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Entanglement is a key feature of quantum mechanics'3, with applicationsin

fields such as metrology, cryptography, quantum information and quantum
computation*, It has been observed in a wide variety of systems and length scales,
ranging from the microscopic®* to the macroscopic'**¢. However, entanglement
remains largely unexplored at the highest accessible energy scales. Here we report the
highest-energy observation of entanglement, in top-antitop quark events produced
atthe Large Hadron Collider, using a proton-proton collision dataset with a centre-of-
mass energy of vs =13 TeV and anintegrated luminosity of 140 inverse femtobarns
(fb)*recorded with the ATLAS experiment. Spin entanglement is detected from the
measurement of asingle observable D, inferred from the angle between the charged
leptonsin their parent top- and antitop-quark rest frames. The observable is measured
inanarrow interval around the top-antitop quark production threshold, at which the
entanglement detection is expected to be significant. Itis reportedin afiducial phase

space defined with stable particles to minimize the uncertainties that stem from the
limitations of the Monte Carlo event generators and the parton shower modelin
modelling top-quark pair production. The entanglement marker is measured to be
D=-0.537+0.002 (stat.) + 0.019 (syst.) for 340 GeV <m, <380 GeV. The observed
resultis more than five standard deviations from a scenario without entanglement
and hence constitutes the first observation of entanglement in a pair of quarks and the
highest-energy observation of entanglement so far.

Particle colliders, such as the Large Hadron Collider (LHC) at CERN,
probe fundamental particles and their interactions at the highest
energies accessible in a laboratory, exceeded only by astrophysical
sources. Beyond the fundamental interest of exploring quantum
entanglement in a new setting, this observation demonstrates the
potential of using high-energy colliders, such as the LHC, as tools
for testing our fundamental understanding of quantum mechanics.
Hadron colliders offer a truly relativistic environment and provide a
richvariety of fundamental interactions, rarely considered for experi-
ments in quantum information. Relativistic effects are expected to
play a critical part in quantum information and the measurement
described hereillustrates the potential for new approaches to explore
these effects and other foundational problemsin quantum mechanics
using colliders.

Recently, the heaviest fundamental particle known to exist, the top
quark, was proposed as a new laboratory to study quantum entangle-
mentand quantuminformation'®*, In this Article, the spin correlation
between the top quark and antitop quark is used to probe the effects
of quantum entanglement, in proton-proton (pp) collision events
recorded with the ATLAS detector with a centre-of-mass energy of
13 TeV. Entanglement is observed with a significance of more than five
standard deviations for the first time in pairs of quarks.

Iftwo particles are entangled, the quantum state of one particle can-
notbe described independently of the other. The simplest example of
an entangled system involves a pair of quantum bits (qubits); pieces

of quantum information about two particles in the same quantum
state that exist in superposition. The spin quantum number of a fun-
damental fermion, aparticle that can take spin values of +1/2, is one of
the simplest and most fundamental examples of a qubit. Among the
fundamental fermions of the standard model of particle physics, the top
quarkisuniquely suited for high-energy spin measurements because
of its unique properties: its immense mass gives it a lifetime (about
107% s) notably shorter than the timescale needed for the quantum
numbers of a quark to be shrouded by hadronization (around 107 s)
and spin decorrelation (approximately 10 s) effects®. As a result,
its spin information is transferred to its decay products. This unique
feature provides an opportunity to study a pseudo-bare quark, free of
the colour-confinement properties of the strong force that shrouds
other quarks.

Quarks are most commonly produced in hadron collider experi-
ments as matter-antimatter pairs. A pair of top—antitop quarks (¢€) is
atwo-qubitsysteminwhich the spin quantumstate is described by the
spin density matrix p:

p:% I+ (Blo'®hL+BL®d) + Y Co'®0’|.
i i

The first termin the linear sum is a normalization constant, where
I, is the n x nidentity matrix. The second term describes the intrinsic

*A list of authors and their affiliations appears online. *e-mail: atlas.publications@cern.ch

542 | Nature | Vol 633 | 19 September 2024


https://doi.org/10.1038/s41586-024-07824-z
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-024-07824-z&domain=pdf
mailto:atlas.publications@cern.ch

polarization of the top and the antitop quarks, where ¢* are the cor-
responding Pauli matrices and the real numbers B; characterize the
spin polarization of each particle. The third term describes the spin
correlation between the particles, encoded by the spin correlation
matrix C;. In all expressions, an orthogonal coordinate system is rep-
resented by theindicesi,j=1,2,3.

Athadron colliders, t£ pairs are produced mainly by the strong inter-
action and thus have no intrinsic polarization (thatis, Bf ~ 0) because
of parity conservation and time invariance in quantum chromodynam-
ics (QCD)?. However, the spins of these pairs are expected to be cor-
related, and this correlation has already been observed by both the
ATLAS and CMS experiments at the LHC?? %, Entanglement in top-quark
pairs can be observed by an increase in the strength of their spin
correlations.

Owingto their shortlifetime, top quarks cannot be detected directly
in experiments. In the standard model, the top quarks decay almost
exclusively into abottom quark and a Wboson, and the Wboson sub-
sequently decaysinto either a pair of lighter quarks or acharged lepton
and a neutrino. In this measurement, only Wbosons decaying into
leptons are considered because charged leptons, especially electrons
and muons, are readily detected with high precision at collider experi-
ments. Toagood approximation, the degree to which the leptons carry
the spininformation of their parent top quarks is100% because of the
maximally parity-violating nature of the electro-weak charged current.
The angular direction of each of these leptons is correlated with the
direction of the spin of their parent top quark or antitop quarkin such
away that the normalized differential cross-section (o) of the process
may be written as?’

1 do _ 1+B*-q,-B-q_-q,-C-q_
0d0.do_ (4m)?

’

where q, is the antilepton direction in the rest frame of its parent top
quarkand g_istheleptondirectionin therest frame of its parent anti-
top quark; and Q, is the solid angle associated with the antilepton and
Q_isthe solid angle associated with the lepton. The vectors B* deter-
mine the top-quark and antitop-quark polarizations, whereas the
matrix C contains their spin correlations. These terms are the same as
those that appear in the general form for p. As the information about
the polarizations and spin correlations of the short-lived top quarks
istransferred to the decay leptons, their values can be extracted from
ameasurement of angular observables associated with these leptons,
allowing us to reconstruct the ¢£ spin quantum state.

