well as fermionic bound states

(“baryons”) with the right quantum numbers to couple to the top quark. The latter, called

top partners, are usually assumed to generate the fermion masses via the partial compos-

iteness paradigm [121]. Within partial compositeness, the top partner couples linearly to

the top quark, generating its mass through mixing effects. This mixing introduces factors

of weak couplings, in complete agreement with our EWET power counting.

Since only the Higgs particle has been observed so far, the other new-physics states

are assumed to have masses above the electroweak scale, and our resonance formalism can

be used to describe them, especially given the strongly-coupled nature of the underlying

theory. There are various effects that contribute to the masses of the pNGBs in these

scenarios [122]: loops of the SM gauge bosons (the SM is a subgroup of the global symmetry
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group), loops of the top quark, and the masses of the hyperfermions. The explicit spectrum

of the resonances is of course model-dependent, however, there are some common features

that are shared by all these models [104, 123].

• Usually, having both, a Higgs candidate and a top partner in the low-energy spectrum,

requires more than one irreducible representation of hyperfermions in the UV [101,

122]. This induces U(1) hyperfermion number symmetries in the UV that give rise

to pseudoscalars singlet Goldstone Bosons at in the low-energy spectrum. One linear

combination of them is anomalous and gets a large mass (similar to the η′ in QCD),

while an orthogonal linear combination gets its mass from the explicit symmetry

breaking by the underlying hyperfermion masses. Generic couplings of these states

can be described with P 1
1 in our notation.

• The need for a top partner generally induces colored pNGBs. Among them, there is

always a real color octet [104]. Its mass comes from the explicit symmetry breaking

of the hyperfermion masses, as well as from QCD effects. It is expected to be slightly

heavier than the singlet pseudoscalar and can be described by P 8
1 .

• The top partners get their masses from the hyperfermion masses as well as the dy-

namical symmetry breaking of the condensate. Their mass would then be around the

mass of the pseudoscalar octet. They correspond to our fermionic resonance Ψ.

• Vector and axial-vector resonances would get their masses from dynamical and ex-

plicit symmetry breaking. Depending on the UV structure, there might also be the

possibility for a UV-symmetry invariant mass term, making them heavier than the

other states. These states can be described by our V 1
3 , A

1
3, A

1
1 and V 8

1 .

We have already discussed dedicated searches for heavy vector triplets, within composite

Higgs models or from other origins, in the previous subsection.

5.4 Weakly-coupled scenarios

The discussion presented so far is not limited to strongly-coupled UV completions. In

weakly-coupled scenarios, the SMEFT linear realization framework tends to be more eco-

nomic from the practical point of view. Still, the non-linear EWET approach can be also

safely applied, even if it usually leads to longer and more tedious computations in these

cases. Thus, we want to remark that the weakly-coupled models studied in this subsection

are not the main motivation for this work. Their discussion just shows how general the

present approach is: it can be applied without any a priori consideration on the strength of

the underlying interactions, avoiding any unwanted bias in the phenomenological analysis.

There are many renormalizable, weakly-coupled models of new physics with additional

heavy fields that have the same quantum numbers as we consider for the resonances.

Writing a phenomenological Lagrangian, linear in those heavy fields, and integrating them

out to study their low-energy implications [124–129] is completely analogous to our formal

study within the non-linear formalism. The closest analysis to our approach is ref. [129],

which is based on a series of previous works [125–128].
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Obviously, for those UV completions incorporating an SU(2)L Higgs doublet, the linear

SMEFT provides a more efficient low-energy description. Nevertheless, any model of this

type can always be written in non-linear notation, using field redefinitions. The simplest

example is provided by the SM itself. Combining the four scalar fields contained in the SM

Higgs doublet Φ into the 2× 2 matrix [32]

Σ(x) ≡ (Φc,Φ) =

(
Φ0∗ Φ+

−Φ− Φ0

)
=

1√
2

[v + h(x)] U(ϕ(x)) , (5.7)

makes explicit the invariance of the SM scalar Lagrangian under global SU(2)L ⊗ SU(2)R
transformations:

Σ → gL Σ g†R , gL,R ∈ SU(2)L,R , (5.8)

and its spontaneous breaking to the custodial SU(2)L+R subgroup [33]. Moreover, writing

the SM Lagrangian in terms of h(x) and the matrix U(ϕ) that parametrizes the elec-

troweak Nambu-Goldstone fields, one trivially obtains the non-linear EWET Lagrangian

with specific values for all its couplings [17, 26]. In particular, c
(V )
n>4, c

(u)
n>2, Ŷ

(n≥2)
ψ and all

LECs of O(pn>2) turn out to be identically zero, reflecting the renormalizability of the SM

Lagrangian, implied by the SU(2)L doublet structure of the Higgs multiplet.

When studying the effects of massive states, from weakly-coupled UV completions,

on the linear SMEFT, the heavy fields usually transform in a well-defined way under the

symmetry group SU(3)C⊗SU(2)L⊗U(1)Y (see [130] for a classification in the scalar sector).

Nevertheless, using the coset representative u(ϕ), they can always be rewritten in terms

of fields with definite transformation properties under the custodial subgroup SU(2)L+R,

such as those indicated in eq. (3.3).

