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We present measurements of lepton (€) angular distributions in top-quark () pair production and
tf— WTbW~bh — €T vb{~ 7 b decays produced in pp collisions at a center-of-mass energy of /s =
1.96 TeV, where € is an electron or muon. Using data corresponding to an integrated luminosity of
5.4 b1, collected with the DO detector at the Fermilab Tevatron Collider, we measure for the first time
the leptonic forward-backward asymmetry in dilepton final states and obtain A&, = (5.8 = 5.1(stat) =
1.3(syst))%, corrected for detector acceptance. This is compared to the standard model prediction of
Al (predicted) = (4.7 = 0.1)%. A deviation from the standard model prediction as previously seen in a
DO measurement based on the analysis of the € + jets final state is not observed in these dilepton final
states. The two results differ from each other by 1.4 standard deviations and are combined to obtain
Afg = (11.8 = 3.2)%. Furthermore, we present a first study of the top-quark polarization.
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To check the validity of the standard model (SM) of
elementary particle physics and to search for possible
extensions, we measure the properties of the top (#) quark.
At the Tevatron pp collider, with /s = 1.96 TeV, ¢f pro-
duction is dominated by quark-antiquark (¢g) annihilation.
At leading order (LO) in perturbative quantum chromody-
namics (QCD), production of #f pairs through gg annihi-
lation is expected to be forward-backward (FB) symmetric
in the center-of-mass frame. At next-to-leading order
(NLO) QCD, interference leads to a small positive FB
asymmetry, which implies that the top (antitop) quark is
emitted with higher probability in the direction of the
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incoming quark (antiquark) than in the opposite direction.
Top pair production through gluon-gluon fusion does not
lead to such a FB asymmetry.

SM predictions for the FB asymmetry can be modified
by processes beyond the SM [1,2], such as contributions
from hypothesized axigluons [3], Z' or W' bosons [4],
and new scalars [5]. These sources of physics beyond the
SM also modify observables sensitive to the top-quark
polarization [6].

The CDF and DO Collaborations have performed mea-
surements of the 7 FB asymmetry in € + jets final states
involving signatures with exactly one charged lepton, jets,
and an imbalance in transverse momentum (£;) [7-9].
Both collaborations reported measured asymmetries sig-
nificantly larger than predicted in NLO QCD. DO finds a
significant deviation from NLO QCD predictions of the
order of three standard deviations (SD) [8]. The asymmetry
in CDF data differs by more than three SD from the NLO
QCD prediction at large values of the #7 invariant mass
(m, > 450 GeV) [7]. The ATLAS and CMS Collaborations
have performed measurements of the difference in angular
distributions between top quarks and antiquarks in the € +
jets final state using asymmetries based on the top-quark

011103-3


http://dx.doi.org/10.1103/PhysRevD.87.011103

V.M. ABAZOV et al.

and antiquark rapidities [10,11] and pseudorapidities [11].
The results are consistent with the SM expectations.

In this article, we test if an excess in the FB asymmetry
similar to the one seen in € + jets final states can also be
observed in previously unexplored dilepton final states,
where the W bosons from ¢ and 7 decays both decay into
ev,, uv,, or 7v,, and the 7 lepton decays leptonically
(r— €vyv,). We use data corresponding to an integrated
luminosity of 5.4 fb~!, collected with the DO detector in
Run II of the Fermilab Tevatron Collider.

In addition to the 7 FB asymmetry, where a full recon-
struction of the 7 event is required, one can also study
the FB asymmetry through the ¢ and 7 decay products, for
example, in the distributions of charged leptons (£ = e, w)
from t— Wb — €*vb and T— W~ b — £~ 7 b decays.
Here, we investigate such simpler leptonic asymmetries.
To study the nature of a possible excess we present mea-
surements of six different types of leptonic asymmetries
based on the pseudorapidity and charge of the electrons or
muons. Since these asymmetries are determined from the
angles of the charged leptons, they are measured with high
resolution. In addition, we combine the measurement of
the leptonic FB asymmetry with the D0 measurement
performed in € + jets final states [8]. It is important to
perform measurements of both the ## FB asymmetry and
the leptonic FB asymmetry, because their correlation can
be related through top-quark polarization to the underlying
dynamics of top-quark production [12]. For this reason, we
also present a first study of the longitudinal polarization of
the top quark in this article.