The experiments at the LHC ring, such as ATLAS, are the only ones
currently taking data that are able to produce and study the properties
of the top quark. At the LHC, ¢ pairs are produced mainly by gluon-
gluon fusion. When they are produced close to their production thresh-
old, thatis, when their invariant mass m; is close to twice the mass of
thetop quark (m; ~ 2 - m, - 350GeV), approximately 80% of the produc-
tion cross-section of tf pairs arises froma spin-singlet state?®>°, which
is maximally entangled. After averaging over all possible top-quark
directions, entanglement only survives close to the threshold because
oftherotationalinvariance of the spin-singlet. Thisinvariance implies
that the trace (the sum of all of the diagonal elements) of the correlation
matrix C,in whicheach diagonal element corresponds to the spin cor-
relationina particular direction, is a good entanglement witness. It is
anobservable that can signal the presence of entanglement, with tr(C) +
1<0asasufficient condition for entanglement'®. It canbe understood
asaviolation of aCauchy-Schwarzinequality, anotable entanglement
criterion in fields such as quantum optics, condensed matter or ana-
logue gravity® >,

It is more convenient to define an entanglement marker by using
D =tr[C]/3 (ref.18), which can be experimentally measured as

D= -3{cosp),

where(cos @) is the average value of the cosine of the angle (dot prod-
uct) between the charged-lepton directions after they have been sub-
jectedtoLorentzboostinginto thett rest frame andthentherestframes
of their parent top-quark and antitop-quark, which can be measured
experimentally in anensemble dataset. The existence of an entangled
state is demonstrated if the measurement satisfies D <-1/3, derived
fromthe Peres-Horodecki criterion®*** and isindependent of the order
of the calculation. It should be noted that the CMS collaboration has
already measured D =-0.237 + 0.011 (ref. 26) inclusively, showing no
signal of entanglement.

The standard modelis aquantumtheory, and entanglementisimplic-
itly present inits predictions. Nevertheless, a demonstration of spin
entanglementintf pairsis challenging because of the inability to con-
trol the internal degrees of freedom in the initial state™. Currently,
entanglement canbe detected only with the help of adedicated analy-
sisinarestricted phase space such as the one presented here.

The ATLAS detector and event samples

The ATLAS experiment®~*’ at the LHC is amultipurpose particle detec-
tor with a forward-backward symmetric cylindrical geometry and a
solid-angle coverage of almost 4. It is used to record particles pro-
duced in LHC collisions through a combination of particle position
and energy measurements. The coordinate system is defined in the
section ‘Object identification in the ATLAS detector’. It consists of
aninner-tracking detector surrounded by a thin superconducting
solenoid providing a 2 T axial magnetic field, electromagnetic and
hadronic calorimeters, and a muon spectrometer. The muon spec-
trometer surrounds the calorimeters and is based on three large super-
conductingair-core toroidal magnets with eight coils each providing
afieldintegral of between 2.0 T mand 6.0 T macross the detector. An
extensive software suite*® is used in data simulation, the reconstruc-
tion and analysis of real and simulated data, detector operations,
and the trigger and data acquisition systems of the experiment. The
complete dataset of pp collision events with a centre-of-mass energy
of vs =13 TeV collected with the ATLAS experiment during 2015-2018
is used, corresponding to an integrated luminosity of 140 fb™. This
analysis focuses on the data sample recorded using single-electron
or single-muon triggers*.

Aunique feature of particle physicsis that very precise simulations
ofthe standard model can be realized through the use of Monte Carlo
event generators. These simulations replicate real collisions and their
resultant particles on an event-by-event basis, and these events can
be passed through sophisticated simulations of the ATLAS detector
to produce simulated data. Comparing these simulated events with
those recorded by the detector is one way to test the predictions of
the standard model. Another is to use the simulated datato model how
the ATLAS detector responds to a particular physics process, such as
the pair production of top quarks, and to use these data to create cor-
rections to undo the effect of the detector response on real data and
then to compare these corrected data with theoretical predictions.
This measurement uses the latter strategy.

Three distinct types of real and simulated data are used, each with
associated physics objects. Detector level refers to real data before
they have beencorrected for detector effects and simulated data after
they have been passed through simulation of the ATLAS detector. Par-
ton level refers to simulated Monte Carlo events in which the particles
arise from the fundamentalinteraction being simulated, such as quarks
and bosons, or to real collision data that have been corrected to this
level. Particle level refers to simulated data with physics objects that
are built only from the stable particles that remain after the decay of
the particles that exist at parton level, that is, particles that live long
enough to interact with the detector, or to real data that have been
corrected to this level. This measurement relies on the selection and
reconstruction of muons, electrons, quarks and gluons as hadronic
jets, neutrinos as missing transverse momentum (p?‘ss), Wbosonsand
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Fig.1|Detector-level results. a, The cos g observablein the signal region at
thedetectorlevel.b, The entanglement marker D, calculated from the
detector-level distributions, from three different Monte Carlo generators; the
POWHEG + PYTHIA and POWHEG + HERWIG heavy-quark models, labelled
Pow+Py (hvq) and Pow+H7 (hvq), respectively, and the POWHEG + PYTHIA bb4¢

top quarks. These objects are each reconstructed at the detector level,
particle level and parton level. Details of how these objects are recon-
structed in ATLAS and Monte Carlo simulations are provided in the
section ‘Object identification in the ATLAS detector’.

Monte Carlo event simulations are used to model the ¢ signal and
the expected standard model background processes. The production
of tt events was modelled using the POWHEG BOX v.2 heavy-quark
(hvq) (refs. 42-45) generator at next-to-leading order (NLO) precision
in QCD and the events were interfaced to either PYTHIA 8.230 (ref. 46)
or HERWIG 7.2.1 (refs. 47,48) to model the parton shower and hadroni-
zation. The decays of the top quarks, including their spin correlations,
were modelled at leading-order (LO) precision in QCD. An additio-
nal sample that generates ¢f events at full NLO accuracy in produc-
tion and decay was generated using the POWHEG BOX RES (bb4¢)
(refs. 49,50) generator, interfaced to PYTHIA. Further details of the
setup and tuning of these generators are provided in the section
‘Monte Carlo simulation’. An important difference between PYTHIA
and HERWIG is that the former uses a p;-ordered shower, whereas the
latter uses an angular-ordered shower (see section ‘Parton shower
and hadronization effects’). Anotherimportant consideration s that
fullinformation on the spin density matrix is not passed to the parton
shower programs and, therefore, is not fully preserved during the
shower.

The standard model background processes that contribute to
the analysis are the production of a single top quark with a Wboson
(tW), pair production of top quarks with an additional boson ¢f + X
(X=H, W, Z) and the production of dileptonic events from either one
or two massive gauge bosons (Wand Zbosons). The generators for the
hard-scatter processes and the showering are listed in the section
‘Monte Carlo simulation’. The procedure for identifying and recon-
structing detector-level objects is the same for data and Monte Carlo
events.
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model, labelled Pow + Py (bb4¢), are shown after background processes are
subtracted. The uncertainty band shows the uncertainties fromall sources
addedin quadrature. Theratios of the predictions to the data areshownat the
bottom ofaandb. The quoted value for D for the bb4 £ model also includes
subtraction ofthe single-top-quark background.

Analysis procedure

Only events taken during stable-beam conditions, and for which all
relevant components of the detector were operational, are consid-
ered. To be selected, events must have exactly one electron and one
muon with opposite-sign electric charges. A minimum of two jets is
required, and atleast one of them must be identified to originate from
ab-hadron (b-tagged).

Thebackground contribution of events with reconstructed objects
thatare misidentified as leptons, referred to as the ‘fake-lepton’ back-
ground, is estimated using a combination of Monte Carlo prediction
and correction based on data. This data-driven correctionis obtained
fromacontrol region dominated by fake leptons. It is defined by using
thesame selection criteriaas above, except that the two leptons must
have the same-sign electric charges. The difference between the num-
bers of observed events and predicted eventsin thisregionis taken as
ascale factor and applied to the predicted fake-lepton events in the
signal region.

