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We analyze the electroweak interactions in the framework of the Higgs effective field theory using the
available Higgs and electroweak diboson production results from LHC run 2 as well as the electroweak
precision data. Assuming universality of the weak current, our study considers 25 possible anomalous
couplings. To unveil the nature of the Higgs boson, i.e., isosinglet versus part of SU(2), doublet, we
explore the correlation effects between observables that are predicted to exist in the linear realization of the
electroweak gauge symmetry but not in its nonlinear counterpart. This improves previous studies aimed at
investigating the Higgs nature and the origin of the electroweak symmetry breaking.

DOI: 10.1103/PhysRevD.105.053003

I. INTRODUCTION

The CERN Large Hadron Collider (LHC) has accumu-
lated an impressive amount of data which allows not only to
search for direct beyond the standard model (BSM) signals,
but also to perform precision tests of the standard model
(SM). Due to the lack of direct evidence of new physics, it
is reasonable to assume that it is heavy. Therefore, we use
effective Lagrangians [1-3] to search for deviations from
the SM predictions.

The nature of the Higgs-like state observed at the LHC in
2012 [4,5] plays a pivotal role in the construction of the
low-energy effective field theory. If it belongs to a SU(2),
doublet, the SM gauge symmetry can be realized linearly in
the effective theory, which in this case is called standard
model effective field theory (SMEFT). Conversely, if the
Higgs boson is a SU(2), isosinglet, we are led to use a
nonlinear realization of the gauge symmetry and the low
effective theory obtained this way is called Higgs effective
field theory (HEFT); for a review of these frameworks see
Ref. [6]. In a top-down approach the Wilson coefficients
depend upon the specific UV-completion realized in nature.
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Here, we adopt a bottom-up strategy where the Wilson
coefficients are treated as free parameters, therefore, prob-
ing a large set of models simultaneously.

In this work we analyze the presently available electro-
weak data to study the HEFT. More specifically, we employ
the Z-pole precision electroweak observables (EWPO), the
diboson WW, yW, and WZ productions and the recently
released Higgs kinematic distributions to constrain the
HEFT Wilson coefficients. Furthermore, we also study
the Higgs nature by analyzing the correlations between the
diboson production and Higgs properties that are present in
the linear realization of the symmetry but they are absent in
the nonlinear one [7]. We also study the impact of the LHC
data on a class of composite Higgs models [8§—-10] which
introduce correlations between some of the HEFT Wilson
coefficients.

Previous works analyzed the LHC HEFT phenomenol-
ogy taking into account a different choice of power
counting to order the HEFT series [11]; see for instance
Refs. [12-19]. Generically, these works consider anoma-
lous interactions which exhibit the same Lorentz structure
of the SM. Here, we expand the list of effective operators
probed in these analyses and also consider substantially
updated datasets with most of the experimental results
containing the full LHC run 2 luminosity. In particular we
include in the analysis the most up to date results on the
kinematic distributions for the Higgs observables in the
form of simplified template cross sections (STXS) [20,21].
Furthermore, we not only consider constraints associated
with Higgs observables but we also analyze the impact of
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the LHC run 2 data on triple electroweak gauge-boson
couplings (TGCs). This allows us quantify observables
which depend on the nature of the Higgs boson. Finally, our
quantification of the present status of the bounds on some
specific composite Higgs models extends that of previous
works [19,22-24] by considering the impact of the Higgs
kinematic distributions and the full LHC run 2 dataset.

The overall picture that emerges from our analyses is
that the presently available data is in agreement with the
SM, as could be anticipated. This allows us to obtain
stringent constraints on the Wilson coefficients parametriz-
ing our bottom-up approach. In particular, the Higgs
interactions to photon and gluon pairs receive the strongest
constraints. In addition the triple electroweak gauge-
boson couplings agree with the SM prediction at the
percent level.

This work is organized as follows. We present in Sec. 11
the theoretical framework of our studies while Sec. III
describes how we performed our analyses as well as the
datasets used in it. Our results are presented in Sec. IV and
we discuss some implication of those in Sec. V.

II. THEORETICAL FRAMEWORK

In this work we consider that the observed Higgs-like
state is an isosinglet of the SM gauge symmetries. In this
scenario, the realization of the SM gauge symmetries is
nonlinear. Denoting the electroweak (EW) Goldstone
bosons (GB) as 7, the building block of the low-energy
effective Lagrangian is a dimensionless unitary matrix

U(x) = e ma/f (2.1)

Lo= 7G5 G - 2B

+ iLRDLR + ——= (0. UY,(h)Og + H.c.) -

\ﬁ \ﬁ

where L (Q) denotes the lepton (quark) fermionic field. G,
W, and B, stand for the SU(3),., SU(2),,and U(1)y field
strengths respectively. The covariant derivative acting on
the left-handed and on the right-handed fermion fields can
be generically written in the following way

a /

g

D}IWL: (a}l+lgsTAGA+lg 2 ZBMYW)U/L, (27)

qJ
Dyyg = <8 + tgsTAGA +1= ) B,(c o + Y,) Jwg. (2.8)

The G4, W, and B, represent the SU(3)., SU(2),, and
U(1), gauge boson fields respectively. The T4 are the
SU(3), generators, the Gell-Mann matrices, with normali-

1
W“ wer ——B, B 4 — 8 h@”h—ZTr(

(LLUyL(h)LR + H.C.),

where f is the GB scale and ¢ are the Pauli matrices.
U transforms as a bidoublet under the global symmetry

U2)r ® SUQ2),
U—- U = LUR, (2.2)

with L (R) being a SU(2), g, transformation. Its covariant
derivative reads

8,U(x) +ig T WHU() ~ L B, (U (x)o,.
(2.3)

D, U(x) =

It is also convenient to define the vector chiral field and its
covariant derivative as

Vv, = (D,U)U", (2.4)

D/AVDC = aﬂva + ig[W/u Va]’ (25)

where W, stands for Wje//2. We also define the scalar
chiral field T = Uo;U". These three objects transform in
the adjoint of SU(2), .

