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Abstract

Top quark pair spin correlation measurements performed by the ATLAS experiment us-
ing pp collisions at the CERN Large Hadron Collider are summarized. Moreover, the
measurement of a specific observable D related to top quark pair spin correlations is pre-
sented using the full LHC Run 2 data taking at the center-of-mass energy of +/s = 13 TeV.
This allowed the ATLAS experiment to observe the quantum entanglement, one of the
fundamental property of the quantum mechanics.
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1 Introduction

The top quark differs from other quarks mainly by its large mass m, = 172.57+0.29 GeV [1].
Consequently, the top quark decays well before forming bound states and before spin decorre-
lation effects happen [2]. Therefore, the correlation between the spin of the top quark and the
antitop quark in their pair (tt) production is transferred to their decay products. By measur-
ing these products, it is thus possible to learn about these correlations. Recently, it has been
proposed that measuring tt correlations in a specific phase space can be used to study the
fundamental aspects of quantum mechanics at the LHC [3,4].

The ATLAS experiment [5] performed a few measurements of tt spin correlations using the
data from LHC Run 1 at the center-of-mass energy /s = 7 TeV [6-8] and /s = 8 TeV [9,10]
and also from LHC Run 2 at /s = 13 TeV [11].

In this paper, we summarize the most precise spin density matrix ATLAS measurement
performed at 4/s = 8 TeV [10] and also a simplified measurement of tf spin correlations at
v/s =13 TeV [11]. Moreover, the measurement of a specific observable D sensitive to t spin
correlations and used to determine the quantum entanglement is also presented [12].
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2 Top quark pair spin correlations

The spin information of top quarks in the tt pair production can be fully characterized by 15
coefficients where six coefficients correspond to three-component polarization vectors of top
(B.) and antitop (B_) quarks while nine coefficients (3 x 3 matrix C) describe the correlations
between the spin of the top and the antitop quarks alongside three axes [13]. The orthonormal
helicity basis with three axes k7,7 is typically used to define these coefficients. All these
coefficients can be determined by measuring various cos 6 /- angles between the direction
of a positive(+) or negative(-) lepton in its parent top quark rest frame and a given axis a:

Bi/_ =3 < cos Qi/_ >, C(a, b) =—9 < cos 6 cos 0® >, where a,b correspond to one of _IE, n,r
axis [13].

The ATLAS experiment measurement of the full spin density matrix was performed in Run 1
at /s = 8 TeV using the full dataset (20.2 fb~1) [10]. All three dilepton channels (ee, uu, eu)
were combined. The neutrino weighting method was used for tt reconstruction. Various mea-
sured cos 6 distributions were corrected to the truth level (both the stable-particle level and
the parton level) and the coefficients were determined from such distributions. The measured
polarization coefficients are all consistent with the Standard Model (SM) prediction of zero.
The summary of measured correlation coefficients is presented in Figure 1. Most of the mea-
surements agree within one standard deviation with the theory. The uncertainties range from
3 — 5% for spin polarization measurements up to 9 — 19% for spin correlation cross-terms.
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Figure 1: Comparison of the measured spin correlations (data points) with predic-
tions from the Standard Model (diamonds) for the parton-level measurement. The
spin correlations along the same axes are present in the left plot, while the cross-
correlation terms using different axes are presented on the right. Inner bars indicate
statistical and detector related uncertainties, outer bars indicate modeling systemat-
ics, summed in quadrature [10].

The ATLAS experiment performed also measurement of spin correlations with partial Run
2 dataset (36 fb™!) at 4/s = 13 TeV [11]. Here, the ey channel was used and only the differ-
ence in the azimuthal angle between the leptons A¢ (1", 1~) was measured. The template fit of
data to the prediction, shown in Figure 2, was performed to determine the amount of spin cor-
relations compared to the SM prediction obtained at next-to-leading order using the POWHEG
Monte-Carlo (MC) generator. The measured fraction was determined to be 1.25i8:(1)? which
corresponds to a bit higher correlations than the prediction from POWHEG. This difference

gets smaller if the next-to-next-to-leading order prediction is used in comparison [14].
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Figure 2: Result of the fit of hypothesis templates corresponding to SM spin cor-
relation and no-correlation to the unfolded data showing the A¢(I*,17) distribu-
tion [11].

3 Quantum entanglement

The quantum entanglement is a phenomenon in which a quantum state of one particle can not
be described independently from another particle. A typical example of the entangled state
is a system of two fermions in a spin-singlet state. At the LHC, the initial state is not a pure
quantum state, it’s a mixed spin state of initial quarks or gluons. In general, such system is
described by a density matrix. This corresponds to a tt spin density matrix p when interested
in the spins of top quarks in their pair production. The spin correlations can be then used to
characterize the entanglement.

