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Abstract The complete effective chiral Lagrangian for a
dynamical Higgs is presented and constrained by means of a
global analysis including electroweak precision data together
with Higgs and triple gauge-boson coupling data from the
LHC Run L. The operators’ basis up to next-to-leading order
in the expansion consists of 148 (188 considering right-
handed neutrinos) flavour universal terms and it is presented
here making explicit the custodial nature of the operators.
This effective Lagrangian provides the most general descrip-
tion of the physical Higgs couplings once the electroweak
symmetry is assumed, and it allows for deviations from the
SU(2)r doublet nature of the Standard Model Higgs. The
comparison with the effective linear Lagrangian constructed
with an exact SU (2)1 doublet Higgs and considering oper-
ators with at most canonical dimension six is presented. A
promising strategy to disentangle the two descriptions con-
sists in analysing (i) anomalous signals present only in the
chiral Lagrangian and not expected in the linear one, that are
potentially relevant for LHC searches, and (ii) decorrelation
effects between observables that are predicted to be corre-
lated in the linear case and not in the chiral one. The global
analysis presented here, which includes several kinematic
distributions, is crucial for reducing the allowed parameter
space and for controlling the correlations between parame-
ters. This improves previous studies aimed at investigating
the Higgs Nature and the origin of the electroweak symmetry
breaking.
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1 Introduction

The discovery of a resonance at LHC [1,2] compatible with
the Standard Model (SM) scalar boson (“Higgs” for short)
[3-5] opened a new era in particle physics. Now, the on going
LHC measurements of the Higgs properties are a crucial step
to understand the nature of the Higgs boson and of the Elec-
troweak (EW) symmetry breaking (EWSB).

Without entering into details of specific scenarios, the for-
malism of Effective Field Theories (EFT) represents an opti-
mal tool for studying the phenomenology of the Higgs sec-
tor. In particular, an appropriate description of scenarios in
which the Higgs belongs to an elementary SU (2) doublet is
provided by the Standard Model EFT (SMEFT). This con-
sists of operators constructed with the SM spectrum, invariant
under the Lorentz and SM gauge symmetries and respecting
an expansion in canonical mass dimensions d. Assuming lep-
ton and baryon number conservation, the first corrections to
the SM are provided by operators of dimension six [6,7],
suppressed by two powers of the cut-off scale A. Weakly
coupled theories are the typical underlying scenarios that
can be matched to the SMEFT (also referred to as “linear”
Lagrangian) at low energy.

Scenarios where the Higgs does not belong to an elemen-
tary exact SU (2) 1 doublet are still allowed within the current
experimental accuracy. This is the case, for example, of com-
posite Higgs models [8—12] or dilaton constructions [13, 14].
It is then fundamental and necessary to identify observables
that allow one to disentangle these different possibilities.
When the Higgs is not required to belong to an exact EW
doublet, instead, a useful tool is the so-called Higgs EFT
(HEFT) (also dubbed “chiral” Lagrangian). The main differ-
ence between SMEFT and HEFT resides in the fact that, in
the latter formalism, the physical Higgs / and the ensemble
of the three EW Goldstone bosons 7 are treated as indepen-
dent objects, rather than being collectively described by the
Higgs doublet. In particular, the physical Higgs # is assigned
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to a singlet representation of the SM gauge groups. The Gold-
stone bosons’ sector has been studied intensely in the past
[15—18] in the context of Higgs-less EWSB scenarios. These
works were the first to describe the GBs by means of a dimen-
sionless unitary matrix transforming as a bi-doublet of the
global symmetry SU (2); x SU(2)g,

U(x) = 9" @/fx - U(x) - LUX)RT, (1.1)

being f, the scale associated to the SM GBs, and L, R
the SU(2), g transformations. After EWSB, the invariance
under the group SU(2); x SU(2)g is broken down to the
diagonal SU (2) ¢, commonly called custodial symmetry, and
explicitly broken by the gauging of the hypercharge U(1)y
and by the fermion mass splittings. It is customary to intro-
duce two objects, the vector and scalar chiral fields, that trans-
form in the adjoint of SU (2) 1 . They are defined, respectively,
as

V, =D, U)U", T=UsU", (1.2)

where the covariant derivative is given by

D, U(x) =0,U(x) +igW,(x)U(x) — %Bu(x)U(x)@.
(1.3)

Unlike V,,, Tisnotinvariantunder SU (2) ¢ and can therefore
be considered a custodial symmetry breaking spurion. The
bosonic Higgs-less EW chiral Lagrangian can then be con-
structed with V,,, T and the gauge-boson field strengths as
building blocks, and the tower of invariant operators shall be
organised according to a chiral (derivative) expansion [19].

In the last decade, the EW chiral Lagrangian has been
extended with the introduction of a light physical Higgs &
[20-28], treated as an isosinglet of the SM gauge symmetries.
The dependence on the & field is customarily encoded in
generic functions F (h), that are used as building blocks for
the construction of the effective operators. These functions
are made adimensional by implicitly weighting the insertions
of the Higgs field with an opportune suppression scale f,
so that one may rewrite the dependence as F(h/f). It is
worth underlining that the dependence on the structure (1 +
h/v), where v is the EW vacuum expectation value (vev), that
characterises the SMEFT Lagrangian is lost in the HEFT and
substituted by a generic i/ fj expansion.

The typical underlying scenarios that can be described at
low energy in terms of the matrix U(x), the Higgs functions
JF(h) and the rest of the SM fields, are those of compos-
ite Higgs models [8—12,29]. These assume the existence of
some strong (“‘ultracolour”) interaction at high energy, and
initially invariant under some global symmetry group G. At
the scale Ay, the formation of ultracolour condensates breaks
spontaneously this invariance, leaving a residual symmetry
‘H that can embed the EW group. This triggers the appear-
ance of a certain number of Goldstone bosons, among which
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three can be identified with the would-be GBs of the EW
group and a fourth one with the Higgs. In such scenarios,
all the SM scalars are naturally associated to the same scale
fr = fon = f, with Ay < 4 f. Spontaneous EWSB is
triggered by some explicit breaking of the H symmetry (pro-
vided either by external symmetries [8] or by gauging the SM
symmetry together with fermion interactions [11]) and takes
place in a second stage. At this level, the Higgs field acquires
avev (h), which does not need to coincide with the EW scale
v, defined by the EW gauge-boson mass: the three quanti-
ties v, f and (h) are instead related by a model-dependent
function. The splitting between v and f constitutes the well-
known fine-tuning of composite Higgs models. It is usually
expressed in terms of the parameter by

U2

= F s
that substantially quantifies the degree of non-linearity of
the Higgs dynamics. The low-energy projection of compos-
ite Higgs models can be described by the HEFT Lagrangian
[30,31] and the matching conditions allow one to write
the low-energy effective operator coefficients in terms of
the high-energy parameters, and the generic functions F (k)
as trigonometric functions of 4/f. The HEFT Lagrangian
can also be used to describe the SMEFT [22-25,30-32],
after identifying the operator coefficients of the effective
Lagrangians and writing all the F (k) functions in terms
of (1 + h/v). Dilaton constructions [13,14] or even more
exotic models, where the Higgs is an EW singlet, can also be
described by the HEFT Lagrangian.

Without assuming any specific underlying scenario or
comparing with SMEFT, the v/f;, and v/f; parameters are
not physical and can be reabsorbed in the operators coeffi-
cients and in the coefficients of the F(h) functions. This is
tantamount to substituting f; and f;, by v, which ensures
canonical kinetic terms for the GBs and fixes the correct
order of magnitude for the gauge bosons masses, without
fine-tunings. This notation will be employed in the follow-
ing, unless otherwise specified.

The disparities between the SMEFT and the HEFT orig-
inate from the different nature of the building blocks used
in the construction of the effective operators. The indepen-
dence between the GB field U(x) and the physical 4, together
with the fact that 2 does not transform under the SM gauge
symmetries, leads to a different ordering of the chiral effec-
tive operators compared to the linear ones. As a result, at any
given order in the expansion the number of chiral independent
operators is much larger than in the SMEFT case. The cor-
responding phenomenology, focussing on the bosonic part
of the Lagrangian, has been studied in Refs. [24,25], where
signatures that may allow one to discriminate between an
elementary and a dynamical Higgs have also been identi-
fied. These signatures include sets of couplings that are pre-

& (1.4

dicted to be correlated in an elementary Higgs scenario but
are generically decorrelated in the dynamical case, as well
as effects that are expected to be suppressed in the linear
realisation but may appear at the lowest order in the chiral
expansion. These signatures are also typical in Dark Matter
studies when the Higgs is not taken to be an exact SU(2),
doublet [33]. Complementary signatures that can distinguish
between SMEFT and HEFT also include the scattering of the
longitudinal components of the gauge bosons [34-36].

The complete non-redundant HEFT Lagrangian including
both bosonic and fermionic operators has been constructed
in this work and is presented in Sect. 2, making explicit the
custodial nature of the operators. The HEFT basis is formed
by 148 independent flavour universal operators altogether,
whose extension to generic flavour contractions is straight-
forward. The Lagrangian does not account for the presence
of right-handed neutrinos, whose inclusion in the spectrum
would imply the addition 40 extra operators to the basis,
listed in Appendix A. Section 2 also contains a compar-
ison between the HEFT Lagrangian and the SMEFT one,
while a phenomenological analysis of the HEFT basis is pre-
sented in Sect. 3. The study considers all the available col-
lider data, which includes electroweak precision measure-
ments and Higgs and triple gauge-boson vertex (TGV) data
from the LHC Run I. To the best of our knowledge, this is the
first time that such analysis has been done for the complete
HEFT description. Finally, Sect. 4, contains a discussion of
the impact of higher order operators: a set of invariants that
may become relevant at the increased energies foreseen for
the LHC and future colliders is also pointed out. The con-
clusions are presented in Sect. 5, while some more technical
details are deferred to the appendices, together with the Feyn-
man Rules for the CP even subset of HEFT operators.

2 The complete HEFT Lagrangian

In this section we review the construction of the HEFT
Lagrangian, in a notation similar to that of Refs. [22-
25,32,37]. The bosonic building blocks are the gauge field
strengths B, Wy, Guy, the vector and scalar chiral fields
V. and T defined in Eq. (1.2) and the functions F (/) intro-
duced in the previous section. The SM fermions are conve-
niently grouped into doublets of the global SU(2)1 g sym-
metries:

2.1
This choice allows one to have a more compact notation for

the fermionic operators. The SU(2)g doublet structure can
easily be broken with the insertion of the custodial symmetry

@ Springer
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breaking spurion T. Notice thatthe Lz doublet only includes
right-handed charged leptons. The inclusion of right-handed
neutrinos requires an extension of the fermionic basis pre-
sented in Sect. 2.3 with the addition of the operators listed in
Appendix A.

The HEFT Lagrangian can be written as a sum of two
terms,
Luprr = LH + AL, (2.2)
where the first term contains the leading order (LO) operators
and the second one accounts for new interactions and for
deviations from the LO.

The LO Lagrangian includes the kinetic terms for all the
particles in the spectrum, the Yukawa couplings and the scalar
potential ':

1 1 1

L = _Zgl‘jvg"“” — ZWZVW‘”‘” — ZBWB””
1 v?

+ Eauhal‘h — ZTr(VuV")]-'C(h) — V)

+iQLPQL +iQrPOR +iL DLy +iLgPLg

= % (0LUY(h)Q +hec))

v

V2
g2 .
g

(LLUYL(h)Lg +h.c.)
(2.3)

where 97“‘ = %e’“’p" G oo - The first line describes the kinetic
terms of the gauge bosons; the second line contains the
Higgs and Goldstone bosons’ kinetic term, the scalar poten-
tial, and the mass terms for the EW gauge bosons; the third
line presents the kinetic terms for all the fermions, while the
fourth line accounts for the Yukawa interactions. Finally, the
last line contains the theta term of QCD. The function F¢ (h)
appearing in the kinetic term for the GBs can be expanded as

h 2
fc(h)=1+2ac;+ch+--~ (24
where the dots account for higher powers of (h/v). For the
phenomenological analysis it is convenient to single out the
BSM part of the coefficients ac, bc, using the notation

ac =1+ Aac, bc =14 Abc, 2.5)
where Aac, Abc will be assumed to be of the same order
as the coefficients accompanying the operators appearing in
AZ. The functions Vg, (h) appearing in the Yukawa cou-

' Comments on the construction of the LO Lagrangian in Eq. (2.3) are
given in Appendix B.
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plings have an analogous structure to F¢ (h):

. h" h"
Yo (h) = diag (Z Y((]")U—n, Z Yg)v_") ,

n n

nyh"
Vi (h) = diag (0, >y, )U—n) .

n

2.6)

The n = 0 terms yield fermion masses, while the higher
orders describe the interaction with 7 insertions of the Higgs
field £, accounting in general for non-aligned contributions.

The kinetic terms of the fermions and of the physical
Higgs are not accompanied by any F (k) since, as shown in
Appendix B, it is always possible to reabsorb their contribu-
tions inside the generic functions F¢ (k) and Vg 1 (h). This
can be done either via a field redefinition or, alternatively,
applying the Equations of Motion (EOMs) (the two proce-
dures are not equivalent in general, but lead to the same result
at first order in the deviations from the LO). Moreover, the
kinetic terms of the gauge bosons in the first line of Eq. (2.3)
do not come associated with any F(h), assuming that the
transverse components of the gauge fields, described by the
gauge field strength, do not couple strongly to the Higgs
sector. These couplings can be neglected at the LO and be
considered, instead, at the next-to-leading order (NLO).