We follow the notation defined in Ref. [25] to which we
refer the reader for details in the construction of the HEFT

Lagrangian. In brief, the leading order (LO) term in the
HEFT expansion is

V, VI Fc(h) = V(h) +iQ PO + iOrPOg + il PL,

(2.6)

zation Tr(TAT?) = 258 In the covariant derivative of the
lepton fields, the SU(3). term must be dropped. The
function F(h) can be expanded as
h h?

where the dots account for higher powers of (i/v). It is
convenient to single out the BSM part of the coefficients a
and b by writing

ac = 1 + Aac, bC =1 + Abc, (210)
where Aa., and Ab. are assumed to be of the same order as
the coefficients accompanying the operators appearing in
next-to-leading order (NLO) AL.
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The Yukawa couplings depend on functions Y (h)
analogous to F¢(h), whose first two terms are

, h A"
Vo(h) Edlag(yg’) + Y§}>;+ Y YS)FJF )

. h
V. (h) Edlag<0, Y\ +Y§)>;+...>. (2.11)

The Y(© terms yield fermion masses, while the Y1) ones
control the Higgs coupling to fermion pairs.

The BSM contributions are described by a AL whose
ordering depends upon the choice of power counting.
Following Ref. [25], we consider that the NLO operators
are either the ones necessary to renormalize one-loop
divergences or receive finite one-loop contributions. In
total, in the absence of right-handed neutrinos there are 148
independent operators that conserve CP without taking into
account flavor indices.

This Lagrangian can be generically written as

AL= ¢iPi+ Y nPNE+) niN?
i i i
+ ZF?RIQ + er R + Zr?fRiQ”ﬂ

(2.12)

for operators involving only bosons (P;), two quark or two
lepton currents (A<, and ), and four fermion currents
(R2, RY and RY). Each of them includes a function
F:(h) conventionally parametrized as

h _ B2
]—'i(h):1+2ai;+bi?+.... (2.13)
If ¢; is the Wilson coefficient of the effective operator j, it
appears multiplying all the terms in the definition of F ;.
Therefore, for convenience, in what follows we introduce
the notation
cja; — aj cb;

and equivalently for operators with coefficients n; and r;.

At this point, it is important to notice that there are not
enough data to constrain all the Wilson coefficients con-
tained in the LO and NLO Lagrangians, therefore we focus
on a representative subset of operators. From the LO
Lagrangian we shall consider four of the Yukawa couplings
together with the bosonic operator F . At NLO we include
effects from 13 purely bosonic operators and seven operators
involving fermions.

In particular we consider the ten operators that contribute
to the electroweak precision data

2

Pi(h) = B, Tr(TW"”)]—'l,PT(h):%Tr(TVﬂ)Tr(TV”)}"T,

Pia(h) = (Tr(TW )) Fia,
N =1 QLny”QL}—IQ’

NS+ N =iy, UVIUQRF,p + iQry, U TVATUQ Fo,
NS =i0.7, V" . T}O, Fsp.
NE = iQgy, U { V", THUQR Fgp.

= iQLVyTV”TQLj:,

NG = iLgy, U { V¥ TULRF s,

RS —R{ =

The operators Py, Pr, P,, and RS — RS contribute to
the oblique parameters S, T, U, and to a shift to
the Fermi constant respectively. Moreover, the six
remaining operators modify the W and Z couplings to
fermion pairs. These contributions are presented in detail
in Ref. [25].

Altogether in our fit to the EWPO we parametrize the
HEFT contributions in terms of the following Wilson
coefficients

(Lpy,Lp)(Lpy*Ly)For —

(Lpy,TLy)(Lpy*TLy)Fsy. (2.14)
|
{Cl,CT’Cu’”?’”z +ng 7”597”?7”797”2»”2_”5} (2.15)

which correspond to the contributing part of the operators
in Eq. (2.14) by taking F = 1.

In addition, we consider four bosonic operators that
modify the TGC and affect the production of electroweak
gauge boson pairs WW~, W*Z, and Wy at the LHC,
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l
PZ(h) = EByuTr(T[V”v Vy])fb
A
47

i
Pis(h) = 2 Tr(TW, TR (TIVE, V) P,

P3(h) = TI‘(WW[V”,V”])f3,

47 b
waw(h) = Azb

WeWP W Fyww, (2.16)

whose correspondent Wilson coefficients for 7 =1 are

{c2. c3, 13, cywww - (2.17)

These operators modify the TGC yW*W~, and ZWW~.
These anomalous contributions can be generically para-
metrized in terms of the usual effective TGC Lagrangian
given in Ref. [26],

Lywy = —iQWWV{QY(W,ZW_”V" - Wiv,w)

A
Ry WIW Vi 4 ﬁwﬂtw—wvﬁ}, (2.18)
w

with deviations from the SM predictions ¢f =k, =
kK, =1,4,=1;,=0,

9

2

AQ%ZQ%—IEW
w

C3,

AKZ =Kz — 1= i<C3 + 2C13 - 2[WC2),
4n

g c
AKJ,_K},—IEE<C3+2C13+2i>,

_ brgv?

