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Abstract Constraints on Wilson coefficients (WCs) cor-
responding to dimension-6 operators of the standard model
effective field theory (SMEFT) are determined from a simul-
taneous fit to seven sets of CMS measurements probing Higgs
boson, electroweak vector boson, top quark, and multijet pro-
duction. Measurements of electroweak precision observables
are also included and provide complementary constraints to
those from the CMS experiment. The CMS measurements,
using LHC proton-proton collision data at

√
s = 13 TeV, cor-

responding to integrated luminosities of 36.3 or 138 fb−1,
are chosen to provide sensitivity to a broad set of opera-
tors, for which consistent SMEFT predictions can be derived.
These are primarily measurements of differential cross sec-
tions which are parameterized as functions of the WCs. In
measurements targeting t(t)X production, SMEFT effects
are modelled at the detector level. Individual constraints on
64 WCs, and constraints on 43 linear combinations of WCs,
are obtained.

1 Introduction

The advent of the LHC era has allowed an extensive explo-
ration of the standard model (SM) and beyond across a broad
energy range, from the discovery of the Higgs boson (H) at
a mass of 125 GeV by the ATLAS and CMS Collaborations
in 2012 [1–3] to searches for the direct production of heavy
new particles at the TeV scale [4–6]. The discovery of new
particles would provide unambiguous evidence of physics
beyond the SM (BSM). To date, no BSM particles have been
found, which motivates a complementary strategy to look
for indirect evidence of BSM physics via deviations from
theoretical predictions in known SM processes.

The SM effective field theory (SMEFT) provides a frame-
work for such indirect searches [7]. It characterizes devia-
tions caused by new particles at an energy scaleΛ, assumed to
be much higher than the electroweak scale, without depend-
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ing on the realization of any specific BSM model. Such
an approach is sensitive to scales Λ beyond the maximum
energy reach of the LHC, which is important if BSM particles
are too heavy to be produced on-shell. The SM Lagrangian,
LSM, is treated as the lowest order term in an expansion in
powers of 1/Λ,

LSMEFT = LSM +
∑

d, j

c(d)
j

Λ
d−4Q

(d)
j , (1)

where Q(d)
j are operators of mass dimension d ≥ 5, and

the c(d)
j are Wilson coefficients (WCs) parameterizing the

strength of the interaction introduced by each SMEFT oper-
ator. In this paper, we focus only on dimension-6 operators.
These are the lowest dimension operators beyond the SM
when ignoring odd-dimensional operators, which violate lep-
ton or baryon number. These dimension-6 operators are gen-
erally expected to give the leading BSM contribution to any
process measured at the LHC, with higher-dimensional oper-
ators suppressed by factors proportional to 1/Λ

4 or higher.
There are 2499 dimension-6 operators that together form

an independent basis [8]. It is currently not feasible to con-
strain this many operators simultaneously. However, the
imposition of flavour symmetries can reduce this number sig-
nificantly. We adopt the U(3)l × U(3)e × U(2)q × U(2)u ×
U(2)d (“topU3l”) symmetry of Refs. [9,10], which treats
the first- and second-generation quarks as one set of fields,
and the third generation quarks as another independent set.
This reduces the basis to 182 operators. Of these, 53 have both
a Charge-Parity (CP)-conserving and a CP-violating variant.
The latter are not considered here, since the sets of mea-
surements included in this combined interpretation do not
make use of observables that can distinguish between CP-
conserving and CP-violating effects. This leaves a total of
129 operators.

Each operator will typically impact multiple processes
measured at the LHC, and any process will be sensitive to
multiple operators. Figure 1 shows examples of SM pro-
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cesses modified by the operator QW = ε
i jkW iν

μ W jρ
ν Wkμ

ρ ,
where ε is the Levi-Civita symbol and W denotes a W boson
field strength tensor. Constraints can be determined by a sin-
gle measurement, but depending on the number of observ-
ables measured, this typically requires the assumption that
the other WCs are zero. For example, different WCs might
affect the same observable, and it is not always possible to
include additional observables in the measurement to break
this degeneracy. However, it is expected that the presence
of BSM physics would manifest itself through modifications
of multiple operators at the same time, which highlights the
interest in constraining multiple WCs simultaneously. Mea-
surements of individual SM processes have been interpreted
in EFTs by both the ATLAS and CMS Collaborations. A
selection of these results is reported in Refs. [11–23].

The most general EFT interpretation requires constraints
to be set simultaneously on all WCs, using a global set of
measurements as input [24]. Such constraints have already
been set by several global fit collaborations, using publicly
available measurements from experiments at the LHC, and
beyond, as input [25–28]. Additionally, EFT interpretations
based on measurements of a range of processes in the top
quark physics sector have been performed by the CMS Col-
laboration [29], and a combined EFT interpretation of Higgs
boson measurements [30] has been performed by the ATLAS
Collaboration.

In this paper, a combined SMEFT interpretation of CMS
measurements covering multiple sectors of the SM via a
simultaneous likelihood fit is presented. Combining multi-
ple analyses requires careful consideration of the statisti-
cal overlap between events entering signal regions and the
impact of SMEFT operators on the background models used
in each analysis. For this combination, measurements for
which a consistent SMEFT prediction is available or can be
derived are considered, and the event samples selected by
each analysis must be statistically independent. Analyses are
also required to have small backgrounds, or estimate back-
grounds from data if their contribution is significant. Out
of the measurements satisfying these criteria, a selection is
made that aims to provide complementary sensitivity to a
broad set of operators. As only a subset of all CMS measure-
ments is considered, this combined measurement cannot pro-
vide sensitivity to all possible operators. Because the selected
analyses typically have small backgrounds, or estimate them
from data otherwise, the impact of the SMEFT operators on
the background processes is not taken into account.

The analyses included are measurements of (i) Higgs
boson production in the H → γγ decay channel [31]; (ii)
top quark-antiquark pair (tt ) production in the lepton plus
jets final state [32]; (iii) ttH, tt��, tt�ν, t��q, tHq, and tt tt
production [29] that are collectively referred to in the follow-
ing as “t(t)X”; (iv) WW(�ν�ν) [33] and (v) W(�ν)γ pro-

duction [34], where � = e, μ; (vi) Z → νν [35]; and (vii)
inclusive jet production [36]. Measurements of electroweak
precision observables (EWPO) [37–39] are also included and
provide complementary constraints.

In total, the effects of 64 operators, listed in Table 1,
are studied. The operators involving three vector boson
field strength tensors (X3) are mainly constrained by the
H → γγ , Wγ , and inclusive jet production measurements.
Operators connecting two Higgs fields and two vector boson
field strength tensors (X2H2) are primarily constrained by
the H → γγ measurement, while the strongest constraints
on operators involving fermion fields and Higgs fields, but
no covariant derivatives (ψ2H3, ψ

2XH ), come from the
H → γγ , tt , and t(t)X measurements. The constraints on
operators in the classes combining Higgs fields and covari-
ant derivatives (H4D2, ψ

2H2D) primarily arise from the
EWPO measurements. The inclusive jet, tt , and t(t)X mea-
surements provide the strongest constraints on four-fermion
operators (ψ4).

The majority of the analyses included in the combined
interpretation are measurements in which cross sections are
reinterpreted as constraints on the WCs, while the t(t)X mea-
surement uses the “direct” approach, in which detector-level
predictions are obtained by incorporating the EFT effects
through event weights applied to the simulated signal sam-
ples. An additional set of results, excluding the t(t)X mea-
surement, is produced via a simplified likelihood (defined in
Sect. 6) constructed from publicly available information, and
validated against the experimental likelihood model. This
additional set of results can, therefore, serve as a basis for
future reinterpretation. It is also fast to evaluate, facilitating
statistical tests of the model that would otherwise be compu-
tationally prohibitive.

The effect of the SMEFT operators on the signal processes
consists of a part that is linear in the WCs, and a part that
is quadratic in them. The linear part represents the interfer-
ence between the SM and the BSM effect described by the
SMEFT operators, while the quadratic part is purely related
to the BSM contribution. In both cases, only diagrams con-
taining a single SMEFT contribution are considered. Most of
the constraints presented in this analysis are set taking into
account only the contributions that are linear in the WCs.

This paper is organized as follows. The CMS detector and
event reconstruction are introduced in Sect. 2. The analy-
ses included in this combined interpretation are summarized
in Sect. 3 and the modifications made to those analyses are
discussed in Sect. 4. The SMEFT parameterizations and the
combination procedure are discussed in Sects. 5 and 6. Sec-
tion 7 presents the results, and a summary is given in Sect. 8.
Tabulated results, including the SMEFT parameterizations,
are provided in the HEPData record for this analysis [40].
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Table 1 The SMEFT operators studied in this analysis, following the
definitions of Ref. [9,10], where (q, u, d) denote quark fields of the
first two generations, (Q, t, b) quark fields of the third generation, and
(l, e, ν) lepton fields of all three generations. The Higgs doublet field is

indicated by H ; D represents a covariant derivative; � is the d’Alembert
operator; X = G,W, B denotes a vector boson field strength tensor;
p, r are flavour indices. Fermion fields are represented by ψ , with L
and R indicating left- and right-handed fermion fields
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Fig. 1 Example Feynman diagrams of modifications of SM processes by the SMEFT operatorQW: Wγ production (left), WW production (centre),
H → γ γ decay (right). The WC cW controls the strength of the interaction

2 The CMS detector and event reconstruction

The CMS apparatus [41,42] is a multipurpose, nearly her-
metic detector, designed to trigger on [43–45] and identify
electrons, muons, photons, and hadrons [46–48]. Its cen-
tral feature is a superconducting solenoid of 6 m internal
diameter, providing a magnetic field of 3.8 T. Within the
solenoid volume are a silicon pixel and strip tracker, a lead
tungstate crystal electromagnetic calorimeter (ECAL), and a
brass and scintillator hadron calorimeter (HCAL), each com-
posed of a barrel and two endcap sections. Forward calorime-
ters extend the pseudorapidity (η) coverage provided by the
barrel and endcap detectors. Muons are measured in gas-
ionization detectors embedded in the steel flux-return yoke
outside the solenoid. More detailed descriptions of the CMS
detector, together with a definition of the coordinate system
used and the relevant kinematic variables, can be found in
Refs. [41,42].

A particle-flow algorithm [49] aims to reconstruct and
identify each individual particle in an event, with an opti-
mized combination of information from the various elements
of the CMS detector. The energy of photons is obtained from
the ECAL measurement. The energy of electrons is deter-
mined from a combination of the electron momentum at the
primary interaction vertex as determined by the tracker, the
energy of the corresponding ECAL cluster, and the energy
sum of all bremsstrahlung photons spatially compatible with
originating from the electron track. The energy of muons is
obtained from the curvature of the corresponding track. The
energy of charged hadrons is determined from a combination
of their momentum measured in the tracker and the matching
ECAL and HCAL energy deposits, corrected for the response
function of the calorimeters to hadronic showers. Finally, the
energy of neutral hadrons is obtained from the corresponding
corrected ECAL and HCAL energies.