Since our analysis only contains terms linear in the heavy fields and operators with

more than one resonance lead to higher-order contributions, only singlets and doublets of

SU(2)L could contribute to the LECs at O(p4). Comparing our EWET results with the

SMEFT approach, one can näıvely identify the list of generated dimension six operators

and the list of operators with chiral dimension four, when the tensors χ
(i)
R have canonical

dimension three and chiral dimension two. This is the case for the fermionic bilinears JΓ,

but not necessarily for other χ
(i)
R that involve the Higgs or the Goldstone bosons. This,

however, precisely reflects the consequences of a possible strongly-coupled nature of the

electroweak symmetry breaking. Objects of chiral dimension two, for example 〈uµuν〉2 or

(∂µh)uν , translate to objects with canonical dimension four or more, indicating a further

suppression in the weakly-coupled case.7

As an explicit example, let us consider a simple enlargement of the SM scalar sector

with a color-octet and SU(2)L-doublet scalar multiplet S of hypercharge Y = 1
2 . The scalar

field S and its charge conjugate Sc = iσ2S∗ can be combined together into a bidoublet

Ξ ≡ (Sc,S), transforming as gL Ξ g†R, which allows one to build easily the most general,

7In the same way, some bosonic O(p4) EWET operators like, e.g., 〈uµuµ 〉2 〈uνuν 〉2, translate into

objects with canonical dimension eight or higher, indicating a similar additional suppression in the case of

weakly-coupled theories.
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renormalizable scalar potential V (Σ,Ξ), invariant under global SU(2)L ⊗ SU(2)R trans-

formations [131]. Imposing also custodial symmetry on the fermionic couplings of the

color-octet scalar multiplet (i.e., yu = yd ≡ y), its Yukawa interactions can be written in

the form

L8
Y = −y (q̄LScuR + q̄LSdR) + h.c. = −y q̄LΞqR + h.c. = −y ξ̄Lu†Ξu†ξR + h.c. , (5.9)

which makes the connection with our S8
1 and P 8

3 fields clear:

u†Ξu† =
1√
2
S8

1 + i P 8
3 , (5.10)

where the new physics interactions are assumed to be invariant under Ξ
CP−→ Ξ′ in the

present EWET construction, leading to the relation yΞ′ = y∗Ξ†. Since we are further

considering that the color octet Ξ can be decomposed in a combination of CP eigenstates,

there are in fact two possible transformations for Ξ: eq. (5.10) provides the case Ξ
CP−→ Ξ′ =

+Ξ† and implies a real value for y.8 Note, however, that other works [128, 129, 131] study

the general complex y case and its impact on CP violation. The Yukawa interaction of

eq. (5.9) contributes to our single-resonance Lagrangian of eq. (3.5), in the following way:

L8
Y = −

√
2y 〈S8

1〈J8
S〉2〉3 − 2y 〈P 8

3 J
8
P 〉2,3 , (5.11)

which determines the octet-scalar couplings,

cS
8
1 = cP

8
3 = −2y . (5.12)

Assuming custodial symmetry, the electroweak doublet structure of the J = 0 multiplet

Ξ implies identical couplings for its SU(2)L+R triplet and singlet components, as well as

MS8
1

= MP 8
3

= MΞ. Inserting these values in table 5, one gets the low-energy structure

generated by Ξ exchange:

−Fψ
4

1 = −3Fψ
4

2 = 3Fψ
4

3 = −3Fψ
4

4 = −Fψ
4

7 = Fψ
4

8 = −2Fψ
4

9 = 2Fψ
4

10 =
y2

16M2
Ξ

, (5.13)

where the contributions to the remaining LECs vanish. This result is also in agreement

with those compiled in refs. [128, 129] (S is denoted as Φ therein).

The custodial-breaking parts of the Yukawa interactions could be analyzed in a similar

way, in terms of the spurion T . However, they give rise to higher-order structures, not

included in our analysis, because of the additional power suppression implicitly carried by

T . Owing to the color-octet nature of the Ξ field, the scalar potential does not contain

interactions linear in Ξ and, therefore, cannot contribute either at O(p4).

The collider constraints on the scalar-octet S have been critically re-analyzed in

ref. [132], in the context of the Manohar-Wise model [131] that incorporates the three

8There is a second case, with Ξ
CP−→ Ξ′ = −Ξ†. The coupling constant y is then purely imaginary and

eq. (5.10) is now modified to u†Ξu† = 1√
2
P 8
1 − iS8

3 . We have explicitly checked the complete agreement

between our LEC predictions and the results in refs. [128, 129] for this assignment, although, for illustration,

we just provide the outcomes for the Ξ
CP−→ Ξ′ = +Ξ† case.
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fermion generations with flavor-aligned Yukawa interactions [133]. Although mass limits

around 1 TeV are obtained in the most sensitive regions of parameter space, lower scalar

masses cannot be yet excluded with current data. The existence of such additional colored

particles would also alter the running of αs above their mass scale, with different implica-

tions [134]. The CMS collaboration has measured the running up to Q ≈ 1.4 TeV [135, 136],

finding consistency within errors with the SM expectations.

6 Conclusions

The EWET is the most general EFT framework incorporating the known particle states and

the SM symmetries. It is based on the successful pattern of electroweak symmetry breaking

SU(3)C ⊗SU(2)L⊗SU(2)R⊗U(1)X → SU(3)C ⊗SU(2)L+R⊗U(1)X , with X = (B−L)/2,

and it does not make any assumption concerning the electroweak transformation properties

of the recently-discovered Higgs particle. The Higgs boson is parametrized as a light

neutral scalar h, singlet under the electroweak group, and a non-linear realization of the

Nambu-Goldstone bosons is adopted without any ‘a priori’ relation with the Higgs field.

The EWET contains all operators allowed by the assumed symmetries and field content,

organized according to their infrared behavior in an expansion in powers of derivatives over

some high-energy scale.

