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Abstract

A measurement of spin correlation in ¢¢ production is presented using data collected with the
ATLAS detector at the Large Hadron Collider in proton—proton collisions at a center-of-mass energy
of 8 TeV, corresponding to an integrated luminosity of 20.3 fo—!. The correlation between the top and
antitop quark spins is extracted from dilepton t¢ events by using the difference in azimuthal angle
between the two charged leptons in the laboratory frame. In the helicity basis the measured degree
of correlation corresponds t0 Apelicity = 0.38 & 0.04, in agreement with the Standard Model prediction.
A search is performed for pair production of top squarks with masses close to the top quark mass
decaying to predominantly right-handed top quarks and a light neutralino, the lightest supersymmetric
particle. Top squarks with masses between the top quark mass and 191 GeV are excluded at the
95% confidence level.
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Measurement of Spin Correlation in Top—Antitop Quark Events and Search for Top Squark
Pair Production in pp Collisions at /s=8 TeV Using the ATLAS Detector

The ATLAS Collaboration

A measurement of spin correlation in ¢¢ production is presented using data collected with the ATLAS
detector at the Large Hadron Collider in proton—proton collisions at a center-of-mass energy of 8 TeV,
corresponding to an integrated luminosity of 20.3 fb~!. The correlation between the top and antitop
quark spins is extracted from dilepton ¢t events by using the difference in azimuthal angle between the
two charged leptons in the laboratory frame. In the helicity basis the measured degree of correlation
corresponds t0 Apelicity = 0.38 £ 0.04, in agreement with the Standard Model prediction. A search
is performed for pair production of top squarks with masses close to the top quark mass decaying to
predominantly right-handed top quarks and a light neutralino, the lightest supersymmetric particle. Top
squarks with masses between the top quark mass and 191 GeV are excluded at the 95% confidence level.

PACS numbers: 14.65.Ha, 14.80.Ly, 12.38.Qk, 13.85.Qk, 11.30.Pb, 12.60.Jv

Detailed studies of the correlation of the spin of top
and antitop quarks in ¢¢ events produced at hadron collid-
ers are of great interest; they provide important precision
tests of the predictions of the Standard Model (SM) and
are sensitive to many theories beyond the SM [1-16]. The
orientations of the top and antitop quark spins are trans-
ferred to the decay products and can be measured directly
via their angular distributions [3} [17H36]]. The strength of
their correlation has been studied previously by the CDF
and DO collaborations in proton—anti-proton scattering at
1.98 TeV [37-H40] and by the ATLAS and CMS collabora-
tions in proton—proton scattering at 7 TeV [41-43].

In this Letter the first measurement of ¢t spin correla-
tion in proton—proton collisions at a center-of-mass energy
of 8 TeV is presented. Dilepton final states of ee, pu
and ey are analyzed, because the polarization-analyzing
power of the angular distribution of the charged lepton
from top and antitop quark decays is maximized and effec-
tively 100% [44, [45]. A variable very sensitive to ¢ spin
correlation is the azimuthal angle A¢ between the charged
leptons [34], which is also well measured by the ATLAS
detector.

First, the measurement of A¢ is used to extract the spin
correlation strength Ayclicity = W where Njike
is the number of events where the top quaﬁ< and top anti-
quark spins are parallel, and Ny is the number of events
where they are anti-parallel with respect to the spin quan-
tization axis. This axis is chosen to be that of the helic-
ity basis, using the direction of flight of the top quark in
the center-of-mass frame of the ¢f system. Second, in a
study of a specific model that leads to zero spin correla-
tion, a search for supersymmetric (SUSY) top squark pair
production is performed.