Jets are reconstructed by clustering particle flow candi-
dates using the anti-kT algorithm [50,51] with a distance
parameter R = 0.4, 0.7, or 0.8. Jets originating from b quarks
are identified (b tagged) using multivariate algorithms [52–
54]. Boosted hadronically decaying top quarks are recon-

structed as anti-kT jets with R = 0.8 and identified using
neural networks.

The missing transverse momentum vector �pmiss
T is com-

puted as the negative vector sum of the transverse momenta
of all the particle flow candidates in an event, and its magni-
tude is denoted as pmiss

T [55].

3 Analyses included in the combination

In this section, we briefly describe the analyses included in
the combined interpretation. For each of the studied pro-
cesses, we have incorporated the most recent CMS measure-
ment. Where a measurement that only analyzes data col-
lected in 2016 is used, a corresponding measurement using
the 2016–2018 data set is not available. A summary of analy-
sis type, whether the experimental statistical model was avail-
able, and the observables that were used, is given in Table 2.

3.1 Measurement of H → γ γ

In the H → γγ analysis, described in more detail in Ref. [31],
the major Higgs boson production modes are studied, includ-
ing gluon-gluon fusion (ggH), vector boson fusion (VBF),
vector boson associated production (VH), production asso-
ciated with a top quark-antiquark pair (ttH), and produc-
tion in association with a single top quark (tH). The anal-
ysis considers final states with at least two photons, plus
additional objects (leptons, jets) for categories targeting spe-
cific production modes. The two photons with highest trans-
verse momentum are required to have pT > mγ γ /3 and
pT > mγ γ /4, respectively, with an invariant mass mγ γ in the
range 100 < mγ γ < 180 GeV. The analysis is performed on
proton-proton (pp) collision data collected between 2016 and
2018, corresponding to an integrated luminosity of 138 fb−1.
The Higgs boson signal is extracted by measuring a narrow
peak in the diphoton invariant mass spectrum, on top of a
smoothly falling background.
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Table 2 Summary of input analysis characteristics. The observables are defined in the following sections and the experimental likelihood is defined
in Section 6

Analysis Type of measurement Observables used Experimental likelihood

H → γ γ Differential cross sections STXS bins [56] �
Wγ Fiducial differential cross

sections
p

γ
T × |φ f | [34] �

Z → νν Fiducial differential cross
sections

p
Z
T �

WW Fiducial differential cross
sections

m�� �

tt Fiducial differential cross
sections

mtt ×

t(t )X Direct EFT Yields in regions of interest �
Inclusive jet Fiducial differential cross

sections
pjet

T × |yjet| ×

EWPO Pseudo-observables ΓZ , σ
0
had, R�, Rc , Rb , ASLC

� , ALEP
� ,

Ac ,Ab , A0,�
FB , A0,c

FB , A0,b
FB , ΓW , Bhad

W ,
Δα [39]

×

The MC samples for each Higgs boson production mode
are generated with MadGraph5_amc@nlo 2.4.2 [57] at
NLO accuracy in QCD. Events produced via the ggH produc-
tion mode are weighted as a function of Higgs boson pT and
number of jets, to match the prediction from the NNLOPS

program [58]. The NNPDF 3.0 [59] (3.1 [60]) parton distri-
bution function (PDF) set is used for event samples compat-
ible with the 2016 (2017 and 2018) data. Parton showering
and hadronization are simulated with pythia 8.230 [61]. The
samples are normalized to the production cross sections and
branching fractions recommended in Ref. [62].

The H → γγ analysis performs measurements of the sim-
plified template cross sections (STXS) [56], a set of fiducial
bins for different kinematic variables defined for each Higgs
boson production mode. Stage 1.2 of the STXS is used. For
ggH events, bins in Higgs boson pT and number of jets are
defined. For events with at least two jets, there is an addi-
tional binning in dijet mass and the pT of the Higgs boson
plus dijet system. Events in which Higgs bosons are produced
via VBF or in association with a hadronically decaying vec-
tor boson have a binning in the number of jets, the Higgs
boson pT, dijet mass, and the pT of the Higgs boson plus
dijet system. For Higgs bosons produced in association with
a leptonically decaying vector boson, a binning in the type
of associated vector boson, the number of jets, and the pT of
the vector bosons is used. For ttH production, the pT of the
Higgs boson is used to define a binning. Not all of the STXS
bins can be measured in the analysis; some of these bins are
merged, while others are fixed to their SM prediction.

3.2 Measurement of Wγ

The Wγ production process is studied in Ref. [34] using
the pp collision data set collected by the CMS experiment
between 2016 and 2018, corresponding to an integrated lumi-
nosity of 138 fb−1. Leptonic decays of the W boson to an
electron or muon and a corresponding neutrino are consid-
ered.

Signal samples are generated with Mad-

Graph5_amc@nlo 2.6.5 at NLO in QCD, interfaced
with pythia 8.230 to simulate parton showering and
hadronization. The NNPDF 3.1 PDF set is used in the signal
simulation.

Several differential cross sections are measured, and a
dedicated EFT analysis is performed, studying only one
operator, QW (referred to as O3W in Ref. [34], defined in
Table 1), which modifies the triple and quartic gauge cou-
plings. For this, a simultaneous measurement of the photon
transverse momentum (pγ

T) and the azimuthal angle (|φ f |)
of the charged lepton in the centre-of-mass frame of the
Wγ system is performed. The latter corresponds to the angle
between the W boson decay plane and the plane spanned by
the W boson momentum and Wγ boost vectors. This two-
dimensional approach provides increased sensitivity to the
interference between the SM and the QW contribution than
using the transverse momentum alone [63,64]. In the com-
bined interpretation presented here, we therefore select the
two-dimensional measurement of p

γ
T and |φ f | as the input.
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3.3 Measurement of Z → νν

The Z → νν analysis measures total and fiducial differen-
tial cross sections for the production of a Z boson decaying
into two neutrinos [35]. The νν final state is characterized
by large missing transverse momentum, pmiss

T > 250 GeV.
Events must also contain at least one jet with pT > 100 GeV
and |η| < 2.4. Events with additional photons, leptons, and
b-tagged jets are rejected. The measurement analyzes pp col-
lision data collected in 2016, corresponding to an integrated
luminosity of 36.3 fb−1.

Simulated MC signal samples are produced at NLO in
QCD usingMadGraph5_amc@nlo 2.2.2, and corrected by
Z boson pT dependent higher order electroweak terms. Par-
ton showering and hadronization are simulated with pythia

8.212 and PDFs are taken from NNPDF 3.0.
The signal is extracted through a binned maximum likeli-

hood fit to the missing transverse momentum spectrum, with
the major backgrounds estimated using control regions in
data, and further minor backgrounds estimated from simu-
lated samples of events.

3.4 Measurement of WW

In the analysis described in Ref. [33], fiducial and differential
cross section measurements of the production of a W+W−

pair are performed using the pp collision data set collected in
2016, corresponding to an integrated luminosity of 36.3 fb−1.

WW production via qq annihilation (qq → WW) is gen-
erated with powheg 2.0 [65–69] at NLO precision and WW
production via gluon-gluon fusion (gg → WW) is generated
at LO precision with mcfm 7.0 [70]. The signal samples are
corrected to reproduce the pT spectrum of the WW system
calculated at NNLO precision in perturbative QCD [71]. All
samples use pythia 8.212 and the NNPDF 2.3 [72] PDF set.

Leptonic final states of the W bosons are analyzed, consid-
ering only electrons and muons. The two leptons must have
opposite electric charge, and both the same-flavour (e−e+,
μ−μ+) and different-flavour (e−μ+, e+μ−) lepton channels
are analyzed. The leading (subleading) lepton is required to
have a minimum pT of 25 (20) GeV. In the combination pre-
sented here, we use the different-flavour lepton decay chan-
nels, because they have smaller Drell–Yan contamination.

Measurements of several observables are provided, such
as lepton transverse momentum, angular separation between
the two leptons, and invariant mass of the two leptons, m��.
For the interpretation presented in this paper, we choose m��

as the observable. The reconstructed m�� distribution is used
in the original analysis to set constraints on dimension-6 WCs
in the anomalous triple gauge coupling framework, support-
ing the choice of observable for the present interpretation.

3.5 Measurement of tt

The tt analysis in the single-lepton plus jets channel [32]
measures the production cross section of top quark pairs dif-
ferentially and double-differentially, analyzing pp collision
data collected in 2016–2018 and corresponding to an inte-
grated luminosity of 138 fb−1.

The production of tt events is simulated with
powheg 2.0 [65–67,73] at NLO accuracy in QCD. The
NNPDF 3.0 (3.1) PDF set is used for event samples compati-
ble with the 2016 (2017 and 2018) data. Parton showering and
hadronization are simulated with pythia 8.2. The tt samples
are normalized to the inclusive cross section calculated with
Top++v2 [74] at NNLO accuracy in QCD. Both measure-
ments performed at the parton level and at the particle level
are provided. At the parton level, where the tt pair is consid-
ered before its decay, all effects related to top quark decays,
hadronization, and detector acceptance are corrected based
on theoretical assumptions. At the particle level, the tt pair is
defined based on jets and leptons that can be directly observed
in the detector. This reduces extrapolation uncertainties and
results in fewer bin-to-bin migrations. In the interpretation
presented in this paper, we therefore make use of the particle-
level measurements.

The analysis selects events with exactly one electron or
muon with pT > 30 GeV and |η| < 2.4. Events with addi-
tional electrons or muons with pT > 15 GeV and |η| < 2.4
are rejected. The analysis selection requires the presence of
a candidate for a boosted hadronically decaying top quark,
or at least four jets with pT > 30 GeV and |η| < 2.4. In the
latter case, at least two of the jets must be b tagged.

Measurements of the following observables are per-
formed: leptonically decaying top quark pT and rapidity;
hadronically decaying top quark pT and rapidity; mass, rapid-
ity, and pT of the tt system; leading and subleading top quark
pT. Several double-differential measurements in mass, rapid-
ity, and pT are also performed. For the SMEFT interpretation
presented here, we tested the different measured observables
for optimal sensitivity, by analyzing (a) the trace and (b) the
product of eigenvalues greater than or equal to unity of the
Hessian matrix of the measurement, parameterized in terms
of the WCs. These criteria maximize the number of directions
in the SMEFT parameter space to which the measurement is
sensitive. The pT of the subleading top quark, ptlow

T , and the
invariant mass of the tt system, mtt , were the most sensitive
observables. Since there are known issues with the modelling
of top quark pT distributions [75], we choose mtt as input
for the SMEFT interpretation.

3.6 Measurement of t(t)X

A search for new physics in the production of top quarks
associated with additional leptons, documented in Ref. [29],
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is included in the combined interpretation presented here.
This search uses the pp collision data set collected by the
CMS experiment between 2016 and 2018, corresponding to
an integrated luminosity of 138 fb−1, and is sensitive to oper-
ators affecting the production of ttH, tt��, tt�ν, t��q, tHq,
and tt tt .