)'J/ = /12 = TCWWW’ (219)

where cyy (ty) stands for cos 8y (tan 6y,). Electromagnetic
gauge invariance enforces ¢f = 1, both in the SM and in the
presence of the new operators. In Eq. (2.18), V = {y, Z},
Iwwy = €, Gwwz = gcos Oy, and Wffb and V,, refer exclu-
sively to the kinetic part of the gauge field strengths.
Concerning Higgs processes, eleven additional operators
take part in our Higgs couplings analysis. They originate
from the part proportional to Aac of the operator F - and

the deviations of the Yukawa couplings [YJ())] for the top,

bottom, tau, and muon in Eq. (2.6) as well as the NLO
bosonic operators

Py(h) = #BﬂyTr(TV")a’“}],

Ps(h) = iTr(WﬂyV")a’“}"S,
éTr(TWW)Tr(TV”)G”}"n,

1
Py(h) = = BuB" Fi.

P17 (h) =

1
7Jw(h) = _ZW;{qua”y}-W,

1
Po(h) =~ GG Fo. (2.20)

The corresponding Wilson coefficients characterizing the
strength of the effective interaction that enter in the Higgs
analysis are

{a4’ aS’ a177 aB$ aWaaG}' (2'21)

We notice that, in principle, ar(;) also affects the Higgs
couplings. However, we anticipate here that the EWPO will
set strong bounds on cr(;), and consequently, under the
assumption that the corresponding dr(;) couplings are at
most O(1), we can safely neglect their contribution. Notice
also that, for the sake of simplicity, we have not consider
the deviation on Higgs quartic vertices (HV ff') generated
by some of the fermion current operators.

As we will see in the following section, at present there is
enough experimental information to individually bound the
20 Wilson coefficients in Egs. (2.15), (2.17), and (2.21) as
well as four Yukawa couplings and Aa.. However, the
analysis, in particular when performed up to quadratic
order in the coefficients, can potentially exhibit discrete
(quasi-) degeneracies associated to sign flips of the SM
Higgs couplings. For example, the vertex HV*V, (V = w*
or Z) is proportional to [25]

1+ Aac (2.22)

therefore, we can anticipate a degeneracy with the SM
results for the HV*V, vertex (Aac = 0) for Aac = -2
In similar fashion, the anomalous interactions can also
lead to Yukawa couplings of the order of the SM ones but
with a different sign because the coefficient of the Hff

vertex is now
(1)
y© <i>
Y y®

f

L oo

=Y (2.23)

5l
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)
. .Y
and, therefore, it presents one degenerate solution —; = —1
s

~

. y0
with the SM one ﬁ = +1.
f

Another source of degeneracy is the effective photon-
photon-Higgs coupling that gets corrections from by Py,
and 7)3,

1 1
- Gy + = (agck + ays?,), (2.24)

2v

where G4, ~ 3.3 x 1072 is the one-loop SM contribution.

Consequently, a SM-like solution for the Higgs decay into

vy can be found for agc¥, + ays?, ~ vG; ~ 8.4 x 1072,

A similar effect is also present in H gﬂvg,w whose
coupling in the large top mass limit is

_ngg ﬁ —ia
4 SM Y(o) 2w G»
t

with G%,;~5.3 x 1072 TeV~! being the one-loop SM
contribution.

It is important to notice that the effective operators
entering the degeneracies in Egs. (2.22)—(2.25) lead to
distinct Higgs kinematic distributions either due to a
different number of derivatives of the Higgs field or their
contribution to the one-loop Higgs coupling to gluon
pairs [27]. Therefore, we anticipate that some of the
potential degeneracies can be resolved by the available
data on the Higgs kinematic distributions, as we will see
in Sec. IV.

As it is well known, when the electroweak gauge
symmetry is linearly realized in the low-energy effective
theory, the Higgs boson is part of a SU(2), doublet as in
the SM. This is the scenario described by the SMEFT. The
comparison between the results of the analyses performed
in the frameworks of HEFT and SMEFT allows us to
probe the nature of the Higgs boson [7]. A particularly
sensitive probe is associated with the (de)correlation of the
contributions to the TGC and Higgs-gauge-boson cou-
plings in the two scenarios. In brief, in SMEFT the
following operators induce anomalous triple-gauge boson
couplings

(2.25)

Ow =5 (D,®) W (D, ).

)
Op = % (D,®)!B"(D,®), (2.26)
and, in this framework, the linear realization of the gauge
symmetry implies that the same operators give rise to
correlated corrections to the Higgs couplings to the
electroweak vector bosons. On the contrary, in HEFT there
are four sibling operators, two of them, P, and P3, giving
the corresponding corrections to the TGC (proportional to

¢, and ¢3) and the other two, P, and Ps, inducing the
corresponding shift for the HV'V vertex (proportional to ay
and as). It is clear then that in HEFT there is no a priori
connection between the corrections to the TGC and the
HVYV vertices.