Events that pass the event selection are separated into three analy-
sisregions, based onthe detector-level, particle-level or parton-level
m,;, depending on the region. The signal region is constructed to be
dominated by events that are as close to the production threshold as
the resolution of the reconstruction method will allow, as this is the
regionin which the entanglement of the top quarks is expected to be
maximized.

The optimal mass window for the signal region was determined to
be 340 <m,; <380 GeV. Two additional validation regions are defined
to validate the method used for the measurement. First, a region is
defined close to the limitin which entanglement is not expected to be
observable, and also with sizeable dilution from mis-reconstructed
events from non-entangled regions, by requiring 380 < m,; < 500 GeV.
Second, aregion in which no signal of entanglement is expected is
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Fig.2|Summary of results. a, Calibration curve for the dependence between
the particle-level value of Dand the detector-level value of D in the signal
region. Theyellow band represents the statistical uncertainty, and the grey
band represents the total uncertainty obtained by adding the statistical and
systematic uncertainties in quadrature. The measured values and expected
values from POWHEG + PYTHIA 8 (hvq) are marked with black and red circles,
respectively, and the entanglement limitis shown asadashedline.b, The
particle-level Dresults in the signal and validation regions compared with
various Monte Carlo models. The entanglement limit shown s a conversion
fromits parton-level value of D = -1/3 to the corresponding value at the
particlelevel, and the uncertainties that are considered for the band are
describedin the text.

defined with m,; > 500 GeV. Each of the regions has a tf-event purity
of more than 90%. The dominant sources of background processes
arise from ¢Wand fake-lepton, accounting for 56% and 27% of the back-
ground in the signal region, respectively. The remaining 17% of back-
ground events arise from £ + X and the production of dileptonic events
from either one or two massive gauge bosons. The distribution of cos ¢
inthesignalregionand the detector-level Dy, value, built from the
cos @ atthereconstructed detector level and after background subtrac-
tion, are shownin Fig.1a,b.

To compare the data with calculations and correct for detector
effects, we mustalso define an event selection using the ‘truth’informa-
tioninthe Monte Carlo eventrecord. This selection uses particle-level
objects to match as closely as possible the selection at the detector

level and is called a fiducial particle-level selection. Particle-level
events are required to contain exactly one electron and one muon
with opposite-sign electric charges and at least two particle-leveljjets,
one of which must contain a b-hadron. The cos ¢ distribution is then
constructed from the particle-level top quarks and charged leptonsin
the same manner as at the detector level.

Theresponse of the detector, the event selections and the top-quark
reconstruction distort the shape of the cos @ distribution. The observed
distribution is corrected for these effects with a simple method: a
simulation-based calibration curve that connects any value at the detec-
tor level to the corresponding value at the particle level. We correct
the data for detector effects by using a unique calibration curve built
for each signal and validation region based on the expected signal
model, after subtracting the expected contribution from background
processes. Owing to the limited resolution of the reconstructed mass
ofthe tf system, some events that truly belong to the validationregions
canenter the signal region at the detector level. These events are treated
as detector effects.

To build these curves, Monte Carlo event samples are created with
alternative values of D by reweighting the events, following the proce-
duredescribedinthe section ‘Reweighting the cos ¢ distribution’. The
calibration curve corrects the value Dy, measured at the detector
leveltoacorresponding value D,,, . at the particlelevel. To construct
the calibration curve, several hypotheses for different values of D,
denoted by Dj, ;e With a corresponding Dgececior Value, are created
correspondingto the changesin the expected value of entanglement.
The pairs of Djecector N Dpyrrire are plotted in Fig. 2a. A straightline
interpolates between the points. With this calibration curve, any value
for Dyeecior €an be calibrated to the particle level.

Three categories of uncertainties are included in the calibration
curves: uncertaintiesin modelling tf production and decay, uncertain-
tiesinmodelling the backgrounds and detector-related uncertainties
for both the ¢£ signal and the standard model background processes.
Eachsource of systematic uncertainty can resultina different calibra-
tion curve because it changes the shape of the cos g distribution at the
particle level and/or detector level. For each source of systematic
uncertainty, the data are corrected using this new calibration curve,
and the resultant deviation from the data corrected by the nominal
curve is taken as the systematic uncertainty of the data due to that
source. Systematic uncertainties fromall sources are summed in quad-
rature to determine the final uncertainty in the result.

Forall ofthe detector-related uncertainties, the particle-level quan-
tity is not affected and only detector-level values change. For signal
modelling uncertainties, the effects at the particle level propagate to
the detector level, resulting in shifts in both. Uncertaintiesin modelling
thebackground processes affect how much background s subtracted
fromthe expected or observed dataand can, therefore, cause changes
inthe calibration curve. These uncertainties are treated as fully corre-
lated between the signal and background (that s, if asource of system-
atic uncertainty is expected to affect both the signal and background
processes, this is estimated simultaneously and not separately).

A summary of the different sources of systematic uncertainty and
theirimpactontheresultisgivenin Table 1. The size of each systematic
uncertainty depends on the value of D and is given in Table 1 for the
standard model prediction, calculated with POWHEG + PYTHIA. The
systematic uncertainties considered in the analysis are described in
detail in the section ‘Systematic uncertainties’.

To compare the particle-level result with the parton-level entangle-
ment limit D <-1/3, the limit must be folded to the particle level.
A second calibration curve is constructed to relate the value of D0,
tothe corresponding D,,, - The definitions of parton-level top quarks
and leptonsin the Monte Carlo generator follow ref. 24 and correspond
approximately to those of stable top quarks and leptonsin a fixed-order
calculation. Only systematic uncertainties related to the modelling of
thetf production and decay process are considered while building this
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Table 1| Summary of uncertainties

Source of AD peerved AD (%) AD AD, (%)
uncertainty (D=-0.537) (D=-0.470)

Signal modelling 0.017 3.2 0.015 3.2
Electrons 0.002 0.4 0.002 0.4
Muons 0.001 0.2 0.001 0.1
Jets 0.004 07 0.004 0.8
b-Tagging 0.002 0.4 0.002 0.4
Pile-up <0.001 <0.1 <0.001 <0.1
ETiss 0.002 04 0.002 04
Backgrounds 0.005 0.9 0.005 11
Total statistical 0.002 0.3 0.002 0.4
uncertainty

Total systematic 0.019 3.5 0.017 3.6
uncertainty

Total uncertainty 0.019 3.5 0.017 3.6

A summary of the effect of the groups of uncertainties at the expected standard model value
Of Deypected ==0.470, corresponding to the POWHEG+PYTHIA modelling, and the observed
value Dypeerveg=—0.537, both in the signal region. ET'** denotes the magnitude of the missing
transverse momentum. The total systematic uncertainty is calculated as the sumin
quadrature of the individual groups of systematic uncertainties.

calibration curve. The migration of the parton-level events from the
signal region into the validation regions at the particle level and vice
versais very small.

