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ABSTRACT: This paper presents a computer code for analyzing electroweak precision data
(EWPD) in the framework of the Standard Model Effective Field Theory (SMEFT), highlights
the importance of recent ATLAS and CMS precision measurements, and introduces a novel
analysis of the forward-backward asymmetry at the LHC. The computer code provides
the likelihood of SMEFT Wilson coefficients based on precision measurements of W and
Z pole observables, interpolation formulas for Standard Model predictions, and modular
SMEFT parametrizations. SMEFT predictions including next-to-leading-order (NLO) effects
in perturbative and SMEFT expansion are available and five alternative electroweak input
parameter schemes are supported. The likelihood addresses shortcomings of previous formu-
lations in the treatment of parametric uncertainties and can be straightforwardly included
in SMEFT fits of LHC data. The input parameter scheme dependence and role of NLO
corrections is studied for the EWPD fit in the SMEFT. Furthermore, the impact of recent
ATLAS and CMS measurements — of the W boson mass and width, of the lepton flavour
universality (LFU) of W branching fractions, and the effective leptonic weak mixing angle,
sin? Oﬁff — is analyzed. A test of LFU that surpasses the precision of existing measurements is
2 0(

proposed based on the sin® ¢

g measurement. Finally, an ATLAS Drell-Yan triple-differential
cross-section measurement is reinterpreted in the SMEFT and combined with the EWPD
likelihood. This analysis demonstrates the feasibility of the LFU precision test, improves
constraints on muon couplings with respect to the world average, and determines a combina-
tion of the quark-coupling asymmetry parameters A, and A; with a precision comparable

to that of the heavy flavour parameters A. and Ap.
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1 Introduction

The Standard Model (SM) of particle physics is an elegant, predictive, and very successful
theory. However, it cannot explain certain phenomena, e.g., dark matter or neutrino masses,
suggesting the existence of physics beyond the SM (BSM). One of the main goals of the
LHC is to discover new particles and with them direct proof of BSM physics. So far this
search has been unsuccessful, a likely explanation being that the energy required to produce
them in sufficient numbers is beyond the reach of the LHC. However, it may be possible to
observe new particles indirectly, as their existence will subtly influence the production of
known particles at lower energies, resulting in systematic deviations from SM predictions.

The Standard Model Effective Field Theory (SMEFT [1, 2|, see e.g. ref. [3] for a
comprehensive review) systematically parametrizes these potential deviations. It provides



predictions for experimental observables in terms of an expansion in F/A and v/A, where
FE is the typical energy exchanged in the process, v the Higgs field’s vacuum expectation

value, and A the scale of BSM physics. This is achieved by extending the SM Lagrangian
(d)
i

an energy dimension d greater than four:

by a series of operators O, that consist of gauge invariant combinations of SM fields with

D
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These operator are multiplied by dimensionless Wilson coefficients ¢; *, which are, along with
A, the unknown parameters of the theory and reflect the strength of BSM interactions. At
dimension-five there is only one type of operator, which violates lepton number conservation.
The leading effects on collider physics observables are described by dimension-six operators,
while the effect of operators of higher order are suppressed by increasing powers of 1/A.

The measurement of electroweak precision observables (EWPOs), i.e., the Z pole observ-
ables precisely measured at LEP and SLD [4] as well as measurements of the W boson mass
and partial widths, provide important constraints in the SMEFT. The high precision of mea-
surements translates into stringent limits on Wilson coefficients. Since EWPO measurements
involve relatively low energy scales F (compared to high-mass searches at the LHC), higher-
order corrections in E/A to the observables are small. This makes the leading terms of the
SMEFT expansion a good approximation of many BSM models. The inclusion of these tight
and fairly model-independent constraints in any global SMEFT interpretation is thus crucial.

At the LHC, it is possible to extend and refine electroweak precision data (EWPD),
for example by precisely measuring the effective leptonic weak mixing angle sin? Hﬁﬂ or
through the measurement of W boson properties, such as its mass, width, and branching
fractions. In addition to advancing our knowledge of precision observables, the LHC allows
for measurements of electroweak processes at high energies and studies of processes involving
top quarks or Higgs bosons, potentially revealing anomalies that cannot be detected with
EWPD alone. A thorough understanding of the constraints already imposed by precision data
is essential for evaluating the impact of LHC measurements in constraining or discovering
BSM physics within the SMEFT framework. It sharpens the focus of LHC data analysis
on effects not already excluded by previous experiments.

To facilitate the combined analysis of LHC and electroweak precision data, a computer
code that calculates the likelihood of Wilson coefficients based on precision measurements
is presented in section 2 of this paper. Section 3 discussed the impact of recent LHC
measurements — of the W boson mass and width [5], the lepton flavour universality (LFU)
of W branching fractions [6], and the effective leptonic weak mixing angle [7] — on this
likelihood. It is demonstrated that the measurement of the effective leptonic weak mixing
angle, which is based on the forward—backward asymmetry in Drell-Yan events, can be
reinterpreted as one of the most precise LFU tests to date. To investigate the importance of
forward—backward asymmetry measurements more thoroughly, an ATLAS Drell-Yan triple-
differential cross-section measurement [8] is interpreted in a more general SMEFT framework
in section 4. This interpretation provides more accurate limits on lepton couplings than the
estimates obtained in the previous section and also constrains quark couplings.



2 An EWPD SMEFT likelihood for the LHC

The likelihood of electroweak precision data as a function of SMEFT Wilson coefficients,
has been formulated in various ways in the literature [9-23]. This paper introduces a new
python tool named ewpd4lhc! that is specifically designed for the combination with SMEFT
interpretations of LHC data, like the ATLAS and CMS global EFT fits [24, 25]. The
tool is easily configurable and returns numerical outputs in both text file format and as
a Roofit [26] workspace, the latter being the primary format for combining likelihoods
from the LHC experiments.

It provides SM and SMEFT predictions not only in the {«,Mz,G,,} scheme used in most
existing EWPD analyses but also in four alternative electroweak input parameter schemes, as
listed in table 1. Schemes using My, as an input parameter, in particular the { My ,Mz,G,}
scheme, are preferred for interpretations of LHC data [27].

SM predictions of observables in all schemes are dynamically calculated via interpolation
formulas based on state-of-the art theory predictions. The tool accurately models the
correlated impact of input parameter uncertainties on SM predictions, which are substantial
in schemes treating the less precisely known observables My or sin? Qéﬁ as input parameters.

Baseline parametrizations are based on SMEFTsim [28, 29], with the option to include
contributions quadratic in dimension-six Wilson coefficients, consistent with analyses from
the ATLAS and CMS collaborations. Next-to-leading-order (NLO) perturbative [22, 30-33]
corrections in the SMEFT as well as dimension-eight SMEFT contributions [21, 34] are
available, too. Perturbative NLO corrections are in particular relevant for LHC analyses as
large contributions from top quark operators arise at loop level, making EWPD constraints
as important as measurements of top quark production at the LHC [35]. The three types of
parametrizations are listed in table 1, too. For all parametrizations, notations and operator
definitions are in line with SMEFTsim conventions.

SMEFT parametrizations included in the tool are compatible with the symmetry as-
sumptions favoured for LHC analyses: fully flavour symmetric scenarios as well as the
U(2)q x U(2)y x U(2)4 scenario for top physics [36], both with and without lepton flavour
universality assumption. Available symmetry assumptions are also listed in table 1.

Section 2.1 introduces precision W and Z pole observables in ewpd4lhc and their
prediction in the SM is described in section 2.2. The modelling of the effect of uncertainties in
input parameters as well as theory uncertainties is discussed in section 2.3. The implementation
of the uncertainty model is validated by performing an electroweak fit described in section 2.4.
Section 2.5 outlines the derivation of SMEFT corrections to the SM predictions and a fit
of EWPD in the SMEFT is presented in section 2.6, which is compared to existing fits
in section 2.7.

2.1 Input observables

The ewpd4lhc code incorporates observables sensitive to couplings of the Z and W boson
to all lepton flavours, charm quarks, and bottom quarks. It also considers the total width
and hadronic branching fractions of the W and Z bosons, which constrain combinations of

! Available at https://github.com/ewpddlhc/ewpd4lhc.
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ewpd4lhc option Internal notation Explanation

Input scheme alpha {a,M7,G,}
MW {Mw,Mz,G,}
alphaMw {a,My Mz}
sin2theta {sin? 04, M 2,G.}

alphasin2theta {a,sin? 0%, My}

Parametrizations SMEFTsim Linear and quadr. dim.-six dependence [29]
EWPDatNLO Linear and quadr. dim.-six dependence, NLO [33]
EWPD2dim8 Full O(A~%) dependence, incl dim. eight [21]
Symmetries general General but massless light quarks, diag. CKM
top U(2)g x U(2)u x U(2)q
topU31 U(2)q x U(2)y x U(2)g x U(3); x U(3)e
U35 UB)g x U3)u x U(3)g x U(3); x U(3)e

Table 1. Electroweak input parameter schemes, SMEFT parametrizations, and symmetry assumptions
included in ewpd4lhc. The electroweak parameters are the fine-structure constant «, the W and Z
boson masses, My and Mz, the Fermi constant from muon decays, G,, and the effective weak mixing
angle, sin® 053. The symmetry assumptions are described in detail in ref. [29].

fermion couplings. However, observables that distinguish the three lightest quark flavours
are not included due to insufficient measurement precision. Measurements of sin? Gﬁff derived
from the charge asymmetry Q};;ag at LEP and the forward-backward asymmetry at hadron
colliders, Apg, are also not considered due to their model-dependent extraction, requiring for
example SM-like quark couplings. A more accurate interpretation of this type of measurement
is discussed in section 4.

The (pseudo) observables I'z, o}, Ry (replaced by Re, R, and R, in SMEFT scenarios
without LFU), R., and Ry, constrain combinations of Z boson partial widths:

o0 A2t Troma o Lot o Ty po_ Lo (2.1)
_ Ry = Ry = R, — . :
a M% FQZ | 'z had L'z had

They are sensitive to the combined effect of the Z boson couplings to left-handed and right-
handed fermions (or equivalently, vector and axial vector couplings) and have been precisely
measured at LEP and SLD [4]. The values used in ewpd4lhc include an updated estimate of
the LEP luminosity [37], as recommended by the particle data group (PDG) [38].
The results of asymmetry measurements utilizing the polarized beams of SLC —
(ASLD AELD, and ASLP if not assuming LFU), A., and A, — as well as 7 polarization
measurements at LEP, AFEP (ALEP and AMEP) | are also included for both lepton flavour

universal and non-universal cases. These measurements allow distinguishing couplings of

SLD
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left-handed and right-handed fermions, as the following relationship holds:

Af —_ I‘ZHJCL}FL B I\ZﬁfRJFR . (2'2)

1-\Z—>ff

The forward—backward asymmetries 021 the Z peak measured by LEP, A%’é (AOF’E, A%’g ,
and AOF’]; without LFU), AOF’E, and AOF’B also serve this purpose. They are related to the
asymmetry parameters Ay by:

3
A%l = 1A A (2.3)

The PDG values of W boson branching fractions, B%}f}d, (B§y, By, and By, if not assuming
LFU), based on LEP, and the total width, derived from a LEP+Tevatron combination, I'yy,
are used to constrain the W couplings to (left-handed) fermions. An LHC average for ratios
of W branching fractions,

_ By
Bg,’
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RU/ R)® = Ry = (2.4)
which excludes contributions from LEP (and Tevatron) data but is based on ATLAS [39, 40],
CMS [41], and LHCb [42] measurements, is also included. The role of the latest ATLAS
measurement of LFU in W boson decays [6] is more subtle and discussed in section 3.

To predict these observables in the SM, knowledge of three electroweak input parameters
is required, usually taken to be three of the set {a, G, Mw, Mz, sin? Qﬁﬂ }. They enable the
calculation of all other electroweak parameters. In the SMEFT, the remaining parameters
are not solely determined by the SM input parameter values but also depend on Wilson
coefficients. Like any other observable, their measurement can thus provide constraints on
BSM physics. PDG values are used for My (which currently excludes the CDF result [43]
and does not yet incorporate the preliminary CMS result [44]), Mz, the Fermi coupling
determined from muon decays, G, and the fine-structure constant a(Q?=0).

While the electromagnetic coupling at low scales, a(Q?=0), is known precisely, it is the
electromagnetic coupling at the Z boson energy scale, a(Q? = M%), that is required for the
prediction of W and Z pole observables, including My,. The running of the coupling up to
Q* = M2 cannot be reliably calculated using perturbative QCD alone, due to the existence of
hadronic resonances in the intermediate Q? region. Instead, Aa = 1 — ;égii;g) is typically
determined using additional experimental inputs. By default ewpd4lhc uses the value of
ref. [45] in combination with the theoretical calculation of the leptonic contributions [46].
In schemes using My or sin? Gﬁﬁ instead of a as an input, a(Q? = M%) is predicted by the
SM. In that case ewpd4lhc treats Aa — implicitly combined with a(Q?=0), which carries
negligible uncertainty — as an observable. This approach has recently been explored in
ref. [47], too, albeit missing the parametric uncertainty discussed below. An alternative
approach, used in [48], involves using the value of a(Q?=M2) implied by Bhabha scattering
measurements at LEP, although these measurements are less precise and introduce additional
dependences on four-fermion operators in the SMEFT.