Following Refs. [7,25] we construct four specific com-
binations of the coefficients ¢,, c¢3, a4, and a, which are
useful for quantifying the status of these (de)correlations in
the Higgs and TGC results

1 1
235%(202+a4), ZWE%(ZCS_CZS)’
1
B ﬂgtw( cy—ay) W 2rcg( c3t+as).  (2.27)

These four parameters were defined in such a way that, at
dimension-six order in the SMEFT expansion, the two A’s
are zero because of gauge invariance and of the doublet
nature of the Higgs, Ag = Ay, = 0. Moreover, the X’s are
directly related to the Wilson coefficients of the operators

Oy and Op; Xy = vz% and X = 112{\—@, being f; the
associated Wilson coefficient. In contrast, the HEFT
operators can generate independent modifications to
each of these four variables. Therefore, the study of
these parameters can shed light on the nature of the
Higgs boson.

In a top-down approach, we also analyze the minimal
composite Higgs scenario [10,28] that is based on global
symmetry SO(5) broken to SO(4) at scale f. In this model
the Higgs interaction to vector bosons is modifed with
respect to the SM by a multiplictive factor

ac=+1-¢ (2.28)
with & = 22/ f2. The modification to the Higgs couplings to
fermions

(2.29)

depends on how the SM fermions are embedded in the UV-
theory. Here, following [23], we consider the two character-
istic choices labeled A and B,

1-2¢

= (2.30)

where in the equations above p stands for top, bottom, tau
and muon in our analysis.

ITI. ANALYSIS FRAMEWORK

In order to obtain the present constraints on HEFT, we
considered the available data on the EWPO, the triple
electroweak gauge couplings and the Higgs data. In the
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EWPO data analysis, we analyze 15 observables of which
12 are Z observables [29],

Af(TpOl), Rg,
RO R). A, A, Al

A/(SLD). Az,
and ALY (SLD/LEP-I),
(3.1)

0
Fz, O'h,

supplemented by three W observables; the W mass (My,)
taken from [30], its width (I'y) from LEP2/Tevatron [31]
and the leptonic W branching ratio [Br(W — £v)] [30].
In our statistical analysis we define the chi-square
function

2 Q 9 Q Q9 Q9 Q9 7 7 ‘
Xiwpo(C1s €1, Clo, AT, Ny + g, s’ g, ny ny, 1y —r5)

(3.2)

and fitted the relevant Wilson coefficients. Notice that we
assumed the couplings to be generation independent and
diagonal in flavor space; for further details on this analysis
see Ref. [25].

In order to study the triple couplings of electroweak
gauge bosons we considered electroweak-diboson data
(EWDBD) from LHC, more specifically the diboson
production of WZ, WW, and Wy pairs as well as the
vector boson fusion production of Zs (Zjj). The specific
data employed in our study is presented in the top rows of
Table 1. In total we considered 73 data points in this
analysis.

The theoretical predictions were obtained by simulating
the WHW~-, W*Z, Wy, and Zjj channels that receive

TABLE L.
data from the last three bins into one to ensure Gaussianity.

contributions from TGC. To this end, we used
MadGraph5_aMC@NLO [48] with the Universal FeynRules
Output (UFO) files for our effective Lagrangian generated
with FEYNRULES [49,50]. We employ PYTHIAS [51] to
perform the parton shower and hadronization, while the
fast detector simulation is carried out with DELPHES [52].
Jet analyses were performed using FASTIET [53].

These predictions are statistically confronted with the
LHC run 2 data by constructing a binned log-likelihood
function based on the data contents of the different bins in
the kinematic distribution of each channel. We consistently
take into account not only the statistical errors but also the
systematic and theoretical uncertainties adding them in
quadrature and assuming some partial correlation among
them which we estimate with the information provided by
the experiments.

For the sake of simplicity in our EWDBD analysis we
discarded possible effects from anomalous couplings of
gauge bosons to fermion pairs, which are well constrained
by the EWPO data so we have

)(”ZI“GC(CZ’ €3, €13, Cwww)- (33)

We also study the implications for HEFT of the available
Higgs data. We consider the Higgs kinematic distributions
for the channels that are available in the simplified template
cross section (STXS) format, otherwise we use the total
signal strength (SS) results. We summarize in the lower part
of Table I the Higgs data we take into account, specifying
its STXS or SS format. Let us notice that the correlations
among the CMS STXS data for the different final states is

Diboson and Higgs data from LHC used in the analyses. For the W W~ results from ATLAS run 2 [32] we combined the

Channel (a) Distribution # bins Data set Int Lum
EWDBD WZ = ¢+ ¢+ M(WZ) 7 CMS 13 TeV, 137.2 fb=! [33]
WW = £+¢9- +0/1j M=) 11 CMS 13 TeV, 35.9 fb~! [34]
Wy = fuy dfzihﬁ 12 CMS 13 TeV, 137.1 fo! [35]
O
WW = e*u¥ + Er(0)) my 17 (15) ATLAS 13 TeV, 36.1 fb~! [32]
WZ — ¢te- 0+ m? 6 ATLAS 13 TeV, 36.1 tb~! [36]
Zjj—> e jj Z—; 12 ATLAS 13 TeV, 139 fb~! [37]
WW = £+¢0- 4 Er(1)) dmdi 10 ATLAS 13 TeV, 139 fb~! [38]
AN
HIGGS H — vt~ ,W*W~,bb(VBF, ttH + tH) SS 7  ATLAS at 13 TeV [Figs. 5,6] 36.1-139 [39]
H—yZ SS 1 ATLAS at 13 TeV 139 [40]
H— utp SS 1 ATLAS at 13 TeV 139 [41]
H — yy,ZZ,bb(VH) STXS 43 ATLAS at 13 TeV 139 [42]
H — ZZ,bb, 7"t~ (VH, ttH), W*W~(ggH, VBF, ttH) SS 16 CMS at 13 TeV [Table 5] 35.9-137 [43]
H—yZ SS 1 CMS at 13 TeV 139 [44]
H—yy STXS 17 CMS at 13 TeV 137 [45]
H — tt7t=(ggH, VBF) STXS 11 CMS at 13 TeV 137 [46]
H— W*W~(VH) STXS 4 CMS at 13 TeV 137 [47]
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not publicly available. These are expected to be important
for the channels yy and ££¢¢. So, to make the analysis
more robust we have conservatively chosen not to include
the CMS STXS data for ££¢¢ for which we only consider
the total SS for this final state.

