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ABSTRACT: The pattern of deviations from Standard Model predictions and couplings is
different for theories of new physics based on a non-linear realization of the SU(2)z x U(1)y
gauge symmetry breaking and those assuming a linear realization. We clarify this issue in
a model-independent way via its effective Lagrangian formulation in the presence of a light
Higgs particle, up to first order in the expansions: dimension-six operators for the linear
expansion and four derivatives for the non-linear one. Complete sets of gauge and gauge-
Higgs operators are considered, implementing the renormalization procedure and deriving
the Feynman rules for the non-linear expansion. We establish the theoretical relation and
the differences in physics impact between the two expansions. Promising discriminating
signals include the decorrelation in the non-linear case of signals correlated in the linear
one: some pure gauge versus gauge-Higgs couplings and also between couplings with the
same number of Higgs legs. Furthermore, anomalous signals expected at first order in the
non-linear realization may appear only at higher orders of the linear one, and vice versa.
We analyze in detail the impact of both type of discriminating signals on LHC physics.
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1 Introduction

The present ensemble of data does not show evidence for new exotic resonances and points
to a scenario compatible with the Standard Model (SM) scalar boson (so-called “Higgs” for
short) [1-3]. Either the SM is all there is even at energies well above the TeV scale, which
would raise a number of questions about its theoretical consistency (electroweak hierarchy
problem, triviality, stability), or new physics (NP) should still be expected around or not
far from the TeV scale.

This putative NP could be either detected directly or studied indirectly, analysing the
modifications of the SM couplings. To this aim, a rather model-independent approach
is that of Lorentz and gauge-invariant effective Lagrangians, which respect a given set of
symmetries including the low-energy established ones. These effective Lagrangians respect



symmetries in addition to U(1)ey, and Lorentz invariance and as a consequence they relate
and constrain phenomenological couplings [4] based only on the latter symmetries.

With a light Higgs observed, two main classes of effective Lagrangians are pertinent,
depending on how the electroweak (EW) symmetry breaking is assumed to be realized:
linearly for elementary Higgs particles or non-linearly for “dynamical” -composite- ones.
It is important to find signals which discriminate among those two categories and this will
be one of the main focuses of this paper.

In elementary Higgs scenarios, the effective Lagrangian provides a basis for all possible
Lorentz and SU(3). x SU(2)1, x U(1)y gauge invariant operators built out of SM fields. The
latter set includes a Higgs particle belonging to an SU(2);, doublet, and the operators are
weighted by inverse powers of the unknown high-energy scale A characteristic of NP: the
leading corrections to the SM Lagrangian have then canonical mass dimension (d) six [5, 6].
Many studies of the effective Lagrangian for the linear expansion have been carried out
over the years, including its effects on Higgs production and decay [7, 8], with a revival of
activity [9, 10] after the Higgs discovery [11, 12] (see also refs. [13-40] for studies of Higgs
couplings in alternative and related frameworks). Supersymmetric models are a typical
example of the possible underlying physics.

In dynamical Higgs scenarios, the Higgs particle is instead a composite field which
happens to be a pseudo-goldstone boson (GB) of a global symmetry exact at scales Ag,
corresponding to the masses of the lightest strong resonances. The Higgs mass is protected
by the global symmetry, thus avoiding the electroweak hierarchy problem. Explicit real-
izations include the revived and now popular models usually dubbed “composite Higgs”
scenarios [41-50], for various strong groups and symmetry breaking patterns.! To the
extent that the light Higgs particle has a goldstone boson parenthood, the effective La-
grangian is non-linear [53] or “chiral”: a derivative expansion as befits goldstone boson
dynamics. The explicit breaking of the strong group -necessary to allow a non-zero Higgs
mass- introduces chiral-symmetry breaking terms. In this scenario, the characteristic scale
f of the Goldstone bosons arising from the spontaneous breaking of the global symmetry
at the scale Ay is different? from both the EW scale v defined by the EW gauge boson
mass, e.g. the W mass my = gv/2, and the EW symmetry breaking (EWSB) scale (h),
and respects A; < 47 f. A model-dependent function g links the three scales, v = g(f, (h)),
and a parameter measuring the degree of non-linearity of the Higgs dynamics is usually
introduced:

£=(v/f)*. (1.1)

The corresponding effective low-energy chiral Lagrangian is entirely written in terms
of the SM fermions and gauge bosons and of the physical Higgs h. The longitudinal
degrees of freedom of the EW gauge bosons can be effectively described at low energies by

'Also “little Higgs” [51] (see ref. [52] for a review) models and some higher-dimensional scenarios can
be cast in the category of constructions in which the Higgs is a goldstone boson.

?In the historical and simplest formulations of “technicolor” [54-56], the Higgs particle was completely
removed from the low-energy spectrum, which only retained the three SM would-be-Goldstone bosons with
a characteristic scale f = v.



a dimensionless unitary matrix transforming as a bi-doublet of the global symmetry:
U(z) = e @/v U(z) — LU(z)R', (1.2)

where here the scale associated with the eaten GBs is v, and not f, in order to provide
canonically normalized kinetic terms, and L, R denotes SU(2), r global transformations,
respectively. Because of EWSB, the SU(2) 1, g symmetries are broken down to the diagonal
SU(2)¢, which in turn is explicitly broken by the gauged U(1)y and by the heterogeneity
of the fermion masses. On the other hand, while insertions of the Higgs particle are
weighted down as h/ f, as explained above, its couplings are now (model-dependent) general
functions. In all generality, the SU(2), structure is absent in them and, as often pointed out
(e.g. refs. [57, 58]), the resulting effective Lagrangian can describe many setups including
that for a light SM singlet isoscalar.

To our knowledge, the first attempts to formulate a non-linear effective Lagrangian in
the presence of a “non standard/singlet light Higgs boson” go back to the 90’s [59, 60], and
later works [57, 61]. More recently, ref. [62] introduced a relevant set of operators, while
ref. [63] derived a complete effective Lagrangian basis for pure gauge and gauge-h operators
up to four derivatives. Later on, ref. [64] added the pure Higgs operator in ref. [65] as well
as fermionic couplings, proposing a complete basis for all SM fields up to four derivatives,
and trading some of the operators in ref. [63] by fermionic ones.?

The effective linear and chiral Lagrangians with a light Higgs particle h are intrinsically
different, in particular from the point of view of the transformation properties under the
SU(2)r, symmetry. There is not a one-to-one correspondence of the leading corrections of
both expansions, and one expansion is not the limit of the other unless specific constraints
are imposed by hand -as illustrated below- or follow from particular dynamics at high
energies [68]. In the linear expansion, the physical Higgs h participates in the scalar
SU(2)r, doublet ®; having canonical mass dimension one, this field appears weighted by
powers of the cut-off A in any non-renormalizable operator and, moreover, its presence in
the Lagrangian must necessarily respect a pattern in powers of (v + h). In the non-linear
Lagrangian instead, the behaviour of the h particle does not abide any more to that of an
SU(2)r, doublet but h appears as a SM singlet. Less symmetry constraints means more
possible invariant operators [69-71] at a given order, and in summary:

- In the non-linear realization, the chiral-symmetry breaking interactions of h are now
generic/arbitrary functions F(h).

- Furthermore, a relative reshuffling of the order at which couplings appear in each
expansion takes place [63, 72, 73]. As a consequence, a higher number of indepen-
dent (uncorrelated) couplings are present in the leading corrections for a non-linear
Lagrangian.

3The inferred criticisms in ref. [64] to the results in ref. [63] about missing and redundant operators are
incorrect: ref. [63] concentrated by definition in pure gauge and gauge-h couplings and those criticized as
“missing” are not in this category; a similar comment applies to the redundancy issue, explained by the
choice mentioned above of trading some gauge operators by fermionic ones in ref. [64]. Finally, the £ weights
and the truncations defined for the first time in ref. [63] lead to rules for operator weights consistent with
those defined long ago in the Georgi-Manohar counting [66], and more recently in ref. [67].



Both effects increase the relative freedom of the purely phenomenological Lorentz and
U(1)em couplings required at a given order of the expansion, with respect to the linear
analysis. Decorrelations induced by the first point have been recently stressed in ref. [74]
(analysing form factors for Higgs decays), while those resulting from the second point above
lead to further discriminating signals and should be taken into account as well. Both types
of effects will be explored below.

In what respects the analysis of present LHC and electroweak data, a first step in the
direction of using a non-linear realization was the substitution of the functional dependence
on (v + h) for a doublet Higgs in the linear expansion by a generic function F(h) for a
generic SM scalar singlet h, mentioned in the first point above. This has already led to
a rich phenomenology [26, 62, 74, 75]. Nevertheless, the scope of the decorrelations that
a generic F(h) induces between the pure gauge and the gauge-h part of a given operator
is limited: whenever data set a strong constraint on the pure gauge part of the coupling,
that is on the global operator coefficient, this constraint also affects the gauge-h part as it
is also proportional to the global coefficient; only in appealing to strong and, in general,
unnatural fine-tunings of the constants inside F(h) could that constraint be overcome.

As for the second consequence mentioned above, the point is that if higher orders in
both expansions are considered, all possible Lorentz and U(1)e, couplings would appear in
both towers (as it is easily seen in the unitary gauge), but not necessarily at the same leading
or sub-leading order. One technical key to understand this difference is the adimensionality
of the field U(x). The induced towering of the leading low-energy operators is different
for the linear and chiral regimes, a fact illustrated recently for the pure gauge and gauge-h
effective non-linear Lagrangian [63, 72, 73]. More recently, and conversely, an example was
pointed out [64] of a d = 6 operator of the linear expansion whose equivalent coupling does
not appear among the leading derivative corrections in the non-linear expansion.

It will be shown below that, due to that reshuffling of the order at which certain leading
corrections appear, correlations that are expected as leading corrections in one case may
not hold in the other, unless specific constraints are imposed by hand or follow from high
energy dynamics. Moreover, interactions that are strongly suppressed (subleading) in one
regime may be leading order in the other.

In this paper we will first consider the basis of CP-even bosonic operators for the
general non-linear effective Lagrangian and analyse in detail its complete and independent
set of pure gauge and gauge-Higgs operators, implementing the tree-level renormalization
procedure and deriving the corresponding Feynman rules. The similarities and differences
with the couplings obtained in the linear regime will be carefully determined, considering in
particular the Hagiwara-Ishihara-Szalapski-Zeppenfeld (HISZ) basis [76, 77]. Nevertheless,
the physical results are checked to be independent of the specific linear basis used, as they
should be. The comparison of the effects in both realizations will be performed in the
context of complete bases of gauge and/or Higgs boson operators: all possible independent
(and thus non-redundant) such operators will be contemplated for each expansion, and
compared. For each non-linear operator we will identify linear ones which lead to the same
gauge couplings, and it will be shown that up to d = 12 linear operators would be required
to cover all the non-linear operators with at most four derivatives. We will then identify



some of the most promising signals to discriminate experimentally among both expansions
in hypothetical departures from the size and Lorentz structure of couplings predicted by
the SM. This task is facilitated by the partial use of results obtained earlier on the physics
impact of the linear regime on LHC physics from d = 6 operators in refs. [9, 10, 78], and
from previous analysis of 4-point phenomenological couplings carried out in refs. [79-83].
In this paper we concentrate on the tree-level effects of operators, as a necessary first step
before loop effects are considered [84].
The structure of the paper can be easily inferred from the table of Contents.

2 The effective Lagrangian

We describe below the effective Lagrangian for a light dynamical Higgs [63] (see also
ref. [64]), restricted to the bosonic operators, except for the Yukawa-like interactions, up to
operators with four derivatives.* Furthermore, only CP-even operators will be taken into
account, under the assumption that h is a CP-even scalar.

