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Eduardo da Silva Almeida®,"” Alexandre Alves,>" Oscar J. P. Eboli®,""* and M. C. Gonzalez—Garcia>*>*

Unstituto de Fisica, Universidade de Sdo Paulo, Rua do Matdo 1371, 05508-090 Sdo Paulo, Brazil
2Departamento de Fisica, Universidade Federal de Sdo Paulo, UNIFESP, Diadema, Sdo Paulo, Brazil
3Deparwlment de Fisica Quantica i Astrofisica and Institut de Ciencies del Cosmos,
Universitat de Barcelona, Diagonal 647, E-08028 Barcelona, Spain
*Institucié Catalana de Recerca i Estudis Avancats (ICREA) Passeig de Lluis Companys 23,
08010 Barcelona, Spain
°C. N. Yang Institute for Theoretical Physics, Stony Brook University,

Stony Brook, New York 11794-3849, USA

® (Received 30 August 2021; revised 29 November 2021; accepted 6 December 2021; published 12 January 2022)

We present a comprehensive study of the electroweak interactions using the available Higgs and
electroweak diboson production results from LHC runs 1 and 2 as well as the electroweak precision data in
terms of the dimension-six operators. Under the assumption that no new tree-level sources of flavor
violation or violation of the universality of the weak current are introduced, the analysis involves 21
operators. We assess the impact of the data on kinematic distributions for the Higgs production at the LHC
by comparing the results obtained by including the simplified template cross-section data with those in
which only total Higgs signal strengths are considered. We also compare the results obtained when
including the dimension-six anomalous contributions to order 1/A? and to order 1/A*. As an illustration of
the LHC potential to indirectly learn about specific forms of new physics, we adapt the analysis to constrain
the parameter space for a few simple extensions of the standard model which generate a subset of the

dimension-six operators at tree level.
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I. INTRODUCTION

The large integrated luminosity accumulated by ATLAS
and CMS during run 2 of the Large Hadron Collider (LHC)
extended the reach of direct searches for new physics. It
also allowed for studying some processes in more detail—
e.g., differential distributions are available for the Higgs
production, or new channels were employed to explore the
self-interactions of the electroweak gauge bosons. The
outcome of the direct searches has been negative so far:
no new states were observed. The most straightforward
interpretation of this result points to a higher-than-
kinematically-accessible new physics scale. This makes
the framework of effective Lagrangians [1-3] the obvious
tool to search for indirect signals of (or limits on) new
physics.
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The effective Lagrangian approach is suited for model-
independent analyses, since it is based exclusively on the
low-energy-accessible states and symmetries. Assuming
that the scalar particle observed in 2012 [4,5] belongs to an
electroweak doublet, we can realize the SU(2), ® U(1)y
symmetry linearly. The resulting model is the so-called
standard-model effective field theory (SMEFT). In this
framework, dimension-six operators are the ones that can
contribute to the LHC physics at the lowest order. But even
limiting the effective Lagrangian to dimension six, the
number of operators which can give signals at the LHC is
large, stressing the relevance of the new kinematic infor-
mation and the new observed channels.

In this work, we focus on the part of the dimension-six
Lagrangian that modifies the electroweak interactions.
Under the assumption of no new tree-level sources of
flavor violation or violation of universality of the weak
current, 21 dimension-six operators are relevant, and we
introduce in Sec. II our choice of operator basis. Their
Wilson coefficients parametrize our ignorance of the
specific form of the new physics, and to obtain the strongest
possible bounds in this general scenario, one must perform
global analyses using all available experimental informa-
tion. Here, we take into account the electroweak precision
data (EWPD) and the data on electroweak diboson and
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Higgs productions at the LHC (see Sec. II). Recently,
ATLAS and CMS released information on the kinematic
distributions for the Higgs in the form of simplified
template cross sections (STXSs) [6,7]. In order to under-
stand the impact of such distributions with the present
integrated luminosity, we have performed our studies using
the STXS data as well as the Higgs results in the form of
total signal strength (SS).

In a bottom-up approach, all Wilson coefficients are
treated as free parameters. But, in a realistic UV comple-
tion, the Wilson coefficients are determined by the high-
energy physics and might be correlated. In order to
illustrate the importance of these correlations, we also
obtain constraints on simple extensions of the standard
model (SM) that give rise to dimension-six operators at tree
level. We consider extensions with only one single particle
added to the spectrum and two Higgs doublet models which
we introduce in Sec. IT A.

The results stemming from our global analyses, pre-
sented in Secs. IV and VI, show no statistically significant
source of tension with the SM. We stress the complemen-
tarity of the different datasets in reaching this conclusion. In
particular, we find that the LHC integrated luminosity is
large enough to allow for non-negligible tightening of the
bounds on some of the Wilson coefficients already con-
strained by the EWPD. Moreover, we show that the use of
Higgs data is important to limit departures from the SM
predictions for the triple electroweak gauge couplings
(TGCs) due to the correlation introduced by the linear
realization of the SM gauge symmetry in the effective
operators.

Our analyses were conducted using the theoretical
predictions linear [i.e., O(A~?)] in the Wilson coefficients,
as well as including the quadratic [O(A™*)] terms with the
aim of estimating the uncertainties associated with the
expansion in power of the high scale A. When working up
to order A~ a set of (quasi)degenerate solutions appear
associated with the flipping of the sign of some Higgs
coupling. They lead to disconnected allowed ranges for the
corresponding Wilson coefficients which do not contain the
SM. Our analysis shows how Higgs kinematic distributions
not only reduce the allowed SM-connected solutions, but
also help in resolving some of these degeneracies, ruling
out the non-SM-connected solutions for some of the
operators. Generically, we find that, when focusing on
SM-connected ranges of parameters, the precision on the
bounds derived at O(A~2) and at O(A~*) become com-
parable for most operators. Quantitatively, our results are
summarized in Table VI and Figs. 12 and 13.

At present, the comprehensive analysis of collider results
in the framework of the SMEFT is in the hands of
phenomenologists (see Refs. [8—13] for the most recent
analyses). This article adds to this literature by including
the most updated datasets and by the different working
hypothesis employed. In brief, some of the cited analyses

make a detailed study of flavor effects; however, they do
not take into account the Higgs kinematic distribution in the
STXS format; see, for instance, Refs. [8,10,11]. From the
point of view of data samples included in the analysis,
Refs. [12,13] are the most complete, also including top
results. But respecting Higgs analysis, they did not include
the full updated ATLAS and CMS STXS of run 2 Higgs
data, which we consider here. This allows us to quantify the
present impact of the Higgs kinematic distribution data by
contrasting the bounds obtained using STXS with those
found using only the signal-strength data. In respect to the
working hypothesis, we perform our analyses using the
Hagiwara, Ishihara, Szalapski, and Zeppenfeld (HISZ)
basis [14,15], which does not exhibit blind directions in
the EWPD, in contrast with the Warsaw basis [16]
employed in Refs. [8—13]; see Sec. II. Finally, as mentioned
above, we perform our analysis both at O(A~2?) and at
O(A™*) as a way to quantitatively address the importance
of higher-order terms and the use of EFT within its range of
validity.

II. THEORETICAL FRAMEWORK

In order to describe the effects of new physics only
directly accessible at a higher energy scale A, we supple-
ment the SM with higher-dimension operators:

I

Lesr = Lsm + Z A”"A' O,

n>4,j

(2.1)

where the SM SU(3), ® SU(2), ® U(1), gauge sym-
metry is realized linearly in the O, ; operators. Neutrino
physics strongly constrains the dimension-five operator
[17]; therefore, dimension-six operators are those with the
lowest dimension that contribute to processes at the LHC.
For the sake of simplicity, we focus on dimension-six
operators which conserve C and P (besides total lepton and
baryon number). It is well known that there are 59
independent dimension-six operators [16], up to flavor
and Hermitian conjugation. Here, we focus on those that
modify the electroweak interactions impacting precision
electroweak data, TGCs, and Higgs physics. For our
analysis, 21 independent dimension-six operators are
relevant, and we list our choice of basis in Tables I and II.

In particular, for the pure bosonic operators, we use the
HISZ basis [14,15] (see Table I). @ stands for the SM Higgs
doublet, and we have defined B/w =i(4/2)B,, and WWE
i(g/2)6"Wy,, with g and ¢’ being the SU(2); and U(1)y
gauge couplings, respectively. In respect to the main effect
of these operators in the observables, the Ogy and Oy
operators are ubiquitous: they modify the electroweak
gauge boson couplings among themselves and the cou-
plings to the Higgs boson and fermions. The operator Og, »
rescales all the SM Higgs couplings. Og, Oy, and Oyww
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TABLE L
notation is given in the text.

Dimension-six operators containing only bosonic fields that we considered in our analyses. The

OBW == @TBﬂDW”Vd)
OB = (Dﬂ®)+Bﬂu(Du®)
Ogg = D' OGY, G4

Op1 = (D,®)' @' (D' D) Op2 =
OW = (Dﬂq))*Wlw(Du(D)
Opp = ®'B,, B ®

JOH (DT D)), (DTD)
Owww = TT[YVZ VY/ZW%]
OWW - (DTW”DWMD@

TABLE II.
is given in the text.