At the Large Hadron Collider (LHC), the SUSY part-
ners of the top quark, the top squarks, could be produced
in pairs. Models with light top squarks are particularly at-
tractive since they provide a solution to the hierarchy prob-
lem. In such models, the mass m;, of the lighter top squark
mass eigenstate ¢, could be close to the mass of the top

quark m; [46, 47]. If the lightest SUSY particle, the neu-
tralino x{(or alternatively the gravitino), is light and the
top squark mass is only slightly larger than the top quark
mass, two-body decays £; — txY in which the momentum
of X! is very small can predominate [16]. The masses of
all other SUSY particles are assumed to be large. In SUSY
models where R-parity is conserved, such as the Minimal
Supersymmetric Standard Model (MSSM) [48152], this
could lead to ttx9xY intermediate states, appearing like
SM tt production with additional missing transverse mo-
mentum carried away by the escaping neutralinos, mak-
ing traditional searches exploiting kinematic differences as
presented in Refs. [53H59] very difficult. t1t; events can
be distinguished from SM ¢t events through an increase of
the measured ¢t cross section as analyzed in Ref. [60], and
since top squarks have zero spin, through measuring angu-
lar correlations sensitive to spin correlation, as analyzed in
this Letter.

A description of the ATLAS detector can be found else-
where [61]]. This analysis uses proton—proton collision data
with a center-of-mass energy of /s = 8 TeV, correspond-
ing to an integrated luminosity of 20.3 fb~.

Monte Carlo (MC) simulation samples are used to eval-
uate the contributions, and shapes of distributions of kine-
matic variables, for signal t¢ events and for background
processes not evaluated from complementary data samples.
All MC samples are processed with the GEANT4 [62]
simulation of the ATLAS detector [63] and are passed
through the same analysis chain as data. The simulation
includes multiple proton—proton interactions per bunch
crossing (pile-up). Events are weighted such that the dis-
tribution of the average number of interactions per bunch
crossing matches that observed in data.

Samples of tf events with SM spin correlation and
without spin correlation are generated using MC@NLO
v4.06 [64, 65] interfaced to HERWIG v6.520 [66] for
shower simulation and hadronization. The CT10 parton
distribution function (PDF) set [67] is used. For the sam-
ple with no spin correlation, the parton shower simula-



tion performs isotropic decays of the top quarks whereas
the full matrix element is used for the generation of the
SM spin-correlation sample. The top quark mass is set to
172.5 GeV. The production of a tt pair in association with
a Z or W boson is simulated using MADGRAPH [68] inter-
faced to PYTHIA v6.426 [69]] and is normalized to the next-
to-leading-order (NLO) quantum chromodynamics (QCD)
cross sections [[70].

Backgrounds to ¢t events with same-flavor dilepton final
states arise from the Drell-Yan Z/~*+jets production pro-
cess with the Z/~* boson decaying into ete™, utp~ and
77, followed by leptonic decays of the 7 leptons. They
are generated using the ALPGEN Vv2.13 [70]] generator in-
cluding leading-order (LO) matrix elements with up to five
additional partons. The CTEQ6L1 PDF set [71] is used,
and the cross section is normalized to the next-to-next-to-
leading-order (NNLO) QCD prediction [[72]]. Parton show-
ering and fragmentation are modeled by HERWIG, and the
underlying event is simulated by JIMMY [73]. The “MLM”
parton—jet matching scheme [74]] is employed. Correction
factors are derived from data in Z/~*+jets-dominated con-
trol regions and applied to the predicted yields in the signal
region, to account for the difference between the simula-
tion prediction and data.

Single top quark background from associated Wt pro-
duction is modeled with POWHEG-BOX 12129 [75+78] in-
terfaced with PYTHIA using the CT10 PDF set [67] and
normalized to the approximate NNLO QCD theoretical
cross section [79]]. Single-top Zt and W Zt production is
generated by MADGRAPH interfaced with PYTHIA.

The diboson (WW, W Z, ZZ) backgrounds are mod-
eled using SHERPA v1.4.1 [80] and are normalized to the
theoretical calculation at NLO QCD [81]].

The background arising from the misidentified and non-
prompt leptons (collectively referred to as “fake leptons™)
is determined from a combination of MC simulation of
W +jets events using SHERPA, single-top events via ¢-
channel exchange using MC @ NLO+HERWIG, tt events
with single-lepton final states using MC @ NLO+HERWIG,
and data using a technique known as the matrix
method [82} 183]].

Top squark pair-production samples are simulated using
the HERWIG++ v2.6.1 [84] generator with the CTEQ6L1
PDFs [71]]. The top squarks are assumed to decay exclu-
sively via t; — txY. The corresponding mixing matrices
for the top squarks and for the neutralinos are chosen such
that the top quark has a right-handed polarization in 95%
of the decays.