A% contains higher order operators with respect to those
appearing in .%. The precise ordering of these operators
depends on the choice of a specific power counting rule. The
HEFT can be seen as a fusion of two theories, the chiral
perturbation approach associated to the SM GBs—i.e. the
longitudinal components of the gauge bosons—and the tra-
ditional linear description that applies to the transverse com-
ponents of the gauge bosons and to fermions. The physical
h should also undergo the chiral perturbation description as
it enters in the Lagrangian via the adimensional functions
JF(h): the latter can be interpreted as playing the same role
as the adimensional GB matrix field U(x). Indeed, in con-
crete composite Higgs models, the pseudo-GB nature of the
Higgs forces the F(h) functions to take trigonometric struc-
tures [30]. Being the HEFT a merging between linear and
chiral descriptions, the counting rules which apply singularly
to each of the expansions hold simultaneously for the HEFT
[38]. As a result, the LO Lagrangian in Eq. (2.3) itself does
not strictly respect the chiral expansion: % contains both
operators with two derivatives and the gauge-boson kinetic
terms, which has four derivatives; at the same time, some
two-derivative operators have been excluded from the LO.
On the other hand, .4 does not even follow an expansion
in canonical dimensions, as for instance the Yukawa inter-
actions and the gauge-boson mass term present an infinite
series of & legs, contrary to all the other terms in the LO
Lagrangian.
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The renormalisability conditions are also different in the
two descriptions. In the linear expansion an n-loop diagram
containing one single d = 6 vertex generates divergent con-
tributions that can be reabsorbed by other d = 6 operators
and do not require the introduction of any higher-dimensional
operator. On the contrary, in the chiral case, 1-loop diagrams
with n insertions of a two-derivative coupling, usually listed
in the LO Lagrangian, produce divergences that require the
introduction of operators with four-derivatives, which gener-
ically constitute the NLO Lagrangian.

Finally, the HEFT presents an additional aspect that makes
ithard to identify a proper counting rule: the presence of mul-
tiple scales. Besides the cut-off of the theory A, one should
consider the presence of the GB scale f,; and of the &-scale
fn. Although it may happen that the last two coincide with
fx = fn = f and that they are related to the first one by
the constraint A < 4xf (which is the case in composite
Higgs models), the three scales are in principle independent
and associated to different physical quantities. On top of this,
one should not forget the fine-tuning associated to the EW
scale v and parametrised by & defined in Eq. (1.4). In practice,
the counting rule associated to the HEFT depends on more
than one expansion parameters and may vary depending on
the typical energy scale of the observables considered in the
phenomenological analysis.

In conclusion, rather than basing the choice of the NLO
Lagrangian operators on a sophisticated counting rule whose
applicability is not valid in full generality, here the selection
is performed with the following strategy. An NLO operator
should satisfy at least one of the criteria below:

— Itis necessary for reabsorbing 1-loop divergences arising
from the renormalisation of .%.

— It presents the same suppression as the operators in the
first class and receives finite 1-loop contributions: for
instance, all the four-fermion operators are included in
the NLO, in spite of the fact that only a subset of these is
required to reabsorb 1-loop divergences.

— It has been left out from the LO Lagrangian due to phe-
nomenological reasons.

The suppression factor of each operator is determined
using the NDA master formula, first proposed in Ref. [39]
and later modified in Refs. [38,40]. Following the notation
of Ref. [38]:

A TV Tam ¢ [am AVA
o x) xR
Ay g Ve y M
T TS

where ¢ represents either the SM GBs or A, i a generic
fermion, A a generic gauge field, g the gauge couplings

2.7)

and y the Yukawa couplings. All the operators appear-
ing in the LO Lagrangian in Eq. (2.3) are normalised
according to this formula, apart from the operators pro-
viding gauge-boson masses, (v2/4)Tr(VMV“)]~"C(h), and
fermions’ masses (v\/i)thy,,, (h)yg, which are multi-
plied by powers of the EW scale v and not by A or f as
expected. This is due to the well-known fine-tuning, typical
of theories where the EWSB sector is non-linearly realised.
Notice that with these conventions all the kinetic terms are
canonically normalised, differently from the following using
the original version of the NDA master formula from Ref.
[39].

The master formula also ensures that the operators belong-
ing to the NLO Lagrangian are typically suppressed with
respect to those of .% by powers of (47)"=?), reflecting
the renormalisation of the chiral sector, and/or by powers
of A"=2) associated to possible new physics contributions.
Different cases will be discussed when necessary.

2.1 The NLO Lagrangian

The second part of the HEFT Lagrangian, A%, contains
in general all the invariant operators appearing beyond the
leading order. They include corrections to the interactions
contained in .%} as well as completely new couplings. This
Lagrangian can be generically written as a sum of two parts

AZ = Aci/ﬂbos + A«>%fc3r, (2.8)

where A_%os contains all the purely bosonic operators, while
A %er accounts for the interactions that involve fermions.

In this work, A.Z will be restricted to the NLO, defined
according to the rules presented in the previous section. An
alternative construction of a NLO Lagrangian was derived in
Ref. [26]. We present a set of invariants that forms a com-
plete, non-redundant basis at this order in the effective expan-
sion, which has been constructed identifying first a complete
basis for each of the two sectors individually (bosonic and
fermionic) and subsequently employing the EOMs to remove
redundant terms.

Given the large number of invariants, the operators are
classified as follows: the bosonic basis is split into CP con-
serving and CP violating subsets (the field / is assumed to
be a CP even scalar):

ALos = ALEP + ALET

0s bos

2.9)

while in the fermionic sector the distinction is between

fermionic single- and double-current structures:
Ao?ﬁcer = A-:%2F + A-s§/ﬂ4F' (210)

The operators are named differently according to the category
to which they belong and each of them includes a function
Fi(h) conventionally parametrised as

@ Springer
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2

h h
Fih) =1+2a~ +bj— + - (2.11)
v v

Moreover, each effective operator is multiplied with a real
coefficient, indicated with a lowercase letter (c, ¢, n, r)
associated to each class. The following table defines the nota-
tion and summarises the number of independent invariants
for each set, in the absence of right-handed neutrinos and
after the application of the EOMs.

Z Sub-category Notation # operators
AZEP ¢j Pj 26
N7 < G S 16
ASrE Quark current an NE 36
Lepton current ”.Z/’ N // 14
AL Four quarks r? R 26
Four leptons rf Rﬁ 7
Two quarks and two leptons r le RjQZ 23
Tot 148

Forty additional operators should be considered if right-
handed neutrinos are added to the spectrum: 17 in %, eight
four-lepton interactions and 15 mixed two-quark—two-lepton
terms.

The complete list of NLO operators is provided in the
following: Sects. 2.2 and 2.3 are, respectively, dedicated to
the bosonic and fermionic sectors. Further details of the con-
struction of the invariants and of how the EOMs have been
employed to remove redundant terms can be found in Appen-
dices C and D. The Feynman rules of the complete CP con-
serving basis are reported in Appendix E, in unitary gauge
and for vertices with up to four legs.

2.2 NLO basis: bosonic sector A %os

At NLO in the chiral expansion, the Lagrangian A%, con-
tains purely bosonic operators. Complete bases for the CP
even and CP odd sectors have been already constructed in
Refs. [22,24,25] respectively. In this work only a subset of
those ensembles are retained as, once the fermionic sector is
introduced, some of the terms become redundant and can be
removed using the EOMs (see Appendix D). Nonetheless,
the original numeration of the operators has been kept, in
order to simplify the comparison with the literature. Finally,
the explicit formal dependence on 4 in the generic functions
Fi(h) is dropped in the following for brevity.

2.2.1 CP even bosonic basis ALEP

bos

The CP even NLO Lagrangian reads

ALSE = "¢;Pih), (2.12)
J

@ Springer

with
j={T,B,W,G,DH,1—-6,8,11—14,17, 18,20 — 24,
26, WWW, GGG} (2.13)

where all the operators contain four derivatives, with the
exception of

Pr(h) = Z—ZTr(TV,L)Tr(TV“)]-‘T (2.14)
and

Pwww (h) = 4”;;“ Wi WP Wk Fwww,

Pece(h) = “jiip—szﬁvapG%“chg, (2.15)

where f,g, denotes the structure constants of SU (3).

The two-derivative operator Pr(h) is very similar to
v2Tr(VMV“)]-"C and, therefore, it could have been included
in % a priori. However, it is customary to move it to A%
because the bounds existing on its coefficient are quite strong:
cr < 1072 In fact, this operator violates the custodial sym-
metry and contributes to the 7' parameter, which is con-
strained to a high accuracy by electroweak precision data
(EWPD). In order to avoid irrelevant contributions to the
EOMs, this operator has been moved to the NLO, which is
justifiable assuming an approximately preserved custodial
symmetry.2 The two operators Pwww (h) and Pggg (h) are
not required to absorb divergences due to the 1-loop renor-
malisation. However, they can be listed among the NLO
operators: containing only the transverse components of the
gauge bosons, they follow the linear description; then they
come suppressed by A2, on the same foot as the four-fermion
operators. It will be shown in the following that they have a
non-trivial impact at the phenomenological level.

The remaining 23 operators in A,Zbgf , in the numeration
of Ref. [24], are the following:

1
PB(h) = _ZB;LVBHV-FB,
1
Pw (h) = —ZWZvWa“vfw,
1
—ZGZVGHMVFG,

Pou(h) = (0, Fpu (W)d* Fyy (1),
Pi(h) = BWTr(TW””)]:l,

Pg(h) =

l
Pa(h) = EB,WTr(T[V“, VD2,

2 Although the T parameter only constrains the i-independent coupling
of Pr(h), the whole operator has been moved to the NLO Lagrangian.
This follows the basic assumption that for a given operator the 40
coefficients are of the same order as the h° coefficient. Indeed, if an
operator is suppressed due to a symmetry principle, this applies to any
of the 2"Z% couplings.
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P3(h) = —Tr(W,w[V“ V')A,
Pa(h) = —BMvTr(TV”)a Fa,
Ps(h) = —Tr(WleM)(‘? Fs,
1
Ps(h) = (4n)2(Tr(VMV“)) Fé,
1
Pylh) = s TV Vi Fid 7,
1
Pii(h) = an )2(TI(V,L 2 Fii,
Pra(h) = (Tr(TW,))> Fia,
Pi3(h) = —Tr(TW,u) Tr(TIV¥, V') Fis,
Euvpk
Pia(h) = - Tr(TV,)Tr(Vy, Wpi) Fla,
Pi7(h) = #Tr(TW,w)Tr(TV“)aU]:n,
Pig(h) = an )zTr(T[VM,V yDTr(TVH Y Fig,
1
Pao(h) = (4 )QTY(V u V)3, F209" Fog,
Pai(h) = a@n )Z(TT(TVM)) dF210" F
Pr(h) = an )2Tr(TVM)Tr(TV )0 F22d" Fy,
1
Pr3(h) = an )zTr(VuV” )(Tr(TV,)> Fas,
Pora(h) = (41)2Tr(VHV YTr(TVH)Tr(TVY) Foa,
1
Pag(h) = ——— (Tr(TV,) Tr(TV, 0> Fas.

(4m)

As anticipated in the previous section, while the kinetic terms
for the gauge bosons are listed at the LO, the interactions
obtained after introducing the dependence on & are reported
in the list of NLO operators, under the assumption that the
coupling of the transverse components of the gauge fields
with the Higgs sector is a subleading effect.

It is also worth commenting on the operators P (k) and
P12(h): these two structures, including the terms without
h insertions, are customarily listed among the NLO terms
despite their similarity with the gauge-boson kinetic terms.
This is justified, a posteriori, by the fact that they contribute
to the S and U parameters, respectively (see Sect. 3.2), which
are strongly constrained. In this sense, their treatment is anal-
ogous to that of Py (h).

The operators Pc(h) and Py (h) of Ref. [24] have not
been included in this list, as their effects can be reabsorbed
in redefinitions of the arbitrary functions F¢ (h) and Vg 1. (h)
appearing in % in Eq. (2.3) (see Appendix B). Moreover,

compared to Ref. [24], adifferent normalisation for the opera-
tors has been chosen: the 47 suppression factors determined
by the NDA master formula in Eq. (2.7) have been made
explicit (see Ref. [38] for details of the advantages of the
NDA normalisation), while the dependence on the coupling
constants has been removed, in order to emphasise the gener-
ality of the EFT approach. It is customary, indeed, to include
in the definition of the HEFT operators the numerical fac-
tors arising from the 1-loop renormalisation procedure (see
Refs. [41,42] for a general discussion in the SMEFT case):
for instance, the operator P; (h) is often defined proportion-
ally to gg’/(4m)? [17,18,22,24]. However, in principle the
coefficients ¢; account not only for renormalisation effects,
but also for possible external contributions, originating by
sources that do not need to share the same dependence on
the gauge couplings. This normalisation choice is common
in many EFTs, such as Fermi’s theory, the EFT for mesons
processes and the SMEFT.

2.2.2 CP odd bosonic basis A.LET

bos

In the CP odd sector the bosonic Lagrangian contains 16
operators: according to Ref. [25],

E:CJ i

j ={2D,B,W, G, 1

A"E’ﬂbos

—9,15, WWW, GGG}, (2.16)

where, as for A £EP

bos *
with the exception of

all the operators have four derivatives,

Sop(h) =i UZZTr (TV,) 8" Fap 2.17)
and

Siww () = 4”8‘”" W W W Fip v

Szgeh) = /{";’3 LG Gl GY  Fygo (2.18)

The rest of operators entering AZLET are

bos
Sz(h) = —B* §W F5,
Sjy(h) = —Tr (W’” VT/W) Fi,
Sg(h) = =G G, F&»
Si(h) = B*'Tr (TW,,,) Fi,

i ~

Sy(h) = E B Tr (TV#) 0, F2,
i 17 LV

S3(h) = ETI‘(W“ VM) 0y F3,
1

Sy(h) = ETI‘(W‘“}VM) Tr(TV,) F4,

Ss(h) = Tr (VA V") Tr (T V) 9, Fs,

l
(4m)?
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——Tr (VA V,) Tr (TVY) 8, Fs,

S1(h) = —Tr (T [WH,V,]) 8,77,
Ss(h) = Tr (T W) Tr (T W) Fs,

So(h) = #Tr (TWH) Tr (T V,,) 8,50,

Sis(h) = Tr (TVH) (Tr (TV))? 8, Fis .

i
(4m)?
As for the CP even part of the bosonic basis, the explicit
dependence on the gauge couplings is not part of the def-
inition of the operators, while the 47 factors are reported
according to Eq. (2.7).