Independent measurements of such processes exist, but
cannot easily be reinterpreted in terms of constraints on
SMEFT operators, as the event selections typically overlap
between these measurements. A single consistent analysis is
thus needed to avoid using the same events multiple times in
the interpretation. Therefore, the t(t)X analysis implements
an approach designed to target the effect of dimension-6 EFT
operators directly, relying on detector-level observables: the
number of events in different regions of interest, defined by
the multiplicities of final state objects, and additional kine-
matical variables. These observables are parameterized as a
function of the WCs by incorporating the effect of dimension-
6 EFT operators in the event weights of the simulated signal
samples. This approach was developed in Ref. [76], which
contains a more detailed description.

The signal samples are generated at LO accuracy in QCD
with MadGraph5_amc@nlo 2.6.5, using the NNPDF 3.1
PDF set. pythia 8.240 is used to simulate partons shower-
ing, hadronization, and the decays of Higgs bosons and top
quarks. All signal samples are normalized to inclusive cross
sections with higher order QCD and electroweak corrections.
The t��q [57] and tHq [62] cross sections are calculated with
NLO QCD corrections, and the ttH [62], tt�� [62], tt�ν [77],
and tt tt [78] cross sections with NLO QCD and electroweak
corrections.

3.7 Measurement of inclusive jet production

A measurement of the double-differential cross section in
pT and rapidity y for inclusive jet production is performed in
Ref. [36] using pp collision data collected during 2016 and
corresponding to an integrated luminosity of 36.3 fb−1. The
jet pT is measured in up to 22 bins from 97 GeV to 3.1 TeV,
and |y| is measured in four bins up to |y| = 2. There are a
total of 78 bins in the (pT, |y|) parameter space.

Results are given for particle-flow jets clustered using the
anti-kT algorithm [50] with R = 0.4 or 0.7. A quantum
chromodynamics (QCD) analysis is also performed using
state-of-the-art next-to-next-to-leading order (NNLO) QCD
predictions, including an interpretation for four-fermion
SMEFT operators, where the cross section dependence is
computed at next-to-leading order (NLO). In the combination
presented here, we use the R = 0.7 measurements as input,
as in the QCD analysis of Ref. [36]. The larger radius reduces
the modelling impact from out-of-cone radiation effects.

3.8 Electroweak precision observables

The interpretation presented here incorporates electroweak
precision observables sensitive to the couplings of elec-
troweak vector bosons to fermions. Their implementation
is based on the ewpd4lhc tool [39]. A short description of
the included observables is given in this section.

The Z pole observables, ΓZ, σ
0
had, R�, Rc , Rb , ASLC

� , Ac ,

Ab , ALEP
� , A0,�

FB , A0,c
FB , and A

0,b
FB , were measured at LEP and

SLC [37]. The Z boson total width, ΓZ, the hadronic pole

cross section, σ
0
had, and the ratios R�, Rc , and Rb , constrain

the Z boson couplings to left- and right-handed fermions.
They are defined as

σ
0
had = 12π

m2
Z

ΓeeΓhad

Γ
2

Z

, R� = Γhad

Γ��

,

Rc = Γcc

Γhad
, Rb = Γbb

Γhad
,

(2)

where Γff denotes the partial decay width of the Z boson to
a fermion-antifermion pair, and Γhad = Γuu + Γdd + Γcc +
Γss + Γbb is the hadronic Z boson partial decay width.

The asymmetry parameters ASLC
� , Ac , and Ab , deter-

mined using polarized electron beams at SLC, and ALEP
� ,

determined from τ polarization measurements at LEP, as well
as the forward-backward asymmetries, A0,�

FB , A0,c
FB , A0,b

FB , mea-
sured at LEP, distinguish between the Z boson couplings
to left- and right-handed fermions. The forward-backward
asymmetries are defined as

AFB = NF − NB

NF + NB
. (3)

In this expression, NF (NB) is the number of events where
the charged lepton, c quark, or b quark is produced in the
direction of the electron beam (positron beam).

Measurements of the W boson total width, ΓW, and the

hadronic W boson branching fraction, Bhad
W , constrain the

W boson couplings to left-handed fermions [38]. Bhad
W was

measured at LEP, while the most precise measurement of
ΓW is obtained from a combination of LEP and Tevatron
data [38,79].

The running of the electromagnetic coupling,

Δα(mZ) = Δαhad(mZ) + Δαlep(mZ)

= 1 − α
(
Q2 = 0

)

α
(
Q2 = m2

Z
) , (4)

is also treated as an observable. We use the value of
Δαhad(mZ) from Ref. [80] in combination with the theo-
retical calculation of the leptonic contributions Δαlep(mZ)

at four-loop order [81].
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Theoretical predictions for the electroweak precision
observables, in the SM and the SMEFT, are calculated
with ewpd4lhc. The SM predictions are calculated, at two-
loop accuracy or higher, using the interpolation formulas
of Refs. [82–85]. SMEFT corrections are evaluated with
SMEFTsim3 [9,10]. The input parameters used to calculate
the SM predictions are given in Table 3. The predicted and
measured values of the 15 observables included in the fit are
summarized in Table 4.

4 Modifications to the input analyses

Modifications to some of the analyses included in this com-
bination are made with respect to their original publications.
These changes are made to ensure a consistent treatment of
theoretical uncertainties in the interpretation, the use of state-
of-the-art SM predictions in the inclusive jet measurement,
and a consistent use of the integrated luminosity calibrations
and uncertainties.

When cross section measurements are reported, theoret-
ical uncertainties in the cross sections are properties of the
prediction with which the measurement is compared, and
not uncertainties in the measured cross sections themselves.
However, for the purpose of interpreting those cross sections
in the context of an EFT, the theoretical uncertainties must
be taken into account. This is achieved by repeating the cross
section measurements, where the theoretical uncertainties in
the cross sections are included in the total uncertainty in the
measurement. The theoretical uncertainties that are consid-
ered in all the analyses are uncertainties in the PDF and in
the QCD factorization and renormalization scale.

For the H → γγ and the Wγ measurements, theoreti-
cal uncertainties in the SM predictions are incorporated in
the statistical model and the cross section measurements are
repeated, allowing the corresponding nuisance parameters to
vary in the model. These uncertainties were already avail-
able in the likelihood constructed for the original measure-
ments, but were kept fixed to their nominal values in that
case. The theoretical uncertainties in the predictions for the
H → γγ measurement include uncertainties due to miss-
ing higher orders and PDF uncertainties following the rec-
ommendations from Ref. [62], as well as uncertainties spe-
cific to the STXS measurements, described in more detail
in Ref. [31]. Theoretical uncertainties in the Wγ predictions
due to missing higher orders in the cross section calculation
are obtained from the variation of renormalization and fac-
torization scales. PDF uncertainties are evaluated following
the PDF4LHC prescription [90].

For the inclusive jet measurement, the NNLO QCD cross
sections are extracted, using the fastNLO tool [91,92],
from interpolation grids [93] that were derived from NNLO-

jet [94–96] predictions. These cross sections are updated

for this combination to use the CT18 [97] PDF set at NNLO,
which is expected to give better agreement with CMS jet data
than the CT14 [98] set used previously. Multiplicative cor-
rections for nonperturbative and NLO electroweak effects are
applied, and are the same as those used in Ref. [36]. Several
sources of uncertainty in the final prediction are evaluated.
The PDF uncertainty considers the 28 independent CT18
PDF eigenvector variations. For the missing higher orders
in QCD, the uncertainty is treated as uncorrelated between
different |y| bins, but correlated between the pT bins of a
given |y| bin. Also included are an uncertainty in the non-
perturbative correction, from a comparison of pythia and
herwig++ tunes, and the statistical uncertainties originating
from the interpolation grids.

In the Z → νν, WW, and tt measurements, theoretical
uncertainties are evaluated by passing samples of simulated
events through the Rivet codes [99] that replicate the phase
space selections for these analyses. The WW and tt samples
are generated at NLO in QCD with the powheg 2.0 event
generator, and Z → νν events are generated at NLO in QCD
with the MadGraph5_amc@nlo 2.6.5 generator. All sam-
ples are interfaced with pythia 8.240 with the CP5 underly-
ing event tune [100] for parton showering and hadronization,
and in the samples produced with MadGraph5_amc@nlo,
the FxFx jet merging scheme is used [101]. The NNPDF 3.1
PDF set at NNLO in QCD is incorporated in these samples.
The samples include PDF as well as renormalization and
factorization scale weights. The factorization and renormal-
ization scale uncertainties are considered as two independent
sources of systematic uncertainty, to provide more degrees of
freedom in the fit than taking the envelope of the two would.

The uncertainties are incorporated as nuisance parameters
in the likelihood fit, or, for the analyses for which the experi-
mental likelihood description is not available, we construct a
covariance matrix of theoretical uncertainties. This theoreti-
cal uncertainty covariance matrix is added to the experimen-
tal covariance matrix that was provided in the measurements.

The t(t)X analysis originally used the dim6top EFT
description [102], and this has been translated to SMEFT
as necessary. Additional operators that were not consid-
ered in the original analysis are added by post-generation
reweighting of the signal samples [103]. This is achieved
by generating external matrix element libraries with Mad-

Graph5_amc@nlo. Both linear and quadratic terms are
accounted for. The QH� = (H†H)�(H†H) operator (rate
only, defined in Table 1) and two-heavy-two-light quark oper-
ators (differential) are incorporated in the t(t)X analysis for
the purpose of this combination. Other operators were also
studied and the sensitivity was found to be minimal.

For the analyses incorporated in the interpretations with
their experimental likelihood, the PDF uncertainties are con-
sidered to be correlated. The factorization and renormaliza-
tion scale uncertainties are not correlated between the dif-
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Table 3 Input parameters used to calculate SM predictions for the elec-
troweak precision observables. The values of mW , mZ , mH , mt , and
GF are set to the PDG averages [86], with an additional uncertainty
of 0.5 GeV on mt to account for ambiguities in the definition of the

top quark mass [87]. The strong coupling αs is set to the average of
the Flavour Lattice Averaging Group (FLAG) [88], as it is more robust
against SMEFT effects than the PDG value [89]

Parameter Value Ref. Parameter Value Ref.

mW (GeV) 80.377 ± 0.012 [86] mt (GeV) 172.69 ± 0.58 [86,87]

mZ (GeV) 91.1876 ± 0.0021 [86] GF (10−12 GeV−2) 11663788 ± 6 [86]

mH (GeV) 125.25 ± 0.17 [86] αs 0.1183 ± 0.0007 [88]

Table 4 Predicted and measured values of the 15 electroweak precision
observables included in the fit. Δα(mZ ) is the sum of Δαhad(mZ ) =
0.02753±0.00010 [80] andΔαlep(mZ ) = 0.0314979±0.0000002 [81].

The measurements of ΓZ and σ
0
had include corrections to Ref. [37],

accounting for an underestimation of the integrated luminosity and
using an updated Bhabha scattering cross section, as recommended by
the PDG [86]. The SM predictions are calculated in the {mW ,mZ ,GF}
input parameter scheme with the input parameters of Table 3, using
ewpd4lhc [39]

Observable Prediction Measurement Ref.