The most up-to-date analysis to the Higgs results have established that the couplings
of h to the gauge bosons and the absolute value of the couplings to fermions are compatible
with the SM ones. On the contrary, the sign of the couplings between h and fermions is
still to be measured, even if a slight preference for a positive value is indicated in some
two parameter fits (see for example [16, 17, 26]) which take into account one-loop induced
EW corrections. It is then justified to write the effective Lagrangian as a term .4, which
is in fact the SM Lagrangian except for the mentioned sign (would the latter be confirmed
positive, % should be exactly identified with the SM Lagrangian 2y = Zsur), and to
consider as corrections the possible departures from it due to the unknown high-energy
strong dynamics:

Z:hiral = 30 + AZL. (21)

This description is data-driven and, while being a consistent chiral expansion up to four
derivatives, the particular division in eq. (2.1) does not match that in number of deriva-
tives, usually adopted by chiral Lagrangian practitioners. For instance, the usual custodial
breaking term Tr(TV,)Tr(TVH#) is a two derivative operator and is often listed among
the leading order set in the chiral expansion; however, it is not present in the SM at tree
level and thus here it belongs to A.Z by definition. Moreover, data strongly constrain its
coefficient so that it can be always considered [58] a subleading operator.
The first term in %501 reads then

]' 1 a aur 1 v 1 a aur
.,%0 25(8Hh)(8“h) - EWMVW (g ZB'L”/BM - ZGUVG (g V(h)
2
- (Uzh)Tr[VuV“] +iQDQ +iLPL (2.2)
v+ syh v+ syh

(QLUYqQp +h.c.) — (LLUY Lk +he.),

V2 V2

4As usual, derivative is understood in the sense of covariant derivative. That is, a gauge field and a

momentum have both chiral dimension one and their inclusion in non-renormalizable operators is weighted
down by the same high-scale As.



where V,, = (D, U) U' (T = Uo3UT) is the vector (scalar) chiral field transforming in the
adjoint of SU(2)r. The covariant derivative reads

D, U(z) = 0,U(x) + igW,(z)U(x) — izngu(x)U(x)U;;, (2.3)

with W, = Wj(x)o,/2 and B, denoting the SU(2)z and U(1)y gauge bosons, respectively.
In eq. (2.2), the first line describes the h and gauge boson kinetic terms, and the effective
scalar potential V(h), accounting for the breaking of the electroweak symmetry. The
second line describes the W and Z masses and their interactions with h, as well as the
kinetic terms for GBs and fermions. Finally, the third line corresponds to the Yukawa-like
interactions written in the fermionic mass eigenstate basis, where sy = 4 encodes the
experimental uncertainty on the sign in the h-fermion couplings. A compact notation for
the right-handed fields has been adopted, gathering them into doublets® Qr and L. Yo
and Y are two 6 x 6 block-diagonal matrices containing the usual Yukawa couplings:

YQ = diag (YU, YD) y YL = diag (Yy, YL) . (2.4)

A% in eq. (2.1) includes all bosonic (that is, pure gauge and gauge-h operators plus
pure Higgs ones) and Yukawa-like operators that describe deviations from the SM picture
due to the strong interacting physics present at scales higher than the EW one, in an
expansion up to four derivatives [63]:

AY =

& [CBPB(h) + prw(h) + CGPG(h) + Ccpc(h) + CT'PT(h) + CHPH(h) + CDHPDH(h)]
10 25

+ &3 eiPi(h) + €23 eiPilh) + & easPas(h) + i€ cly Py (h) (2.5)
i=1 =11

where ¢; are model-dependent constant coefficients, and the last term account for all possi-
ble pure Higgs operators weighted by £ with n; > 2. The set of pure-gauge and gauge-h
operators are defined by [63]:5

5The Cabibbo-Kobayashi-Maskawa mixing is understood to be encoded in the definition of Q.
5The set of pure gauge and gauge-h operators exactly matches that in ref. [63]; nevertheless, the labelling
of some operators here and their {-weights are corrected with respect to those in ref. [63], see later.



Weighted by &:
02
Pe(h) = =2 Te(V*V,.) Fo(h)

Pr(h) = fTr(TV#)Tf(TV“>f r(h)

12

Pi(h) =~ B B Fi(h)

Puy (k) = —ng,iLW““”fw(h)
Palh) = — G2, G Fo(h)
P1(h) = gg BWTr(TW“”m(h)
Pa(h) = ig’ B Tr(T[VF, VV]) Fah)
P3(h) = igTe(W,, [V*, V¥]) Fa(h)

Weighted by £2:

Pr1(h) = (Tr(V,V,)) 2 Fi1(h)

Pi2(h) = g*(Te(TW,u))* Fia(h)

Pis(h) = igTe(TW,, ) Tr(T[VH, V]) Fis(h)
Pra(h) = ge"P Te(TV,,)Tr(V, W, ) Fra(h)
Pi5(h) = Te(TD,V*)Tx(TD, V") Fi5(h)
Pis(h) = Tr([T, V,]D, V*)Tr(TVY) Fis(h)
Pi7(h) = igTe(TW,,, ) Tr(TVH)0” Fi7(h)
Pis(h) = Te(T[V,, V., ))Tr(TVH)0" Fig(h)

Weighted by &*:
Pag(h) =

Py(h)
Ps(h)

Ps(h)

Pr(h) =

Ps(h)

Po(h)
Pro(h)

(Tr(TV,)Tr(TV,))* Fas(h) .

= ig' B Te(TVH)0” Fy(h)
— igTr(W,, VM0 Fs(h)
= (Te(V,VH)2Fo(h)
Tr(V,,V*")9,8" Fr(h)

= Tr(V,V,) 0" Fs(h) 0" FL(h)

Te((DuV*)?) Fo(h)
= Tx(V, D, V)3 Fio(h)

Tr(TD,V*)Tr(TV,)0" Fig(h)
Tr(V, V*)8, Fao(h)0” Fao(h)

= (Tr(TVH))Zau-FQI (h)0" F31(h)
Tr(TV,)Tr(TV,)0" Faz(h)0” Fyp(h)
Tr(V,V*)(Tr(TV,))? Fas(h)

Tr(V, V) Tr(TV#)Tr(TVY) Fau(h)
(Tr(TV,))?0,0" Fos(h)

(2.7)

(2.8)

In eq. (2.7), D,, denotes the covariant derivative on a field transforming in the adjoint

representation of SU(2)y, i.e.

D,V,=0,V, +ig[W,,V,].

Finally, the pure Higgs operators are:
Weighted by &:

four,

Pi(h) = 5(0h)(@R) P (h).

Pou =
v

(2.9)

this set includes two operators, one with two derivatives and one with

%(auﬁ“h)Q}‘DH(h) . (2.10)

In spite of not containing gauge interactions, they will be considered here as they affect

the renormalization of SM parameters, and the propagator of the h field, respectively.



Weighted by £22:  this class consists of all possible pure Higgs operators with four deriva-
tives weighted by £22, P% . (h). We refrain from listing them here, as pure-h operators
are beyond the scope of this work and therefore they will not be taken into account in the
phenomenological sections below. An example of £2-weighted operator would be [65, 85]

Poi(h) = (D) (@"h))? Fom(h). (2.11)

In another realm, note that Pc(h), Pr(h) and Pg(h) are two-derivative operators
and would be considered among the leading terms in any formal analysis of the non-linear
expansion (as explained after eq. (2.1)), a fact of no consequence below.

The € weights within A.Z do not reflect an expansion in £, but a reparametrisation
that facilitates the tracking of the lowest dimension at which a “sibling” of a given operator
appears in the linear expansion. To guarantee the procedure, such an analysis requires to
compare with a specific linear basis; complete linear bases are only available up to d = 6
and here we use the completion of the original HISZ basis [6, 76], see section 3.1.

A sibling of a chiral operator P;(h) is defined as the operator of the linear expansion
whose pure gauge interactions coincide with those described by P;(h). The canonical di-
mension d of the sibling, that is the power of &, is thus an indicator of at which order in the
linear expansion it is necessary and sufficient to go to account for those gauge interactions:
operators weighted by £ require us to consider siblings of canonical dimension d = 4 + 2n.
It may happen that an operator in egs. (2.6)—(2.10) corresponds to a combination of linear
operators with different canonical dimensions: the power of £ refers then to the lowest di-
mension of such operators that leads to the same phenomenological gauge couplings. The
lowest dimensional siblings of the operators in eqgs. (2.6) and (2.10) have d = 6; those in
egs. (2.7) have d = 8; that of eq. (2.8) has d = 12. ¢ is not a physical quantity per se in
the framework of the effective Lagrangian. If preferred by the reader, the £ weights can
be reabsorbed in a redefinition of the coefficients ¢; and be altogether forgotten; neverthe-
less, they allow a fast connection with the analyses performed in the linear expansion, as
illustrated later on.

In the Lagrangian above, Eq. (2.5), we have chosen a definition of the operator coeffi-
cients which does not make explicit the weights expected from Naive Dimensional Analysis
(NDA) [66, 67, 86]. While the NDA rules are known not to apply to the gauge and scalar
kinetic and mass terms, for the higher-order corrections they would imply suppressions
by factors of the goldstone boson scale f versus the high energy scale A;. In particu-
lar, the coefficients of all operators in eq. (2.6) except Pc(h), as well as all operators in
egs. (2.7), (2.8) and (2.10), would be suppressed by the factor f2/A2 = 1/(1672). The
coefficients can be easily redefined by the reader if wished.

The F(h) functions encode the chiral interactions of the light h, through the generic
dependence on ((h) + h), and are model dependent. Each function can be defined by
F(h) = go(h,v) + g1 (h,v) +E2ga(h,v) +. . ., where g;(h,v) are model-dependent functions
of h and of v, once (h) is expressed in terms of & and v. Here we will assume that the
F(h) functions are completely general polynomials of (h) and h (not including derivatives
of h). Notice that when using the equations of motion (EOM) and integration by parts



to relate operators, F(h) would be assumed to be redefined when convenient, much as one
customarily redefines the constant operator coefficients.

The insertions of the h field, explicit or through generic functions, deserve a separate
comment: given their goldstonic origin, they are expected to be suppressed by the goldstone
boson scale as h/f, as it has been already specified above. This is encoded in the present
formalism by the combination of the F;(h) functions as defined in the text and the pertinent
&-weights which have been explicitly extracted from them, as they constitute a useful tool
to establish the relation with the linear expansions. Consider an initial generic dependence
on the h field of the form (h+ (h))/f = /&(h+ (h))/v: for instance in the linear regime, in
which (h) ~ v, the F;(h) functions are defined in the text as leading to powers of (1+h/v),
because the functional £-dependence has been made explicit in the Lagrangian.

Connection to fermionic operators. Several operators in the list in eqs. (2.6)—(2.8)
are independent only in the presence of massive fermions: these are Pg(h), P1o(h), P15(h),
Pi6(h), Pig(h), one out of Pg(h), Pz(h) and Pag(h), and one out of Pay(h), Pa3(h) and
Pas(h). Indeed, Py(h), Pio(h), Pis(h), Pis(h), and Pig(h) contain the contraction D, V#
that is connected with the Yukawa couplings [63], through the manipulation of the gauge
field EOM and the Dirac equations (see appendix A for details). When fermion masses
are neglected, these five operators can be written in terms of the other operators in the
basis (see eq. (A.16)). Furthermore, using the light » EOM (see eq. (A.3)), operator
Pz(h) (Pa5(h)) can be reduced to a combination of Pg(h) and Pag(h) (Pe21(h) and Paz(h)),
plus a term that can be absorbed in the redefinition of the h-gauge boson couplings, plus
a term containing the Yukawa interactions (see appendix A for details). In summary,
all those operators must be included to have a complete and independent bosonic basis;
nevertheless, in the numerical analysis in section 4.2 their effect will be disregarded as the
impact of fermion masses on data analysis will be negligible.

Other operators in the basis in eqgs. (2.6)—(2.10) can be traded by fermionic ones
independently of the size of fermion masses, applying the EOM for D,W#" and 9, B"", see
egs. (A.1), (A.2) and (A.11) in appendix A. The complete list of fermionic operators that
are related to the pure gauge and gauge-h basis in eqs. (2.6)-(2.10) can also be found there.”
This trading procedure can turn out to be very useful [10, 35, 37, 38, 87] when analysing
certain experimental data if deviations from the SM values for the h-fermion couplings
were found. A basis including all possible fermionic couplings could be more useful in such
a hypothetical situation. The bosonic basis defined above is instead “blind” [88] to some
deviations in fermionic couplings. This should not come as a surprise: the choice of basis
should be optimized with respect to the experimental data under analysis and the presence
of blind directions is a common feature of any basis. In this work we are focused in exploring
directly the experimental consequences of anomalous gauge and gauge-h couplings and
egs. (2.6)—(2.10) are the appropriate analysis tool.

"For completeness, the EOM of the gauge bosons, h and U(h), and the Dirac equations as well as the
full list of fermionic operators that are related to the bosonic ones in eqgs. (2.6)—(2.10) are presented in
appendix A. In this paper, we will only rely on bosonic observables and therefore we will not consider any
fermionic operators other than those mentioned.



Custodial symmetry. In the list in egs. (2.6)—(2.10), the operators Pog(h), Pr(h),
Pi(h), Pa(h), Pa(h), Po(h), Pio(h) and Pia_26(h) are custodial symmetry breaking, as
either they: i) are related to fermion masses; ii) are related to the hypercharge through
¢'B,,; iil) they contain the scalar chiral operator T but no By,. Among these, only Pr(h)
and Pj(h) are strongly constrained from electroweak precision test, while the phenomeno-
logical impact of the remaining operators has never been studied and therefore they could
lead to interesting effects.

If instead by “custodial breaking” operators one refers only to those in iii), a complete
set of bosonic custodial preserving operators is given by the following eighteen operators:

PH(h)v PDH(h)v PC(h)7 PB(h)> PW(h)a PG(h)v ’Plfll(h% PZO(h)' (2'12)

Furthermore, if fermion masses are neglected, this ensemble is further reduced to a set of
fourteen independent operators, given by

Pu(h), Pc(h), Ps(h), Pw(h), Pg(h), Pis(h), Ps(h), Pu(h), (2.13)
plus any two among the following three operators:
Pos(h), Pr(h), Pao(h). (2.14)

Under the same assumptions (no beyond SM sources of custodial breaking and massless
fermions), a subset of only twelve operators has been previously proposed in ref. [62], as
this reference in addition restricted to operators that lead to cubic and quartic vertices of
GBs and gauge bosons and including one or two Higgs bosons.