If sin? Ggﬂ is taken as a SM input, its value is automatically determined in a fit of all
observables that depend on sin® Qﬁff but do not carry additional Wilson coefficient dependence,



ie., AELD, A%EP and AOF’é. Observables that depend on additional couplings, like AOF’E, are
not considered at that stage. If LFU is not assumed, the input parameter is the effective
weak mixing angle for electrons, sin® 0%g, determined by AELD, ALEP and A%’é.

The strong coupling ag, also needed for the prediction of precision observables, is set
to the average of the Flavour Lattice Averaging Group (FLAG) [49], rather than the PDG
value, as the lattice extraction is more robust against SMEFT effects [50].

The Higgs boson and top quark masses, My and m¢, contribute to SM predictions of
EWPOs at loop level. The values used in ewpd4lhc correspond to the PDG average, with an
additional 0.5 GeV uncertainty on my, to account for ambiguities in the top mass definition [51].

Correlations in the measurements of {Myz, I'z, op.4, R, AOF’é} (or their counterparts
without assuming LFU), {ASMP, ASID ASED ) (ALEP ALY Ry R ARD AL, Ay, Ac
}, and {B{y, BCV, Bj;, }, are taken into account within each group indicated by braces.

The ewpd41lhc tool enables users to transparently set the measured values of observables,
including SM input parameters, and their correlation in a yaml text file. A subset of
observables can be chosen in the main configuration file. The default central values can be
found in table 2 (table 5) assuming (not assuming) LFU, alongside the fit results discussed
in the following sections.

2.2 SM predictions

Precise SM predictions for the above observables are calculated, typically with at least
two-loop accuracy, using interpolation formulas. These predictions are later combined with
lower-accuracy predictions of the Wilson-coefficient dependent corrections within the SMEFT
framework.

Central predictions for Ry, R., Ry, sin’ Ggﬁc, and sin? Ggﬁ are calculated from the SM
input observables Mz, My, my, ag, and Aq, using the formulas of ref. [52]. A correction
that accounts for the small impact of G, variations is implemented at one-loop level. For
sin? 0 the formulas of ref. [53] are used. The effective weak mixing angles sin? 8% as well as
sin? 025 and sin? 0S4 determine the values of Ay, A%’é, Ay, A, A%’é, and A%’g, using

B 1—4\Qf]sin20£ff
1—4|Qy|sin? 0% + 8(Qpsin? 67;)?

Aj (2.5)

and Equation 2.3. The W boson mass is predicted as per ref. [54] while a one-loop prediction
for the width 'y is taken from [55].

To obtain predictions using the four alternative input parameter sets listed in table 1,
either a or G, is substituted for My, or sin? Géﬁ as inputs to the interpolation formulas,
following the methodology of ref. [48]. Although these predictions still rely on the {a,Mz,G,}
scheme for SM calculations, this approach enables the use of different input parameter sets
for SMEFT analyses, where alternative configurations provide advantages [27]. For instance,
to calculate predictions using the set of { My ,Mz,G,}, the relationship My (Aa,...) given
in ref. [54] is inverted to obtain Aa(Myy,...), which is subsequently substituted into the
interpolation formulas. Similarly, the inversion of the My —G,,, sin? Ggﬁcfoc, or sin? Gﬁeru
relationships enables the code to provide predictions in the remaining three schemes of table 1.



2.3 Treatment of uncertainties

The ewpd4lhc model of the likelihood L is based on a multivariate Gaussian distribution,
—2log L = x? = (Ax"V1Ax), (2.6)

where

AX = Xmeas — Xpred (27)

represents the difference between the measured values Xpeas and predicted values Xpreq of

SM
pred

dependent SMEFT corrections. The covariance matrix V encodes uncertainties.

observables. The prediction is a combination of the SM prediction x and Wilson-coefficient-

Uncertainties arise not only in the measurement of observable but also in their prediction.
These include “parametric uncertainties” in the SM prediction, which stem from uncertainties
in input parameters, as well as “theory uncertainties”, which arise for example due to missing
higher-order corrections in theoretical calculations.

The ewpd4lhc tool provides two options to account for parametric uncertainties. The

default method is to include their effect in the covariance V', along with the uncertainty of

SM
pred

the nominal input parameter values, x.... The alternative is to model the dependence of
SM

Xprea O SM input parameters with nuisance parameters x" that are part of the likelihood,
SM  _— SM in

pred — Xplred(X )

In the input-parameter-free likelihood approach, the method most commonly used

measurements. In this approach SM predictions x are fixed to the values implied by

so that x

in analyses of EWPD to date, the difference between measurement and SM prediction,

AXM = X s — xE%d, is treated as the random variable within the multivariate Gaussian

SM

pred Must be incorporated into the

29£

model. In this framework, parametric uncertainties of x
covariance matrix V. This becomes particularly important when My, or sin® .4 are treated
as input parameters, as the parametric uncertainty in the prediction of some observables
can then become similar to or even greater than the uncertainty associated with the direct
measurements.

The impact of this parametric uncertainties on the prediction of EWPOs is highly
correlated. To illustrate the extent of this correlation, one million pseudo data sets were
generated. These sets include Acq, Z pole observables, as well as the SM inputs, taken
to be {Mw,Mz,G,}, were sampled randomly according to their experimental covariance.
SM predictions for each pseudo data set were calculated using the formulas introduced in
section 2.2. Figure 1 presents the sample correlation coefficient for measurements Xeas and
the difference between measurement and prediction, Ax™ = X cas — Xg%d- The correlation
of uncertainties in AxM is significantly higher than that of the measured values Xpeas alone,
highlighting the importance of an accurate correlation model.

The ewpd4lhc code employs linear error propagation to construct the covariance matrix
rather than relying on the pseudo experiments used to generate figure 1. The contribution to
the covariance from parametric uncertainties, VPa2™ ig calculated as

SM SM
R gl LT Poreds| g2 (2.8)
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Figure 1. Comparison of the correlation coefficient of various Z-pole measurements and A« (left) with
the correlation coefficient of the difference of measurement and SM prediction, AxM = Xneas — xgi\gd,
in the {Mw,Mz,G,} input parameter scheme (right). The latter is particularly important in the
SMEFT analysis, where differences between measurement and prediction may indicate potential signs

of BSM physics.

Here, 0meas,k represents the uncertainty in the measured value ximneas. The Jacobian matrix
o SM

;ifﬁd, which is implemented in ewpd4lhc for all input parameters schemes offered, is eval-
uated dynamically based on the provided measurement values. The analytically derived
covariance shows excellent agreement with the one in figure 1, confirming the correct technical

implementation and indicating that the impact of uncertainty propagation beyond the linear

contribution is negligible.

As an alternative to the nuisance-parameter-free scheme, the likelihood of Equation 2.6
can be formulated to include the SM input observables, x™, in the observables x explicitly
considered in the multivariate Gaussian model. In that case, Xpeq of Equation 2.7 is a
function of both SM parameters and Wilson coefficients, where this dependence is trivial
for SM input parameters: xg}ed = x™, In this alternative approach the random variable
of the multivariate Gaussian is Xpeas, not the difference between measurement and SM
prediction AxSM. Given that the linear approximation provides a sufficiently accurate model
of uncertainties, a linear version of the full interpolation formulas for SM predictions is

. e . . . oxSM
implemented, also utilizing the Jacobian matrix a}‘zfﬁd'
XSMd
SM _ L SM in meas pre
Xpred(xin) = Xpred (Xmeas) + (Xin — Xin ) ox: |Xin=Xineas . (29)
1n

The linearized formula simplifies the SM fit and enables a stable, efficient combined fit of SM
parameters and Wilson coefficients in the SMEFT. The validity of the linear approximation is
confirmed by comparison with the full interpolation formulas, with two examples illustrating
relatively large (yet still negligible) non-linear contributions shown in figure 2. Indeed, when
the inputs to the interpolation formulas are varied within three standard deviations of their
measured values, only the ag and sin® Gﬁﬁ dependence in certain predictions deviates by
more than 2% from the linear approximation. The impact of «g variations on the SMEFT
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Figure 2. Examples of the dependence of EWPO predictions on experimental inputs. The plots
show Ry, (left) and Ag’é (right) as functions of the inputs as and My, respectively, using the full
interpolation formulas from ref. [52] and their linear approximation around the central prediction,
as implemented in the code presented in this paper. The input quantities as and My, are varied by
about five standard deviations around the values determined from direct measurements.

fit is minimal, and the non-linear dependence on sin? #’s is significant only when sin? 6%
is treated as an input parameter.

As with parametric uncertainties, two options are provided for addressing theory uncer-
tainties. They can either be added directly to the covariance matrix or be incorporated in
the parametrization, in which case Gaussian constraint terms are added for each nuisance
parameter to the likelihood. Theoretical uncertainties are accounted for in My (4 MeV, from
ref. [54]), Ry, Re, Ry, and sin? 0% (see ref. [52]). The uncertainties in sin? #%; and sin? 6%
prediction are negligible compared to the experimental precision of measurements. There

is no theory uncertainty for My, or sin? 9£H if used as input. Instead the replaced input

theo __ 0Zold inp. O.theo

theo ;
old inp. ™ OZnew inp. ~ NEW inp.’ where o is the

parameters A« or G, have uncertainty of o new inp.

My or sin? 9£H theory uncertainty in the original {o,Mz,G,} scheme calculation.

2.4 The EWPD fit in the SM

The linear parametrization of SM relations (Equation 2.9) enables the algebraic minimization
of Equation 2.6, thus solving the SM fit. This fit is performed automatically when running
the ewpd4lhc code. Free parameters of the fit are My, My, m;, as, and — depending on
the electroweak input parameter scheme chosen — two of Aa, My, G, sin? Ggﬁ, as well as
nuisance parameters modelling theory uncertainties. The results of fits using different input
parameter sets show only marginal differences, due to the differing role of the theoretical
uncertainties on My, and sin? Hﬁﬁ.

Fit results for the default configuration and using Ao and G, as input, are presented in
table 2. The only significant deviations of direct measurements from the global fit results
are the well-known tensions in AOF’]g and A%LD measurements.



The results are in good agreement with established codes for the SM fit. For instance,
the latest Gfitter result [56] predicts ag = 0.1198 £ 0.0029, in good agreement with this
result, ag = 0.1202 £+ 0.0028. Half of the 2 MeV difference to the indirect Gfitter W mass
prediction, My = 80354 + 7 MeV, can be attributed to a different value for Aca. The
Gfitter Higgs mass My = 100+ GeV, has slightly smaller uncertainties than presented
here, mainly because non-linear effects in the My predictions become important when the
direct My constraint is ignored. The exact cause for the one GeV difference to the top mass
prediction by Gfitter, m; = 175. 15+g ggGeV could not be identified, part of it is related
to the small differences observed for Myy.

The indirect prediction of SM parameters (which have all been precisely measured for
more than a decade) is not the main use case of this tool, which is designed to facilitate
accurate SMEFT fits. The good agreement with more sophisticated tools still demonstrates
that it can also be useful for the calculation of SM predictions and to obtain instant results
of the electroweak fit.

2.5 SMEFT parametrization

Predictions in the SM are extended by a parametrization of the effect of higher-dimensional
operators, to obtain predictions in the SMEFT framework. The SMEFT contributions to
EWPOs can be described, at leading order, by 10 to 23 dimension-six Wilson coefficients,
depending on symmetry assumptions. There are no contributions of dimension-five or
dimension-seven operators and higher orders are strongly suppressed. At next-to-leading
order 35 (more than 100) operators contribute in the flavour universal (general) case, although
the contribution of most of the extra operators, contributing at loop-level, is relatively small.

The predicted values of observables, Zpeq,i, can be decomposed into the SM prediction,

wSM

pred,i» and a SMEFT correction, AgygrT,;, that depends on Wilson coefficients:

)
6 C 8
Tpred,i = xgred Z+ASMEFT 1 :Egred z+z Az] A2 +Z Bl(j’i JA4 +Z Az(]) A4 (2 10)
J

Here, Ag-i) and Bi(?,z are a real-valued matrix and a tensor that parametrize the linear and

quadratic dependence on dimension-six Wilson coefficients, while AZ(?)

dependence on dimension-eight operators. The linear dependence on dimension-six Wilson

parametrizes the linear

coefficients, arising from the interference of amplitudes with dimension-six operator insertions
with the SM, is expected to be the most important contribution, as it is the leading term
in the 1/A expansion.