In the absence of any experimental evidence for additional non-SM particles at the

electroweak scale, EFT methods are the appropriate tool to investigate the existence of

hypothetical heavy states above the energies currently explored. Since the scale of new

physics appears to be separated from the electroweak scale by a wide energy gap, the only

accessible information about the heavy fields is encoded in the imprints they leave on the

LECs of the EWET.

In this paper, we have built an effective Lagrangian that couples the light particles to

generic heavy states. We have generalized the formalism developed in refs. [1, 2] in order

to incorporate colored resonances, including also fermionic states that were not considered

in our previous works. Integrating out the heavy scales, we have determined at the lowest

non-trivial order the complete pattern of EWET LECs generated by different types of

resonances. We have considered bosonic states with JP = 0± and JP = 1±, in singlet

or triplet SU(2)L+R representations and in singlet or octet representations of SU(3)C , and

fermionic resonances with J = 1
2 that are electroweak doublets and color triplets or singlets.

Our results, summarized in tables 3, 4, 5 and 6, exhibit a rich set of low-energy signals

with different types of resonances potentially contributing to the same LECs. Experimen-

tal evidence for a non-zero value of some particular coupling would certainly select a set

of possible resonance quantum numbers. However, one would need a clear pattern of mea-

sured LECs in order to neatly identify the culprit state through its low-energy fingerprints.

Whenever the needed data would be available, the comprehensive information contained

in these tables will prove very useful to infer the kind of high-scale physics responsible for

any observed anomalies.

Given the limitations of current data samples, the experimental analyses are usually

performed within the context of benchmark models or simplified EFT-like approaches.
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We have illustrated with a few examples how our general EFT formalism can be easily

particularized to these simpler scenarios and the corresponding model-dependent bounds

worked out. While pragmatic phenomenological analyses are unavoidable, their implicit

assumptions should be carefully scrutinized once any new-physics signal arises. The general

formalism developed here provides the necessary tools to confront the data information in

a model-independent way.
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A The electroweak chiral dictionary

As a cross-check of the O(p4) operator basis listed in tables 1 and 2, we compare it to the

different basis chosen in ref. [9]. For future reference, we provide the necessary translation

dictionary here. When more than one generation of quarks, or quarks and leptons, are

present simultaneously, the dictionary changes slightly. We comment on this at the end of

this section. To increase the readability, we refer to the basis adopted in this paper and in

ref. [1] as VLC basis and to the basis used in refs. [9, 23, 137] as MUC basis.9

The main difference between the MUC and VLC bases is the choice of group vari-

ables to represent the electroweak Nambu-Goldstone bosons. VLC adopts the SU(2)L ⊗
SU(2)R/SU(2)L+R coset representative (uL, uR) with the canonical choice uL = u†R = u(ϕ),

which transforms as u → gLug
†
h = ghug

†
R under the action of the chiral group element

(gL, gR) ∈ SU(2)L ⊗ SU(2)R. MUC chooses instead U(ϕ) = uLu
†
R = u2, with U → gLUg

†
R,

getting rid of the compensating SU(2)L+R transformation gh. Thus, the building blocks

of these two bases transform differently under G. The VLC choice is more suitable for the

inclusion of resonances [1, 6], since they transform covariantly under SU(2)L+R.

Furthermore, the operators in the MUC basis are listed without any assumptions on

CP properties and without specifying any particular suppression for the violations of custo-

dial symmetry. If custodial symmetry is only broken by weak interactions, like hypercharge

and Yukawa couplings, operators that violate custodial symmetry will come with additional

factors of weak couplings. This increases the chiral dimension and, therefore, the order at

which these operators must appear in the EFT with respect to their expected order from

9We use the IATA airport codes of the cities as abbreviations.
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VLC MUC VLC MUC

O1 OXU1 O6 OD7

Õ1
1
2OXU7 − 1

2OXU8 O7 OD8

O2 OXh2 + 1
2OXh1 O8 OD11

Õ2 OXh2 − 1
2OXh1 O9 to be discussed below

O3 −1
2OXU7 − 1

2OXU8 O10
1
v2
Oβ

Õ3 to be discussed below O11 redundant when X̂µ → −g′Bµ

O4 OD2 O12 OXh3

O5 OD1

Table 7. Dictionary of bosonic operators.

pure näıve dimensional analysis arguments. The custodial suppression of some MUC op-

erators was already discussed in ref. [137]. Therefore, we start by listing all CP -even

combinations of operators of the MUC basis that are not custodially suppressed beyond

O(p4). We collect in appendix B some algebraic identities that are useful to relate the

operators within the two bases.

A.1 Bosonic operators

From the complete list of bosonic operators in the MUC basis, we only need the operators

that are CP -even. Furthermore, we assume that the custodial-breaking spurion τL in

the MUC basis comes with an explicit weak, custodial-breaking coupling (such as g′).10

If there is no Bµν (and therefore g′) in the operator, it will be further suppressed beyond

O(p4). The corresponding set contains the following 12 operators, where we use the naming

convention of ref. [9]:

Oβ , OD1, OD2, OD7, OD8, OD11, OXh1, OXh2, OXh3, OXU1, OXU7, OXU8. (A.1)

In the VLC basis, there are 15 operators involving only bosonic fields: O1−12 and Õ1−3.

We find the relations between the two sets of operators given in table 7. Just by numbers,

there are three operators too much in the VLC basis. O11 is the kinetic term for the

auxilliary field, it becomes redundant once we go to the SM. We discuss the two remaining

operators, Õ3 and O9, after the fermion bilinear operators.