The Lagrangian in eq. (2.1) is very general and can be used to describe an extended
class of Higgs models, from the SM scenario with a linear Higgs sector (for (h) = v, £ =0
and sy = 1), to the technicolor-like ansatz (for f ~ v and omitting all terms in h) and
intermediate situations with a light scalar h from composite/holographic Higgs models [41—-
49, 56] (in general for f # v) up to dilaton-like scalar frameworks [85, 89-94] (for f ~ v),
where the dilaton participates in the electroweak symmetry breaking.

3 Comparison with the linear regime

The chiral and linear approaches are essentially different from each other, as explained in
the introduction. The reshuffling with respect to the linear case of the order at which the
leading operators appear plus the generic dependence on h imply that correlations among
observables present in one scenario may not hold in the other and, moreover, interactions
that are strongly suppressed in one case may be leading corrections in the other. As the
symmetry respected by the non-linear Lagrangian is smaller, more freedom is generically
expected for the latter. In this section, for the sake of comparison we will first present the
effective Lagrangian in the linear regime, restricting to the HISZ basis [76, 77], and discuss
then the coincidences and differences expected in observable predictions. The relation to
another basis [87] can be found in appendix B.
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3.1 The effective Lagrangian in the linear regime

Following the description pattern in eq. (2.1), the effective Lagrangian in the linear regime
can be written accordingly as

a%incar = gSM + Acgiincaur ’ (31)

where the relation with the non-linear Lagrangian in eq. (2.2) is given by ZLsy = Zolsy =1,
and A_Ainear contains operators with canonical dimension d > 4, weighted down by suitable
powers of the ultraviolet cut-off scale A. Restricting to C' P-even and baryon and lepton
number preserving operators, the leading d = 6 corrections

ALI=6 — Ji O, (3.2)

inear p
7

may be parametrized via a complete basis of operators [5, 6]. Only a small subset of those
modify the Higgs couplings to gauge bosons. Consider the HISZ basis [76, 77]:

Oce = ®T0 G4, G Oww = ®TW,, W,

Opp = ®'B,,B"®, Opw = ®' B, W"®,

Ow = (D,®)'W"(D,®), Op = (D,®)'B"(D,®), (3.3)
1

Op1 = (D,®) & &t (DFD) | Op2 = 50" <<1>Tc1>) 9, (qﬂ@) ,

Op1 = (D, @) (D'@) (2T0) ,

where D, ® = (@L + %g’Bu + %gaiWﬁ) ® and BW = %g’BW and WW = %gJiW/iV. An
additional operator is commonly added in phenomenological analysis,
1 3
Ovs =3 (q)hp) , (3.4)

which is a pure Higgs operator. An equivalent basis of ten operators in the linear expansion
is often used nowadays instead of the previous set of ten linear operators: the so-called
SILH [87] Lagrangian, in which four of the operators above are traded by combinations of
them and/or by a fermionic one via EOM (the exact relation with the SILH basis can be
found in appendix B).

The pure Higgs interactions described by the &-weighted operator P of the chiral
expansion, eq. (2.10), are contained in the linear operator,

One = (D, D*®)" (D,D"®) . (3.5)

Let us now explore the relation between the linear and non-linear analyses. Beyond
the different h-dependence of the operators, that is (in the unitary gauge):

1 0
o= <v+h($)> vs.  F(h), (3.6)
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it is interesting to explore the relation among the linear operators in egs. (3.3) and those
in the chiral expansion. A striking distinct feature when comparing both basis is the
different number of independent couplings they span. This is best illustrated for instance
truncating the non-linear expansion at order £ -which may be specially relevant for small
&- and comparing the result with the d = 6 linear basis that contributes to gauge-Higgs
couplings: while the latter basis exhibits ten independent couplings, the former depends on
sixteen. A more precise illustration follows when taking momentarily F;(h) = (1 + h/v)?,
with n = 2 in general, in all P;(h) under discussion, which would lead to:

’U2 112
Opp = ?PB(h% Oww = Epw(h),
202 v2
OGG = T3 PG(h)v OBW = gpl(h’)v
02 ’ 02 v2 v2
Op = 15 Pa(h) + o Pa(h). Ow = ¢ Ps(h) = Ps(h), (3.7)
v? v? 9
Oq:.,l = E’PH(h) — Z]:(h)PT(h), Oq>’2 = PH(h),
’U2 U2
Opa = ?PHUL) + 5f(h)7>c(h),

v? v? v? v? v’
Ove = 5 Pou(h) + S Ps(h) + - Pr(h) - v*Ps(h) — 1 Poh) = 5 Pro(h).

These relations show that five chiral operators, Pg(h), Pw(h), Pa(h), P1(h) and P (h)
are then in a one-to-one correspondence with the linear operators Ogg, Oww, Oca, Opw
and Og 2, respectively. Also the operator Pr(h) (Pc(h)) corresponds to a combination of
the linear operators O 1 and Og 2 (Op 4 and Og2). In contrast, it follows from eq. (3.7)
above that:

- Only a specific combination of the non-linear operators Pa(h) and Py (h) corresponds
to the linear operator Op.

- Similarly, a specific combination of the non-linear operators Ps(h) and Ps(h) corre-
sponds to the linear operator Oyy.

- Only a specific combination of the non-linear operators Py (h), Ps(h), Pz(h), Ps(h),
Py(h) and Pig(h) corresponds to the linear operator One.

It is necessary to go to the next order in the linear basis, d = 8, to identify the operators
which break these correlations (see eq. (C.2)). It can be checked that, for example for the
first two correlations, the linear d = 8 operators

((DM®)T@) B ((I)TD,,CD) and ((D,@)T <1>) pir (@TDV@) (3.8)

correspond separately to Py(h) and P5(h), respectively.

A comment is pertinent when considering the £ truncation. In the £ — 0 limit, in which
F(h) = (14 h/v)?, if the underlying theory is expected to account for EWSB, the ensemble
of the non-linear Lagrangian should converge to a linear-like pattern. Nevertheless, the
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size of £ is not known in a model-independent way; starting an analysis by formulating
the problem (only) in the linear expansion is somehow assuming an answer from the start:
that & is necessarily small in any possible BSM construction. Furthermore, the non-linear
Lagrangian accounts for more exotic singlet scalars, and that convergence is not granted
in general.

The maximal set of CP-even independent operators involving gauge and/or the Higgs
boson in any d = 6 linear basis is made out of 16 operators: the ten [76, 77] in egs. (3.3)
and (3.4), plus the operator [6] Oge defined in eq. (3.5), and another five which only modify
the gauge boson couplings and do not involve the Higgs field® [76, 77]:

Owww = iegj Wi Wirwhe, Ocaa = i fapcGL GYPGS!,
Opw = (D" Wu> (D,,Wp”)i , Opp = (9Bu) (9,B™) . (3.9)

Opc = (D* G)* (D,GP)* .

The Lorentz structures contained in these five operators are not present in the non-linear
Lagrangian expanded up to four derivatives: they would appear only at higher order in
that expansion, i.e. six derivatives. They are not the siblings of any of the chiral operators
discussed in this work, egs. (2.6)—(2.10).

The rest of this paper will focus on how the present and future LHC gauge and gauge-
h data, as well as other data, may generically shed light on the (non-)linearity of the
underlying physics. In particular exploiting the decorrelations implied by the discussion
above as well as via new anomalous discriminating signals.

Disregarding fine tunings, that is, assuming in general all dimensionless operator co-
efficients of O(1), the pattern of dominant signals expected from each expansion varies
because the nature of some leading corrections is different, or because the expected rela-
tion between some couplings varies. In the next subsections we analyze first how some
correlations among couplings expected in the linear regime are broken in the non-linear
one. Next, it is pointed out that some couplings expected if the EWSB is linearly realized
are instead expected to appear only as higher order corrections in the non-linear case.
Conversely and finally, attention is paid to new anomalous couplings expected as leading
corrections in the non-linear regime which appear only at d > 8 of the linear expansion.

3.2 Decorrelation of signals with respect to the linear analysis

The parameter £ is a free parameter in the effective approach. Nevertheless, in concrete
composite Higgs models electroweak corrections imply £ < 0.2—0.4 [95] (more constraining
bounds ¢ < 0.1 — 0.2 have been advocated in older analyses [29, 96, 97]), and it is therefore
interesting for the sake of comparison to consider the truncation of A.Z which keeps only
the terms weighted by € and disregard first those weighted by higher £ powers. We will thus

8The Operators Opw, Opp and Op¢ are usually traded by Owww and Ocaa plus fermionic operators.
As in this paper we focus on bosonic observables, such translation is not pertinent. Taken by themselves,
the ensembles discussed constitute a non-redundant and complete set of gauge and/or Higgs operators. In
Opa, D* denotes the covariant derivative acting on a field transforming in the adjoint of SU(3)¢.
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analyze first only those operators in egs. (2.6) and (2.10). We will refer to this truncation
as AZ¢ and define ,,Z”Chlral = %+ AZE.

All operators in A.Z¢ have by definition lowest dimensional linear siblings of d = 6.
We will thus compare first 5 hira
values of &, that is when the new physics scale Ag > v, 5

| with the d = 6 linear expansion [5, 6, 87]. For low enough
hiral 18 €xpected to collapse into
the d = 6 linear Lagrangian if it should account correctly for EW symmetry breaking via
an SU(2)r doublet scalar, but the non-linear Lagrangian encodes more general scenarios
(for instance that for a SM singlet) as well.

The comparison of the effects in the non-linear versus the linear expansion is illuminat-
ing when done in the context of the maximal set of independent (and thus non-redundant)
operators on the gauge-boson/Higgs sector for each expansion: comparing complete bases
of those characteristics. The number of independent bosonic operators that induce leading
deviations in gauge-h couplings turns out to be then different for both expansions: ten
d = 6 operators in the linear expansion, see eq. (3.3) and eq. (3.5), for sixteen {-weighted
operators” in the chiral one, see eq. (2.6) and (2.10). For illustration, further details are
given here on one example pointed out in section 3.1: Py(h) and Py(h) versus the d = 6
operator Op. From eq. (3.7) it followed that only the combinations Pa(h) + 2P4(h) have a
d = 6 linear equivalent (with F;(h) substituted by (1 + h/v)?). In the unitary gauge Po(h)
and Py(h) read:

2 2
Pa(h) = 2ieg? A, W PWH Fy(h) — 2——9— 7, W W+ Fy(h) (3.10)
cos Oy
Pa(h) = ——9— A, 710" Fu(h) + g F (), (3.11)
T T cos Oy M 4 os2 Oy M 4 '

with their coefficients ¢ and ¢4 taking arbitrary (model-dependent) values. In contrast,
their d = 6 sibling Op results in the combination:

. 2
_leg S 9 zeg J— 9
Op ==~ AW "W (0 + 1)* = oo Zu W W (0 4 1)

a (3.12)

v, e
A/,LVZ a (U + h) TQQVV

7 Ay
4c089W ZuwZ 0"h(v + h) .

In consequence, the following interactions encoded in Op -and for the precise Lorentz

structures shown above- get decorrelated in a general non-linear analysis:

-y=—W—-W from~y—Z—h,and Z—W — W from Z — Z — h; these are examples of
interactions involving different number of external h legs.

-y—W-W—-hfrom~y—Z—h,and Z —W — W — h from Z — Z — h, which are

interactions involving the same number of external h legs.

While such decorrelations are expected among the leading SM deviations in a generic non-
linear approach, they require us to consider d = 8 operators in scenarios with linearly real-
ized EW symmetry breaking. This statement is a physical effect, which means that it holds

9Note that the first operator in eq. (2.10) impacts on the gauge-h couplings via the renormalization of
the h field.
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irrespective of the linear basis used, for instance it also holds in the bases in refs. [97, 98].
The study of the correlations/decorrelations described represents an interesting method to
investigate the intimate nature of the light Higgs h.

The argument developed above focused on just one operator, for illustration. A par-
allel analysis on correlations/decorrelations also applies in other case, i.e. the interactions
described by P3(h) and Ps(h) versus those in the d = 6 linear operator Oy. Obviously,
in order to firmly establish the pattern of deviations expected, all possible operators at a
given order of an expansion should be considered together, and this will be done in the
phenomenological section 4 below.