Dimension-six operators containing fermionic fields that we considered in our analyses. The notation

0k, = ®'(iD,®)(0r* Q) Oy = ©'(iD,®)(0r*T,0) Oy = ®'(iD, @) (iigy* ug)
OL) = &' (iD,®) (dxy"dy) Oy = ' (iD,®) (iigr"dr) O4) = ®(iD,®)(2xr"er)

O = (0302 u3)BG,
Ocpii = (q{"q))(LitbeR_i) i=2,3
Oprrr = (Ly*L)(Ly"L)

0u<D,33 = ((DT(D) (QS(i)“RS)

0dﬂ>,33 = (®T(D)(Q3®dR"§)

contribute to triple gauge couplings, while Og, Oy, Opp,
Oww, and Og; affect the Higgs couplings to gauge bosons.

We notice that our choice of operators differs from the
independent basis choice in Ref. [16] and from that
employed in other analyses (see Refs. [8—11,13,18-20]
for some recent examples and references therein). Here, we
keep the operators Op and Oy, and we remove instead
some operators involving fermions.

The independent set of fermionic operators employed in
our analysis is presented in Table II, where the lepton
(quark) doublet is denoted by L (Q) and f are the SU(2),
singlet fermions. When including a subindex, it refers to the
fermionic generation. When no subindex is included, the
operator is the same for three generations. In addition, we
define ®'D,® = ®'D,®— (D,®)'d and O D,d =
o'TD,® - (D )7 T"<I> with T = ¢7/2, w1th o bemg
the Pauh matrices. The Gell-Mann matrices' are repre-
sented by 1%. In selecting the operators in Table II, we have
assumed no family mixing in order to prevent the gen-
eration of too-large flavor violation [22,23], and, for the
sake of simplicity, we have considered the operators
involving couplings to gauge bosons to be generation
independent. With these hypotheses, the operators involv-

ing lepton doublets (’)gz and ng are removed from our
basis [24], employing the freedom associated with the use
of equations of motion [25-28]. This, as mentioned above,
differs from the choice of basis in Ref. [16], in which these
lepton doublet operators are kept in the exchange of the
bosonic operators Oy and Oy,. The advantage of our choice
is that it avoids the existence of blind directions [29,30] in

'"We did not considered six dipole operators whose interference
with the SM contributions vanishes for EWPD observables. As
shown in Ref. [21], including those additional operators would
have no impact on the determination of the operators considered
here.

the EWPD analyses so that the results of EWPD can be
shown independently. It also allows for better discrimina-
tion of the impact of the LHC data on the precise
determination of the fermion-gauge couplings versus gauge
boson self-couplings.

In summary, the operators in the first two lines of Table II
modify the fermion couplings to electroweak gauge bosons
and the Higgs. And we notice that with our choice of basis,
the only operator that modifies the Z coupling to leptons is

Oge). On the other hand, the operator in the third line is the
only one in our analyses affecting the fermion-gluon
coupling, and it was included because it impacts the
Higgs production via gluon fusion. The operators modi-
fying the Yukawa interactions are presented in the fourth
line, while the last one contains the only four-fermion
operator that takes part in the determination of the Fermi
constant.

Altogether, eight operators contribute at O(A~2) at tree
level to the EWPD observables [31], and the relevant part of
the effective Lagrangian reads

(1)
AﬁeEf\fVPD:fﬂO“) fq’QOq)Q fd)u(/) f(l)d(/)

f(beO(pL"’_fBWOBW"—fd)locp]

+ 2fLAL2LL Orrrr-

(2.2)

The production of electroweak gauge boson pairs
W+W~, W¥Z, and W*y (from here on, EWDBD) receives
contributions from dimension-six operators that modify the
electroweak gauge boson couplings to fermions, as well as
the triple gauge couplings. It is interesting to notice that
dimension-six operators do not give rise to anomalous
TGCs among neutral gauge bosons, which appear only at
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dimension eight [32]. The part of the effective Lagrangian
that contributes to EWDBD, in addition to that partici-
pating in the EWPD analysis, is

AL = fWWW Owww Az Ly 5 Ow A2 Iy > Ok

fCDud

(O +H.e). (2.3)
The last operator modifies just the right-handed W cou-
plings to quarks, and consequently, it does not contribute to
the EWPD observables at O(A™?).

Dimension-six operators modify the Higgs production
and decay through changes in its couplings to fermions and
gauge bosons. We parametrize the contributions exclusive
to the Higgs physics as

f‘r T fbmb
Q033 + =5 Ouo 33

Sfum
ALE =5 ﬂ0e<1>22+A 2o

fz

A
a f6e

s f f
T 8r A Oge + el 5 Opp +—5- WW Oww

m
10,03 +He.

(2.4)

In summary, we consider the total effective Lagrangian:

Lot = Loy + ALEYPP + ALTEC + ALH. . (2.5)

For a complete list of vertices generated by Eq. (2.5), see
Ref. [33]. The explicit form of the couplings and the
different Lorentz structures generated can be found, for
example, in Refs. [24,34-37], to which we refer the reader
for details.

As we will see in the following section, at present there is
enough experimental information to individually bound the
21 Wilson coefficients. But it is important to notice that
some Wilson coefficients can lead to a sign change of
Higgs couplings with respect to the SM predictions,
consequently leading to discrete (quasi)degeneracies in
the global analyses. For instance, the modification of the
coefficient of the HW, W vertex is

()= (e 2%9)]

Since fg,/A? is strongly bounded by EWPD, it is
only possible to have a degeneracy with the SM results
for both fp,/A’>=0 and fg,/A*~4/v* ~65 TeV~2.
These points in parameter space are also nearly degenerate
for the vertex HZ,Z".

In similar fashion, the anomalous interactions can also
lead to Yukawa couplings of the order of the SM ones, but
with a different sign, the coefficient of the Hff vertex is
now

(2.6)

my o fo2 fr
—7{1—Z<A2+2 +2V2 )] (2.7)

where f = u, 7, b, and 1. Therefore, fq,/A and f;/A* can
flip the sign of the Yukawa coupling. In combination with
the twofold degeneracy f¢,/A? in Eq. (2.6), there are 2 x 2
quasidegenerate SM-like solutions: two for f/ A? = 0and
two with f;/A2 +2 ~\/2/v? ~45 TeV~2 [33].

Another potential source of approximate degeneracies/
correlations is the effective photon-photon-Higgs coupling
HF,, F*, for which the dimension-six operators induce a
tree-level contribution

A(yy = H) = Asm(yr = H)

+éfWW+fBB_fBW
4 A? ’

where Agy(yy = H) ~—8.25 x 1073 TeV~!. First, taking
into account the strong EWPD bounds on fpy, this
dependence leads to a strong anticorrelation between the
allowed values of two remaining Wilson coefficients. That
correlation is partly broken by the measurement of the
effective photon-Z coupling HF,,Z*, which constrains a
different combination of fyy/A?, fp/A?, and fgy /A2
Furthermore, it is possible to find SM-like solutions for
(fww + fg)/A* ~3 TeV~2 with an inverted sign of the
photon-photon-Higgs effective coupling.

The equivalent effect is also present in the gluon-gluon-
Higgs interaction. In the large-top-mass limit, the lowest-
order amplitude is

(2.8)

3.,f
A(gg — H) = Asm(gg — H) {1 +502%

4 </€\D21+2f€[>2+2\/’ft>

J2ra,
_ VR, Jlﬂ . (2.9)
my A

It is important to notice that in most cases, the operators
contributing to the Higgs vertices in Egs. (2.6)—(2.9)
involve different numbers of derivatives of the Higgs field.
Consequently, we can anticipate the relevance of the data
on kinematic distributions to resolve the vertex degener-
acies and limit the correlations [38—40]—in particular, for
gluon-gluon-Higgs, which contributes to the main Higgs
production mechanism.

*Notice that we have defined the Wilson coefficient of the
gluon-gluon-Higgs operator f ;s in Eq. (2.4) to include a looplike
suppression factor, so even if it gives a tree-level contribution to
the amplitude, it can be factorized in this form in the large-top-
mass limit. We work here in a different convention than
Refs. [24,33] and do not include in the definition of Og; the
effects of the anomalous operators that modify the couplings of
the top quarks running in the loop.
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A. Effective Lagrangians for simplified models condition to avoid flavor-changing neutral currents
[46]; these are labeled as 2HDM type I, 2HDM
type II, 2ZHDM lepton specific, and 2HDM flipped
(for further details, see Refs. [9,47,48]). The Wilson
coefficients generated at tree level by these 2HDMs
in the alignment limit (|cos(f—a)|<1) are [9,48,49]

Effective Lagrangians provide the framework for a
bottom-up approach for the search for new physics through
deviations of the SM predictions in a model-independent
fashion. The disadvantage of this approach is that specific
UV completions give rise, in general, to relations between
the Wilson coefficients of different operators, which resultin
stronger constraints. To illustrate the potential of the
effective Lagrangian framework, we consider some simple

fo __ cos(f—a)V2

AT tanf 02’

models whose matching at high energies are at tree level. For f cos(ff — a) V2

the sake of simplicity, we do not consider the running of the Az W? ’

Wilson coefficients to the electroweak scale [22,41,42]. This

renders the results independent of the matching scale and Je —_ M@ (2.11)
can lead to bounds which can either be slightly weaker or A? Totanp '

slightly stronger depending on the model [9].

