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1. Top quark properties

The top quark is a truly unique particle. With a mass of 173.2 GeV [1] it is the heaviest
particle in the standard model (SM) and its mass is such that it decays before it can hadronise and
thus one has the opportunity of studying a “naked” quark. Due to its high mass the top quark may
play a special role in electroweak symmetry breaking. In the SM top quarks decay exclusively
to W bosons and b-quarks and provide striking signatures in particle detectors. With appropriate
selection cuts it is possible to select an almost background free sample of events where both W’s
decay leptonically, called the “dilepton” channel, and achieve excellent background rejection in
events where one of the W’s decays leptonically, called the “single lepton" channel. Angular
distributions of top quarks and their decay particles can provide detailed information on their spin
structure and polarisation, as well as being sensitive to asymmetries in top pair production.

2. Spin correlations and polarisation

Spin correlation and polarisation are closely related, as illustrated in the double differential
equation for ¢f decay shown in equation 2.1 [2], where the polarisation of the top quark is denoted
by the parameter P and spin correlation is denoted by the parameter C

1 d*c 1
& dcos (6)]d[cos (8)) = Z[1 +Pa;cos (6;) +Pajcos(6;) +Aa;ojcos (6;) cos (6;)]. 2.1

The spin information of the top quark may be accessed by its decay particles. Each decay
particle in the top decay chain carries this spin information to a different degree. This is represented
in equation 2.1 by ¢;/;. Charged leptons from W decays carry the full spin information of the parent
top quark at leading order (LO) oy = 1.0 [2]. The degree of spin correlation is predicted by the SM
and since QCD is parity invariant, top quarks are predicted to have no intrinsic polarisation arising
from QCD. Both hypotheses have been tested in ATLAS [3] 7 TeV data.

2.1 Spin correlation results

In order to maximise the sensitivity to spin correlations, a dilepton selection was used. Both
@/ ; parameters are equal to 1 for charged leptons, allowing access to the full spin information of the
parent top quarks in the dilepton channel. Due to the two neutrinos in the final state, the kinematics
of dilepton events are under-constrained and reconstruction is difficult. Fortunately the difference
in the azimuthal angle between the charged leptons in the laboratory frame (A¢) is sensitive to spin
correlations and no reconstruction is necessary. Dilepton events were selected from 2.1 fb~! of
ATLAS 7 TeV data with two opposite sign isolated leptons and at least two good quality jets. The
selection is identical to previous cross section results [4]. The MC@NLO event generator [5] was
used to generate 7 and single top events, whereas ALPGEN [6] was used to simulate diboson and
Drell-Yan events. Background arising from experimentally mis-measured leptons were estimated
using a data driven method [7, 8] and the normalisation of Z/y* — eTe™, ™~ was taken from a
control region in data.

A template fit was performed to the A¢ variable in data using two hypotheses templates. One
hypothesis template was generated using SM spin correlations and another with no included spin
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correlations. The fit was performed in the e*e™, u*u~ and e* T simultaneously and the degree
to which the data agreed with the SM template was measured (fsys). In data we observe fsy = 1.30
+ 0.14 (stat.) Jjgjgz (syst.) compared to the SM prediction of fsy = 1 and the uncorrelated spin
hypothesis of fsy = 0. This result has a significance of 5.1 standard deviations (o)) when compared
to the uncorrelated spin hypothesis. This was the first observation of non-vanishing spin correlation
consistent with a spin 1/2 particle [7].
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Figure 1: The distribution of A¢ between the two charged leptons in the lab frame in the summed dilepton
channels [7] (left) and the fit of the cos 0 variable in the single muon channel (right) [9].

2.2 Polarisation results

Semi-leptonic events were selected using 4.66 fb~! of ATLAS 7 TeV data with exactly one
isolated electron or muon and at least four jets, one of which must be b-tagged. The selection used
was identical to that used in a previous cross section result [10]. To reconstruct the final state ¢7
four vectors, a topological likelihood fitter was used, described in reference [11].

The degree of polarisation was extracted by a template fit to the cos 0 variable where 0 is
the angle between the charged lepton and the helicity of the parent top quark in the top quark rest
frame. Templates were generated for maximal polarisation &P = +1 and maximal anti-polarisation
oP = —1. The same template fitting technique was used as in the spin correlation result and the
polarisation was found to be aP = -0.060 £ 0.018(stat) fg:ggg (syst.) [9] consistent with the SM
expectation of aP ~ 0.

3. Charge asymmetries

Top anti-top production at hadron colliders is predicted to be charge symmetric at LO in both
gluon-gluon fusion produced #7 pairs and those created via g7 annihilation. At next to leading order
(NLO) interference effects produce a charge asymmetry in the ¢7 pairs produced by ¢g annihilation.
Gluon-gluon fusion is charge symmetric to all orders. In a proton anti-proton collider the charge
asymmetry manifests itself as the #’s being boosted in the direction of the incoming ¢’s, and the 7’s
being boosted in the direction of the incoming §’s. At a charge symmetric collider the situation is
more complicated. The top quark still gain a boost in the direction of one of the incoming proton
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beams. However the anti-quark in the ¢7 production cannot be a valence quark but instead must be
a sea quark, usually with low X. The result is that the anti-top quark is produced more centrally
and the top quark is produced more forward.