3.3 Signals specific to the linear expansion

The d = 6 operators in eq. (3.9) have no equivalent among the dominant corrections of
the non-linear expansion, egs. (2.6)—(2.10), all £ weights considered. This fact results in an
interesting method to test the nature of the Higgs. Considering for example the operator
Owww in eq. (3.9), the couplings

W, fwww?ﬂig2 [gpu ((p+ - p-)pav — (PA - P-)P+v)
A, + guv ((PA - P-)P1p — (P2 - P4+ )P—p)
W + 9ov (P - P4+)P—p — (P+ - P-)PAR) + PAEDP+VP—p — pAuerpp—u] :
(3.13)
W fWWWW 9ou ((P+ - P=)Pz0 — (P2 P-)P+0)
Z, + 9w (P2 - p-)P+p — (P2 - P+)P—p)

. + 9pv (P2 * P+ )P—p — (P4 - P-)Pzp) + PZUP+vDP—p — pz,/p+pp—u} :

v
should be observable with a strength similar to that of other couplings described by d =
6 operators, if the EW breaking is linearly realized by the underlying physics. On the
contrary, for a subjacent non-linear dynamics their strength is expected to be suppressed

(i.e. be of higher order) [64].1° A similar discussion holds for the other operators in eq. (3.9).

3.4 New signals specific to the non-linear expansion

For large &, all chiral operators weighted by £" with n > 2, egs. (2.7)—(2.10), are equally
relevant to the £-weighted ones in eq. (2.6), and therefore their siblings require operators
of dimension d > 8. Of special interest is P14(h) which belongs to the former class, as some
of the couplings encoded in it are absent from the SM Lagrangian. This fact provides a
viable strategy to test the nature of the physical Higgs.

In appendix D, the Feynman rules for all couplings appearing in the non-linear La-
grangian for gauge and gauge-h operators can be found. A special column indicates directly
the non-standard structures and it is easy to identify among those entries the couplings

10This coupling is usually referred to in the literature as Ay [4].
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weighted only by £" with n > 2. Here, we report explicitly only the example of the anoma-
lous Z — W — W and v — Z — W — W vertices, assuming for simplicity that the Fi4(h)
function admits a polynomial expansion in h/v. The operator Pi4(h) contains the couplings

PN W W, ZyFua(h) , P Z, AW, Wit Fiu(h) (3.14)

which correspond to an anomalous Z — W — W triple vertex and to an anomalous v — Z —
W — W quartic vertex, respectively. The corresponding Feynman diagrams and rules read

Wil
2 93 A
VA _e2_ I _wwp —p_
p §COSGW€ [Prx — =il
W
g (3.15)
Zy Wy
2 693 5,uyp)\
cos Oy '
A, W,

These couplings are present neither in the SM nor in the d = 6 linear Lagrangian and are
anomalous couplings due to their Lorentz nature. A signal of these type of interactions
at colliders with a strength comparable with that expected for the couplings in the d =6
linear Lagrangian would be a clear hint of a strong dynamics in the EWSB sector. More
details are given in the phenomenological sections below.

4 Phenomenology

Prior to developing the strategies suggested above to investigate the nature of the Higgs
particle, the renormalization procedure is illustrated next.

4.1 Renormalization procedure

Five electroweak parameters of the SM-like Lagrangian %, are relevant in our analysis,
when neglecting fermion masses: gs, g, ¢’, v and the h self-coupling A\. The first four can
be optimally constrained by four observables that are extremely well determined nowadays,
while as a fifth one the Higgs mass my can be used; in summary:

as  world average [99],
Gr extracted from the muon decay rate [99],
aem  extracted from Thomson scattering [99], (4.1)
myz extracted from the Z lineshape at LEP I [99],
myp, now measured at LHC [11, 12].

This ensemble of observables defines the so-called Z-scheme: they will be kept as input pa-
rameters, and all predictions will be expressed as functions of them. Accordingly, whenever
a dependence on the parameters g, ¢’, v (and e) or the weak mixing angle 0y may appear
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in the expressions below, it should be interpreted as corresponding to the combinations of
experimental inputs as follows:

1 4
62 e 47raem 9 Sin2 0W - 5 (1 - 1 - \/;G(an2> )
FMz (4.2)
2 1 ( € / € )
Ve = , g = — ) g =
\/iGF sin Oy cos by Ow , e as above

The abbreviations sy (s29) and ¢y (cog) will stand below for sin 8y (sin 20y) and cos Oy
(cos 26y ), respectively. Furthermore, for concreteness, we assume a specific parametriza-
tion for the F;(h) functions:

Fi(h) =1 +2a," +B-h—2 + (4.3)
i = a,v i3 .

where the dots stand for higher powers of h/v that will not be considered in what follows;
to further simplify the notation a; and b; will indicate below the products a; = ¢;a; and
b; = ¢;b;, respectively, where ¢; are the global operator coefficients.

Working in the unitary gauge to analyze the impact that the couplings in AZ in
eq. (2.5) have on %, it is straightforward to show that Pg(h), Pw(h), Pa(h), Pu(h),
P1(h) and Pi2(h) introduce corrections to the SM kinetic terms, and in consequence field
redefinitions are necessary to obtain canonical kinetic terms. Among these operators,
Pr(h), Pw(h) and Pg(h) can be considered innocuous operators with respect to %, as
the impact on the latter of c¢p, ¢y and cg can be totally eliminated from the Lagrangian by
ineffectual field and coupling constant redefinitions; they do have a physical impact though
on certain BSM couplings in A.Z involving external scalar fields.

With canonical kinetic terms, it is then easy to identify the contribution of A.Z to the

input parameters:!'!
0 Qem 0G
Qe ~ de? ¢1 € + 4e? 1982, =_r ~ 0,
—= =~ —cp & —2e“c1 £+ 2e* cot” Oy c12 &7, — ~0,
my mp

keeping only terms linear in the coefficients ¢;. Expressing all other SM parameters in
Zihiral in terms of the four input parameters leads to the predictions to be described next.

W mass. The prediction for the W mass departs from the SM expectation by

Am?,  4e? 2¢2 4e?
W= —c1é+ Lert— —5 e
myy C20 C20 Sp
(4.5)
62 1)2 Cs U2
= %fBWP - %f@,lpa

where the second line shows for comparison the corresponding expression in the linear
expansion at order d = 6.

1The BSM corrections that enter into the definition of the input parameters will be generically denoted
by the sign “§”, while the predicted measurable departures from SM expectations will be indicated below
by “A” .
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S and T parameters. P;(h) and Pr(h) generate tree-level contributions to the oblique
parameters S and T [100], which read

QemAS = —8¢e%¢; € and Qem AT = 2¢7€ . (4.6)

Triple gauge-boson couplings. The effective operators described in the non-linear La-
grangian, eqs. (2.6)—(2.8), give rise to triple gauge-boson couplings YW W~ and ZW+W .
Following ref. [4], the CP-even sector of the Lagrangian that describes trilinear gauge boson
vertices (TGV) can be parametrized as:

Lwwy = — igwwv{g}/ (W;Z,W’“V” - WJVVW”“’> + Ry WIW, VY (4.7)
— igy eP7 (WEO,W, =W, 0,W,5) Vo + g (0, WHW ™ — 9, W W) VV},

where V = {v,Z} and gww, = e = gsinbw, gwwz = gcosby (see eq. (4.2) for their
relation to observables). In this equation W/f/ and V,, stand exclusively for the kinetic part
of the gauge field strengths. In contrast with the usual parameterization proposed in ref. [4],
the coefficient Ay (associated with a linear d = 6 operator) is omitted here as this coupling
does not receive contributions from the non-linear effective chiral Lagrangian expanded
up to four derivatives. Conversely, we have introduced the coefficients gg associated to
operators that contain the contraction D,V*; its 9, V# part vanishes only for on-shell
gauge bosons; in all generality D, V# insertions could only be disregarded'? in the present
context when fermion masses are neglected, as explained in section 2 and appendix A.

Electromagnetic gauge invariance requires g; = 1 and g; = 0, and in consequence the
TGV CP-even sector described in eq. (4.7) depends in all generality on six dimensionless
couplings g7, g5Z, gg’Z and k. z. Their SM values are gt = ky = kz = 1 and g5Z =gd =
gGZ = 0. Table 1 shows the departures from those SM values due to the effective couplings
in eq. (2.5); it illustrates the ¢ and &2-weighted chiral operator contributions. For the sake
of comparison, the corresponding expressions in terms of the coefficients of d = 6 operators
in the linear expansion are shown as well. A special case is that of the linear operator Ogg,
whose physical interpretation is not straightforward [137-139] and will be analyzed in detail
in ref. [140]; the corresponding coefficient fog does not appear in table 1 as contributing
to the measurable couplings, while nevertheless the symbol (x) recalls the theoretical link
between some chiral operators and their sibling Ogg. The analysis of table 1 leads as well
to relations between measurable quantities, which are collected later on in eq. (4.14) and
subsequent ones.

h couplings to SM gauge-boson pairs. The effective operators described in egs. (2.6)—
(2.8) also give rise to interactions involving the Higgs and two gauge bosons, to which we

123ee for example ref. [101] for a general discussion on possible “off-shell” vertices associated to d = 4
and d = 6 operators.

~ 18 —



Coeft. Chiral Linear

xe?/s3 x& x &2 xv? /A2
Ali,y 1 —2c1+2co+c3 —4ci0+2¢13 %(fw + fB_2fBW)
Agd 1 —cg — (%)

2 2
Ag? é o CT+7CI+C3 - éfw+4629 fow — 1535 fan
A 1 32 _|_4Ss _29 Fes | —deia4-2 Ly _Lef _‘_Sief _if
Kz eZcap CT T 50 €1 2 C2TC3 Ci2T2C13 | gJW 82 /BT Begy JBW ™ L2y J 231

Agé é - C14 -
Ag6Z é S%Cg —C16 (*)

Table 1. Effective couplings parametrizing the VW W ~ vertices defined in eq. (4.7). The coeffi-
cients in the second column are common to both the chiral and linear expansions. In the third and
fourth columns the specific contributions from the operators in the chiral Lagrangian are shown.
For comparison, the last column exhibits the corresponding contributions from the linear d = 6 op-
erators. The star () in the last column indicates the link between the chiral operator Py(h) and its
linear sibling Ong, without implying a physical impact of the latter on the VW W = observables,
as explained in the text and in ref. [140].

will refer as HVV couplings. The latter can be phenomenologically parametrized as
LV = Gr1gg GG D+ griy A AR+ gl A Z40VR gy A ZPh
ol T TP G T2 48l 2l 2,7
+ 941y OuZ 20" h + 937, 0,20, 2 h (4.8)
+ gy (WAW 1 h 4 he) + g2y Wi W h + g8l Wiw =
+ g\ WEW 048 (0, W W, 0" hbie) + vy 00, h,

where V,, = 0,V, — 0,V,, with V. = {A, Z, W,G}. Separating the contributions into SM
ones plus corrections,

g = g PN 1 Ag?, (4.9)

)

it turns out that

Inzz =~ > Iapww =~

while the tree-level SM value for all other couplings in eq. (4.8) vanishes (the SM loop-
. 2 . : . . :
induced value for g 49, gy~ and g7 Zny will be taken into account in our numerical analysis,
though); in these expressions, v is as defined in eq. (4.2). Table 2 shows the expressions
(1,2) A(123456) (123456)
H 2~ and Ag

@)sM _ My (3)sM _ 2myc (4.10)

for the corrections Agrgg, Agr~y, Agyy induced at tree-

level by the effective non-linear couphngs under discussion. In ertlng eq. (4.8) we have
introduced the coefficients Aggé”;) nd A ;}1145/%)/ Agg/v become redundant for on-shell

h; Agg’ﬂ/ vanish for on-shell W, and Z, or massless fermions. Notice also that the
leading chiral corrections include operators weighted by ¢ powers up to £2. For the sake of
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Coeft. Chiral Linear
xe? /4v x& x &2 xv?/A?
Agngy | % ~2a vy
Agy 1 —2(ap + aw) + 8as 8ai2 —(fBB + fww) + fBW
A —8(as + 2a4) —16a17 2(fw — fB)
Agg)Z’y ?Z 4%(13 —daw + 8%01 16a12 2%fBB —2fww + %fBW
DGy % *42% + 8ay *8%%7 %fw + /B
Agl(‘-?>ZZ —g 2%@? + 2aw + 8%“1 —8ai2 %fBB + fow + %fBW
Agj(’?)ZZ 7222Z —2ci +2(2ac — cc) — 8(ar —cr) - fo1+2fea—2fa2
Agg{DZZ *é 16a~ 32as5 (%)
Agiiyr |~ 16a10 32a10 )
Agl(‘?>ZZ _é 16a9 32a1s (%)
Aggévw % —4as _ Fu
Aggl)/vw % —daw - —2fww
Agiflw | AL | ~den+4(200—co)+ B e+ b op |28 1y | EGR oy L dfo g~ 4o 0+ 2 faw
Boifhw| % Sar - )
Agg)?/‘/w —é 4aso - (*)
Agg‘)/vw *é Bag (%)

Table 2. The trilinear Higgs-gauge bosons couplings defined in eq. (4.8). The coefficients in the
second column are common to both the chiral and linear expansions. The contributions from the
operators weighted by ¢ and €22 are listed in the third and fourth columns, respectively. For
comparison, the last column exhibits the corresponding expressions for the linear expansion at
order d = 6. The star (%) in the last column indicates the link between the chiral operators Pr(h),
Po(h) and Pig(h), and their linear sibling Opg, without implying a physical impact of the latter
on the observables considered, as explained in the text and in ref. [140].

comparison, the corresponding expressions in terms of the coefficients of the linear d = 6
operators in eq. (3.7) are also shown.!3

Notice that the bosonic operators P (h) and P (h) induce universal shifts to the SM-
like couplings of the Higgs to weak gauge bosons. Similarly Pg(h), induces universal shifts
to the Yukawa couplings to fermions, see eq. (FR.32) in appendix D. It is straightforward
to identify the link between the coefficients of these operators and the parameters a and ¢

defined in refs. [17, 26, 62] assuming custodial invariance, which reads'*

a:1_§CH+§(2aC_CC)’ C:SY< _§CH> (411)

2 2 2

13 Alternatively the coefficient of Ag'%),.,,, can be defined in terms of the measured value of My as M2, /e?.
In this case the entries in columns 3-5 read —4cy + 4(2ac — co), —32%7 and —2fe 1 + 4fe,4 — 4fa2
respectively.