EWPD typically constrains deviations from the SM to be at most a few percent, making
it crucial to consider percent-level higher-order corrections to SM predictions, as well as the
precise input parameter dependence of xpred They introduce percent-level corrections to
the SM and thus O(1) effects on Wilson coefficient constraints. In contrast, percent-level
corrections to Agyprr Will affect results typically at the same order of magnitude. Therefore,
a leading order parametrization of SMEFT effects is often sufficient, and the input parameter
dependence of Agyvprr is neglected in ewpd4lhc, which uses fixed parametrizations stored
in yaml text files.
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Observable Direct Fit Pull Indirect

My [GeV] 125.20+0.11 125.20+0.11 -0.0 106 + 27

my [GeV] 172.57£0.58 172.68 + 0.56 0.2 174.24+2.2

Qs 0.11840 % 0.00080 0.11854 + 0.00077 0.2  0.1202£0.0028
A« 0.05903 = 0.00010 0.05902 + 0.00010 —0.1  0.05886 £ 0.00042
G, [1075GeV 2]  1.1663788 +0.0000006 1.1663788 4 0.0000006 0.0 1.16658 £0.00044
Mz [GeV] 91.1875+0.0021 91.1877 + 0.0020 0.1  91.1960 + 0.0095
My [GeV] 80.369 +0.013 80.358 +0.006 —0.8  80.356 £ 0.006
'z [GeV] 2.4955 4 0.0023 2.4947 4+ 0.0006 —0.3  2.4947 £ 0.0006
Ry 20.767 +£0.025 20.754 +0.007 —0.5  20.752+£0.008
R, 0.1721 4+ 0.0030 0.1722 4 0.0001 0.0 0.172240.0001
Ry 0.21629 = 0.00066 0.21587 +0.00010 —0.6 0.21587+£0.00010
a4 [pb] 41480+ 32 41488+ 7 0.2 41489+ 7

AFLD 0.1513 +0.0021 0.1475 4+ 0.0004 —1.8  0.1474+£0.0005
ALEF 0.1465 %+ 0.0033 0.1475 % 0.0004 0.3  0.1476 £0.0005
A%’é 0.0171+0.0010 0.0163 +0.0001 —0.8  0.0163+£0.0001
A%’é 0.0992 + 0.0016 0.1031 + 0.0003 2.4 0.1033£0.0003
A%’é 0.0707 £ 0.0035 0.0737 £ 0.0002 0.9  0.0737+£0.0002
Ay 0.923 +£0.020 0.93540.000 0.6 0.935 4 0.000
A 0.670 £ 0.027 0.668 4=0.000 —0.1 0.668 £ 0.000
Ty [GeV] 2.085£0.042 2.090 £ 0.000 0.1 2.090 4 0.000
Bhad 0.6741 +0.0027 0.6754 + 0.0000 0.5  0.6754 £0.0000

Table 2. Input values and fit results for the SM fit of the first six observables in the table. Uncertainties
on the remaining observables are obtained via error propagation. Pull values are calculated as the
difference of fit result and direct measurement, divided by the uncertainty of the direct measurement.
The column labeled “indirect” contains the result of a fit that does not include the direct measurement
corresponding to each respective row.

Baseline dimension-six parametrizations of the SMEFT correction have been derived with
the SMEFTsim [29] model at leading order. First, linear and quadratic parametrizations of the
partial widths for all W decays and polarized Z decays are obtained by simulating the boson
decays in MadGraph5_aMC@NLO [57, 58], with negligible numerical uncertainties. Fermions
except for the top and bottom quarks are considered massless, as is usually the assumption in
LHC studies. In a second step, parametrizations of EWPOs are calculated as sums, differences,
products or ratios of (polarized) partial widths and expanded to second order in the Wilson
coefficients. The Wilson-coefficient dependent shifts of My, or a are extracted directly from
the UFO model. The linear dependence of the W width on Wilson coefficients affecting
the W mass is taken into account following ref. [59]. Parametrizations are provided for two
input parameter schemes and for the U(2), x U(2), x U(2)4 (referred to as top in SMEFTsim),
U(2)g x U(2)y x U(2)g x U(3)g x U(3)e (topU31), and U(3)y x U(3)y, x U(3)g x U(3), x U(3),
(U35), and general SMEFT symmetry assumptions. The advantage of this approach is that
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W/Z W/Z W/z

Figure 3. Examples of next-to-leading order Feynman diagrams for W and Z boson decays in the
SMEFT. Possible insertions of dimension-six operators are marked with dots.

it ensures parametrizations are consistent with those used at the LHC, which either use
SMEFTsim or models that have been validated against it [60]. This method also includes
contributions quadratic in dimension-six Wilson coefficients, analogous to the approach
used in LHC analyses. The code allowing for the derivation of parametrizations is included
in ewpd4lhc, allowing users to re-derive them with different input values or, with minor
modifications, to use alternative EFT scenarios.

Two types of higher-order corrections to the SMEFT parametrizations are included in
ewpd4lhc as alternative parametrization that can also be used in combination.

Next-to-leading-order QCD and EW perturbative corrections [22, 30-33] modify tree-level
parametrizations by a few percent and introduce new dimension-six Wilson coefficients that
only emerge at the loop level (example Feynman diagrams are shown in figure 3). These
corrections have recently [32, 33] been computed in the flavour-general case and for all five
input parameter schemes listed in table 1. They have been incorporated in ewpd4lhc, using
electroweak input parameter values aligned with the SMEFTsim defaults. Expressions for a
broader set of derived observables and under various symmetry assumptions are also made
available in ewpd4lhc. The NLO parametrizations were cross-validated against the numerical
results in ref. [22]. Observed differences, at the 10% level, are consistent with variations in
input parameter values, particularly the choice of a.

Also available, in the {o,Mz,G,} and {Mw,Mz,G,} input parameter schemes and
currently only for Z pole observables, are the complete A=* [21, 34, 61] corrections, which
modify the dependence on dimension-six squared contributions and introduce a new linear
dependence on dimension-eight operators. They have also been adapted to the flavour
symmetries mentioned above.

The three parametrizations from SMEFTsim, ref. [21] (labeled ENPD2dim8), and those based
on ref. [33] (labeled EWPDatNLO and EWPDatLO for the NLO and LO case) have been compared
to ensure consistency of the initial parametrizations and correctness of the conversion to
various flavour symmetries. The comparison of the coefficients of the parametrizations
for A, is shown in table 3, for the fully flavour symmetric case and the {Mw ,Mz,G,}
input parameter scheme. The operator definitions and notations from ref. [29] are used for
Warsaw basis [2] Wilson coefficients throughout this paper while the notation of ref. [21]
is used from dimension-eight Wilson coefficients. At leading order, differences between the
parametrizations are less than 5% for all observables and are mainly due to the b-quark mass,
which is non-zero only for the SMEFTsim parametrization, and the limited numerical precision
of the tables in ref. [21], which were used for the EWPD2dim8 parametrization.
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0Ayg Wilson coef. SMEFTsim EWPD2dim8 EWPDatLO EWPDatNLO
Dim-6  cuwn 0.195 0.192 0.195 0.212
O(A?)  cup 0.182 0.179 0.182 0.196
) 0.104 0.102 0.104 0.115
) 0.104 0.102 0.104 0.122
cre 0.13 0.127 0.13 0.132
ch) - - - 0.013
i —~ - —~ -0.008
CHu - - - -0.017
cw - - - -0.001
cu — - - -0.003
Cuw - - - 0.002
ety - - - 0.002
e —~ - —~ -0.003
Clu - - - -0.003
Cae - - - 0.002
Ceu — - -~ -0.003
Dim—6 CHWB CHW B -0.006 -0.007 — —
oAy caws i) -0.019 -0.018 - -
caws ) -0.007 -0.018 - -
CHWB CHe 0.003 0.003 - -
caws ¢}’ -0.006 0.0 - -
CHD CHW B -0.009 -0.019 - —
CHD CHD -0.003 -0.006 - —
cup ci -0.016 -0.017 - -
cap ) -0.005 -0.017 - -
CHD CHe 0.005 0.003 - -
cup ¢} -0.006 0.0 - -
A ety -0.008 -0.008 — -
) -0.01 -0.016 - -
A el -0.003 0.0 - -
e -0.002 -0.008 - -
el -0.003 0.0 - -
cre i) -0.006 -0.006 - —
cre ) 0.002 -0.006 - -
CHe Cie 0.005 0.005 - -
cre ¢} -0.004 -0.0 - -
CHB CHWB — 0.012 — —
CHW CHWB — 0.012 —
Dim-8 ¢, 5 - 0.006 - -
oy B, - 0.011 - -
) - 0.003 - -
s - 0.003 - -
5@ - 0.003 - -
& - 0.004 - -

Table 3. Linear shift in A, for all dimension-six and dimension-eight Wilson coefficients con-
tributing significantly, for A = 1TeV. The shifts are shown for SMEFTsim [29], EWPD2dim8 [21], and
EWPDatNLO [33] (both at LO and NLO). The comparison is made for the fully flavour symmetric case
using the {Mw ,Mz,G,} input parameter scheme.
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2.6 The EWPD fit in the SMEFT (at NLO)

In this section, the observables introduced in section 2.1 are analyzed using a parametrization
that combines the SM predictions of section 2.3 with the SMEF T parametrization in section 2.5
to set limits on dimension-six Wilson coefficients.

This analysis assumes a U(2), x U(2),, x U(2)q symmetry in the quark sector, as there are
no observables that allow to distinguish the first two quark generations with high precision.
A fully flavour-general fit would result in several blind directions related to differences in
light quark couplings. Lepton flavour universality violation is allowed.

Unless noted otherwise, the { My ,Mz,G,} input parameter scheme is employed. The
SM value of a(Q? :M%) is predicted by these input parameters, and potential deviations
from this value are constrained by including the semi-experimental determination of A«
as an observable in the fit. Similarly, deviations from the SM prediction of sin? Hgff are
constrained by measurements of the EWPOs A, A,, and A, as well as the various forward-
backward asymmetries. The EWPDatL0 and EWPDatNLO [33] SMEFT parametrizations are
employed for this analysis.

While the ewpd4lhc tool contains parametrizations up to A~%, this analysis focuses on
fits using only the A~2 contributions, which are produced instantaneously when running
ewpd4lhc. Including A=* contributions requires a more complex numerical analysis due to the
quadratic dimension-six Wilson coefficient dependence. This is left to a future publication.

In total 30 observables are studied of which six are SM inputs. Figure 4 presents one-
dimensional confidence intervals for Wilson coefficients in all five input parameter schemes,
derived by fitting one parameter at a time. The first panel displays the limits obtained using
the LO SMEFT parametrization. In the second panel, the same 19 Wilson coefficients are
analyzed using the NLO SMEFT parametrization. NLO corrections have a relatively small
effect on results, typically shifting central values and improving limits by approximately 5%.
The scheme dependence is already small at LO — because SM predictions include higher-order
corrections — and is reduced further at NLO, particularly in schemes that use My, as an
input. The third panel displays the 24 most stringent constraints on Wilson coeflicients
that appear only at loop level. Sensitivity exists in particular for operators coupling to
the top quark, owing to the larger impact of diagrams involving heavy quark loops. While
constraints on loop-level operators, except for cpy, are generally weaker than those for tree-
level operators, they are often more restrictive than limits derived from LHC measurements
of top quark production. For instance, in many cases they surpass the constraints from
the comprehensive SMEFT analysis of top-quark pair-production with additional leptons
performed by CMS [62]. However, the one-at-a-time EWPD constraints rely heavily on a
small set of precisely measured observables, leaving numerous blind directions. These blind
directions can only be addressed through additional measurements at the LHC.

The impact of uncertainties in the measurement of electroweak precision observables on
the one-at-a-time constraints of Wilson coefficients (based on the NLO parametrization) is
illustrated in figure 5. The Wilson coefficients associated with bosonic operators, cywp and
cH D, are primarily constrained by precise measurements of G, o, Mz, My, and sin? 9£H, and
are thus especially sensitive to the relatively large uncertainties in My and in the asymmetries
A, and App. These constraints represent some of the most stringent bounds on new physics
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Figure 4. Comparison of one-at-a-time Wilson coefficient constraints in the SMEFT EWPD fit
in five different input parameter schemes at O(A=2). A U(2), x U(2), x U(2), symmetry between
the first two quark generations and A = 1TeV is assumed. For the leftmost panel a LO SMEFT
parametrization is employed while a NLO parametrization is employed for the remaining constraints.

and could be further tightened by improved measurements of My, and sin? Héﬂ at the LHC.
Wilson coefficients that modify only electron couplings are mainly constrained by Jﬁad, while
those affecting other fermion couplings are dominated by measurements of ratios of Z boson
partial widths — observables that are unlikely to see substantial improvement at the LHC.