We evaluate the theoretical predictions for the Higgs
production by gluon fusion in the channels tagged as STXS
in Table I using MadGraphS_aMC@NLO [54] with the
SMEFT@NLO UFO files [55]. Furthermore, the STXS
1.2 classification was performed using RIVET [56].

The statistical comparison of the HEFT predictions for
the Higgs run 2 data is carried out using the )(2Higgs function

1 1 1 1
Xtiiges (Adc, ay, as, aiz, ag, ay, ag, v, YE, Ly, Y,(4 M,

(3.4)

which depends on 11 Wilson coefficients. Once again, we
do not take into account the contributions from the
anomalous gauge boson couplings to fermion pairs due
to the stringent bounds emanating from the EWPO data on
these couplings.

IV. RESULTS

As discussed above, in HEFT the nonlinear realization of
the gauge symmetry allows for independent statistical
analyses of the datasets involving corrections to the
gauge-boson-fermion and gauge-boson self couplings
(EWPO and TGC) and the Higgs interactions since the
couplings impacting these two sectors are not connected.

|

A. Constraints from EWPO

We start our analysis focusing on the HEFT operators in
Eq. (2.14) that contribute to the EWPO. The results are
graphically presented in Fig. 1 which depicts the one- and
two-dimensional projections of Ayzwpo as a function of the
Wilson coefficients after marginalizing over those not
displayed in each panel.

More quantitatively, the corresponding best values,
uncertainties, 95% C.L, ranges, and correlations are pre-
sented in Eq. (4.2). As the EWPO analysis was performed
including only the linear contribution on the Wilson
coefficients (here denoted generically f;) to the observ-
ables, by definition Ay’ takes the form

N

S (fi= VG- 1Y)

i=1

Ay = (4.1)

where fjo. defines the best fit point and V is the covariance
matrix

Vij=oi0;pij,

with ¢; being the uncertainties and p;; the correlation
matrix. For the EWPO analysis we find the best-fit values,
uncertainties and correlation matrix,

¢y cr cp n ng+ng ng ng ng ng (r5— r‘//))}\i2

b.f.(x1073) 1.1 -12  -021 -1.5 -12 -0.20 4.4 -0.78 0.45 -0.0027
6(x107%) 0.85 11. 5.4 1.7 52 0.67 2.2 1.7 0.33 0.069

95%C.L.(x1073) | (=0.66,2.7) (=23,21) (=11,11) (=4.9,2.0) (=22,—1.5) (=1.2,1.2) (-0.024,8.8) (=4.2,2.7) (-0.2,1.1) (=0.14,0.13)
P c 1.000  —0.136  -0.074  0.108 -0.128  —0.075 0.019 0.113 0.950 0.006
cr -0.136 1.000  0.998 0.325 0.009 0.012 0.004 -0.362  —0.130 -0.991
cn -0.074 0998  1.000 0.333 -0.002 0.009 0.008 -0.359  —0.071 -0.997

n 0.108 0325 0333 1.000 0.385 0.146 -0.077 -0.602  0.138 -0.346 (4.2)

ng+ng -0.128  0.009 -0.002  0.385 1.000 0.042 -0.467 0384  —0.047 -0.001
ng -0.075 0012 0.009 0.146 0.042 1.000 0.640 0.146  —0.098 -0.001
n 0.019 0.004 0008  —0.077  -0.467 0.640 1.000 -0.077  —0.045 0.000
ng 0.13 -0362 0359  —0.602 0.384 0.146 -0.077 1.000 0.142 0.347
ns 0950  -0.130 -0.071  0.138 -0.047  —0.098 -0.045 0.142 1.000 0.006
(=155 0.006 -0.991 -0.997 —0.346  —0.001 -0.001 0.000 0.347 0.006 1.000

Altogether, the overall picture is that there is a good
agreement with the standard model. As discussed in
Ref. [25], there are two main differences with respect to
the corresponding analysis to EWPO obtained assuming
SMEFT with operators up to dimension six, which are
straight forward to identify by working in the Hagiwara,
Ishihara, Szalapski, and Zeppenfeld (HISZ) basis [57,58]

|

(see for example Refs. [59-62]): (i) in the SMEFT no
contribution to the U parameter is generated at dimension
six while in the HEFT c¢;, gives contribution to U,
(i1) assuming universality in the gauge-fermion couplings,
the W and Z couplings to fermions are linked in the
SMEFT and receive contributions from the coefficients
of five nonoblique operators while in the HEFT an
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FIG. 1. One- and two-dimensional marginalized projections of AyZyp for the Wilson coefficients ¢y, ¢, ¢ja, le, ng + n?, nSQ, nGQ,

n7Q , ny, and r — r%, as indicated in the panels after marginalizing over the remaining fit parameters.
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FIG.2. One- and two-dimensional marginalized projections of A;(%GC for the Wilson coefficients c,, ¢z, cyww, and c3 as indicated in
the panels after marginalizing over the remaining fit parameters. The results are shown for analyses including only the linear
contributions of the Wilson coefficients (red curves and lighter regions) as well as up to quadratic contributions (black lines and darker

regions).

additional nonoblique operator coefficient (n7Q) allows
for independent variations of the W and Z couplings to
quarks.