The operator Sap (k) deserves a special remark. Being a
two-derivative operator, it would be naturally listed at the LO.
However, restricting for simplicity the discussion to the uni-
tary gauge, S»p(h) introduces a mixing between the gauge
boson Z and the physical &, that can be rotated away via
a proper redefinition of the Goldstone bosons’ matrix, as
detailed in Refs. [25,43]:

U — Uexp [—iawew% 03} . (2.19)
At leading order in the effective coefficients, the effects of
this operator are eventually recast into CP odd contributions
to the Yukawa couplings with arbitrary number of / legs and
to the vertices Zh", n > 2. Furthermore, S, p () induces, at
1-loop, corrections to the Higgs gauge-boson couplings that
are bounded by the strong experimental limits on fermionic
EDMs, as discussed in Ref. [25]. For this reason, it is con-
sidered as a NLO operator, similarly to Pr (h).

Finally, the two operators Py, (h) and Pg g (h) are the
CP odd counterparts of Pwww (h) and Pgcg (h); comments
similar to those given for the latter apply here too.

2.3 NLO basis: fermionic sector A %er

The fermionic Lagrangian at NLO is constituted by single-
current operators with up to two derivatives and by four-
fermion operators. Flavour indices are left implicit, unless
necessary for the discussion. This section presents a set
of independent terms that completes the NLO basis in the
bosonic sector A %,os: some redundant structures have been
removed using the EOMs, as detailed in Appendix D. Only
baryon and lepton number conserving operators are consid-
ered (see Ref. [44] for the baryon and lepton number vio-
lating basis). Moreover, as already stated in the previous
sections, right-handed neutrinos are not considered in the
present description. Their inclusion in the spectrum would
require an extension of the basis presented in this section,
with the addition of the operators in Appendix A.

@ Springer

The numbering of the functions JF; (k) is dropped in the
following for brevity. The Pauli matrices that act on the
SU (2); components are denoted by o/, while the Gell-Mann
matrices that contract colour indices are indicated by A4.
Whenever they are not specified, the colour (uppercase) and
isospin (lowercase) contractions are understood to be diago-
nal. Flavour contractions are also assumed to be diagonal.
The tensor structure o#¥ entering the dipole operators is
defined as oV = %[y“, yV]. Finally, the mark CP on the
left of an operator indicates that it is intrinsically CP odd.

2.3.1 Single fermionic current A% F
The operators with a single fermionic current and up to

two derivatives (including those in V) are contained in the
Lagrangian

8 28
1 -
ANDrp = ZHJQ./V']Q + Z X(an + ln]Q)./\/.jQ

j=1 j=9
O 4
Q , =0\\/Q
+ ) 0T AN
j=29

2 11
F RN 3 4 i

j=1 j=3

4 € il art
+Y (0 F AN +he, (2.20)
j=12
where we recall that the coefficients an, nﬁ. , ﬁjQ, ﬁ§ are real
and smaller than unity.

The terms with two derivatives have overall canonical
mass dimension 5 and are therefore suppressed by A~
Moreover, they necessarily require chirality-flipping (scalar
or tensor) Lorentz structures. These structures do not have
definite CP character, as the scalar (/1) and pseudo-scalar
(Yiysy) contractions have opposite parity. As a conse-
quence, each SU (2) structure yields two contributions with
opposite CP properties, which have been parameterised by
two independent real coefficients: for the quark bilinears, the
terms nJQ(j\/]Q + h.c.) with the ./\/'].Q’s defined below are CP

even, while the combinations ﬁjQ(iJ\/'jQ + h.c.) are CP odd.
A similar notation has been adopted for the lepton bilinears.

Quark current operators

All the non-redundant terms that can be constructed coupling
one derivative or one chiral vector field V,, to a fermionic
bilinear necessarily have a vector-axial Lorentz structure, that
preserves chirality. For the quarks case, they are:

N2 =iQLyV" QL F,
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N2(h) = i Qg v, U'VFU Qg F,
CF NZ2(h) = 01 yulV", T1 QL F,
CF N2(h) = 0ry, UTIVH, TIU Qg 7,

NP (h) =i Qryu(V*, T} QL F,

N (h) =i Qg 7, U' (V¥ TYU Qg F,

N2 =i0L v, TV'T QL F,

NE(h) =i 0k v, U'TVTU Qg F.
Invariants with a derivative acting on a fermion field or
on a F(h) function are redundant upon application of the
EOMs and integration by parts, and they have therefore been
removed from the final basis.

Operators with two derivatives require a fermionic cur-

rent with an even number (zero or two) of gamma matri-
ces: therefore only chirality-flipping Lorentz structures are

allowed. All the operators with a scalar structure are required
as counter-terms in the 1-loop renormalisation of -%j:

N2(h) = QLU Qg 3, FolF,
NE2(h)= QL TU Qg 3, FoF,
N3 () = 0LV, UQrd*F,
N3 () = QL {V,, TU Qr 9" F,
NS = QL IV, TIU Qg 0" F,
NE(h)= QL TV,TU Qg 0" F,
NZ(h) = QLV,V'UQr F,
NE(h) = Q1 V,VFTU Qg F,
NEh) = QL TV, TV*U Qg F,
NZ(h)= QL TV, TV*TU Qg F,
N(h) = 01 V,TVFU Qg F,
NL2(h) = QL V, TVFTU Qg F.

Operators with tensor structure are also included in the
NLO basis, although they are not needed to reabsorb the 1-
loop divergences of %), as the loop diagrams that generate
them in the EFT are finite. Nonetheless, these interactions
may result from the (tree-level) exchange of a heavy BSM

resonance and therefore they may be as relevant as those in
the previous lists:

NJ(h) = Qp 0"V, U Qg 8, F,
Nyg(h) = Q1 o™ [V, TIU Qg 8, F,
N () = Qo™ (V). TIU Qg 3, F,
NE(h) = Q10" TV,TU Qg 8, F,
N2(h) = 01 0"V, TV, U Qg F,
NZh) = 0L 0"V, TV, TU Qg F,
NZ(h) = Qp o™ [V, V,1U Qg F,

NgZ(h)y = Q™" [V,, V,]TU Qg F,
NZh) =ig QOro""U Qg By F,
NZh) =ig O o™ TU Qg By F,
N3 ) =igs 016"GU QR F,
Ngh) =igs 01 6""GuTU Qg F,
NZ(h) =ig Orc™ W, U Qg F,
N3 ) =ig Q1 0" {W,, TYU Qg F,
NZ(h) =ig Or o™ Wy, TIU Qg F,
NZh) =ig O o™ TW,,TU Qg F.

Leptonic current operators

Leptonic bilinears can be constructed along the same lines as
the quark ones. The absence of right-handed neutrinos, how-
ever, reduces notably the number of independent invariants.
Making use of Eq. (D.14), only two independent operators
can be constructed with the insertion of a single derivative or
Vo
CP N{(h) =Ly yulV*, TILL F,

Ni(h)=iLgy, U (V¥ T)ULR F.
Notice that, if flavour effects are also taken into considera-
tion, two other structures should be considered:

iLLiyuV*LLjF, iLpiy T, V*}L;F. (221

only for the case withi # j. Indeed, as shown in Eq. (D.14),
the flavour-diagonal contractions do not represent indepen-
dent terms as they are related via EOMs to bosonic operators
that have been retained in the basis.

With two derivatives, two V,, or a combination of them,
the following structures can be constructed:
Ni(h)y=LLULg3,Fo"F,

Ni(h) =Ly {V,, T)ULgd"F,
NEh) =Ly [V, TIU Lg 0" F,
N =Ly V,V*U Ly F,

NE(h)y =L TV, TVFU Ly F,
NE(hy = Ly o™ [V, TIU Lg 8, F,
N§(hy =Ly 0" {Vy, TYU LR 3,.F,
Niy() =Ly 6"V, TV,ULg F,
N =Ly o™ [V, V,JULR F,
N(h)y =ig' Ly o*’ULg By F,
N5 =igLy oW, ULR F,
Ni(h)y=ig Ly o™ [W,,, TIULg F.
where, as explained above, all these operators are required

as counter-terms in the 1-loop renormalisation of %y with
the exception of those with tensor structure, that correspond

@ Springer
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to finite contributions. It is also worth recalling that all the
chirality-flipping structures listed here are CP even in the
combination (./\/;3 +h.c.) but independent CP violating terms

of the form (i./\/'f + h.c.) should also be considered.

2.3.2 Four-fermion operators ALyp

Four-fermion operators can be classified into four-quark,
four-lepton and two-quark—two-lepton sets. The overall
Lagrangian reads

a2 [ & 26
_ 9, 20\ pQ 0,0
AZyp = — 5 > (r./ +ir; )R./ + D rPR;
j=1 j=9
7
+ (rf + iff) Rf + erRf
=

23
QU | ~QU\ pQ!L QL pQt
+ (rj +ir; )Rj —i—er R; +hc.|.
Jj=1 J=1
(2.22)

Details of the construction and reduction of this subset of
operators can be found in Appendix C.3. As for the bilin-
ears case, the chirality-flipping contractions (/7 YR) (WLYR)
listed here are CP even in the combination (R ]f + h.c.) but

independent CP violating terms of the form (i Rf + h.c.)
should also be considered.

Pure quark operators

The only four-quark operators required to remove diver-
gences originating at one loop are the following:

R2(h) = (0L UQr)QLUQR)F,

R2(h) = (01 0'UQR)(QrLo'UQR)F,
RE(h) = (01U Qr)(Q1 TU Qr)F,

R2(h) = (01 TU Qg)(Q TU Qg )F,
RE(h) = (01 MU Qr)(Q1 MU Qp)F,
RE() = (01 M 0'U Q) (01 M o'U Qg)F
RL(h) = (01 AU Qr)(Q1 A TU Q) F,
RL(h) = (01 A TU Qg )(Qr A4TU Qg)/F.

A large number of additional structures can be constructed,
that are listed below and included in the basis. Although they
do not correspond to counter-terms in the renormalisation of
£, they are potentially generated by the exchange of BSM
resonances:

@ Springer

RE() = (01 v, Q1) (0L y" QL) F,

R (W) = (01 vu Q1)1 v"T Q1) F,

R () = (0L v T OL)(Qr y"T Q1) F, .

RS () = (01 yuo! Q1)(Qr vt e’ Q1)F,

RE(h) = (Qrvu QR )(Qr V" OR)F,

R (W) = (Qr vu Or)(Qr y"U'TU Q) F,
R2(h) = (Qr v, U'TU Qg )(Qr y"U'TU Qg)F.
R2(h) = (Or yu0! Qr)(Qry*UTe/U QR)F,
RE(h) = (01 vu QL) (Qr Y™ OR)F,

R(h) = (01 vu QL) (Qr y"U'TU Q) F,
RZ(h) = (Q1 y"T QL) (Or v Or)F.

RS (h) = (01 vuT QL) (Qr y"U'TU Qg )F,

RS (h) = (01 vuo' Q1) (Qry"UTe'UQR)F,
RZ(h) = (Qr yud™ QL)(Qr 34 Qp)F,

RZ(h) = (Qr vud™ QL) (Qr y*2AU'TU Q) F,
RS (h) = (Qr y" 2T Q1) (Qr v Or)F,
RZ(h) = (01 v T Q1) (Qr y*2AU'TU Q) F,
RZ(h) = (Or yuro’ Q1) (Qr y* 1 U G'U Qp)F.

Pure leptonic operators

The set of independent four-lepton operators is considerably
smaller than that with four quarks, due to the absence of right-
handed neutrinos and of colour charges. Only one operator
is required as a 1-loop counter-term:

R{(h)= (L ULR)(LLULR)F.

Six additional structures, that are not required as counter-
terms, complete the list of possible invariants:

R(h) = (LLyu LL)(LL y* L)F,
Ri(h) = (Lr yu Lr)(Lry" Lg)F.
Riy(h) = (LLyu LL)(LL y"TLL)F,
Ri(h) = (LLy,TLy)(Ly y"TLL)F,
RE(W) = (Lpyu LL)(Lry* LR)F,
Ri(hy = (L y"T L) (LR yu Lr)F.

Mixed quark—lepton operators

Finally, barring any B or L violation effects, mixed four-
fermion operators can only contain two quarks and two lep-
tons in either of the current structures LLQQ and LQ QL.

Among the constructed invariants, the following are
required to reabsorb 1-loop divergences:
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R2Yh) = (L ULR)(QL U QR)F,

R () = (L UQRr)(QL ULR)F,
RS (h) = (L ULR)(QL TU Qg )F,
R2'(h) = (L TU Qr)(QL ULR)F,
RS = (Ly o'ULR)(Qr0'UQR)F,
RE'(h) = (L o'UQr)(QL o ULR)F,

while the remaining correspond to finite diagrams and are
included for completeness:

R ) = (Lp v L) QL v" Q1)F,

R (h) = (Lr v Lr)(Qr " Qr)F,

RS = (L yu L )(QL v"T Q1) F,

R (h) = (Lr v, Lr)(Qr y*U'TU Qg)/F,
R () = (L v TLL)(Qry" Q1)F,

R ) = (L v, TLL)(QL y"T Q1) F,

R () = (L yuo' L) (Qr yPo' Q1)F,

R () = (L v LL)(Qr ¥" Qr)F,

R (h) = (01 yu QL) (Lry" Lg)F,

R ) = (L y"TLL)(OR v Or)F.

RE () = QL vuT QL) (Lry" Lr)F,

R () = (L yu L) (Qr y"U'TU Q) F,
RR' () = (L y"TLL)(Qr 7, U'TU Qg)F,
RS () = (Lyy"o! L) (Or v, Uta/U Q) F,
RS'(h) = (Or yu LL)(Lr Y™ Qr)F,

RZ (W) = (01 yuTLL )Ly y" Qr)F,

RS (h) = (01 y"o! L)Ly UTe/U Qp)F.

2.4 Comparison with the SMEFT basis

The comparison with the SMEFT is crucial for the identifi-
cation of signals able to shed some light on the Higgs nature.