Multi-dimensional fits require extra care as unconstrained directions exist, corresponding
to linear combination of Wilson coefficients that do not affect the studied observables. Both
constrained and unconstrained directions are identified, with the latter eliminated, through
the following procedure. The inverse of the covariance matrix of measurements, V ~! (which,
for this purpose, includes theoretical and parametric uncertainties as outlined in section 2.3),
is transformed using the linear parametrization matrix A©) (see Equation 2.10), to obtain
the inverse of the covariance matrix in the space of Wilson coefficients:

Varterr = (A@)TV 140, (2.11)

This matrix corresponds to the Fisher information matrix. Its eigenvectors are uncorrelated
directions in the Wilson coefficient space and their corresponding eigenvalues, A, are related
to the expected uncertainty o of a constraint in direction of the eigenvector:

(2.12)

-
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Figure 5. Relative impact of individual observable uncertainties on the one-at-a-time determination
of SMEFT Wilson coefficients. For each observable, the global fit is repeated after increasing its
central value by one standard deviation. The resulting change in the best-fit value of each Wilson
coefficient is shown relative to its total uncertainty. Only observables that induce a shift exceeding 30%
are displayed for each coefficient. The analysis employs the NLO SMEFT parametrization, assuming
a U(2), x U(2), x U(2)q flavour symmetry for the first two quark generations.

At LO there are 16 constrained directions with finite eigenvalues and three unconstrained
directions corresponding to zero eigenvalues. Two of the unconstrained directions are Wilson
coefficient combinations that cannot be constrained in fermion-fermion to fermion-fermion
scattering alone [48] and one corresponds to a combination of CS)Q and cgg that affects the
top but not the bottom quark coupling to weak bosons.

Constrained directions, along with the observables contributing most to each constraint
are listed in table 4. In the eigenvector basis, where correlations are removed and unconstrained
directions are eliminated, the best-fit values are determined by solving a system of linear
equations. The pulls, defined as the difference of best-fit value and direct measurement,
divided by the uncertainty o, are also shown in table 4.

The most tightly constrained direction corresponds to the difference between the SM-
predicted value of a(Q? = M2) and the experimental value of a(Q? = 0) in conjunction
with the semi-experimental result on the running to Q% = M% For a BSM physics model
that introduces non-zero Wilson coefficients in this direction with O(1) couplings, such that
D (ci)2 = 1, this corresponds to a sensitivity to a mass scale of about \/ﬁ TeV ~ 20 TeV.

Measurements of W and Z pole observables constrain 15 additional directions at LO,
with a precision ranging 0.003 (driven by the hadronic Z pole cross section measurement) to 1
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Constrained direction (LO parametrization) Main contr. o Pull
0.83crw s + 0.31cSy) 5 +0.31cap +0.25¢k) |, — 0.15¢1,1201 — 0.14cren  Aa 0.0022 —0.7
0.68¢cl) 1, +0.46¢%3) | — 0.44che 11 — 0.23cky) — 0.17¢Sy) 5y — 0.12cHwE  Oha 0.0033 —0.6
0.6¢47) — 0.48¢53) 5y — 0.36¢Y;) 5y + 0.27cHe 22 + 0.24cHw s — 0.2CHe 11 R, Tz 0.006 0.7
0.68cre,11 + 0.42cHp — 0.25¢k) 5 +0.24cly) || — 0.23¢l) 5y +0.22¢5) , ASMPUAQE 0.0092  —0.2
0.59¢3) 55 + 0.55¢h) 55 — 0.31cHe 33 — 0.31cme 11 — 0.19¢fy) ,, — 0.17¢ly) |, R~ 0.0097 0.0
0.51¢c%) 5y — 0.42cHe,22 + 0.36¢Y) 1, + 0.35ci, 1221 + 0.31cly) — 0.28¢y, ,, Tz 0012 —0.5
0.63ck0, +0.63ck, — 0.38¢5;) —0.11¢l) | — 0.1cms — 0.09¢y) 5, Ry 0016 0.4
0.84cre 33 + 0.38cp + 0.23¢ly) 4y + 0.18¢%y) 45 — 0.1dcge 11 — 012 | AMPP 0.02 —0.5
0.68cre.22 — 0.37cy) 1, +0.36¢k) oy +0.25ckp +0.24cky) | +0.21ck) ,,  ARS, Ry 0033 0.5
0.64cly) 5y — 043¢y | — 0.39¢5]) 5y +0.35¢k;) |, +0.3cHe 22 — 0.13¢Y;) 53 RiS 0.052 —0.3
0.69¢%y) 45 — 0.49¢%y) 55 — 0.35¢1,1201 + 0.22¢5;) — 0.15¢He22 + 0.13¢ly) 5y Re 0.063 0.2
0.97¢l) +0.14emy — 0.1¢f) — 0.09¢ra + 0.07cmy — 0.06c D R. 0.099 0.1
0.85¢ry + 0.35¢i,1221 — 0.17¢l) + 0.14cy) 53 + 0.13ca, — 0.13cy;) A%E, A, 014 0.0
0.77cu,1221 — 0.dcu — 0.26¢5) 55 — 0.21¢ky) 1, +0.2¢k) 55 — 0.18¢k) o, Ry 015 —0.5
0.97cry — 0.12¢#y + 0.1cmp Ay, AYS 0.23 —3.0
0.99cra + 0.1¢y;) B!, By 1.2 —03
Constrained direction (NLO parametrization) Main contr. o Pull
0.83crw s + 0.32¢53) 5y + 0.31cmp +0.25¢5) || — 0.15¢11221 — 0.12cme11  Aa 0.0021 —0.7
0.67cly) 1, — 0.4Tcke11 + 0.46¢5;) || — 0.25¢) — 0.14cfy) 5, — 0.1lcaws O 0.0032 —0.7
0.6¢4;) — 0.48¢53) 5y — 0.35¢%;) 5y + 0.29¢He 22 + 0.24crw s — 0.2¢H¢ 11 R, Ty 0.0057 0.7
0.69cre,11 + 0.42cHp + 0.29¢yy, |, — 0.25¢k) 5, +0.23¢ky) || — 0.22¢5) ,,  ASP, ARL 0.0088  —0.3
0.58¢3) 55 + 0.55¢h) 45 — 0.35¢He 33 — 0.24cme 11 — 0.2¢%) 5y — 0.17¢l) 5, R- 0.0093 —0.0
0.47¢$) 5y — 0.44cHe 22 + 0.38¢ly) 1| + 0331221 + 0.3¢f) — 0.24cyy) |, Ty 0012 —0.6
0.64cl), +0.62¢k), — 0.37cf;) —0.11¢y) || — 0.11cmy — 0.09¢%) 4, Ry 0.016 0.4
0.82¢re,33 + 0.39cHD + 0.26¢y) 55 +0.22¢}) 45 — 0.13cme 11 — 0.12cfy) |, ALPP 0019 —0.8
0.54CHe 22 + 045 5, — 0.44cS;) || +0.35¢y;) |, +0.2dcrp — 0.18¢y) 55 RIS, ARy 0037 05
0.68¢%y) 5, — 0.35¢y] 11 + 0.34cre 22 — 0.20¢k;) 5, +0.29¢5y) | +0.18¢ky) .y Ri* 0.055 —0.2
0.67cly) 35 — 0.45¢5) 55 — 0.35¢He 22 — 0.33ci,1221 + 0.2¢7) — 0.17¢ly) ,, R. 0.063 0.2
0.99¢};) — 0.09¢rra — 0.09¢§;) — 0.04crp + 0.04cmy + 0.03cSy) | R. 0.098 0.0
0.81ci,1221 + 0.28¢ku — 0.24cyy) 55 + 0.24cly) 5o +0.2¢53) || —0.19¢k) || Ry 015 —0.4
0.91¢ru — 0.26¢1,1221 — 0.14cp — 0.12¢§) +0.12¢53) 55 + 0.1¢l) |, A, Ade 016 0.4
0.98¢cs Ay 027 —2.7
0.97cra +0.12¢5:" +0.11cy;) BY., Biy 11 —03
0.72¢iw + 0.40cigy 5y + 0.38ciy 55 + 0.31cfy 1, — 0.12¢W + 0.12¢ly), T'w 17 01

1Q,22 1Q,33 1Q,11

Table 4. Constrained directions in the SMEFT EWPD fit, assuming a U(2), x U(2), x U(2)q
symmetry between the first two quark generations, for A = 1TeV and at O(A~2), using a LO (top)
and NLO SMEFT parametrization (bottom). Linear combinations are normalized and only the five

Wilson coefficients with the largest absolute value are shown, provided their absolute value is larger

than 0.1. For each direction, the observables that contribute most to an uncorrelated x? for a shift

in the eigenvector direction are indicated as “Main contr.”, with a cut-off of at a 20% fractional

contribution. The uncertainty o corresponds to 68% confidence level intervals. The pull is defined as
the best-fit value of the Wilson coefficient direction, divided by the uncertainty o.
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(constrained only by the hadronic W branching fractions). Throughout this paper A = 1TeV
is assumed and results for alternative scales A’ can be obtained by multiplying with (%) .

The inclusion of additional operators at NLO disrupts some of the relationships that
hold between observables. As a result, more independent directions in parameter space exist
that can be constrained by EWPD. For example, already in a flavour-universal scenario,
the Z — bb decay rate decouples from the Z — dd and Z — s§ rate, as it is more strongly
influenced by operators modifying quark couplings, due to the more important role of heavy
quark loops for this process. Additionally, left-handed Z couplings are related to W couplings
(see, e.g., ref. [63]), enabling at LO the prediction of W branching fractions based on Z boson
branching fractions and asymmetries. At NLO, Z decays are influenced by a broader set of
four-fermion operators compared to W decays, breaking this relationship.

All constrained direction in the NLO parametrization are summarized in table 4, too.
These directions closely resemble those obtained at LO, with minor changes in numerical
coefficients and small corrections from additional Wilson coefficients. Under the studied
flavor symmetry, which decouples third-generation quarks already at tree level, one additional
direction is constrained at NLO. This direction primarily corresponds to modifications in
the ¢ and cl%) coeflicients, which contribute to NLO diagrams involving top and bottom
quarks in loops, some of which are shown in figure 3. The linear combination primarily
consists of Wilson coefficients that contribute only at loop level and does not affect Z decays
but can be constrained through the W boson width. However, the sensitivity to this NLO
contribution is poor, requiring Wilson coefficients of magnitudes around 20 (for A = 1TeV)
to produce a one-standard-deviation shift in the observed value.

The overall agreement with the SM expectation of no significant deviations from zero
is excellent at NLO, corresponding to a p-value of 87%, which is even higher than the LO
parametrization p-value of 76%. The analysis does not show substantial evidence of BSM
physics. Indeed, there is only one direction in Wilson coefficient space that deviate by
more than a standard deviation from zero, a three-standard-deviation excess in a direction
predominantly affecting the coupling of the Z boson to right-handed bottom quarks. This
deviation is driven by the larger-than-expected values of Ag’g and A; measured at LEP and
SLD, respectively. A value of £ ~ ﬁ would be necessary to match the measurement, which
would imply BSM physics that is either strongly coupled or at a relatively low mass scale.

Across all five input parameter schemes, the number of constrained directions remains
the same, with constraints and the composition of Wilson coefficients differing only slightly.
This consistency validates the NLO parametrizations in alternative schemes as well as the
uncertainty model, which is also crucial for scheme-independent results. Despite the near
scheme-independence of the likelihood, using a consistent input parameter scheme remains
critical when combining results with additional data. Scheme differences could otherwise
misalign blind directions, introducing spurious constraints on certain combinations of Wilson
coefficients.

To obtain the best-fit values and uncertainties for all observables, error propagation is
employed. Sensitive directions that are linear combinations of both the SM input parameters
and the Wilson coefficients are fit to the data. Post-fit values for all observables are derived
by propagating uncertainties from these combinations. An exception is made for the weakest
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constrained direction, which only exists at NLO. As it requires unlikely large Wilson coefficient
values (or small scales A) to affect the data, it is fixed to zero. The results are summarized
in table 5. In most cases, the fit values closely align with direct measurements due to the
large number of additional parameters, the Wilson coefficients, that independently modify
observables. There are two main exceptions to this. The first exception are A; and A%’é , as
well as W boson (ratio of) branching fractions measurements. These are straightforwardly
related through Equation 2.3 and Equation 2.4, respectively. The second exception are the
total widths of the Z boson and W boson, whose relationship is more complex and will
be discussed in the next section.

2.7 Comparison with existing likelihoods

Most existing EWPD likelihoods [9-22] are constructed using SMEFT parametrizations based
on the {a, Mz, G} input parameter scheme. However, this scheme is not compatible with the
{Mw, Mz, G,} scheme increasingly favoured in LHC analyses [27]. To support a consistent
combination of EWPD and LHC data, ewpd4lhc provides SMEFT parametrizations in five
alternative input schemes, summarized in table 1. It also incorporates the latest electroweak
precision measurements and fully accounts for correlated uncertainties, an essential feature
when considering alternative scheme choices.