A quantitative measure of the degree of the entanglement is a concurrence of the spin den-
sity matrix C[ o ]. The sufficient and necessary condition for the entanglement is C[p] > 0 [3].
There are two distinct regions with high values of a concurrence in the two dimensional plane
of the invariant mass of the tt pair m(tt) and the production angle 6 in the tt center-of-
mass frame: a region of high m(tt) while 8 ~ /2 and a low m(tt) region. The dominant
contribution in a low mass region is the gg fusion with top quarks in the spin singlet state.
The sufficient condition on the concurrence can be translated to the sufficient condition on
tt spin correlation matrix in a low mass region Tr[C] < —1 [3]. The entanglement can be
observed using D observable which is directly proportional to a slope of the cos ¢ distribution
D =Tr[C]/3 = —3<cos ¢ >, where ¢ is an angle between the two lepton directions measured
in their parent top quark and antiquark rest frames, respectively. The entanglement condition
Tr[C] < —1 then translates to D < —1/3 [3].

The ATLAS experiment performed the measurement in the dilepton eu channel using
the full Run 2 dataset corresponding to the luminosity of 140 fb™! collected between years
2015 and 2018 [12]. In this measurement, the ATLAS collaboration concentrated on a low
m(tt) region. The simple selection criteria were used. One electron and one muon with
pr > 25—28 GeV (depending on the year of data taking) were required with the opposite-sign
electric charge. No cut on missing transverse momentum was applied while at least two jets
with pr > 25 GeV were required where at least one of them was identified to come from the
hadronization of a b-hadron (b-jets). There are about 1.1 million of events after full event
selection with 90% of these expected to come from the tt pair signal process. The dominant
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Figure 3: The left panel shows the cos ¢ distribution at the detector level and the right
panel shows the entanglement marker D. The left plot corresponds to the validation
region and the right plot to the signal region at the detector level. Three different
MC generator predictions are shown after background processes are subtracted. The
uncertainty band shows the uncertainties from all sources added in quadrature [12].

background is the single top production (60%) and events with non-prompt or mis-identified
lepton (‘fakes’, 30%). All backgrounds except for fakes are estimated by the simulation with
fakes estimated by the data-driven method.

The reconstruction of top quarks momenta was performed by a combination of various
methods. The ‘Ellipse’ method (85% efficiency) was used as the main method. This method an-
alytically calculates two ellipses for pr of neutrinos and finds intersections. If ‘Ellipse’ method
fails, the neutrino weighting method (5%) is used while if both methods fail, a simple pairing
of leptons with the closest b-jets is performed (10%).

The event sample was divided into 3 regions based on the m(tt): in the signal region it is
required 340 GeV < m(tt) < 380 GeV while two validation regions require m(tt) > 500 GeV
and 380 GeV < m(tt) < 500 GeV, respectively. The reconstructed detector level cos ¢ distri-
bution and the corresponding observable D agree well with the prediction in both validation
regions, see Figure 3 for m(tt) > 500 GeV region. The detector level cos ¢ distribution and
the observable D in the signal region is also shown in Figure 3.

The measured data at the detector level are corrected to the truth (stable-particle) level
using the calibration curve where the particle level selection criteria are similar to the detector
level. The calibration curve was created by reweighting the simulation based on the truth D
value. For each systematic uncertainty, a new calibration curve is created. There are three
main categories of systematic uncertainties: the signal modeling, which is the dominant com-
ponent (3.2%); the background modeling (1.1%); and the object reconstruction. The main
component of the signal modeling is the uncertainty due to the modeling of the top quark
decay (1.6%).

Measured D in the signal region at the particle level is —0.53740.002 (stat.)+0.019 (syst.),
see Figure 4, which is significantly > 5 standard deviations) below the limit required for the
presence of the entanglement (—0.322 +0.009 for the POWHEG+PYTHIA 8 prediction). This
means that ATLAS observes the entanglement. It should be noted that the POWHEG+PYTHIA
and POWHEG+HERWIG generators give different predictions. This was investigated and the
size of the observed difference is consistent with changing the method of shower ordering.
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Figure 4: The particle-level D results in the signal and validation regions com-
pared with various predictions from Monte-Carlo generators. The entanglement limit
shown is a conversion from its parton-level value of D = —1/3 to the corresponding
value at particle level [12].

The deeper understanding would require further investigations. Also, the data do not agree
with the prediction in the low m(tt) region. 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 simulation.

4 Conclusion

The ATLAS experiment studied the tt pair spin correlations extensively. The full spin-correlation
matrix was measured in the LHC Run 1 data taking. Recently, the spin correlations were shown
to provide the information on the quantum entanglement and the ATLAS experiment observed
the quantum entanglement in tt pair production using the full Run 2 dataset. The tt modeling
is a limiting factor in a couple of areas for the ATLAS entanglement measurement. Therefore
it is hoped this measurement will stimulate a progress in this area. There are up to about
20 times more data expected with the full LHC program. Hopefully, this is therefore just a
beginning of an era of the quantum information measurements at the LHC.
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