As seen in Fig. 1 and Eq. (4.2), a nonzero ¢, has most
effect on the allowed ranges of ¢; and (r5 — r%) . which
are the Wilson coefficients with which ¢y, is mostly
correlated. This is due to possible cancellations between
the oblique contributions and G in the Z observables and
AMy,; see Ref. [25] for further details. Notice that these
cancellations are possible at NLO in the HEFT but not in
the SMEFT at dimension six [25]. This results into a
weakening of the bounds on ¢ and (4 — r%) %5 by about a
factor ~20, though they still remain constrained at the
percent and per mil level respectively.

Conversely, the contribution of the quark-current oper-
ator V"9, has a more modest quantitative impact. In fact, it
is still the case that the EWPO analysis favors non-
vanishing values for the coefficients contributing to the

down-quark couplings to the Z, in particular
(N, + N'Y), at 26. This is a well-known result driven
by the 2.7¢ discrepancy between the observed A(}’g and
the SM.

B. Triple gauge couplings constraints

The results of our analyses of the EWDBD are graphi-
cally presented in Fig. 2. As mentioned in Sec. III, for the
sake of simplicity in our EWDBD analysis, we discard
possible effects from anomalous couplings of gauge bosons
to fermion pairs, which are well constrained by the EWPO
data, and focus on the constraints on the bosonic operators
P2, P3, P]g, and PWWW‘

We perform the EWDBD analyses considering only the
linear contributions of the Wilson coefficients to the
observables as well as including up to quadratic contribu-
tions. At linear order A)(%GC takes the form of Eq. (4.1) with
best fit, uncertainties and correlations
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The corresponding 95% C.L. allowed ranges for both
analysis are listed in Table II.

From Fig. 2 or Eq. (4.3) we can see that ¢,, c3, and cq3
are strongly correlated in the linear analysis due to their
contributions to the ZWW and yWW vertices through Ax,
and Ax,; see Eq. (2.19). It is interesting to notice that the
Wy production plays a significant role in constraining
cwww at linear order due to the use of kinematic distribu-
tions designed to avoid the cancellation of its linear
contribution [63,64].

When compared to the corresponding EWDBD analysis
performed in the framework of SMEFT at dimension six in
the HISZ basis [57,58], the main difference is the con-
tribution of the operator P,; which has no linear sibling at
dimension six. As seen in Fig. 1, the presence of this
additional coefficient leads to the relaxation of the bounds
on ¢, (and less significantly on ¢3) obtained when con-
sidering only linear contributions, as a consequence of the
mentioned correlations. We also see that once the effects of
the operators are included to quadratic order in the

TABLE 1II.
analysis of LHC EWDBD and Higgs results.

C2 3 C13 cwww/(TeV™?)
b.f. —-0.15 -0.0063 -0.076 0.00024
c 0.60 0.065 0.24 0.012
¢ 1000 0515  —0.855 0275 (4.3)
c3 0.515 1.000 —0.675 —0.075
13 —-0.855 -0.675 1.000 —0.365
L | 0275 0075 —0.365 1.000

|

coefficients, the inclusion of ¢ ;3 in the analysis has minimal
impact on the determination of the other three coefficients.
Furthermore, the quadratic analysis leads to stronger limits
by a factor of 3-5; see Table II.

C. Higgs couplings

The results of our analysis of the Higgs results are
graphically presented in Figs. 3-5. As mentioned in
Sec. III, we assume that ar(;) couplings are at most
O(1) and neglect the contributions from agz() =
crayaray to the Higgs observables after imposing the
strong constraints on cy(;) from EWPO. Thus, we perform
an analysis in terms of the 11 coefficients in Eq. (3.4).

We have carried out the Higgs analyses considering only
the linear contributions of the Wilson coefficients to the
observables as well as including up to quadratic contribu-
tions. The one-dimensional projections are depicted in
Fig. 3. First of all, notice that the results are compatible
with the SM at 95% C.L. in both the linear and the

Marginalized 95% C.L. allowed ranges for the Wilson coefficients of the operators constrained by the

95% C.L. Range

Linear Quadratic

s (-1.4,1.0) (-0.21,0.23)

cs (=0.14,0.12) (-0.080,0.16)

c13 (=0.57,0.41) (=0.16,0.16)
cyww/TeV™? (-2.4,2.5) x 1072 (—4.6,4.6) x 1073

a (=0.17,1.10) (=0.12,0.44)

as (=0.38,0.83) (-0.70,0.71)

ay (=0.38,0.35) (-0.49,0.30)

ag (-=0.71,3.2) x 1072 (=0.53,2.4) x 1072

ay (=10,2.3) x 1072 (=5.5,1.8) x 1072

ag (-1.1,0.37) x 1073 (-1.2,0.38) x 1073
Aac (=0.20,0.046) (=0.17,0.062)
Yy _q (=0.17,0.29) (=0.14,0.28)