(1) Extensions of the SM Higgs sector. The simplest
model in this category is obtained by adding a
singlet scalar (S) which mixes with the SM Higgs
with a mixing angle 6. An interesting feature of the

where tan f is the ratio between the Higgs doublet
vacuum expectation values (VEVs) and a is the
neutral Higgs mixing angle. The 7 factor depends on
the 2HDM type:

most genergl form of this model is that it can ex?u_blt YHDM n " 7.
a strong first-order electroweak phase transition
that can be addressed in complementary studies Typel 1 1 1
by colliders and gravitational wave experiments Typell 1 —tan’f —tan’f-
[43,44]. Here, however, we will focus on the case Lepton specific 1 1 —tan?p
with a Zz. symmetry [9,45]: At the hlgh. sc_ale Flipped 1 —tan2p 1
A = Mg, this model generates just one nonvanishing
Wilson coefficient at tree level: (2) Simplified models [50] that contain the addition of
one new (no-scalar) state. We consider five different
foo tan26 charge assignments for the additional state as listed
A—2 T2 (2.10) in Table III (see Ref. [51]). We also list in the third
line the SM particles which couple to the new state.
We also consider four classes of two-Higgs-doublet For consistency with our EFT assumptions, we
models (2HDMs) that satisfy the Weinberg-Glashow assume equal couplings of the new state to the three

TABLE III. New particle content and Wilson coefficients generated by extending the SM with an extra state. All Wilson coefficients
must be multiplied by y?/M?, where y parametrizes the universal strength of the allowed couplings of the new state to the SM particles
and M is its mass.

Additional state Vector B Vector B Vector W Lepton E Quark U
Rep (SU(3),,SU2),,U(1)y) (1,1,0) (1,1,0) (1,3,0) (1,1,-1) (3,1,2/3)
Couplings Higgs Higgs + quarks Higgs + quarks leptons quarks
Fou /N -2 -2 =
foa/N 1 1 3/4 e
ff;)Q/Az -1 1/4

3 . e - e -
ffp,)g//\z 1/4 1/4

Foul N -l

fg;//\z -1
fo/ N2 —V2/4
£,/ A —V2/4
fT/A2 \/5/2
.g}//\z —-1/4
fE;;/Az _1/4

V2/2
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families. For simplicity, we also assume that the
nonzero couplings of the new state to the SM
particles have the same strength y.

With these assumptions, the Wilson coefficients
generated at tree level by the new states are those
listed in Table III. Notice that the existence of a
heavy lepton E(1,1)_, generates two operators that
were removed from our basis. Consequently, we
have to rotate the result back to our basis using the

fact that
(9;‘;;” pe — 05 =204, +40g | +—5 7 OBB+ ~Opw
2

=200, +3 OCDQ;J'J' +§O<1>u:/j —3%0d4j:

(2.12)
4 4

Og}]} Ow+60<1>2—g OWW_?OBW

O@Q i~ 2[YiO0up + Y040 + YiO,0).

(2.13)

where Y, stands for the Yukawa coupling of the
fermion f.

III. ANALYSIS FRAMEWORK

In order to study the Wilson coefficients of the dimen-
sion-six operators of the effective Lagrangian [Eq. (2.5)],
we take into account the EWPD, diboson production, and
Higgs data on signal strength and simplified template cross-
section measurements. We perform the global analyses
either using only the contributions that are linear on the
Wilson coefficients [O(1/A?)], or including the quadratic
terms [O(1/A*)] as well.

In the EWPD analysis, we study 15 observables, of
which 12 are Z observables [31]:

[z of, Ase), R}, A(SLD), Apz. R,
RY, A, A, AL, and AY(SLD/LEP-I), (3.1)

supplemented by three W observables: he W mass (My,)
taken from Ref. [52], its width (I'y,) from LEP2/Tevatron
[53], and the leptonic W branching ratio [Br(W — £v)] [52].

The first component of our global y? function is therefore
suited for the EWPD data:

XIZEWPD(fBvad),l’fg,)Q’fgpl_)Q7f$,)wf$,)d,fg’)e,f1‘LLL). (32)

In the EWPD analysis, we include the correlations among
the above observables, as displayed in Ref. [31], while
the SM predictions and uncertainties are extracted from
Ref. [54]. For further details of this part of the statistical
analysis, we refer the reader to Refs. [35,37].

Triple gauge boson couplings have already been studied
in the production of electroweak gauge boson pairs at LEP2
[55], and in runs 1 and 2 of the LHC [56-67]. Here we
analyze the most complete samples of WHW=, W*Z, Wy,
and Zjj. More specifically, the channels that we study and
the kinematic distribution included in the analysis are listed
in Table IV. Further details on the analysis of EWDBD from
run 1 can be seen in Ref. [37]. Generically, for most data
samples from the above publications, we extract the
observed event rates in each bin (N{;), as well as the
background expectations (N¢,,) and the SM predictions
(N i 'sm) for each channel. An exception are the results for the

W=y of CMS [65], and Zjj in ATLAS [67], for which the
experiments provide the results in the form of reconstructed
differential cross sections.

In our analyses, we simulate the results in the WTW—,
W*Z, W#y, and Zjj channels that receive contributions
from TGC and anomalous fermion pair couplings to gauge

TABLEIV. Diboson data from the LHC used to constrain the dimension-six operators. For the W+ W~ results from ATLAS run 2 [66],
we combine the data from the last three bins into one to ensure Gaussianity.

Channel (a) Distribution Number of bins Dataset Integrated luminosity
WW — 16" + Er(0)) pleading lepton 3 ATLAS 8 TeV, 20.3 fb~! [56]
WW — -0~ 4 E1(0)) Myt 8 CMS 8 TeV, 19.4 fb=! [57]
WZ — ot e-p0E mWZ 6 ATLAS 8 TeV, 20.3 fb~! [58]
WZ — ¢t¢-¢V* + B Z candidate p 10 CMS 8 TeV, 19.6 fb=! [59]
WW/WZ = ¢uv] Py 6 ATLAS 8 TeV, 20.2 tb~! [62]
WZ = ¢cte-0'* M(WZ) 7 CMS 13 TeV, 137.2 fb~! [63]
WW — ¢+¢U- +0/1j M(£+e0)7) 11 CMS 13 TeV, 35.9 fb~! [64]
Wy = Cuy d,‘,’i‘f@ 12 CMS 13 TeV, 137.1 fb~! [65]
WW — e=u¥ + Er(0)) my 17 (15) ATLAS 13 TeV, 36.1 tb~! [66]
WZ = gte—¢0* my? 6 ATLAS 13 TeV, 36.1 7! [61]
Zjj— €67 jj g 12 ATLAS 13 TeV, 139 fb~! [67]
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bosons using MadGraph5_aMC@NLO [68] with the UFO files
for our effective Lagrangian generated with FeynRules
[69,70]. We employ PYTHIAS [71] to perform the parton
shower and hadronization, while the fast detector simu-
lation is carried out with DELPHES [72]. Jet analyses were
performed using FASTIET [73].

In order to account for higher-order corrections and
additional detector effects, we obtain the SM diboson cross
section in the fiducial region defined by the experimental
collaborations, requiring the same cuts and isolation criteria
employed in the experimental studies, and we normalize
our results bin by bin to the experimental collaboration
predictions for the kinematic distributions under consid-
eration. Then, we apply these correction factors to our
simulated contributions to diboson distributions from the
relevant dimension-six operators.

These predictions are statistically confronted with the
data from LHC runs 1 and 2 by constructing a binned
|

Towenewosp (F 5 Fwe Fuwwws Faws For- fop oo Fons Fons Fonas fons friie)-

Respecting Higgs results in our studies, we use the
available Higgs data depicted in Table V. Notice that
Ref. [74] summarizes the ATLAS results on H — yy
[75], H - 4¢ [76], and H — bb [77], and the detailed
statistics information can be extracted from these
references.

In order to assess the effects of including the kinematic
information, we have performed two different analyses of
the Higgs results. In the first one, we only include the data
on the total signal strengths. We label that Analysis SS.
This includes the results labeled as Analysis SS in Table V,
which corresponds to 22 data points for run 1 and

log-likelihood function based on the data contents of the
different bins in the kinematic distribution of each channel.
In addition to the statistical errors, we incorporate 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. In particular, some of the experimental
publications contain analysis of their EWDB data in the
framework of some anomalous TGCs. In those cases, we
can compare the allowed region of parameter space
obtained with our constructed likelihood function for that
data sample with that of the experiment, and we can use that
comparison to fine-tune our treatment of the systematic
uncertainties and correlations to match the results of the
experimental analysis as closely as possible. Altogether, we
build the function yyppp, summing the y* constructed for
the analysis of each sample in Table I'V. Then, combining it
with the EWPD bounds, we define

(3.3)

|
11(ATLAS) + 23(CMS) = 34 data points for run 2, for
a total of 56 data points.

In the second analysis, labeled as Analysis STXS, we
make use of all the available information on the kinematic
distributions as provided in the form of simplified template
cross sections. For those channels and luminosities for
which the STXS data is not available, we use the corre-
sponding data as the total signal strength. In this form, the
STXS analysis includes the same 22 data points for run 1
and 45 (58) STXS points for the ATLAS (CMS) run 2,
supplemented with the 7 (12) SS points for the channels for
which no STXS data is available. So, in total, the STXS

TABLE V. Higgs data used to compute )(%iggs. In the column labeled “Data format,” SS stands for total signal strength and STXS for
simplified template cross section. The column marked “Analysis” specifies which of the two analyses include each dataset. In that
column, SS labels the analysis which includes only total signal strengths for all channels, and STXS labels the analysis which includes
instead the kinematic information in the form of simplified template cross sections for those channels for which it is available.