ΓZ (GeV) 2.49561 ± 0.00084 2.4955 ± 0.0023 [37,86]

σ
0
had (pb) 41488.2 ± 7.2 41480.2 ± 32.5 [37,86]

R� 20.7578 ± 0.0086 20.767 ± 0.025 [37]

Rc 0.17224 ± 0.00005 0.1721 ± 0.0030 [37]

Rb 0.21586 ± 0.00010 0.21629 ± 0.00066 [37]

ASLC
� 0.1503 ± 0.0019 0.1513 ± 0.0021 [37]

ALEP
� 0.1503 ± 0.0019 0.1465 ± 0.0033 [37]

Ac 0.6692 ± 0.0008 0.670 ± 0.027 [37]

Ab 0.9350 ± 0.0002 0.923 ± 0.020 [37]

A0,�
FB 0.01695 ± 0.00043 0.0171 ± 0.0010 [37]

A
0,c
FB 0.0755 ± 0.0011 0.0707 ± 0.0035 [37]

A
0,b
FB 0.1054 ± 0.0014 0.0992 ± 0.0016 [37]

ΓW (GeV) 2.0918 ± 0.0010 2.085 ± 0.042 [38,79,86]

Bhad
W 0.6754 ± 0.0000 0.6741 ± 0.0027 [38]

Δα(mZ ) 0.05793 ± 0.00074 0.05903 ± 0.00010 [80,81]

ferent processes, as they reflect the missing higher orders in
the perturbative QCD calculation of each specific scattering
process. In addition to theoretical uncertainties, experimen-
tal uncertainties related to the integrated luminosity, the jet
energy scale and resolution, the missing transverse energy
unclustered energy scale (MET unclustered), the trigger inef-
ficiency caused by the gradual timing shift in the ECAL
trigger inputs in the |η| > 2.4 region (L1 Prefiring), and
the pileup modelling are correlated between measurements
where possible. When the uncertainty schemes used in the
analyses are not compatible, they are treated as uncorrelated.
The results are not significantly impacted by the correlation
of systematic uncertainties between measurements, as their
contribution to the total uncertainty in each WC is small. A
summary of the correlation scheme is given in Table 5.

The integrated luminosity uncertainties are correlated
between measurements that use the same data set and

for which the experimental likelihood is available. The
integrated luminosity calibrations and uncertainties were
updated to the latest available values [104–106]. The majority
of the luminosity uncertainties are correlated between the dif-
ferent data-taking years, with uncorrelated contributions to
the total luminosity uncertainty of 0.26%, 0.60%, and 0.65%
for 2016, 2017, and 2018, respectively.

5 The SMEFT parameterization

To interpret the measured cross sections or signal yields as
constraints on the contributions from BSM physics, these
quantities need to be parameterized as functions of the WCs.
The scattering cross section is proportional to the square of
the matrix element, |M|2, of the process. In the presence of
new interactions introduced by dimension-6 SMEFT opera-
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Table 5 Correlation scheme of the systematic uncertainties

Uncertainty source H → γ γ Wγ Z → νν WW t(t )X

PDF � �
Luminosity � � � � �
Jet energy scale � �
Jet energy resolution � � � �
MET unclustered � �
L1 Prefiring � � �
Pileup � � � �

tors, the matrix element can be written as

M = MSM +
∑

j

c j

Λ
2 M j + O

(
c2
j

Λ
4

)
, (5)

where the SM matrix element is given by MSM and the
M j describe the matrix elements corresponding to the new
physics interactions. In the following, we restrict SMEFT
contributions to diagrams with a single insertion of a new
physics interaction, therefore dropping the O(c2

j/Λ
4
) term.

Squaring this expression to obtain a cross section gives

σ ∝ |M|2 = |MSM|2 + 2
∑

j

c j

Λ
2 Re

(M jM∗
SM

)

+
∑

j,k

c j ck

Λ
4 Re

(M jM∗
k
)
. (6)

This means that the cross section of a process α in a kinematic
bin i (for example, a specific pT range) can be written as

σ
i
α,SMEFT = σ

i
α,SM + σ

i
α,int(�c) + σ

i
α,BSM(�c)

= σ
i
α,SM

⎛

⎝1 +
∑

j

Ai
α, j

c j

Λ
2 +

∑

j,k

Bi
α, jk

c j ck

Λ
4

⎞

⎠ ,

(7)

where �c is the full set of WCs. Here, the symbol σ incor-
porates both the production cross section and any relevant
branching fractions for the decays of unstable particles. The
subscript ‘int’ denotes the SM-BSM interference part of the
cross section, and the subscript ‘BSM’ the purely BSM-
related part.

Thus, the cross sections can be parameterized into a part
that is linear in the WCs and a part that is quadratic in
them. The strengths of the linear and quadratic contributions
are described by the constants Ai

α, j and Bi
α, jk , respectively.

These constants are computed by generating events at leading
order (LO), with extra parton emissions to partially capture
NLO QCD effects, using MadGraph5_amc@nlo 2.0.16
interfaced with pythia 8.3 [107] to simulate parton shower-
ing and hadronization. The MLM jet merging scheme [108] is

employed in these samples. The effects of the SMEFT opera-
tors on the generated processes are modelled using SMEFT-

sim3, following the procedures outlined in Ref. [103]. For
the loop-induced processes gg → H and gg → ZH,
SMEFT@NLO [109] is used. Analytic calculations are used
for the H → γγ decay [110].

As analytic calculations are used for the H → γγ decay,
but not for its production, the production and decay for this
process are parameterized separately. This parameterization
also depends on the total Higgs boson width, and therefore
the parameterization involves a division by a sum over c j
and c j ck . This leads to a parameterization with terms of

O(c3
j/Λ

6
) and above. The parameterization is truncated at

O(c2
j/Λ

4
) or O(c j/Λ

2
), depending on the results presented.

The corrections from the SMEFT do not only modify inter-
action vertices; the masses and decay widths of intermedi-
ate particles can also be modified. Propagator corrections are
incorporated in the parameterizations, and are evaluated with
SMEFTsim3. These corrections are not well defined at orders
O(c2

j/Λ
4
) or above, therefore they are only considered up to

linear order. Propagator corrections and vertex corrections
are considered simultaneously, while ensuring that double
insertions – the inclusion of multiple new physics interac-
tions – in a single diagram are avoided.

The NNPDF 3.1 NNLO PDF set is used when computing
the parameterizations. The SM masses, widths, and couplings
are set to the values in Table 6. All parameterizations use
the {mW,mZ ,GF} input parameter scheme [111] and the
topU3l flavour symmetry.

The phase space selections for each kinematic measure-
ment bin are reproduced using Rivet 3.1.9 [99].

For the Z → νν, WW, Wγ , tt , and inclusive jet analy-
ses, multiple samples of events, with orthogonal phase space
selections, are used to ensure a sufficient number of events are
available to derive the parameterization for all measurement
bins.

As discussed in Sect. 3.6, the t(t)X analysis directly incor-
porates the effects of dimension-6 EFT operators in the
weights of the simulated signal events. Like the cross sections
in Eq. (7), the weight function for each event β is parameter-
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Table 6 The SM parameters
used in the event generation to
derive the SMEFT
parameterizations [86]

Parameter Value Parameter Value

mW 80.377 GeV ΓW 2.085 GeV

mZ 91.1876 GeV ΓZ 2.4955 GeV

mH 125.25 GeV ΓH 3.2 MeV

mt 172.69 GeV Γt 1.42 GeV

mb 4.18 GeV GF 1.166379 × 105 GeV−2

Fig. 2 Relative effect of the linear SMEFT terms for the WCs that
affect the Higgs STXS cross sections and the H → γ γ branching frac-
tion. The parameters c j/Λ

2 are set to different values to ensure the
effect of all WCs can be visualized on the same y axis scale. The upper

panel shows the measured values and their uncertainties relative to the
predictions in the SM. As these are measurements of the cross sections
times branching fraction, no measurement is displayed in the rightmost
bin (labelled “H → γ γ ”)

ized by a polynomial of second order in the WCs,

w
β
(�c, �ν) = uβ

0 (�ν) +
∑

j

c j

Λ
2 u

β
1 j (�ν) +

∑

j,k

c j ck

Λ
4 uβ

2 jk(�ν), (8)

where �ν are nuisance parameters corresponding to systematic
uncertainties, as will be described in Sect. 6. The predicted
yield for a given analysis bin i , as a function of the WCs and
the nuisance parameters, is calculated by summing the weight
functions of each event that passes the selection criteria of
that bin,

ei (�c, �ν) =
∑

β

w
β
(�c, �ν) = Ui

0(�ν)

+
∑

j

c j

Λ
2U

i
1 j (�ν) +

∑

j,k

c j ck

Λ
4 Ui

2 jk(�ν). (9)

In this equation, the coefficients of the yield parameteriza-
tion are the sums of the coefficients of the weight functions,
e.g.Ui

1 j (�ν) = ∑
β uβ

1 j (�ν). With this approach, detector-level
predictions can be obtained at any arbitrary point in the EFT
parameter space. In the combined interpretation presented
here, we reuse the EFT predictions of the original t(t)X anal-
ysis in Ref. [29], with the modifications discussed in Sect. 4.

Although parameterizations of the SMEFT corrections are
computed up to quadratic order, the majority of the results we
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Fig. 3 Relative effect of the linear SMEFT terms for the WCs that
affect the Wγ , Z → νν, and WW differential cross sections. The
parameters c j/Λ

2 are set to different values to ensure the effect of all

WCs can be visualized on the same y axis scale. The upper panel shows
the measured values and their uncertainties relative to the predictions
in the SM

report use parameterizations truncated at O(c j/Λ
2
). As vis-

ible in Eq. (7), parameterization terms quadratic in c j enter

with a factor 1/Λ
4, the same order in 1/Λ as the linear terms

of a parameterization containing dimension-8 operators. To
avoid the inconsistency of considering only some contribu-
tions at order 1/Λ

4, the main results that are computed thus
only use parameterizations atO(c j/Λ

2
). However, a compar-

ison of the constraints using the linear-only and the linear-
plus-quadratic parameterization is provided. This gives an
indication of how much the inclusion of orders 1/Λ

4 could
change the sensitivity of the results.

The relative effect of the linear part of the parameteriza-
tions on the H → γγ , Wγ , Z → νν, WW, tt , and inclusive
jet cross sections and the EWPO is shown in Figs. 2, 3, 4,
5, 6 and 7. This quantity is computed as the change in the
cross section, relative to the SM expectation, for the parame-
ter values indicated in the legend. For c j/Λ

2 = 1 TeV−2 this

corresponds to the constant Ai
α, j in Eq. (7). The upper panels

in these figures show the measured values of the cross sec-
tions with respect to the SM predictions. The corresponding
figures in the rotated basis, described in Sect. 7, are given in
Appendix D.

