Phys. Lett. B 866 (2025) 139526

journal homepage: www.elsevier.com/locate/physletb

Contents lists available at ScienceDirect

Physics Letters B

PHYSICS LETTERS B

Letter

Measurement of the Drell-Yan forward-backward asymmetry and of the

Check for

updates

effective leptonic weak mixing angle in proton-proton collisions at

\/E =13TeV
The CMS Collaboration *

CERN, Geneva, Switzerland

ARTICLE INFO ABSTRACT

Editor: M. Doser

Keywords:
CMS
Electroweak
Mixing angle
Drell-Yan

The forward-backward asymmetry in Drell-Yan production and the effective leptonic electroweak mixing angle
are measured in proton-proton collisions at \/E = 13 TeV, collected by the CMS experiment and corresponding to
an integrated luminosity of 138 fb~!. The measurement uses both dimuon and dielectron events, and is performed
as a function of the dilepton mass and rapidity. The unfolded angular coefficient A, is also extracted, as a function
of the dilepton mass and rapidity. Using the CT18Z set of parton distribution functions, we obtain sin’ 055 =
0.23152 +0.00031, where the uncertainty includes the experimental and theoretical contributions. The measured

value agrees with the standard model fit result to global experimental data. This is the most precise sin’ 9:5
measurement at a hadron collider, with a precision comparable to the results obtained at LEP and SLD.

1. Introduction

The electroweak (EW) mixing angle, relating the masses of the W
and Z bosons (my, and my), sin? Ow=1-— m\ZN /m%, is a key parame-
ter in the standard model (SM) of particle physics. It defines the ra-
tio between the vector and axial-vector couplings of the Z boson with
fermions, v;/a; = 1 — 4|Q;|sin” Oy, where Q; is the electric charge of
the fermion f. Although EW radiative corrections change this tree-level
picture, the same relation can be kept for all orders by introducing
an effective mixing angle that depends on the fermion flavor. Both
my, and the effective leptonic mixing angle (sin? Oefﬁ) can be precisely
obtained in the SM, using LEP and SLD measurements at the Z reso-
nance [1], the muon lifetime, and the masses of the top quark and of
the Higgs boson. The current predictions, from a global EW fit [2], are
my = 80360 + 6 MeV and sin’ Hfff =0.23155 + 0.00004. Measurements
of my and sin’ Gfﬁ provide an important test of the SM since devia-
tions from the predictions could be evidence of beyond-the-SM physics.
Currently, the most precise sin’ fof values are 0.23221 +0.00029, from
b quark forward-backward asymmetry (Ag’ll;) results at the CERN LEP
experiments, and 0.23098 + 0.00026, from left-right asymmetry (A(ﬂR)
data at the SLD experiment at SLAC [1]. These two values differ by
3.2 standard deviations. This Letter presents a sin? 0., measurement

eff
with a precision that exceeds that of all previous hadron collider mea-
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surements [3-14] and is comparable to that of the LEP and SLD re-
sults [1].

In proton-proton (pp) collisions at the CERN LHC, Drell-Yan (DY)
production is driven by the vector and axial-vector couplings of the Z bo-
son to fermions. We measure sin’ 05 G usingpp—> Z/y+X > ¢ trT+X
events, where the #*#~ dilepton invariant mass is near the Z boson
mass and ¢ is either a muon or an electron. To reduce theoretical and
experimental uncertainties, we use leptonic angular distributions in the
Collins-Soper (CS) frame [15]. The angle of the negatively charged lep-
ton relative to the incoming quark direction, g, is computed as
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where m, pr, and y are the mass, transverse momentum, and rapidity
of the dilepton, respectively, and Q;—' =(E; £ P,;)/ \/5, with F and P,
being the energy and longitudinal momentum of the leptons, with i =1
for #~ and 2 for #7 . In this equation, y is used as a proxy for the valence
quark direction. Before final-state radiation (FSR), the DY differential
cross section for the polar (0) and azimuthal (¢) decay angles can be
described [16] as
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where ¢ is the unpolarized cross section and f, = 0.5(1 — 3 cos? ),
f1=sin26cos¢, f, =0.5 sin 0 cos 2¢, f3=sinfcos ¢, f, =cosb, f5=
sin® 6 sin2¢, fe =sin26sing, and f; =sinfsin¢. The angular coeffi-
cients A; are functions of the mass (M), transverse momentum (Py), and
rapidity (Y) of the pre-FSR dilepton. Except for the forward-backward
asymmetry coefficient, A,, all the angular coefficients are small. In-
tegrating the cross section over ¢, the dependence on cos@ is fully
described by the A, and A, coefficients. In this analysis, we also in-
tegrate over Pr.

The sin® G:ff analysis of \/E = 8TeV CMS data [14] used the di-
rectly measured forward-backward angular-weighted asymmetry, A%,
approximately equal to Agg = (o — o)/(of + op) in full phase space,
where op and oy are the cos g > 0 and cos g < 0 integrated cross sec-
tions, respectively. In full phase-space and before FSR, Apg = (3/8) A,.
This angular-weighted asymmetry method [17], with weights that are
functions of the rapidity and cos g of the dilepton, uses reconstructed
variables and benefits from the cancelation of systematic uncertainties
in the detection acceptance and efficiencies, which are approximately
identical for positive and negative cosfcg. In this Letter, we report a
sin? 0: ¢ measurement with reduced uncertainties, obtained by applying
this method to the larger \/E = 13 TeV CMS data sample. We also report
sin? Hfff results obtained by fitting the unfolded angular coefficient A,
as a function of the rapidity and mass of the pre-FSR dilepton. This sec-
ond method, while more complex, provides a measurement with smaller
theory and parton distribution function (PDF) uncertainties, which can
be used in reinterpretations of the results (e.g., with improved PDFs)
and in combinations with other measurements.

2. The CMS detector and data samples

The CMS apparatus [18,19] is a multipurpose and nearly hermetic
detector, designed to trigger on [20,21] and identify electrons, muons,
photons, and (charged and neutral) hadrons [22-24]. A global event
description algorithm [25] aims to reconstruct all individual particles
in an event, combining information provided by the all-silicon inner
tracker and by the crystal electromagnetic (ECAL) and brass-scintillator
hadron (HCAL) calorimeters, operating inside a 3.8 T superconducting
solenoid, with data from the gas-ionization muon detectors embedded
in the flux-return yoke outside the solenoid.

The ECAL and HCAL calorimeters provide the pseudorapidity cover-
age of |5| < 3.0, which is extended up to |#| =5 by forward calorime-
ters that use quartz fibers as active material [26]; electromagnetic and
hadronic showers can be distinguished by comparing the signals of long
fibers that extend over the full depth of the detector with those of short
fibers that start 22 cm into the detector. The reconstructed particles are
used to build 7 leptons, jets, and missing transverse momentum [27-29].