1 Supplementary terms are present when taking into account the custodial breaking couplings considered
in this paper.
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Coeft. Chiral Linear

xe? /453 x¢& x &2 xv? /A2
AgD 1 = izg cT+ 9c1+4C3 2¢11—16¢12+8c13 Ty +C8299 fBw— Zjﬁfm
AgWW 1 = ZGC + 6C1+4637466 —2c11—16¢12+8c13 fW +LS269 fBw— 462962 fo1 + (%)
Ag(1> % Co c11+2¢a3+2c24 +4capE> ()
Ag(3) % o) i;gc + 29 c1 +40903—25969 2c11 +4S§C16+2624 M—F%wa— :Ezeje f<1>1+(*)
Agyy % 2:2f;: cr + 5o 22c1 +8cjes—4cs —dcos fwep +24029 few— 2:29;50 Jao1 + (%)
Ag(3) s —2c9 — (*)
Ag(g) o2 ezise CT+ L 2oy +4cs +4s5co —4ci6 fw csfg fBw— 4;%0@2 fo1r + (%)
Ag(4) o2 :2552289 cr+ Czee c1+8c¢s - fw+26299 wa—$f¢1
Ag(s) z% - 8c1a -

Table 3. Effective couplings parametrizing the vertices of four gauge bosons defined in eq. (4.12).
The contributions from the operators weighted by ¢ and ¢22 are listed in the third and fourth
columns, respectively. For comparison, the last column exhibits the corresponding expressions for
the linear expansion at order d = 6. The star (x) in the last column indicates the link between the
chiral operators Pg(h) and Py(h), and their linear sibling Ogg, without implying a physical impact
of the latter on the observables considered, as explained in the text and in ref. [140].

Quartic gauge-boson couplings. The quartic gauge boson couplings also receive con-
tributions from the operators in egs. (2.6)—(2.8). The corresponding effective Lagrangian
reads

Lix = g% 99W(Z,Z") + g\ WEW W, WY — gl (Wi )2
+ gO W (VL4 VIV — ¢ Wi w vy

+ gy e TWEW IV (4.12)

where VV' = {yv,vZ, ZZ}. Notice that all these couplings are C' and P even, except for

ggf‘)/, that is C'P even but both C' and P odd. Some of these couplings are nonvanishing at

tree-level in the SM:

sy _ 1 Josm _ 1 SISV _ GG JBSM _ 5
nro2 w2 2z~ i 27 (4.13)
SM 520 HSM NSM
9(27) 27 ggy " =, g =5, 9(27) = 520,

where the notation defined in eq. (4.9) has been used and the expression for the weak
mixing angle can bee found in eq. (4.2). Table 3 shows the contributions to the effective
quartic couplings from the chiral operators in egs. (2.6)—(2.8) and from the linear operator
in eq. (3.3).
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(De)correlation formulae. Some operators of the non-linear Lagrangian in section 2
participate in more than one of the couplings in tables 1 and 2. This fact leads to interesting
series of relations that relate different couplings. First, simple relations on the TGV sector

results:

2 2

S 16e
Akz + %Aﬁv —Agi = —(2c12 — c13)é7, (4.14)

09 39

94 cg zZ e? 2

Agi+ 5095 = —— 168, (4.15)

s5 S

while other examples of relations involving HVV couplings are:

2
1 1 1 2e
g%%;vw —cj gl(LI)ZZ — €656 gl(q)zV = 72@1752 ; (4.16)
7}89
2
2 2 2 4e
205 ggi)ZZ + 2sgcy gl(q)z,y + 233 9H~y — gl(LI%/VW = ﬁaug? , (4.17)
0
1 4 Re?
DGy — 5 DG = ——g a25 € 4.18
9uzz 205 Igww US%Q azs ", ( )
5 1 5 Re?
Agl(‘-l)ZZ - 72Ag§'—[%/VW = ——5 Q19 £, (4.19)
€ U559
6 1 6 Re?
AQj(ar)ZZ - ﬁAQJ(LI%/VW = T2 ays & (4.20)
0 20

The non-vanishing terms on the right-hand side of eqs. (4.14)—(4.17) stem from &2-weighted
terms in the non-linear Lagrangian. It is interesting to note that they would vanish in the
following cases: i) the d = 6 linear limit;'® ii) in the {—truncated non-linear Lagrangian;
iii) in the custodial preserving limit. The first two relations with a vanishing right-hand
side where already found in ref. [33]. Any hypothetical deviation from zero in the data
combinations indicated by the left-hand side of those equations would thus be consistent
with either d = 8 corrections of the linear expansion or a non-linear realisation of the
underlying dynamics.

Furthermore, we found an interesting correlation which only holds in the linear regime
at order d = 6, it mixes TGV and HVV couplings and stems from comparing tables 1
and 2:

Arg = Agf = 22| (e — 53) (b1, + 20877, ) + 25000 (200 — 9b1sz — 208722) | -

2cq
(4.21)
This relation does not hold in the non-linear regime, not even when only £—weighted
operators are considered. Its verification from experimental data would be an excellent
test of BSM physics in which the EWSB is linearly realized and dominated by d = 6
corrections.
The above general (de)correlations are a few examples among many [68].

15Eq. (4.14) with vanishing right-hand side was already known [76, 102] to hold in the linear regime at
order d = 6.
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When in addition the strong experimental constraints on the S and 1T parameters
are applied, disregarding thus cr and c¢; (equivalently, fs and fpw for the linear case),
supplementary constraints follow, e.g.:

2 3 1 (3) 16¢2 9
9 — 5 < 5 — a ,
mQZgHZZ m%v —i—(;m%/ngWW vsg 12§
2
¢ (2) 2 __4e 2
29Hyy + s, dHZy T IHWW T T 72 a12§”,
’ A Y (4.22)
(2) 56 (2) (2) e 9
2 20 . _ 2 e,
9uzz t CGgHZ,Y gpww vsg 12
_253 203 (2) 2) 4e? 9
a_ gt @ gz T dww = s Sgauﬁ ,

where again the non-zero entries on the right-hand sides vanish in either the d = 6 linear

or the &é-truncated non-linear limits.

Counting of degrees of freedom for the HVV Lagrangian. Given the present
interest in the gauge-h sector, we analyze here the number of degrees of freedom involved
in the HVV Lagrangian, eq. (4.8), for on-shell and off-shell gauge and Higgs bosons, with

massive and massless fermions.

This can be schematically resumed as follows: for the massive fermion case,

phen. couplings: 16 i) 12 (Ag?}?/v =0) £> 10 (Ag}y -y redundant)

1

op. coefficients: 17 = 13 (P11, P12, P16, P17 irrelevant) £)+ 11 (P7, Pos redundant)

where the first line refers to the phenomenological couplings appearing in eq. (4.8), while
the second one to the operator coefficients of the non-linear basis in eq. (2.5). Moreover, i)
denotes the limit of on-shell gauge bosons, i.e. 0*Z,, = 0 and 8“let = 0, while ii) refers to
the limit of, in addition, on-shell A. In brackets we indicate the couplings and the operator
coefficients that are irrelevant or redundant under the conditions i) or ii).

If fermion masses are set to zero, the conditions 0*Z7,, = 0 and 8"1/1/;t = 0 hold also
for off-shell gauge bosons, and therefore the counting starts with 12 phenomenological
couplings and 13 operator coefficients.

This analysis for the number of operator coefficients refers to the full non-linear La-
grangian in eq. (2.5), which includes the custodial breaking operators.

Up to this point, as well as in appendices A, C and D for the EOM, d = 6 siblings
and Feynman rules, respectively, all non-linear pure gauge and gauge-h operators of the
chiral Lagrangian eq. (2.1) have been taken into account. The next subsection describes
the results of the numerical analysis, and there instead the value of fermion masses on
external legs will be neglected. This means that operators Py(h), Pig(h), Pi5(h), Pis(h),
and P1g9_21(h) become redundant then, and will not be analyzed.
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4.2 Present bounds on operators weighted by &

At present, the most precise determination of S, T, U from a global fit to electroweak
precision data (EWPD) yields the following values and correlation matrix [99]

AS = 0.00 % 0.10 AT = 0.02 +0.11 AU = 0.03 £ 0.09 (4.23)
1 0.89 —0.55
p=1 08 1 -08 |. (4.24)
~0.55 —0.8 1

Operators Py (h) and Pr(h) contribute at tree-level to these observables, see eq. (4.6) and
consequently they are severely constrained. The corresponding 95% CL allowed ranges for
their coefficients read

—47x1073 <€ <4x107% and  —2x103 <&ep <1.7x1073. (4.25)

These constraints render the contribution of P;(h) and Pr(h) to the gauge-boson self-
couplings and to the present Higgs data too small to give any observable effect. Conse-
quently we will not include them in the following discussion.

As for the {-weighted TGV contributions from Pa(h) and P3(h), their impact on the
coefficients Ak, Ag? and Ary was described in table 1. At present, the most precise
determination of TGV in this scenario results from the two-dimensional analysis in ref. [103]
which was performed in terms of Ax, and Ag? with Akz determined by the relation
eq. (4.14) with the right-handed side set to zero:

Ky = 098470049 and  gf = 1.00479:924 (4.26)

with a correlation factor p = 0.11. In table 4 we list the corresponding 90% CL allowed
ranges on the coefficients ¢y and c3 from the analysis of the TGV data.

Now, let us focus on the constraints on {—weighted operators stemming from the
presently available Higgs data on HVV couplings. There are seven bosonic operators in
this category'®

PG(h) > 7)4(h) ) P5(h) ) PB(h) ) PW(h) ) PH(h) ) PC(h) (427)

To perform a seven-parameter fit to the present Higgs data is technically beyond the scope
of this paper and we will consider sets of “only” six of them simultaneously. We are
presenting below two such analysis. Leaving out a different coupling in each set. In the
first one, A, we will neglect Pc(h) and in the second one, B, we will link its contribution
to that of Py (h), so the 6 parameters in each set read:

Set A : ag ., a4, as ,ag , aw , cH , 2ac —cc =0 , (4.28)

Set B : ag , a4, 5,08 , Aw , CH = 2a¢c — CC - (4.29)

16Tn present Higgs data analysis, the Higgs state is on-shell and in this case Agﬁ,v can be recasted
as a m% correction to Aggz,v. Thus the contribution from c7, i.e. the coefficient of P7(h) to the Higgs
observables, can be reabsorved in a redefinition of 2ac — cc.
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For both sets we will explore the sensitivity of the results to the sign of the h-fermion
couplings by performing analysis with both values of the discrete parameter sy = +.

As mentioned above, Py (h) and Pc(h) induce a universal shift to the SM-like HVV
couplings involving electroweak gauge bosons, see eq. (FR.15) and (FR.17), while Py (h)
also induces a universal shift to the Yukawa Higgs-fermion couplings, see eq. (FR.32). In
consequence, the two sets above correspond to the case in which the shift of the Yukawa
Higgs-fermion couplings is totally unrelated to the modification of the HVV couplings
involving electroweak bosons (set B), and to the case in which the shift of SM-like HVV
couplings involving electroweak bosons and to the Yukawa Higgs-fermion couplings are the
same (set A). In both sets we keep all other five operators which induce modifications
of the HVV couplings with different Lorentz structures than those of the SM as well as
tree-level contributions to the loop-induced vertices hvyvy, hvZ and hgg.

Notice also that a combination of Pg(h) and Pc(h) can be traded via the EOM
(see third line in eq. (A.11)) by that of fermion-Higgs couplings Pr.g(h) plus that of
other operators already present in the six-dimensional gauge-h set analyzed. So our choice
allows us to stay close to the spirit of this work (past and future data confronting directly
the gauge and gauge-h sector), while performing a powerful six-dimensional exploration of
possible correlations.

Technically, in order to obtain the present constraints on the coefficients of the bosonic
operators listed in eqs. (4.28) and (4.29) we perform a chi-square test using the available
data on the signal strengths (). We took into account data from Tevatron DO and CDF
Collaborations and from LHC, CMS, and ATLAS Collaborations at 7 TeV and 8 TeV for
final states vy, WYW =, ZZ, Z~, bb, and 77 [104-117]. For CMS and ATLAS data, the
included results on WYW =, ZZ and Z~ correspond to leptonic final states, while for v
all the different categories are included which in total accounts for 56 data points. We refer
the reader to refs. [9, 78] for details of the Higgs data analysis.