The calibration procedureis performedin the signal regionand the
two validation regions to correct the data to a fiducial phase space
at the particle level, as described in the previous section. All system-
atic uncertainties are included in the three regions. The observed
(expected) results are

D=-0.537 +0.002 (stat.)
+0.019 (syst.) (-0.470+0.002 (stat.) +0.017 (syst.)),

in the signal region of 340 < m,; <380 GeV and

D=-0.265 +£0.001 (stat.)
+0.019 (syst.) (-0.258+0.001 (stat.)+0.019 (syst.)),

D=-0.093 £0.001 (stat.)
+0.021 (syst.) (-0.103+0.001 (stat.)+0.021 (syst.)),

in the validation regions of 380 < m; <500 GeV and m; > 500 GeV,
respectively. The expected values are those predicted by POWHEG +
PYTHIA. The calibration curve for the signal region and a summary of
the resultsin all regions are presented in Fig. 2.

The observed values of the entanglement marker D are compared
with the entanglement limitin Fig.2b. The parton-level bound D =-1/3
is converted to a particle-level bound by folding the limit to particle
level to better highlight the differences between the predictions using
different parton shower orderings. For POWHEG + PYTHIA, this yields
-0.322 + 0.009, inwhichthe uncertainty includes all uncertainties in the
POWHEG + PYTHIA model except the parton shower uncertainty (for
more details of these uncertainties, see section ‘Systematic uncertain-
ties’). Similarly, for POWHEG + HERWIG, with anangular-ordered parton
shower, a value of —0.27 is obtained. No uncertainties are assigned in
this case because it is merely used as an alternative model.

Discussion
In both of the validation regions, with no entanglement signal, the
measurements are found to agree with the predictions from different
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Monte Carlo setups within the uncertainties. This serves as a consist-
ency check to validate the method used for the measurement.

Although the different models yield different predictions, the cur-
rent precision of the measurements in the validation regions does not
allow us to rule out any of the Monte Carlo setups that were used. It is
important to note that close to the threshold, non-relativistic QCD
processes, such as Coulomb bound state effects, affect the production
of tt events®® and are not accounted for in the Monte Carlo generators.
The mainimpact of these effects is to change the line shape of the m;;
spectrum. Theimpact of these missing effects was tested by introduc-
ing them with an ad hoc reweighting of the Monte Carlo based on
theoretical predictions, and the effect was found to be 0.5%. Other
systematic uncertainties on the top-quark decay (1.6%) and top-quark
mass (0.7%) also similarly change the line shape within our experimen-
tal resolution and have a much larger impact. Therefore, the ad hoc
reweighting is not included by default in the measurement because
including it would not change the sensitivity of the result within the
precision quoted.

Inthe signal region, the POWHEG + PYTHIA and POWHEG+ HERWIG
generatorsyield different predictions. The size of the observed differ-
ence is consistent with changing the method of shower ordering and
is discussed in detail in the section ‘Parton shower and hadronization
effects’.

In the signal region, the observed and expected significances with
respect to the entanglement limit are well beyond five standard devia-
tions, independently of the Monte Carlo model used to correct the
entanglement limit to account for the fiducial phase space of the
measurement. This is shown in Fig. 2b, in which the hypothesis of no
entanglement is shown. The observed result in the region with
340 GeV<m; <380 GeV establishes the formation of entangled ¢t
states. This constitutes the first observation of entanglement in a
quark-antiquark pair.

Apart from the fundamental interest in testing quantum entangle-
mentinanew environment, thismeasurementin top quarks paves the
way to use high-energy colliders, such as the LHC, as alaboratory to
study quantum information and foundational problems in quantum
mechanics. From a quantum information perspective, high-energy
collidersare particularly interesting because of their relativistic nature
andtherichness of the interactions and symmetries that can be probed
there. Furthermore, highly demanding measurements, such as meas-
uring quantum discord and reconstructing the steering ellipsoid, can
be naturally implemented at the LHC because of the vast number of
available tf events®. Froma high-energy physics perspective, borrow-
ing concepts from quantum information theory inspires new
approaches and observables that can be used to search for physics
beyond the standard model**,
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Methods

Objectidentificationinthe ATLAS detector

ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point in the centre of the detector and the z-axis
along the beam pipe. The x-axis points from the interaction point to
the centre of the LHC ring, and the y-axis points upwards. Cylindrical
coordinates (r, ) are used in the transverse plane, where ¢ is the azi-
muth angle around the z-axis. The pseudorapidity is defined in terms
of the polar angle 8 as n = —In tan(6/2). Angular distance is measured
inunitsof AR= [ (An)? + (Ag)>.

Reconstructed (detector-level) objects are defined as follows. Elec-
tron candidates are required to satisfy the ‘tight’ likelihood-based
identification requirement as well as calorimeter- and track-based
isolation criteria® and have pseudorapidity || <1.37 or 1.52 < |n7] < 2.47.
Muon candidates are required to satisfy the ‘medium’ identification
requirement as well as track-based isolation criteria®>° and have
|n] <2.5.Electrons and muons must have aminimum transverse momen-
tum (p;) of 25-28 GeV, depending on the data-taking period. Showers
of particles (jets) that arise from the hadronization of quarks and
gluons® are reconstructed from particle-flow objects®, using the anti-k,
algorithm®>** witharadius parameter R = 0.4, a p; threshold of 25 GeV
and a |n| < 2.5 requirement. Objects can fulfil the criteria for both jet
and leptonselections, necessitating theimplementation of an overlap
removal procedure. This way, objects are associated with a singular
hypothesis. First, any electron candidates that share a track with a
muon candidate are removed. Subsequently, jets within AR=0.2 of an
electron are removed, and afterwards, electrons within a region
0.2 <AR< 0.4 around any remaining jet are rejected. Jets that have
fewer than three tracks and are within AR = 0.2 of a muon candidate
are removed, and muons within AR = 0.4 of any remaining jet are dis-
carded. A Jet-Vertex-Tagger (JVT) requirement is applied to jets with
p:<60GeV and |n| < 2.4 to suppress jets originating from additional
interactions in the same or neighbouring bunch crossings (pile-up)®*.
Jets are tagged as containing b-hadrons using the DL1r tagger® with a
b-tagging efficiency of 85%. Missing transverse momentum (p;"iss)
(refs. 66,67) is determined from the imbalance in the transverse
momenta of all reconstructed objects.

Tomeasure D, the top quarks must be reconstructed from their meas-
ured decay products. In the ¢f dileptonic decay, apart from charged
leptons and jets, there are two neutrinos that are not measured by the
detector. Several methods are available to reconstruct the top quarks
from the detector-level charged leptons, jets and p?iss. The main
method used in this work is the Ellipse method®®, whichis ageometric
approachto analytically calculate the neutrino momenta. This method
yields at least one real solution in 85% of events. We always choose the
solution with the lowest top-quark pair invariant mass, to populate the
region that is close to the threshold. If this method fails (for example,
the resultant solutions are all complex), the Neutrino Weighting
method® is used. The Neutrino Weighting method assigns a weight to
each possible solution by assessing the compatibility of the neutrino
momenta and the p?iss in the event, after scanning possible values of
the pseudorapidities of the neutrinos. In this analysis, the Neutrino
Weighting method is only used in a small fraction of events (about 5%).
Furthermore, in ref. 24, it was used in all events and the performance
was found to be the same between samples that include and exclude
spin correlation. If both methods fail, a simple pairing of each lepton
with its closest b-tagged jet is used as proxies for the top- and
antitop-quark, and no attempt is made to reconstruct the neutrinos.
Ifasecond b-tagged jetis not presentinthe event, the leading (highest)
pruntagged jetisusedinstead.Inall cases, a Wboson mass of 80.4 GeV
and atop-quark mass of 172.5 GeV are used as input parameters.