A description of the DO detector can be found in [13].
The selection criteria and object identification of the di-
lepton (ee, e, p ) decay channels follow those described
in Ref. [14]. To enrich the sample in {7 events, we require
two isolated, oppositely charged leptons with transverse
momentum pr > 15 GeV and at least two jets with py >
20 GeV and detector pseudorapidity |74| < 2.5 [15]. For
the e channel we require that Hy (defined as the scalar
sum of the larger of the two lepton- p; values and the scalar
pr of each of the two most energetic jets) be greater than
110 GeV. For ee and uu events we compute a likelihood
for the significance of F; [16], based on the probability
distribution calculated from the value of £ and the lepton
and jet energy resolutions. We require this likelihood to
exceed the value typical for background events. We find
that only the pu channel benefits from an additional
restriction on Fr, and to increase signal purity, we there-
fore require f7 > 40 GeV for the u u final state. We select
a tf sample with a signal to background ratio of 3.2, 3.7, and
0.9 in the ee, eu, and pp final states, respectively.

To simulate 77 production, the MC@NLO [17] generator is
used assuming m; = 172.5 GeV. The production of top
quarks is simulated at NLO, while the decay is simulated
only at LO. To include full NLO QCD corrections to both
production and decay as well as mixed QCD and quantum
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electrodynamic corrections and mixed QCD and weak
corrections to the production amplitudes (denoted by
“QCD + EW”), we simultaneously correct the normal-
ized lepton and antilepton rapidity distributions in
MC@NLO using the predictions of Ref. [18]. HERWIG [19]
is used to simulate fragmentation, hadronization, and
decays of short-lived particles, and the generated events
are processed through a full detector simulation using
GEANT [20]. The Monte Carlo (MC) events are overlaid
with data from random bunch crossings to model the effect
of detector noise and additional p p interactions. The same
reconstruction programs are then applied to data and MC
events. The background in the dilepton channel arises from
Z/y* — €7€ and diboson events (WW, WZ, and ZZ)
with associated jets, from instrumental background where
a jet is misidentified as a lepton, and from heavy quarks
that decay into leptons that pass isolation requirements. A
detailed description of these processes and their generation
can be found in Ref. [21].

Leptons are reconstructed with excellent resolution on
the measurements of their angles and electric charge. In
contrast, it is challenging to reconstruct the four-momenta
of the ¢ and 7 quarks, since the kinematics is undercon-
strained because of the two neutrinos in the final state.
Rather than determining the # and 7 four-momenta, as in
Refs. [7-9], we measure observables correlated to the FB
asymmetry, which depend solely on the 7 and electric
charge of the lepton €, as proposed in Ref. [6]. The asym-
metry for leptons is defined as

A6 — Ne(n>0) = Ne-(n > 0)
Ne+(n>0) + Np-(n >0)’

(D

where N,-(7n) and Ny+(n) correspond to the number of
leptons and antileptons as a function of 7, respectively. If
CP invariance holds in #f production and decay, then
N¢+ () = Ng-(—n), and A¢ is equal to the leptonic FB
asymmetry, AL = ALy = —AL, defined as
= _ Net(‘r’ > 0) - Ngt(’n < 0)
A = . (2)
Net(’r’ > 0) + N@t(?” < 0)

The asymmetries Al and A are statistically independent
and opposite. We can therefore combine the asymmetries
for € and €~ by multiplying 1 with the charge Q of each
lepton:
¢ _Ne(Q-1>0)—-Ni(Q-7<0)
Alp = : 3)
Ne(Q-n>0)+Ne(Q-71<0)
In analogy to the FB asymmetry for ¢ and 7 quarks, we
define an angular asymmetry for leptons:

_ N(An>0)— NAn<0)
" N(An>0)+NAn<0)

AH

4

where An = ng+ — n¢-. The asymmetry A‘ép corresponds
to a longitudinal asymmetry in spin orientation relative to
the proton beam direction. It is defined as

011103-4
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¢ _Ne(>0)—Ng-(n<0)
P Nps(n>0)+ Np-(n<0)

&)

This asymmetry is sensitive to s-channel exchanges of
heavy nonscalar resonances with CP-violating couplings
to quarks, but not to possible P- and CP-violating effects
from an s-channel exchange of Higgs bosons [6].

