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The latest measurements of the asymmetry in the angular distributions of the tt events
are reviewed. The measurements of the forward-backward asymmetry App in the pp 1.98
TeV collisions at the Tevatron show some tension with the Standard Model calculation,
while results of the measurements of the charge asymmetry A¢ in pp collisions at 7 TeV
and 8 TeV at the LHC are compatible with Standard Model predictions.

1 Introduction

The measurement of the asymmetry in the angular distributions of ¢ events is a powerful
test of the Standard Model (SM) predictions, and allows to probe for physics beyond the SM.
Different asymmetries are considered at the Tevatron and LHC. At the Tevatron, the ¢ pairs
are produced in the pp collisions, so we can define the forward-backward asymmetry as

_ N(Ay >0) - N(Ay <0)
- N(Ay >0)+ N(Ay <0)’
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where Ay = y; —yz is a difference in rapidity of top and antitop quarks, N(...) is a corresponding
number of ¢t events. At the LHC, the pp collisions are forward-backward symmetric, so the
charge asymmetry is considered:

_ N(Aly| >0) - N(Aly[ <0)

Ac = ,
“ 7 N(AJy| > 0) + N(AJy[ < 0)

where Aly| = |y:| — |yz| is a difference in absolute rapidity of top and antitop quarks. The latest
SM calculations for those quantities yield (8.770%)% for the Tevatron, (1.23 4+ 0.05)% for the
LHC 7 TeV and (1.11 £0.05)% for the LHC 8 TeV [1]. See [2] for the discussion about details
of theoretical predictions and possible contributions from the non-SM processes.

The analysis of experimental data includes several steps. After event selection the top and
antitop quarks’ kinematic parameters need to be reconstructed using measured parameters of
leptons, jets and missing transverse energy. Two final states are usually considered for the
asymmetry measurement: {+jets and dileptons. In {+jets final state the ¢ pair is decaying
to tt — WFW™ bb — fv qq’ bb, where direction and transverse momentum (pr) for lepton £
and four quark jets are sufficient for reconstruction of the top and antitop parameters. Usually,
more or less sophisticated kinematic reconstruction methods are used to account for the am-
biguity in attributing jets to partons. These methods usually use constraints on two-jets and
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three-jets invariant masses which correspond to the W-boson and to the top quark masses and
improve the uncertainty on the measured jets energies. In the dilepton final state, the ¢ pair
decays to the final state with two non-detected neutrinos, tt — W+W = bb — £+t¢~ v bb. The
reconstruction in this final state requires a “scan” of the phase space constrained by the exper-
imental measured parameters of leptons and jets. Parameters of the top quark and antiquark
are calculated as a weighted sum of reconstructed parameters in all scan points. The last step
in the asymmetry measurements is an unfolding of the reconstructed distributions to the parton
level. Strictly speaking, such unfolding is not required if we restrict the measurement to the
inclusive asymmetry only. Usually, it is not the case, because it is also interesting to measure
the asymmetry dependence from the invariant mass of t¢ pair (m;z), Ay or other parameters.
Such differential measurement is more sensitive to the possible new physics contribution, since
it is expected to contribute more in some region or phase space, e.g. at high my;z.

The procedures of reconstruction and unfolding of top quark parameters complicate quite a
lot the asymmetry analyses and require a careful calibration. The alternative approach has been
developed for the asymmetry measurements. Instead of measuring the quark asymmetry, we
can measure asymmetry in the distributions of leptons. Since direction of leptons is measured
with a good precision, no top quark reconstruction or unfolding is needed. The drawback of
this approach is that the leptonic asymmetry isn’t as powerful as the top quark asymmetry,
because the direction of leptons is not fully correlated with the direction of top quark. For
example, at the Tevatron, the leptonic asymmetry is defined as

N(g-ye>0)—N(q-ye<0)
N(qg-ye>0)+N(g-ye<0)’