Candidate events are selected in the dilepton topology.
The analysis requires events selected online by inclusive
single-lepton triggers (e or p). Electron candidates are
reconstructed from an isolated electromagnetic calorime-
ter energy deposit matched to a charged-particle track in
the inner detector and must pass ‘medium identification
requirements’ [85]. Muon candidates were reconstructed
by combining tracks reconstructed in both the inner de-
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tector and muon spectrometer [86]. Jets are reconstructed
from clusters of adjacent calorimeter cells [61) [87] us-
ing the anti-k; algorithm [88H90] with a radius parameter
R = 0.4. Jets originating from b-quarks were identified
(‘tagged’) using a multivariate discriminant employing the
long lifetime, high decay multiplicity, hard fragmentation
and high mass of B hadrons [91} [92]]. The missing trans-
verse momentum (E%‘iss) is reconstructed as the magnitude
of a vector sum of all calorimeter cell energies associated
with topological clusters [93]. The following kinematic re-
quirements are made:

e Electron candidates are required to have pr >
25 GeV and |n| < 2.47, excluding electrons from
the transition region between the barrel and end-cap
calorimeters defined by 1.37 < |n| < 1.52. Muon
candidates are required to have pr > 25 GeV and
In| < 2.5. Events must have exactly two oppositely
charged lepton candidates (ete™, ppu~, et u¥).

e Events must have at least two jets (after having re-
moved jets that match an electron candidate) with
pr > 25 GeV and || < 2.5. At least one jet
must be identified as a b-jet using a requirement in
the multivariate discriminant corresponding to a 70%
b-tagging efficiency.

e Events in the e"e™ and p*pu~ channels must sat-
isfy EX**° > 30 GeV to suppress backgrounds from
Z [~y*+jets and W +jets events.

e Events in the ete™ and ™ channels are required
to have my, > 15 GeV (where ¢ indicates e or p) to
ensure compatibility with the simulated backgrounds
and remove contributions from Y and J/v produc-
tion. In addition, m,, must differ by at least 10 GeV
from the Z boson mass (mz = 91 GeV) to further
suppress the Z/~*+jets background.

e For the e* ;1T channel, no E%ﬁss or My, requirements
are applied. In this case, the remaining background
from Z/~*(— 77)+ets production is further sup-
pressed by requiring that the scalar sum of the pr of
all selected jets and leptons is greater than 130 GeV.

The expected numbers of ¢t signal and background
events are compared to data in Table|l} The expected yield
for top squark pair production with a top squark mass of
180 GeV and a neutralino mass of 1 GeV is also shown.

Figure [l shows the reconstructed A¢ distribution for the
sum of the three dilepton channels in data. A binned log-
likelihood fit is used to extract the spin correlation from
the A¢ distribution in data. This is done by defining a
coefficient fgy; that measures the degree of spin correla-
tion relative to the SM prediction. The fit includes a linear
superposition of the A¢ distribution from SM ¢£ MC sim-
ulation with coefficient fgy;, and from the ¢ simulation
without spin correlation with coefficient (1 — fsy). The



Process Yield
tt 54000 * 3500
Z [y +ets 2800 4 300
tV (single top) 2600 + 180
7A% 80+ 11
WW,WZ,ZZ 180 £ 65
Fake leptons 780 £+ 780
Total non-tt 6400 4 860
Expected 60000 * 3200
Observed 60424
tht 7100 =+ 1100

(mg, = 180 GeV, mgo = 1 GeV)

TABLE 1. Observed dilepton yield in data and the expected
SUSY and ¢t signals and background contributions. Systematic
uncertainties due to theoretical cross sections and systematic un-
certainties evaluated for data-driven backgrounds are included in
the uncertainties.

ete, utpu~ and e T channels are fitted simultaneously

with a common value of fsy, leaving the ¢¢ normalization
free with a fixed background normalization. The ¢f nor-
malization obtained by the fit agrees with the theoretical
prediction of the production cross section [94]. Negative
values of fqy correspond to an anti-correlation of the top
and antitop quark spins. A value of fgyy = 0 implies that
the spins are uncorrelated and values of fgy; > 1 indicate
a degree of tt spin correlation larger than predicted by the
SM.