Source Data format Analysis Integrated luminosity (fb™')  Number of Data points
ATLAS + CMS at 7 & 8 TeV [78] (Table 8, Fig. 27) SS SS & STXS 5 & 20 20+ 1
ATLAS at 8 TeV [79] (yZ) SS SS & STXS 20 1
ATLAS at 13 TeV [80] (Figs. 7 and 20) SS SS 36.1-139 9
ATLAS at 13 TeV [81] (yZ) SS SS & STXS 139 1
ATLAS at 13 TeV [82] (utu™) SS SS & STXS 139 1
ATLAS at 13 TeV [74] (yy, 4¢, bb) STXS STXS 139 43
ATLAS at 13 TeV [80] (Figs. 5 and 6) SS STXS 36.1-139 7
CMS at 13 TeV [83] (Table 5) SS SS 35.9-137 23
CMS at 13 TeV [84] (yy) STXS STXS 137 24
CMS at 13 TeV [85] (4¢) STXS STXS 137 19
CMS at 13 TeV [86] (z777) STXS STXS 137 11
CMS at 13 TeV [87] (WTW™) STXS STXS 137 4
CMS at 13 TeV [83] (Table 5) SS STXS 35.9-137 12
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analysis includes 144 data points. It is important to notice
that the STXS results of ATLAS for different channels are
all presented in Ref. [74], where a full correlation matrix
between the different STXS bins for different channels is
provided. On the contrary, the different STXS results from
CMS are given in different publications Refs. [84—87] for
different channels, and no correlations between bins for
different channels are available. So, in our analysis, we
have set those to zero.

We obtain the theoretical predictions for the Higgs
production by gluon fusion in the channels tagged as
STXS in Table V using MadGraph5_aMC@NLO [88] with
the SMEFT@NLO UFO files [89]. Notice that we took into
account not only the contribution to this process from Ogg
but also those coming from Og,, O,p33, and O.
Moreover, the STXS 1.2 classification was performed
using RIVET [90].

|

The statistical comparison of our effective theory pre-
dictions with the LHC results including those two data
samples is made by means of a y? analysis performed in the
21-dimensional statistical function and adding the infor-
mation from EWPD and EWDBD. Furthermore, the
operator O,; contributes not only to the gluon-fusion
Higgs production [91,92], but also to the top production
[12,93-97], which provides independent information. We
include such information on this operator in the form of a
Gaussian bias built with the result of the full global fit to
top-quark physics performed in Ref. [95]:

(ke -0.5)

(0.22)2 (3.4)

)(%ias,top (ftG) =

Altogether, we define the y° for our global analysis as

3 1 1 1 1 1
Aaiavarss(stxs) = Xowep ewpsp (L - Fw-Fwww-Faw-Fo.1 - Forp-Fon-FouFouFondLowfriir)

3 1 1 1 1 1
+ X casss stxs) 8- Sw-Fon-Fww-Faw-foc-Fo1for-Fop-Loo-Fon-fouLoudLorfic-LoFofef)

+X%ias,t0p (flG) :

IV. EFFECTIVE FIELD THEORY RESULTS

Figures 1-8 and 11 depict Ay? profiles for the dimen-
sion-six Wilson coefficients, where we have marginalized
with respect to all undisplayed parameters. We show the
results for four different combinations of datasets:

(1) EWPD: AyZypp, Which constrains the 8 coefficients
in ACEWPD [Eq. (2.2)]. They are given by the green
lines in Fig. 1, which have been obtained by
considering only the contributions to the observables
that are O(A~?); see Ref. [35]. We also assess the
impact of relaxing the flavor universality hypothesis
by considering a different coupling to the third
family, whose result is displayed in Fig. 2.

(2) EWPD + EWDBD: Ayfwpp.pwpgp: Which limits
the 12 coefficients in ACEWFP + ALTSC [Egs. (2.2)
and (2.3)]. In the EWDBD analysis, we consider
contributions to the observables up to O(A~2) and
up to O(A™*). Our results are displayed in Fig. 3.

(3) GLOBAL: Ay, 0. anaLysis [EQ- (3.5)], which con-
strains the 21 coefficients in L in Eqs. (2.2)-(2.4).
As described in the previous section, we consider
two different sets of HIGGS data, one which
includes only the total signal strengths, Analysis
SS, and one which includes also the information on
the kinematic distributions, Analysis STXS (see
Table V). For each case we perform two analyses:
one in which the theoretical predictions are ex-
panded to O(A~?), and another one including the

(3.5)

predictions up to O(A~*). Different projections of
the corresponding AyZ; pa anaLysis are shown in
Figs. 1-8 and 11 summarizes the results for the
STXS analysis.

A. Lessons from the EWPD

We start our analysis by focusing on the dimension-six
operators in Eq. (2.2) that directly impact EWPD. Our
results are presented in Fig. 1. The bounds imposed by the
EWPD analysis are represented by the green lines, while
the limits coming from the global SS (STXS) analyses are
given by the black (red) lines, including up to O(A™*) and
up to O(A~?) terms as full and dashed lines, respectively.
As is well known, EWPD leads to very stringent constraints
on fermion-gauge interactions and on new oblique correc-
tions to the gauge boson propagators. However, as illus-
trated in the figure, with the accumulated LHC statistics,
EWDBD and Higgs results already contribute to tighten the
EWPD bounds for some of the coefficients despite the
larger 21-parameter space.

In the upper-left and upper-central panels of Fig. 1, we
find the Ay? dependence on fpy/A? and fg /A, which
correspond to the S and 7 oblique corrections, respectively.
For these coefficients, the EWPD limits are only slightly
improved by the global analysis including the STXS Higgs
data when the theoretical predictions include the quadratic
contributions of the Wilson coefficients.

Turning to the quark gauge couplings, the upper-right
(middle-left) panel of Fig. 1 presents the Ay”> dependence
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FIG. 1. Ay? as a function of the Wilson coefficients fay /A% fo /A% fo)0/N% fop/N2 fon/N% fol/A2 fal./A%, and
frrL/N2, as indicated in the panels after marginalizing over the remaining fit parameters. The green solid line stands for the fit of the
EWPD that constrains only eight of 21 Wilson coefficients in Eq. (2.5). The red solid (dashed) line represents the 21-parameter fit to the
LHC run 1 and 2 data including the STXS Higgs data and working at order-1/A* (order-1/A?%) approximation. For comparison, we
present the corresponding results for the global fit using the SS Higgs data (black solid and dashed lines).

on the coefficient fg)Q /AN (f ng /A?), which modifies the
couplings of left-handed quarks to Z and W (only Z)
bosons. The middle-central and middle-right panels corre-
spond to the dependences on fgL /A? and fgfd /A2, which
give corrections to the up and di couplings to Z, respec-
tively. The inclusion of the LHC observables leads to a
small but not negligible improvement on the determination

of fg’)u /A? at linear order, while it only affects the EWPD
bounds on f, g’)Q /A? when O(A~*) terms are included in the
LHC analysis. The largest effect of the combination with
the LHC observables occurs for fgg), /A? and f, g.)Q /A2 In
particular, the EWPD analysis favors nonvanishing values
for fg)l /A? at 26, a result driven by the 2.7¢ discrepancy
between the observed A and the SM. On the contrary, the
inclusion of the LHC data gives rise to a shift towards zero
of fg; /A?, reducing the tension with the SM. This
behavior was already observed in Refs. [33,37], but we

find now that with the accumulated statistics, LHC also is
able to provide relevant constraints when including the
effect of dimension-six operators only at O(A=2). As the
LHC observables included are mostly sensitive to gauge
couplings of the light quarks in the parton distribution
functions, one expects that this result relies upon the
assumption that the operators involving fermion couplings
to gauge bosons are generation independent. To test this,
we perform an analysis in which we drop this assumption

for the operator fgt)i /A? and allow” f $~>dn = ffbl’)dn #f $,>d33'
The results are shown in Fig. 2, where we display the

’If one relaxes the assumption of generation-independent
quark couplings, the EWPD cannot constrain all quark couplings,
because there is not enough information in the observables
considered to resolve the contributions of the two first gener-

ations. Furthermore, for the third generation of quarks, only f g?dzx

and the linear combination 4 fEI;)Qn + fg.)Qn contribute independ-
ently to the Z and W observables. ‘
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color code indicates the used dataset as labeled in the figure.

bounds imposed by the EWPD on the relevant quark
operators with those from the global STXS analysis
including up to O(A72?) and up to O(A™) terms.
Comparing these with the corresponding panels in
Fig. 1, we see that the combination of EWPD with the
LHC observables results in the quoted improvement
on the bounds for those operators contributing to the light

quark couplings. Conversely, fg,)dm is only marginally
affected by the inclusion of the EWDBD and Higgs data,
and its best fit remains no-zero at ~2¢ in the global
analysis.

Finally, the lower panels of Fig. 1 display the margin-
alized Ay? for fg’)e /A% and f;;;; /A*. The global analyses
do not lead to significant improvement on the determi-
nation of these couplings. This is expected, since the

operator Og,)e modifies the Z coupling to right-handed
leptons, which were very precisely tested at LEP. On the
contrary, it enters the LHC observables only via its
contribution to the decay rate of the Z boson to leptons
in some of the final states considered. In other words,
the dominant dependence of the global analysis on these
coefficients still resides in the EWPD. The main effect of
the inclusion of the LHC results is indirect via the
restriction of the allowed range of variation of the other
coefficients entering into the EWPD analysis.