In simulated events, parton-level objects are taken directly from
the Monte Carlo history information and are required to have a status
codeof1,indicating that they are the fundamental particles (partons)

of the interaction. Top quarks are required to be partons that decay
toa Wboson and a b quark, whereas charged leptons are required
to be the immediate decay parton from the Wboson from the top
quark. Particle-level objects are reconstructed using simulated sta-
ble particles in the Monte Carlo simulation before their reconstruc-
tion in the detector but after hadronization. A particle is defined as
stable if it has a mean lifetime greater than 30 ps, within the pseu-
dorapidity acceptance of the detector. The selection criteria for the
particle-level objects are chosen to correspond as closely as possible
tothecriteriaapplied to the detector-level objects. Electrons, muons
and neutrinos are required to come from the electroweak decay of a
top quark and are discarded if they arise from the decay of a hadron
or a t-lepton. Electrons and muons are then ‘dressed’ by summing
their four momenta with any prompt photons within AR = 0.1. Elec-
trons and muons must also be well separated from jet activity. If they
lie within AR < 0.4 from a jet, they are removed from the event. Lep-
tons are also required to have p; >10 GeV and || < 2.5, and at least
one lepton must have p; >25 GeV. Jets are built by clustering all sta-
ble particles, using the anti-k, algorithm with a radius parameter of
R=0.4and aretagged as containing b-hadronsif they have atleast one
ghost-matched b-hadron’” with p; > 5 GeV. Jets are also required to
have p; >25 GeV and || < 2.5. Each Wboson s reconstructed by com-
bininganavailable electron and electron neutrino or muon and muon
neutrino. The top quark and antitop quark are reconstructed by pairing
the two leading b-tagged jets, or the b-tagged jet and the highest-p;
untagged jet in events with only one b-tag, with the reconstructed W
bosons. Both potential jet-lepton combinations are formed and the
one that minimizes |[m,— m(W, + b,,)| + |m.— m(W, + b,,)| is taken as
the correct pairing, where m, denotes the mass of the top quark, b,
denotes the two jets selected for the reconstruction, W, refersto the
reconstructed Wbosons and m is the invariant mass of the objects in
brackets.

Monte Carlo simulation

The production of tf events was modelled using the POWHEG BOX v.2
heavy-quark (hvq) (refs. 42-45) event generator. This generator uses
matrix elements calculated at next-to-leading-order (NLO) precision
in a strong coupling constant power expansion in QCD with the
NNPDF3.0NLO (ref. 72) parton distribution function (PDF) set and the
Agamp Parameter set to 1.5m, (ref. 73). The hy,,, parameter is a resum-
mation damping factor and one of the parameters that control the
matching of POWHEG matrix elements to the parton shower and thus
effectively regulates the high-p; radiation against which the system
recoils. The decays of the top quarks, including their spin correlations,
were modelled at leading-order (LO) precision in QCD. As an alterna-
tive, the POWHEG BOX RES (refs. 49,50) event generator, developed
totreat decaying resonances within the POWHEG BOX framework and
including off-shell and non-resonant effects in the matrix element
calculation, was used to produce an additional event sample, labelled
asbb4linthefollowing. Although bb42is the higher-precision Monte
Carlo sample, it cannot be compared directly with the data after they
are corrected for detector effects as it is not possible to remove its
off-shell component in a formally correct way. However, the effect of
using this model was tested approximately and was found to not sig-
nificantly change the conclusions of the measurement.

In the bb4¢ event sample, spin correlations are calculated at NLO,
and full NLO accuracy in tf production and decaysis attained. To model
the parton shower, hadronization and underlying event, the events
fromboth POWHEG BOX v.2 and POWHEG BOXRES were interfaced to
PYTHIA 8.230 (ref. 46), with parameters set according to the Al4 set
of tuned parameters™ and using the NNPDF2.3LO set of PDFs™. Simi-
larly, the events from POWHEG BOX v.2 (hvq) were also interfaced with
HERWIG 7.2.1 (refs. 47,48), using the HERWIG 7.2.1 default set of tuned
parameters. The decays of bottom and charm hadrons were performed
by EVTGEN1.6.0 (ref. 76). The spininformation from the matrix element
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calculationis not passed to the parton shower programs and, therefore,
is not fully preserved during the shower.

All simulated event samples include pile-up interactions, and the
events are reweighted to reproduce the observed distribution of the
average number of collisions per bunch crossing.

Reweighting the cos ¢ distribution

To construct the calibration curve, templates for alternative scenarios
with different degrees of entanglement, and therefore with different
values of D, must be extracted. The degree of entanglementis intrinsic
inthe calculations of the Monte Carlo event generators. However, the
effects of entanglement can be directly accessed using D, measured
from the average of the cos ¢ distribution in the event. Therefore, an
event-by-event reweighting based on D is used to vary the degree of
entanglement. Although the measurement uses detector-level and
particle-level objects, the observable Dis changed at the parton level,
atwhichitisdirectly related to the entanglement between the top and
antitop spins. Therefore, each event is reweighted according to its
parton-level values of mand cos ¢, as described below.

The entanglement marker Dis extracted at the partonlevel fromthe
cos ¢ distribution by using either the mean of the distribution
D =-3-{cos @) ortheslope of the normalized differential cross-section
(1/0)do/dcos¢@ =(1/2)(1-D cos ).

For simplicity, the analysis always uses the mean of the distribution,
although the two methods are equivalent. Thus, for the purpose of
reweighting, we must change the slope of the cos ¢ distribution at the
partonlevel. Eacheventis reweighted accordingto this slope, whichin
turn changes the distributions at the particle level and detector level.

The observable D depends on the invariant mass of the tf system,
m,;. To perform the reweighting, the differential value of D per mass
unitasafunction of m;, D(m), has to be calculated. Thisisachieved
by fitting a third-order polynomial of the form

1 2 3
Do(m) =Xo + X, Mgz +3- M7+ Mz,

where x,, X;, X, and x; are constants. This parametrization was found
todescribe well the value of D(m,;), in good agreement with the Monte
Carlo prediction. The values of the parameters of D,(m,;) depend on
the Monte Carlo event generator and have to be calculated for the
nominal sample and for the effect of each of the ¢f theory systematic
uncertainties, as they change the parton-level cos ¢ values and thus
Dn(mtf).

Thereweighting methodisasimple scaling of the cos ¢ distribution
according to the desired new value of D. This is done by assigning a
weight wto each event at parton level as

_1-Dp(my) - X- cosep
~ 1-Dy(myg) - cosg

with X as the scaling hypothesis of D. If, for example, ¥ =1.2, it means
that D is scaled up by 20% relative to its nominal value. To build the
calibration curve, four alternative values of D are considered, with
X=0.4,0.6,0.8,1.2,inaddition to the nominal value without reweight-
ing (X=1.0).Itisimportantto note that these X values change D across
the entire m, spectrum. In Extended Data Fig. 1, the parton-level dis-
tribution of Disshowninthe signal region before and after reweighting.