Systematic uncertainties are evaluated by applying the fit
procedure to pseudo-experiments created from simulated
samples modified to reflect the systematic variations. The
fit of fg\r is repeated to determine the effect of each sys-
tematic uncertainty using the nominal templates. The dif-
ference between the means of Gaussian fits to the results
from many pseudo-experiments using nominal and modi-
fied pseudo-data is taken as the systematic uncertainty on
For 1971

The various systematic uncertainties are estimated in the
same way as in Ref. [42]] with the following exceptions:
since this analysis employs b-tagging, the associated uncer-
tainty is estimated by varying the relative normalizations
of simulated b-jet, c-jet and light-jet samples. The uncer-
tainty due the choice of generator is determined by compar-
ing the default ¢£ sample generated by MC@NLO inter-
faced with HERWIG to an alternative ¢f sample generated
with the POWHEG-BOX generator interfaced with PYTHIA.
The uncertainty due to the parton shower and hadroniza-
tion model is determined by comparing two ¢ samples
generated by ALPGEN, one interfaced with PYTHIA and
the other one interfaced with HERWIG. The uncertainty on
the amount of initial- and final-state radiation (ISR/FSR) in
the simulated ¢t sample is assessed by comparing ALPGEN
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FIG. 1. Reconstructed A¢ distribution for the sum of the
three dilepton channels. The prediction for background (blue
histogram) plus SM ¢t production (solid black histogram) and
background plus ¢t prediction with no spin correlation (dashed
black histogram) is compared to the data and to the result of
the fit to the data (red dashed histogram) with the orange band
representing the total systematic uncertainty on fgp;. Both the
SM ¢t and the no spin correlation ¢¢ predictions are normalized
to the NNLO cross section including next-to-next-to-leading-
logarithm corrections [94, 95] (the theory uncertainty of 7% on
this cross section is not displayed). The prediction for £1£; pro-
duction (mz, = 180 GeV and mgo = 1 GeV) normalized to the
NLO cross section including next-to-leading-logarithm correc-
tions [96] plus SM ¢ production plus background is also shown
(solid green histogram). The lower plot shows those distributions
(except for background only) divided by the SM ¢t plus back-
ground prediction.

events, showered with PYTHIA, with varied amounts of
initial- and final-state radiation. As in Ref. [42]], the size of
the variation is compatible with the recent measurements
of additional jet activity in ¢t events [98]. The Wt nor-
malization is varied within the theoretical uncertainties of
the cross-section calculation [79], and the sensitivity to
the interference between Wt production and ¢t produc-
tion at NLO is studied by comparing the predictions of
POWHEG-BOX with the diagram-removal (baseline) and
diagram-subtraction schemes [[/8,199]. As in Ref. [42], the
uncertainty due to the top quark mass is not included in
the systematic uncertainties, but would have no significant
impact on the results.

The size of the systematic uncertainties in terms of
A fou are listed in Table [Tl The total systematic uncer-
tainty is calculated by combining all systematic uncertain-
ties in quadrature.

The measured value of fgy; for the combined fit is found



Source of uncertainty A foum
Detector modeling

Lepton reconstruction 40.01

Jet energy scale +0.02

Jet reconstruction +0.01

Episs < 0.01

Fake leptons < 0.01

b-tagging < 0.01

Signal and background modeling

Renormalization/factorization scale +0.05

MC generator +0.03

Parton shower and fragmentation £0.06
ISR/FSR +0.06
Underlying event +0.04

Color reconnection 40.01

PDF uncertainty +0.05
Background +0.01

MC statistics +0.04

Total systematic uncertainty +0.13
Data statistics +0.05

TABLE II. Summary of systematic uncertainties on fg); in the
combined dilepton final state.

to be 1.20 £ 0.05 (stat) &= 0.13(syst). This agrees with
previous results from ATLAS using data at a center-of-
mass energy of 7 TeV [41, 42]] and agrees with the SM
prediction to within two standard deviations. An indirect
extraction of Apjicit, can be achieved by assuming that the
tt sample is composed of top quark pairs as predicted by
the SM, but with varying spin correlation. In that case,
a change in the fraction fqy; leads to a linear change of
Apelicity (see also Ref. [42]), and a value of the spin corre-
lation strength in the helicity basis Apeiicity at a center-of-
mass energy of 8 TeV is obtained by applying the measured
value of fg as a multiplicative factor to the SM prediction
of Aﬁlgﬂcity = 0.318 £ 0.005 [36]. This yields a measured
value of Apejicity = 0.38 £ 0.04.