Ay =

where y; and ¢ is a lepton rapidity and charge. Ay is predicted to be (3.8 £0.6%) [1]. More
interestingly, it was found, that the measurement of the angular distribution of leptons is
complementary to the ¢f asymmetry measurement. This is related to the fact, that the angular
distribution of leptons is affected not only by the angular distribution of top quark but also
by its polarization. In the SM the top quark polarization is zero, but could be significantly
different for the non-SM contribution, e.g. in the ¢t production via axigluon mechanism [3]. In
the dilepton final state, we also can measure the two-lepton asymmetry, constructed analogously
to the tf asymmetry. It is defined at the Tevatron as:

N(Ayg > 0) — N(Ayg < 0)

All _
FB N(Aye > 0) + N(Ay, < 0)’

and at the LHC:
i — N(Alye| > 0) — N(Alye| < 0)

“ " N(Alyel > 0) + N(Alye| < 0)°

where difference in leptons rapidities is Ayp = yp+ — yo— and Alye| = |ye+| — |ye-|-

2 LHC results

The results of the Ac measurement by ATLAS at 7 TeV [4, 5] as well as measurements by
CMS at 7 TeV [6, 7] and 8 TeV [8] are shown in the Table 1. The measured values are all
compatible with each other and with SM predictions. Measurements of the leptonic asymmetry
A%, Table 2, also don’t show any deviation from the SM expectation. The enormous statistics
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Measurement Measured Value, % Eﬁigiﬁg&iﬁl[l],%
ATLAS | (+jets | 7TeV | 4.7 fb1 0.6 £ 1.0 1.23 4 0.05
dileptons 5.7 £ 2.4(stat.) + 1.5(syst.)
(+jets 5 fb=1 | 0.4+ 1.0(stat.) + 1.1(syst.)
CMS dileptons 5.0 +4.3(stat.) 759 (syst.)
(+jets | 8 TeV | 19.7 fb=1 | 0.5+ 0.7(stat.) + 0.6(syst.) 1.11 +0.04

Table 1: Ac measurements at the LHC [4, 5, 6, 8], unfolded to the parton level.

Theoretical
Measurement Measured Value, % Expectation[1],%
ATLAS | dileptons | 7 TeV | 4.7 fb=1 | 2.3 £ 1.2(stat.) £ 0.8(syst.) 0.55 & 0.02
CMS 5 fb=1 | 1.0+ 1.5(stat.) & 0.6(syst.)

Table 2: A% measurements at the LHC [5, 7).

accumulated at the LHC allows to investigate the restricted phase space regions, e.g. high
velocity and high m;; mass regions. In both cases the expectation for the SM asymmetry is
larger than for the inclusive asymmetry and the possible contribution from the non SM physics
are also expected to be enhanced, see e.g. [9]. Both experiments have looked at the asymmetry
differential distributions, but no deviation from SM has been found. For illustration, see two
selected distributions in Fig. 1,2.

3 Tevatron results

For quite some time, measurements at the Tevatron were puzzling because of the observed
2-3 standard deviations (SD) between the measured and expected App asymmetries. Table 3
shows that the difference between the most recent theoretical prediction and the current mea-
surements of the CDF and DO experiments [10, 11] are less than 2 SD. In the same time,
asymmetry measured at the high m;; shows a moderate deviation from the expectation. In
particular, CDF results on the measured slope of the App asymmetry as a function of m;z
(Fig. 3) show a 2.4 SD deviation between measured slope and the expected one. In the same
measurement |Ay| dependence shows even large deviation at the level of 2.8 SD, Fig. 3. The
|Ay| differential distribution of asymmetry has been also measured in a different way in the
CDF experiment. The shape of the unfolded cos(6) distribution has been fitted with the Leg-
endre polynomial series and it was found that the contribution to the asymmetry of the first
coefficient in series is different from the SM expectation, see [12] for the detailed description.
The leptonic asymmetry A, is measured by both experiments with full available statistics
and demonstrates an agreement at the level of 2 SD with the SM expectation (Table 4), even
if the CDF measurement is slightly higher than the expectation. It exists some difficulty in
the interpretation of the obtained results. It is related to the fact, that leptonic asymmetries
are measured in the phase space limited by the acceptance |y| cut and then extrapolated to
the full phase space. These acceptance cuts are different in different measurements, e.g. CDF
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Figure 1: Charge asymmetry distribution as a Figure 2: Charge asymmetry distribution as
function of my; for the events with ¢£ velocity > a function of my; as measured by the CMS
0.6 as measured by the Atlas experiment [4]. experiment [6].
Theoretical
Measurement Measured Value, % .
Expectation [1], %
CDF | 9.4 fb! 16.4 +4.7 8.8+ 0.6
Do 5.4 fb1 19.6 £6.5