Background modelling

Simulated datain the form of Monte Carlo samples were produced using
either the full ATLAS detector simulation”” based on the GEANT4 frame-
work’or, for the estimation of some of the systematic uncertainties, a
faster simulation with parameterized showers in the calorimeters”. The
effect of pile-up was modelled by overlaying each hard-scattering event
withinelastic pp collisions generated with PYTHIA 8.186 (ref. 80) using
the NNPDF2.3LO set of PDFs” and the A3 set of tuned parameters®..

Except for the events simulated with SHERPA, the EVTGEN program
was used to simulate bottom and charm hadron decays. If not men-
tioned otherwise, the top-quark mass was set tom,=172.5 GeV. All event
samples that were interfaced with PYTHIA used the Al14 set of tuned
parameters”™ and the NNPDF2.3LO PDF set.

Single-top quark tWassociated production was modelled using the
POWHEG BOX v.2 (refs. 43-45,82) event generator, which provides
matrix elements at NLO in the strong coupling constant «, in the
five-flavour scheme with the NNPDF3.0NLO (ref. 72) PDF set. The func-
tional form of the renormalization and factorization scales was set to
the default scale, which is equal to the top-quark mass. The diagram-
removal scheme®®was used to handle the interference with ¢ produc-
tion”. The inclusive cross-section was corrected to the theoretical
prediction calculated at NLO in QCD with next-to-next-leading-
logarithm (NNLL) soft-gluon corrections®*®. For pp collisions at a
centre-of-mass energy of vs =13 TeV, this cross-section corresponds
to 0(tW)niosni = 71.7 £ 3.8 pb. The uncertainty in the cross-section
due to the PDF was estimated using the MSTW2008NNLO 90%CL
(refs. 86,87) PDF set and was added in quadrature to the effect of the
scale uncertainty.

Samples of diboson final states (VV), where Vdenotes a Wor Zboson,
were simulated withthe SHERPA 2.2.2 (ref. 88) event generator, includ-
ing off-shell effects and Higgs boson contributions, where appropriate.
Fully leptonic final states and semileptonic final states, in which one
boson decays leptonically and the other hadronically, were generated
using matrix elements at NLO accuracy in QCD for up to one additional
partonandat LO accuracy for up to three additional parton emissions.
Samples for theloop-induced processes gg > VVwere generated using
LO-accurate matrix elements for up to one additional parton emission
for both the cases of fully leptonic and semileptonic final states. The
matrix element calculations were matched and merged with the SHERPA
parton shower based on Catani-Seymour dipole factorization®*° using
the MEPS@NLO prescription®**. The virtual QCD corrections were
provided by the OPENLOOPS library®®”. The NNPDF3.0NNLO set of
PDFswas used’?, along with the dedicated set of tuned parton-shower
parameters developed by the SHERPA authors.

The production of V +jets events was simulated with the SHERPA
2.2.11 (ref. 88) event generator using NLO matrix elements for up to
two partons, and LO matrix elements for up to five partons, calcu-
lated with the Comix (ref. 89) and OPENLOOPS 2 (refs. 95-98) librar-
ies. They were matched with the SHERPA parton shower® using the
MEPS@NLO prescription®**. The set of tuned parameters developed
by the SHERPA authors was used, along with the NNPDF3.0NNLO set
of PDFs™.,

The production of tfV events was modelled using the MADGRAPH5_
AMC@NLO 2.3.3 (ref. 99) event generator, which provides matrix ele-
mentsat NLO inthe strong coupling constant a,with the NNPDF3.0NLO
(ref. 72) PDFs. The functional form of the renormalization and facto-
rization scales wassett0 0.5x ¥, [m? + p% ;»where the sum runs over
all the particles generated from the matrix element calculation. Top
quarks were decayed at LO using MADSPIN (refs. 100,101) to preserve
spin correlations. The events were interfaced with PYTHIA 8.210
(ref. 46) for the simulation of parton showering and hadronization.
Thecross-sections were calculated at NLO QCD and NLO EW accuracy
using MADGRAPH5_AMC@NLO asreported inref.102. For tt£¢ events,
the cross-section was scaled by an off-shell correction estimated at
one-loop levelin a,.

The production of ttH events was modelled using the POWHEG
BOX v.2 (refs. 42-45,103) event generator, which provides matrix
elements at NLO in the strong coupling constant a, in the five-
flavour scheme with the NNPDF3.0NLO (ref. 72) PDF set. The functio-
nal form of the renormalization and factorization scales was set to
3/m(¢) - my(6) - my(H). The events were interfaced with PY THIA 8.230.
The cross-section was calculated at NLO QCD and NLO EW accuracy
using MADGRAPH5_AMC@NLO asreported inref. 102. The predicted




value at Vs =13 TeV is 5072 fb, for which the uncertainties were esti-
mated fromvariations of both a,and the renormalization and factori-
zation scales.

The background from non-prompt or fake leptons was modelled
using simulated Monte Carlo events to describe the shape of the kin-
ematic distributions. Monte Carlo event generator informationis used
todistinguish events with promptleptons from events with non-prompt
or fake leptons. The normalization of this background was obtained
from data by using adedicated control region. This control region uses
the same basic event selection as the signal and validation regions,
the only difference being that the electric charges of the electron and
muon must have the same sign. Within this control region, the number
of simulated prompt-lepton events is subtracted from the observed
number of data events. The number of events remaining is then divided
by the number of simulated fake-lepton events, resulting in anormali-
zation factor of 1.4. This scale factor is then applied to the simulated
fake-lepton events in the signal and validation regions.

Systematic uncertainties

The systematic uncertainties can be divided into three separate cat-
egories: signal modelling uncertainties, which stem from the theory
prediction of tf production; object systematic uncertainties, which
arise fromthe uncertainty in the detector response to objects used in
the analysis; and background modelling systematic uncertainties,
whicharerelated to the theory prediction of the standard model back-
grounds. All systematic uncertainties, grouped according to their
sources, are described in the following sections. The signal modelling
uncertainties were found to dominate the overall uncertainty of this
measurement.

For each source of systematic uncertainty, a new calibration curve
is created and the simulated (or observed) data are corrected, result-
ing in a shifted corrected result. In most cases, the systematic uncer-
tainty is taken to be the difference between the nominal expected
and observed result and the systematically shifted result. In cases
in which a systematic shift only affects the background model (for
example, background cross-section uncertainties), the systemati-
cally shifted background sample is subtracted from the data instead
before the calibration is performed. In cases in which the systematic
uncertainty is one-sided, the uncertainty is symmetrized. In cases in
which the uncertainties are asymmetric, the larger of the two varia-
tions is symmetrized. The signal modelling uncertainties dominate
the measurement, and their estimated sizes are presented in Extended
DataTablel.