A.2 Fermion bilinears

In the MUC basis, the fermion-bilinear operators are defined such that they reduce to op-

erators with a single Z or W± in the unitary gauge. Since this violates custodial symmetry,

we first have to find the linear combinations that are not custodially suppressed. We use

10τL is related to the VLC custodial-breaking spurion through T = −g′u†τLu.
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for the vector fermion bilinears

ÕLψV 1 ≡ ψ̄LγµLµψL = −(2OψV 2 +OψV 3 +O†ψV 3) ,

ÕLψV 2 ≡ ψ̄Lγµ{τL, Lµ}ψL = −OψV 1 ,

ÕRψV 1 ≡ ψ̄RγµU †LµUψR = −(OψV 4 −OψV 5 +OψV 6 +O†ψV 6) ,

ÕRψV 2 ≡ ψ̄RγµU †{τL, Lµ}UψR = −1

2
(OψV 4 +OψV 5) .

(A.2)

The scalar fermion bilinears are

ÕψS1 ≡ ψ̄LUψR
(∂µh)

v

(∂µh)

v
= OψS14 +OψS15 ,

ÕψS2 ≡ ψ̄LLµUψR
(∂µh)

v
= OψS10 −OψS11 +OψS12 +OψS13 ,

ÕψS3 ≡ ψ̄LLµLµUψR =
1

2
(OψS1 +OψS2) .

(A.3)

The tensor fermion bilinears are

ÕψT1 ≡ ψ̄LσµνLµLνUψR = OψT1 −OψT2 + 2OψT3 − 2OψT4 ,

ÕψT2 ≡ ψ̄LσµνLµUψR
(∂νh)

v
= OψT7 −OψT8 +OψT9 +OψT10 .

(A.4)

And the dipole operators are

ÕψX1 ≡ g′ψ̄LσµνUψRBµν = OψX1 +OψX2 ,

ÕψX2 ≡ g′ψ̄LσµντLUψRBµν = OψX1 −OψX2 ,

ÕψX3 ≡ gψ̄LσµνWµνUψR = OψX3 −OψX4 +OψX5 +OψX6 ,

ÕψX4 ≡ gsψ̄LσµνGµνUψR = OψX7 +OψX8 .

(A.5)

These are in total 13 operators in the MUC basis, while in the VLC basis, there are

only 11 operators, Oψ
2

1−8 and Õψ
2

1−3. We find the dictionary of table 8. Just based on the

numbers, the VLC basis has two operators less than the MUC basis. The two ‘missing’

operators are ÕLψV 1 and ÕRψV 1. They are related to the bosonic operators Õ3 and O9 that

we discussed before.

In total, the numbers of operators in the bosonic and the fermionic-bilinear section

of the bases coincide (apart from the kinetic term of X̂µ for obvious reasons). The only

thing left to show is how the MUC operators ÕLψV 1 and ÕRψV 1 are related to Õ3 and O9 of

VLC. We start from the VLC operators and integrate by parts. For simplicity, we will not

write down the Higgs-dependent function that multiplies the operator and the terms that

it induces when the integration by parts is performed:

(∂µh)
v 〈f

µν
± uν〉2 →−〈(u†DµŴ

µνu±uDµB̂
µνu†)uν〉2−

i

2
〈fµν∓ [uµ,uν ]〉2+

1

2
〈fµν± f−µν〉2

=
g2

4
〈uµ(JµV −J

µ
A)〉2±

g′2

4
〈uµ(JµV +JµA)〉2−

v2

4
(g2±g′2)〈uµuµ〉2

− i
2
〈fµν∓ [uµ,uν ]〉2+

1

2
〈fµν± f−µν〉2 .

(A.6)

– 33 –



J
H
E
P
0
5
(
2
0
1
9
)
0
9
2

VLC MUC VLC MUC

Oψ
2

1 2(ÕψS3 + h.c.) Oψ
2

4 −(ÕψX1 + h.c.)

Õψ
2

1 (ÕψX2 + h.c.)− (ÕψX3 + h.c.) Oψ
2

5 iÕψS2 + h.c.

Oψ
2

2 2i(ÕψT1 + h.c.) Oψ
2

6
1
2(−ÕLψV 2 + ÕRψV 2)

Õψ
2

2 −(ÕψT2 + h.c.) Oψ
2

7 ÕψS1 + h.c.

Oψ
2

3 −(ÕψX2 + h.c.)− (ÕψX3 + h.c.) Oψ
2

8
1
2ÕψX4

Õψ
2

3
1
2(ÕLψV 2 + ÕRψV 2)

Table 8. Dictionary of fermionic bilinear operators.

We are therefore free to choose if we write
(∂µh)
v 〈f

µν
± uν〉2 or 〈uµJµV/A〉2 as operators in

the Lagrangian. The latter directly correspond to the ‘missing’ vector currents of the

MUC basis.

〈uµJµV 〉2 = ÕRψV 1 + ÕLψV 1,

〈uµJµA〉2 = ÕRψV 1 − ÕLψV 1.
(A.7)

The two bases are therefore equivalent when the bosonic and the fermion-bilinear operators

are considered together.