The asymmetries are measured in four ways using 7
and Q of the leptons: separate 7 distributions for (i) €* and
(i) €, (iii) the charge-signed pseudorapidity, Q - n, and
(iv) Amn. They are presented in Fig. 1. To extract the
asymmetries for ¢7 events from the distributions shown in
Fig. 1, we subtract the background and then correct for
effects from event reconstruction and acceptance. The
correction for detector acceptance is performed by multi-
plying the background-subtracted number of events with
the inverse of the selection efficiency. This is calculated
using 1 MC events, where we evaluate the selection effi-
ciency separately for 20 bins in lepton 7, to reduce the
model dependence of our acceptance correction and to
provide sufficient MC statistics.

The resolution of the measurement of lepton 7 is
obtained from studies of 7 MC events by comparing the
generated value of i with the value measured following the
event reconstruction. For electrons and muons, we use
the 7 of tracks measured in the tracking system and find
this resolution to be the same for both types of leptons. This
resolution is also investigated using cosmic-ray muons that
appear as dimuon events and is found to be = (0.0026,
consistent with the MC expectation. For = 99.8% of the
electrons or muons in ¢t MC events, the sign of lepton 7 is
correctly reconstructed. Migration of events within the

RAPID COMMUNICATIONS
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“forward” or ‘“‘backward” regions does not affect the
reconstructed angular asymmetry except for negligible
acceptance corrections. The reconstruction effects on the
measurement of 7 can therefore be neglected for charged
leptons.

The Z + jets background, which is predicted through
MC simulation [21], contributes to the asymmetry. To
study the influence of the Z + jets background, we perform
measurements of all six asymmetries in a sample domi-
nated by Z + jets production in final states with two elec-
trons or two muons. Applying the same event selections as
for the final 77 enriched sample, except for the £ signifi-
cance likelihood and F requirements, all asymmetries are
measured using the same procedure as for the measure-
ment of 17 asymmetries, but treating Z + jets as “signal”
and 7 as “‘background.” In this control sample, all other
background contributions are negligible. The data and MC
predictions for the 7 distribution of positively and nega-
tively charged leptons, for Q - i, and A%, are in good
agreement, as presented in [22].

To verify that the measurement of the ¢f asymmetries is
unbiased and correctly estimates the statistical uncertainty
of the result, we perform the measurement using ensembles
of MC pseudoexperiments. To obtain samples with differ-
ent asymmetries, we mix a 17 MC event sample weighted to
have no asymmetry with different fractions of 1z MC events
with a SM asymmetry. We fluctuate the expected number
of events in the “forward” and “backward” direction for
each pseudoexperiment assuming Poisson statistics and
apply the same procedure as for data to extract the asym-
metry. This test shows that the measurement is unbiased
and that the statistical uncertainties are estimated correctly.

—— Data

100F D@ L=5.4 fo
80F (a) M
N Background

£ eof .
[ [
> L
W 40f

20f

—— Data
M

[l Background

DO L=5.4 fb™

Events

Antilepton n Lepton n
200F D@ L=5.41b" —— Data 150 D@ L=5.4 fb" —— Data .
150k (© I L (@) I 1
[l Background 100 [l Background ]

Events
-
o
o

Qxn

FIG. 1 (color online).