The measurement reported in this Letter is based on samples of
pp collisions at \/E = 13 TeV, collected by the CMS experiment in
2016-2018. The 2016 data sample is split in two, referred to as 2016a
and 2016b, because of a change made to improve the hit efficiency of
the silicon tracker at high instantaneous luminosities [30]. The inte-
grated luminosities of the 2016a, 2016b, 2017, and 2018 data samples
are 19.5, 16.8, 41.5, and 59.8fb!, respectively, with 1.2-2.5% individ-
ual uncertainties [31-33].

The events are selected by dilepton and single-lepton triggers. Both
triggers include a lepton isolation requirement. The dimuon trigger
requires one muon with pp > 17GeV and another with pr > 8 GeV,
whereas the corresponding thresholds for the dielectron trigger are 23
and 12 GeV. The single-muon and single-electron triggers impose min-
imum py thresholds of 24 and 27 GeV (28 GeV in 2018), respectively.
During part of the data-taking periods, these single-lepton triggers were
prescaled, with the unprescaled triggers having higher pr thresholds.
The muons are reconstructed within the |5| < 2.4 range.

Three electron categories are considered, depending on the detec-
tors involved in their reconstruction: central electrons (e), in the ||
range covered by the silicon tracker; forward ECAL electrons (g), within
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Table 1

The lepton # and p; acceptance windows applied
in the four measurement channels. The 1.44-1.57
|| range, between the barrel and endcap ECAL, is
excluded for central electrons.

Jeading trailing

Inl Pt min T, min
i 0.00-2.40 20GeV 10Gev
ee 0.00-2.50 25GeV 15GeV

oh

171 I’/gAh | p;‘,min P1 min
eg 0.00-2.50 2.50-2.87 30GeV 20 GeV
eh 1.57-2.50 3.14-4.36 30GeV 20GeV

2.5 < |n| < 2.87; and forward HCAL electrons (h) in the 3.14-4.36 ||
range. We consider four dilepton categories: pp, ee, eg, and eh. The
central-central pp and ee channels use both single-lepton and dilepton
triggers, whereas the eg and eh central-forward channels only use single-
electron triggers. In events with two or more central leptons satisfying
the selection criteria, the central-central dileptons are composed of the
two highest pr leptons (“leading” and “trailing”). The two leptons are
required to satisfy the kinematic requirements listed in Table 1, have op-
posite charges, and satisfy trigger-matching criteria: either they are both
matched with dilepton trigger objects or one of them (with py > 25 GeV
for muons and 30 GeV for electrons) is matched with a single-lepton trig-
ger object. For the eh events, the central electron is required to be in the
endcap (|n| > 1.57) to reduce background contamination.

The reconstructed muons are required to pass the “standard medium-
identification” and “loose tracker isolation” criteria, with an efficiency
of about 95% [23,34]. The central electron candidates must satisfy the
cut-based “medium-identification criteria”, including an isolation re-
quirement, with an efficiency of about 80% [22]. In the eg and eh event
classes, the central electron must also satisfy the “selective charge iden-
tification” criterion, which has about 95% efficiency and requires that
three different charge determination methods give the same result (in
ee events, this is not required, and each electron charge is determined
by a “majority” rule [22]).

The g and h electrons are reconstructed and selected using indepen-
dent procedures, to optimize their individual signal-selection efficien-
cies. Dedicated multivariate identification criteria, based on the shower
shape and isolation variables, were developed for the g electrons. The
cut-based working point with a signal selection efficiency of about 80%
was derived using TMVA [35]. The h electrons are reconstructed from
the constituents of jets built with the anti-kt algorithm [36], using a
cone radius of 0.4. Several reconstruction and identification algorithms
were developed to optimally reconstruct the energy and direction of the
prompt h electrons, and to distinguish them from the quark and gluon
jets. In particular, we use multivariate classification and regression mod-
els implemented in TENSORFLOW [37], reaching better resolutions than
with simpler methods. The input variables include, in addition to some
pileup-sensitive variables, all the individual long and short fiber read-
out channels of each #-¢ cell in a jet. Therefore, they contain isolation
and shower shape (both transverse and longitudinal) information. The
working point corresponds to an electron selection efficiency of about
70%. In the eg and eh classes, the two electrons must be in the same
pseudorapidity hemisphere; the charge of the forward electron cannot
be measured and is assumed to be the opposite of the charge of the cen-
tral electron.

After applying the selection criteria described above, we retain about
111 million pp, 59 million ee, 5.0 million eg, and 3.3 million eh events,
including small background contaminations, as discussed in Section 5.
The number of ee event is smaller than that of pp given the lower elec-
tron selection efficiencies and higher electron pr cuts, driven by the
online trigger thresholds.

Fig. 1 shows how the dilepton mass resolution, at the Z mass, varies
with absolute rapidity, for the four dilepton categories.
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Fig. 1. Dilepton mass resolution, at the Z mass, as a function of the dilepton
absolute rapidity, for the np, ee, eg, and eh channels.

3. Simulation and corrections

The signal and background processes are modeled using Monte Carlo
(MC) simulation. The Z/y — ¢¢ signal (¢ = e, 1) and background (¢ =
T) events are generated with the POWHEG 2.0 event generator [38,39],
with a multi-scale improved next-to-next-to-leading order (MINNLOpg)
accuracy in quantum chromodynamics (QCD) [40,41], matched with
PYTHIA 8.2 [42] for the parton shower and hadronization steps, as well
as for initial-state radiation. Photon FSR is simulated with the PHOTOS
2 package [43,44]. The signal events are generated with the next-to-
next-to-leading order (NNLO) NNPDF3.1 PDF set [45]. Alternative event
weights for variations of renormalization and factorization scales, PDF
sets [46-48], and their uncertainties are also considered [49]. Addi-
tional small corrections to MINNLOpg are described below.

Top quark pairs, s-channel single top events, and W+jets events are
generated with the event generator MADGRAPH5_aMC@NLO 2.6.5 [50],
at next-to-leading order (NLO) accuracy in QCD. The t-channel single
top and tW events are generated with POWHEG, at NLO in QCD. The
diboson event categories ZZ, WZ, WW, and yy — £¢ events are gen-
erated with PYTHIA 8 at leading order (LO). In all these cases, PYTHIA
8 is used to model the parton shower and hadronization steps, as well
as initial and final state radiation. As discussed in Section 4, some of
the backgrounds are evaluated using data driven methods and do not
require MC samples.

