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Top quark pair properties: spin correlation, charge asymmetry and complex

final states at LHC in ATLAS
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Abstract. In proton—proton collisions at the LHC, pairs of top and anti-top quarks are expected to be mostly
produced through gluon fusion, in contrast to production at the Tevatron, where quark annihilation dominates.
Making use of the large number of top quark pairs, we present measurements of the spin correlation between
top and anti-top quarks as well as of the top quark charge asymmetry, which constitute important tests of QCD
and are sensitive to new physics. We also discuss top production in association of photons and Z bosons.

1 Introduction

At the LHC the top quark is produced mostly in pairs.
Given its short lifetime (~ 5 x 1072 &), each top quark
decays rapidly into a W boson and a b quark, before
hadronization can occur. Hence top pair properties are di-
rectly accessible through its decay products. The decay
modes of the two W bosons define three possible signa-
tures: the all hadronic channel, when both Ws decay into
a quark and an anti-quark, is characterized by four light-
quark jets and two b-jets; the dilepton channel, when both
Ws decay into a charged lepton and a neutrino, is charac-
terized by two opposite sign leptons, two b-jets and large
missing transverse momentum; and the semileptonic chan-
nel with one hadronic and one leptonic W-boson decay,
is characterized by one lepton, two jets, two b-jets and
missing transverse momentum. The measurements de-
scribed here are performed in dilepton and semileptonic
channels using, partially or in full, the data set collected at
the ATLAS experiment [1] during the 2011 /s = 7 TeV
run.

2 Top pair properties
2.1 Charge asymmetry

The top charge asymmetry is defined as

_ N(Alyl > 0) - N(Aly| < 0)
N(Alyl > 0) + N(Alyl < 0)°

C ()
where Aly| is the difference of the absolute values of the ra-
pidity of top and anti-top. The SM predicts a small charge
asymmetry Ac = 0.0115(6)[2] in #f production at LHC due
to NLO interference effects in g7 — tf events. The Aly|
distribution is reconstructed (Fig. 1) and unfolded (Fig. 2)
to the parton-level with an iterative bayesian procedure [3].
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Figure 1. The measured Aly| distribution before unfolding for
the muon channel after b-tagging is applied. Data (points) and
predictions (solid lines) are represented. The uncertainty on the
combined signal and background estimate includes both statisti-
cal and systematic contributions [4].

In the lepton-+jets channel, the asymmetry is measured
to be Ac = —0.019 + 0.028(stat.) = 0.024(syst.), using a
data set of 1.04 fb~! [4]. The asymmetry is also measured
in two my; bins, below and above 450 GeV, as shown in
Fig. 3.

Figure 4 shows how the ATLAS result is compatible
with the SM prediction and disfavors a flavor changing 7’
model.

In the dilepton channel, the top charge asymmetry is
measured to be Ac = 0.057 = 0.024(stat.) + 0.015(syst.),
using a data set of 4.7 fb~' [7]. The combination of
the two channels yields to Ac = 0.029 + 0.018(stat.)
0.014(syst.).

In the dilepton channel, the lepton asymmetry is also
measured. It is based on the lepton pseudorapidities and
defined as

_ N(Al| > 0) = N(Alnl < 0)
N(Alnl > 0) + N(Aln| < 0)°
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Figure 2. The unfolded Aly| distribution for the muon channel
after b-tagging, compared to the prediction from mc@nvro. The
uncertainties on the measurement include both statistical and sys-
tematic contributions. The error bands on the Mc@nLo predic-
tion include uncertainties from parton distribution functions and
renormalisation and factorisation scales [4].
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Figure 3. Unfolded asymmetries in two regions of m,; compared
to the prediction from mc@nro. The error bands on the Mc @NLo
prediction include uncertainties from parton distribution func-
tions and renormalisation and factorisation scales [4].
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Figure 4. Measured FB asymmetry from the CDF and charge
asymmetry from ATLAS [4], both for m,; > 450 GeV, compared
to predictions from the SM as well as predictions incorporating
various potential new physics contributions [5, 6].
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Figure 5. Normalized reconstructed charged lepton A¢ distribu-
tion for generated events at parton level for /s = 7 TeV using
Mc@nLo. The two histograms show the SM and uncorrelated spin
scenarios [8].

The lepton asymmetry is measured to be A; = 0.023 +
0.012(stat.) + 0.008(syst.).

No deviations from SM predictions are observed in ei-
ther top charge asymmetry or lepton asymmetry.

2.2 Spin correlation

Since the top quark decays before hadronization, the decay
products carry its spin information. Therefore the correla-
tion between the top and the anti-top quark spin in top pair
events can be measured. The degree of correlation is de-
fined as

4= NOD+NAD) - N(AD) - NAT)
NAD +NAD +NTD + N

where N(T7) and N(||) are the numbers of events with
parallel spin states, while N(T|) and N(|T) represent anti-
parallel spin states. The size of A in the SM depends on
the relative fraction of gg/gg events and on the choice of
the spin basis.