B. Triple anomalous gauge coupling constraints

We present our results on the Wilson coefficients of the
TGC operators Op, Oy, and Oy in Fig. 3. We first
consider the 12-dimensional parameter space
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and include the EWDBD and EWPD. The upper (lower)
panels contain the one-dimensional Ay? distributions after
marginalization over the 11 undisplayed coefficients, and
they were obtained using the up-to-quadratic (up-to-linear)
contributions of the 12 Wilson coefficients. Each panel
shows as dashed lines the impact of the different diboson

datasets, and as a full black line the combined EWPD +
EWDBD analysis. For comparison, we also show the
corresponding projections obtained from the global
STXS fit performed in the 21-parameter space (red lines).

Respecting fz/A?, we find that EWPD + EWDBD
provides only loose constraints on this parameter at
O(A7?%) (see the black line in the lower-left panel of
Fig. 3). Comparing this with the black line in the upper-
left panel of the figure, we see how the inclusion of the
O(A™*) terms leads to better bounds, with the WW channel
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(blue dashed line) playing the dominant role. This is so
even though the integrated luminosity is larger for the Wy
data than for WW, because the Wy data depend on the
combination (fg/A% + fw/A?), which allows for cancel-
lations between fz/A? and fy/A’. Similarly, the WZ
channel also depends on f/A? in another linear combi-
nation with fy,/A?, and furthermore, its coefficient is
suppressed by a factor tan” @y, with respect to fy /A2
From these panels we also conclude that fz/A? is much
more strongly constrained by the global analysis (red lines)
than by EWPD + EWDBD. This is so because Op con-
tributes to both Higgs production and decay. This fact was
observed before in Ref. [98]. But we find now that with the
large run 2 luminosity and the STXS information, the
constraints on f 5 /A? are substantially improved even when
including the dimension-six parameters only up to O(A~2).

The Ay? distributions for fy,/A? are displayed in the
middle panels, where we see that the dominant diboson
channels constraining fy /A” are the WW and WZ chan-
nels. Here too, Wy production is not able to produce any
sensible bound on fy,/A? due to its (anti)correlation with
fg/NA?, as previously commented. In this case, the limits
obtained at O(A~?) are already rather stringent, and they
are significantly improved by the global analysis.

In order to show the importance of the Higgs data in
constraining f5/A? and fy,/A”, we present in Fig. 4 the 1o
and 2¢ allowed regions of the plane fz/A” X fy/A?
obtained with different data samples. These results were
obtained using only the contributions up to O(A~2) on the
Wilson coefficients and the SS (STXS) Higgs data in the
left (right) panel. As we can see, the EWPD 4+ EWDBD
datasets lead to a very large allowed region (shown in pink).
The constraints coming from the SS Higgs data (shown in
the green regions on the left panel in combination with the
EWPD) are also loose, but they are important to improve
the limits when combined also with the EWDBD. But most
interestingly, using only the Higgs STXS analysis in
combination with EWPD (right panel), we are able to
place much stronger bounds on fy,/A> and fgz/A%;
compare the green and pink regions. Clearly, the global
fit on Op is dominated by the data samples in the
Higgs STXS analysis, while the constraints on Oy
receive comparable contributions from Higgs STXS and
EWDBD.

Finally, the right panels of Fig. 3 contain the dependence
of the marginalized Ay? on fyyw/A>. In contrast to fg/A?
and fy /A?, the channel Wy plays a significant role in
constraining fyww/A? due to the use of kinematic dis-
tributions specially chosen to avoid the cancellation of the
1/A2 contribution [99,100]. In fact, we can see from the
lower-right panel of Fig. 3 that the most important con-
tributions to the EWPD + EWDBD analysis originate from
those channels (Wy and Zjj). Also, as expected, the global
analysis has barely any additional impact on limiting

Owww, since this operator does not contribute to the
Higgs observables.

C. Higgs couplings

In order to probe for deviations from the SM predictions
for the Higgs couplings, we have performed four global fits
including the effects of the 21 operators in Egs. (2.2)—(2.4)
under different assumptions. As mentioned in Sec. III, in
order to access the importance of the newly available
kinematic distributions, we make two analyses: One in
which that information is not included (Global SS) and
another one in which it is (Global STXS). And, as for
EWDBD, we make two variants of the analyses: one
employing the theoretical predictions up to O(A~2) terms
in the Wilson coefficients, and one including up to
O(A™) terms.

We have discussed in the context of Figs. 1 and 3 the
results from these global analyses for the 12 operators that
contribute also to the EWPD and EWDBD; therefore, we
focus here on the nine operators not studied yet. We show
in Fig. 5 the dependence of the marginalized A)(élobal on
each of these nine Wilson coefficients for the four analysis
variants.

From Fig. 5 we observe, as expected, that for the analysis
including only the contributions up to O(A~?) (dashed
lines), there is a unique minimum in either the global SS or
global STXS analysis. In comparing the red and black
dashed lines, we conclude that at O(A~2), the impact of the
STXS observables in the overall picture amounts to an
uncertainty reduction of 30%—-40% for some of the bosonic
operators, as well as a shift in the allowed region in a
few cases.

Conversely, we also see in Fig. 5 that for the analysis
including up to O(A™*) terms and the SS samples for the
Higgs data (solid black lines), all panels present some set of
(quasi)degenerated minima. They are a direct reflection
of the (quasi)degeneracies in the Higgs couplings in
Egs. (2.6)—(2.9). Comparing the solid black and red lines,
we see the relevance of the kinematic distributions in
resolving some of these degeneracies.

First, let us focus on the middle-left panel of Fig. 5,
which depicts the Ay? distribution as a function of fg, /A2
In the SS analysis at O(A~*), there are two clearly almost
degenerate minima associated with the flipping of sign of
all Higgs couplings discussed below Eq. (2.6) for
foo/A>~65TeV=2 In fact, we find that the analysis
shows a slight preference for this nonstandard solution. As
seen in the figure, this is still the case once the information
of the STXS observables is included but the Ay? of the SM-
connected solution is reduced to ~1.3c.

The power of the kinematic distributions is particularly
striking for the coefficients f;g/A%, f,/A%, and f,5/A2,
which, together with fq,/A%, enter into the effective
gluon-gluon Higgs vertex, and for which the marginalized
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x? for the global SS analysis shown in the black curves in
Fig. 5 presents a complex structure of local minima. This is
further illustrated in Fig. 6. In this figure, we show the
allowed regions from the global analysis performed at
O(A™), projected over pairs of these parameters (after
marginalization over the 19 undisplayed parameters in
each panel). We observe the complex structure of allowed
regions in  fgo/A? X for/AN% foe/N? X f,/A?, and
fig/ N2 X foo/A? that appear in the SS O(A™*) analysis.*
As inferred from the figure, the inclusion of the Higgs
kinematic distributions in the analysis is able to fully
separate the contributions from Ogg, O, and O, 33,
while the degeneracy associated with Og, , remains.

We now turn to the operators involved in the photon-
photon-Higgs vertex. The upper-left and upper-central
panels of Fig. 5 contain Ay? as functions of fzz/A? and
fww/ N2, respectively. The four analyses, SS and STXS
with predictions at O(A=2) and O(A™*), lead to a unique
allowed range for both Wilson couplings compatible with
the SM at the 26 level, but for the STXS analysis at O(A™*)
we still observe several minima. To better understand these
results, we present in Fig. 7 the 1o and 95% C.L. two-
degree-of-freedom (2 d.o.f.) allowed regions from the SS
and STXS global analyses in the plane fzg/A% X fyw/A>.
From the figures we see that all allowed regions display the
strong anticorrelation between those parameters associated
with the (fww + fgg)/A> dependence of the Higgs-
photon-photon vertex. This correlation is not exact, because
it is broken by other measurements—in particular, by the
HF,,Z" branching ratio, which constrains a different
combination: fyy/A? and fpg/A>. In the figure, we also
observe the existence of the second allowed region(s)
around (fyw + fgp)/A> ~3 TeV~2 in the analysis per-
formed to O(A™), associated with the flipping of sign of
the Higgs-photon-photon coupling with respect to the SM
value discussed below Eq. (2.8). In this case, unlike for the
gluon-gluon-Higgs vertex, the kinematic information con-
tained in the STXS observables cannot resolve these two
solutions, for which the kinematics is identical. In addition,
there are two solutions for each of the mirror solutions
associated with the degeneracy associated with f¢ ,, which
affects the production cross section. For the STXS analysis,
the two solutions become separated enough to lead to the
two additional disconnected regions observed in the right
panel. Further details can be obtained from the correlation
matrices presented in the Appendix.

In respect to the Yukawa couplings Hf f, as discussed in
Sec. II, they exhibit a fourfold degeneracy in the O(A™*)
analysis because the sign of this coupling can be flipped by
fo2/A? and f;/A?; see Eq. (2.7). This degeneracy favors

“We notice that the fact that the external bias on f . from top
observables [Eq. (3.4)] is not centered at zero further adds to the
complex structure of local minima.

the existence of three disconnected allowed ranges [33],
and it is clearly observable in both analyses at O(A™*) in
the three lower panels in Fig. 5 for the bottom, 7z, and y
Yukawas, as well as in the left panel of Fig. 8. These
solutions are not totally degenerate because, as discussed
above, in the O(A™*) analysis we find a slight preference
for the nonstandard solution for fg,, /A%, Including the
kinematic information in the form of the STXS observables
does not resolve this degeneracy.