A likelihood based on the { My, Mz, G, } scheme is also implemented in SMEF1T [23, 64],
where it has been validated against the likelihood presented in ref. [48]. Figure 6 compares
the resulting one-at-a-time constraints on Wilson coefficients affecting only lepton couplings,
as obtained from ewpd4lhc and different configurations of SMEFIT. The default SMEFI1T
results differ from ewpd4lhc constraints by up to one standard deviation, which can be traced
to outdated input values for measurements and SM predictions. When the latest inputs
and the correlation model from ewpd4lhc are incorporated into SMEFIT, constraints are
weakened by up to 50%. After both updates, the two tools yield excellent agreement.

3 Impact of recent LHC measurements on the EWPD likelihood

In 2024, the ATLAS and CMS collaborations have published three measurements that have
provided important updates on weak boson properties. A measurement of the W mass and
width [5], the lepton universality of W branching fractions [6], and the effective leptonic

weak mixing angle [7].2 This section examines how these measurements influence the EWPD
likelihood in the SMEFT.

3.1 ATLAS measurement of W boson mass and width

The simultaneous measurement of the W boson mass and width by ATLAS has an important
impact on the EWPD likelihood. In figure 7, the ATLAS measurement is compared with
predictions from the SM and SMEFT fits, using the framework described in section 2.
Without ATLAS data, the My used as input to the fit is a combined value from
measurements from LEP [65], DO [66], and LHCb [67], as the PDG average already contains

2While finalizing this paper, a precise measurement of the W mass [44] was presented by the CMS
collaboration. It is not considered here as it is a preliminary result and because it assumes, in its current
iteration, the SM W width.
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Observable Direct Fit Pull Indirect

My [GeV] 125.1040.11 125.1040.11 -0.0 -

my [GeV] 172.57 +£0.58 172.57+£0.58 0.0 -

as 0.11840 =+ 0.00080 0.11840 =+ 0.00080 0.0 -

My [GeV] 91.1876 £ 0.0021 91.1874 £ 0.0021 —0.1 —

G, [107°GeV 2] 1.16637880 + 0.00000060  1.16637880 + 0.00000060 —0.0 —

A 0.059030 + 0.000090 0.059030 = 0.000090 —0.0 -

My [GeV] 80.369 4+ 0.013 80.369 4 0.013 0.0 -

I'z [GeV] 2.4955 4 0.0023 2.4955 4 0.0023 0.0  2.505+0.072
R, 20.804 4 0.050 20.786 4 0.046 —0.3  20.7140.52
R, 20.784 4 0.034 20.78440.033 0.0 -

R, 20.764 4 0.045 20.764 4+ 0.045 —0.0 —

op.4 [pb 41481 432 41480 + 32 —0.0 413001000
ASLD 0.1516 4 0.0021 0.1494 4 0.0017 —1.0  0.145940.0027
ALEP 0.1498 +0.0049 0.1494 +0.0017 —0.1 0.1494+0.0018
ASED 0.14240.015 0.147+0.010 0.3  0.150+0.013
ASLD 0.136 +0.015 0.145 £ 0.004 0.6  0.14540.004
ALEP 0.1439 £ 0.0043 0.1448 4 0.0040 0.2 0.1510+0.011
AR 0.0145 4 0.0025 0.0167 4 0.0003 0.9 0.0167+0.0003
AdH 0.0169 4+ 0.0013 0.0164 4 0.0010 —0.4  0.0160+0.0015
A% 0.0188 4+ 0.0017 0.0162 4 0.0004 —1.5  0.0161 £0.0004
R, 0.1721 4 0.0030 0.1720 4 0.0030 —0.0 -

Ry, 0.21629 + 0.00066 0.21630 £ 0.00066 0.0 -

AYL 0.0707 4+ 0.0035 0.073440.0022 0.8 0.0746 +0.0028
Ay 0.923 £0.020 0.897 +£0.015 —1.3  0.871+0.021
A, 0.670 £ 0.027 0.655 % 0.022 —0.6  0.634+0.036
AL 0.0992 4+ 0.0016 0.1009 £ 0.0014 1.1 0.104440.0024
'y [GeV] 2.085 4 0.042 2.080+0.017 —0.1  2.079+0.018
B, 0.1071 £ 0.0016 0.1084 4 0.0010 0.8 0.1085+0.0012
BY, 0.1063 £ 0.0015 0.1087 £ 0.0009 1.6 0.1098 £ 0.0012
By, 0.1138 4 0.0021 0.1088 +0.0011 —2.4  0.10634+0.0014
Rﬁﬁe 1.0034 £ 0.0063 1.0031 £ 0.0058 —0.1  1.001£0.015
R;V/e 0.994 +0.021 1.004 £0.010 0.5  1.007+0.011
R7M 0.990 £0.011 1.001 4 0.009 1.0 1.02540.016

Table 5. Inputs to the EWPD SMEFT fit, alongside the fit results obtained using a NLO SMEFT

parametrization. Pull values are calculated as the difference of fit result and direct measurement,

divided by the uncertainty of the direct measurement. The column labeled “indirect” contains the
result of a fit that does not include the direct measurement corresponding to each respective row. A
dash indicates that the indirect prediction is impossible or possible only with very poor precision.
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CII,1 221

Figure 6. Comparison of one-at-a-time constraints on Wilson coefficients from EWPD, obtained using
ewpd4lhc and different configurations of SMEFIT [23, 64]. The default SMEFIT results are shown
alongside those using updated experimental inputs and SM predictions, consistent with ewpd4lhc. A
third configuration includes the correlation model from ewpd4lhc. The SMEFT parametrization in
SMEFIT remains unchanged. Only operators affecting lepton couplings are included, and A = 1TeV

is assumed.
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Figure 7. The direct ATLAS measurement of My, and I'yy compared to the SM fit result as well
as the SMEFT fit results at O(A~?), without assuming flavour universality. The SMEFT fits are
performed with and without the ATLAS measurement, to demonstrate its impact. Only variations of
Wilson coefficients that have a significant effect for values of {& < ﬁ are considered. The value of
My in the SMEFT fit corresponds to the combination of direct measurements, as indirect constraints
are weak while both direct and indirect constraints exist for 'y, .

an ATLAS measurement of My, [68] that is superseded by ref. [5] while the CDF measurement
is excluded due to incompatibility [69]. The combination uses the CT18 set of parton
distribution functions (PDFs), in line with the procedure of the LHC-TeV My, working
group [69], resulting in combined value of M *AS — 80 365 + 17 GeV.

In the SM, both My and I'yy can be predicted with higher precision than direct
measurements achieve. Consequently, incorporating the ATLAS measurement has small effect
on My, (that is not shown in figure 7) while its impact is negligible for I'yy.

However, in the SMEFT framework, My, cannot be predicted indirectly with high
precision. The SM value of My is determined, at tree level, by o, Mz, and G, but in the
SMEFT My also depends on multiple Wilson coefficients. This dependence arises from
field redefinitions necessary in the presence of certain dimension-six operators and from
modifications to the muon decay rate used to determine G, which receives contributions
from operators affecting W couplings to leptons and an operator introducing a four-fermion
interaction [27]. As a result, the SMEFT fit without the ATLAS data yields an My value
identical to the LEP4+D0+LHCb combination of direct measurements.

The ATLAS measurement, being more precise than the combination of other direct
measurements (as long as the CDF and CMS results are excluded), substantially enhances
the precision of My in the SMEFT. In input parameter schemes that exclude My, this
directly constrains the combination of Wilson coefficient that influences My, providing one
of the leading constraints on BSM physics. In the schemes including My, this improvement
results in more precise SM predictions, equally improving SMEFT constraints.

In contrast, 'y in the SMEFT can be predicted, at least at LO, with higher precision
indirectly than is possible with direct measurements (albeit much lower than the precision
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of the SM prediction).? This prediction relies on two central SMEFT assumption: that the
SM gauge symmetries are valid — relating W and Z couplings, allowing for the translation
of the more precise Z coupling constraints to W coupling constraints — and that there are
no new light states into which SM particles, including the W boson, could decay. Although
the ATLAS measurements of 'y is nearly as precise as the combination of previous direct
measurements, its impact on the global SMEFT fit is modest because the indirect SMEFT
prediction for I'yy has a precision of 18 MeV precision, compared to the 49 MeV precision
of the ATLAS measurement.

If NLO corrections to SMEFT parametrizations are taken into account, it is generally
no longer possible to predict I'yy indirectly. However, as discussed in section 2.6, observable
modifications to I'yy would require extremely large Wilson coefficient values for operators
appearing exclusively at loop level, particularly c;;r and cl%) , which are largely excluded
by measurements of ttW production. This non-trivial relationship between the W boson
width and the £\ production cross-section further underscores the importance of combining
EWPD and LHC data. For figure 7, the weakly constrained linear combination involving c;p
and cl%) has been fixed to zero, consistent with the approach described in the previous section.

The publication of the correlation of the W boson mass and width measurements is
of particular importance for the SMEFT analysis. The SMEFT fit prefers a lower value
of I'yy than ATLAS, which, due to the negative correlation between My, and I'y, leads
to a larger My, value. In fact, the global SMEFT fit result for My, is 6 MeV larger than
it would be if zero correlation were assumed for the ATLAS My and I'yy measurements.
Furthermore, the uncertainty in My, in the SMEFT fit is larger than it would be if the SM
width were assumed in its extraction, but smaller than the uncertainty that would result
from a fit that is agnostic of Iy .

Intriguingly, the ATLAS measurement of 'y deviates by about two standard deviations
from the SM prediction. However, this deviation cannot be attributed to BSM physics
compatible with SMEFT assumptions, as the SMEFT fit, even with the ATLAS data

included, aligns closely with the SM value of T'yy.

3.2 ATLAS measurement of lepton flavour universality in W decays

Another precise measurement of W boson properties recently published by ATLAS is the
precise study of lepton flavour universality in W decays [6]. The ratio of W branching
fractions R%e is determined with an exceptional precision of 0.45%. This ratio, which
compares the W boson decays into muons and neutrinos against electrons and neutrinos,
is sensitive to anomalous couplings of the W boson to leptons. In the framework of the

3Tt can be shown straightforwardly demonstrated this is sensible, using the known dimension-six Wilson
coefficient dependence of only a few observables. Specifically, in the {Mw ,Mz,G.} scheme, the relative
deviation in the leptonic W branching fraction due to dimension-six Wilson coefficients is a linear combination
(with strictly positive coeflicients) of the relative deviation from the SM expectation of «, the invisible Z
width and the partial width of the Z boson for decays into left-handed leptons (the decay rate into left-handed
leptons can be inferred from the partial Z boson widths, in combination with the asymmetry parameters Ay).
All three quantities are measured with a precision of 0.5% or better. Consequently, the partial W — fv width
can be predicted with even higher precision. By dividing this result by B(W — leptons) yields I'w, where the
uncertainty of this I'y prediction is primarily determined by the 0.8% uncertainty in the measurement of the
leptonic branching fraction.
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SMEFT it constrains exactly two Warsaw basis Wilson coefficients (at LO — the small NLO
contributions are discussed at the end of this section):

B(W — pv)

pule _
R = B(W — ev)

~1426gWF — 269" =1+ F ( Mo —Cibn) (B
where, g"* is the dimensionless coupling of the W to a charged lepton ¢ and its corresponding
neutrino, and 6¢g"* denotes its deviation from the SM expectatlon The approximation
(W — tv) =Tsu(W — v)(1 + ‘;f’—ww)z ~ Tgu(W — w)(1 42 Wf) is used. In contrast
to the total width, partial widths for individual lepton flavours cannot be inferred from Z
boson measurements. This would require flavour-specific measurements of Z boson decays
to neutrinos, when only the inclusive invisible width can be observed.

To mitigate uncertainties in lepton identification, ATLAS does not directly measure

R”W/e but instead fits the parameter

RYS = RS\ RYS (3.2)

where R%/ © represents the ratio of Z boson branching fractions into muon and electron pairs.
This ratio is combined with the R%/ “ result from LEP+SLD, which has its own SMEFT
parameter dependence:
B(Z — prp”)
RY*

=2 "B E o1 —46¢7" + 4845¢
B(Z—>e+e_) ga + 2094

3 3 1 1
=1 + A2 ( (H% 22 Cg{%n + g{% 22 C(H% 11 ~ CHe22 + CHall) , (3.3)
where the dependence I'(Z — 0) o (gZ)? + (g4")? of the Z boson partial width on the
vector coupling ggf ~ 0 and axial vector couplings gié ~ —0.5 to leptons is used.
The precise ATLAS measurement constrains the following linear combinations of couplings
and Wilson coefficients:

W — uv Z —
Ry = ((W - ey))/ (( )) ~ 14 20g"WH — 209 + 2595 — 2694
3 3 1 1
=1+ p (Cg{% 22 C(H% 11~ Cg{% 22 + Cg{% 11 1 CHe22 — CHe 11) : (3.4)
The Wilson-coefficient dependence is similar to that of R, / “, but it is a factor of two weaker,

with the signs of cg% 99 and c(hl,% 11 flipped. Hence the observables constrains an independent

direction in Wilson coefficient space while leaving a third direction in the space of LFU
violating Wilson coefficients unconstrained.