The results of the analysis are presented in figure 1 which displays the chi-square
(Ax%ﬁggs) dependence from the analysis of the Higgs data on the six bosonic couplings for
the two sets A and B of operators and for the two values of the discrete parameter sy = +.
In each panel Ax%{iggs is shown after marginalizing over the other five parameters. As seen
in this figure, there are no substantial difference between both sets in the determination of
the five common parameters with only slight differences in ag (more below). The quality of
the fit is equally good for both sets ( |X72nm,A — anm7B| < 0.5). The SM lays at x%,, = 68.1
within the 4% CL region in the six dimensional parameter space of either set.

In figure 1, for each set, the two curves of Ax%{iggs for sy = + are defined with respect
to the same X?nm corresponding to the minimum value of the two signs. However, as seen
in the figure, the difference is inappreciable. In other words, we find that in both six-
parameter analysis the quality of the description of the data is equally good for both signs
of the h-fermion couplings. Quantitatively for either set ’X%nzn L= X?m'n,—‘ is compatible
with zero within numerical accuracy. If all the anomalous couplings are set to zero the
quality of the fit is dramatically different for both signs with y2 — Xi = 26. This arises
from the different sign of the interference between the W- and top-loop contributions to
h~y~ which is negative for the SM value sy = + and positive for sy = — which increases
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Figure 1. Axﬁiggs dependence on the coefficients of the seven bosonic operators in eq. (4.27) from
the analysis of all Higgs collider (ATLAS, CMS and Tevatron) data. In each panel, we marginalized
over the five undisplayed variables. The six upper (lower) panels corresponds to analysis with set A
(B). In each panel the red solid (blue dotted) line stands for the analysis with the discrete parameter
Sy = —|—(—)

BR_(h — vy)/BRgsym(h — ) ~ 2.5, a value strongly disfavoured by data. However,
once the effect of the 6 bosonic operators is included — in particular that of Pg(h) and
Pw (h) which give a tree-level contribution to the hyy vertex — we find that both signs of
the h-fermion couplings are equally probable.

In the figure we also see that in all cases Axf{iggs as a function of ag exhibits two degen-
erate minima. They are due to the interference between SM and anomalous contributions
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90% CL allowed range
Set A Set B
agé(-1073) | sy = +1: [-1.8,2.1] U [6.5, 10] sy = +1: [-0.78,2.4] U [6.5,12]
sy = —1: [-9.9,—6.5] U [-2.1,1.8] | sy = —1: [-12,—6.5] U [-2.3,0.75]

as€ [—0.47,0.14]

asé [—0.33,0.17]

awé [—0.12,0.51]

apé [—0.50,0.21]

cré [—0.66, 0.66] [—1.1,0.49]

26 [—0.12,0.076]

c3é [—0.064,0.079]

Table 4. 90% CL allowed ranges of the coefficients of the operators contributing to Higgs data
(ag, aa, as, aw, ap, and cgr) and to TGV (cz and ¢3). For the coefficients aq4, a5, aw, and ap, for
which the range is almost the same for analysis with both sets and both values of sy we show the
inclusive range of the four analysis. For cy the allowed range is the same for both signs of sy.

possessing exactly the same momentum dependence. Around the secondary minimum the
anomalous contribution is approximately twice the one due to the top-loop but with an
opposite sign. The gluon fusion Higgs production cross section is too depleted for ag values
between the minima, giving rise to the intermediate barrier. Obviously the allowed values
of ag around both minima are different for sy = + and sy = — as a consequence of the
different relative sign of the ag and the top-loop contributions to the hgg vertex. In the
convention chosen for the chiral Lagrangian, the relative sign of both contributions is neg-
ative (positive) for sy = +, (sy = —) so that the non-zero minimum occurs for a¢ around
0.01 (—0.01). The precise value of the ag coupling at the minima is slightly different for
the analysis with set A and B due to the effect of the coefficient ¢y near the minima, which
shifts the contribution of the top-loop by a slightly different quantity in both analysis.

Figure 1 also shows that in all cases the curves for a4 and as are almost “mirror sym-
metric”. This is due to the strong anticorrelation between those two coefficients, because
they are the dominant contributions to the Higgs branching ratio into two photons, which is
proportional to a4+ as. In table 4 we list the corresponding 90% CL allowed ranges for the
six coefficients, for the different variants of the analysis. With the expected uncertainties
attainable in the Higgs signal strengths in CMS and ATLAS at 14 TeV with an integrated
luminosity of 300fb~! [118, 119], we estimate that the sensitivity to those couplings can
improve by a factor O(3 — 5) with a similar analysis.

We finish by stressing that in the context of £&-weighted operators in the chiral expansion
the results from TGV analysis and those from the HVV analysis apply to two independent
sets of operators as discussed in section 3.2. This is unlike the case of the linear expansion
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Figure 2. Left:A BSM sensor irrespective of the type of expansion: constraints from TGV and
Higgs data on the combinations X g = 4(2¢2 + a4) and Xy = 2(2¢3 — a5 ), which converge to fp and
fw in the linear d = 6 limit. The dot at (0, 0) signals the SM expectation. Right:A non-linear versus
linear discriminator: constraints on the combinations Ap = 4(2cy — a4) and Ay = 2(2¢3 + as),
which would take zero values in the linear (order d = 6) limit (as well as in the SM), indicated by
the dot at (0,0). For both figures the lower left panels shows the 2-dimensional allowed regions at
68%, 90%, 95%, and 99% CL after marginalization with respect to the other six parameters (ag,
aw, ap, cg, Ap, and Aw) and (ag, aw, ap, ¢y, g, and Xy ) respectively. The star corresponds
to the best fit point of the analysis. The upper left and lower right panels give the corresponding
1-dimensional projections over each of the two combinations.

for which 2¢o = a4 and 2¢3 = —as, which establishes an interesting complementarity in the
experimental searches for new signals in TGV and HVV couplings in the linear regime [78].
Conversely, in the event of some anomalous observation in either of these two sectors, the
presence of this (de)correlation would allow for direct testing of the nature of the Higgs
boson. This is illustrated in figure 2, where the results of the combined analysis of the
TGV and HVV data are projected into combinations of the coefficients of the operators
Pa(h), P3(h), Ps(h) and Ps(h):

ZB = 4(262 + a4) y ZW = 2(203 — CL5) s (4‘30)
Ap =4(2¢c9 — a4) , Aw = 2(2¢3 + as) ,

defined such that at order d = 6 of the linear regime X5 = cp, Yw = cw, while A =
Aw = 0. With these variables, the (0,0) coordinate corresponds to the SM in figure 2 left
panel, while in figure 2 right panel it corresponds to the linear regime (at order d = 6).
Would future data point to a departure from (0, 0) in the variables of the first figure it would
indicate BSM physics irrespective of the linear or non-linear character of the underlying
dynamics; while such a departure in the second figure would be consistent with a non-linear
realization of EWSB. For concreteness the figures are shown for the sy = + analysis with
set A, but very similar results hold for the other variants of the analysis.
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Measurement (+68% CL region) 95% CL region
Experiment g7 g¢ 1462
OPAL [120] —0.047013 [—0.28,0.21] [~0.16,0.12]
L3 [121] 0.00013 [—0.21,0.20] [—0.12,0.11]
ALEPH [122] —0.0641513 [—0.317,0.19] [—0.18,0.11]
90% CL region from indirect bounds [123-125] | gZ: [—0.08,0.04] | c14€2: [—0.04,0.02]

Table 5. Existing direct measurements of g# coming from LEP analyses [120-122] as well as the
strongest constraints from the existing indirect bounds on g# in the literature [123-125]. In the
last column we show the translated bounds on c¢1462. These bounds were obtained assuming only
g7 different from zero while the rest of anomalous TGV were set to the SM values.

4.3 £2%-weighted couplings: LHC potential to study gSZ

One interesting property of the &2-chiral Lagrangian is the presence of operator Py4(h)
that generates a non-vanishing gE)Z TGV, which is a C and P odd, but C'P even operator;
see eq. (4.7). Presently, the best direct limits on this anomalous coupling come from the
study of W W™ pairs and single W production at LEP II energies [120-122]. Moreover, the
strongest bounds on g5Z originate from its impact on radiative corrections to Z physics [123—
125]; see table 5 for the available direct and indirect limits on gZ.

We can use the relation in table 1 to translate the existing bounds on 952 into limits
on 7314(h).
here that these limits were obtained assuming only a non-vanishing g5Z while the rest of

The corresponding limits can be seen in the last column of table 5. We note

anomalous TGV were set to their corresponding SM value.

At present, the LHC collaborations have presented some data analyses of anomalous
TGV [126-130] but in none of them have they included the effects of gZ. A preliminary
study on the potential of LHC 7 to constrain this coupling was presented in ref. [131] where
it was shown that the LHC 7 with a very modest luminosity had the potential of probing
g2 at the level of the present indirect bounds. In ref. [131] it was also discussed the use of
some kinematic distributions to characterize the presence of a non-vanishing g5Z . So far the
LHC has already collected almost 25 times more data than the luminosity considered in this
preliminary study which we update here. Furthermore, in this update we take advantage
of a more realistic background evaluation, by using the results of the experimental LHC
analysis on other anomalous TGV couplings [126].

At the LHC, the anomalous coupling g5Z contributes to WW and W Z pair production,
with the strongest limits originating from the last reaction [131]. Hence, the present study
is focused on the W Z production channel, where we consider only the leptonic decays of
the gauge bosons for a better background suppression, i.e., we analyze the reaction

pp — 000 ERiss (4.31)
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where ¢) = ¢ or u. The main background for the g% analysis is the irreducible SM
production of W Z pairs. There are further reducible backgrounds like W or Z production
with jets, ZZ production followed by the leptonic decay of the Z’s with one charged lepton
escaping detection and ¢t pair production.

We simulated the signal and the SM irreducible background using an implementation
of the anomalous operator gZ in FeynRules [132] interfaced with MadGraph 5 [133] for
event generation. We account for the different detection efficiencies by rescaling our simu-
lation to the one done by ATLAS [126] for the study of Akz, gf and Az. However, we also
cross checked the results using a setup where the signal simulation is based on the same
FeynRules [132] and MadGraph5 [133] implementation, interfaced then with PYTHIA [134]
for parton shower and hadronization and with PGS 4 [135] for detector simulation. Fi-
nally, the reducible backgrounds for the 7 TeV analysis were obtained from the simulations
presented in the ATLAS search [126], and they were properly rescaled for the 8 TeV and
14TeV runs.

In order to make our simulations more realistic, we closely follow the TGV analysis
performed by ATLAS [126]. Thus, the kinematic study of the WZ production starts with
the usual detection and isolation cuts on the final state leptons. Muons are considered
if their transverse momentum with respect to the collision axis z, pr = /p2 + pg, and

|m +p2
|P1—p-=

pseudorapidity nn = %ln , satisfy

P >15 GeV | [t < 2.5 . (4.32)

Electrons must comply with the same transverse momentum requirement than that applied
to muons; however, the electron pseudo-rapidity cut is

[n°] < 1.37 or 1.52 < |n°| < 2.47. (4.33)

To guarantee the isolation of muons (electrons), we required that the scalar sum of the pp
of the particles within AR = y/An? + A¢? = 0.3 of the muon (electron), excluding the
muon (electron) track, is smaller than 15% (13%) of the charged lepton pr. In the case
where the final state contains both muons and electrons, a further isolation requirement
has been imposed:

AR, > 0.1 . (4.34)

It was also required that at least two leptons with the same flavour and opposite charge
are present in the event and that their invariant mass is compatible with the Z mass, i.e.

Mysy- € [Mz — 10, My +10] GeV. (4.35)

A further constraint imposed is that a third lepton is present which passes the above
detection requirements and whose transverse momentum satisfies

Py > 20 GeV . (4.36)
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Moreover, with the purpose of suppressing most of the Z+jets and other diboson production
background, we required

EMISS 5 95 GeV and MY > 20 GeV | (4.37)

where EX58 is the missing transverse energy and the transverse mass is defined as

MY = \/ 2pk EINSS (1 — cos(Ag)), (4.38)

with pgﬂ being the transverse momentum of the third lepton, and where A¢ is the azimuthal
angle between the missing transverse momentum and the third lepton. Finally, it was
required that at least one electron or one muon has a transverse momentum complying
with

P > 25 (20) GeV. (4.39)

Our Monte Carlo simulations have been tuned to the ATLAS ones [126], so as to
incorporate more realistic detection efficiencies. Initially, a global k-factor was introduced
to account for the higher order corrections to the process in eq. (4.31) by comparing our
leading order prediction to the NLO one used in the ATLAS search [126], leading to k ~ 1.7.
Next, we compared our results after cuts with the ones quoted by ATLAS in table 1 of
ref. [126]. We tuned our simulation by applying a correction factor per flavour channel (eee,
eep, eppr and ppp) that is equivalent to introducing a detection efficiency of €€ = 0.8 for
electrons and e* = 0.95 for muons. These efficiencies have been employed in our simulations
for signal and backgrounds.