The detector response is emulated with GEANT4 [51]. All the sim-
ulated final-state particles are reconstructed with the same algorithms
as used for the measured data and the dilepton event candidates are se-
lected with the criteria described in the previous section. Additional pp
interactions in the same and nearby bunch crossings, “pileup”, are in-
cluded in the simulated samples, with weights based on the measured
instantaneous luminosity and total inelastic cross section [52]. Vari-
ous other corrections are applied to the simulated events. The signal
Z/y — ¢ events are generated at LO EW accuracy, with sin? Oefff, myz,
and the Fermi constant G, as input parameters, and are corrected to
account for NLO virtual weak corrections, including certain universal
higher-order (HO) contributions, using POWHEG-Z_ew [53-55]. A large
event sample is generated at NLO in QCD and LO in EW with the same
EW input scheme as MINNLOpg and including weights for the NLO+HO
EW corrections. The dilepton |y|-m-py triple-differential cross sections
and angular coefficients, calculated at LO and NLO+HO EW, are used
to correct the corresponding MINNLOpg predictions.

During the 2016 and 2017 data-taking periods, a gradual shift in the
timing of the inputs of the ECAL L1 trigger in the || > 2.0 region caused
a trigger inefficiency, denoted as “prefiring” [20,34]. The trigger missed
between 10% and 20% of the events containing an electron (of pr 2
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Fig. 2. Misidentification rates in the 2018 samples, for electrons in the 2.0 <
|#] < 2.5 bin that pass the single-lepton trigger (SLT): (1) majority (circles) and
selective (triangles) charge identification; (2) misidentification of electrons as
positrons (+|—) (open markers) or positrons as electrons (—|+) (solid markers);
(3) true (red), simulation (blue), and data (black). The true charge misidentifi-
cation rate is evaluated by counting electrons with wrong reconstructed charge
using generation-level information; the simulated misidentification rate is eval-
uated with the method used in data.

50 GeV) or a jet (of pr = 100 GeV) in the 2.5 < || < 3.0 range, the exact
loss depending on the pr and 7 of the trigger object. Correction factors
were computed from data and applied to the acceptance evaluated by
simulation.

The lepton selection efficiencies, in the measured and simulated
events, are evaluated with the tag-and-probe method using Z/y — £¢
events [56], separately for the reconstruction, identification, and trig-
ger selection steps. In the case of the trigger, they are also evaluated
separately for the prescaled and unprescaled single-lepton triggers, and
for the two dilepton trigger legs. The event selection efficiency is com-
puted from these individual components in pr and 5 bins, accounting
for the correlations between the single-lepton and dilepton trigger se-
lection efficiencies, and also including a pileup-dependent factor for the
prescaled single-lepton triggers. The ratio between the selection efficien-
cies in the measured and simulated samples is then applied as a weight
to the simulated events.

The small electron charge misidentification rates for the “selective”
and “majority” charge-identifications [22] are evaluated as a function of
the electron p and |7|, with a maximum-likelihood fit, in the measured
and simulated samples, using same-sign and opposite-sign dielectrons
(at the Z peak). The electrons used for this purpose are also catego-
rized depending on whether they pass the single-lepton trigger selection.
Fig. 2 shows the misidentification rates for several configurations, using
the 2018 samples for illustration. The misidentification rates in sim-
ulation (“Sim”) agree well with the values obtained by counting the
electrons with misidentified charge according to the generator infor-
mation (“Gen”). As expected, the selective charge identification option
leads to smaller misidentification probabilities than the majority option.
The probabilities of misidentifying electrons as positrons and vice-versa
are equal within uncertainties, for all data-taking periods. The charge
misidentification rates in data and simulation are used to correct the
simulation. The full correction, which is used as a conservative esti-
mate of its uncertainty, has a negligible impact on this measurement.
For dimuons, the charge misidentification is negligible [34].

We also correct the residual mismodeling of the dilepton pr dis-
tributions with weights derived iteratively and applied to the pre-FSR
simulated dilepton py, in bins of rapidity. The uncertainty associated
with this correction is small and the full correction is assigned as a sys-
tematic uncertainty.
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Fig. 3. Same-sign dimuon mass distribution for the 2018 sample. The EW and
top quark backgrounds are normalized to the integrated luminosity using NNLO
cross sections. The multijet background is evaluated by applying weights to
the corresponding multijet-enriched samples. The error bars in the lower panel
include statistical and background systematic uncertainties (described in Sec-
tion 5).

The lepton momentum scale and resolution are calibrated using the
dilepton mass distributions in Drell-Yan events. The detailed procedures
and parameterizations of the scale and resolution corrections depend
on the lepton, but the general approach is similar for the four lepton
categories [57]. The corrections are applied to both the measured and
simulated leptons momenta, so that the average dilepton mass values in
a narrow window around the Z resonance, in various bins of kinematic
variables, match the corresponding reference values, derived from the
smeared momenta of post-FSR muons or dressed generated electrons
(produced by combining the momenta of post-FSR electrons and nearby
photons within a AR = 0.1 cone). Also the resolution of the simulated
events matches that of the data; they are first parameterized using the
true lepton-momentum response distributions and then corrected by fit-
ting the dilepton mass distributions.

4. Backgrounds

The small multijet background in the signal region is evaluated
from multijet enriched control regions (CRs) in data, using transfer fac-
tors (TFs) that depend on the muon or electron ||, py, and category.
Four exclusive categories are considered: leptons that pass single-lepton
triggers, leading and trailing leptons that pass dilepton triggers, and
nontriggering leptons. To select the CRs, the following inverted lepton
identification criteria are used: muons must fail the isolation criteria
and electrons of all categories (central, forward ECAL, and HCAL) must
fail the loose ID criteria (which has an efficiency of about 90%). Central
electrons must additionally fail at least two criteria from the medium ID.
As shown in Fig. 3, the data and predictions agree in the same-sign mul-
tijet CR, which validates the multijet background evaluation method.

The normalization of the EW and top quark backgrounds to the in-
tegrated luminosity uses NNLO inclusive cross sections and is validated
(and the corresponding systematic uncertainties are evaluated) using
pe samples selected using single-muon or single-electron triggers. The
central-forward pg and ph control regions are used to validate the mul-
tijet background evaluation and derive residual |#|- and py-dependent
scale factors to be applied to the simulated W +jets events with incor-
rectly identified forward electrons. The scale factors are derived in two
steps: first, the inclusive transverse mass (my) distribution is fitted with
floating multijet and W+jets contributions; then, |#|- and pr-dependent
scale factors are derived from the W +jets enriched CR, selected with
an additional my > 40 GeV requirement. In the W+jets-enriched region,
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include statistical and background systematic uncertainties (described in Sec-
tion 5).

the multijet background estimate is scaled using the results from the first
step. Fig. 4 compares the measured and simulated cos fg distributions,
after applying the scale factors. In the CF channels with a forward HCAL
electron, events with small |cos cg| values do not pass the acceptance
cuts.