A.3 Four-fermion operators

A generic four-fermion operator can be written as(
ψ̄i,pα,aΓαβψ

j,q
β,b

)(
ψ̄k,rγ,cΓγδψ

l,s
δ,d

)
, (A.8)

where, α–δ are spinor, a–d SU(3), i–l SU(2), and p–s generation indices. Usually, we

suppress the spinor indices, as they are always contracted within each bracket. The gen-

eration indices, if necessary, are kept explicit. In order to form a singlet, there are two

ways to contract the SU(2) and two ways to contract the SU(3) indices: δijδkl and δilδjk,

and δabδcd and δadδbc, giving four possibilities to contract all indices in the operator. Using

Fierz identities (see appendix B.3), we find that only two of them are independent: either

SU(2) and SU(3) indices of the same pair of fermions are contracted, or the indices of

two different pairs are contracted. Since we want all the indices contracted within each

bracket, we use eq. (B.4) to relate the two types of operators. As each fermion current

has a chiral dimension of two, only currents without τL insertions are relevant for our case.

The operators that we use are

Õ4LL1≡ (ψ̄LγµψL)(ψ̄Lγ
µψL) =OLL1 ,

Õ4LL2≡ (ψ̄LγµT
AψL)(ψ̄Lγ

µTAψL) =OLL2+ 1
12OLL1 ,

Õ4LR1≡ (ψ̄LγµψL)(ψ̄Rγ
µψR) =OLR1+OLR3 ,

Õ4LR2≡ (ψ̄LγµT
AψL)(ψ̄Rγ

µTAψR) =OLR2+OLR4 ,

Õ4RR1≡ (ψ̄RγµψR)(ψ̄Rγ
µψR) =ORR1+ORR2+2ORR3 ,

Õ4RR2≡ (ψ̄RγµT
AψR)(ψ̄Rγ

µTAψR) = 1
3ORR1+ 1

3ORR2+2ORR4 ,
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VLC MUC

Oψ
4

1 −1
6Õ4S1 − Õ4S3 − 1

24Õ4T1 − 1
4Õ4T2 − 1

3Õ4LR1 − 2Õ4LR2

Õψ
4

1 −1
3Õ4LL1 − 2Õ4LL2 + 1

3Õ4RR1 + 2Õ4RR2

Oψ
4

2
1
6Õ4S1 + Õ4S3 + 1

24Õ4T1 + 1
4Õ4T2 − 1

3Õ4LR1 − 2Õ4LR2

Õψ
4

2 Õ4RR1 − Õ4LL1

Oψ
4

3 Õ4S1 + 2Õ4S2

Oψ
4

4 −Õ4S1 + 2Õ4S2

Oψ
4

5
1
3Õ4LL1 + 1

3Õ4RR1 + 2Õ4LL2 + 2Õ4RR2 − 4
3Õ4S2 − 8Õ4S4

Oψ
4

6
1
3Õ4LL1 + 1

3Õ4RR1 + 2Õ4LL2 + 2Õ4RR2 + 4
3Õ4S2 + 8Õ4S4

Oψ
4

7 Õ4LL1 + Õ4RR1 + 2Õ4LR1

Oψ
4

8 Õ4LL1 + Õ4RR1 − 2Õ4LR1

Oψ
4

9 −2Õ4S1 − 12Õ4S3 + 1
6Õ4T1 + Õ4T2

Oψ
4

10 Õ4T1

Table 9. Dictionary of four fermion operators.

Õ4S1≡ (ψ̄LUψR)(ψ̄LUψR)+h.c. =OFY 1+OFY 3+2OST5+h.c. ,

Õ4S2≡ (ψ̄LUψR)(ψ̄RU
†ψL) =OFY 5+O†FY 5

− 1
12(OLR1+OLR3)− 1

2(OLR2+OLR4)+ 1
6(OLR12−OLR10)−OLR11+OLR13 ,

Õ4S3≡ (ψ̄LUT
AψR)(ψ̄LUT

AψR)+h.c. =OFY 2+OFY 4+2OST7+h.c. ,

Õ4S4≡ (ψ̄LUT
AψR)(ψ̄RU

†TAψL) =OFY 6+O†FY 6

− 1
9(OLR1+OLR3)+ 1

12(OLR2+OLR4)− 5
72(OLR12−OLR10)+ 1

6(OLR11−OLR13) ,

Õ4T1≡ (ψ̄LUσµνψR)(ψ̄LUσ
µνψR)+h.c.

=−20
3 (OFY 1+OFY 3)−16(OFY 2+OFY 4)−8OST5− 16

3 OST6−32OST8+h.c. ,

Õ4T2≡ (ψ̄LUσµνT
AψR)(ψ̄LUσ

µνTAψR)+h.c.

=−32
9 (OFY 1+OFY 3)− 4

3(OFY 2+OFY 4)− 64
9 OST6−8OST7+ 16

3 OST8+h.c. . (A.9)

The tensor-equivalent of the scalar operators Õ4S2 and Õ4S4 vanish by using Fierz identities.

In the VLC basis, there are 12 four-fermion operators. We list the dictionary in table 9.

A.4 Further comments

In the derivation of this dictionary, we found a redundancy in the MUC basis. Using the

determinant identity for a 2 × 2 matrix U ,

U i1U j2 − U i2U j1 = εij detU, (A.10)
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and the fact that detU = 1, we find the following relations among the operators of ref. [9]:

OST5 −OST6 = OST1 ,

OST7 −OST8 = OST2 ,

OST9 −OST10 = OST3 ,

OST11 −OST12 = OST4 ,

(A.11)

and similarly for their Hermitian conjugates.

If quarks and leptons, or more than one generation of fermions, are present, the dic-

tionary changes as follows:

• In the bosonic sector, the operators O9 and Õ3 should be traded for g(′) 2〈uµJµV/A〉2,

as the latter can incorporate the extended fermionic sector more easily. The other

relations in table 7 do not change.