Without the inclusion of the ATLAS measurement, the global SMEFT fit yields a value
of R%BZ = 1.0027 £ 0.0059, which is slightly less precise than the constraint of R”W/e (as shown
in table 5). This indicates that a R%eZ measurement actually has a more significant impact
on the SMEFT fit than a measurement of R“W/e with the same precision. When the ATLAS
R“W/SZ measurement is included, the global fit result — and consequently the constraint on the

. NP . . . Je
corresponding direction in Wilson coefficient space — is improved to R’;VEZ = 1.0003 + 0.0034.
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For completeness, the LO Wilson coefficient dependence of e—u universality violating
anomalous W and Z couplings is given below, based on ref. [30] and using ggf A= gIZf + gff :

2
w We _ Y 3 3
dg" H — g = 2 (C;I%,ZZ — Cg{%,n) , (3.5)
2
Z e v 3 3 1 1
gy —0gi© = A2 (‘Cg{;,m + Cg{%,n - 0514)422 + Cg{%,n — CHe22 + CHe,ll) , (3.6)
z eV 3 3 1 1
094" = 093" = 13 (cihos = clinan + Chivae — it — ez +enen) - (3.7)

3.3 CMS measurement of the effective leptonic weak mixing angle

The CMS collaboration recently presented a new measurement of the effective leptonic
weak mixing angle, sin? Héﬁ [7]. Unlike the measurements of W mass and width, which
focus on fairly model-independent characteristics of the reconstructed distributions (see also
the discussion in ref. [70]), and the W branching fraction measurements, which constrains

294

inclusive rates, the sin“ 0

¢ measurement does not lend itself to straightforward interpretation
within the SMEFT framework. This is because the measurement relies on a mass-dependent
analysis of the forward-backward asymmetry in Drell-Yan events, which in the SMEFT
context involves a non-trivial dependence not only on lepton but also on quark couplings and
four-fermion operators. Moreover, the measurements in the electron and muon channels have
different Wilson coefficient dependencies, preventing their combination in the SMEFT.

However, the CMS measurement can be reinterpreted as one of the most precise test
of lepton-flavour universality. It is primarily sensitive to vector couplings of the Z boson,
thus constraining the third Wilson combinations combination left unconstrained by the
RZ/ ¢ and R%GZ measurements.

For the LFU interpretation, the ratio of sin® Hgﬁr measurements in muon and electron
channel is denoted RZ{I < R The exact value implied by the CMS measurement is difficult to
determine without a detaﬁfed correlation model for the systematic uncertainties. An estimate
based on leptons reconstructed in the central part of the detector (see table 4 of ref. [7]),
which offers similar coverage for electrons and muons, yields a value of Rginz ge = 0.9987 +
0.0012 (stat.) £0.0010 (syst.). This estimate assumes that theoretical and PDF uncertainties
cancel due to the similarity in phase space between electron and muon channel measurements.
While some theory uncertainties might affect only one lepton species and PDF uncertainties
may not be fully correlated due to differences in lepton acceptance and identification efficiency,
these effects are expected to be small. For sensitivity estimation, this approach is considered
conservative, as a more rigorous analysis, including electrons reconstructed in the forward
part of the detector, could further improve the precision. However, a critical caveat involves
the central value of this estimate. During the CMS determination of the sin? Gﬁﬁ results in
electron and muon channel, nuisance parameters, such as those related to the PDFs, will
likely be pulled to different central values, which can differently affect sin? Hgﬁ in each channel,

whereas consistent parameters should be used in the derivation of R;Q S R
eff

The uncertainty in the extraction of R;{l 5 gt 18 dominated by statistical uncertainties

eff
and can be straightforwardly improved with future measurements utilizing larger datasets.
In fact, a large part of the systematic uncertainty in the CMS measurement also arises from
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statistical limitations due to the finite size of Monte Carlo simulated samples. In a dedicated
LFU analysis, these uncertainties could be mitigated by using identical parton level events
(i.e. events before simulating final state photon radiation or detector and reconstruction
effects that differentiate electrons and muons) for analyzing electron and muon channels,
or by reweighting simulated distributions to match channels at parton level, resulting in
correlated Monte Carlo statistical uncertainties that cancel in the ratio R;{l < ot
Using the relationship «
Zf

g .
‘gf =1—4|Qy|sin? Qgﬂ (3.8)
9ga

44
(see e.g. ref. [4]) as well as Z% < 1, and g4 ~ —0.5 one finds:
A

i 02 9# 1- g
p/e SIN” Uy 94" 9\/ Zu _ Ze
. = 2 ~1— ~1+2 — 3.9
sin® 0z~ sin? O 71— Z‘Z: gA g4¢ * (g v T 9v ) (3.9)
A
_ v (3) 3) (1) (1)
=1+ AZ (_CHZ,QQ + ¢ — Creee T Crpin — CHe22 + CHe,ll) . (3.10)

The measurement of the observable evidently constrains a direction in Wilson coeflicient
space that is linearly independent of the constraints from R“ /¢ and R“ /e

With the experimental result of R“ /e w20l = = 0.9987+0.0016 it is thus p0851b1e to determine
the difference in the vector couphngs of muons and electrons with high precision. A more
accurate expansion of Equation 3.9 that takes into account a non-zero SM value of gé“ yields

géﬂ _ g‘%e — (gif’SM _ ggf,SM) ( Ru/zgz > — 0.46 <Rﬂ/20£ _ 1) (311)

from which one obtains
got — gt = (=6+£7) x 1071, (3.12)

This is over three times more precise than the current difference in PDG values for 95“ and gge
which is (154:23) x10~*. Combining the electron vector coupling measurement from LEP+SLD
with the above coupling-difference constraint also yields an improved determination of the
muon coupling to the Z boson:

g = (—38244—6+7) x 1074 = (=388 £ 8) x 107*. (3.13)

This result improves on the precision of the PDG value by a factor of three. As it depends
only weakly on theoretical uncertainties and is statistically limited it can be further improved
with a larger dataset or by an ATLAS measurement. The main caveats in this derivation are
the assumptions that four-fermion operators or anomalous quark couplings have no significant
impact, which is likely a reasonable approximation, and that PDF pulls match between the
electron and muon channels in ref. [7], which cannot be validated externally and requires

a dedicated fit of R“ /e w0, by the CMS collaboration.
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Figure 8. Constraints on the three Wilson coefficient combinations introducing leading-order e—p
lepton-flavour universality violating effects in weak boson couplings, at 95% confidence level, for
A = 1TeV. The Wilson coefficient combination not shown in each of the plots is fixed to zero. The
impact of the LEP+SLD measurement of R/ ¢ [4], the ATLAS measurement of RS [6], and the
reinterpretation of the CMS weak mixing angle measurement [7] as a measurement of R:{1 X ge 18
compared. For the individual ratio measurements, only one degree of freedom is constrained. Hégce,
the corresponding confidence intervals are based on a one-dimensional x? distribution. Confidence
intervals for the combination correspond to a two-dimensional x? distribution.

3.4 Comparison of lepton flavour universality tests

In ewpd4lhc the exact NLO Wilson coefficient dependence of R%GZ, RZ/ ¢ and Rglfl S ot on
the three types of Wilson coefficients is implemented, which is used to derive confidence
levels for Wilson coefficients in figure 8. It is clear from the three plots that each of the
three observables is almost perfectly suited to constrain a direction in parameter space that
is unconstrained by the other tw/o observables.

nle
Z

The constraints based on R/~ and R’Sﬁ S gt of which only the latter can be improved
eff

in the near future, are more precise than those based on R%eZ A dedicated measurement

of R:lfl 5 g by either ATLAS or CMS thus clearly has the potential to become the most
precise tggt of lepton flavour universality.

At NLO, additional Wilson coefficients contribute, although their impact is at least a
factor of 40 smaller compared to the Wilson coefficients contributing at tree level. The most
interesting and numerically largest contributions arise due to four-fermion operators coupling
top quark and leptons, cl%) , cl(t1 ), cl%), Cet, and cge. While cl%) and cl(t1 ) as well as Cer and
cQe cannot be distinguished by the three observables, the remaining three directions are
constrained by the three types of measurements, similar to the LO Wilson coefficients.

4 Interpretation of the ATLAS Drell-Yan triple-differential cross-section
measurement and impact on the global EWPD fit

In the previous section the measurement of R;Q 5 gt Was identified as the potentially most
eff

precise test of the lepton flavour universality of weak boson couplings. However, certain
approximations were necessary to extract couplings values from the CMS measurement
of sin? Hﬁﬂc. For instance, it was assumed that some systematic uncertainties as well as
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quark-coupling-modifying operators affect electron and muon channels identically and thus
do not interfere in the interpretation of RSMI{I 5 g¢ - Moreover, the influence of four-fermion
operators directly coupling quarks to leptons Wzifs ignored. In this section, a more accurate
analysis of the forward—backward asymmetry will be performed that accounts for all relevant
SMEFT operators and employs a detailed correlation model for systematic uncertainties.
This approach will demonstrate that such an analysis can not only test flavour universality
but also constrain anomalous quark couplings.

The ATLAS triple-differential cross-section measurement of Drell-Yan production [§],
based on LHC Run 1 data at 8 TeV, will be analyzed for this purpose. This model-independent
and granular cross-section measurement, published with a detailed breakdown of systematic
uncertainties in each analysis channel, allows for an accurate interpretation in the SMEFT.

A SMEFT analysis of Z production at the LHC was previously performed in ref. [63],
with a focus on quark couplings only and a greatly simplified uncertainty model.

4.1 Analysis setup

In Drell-Yan production of a lepton pair in hadron collision, a forward—backward asymmetry
exists for the direction of the outgoing leptons. Depending on the invariant mass of the lepton
pair, the outgoing negatively charged lepton is emitted either more or less frequently in the
direction of the incoming quark (as opposed to anti-quark). This asymmetry is caused by the
parity-violating couplings of the Z boson. Near the Z pole, the asymmetric contribution to
the Drell-Yan cross-section is, at leading order, proportional to the product of the Z boson
axial vector couplings and vector couplings to the colliding quarks and leptons, ggqgiqggegfé
(see for example Equation 3 of ref. [71]). The pole asymmetry is particularly sensitive to
variations in the vector coupling of leptons, g‘%ﬁ , as the coupling is close to zero in the SM.
Away from the Z pole, the asymmetry is primarily caused by the interference between Z boson
and v* mediated amplitudes, which is proportional to the Z boson axial vector couplings to
the two fermion types and their photon couplings. The sensitivity of the forward—backward
asymmetry to lepton couplings enables precise measurements of the effective leptonic weak
mixing angle, sin? 653, which is related to fermion couplings according to Equation 3.8.

ATLAS measured [8] the Drell-Yan cross-section as a function of three observables: the
invariant mass of the lepton pair, my, the absolute dilepton rapidity, |ys|, and the angular
variable cos 6*. In the dilepton centre-of-mass frame, 6* is defined as the angle of the outgoing
negatively charged lepton to the longitudinal boost direction of the dilepton system. The
longitudinal boost directions typically corresponds to the incoming valence quark direction,
so cos 0* exhibits the forward—backward asymmetry described above. The asymmetry is
more pronounced for large values of |ys|, where the boost direction is more likely aligned
with the valence quark direction.

The ATLAS measurement was performed in three analysis channels: with a pair of muons
reconstructed in the central part of the detector, a pair of electrons reconstructed in the central
detector, and a pair of electrons with one reconstructed in the central and the other in the
forward part of the detector. While the measurement of forward electrons is experimentally
challenging, it offers sensitivity to dilepton pairs highly boosted along the beam direction, for
which the asymmetry is less likely to be diluted by a misassignment of the quark direction.
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Over 1000 data points were reported by ATLAS and are available, together with the impact
of various sources of uncertainties, on the HEPData webpage.? To reduce the complexity
of the presented interpretation, some data points were merged. Instead of analyzing the
full cos 0* dependence of the cross-section, only the forward—backward asymmetry App is
considered. It is calculated in each my; X |yg| bin as the cross-section of cos#* > 0 events
minus the cross-section of cos 8* < 0 events, divided by the total cross-section in that bin.
While the integration over cos 8* bins reduces the statistical power of the analysis, it simplifies
the analysis considerably. Rapidity bins are combined such that the resulting data points
correspond to a bin width of at least 0.8 in |yz|, which is sufficient to capture rapidity increase
of App. The full granularity of the mys binning is retained, as SMEFT operators exhibit
strong mass dependence. The lowest mass bin, measured only in the central-central lepton
2 eg
procedure reduces the number of analyzed data points to 51: 15 in the ete™ central-forward

channels, is omitted due to its limited sensitivity to sin® 6.4 or dimension-six operators. This
channel and 18 in the central-central channels.

More than 300 unique sources of systematics affect the measurement, with the dominant
ones affecting lepton identification and momentum measurement. The effect of each source
on the merged analysis bins is determined and used to create a 51 x 51 covariance matrix
for the subsequent statistical analysis.