5. Systematic uncertainties

Besides the statistical uncertainties in the lepton efficiencies, we con-
sider 31 independent sources of systematic uncertainty affecting the
efficiency for central leptons, including signal shape model, background
model, tag selection, pileup model, trigger prefiring probabilities, dilep-
ton pp model, beamspot position, as well as mass range and bin width
of the dilepton mass histograms used in the tag-and-probe method. We
also consider the generator-matching requirement used to make a signal
template, fitting instead of counting in the determination of the trigger
efficiencies, alternative background subtraction (only for electrons), al-
ternative factorization of reconstruction times identification efficiencies
(only for muons), and a residual #-dependent scaling factor that makes
the simulated lepton # distribution agree with the data.

For the g and h electrons, whose efficiency measurements (espe-
cially for h) are more challenging because the signal and background
dilepton mass shapes are more similar in some measurement bins, we
consider fewer but more conservative systematic variations. The 9 sys-
tematic sources include the signal shape model, 3 alternative variations
in the event selections to change the signal and background contribu-
tions (2 for the central tag electron, 1 for the my), fit range, dilepton py
model, trigger prefiring probabilities, beamspot position, and dilepton
mass window for the integral calculation.

For the multijet background, a conservative +50% uncertainty cov-
ers the residual differences seen in the pug and ph control regions. The
W +jets background shapes are obtained from simulation, but in the
forward channels scale factors are applied as functions of the forward,
often misidentified, electron p and |#|. A 25% uncertainty is estimated
by varying the multijet contribution by 50% in the W +jets CR where
the scale factors are evaluated. For the central-central channels, both the
multijet and W+jets contributions are very small. An uncertainty of 10%
is assigned to the top quark and Z/y — r7 background estimates, con-
sistent with the differences observed in the pe CR. Other backgrounds
have negligible uncertainties.

The statistical uncertainties in the lepton momentum corrections are
evaluated by generating bootstrap replicas [58] for data and simulated
samples. We consider the following systematic sources: background es-
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Fig. 5. Dilepton mass (left), rapidity (middle), and cos 6 (right) distributions, for the pp (upper) and eh (lower) channels in the 2018 sample, after applying all

the corrections. The signal is scaled to match the total number of events in the data.

timate, dilepton pr model, mass ranges for scale and resolution correc-
tions, a material correction bias for muons, a nonlinearity correction to
the electron energy, and different parameterizations of resolution cor-
rections for central and forward electrons.

In addition to the statistical uncertainties in the data sample used to
determine the weight factors applied to the simulated samples to correct
for the trigger prefiring, we consider systematic uncertainties of +20% in
each measurement |#| bin in two ways: independent of py and linear ver-
sus 1/py for pp > 20 GeV. We also vary the trigger prefiring probability
of each object linearly with the event number in each run (i.e., approx-
imately versus time) so that the average measured per-object trigger
prefiring probability is unchanged. The ECAL trigger prefiring probabil-
ities, measured in bins of # and pr, are parameterized as functions of py
in each # bin. The differences between the best fit values and the per-bin
measurements are an additional systematic uncertainty.

To estimate the uncertainty associated with mismodeling of the
beamspot position, we reweight the MC samples using the measured
distribution of the primary vertex z position. Pileup uncertainties are
estimated varying by +5% the nominal total inelastic cross section [52]
used to calculate the pileup distribution. The electron charge misiden-
tification uncertainty is evaluated by removing from the simulation the
correction to the misidentification rate.

The renormalization and factorization scales, yp and ug, are each
varied independently by a factor of 2, up and down, such that their ratio
remains within 0.5 < pg / ug < 2.0. The maximum deviation among these
six variants relative to the nominal choice is assigned as a systematic un-
certainty associated with the missing higher-order QCD corrections and
is included (in quadrature) in the theory uncertainty. The uncertainty in
the modeling of the dilepton p; distribution is estimated as the differ-
ence between correcting or not the simulated py distribution to match
the data.

The following uncertainties, due to missing higher-order EW correc-
tions, are considered: the treatment of finite-width effects by comparing
the default complex mass (CM) scheme with the pole scheme (PS) for
the propagator; and the difference between the default EW input scheme
G, sin? 65 - myz) and an alternative scheme using the a,,, sin? Oefff, and
my parameters. We also evaluate the effect of uncertainties in the input
parameters of the default scheme, by varying G, and the masses of the
Z boson and of the top quark within their uncertainties [2]. The un-
certainty affecting the FSR modeling is estimated in two ways: as the
difference between the PHOTOS values including or not matrix element
corrections to the first emission, and as the difference between the PHO-
TOS and PYTHIA evaluations. Uncertainties due to the missing effects of
interference between the initial and final state radiation are considered
negligible.

The PDFs dominate the uncertainty of sin’ Hfﬁ measurements in
hadron collisions because they affect the size of the dilution of the
observed App and the fraction of dileptons produced in uu and dd inter-
actions. Several PDF sets, described in the next sections, are considered
to evaluate the corresponding uncertainty. Using the fact that sin’ Hefff
and the PDFs affect differently the m,,-dependence of the observed Agg,
the PDF uncertainties are profiled [59] while extracting sin? Gefff. For
profiling, we use the nominal tolerance criterion of Ay2 = 1.

Fig. 5 compares the measured and predicted distributions of the
dilepton mass, rapidity, and cosfcg, using the uu and eh channels in
the 2018 data sample. The simulated and measured distributions agree
within their uncertainties.