• The fermion-bilinear operators can be extended by adding another copy of fermion

bilinears JS,P,V,A,T for the leptons and promoting the coefficients to be matrices in

generation space. This should also be done for the operators 〈uµJµV/A〉2 discussed

above. Only the operator Oψ
2

8 will not get a leptonic copy, as leptons are not charged

under SU(3)C . The dictionary in table 8 stays unchanged. The new, leptonic opera-

tors are mapped to the corresponding leptonic operators in the MUC basis, trivially

extending eqs. (A.2) – (A.5).

• The four-fermion sector becomes more complicated. First, it is possible to construct

many more operators. Second, when using Fierz identities as before, we would also

generate mixed quark-lepton currents, which are not building blocks in the MUC

basis. We can therefore not Fierz as much as before and table 9 will not be valid for

the enlarged fermion sector.

B Useful algebraic identities

B.1 QCD algebra

The QCD gauge fields Gaµ are described by the 3× 3 matrix

Ĝµ = gsG
a
µ T

a , (B.1)

entering the covariant derivatives in eq. (2.13). Its field-strength tensor is then given by

Ĝµν = i [Dµ, Dν ] = ∂µĜν − ∂νĜµ − i [Ĝµ, Ĝν ] = gsG
a
µν T

a , (B.2)

with

Gaµν = ∂µG
a
ν − ∂νGaµ + gs f

abcGbµG
c
ν , (B.3)
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and a, b, c = 1, . . . , 8. The 3 × 3 matrices T a = 1
2λ

a are the SU(3)C generators in the

fundamental representation. It is useful to note the Lie algebra relations

〈T a T b 〉3 = TR δ
ab , [T a, T b] = i fabc T c ,

∑
c,d

facd f bcd = CA δ
ab ,

∑
a

T aij T
a
jk = CF δik , T aijT

a
kl = TR

(
δjk δil −

1

NC
δij δkl

)
,

TR =
1

2
, CF =

4

3
, CA = NC = 3 . (B.4)

B.2 Operator relations

First, we collect some identities that are useful to relate the operators within the MUC

basis and within the VLC basis. Then, we give the relations between both bases.

Using the projectors

P+ =
1

2
+
σ3

2
=

(
1 0

0 0

)
, P− =

1

2
− σ3

2
=

(
0 0

0 1

)
,

P12 =
σ1 + iσ2

2
=

(
0 1

0 0

)
, P21 =

σ1 − iσ2

2
=

(
0 0

1 0

)
,

(B.5)

we can decompose a generic fermion bilinear as

ψ̄ΓXψ = ψ̄Γ(P+ − P−)ψ 〈Xσ3

2
〉2 + ψ̄Γ(P+ + P−)ψ 〈X2 〉2

+ ψ̄ΓP12ψ 〈XP21〉2 + ψ̄ΓP21ψ 〈XP12〉2. (B.6)

Here, ψ is a fermion that transforms like a right-handed field (either ψR or U †ψL), Γ is an

element of the basis of 4×4 matrices (1, γµ, iγ5, γµγ5, σµν = i
2 [γµ, γν ]), and X is an object

that transforms as X → gRXg
†
R (like U †WµνU , iDµU

†U = U †LµU , U †τLU). Recalling the

definitions of the basic building blocks of the MUC basis,11

Lµ ≡ iUDµU
† and τL ≡ U

σ3

2
U †, (B.7)

we find the following relations

DµτL = i [Lµ, τL] ,

DµLν −DνLµ = gWµν − g′BµντL + i [Lµ, Lν ] ,

〈U †L[µLν]UP12〉2 = −2 〈τLL[µ〉2〈UP12U
†Lν]〉2 ,

〈U †L[µLν]UP21〉2 = 2 〈τLL[µ〉2〈UP21U
†Lν]〉2 .

(B.8)

Useful relations in the VLC basis are

∇µuν −∇νuµ = uB̂µνu
† − u†Ŵµνu = −f−µν ,

∇µ(u†Ŵµνu) = u†∇µŴµνu− i
2 [uµ, u

†Ŵµνu] ,

∇µ(uB̂µνu†) = u∇µB̂µνu† + i
2 [uµ, uB̂

µνu†] .

(B.9)

11They are related to the VLC basis tensors through T = −g′u†τLu, uµ = u†Lµu.
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Γ (JΓ)mn = ξ̄nΓξm

S 1 (ψ̄Lu)n(uψR)m + (ψ̄Ru
†)n(u†ψL)m

P iγ5 i(ψ̄Lu)n(uψR)m − i(ψ̄Ru†)n(u†ψL)m

V γµ (ψ̄Lu)nγµ(u†ψL)m + (ψ̄Ru
†)nγµ(uψR)m

A γµγ
5 −(ψ̄Lu)nγµ(u†ψL)m + (ψ̄Ru

†)nγµ(uψR)m

T σµν (ψ̄Lu)nσµν(uψR)m + (ψ̄Ru
†)nσµν(u†ψL)m

Table 10. The fermion currents in the two notations.

To translate the operators between the two bases, we use the relations discussed in ref. [1]:

u2 = U , (u†)2 = U † ,

Ŵµ = −gWµ,aσ
a

2
, B̂µ = −g′Bµσ

3

2
, X̂µ = −g′Bµ ,

T = −ug′σ
3

2
u† = −g′u†τLu ,

f±µν = −
(
gu†W a

µν

σa

2
u± g′uBµν

σ3

2
u†
)
,

uµ = u†µ = iuDµU
†u = −iu†DµUu

† .