For the bosonic sector, the relation between the HEFT and
its linear counterpart has already been identified in Ref. [24],
adopting the so-called HISZ basis [45,46], which is also used
in Refs. [47-49]. Those results still hold here, up to the fact
that some operators have been traded for fermionic ones: the
correspondence is summarised in Table 1, where the relation
to the basis of Ref. [7] is also reported. The fermionic sector
of the HEFT has also been matched with the linear bases of
Refs. [7,47—49], as indicated in Table 2.

It is worth pointing out a few points that should be kept
into account when performing this comparison:

— In the HEFT, right-handed fermions are grouped in the
SU (2)g doublets, Lg and Qg, and the different com-

ponents of each bilinear fermionic structure are disen-
tangled inserting U'TU = o3 or U'e/U. Each lin-
ear operator, written in the traditional notation, is then
easily matched with a linear combination of HEFT
invariants.

— The adimensional scalar field T corresponds, in the linear

context, to a quadratic combination of Higgs doublets. As
a consequence, the counterparts of fermionic invariants
containing T are mostly linear operators of dimension
d > 6, which are therefore not present in the list of Refs.
[7,48,49].
The insertions of T into right-handed currents, men-
tioned in the previous point, represent an exception.
In fact, in these cases T appears in the combination
U'TU = o3, that does not contain any field and in fact
is not associated to dimensional objects in the linear
language.

— The adimensionality of T also leads to the presence of
CP-odd operators in A%, whose corresponding struc-
tures in the SMEFT would appear only at d > 6. An
example is the operator ./\/3Q (h) that has been already
studied in Ref. [23,37] for its impact on flavour physics.

— The two-derivative object V,V# is typically described,
in the SMEFT, by a quantity proportional to D, oD,
which has canonical dimension 4. Thus, fermionic bilin-
ears containing this structure correspond to SMEFT oper-
ators withd > 7.

Tables 1 and 2 summarise the relations between oper-
ators of the HEFT, defined in the previous section, and
those of the SMEFT from Refs. [7,48,49]. The only differ-

Table 1 Correspondence between the SMEFT operators from Refs.
[7,48,49], and the HEFT terms presented here for the bosonic sector.
The — refers to the absence of an equivalent operator. The use of the
“Q;” notation for the second column means that a particular operator
does not explicitly appear in Refs. [48,49], but it anyway enters the
SMEFT basis and is defined as in Ref. [7]. Numerical coefficients and
signs in the combinations of the HEFT operators are not indicated

Ref. [7] Refs. HEFT Ref. [7] Refs. HEFT
[48,49] [48,49]

Qy O3 scalar pot.  Q, O, Fc + Fy(Pg)

QuD Oo,1 Pr Qv Oce Pc

Quw Oww Pw QuB Ops Ps

Qows  Opw P1 - Op P+ Py

- Ow P34+ Ps

Q6 “Qg” Pcca Qw Owww  Pwww

Qi 95 Sa Qi i S

Qi i Sy Qs Qi S

o Q" Péee AT Qi Piaww
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Table 2 Correspondence between the SMEFT operators from Refs.
[7,48,49], and the HEFT terms presented here for the fermionic sector.
The — refers to the absence of an equivalent operator. The use of the
“Q;” notation for the second column means that a particular operator

does not explicitly appear in Refs. [48,49], but it anyway enters the
SMEFT basis and is defined as in Ref. [7]. Flavour indices are omit-
ted, unless explicitly indicated. Numerical coefficients and signs in the
combinations of the HEFT operators are not indicated

Ref. [7] Refs. [48,49] HEFT Ref. [7] Refs. [48,49] HEFT

Quu Oup Yy (h) Qge Oco Ve (h)

Qua Odo Yp(h) )i - -

Qe 040 NS Qs Ol iLL v T, V¥ Ly, F

% 040 N2 Qi - -

Quu oY) N2+ N2+ N2 ol 0% iLp,yuVFLy, F

Qya oY) N2+ NE+NE Qye oy N¥

Qyud Obna N2+ N2

Que “Qug” N2+ NS

Quc “Quc” N3Q1 + /\/3%

Quw “Quw” NGZ + N3+ N2

Qaw “Qaw” NS +NS + N2 Qew “Qew” NG

Qus “Qup” N+ NS

Qun “Qup” NS+ N2 Qen “Qep” N

Qy “Qhy” R§ Qu “Qu” RS

H "0l R 2 "0l RP"

Quu “Quu” RS+ R+ R o Q) R

Qud “Qda” R% + Rﬁ + R% Qee “Qee” R}

QL QL7 RS+ R Qeu “Qu” RO + REY

o Q) RS+ R+ RE Qe “Qea” R + R

Qi “Qqu” RS+ R Qe “Que” R

o Q" RS + RS Quu “Qu” R + RY

Q4 “Ql)” RE + R Qua “Qig” R+ RY

o “Qp)” R3 + R33 Qe “Qqe” R

Qld QU RP +R? Qledq “Qlelq” R3" + R

W o R+ g o el R4 RS
o, “Qp RO+ RS’ + R 4+ R + R

ence between these two linear bases (the first two columns
in both tables) lies in the choice of two invariants: in
Refs. [48,49] the EOMs have been used for removing
the fermionic terms corresponding to Q;ll%ii and Qf;;)!ii
in Ref. [7], replacing them with the bosonic operators
Op and Ow. In the HEFT construction, the EOMs have
been applied analogously to Refs. [48,49], namely retain-
ing Pp and Py, rather than two leptonic invariants (see
Eq. (D.14)).

All the HEFT operators that do not appear in this list
have SMEFT counterparts (dubbed also “linear siblings™)
of dimension larger than six and therefore are not contained
in the bases of Refs. [7,48,49].
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3 Phenomenology
3.1 Physical parameters definitions

The phenomenological analysis is carried out in the Z-
scheme, defined by the following set of observables, that
are taken as input parameters:

oy world average [50],

Gr extracted from the muon decay rate [50],

oem  extracted from Thomson scattering [50], 3.1
Mz extracted from the Z lineshape at LEP I [50],

M) measured at LHC [51].
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All the other quantities appearing in the Lagrangian will be
implicitly interpreted as corresponding to the combinations
of experimental inputs as follows:

1 dra
2 .2 em
e =4nden, SOy =—-(1— 1 — ———— ],
" 2( | ﬁGFM%)

22 1 ( e , e )
- V2GF & sin Oy’ g_cosé‘w

Ow , e as above

3.2)

The trigonometric functions sin 6y, cos 6y will be conve-
niently shortened to sy, cg.

The kinetic terms are made canonical and diagonal with
the following field redefinitions:

1
1+ sp9c1 + 2s§clz — z(cécB + sgcw)i|

CR — C
+Z,2 [62061 + 529 (012 + %)] +0(cH

2 [ 2
1 —s29c1 + 2cc12 — 3 (C@CW + S(_)CB)

+O(c?)

1
Wi — wr [1 — Ecw] +0(c)). (3.3)

The contributions to the input parameters at first order in the
effective coefficients read

da,
om 2s00c1 + 4s92012 — cch — sgcw,

Qem
SGF
Gr

Mz
My
SMy,
My

—64\/_71

2(}’2 _rs)
~ 202 Lo, 2
>~ —cr — $29C1 + 2c5c12 2((39CW + s5cB),

~ 0. (3.4

The resulting shifts for the W mass and fermion couplings to
gauge bosons with respect to their corresponding SM expec-
tations due to these finite renormalisation effects are sum-
marised below:

W mass:
AMW C(% 520
—— = —cr+—c— 22
Mw 29 €20
32n2«/_s i,
- A2( §—rb). (3.5)

Fermionic couplings:
It is convenient to adopt the following compact notation:

2
v
Agi =cr + 32712\/5F(r§ — rg),

2 2
C 32w «/_c
Agw = —Lcr + hyer — 2cin + 2( 5 —r8),
€260
82 B
Aoy — —s2 | ——20 _ &
82 %6 < sg te)
S%e 2/, v
= == — +32 2 3.6
e ( + =+ 32025 0 >) (3.6)

where Ag; accounts for the renormalisation of Z,,, g and
¢p in the combination gZ, /cg; Agw for the renormalisa-
tion of W, and g in the combination gW,; Ag, for the
renormalisation of sg and for the contribution to the Z cou-
plings that comes from the redefinition of the photon field:
A — oA+ BZ (see Eq. (3.3)). With this notation, the renor-
malisation of Z couphngs to left- handed and right-handed
fermions, g{ = (T - 55 207y and gR = -5 207, and of the
W to left-handed fermions can be written as
Mgl w =8l xhai+ 0 Mg Agll =nAgw. (G
where Q r and T3y are, respectively, the electric and isospin
charges of the fermion f, and where the W couplings to
left-handed fermions is normalised to 1 in the SM.

The next sections are dedicated to the discussion of the
constraints imposed on the operator coefficients considering
respectively electroweak precision data, Higgs results from
the LHC and the Tevatron, and measurements of the triple
gauge-bosons couplings. For the sake of simplicity we will
assume fermion universality as well as the absence of new
sources of flavour violation.

3.2 Constraints from EWPD

After accounting for finite renormalisation effects in the
gauge bosons’ wavefunctions and couplings as well as for
direct contributions to the vertices, 12 operators modify the
Z and W gauge-boson couplings to fermions with the same
Lorentz structure as the SM and the W mass, which corre-
spondingly lead to linear modifications of the EWPD.

Five operators, Pr (h), P1(h), P12(h), Rg (h), Rg (h) give
tree level contributions to universal modifications of the cou-
plings and of the W mass, which can be recast in terms of
the oblique S, T, U parameters [52,53] and of the shift in the
Fermi constant AG r. In particular
aT =2cr,

oS = —8sgcpcy, alU = —16S92612,

G_F = —64m \/EF(TZ — rS),

(3.8)
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so, for example, the correction to the W mass in Eq. (3.5)
reads

2 2
AMy ¢ 1 1 55 8GFr

= aTl — oS+ —a
My 2c2 4cag 8s2

" 2c Gp
(3.9)

The other seven operators, ./\/IQ (h), NZQ (h), NSQ (h), N6Q (h),
./\/7Q (h), J\/SQ (h), N (h), give fermion dependent contribu-
tions to the W and Z couplings. Altogether the shifts to the
SM Z couplings can be written as

Ag{,R = g{,RAgl + 07 Ag + Aé{,R, (3.10)

where the finite renormalisation shifts of the fermion cou-
plings in Eq. (3.6) can be rewritten as:

2
s 8G 1
Agr =2 (¢2 <aT——F) —aS (3.11)
c20 Gr 4s9
while the fermion dependent modification of the couplings
read?

Q Q Q

Agz_n?+2n9+n79, Ag%_nz +2n6 +n8,

AgL——nl +2nSQ—n7Q, AgR——n2 +2n6 — SQ,
Ag; =0, Agp=0,
Agi =0, AgR_an.

(3.12)
The corresponding shifts to the W couplings to left-handed

fermions (normalised to 1 in the SM) are

Mgl = agw + Agl (3.13)

with the universal shift due to the finite renormalisation
defined in Eq. (3.6) given by

, (3.14)
My 2 G
and the fermion dependent shifts induced by the fermionic
operators by

AZY =22 —2n2, AgY =0, (3.15)

There are two main differences with respect to the corre-
sponding contributions to EWPD obtained assuming a linear
realisation of the SU (2)1 x U(1)y gauge symmetry break-
ing with operators up to dimension six (see for example Refs.

[54,55]).

3 One could expect Ag}i‘ to have a similar contributions as Ag;d.

This is not the case as the corresponding leptonic operators have been
removed from the basis by using the EOMs, as discussed in Eq. (D.14).
This choice simplifies the renormalisation procedure as Ag;** are van-
ishing.

@ Springer

— First, in the SMEFT no contribution to the U parame-
ter is generated at dimension six, while a contribution is
generated in the HEFT at NLO, O(p?).

— Second, in the linear description and assuming univer-
sality, the fermion dependent shifts of the W couplings
to fermions are directly determined by those of the Z
as there are only five independent dimension-6 operators
entering those vertices with SM Lorentz structure (which
can be chosen for example to be (’)G) (’)fblq), Opu, Opa,
Oy, in the notation of Ref. [7]). In the chiral description
at order p* the fermion dependent contributions come in
contrast from the seven operators given above, of which
six combinations contribute independently to EWPD.

So altogether 10 combinations of the 12 operator coeffi-
cients can be determined by the analysis of EWPD which

have been chosen here to be cr, c1, ci2, (r2 — r5) nIQ,

(n2 +n8 )s s ,nﬁg,n7 and n2 In order to obtain the corre-
sponding constraints on these 10 parameters a fit including
16 experimental data points is performed. These are 13 Z
observables: I'z, ah, PP sin? gleft, RY, A;(SLD), Ap:,
RO, RO, A., Ap, AL, and A% from SLD/LEP-I [56], plus
three W observables: the average of the W-boson mass, from
[57], the W width, I"'w, from LEP-II/Tevatron [58], and the
leptonic W branching ratio, Bry/, for which the average in
Ref. [50] is taken. The correlations among the inputs can
be found in Ref. [56] and have been taken into considera-
tion in the analysis. As mentioned above, unlike in the fits to
dimension-6 SMEFT operators, the independent experimen-
tal information on the W couplings to fermions have been
included in the present study: this is done by considering in
the fit the leptonic W branching ratio, as it is measured inde-
pendently of the total W width, which is determined from
kinematic distributions. The corresponding predictions for
the observables in the analysis in terms of the shifts of the
SM couplings defined above are given by

f
(el Agl + gl Agh)
ATy = 2Tz sum (Zf 81881 + kg C), (3.16)

> (gt P + 185 NE
€A e + eA e
AG}? = zaf?SM <(gL éng gRe 2gR)
’ |gL| + |gR|
Y, (81081 +8rAgk) ATy G
>, (gl 2+ 1gk1») Tzsm)’ '

had 9 A od 1 0d ALl

NN A >, (81 A8] + grAgR)
L= I ISM 92 9.2

r Zq(|gL| + 18x1%)

z

] I 1 ]
(g[ 81 8r gR)> ’ (3.18)

g} 12+ 18k |2
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o_ [ T2 o [ (8lAgl +ghAgh)
ARy =AM\ g | = 2Rgsm 92 72
FZ |gL| + |gR|

(8l Ag] + 8k Agk)

q'2 q 2 (3.19)
> Ugl 1P+ 18z 1H
l f f
A A
8L — 8r 8r 8L
(3.20)
21 8k T,
AA; =4 — °OLOR ( Agl — gl A ) ,
A A T g e T LA
(3.21)
AP = A4, (3.22)
O,f O,f A.A[ AAf
AAZR = A —_—t+ —, 3.23
FB FB,SM ( -Al .Af ( )
4 ud 2 ev
Al'w =T'w,sm §AgW + gAgW + AMy |, (3.24)
ev ev 4 ud 4 ev
ABriy = Brij ou ( —3 884 + 3285 ). (3.25)

When performing the fit within the context of the SM
the result is XI%WPD, sm = 18.3, while when including the
10 new parameters it gets reduced to XI%WPD min = O
The results of the analysis are shown in Fig. 1 ‘which dis-
plays the A XI%WPD dependence of the 10 independent oper-
ator coefficients. In each panel A xéWPD is shown after
marginalising over the other nine coefficients. The figure
shows the corresponding 95 % allowed ranges given in
Table 3: the only operator coefficient not compatible with
zero at 20 is nzg + ngg, a result driven by the 2.70 dis-
crepancy between the observed Agé’ and the SM expecta-
tion.