6. Measurement bins and interpretation model

We measure sin’ Hfff in two ways: by fitting the observed weighted
AgB(l y|,m) distribution and by fitting the unfolded angular coefficient
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Table 2
Dilepton rapidity and mass binning used in the fits; n,, n,,, and n,, are the numbers of bins in each category.
Channel Absolute rapidity bin edges nyy
Hi, ee 00 04 08 1.2 1.6 20 2.4 6
eg 1.2 1.6 20 2.4 2.7 4
eh 2.0 2.4 27 3.0 3.4 4
Channel Reconstructed m bin edges (GeV) n,,
L, ee 54 66 76 82 86 89.5 927 96 100 106 116 150 11
eg, ¢h 66 76 82 86 89.5 927 9 100 106 116 9
|Y| range Pre-FSR M bin edges (GeV) nyy
0.0-1.2 54 66 76 82 86 89.5 927 96 100 106 116 150 11
1.2-2.4 54 66 76 86 9% 106 116 150 7
2.4-3.4 66 86 96 116 3
A4(|Y|,M) of the pre-FSR dilepton system. The measurement is re- o CMS Simulation 13 TeV
stricted to |y| < 3.4 to avoid regions where the signal acceptance is I NLosHo. Compl‘ex Mass Scheme (Gu’mzvsinzéeﬂ) ‘
small. The mass bins in the Z region are narrow (but wider than the '
dimuon mass resolution), whereas elsewhere they are broad, to com- 05r il
pensate for the smaller yields. Table 2 lists the mass and rapidity bins < ol |
used in the fits.
To construct the template model used in the fits, in both methods, _05L ]
we use two different POWHEG event generator programs: “MINNLOpg” : : : :
and “z_ew”. The full-simulation events (about 1.4 billion, adding all 0.0003} 1
data-taking periods and channels) are generated with the POWHEG
MINNLOpg generator. They are complemented by almost 10 billion 0.0002 1
MINNLOpg generator-level events, of identical settings, to smooth the
templates used in the reconstructed AgB fits and in the interpreta- 0.00011 |
tion fits, as well as by 0.3 billion events with alternative PDF weights. < 0
We also generated several samples with POWHEG-Z_ew, which provides < | T N/
NLO+HO weak corrections and supports a sin’ fof EW input scheme at ~0.0001F . ) — LO/10 i
NLO in EW [54], to construct templates for sin? Hfff variations, as well A e :Z':S)d:mesmze )
as for systematic variations in the electroweak input schemes, input pa- -0.0002 \ — Am=20Gev ]
rameters, and alternative FSR models. N L7 T Amp=2aMeV.
. . . Lo —-0.0003 ~= --- Asin®Q=6-10°
The default interpretation model is constructed by reweighting the ‘ ) ) ) )
POWHEG MINNLOypg events with: (1) LO-to-NLO+HO weak correction 60 80 100 120 1I\;IK()GeV)

factors, evaluated with “z_ew”, that correct the cross sections and all an-
gular coefficients in pre-FSR bins of |Y|, M, and Py; (2) |Y |-dependent
Pp weights that correct the corresponding reconstructed py distributions
to data; and (3) smoothing weights to match the A,(|Y|, M, Pr) distri-
bution of the large POWHEG MINNLOpg sample at the generator level
in full phase space. The smoothing weights greatly reduce the statisti-
cal fluctuations in pre-FSR distributions and also, to a lesser extent, in
the reconstructed distributions in the smaller full simulation sample.

The FSR variations are applied using mass and rapidity distributions
of the alternative FSR samples. The variations in the sin? Gefff, PDFs,
Hg, and pp input parameters are based on the corresponding samples,
and per-event weights are built using the dilepton |Y|-M-P; triple-
differential cross sections and angular coefficients. Fig. 6 shows A, for
different electroweak configurations and PDF sets.

All the fits described in the following sections were blinded by shift-
ing the fitted sin’ GSH by a random offset until all the systematic uncer-
tainties were finalized and cross-checks completed.

7. Extraction of sin? 6% from A"
eff FB

We extract sin’ 9: ¢ Dy fitting the A, (| y|, m) angular-weighted asym-
metry to templates varying sin’ Offf and PDF set, similarly to the analysis
performed with the \/E = 8TeV data [14]. This method uses recon-
structed variables; we use it to provide our baseline result because the
positive and negative cos 65 have approximately identical detection ac-
ceptance and efficiencies, so that their systematic uncertainties cancel
to a large extent [17]. The dependence of A}, on the dilepton mass con-
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Fig. 6. The A, coefficient in the nominal configuration (upper panels) and its
variations (lower panels) when changing the inputs mentioned in the legends:
different POWHEG-Z_ew options (upper) and different PDF sets (lower). No lep-
ton kinematic selection criteria are applied. The size of the sin 9:5 variation is
chosen for a clear visual demonstration.
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Table 3

Free parameters in the A% (|y[,m) fit, indicating the num-
ber of independent variations (e.g., number of rapidity
bins where the uncertainties are considered uncorrelated).
Some of the total values reflect the four data-taking peri-
ods and/or the four final-state channels.

cMS
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60 fb" (2018, 13 TeV)
T T T T T T

FB

~Fit (CT182)
~+ Data

Category Parameters Variations Total
sin” 07 1 1
PDF CT18Z 29 29
theo pr model (y) 9 9
theo FSR model (p,e) 2,2 4
eff Muon 31 124
eff Central electron 31 124
eff ECAL forward electron 9 36
eff HCAL forward electron 9 36
calib Muon 4 16
calib Central electron 7 28
calib ECAL forward electron 11 44
calib HCAL forward electron 9 36
bkg Multijet () 6, 4 80
bkg Wjets () 6, 4 80
bkg Zly -1t 1 16
bkg Top quark 1 16
other Integrated luminosity 1 4
other Pileup 1 4
other Charge misidentification 1 4
other Trigger prefiring (p,e) 4,4 32
other Beamspot 1 16
Total 739

strains the PDFs while extracting sin’ Hfff through a so-called profiling
procedure [59]. As described in Ref. [17], the definition of A;’B(| y|, m)
depends on A, and, in the following, we use the simple tree-level ex-
pression for gq events, Ay = p% / (p?F + m?). Almost identical results are
obtained if we use, instead, a fixed average A value in each y-m bin or
an empirical A, parameterization based on simulated samples.

The sin® Gfﬁ value is found by minimizing

2e.d=10+ Y (D —T,-(s,é))T v (D~ Tis8)),

where s = sin’ 953, i represents the data-taking periods and dilepton
channels, D is the measured angular-weighted A;’B(l yl,m) with n,, Xn,,,
bins, and V is the covariance matrix, which includes the statistical un-
certainties in data and templates, as well as in the lepton calibration, ef-

ficiencies, and trigger prefiring probabilities. The predicted A (|y], m),

denoted by T'(s, 5), includes background contamination and is obtained
by combining all the individual differences corresponding to either s or
0; with respect to their nominal values. Lastly, 6 is the vector of nui-
sance parameters, including the experimental systematic uncertainties
and the PDFs. The CT18Z PDF set [47] was selected (before unblinding
the analysis) to report the nominal result because it provides an accu-
rate description of the CMS data and offers, within its uncertainties, the
best coverage of the central values obtained with the other PDF sets
(as will be shown later). Furthermore, this PDF set imposes identical
strange quark and antiquark densities in the proton, a constraint sup-
ported by measurements of W boson production with associated charm
quarks [60,61] that is not assumed in the MSHT and NNPDF sets.