Y r© -1 (=0.50,0.15) (=2.1,-1.6) U (-0.42,0.13)
YW y© g (=0.37,0.062) (=2.0,—1.6) U (=0.35,0.026)
Yy - (=0.60,0.54) (=2.4,—-1.1) U (-0.87,0.39)
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contributions of the Wilson coefficients.

quadratic analyses. Moreover, the figure shows that the
dominant source of degeneracy that remains in these
parameters using the LHC run 2 data are those related
to the Yukawa couplings Y}U for f = b, 7 and u, which are
associated to the reversing of the SM Yukawa coupling
sign; see Eq. (2.23). As seen in this figure, for the quadratic
analysis Aac presents a second minima around Aac ~ 2
which is associated with the change of sign of the HV*V,
in Eq. (2.22) but it lays at Ay> ~ 8. This degeneracy is
mainly broken by the tH data which receives contribution
from both HVV and Htf vertices while only the first one
changes sign for Aa. ~ 2. Correspondingly the degeneracy
for YEI) = —Yﬁo) is also broken and in this case the solution
with inverted SM sign lays at Ay? > 10. This is so because
the top Yukawa coupling also contributes to the gluon-
gluon-Higgs production in Eq. (2.25) and it can be resolved

by the STXS data. Similarly, no degenerate solution is
found for as. In summary, the larger available luminosity as
well as Higgs kinematic distributions eliminates the degen-
eracies associated to ag and YEI) that were observed
previously [7].

Finally, there remain the quasidegenerate solutions
associated to the Py, and Py corrections to the Hyy vertex
in Eq. (2.24) for which the data only constrain its modulus.
This is displayed in Fig. 4 where we show the marginalized
two-dimensional projections of A)(Iz_ﬁggs for the coefficients
ay and ap. For the sake of clarity, we plot the allowed
regions for the combinations c¥ap+ siyay (which
corrects HF*F,,) and s§ap — cjyay (which gives a
contribution to HZ*Z,). In the figure we clearly see
the two SM-line solutions around c3ag + s ay ~ 0, and
cyap + sfyaw ~ vGGy =~ 0.0084.
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One thing to notice is that, when the analysis is preformed at linear order, A)(%_“ggs takes the form of Eq. (4.1) with best fit,

uncertainties and correlations

voor 1 v Q_l
ay as ap ap aw ac Aac O 7O vV o
b.f. 045 022 -0.015 0.013 -0.040 —0.00050 —0.080 0.058 -0.17 -0.15 —0.028
c 031 030 0.18 0.0099 0.031 0.00044 0.063 0.11 0.16 0.11 0.28
p| ag 1.000 —0.395 0.485 0.895 —-0.985 0.025 —0.605 —0.155 —0.575 —0.495 -0.225
as —0.395 1.000 -0.935 —0.075 0.265 -0.075 -0.025 —-0.185 —0.085 0.045 0.005
apg 0485 —-0.935 1.000 0.515 -0.575 -0.125 -0.345 0.145 -0.255 —0.405 —-0.185
ag 0.895 —0.075 0.515 1.000 —0.995 -0.115 -0.705 —0.005 —0.625 —0.505 —0.215
ay | —0.985 0.265 —0.575 —0.995 1.000 —0.075 0.575 0.105 0425 0435 0.145 (4.4)
ag 0.025 -0.075 -0.125 —-0.115 —-0.075 1.000  0.235 -0.735 0.005 0.145 -0.085
Aac- | —0.605 —0.025 —0.345 -0.705 0.575 0.235 1.000 0.345 0.785 0.535 0.185
% —0.155 -0.185 0.145 -0.005 0.105 -0.735 0.345 1.000 0.465 0.165 0.035
’ i;;—l ’ —0.575 -0.085 —0.255 —0.625 0.425 0.005 0.785 0.465 1.000 0.535 0.145
’ ;%—1 ’ —0.495 0.045 -0.405 —0.505 0.435 0.145 0.535 0.165 0.535 1.000 0.105
’ %_1 ’ —0.225 0.005 -0.185 -0.215 0.145 -0.085 0.185 0.035 0.145 0.105 1.000

W

When compared to the corresponding analysis per-
formed in the framework of SMEFT at dimension-six in
the HISZ basis [57,58] the main difference is the contri-
bution of the operator P;; which has no linear sibling at
dimension six. This operator leads to vertices *HZ,,Z"
and 0"HF,,7" and, generically its addition enlarges the

0.10
= 0.05- -
3
N E
J
|
Q
3
“E 0.001 -
I 10 Quadratic
Il 20 Quadratic
[ 1o Linear
I [ 20 Linear
— | | L T I 1 T I L
0.05 0.000 0.005 0.010
cfvag + svzvaw
FIG. 4. 16 and 95% C.L. (2 d.o.f.) allowed regions from the

Higgs analysis for the combinations c%va s+ s%,\,aw and
s%,ag — cx,ay. The results are shown for the analyses including
only the linear contributions of the Wilson coefficients (lighter
regions) as well as up to quadratic contributions (darker regions).

allowed range for the rest of the coefficients contributing to
the Higgs-gauge-boson trilinear interactions. Therefore, it
is mostly correlated with those coefficients which modify
the HZZ and HyZ couplings as well, i.e., a4, as, ag, and
aw, as can be seen in the corresponding entries in Eq. (4.4)
and it is graphically illustrated in Fig. 5.