It is interesting to notice that the resulting constraints on
the coefficients contributing to 7', U and §G r are consid-
erably weaker than what one would obtain in the standard
three-parameter fits to S, 7', U. Quantitatively, the results of
the 10-parameter analysis performed here give the following
lo ranges for S, T, U and G F:

§=-045+037, T=-03%+28, U=-0.1+%25,
8G

T (0.08+2.2) x 1072, (3.26)
Gr

to be compared with the results of the standard three-
parameter fit for S, T, U [55],

§$=0.08+0.1, T=-0.1%£0.12, U =0.0=%0.09.

(3.27)

While the range for S is only about 4 times broader when
including the effects of all the additional operators, the
bounds on 7 and U are weakened by more than a factor
20. The main reason is that when § G  is also included in the

analysis cancellations can occur. In particular as can be seen
in Eq. (3.9)-(3.11) for
3GF 1

aT = Gr 4s§aU (3.28)
the contributions from 7', U, and §G g cancel both in the
Z observables and in A My .Therefore, along this direction
in the parameter space, the bounds on these three quanti-
ties come from the contribution of G to I'y and Bra}’
in Eq. (3.15), but these observables are less precisely deter-
mined.

It is important to notice that this “weakening” arises even
if the nlf coefficients, that is all the fermion dependent contri-
butions, but the four-fermionic ones, are set to zero and only
the four contributions cy, c7, c12 and rf — rsﬁ are retained. In
this particular case, the result of the fit is

S=-01401, T=043+286 U=—03=+24,
5G

E _(Z0.26+2.0) x 1072, (3.29)
Gr

to be compared with Eq. (3.26). On the contrary, in the frame-
work of linear dimension-6 operators, the condition U = 0
makes this cancellation not possible, so bounds on the cor-
responding operator coefficients are generically stronger. In
other words, when making the EWPD analysis in the context
of HEFT at O(p*) the bounds on the operators contributing
to T and U are generically weaker by more than one order
of magnitude.

The fermionic operators can also lead to modifications
of the semileptonic decay amplitudes used to determine the
elements of the CKM matrix and to test its unitarity. In partic-
ular, N2 (h), No2 (), RS (h), RE(R), R (h) induce linear
shifts to the corresponding amplitudes (normalised to G r as
determined from u decay) which can be parameterised as a
shift in the effective CKM matrix,

AVerwmij
2
v - SGF
= VCKM,SM[j (-647T2\/§FTIQ3E + Agl‘,jvd - G_F> '
(3.30)

and which can lead to violations of unitarity of the CKM
matrix which are strongly constrained. In the case of SMEFT
with operators up to dimension six, three operators enter this
observable after equivalent application of the EOMs [54,55]
(which can be chosen for example to be Oé‘?, Oy, and, (91(3)
Ref. [7]). From the global analysis in Ref. [50]

2 ) 4 2@”2 Qe sud _ OGF
;'Vuil —1=2(-647*V25rg +AgW—G—F

= (—1+6)x 107*. (3.3
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Fig.21 Dependence 02f ~ OrrrrirT T h L 1 B B s
Axgwpp+ckm (FAXgwpp for X ] B ] ]
all but last panel) on the 11 < 61— _ L ] ]
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3¢ = R Y -
[}
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nz' Vz//\z rmw (1 0-3)

In combination with the analysis of the EWPD, this allows
for constraining the coefficient of an 11th operator R%Z (h).
Adding this data point to the 16 of the EWPD allows one to
construct X]%WPD L CKM>® which is now a function of 11 param-
eters (With Xgwpp.cxmsv = 184 and XEwppckm,min
= 6). The marginalised distributions verify A X}%WPD roxm )
=A X]%WPD (x) for the first 10 parameters, i.e. the inclusion
of the CKM unitarity constraint has no impact in the previous
analysis as long as rlgf is allowed to vary free in the fit. The
new A XéWPD LCKM (r%e) is shown in the curve in the last
panel in Fig. 1 and its 95 % CL range is listed in the last row
in Table 3.

@ Springer

3.3 Effects in Higgs physics

This section is dedicated to the study of the current bounds
stemming from the Higgs searches at the LHC. Restricting
the analysis to the subset of C and P even operators,* the
focus is on those terms that contribute to the trilinear Higgs
interactions with fermions and gauge bosons (deviations in
the Higgs triple vertex will only become observable in the
future). The deviations on Higgs quartic vertices (HV f f’)
generated by some of the single fermionic current operators

4 The extension of the analysis to C P odd non-linear operators could
be performed after the inclusion of C P sensitive observables; see Ref.
[25].
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Table 3 95 % allowed ranges for the combinations of operator coeffi-
cients entering the EWPD analysis and the CKM unitarity test

Coupling 95 % allowed range
€1 (—0.66, 2.7) x 1073
cr (~0.023, 0.021)

C12 (—=0.011, 0.011)
2y —rd) (—4.9, 4.7) x 107
ny? (=4.9, 2.0) x 10~
ng +ng (=22, —1.5) x 1073
ns (-1.6, 1.2) x 1073
ng (—0.025, 8.8) x 1073
ng (—4.2,2.7) x 1073
n (=02, 1.1) x 1073
5 (7.1, 6.6) x 10~

have been omitted from this analysis. Those contributions to
Higgs physics could also be studied at the LHC [59-61] and,
if analysed in combination with gauge-fermion data, they
would potentially improve the comparison between linear
and non-linear scenarios [60,61]. Nevertheless the generali-
sation of the analysis with the inclusion of these effects is out
of the scope of the present study. The list of operators anal-
ysed includes then Pr(h), Pp.g.w(h) and P; 4.5 12.17(h),
in addition to the contributions from Y[(jl), Y (Dl ), Ye(l) and
to the deviations in the GBs kinetic term parameterised by
Aac. This set can be further reduced considering the strong
constraints imposed on Pr 1,12(h) by the global analysis
of EWPD at the Z pole: the impact of these operators on
Higgs physics can be safely neglected, given the accuracy
at which these observables are currently measured. More-
over, the current Higgs searches are only sensitive to Hff
vertices with f = ¢, b, t (the addition of u to the analysis
will be straightforward once the sensitivity to this coupling
increases). Therefore, only a subset of 10 operators is relevant
for the analysis of the available Higgs data. Their contribu-
tions to the several Higgs trilinear interactions can be illus-
trated with the usual HVV phenomenological Lagrangian in
the unitary gauge:

L =guge HG,,,G"" + gry, HA, A"
+ 84y, AwZM H + g5y, HAuWZM
e\, 207" H + ¢\, HZ,, 7"
+g1(3)zz HZ,Z"
+gww (WHW™ 9" H +hc)

2 — 3 _
+ 8w HW LW ™R 4 gy HW, W= H
+ Z (g/H fLfr +he.).

f=t.bt

(3.32)

The 13 parameters in this Lagrangian can be re-written in
terms of the following 10 coefficients’:

Aac, ap, ag, aw, a4, as, ay, Y,(l), Y;,(l), YD, (3.33)

and explicitly they read

1

8Hgg = _EaG’

(1) 856 Co

= — a 2—a 2a ,

8Hzy dvey ( 5+ 5 4+ 17)

2 S6Co
851)21, = (ap —aw),

) 4 So
8Hz7 = e (2504 —as — 2a17) ,

1

2
g;{)zz = _Z_U(SgaB + Céaw),

3
g = MI(W2GR)"* (1 + Aac),

_ I 5 2

8Hyy = 5(s9aw + cpap),

m 8 @ _1
SHww = T 95 8uww = 4w

3
g = 2M%(V2G )2 (1 + Aac),

y{)

The anomalous Higgs interactions described by these 10
operators can be studied and constrained in a model inde-
pendent way by means of a global analysis of all the Higgs
experimental measurements that were performed at the LHC
during the Run I. This includes not only event rate data in
several Higgs production and decay categories, but also some
kinematic distributions, that have an interesting phenomeno-
logical impact, as shown in the context of SMEFT in Ref.
[62-67]. Indeed, they are important for allowing one to obtain
finite constraints in the large-dimensional parameter space
spanned in the global analysis [62]. Moreover, they make it
possible to disentangle the non-SM Lorentz structures from
the SM-like shifts.

The global analysis of all Run I Higgs, data using the
SHFITTER framework [68—72] for the SMEFT [48,49], has
been presented in Ref. [62]: in that case, the 13 parameters
of the phenomenological Lagrangian in Eq. (3.32) received
contributions from nine linear operators. Here, that analysis
is extended to account for the 10th coefficient aj7. All the
details regarding the data set and the kinematic distributions
analysed, as well as the statistical treatment performed in
this log-likelihood analysis follow exactly the description
presented in Ref. [62] and will not be repeated here.

The results of the global analysis on the parameters in
Eq. (3.33) using the available Higgs data, including all the

5 Notice the implicit redefinitions a; = c;a; for the bosonic operators.
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Table 4 Best fit and 95 % CL Best fit 95% CL region ' ! ! {
allowed ranges of the 102 a ' ! 1
coefﬁcier}ts of th?T operators ac 20.0125 (—0.018, —0.0080) G _._.— . ! * ! *
contributing to Higgs data (ag, : ! !
aw. ap, s, as, ary, Aac, v, -0.0030° 1 0054, 0.0058) 10y, S
vV and ¥{V) and to TGV 0.0029 ; ; ;
art?}yse(sl )(cz, c3 e(*ln)d cwww)- 0.0123 (0.0091,0.017) 10a, 5 ——
Y, .Y, and Y are : : :
normalised to the SM aw -0.017 (_0-117 0-088) a4 e
expectation ap 0.0052 (—0.025,0.041) 5 5 }

a ' | |
as 0.041 (—0.85,1.1) 5 T |
as 0.13 (—0.81,0.60) Aa. L e |

Aac -0.13 (—0.30,0.23) a 5 i !

arr 0.055 (—0.52,0.65) ; 5 }
YO/)YO o e

v y© 111 (—1.7,-0.53) o ! : ;

1.31 (0.56,1.7) Y, (/Y O o [

1) /y0) ! i !

vV, -0.70 (—1.7,-0.39) Y.y 0 ; ! ;

0.66 (0.35,1,7) 5 ! }

VAN AL -0.94 (—1.37,—0.63) c, ; \ |

0.82 (0.66,1.47) ; : 3

Cg ' ——
o 0.041 (—0.24,0.27) . : :
e 0.15 (—0.003,0.39) 0cyww | d 3

| | | |
CWWW 0.006 (*0.013, 0.018) 3 9 -1 0 | 2

kinematic distributions described in Ref. [62], are reported
in Table 4. On the right figure we graphically display the
corresponding values where error bars refer to the 95 % CL
allowed ranges, obtained profiling for each coefficient on the
other nine parameters that are included in the global analy-
sis. The off-shell m4, distributions, which have been imple-
mented in Ref. [62], are not included here, as their impact in
the present analysis is subdominant with respect to the rest
of kinematic distributions considered.

The addition of the extra parameter, a7, has enlarged the
allowed range for all the rest of coefficients contributing to
the bosonic Higgs trilinear interactions (a4, as, aw, ap and
Aac) in comparison with the results in Refs. [62,73] (after
taking into account the different normalisations used between
the two analyses). This was expected given the larger dimen-
sionality of the parameter space analysed here. The new con-
tributions from P17 (h) are consequently strongly correlated
to some of the other operators, as illustrated in Fig. 2, where
the two-dimensional planes ap vs. aj7 and a4 vs. a7 are
shown, after profiling on the rest of undisplayed coefficients
for each of the panels.

In the present analysis the addition of kinematic distri-
butions is crucial both for closing the allowed regions on

@ Springer

all the considered parameters, and for controlling the cor-
relations among the anomalous couplings [62]. To the best
of our knowledge, the results derived here present the most
complete set of Higgs based constraints on the set of oper-
ators of the HEFT Lagrangian. They highlight, in addition,
the potential of the EFT expansion to describe and study the
Higgs interactions at the LHC.