An observable which can be used to measure the spin
correlation is the opening angle between the two leptons
(A¢) from the top pair dileptonic decay. The A¢ distri-
bution in the correlated spin scenario (SM) is less steep
than in the uncorrelated case, thus allowing a discrimina-
tion (Fig. 5).

Therefore the spin correlation is measured in the dilep-
ton channel, using a data set of 2.1 fb~! [8]. The A¢ dis-
tribution is fit to a linear combination of uncorrelated and
correlated predictions. Figure 6 shows the A¢ distribu-
tion measured in data compared with the correlated (SM)
and uncorrelated #f predictions stacked on top of the back-
ground estimates.

The fitted fraction of correlated signal 5" is con-
verted into the degree of spin correlation, A, in the helicity
basis [9] and in the maximal basis [10] by multiplicative
factors derived from MC. The helicity basis corresponds to
the direction of flight of the top quark in the centre-of-mass
frame of the 7 system. The maximal basis is optimized for
the gg — tf contribution.
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Figure 6. Reconstructed charged lepton A¢ distribution for the
sum of the three dilepton channels. The integrated number of
events for both the SM and the uncorrelated ¢7 samples is fixed to
the value from the fit [8].

The fitted value for 5™ is 1.30+0.14(staz.) 03] (syst.),
which translates into A,,; = 0.40 + 0.04(stat.)f8:8§(syst.)
and A, = 0.57 = 0.006(stat.)f8:{(z)(syst.).

The measured f5 is compatible with unity; hence the
measured degrees of spin correlation are compatible with
the SM predictions A3Y = 0.31 and AJM = 0.44. The
measurement represents the first observation of spin cor-

relation in #7 events with a significance of 5.1c.

3 Associated production with V-bosons

Studying top pair production in association with vector
bosons allows a test of the electroweak coupling of the
top quark in the SM. The measurement of anomalous cou-
plings would be a strong hint of physics beyond the SM.

The measurement of t7y inclusive cross-section and the
search for ##Z production represent the first steps towards
probing the coupling of the top quark with the photon and
the Z-boson.

3.1 The 7y cross-section

The tfy inclusive cross-section is measured in the single
lepton channel using a data set of 1.04 fb~' [11]. The
measurement is performed as a template fit of the distri-
bution of the photon isolation observable p$”**°, which is
the total transverse momentum of tracks in a cone of radius
0.2 around the reconstructed photon. Figure 7 shows how
prompt tfy events are characterized by isolated photons
while the main background of fake photons from hadrons
lies at high p$?"?® values. Other smaller sources of back-
ground are fake photons from electron misreconstruction,
non-prompt tfy processes and non-#f background with real
or fake associated photons. The templates for the main
backgrounds with fake photons from hadrons and elec-
trons are estimated with data-driven techniques.

The cross-section for t7y process is measured to be
07 XBR = 2.0+0.50(stat.)=0.70(syst)=0.08(lumi.) pb for
photons with transverse momentum greater than 8 GeV.
The main sources of uncertainties come from the mod-
elling of initial and final state radiation, jet energy scale
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Figure 7. Result of the template fit using both channels, shown
for the single muon channel. The predicted #fy signal is shown
on top of the different background contributions [11].
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Figure 8. Expected and observed distributions of the OSSF pair
of leptons [12].

and photon identification. The measurement of such cross-
section corresponds to a 2.7¢ significance for tfy process,
and it is compatible with the SM prediction of o7, X BR =
2.1 +£0.04 pb.

3.2 Search for 17Z production

The search for the production of a top pair produced in as-
sociation with a Z boson is performed in the three leptons
+ jets channel, where two of the leptons are required to
be of opposite sign and same flavor (OSSF). The full 2011
data set of 4.7 fb~ " is used [12].

The expected number of signal events is 0.85 +
0.04(stat.) + 0.14(syst.) with a background estimation of
0.28 + 0.05(stat.) = 0.14(syst.). Figure 8 shows the distri-
bution of the OSSF leptons invariant mass expected com-
pared with the value measured in the single observed event
candidate.

The observed event contains two muons of opposite
charge and a single electron, compatible with a Z boson
decay and a tf semileptonic decay, respectively. The obser-
vation of a single candidate event corresponds to a limit on
the tfZ cross-section o7z < 0.71 pb at a 95% C.L., com-
patible with the expected SM cross-section of 0.14 pb.

4 Conclusion

The 2011 data set collected with the ATLAS detector was
used to measure many top pair properties at /s = 7 TeV
proton-proton collisions.
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The charge asymmetry was measured inclusively as
well as a function of #7 invariant mass and found to be in
agreement with SM predictions.

The first observation of spin correlation was achieved
with a 5.10 significance and size compatible with the SM
theoretical calculation.

The first measurement of tfy cross-section was per-
formed with a 2.70 significance as well as a fist search
for tZ production, setting a limit of about five times the
SM expectation.

Most of the measurements are dominated by system-
atic uncertainties, even though the charge asymmetry dif-
ferential measurement and the search for ##Z production
will benefit from updates with the large 2012 data set.
The effort of the ATLAS collaboration in constraining the
source of uncertainties will allow more and more precise
measurements of the top pair properties.
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