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MEASUREMENTS OF THE PROPERTIES OF THE TOP QUARK
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Gottingen, Germany

We review recent measurements of the properties of the top quark: the decay width of the
top quark, of spin correlations between the top and the antitop quarks in ¢f production, the
W boson helicity in top decays, the strong colour flow in ¢ events, and the asymmetry of ¢t
production due to the strong colour charge. The measurements are performed on data samples
of up to 5.4 fb~! of integrated luminosity acquired by the CDF and DO collaborations in Run
1T of the Fermilab Tevatron pp collider at a centre-of-mass energy of /s = 1.96 TeV.

PACS 14.65.Ha — Top quarks.

1 Introduction

The pair-production of the top quark was discovered in 1995 by the CDF and D0 experiments '
at the Fermilab Tevatron proton-antiproton collider. Observation of the electroweak production
of single top quarks was presented only two years ago 2. The large top quark mass® and the
resulting Yukawa coupling of about 0.996 + 0.006 indicates that the top quark could play a
crucial role in electroweak symmetry breaking. Precise measurements of the properties of the
top quark provide a crucial test of the consistency of the standard model (SM) and could hint
at physics beyond the SM. Only a small fraction of those measurements will be presented in the
following, while their full listing can be found in Refs. *?.

At the Tevatron, top quarks are mostly produced in pairs via the strong interaction. At the
time of the conference, about 9.5 fb~! of integrated luminosity per experiment were recorded
by CDF and D@, which corresponds to about 70k produced ¢t pairs. In the framework of the
SM, the top quark decays to a W boson and a b quark nearly 100% of the time, resulting in a
WFW—bb final state from top quark pair production. Thus, tf events are classified according
to the W boson decay channels as “dileptonic”, “all-jets”, or “lepton+jets”. More details on
the channels and their experimental challenges can be found in Ref. %, while the electroweak
production of single top quarks is reviewed in Ref.”.

2 Measurement of the decay width of the top quark

The DO collaboration extracted the total decay width of the top quark®, T'y = Ty /B _we,
from the partial decay width I';_yy, measured using the ¢-channel cross section for single top
quark production, and from the branching fraction B;_ .y, measured in ¢t events using up to
2.3 fb~! of integrated luminosity. This extraction is made under the assumption that the elec-
troweak coupling in top quark production is identical to that in the decay. In this spirit, only the
t-channel single top-quark production cross-section was used, since contributions from physics
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Figure 1: (a) The distribution in cos 6 cosf2 for the entire dilepton sample with a dataset of 5.4 b=t at DO.

The summed ¢ signal with (without) NLO QCD spin correlations is shown as a red (open) histogram. (b) The

result of the model-independent W boson helicity fit with a dataset of 5.4 fb~* at DO0. The ellipses indicate the
68% and 95% CL contours.

beyond the SM are expected to have different effects on ¢- and s-channels. Another theoretical
input is the validity of next-to-leading order (NLO) calculations of T and oP™,  which

sSM .
i —channel » __toWb_ Properly taking into account all sys-

enter the calculation as follows: I'; = B =

t—channel

tematic uncertainties and their correlations among the measurements of I'; .y and 0;_channel,
DO finds T’y = 1.99f8:g§ GeV, which translates into a top-quark lifetime of 7 = (3.3:1):3) x1072 g,
in agreement with the SM expectation. This constitutes the world’s most precise indirect de-
termination of I'y to date. CDF has performed a direct measurement of I';, and set a limit
Iy < 7.6 GeV at 95% confidence level (CL)?.

3 Measurement of spin correlations between top and antitop quarks

While the top quarks are unpolarised in ¢t production at hadron colliders, the orientation of their
spins is correlated. In contrast to other quarks, this correlation is not affected by fragmentation
due to the short life time of the top quark, and is thus reflected in its decay products. The
spin correlation is defined as C' = Ngi%ﬁ;%%;%ﬂ with —1 < C < +1, and depends on the
choice of the spin quantisation axis, which, for the measurements presented here, is defined by
the direction of the incoming proton beam (“beamline axis”). DO performed a measurement
of C in the dilepton channel using 5.4 fb~! of data '© by analysing the distribution 1/o,; x
d%o,5/d cos f1d cos f = 0.25-(1—C cos 01 cos ) , shown in Fig. 1 (a), and found C' = 0.10+0.45.
Here, 0, 2 are the angles between the three-momenta of £ (resp. ¢7) in the ¢ (resp. ) rest frames
and the quantisation axis. CDF performed a similar measurement in the lepton+jets final states
using 5.3 fb~! of data!, and found C' = 0.72 +0.69. Both measurements are in agreement with
the NLO QCD prediction of C' = 0.78f8:8§. The above analyses are complementary to the LHC,
where the gg production mechanism dominates, and a much smaller C' is expected.