3.4 Triple gauge-boson couplings and Higgs interplay

The study of triple gauge-boson vertices is complementary
to the analysis of Higgs physics, and it is fundamental for
obtaining a more complete description of the EWSB sec-
tor. Focusing again on the C and P even operators and after
including the strong constraints from EWPD, only four oper-
ators, P> (h), P3(h), P13(h) and Pwww (h), enter this anal-
ysis.® They can give observable deviations from the SM
predictions for the triple gauge-boson vertices WW Z and
W Wy . These anomalous contributions can be parameterised

% Anadditional operator, P14 (h), generates a C P conserving but C and
P violating coupling, whose effects and numerical analysis have been
discussed in Refs. [24,74] and also hold here.
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Fig. 2 Results of the global analysis of LHC Higgs run I data, including kinematic distributions, for {ap, a4, a7}, profiling on the undisplayed
parameters. The colours refers to the different CL regions: from the inner to outer, 68, 90, 95, 99 % CL

in terms of the usual phenomenological TGV Lagrangian
presented in Ref. [75]:

Lwwy = —igwwv{glv(W,va_“V” — W,fV,,W"‘”)

_ Ay _
+ Ky WEW VI 4 oy wiw ””V,ﬁ‘},
w

(3.35)

with deviations from the SM predictions, glz =Kz =Ky =
Lx, =xz=1,

g
Agf =gl —1= "o
0

Akg =Kz —1= 4i (c3 +2¢13 — 219¢2) (3.36)
T

- =2 2ep5 + 22
Aky =Ky — =1 c3+2c13 + E ,

6 g v?
A2

Ayzkzz

Electromagnetic gauge invariance enforces gi’ = 1, both in
the SM and in the presence of the new operators. In Eq. (3.35),
V =1{y.Z}, gwwy = e, gwwz = gcosfy, and Wlfv and
Vv refer exclusively to the kinetic part of the gauge field
strengths.

The combination of all the most sensitive searches for
anomalous TGV deviations in WV diboson production has
been performed in Ref. [76], presenting the results obtained
in the SMEFT framework. These results show that at present
the most stringent constraints on the anomalous TGV are
set by the LHC Run I searches, whose combined sensitivity
has clearly surpassed that of LEP. Even more relevant is the
fact that, while the LHC Higgs data and gauge-boson pair

production searches are able to separately set stringent con-
straints on the HEFT operators, the combined study of the
two sets of data could be used to improve the understanding
of the nature of the Higgs boson state, as already emphasised
in Ref. [24].

In brief, three CP even SMEFT operators with d = 6
can lead to sizeable corrections to the TGV vertices after
considering all bounds from EWPD [47-49,62,76]:

Ow = %(DN)TWW(D@),

. !
Op = Z-(D, @) B (D, @),
ig 3 Vo YA L
OWWW = —?TI'(WMUW Wp ) s (3.37)
where the notation of the original papers has been kept.

As pointed out in Ref. [24], comparing the interactions
generated by these three operators with those induced by the
relevant operators in the HEFT basis, one finds two differ-
ences: (i) for the TGV phenomenology Oyy and Op give
corrections to the vertices equivalent to those induced by
P> (h) and P3(h), while for the HVV couplings their effects
are equivalent to those of P4 (k) and Ps(h); (i) the O(p*)
chiral operator P13(h) has no equivalent in the linear expan-
sion at dimension 6.

In other words, (i) implies that, as is well known from
the pre-LHC times [77], and recently emphasised in some of
the post—Higgs discovery analyses [49,66,78], the operators
Ow and Op lead at the same time to anomalous contributions
to both Higgs physics and TGV anomalous measurements.
Thus, any deviation generated by them should be correlated
in data from both sectors, and consequently the combined
analysis of Higgs data and TGV measurements becomes
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Fig. 3 Present bounds on Xp, Xy, Ap and Ay (see the text
for the details of their definition) as obtained from the most
recent combined global analysis of Higgs and TGV data. The
rest of the undisplayed parameters spanned in the global analysis

mandatory in order to obtain constraints as strong as possi-
ble on their coefficients [76]. Conversely, in the HEFT case,
the anomalous TGV deviations induced by Oy and Op are
generated by P, (h) and P3(h), while their effects on Higgs
physics originate from P4 (h) and P5(h). Therefore, devia-
tions in TGV and in Higgs physics could remain completely
uncorrelated in the HEFT context [24]. This means that the
nature of the Higgs boson can be directly probed by testing
the presence of this (de)-correlated pattern of interactions
in the event of an anomalous observation in any of the two
sectors.

To illustrate the present status of such comparison, a global
analysis of the data available both on the Higgs interactions
and on the searches for anomalous TGV has been performed.
The analysis spans the 10 coefficients relevant for Higgs
physics in the HEFT scenario; see Eq. (3.33), together with
the three parameters relevant for the TGV sector, which have
an equivalent in the SMEFT Lagrangian, ¢z, c¢3 and cywww
(i.e. setting c13 to zero).’

In what respects the TGV analysis, the simulation of the
relevant distributions and the statistical fit follow those of
Ref. [76]. The best fit values and 95 % CL intervals obtained
for ¢2, ¢3 and cwww are quoted for completeness in Table 4.
As can be seen comparing the results in Table 4 with Table 4
of Ref. [24], derived considering only the LEP based TGV
bounds on ¢; and c3, the new combination of LHC Run I

7 Notice that the operator belonging to the SMEFT expansion which
contains the same interactions described by Pj3(h), also called “linear
sibling”, arises only atd = 8.
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filed. The black dots signal the (0, 0) point, while the stars signal the
current best fit point obtained in the analysis

searches is able to improve substantially the constraints on
P> (h) and P3(h).

It was already shown in Ref. [24] that four specific com-
binations of the coefficients P, (h), P3(h), P4(h) and Ps(h)
are meaningful for illustrating the Higgs+TGV results:®

1 1
Yp=—Qc2+ay), Zw=—Q2c3—as),
gty 2 g
| | (3.38)
Agp=——Q2c2—as), Aw = —2c3 +as).
gty 2 g

These four parameters were defined in such a way that, at
d = 6 order in the SMEFT expansion, the two A’s are zero
because of gauge invariance and of the doublet nature of the
Higgs, Ap = Aw = 0. On the other hand, the operators Oy
and Op contribute to the X’s leading to Xp = vz% and
Yw = vz%, being f; the associated Wilson coefficients.
In contrast, the HEFT operators could generate independent
modifications to each of these four variables. Figure 3 shows
the current status of the bounds on the two relevant planes
of coefficients after taking into consideration all the Higgs
measurements included in the presented Higgs global analy-
sis (based on Ref. [62]), together with the most recent combi-
nation of TGV searches presented in the previous subsection
(based on Ref. [76]).

As described in Ref. [24], in the left panel of Fig. 3 the
(0, 0) point corresponds to no deviation from the SM, while

8 For the sake of comparison with Ref. [24], the four combinations
have been defined to be quantitatively equivalent to those in Ref. [24],
in spite of the different normalisation for the ¢; and a; coefficients used
here.
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in the right one it represents the limit in which TGV and
HVYV couplings show a SMEFT-like correlation. Therefore,
any deviation from (0, 0) in the left panel would indicate
BSM physics irrespective of the nature of the EWSB real-
isation, while a similar departure in the right panel would
disfavour a linear EWSB. As the A’s and the X’s are orthog-
onal combinations of parameters, the two panels of Fig. 3 are
in principle independent of each other. In particular, devia-
tions from (0, 0) may occur arbitrarily in only one plane or
in both at the same time.

The constraints of X5, X, Ap and Aw shown in Fig. 3
present a significant improvement with respect to the bounds
previously shown in Fig. 2 of Ref. [24]. The reason for such
a sizeable improvement relies on two key points. First, the
strength of the derived results is increased by the inclusion of
the more complete set of run I LHC Higgs event rate measure-
ment and by the addition of relevant kinematic distributions,
that are sensitive to the anomalous SM Lorentz structures
generated by a3 and as [62]. Second, the combination of
the significant LHC Run I diboson production analysis as
described in Ref. [76] also has a huge impact in the anal-
ysis. The combination of these two ameliorations enhances
significantly the accuracy of the combined results shown in
Fig. 3, in spite of the larger dimensionality of the parame-
ter space considered in the present study with respect to the
global analysis in Ref. [24].

4 Higher order operators and expansion validity

An important issue for numerical analyses performed in
an EFT approach is that of establishing whether the EFT
description is valid at the typical energies of the processes
considered. The task is particularly relevant when collider
data is included in the analysis, as the corresponding mea-
surements are typically taken at energies significantly higher
than the EW scale.

In general, the validity of the expansion can be discussed
studying the impact of operators which belong to different
expansion orders. In the context of the SMEFT, this is tanta-
mount to analysing operators with dimension d > 6. As dis-
cussed in Refs. [41,79-82], this analysis sets different con-
straints on the cut-off of the theory, depending on the observ-
ables and of the operators considered: the strongest bounds
are associated to observables that receive contributions from
d = 8 operators with a larger number of derivatives, as they
induce a strong energy-dependence.

Similar general considerations also apply to the HEFT.
However, in this case the discussion is complicated by the
simultaneous presence of several characteristic scales and,
consequently, of multiple expansion parameters. Although
the only physical scales of the HEFT are A and v, as explained
in Sect. 1, it is useful to keep momentarily the scale f (A <

47 f) as an independent quantity. The limit f — v will be
discussed later on.

In realistic composite Higgs models, that can be consid-
ered as a benchmark for understanding the role played by
each scale, v, f and A enter the low-energy Lagrangian in
three different combinations: v/f = /&, 1/4m < f/A <1,
and E /A, where E is the characteristic energy scale of a given
observable. As shown in Ref. [38], cross sections of physi-
cal processes only depend on scale suppressions: the generic
expression, adopting the NDA normalisation of Eq. (2.7), is
given by

w(dm)? (E2\
o T A2 ’

where (— Ny ) is the number of powers of A that suppress an
interaction term. The NDA master formula takes automati-
cally care of all the 47t factors appearing in the cross-section
(see Ref. [38] for further details and for generalisations), so
that (— N ) actually counts both powers of A and of f indif-
ferently. As aresult, the only quantities that can be considered
as proper suppression factors are 1/€ and E/A. The physical
relevance of a given cross-sections is basically determined
by its dependence on these two parameters.

While the dependence on 1/A is explicit in HEFT opera-
tors, it is less trivial to trace that on /& = v/f. To this aim,
it is useful to recall (see Sect. 1) that f is the scale associ-
ated to both the SM GBs and the Higgs and, as such, it is
always hidden inside the GB matrix U(x) and the generic
Higgs functions F (/). The dependence on f can be made
explicit expanding these structures:

“.1)

o,

U=1+2

+--, Fh) =l+2a?+~-~ 4.2)
Within V, and upon going to unitary gauge, the powers on
1/f are converted into factors of /€. This is due to the fact
that, in the kind of scenarios considered here, £ represents a
fine-tuning that necessarily weights insertions of longitudi-
nal components of the gauge bosons [38]. This indeed occurs
in composite Higgs models (see Refs. [30,31]), where anal-
ogous conclusions are found to hold also for 9, F (h).

It is worth noticing that, while U(x) and F (), consid-
ered globally, are adimensional quantities, their expansions
contain terms with different canonical dimensions that come
suppressed by powers of f. As a result, the leading terms
of V,, and 9, F(h), obtained applying one derivative to the
series of Eq. (4.2), have canonical dimension two: one dimen-
sion being associated to the derivative and the other to the
first non-vanishing term in the expansion of either U or F (%).
This observation can be generalised introducing the primary
dimension d,, defined in Ref. [38] as the canonical dimen-
sion of the leading term in the expansion of a given object.
For fundamental elements, such as derivatives, gauge fields
and fermions, the primary dimension coincides with the tra-
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Table5 Different HEFT building blocks and their primary dimensions.
The two last columns report the suppression factors associated to each
object

Building block d, Factors of & Factors of p/A
U(x) 0 1 1

F(h) 0 1 1

i 1 1 (p/N)

14 3/2 1 (p/ A2

X 2 I (p/A)?

Vo 2 VE (p/N)

0 F (h) 2 VE (p/N)

ditional canonical dimension. Table 5 contains a summary
of the primary dimensions for the building blocks used in
the construction of the HEFT Lagrangian, together with the
associated suppression factors. It follows from the discus-
sion above that a term suppressed by £%/%(p/A)? must have
dp =a+B.

With the information provided by Table 5, it is easy to
infer the dependences for all the HEFT operators, that can
be thus organised in a two-parameter expansion as indicated,
schematically, in Table 6. The colours discriminate between
two sets of operators: the structures reported in the cyan boxes
correspond to the NLO Lagrangian considered in this work;
the structures in the white cells, instead, are customarily con-
sidered as higher order terms, but their impact may be compa-

rable to that of the NLO terms for sufficiently high energies.
Depending on the observables considered, it may be neces-
sary to include (part of) the second set of operators into the
phenomenological analysis (see also Ref. [83]), even if this
would mean working with a ill-defined basis from a renor-
malisation point of view. This should not be seen as a con-
cern, as, even considering a complete, non-redundant basis
at NNLO, only the subcategories listed in Table 6 would be
physically relevant. Effects due to operator mixing under the
renormalisation group running are also expected to be com-
pletely negligible at the experimental sensitivities foreseen
for the near future.

In the limit f — v, the dependence on & does not rep-
resent a suppression anymore and the physical impact of an
operator is determined only by the factors of p/A. In this
case, one recovers a pure chiral expansion, which is organ-
ised “horizontally” in the representation of Table 6.

On the contrary, in the limit p/A =~ /&, all the opera-
tors with the same d, are equally suppressed and therefore
one recovers, altogether, the linear expansion organised in
canonical (or primary) dimensions. In this case, all the oper-
ators in the white boxes of Table 6 should be considered.
This condition is for instance fulfilled for A = 10 TeV and
E ~ 1TeV, which is within the range of energies that are
relevant for processes to be observed at LHC13.

The introduction of the primary dimension, i.e. of a count-
ing on explicit and implicit scale suppressions, allows one to
link the particular structure of an operator to the strength

Table 6 HEFT operators
distributed according to their & %
and p/A suppressing factors. A §
schematic notation has been

(0F)*(V)?
(V)*
(0F)*

adopted for categorising the
operators based on the building
blocks they contain. The terms 53/2
appearing in the cyan boxes
correspond to the NLO

operators listed in the previous
sections. The other terms refer
to operators that usually belong 3
to higher Lagrangian orders, but
that can have an impact similar

to that of the NLO ones for
sufficiently high energies. \/E =
EOMs have been employed to
remove redundant structures

hs|
=

v | (V)(
(W) | (9F)

—

v)?