After applying all the above cuts and efficiencies, the cross section for the process (4.31)

in the presence of a non-vanishing g5Z can be written as'”

2
0 = Ohek TOsM + Oing 95 + oano (95)° (4.40)

where gy denotes the SM contribution to W*Z production, oint stands for the interfer-
ence between this SM process and the anomalous g5Z contribution and ogngo is the pure
anomalous contribution. Furthermore, o}, corresponds to all background sources except
for the SM EW W+Z production. We present in table 6 the values of ogas, o5t and gano
for center-of-mass energies of 7, 8 and 14 TeV, as well as the cross section for the reducible
backgrounds.

In order to quantify the expected limits on g5Z , advantage has been taken in this analysis
of the fact that anomalous TGVs enhance the cross sections at high energies. Ref. [131]
shows that the variables M{\?S (the reconstructed W —Z invariant mass), pZTmaX and p% are
able to trace well this energy dependence, leading to similar sensitivities to the anomalous
TGV. Here, we chose p% to study g5Z because this variable is strongly correlated with the
subprocess center-of-mass energy (§), and, furthermore, it can be directly reconstructed
with good precision from the measured lepton momenta. The left (right) panel of figure 3
depicts the number of expected events with respect to the Z transverse momentum for the

1"We assumed in this study that all anomalous TGV vanish except for gZ.
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COM Energy | oy (fb) | osar (fb) | ojp¢ (fb) | cano (fb)
7TeV 14.3 47.7 6.5 304
8 TeV 16.8 55.3 6.6 363
14 TeV 29.0 97.0 9.1 707

Table 6. Values of the cross section predictions for the process pp — ¢'F¢+ ¢~ EF%s after applying
all the cuts described in the text. ogs is the SM contribution coming from EW W+ Z production,
oipt is the interference between this SM process and the anomalous g% contribution, oano is the
pure anomalous contribution and oy, corresponds to all background sources except for the SM
EW W#*Z production.

£ c
Quo ....... B D
] Qb 3
_.2 Il Bockground ] i) . Background
g I SM WZ 7] S sV w2 ]
[ o1 gl= 2 ]
{21gs=0.2 W e 77 g=0.1 ]

4,6 fb™" at 7 TeV |

25 50 75 100 125 150 175 200 225
4
pr(GeV)

25 50 75 100 125 150 175 200 225

pr'(GeV)

0

Figure 3. The left (right) panel displays the number of expected events as a function of the Z
transverse momentum for a center-of-mass energy of 7 (14) TeV, assuming an integrated luminosity
of 4.64 (300) fb~!. The black histogram corresponds to the sum of all background sources except
for the SM electroweak pp — W*Z process, while the red histogram corresponds to the sum of all
SM backgrounds, and the dashed distribution corresponds to the addition of the anomalous signal
for gZ = 0.2 (9 = 0.1). The last bin contains all the events with pZ > 180 GeV.

7 (14) TeV run and an integrated luminosity of 4.64 (300) fb~1. As illustrated by this
figure, the existence of an anomalous 95Z contribution enhances the tail of the p% spectrum,

signaling the existence of new physics.

Two procedures have been used to estimate the LHC potential to probe anomalous g5Z
couplings. In the first approach, we performed a simple event counting analysis assuming
that the number of observed events correspond to the SM prediction (g5Z = 0) and we
look for the values of gZ which are inside the 68% and 95% CL allowed regions. As
suggested by ref. [131], the following additional cut was applied in this analysis to enhance

the sensitivity to gZ:
p% > 90 GeV. (4.41)

On a second analysis, a simple x? was built based on the contents of the different bins of
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68% CL range 95% CL range

Data sets used Counting pZ > 90 GeV |p% binned analysis| Counting pZ > 90 GeV |pZ binned analysis

7+8 TeV (—0.066, 0.058) (—0.057, 0.050) (—0.091, 0.083) (—0.080, 0.072)
(4.64+19.6fb1)

7+8+14 TeV (—0.030, 0.022) (—0.024, 0.019) (—0.040, 0.032) (—0.033, 0.028)
(4.64+19.6+300fb™ 1)

Table 7. Expected sensitivity on gZ at the LHC for the two different procedures described in the
text.

the p% distribution, in order to obtain more stringent bounds. The binning used is shown
in figure 3. Once again, it was assumed that the observed p% spectrum corresponds to
the SM expectations and we sought for the values of gZ that are inside the 68% and 95%
allowed regions. The results of both analyses are presented in table 7.

We present in the first row of table 7 the expected LHC limits for the combination
of the 7TeV and 8 TeV existing data sets, where we considered an integrated luminosity
of 4.64fb~! for the 7TeV run and 19.6fb~! for the 8 TeV one. Therefore, the attainable
precision on g5Z at the LHC 7 and 8 TeV runs is already higher than the present direct
bounds stemming from LEP and it is also approaching the present indirect limits. Finally,
the last row of table 7 displays the expected precision on g5Z when the 14 TeV run with
an integrated luminosity of 300 fb~! is included in the combination. Here, once more,
it was assumed that the observed number of events is the SM expected one. The LHC
precision on g5Z will approach the per cent level, clearly improving the present both direct
and indirect bounds.

4.4 Anomalous quartic couplings

As shown in section 3.4, in the chiral expansion several operators weighted by & or higher
powers contribute to quartic gauge boson vertices without inducing any modification to
TGVs. Therefore, their coefficients are much less constrained at present, and one can
expect still larger deviations on future studies of quartic vertices at LHC for large values
of £&. This is unlike in the linear expansion, in which the modifications of quartic gauge
couplings that do not induce changes to TGVs appear only when the d = 8 operators are
considered [83]. For instance, the linear operators similar to Pg(h) and P11 (h) are Lg and
Ls; in ref. [83].

Of the five operators giving rise to purely quartic gauge boson vertices (Pg(h), P11(h),
Paz(h), Paa(h), Pas(h)), none modifies quartic vertices including photons while all generate
the anomalous quartic vertex ZZZZ that is not present in the SM. Moreover, all these
operators but Pag(h) modify the ZZW W™ vertex, while only Pg(h) and Pi1(h) also
induce anomalous contributions to WTW -WTW .

Presently, the most stringent bounds on the coefficients of these operators are indirect,
from their one-loop contribution to the EWPD derived in ref. [79] where it was shown that
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coupling | 90% CL allowed region
ce & [~0.23,0.26]
c11 &2 [—0.094,0.10]
o3 &2 [—0.092,0.10]
24 &2 [—0.012,0.013]
cop & [—0.0061, 0.0068]

Table 8. 90% CL limits on the anomalous quartic couplings from their one-loop contribution to
the EWPD. The bounds were obtained assuming only one operator different from zero at a time
and for a cutoff scale A, = 2TeV.

the five operators correct a AT while render aAS = oAU = 0. In table 8 we give the
updated indirect bounds using the determination of the oblique parameters in eq. (4.24).

At the LHC these anomalous quartic couplings can be directly tested in the production
of three vector bosons (VVV) or in vector boson fusion (VBF) production of two gauge
bosons [81]. At lower center-of-mass energies the best limits originate from the VVV
processes, while the VBF channel dominates for the 14 TeV run [80-83, 136].

At the LHC with 14 TeV center-of-mass energy, the couplings ¢ and c11 can be con-
strained by combining their impact on the VBF channels

pp — JiWTW ™ and pp — jj(WTWT + W W), (4.42)

where j stands for a tagging jet and the final state W’s decay into electron or muon plus
neutrino. It was shown in ref. [83] that the attainable 99% CL limits on these couplings are

—12x103 < <10x1073 | —77x10 3 < e €2 <14x 1073 (4.43)

for an integrated luminosity of 100 fb~!. Notice that the addition of the channel pp — jjZZ
does not improve significantly the above limits [80].

5 Conclusions

In this paper we have made a comparative study of the departures from the Standard
Model predictions in theories based on linear and non-linear realizations of SU(2);, x U(1)y
gauge symmetry breaking. To address this question in a model-independent way, we have
considered effective Lagrangians containing either a light fundamental Higgs in the linear
realization or a light dynamical Higgs in the non-linear one. We have exploited the fact
that these two expansions are intrinsically different from the point of view of the presence
or absence, respectively, of a global SU(2);, symmetry in the effective Lagrangian, with
the light Higgs scalar behaving as a singlet in the chiral case. Less symmetry means
more possible invariant operators at a given order, and the result is that the non-linear
realization for a light dynamical Higgs particle is expected to exhibit a larger number of

~ 34—



independent couplings than linear ones. This has been explored here concentrating on the
CP-even operators involving pure gauge and gauge-h couplings. First, in section 2 we have
presented the maximal set of independent (and thus non-redundant) operators of that type
contained in the effective chiral Lagrangian for a light dynamical Higgs, up to operators
with four derivatives. In section 3.1 the analogous complete basis of independent operators
up to dimension six in the linear expansion is presented. Comparing both sets of operators,
we have established the relations and differences between the chiral and the linear bases.

In particular, in sections 3.2 and 3.4 we have identified two sources of discriminating
signatures. For small values of the £ parameter the counting of operators is not the same
in both sets, being larger by six for the chiral expansion. This implies that, even keeping
only operators weighted by &, the expected deviations from the SM predictions in the Higgs
couplings to gauge bosons and that of the triple gauge boson self-couplings are independent
in the chiral expansion, unlike in the linear expansion at dimension six; one interesting set
of (de)correlated couplings is explored in details as indicators of a non-linear character.
Conversely, when considering operators weighted by £” with n > 2 in the chiral expansion,
we find anomalous signals which appear only at dimension eight of the linear Lagrangian;
they may thus be detected with larger (leading) strength for a non-linear realization of
EWSB than for a linear one, for sizeable values of &.

In order to quantify the observability of the above effects we have implemented the
renormalization procedure as described in section 4.1 and derived the corresponding Feyn-
man rules for the non-linear expansion (which we present in the detail in appendix D, for
the complete set of independent operators under discussion). Neglecting external fermion
masses only in the numerical analysis, the results of our simulations for some of the dis-
criminating signatures at LHC are presented in sections 4.2— 4.4. To our knowledge, this is
the first six-parameter analysis in the context of the non-linear expansion, focusing on the
&-weighted pure gauge and gauge-h effective couplings. In particular we have derived the
present bounds on the coefficients of the latter from the analysis of electroweak precision
physics, triple gauge boson coupling studies and Higgs data. The results are summarized
in figure 1 and table 4 and the corresponding level of decorrelation between the triple
gauge couplings and Higgs effects is illustrated in figure 2: the presently allowed values for
the parameters ¢;€ and a;& turn out to be of order 1, with only few exceptions bounded
to the per cent level. With the expected uncertainties attainable in CMS and ATLAS at
14 TeV, that sensitivity can be improved by a factor O(3 — 5). Furthermore, our study of
the present sensitivity to the C and P odd operator in the analysis of WW Z vertex, with
the accumulated luminosity of LHC7+48 and with LHC14 in the future, show that per cent
precision on the coupling of the operator Pi4(h) is foreseeable. Similar precision should be
attainable for the coefficients of the operators leading to generic quartic gauge couplings
Ps(h) and P11(h).
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A EOM and fermion operators

The EOM can be extracted from the % part of the chiral Lagrangian, eq. (2.2); as we will
work at first order in A% they read:'®

. 9 2
(D*Wp)* = 2Quo0Qr + S Lra™y Ly + LT V,0°] (1 + h) (A1)
"B, = fﬁTr[TV 11+ h 2+ ") Qb Q-+1E L (A.2)
v = 4 I I g e iYL 6 LYWl .
(5V(h) v+ h © Sy /= =
=" — - — YL h.c. A.
h 5h 5 Tr[V,V#] NG (QLUYQQR 4+ L;UYLr +hec ) (A.3)
s — v+ sy h) [(@QrYH);(UTQu): + (LY} );(UTLy);]
W) rtpm — . .
[DM( 55 U'D U)Lj for i#j
0 for i=j
(A.4)
) v+ syh . v+ syh t
= —UY = Y, U A5
iPQr 7 Q@R iPQr 73 YQ Qr (A.5)
. v+ syh , v+ syh.+
L = UYL Lp= Y'U'L;, A6
iDLy, 7 LLr iDLR N (A.6)

where hy, g are the 2 x 2 matrices of hypercharge for the left- and right-handed quarks.