6 Combination procedure

This combination follows the statistical methodology
described in Ref. [112], as implemented in the Com-

bine [113] tool, which is based on the RooFit and RooSt-

ats [114] frameworks. The results are constraints on WCs
and their linear combinations, in the form of 68% and 95%
confidence intervals, evaluated using a profile likelihood ratio
test statistic,

q(�c) = −2 ln

(
L(�c, ˆ̂�ν(�c))
L(�̂c, �̂ν)

)
, (10)

where �c represent the parameters of interest (POIs), which
in this case are the WCs or their linear combinations, and �ν
indicate nuisance parameters that encode the effects of theo-
retical and experimental uncertainties. The quantities �̂c and �̂ν
describe unconditional maximum likelihood estimates of the
parameters. The conditional maximum likelihood estimate
of the nuisance parameters for fixed values of the POIs, �c, is

given by ˆ̂�ν(�c). The best fit parameter values of the POIs are
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Fig. 4 Relative effect of the linear SMEFT terms for the WCs that
affect the tt differential cross sections. The parameters c j/Λ

2 are set
to different values to ensure the effect of all WCs can be visualized on

the same y axis scale. The upper panel shows the measured values and
their uncertainties relative to the predictions in the SM

taken to be the unconditional maximum likelihood estimate
�̂c. The 68% and 95% confidence intervals are constructed as
the union of intervals for which q(�c) < 1 and q(�c) < 3.84,
respectively.

The likelihood in this combination is expressed as

L (data ; �c, �ν) = Lexpt
(�c, �ν)Lsimpl

(�c) , (11)

where

Lexpt
(�c, �ν) =

∏

i

Poisson

⎛

⎝ni ;
∑

j

μ
′ j
(�c)s ji (�ν) + bi (�ν)

⎞

⎠

×
∏

k

pk
(
yk ; νk

) ; (12)

Lsimpl
(�c) =

exp

(
− 1

2

(
�μ(�c) − �̂μ

)T
V−1

(
�μ(�c) − �̂μ

))

√
(2π)

mdet(V )
.

(13)

The first term in Eq. (11), Lexpt, covers the measure-
ments, listed in Table 2, for which an experimental like-
lihood is available. The index j corresponds to the signal
processes in the different measurement bins, and the index

i runs over all the reconstruction-level bins in the distribu-
tions that are being fitted. The parameters μ

′ j are estimators
of the cross sections for process (measurement bin) j , rela-
tive to the SM expectation, and are parameterized in terms of
the POIs. The parameters n, s, and b represent the observed
number of events, the expected number of signal events, and
the expected number of background events, respectively. Sys-
tematic uncertainties are incorporated as nuisance parameters
�ν, which enter the likelihood paired with auxiliary observ-
ables �y. The factors pk

(
yk ; νk

)
represent the probability

densities of these auxiliary observables for a given value of
the nuisance parameter yk . In the t(t)X measurement, the
expected yields in the different analysis bins are directly
parameterized in terms of the WCs, without the intermedi-
ate step of measuring cross sections. The construction of the
likelihood for this analysis is similar to Eq. (12). However,
instead of

∑
j μ

′ j
(�c)s ji (�ν)+ bi (�ν), the expected yield in bin

i takes the form ei (�ν, �c).
The second term in Eq. (11), Lsimpl, includes the remain-

ing measurements. It represents a simplified likelihood mod-
elled as a multivariate Gaussian, where �μ(�c) represents the
cross sections or pseudo-observables relative to their SM
expectation, parameterized in terms of the POI, and �̂μ repre-
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Fig. 5 Relative effect of the linear SMEFT terms for the WCs that
affect the inclusive jet differential cross sections in the rapidity bins
(0, 0.5) and (0.5, 1). The parameters c j/Λ

2 are set to different values

to ensure the effect of all WCs can be visualized on the same y axis
scale. The upper panel shows the measured values and their uncertain-
ties relative to the predictions in the SM

sents the corresponding measured best fit values. This model
contains no nuisance parameters; instead, experimental and
theoretical uncertainties are included in the m×m covari-
ance matrix, V = Vex + Vth, where m is the number of
measurement bins. As the measurements are assumed not to
be correlated with each other, this is a block-diagonal covari-
ance matrix, which considers only correlations between the
parameters of each individual measurement. The theoret-
ical uncertainty covariance matrix Vth is constructed tak-
ing into account expected correlations between measurement
bins. The consistency of the simplified likelihood approach
with the experimental likelihood approach is validated in
Appendix A.

In what follows, the likelihood given by Eq. (11) is referred
to as a ‘hybrid’ likelihood. A second, simplified, likelihood
is defined in Appendix B. This likelihood incorporates all
input measurements, apart from the t(t)X measurement, into
Lsimpl. For measurements that were originally performed fol-
lowing an experimental likelihood description, we extract the
covariance matrix including all theoretical uncertainties to
build this simplified likelihood. As the t(t)X measurement
does not measure cross sections, but directly targets SMEFT

effects, it can not be included in this simplified likelihood
construction.

In the combined measurement it is not possible to simul-
taneously constrain all the WCs that affect the processes of
interest, because some of the WCs have (nearly) degenerate
effects on the distributions of the input measurements. There-
fore, in addition to constraining WCs one-by-one – setting
constraints on a specific WC while fixing the others to their
SM expectations – linear combinations of WCs are also con-
strained in a simultaneous fit. These linear combinations are
determined by performing a principal component analysis
(PCA). We extract the Hessian matrix H of the combined
measurement, parameterized in terms of the WCs, retaining
only linear terms. This is thus the matrix of second derivatives
of the log-likelihood with respect to the WCs. The diagonal
entries Hα

j j of the Hessian matrix evaluated for each input
channel α are shown in Fig. 8; they give an indication of
the sensitivity of each channel α to each operator Q j . The

quantity 1/

√
Hα

j j is an estimate of half the expected 68%

confidence interval in c j/Λ
2, evaluated with input channel

α. An eigendecomposition H = RT
ΛR of this matrix is

performed, which breaks the matrix down into a matrix R,
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Fig. 6 Relative effect of the linear SMEFT terms for the WCs that
affect the inclusive jet differential cross sections in the rapidity bins
(1, 1.5) and (1.5, 2). The parameters c j/Λ

2 are set to different values

to ensure the effect of all WCs can be visualized on the same y axis
scale. The upper panel shows the measured values and their uncertain-
ties relative to the predictions in the SM

consisting of eigenvectors of the input Hessian matrix, and
a diagonal matrix Λ of the corresponding eigenvalues. The
eigenvectors contained in the matrix R are used to define a
set of linear combinations of WCs, EV j = R jkck , that are
orthogonal to each other. The likelihood is parameterized in
terms of the linear combinations, instead of the WCs, using
the transpose of the rotation matrix R.

The PCA returns as many eigenvectors as there are WCs.
The quantity 1/

√
λ, where λ represents the eigenvalue for

a given eigenvector, gives an estimate of half the expected
68% confidence interval for that eigenvector. Eigenvectors
for which this quantity is greater than five are not taken into
account in the analysis. The choice to use a cutoff of five is
arbitrary. We consider the analysis to be insensitive to these
directions in the SMEFT parameter space, and fix them to
their SM value (0) in the combined fit.

7 Results

Results are presented for the combination of all input mea-
surements, using the experimental likelihood approach where
possible (‘hybrid’). As discussed in Sect. 5, constraints on the

individual WCs are provided for both linear-only and linear-
plus-quadratic parameterizations, following some of the rec-
ommendations outlined in Ref. [115]. It should be noted that
deriving the constraints using the linear and quadratic parts
of the parameterization is only feasible for the constraints
on the individual WCs, obtained by varying the parameters
one at a time. Introducing the parameterization terms that are
quadratic in the WCs means the eigenvectors obtained via the
approach described in Sect. 6 are no longer guaranteed to be
orthogonal. In addition, the introduction of quadratic terms
can lead to the likelihood fit converging to a local minimum
when allowing multiple parameters to vary simultaneously.

The rotation matrix, obtained by performing the PCA on
the Hessian matrix of the full set of measurements, is visu-
alized in Fig. 9. A total of 43 eigenvectors with 1/

√
λ < 5

are retained in the analysis, which are linear combinations
of 64 WCs. The remaining 21 eigenvectors are fixed to their
SM value (0), as the analysis is not sufficiently sensitive to
these directions to be able to consider all 64 parameters in a
combined fit.

Constraints on the linear combinations of WCs are shown
in Fig. 10 and Table 7. In this fit, all linear combina-
tions of WCs are varied simultaneously. The 95% confi-
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Fig. 7 Relative effect of the linear SMEFT terms for the WCs that
affect the EWPO [37–39]. The parameters c j/Λ

2 are set to different
values to ensure the effect of all WCs can be visualized on the same y

axis scale. The upper panel shows the measured values and their uncer-
tainties relative to the predictions in the SM

Fig. 8 Diagonal entries Hα
j j of the Hessian matrix evaluated for each input channel. These indicate which of the input channels are expected to be

the most sensitive to any given operator. Larger values of Hα
j j correspond to higher sensitivity
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Fig. 9 Rotation matrix obtained by performing the PCA on the Hessian matrix of the full set of measurements. Only matrix coefficients with
absolute value ≥0.05 are displayed

dence intervals on the 43 eigenvector directions are in the
range ±10 TeV−2 for the least constrained direction, to
±0.002 TeV−2 for the most constrained direction. The p
value for the compatibility with the SM (all WCs equal to
0) is 2.5%. The deviation from the SM is mostly driven by
the inclusive jet measurement; when excluding it from the
combination, the SM compatibility p value is 27%. The level
of agreement between the inclusive jet measurement and the
SM prediction is known to be particularly sensitive to the
PDFs. It has been demonstrated in Ref. [36] that a full PDF
fit to the inclusive jet data yields good agreement with the
SM prediction across all rapidity bins. A simultaneous PDF
and SMEFT fit, e.g. as in Refs. [116,117], with the full set of
input measurements included here, is not currently feasible.
Developing the technical capabilities for such an approach
will be an important focus in the future.

Figure 11 and Tables 8 and 9 show the constraints on 64
individual WCs, obtained when fixing all other WCs to 0.
The 95% confidence intervals on c j/Λ

2 range from around

±20 TeV−2 for the loosest constraint, clt , to ±0.003 TeV−2

for the tightest constraint, c(3,1)
qq . The WCs constrained

mainly by the tt measurement have best fit values below zero;
this is because these operators generally have positive inter-
ference terms (Ai

α, j > 0), and the differential cross sections

measured in the input analysis are below the SM prediction
(cf. Fig. 4).

The breakdown of contributions from the different mea-
surements to each of the constraints is also shown. This break-
down is evaluated by considering the symmetrized 68% con-
fidence interval for the parameter c j/Λ

2 evaluated with each
measurement α, σ

α
c j

. The contribution of a measurement α

to the constraint on c j/Λ
2 is then defined as

f α
j =

(
1/σ

α
c j

)2

∑
β

(
1/σ

β
c j

)2 = Hα
j j

∑
β Hβ

j j

. (14)

Several operators receive significant constraints from multi-
ple analyses. Through the combination of the tt cross sec-
tion measurements and the dedicated t(t)X EFT analysis,
we obtain stronger constraints on the two-heavy-two-light-
quark coefficients. Improved constraints are found on, for
example, c(8)

Qt , c(1,8)
Qq , and c(3,8)

Qq , in comparison with those in
Refs. [28,118]. The combination of the Wγ and H → γγ
data yields an improved constraint on cW with respect to
any single-analysis result. For example, the linear-only sen-
sitivity is approximately 45% higher with respect to the Wγ
result of Ref. [34]. For several operators, the inclusion of the
EWPO measurements provides significantly stronger con-
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Fig. 10 Constraints on linear combinations of WCs, for the hybrid fit
including the full set of measurements. The shaded areas correspond
to the expected 95% confidence intervals, the thick and thin bars to the
observed 68% and 95% confidence intervals, respectively. The lower

panel shows the contribution of different input measurements to the
total constraints. The constraints are scaled by powers of 10 to ensure
the constraints on all 43 eigenvectors can be visualized on the same y
axis scale

straints than would be obtained from the CMS data alone,
for example, on c(3)

Hl , c(3)
HQ, cHD, and c′

ll . In comparison with
the global combinations from Refs. [25,26], the combination
presented here constrains a larger number of WCs simulta-
neously. However, as a result of differences in the input data
sets and EFT scheme choices, it is not possible to perform a
direct comparison of these constraints.