Events

50}

Pseudorapidity distributions of the charged leptons for the combination of the ee, e, and w u final states after

the selection criteria have been applied. The 7 distribution of positively (a) and negatively (b) charged leptons, the distribution of
Q - 7 (c), and the distribution of An = 71,+ — 77, (d) are shown. The vertical error bars indicate the statistical uncertainty. The 7
contribution is normalized to the data after background subtraction.
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Systematic uncertainties can affect the distributions in
lepton 7). In particular, the energy scale for jets, the jet
energy resolution, the jet reconstruction, the normalization
of background, the MC-derived acceptance, and the finite
number of MC events can shift the measured asymmetry.
The normalization of the background has uncertainties
from diboson and Z + jets cross sections, as well as a
6.1% uncertainty on the data sample’s integrated luminos-
ity. The systematic uncertainties on the light- and heavy-
flavor jet energy scales, the jet energy resolution, and the
jet reconstruction can affect the acceptance. We evaluate
the size of these uncertainties by applying the variation in
acceptance corrections and in the differential distribution
of lepton 7 in deriving the #f asymmetry.

In addition, we compare the acceptance from single
leptons obtained from simulated ¢7 events with the accep-
tance obtained from Z — €€~ data. We select a data
sample enriched in Z — €*€~ events, where one lepton
is required to pass tight lepton-selection criteria to function
as a “tag” and the other “probe” lepton to pass a loose
lepton selection. The acceptance is evaluated as a function
of n by applying a tight-lepton identification requirement
on the probe. No significant difference is observed between
the acceptance for positive or negative pseudorapidities, or
between positively and negatively charged leptons. A sys-
tematic uncertainty on the acceptance is defined for each
lepton charge by the difference in acceptance between the
forward and backward hemisphere of the detector. This
study is performed separately for electrons and muons. The
systematic uncertainties are added in quadrature to yield
the total systematic uncertainties given in Table 1.

Using the distributions in Fig. 1, the lepton asymmetries
of Egs. (1)—(5) are measured. The raw asymmetries are
corrected for acceptance effects (“‘unfolded”’) and com-
pared to the predictions from MC@NLO including QCD +
EW corrections [6]. All values are listed in Table II. The
unfolded asymmetries are in agreement with the SM pre-
dictions within errors.

The asymmetry A%, defined in Eq. (2) is also measured
in € + jets final states [8]. The result for Al = (15.2 =
4.0)% is compared to a predicted value from MC@NLO of
(2.1 £0.1)% in Ref. [17]. We checked that our current
predicted asymmetry of (4.7 = 0.1)% is independent of the
final state and that the difference from the prediction given

TABLE I. Systematic uncertainties for the six unfolded asym-
metries defined in Egs. (1)-(5) for the combination of all
dilepton final states. All values are given in %.

Source AL AL AL AL AT AL,
Jets 1.1 08 17 10 15 1.2
MC statistics 04 04 04 03 05 03
Background normalization 0.3 03 06 03 0.7 03
Acceptance 07 02 15 07 23 09
Total 14 1.1 24 13 29 1.6

PHYSICAL REVIEW D 87, 011103(R) (2013)

in Ref. [17], which should be considered superseded, is
only due to the additional QCD + EW corrections as
described previously. The dominant systematic uncertainty
on the prediction and on our measurement in dilepton final
states is given by jet reconstruction related systematics.
The total uncertainty of the measurement is dominated by
the statistical component.

Since the € + jets and dilepton final states are selected
to be statistically independent, we can combine the two
asymmetries Al using the BLUE method [23,24]. All
systematic uncertainties evaluated in both measurements
are treated as fully correlated. The difference between the
two individual measurements is 1.4 SD. The combination
yields a leptonic FB asymmetry of A% = (11.8 = 3.2)%,
where the € + jets channel contributes 64% and the
dilepton channel 36% of the information. This represents
an improvement of about 20% relative to the uncertainty
in the € + jets channel alone. Comparing the combined
result to the predicted leptonic FB asymmetry from
MC@NLO plus higher order QCD + EW corrections,
Alg(predicted) = (4.7 = 0.1)%, we observe a disagree-
ment at the level of 2.2 SD.