8With alternative choices for the separation .% versus A.Z the EOM are correspondingly modified [63,
64, 73]: this is of no relevance to the focus of this paper, which explores the tree-level impact of effective
operators.
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By using these EOM, it is possible to identify relations between some bosonic operators
listed in egs. (2.6)-(2.8) and specific fermion operators. This allows us to trade those
bosonic operators by the corresponding fermionic ones: this procedure can turn out to be
very useful when analysing specific experimental data. For instance, if deviations from the
SM values of the h-fermion couplings were found, then the following three operators,

v

Puap(h) = _EQLaU (}—U(h)PTQR)ﬁ +h.c.,
Pp.as(h) = —%QLQU (Fo(h)P,Qr) 4+ hic., (A7)
Pr,ap(h) = _%ELQU (Fe(h)P,LR)s+h.c.,

would be a good choice for an operator basis. In the previous equations the two projectors

P = (1 0) P, = (O 1) , (A.8)

On the contrary, without including the operators in egs. (A.7), the bosonic basis defined

have been introduced.

in egs. (2.6)—(2.10) is blind to these directions. The fermionic operators that arise applying
the EOM to bosonic operators in the basis above is presented in the following list:

Weighted by &:

Puas(h) = ——=QraU (Fu(h)PyQr) + hic.

NG
Pp,ap(h) = —\%QLQU (Fo(h)P,Qr), + huc.
PE,aﬁ(h) = _%ELaU (}—E(h)P¢LR),g + h.c.

Pras(h) = 5Qray"{T.V,} (Fio(h)Qr)
Pirap(h) = 5 Lray" TV, } (Fir(h) Lo,

Pivas(h) = SQrar" {0’3>‘~7u (F1u () PrQR)

—~

(A.9)
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Pavv,apys(h)

P4DD,a6'y§(h)

Pavp,asys(h)

MMM MM M M M

Pipu,apys(h)

PieE,apys(h)

PavE,apvs(h)

PipE,apys(h)

P4EU,04,375 (h)

PiED,apys ()

Psuv,apys(h) =
PspD,apys(h) =
Psup,apys(h) =
Pspu,asys(h) =

PseE.apys(h) =

PsvE,apys (h
Psev,apys(h
(
(

) =
) =
,P5DE' RePeias) h)
) =

Psep ,a3vo h

:QLQJ“U (Fav (W) PrQr) 5 — h.c.: :QLyaaU (Fiv (W) PrQr), — h.c.]

:QLQUGU (Fip(WPQr); — h.c.: :QLWaU (Fip(h)P,QR), — h.c.:

:QLoﬂaU (Fau(h)PrQRr) 5 — h-C-: :QL’YUGU (Fin(MPQr); — h-C-:

:QLaUaU (Fan(WPQr); - h.c.: :QLWGU (Fiu(h)PQR),; — h.c.:
:ELQUGU (Fap(h)P\Lr), h.c.] [[_/L,YO'QU (Fip(h)PLg); — h.c.}
Q100U (Fur(W)PrQ), — .| [L1,070 (Fig(W) Py Lr) s — b ]
Qa0 U (Fip(h)PLQr) ~ hc.| | Liy0™U (Fip(h) P Lp) ; ~ hec.

:ELaa“U (Fap(h)P\Lr), h.c.] [Q 1,0°U (Fipy () PyQr) 5 — h.c.:

L1a0®U (Fap()P Lp), — hc.| [Qu,0"U (Fip(h) Q)

~hee]|QuTU (Fy () PrQr),; -
Qi TU (F5p(h)PLQR); —
hc.] :QMTU (Fip(h)PQR); —
(Fsu (W) PyQr) 5 =

L1y TU (Fip(h)PyLR)

Q1aTU (Fu (W)PrQr),
QLaTU (Fsp(h)PQr),

QLaTU (Fsu (M) PrQn), — hic.
QLaTU (F5p(h)PLQn), — hie| |
LLaTU (Fsp(h)P\Lr); - h.c.}
QLaTU (Fsur () PiQnr); — e 5
LLaTU (Fsu(h)P,Lg)s — h.c.] [Q 1, TU (Fly(h) PyQr) 5 —
QLaTU (F5p(h)PLQr), — hic|

LLaTU (Fsu(h)P,Lr)s — h.c.] [Q 1 TU (Fp

—hc.-

QL’}/TU ‘F5U

—
T

— h.c.
—h.c.

£4,TU (Fip(h) P, L)

:EMTU (FLp(h)P,Lg), —
(h)PQr)s —

Weighted by &4/€:

(A.10)
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Preas(h) = Tr[TV”] «TU (a“}}E(h)flLR)ﬁ
Psv,ap(h) = Tr[TVH]QLa[T, V,]JU (Fsu(h)PrQR)
Psp.ag(h) = Tr[TVH|QLa[T, VU (Fsp(h)PLQr) 5
Psn.ap(h) = Te[TVH| Lo [T, VU (Fsn (h) PrLR)
Psg.ap(h) = Tr[TVH L1, [T, V.U (Fse(h)P,LR)

Rearranging eqs. (A.1)—(A.4), one can derive the following relations between bosonic
and fermionic operators:

2
2Pp(h) + 1731(h) + 17>2(h) + Py(h) — g*Pr(h) (1 + Z) -

4 2
= Z { 2P1Q ao )+§gl2P1U,aa(h) - 39,2P1D,aa(h)_9,2P1L,aa(h)_29,2P1E,aa(h)} s

2
—Pw<h>—927>c<h>(1+’;> P00~ 5P+ P500) = 5 {Prh P},

h\? 5V v+h
Pr(h)+2Pc(h) <1+v> +(vth)F(h) 5 = sy 7% f:;) E%ﬁ: {Yf,aﬁpf,aﬁ(h) + h.c.},

2
g*Pr(h) <1 + Z) - %7’1(h) — Ps(h) + %7712(71) + P13(h) + Prz(h) =

g2

- 5 Z { (PgQ’aa(h) + P2Q,Oéa(h)) + (7)3L,aa(h) + PQL,aa(h)) }

o

(A.11)
The F;(h) functions in all operators in these relations are the same, except for Pp in the
third line of eq. (A.11), which is related to it by
0Fc(h)

Fu(h) = Fc(h) + (1 + Z) 5T

Applying the EOM in eq. (A.3) to the operators Pao(h) and Poy(h) allows us to express
them in terms of other operators in the basis, h-gauge boson couplings and Yukawa-like
interactions:

Pao(h) = 2F (h)Ps(h) +2F(h) \/ h)Pc(h

(A.12)

8
\fSy\/ h)Pc(h (LUYQQR+LLUYLLR+hc), i
A.13

Pgl(h) = QF(h)ng(h) + 2]:(h P25 + \/ PT

8
fSy VF(R)Pr(h) (QLUYoQr+ L UYL +he.) ,

where all F;(h) appearing explicitly in these expressions and included in the definition of
the operators P;(h) are the same and defined by

Fn - (1) h1o
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From egs. (A.1), (A.2) and (A.5), it follows that

; . h hoo_ .
%Tr(JJDuV“) <1 + ) U 0107UY 0Qr + Lo UYLy + h.c.)
v v

. 2
_ Y (i n U
\/iTr(J V,)o <1 + v> ,

(A.15)
. 2
%Tr(TDMV#) <1 n h) _vtsvh (iQLTUY Qg +iL, TUY Ly + h.c.)

v v

1

\/QTr(TVM)E)“ (1 + h)2 :

(%

which allows us to rewrite the pure bosonic operators Pii—13(h), Pio(h) and Pig(h) as

combination of other pure bosonic ones in egs. (2.6)—(2.8) plus fermionic operators in
egs. (A.9) and (A.10):

1
Po(h) = Ps(h) =5 > D YhasYnasPasi faasvs(h)
F1.f2=U,D,E afiys

—2:)/5 > D (YiasPeras(h) —hc),

f=UD,N,E of

P
Pis(h) = Paz(h) = Y D YiapVinsPssipaapms(h)
f1.f2=U,D,E aB

2v2

— == N S (YiagPrras(h) — b)), Ny
v cos Oy F—UDN.E of (A.16)

Pis(h) + Pis(h) = >, > \/f (Y1,a5Psfap(h) —h.c.)

f=UD,N.E of

Pu) <Pt = 3 Y (VyaiPosas(h) b

f=UD,N,E of

P+ Pah) = Y 3 (VsPryas(h) ~he)

f=U,D,N,E of

A straightforward consequence is that once the F;(h) functions in the operators on the
left-hand side of eq. (A.16) are specified, then the F;(h) functions in the operators on the
right-hand side are no longer general, but take the form of specific expressions.
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B Equivalence of the d = 6 basis with the SILH Lagrangian

The SILH Lagrangian [87] is defined by the following 10 d = 6 linear operators:

OSILH (I)T(I) Ga Ga,uu

ofH — 129 (21o'D,2) D,WL,

O = (D,@)'W* (D, ®)

1
ot = (@@,ﬂ)) (chD <1>> ,
o5 = % (¢e)"

oS = o'B,, B P,

Ot = (21D,) 8, B |

O — (D,®)! (D, ®)B* (B.1)
1
OffH = Jor (ch@) 9, (cb*@) ,

oS — <<1>T <I>) FLOY fr + hc.

- > , .
where (DTDM(ID = (IﬂLDM(I) — Du@@ and @*UZDMP = @TalD,ﬂ) — DMCI)TUZ(I). They can be

related directly to the operators in egs.

OSILH = OGGa

O = 205 + Opw + Ops,
OSILH = OW:

O = 04 5 — 2041,

O = 045,

(3.3) and (3.4):

OSILH = OBBa
O = 20w + Opw + Oww

SILH —
Onp" = Os, (B.2)
OE}LH = Osp2,

3V (h)

SILH _ (&t jovin)

O3 = 2045 + 204 4 (<I> <1>) o1

This shows the equivalence of the two linear expansions.

It can also be interesting to show explicitly the connection between the SILH operators

and those of the chiral basis in egs. (2.6)—(2.8

), which is as follows:

OSILH _ Y OSIHH — U;PB,
SILH _ v? v2 SILI _ v?
2
U v
OSILH _ . Y (Py — 2P5) + g —p OFH = §(P3 — 2Ps), (B.3)
2
OSILH _ %}-(h)PT, O — 2Py
3
OSIUH — 302y, + o2 F(h)Po — (Uj;h)(ﬂg;h)j

where the F;(h) appearing in these relations and inside the individual P;(h) operators are

all defined by

F(h

(B.4)

):<1+2>2.
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C Relations between chiral and linear operators

In this appendix, the connections between the operators of the chiral and linear bases is
discussed. As the number and nature of the leading order operators in the chiral and linear
expansion are not the same, there are pairs of chiral operators that correspond to the same
lowest dimensional linear one: in order to get then a one-to-one correspondence between
these chiral operators and (combinations of) linear ones, operators of higher dimension
should be taken into consideration. For those weighted by a single power of £, the list of the
siblings can be read from eq. (3.7). Below, we also indicate which chiral operators, weighted
by higher powers of £, should be combined in order to generate the gauge interactions
contained in specific linear ones.

For operators weighted by &:

Pp(h) — Opp Pw(h) = Oww Pa(h) = Oca
Pc(h) = O 4 Pr(h) = O Pu(h) — O (C.1)
Pi(h) = Opw Pa(h),Ps(h) — Op P3(h),Ps(h) = Ow

Pﬁ(h) ,’P7(h) ,Pg(h) ,Pg(h) ,’Pm(h) ,PDH(h) — O[|q>

For operators weighted by £2:

2
PDH(h),Pgo(h) — [D (PTDMCI)

}
P11(h), P1g(h), Pa1(h), Paa(h), P23(h), Pasa(h) — {D“@TD” r
Pra(h) — (@' WWQ>>2
Pis(h), Piz(h) — (‘I)TW“”@) D,®'D,®
Pra(h) — e (@TB,)@) (cbfaﬁ@) Wi,
Pus(h), Pro(h) — [@TDMD“CD — D, D"ot <1>} ’

<>
Prs(h), Pas(h) — (D”(I)T D,D"®— D, D"o' D”<I>> (cb‘fpycp)
(C.2)

For operators weighted by £&4:

Pas(h) — [(@@@) (@@@)] : (C.3)
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D Feynman rules

This appendix provides a complete list of all the Feynman rules resulting from the operators
discussed here in the Lagrangian Zpira1 of eq. (2.1) (except for the pure Higgs ones weighted
by powers of ¢ higher than one). Only diagrams with up to four legs are shown and the
notation Fj(h) = 14 2a; h/v + b; h?/v? + ... has been adopted. Moreover, for brevity, the
products c¢;a; and cl-Z)i have been redefined as a; and b;, respectively. For the operators Pg,
and Pag_22, that contain two functions Fx (h) and Fk (h) we redefine cxaxa’y — ax. In
all Feynman diagrams the momenta are chosen to be flowing inwards in the vertices and
are computed in the unitary gauge, with the exception of the propagator of the photon
which is written in a generic gauge.

Finally, the standard (that is SM-like) and non-standard Lorentz structures are re-
ported in two distinct columns, on the left and on the right, respectively. Greek indices
indicate flavour and are assumed to be summed over when repeated; whenever they do
not appear, it should be understood that the vertex is flavour diagonal. All the quanti-
ties entering the Feynman diagrams can be expressed in terms of the parameters of the
Z-renormalization scheme, as shown in eq. (4.2).
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