We also translate the obtained constraints into 95% con-
fidence level (CL) lower limits on the scale of BSM physics
Λ j , as shown in Fig. 12. These lower limits are evaluated

from the expected constraints on c j/Λ
2. By setting c j to spe-

cific values, the expected constraint is converted to a lower
limit on the energy scale, for given values of the WC in ques-
tion. The WC can take a broad range of possible values,
depending on whether it arises from weakly- or strongly-
coupled BSM physics, at tree level or at loop level. For the
loop expansion to converge, the condition c j < (4π)

2 must
be satisfied [119]. In line with the conventions used in other
EFT interpretations, such as in Ref. [25], we display the lower
limits on the scale Λ j for c j = 0.01, 1, and (4π)

2.
The WCs can be matched to parameters in UV-complete

BSM models, allowing the constraints on c j/Λ
2 to be inter-

preted as limits on these parameters. Reference [120] pro-

vides a general overview of the BSM models that can be
constrained by these WCs.

In Fig. 13, the constraints on the individual WCs when
using the parameterizations up to linear order (∝ Λ

−2) are
compared with those using parameterizations up to quadratic
order (∝ Λ

−4). For some of the WCs with the loosest con-
straints, including the quadratic terms significantly improves
these constraints. This shows that for these operators, contri-
butions at O(Λ

−4
) are important. That is, the sensitivity to

these operators is such that the BSM contributions dominate.
For the WCs that are more tightly constrained, the addition
of the quadratic terms generally only leads to small changes.
This indicates that in these cases terms of the order of Λ

−2,
i.e. those corresponding to the SM-BSM interference, domi-
nate the sensitivity. It has also been observed [121] that confi-
dence intervals derived using the asymptotic approximation,
as used here, may over- or under-cover when quadratic terms
are included in the EFT parameterization. The coverage has
been verified for the corresponding fits with the simplified
likelihood of Appendix B, using pseudodata samples to con-
struct the test statistic distributions, and is found to be in
reasonable agreement with the target coverage for all param-
eters. The studies performed are described in more detail in
Appendix C.
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Fig. 11 Constraints on individual WCs, for the hybrid fit including
the full set of measurements. The constraints for each WC are obtained
keeping the other coefficients fixed to 0. The shaded areas correspond
to the expected 95% confidence intervals, the thick and thin bars to the

observed 68% and 95% confidence intervals, respectively. The lower
panel shows the contribution of different input measurements to the
total constraints. The constraints are scaled by powers of 10 to ensure
the constraints on all 64 WCs can be visualized on the same y axis scale

Fig. 12 The 95% CL lower limits on the scales Λ j for the indicated values of the WCs c j
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Fig. 13 Constraints on individual WCs, showing both the constraints
considering only linear terms in the SMEFT parameterization and those
considering both linear and quadratic terms. The constraints for each
WC are obtained keeping the other coefficients fixed to 0. The shaded

areas correspond to the expected 95% confidence intervals, the thick and
thin bars to the observed 68% and 95% confidence intervals, respec-
tively. The constraints are scaled by powers of 10 to ensure the con-
straints on all 64 WCs can be visualized on the same y axis scale

8 Summary

A standard model effective field theory (SMEFT) interpre-
tation of data collected by the CMS experiment has been
presented. This combined interpretation is based on a simul-
taneous fit of seven sets of CMS measurements that probe
Higgs boson, electroweak vector boson, top quark, and mul-
tijet production, and also incorporates measurements of elec-
troweak precision observables. These input measurements
were chosen to obtain sensitivity to a broad set of SMEFT
operators. Out of 129 operators in the SMEFT basis con-
sidered in this paper, the combined interpretation constrains
64 Wilson coefficients (WCs) individually. The constraints
are provided for both linear-only and linear-plus-quadratic
parameterizations. Simultaneous constraints are set on 43 lin-
ear combinations of WCs. In the fit that constrains the linear
combinations of WCs, the p-value for the compatibility with
the standard model is 2.5%. When excluding the inclusive
jet measurement from the combination, the p value is 27%.
The 95% confidence intervals range from around ±0.002 to
±10 TeV−2 for the constraints on the linear combinations of
WCs, whereas for the individual WCs the constraints range
from ±0.003 to ±20 TeV−2. These constraints are also trans-
lated into lower limits on the probed energy scale of new

physics Λ, for given values of the WCs. This combined inter-
pretation yields improved constraints with respect to single-
analysis results from CMS.
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Appendix A: Validation of the simplified likelihood
approach

To verify the consistency of the simplified likelihood
approach with the experimental likelihood approach, we
present results with a reduced set of input measurements,
once incorporated into the simplified likelihood of Eq. (13),
Lsimpl, and once into the experimental likelihood of Eq. (12),
Lexpt. The input measurements used in this validation are
H → γγ , Wγ , Z → νν, and WW, the only four measure-
ments that can be implemented in either configuration.

The rotation matrix obtained by performing the PCA on
this reduced set of input measurements is shown in Fig. 14. In
total, 14 eigenvectors are retained, the remaining 9 are fixed to
their SM value (0). Constraints on these linear combinations
of the WCs are shown in Fig. 15, with constraints on the
individual WCs shown in Fig. 16.

We observe that the differences in the constraints on the
parameters of interest are typically small. The largest dif-
ferences are observed for parameters constrained by the
H → γγ measurement, where the simplified likelihood does
not approximate the experimental one as well as in the other
analyses. Nonetheless, the simplified likelihood is a good
approximation of the experimental likelihood in cases where
the experimental likelihood model is not available, or when
a computationally light, approximate model is more conve-
nient.
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Fig. 14 Rotation matrix obtained by performing the PCA on the Hessian matrix of a reduced set of input measurements, H → γ γ , Wγ , Z → νν,
and WW. Only matrix coefficients with absolute value ≥0.05 are displayed

Fig. 15 Constraints on linear combinations of WCs, using a reduced
set of input measurements, H → γ γ , Wγ , Z → νν, and WW. The
shaded areas correspond to the expected 95% confidence intervals, the
thick and thin bars to the observed 68% and 95% confidence inter-

vals, respectively. The lower panel shows the contribution of different
input measurements to the total constraints. The constraints are scaled
by powers of 10 to ensure the constraints on all eigenvectors can be
visualized on the same y axis scale
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Fig. 16 Constraints on individual WCs, using a reduced set of input
measurements, H → γ γ , Wγ , Z → νν, and WW. The constraints for
each WC are obtained keeping the other coefficients fixed to 0. The
shaded areas correspond to the expected 95% confidence intervals, the
thick and thin bars to the observed 68% and 95% confidence intervals,

respectively. The lower panel shows the contribution of different input
measurements to the total constraints. The constraints are scaled by
powers of 10 to ensure the constraints on all WCs can be visualized on
the same y axis scale

Appendix B: Simplified likelihood fit

Results are presented in an additional configuration that
incorporates all input measurements, apart from the t(t)X
measurement, into the simplified likelihood of Eq. (13),
Lsimpl. This simplified likelihood model, based on a mul-
tivariate Gaussian approximation, is computationally light,
which makes it suitable to perform additional studies. In
Appendix C, it is used to study the coverage of confidence
intervals derived using the asymptotic approximation when
O(c2

j/Λ
4
) terms are included in the SMEFT parameteriza-

tion. All information needed to construct the simplified like-
lihood model is provided in the HEPData record for this anal-
ysis [40].

In the simplified likelihood model, the Hessian matrix H
of the combined measurement is constructed directly from
the block-diagonal covariance matrix, V = Vex + Vth, and
the SMEFT parameterization, as

H = AT V−1A, (15)

where the entries of the matrix A are the linear terms Ai
α, j

of the SMEFT parameterization of Eq. (7), with the rows
running over the measurements bins and the columns over
the WCs.

The matrix H is diagonalized to obtain a set of linear
combinations of WCs, EV′

j , that are orthogonal to each other
and can be constrained in a simultaneous fit:

H = RT
ΛR, EV′

j = R jkck . (16)

The rotation matrix we obtain is shown in Fig. 17. There are
35 eigenvectors to which the analysis is deemed sensitive
enough for them to be incorporated in the combined fit.

The constraints on linear combinations of the WCs are
shown in Fig. 18, with the constraints on the individual
WCs shown in Fig. 19. The constraints, in terms of the 95%
confidence interval, range from ±10 TeV−2 for the most
loosely constrained eigenvector, to ±0.002 TeV−2 for the
tightest constraint. For the individual WCs, the loosest con-
straint is on c(1,1)

Qq /Λ
2; the 95% confidence interval is around
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Fig. 17 Rotation matrix obtained by performing the PCA on the Hessian matrix of a reduced set of measurements, excluding the t(t )X measurement.
Only matrix coefficients with absolute value ≥0.05 are displayed

Fig. 18 Constraints on linear combinations of WCs, from the sim-
plified and hybrid likelihood fits, excluding the t(t )X analysis. The
shaded areas correspond to the expected 95% confidence intervals, the
thick and thin bars to the observed 68% and 95% confidence inter-

vals, respectively. The lower panel shows the contribution of different
input measurements to the total constraints. The constraints are scaled
by powers of 10 to ensure the constraints on all eigenvectors can be
visualized on the same y axis scale
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Fig. 19 Constraints on individual WCs, from the simplified and hybrid
likelihood fits, excluding the t(t )X analysis. The constraints for each
WC are obtained keeping the other coefficients fixed to 0. The shaded
areas correspond to the expected 95% confidence intervals, the thick
and thin bars to the observed 68% and 95% confidence intervals, respec-

tively. The lower panel shows the contribution of different input mea-
surements to the total constraints. The constraints are scaled by powers
of 10 to ensure the constraints on all WCs can be visualized on the same
y axis scale

±11 TeV−2. The tightest constraint, with a 95% confidence
interval of around ±0.003 TeV−2, is found on c(3,1)

qq /Λ
2.

The p-value for the compatibility with the SM (all WCs
equal to 0) is 5.2%. When excluding the inclusive jet mea-
surement from the combination, the p-value is 54%.

