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Due to the mass gap between the Standard Model and possible New Physics states, electroweak
effective approaches are appropriate. Although a linear realization of the electroweak symmetry
breaking with the Higgs forming a doublet together with the Goldstone bosons of the EWSB is
a first possibility (SMEFT), we adopt the more general non-linear realization, where the Higgs
is a singlet with independent couplings (EWET, HEFT or EWChL). We present the effective Lagrangian at low energies (the EWET, with only the SM fields) and at high energies (the resonance
theory, with also a set of resonances). Taking into account the high scale of these resonances, their
experimental searches seem to be more accessible by considering their imprints at low-energies,
i.e., their imprints in the Low Energy Constants (LECs) of the EWET at energies lower than the
resonance masses. We give some examples of these phenomenological connections.
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1. Introduction

2. The Lagrangians
2.1 Low energies: the electroweak effective theory
The construction of the EWET Lagrangian can be found in Ref. [1] and its main ingredients
are the following ones: the particle content of the SM (with the Higgs as as a scalar singlet, as it
has been pointed out previously); the EWSB pattern, G ≡ SU(2)L ⊗ SU(2)R → H ≡ SU(2)L+R ;
(2)
(4)
and an expansion in powers of generalized momenta: LEWET = LEWET + LEWET + . . . . The LO
(2)
Lagrangian, LEWET , is basically the SM Lagrangian with a general scalar singlet Higgs, whereas
the NLO Lagrangian can be organized considering the parity (P) of the operators and the number
of fermion bilinears [1]:
(4)
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(2.1)
where operators without (with) tilde are P-even (P-odd) and where we split the Lagrangian into
bosonic, two-fermion and four-fermion operators, respectively.
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The LHC continues to confirm the success of the Standard Model (SM): the Higgs-like particle
couples following the SM predictions and searches for New Physics (NP) have given negative results so far. The consequent mass gap between the electroweak (EW) and possible NP scales allows
us to use effective field theories (EFTs) at current energies and, moreover, they give a systematic
way to analyze the imprints of possible new particles at low energies: the study of the low-energy
constants (LECs) of the next-to-leading (NLO) effective Lagrangian.
If the LECs are considered free parameters, EFTs are model-independent but for some wellmotivated assumptions: particle content, symmetries and power counting. The particle content
is clear in this case, the SM fields, but there are two different ways of introducing the Higgs,
and this choice has consequences in the symmetries and in the power counting to be used. One can
consider the Higgs forming a doublet with the three Goldstone bosons of the electroweak symmetry
breaking (EWSB) or without assuming any specific relation between the Higgs and the Goldstone
bosons. The first one, usually called SM effective field theory (SMEFT), corresponds to the linear
realization of the EWSB and it is an expansion in canonical dimensions, whereas the second one,
usually called EW effective theory (EWET), EW chiral Lagrangian (EWChL) or Higgs effective
field theory (HEFT), is a more general (non-linear) realization of the EWSB, it is an expansion in
generalized momenta and it includes the SMEFT as a particular case. We follow the second option.
At high energies, where the resonances are supposed to live, these NP states can be incorporated by using a phenomenological Lagrangian respecting the EWSB pattern of the SM: the
resonance theory. We want to stress that we are considering two effective Lagrangians for two
different regimes: the EWET at low energies and the resonance theory at high energies. Once there
is a big energy gap between the SM states and possible resonances, it makes sense to integrate
out the resonances, recovering the EWET Lagrangian with the LECs given in terms of resonance
parameters. The phenomenology we present here is based on these ideas.
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2.2 High energies: the resonance theory

3. Phenomenology
3.1 By using the S and T parameters
The existence of massive resonances coupled to the gauge bosons would modify the Z and
self energies and these deviations with respect to the SM are properly characterized by the
parameters S and T [2]. In Ref. [3] a determination of S and T at NLO with a simplified version of
the resonance theory presented above was given: the absence of P-odd operators was assumed and
only the one-loop contributions from the lightest two-particle bosonic channels (two Goldstones or
one Goldstone plus the Higgs) were considered. In order to reduce the number of resonance parameters high-energy constraints were considered: the assumption of well-behaved form factors and
the Weinberg Sum Rules (WSRs) [4] for the W 3 B correlator. A generalization of this analysis using
also P-odd operators and considering the two-particle fermionic channels too is in preparation [5].
With all these ingredients results up to NLO in terms of only a few parameters were shown
in Ref. [3]: assuming the first and the second WSRs, S and T were given in terms of MV and
the hWW coupling κW (or, equivalently MA , since κW = MV2 /MA2 in this case) and, assuming only
the first WSR, T and a lower bound of S in terms of MV , MA and κW . The results are shown in
Figure 1 [3]: the masses of vector and vector-axial resonances were pushed to the TeV range, their
mass splitting is supposed to be small and κW is required to be close to the SM value (κW = 1).