For f,/A?, the fourfold degeneracy is expected to be
partially broken, since the scattering amplitude for the tH
production receives contributions from the ##H and VVH
vertices, being sensitive to the relative signs of the different
diagrams contributing [101-103]. Conversely, the contri-
bution of this coupling to the effective gluon-gluon-Higgs
vertex introduces the additional degeneracy and correla-
tions with f5; and f,; described above. Altogether, we
find that the STXS Higgs data is able to constrain
univocally the top Yukawa coupling even at O(A™).

We present the 1o bounds and correlations in the
Appendix for the O(A~2) global SS and STXS analyses.
From these results, we can see that the strongest (anti)
correlations are between the pairs of operators Og ® Opp,
Op ® Oyw, Opg ® Oww, O ® Oupz3. Oce ® O,
Opw ® Og1, and OEDIL ® Oprrr- The first three stem
mainly from the Higgs decay into photon pairs, while
the next two are due to the Higgs coupling to gluons, and
the last two are dominantly due to their contribution to the
EWPD observables. Furthermore, Og, possesses sizable
correlations with many dimension-six operators due to the
possibility of flipping the sign of the Higgs couplings.

V. RESULTS FOR SIMPLIFIED MODELS

Figures 9 and 10 contain the results of the analyses for
the simplified models presented in Sec. I A.

The Ay? distribution for the singlet scalar extension of
the SM is presented in the left panel of Fig. 9, for both
global analysis and the predictions obtained up to O(A~?)
and up to O(A™*), which lead to similar results. We find,
for example, that considering only the effects at order
O(A7?), the bound obtained from the SS analysis is

|sin@] < 0.279 (5.1)
at a 95% C.L. This model only generates fg /A? at tree
level; therefore, we can translate the above limit into
foa/N* < 1.4 TeV~2 using Eq. (2.10). Notice that this
constraint is about 4 times stronger than the limit origi-
nating from the 21-parameter analysis; see Table VI. Also,
this limit is similar to that derived in Ref. [80].

The Ay? distributions for the simplified models that
contain the addition of one state as described in Table III
can be found in the right panel of Fig. 9. For concreteness,
we show the results for the global STXS analysis at
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FIG. 9. The left (right) panel contains Ay? as a function of 8/ (y /M) for the singlet scalar model (models with one additional state).
The results shown in the right panel correspond to the global analysis with the STXS Higgs datasets and including only the contributions
that are linear on the Wilson coefficients [O(A™2)].
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global analyses with the STXS Higgs datasets, including only the contributions that are linear on the Wilson coefficients [O(1/A?)].
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TABLE VI. Marginalized 95% C.L. allowed ranges for the Wilson coefficients for the four different global analyses performed in this
work.

95% C.L. f/A? (TeV~2)
Operator Global SS O(A™), Global SS O(A7?), Global STXS O(A™), Global STXS O(A72),
Op (9.8, 14) (=5.5,37) (=11, 15) (=23, 3.0)
Oy (2.0, 2.8) (-3.0, 2.6) (-2.0, 2.7) (-1.2,2.3)
Owww (-0.80, 0.81) (-3.5,4.5) (—-0.81, 0.78) (—4.1,4.2)
Ogp (-2.8,7.5) (-1.2,9.6) (=3.4,9.4) (—6.6, 0.65)
Oww (=39, 3.7) (8.3, 1.8) (—6.1,—1.7) U (0.78,4.5) (0.30,7.9)
Oge (-1.0,5.7) U (22,23) (-9.7, 0.23) (=3.7, 1.4) (4.3, 1.7)
O (0.11,0.71) (0.073,0.93) (=0.010, 0.48) (—=0.035, -0.53)
O (0.33,2.0) U (62, 68) (-1.7,5.2) (=4.7,-0.71) U (66,72) (-5.7, 0.26)
Ouo33 (—18,=7.3) U (-1.3, 1.7) (—2.8, 16) (=10, 5.9) (-0.89, 11)
Oupss  (—52,-37) U (-5.6, 3.3) U (41,45) (1.6, 7.8) (=60, —44) U (=3.5, 5.2) U (44,54) (-2.8, 5.0)
0,033 (=50, -40) U (=3.7, 2.7) U (44,45) (-2.5,4.2) (—53,-43) U (-7.0, 6.2) U (43,51) (—0.64, 6.3)
Oo 2 (=57,-28) U (—18, 11) U (41,51) (—14, 12) (—69,-30) U (=22, 15) U (39,62) (=15, 11)
Opw (-0.21, 1.7) (—0.064, 1.8) (-0.19, 1.6) (-0.22, 1.7)
Oo (—0.040, 0.14) (—0.024, 0.16) (—0.037, 0.14) (=0.037, 0.14)
Og)Q (—=0.23, 0.23) (—=0.30, 0.24) (—=0.25, 0.26) (—=0.15, 0.27)
(’)g’)Q (=0.041, 0.10) (—=0.091, 0.085) (—0.034, 0.11) (—0.098, 0.075)
(9513) (=0.22, 0.24) (—0.34, 0.22) (—0.26, 0.29) (—0.41, 0.094)
0((1)1)‘1 (=0.42, 0.10) (—=0.95, 0.0096) (=0.34, 0.11) (=0.81, -0.054)
OEDI:)ud (—0.13, 0.13) (-0.12, 0.12)
O&il (—0.076, 0.0040) (—=0.081, -0.0016) (—=0.072, 0.0020) (—0.074, —0.0040)
Orirr (—=0.046, 0.0035) (—=0.047, 0.0029) (—=0.045, 0.0046) (—=0.046, 0.0034)

O(A72), but for these models the inclusion of the quadratic
terms has very little impact, indicating the stability of the
results with respect to higher-order corrections, as well as
the validity of the high-mass expansion. From the figure,
we read the following 95% C.L. bounds on y?>/M, which
imply the quoted mass limit for y = 1:

% <0.084TeV~! (M >12TeV) Model withE(1,1)_,.

£ <0.15TeV-! (M >6.7TeV) Model withB'(1,1),.

M
% <0.16 TeV™' (M >6.2TeV) Model withB(1,1)_,.,
% <0.35TeV™" (M >2.8TeV) Model withW(1,3),.

% <058 TeV™! (M >1.7TeV) Model withU(3,1),5.

(5.2)

The tightest constraint is for the model containing a new
lepton E (brown curve), since this model generates the

strongly bound Wilson coefficients fg‘)e /A% and fo /A%,
which appear when the Wilson coefficients generated at the

high scale matching are rotated to the HISZ basis using
Egs. (2.12) and (2.13). The models with an extra vector B

are also subject to strong limits because they generate
fo.1/N>—i.e., they contribute to the T parameter.

The additional vector triplet W and the extra vector quark
U prompt the appearance of the Wilson coefficient

fg’)Q /A?, which is well constrained by the precise deter-
mination of the electroweak gauge couplings of left-handed

quarks with EWPD and LHC diboson [37] and Higgs
associated production [104,105] data. The extra vector

quark U also generates f ng /A? but with the opposite sign.

fEI,l’)Q /A? also contributes to the couplings of the left-
handed quarks to the Z boson, which leads to a small
anticorrelation between these two coefficients. This results
in the slighter weaker bounds in this model.

Figure 10 contains the constraints on 2HDMs that we
obtain by performing the global analysis at O(A~?) and
using the STXS Higgs datasets. In the figure, we see that
the allowed range for cos(ff — a) is tightly constrained in
agreement with the alignment assumption, with the only
exception being the Type-I model in the large tan # limit,
for which the Wilson coefficients we are considering
approach zero, and therefore no bound can be imposed
in this approximation. In fact, with that exception, our
results show that the allowed parameter space at the
95% C.L. is strongly bounded. Compared to the experi-
mental results obtained in Ref. [106] that used just a
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fraction of the run 2 integrated luminosity,5 we find
stronger bounds on cos(f — a) for fixed tan by up to a
factor of four, depending on the model and the sign of
cos(ff — a). Also, in our analysis, we do not find the small
lobe features observed in Ref. [106] for positive cos(f — a)
and large tan . Our bounds on Type-I and Type-II models
are comparable with those derived in Refs. [9,107].

VI. DISCUSSION

In this work, we have presented the results of compre-
hensive analyses of low-energy electroweak precision
measurements as well as LHC data on gauge boson pair
production and Higgs observables in the context of the
SMEFT. We focused on observables related to the electro-
weak 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

observables when including the STXS samples; see
Sec. III for further details.

We worked in the framework of effective Lagrangians,
assuming the linear realization of the electroweak gauge
symmetry. Dimension-six operators are those with the
lowest dimension which contribute significantly to the
considered processes at lowest order. The global analysis
involves the 21 operators in Eq. (2.5) under the flavor
assumption that the new operators do not introduce addi-
tional tree-level sources of flavor violation or violation of
the universality of the weak current. Furthermore, we also
analyzed the constraints on a few simplified models to
illustrate how relations between the generated Wilson
coefficients within specific models lead to tighter limits.