The nuisance parameters are listed in Table 3, which reflects various
correlations between channels and rapidity bins. The experimental sys-
tematic uncertainties are treated as uncorrelated between the different
run periods, while the theoretical uncertainties are treated as correlated.
Such a correlation scheme, together with the conservative treatment of
experimental uncertainties per data-taking period, provides flexibility
to account for possible differences in the systematic effects originating
from different data-taking and reconstruction conditions. This also al-
lows us to have a more similar correlation scheme with the unfolding
procedure, described in the next section, for which decorrelations are

. 0.05F ]

i r '
T Omeenertanstereensttiornsenet st topmeeretyy 4t it
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a L ]
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Fig. 7. Measured and best fit . (upper) and eh (lower) AIV;B(l y|, m) distributions
for the 2018 data. The error bars represent the statistical uncertainties in the
measured and simulated samples. The rapidity bins are given in Table 2.

more important to improve the fit quality (a fully identical correlation
scheme for all parameters is not needed here given that Ay, is much
less sensitive to many systematic sources and too many free parameters
add unnecessary complication since the Af; fits use numerical methods
of MINUIT [62] and are relatively slow).

The nominal “combined fit configuration”, which includes all data-
taking periods, all channels, the CT18Z PDF set, and all other nuisance
parameters for systematic uncertainties, has 739 free parameters. The
fit does not include, as nuisance parameters, the renormalization and
factorization scale variations, nor the EW systematic uncertainty varia-
tions. Instead, individual fits are performed for each of those options and
the deviations from the nominal result are considered as uncertainties.
Fig. 7 shows the fitted AgB distributions for the up and eh channels, us-
ing the 2018 data sample. The agreement between the data and best-fit
distributions is excellent in all channels and years. None of the nuisance
parameters has a significant pull zero. The largest 14 impacts come from
the nuisance parameters of PDF uncertainties, which dominate the un-
certainties in this measurement.

To estimate the statistical contributions from various experimental
systematic uncertainties in sin’ 05 , we compute by how much the best
fit uncertainty increases when adding the corresponding contributions
to the covariance matrix of the statistical uncertainties in the data. In-
dividual or grouped systematic uncertainties are calculated by fixing
the corresponding nuisance parameter(s) to the best fit values obtained
in the nominal fit and evaluating the decrease in the uncertainty: the
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Fitted sin® Oe’;f (in units of 10~>) for the four channels and their sum (£7), using the full data sample. The fit
quality is good, as indicated by the y? probabilities (p). The experimental systematic uncertainties (“exp”)
are the sum of the values in the five rightmost columns, corresponding to the statistical uncertainties of the

MC samples and the categories listed in Table 3.

2%, bins  p(%) sin’ 0% stat exp th PDF MC bg eff calib other

pp 241 264 83 23142438 17 17 6 30 13 3 2 5 4

ee 257 264 60 23171 +41 22 18 5 30 14 4 5 3 7

eg 119 144 93 23253 + 61 30 40 3 44 23 11 12 20 8

eh 105 144 99 23114+48 18 33 9 37 14 10 16 18 6

e 731 816 98 23152 +31 10 15 8 27 8 4 6 6 3
quadratic difference from the nominal uncertainty is taken as the cor- Table 5
responding uncertainty. Table 4 presents the results obtained for the Numbers of bins and free parameters used in the un-
four channels using the full data sample, specifying the total and partial folding.
uncertainties. The largest contribution to the total theoretical uncer- Data-taking periods: 4
tainty comes from the renormalization and factorization scale variations Channels: py, ee, eg, eh 4
(0.00008). The four results are in agreement, as expected from lepton |y| bins in the four channels: 6 + 6 +4 +4 20
flavor universality. The pp and ee channels give a combined uncertainty \Yl-:l bl;Si 2x(6X11)+2x(4%x9) 284

I . cos O bins
of 0.00034, which is reduced to 0.00031 by adding the CF channels. Bins with more than 10 predicted events 14205
8. Measurement of A, and extraction of sin2 67 A((|Y], M) parameters: 3x (11 +7 +3) 63
eff x(|Y|, M) parameters: 6 X5 +4X 1 +4 X1 38
Nuisance parameters for syst. uncertainties 3361

We also extract sin’ Hfff through the unfolded A, measurements, at

Born level, in the pre-FSR dilepton |Y|-M bins. The A,(|Y|, M) values
are obtained by minimizing

2=+ Y (D -T,G.) V7 (D, - T35.9).
i

where i indicates the four data-taking periods and four dilepton chan-
nels, p represents the parameters of interest, which are A, and the
various weights (strength factors x), v is the vector of all nuisance
parameters of systematic uncertainties, V' is the covariance matrix of sta-
tistical uncertainties, which includes the statistical uncertainties in data,
signal MC simulations, backgrounds (MC simulation and CRs), efficien-
cies, calibration, and trigger prefiring probabilities, D is the observed
numbers of data events in the r = (|y|, m, cos Og) bins, and T is the vec-
tor of the corresponding predictions. For each sample and bin r,

T,(5,9)= Y, SE(F, V) + S/(&,V) + B,(V),
g
where S¢ is the signal contribution from the pre-FSR bin g = (|Y|, M, C),

with C being the pre-FSR cos 6g bin, to the reconstructed bin r, calcu-
lated as

(x; A4, Ap)dx
SE(x, Ay, Ag) = SE & Jo I0xi Ay Ao ,
’ /C S(x3A40,Agp)dx

where Sf o> A4, and Ay denote reference predictions evaluated from
simulation, and

FAL A =1+x>+0540(1 —3x%) + Ay x.

The S} term represents the signal contribution from the underflow plus
overflow pre-FSR bins to the reconstructed bin r. These predictions are
scaled according to floating strength-factor values in the underflow and
overflow measurement rapidity and mass bins. The B, term represents
the background contribution.

In each of the nine rapidity bins we have different numbers of mass
bins for A, and Aj, shown in Table 2, driven by the dilepton mass
resolutions. For the strength factors, which are more sensitive to bin mi-
grations, we use wider (and common) mass bins for all rapidity bins. In
addition, the central mass bin of each channel is used for the resolution
calibration of the reconstructed leptons and, therefore, they cannot pro-
vide independent strength factor measurements in finer bins. Therefore,
for the strength factors in the central-central channels, we use dilepton

mass bins of edges 54, 66, 82, 100, 116, and 150 GeV, while one single
bin is used for the central-forward channels: 66-116 GeV.

Modeling the differential distributions is more challenging than
asymmetries. Therefore, we further decorrelate some of the system-
atic uncertainties in the unfolding to improve the best-fit y2. Table 5
presents the numbers of bins and free parameters involved in the unfold-
ing. The main differences with respect to Table 3 are: (1) the multijet
and W+jets background contributions are decorrelated in the measure-
ment |y| and m bins; (2) the top quark and Z/y — z7 backgrounds are
decorrelated in the |y| bins; (3) the forward electron efficiencies are
decorrelated in || bins; (4) the PDF and @y uncertainties correspond to
101 eigenvectors of the hessian NNPDF31 PDF set; (5) and there are 63
additional nuisance parameters for A,(|Y |, M) with a loose prior uncer-
tainty of 50%, which allow us to also fit them in the forward-rapidity
bins. The total number of nuisance parameters is 3361. In the y? cal-
culation we only include y-m-cos 6g bins that have a predicted content
of more than 10 events. This set of bins is decided once for the default
theory model and is not changed. The minimization is performed with
the L-BFGS method [63], which is based on the analytic gradient calcu-
lation of the minimization function. The covariance matrix is evaluated
analytically by calculating the inverse of the corresponding Hessian ma-
trix.