Charge asymmetries at NLO are predicted to be small in the SM. However measurements
at the Tevatron from CDF and DO have indicated an excesses on the order of 2¢ above the SM
expectation, particularly in the high ¢¢ invariant mass region [12, 13], making the investigation of
this effect a priority at the LHC. Charge asymmetries can be measured by the ratio of the rapidity
difference of the top quarks themselves (A’g) or by their decay leptons in the dilepton case (A‘g},
illustrated in equation 3.1:

ij _ N =D >0} = N{(b'| = b/]) <0}
< N{(YT =) > 0+ N{(Iy'] = |y]) < 0}

3.1 Dilepton channel

where ij =17 or {70 . (3.1)

Dilepton events were selected from 4.7 fb~! of ATLAS 7 TeV data using the same selection as
was described for the spin correlation analysis in section 2.1. The 7 final state was reconstructed
using a matrix element weighting method to reconstruct top and anti-top quark four momenta [8].

The measured asymmetry was corrected for detector effects and event selection bias using a
calibration curve that was derived by simulating different values for asymmetry using MC and
performing toy experiments. Three dilepton channel results were combined using the BLUE
method [14, 15]. The lepton asymmetry was measured to be A% =0.023 + 0.012 (stat.) £ 0.008
(syst.) compared to a SM expectation calculated using MC@NLO of A”C[ = 0.004 £ 0.001. The
top asymmetry was measured to be Ag =0.057 £ 0.024 (stat.) £ 0.015 (syst.) compared to a SM
expectation of A =0.006 + 0.002 [8].

3.2 Single lepton channel
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Figure 2: ATLAS single lepton asymmetries result compared to CMS[16], CDF[12] and DO[13] results in
the inclusive my; region (left) and high m,; region (right). MC predictions are taken from [17, 18].

Semi-leptonic events were selected using 1.04 fb~! of ATLAS 7 TeV data with the same se-
lection as that used in the polarisation result described in section 2.2 and reference [19]. The
measured rapidity distributions for the top and anti-tops were unfolded to parton level after back-
ground subtraction using a Bayesian iterative unfolding procedure using response matrices derived
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from MC@NLO [20]. The unfolding was performed in both an inclusive selection and a two di-
mensional plane (|y|; , m;7) with two bins in m,z split at 450 GeV to coincide with the binning used
by CDF [12].

The inclusive charge asymmetry was measured to be A =-0.019 + 0.028 (stat.) + 0.024(syst.)
and the differential results were measured to be Atc’: =-0.052 £+ 0.070 (stat.) 4 0.054(syst.) for
mg < 450 GeV and A’C’_ =-0.008 + 0.035 (stat.) 4= 0.032(syst.) for m,;; > 450 GeV. All results are
in agreement with the SM expectation of A”. = 0.006 4 0.002. In addition this measurement was
compared to results available at the time of publication from CDF and DO as well as several BSM
physics models [17, 18], illustrated in Fig. 2.

This result was combined with the previous dilepton based asymmetry using the BLUE method,
resulting in a measurement of A =0.029 + 0.018 (stat.) + 0.014 (syst.) with a p-value of 9% [19].

4. Heavy flavour final states
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Figure 3: Fitted RyF cross section (left) and template fit as a function of vertex mass (right) [21].

With the discovery of a 125 GeV Higgs boson the measurement of the Higgs-top Yukawa
coupling is a priority. Since the decay mode of a 125 GeV Higgs is predominantly via the decay
to two b-quarks (H — bb) an understanding of the irreducible backgrounds will be crucial in the
measurement of the t7H process. One of these backgrounds is the production of 7 pairs in addition
to heavy flavour (HF) where in this case HF is defined as bb, c¢, b, c. Production of 17 +bb,c¢
occurs through initial state or final state gluon splitting, ## + b, ¢ occurs due to the heavy flavour
content of the proton. In addition many BSM models predict additional HF content or events
with two 7 pairs, making this analysis useful for background suppression in future analyses. The
measurement was extracted as ratio of fiducial cross sections:

Rige — "g;it(’; +H, ’; ) i+ HF) = o Hae .1
where Oy (17 + j) is the cross section of 17 events with at least three jets, at least two of which are
b-tagged and o, (17 + HF ) is the cross section of ¢7 events with three or more jets of which three
or more are b-tagged. Nyr is the number of jets tagged as having heavy flavour (b or ¢) in addition
to the two b-jets from the top decay and € is an acceptance factor derived from ALPGEN MC to
convert the number of b-tags from HF jets into the number of events in the signal fiducial region.
| % is the integrated luminosity of the data.



Top quark pair properties - spin correlations, charge asymmetry and complex final states
James Wilfi)am {ZIOQVARTH

Events were selected with the same single lepton selection described in section 3.1 with the
exception that the number of b-tags is explicitly two or more for #7 + j or three or more for 7 + HF.
The b-tagging algorithm used was neural net based using impact parameter and vertex information
with an efficiency of 75% for b-jets and 35% for c-jets and a light flavour rejection factor of ~ 35
in simulated #7 events.

The cross section was calculated using a template fit to vertex mass to be o, (17 +HF) = 0.18
+ 0.03(stat.) pb, compared to the predicted value from ALPGEN of 0.10 pb. The oy, (t7 + j) is
calculated to be 2.55 4 0.07 (stat.) pb compared to the prediction from ALPGEN of 2.83 pb. The
ratio of cross sections was extracted as Ryp =[7.1 & 1.3 (stat.) J_F;S (syst.)]% [21] compared to the
NLO prediction from POWHEG of [5.2 4 1.7]%.

5. Conclusions

The high statistics of top quark data at the LHC has resulted in measurements of impressive
accuracy. Subtle analyses of intrinsic properties and production mechanisms are now possible.
ATLAS has produced results on the first observation of non-vanishing top quark spin correlations,
intrinsic polarisation, charge asymmetry and associated heavy flavour production.
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