Signal modelling uncertainties. Signal modelling uncertainties are

those related to the choice of POWHEG BOX + PYTHIA as the nominal

Monte Carlo setup as well as those affecting the theoretical calcu-

lation itself. These systematic uncertainties are considered in two

forms: alternative event generators and weights. For the alternative-
generator uncertainties, the difference between the calibrated values of

Distaken as the systematic uncertainty. For the systematic uncertain-

tiesinvolving weights, the difference between the calibrated D values

for the nominal sample and the weight-shifted sample is taken as the
uncertainty. These uncertainties follow the descriptioninref. 104 and
are enumerated as follows:

« pThard setting: the region of phase space that is vetoed in the shower-
ingwhenmatchedto a partonshoweris varied by changing theinternal
pThard parameter of POWHEG BOX from O to1, as describedinref. 105.

« Top-quark decay: the uncertainty in the modelling of the decay of
the top quarks and of the m,; line shape is estimated by comparing
the nominal decay in POWHEG BOX with the decays modelled with
MADSPIN (refs. 100,101). The effect of this uncertainty is to shift the
my;lineshape tolower or higher values thatalter the degree of entan-
glement entering the signal region. Thus, this is one of the most
impactful sources of systematic uncertainty.

* NNLO QCD + NLO EW reweighting: the uncertainty due to missing
higher-order corrections is estimated by reweighting the p; of the
top quarks, the p; of the tf system and the m;; spectra at parton
level to match the predicted NNLO QCD and NLO EW differential
cross-sections'*%”,

Parton shower and hadronization: this uncertainty is estimated by
comparing two different parton-shower and hadronization algo-
rithms, PYTHIA and HERWIG, interfaced with the same matrix element
event generator (POWHEG BOX).

Recoil scheme: the nominal sample uses a recoil scheme in which
the partons recoil against b-quarks. This recoil scheme changes the
modelling of the second and subsequent gluon emissions from quarks
produced by coloured resonance decays, such as the b-quark in a
top-quark decay, and therefore affects how the momentum is rear-
ranged between the Wboson and the b-quark. An alternative sample
isproducedinwhich therecoil is set to be against the top quarkitself
for the second and subsequent emissions'®s,

Scale uncertainties: the renormalization and factorization scales are
raised and lowered by a factor of 2 in the nominal POWHEG setup,
including simultaneous variationsin the same direction. The envelope
ofresults fromall of these variations is taken as the final uncertainty.
Initial-state radiation: The uncertainty due toinitial-state radiationis
estimated by choosing the Var3c up/down variations of the A14 tune
asdescribed in ref. 109.

Final-state radiation: the impact of final-state radiation is evaluated
by doubling or halving the renormalization scale for emissions from
the parton shower.

PDF: the systematic uncertainty due to the choice of PDF is assessed
using the PDF4LHC15 eigenvector decomposition'. The full differ-
encebetween theresults from thenominal PDF and the varied PDF is
taken and symmetrized for each of the 30 eigenvectors. The quadra-
turesum of all result variationsis provided in Extended Data Table1.
hgamp SEtLing: the hy,,, parameter is aresummation damping factor
and one of the parameters that control the matching of POWHEG BOX
matrix elements to the parton shower and thus effectively regulates
the high-p; radiation against which the tf systemrecoils. The system-
atic uncertainty due to the chosen value of the hg,,, parameter is
assessed by comparing the nominal POWHEG+ PYTHIA result with
one in which the h,, parameter is increased by a factor of two.
Top-quark mass: the effect of the top-quark mass uncertainty is exam-
ined by comparing the nominal sample with alternative samples that
use m,=172 GeV or 173 GeV in the simulation.

Object systematic uncertainties. Systematic uncertainties that origi-
nate fromthe uncertainty in the detector response to the objects used
inthe analysis are estimated.

« Electrons: The systematic uncertainties considered for electrons arise
mainly fromuncertaintiesin their trigger, reconstruction, identifica-
tionandisolation efficiencies and are estimated using tag-and-probe
measurements in Zand J/¢ decays®*™. Electron-related systematic
uncertainties have a negligible impact on the final measurement,
with a total contribution of about 0.2%.

Muons: The systematic uncertainties considered for muons arise from
uncertainties in their trigger, identification and isolation efficien-
cies, and their energy scale and resolution, and are estimated using
tag-and-probe measurements in Zand J/¢ decays®”*°. Muon-related
systematic uncertainties have a negligible impact on the final meas-
urement, with a total contribution of about 0.3%.

Jets: The systematic uncertainties associated with jets are separated
into those related to the jet-energy scale and resolution (JES and JER)®°
and those related to the JVT algorithm®. The JES uncertainty consists
of 31individual components and the JER uncertainty consists of 13
individual components that are added in quadrature with the JVT
uncertainty to obtain the total jet uncertainty. The largest contribu-
tion from a single source is 0.2%.
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- b-Tagging: The estimation of these uncertainties is described in
ref. 112. A total of 17 independent systematic variations are consid-
ered: 9related to b-hadrons, 4 related to c-hadrons, and 4 related to
light-jet misidentification. Furthermore, two high-p; extrapolation
uncertainties are taken into account. The largest contribution from
asingle systematic variation is 0.4%.

E'Miss: All object-based uncertainties are fully correlated with the
reconstruction of the FT" object of the event, the magnitude of the
p?‘iss vector. However, there are some uncertainties specific to the
reconstruction of ET'** that concern soft tracks not matched to lep-
tonsorjets. These uncertainties are divided into parallel and perpen-
dicular response components as well as a scale uncertainty®®. These
have a negligible effect on the measurement.

Pile-up: The effect of pile-up was modelled by overlaying the simu-
lated hard-scattering events with inelastic pp events. To assess the
systematic uncertainty due to pile-up, the reweighting performed
to match simulation to data is varied within its uncertainty®*. The
resulting uncertainty has an effect of less than 0.1%.
Luminosity: The luminosity uncertainty only changes the normaliza-
tion of the signal and background samples. The value of D is calcu-
lated from the normalized cos ¢ distribution and, therefore, is not
affected by varying the sample normalization. However, the total
expected statistical uncertainty can be affected by the luminosity
uncertainty. This analysis uses the latest integrated luminosity esti-
mate 0f 140.1+ 1.2 fb™* (ref. 113). Its uncertainty affects the measure-
ment by less than 0.1%.

Background modelling systematic uncertainties. Background events
arearelatively small source of uncertainty in this measurement because
the event selection and top-quark reconstruction, especially the m,;
constraint, tend to suppress them. The uncertainties and their sources
arelisted in the following:

« Single top quark: two uncertainties are considered for the single-top

quark background: a cross-section uncertainty of 5.3% based on the

NNLO cross-section uncertainty® and an uncertainty for the choice

of schemes used to remove higher-order diagrams that overlap with

the tt process. For the latter, the nominal POWHEG + PYTHIA sample,
generated with the diagram-removal scheme®, was compared with
an alternative sample generated using the diagram-subtraction
scheme”®, The cross-section uncertainty has a 0.4% effect on the
measurement, whereas the choice of diagram scheme has less than

0.1% effect on the measurement.

tt + X:anormalization uncertainty is considered for each of the tf + X

backgrounds: a cross-section uncertainty of *1% for ¢tf + Z and 335

for tt + W. Both are based on the NLO cross-section uncertainty

derived from the renormalization and factorization scale variations
and PDF uncertainties in the matrix element calculation. These uncer-
tainties have a negligible effect on the measurement because the
tt + X processes make a very small contribution to the signal region.