Table 3: App measurements in the {+jets final state at the Tevatron [10, 11], unfolded to the
parton level.

{+jets measurement uses |y| < 1.25, DO /+jets measurement uses |y| < 1.5 and asymmetry in
the DO dilepton channel is measured within the acceptance cut of |y| < 2.0. The extrapolation
procedure is model dependent and done in a different way in different measurements. Currently
both experiments are working on the combination of measurements and defining the most
appropriate extrapolation procedure.

The dilepton final state gives an unique possibility to make a measurement of the A%B
asymmetry. The DO analysis measured it to be equal 12.3 + 5.4(stat.) £ 1.5(syst.) [15, 16]
which is in agreement with the theoretical prediction 4.8 + 0.4 [1]. In addition, in this analysis
the correlation between A%B and A, measurements has been studied, see Fig 4, and the ratio
of these two asymmetries has been found to be R = A,/A%; = 0.36 4 0.20 which is 2 SD away
from the expectation, which could be estimated using the predicted values of A% and Ay in [1]:
Ry, = 3.8/4.8 ~ 0.8. For further discussion about this measurement see [16].
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Measurement Measured Value, % Ezgzz(zgéiln 1, %
CDF (+jets 9.4 fb1 9.4132 3.8+ 0.6
DO | £4jets (|n] < 1.5) | 9.7 fo=1 | 4.7+ 2.3(stat.) T} (syst.)
DO dileptons 9.7 fb=1 | 4.443.7(stat.) £ 1.1(syst.)

Table 4: A; measurements at the Tevatron [13, 14, 15]. CDF {¢+jets and DO dileptons measure-
ments are extrapolated to the full phase space, but DO ¢+jets measurement is limited to the
acceptance |n| < 1.5.
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Figure 3: App asymmetry distribution as a function of m;; and |Ay| as measured by the CDF
experiment in the ¢+jets final state [10].
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Figure 4: A, vs A%y asymmetry as measured by the DO experiment in the dilepton final

state [15, 16].
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Figure 5: Summary of the asymmetry measurements at the Tevatron and LHC.

4 Conclusion

During the last several years Tevatron measurements of the asymmetry show an intriguing
deviation from the SM calculation. The current measurements of the inclusive tf asymmetry
from the CDF and from the DO experiments don’t show any strong deviation from the recent SM
calculations, but the asymmetry measurements as a function of my; or |Ay| show a significant
deviation from the SM at the level more than 2 standard deviations. In the same time DO didn’t
yet analyze the full available statistics and hence the final conclusion about the tf asymmetry
from the Tevatron is still to come. The leptonic asymmetry measurements at the Tevatron
deviate less than 2 SD from the SM model predictions, but results still need to be combined to
have a more precise conclusion about the level of agreement with the expectation.

Measurements at the LHC don’t show any deviation from the SM prediction, but the ex-
pected asymmetry is very low and the current precision of the measurements is about 1%,
comparable with the expected asymmetry. At the LHC the most interesting direction of study
is a measurement of the differential asymmetry as a function of the velocity or invariant tf
mass. The large statistics accumulated at the LHC make possible the precise measurements in
regions of the phase space where both SM and non-SM asymmetries are expected to be large.
For the moment, no deviation from the expectations were found. Fig. 5 summarizes current
measurements of the inclusive asymmetries both at the Tevatron and LHC and compares them
with the expected SM values.
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