To further investigate this deviation of the asymmetry
from the SM prediction, we analyze the longitudinal
polarization of the top quark. While in the SM top quarks
are expected to be produced unpolarized in ¢f events, there
are many beyond the SM models that would enhance the
tf FB asymmetry [1] and therefore the leptonic asymme-
tries defined in Egs. (1)—(5), and would also lead to a
nonvanishing longitudinal polarization of the top quark.
Examples are models with new parity-violating interac-
tions. In the absence of effects from acceptance, the distri-
bution of cosf#~ and cosf#* should be isotropic [6] for
unpolarized top quarks, where 6% (07) is the angle
between the direction of the €1 (£7) in the ¢ () rest frame
and the 7 (7) direction in the #f rest frame. A longitudinal

TABLE II. Measured asymmetries for leptons, as defined in
Egs. (1)—(5), including statistical and systematic uncertainties
for the combined dilepton final states using raw and unfolded
distributions are compared to predictions from MC@NLO includ-
ing QCD + EW corrections. Our predictions are calculated
using the NLO QCD + EW distributions in both numerator
and denominator of Egs. (1)—(5). This is different from the
calculations in Refs. [6,18] where the denominator is calculated
in LO QCD to derive expressions for the asymmetries of O(a,).
All values are given in %.

Raw Unfolded Predicted
Al 29+61=*09 25*+71*14 47 +0.1
Ay 45*61=1.1 41+68=*11 4.4+0.2
Ay —12*x61*13 —84x74*24 -50%*02
ALy 3.1+43+08 58+51=*13 4.7+0.1
At 33+6.0=x1.1 53+79*29 6.2+ 0.2
AL, 1824310 —18%51*x16 —03=0.1
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The distribution of cosé is shown for the combination of the dilepton channels (a) and the € + jets channels (b).

The data are compared to the SM predictions. The vertical error bars on the data points indicate the statistical uncertainty of the data.
The distribution of ¢7 pairs produced via a hypothetical Z' boson is also shown; the uncertainty due to the limited size of the MC sample
is shown by the shaded band. The same Z' model as in [26,27] is used.

polarization of the top quark would cause asymmetric
cosf™ distributions.

Assuming CP invariance, i.e. that the distributions of
cosf™ and cosf~ are equal, we measure the distribution of
cosf, defined by the sum of the cosf™ distributions. The
calculation of the angles 6= requires a transformation of
the momenta of the charged leptons into the ¢ and 7 quark
rest frames. Every event must therefore be fully recon-
structed. This is performed using the neutrino weighting
method, devised originally to measure the top-quark mass
in the dilepton channel [25] and recently applied to mea-
sure ff spin correlations [21].

In Fig. 2, the cos@ distribution is shown separately for
the dilepton and € + jets final states. The distribution for 7
events produced via a leptophobic topcolor Z' boson, with
the same parity-violating couplings to quarks as the SM Z
boson and a width I' = 0.012M, [26,27], is also shown to
illustrate the effect of producing ¢ and 7 quarks with lon-
gitudinal polarization. The agreement between the data and
the SM prediction in both distributions is good, yielding a
Kolmogorov-Smirnov test probability of 14% in the dilep-
ton channel and 58% in the € + jets channel. There is no
significant hint of new sources of parity violation leading
to a longitudinal polarization in ¢f production.

In conclusion, we measured angular asymmetries in f
production based on 7 distributions of charged leptons in
dilepton final states for the first time. We find the leptonic

FB asymmetry Af;—B and the lepton asymmetry A‘ in
agreement with zero and with the SM prediction and do
not observe an excess such as previously reported in € +
jets final states. Combining our measurement of Ay with
the measurement performed using leptons in € + jets final
states yields A%y = (11.8 = 3.2)%, which is 2.2 SD above
the calculated value including higher order QCD + EW
corrections of Al (predicted) = (4.7 = 0.1)%. To explore
the nature of this deviation, the top-quark polarization
in the dilepton and € + jets final states has been studied
for the first time and shows good agreement between the
data and the SM prediction in both channels.
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