(B.10)

The fermion currents in the MUC basis are expressed in terms of fermions with defined

chirality. We list the resulting relations in table 10.

Additional relations come from the EoM. We find

(DµW
µν)a = (∂µW

µν+ig [Wµ,W
µν ])a = gψ̄Lγ

ν σ
a

2
ψL−

gv2

4
([1+FU (h)] (uuνu†)a , (B.11)

∂µB
µν = g′ψ̄γν

(
B−L

2

)
ψ+g′ψ̄Rγ

ν σ
3

2
ψR+

g′v2

4
[1+FU(h)](u†uνu)3 , (B.12)

where we defined the SU(2)L components of Wµν via Wµν = W a
µν

σa

2 , and similarly for

u†uνu and uuνu†. Note that in eq. (B.12) the right-handed vector current and the (B − L)

current combine into the hypercharge current of the SM.

B.3 Fierz identities

With the definition of the Dirac Γ basis of table 10 above, we find the Fierz identities

compiled in table 11. Note that this Fierz table assumes that the four-fermion operators

have the structure (ψ̄Γaψ)(ψ̄Γaψ) instead of the commonly used (ψ̄Γaψ)(ψ̄Γaψ) [138].

C The power counting with enhanced couplings

In section 3.1 we discussed the power counting of the EWET with resonance fields and

assumed that their couplings satisfy ci �M2
R/v

2. Let us now analyze the case when ci ∼
M2
R/v

2 and the linear-resonance interaction approximation cannot be used. Operators with

two and more resonance fields must be taken into account in such a situation. In ref. [5],
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S P V A T

S −1
4

1
4 −1

4
1
4 −1

8

P 1
4 −1

4 −1
4

1
4

1
8

V −1 −1 1
2

1
2 0

A 1 1 1
2

1
2 0

T −3 3 0 0 1
2

Table 11. Fierz identities for Γ = (1, iγ5, γµ, γµγ5, σµν = i
2 [γµ, γν ]).

it was shown that in models with an additional Higgsed scalar singlet an enhancement to

O(M2
R/f

2)� O(1), with f2 the sum of the two scalar vacuum expectation values squared,

is possible. Since the enhancement came from the scalar obtaining a vacuum expectation

value and its mixing with the light scalar h, such effects can only affect scalar, color-

singlet, fields. The case of S1
1 is the same that was discussed in ref. [5]. In order to see

what happens with the triplet, S1
3 , let us consider the Georgi-Machacek Model [139–141].

Based on ref. [139], we can distinguish two possible scenarios:

1. The scalars are elementary.

We would be interested in a scenario where one of the scalars is light (the 125 GeV

Higgs) and all the others are heavy. Ref. [140] reports that such an area of parameter

space exists, but the stability of the hierarchy under loop corrections is not addressed.

(In ref. [5] an approximate SO(5) symmetry achieved the stability). In general, these

models are only reasonable phenomenologically if there is a custodial SU(2) symmetry

protecting the T parameter. This symmetry would then also prevent a mixing of the

heavy triplet with the singlets [141]. Thus, only the singlets would mix with each

other. However, there is mixing induced at the one-loop level, since the SM breaks

the custodial symmetry at one loop. These effects will then be suppressed by a loop

factor. We therefore conclude that there are no effects of O(M2
R/f

2) for the S1
3 , but

only for the S1
1 .

2. The scalars are composite objects.

This case is only discussed in ref. [139]. By construction, they consider the triplet to

be light (a pNGB) as well. Since in Technicolor (or how they called it, Ultracolor)

models the electroweak symmetry breaking is generated at a high-energy scale, the

SU(2) multiplet structure could also be broken at the same level [139], introducing

the dangerous mixing. However, the masses of the scalars would be generated from

the dynamical symmetry breaking, not from Higgsing. We therefore also conclude

that effects of O(M2
R/f

2) are not present for the S1
3 .

The discussion of possible enhanced resonance couplings reduces then to the S1
1 case

already analyzed in ref. [5]. Phenomenologically, these contributions are interesting, as they

modify L(2)
EWET at leading order, without any heavy-mass suppression. All other resonance

contributions modify L(2)
EWET and L(4)

EWET at next-to-leading order, i.e. at O(v2/M2
R).
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i O(1)
i Õ(1)

i

1 −(ξ̄Ψ + Ψ̄ξ) (††) −(ξ̄γ5Ψ− Ψ̄γ5ξ)
(††)

i O(2)
i Õ(2)

i

0 ξ̄T Ψ + Ψ̄T ξ −(ξ̄γ5T Ψ− Ψ̄γ5T ξ)
1 ξ̄γµγ5uµΨ + Ψ̄γµγ5uµξ ξ̄γµuµΨ + Ψ̄γµuµξ

2 i
(∂µh)
v (ξ̄γµΨ− Ψ̄γµξ) i

(∂µh)
v (ξ̄γµγ5Ψ− Ψ̄γµγ5ξ)

3 i
2

[(
ξ̄γµdµΨ− dµΨγµξ

)
+ (ξ ↔ Ψ)

]
(††) i

2

[(
ξ̄γµγ5dµΨ− dµΨγµγ5ξ

)
+ (ξ ↔ Ψ)

]
(††)

4 i
2

[(
ξ̄γµdµΨ− dµΨγµξ

)
− (ξ ↔ Ψ)

]
(∗) i

2

[(
ξ̄γµγ5dµΨ− dµΨγµγ5ξ

)
− (ξ ↔ Ψ)

]
(∗)

Table 12. CP -conserving operators of O(p1) and O(p2) with one heavy resonance and one light

fermion field. Oi (Õi) denote P -even (odd) structures. Terms that can be rotated away through

the diagonalization of the “kinetic” and “mass” terms are marked with (††). Terms marked with

(∗) are redundant.