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

Ximin EWPD+EWDBD.SM = 91 111 observables,

distributions, we performed an analysis with and without Xmin Global ss,sm = 133, 166 observables,
the STXS Higgs data in combination with the Higgs total 2 GlopalsTxs.sm = 304, 255 observables,  (6.1)
signal strengths. In total, the global analyses of EWPD and '
EWDBD and Higgs results from LHC encompass 167
observables when considering only SS data and 255  to be compared with
|
;(fmn EWPD-{ EWDBD SMEFT O(A~) [SMEFT O(A~%)] — 87(85], 111 observables & 12 operators,
;(rznin Global S SMEFT O(A—) [SMEFT O(A-2)] — 115[112], 166 observables & 21 operators,
X Global STXS SMEFT O(A~) [SMEFT O(A=2)] — 266[264], 255 observables & 21 operators. (6.2)

We summarize our results of the y?> dependence on the
Wilson coefficients for the O(A~2) and O(A™) analyses,
which we performed with the most comprehensive dataset
including the kinematic information on the Higgs observ-
ables, by displaying the corresponding one-dimensional
Ay? distributions shown in Fig. 11, where we marginalized
over the 20 undisplayed variables in each panel. With these
results and the corresponding ones for the global SS
analysis, we obtain the 95% C.L. allowed ranges of the
21 Wilson coefficients that we present in Table VI, and we
graphically display them in Fig. 12. The maximum allowed
value for each Wilson coefficient at a given C.L. can be
translated into a lower bound on an effective new physics
scale

1

Amin.C.LA = f s
\/ ‘f/A |max,C.L.

Notice also that Ref. [106] obtained their constraints by
adapting the so-called x framework, which contains quadratic
terms in the anomalous couplings.

(6.3)

|
which is depicted in Fig. 13. Notice that Ay, cr. only
coincides with the minimum energy scale in the operator
expansion, A, for coefficients f = 1. A could be smaller
than Ay, cp. if the coupling is weak.

In brief, the main results that we would like to stress are

the following:

(1) In our basis, there is no blind direction in the
electroweak precision observables. Therefore, the
limits originating from EWPD are already stringent
on eight Wilson coefficients. In fact the EWPD
dominates the bounds on Oy, Oq) +» Oo.1, Opw,

and fd,’Q/A2 up to some small but not negligible

contribution from LHC data (see Fig. 1).

(2) Conversely, the global analysis results in a sizable
reduction of the uncertainty on f 0.0/ A? with respect
to the limits obtained using only EWPD. This is
expected due to the role played by this operator in
the Higgs associated producnon [104,105].

(3) The analysis of the EWPD of f Em)z /A? points towards
a nonzero value for this coefficient due to the 2.7¢

discrepancy between the observed A% and the SM.
Under the assumption that the operators modifying
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FIG. 11. Marginalized one-dimensional Ay? distributions for the 21 parameters appearing in our global fit including the STXS Higgs
datasets. The dashed (solid) line stands for the results obtained with the theoretical predictions for the observables expanded at O(A~?)
[O(A™)] in the Wilson coefficients.

the fermion-gauge couplings are generation inde- slightly improved by combining EWPD with the
pendent, the inclusion of the EWDBD and the Higgs LHC results.

data in the analysis (either SS or STXS) gives rise to (4) Allowing for f g 3, /A? to be different for the bottom
a result compatible with the SM at better than quark, the combination of EWPD with the LHC
95% C.L. and with slightly reduced errors. In observables results in the quoted improvement on
addition, the global constraint on f((bl,i /A? is also the bounds for those operators contributing to the
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FIG. 12.  95% C.L. on the 21 Wilson coefficients used in our analyses. The color code indicates the dataset used and the order of the
predictions used.
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order of the predictions used.
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light quark couplings, but fg,)dn is only marginally
affected by the inclusion of the EWDBD and Higgs
data, and its best fit remains nonzero at ~2¢ in the
global analysis.

The operator (’)g_)u 4 induces right-handed charged-
current couplings for quarks, and it can only be
bound via its quadratic [O(A™*)] contributions.
Including those in the LHC observables, its Wilson
coefficient can be bounded with precision compa-
rable to that of the other operators affecting gauge-
quark couplings; see Fig. 11.

The new EWDBD lead to a significantly improved
sensitivity to Oy that is the only TGC operator
that does not contribute to the Higgs couplings.
Furthermore, the constraints on fz/A% and fy,/A?
are also significantly tightened, especially when
combining the information from both EWDBD
and Higgs data—in particular, the STXS kinematic
distributions; see Figs. 3 and 4.

As anticipated, the recently available kinematic
distributions of the Higgs not only lead to
more stringent limits but also remove some
the correlations between the different operators
entering into the gluon-gluon-Higgs interactions;
see Fig. 6.

Degeneracies associated with the flipping of the sign
of some Higgs couplings to gauge bosons and
Yukawa couplings, that originate from Og,, are
not resolved in the present STXS analysis if per-
formed at O(A™*). In fact, we can see clearly the
effect of the existence of two f¢,/A? local minima
in many panels of Fig. 11.

One can check the stability of the results of the
overall picture by comparing the bounds derived
using just the 1/A? contribution with those derived
with predictions containing terms up to 1/A%; see
Fig. 11. From the figure, we read that the analysis
performed at O(1/A?) does not allow for the
degenerate solutions associated with the flipping
of the sign of the Higgs couplings, or the strong
correlations induced in the effective gluon-gluon-
Higgs interaction or photon-photon-Higgs interac-
tion. Generically, the bounds derived including 1/A*
terms are somewhat stronger. This is particularly the

case for the coefficients of Oy and Og}l, which
dominantly contribute to EWDBD. This stability
suggests that the power series on 1/A is under
control for the range of energy probed at LHC run 2.
Notwithstanding, it is also important to notice
that diboson production has serious theoretical
problems at O(A~2), since its differential cross
section is negative in some regions of the parameter
space [108], and the O(A~*) terms should be kept in
that case.

(10)

(I

(12)

(13)

(14)

As is well known, EFTs have a limited range of
validity, which can be signaled, for instance, by the
rapid growth of the cross section with the energy and
consequent violation of unitarity [35,36]. Conse-
quently, it is a matter of concern whether the bounds
on the Wilson coefficients are driven by regions of
the phase space where the EFT expansion is no
longer valid. Unfortunately, there is no systematic
way to truncate the phase space in the observables
included in the analysis to avoid such problematic
regions. Alternatively, the comparison of the limits
obtained by the analyses performed at the orders
1/A? and 1/A* allows us to estimate the size of the
higher-order contributions that would be most rel-
evant in those phase-space regions. Our results of
this comparison indicate that for most operators, the
O(1/A*) contribution is smaller than the leading
one, indicating that, generically, the analysis uses
EFT in its validity range.

Contrasting with the results of our previous analysis,
Refs. [37,109,110], we find that the bounds on
bosonic operators modifying the Higgs couplings
are much more stringent once the full LHC run 2
data are considered. In particular, the kinematic
distributions provided in the STXS format allow
the derivation of constraints which are a factor of 2
to 10 stronger for the Wilson coefficients of Og, Oy,
Ogg> O, and Ogg at order 1/A2

At O(A~2), the precision on the Yukawa couplings
fi/ A% fu/ A% fo/ A%, and f,/A* is similar whether
using the SS or STXS datasets, and their allowed
range is reduced by ~30% for f, and f,, and by ~2
for f, with respect to our previous results [37].
Despite the added complexity to the Higgs-gluon-
gluon vertex [see Eq. (2.9) and Fig. 6], the intro-
duction of the additional contribution (O,;) to the
Higgs production via gluon fusion does not signifi-
cantly affect the analysis once the independent
constraint from top physics [Eq. (3.4)] is included.
In addition, the Higgs dataset is able to improve
slightly the limits on this coefficient, favoring a value
closer to zero, with respect to the top physics bias.
Finally, the study of simplified models shows that
the available datasets are able to put stringent limits
on the model parameters, as we see in Figs. 9 and 10
and in Egs. (5.1) and (5.2). In particular, for all
2HMD variants, our analysis results in bounds on
cos(ff — a), for a fixed 3, which are up to a factor ~4
stronger than those derived in the experimental
analysis of Ref. [106].

Altogether, we find that the increased integrated lumi-
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nosity gathered at 13 TeV allows us to obtain more stringent
bounds on a larger set of anomalous interactions and to
perform new tests of the SM. So far, there is no indication
of deviations from the SM predictions.
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APPENDIX: ANALYTICAL EXPRESSION OF 42
FOR O(A-2) SS AND STXS ANALYSIS

By definition, when the theoretical predictions for the
observables considered in the analysis are expanded to
linear order [i.e., O(A™?)] in the Wilson coefficients, Ay?
takes the form

f?)
A?)’

N 0
i i - f
o= Y (B4 vil (-

where V is the covariance matrix

Vii=o0i0,p;.