V. DISCUSSION

In this work we have presented the results of compre-
hensive analyses of low-energy electroweak precision mea-
surements as well as LHC data on gauge boson pair
production and Higgs observables in the context of the
effective low-energy theory for a dynamical Higgs. We
focused on observables related to the electroweak sector,
which at present allow for precision tests of the couplings
between electroweak gauge bosons and fermions, triple
electroweak gauge couplings, and the couplings of the
Higgs to fermions and gauge bosons. For the sake of
assessing the impact of the Higgs kinematic distributions,
we performed an analysis including the most updated STXS
Higgs data in combination with the Higgs total signal
strengths for those channels for which no kinematic infor-
mation is available. In total, the analyses of EWPO and
EWDBD and Higgs results from LHC run 2 encompass 15 +
73 + 101 = 189 observables; see Sec. III for further details.

We worked in the framework of effective Lagrangians
assuming the nonlinear (chiral) realization of the
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regions) as well as up to quadratic contributions (darker regions).

electroweak gauge symmetry, the so-called HEFT which we
have considered up to next-to-leading order. Under the
flavor assumption that the new operators do not introduce
additional tree-level sources of flavor violation nor violation
of universality of the weak current, the analysis involves a
total of 25 Wilson coefficients, of which ten are more

All of the analyses performed show no statistically
significant source of tension with the SM. We find

X in Ewpo.sm = 183, 15 observables.

2 ewppsm = 03.7, 73 observables,

severely constrained by EWPO, 4 in addition are constrained oin Higes, sM = 99-2, 101 observables, (5.1)
by EWDBD, and 11 are determined by the Higgs data
analysis. to be compared with
Xin EWPO. HEFT Linear = 0- 15 0bservables & 10 coefficients,
X 12nin EWDBD, HEFT Linear [HEFT Quadratic] 63[63], 73 observables & 4 coefficients,
i ogs, HEFT Linear [HEFT Quadratic] — 5287+ 101 observables & 11 coefficients. (5.2)

The results of the analysis can be confronted with those
performed under different assumptions for the nature of the
Higgs boson i.e., whether it is an isosinglet or a member of
aSU(2), doublet. In particular, as summarized in Sec. II, a
particularly sensitive probe of the nature of the Higgs boson
is associated with the (de)correlation of the contributions to
TGCs and Higgs-gauge-boson couplings in the SMEFT
and HEFT scenarios. This comparison can be quantified in
terms of the four parameters in Eq. (2.27) [7,25]. Figure 6
shows the current status of the bounds on the two relevant
planes of these coefficients.

The constraints of Xz, Xy, Ap, and Ay shown in Fig. 6
present a significant improvement with respect to the
bounds previously shown in Fig. 3 of Ref. [25] in the
Ap and X axis. They also show that the comparison
between the two scenarios is robust irrespective of whether
the analysis is performed at linear or quadratic order in the
Wilson coefficients. We learn from this figure that, pres-
ently, the data gathered so far is not enough to distinguish
between the two scenarios for the Higgs nature. From
the right panel we read that the SMEFT lies within the 1o
allowed region of either the linear or quadratic analysis.

Up to now we have focused on a bottom-up approach
where all the Wilson coefficients are treated as free
parameters. Next, we consider the minimal composite
Higgs models and perform an analysis in which only the
deviations in Egs. (2.28) and (2.30), parametrized by the
unique GB scale parameter & = v?/f, are allowed. We
present in Fig. 7 the Ay? dependence on the GB scale, f, for
several choices for the embedding of the SM top, bottom,
tau, and muon into the UV-model. As we can see the least
stringent bound of f originated for the choice (B, B,A, A)
for (2, b, 7, p) thatreads f > 1. TeV at 95% C.L., while the
strongest bound is for the choice (A, A, B, A) for (¢, b, 7, u)
and implies f > 1.45 TeV. These results are in qualitative
agreement with the bounds derived Ref. [24] with an slight
improvement of about ~10%-20% from the more up to
date data samples considered. The results in the figure are
shown for the analysis performed at linear order in the
coefficients, but the analysis performed at quadratic order
leads to very similar results. In particular this family of
models do not allow for the realization of the degenerated
solution with inverse sign of the couplings because, by
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FIG.7. Ay? as a function of the GB scale f for several choices
of the SM fermions embedding in minimal composite Higgs
models.

construction, the HVV and H f f couplings in these models
have the same sign than in the SM. The constraints obtained
for the minimal composite Higgs models also illustrate how
specific UV-completions are subject to stronger bounds due
to relations between the Wilson coefficients. For example,
the marginalized 2o allowed range in Table II for the top
Yukawa implies an upper bound on f > 460(800) for

models embedding A (B) which are about a factor ~2
weaker than the bounds in Fig. 7.

In summary, the increased integrated luminosity gath-
ered at LHC run 2 allows for improved tests of electroweak
symmetry breaking scenarios with a dynamical Higgs. We
find no indication of statistically significant deviations from
the SM predictions in the analysis of Higgs results
and EWDBD. This, in combination with the EWPO,
results into tighter constraints on the nature of the
Higgs boson.
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