(X)* ()

—
>3
~—
—
>3
~—
N
—
>3
SN—
]
—
>
SN—
IS

@ Springer



Eur. Phys. J. C (2016) 76:416

Page 23 of 45 416

of a physical signal in terms of cross sections. Indeed, if an
observable receives contributions from a single operator, then
the corresponding cross section is uniquely determined by the
primary dimension of that operator, according to Eq. (4.1).
As a consequence, the d), is a useful phenomenological tool
to indicate whether the strength of an observable, that receive
contributions only from operators belonging to higher expan-
sion orders, is expected to be of the same order or more sup-
pressed with respect to the other processes already considered
in the phenomenological analysis.

An interesting application of the primary dimension is that
if the d), of an HEFT operator is smaller than the canonical
dimension of the corresponding linear sibling, then the pro-
cesses described by these operators represent smoking guns
to test the linearity of the EWSB realisation. This is the case
of the operator P4(h) discussed in Ref. [38]: it induces an
anomalous TGV, commonly called gSZ , that is expected to be
strongly suppressed in the SMEFT description, but not in the
HEFT one.

5 Conclusions

The complete effective Lagrangian for a non-linear reali-
sation of the EWSB (shortened into HEFT) has been pre-
sented. It provides the most general description of the Higgs
couplings and it can be used for investigating a large spec-
trum of distinct theories, ranging from the SM to techni-
colour constructions, including composite Higgs realisations
and dilaton-like frameworks. In contrast with the effective
Lagrangian for a linearly realised EWSB (also SMEFT), in
which the Higgs belongs to an exact SU (2);, doublet, in the
HEFT the physical Higgs is assigned to a singlet representa-
tion of the EW group and it is treated as an object independent
of the Goldstone bosons’ matrix.

Assuming invariance under the Lorentz and SM gauge
symmetries, as well as the conservation of baryon and lepton
numbers, the complete chiral basis at the next to leading
order contains a total number of 148 independent, flavour
universal terms. When extending the SM spectrum to include
three right-handed neutrinos, 40 more operators enrich the
basis. The generalisation to arbitrary flavour contractions is
straightforward.

Conversely, the SMEFT basis up to d = 6 consists of only
59 flavour universal terms, in absence of right-handed neutri-
nos. The different number of operators and of building blocks
used for the construction of the two bases lead to fundamen-
tal differences between the SMEFT and the HEFT. The pos-
sibility of distinguishing between them has been discussed
performing a global fit including all the available data from
colliders, including EWPD, Higgs and TGV measurements
taken at the LHC Run I. The main outcomes are summarised
in the following points:

— The Electroweak precision data analysis together with
the study of the CKM matrix unitarity allows one to con-
strain 11 parameters of the HEFT Lagrangian. The cor-
responding value of the 2 at the minimum is 6. This can
be compared with the corresponding analysis within the
SM, whose X2 is 18.4.

— Theresults forthe S, T and U parameters are significantly
different from the standard analysis in the SMEFT with
operators up to dimension 6, due to the presence of extra
free parameters: the allowed range for S is about 4 times
broader, while the bounds on 7" and U are about 20 times
weaker.

— The analysis of Higgs data depends on a total of 10
parameters, with one bosonic operator more compared
to the same analysis in the SMEFT case at dimension
six. Although the final results are quite similar to those
obtained for the SMEFT, the addition of the extra param-
eter broadens the allowed range for the remaining nine
coefficients, as expected.

— The interplay between triple gauge-boson vertices and
Higgs couplings provides an interesting way of inves-
tigating the nature of EWSB. Although this analysis is
not conclusive yet due to the limited sensitivity on the
observables considered, the introduction of kinematic
distributions is seen to improve considerably the results.
Would the accuracy of Higgs measurements improve sig-
nificantly in the future, this kind of analysis may reveal
signatures of non-linearity in the Higgs sector.

— It has been underlined that with the increase in energy at
colliders, it may be necessary to consider several opera-
tors that, in spite of being usually considered as higher
order effects, may have a non-negligible phenomenolog-
ical impact. The list of the relevant structures has been
given in Table 6.

In summary, this work extends the chiral basis of Refs.
[24,25] with the introduction of fermionic operators. More-
over, the analysis presented here updates and extends that
contained in Ref. [24] with the inclusion of more recent col-
lider data and of fermionic observables. A strategy for disen-
tangling the nature of the EWSB has been discussed, based
on the presence of new anomalous signals and of decorrela-
tions among observables. It has also been discussed how the
phenomenological analysis should be modified when higher
energy data is kept into account, specifying the relevant oper-
ator structures that should be added to the basis in this case.
The analysis presented here represents the first phenomeno-
logical study performed with the complete HEFT Lagrangian
and it could be taken as a reference for dedicated experi-
mental analyses aimed at shedding light on the Electroweak
symmetry breaking sector and the Higgs nature.
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A Additional operators in the presence of RH neutrinos

Adding right-handed neutrinos to the spectrum amounts to
declaring a non-zero upper component for the L doublet,
which shall be defined as Lg = (Ng, Eg)T. Consequently,
the lepton Yukawa matrix in the LO Lagrangian Eq. (2.3) has
to be generalised to account for the masses and interactions
of the neutrinos with the Higgs

hn h}’l
_ ) (n)
yL(h):dlag(En Y, o E Y, v”)'

n

(A1)

In addition, the fermionic basis presented in Sect. 2.3 must
be enlarged in order to account for the increased number of
possible invariants, as follows:

17 28
1 -
sthr = Y AT+ Y & (o +int) A

j=15 j=18
31 4
Y= (n§. + mg) N (A2)
j=29
10 15
(47)* 0, .=\ pt 0 pe
AL = 2 Z(r]—i-lrj) Rj—i-Zr] R;
29 3
[0 (0] [9)4 oL ,0Or
3 (P ) R 3 RS
j=24 j=30
(A.3)

The complete list of additional operators is provided in this
appendix.
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Single leptonic current operators

With one derivative

Nfs(h) = iLg y,U'VFU Ly F,
CP  Nfy(h) = Lgy, U V4, TIULg F,
N (h) = iLgy,U'TVATU Lg F.

With two derivatives

Nig(h) = L, TU Lg 8, Fo"F',
No(hy = Ly V,ULgd"F,

Niy(h) = L TV, TU Lg 3" F,

N (k) =Ly V,V*TU Ly F,
Nb(h) =Ly TV, TVFTU Lg F,
Ni(h) =Ly V,TVAU Lg F,
Niy(h) =Ly V,TV*TU Ly F,
Nis(h) = Ly 0"V, U Lg 8, F,
N2£6(h) =1L "' TV, TU L 9, F,
N (h) = L o™V, TV, TU Lg F,
Nyg(h) =Ly o""[V,,V,ITULR F,
Nig(h) = ig' Ly o"'TU Lg B, F,
Np(h) =ig Ly o™ {Wy,, TULR F,
Nij(h)=igLy o™ TW,,TU Lg F.

Four-fermion operators

Additional operators with four leptons:
R{(h) = (Lp o'ULR)(LL o' ULR)F,
RG(h) = (LLULR)(LLTU Lg)F,
R{y(h) = (L TULR)(Ly TU Lg)F,
Riy(h) = (Lryu Lr)(Lg y"U'TU Lg)F,
RY(h) = (Lr y,U'TU Lg)(Lg y*U'TU Lg ) F,
Ri3(h) = (LL yu LL)(Lry"U'TU Lg ) F,
Riy(h) = (LL vy, TLL)(Lry"U'TU Lg)F,
Ris(h)y = (L yuo' L) (Lgy"UTa'ULR)F.

Additional mixed operators with two quarks and two lep-
tons

RS'(h) = (L UQR)(QL TULR)F,

R (h) = (L TULR)(QL U Q)F,

R2‘(h) = (L TULR)(Q1L TU Qg )F,

RE'(h) = (L TU Q) (Q1 TU Lg)F,

RS‘(h) = (Ly o'TU LR ) (01 0'U Qr)F,
RS () = (Lpo'TU Qg)(Qr o' ULR)F,

R (h) = (Lr v U'TU L )(Qr y" QR)F.
RS'(h) = (Lr y,U'TU Lg )(Qr y"U'TU Qg )F,
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R () = (Lr y,UTo/ULR)(Qr y"Uto/U Qg)F,
R (h) = (01 v Q1) (L y"U'TU L) F,

RS (W) = (01 v, T Q1) (Lry"U'TU Lg)F,

R (h) = (0L yuo! QL) (Lry"U'a/ULR)F,

R () = (O y" L) (Lry, U'TU Q) F,

R (h) = (01 yuT L1 )(Lg y*U'TU Qg ) F,

R (h) = (01 y"o! T Ly )(Lg v UTe/U Qp)F

B Removal of F (h) F(h) from the Higgs and fermions
kinetic terms

All the kinetic terms in the LO Lagrangian, Eq. (2.3), are
canonically normalised, despite the fact that the singlet nature
of the / field in principle allows one to couple them to a func-
tion F(h). In the case of the gauge-boson kinetic term, the
absence of a Higgs-dependence is justified in the assump-
tion that the transverse components of the gauge fields do
not interact with the Higgs sector at LO. On the other hand,
in the cases of the Higgs and of the fermions’ kinetic terms,
the dependence F (%) is completely redundant, as it can be
removed via a field redefinition (analogously to what was
done in Ref. [84]. See also Ref. [26]). This appendix pro-
vides more details about this redefinition.

The coupling of the fermionic kinetic term to a generic
Higgs function would be of the form

S (Fpy =Dy (14 F ). (B.1)
where ¥ = {Q, L} and

h h?
fw(h)zcl/,-}-Za,/,; +b¢ﬁ+'” (B.2)

The dependence of F, (1) can therefore be removed via the
redefinition

v — ¥ [1+Fy )]

As this substitution is applied to the whole Lagrangian, it
induces a modification of all the couplings between fermionic
and Higgs fields, which can be reabsorbed in redefinitions of
the functions F; (h), which accompany fermionic operators.
In particular, this is also true for the LO Yukawa couplings, as
they are accompanied by arbitrary polynomials Vg, (7). In
conclusion, the insertion of a function Fy, (1) in the fermionic
kinetic term is redundant in the LO Lagrangian of Eq. (2.3).
The Higgs kinetic term may also be written as

-1z (B.3)

1
Eauhaﬂh 1+ Fuh)), (B.4)
with

h h?
fH(h)ICH-FZaH;-I—bHE-F-" (B.5)

In this case, the Fpy (h) function can be removed by the field
redefinition

h
h— / V14 Fu(s)ds; (B.6)
0
in fact
1 1 2
S0 = 3 [auh,/l ¥ T (h)] —Pu(h). (B

Although this redefinition looks quite involved, it clearly
induces modifications of all the Higgs couplings in the
Lagrangian. As these are always described by arbitrary coef-
ficients, the redefinition (B.6) can be entirely reabsorbed into
redefinitions of the functions F;(H), which appear in the
Lagrangian. As seen for the case of Fy (h) above, the pres-
ence of Fy (h) in the Higgs kinetic term is redundant within
the LO Lagrangian chosen in Eq. (2.3).

B.1 A practical example

In order to give a practical illustration, one can consider a

specific function
h

Fu(h) =2ap—. (B.8)
v

Then the equation

n ’ 32
h’=/ 1+ 2apsjvds = — [( a”h+1) 1
0

3ay v
(B.9)
can be solved analytically, obtaining
3 2/3
=" [(ﬂh’Jr 1) 1. (B.10)
2ay v

Plugging this result into F¢ (h) and re-expanding in /' /v, it
gives’:

h/ h/ 2
fc(h)=1+20c;+(bc—aca11)< ) ,

v

(B.11)

so that the impact of the redefinition can be entirely reab-
sorbed defining primed coefficients,
ac =ac, by =bc—acap. (B.12)

An analogous redefinition allows one to reabsorb inside the
function yéf") the effects on the Yukawa interactions.

9 In this computation ay > 0 is assumed. For negative values the third
roots give some complications.
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C Construction of the fermionic basis

This appendix provides additional information about the con-
struction of the fermionic basis specifying, in particular, the
relation between the structures present in the operators pre-
sented in Sect. 2.3 and those that have been removed. In the
following, generic fermion fields are denoted by v = {Q, L}
while I stands for an arbitrary SU (2) structure, combination
of theblocks {T, V., Dy, o/}. The Lorentz contractions are
always explicited and, whenever they are not specified, chi-
ralities are arbitrary. The correspondence between classes of
operators is indicated schematically by an arrow (—); signs
and numerical coefficients are not specified in these relations.

C.1 Useful identities

A list of useful identities is provided below. Since the build-
ing blocks A = (T, V,, D, V#} are traceless, they can be
generically rewritten as A = %Tr[Acr“]cr“. This yields the
relations:

[T,V,]= %sijkTr(Tai)Tr(Vuaj Yok, (C.1)
{T,V,} =Te(TV, )L, (C.2)
TV, T = % [Tr(TVu)Tr(Tai) _ Tr(VMUi)] ol

= TTr(TV,) — V,. (C.3)

The properties of the SU (2) generators additionally lead to
the following identities:

TV, V¥ =V, VHT,

TV, TV, =V, TV, T,

TV, TV, T =V, TV, (C4)

T[V;u Vv] = —[Vﬂ, VV]T — 2V[MTVV].

The transformation properties of T and V, ensure

D, T=1[V, Tl (C.5)

Vi =D Vy =D,V = igWyy —ig'Byuv/2 + [V, Vil
(C.6)

The Fierz identities for chiral (anticommuting) fields have
been employed for the reduction of the four-fermion basis

_ _ 1 - _
(AL BR)(CLDR) = _E(ALDR)(CLBR)

1 - _
- g(ALUMUDR)(CLU;wBR)» (C.7

_ - 1 - -
(ALBR)(CRDL) = _E(ALJ/MDL) (Cry"Bg), (C.8)
(ALyuBL)(CLy"Dr) = (ALyuDr) (CLy"Br), (C.9)
(ARYuBRr)(Cry" DR) = (ARyuDR) (Cry"Bg). (C.10)
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Whenever they are applied to SU(2) doublets (and SU (3)
triplets), these identities must be applied together with the
completeness relations for the generators of SU (2) (and of
SU(3)),

0 Omn = 20in8mj — 8ijOmn. (C.11)
2
X;}A;‘;n = 28in0mj — §8ij8m,,, (C.12)

in order to recover the correct gauge contractions. For exam-
ple, combining Eq. (C.8) with Egs. (C.11) and (C.12), the
scalar identity for quark doublets reads

(012 028)(Q3r Q41)
1 - _
= —E(QlLVuQu)(QsRV”QzR)

1 - _
—5(QlLyuakQ4L)<Q3Ry“akQ2R>

1 - _
—g(QleA 041)(Q3rY"2* Q2r)

1 - _
——(01yu A" Qur)(Q3ryH A% Qap).

s (C.13)

C.2 Construction of A%

— Since for traceless matrices Tr(AB)l = {A, B}, the
operators of the type xﬁyﬂl//Tr(Fle)J’: with T; =
(T, V,, D,V,} are always equivalent to the bilinears
Vyully, Doy F.