W±

3.2 By estimating the bosonic LECs
As a first step in the integration of the resonances explained in Section 2.2 [1], the P-even
operators of the resonance theory were considered in Ref. [7] to determine most of the purely
bosonic LECs of the EWET, F1−9 in (2.1), in terms of resonance parameters:
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We consider now the particle content of the SM plus bosonic fields with J P = 0± and J P = 1±
(in electroweak triplets or singlets and in QCD octets or singlets) and fermionic states with J = 12
(in electroweak doublets and in QCD triplets or singlets) [1]. The power counting of the EWET is
not directly applicable here, but one can follow a consistent organization taking into account the
integration of the resonances (in general R ∝ 1/MR2 and Ψ ∝ 1/MΨ for the classical solution of the
bosonic and fermionic resonances) and the additional suppression in case of fermionic fields due
to their weak coupling: only operators containing up to one resonance and constructed with chiral
operators of O(p2 ) or lower are needed.
Considering the mass gap between possible heavy resonances and the SM particles, the resonances can be integrated out and the EWET LECs are given in terms of resonance parameters, i.e.,
2
2
4
4
fi , F ψ , F
fψ , F ψ and F
fψ in (2.1) in terms of resonance couplings and masses [1].
Fi , F
i
i
i
i
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Figure 1: NLO determinations of S and T , imposing the two WSRs (left). The approximately vertical
curves correspond to constant values of MV , from 1.5 to 6.0 TeV at intervals of 0.5 TeV. The approximately
horizontal curves have constant values of κW : 0.00, 0.25, 0.50, 0.75, 1.00. The ellipses give the experimentally allowed regions at 68%, 95% and 99% CL. Scatter plot for the 68% CL region, in the case when
only the first WSR is assumed (right). The dark blue and light gray regions correspond, respectively, to
0.2 < MV /MA < 1 and 0.02 < MV /MA < 0.2. The experimental bounds are extracted from Ref. [6].

Note that, and as in the previous subsection, the use of short-distance constraints was fundamental
to be able to give the LECs in terms of only a few resonance parameters (well-behaved form factors
and WSRs again). In Figure 2 [7] we show the numerical values of the most interesting Fi (from a
phenomenological point of view). The light-shaded regions indicate all a priori possible values for
MA > MV . The dashed blue, red and green lines correspond to κW = MV2 /MA2 = 0.8, 0.9 and 0.95,
respectively. Note that F3 does not depend on MA , whereas F4 + F5 only depends on MS1 /cd .
A summary of experimental bounds on these LECs was given in Ref. [8], Figure 3 in these
proceedings. The original notation of Ref. [10] is followed in the figure, whose translation to our
notation is given by a = κW , a1 = F1 , a2 − a3 = F3 , a4 = F4 and a5 = F5 .
As in the previous subsection, and considering the theoretical predictions shown in Figure 2 [7]
and the experimental constraints of Figure 3 [8], lower bounds in the resonance masses are of the
order of the TeV scale.
3.3 By searching for four-fermion operators
ψ4

ψ4

f , accordSearches for four-fermion operators as the ones of (2.1) (whose LECs Fi and F
i
ingly, are not present in the SM) can be found in the literature and can be used to find bounds
for NP scales. Standard dijet and dilepton studies at LHC and LEP have looked for four-fermion
operators containing light quarks and/or leptons [11]. In these studies, one expresses generally the
ψ4
LECs in terms of a NP scale Λ defined through |F j | = 2π/Λ2 . Stringent (95% CL) lower limits
on this scale read [1]:
1. From dilepton production [11]: Λ ≥ 24.6 TeV from LEP, Λ ≥ 19.0 TeV from CMS and
Λ ≥ 26.3 TeV from ATLAS.
3
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Figure 2: Predicted LECs as function of resonance masses. The light-shaded regions cover all possible
values for MA > MV , while the blue, red and green lines correspond to κW = MV2 /MA2 = 0.8, 0.9 and 0.95,
respectively. F3 does not depend on MA , whereas F4 + F5 only depends on MS1 /cd . The oblique S and T
constraints restrict the allowed ranges (95% C.L.) to the dark areas.

2. From dijet production [11]: Λ ≥ 16.2 TeV from LEP, Λ ≥ 18.6 TeV from CMS and Λ ≥
21.8 TeV from ATLAS.
The previous bounds refer to four-fermion operators with light quarks (first and second generation).
There are studies including also top and bottom quarks [12]:
1. From low-energy analysis [12]: Λ ≥ 3.3 TeV from semileptonic B decays and Λ ≥ 14.5 TeV
from Bs − Bs mixing.
2. From high-energy collider analysis [12]: Λ ≥ 2.3 TeV from t and t t¯ production at LHC and
Tevatron, Λ ≥ 1.5 TeV from multi-top production at LHC and Tevatron and Λ ≥ 4.7 TeV
from dilepton production at LHC.
Note that, as in the previous subsections, NP scales are pushed to TeV scales [1]. Consequently, precise phenomenology at low energies by using EFTs (SMEFT or the more general
EWET) continues to be a good way to search for New Physics [5].
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