D Simplification of the fermionic doublet resonance Lagrangian

The most general CP -invariant Lagrangian with couplings of the Ψ resonance to light

fields, up to O(p2), has the form

LΨ = Ψ̄(i /D −MΨ)Ψ +mλO
(1)
1 + m̃λ Õ

(1)
1 +

4∑
j=0

(
λiO(2)

i + λ̃i Õ(2)
i

)
, (D.1)

using the operators in table 12 and generic couplings mλ, m̃λ, λi, and λ̃i. Note that all

these parameters are functions of the singlet Higgs field h.

We will show in the following that the operators O(1)
1 , O(2)

3 , O(2)
4 and Õ(1)

1 , Õ(2)
3 , Õ(2)

4

from this table are redundant in eq. (D.1). Afterwards, we are left with a Lagrangian with

canonically normalized kinetic and mass terms, where the contributions from λ3, λ̃3, mλ

and m̃λ have been absorbed by the parameters λ2, λ̃2, mξ and MΨ.

First, the term λ4O(2)
4 + λ̃4Õ(2)

4 is redundant and can be fully transformed into a

combination of O(2)
2 and Õ(2)

2 , using integration by parts. The remaining terms, however,

can be removed by means of an adequate rotation of the ξ and Ψ fields, following the

standard procedure to diagonalize kinetic and mass terms (see e.g. [142]).

D.1 Diagonalization of quadratic fermion couplings

We denote the fermion fields before the diagonalization as ξB and ΨB and we put them

together in the vector

VB =

(
VL,B
VR,B

)
, VL,B =

(
ξL,B
ΨL,B

)
, VR,B =

(
ξR,B
ΨR,B

)
. (D.2)

Therefore, the ξB and ΨB kinetic and mass terms can be written in the form

L =
i

2

(
V Bγ

µAdµVB − (dµVB)γµAVB

)
− V BBVB , (D.3)
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with

A =

(
ALL 0

0 ARR

)
= At B =

(
0 BLR

Bt
LR 0

)
= Bt , (D.4)

given the contribution from the available CP -even operators

ALL (RR) =

(
1 λ3(h)∓ λ̃3(h)

λ3(h)∓ λ̃3(h) 1

)
= AtLL (RR) ,

BLR =

(
mξ(h) mλ(h) + m̃λ(h)

mλ(h)− m̃λ(h) MΨ(h)

)
. (D.5)

In order to diagonalize this Lagrangian we follow the standard procedure (see

e.g. [142]): first we diagonalized the kinetic term and then, in a second step, the mass

term. First, the diagonalization of the kinetic term is achieved by means of the symmetric

transformation:

VL,B = Z
1
2
LVL,K , (L↔ R) , (D.6)

with

ZL(h)
1
2ALL(h)ZL(h)

1
2 = 1 =⇒ ZL(h) = ALL(h)−1 = ZL(h)t , ZL(h)

1
2 = (Z(h)

1
2 )t ,

(L↔ R) . (D.7)

This leaves the Lagrangian

L =
i

2

(
V Kγ

µdµVK − (dµVK)γµVK

)
− (V L,KMKVR,K + V R,KM

†
KVL,K)

+
i

2
(∂µh)V L,Kγ

µ

[
Z
− 1

2
L ,

(
Z

1
2
L

)′ ]
VL,K + (L↔ R) , (D.8)

being MK(h) = Z
1
2
LBLRZ

1
2
R . Notice that Z

1
2
L,R is not just a rotation since we transform

ALL,RR → 1, i.e., the eigenvalues are in general different than one.

Second, one diagonalizes the matrix MK making use of the general diagonalization

(similar to that for the CKM matrix [143])

MK = S†KMSKUK , (D.9)

where SK and UK are unitary matrices and M =diag(mphys
ξ ,Mphys

Ψ ) is diagonal and positive

definite. Thus, the transformations

VL,K = S†KVL , VR,K = U †KS
†
KVR , (D.10)

lead to the canonical fermionic kinetic and mass terms in terms of the physical fields V :

L =
i

2

(
V γµdµV − (dµV )γµV

)
−
(
V LMVR + V RMVL

)
+
i

2
(∂µh)V Lγ

µ

(
SK

[
Z
− 1

2
L ,

(
Z

1
2
L

)′ ]
S†K + SK

(
S†K

)′
− (SK)′

(
S†K

))
VL

+
i

2
(∂µh)V Rγ

µ

(
SKUK

[
Z
− 1

2
R ,

(
Z

1
2
R

)′ ]
U †KS

†
K

+SKUK

(
U †KS

†
K

)′
− (SKUK)′ U †KS

†
K

)
VR . (D.11)
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After all this procedure, we are left with a Lagrangian with canonically normalized

kinetic and mass terms and where the operators O(1)
1 , O(2)

3 and Õ(1)
1 , Õ(2)

3 have been

traded off by the operators O(2)
2 and Õ(2)

2 .

Open Access. This article is distributed under the terms of the Creative Commons

Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in

any medium, provided the original author(s) and source are credited.
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[128] J. de Blas, M. Chala, M. Pérez-Victoria and J. Santiago, Observable Effects of General New

Scalar Particles, JHEP 04 (2015) 078 [arXiv:1412.8480] [INSPIRE].
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