A SM prediction of Drell-Yan production is generated at next-to-leading order QCD in
the PowHEG BOX framework [72, 73] with the NNPDF3.1NNLO set of parton distribution
functions [74]. Higher-order corrections to sin? Gfﬁ« are taken into account by setting the weak
mixing angle to 0.23130, the SM value predicted from the measurements of { My ,Mz,G,}
using the formulas discussed in section 2.2. The linear dependence on My is included as a
parametric uncertainty in the analysis, while the smaller variations due to other SM input
quantities are neglected.

The dominant uncertainty in the SM prediction originates from PDFs, stemming from
uncertainties in the relative contributions of up-quark and down-quark initial states to Drell-
Yan production and their predicted momentum fractions. Due to different SM couplings, up-
quark and down-quark final states yield different asymmetries while other quark flavours create
no asymmetry as quarks and anti quarks carry, on average, equal momentum. Additionally,
the distribution of the momentum fraction carried by up and down (anti) quarks affects
the number of events in which the anti quark carries a larger momentum fraction than
the valence quark, diluting the observable asymmetry. PDF uncertainties are propagated
using the Hessian variations of the PDF set and incorporated into the statistical analysis
using nuisance parameters with Gaussian constraints. The fit thus simultaneously extracts
parameters of interest and updated PDFs from the data, albeit in an approximation that is
only valid if pulls and nuisance parameter constraints remain small [75].

A further subtlety arises from the fact that the NNPDF3.1NNLO set used for predictions
is derived under the assumption of SM couplings. In principle, PDFs can exhibit non-negligible
dependence on SMEFT Wilson coefficients [76-79]. For instance, significant deviations in
quark couplings to the Z boson would alter the interpretation of neutral-current measurements
employed in PDF determinations. However, existing studies suggest that such effects generally

“https://www.hepdata.net /record/77492.
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have only a modest impact on SMEFT fits [77-79]. Moreover, many measurements important
for the PDF constraints relevant to this analysis are expected to be largely insensitive to
SMEFT effects. For example, the interpretation of W charge asymmetry in terms of up-quark
and down-quark PDFs remains valid because the SMEFT modifies W and W™~ couplings to
up- and down-quarks in a correlated manner, and the flavour symmetry assumption adopted
in this analysis limits variations in second-generation quark couplings. A comprehensive
understanding of PDF-SMEFT interplay would require an extension of the analysis in ref. [79]
to include a more complete set of SMEFT effects, for example for single boson production
and deep inelastic scattering data, followed by a combined global fit of PDFs and SMEFT
Wilson coefficients. However, such an undertaking is beyond the scope of this work.

The values of Apg extracted from the measurement, as well as the SM prediction and their
respective uncertainties, were validated against the measurement and predictions published by
ATLAS [8], using a matching PDF and value for sin® Ggﬁ. Excellent agreement for the measured
value was found, for which however only a combination of electron and muon channels is
published. Good agreement was also found for the theoretical predictions, despite the absence
of NNLO QCD and NLO EW k-factors, which are applied only for the ATLAS prediction.

The linear impact of dimension-six operators on Apg is calculated at leading order and in
the {Mw,Mz,G,} input parameter scheme using MadGraph5_aMC@NLO with the SMEFTsim 3.0
model. As in the EWPD fit presented in the first part of the paper, a U(2), x U(2),, x U(2)4
asymmetry is assumed in the generation of SMEFT effects. Variations of up-quark and
down-quark couplings are thus always accompanied by the same variation of charm-quark
and strange-quark couplings. As the latter are symmetric in cos 0*, App is diluted and the
sensitivity to light quark couplings is slightly weaker than in a fully flavour general approach.

Figure 9 shows the difference between the measured Apg and the SM prediction, denoted
as AApp. The figure also displays the deviations from the nominal values introduced by
systematic uncertainties and dimension-six operators. The data is in good agreement with
the SM prediction. Systematic uncertainties are large, in particular in the central-forward
ete™ channel due to experimental challenges in forward-electron identification. In the pu™ ™
channel, uncertainties are large for more forward events, mainly due to the sagitta bias,
which results from potential detector misalignment and introduces a charge-dependent muon
momentum uncertainty. PDF uncertainties are minimal in the bin below the Z pole and
increase on either side. Variations in My, affect the SM prediction of the weak mixing angle,
leading to shifts in the predicted asymmetry.

For a fixed value of Myy, the Wilson coefficients cywp and cgp modify the couplings of
all fermions to both the Z boson and the photon, thereby influencing Apg. The coefficient
cyre affects only couplings of the Z boson to right-handed leptons while c%? and cg’g affect
the coupling of the Z boson to charged left-handed leptons. The effect of c%? and cgg on
Z boson couplings to charged leptons is identical but only the latter affects «, leading to a
small difference in their influence on Apg. On the Z pole, the sensitivity is maximal for a
simultaneous increase of left-handed and right-handed lepton couplings, which corresponds to
a modification of the vector coupling, while the sensitivity to changes in opposite directions,
which corresponds to a modification of the lepton axial vector coupling, is relatively small.
The coefficients cp,, and cgg modify the couplings of right-handed up and down quarks to
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Figure 9. Difference between the measured [8] forward-backward asymmetry App in Drell-Yan
production in 8 TeV proton—proton collisions and the SM prediction. The linearized shifts in Appg

due to systematic uncertainties and dimension-six Wilson coefficients, for £ = ﬁ, are also shown.

The panels display, from top to bottom, the central-forward eTe™, central-central eTe™, and central—

central utpu~ channels. The inner error bars of data points represent the statistical uncertainty while
the outer error bars represent the total uncertainty of the measurement. The impact of the Wilson

coefficient cg? closely matches the impact of cgg Similarly, the effect of the various four-fermion

operators is comparable, with only cl(ql) shown as a representative example.
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sin? 0 [1077] ATLAS A4 Interpretation of ATLAS Z3D

Central-forward ete™ 23166 £ 29 4= 23 £ 22 23189 + 36 + 29 + 22
Central-central eTe™ 23148 £48 +31 £+ 37 23169 4 58 £ 26 + 38
Central-central p™u™ 23123 £40 427 £ 35 23099 4= 41 £40 & 35
Combined 23140 £21 £16 £ 24 23167 £24£20+ 24

Table 6. Comparison of the value of sin®#; (in units of 107°) extracted by ATLAS in ref. [80]
in an analysis based on the measurement of the angular coefficient A4 and the extraction based
on the Drell-Yan triple-differential cross-section measurement (Z3D) [8] performed in this paper.
Uncertainties correspond, in order, to statistical, systematic, and PDF uncertainties.

the Z boson, respectively, while cgz and CSBI
sensitivity to modifications in lepton couplings compared to quark couplings is evident. Seven
(I E))

four-fermion operators (clq s Clg's Clus Clds Ceu, Ced, and cge) couple up and down quarks to

affect left-handed quark couplings. The greater

leptons of various chirality. For clarity, only one of these operators is shown as an example
in the figure. The impact of the four-fermion operators on App increases strongly with the
invariant mass and is suppressed near the Z pole. All operators except cywp and cyp
carry fermion indices that are not explicitly shown, with operators with subscript 11 (22)
affecting electron (muon) channel only.

4.2 Extraction of the effective leptonic weak mixing angle

Before discussing the SMEFT interpretation of the data, this section presents an extraction
of the effective leptonic weak mixing angle using the setup described above. The ATLAS
collaboration has previously measured sin? Hfﬁ using the 8 TeV dataset [80], which serves
as a benchmark of the methodology of this analysis. However, the ATLAS analysis used a
different approach, where multiple angular coefficients of the Drell-Yan cross-section were
simultaneously extracted in a fit. The value of the angular coefficient A4, which quantifies the
cos 0* dependence of the cross-section, was used to determine sin? Héﬂ. Differences in event
selection criteria, mys binning, slightly different calibrations, and different SM predictions

29[

also prevent a direct comparison with the value of sin” 6

20£

quently, it can be determined by algebraically solving the y? fit, analogous to Equation 2.6.

g obtained in this analysis.
A modification of sin“ 6.4 introduces a shift in App that is approximately linear. Conse-
For this purpose, measurement uncertainties are included in the 51 x 51 covariance matrix,
while PDF uncertainties are treated as nuisance parameters.

Results based on the reinterpretation of the triple-differential cross-sections measurement
(Z3D) in all three channels and their combination are presented in table 6, alongside the
results of the ATLAS measurement based on A4. Central values in each channel differ by
less than the size of the statistical uncertainty alone, an appropriate level of compatibility
considering the differences in methodologies.

The discrepancy between electron and muon channel is larger in this interpretation,
driven by the 80 GeV < my; < 91 GeV bins, which have the smallest uncertainties and are
most strongly impacted by variations of sin? Hgﬁ. These bins show opposite deviations from
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the SM prediction in the two channels. A similar effect would be less apparent in the Ay
measurement, which jointly analyzes these events with the neighbouring bins, which tend
to deviate in the opposite direction.

Statistical uncertainties of the Z3D interpretation are slightly larger, in particular in the
electron channels. Two effects, which seem to cancel each other out in the muon channels,
could contribute to these differences. On the one hand, the Z3D measurement has looser
selection requirements. On the other hand, the fit of the angular coefficient shape of the A4
measurement is a more powerful use of the data compared to analyzing App only. Systematic
uncertainties of the Z3D analysis are slightly larger in the muon channel, while they are
compatible with the A4 results in the electron channel. These differences could originate from
different calibrations used in the ATLAS measurements or the different utilization of the
data, e.g., the difference in mass binning. Despite the different PDF sets used, the presented
analysis has nearly identical PDF uncertainties.

Overall, the agreement between the sin® 0£ﬁc interpretation presented here and the dedi-
cated ATLAS measurement is strong, both in terms of central values and uncertainties, with
some expected differences. The consistency suggests that the analysis framework can be
expected to yield reasonable results in the SMEFT interpretation ahead.

4.3 General SMEFT constraints

The fit of all 30 dimension-six Wilson coefficients affecting the Z3D measurement is, like
the sin? Hgﬁ interpretation, performed algebraically. The nine most stringently constrained
combinations of Wilson coefficients — obtained using the methodology discussed in section 2.6
— are listed in table 7. Constraints on additional independent directions are of least a factor
of two weaker but still considered in the following analysis.

The most constrained direction corresponds to variations in both electron and muon
couplings, akin to a change in sin? Gﬁﬁ. A value one-and-a-half standard deviations larger
than the SM is preferred for this Wilson coefficient combination. This might seem at odds
with the sin? H(fﬂ measurement of 6, which is closer to the SM prediction. However, in the
SMEFT fit quark coupling and four fermion operators also affect the interpretation, pulling
App in the opposite direction.

The second most tightly constrained direction aligns well with the Wilson coefficient
dependence of Rig S g D Equation 3.9, confirming the power of this measurement to constrain
LFU violation. Theeﬁremaining directions, with constraints nearly an order of magnitude
weaker, modify a mix of lepton couplings, quark couplings, and four-fermion interactions.

A good approximation of the full likelihood corresponding to the Z3D interpretation can
be reconstructed from table 7. To better understand the improvements brought by the Z3D
interpretation to the set of EWPD observables, it is useful to propagate the uncertainties in
Wilson coefficient to obtain uncertainties in couplings and EWPOs. In the following sections,
the implied constraints on lepton and quark couplings will be discussed separately.

4.4 Constraints on lepton couplings

Constraints on the differences of the Z boson couplings of electrons and muons are derived
from the general fit results using Gaussian error propagation and the formulas in Equation 3.6

— 33 —



Constrained direction (leading contributions) o Pull
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Table 7. Uncorrelated linear combinations of Wilson coefficients constrained by the Drell-Yan
triple-differential cross-section measurement, for A = 1TeV. The linear combinations are normalized
and at most six Wilson coefficients with the largest absolute value are shown, if the absolute value is
larger than 0.1. The uncertainty o corresponds to 68% confidence level intervals. The pull is defined
as the best-fit value of the Wilson coefficient direction, determined by a global minimization of the x?2,
divided by the uncertainty o.

and Equation 3.7. The constraints obtained are illustrated in the left-hand plot of figure 10.
The Arpg measurement can indeed constrain lepton couplings, even when allowing all relevant
dimension-six operators to vary. As discussed in section 3.3, App is in particularly sensitive to
the difference in vector couplings, gé“ — g‘%e, with minimal sensitivity to axial vector couplings.
A combination with the LEP+SLD fit, also shown in figure 10, leverages the strength of each
measurement: the Z3D analysis provides better constraints on vector couplings, while at
LEP and SLD partial width measurements pin down axial vector couplings.

The difference in vector couplings gé” — gge, assuming SM axial vector couplings, is
compared for different scenarios in table 8. The presence of four-fermion operators, which
can also violate LFU, leads to only a slight increase in uncertainty, as these operators are
constrained in high-mass bins. However, as they are not constrained to zero, they introduce
a significant shift of the central value.