— Bilinears with a derivative on the fermion field and a
vector current (e.g. (Dlﬂ,ﬁ) y " X 1) can been removed via
integration by parts and application of the EOMs (see
Appendix D).

— Operators with a derivative on the fermion field but with
no gamma matrices (of the type ¥ I'* D, ) are removed
using the relation gV = {y#, y"}/2, integration by parts
and the EOMs:

YT D'y = Y g, T D"y = YV (D)
+Uy V(D)
- _ -
= YV (Dy) — W DV —v(DV)y
— YV + D, T Yy +iyo" D, Ty
(C.14)

— Bilinears with the structure y*y"D,V, can be reduced
to a combination of dipole operators (containing field
strengths), terms with the structure #V,V, and bilin-
ears with the direct contraction D, V#. In fact:

y*y'D,V, = (g‘“’ — io‘“’) D,V,

=D, V' — oMV,

5 (C.15)
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where Eq. (C.6) shall be applied on the latter term. The
former can also be removed using the EOMs.

— the commutator [D,, D,] is always vanishing when
applied to SU (2) invariants (right-handed fermions, B
and G fields, F(h) functions), while it is traded for a
field strength when it acts on a quantity X with non-trivial
isospin transformations: [D,, Dy1X = ig[W,,, X].

— further combinations of T and V, that do not appear in
the basis reported in Sect. 2.3 have been traded for others
using the identities (C.1) and (C.4).

C.3 Construction of A%

Further details of the construction and of the reduction of
the four-fermion operators basis are provided in this sec-
tion. None of the terms of A.%r have been removed via
the EOMs, while the Fierz identities (C.7)—(C.10) have been
extensively employed for removing redundant structures. In
particular, operators with tensor currents (Yo y)?) were
not included in the final basis, as they are always equiv-
alent to combinations of scalar contractions via the Fierz
identity (C.7). Similarly, operators with the scalar contrac-
tion (&LwR)(ll_le/fL) have been traded for terms with the
vector structure (Y, Yu V1) (Wry*yr) employing the iden-
tity (C.8).

Four-quark (lepton) operators

— There are four independent SU (2) contractions of four
quarks that can be constructed with the scalar structure
(YL YR)(WrwR). They are easily identified in unitary
gauge by the U (1)ey, invariants

(uu)(uu), (dd)(dd), wu)(dd), (ud)(du).

Keeping colour contractions into account, the total num-
ber of independent operators in this category is eight.
With four leptons there is only one invariant with this
Lorentz structure, due to the absence of right-handed neu-
trinos: (ee)(ee).

We do not provide the expressions of all the possible
SU (2) structures in terms of the invariants selected for
the basis of Sect. 2.3. However, it is worth commenting
on two contractions that can be constructed without the
explicit insertion of Goldstone bosons: in the four-quark
case they are

ngl = ¢ijear(0Li Ora)(OL j Qr 0)F,
RS = gijean(Or i34 Qr0)(Q1 jA* Qrp)F.  (C.16)

In the four-lepton case, it is possible to introduce a struc-
ture analogous to the first one, but only in the presence
of right-handed neutrinos. This would read

Riy =eijeap(Lr i LrRa)(LL j LR p)F. (C.17)

The operators of Egs. (C.16) and (C.17) are redundant in
the basis of Sect. 2.3: in fact, exploiting the properties of
the Pauli matrices and the completeness relation (C.11)
one has

7
UiaUjp — (Uo)ia(Uob) ji = 2680 (c?, + )
(C.18)

where we have used the compact notation s, = sin
(I7/v), cx = cos(|7|/v). From Eq. (C.18) it follows
immediately that

2 2 T
=2 =14
_of, 1EP 417
—R51<1—7+§7+'“
Q Q =12
R —R Ed
6 2 2
5 2 =R5%<Cﬂ+_vz Sﬂ)
=RrR9 (1 Z2 4lEl C.19
=R3(1-"5 435+ ) €19

=R (1 ﬁ Z_lﬁ
=Ry(1-"+3 a0+ )

Therefore, the interactions contained in R 891, R 892 and Rf N
are already described by linear combinations of operators
in the basis.

The class of four-fermion operators with two left-handed
currents contains four independent operators in both the

four-quark and the four-lepton cases:

(QLyu QL)% (uu)(uu), (dd)(dd),
(uu)(dd), (ud)(du),

(Leyu L)% (v) (), (ee)(ee), (vv)(ee),
(ve)(ev).

Notice that in this case the octet colour contraction
(0L )/MAA 01)? is not independent. In fact it is equiv-
alent to a combination of invariants with singlet colour
contractions. Using Egs. (C.9) and (C.12):
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(L vuh Q) QL yuh QL)
1 - _
= g(QL Y QL )(QLyu OL)

+(Qr yuo! QL)(QrL yuo’ OL). (C.20)
An analogous relation holds for the structures with right-
handed currents.

— The class of four-fermion operators with two right-
handed currents contains four independent operators in
the four-quark case but only one in the four-lepton sector:

(Orvu Qr)*  (ww)(uu), (dd)(dd), (uu)(dd),
(ud)(du),

(Lryu Lr)*  (ee)(ee).

— Finally, there are five independent SU (2) contractions
for quark vector currents of opposite chirality (v Yu¥L)
(YrY"¥R), to be doubled when including octet colour
contractions:

(uu)(uu), (dd)(dd),
(ud)(du) + (du)(ud).

(uu)(dd), (dd)(uu),

The four-lepton counterpart, instead, contains two invari-
ants corresponding to the interactions

(ee)(ee), (vv)(ee).

Mixed quark—lepton operators

— Operators with the scalar contraction (Y7 ¥g)(Wr¥g)
can have either the structure (Q 0) (LL) or (QL)(E 0).
Each of these yield three independent invariants, that are
most easily identified in unitary gauge by the interactions:

(QO)(LL): (uu)(ee), (dd)(ee), (du)(ve),
(QL)Y(LQ): (ue)(eu), (de)(ed), (de)(vu).
(C.21)
— The two combinations (Qry,Qr)(LLy*LL),

(OryuLL)(LLy"* QL) are related by the Fierz iden-
tity (C.9), and therefore only the former structure has
been retained. The same holds for the analogous terms
constructed with right-handed currents, that are con-
nected by Eq. (C.10).

This class includes five independent left-handed invari-
ants, identified by the hermitian combinations

(uu)(ee), (dd)(ee),
(du)(ve) + (ud)(ev),

(uu)(wv), (dd)(vv),
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and two right-handed ones:

(uu)(ee), (dd)(ee).

— Operators with one left-handed and one right-handed cur-
rent can be constructed in either of the combinations
(QLvu Qu)(Lry" Lr),(LLyu LL)(Qry" Qr)and
(Or Yu L )(Lg y" Qr). These provide, respectively, 2
+ 5 + 3 independent interactions:

(QO)LL):  (uu)(ee), (dd)(ee),
(LLY(QQ):  (ee)(uu), (ee)(dd), (vv)(uu),
(v)(dd), (ve)(du) + (ev)(ud),
(LOY(QL):  (eu)(ue), (ed)(de), (vu)(de).
(C.22)

D Application of the EOMs

Given the LO Lagrangian in Eq. (2.3), the fields satisfy the
following EOMs:

Dy = %Uw(mw,

iBYr = =V, U'YL,

D.1
7 (D.D

(DEW,)" = Z gl/}LaaVM/fL
¥=0,L
igv2

+ 1 Te[V,o1Fc(h),

0“Byy = gco Y ihy, 1
i=L R
¥=0.L

igcov?

(D.2)

Tr[TV ] Fc(h), (D.3)

2
Oh = —V'(h) — UZTr[VMV“]]—'/C(h)

> 5l

¥=0.L

FLUY) ¥k +he.)., (D.4)

where hy, are the hypercharges in the 2 x 2 matrix notation:

ho, = diag (1/6,1/6), hg, = diag (2/3, —1/3),

hy, =diag(—1/2,—1/2), hy, = diag(0,—1), (D.5)

and the prime denotes the first derivative with respect to h.
A consequence of Egs. (D.2) and (D.1) is
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D, (V'Fe) = —Du | Y vnoly™vn | ol

¥=0.L
o o - o .
= w_ZQL(wLafuy¢ (e = F=Y}, (U 0T y1) o,
(D.6)
which can be recast in the form
Tr(a/ D,V F(h) = \/Tz
x Y (VLo UV vr = IRV U o)
¥=0.L
—Tr(0’V,)d" F(h), (D.7)

which is valid order by order in the /4 expansion.

D.1 Operators that have been removed via EOM

The EOMs relate the purely bosonic and the fermionic sec-
tors, and they have been used to eliminate operators that are
redundant when both sectors are considered at the same time.
In this section we list the categories of operators that have
been removed.

Bosonic sector

— Operators containing OF (h).
Applying the EOM for the Higgs, Eq. (D.4), these terms
can be traded for a combination of other bosonic opera-
tors plus fermionic bilinears and four-fermion operators.
The following CP even terms have been removed, com-
pared to the basis of Ref. [24]:

Ohh
Pou(h) = —5=F.
P7(h) = Te(V, VHOF, (D.8)

Pas(h) = Tr(TV,)Tr(TVH)OF,
and the CP odd operator
Si13 = Tr(TV )0 OF. (D.9)

— Operators containing D, V#.
Rewriting the traceless matrix D, V¥ as

a
D, VV = %Tr(a“DMV“) (D.10)

and applying the identity (D.7), these bosonic operators
can be traded by combinations of fermion bilinears, four-
fermion operators and other bosonic terms that already

belong to the basis. The following CP even terms have
been eliminated, in the notation of Ref. [24]:

Po(h) = Tr((D, V) F,

Pro(h) = Tr(VUDMV“)av}',

Pis(h) = Tr(TD, V*)Tr(TD, V") F, (D.11)
Pio(h) = Tr([T, V,ID, V) Tr(TV").F,

Pig(h) = Tr(TD, V*)Tr(TV,)d" F.

Analogously, five CP odd operators have been traded for
others: in the notation of Ref. [25] they are

S10 = iTr(V,D, V) Tr(TV") F,

S11 = iTr(TD, V) Tr(V, V") F,

Sia = iTr([V*, TID, V"0, F, (D.12)
Si4 = iTr(TD, V*)d, F(h)d" F,

Si6 = iTr(TD, V*)Tr(TV,)Tr(TV") F.

Fermionic sector

— Bilinears of the type ¥y, ¥ 9*F.

Applying the EOMs for fermions (Eq. (D.1)), these oper-
ators can be schematically rewritten as

ITyYu o' F = —§ DTYF — Jryu (D' TP F
—y T DY F
— Yy (D*TDYFYTyF. (D.13)

Bilinears containing [JF.

Operators in this category are removed applying the EOM
for the Higgs field, Eq. (D.4) and traded for other bilinears
plus four-fermion operators.

invariants containing D, V#

As in the bosonic sector, these operators are removed
applying the identity (D.7). and traded for other bilinears
plus four-fermion operators.

Finally, the EOMs for the gauge (Egs. (D.2), (D.3)) and
Higgs (Eq. (D.4)) fields imply the following additional
relations (signs and numeric coefficients not specified):

Pg+P1+Pr+Ps+Pr
— Ly dV* T, F+ N2 + N2,
Pw + P1+ Pz + Ps + Tr(V, VHF
— il y V'L, F +NE, (D.14)
Pr +P1+ Pz + P2+ P13+ P17
— L,y TVPTLL, F 4 iLy,y, VP Ly, F + N2
+NE.
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These have been employed to remove the three (flavour-
diagonal contractions of the) leptonic operators specified
on the right-hand side. This choice simplifies the renor-
malisation procedure.

E Feynman rules

This appendix provides a complete list of all the Feynman
rules resulting from both fermionic and bosonic operators
considered in the present work and listed in Sects. 2.2 and 2.3.
For compactness we omit CP violating terms, that are not rel-
evant for the phenomenological study presented. The rules
are derived in unitary gauge and only vertices with up to four
legs are shown. The SM contribution and the renormalisa-
tion effects are also included, up to first order in the effective
coefficients. The latter are sometimes encoded in the quan-
tities Ag1, Ago, Agw and AMy defined in Egs. (3.5), (3.6)
in the text.

A few comments about the notation and conventions used:

— All momenta are flowing inwards and the convention
0y — —ipy has been used in the derivation.

@ Springer

— We use a shorthand notation for the products c;a;: for the
bosonic operators, we replace a;c; — a; and bic; — a;.
For the fermionic operators, we write aif nlf — (na)l-f .
The structure ¥ dF3F gives couplings hhf f with the
coefficients nlf aif al{f . This notation has been shortened

in (naa’);f . For the coefficients of the function F¢ (h),
defined in Eq. (2.4), the notation ac = 1 + Aac, bc =
1 + Abc is adopted.

— We have fixed Vckm = 1 for compactness. At the same
level, all the effective coefficients are implicitly taken to
be flavour diagonal.

— Inthe vertices with a single fermion current the spin con-
tractions are obvious. For those with four fermions we use
anotation with square brackets and lowercase indices: for
example [ Pr].»[ Pr]cq means that the right chirality pro-
jector contracts the spins of the a and b particle, and the
left chirality one shall be inserted between the ¢ and d
fields.

— Uppercase indices indicate colour and are assumed to
be summed over when repeated. Whenever they are not
specified, the colour (and flavour) contractions go with
those of the spin.
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