For the SS analysis, we find the best-fit values and uncertainties

O Ow  Owww O Oww Occ O Ops Ouwwss Oiwzs Owwss Oz Osw  Oau Og‘)g OE;)Q OI(D],JU o4 Og,)p OLiie
%(TeV)‘2 16 -023 049 42 =32 —-47 052 1.7 6.6 3.1 0.83 —-1.1 0.89 0.068 -0.003 -0.030 —-0.061 —-047 -—0.041 -0.022
c 11 14 2.0 2.7 2.5 25 -021 1.7 4.7 23 1.7 6.4 048 0.046 0.044 0.14 0.14 024 0.020 0.013
where the correlation matrix in the same order of operators as the above table is
1.000  0.345 —0.065 0945 -0.965 -0.045 -0.025 0575 -0.155 0585 0.185 0035 0.135 0.105 0.025 0.095 -0.135 0.075 -0.285 -0.245
0.345 1.000 —-0.185 0265 -0.335 —0.045 -0.035 -0.055 -0.085 0.035 0.175 0.005 0.125 0.145 -0.135 0.755 -0455 0455 -0.295 -0.285
-0.065 -0.185 1.000 —0.045 -0.015 -0.035 -0.095 -0.015 -0.045 -0.015 -0.075 -0.055 -0.095 -0.025 -0.045 0.035 -0.095 0.005 -0.075 -0.105
0945 0265 —0.045 1.000 -0.995 -0.095 -0.035 0.605 —0.165 0.615 0.145 0.035 0.235 0245 0.055 0.065 0.045 0.045 —0.315 -=0.345
-0.965 —0.335 -0.015 -0.995 1.000 -0.055 -0.065 -0.695 0.055 -0.705 -0.215 -0.125 -0.145 -0.165 -0.045 -0.125 -0.015 -0.095 0.095 0.045
—0.045 -0.045 -0.035 -0.095 -0.055 1.000 -0.955 -0.075 —0.945 -0.015 0.055 -0.055 -0.045 -0.045 -0.055 0.025 -0.055 -0.045 -0.035 -0.045
-0.025 -0.035 -0.095 -0.035 -0.065 -0.955 1.000 -0.035 0.725 -0.015 -0.035 -0.035 -0.045 -0.035 -0.045 -0.045 -0.035 -0.055 -0.045 -0.055
0.575 —0.055 -0.015 0.605 -0.695 -0.075 -0.035 1.000 -0.315 0485 -0.115 -0.015 -0.055 0.005 -=0.115 -0.045 0.005 0.035 -0.135 -0.125
—0.155 -0.085 —0.045 -0.165 0.055 —0.945 0.725 -0.315 1.000 -0.025 -0.035 -0.045 -0.075 -0.065 -0.045 -0.065 -0.055 -0.045 -0.025 -0.025
0.585 0.035 -=0.015 0.615 =0.705 -0.015 -0.015 0485 -0.025 1.000 0305 0.025 0.025 -0.025 0.025 -0.135 0.015 -=0.035 -0.115 =0.135
" 0.185 0.175 -0.075 0.145 -0.215 0.055 -0.035 -0.115 -0.035 0.305 1.000  0.005 -0.005 -0.005 -0.055 0.095 -0.115 0.045 -0.095 -0.085
0.035 0.005 -0.055 0.035 -0.125 -0.055 -0.035 -0.015 -0.045 0.025 0.005 1.000  —0.035 -0.035 -0.055 -0.015 -0.055 -0.025 -0.055 -0.065
0.135 0125 -0.095 0235 -0.145 —0.045 -0.045 -0.055 -0.075 0.025 -0.005 -0.035 1.000 0.865 0.045 0.115 0.165 -0425 -0.955 -0.885
0.105  0.145 -0.025 0245 -0.165 -0.045 -0.035 0.005 -0.065 -0.025 -0.005 -0.035 0.865 1.000  0.035  0.095 0.285 -0.435 -0.955 -0.715
0.025 —0.135 -0.045 0.055 —0.045 -0.055 -0.045 -0.115 -0.045 0.025 -0.055 -0.055 0.045 0.035 1.000  -0.125 0.505 0.615 -0.175 -0.205
0.095 0755 0.035 0.065 -0.125 0.025 -0.045 -0.045 -0.065 -0.135 0.095 -0.015 0.115 0.095 -0.125 1.000 -0.665 0.695 -0.215 -0.215
—0.135 -0.455 -0.095 0.045 -0.015 -0.055 -0.035 0.005 -0.055 0.015 =0.115 -0.055 0.165 0285 0505 —0.665 1.000 -0.045 -0.425 -0.255
0.075 0455  0.005 0.045 -0.095 -0.045 -0.055 0.035 -0.045 -0.035 0.045 -0.025 -0.425 -0435 0.615 0.695 -0.045 1.000 0365 0.195
-0.285 -0.295 -0.075 -0.315 0.095 -0.035 -0.045 -0.135 -0.025 -0.115 -0.095 -0.055 -0.955 -0.955 -0.175 -0.215 -0425 0.365 1.000 0.725
-0.245 -0.285 -0.105 -0.345 0.045 -0.045 -0.055 -0.125 -0.025 -0.135 -0.085 -0.065 -0.885 -0.715 -0.205 -0.215 -0.255 0.195  0.725 1.000

For the STXS analysis, we find the best-fit values and uncertainties

O5 Ow Owww O Oww P66 O Oar Ouozs Cuvzs Oewss Cews Opw Ooi Obly 08, Ol O4) 08 011,

L(Tev) | -10. 056 0.061 —2.9 3.6 -13025 2.7 50 Ll

2.8 =20 0.72 0.054 —0.012 0.057 —0.16 —0.38 —0.035 —0.021

c 6.6 090 21 18 —-1.7 15 0.14 1.5 30 20

1.7 6.6 047 0.045 0.043 0.11 0.13 0.22 0.019 0.012

where the correlation matrix in the same order of operators as the above table is
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1.000  -0.305 -0.035 0.855 —0.935 -0215 0.095 0365 -0.095 0.345 0.085 0005 0255 0205 0.035 -0.335 0285 -0235 -0255 -0315
-0.305 1.000 —0.115 -0.375 0325 -0.155 -0.045 -0.555 0225 -0435 -0.005 -0.055 0.155 0.135 -0.235 0.705 -0.295 0305 -0.295 -0.255
-0.035 -0.115 1.000 -0.035 -0.035 -0.035 -0.065 0.015 -0.065 0.025 -0.075 -0.045 -0.055 -0.045 -0.105 0.115 -0.125 0.025 0.015 -0.015

0855 -0375 -0.035 1.000 -0.975 -0.155 0.085 0465 -0215 0405 0.065 0.005 0365 0315 0025 -0445 0355 -0.325 -0.385 -0.275
-0.935 0325 -0.035 -0.975 1.000 0.095 -0.135 -0.535 0235 -0.495 -0.125 -0.085 -0.185 -0.165 -0.135 0.365 -0.405 0.215 -0.015 -0.005
-0.215 -0.155 -0.035 -0.155 0.095 1.000 -0.875 -0.085 -0.845 -0.075 -0.025 -0.065 -0.175 =0.185 —0.045 -0.065 -0.065 -0.055 0.135  0.055

0.095 -0.045 -0.065 0.085 —0.135 -0.875 1.000 0.145 0495 0.155 0.005 0.015 0.005 0055 0.025 -0.075 0.005 =0.095 -0.185 =-0.125

0365 -0.555 0.015 0465 -0.535 -0.085 0.145 1.000 -0.285 0.625 -0.005 -0.035 -0.075 -0.045 -0.035 -0.465 0305 -0.295 -0.125 -0.035
-0.095 0225 -0.065 -0215 0235 -0845 0495 -0285 1.000 -0.055 -0.045 -0.055 0.045 0045 -0.035 0.165 -0.165 0.035 -0.145 -0.115

0345 -0435 0.025 0405 -0495 -0.075 0.155 0.625 -0.055 1.000 0.105 -=0.025 0.115 =0.005 0.035 -0345 0.165 =0.195 -0.095 -0.035

0.085 —-0.005 -0.075 0.065 —0.125 -0.025 0.005 -0.005 =0.045 0.105 1.000 -0.025 -0.095 -0.035 -0.065 -0.075 -0.015 -0.075 -0.065 -0.045 '

0.005 -0.055 -0.045 0.005 -0.085 -0.065 0.015 -0.035 -0.055 -0.025 -0.025 1.000 -0.035 -0.035 -0.045 -0.055 -0.035 -0.055 -0.045 -0.045

0.255  0.155 -0.055 0365 —0.185 -0.175 0.005 -0.075 0.045 0.115 -0.095 -0.035 1.000 0.865 0.045 0.035 0325 -0.325 -0.955 -0.885

0205  0.135 —0.045 0315 —-0.165 -0.185 0.055 -0.045 0.045 —0.005 -0.035 -0.035 0.865 1.000 0.045 -0.015 0405 -0.355 -0.935 -0.745

0.035 -0.235 -0.105 0.025 -0.135 -0.045 0.025 -0.035 -0.035 0.035 -0.065 -0.045 0.045 0.045 1.000  -0.395 0.575 0475 -0215 -0235
-0.335 0.705  0.115 -0.445 0365 -0.065 -0.075 -0.465 0.165 -0.345 -0.075 -0.055 0.035 -0.015 -0.395 1.000 -0.545 0335 -0.085 -0.055

0.285 -0.295 -0.125 0.355 —0.405 -0.065 0.005 0305 -0.165 0.165 -0.015 -0.035 0325 0405 0575 -0.545 1000 0285 -0.515 -0.405
-0.235 0305 0.025 -0325 0215 -0.055 -0.095 -0.295 0.035 -0.195 -0.075 -0.055 -0.325 -0.355 0475 0335 0285 1.000 0.195 0.175

-0.255 -0.295 0.015 -0.385 -0.015 0.135 -0.185 -0.125 -0.145 -0.095 -0.065 -0.045 -0.955 -0.935 -0.215 -0.085 -0.515 0.195 1.000 0.745

-0.315 -0255 -0.015 -0.275 -0.005 0.055 -0.125 -0.035 -0.115 -0.035 -0.045 -0.045 -0.885 -0.745 -0235 -0.055 -0.405 0.175 0.745  1.000
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