Diboson: a normalization uncertainty of +10% is considered for the

diboson processto account for the difference betweenthe NLO pre-

cision of the SHERPA event generator and the precision of the theo-
retical cross-sections calculated to NNLO in QCD with NLO EW

corrections. This simple K-factor approach is taken, rather than a

more elaborate prescription, because the diboson background is

small and the phase space selected by the analysis (m; <380GeV) is
unlikely to be sensitive to shape effects in the EW corrections, typi-

cally observed in high-p; tails. This uncertainty has less than 0.1%

effect on the measurement.

« 7> tr:aconservative cross-section uncertainty of +20%is applied to
the Z- 1t background to account for the uncertainty in the
cross-section prediction (which is much smaller than this variation)
aswellas toaccount for some mismodelling of the rate of associated
heavy-flavor production, whichis typically seenin eeand yu dileptonic
tt analyses and was estimated to be a 5% (3%) effect in previousitera-

tions of this analysis that included the ee (upt) channel. This assump-
tionis conservative asitis not possible toisolate apureZ- trcontrol
region in which to estimate this effect, and therefore additional
lepton-flavor-related effects present in the ee and uu channels are
alsobeingincluded. Thisuncertainty has anoticeableimpactonthe
finalmeasurement, becoming the largest background-related uncer-
tainty. It becomes large, despite this background being relatively
small, because the reconstruction-level Z-> trcosg distribution is
quite flat and, therefore, subtracting even a relatively small amount
of Z > trbackground can noticeably affect the mean of the overall
cos @ distribution and therefore the D observable. This uncertainty
has animpact of 0.8% on the measurement.

Fake and non-prompt leptons: a normalization uncertainty of +50%
isassigned toaccount for the uncertainty in the total yield of fake or
non-promptleptonsinthe signal region compared with the same-sign
control region to ensure adequate coverage for our understanding
of the rates of these types of events. It is a conservative uncertainty
based on the observed level of data and Monte Carlo agreement in
the same-sign region. The uncertainty has only a 0.1% effect on the
final measurement.

Most of the systematic uncertainties that are considered are inconse-
quential to the measurement, and the dominant systematic uncertain-
ties arise mostly from the signal modelling. These findings are true for
the validation regions as well.

Parton shower and hadronization effects

Thestudies describedin the following were performed to gainamore
detailed understanding of why the different parton-shower and had-
ronization algorithms yield different values for the entanglement-
and spin-correlation-related observables. The nominal Monte Carlo
sample was produced with the NLO matrix element implemented in
POWHEG BOX (hvq). The four momenta produced with POWHEG BOX
wereinterfaced with either PYTHIA or HERWIG for the parton shower,
hadronization and underlying-event model.

Atthepartonlevel, thetwo predictions are nearly identical, whereas
at the stable-particle and detector levels, the two predictions show
larger differencesin the shape of the cos g distributions. A parton-level
measurement would, therefore, suffer from the ambiguity in cos ¢,
whereas the particle-level measurement presented in this paper does
not. An extensive suite of studies was performed to understand the
origin of this difference.

Apart fromusing different parameter-tuning strategies, there are two
main differences between the two parton-shower algorithms: their had-
ronization model and the shower ordering. Whereas PYTHIA is based
onthe Lund stringmodel and uses a p;-ordered dipole shower™ ™, the
HERWIG samples used in this study are based on a cluster model and
use an angular-ordered shower as the default™.

Acomparison between Monte Carlo simulations with different had-
ronization models was performed. For one study, SHERPA was used
with either astring or a cluster model for hadronization. For the other
study, HERWIG 7 was used, again comparing the effects of using either
astring or a cluster model. Changing the hadronization model has
showninboth casestohave anegligible effect on the cos g distribution,
both when not placing a cut on m; and when using a smaller part of
phasespace close tothesignal region of the analysis, with m; <380 GeV.
Instead, most of the differences seem to originate from the different
orderingsin the parton shower. Toillustrate this, different event gen-
erator setups were used for simulation and the corresponding cos ¢
distributions were compared at particle level. The cos ¢ distributions
for the POWHEG + PYTHIA and POWHEG + HERWIG samples used in
the analysisare shownin Extended DataFig. 2a, together with distribu-
tions for two different setups of HERWIG 7 in Extended Data Fig. 2b.
In these setups, HERWIG 7 was used both for the production of the tf
events and for the partonshower, hadronization and underlying event.



The samples were produced at LO, using either a dipole shower or an
angular-ordered shower. All distributions are normalized to unity.
A difference of up to 6% is observed when examining the ratio of
POWHEG + HERWIG to POWHEG + PYTHIA distributions. The same
behaviour is observed when comparing the two different showering
orders for HERWIG.

The similarities between the samples used in this analysis and the
HERWIG samples with different showering ordersimply that the order-
ing of the shower is the main cause of the observed differences. It has
tobenoted, however, that POWHEG does not pass the spin correlation
information to the parton shower algorithms, whereas this is done in
the LO HERWIG setup used to study these hadronization effects.

Thesefindingslead to the conclusion that performing the measure-
ment at the particle level is more attractive because the differenceinthe
predictions while extrapolating from the parton to particle level canbe
isolated and not taken as full systematic uncertainty. In the validation
regions, the level of agreement between either POWHEG + PYTHIA or
POWHEG + HERWIG and the data are similar. As the measurement is
performed at the stable-particle level, the parton-level prediction for
the entanglement limit was folded to the particle level as well, using
aspecial calibration curve for this step. The prediction for the entan-
glement limit with POWHEG + HERWIG is further away from the data
measurement than the one for POWHEG + PYTHIA. This difference is
not symmetrized. All uncertainties in the POWHEG + PYTHIA predic-
tionitselfare folded to the particlelevel aswell and are included in the
grey uncertainty band in Fig. 2b.

The procedure used in Monte Carlo event generators to combine the
matrix element with a parton-shower algorithmrequires special atten-
tioninfuture higher-precision quantuminformation studiesat the LHC.
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Extended DataFig.1|Example of reweighting technique. Example of

the nominal cosg distribution and the results of applying the reweighting
technique with X=0.4, 0.6, 0.8,1.2in the signal region at parton level. The lower
panel shows the ratio of each D value after reweighting (‘Pred.’) to the nominal
Dvalue (‘Nom.").
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(redline, p-ordered dipole shower) or HERWIG (blue line, angular-ordered

shower) while figure (b) compares events simulated with HERWIG using either
adipole-ordered shower (red line) or an angular-ordered shower (blue line).



Extended Data Table 1| Summary of modelling uncertainties

Systematic uncertainty source Relative size (for SM D value)
Top-quark decay 1.6%
Parton distribution function 1.2%
Recoil scheme 1.1%
Final-state radiation 1.1%
Scale uncertainties 1.1%
NNLO QCD + NLO EW reweighting 1.1%
pThard setting 0.8%
Top-quark mass 0.7%
Initial-state radiation 0.2%
Parton shower and hadronization 0.2%
hgamp setting 0.1%

Relative sizes of the signal modelling uncertainties at the standard model expectation point
Dparticte = ~0.47 for the nominal POWHEG BOX sample.
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