4 Measurement of W boson helicity in tt events

In the SM, the top quark decays into a W boson and a b quark with a probability of > 99.8%,
where the on-shell W boson can be in a left-handed, longitudinal, and right-handed helicity
state. A NLO calculation within the SM of the corresponding helicity fractions predicts f_ =
0.301, fo = 0.698, and f, = 4.1 x 1074, respectively. A significant deviation from the SM
expectation would indicate a contribution from new physics. D0 has measured the fy and f
helicity fractions in dilepton and lepton-+jets final states using up 5.4 fb~! of data 2. A model-
independent fit to the distribution in cos 8*, where 6* is the angle between the three-momentum
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Figure 2: (a) The distribution in Ay for data and signal plus background fit to the discriminant with a dataset

of 4.3 fb™! at D0. (b) The distribution in Ay for all correction levels with a dataset of 5.3 fb~! at CDF. The

corresponding Ag, values are summarised in the legend. (c) The distribution in Ag, in the tf rest frame versus
M,z is shown for 5.3 fb™! of CDF data and MCNLO #{ signal plus background.

of the top quark and the down-type fermion, yields fo = 0.669 + 0.102 and f = 0.023 £+ 0.053
as shown in Fig. 1 (b), in agreement with the SM expectation. CDF performed a similar model-
independent measurement in dilepton events using 4.8 fb~! of data, and found fy = 0.78 £ 0.21
and f; = —0.124+0.1213,

5 Measurement of the strong colour flow in tt events

At leading order in «ay, the strong colour charge can be traced from final to initial state partons,
i.e. final state partons originating from the same initial state parton are “colour-connected”.
The potential energy of this colour-connection string is released in form of hadroproduction, and
can be detected in the calorimeter. This can serve to separate processes which otherwise appear
similar, like e.g. the decay of the Higgs boson and g — bb production, which correspond to
a colour singlet and octet, respectively. DO performed the first measurement of the colour
representation of the hadronically decaying W bosons in t events in the lepton+jets channel 4.
Using calorimeter-based topological observables and a dataset corresponding to 5.3 fb~!, DO finds
a fraction of W bosons in colour-singlet configuration of 0.56 + 0.42, in agreement with the SM.

6 Measurement of the strong colour charge production asymmetry in tt events

In the SM, the pair production of top quarks in pp collisions at LO is symmetric under charge
conjugation. NLO calculations predict a small forward-backward asymmetry Ag, of the order of
5% in the tt rest frame, which is due to a negative contribution from the interference of diagrams

for initial and final state radiation, and a (larger) positive contribution from the interference of
_ NAy>07NAy<O

box and tree-level diagrams. A common definition for such an asymmetry is Ag, = NETSOTNATST

where Ay =y — vz, yr (yz) is the rapidity of the ¢ (¢) quark, and y = %ln gfi =

DO measured Ag, in the tf rest frame in lepton+jets final states on a dataset corresponding
to 4.3 fb~! using tf event candidates fully reconstructed with a kinematic fitter, and found
An, = 8% + 4% 5. DO’s result, shown in Fig. 2 (a), is about 2 standard deviations (SD) away
from the MC@NLO !¢ prediction of 1 + 2%. A similar measurement was performed by CDF
in lepton+jets final states !7, where additional tests for invariance under charge and parity
conjugation are carried out, and the distribution in Ag,, shown in Fig. 2 (b), is corrected back
to parton level. After all corrections, CDF finds Ag, = 16% =+ 7%, which is about 1.5 SD away
from the MC@NLO prediction of 6% 4 1%. CDF also investigated the dependence of Ag, on
the invariant mass of the tt system, M,;, which is compared to the prediction of MC@QNLO plus
backgrounds in Fig. 2 (c¢). Motivated by the resolution in M;;, CDF measures Ag, in two bins
of M,z < 450 GeV and M, > 450 GeV. CDF finds that Ag, = 48% + 11% at parton level and




after all corrections in the M;; > 450 GeV bin is > 3 SD away from the NLO SM prediction
of Ag, = 9% + 1%. Another measurement, carried out by CDF in the dilepton channel using
5.1 fb~! of data, yields A, = 42% =+ 16% parton level after all corrections '8, which is about
2.5 SD away from the SM NLO prediction. The above results indicate tension between the
measurement and the NLO SM prediction. Several mechanisms originating from new physics
contributions have been suggested to explain this discrepancy, however, it has been pointed out
that non-vanishing and acceptance-dependent contributions at higher orders in o, within the
SM could play an important role in understanding these findings.

7 Conclusions

Several measurements of key properties of the top quark were presented, most of which are
in good agreement with the SM expectations. The forward-backward asymmetry Ag, of tt
production displays notable tension between the measuremnets and the SM NLO calculations.
Both CDF and DO expect to acquire about 12 fb~! of data by the end of Run II of the Tevatron in
September 2011, and we are looking forward to updates of the exciting measurements presented
here with the full dataset.
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