The measurement of the variable A¢ is also used to
search for top squark pair production with ¢; — X" de-
cays. The present analysis is sensitive both to changes in
the yield and to changes in the shape of the A¢ distribu-
tion caused by a potential admixture of ¢,¢; with the SM
tt sample. An example is shown in Fig. [1} where the ef-
fect of £,¢, production in addition to SM ¢ production and
backgrounds is compared to data. No evidence for tht
production was found.

Limits are set on the top squark pair-production cross
section by fitting each bin of the A¢ distribution to the
difference between the data and the SM prediction, vary-
ing the top squark signal strength p. In contrast to the
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measurement of fgy; where the ¢f cross section is var-
ied in the fit, here the ¢f cross section is fixed to its SM
value [94], and the uncertainty of 7%, composed of fac-
torization and renormalization scale variation, top quark
mass uncertainty, PDF uncertainty and uncertainty in the
measurement of the beam energy, is introduced as an addi-
tional systematic uncertainty. All other sources of system-
atic uncertainty are identical to ones in the measurement of
fsm. All shape-dependent modeling uncertainties on the
SUSY signal are found to be negligible. The limits are de-
termined using a profile likelihood ratio in the asymptotic
limit [100], using nuisance parameters to account for the
theoretical and experimental uncertainties.
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FIG. 2. Expected and observed limits at 95% CL on the top

squark pair-production cross section as a function of m; , for
pair-produced top squarks ¢; decaying with 100% branching ratio
via t; — t>2(1) to predominantly right-handed top quarks, assum-
ing mgo =1 GeV. The black dotted line shows the expected limit
with 1 (green) and +2 (green+yellow) standard deviation con-
tours, taking into account all uncertainties. The red dashed line
shows the theoretical cross section with uncertainties. The solid
black line gives the observed limit.

The observed and expected limits on the top squark
pair-production cross section at the 95% confidence level
(CL) are extracted using the CLs prescription [101]] and
are shown in Fig.[2l Adopting the convention of reducing
the estimated SUSY production cross section by one stan-
dard deviation of its theoretical uncertainty (15%, coming
from PDFs and QCD scale uncertainties [102])), top squark
masses between the top quark mass and 191 GeV are ex-
cluded, assuming a 100% branching ratio for £; — tx9 and
mgo = 1GeV. The expected limit is 178 GeV. In the pre-
sented range of my;, , within the allowed phase space, vary-
ing the neutralino mass does not affect the cross-section



limits by more than a few percent. If the top quarks are
produced with full left-handed polarization, the expected
limits change by less than 10% compared to the predomi-
nantly right-handed case.

If the ¢t cross-section normalization were arbitrary and
not fixed to its theory prediction, the expected cross-section
limit would increase by approximately 30%. If, on the
other hand, the shape information of A¢ were not used
in the fit, the expected cross-section limit would increase
by 30-40%.

The constraints on the stop quark mass presented here
improve previous limits in a region not explored before, to
top squark masses larger than limits from Ref. [60]] and to
top squark masses lower than limits from analyses explor-
ing kinematic distributions as presented in Ref. [S7].

In conclusion, the first measurement of ¢t spin correla-
tion in proton—proton scattering at a center-of-mass energy
of 8 TeV at the LHC has been presented using 20.3 fb~! of
ATLAS data in the dilepton decay topology. A template fit
is performed to the A¢ distribution and the measured value
of fon =1.20 + 0.05 (stat) £ 0.13(syst) is consistent with
the SM prediction. This represents the most precise mea-
surement to date. The results have been used to search for
pair-produced supersymmetric top squarks decaying to top
quarks and light neutralinos. Assuming 100% branching
ratio for the decay t; — txY, and the production of pre-
dominantly right-handed top quarks, top squark masses be-
tween the top quark mass and 191 GeV are excluded at 95%
CL, which is an improvement over previous constraints.
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