Fig. 8 shows the puu and eh cos g distributions for the 2018 samples,
for the Z peak and illustrative rapidity bins of the combined fit. Data in
all y-m bins, dilepton channels, and years are described very well by the
fit.

We extract sin’ Gfﬁ from the measured A,(|Y|, M) using the corre-
sponding templates. Adding the four channels, we have 63 A, measure-
ments in |Y |-M bins (Table 2). In each fit, we float the sin? 95 i and PDF
nuisance parameters. The small EW and Z boson p; modeling uncer-
tainty is included in the covariance matrix calculation. For the up and
up uncertainties, the fit is repeated for each of the six variations and the
maximum deviation is used as uncertainty. In addition to the default re-
sult, obtained with the CT18Z PDFs, we also extract sin? Gefff with other
recent PDF sets. Fig. 9 shows the measured and best fit A,(|Y |, M) distri-
butions for the full data sample. The corresponding best fit sin’ Oefff and
x?2 values are listed in Table 6. The results of the four dilepton channels
are compatible with each other.

As a cross-check, we also extracted sin® Hfff by directly fitting the ob-
served cos O distributions. The fit configuration is the same as before,
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Fig. 8. Measured and best fit pp (upper) and eh (lower) cos fg distributions
for 2018, for the Z boson peak and two rapidity bins. The error bars represent
the statistical uncertainties.
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Fig. 9. Measured and best fit A,(|Y|, M) distributions for the combined
2016-2018 fit with the CT18Z PDF set. The shaded band represents the post-fit
PDF uncertainty.
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Table 6

Measured sin” 07 values (in units of 10~°) when
using the A,(|Y|, M) distributions for the four
final-state channels and their sum.

Channel  y2, bins p(%) sin’ 6%
up 62 54 19 23144 +39
ee 48 54 69 23190 +43
eg 11 12 41 23249 + 60
ch 9 12 66 23123 +48
144 64 63 39 23154 +32
CMS 138 fb ™! (2016-2018, 13 TeV)
LN L A LIS B A B
un —e—
ee = %AI,
eg e A%
eh | —_— = c080gg
2016a ——e
2016b —— A" comb
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Fig. 10. Values of sin’ 0: ¢ measured with the A, A,, and cos 6 fits, in each
of the four channels using the full 2016-2018 sample (upper) and in each of
the four data-taking periods combining the four channels (lower), always with
the CT18Z PDF set. The “comb” band shows the result for all channels and runs
combined. For the A} results, the magenta bands show the combined statistical
and experimental systematic uncertainties, and the black bars represent the total

uncertainties.

except that we do it in a single fit (instead of the two-step procedure of
unfolding and interpretation) by replacing the free A,(|Y|, M) parame-
ters in the unfolding fit by the values calculated as a function of sin’ 6: "
and PDF parameters.

9. Results

The extracted sin® 87.. values are presented in Fig. 10, for the four
detection channels (integrating all data) and separately for each of the
four data-taking periods (combining the four channels), always using
the default CT18Z PDF set. For each case, we show the measurements
obtained by fitting the detector-level weighted A} (|y|.m) and by fitting
the unfolded A,(|Y|, M) angular coefficient of the pre-FSR dilepton;
the result of the direct fitting of the measured cos g distributions is
also presented, as a cross-check. The statistical uncertainties in the 4,
and cos fcg results are almost fully correlated; they are also partially
correlated with those of the Af; result. Small variations in the results
can also be attributed to the different choices of correlations between
the experimental systematic uncertainties made in the fits, as described
in Section 8. The central values and uncertainties of the three methods
are compatible with each other, given the correlations between samples
and systematic uncertainties.

Table 7 and Fig. 11 present the sin’ Hefff values extracted from the
measured A7, or unfolded A4 when using alternative PDF sets, combin-
ing the four detection channels and the four data-taking periods. The dis-
played error bars represent the total uncertainties, which include the sta-
tistical uncertainty (“stat”), and the systematic uncertainties reflecting
experimental effects (“exp”), the theoretical modeling (“theo”), and the
PDFs, the latter being the dominating term. In the case of our baseline
result, corresponding to the Ay, analysis with the CT18Z PDFs, the in-
dividual uncertainties are 0.00010 (stat), 0.00015 (exp), 0.00008 (theo),
and 0.00027 (PDF), leading to a total uncertainty of 0.00031, consider-
ing correlations between the various contributions.

After PDF profiling [59], all PDF sets lead to good quality fits and,
without considering correlations between the PDF uncertainties, the re-
sults are compatible within uncertainties. Fig. 11 also shows the results
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Values of sin’ Bfﬁ (in units of 10~>) obtained by fitting the measured Afy or un-
folded A,, for seven PDF sets, combining the four channels and using the full

2016-2018 sample.

PDF Al (816 bins) A, (63 bins)
Lo SIn*0% K sin’ 00
NNPDF31 _nnlo_as_0118_hessian [45] 725 23116 +29 61 23117 +30
NNPDF40_nnlo_as_01180_hessian [46] 731 23128 +23 66 23130 +25
MSHT20nnlo_as118 [64] 736 23118 +30 76 23116 +32
CT18NNLO [47] 729 23165+35 65 23169 +36
CT18ZNNLO [47] 731 23152 +31 64 23154 +32
CT18ANNLO [47] 731 23162 +27 67 23165 +28
CT18XNNLO [47] 729 23168+29 64 2317530
Cms 138 fb™! (2016-2018, 13 TeV) Table 8
== s 20 (i s 5 .t
CT18X st -A Values of sin” 0. (in units of 107) extracted by profiling
CT18A S A;‘V the A, distribution (with 63 data points) using XFITTER, for
>¢ —— . .
cTaz U B several PDF sets. The reported uncertainties are the total
CT18 —_— -5 A} (no-prof) . . S - .
FB ones, including contributions from the statistical, experi-
MSHT20 I . -
mental systematic, theoretical, and PDF sources.
NNPDF40 == AY. CT18Z
NNPDF31 ==l PDF pes sin® 67
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MSHT20nnlo_as118 [64] 75 23115+30
Fig. 11. Values of sin’ 0’; measured with the A%, and A, fits, for seven PDF CT18NNLO [47] 65 23166 + 36
sets, combining the four channels and using the full 2016-2018 sample. The or- CT18ZNNLO [47] 65 23152+32
ange line and yellow band correspond to the result obtained with the CT18Z CT18ANNLO [47] 67 ;3 16?128
PDFs. The red open squares are the results obtained without profiling the corre- CTI8XNNLO [47] 64 3171+30
sponding PDF uncertainties. For the Al results, the cyan bands show the PDF MSHT20ged_an3lo [64] 69 23137 +31
uncertainties and the black bars represent the total uncertainties. NNPDF40_an3lo_as_ 01180 [67] 65 23132425
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Fig. 12. Comparison of the sin’ Hfﬁ values measured in this analysis with previ-
ous measurements [1,9-12,14] and the result of a SM global fit [2].

obtained without profiling the PDFs, for which the total PDF uncertainty
is evaluated by adding (in quadrature) all differences obtained with each
PDF error set. As a result of profiling, we see a significant reduction of
the differences between the central values of the results obtained with
the different PDF sets, as well as a decrease of their individual PDF un-
certainties.