Appendix C: Coverage with quadratic terms in the
parameterization

It has been shown in Ref. [121] that, in the case where
quadratic terms are included in the EFT parameterization, the
confidence intervals that are constructed using the asymp-
totic approximation may not have the specified frequentist
coverage. The impact of this effect on the analysis pre-
sented here has been studied using the simplified likelihood

of Appendix B. Only the coverage of the constraints on the
individual WCs was investigated. As the simplified likeli-
hood, in which the t(t)X analysis is not incorporated, was
employed for this study, the WCs that are only constrained
by the t(t)X analysis are omitted.
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Fig. 20 Observed likelihood scans for cHb , where linear terms dom-
inate (upper left); clu , where quadratic terms dominate (upper right);

and c(8)
qd , where quadratic and linear terms both contribute (lower). The

results with quadratic terms included in the parameterization (solid pur-
ple line) and with linear terms only (dashed black line) are shown. The
solid grey lines indicate the sets of points q68% (lower line) and q95%

(upper line), whereas the dashed grey lines denote the test statistic val-
ues used to determine the 68% and 95% confidence intervals in the
asymptotic approximation. The confidence intervals shown on the fig-
ures are the 68% confidence intervals extracted from the intersection of
the linear-plus-quadratic curve with the q68% line

This study is performed by generating pseudo-
experiments and evaluating the test statistic (Eq. (10)) for
each pseudodata set. Based on the distribution of test statis-
tic values that is obtained, critical values q68% and q95% are
extracted. These are defined for each value of cinj such that

∫ +∞

q68%
f (qcinj

|cinj)dqcinj
= 0.32,

∫ +∞

q95%
f (qcinj

|cinj)dqcinj
= 0.05,

(17)

where f (qcinj
|cinj) represents the sampling distribution of the

test statistic, at the value cinj for which the pseudodata set is
generated.

This procedure is repeated for a range of values of each
WC, keeping the other WCs fixed to 0. The range of values
for each WC is chosen to be wider than the asymptotically
determined observed 95% confidence intervals. This ensures
both the 68% and 95% confidence intervals can be extracted
by finding the intercept of the likelihood scan with the curve
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Fig. 21 Summary of best fit values and confidence intervals extracted
with the asymptotic approximation (blue lines) and with the pseudo-
experiment-based method described in this appendix (purple lines). The
constraints are scaled by powers of 10 to ensure the constraints on all

WCs can be visualized on the same y axis scale. The intervals are gen-
erally compatible with each other, with only some small differences
visible

obtained by interpolating between the sets of points q68% and
q95%, even in the case where the asymptotic intervals under-
cover. In all cases, 10,000 pseudo-experiments per WC value
are generated, and the model is fit to each pseudodata set. The
test statistic value q(cinj) is then evaluated.

Likelihood scans, with q68%, q95%, their interpolations,
and the extracted intervals, are shown for three WCs in
Fig. 20. In all cases, likelihood scans are shown for the case
where quadratic terms are included in the parameterization,

as well as for the linear-only parameterization. In Fig. 20
(upper left), this result is shown for a WC for which the lin-
ear terms are dominant. In this case, the lines traced by the
points q68% and q95% converge to the asymptotically used
values, and the asymptotic intervals cover. Figure 20 (upper
right) shows the likelihood for an example of a WC for which
the quadratic terms dominate. The interpolations of the points
q68% and q95% do not yield a straight line, and in this case the
asymptotically extracted intervals over-cover. Finally, Fig. 20
(lower) shows the likelihood for a case where the linear and
quadratic terms have similar-sized contributions. In this case,
the asymptotic interval under-covers by a small amount.
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For 26 out of the 55 WCs that we study, the asymptotic
approximation is valid and the coverage of the 68% and 95%
confidence intervals is correct. For 9 WCs there is slight
under-coverage, for 13 WCs there is slight over-coverage.
In the remaining cases, the interval extracted using q68% and
q95% would be marginally wider on one side of the best fit
value, and narrower on the other side. A summary of the
confidence intervals extracted with the asymptotic approxi-
mation, and using the method described in this appendix, is
shown in Fig. 21. In the cases where the asymptotic approxi-
mation is not valid, only small differences with the intervals
computed using pseudo-experiments are observed.

AppendixD:Relative effect of linear combinations ofWil-
son coefficients

The relative effect of the linear combinations of Wilson coef-
ficients on the H → γγ , Wγ , Z → νν, WW, tt , and inclusive

Fig. 22 Relative effect of the linear combinations of WCs that affect
the Higgs STXS cross sections and the H → γ γ branching fraction. The
parameters EV j/Λ

2 are set to different values to ensure the effect of
all linear combinations can be visualized on the same y axis scale. The

upper panel shows the measured values and their uncertainties relative
to the predictions in the SM. As these are measurements of the cross
sections times branching fraction, no measurement is displayed in the
rightmost bin (labelled “H → γ γ ”)
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Fig. 23 Relative effect of the linear combinations of WCs that affect
the Wγ , Z → νν, and WW differential cross sections. The parame-
ters EV j/Λ

2 are set to different values to ensure the effect of all linear

combinations can be visualized on the same y axis scale. The upper
panel shows the measured values and their uncertainties relative to the
predictions in the SM

Fig. 24 Relative effect of the linear combinations of WCs that affect
the tt differential cross sections. The parameters EV j/Λ

2 are set to
different values to ensure the effect of all linear combinations can be

visualized on the same y axis scale. The upper panel shows the mea-
sured values and their uncertainties relative to the predictions in the SM
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Fig. 25 Relative effect of the linear combinations of WCs that affect
the inclusive jet differential cross sections in the rapidity bins (0, 0.5)

and (0.5, 1). The parameters EV j/Λ
2 are set to different values to ensure

the effect of all linear combinations can be visualized on the same y
axis scale. The upper panel shows the measured values and their uncer-
tainties relative to the predictions in the SM

Fig. 26 Relative effect of the linear combinations of WCs that affect
the inclusive jet differential cross sections in the rapidity bins (1, 1.5)

and (1.5, 2). The parameters EV j/Λ
2 are set to different values to ensure

the effect of all linear combinations can be visualized on the same y
axis scale. The upper panel shows the measured values and their uncer-
tainties relative to the predictions in the SM

123



Eur. Phys. J. C           (2026) 86:331 Page 31 of 54   331 

Fig. 27 Relative effect of the linear combinations of WCs that affect
the EWPO [37–39]. The parameters EV j/Λ

2 are set to different values
to ensure the effect of all linear combinations can be visualized on the

same y axis scale. The upper panel shows the measured values and their
uncertainties relative to the predictions in the SM

jet cross sections and the EWPO is shown in Figs. 22, 23,
24, 25, 26 and 27. This quantity is computed as the change
in the cross section, relative to the SM expectation, for the
parameter values indicated in the legend. The upper panels in
these figures show the measured values of the cross sections
with respect to the SM predictions.

Appendix E: Numerical results

The numerical results for the hybrid fit are available in Tables
7, 8 and 9.
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Table 7 Expected and observed
95% CL limits on linear
combinations of WCs from the
hybrid fit with the full set of
input measurements, in units of
TeV−2

POI Expected (linear) Observed (linear) Best fit (linear)

EV1/Λ
2 [−0.002, 0.002] [−0.003, 0.002] −0.000

EV2/Λ
2 [−0.003, 0.003] [−0.004, 0.002] −0.001

EV3/Λ
2 [−0.004, 0.004] [−0.001, 0.007] +0.003

EV4/Λ
2 [−0.006, 0.006] [−0.007, 0.005] −0.001

EV5/Λ
2 [−0.012, 0.013] [−0.005, 0.021] +0.008

EV6/Λ
2 [−0.015, 0.014] [−0.018, 0.012] −0.003

EV7/Λ
2 [−0.017, 0.017] [−0.027, 0.008] −0.010

EV8/Λ
2 [−0.031, 0.031] [−0.062, 0.000] −0.031

EV9/Λ
2 [−0.031, 0.031] [−0.025, 0.038] +0.006

EV10/Λ
2 [−0.063, 0.063] [−0.072, 0.054] −0.009

EV11/Λ
2 [−0.093, 0.093] [−0.173, 0.014] −0.079

EV12/Λ
2 [−0.094, 0.094] [−0.155, 0.032] −0.061

EV13/Λ
2 [−0.19, 0.19] [−0.21, 0.18] −0.01

EV14/Λ
2 [−0.25, 0.27] [−0.15, 0.39] +0.11

EV15/Λ
2 [−0.27, 0.27] [−0.27, 0.28] +0.01

EV16/Λ
2 [−0.27, 0.29] [−0.33, 0.17] −0.10

EV17/Λ
2 [−0.32, 0.32] [−0.36, 0.28] −0.04

EV18/Λ
2 [−0.37, 0.34] [−0.52, 0.19] −0.14

EV19/Λ
2 [−0.44, 0.44] [−1.07,−0.19] −0.63

EV20/Λ
2 [−0.69, 0.69] [−1.37, 0.02] −0.67

EV21/Λ
2 [−0.79, 1.03] [−1.22, 0.76] −0.35

EV22/Λ
2 [−0.81, 0.96] [−1.62, 0.01] −0.87

EV23/Λ
2 [−0.99, 0.91] [−0.96, 1.22] +0.14

EV24/Λ
2 [−1.3, 1.3] [0.2, 2.8] +1.5

EV25/Λ
2 [−1.4, 1.4] [−1.2, 1.6] +0.2

EV26/Λ
2 [−1.5, 1.8] [−1.9, 2.0] −0.1

EV27/Λ
2 [−1.9, 1.8] [−2.6, 1.2] −0.6

EV28/Λ
2 [−2.2, 2.2] [−2.2, 2.1] −0.0

EV29/Λ
2 [−2.7, 2.7] [−0.7, 4.8] +2.1

EV30/Λ
2 [−3.4, 3.1] [−4.6, 2.3] −1.1

EV31/Λ
2 [−3.7, 3.3] [0.6, 9.2] +6.0

EV32/Λ
2 [−4.4, 3.7] [−4.7, 3.9] −0.1

EV33/Λ
2 [−4.1, 4.6] [−3.7, 6.3] +1.5

EV34/Λ
2 [−4.6, 4.6] [−10.7,−1.6] −6.1

EV35/Λ
2 [−4.6, 5.0] [−5.8, 2.9] −1.6

EV36/Λ
2 [−5.0, 5.2] [0.7, 11.6] +6.1

EV37/Λ
2 [−4.9, 5.1] [−6.7, 3.2] −1.8

EV38/Λ
2 [−5.5, 5.5] [−7.8, 3.1] −2.3

EV39/Λ
2 [−6.3, 6.2] [−8.1, 9.7] −0.4
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Table 7 continued
POI Expected (linear) Observed (linear) Best fit (linear)

EV40/Λ
2 [−6.7, 6.6] [−6.2, 7.1] +0.5

EV41/Λ
2 [−7.7, 7.2] [−6.7, 13.3] +1.2

EV42/Λ
2 [−8.6, 8.6] [−4.9, 12.2] +3.7

EV43/Λ
2 [−9.6, 9.5] [−16.6, 5.7] −6.1

Table 8 Expected and observed individual 95% CL limits on WCs from the hybrid fit with the full set of input measurements, in units of TeV−2.
This table shows the 32 WCs with the strongest expected constraints, when considering the fit with linear terms only