It is instructive to compare the measurement using central-central lepton channels only
with an estimate based on RSMI{I 5 ot - The latter yields, based on table 6, gg“ — gge =(—13+

17) x 10~%, which is already close to the SMEFT fit without four-fermion operators presented
in table 8. When PDFs are fixed to their central values, the estimate based on Rgfl S ot
1 eff

matches exactly the SMEFT fit result. This suggests that the difference arises from different
w/e
sin? 9§H

pulls of the PDFs in the individual channels, highlighting the importance of extracting R

in a simultaneous fit of all channels. The close agreement of the Rglfl S g estimate and the full
eff

SMEFT fit confirms that the reinterpretation of sin? Gfﬁ as a ratio measurement holds fairly
general validity in the SMEFT. The shift introduced by four-fermion operators, which the
]%/i/e2

Lin2 g¢ €stimate cannot account for, is a challenge for this approximation. However, such
eff
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Figure 10. Constraints on the difference in muon and electron vector and axial vector couplings
(left) and the asymmetry parameters A, and A, (right), at 95% CL. They are derived from a SMEFT
fit involving all relevant Wilson coefficients. Constraints labeled “Z3D” correspond to the re-analysis
of the Drell-Yan triple-differential cross-section measurement, while LEP+SLD refers to the EWPD
fit discussed in section 2. For the coupling measurement, only one degree of freedom is constrained by
the Z3D measurement and the corresponding confidence intervals are based on a one-dimensional 2
distribution.

Channels analyzed Assumption g‘%“ — gée [1074]
putp~CCHete CCHete CF  — —25+ 16
utp~CCHete CCHete CF  No four-fermion operators —18 + 16
utp~CCHete CC - —29+18
ptu=CC+ete  CC No four-fermion operators —16 £ 17

Table 8. Comparison of 68% CL vector coupling constraints gg“ — g&¢ from the SMEFT fit to the
ATLAS Drell-Yan triple-differential cross-section measurement in different scenarios. CC (CF) refers
to central-central (central-forward) lepton channels. For these results gi“ — g4° is fixed to zero while
all other Wilson coefficient combinations are allowed to vary.

large four-fermion operator contributions would impact the Agpg of Drell-Yan production
much more significantly at masses higher than those studied in this analysis. The absence of
reported excesses at high mass suggests that any modifications are indeed small.

Finally, the SMEFT analysis also improves the precision of the asymmetry parameter
A, with respect to the EWPD fit in section 2.6. The constraints on A, and A, from the
SMEFT fit are shown in the right-hand plot of figure 10. Due to unknown quark couplings,
which simultaneously shift Apg in both electron and muon channels, the constraints on
A, and A, are highly correlated. As shown in the figure, combining the SMEFT results
with the LEP+SLD likelihood yields an improved result for A,, benefiting from the tight
constraints on A, provided by LEP and SLD.

,35,



4.5 Constraints on quark couplings

The App measurement can also constrain quark couplings within a general SMEFT fit, using
lepton coupling constraints from LEP and SLD in a global combination. While the sensitivity
to quark couplings is weaker than that to lepton couplings, as the latter benefit from the
accidentally small SM value of g%,, it is of great importance. Firstly, App at a hadron colliders
offers unique sensitivity to up quarks and down quarks. This sensitivity as highlighted in
ref. [63] and estimated under simplified assumptions using the ATLAS A, measurement [80].
Couplings to light quark are otherwise weakly constrained from precision measurements, as
only charm quarks and bottom quarks can be reliably identified experimentally. Secondly, the
quark couplings that have been precisely measured in the past, i.e., those of charm quarks
and bottom quarks, are in tension with the SM. In particular, deviations in the bottom
quark asymmetries A and A%’g result in a three standard deviation discrepancy from the
SM in the SMEFT fit, as shown in table 4.

Visualizing constraints on light quark couplings is challenging because App at the LHC
only reflects the combined effects of up and down quark couplings. The asymmetry is thus
affected by four degrees of freedom: the vector and axial vector couplings of the two quark
flavours. To simplify the interpretation, the U(2), x U(2), x U(2)4 symmetry assumption is
employed, which requires identical couplings for up quarks and charm quarks as well as down
quarks and strange quarks. In a combined analysis with LEP+SLD data this constrains the
I'z_uw and I',_ 7 partial widths, linking them to the I'z_,.z and I'z_, 55 partial widths. This
assumption essentially precludes scenarios where I'z_,,; and I'z_, .z differ from the SM while
their sum does not, a scenario compatible with EWPD but unlikely.

With all Z boson partial width constrained by LEP and SLD data, only two light quark
coupling combinations affecting A, and Ay but not altering partial widths are unconstrained.
One combination is tightly constrained by the Z3D measurement, as shown in figure 11.
The result is limited by lepton coupling uncertainties. Assuming no deviations from the
SM expectation in lepton couplings, the A, and A, constraints of figure 11 improve to a
sensitivity that is comparable to that of A. and A; measurements.

Thus, future improvements in the precision of light quark constraints from Apg measure-
ment could provide insights whether quark couplings differ in general from the SM, potentially
providing new insights into a longstanding discrepancy in the electroweak fit.

5 Conclusion

This paper presented a computer code designed to calculate the likelihood of electroweak
precision data within the framework of the Standard Model Effective Field Theory. The
code integrates state-of-the-art experimental and theoretical results, including next-to-leading
order effects in both perturbative and SMEFT expansions. It offers five electroweak input
parameter schemes and a more thorough treatment of uncertainties than previous approaches,
fully accounting for the input parameter dependence of EWPO predictions. The assumptions
and conventions align with those used in LHC analyses, making this code, which produces
text file and Roofit output, ideally suited for more extensive fits that incorporate LHC
data. For the first time, EWPD fits were performed and compared in five different input
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Figure 11. Constraints on the quark coupling asymmetry parameters A, and Ay, at 95% CL. Derived
from a combined SMEFT fit of EWPD and the ATLAS Drell-Yan triple-differential cross-section
measurement, where all relevant dimension-six Wilson coefficients are allowed to vary. For the result
labeled dgy = 0, lepton couplings are fixed to their SM value. For comparison, the quark asymmetry
parameters A, and A, from the EWPD fit of section 2 are also shown, with A, and A, (A, and
Ag) sharing the coordinate axes. For the light quark measurement, only one degree of freedom
is constrained. Hence, the corresponding confidence intervals are based on a one-dimensional 2
distribution. The indicated SM value is valid for both sets of parameters.

parameter schemes, at leading and next-to-leading order. The impact of next-to-leading order
corrections and the scheme choice was found to be small.

The impact of recent LHC measurements on the EWPD likelihood was analyzed. The
analysis demonstrated that the ATLAS measurements of the W boson mass [5] and the
lepton flavor universality in W branching fractions [6] provide constraints in the SMEFT
that are more precise than those obtained by fitting all prior data (if the CDF measurement
of the W mass is discarded). While the same is not true for the I'yy measurement, which
leads despite its precision to only a marginal improvement in the SMEFT fit, the significance
of a joint My -I'yy measurement was highlighted. Furthermore, it was shown that the CMS
effective leptonic weak mixing angle measurement [7] can be used to construct one of the most
precise test of LFU in weak boson couplings to date, by measuring the ratio R;g S ot - This
was further explored through a SMEFT interpretation of an LHC Run 1 ATLAS Drell-Yan
triple-differential cross-section measurement [8]. The interpretation not only validated the
LFU test and improved constraints on muon couplings by nearly a factor of two but also
simultaneously constrained the quark coupling asymmetry parameters A, and Ay, providing
an important cross-check of A. and A measurements from LEP and SLD.

A precise measurement of R;ﬁ{l S ot by the experimental collaborations is strongly encour-
aged, as it has the potential to be thgﬂmost powerful test of lepton universality of weak boson
couplings. The publication of CMS or ATLAS measurements of either Apg or the angular
coefficient A4, as a function of rapidity and mass, separately for both electron and muon
channels, would allow revisiting the presented SMEFT interpretation using Run 2 data. A
detailed breakdown of experimental uncertainties and the publication of Standard Model
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predictions would be extremely valuable for this endeavor while extending the measured
mass range beyond the Z pole would help constraining four-fermion operators. Ideally,
such analyses should be undertaken by the experimental collaborations, which have the
best understanding of experimental limitations and can optimize their measurements for
the purpose of a SMEFT interpretation.
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A How to run the code

The code is available for download at:
https://github.com/ewpd4lhc/ewpd4lhe

It requires python3 with the numpy and yaml modules. A ROOT installation with python
bindings is required for Roofit output and workspace manipulation. On CERN LXPLUS,
no preparation is required as all of these requirements are met.

In the configuration file config/ewpd4lhc.cfg one can modify:

The list of observables included in the likelihood.

e The input scheme for calculations (see table 1).

o The treatment of theoretical and parametric uncertainties (either as part of the covari-
ance of the multivariate Gaussian or as nuisance parameters, see section 2.3)

e The SMEFT symmetry assumption (see also table 1).
o Optionally, a subset of Wilson coefficients to be included.

e The source of dimension-six linear, dimension-six squared, and dimension-eight parametri-

zations (see also table 1).

Measurement data, which may be adapted by the user, is stored as yaml files in the data
folder with multiple alternative SMEFT parametrizations stored in the same location.

A yaml output file describing the SMEFT EWPD likelihood can be created by running
the main executable:

./ewpd4lhc.py
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where by default input/ewpo.cfg is taken as input and the SMEFT likelihood is stored in a
textfile name ewpd_out.yml. Alternative predefined configuration files can be found in the
same folder. The output describes the multivariate Gaussian model: the predicted values of
all observables, the total uncertainty — possibly including theory and parametrization as
sources of uncertainties — and correlation, the Wilson coefficient dependence, and possibly
the dependence of SM predictions on input parameters as well as theory nuisance parameters.
During the execution of the tool, SM and SMEFT fits are performed and the results printed.
Optional arguments can be listed with:

./ewpd4lhc.py --help
For example, a ROOT workspace can be created either directly:
./ewpd4lhc.py --root_output ROOTFILENAME.root

Or in a seperate step from the output textfile (allowing the user to modify or build more
complex likelihoods) with:

./ewpd4lhc.py --output YAMLFILE.yml
./yaml2root.py --input YAMLFILE.yml --output ROOTFILENAME.root

A simple script for fitting the ROOT output is part of the code, too. Workspace contents
are printed with:

./RO0Tfit/fit.py --input ROOTFILENAME.root
A fit of one or multiple parameters of interest is performed, e.g., with:
./RO0OTfit/fit.py --input ROOTFILENAME.root --pois=cHu,cHd,cHj3,cHjl

It is possible to specify ——poi=all but this will usually not converge without extra constraints
as the EWPD likelihood is degenerate. One- and two-dimensional scans of the likelihood
can be performed with the following commands, with scan points being stored in a textfile
and optionally being plotted as pdf graphics. Wilson coefficients other than the POlIs can
be required to “float” in the fit, in which case they are set to the value that maximized
the likelihood at each scan point.

./RO0Tfit/fit.py --input ROOTFILENAME.root --pois=cHu \
--scan=-0.1:0.1 --outfolder=1Dscan --plot

./RO0OTfit/fit.py --input ROOTFILENAME.root --pois=cHu \
--scan=-0.5:0.5 --float=cHj3 --outfolder=1DscanProfiled --plot

./RO0Tfit/fit.py ——input ROOTFILENAME.root --pois=cHj3,cHu \
--scan=-0.08:0.08,-0.3:0.3 —--outfolder=2Dscan --plot --npoints=300

The pdf output of the second and third command is shown in figure 12. It can, for example,
be compared to figure 18 of the auxilary material of ref. [81], showing a complementarity
between LHC Higgs measurements and EWPD — that is however best explored by combining
the ewpd4lhc workspace with the ATLAS workspace.

The low level classes like SMcalculator, SMEFTlikelihood, and LINAfit can also be
used directly in python. For example:
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Figure 12. Examples of likelihood scans performed with ewpd4lhc. In the left plot, cp,, is varied
and C(}?; is left floating in the fit. In the right plot, both parameters are scanned. The corresponding
commands can be found in the main text.

import SMcalculator

sm=SMcalculator.EWPOcalculator (MH=125.25,
mt=172.69,
alphas=0.118,
MZ=91.1875,
MW=80.377)

print (’AFBb:’,sm.AFBb())

sm.update (MW=80.3)

print (’ AFBb(MW=80.3):’,sm.AFBb())

sm.reset ()

print(’Also AFBb:’,sm.get(’AFBb’))

print (’dAFBb/dMW:’ ,sm.derivative (’AFBb’,’MW’))

print (’All observables:’, sm.getall())

Finally, MG5_aMC-based parametrizations can be generated using the code in the
ParaFactory subfolder.

Data Availability Statement. This article has no associated data or the data will not
be deposited.

Code Availability Statement. This article has associated code in a code repository.
Open Access. This article is distributed under the terms of the Creative Commons Attri-

bution License (CC-BY4.0), which permits any use, distribution and reproduction in any
medium, provided the original author(s) and source are credited.
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