Fig. 12 presents the sin’ 0§ff value measured combining the four
dilepton channels and using the full 2016-2018 sample. This is the most
precise result obtained at a hadron collider, to date, and agrees with the
SM expectation.

In addition, the sin’ Gg)ff based on unfolded A, is obtained by using
XFITTER open-source code [65,66]. This tool facilitates the reinterpreta-
tion of the measurements in case the PDF sets or the theoretical models
are updated, as well as the combination of sin’ H:ff values reported by
different experiments.

The value of sin’ 95 ¢ is determined in a profiling analysis, by mini-
mizing the »2 function
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butions (theory predictions) is described by the matrix ["**P (r'h), The
index i runs over all Ng,, = 63 data points of the (|Y|-M) double-
differential A, measurement, combining the four detection channels
and using the four data-taking periods, whereas the j and k indices
correspond to the experimental and theoretical uncertainty nuisance
parameters, respectively. The measurements and the uncorrelated ex-
perimental uncertainties are represented by o-l.eXp and A;, respectively,
whereas the theoretical predictions are denoted by o-}h. The informa-
tion in the experimental covariance matrix of the double-differential A,
measurement is included in the I"**P matrix.

The theoretical uncertainty includes contributions from the missing
higher-order QCD and EW corrections, as evaluated with POWHEG-Z_ew,
and PDF uncertainties, evaluated by using grids generated at NLO with
MADGRAPH5_aMC@NLO [50] and PINEAPPL [72,73]. The matrix I'?
includes nuisance parameters reflecting the missing higher-order EW
corrections, the PDF Hessian uncertainties, and the sin? ejff parameter
itself, which is left free in the fit.

The sin? Hfff values extracted with XFITTER are listed in Table 8. The
first seven rows report values that can be directly compared to those
shown in the rightmost columns of Table 7. We see that the two sets
of values are in agreement, with small differences in the central val-
ues that are attributed to the different statistical analysis framework.
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The remaining seven rows of Table 8 present values obtained with al-
ternative PDF sets: MSHT20 [64], NNPDF40 [67,68], ABMP16 [69],
PDF4LHC21 [70], and CT18As [71]. The CT18As PDF set assumes asym-
metric sea strange quark densities. The NNPDF40 label “mhou” indicates
that these PDFs sets include “missing higher-order uncertainties”. The
differences in the results obtained with the various PDF sets are mostly
attributed to differences in the parametrizations and assumptions on the
flavor decomposition.

Given the crucial role of the PDFs in the extraction of sin’ fof and
the importance of the PDF profiling procedure in reducing the corre-
sponding uncertainty, we performed an alternative analysis where the
PDFs and sin’ Hefff are simultaneously extracted. Although a global PDF
fit based on multiple data sets from different experiments is beyond the
scope of the present study, a basic QCD fit has been performed, con-
sidering only the deep inelastic scattering data from HERA [74] and
the present A, measurement. The XFITTER framework is used and the
parametrization of the HERAPDF2.0 NNLO analysis [74] is assumed, as
in the profiling exercise. The fit is performed at NNLO, applying the A,
theoretical model described above. The goodness of fit is expressed by
a total y2/ndf of 1457/1194. The somewhat larger y2 of HERA data of
1394/1145, similar to the original publication [74] is observed, while
the CMS A4 measurement contributes with 64/63, including correla-
tions. The sin® Hefff (both the central value and the uncertainty) is in
good agreement (within 0.00002) with that obtained by profiling the
HERAPDF20 set, giving confidence in the results obtained with the PDF
profiling technique.

The results reported in this Letter are tabulated in the HEPData
record for this analysis [75].

10. Summary

A precise measurement of the forward-backward asymmetry has
been performed, using proton-proton collisions at \/E = 13TeV col-
lected in 2016-2018 by the CMS experiment and corresponding to
a total integrated luminosity of 138fb~!. The measurement is based
on the study of Drell-Yan dimuon and dielectron events. The effec-
tive leptonic electroweak mixing angle sin’ Oefff is extracted very pre-
cisely by fitting the detector-level angular-weighted A7 (|y|,m) and the
unfolded A4(]Y|, M) angular coefficient of the pre-FSR dilepton, ob-
taining compatible results. Given that the angular-weighted asymmetry
method [17] benefits from the cancelation of systematic uncertainties
in the detection acceptance and efficiencies, we use this method for our
baseline result. This measurement has a significantly smaller uncertainty
than the previous CMS result [14] because of the larger data sample,
an improved analysis technique, and the inclusion of central-forward
dielectron configurations. Using the CT18Z set of parton distribution
functions we obtain

sin? 07 = 0.23152 % 0.00010 (stat) = 0.00015 (exp)
+0.00008 (theo) + 0.00027 (PDF),

where “stat”, “exp”, “theo”, and “PDF” denote, respectively, the sta-
tistical uncertainty and the systematic uncertainties reflecting experi-
mental effects, the theory modeling, and the PDFs. Accounting for the
correlations between the various contributions, the total uncertainty,
dominated by the PDF term, is 0.00031. It varies between 0.00024 and
0.00035 depending on the PDF set. From the unfolded A,(]Y|, M) an-
gular coefficient, and using the CT18Z PDF set, the extracted sin’ 055
value is 0.23154 +0.00032 or 0.23152 +0.00032, depending on the anal-
ysis framework.

Our result agrees with the standard model expectation, 0.23155 +
0.00004, and is the most precise hadron-collider measurement. The pre-
cision is comparable to that of the two most precise measurements per-
formed in eTe™ collisions at LEP and SLD, with respective uncertainties
of 0.00029 and 0.00026. The A, coefficient, measured as a function of
the dilepton mass and rapidity, can be used in combination with other
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LHC measurements or to improve the sin? 6'5 ¢ easurement using future
PDF sets.
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