POI Expected (linear) Observed (linear) Best fit (linear) Expected (lin.+quad.) Observed (lin.+quad.) Best fit (lin.+quad.)

c(3,1)
qq /Λ

2 [−0.003, 0.003] [−0.003, 0.002] −0.000 [−0.003, 0.003] [−0.003, 0.003] −0.000

cHWB/Λ
2 [−0.004, 0.004] [−0.004, 0.004] +0.000 [−0.004, 0.004] [−0.004, 0.004] +0.000

cHB/Λ
2 [−0.005, 0.004] [−0.009, 0.001] −0.004 [−0.004, 0.004] [−0.008, 0.001] −0.004

cHG/Λ
2 [−0.005, 0.006] [−0.004, 0.008] +0.002 [−0.005, 0.006] [−0.004, 0.008] +0.002

c(1,1)
qq /Λ

2 [−0.007, 0.007] [−0.008, 0.005] −0.002 [−0.005, 0.014] [−0.007, 0.008] −0.002

c(3)
Hl /Λ

2 [−0.007, 0.007] [−0.011, 0.003] −0.004 [−0.007, 0.007] [−0.011, 0.003] −0.004

c(1)
Hl /Λ

2 [−0.008, 0.008] [−0.010, 0.005] −0.002 [−0.008, 0.008] [−0.010, 0.005] −0.002

c(1)
uu /Λ

2 [−0.008, 0.008] [−0.010, 0.005] −0.002 [−0.006, 0.012] [−0.008, 0.007] −0.002

c(1,8)
qq /Λ

2 [−0.009, 0.009] [−0.010, 0.008] −0.001 [−0.008, 0.010] [−0.010, 0.009] −0.001

cHe/Λ
2 [−0.011, 0.011] [−0.009, 0.012] +0.002 [−0.011, 0.011] [−0.009, 0.012] +0.002

cHD/Λ
2 [−0.012, 0.012] [−0.020, 0.005] −0.008 [−0.012, 0.012] [−0.020, 0.005] −0.008

c′
ll/Λ

2 [−0.013, 0.013] [−0.008, 0.017] +0.004 [−0.013, 0.013] [−0.008, 0.017] +0.004

cHW/Λ
2 [−0.014, 0.013] [−0.027, 0.003] −0.011 [−0.014, 0.013] [−0.025, 0.003] −0.011

c(3)
Hq/Λ

2 [−0.015, 0.015] [−0.010, 0.020] +0.005 [−0.015, 0.015] [−0.010, 0.020] +0.005

c(8)
uu /Λ

2 [−0.022, 0.022] [−0.029, 0.016] −0.007 [−0.019, 0.033] [−0.024, 0.020] −0.007

c(1)
ud /Λ

2 [−0.032, 0.032] [−0.031, 0.032] +0.001 [−0.054, 0.022] [−0.070, 0.021] −0.050

c(8)
qu /Λ

2 [−0.036, 0.036] [−0.054, 0.018] −0.018 [−0.031, 0.044] [−0.045, 0.020] −0.017

c(3)
HQ/Λ

2 [−0.040, 0.040] [−0.024, 0.056] +0.016 [−0.040, 0.040] [−0.024, 0.056] +0.016

c(1)
HQ/Λ

2 [−0.040, 0.040] [−0.024, 0.055] +0.016 [−0.040, 0.040] [−0.024, 0.055] +0.016

Re(cbH )/Λ
2 [−0.044, 0.049] [−0.008, 0.091] +0.039 [−0.049, 0.045] [−0.008, 0.078] +0.036

c(8)
ud /Λ

2 [−0.049, 0.049] [−0.052, 0.046] −0.003 [−0.041, 0.075] [−0.045, 0.160] −0.004

c(3,8)
qq /Λ

2 [−0.059, 0.059] [−0.106, 0.012] −0.047 [−0.018, 0.025] [−0.022, 0.025] −0.012

cHu/Λ
2 [−0.078, 0.077] [−0.051, 0.104] +0.027 [−0.078, 0.077] [−0.051, 0.102] +0.026

Re(cbH )/Λ
2 [−0.087, 0.078] [−0.161, 0.015] −0.068 [−0.083, 0.082] [−0.149, 0.015] −0.066

c(1)
dd /Λ

2 [−0.086, 0.086] [−0.057, 0.116] +0.030 [−0.038, 0.056] [−0.031, 0.065] +0.040

c(8)
qd /Λ

2 [−0.089, 0.089] [−0.106, 0.073] −0.017 [−0.066, 0.138] [−0.080, 0.171] −0.019

c(1)
Hq/Λ

2 [−0.12, 0.12] [−0.09, 0.15] +0.03 [−0.13, 0.12] [−0.09, 0.14] +0.03

cG/Λ
2 [−0.14, 0.14] [−0.14, 0.13] −0.01 [−0.017, 0.015] [−0.016, 0.014] −0.000

Re(ctW )/Λ
2 [−0.16, 0.15] [−0.30, 0.03] −0.13 [−0.15, 0.15] [−0.26, 0.03] −0.11

c(8)
qt /Λ

2 [−0.15, 0.15] [−0.23, 0.08] −0.08 [−0.30, 0.12] [−0.26, 0.07] −0.07

cHd/Λ
2 [−0.15, 0.16] [−0.23, 0.08] −0.07 [−0.15, 0.16] [−0.21, 0.08] −0.07

cW/Λ
2 [−0.16, 0.15] [−0.30, 0.01] −0.14 [−0.061, 0.061] [−0.066, 0.037] −0.022
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Table 9 Expected and observed individual 95% CL limits on WCs from the hybrid fit with the full set of input measurements, in units of TeV−2.
This table shows the 32 WCs with the weakest expected constraints, when considering the fit with linear terms only

POI Expected (linear) Observed (linear) Best fit (linear) Expected (lin.+quad.) Observed (lin.+quad.) Best fit (lin.+quad.)

Re(ctG)/Λ
2 [−0.17, 0.16] [−0.27, 0.07] −0.09 [−0.15, 0.17] [−0.19, 0.07] −0.07

c(1,8)
Qq /Λ

2 [−0.20, 0.20] [−0.31, 0.08] −0.12 [−0.35, 0.14] [−0.29, 0.08] −0.09

c(8)
dd /Λ

2 [−0.20, 0.20] [−0.14, 0.26] +0.06 [−0.10, 0.16] [−0.08, 0.18] +0.12

cHb/Λ
2 [−0.21, 0.21] [−0.42,−0.01] −0.22 [−0.20, 0.22] [−0.39,−0.01] −0.21

c(8)
tu /Λ

2 [−0.27, 0.27] [−0.39, 0.15] −0.12 [−0.40, 0.18] [−0.34, 0.11] −0.09

c(8)
Qu/Λ

2 [−0.30, 0.30] [−0.44, 0.15] −0.14 [−0.42, 0.19] [−0.34, 0.12] −0.09

c(3,1)
Qq /Λ

2 [−0.35, 0.35] [−0.54, 0.15] −0.20 [−0.102, 0.084] [−0.062, 0.049] −0.006

c(8)
td /Λ

2 [−0.47, 0.47] [−0.67, 0.28] −0.19 [−0.51, 0.26] [−0.41, 0.18] −0.09

c(8)
Qd/Λ

2 [−0.52, 0.52] [−0.76, 0.28] −0.24 [−0.53, 0.28] [−0.42, 0.19] −0.10

c(1)
qt /Λ

2 [−0.65, 0.65] [−0.99, 0.32] −0.34 [−0.103, 0.090] [−0.078, 0.066] −0.006

c(3,8)
Qq /Λ

2 [−0.76, 0.75] [−1.11, 0.41] −0.35 [−0.24, 0.20] [−0.14, 0.12] −0.01

c(3)
lq /Λ

2 [−0.81, 0.97] [−1.54,−0.04] −0.88 [−0.32, 0.26] [−0.26, 0.16] −0.07

c(1)
Qu/Λ

2 [−1.2, 1.2] [−1.9, 0.6] −0.6 [−0.14, 0.13] [−0.10, 0.09] −0.01

cH�/Λ
2 [−1.2, 1.4] [−0.1, 2.8] +1.3 [−1.3, 1.3] [−0.1, 2.6] +1.2

c(1)
td /Λ

2 [−1.5, 1.5] [−0.9, 2.1] +0.6 [−0.15, 0.17] [−0.11, 0.13] +0.01

c(1)
qd /Λ

2 [−1.7, 1.7] [−1.8, 1.7] −0.1 [−0.060, 0.059] [−0.069, 0.067] −0.036

c(1)
qu /Λ

2 [−1.8, 1.8] [−2.9, 0.7] −1.1 [−0.040, 0.040] [−0.048, 0.047] −0.026

Re(ctH )/Λ
2 [−2.2, 1.9] [−3.8, 0.6] −1.5 [−2.1, 2.0] [−3.9, 0.5] −1.6

c(1)
tu /Λ

2 [−2.1, 2.1] [−3.0, 1.1] −1.0 [−0.12, 0.11] [−0.091, 0.086] −0.003

c(1,1)
Qq /Λ

2 [−3.9, 3.0] [−4.0, 3.9] +0.5 [−0.10, 0.10] [−0.075, 0.075] +0.000

cHt/Λ
2 [−3.1, 4.0] [−3.8, 3.6] −0.6 [−3.8, 3.4] [−4.9, 3.1] −0.6

c(1)
Qd/Λ

2 [−4.0, 4.0] [−6.1, 1.9] −2.1 [−0.18, 0.17] [−0.14, 0.13] −0.00

ctt/Λ
2 [−5.4, 3.9] [−7.8, 2.7] −1.6 [−1.0, 1.1] [−1.3, 1.4] −0.7

c(1)
lq /Λ

2 [−4.8, 4.6] [−5.3, 4.7] −0.1 [−0.54, 0.56] [−0.36, 0.36] −0.00

c(3)
lQ /Λ

2 [−5.6, 6.7] [−6.7, 5.7] −1.0 [−2.1, 1.7] [−2.0, 1.6] −0.5

c(1)
lQ /Λ

2 [−7.2, 5.9] [−6.4, 7.1] +0.9 [−1.9, 2.3] [−1.8, 2.3] +0.5

clu/Λ
2 [−7.0, 6.2] [0.8, 12.2] +6.8 [−0.60, 0.65] [−0.37, 0.44] +0.03

c(1)
Qt /Λ

2 [−6.6, 9.1] [−4.5, 13.4] +2.8 [−1.9, 1.7] [−2.4, 2.2] +1.1

cet/Λ
2 [−9.5, 7.8] [−7.9, 9.6] +1.6 [−2.0, 2.4] [−1.9, 2.4] +0.6

c(1)
QQ/Λ

2 [−18.2, 13.1] [−27.9, 8.4] −6.5 [−3.9, 4.6] [−5.2, 5.8] −2.7

c(8)
Qt /Λ

2 [−19.1, 13.8] [−29.3, 8.4] −7.1 [−3.4, 4.0] [−4.4, 4.9] −2.2

clt/Λ
2 [−20.0, 16.6] [−19.1, 18.5] +1.3 [−2.1, 2.2] [−2.0, 2.2] +0.1
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