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We present measurements of lepton (ℓ) angular distributions in in top quark (t) pair production
and tt̄ → W+bW−b̄ → ℓ+νbℓ−ν̄b̄ decays produced in pp̄ collisions at a center-of-mass energy of√
s = 1.96 TeV, where ℓ is an electron or muon. Using data corresponding to an integrated luminosity

of 5.4 fb−1, collected with the D0 detector at the Fermilab Tevatron Collider, we measure for the
first time the leptonic forward-backward asymmetry in dilepton final states and obtain Aℓ

FB =
(5.8± 5.1(stat)± 1.3(syst))%, corrected for detector acceptance. This is compared to the standard
model prediction of Aℓ

FB(predicted) = (4.7±0.1)%. A deviation from the standard model prediction
as previously seen in a DØ measurement based on the analysis of the ℓ+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 Aℓ

FB = (11.8±3.2)%. Furthermore, we present a first study of the top-quark
polarization.

PACS numbers: 14.65.Ha, 12.38.Qk, 13.85.Qk, 11.30.Er

To check the validity of the standard model (SM) of ele-
mentary particle physics and to search for possible exten-
sions, we measure the properties of the top (t) quark. At
the Tevatron pp̄ collider, with

√
s = 1.96 TeV, tt̄ produc-

tion is dominated by quark-antiquark (qq̄) annihilation.
At leading order (LO) in perturbative quantum chromo-
dynamics (QCD), production of tt̄ pairs through qq̄ an-
nihilation is expected to be forward-backward (FB) sym-
metric in the center-of-mass frame. At next-to-leading
order (NLO) QCD, interference leads to a small posi-
tive FB asymmetry, which implies that the top (antitop)
quark is emitted with higher probability in the direction
of the incoming quark (antiquark) than in the opposite
direction. Top pair production through gluon-gluon fu-
sion 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

∗with visitors from aAugustana College, Sioux Falls, SD, USA,
bThe University of Liverpool, Liverpool, UK, cUPIITA-IPN, Mex-

ico City, Mexico, dDESY, Hamburg, Germany, ,eSLAC, Menlo

Park, CA, USA, fUniversity College London, London, UK, gCentro

de Investigacion en Computacion - IPN, Mexico City, Mexico,
hECFM, Universidad Autonoma de Sinaloa, Culiacán, Mexico and
iUniversidade Estadual Paulista, São Paulo, Brazil.

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 D0 Collaborations have performed mea-
surements of the tt̄ FB asymmetry in ℓ+ jets final states
involving signatures with exactly one charged lepton, jets
and an imbalance in transverse momentum (E/T ) [7–9].
Both collaborations reported measured asymmetries sig-
nificantly larger than predicted in NLO QCD. D0 finds a
significant deviation from NLO QCD predictions of the
order of three standard deviations (SD) [8]. The asym-
metry in CDF data differs by more than three SD from
the NLO QCD prediction at large values of the tt̄ invari-
ant mass (mt > 450 GeV) [7]. The ATLAS and CMS
collaborations have performed measurements of the dif-
ference in angular distributions between top quarks and
antiquarks in the ℓ + jets final state using asymmetries
based on the top quark and antiquark rapidities [11, 12]
and pseudorapidities [12]. The results are consistent with
the SM expectations.

In this Letter, we test if an excess in the FB asymmetry
similar to the one seen in ℓ+ jets final states can also be
observed in previously unexplored dilepton final states,
where the W bosons from t and t̄ decays both decay into
eνe, µνµ, or τντ , and the τ lepton decays leptonically
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(τ → ℓνℓντ ). We use data corresponding to an integrated
luminosity of 5.4 fb−1, collected with the D0 detector in
Run II of the Fermilab Tevatron Collider.

In addition to the tt̄ FB asymmetry, where a full re-
construction of the tt̄ event is required, one can also
study the FB asymmetry through the t and t̄ decay prod-
ucts, for example, in the distributions of charged leptons
(ℓ = e, µ) from t → W+b → ℓ+νb and t̄ → W−b̄ → ℓ−ν̄ b̄
decays. Here, we investigate such simpler leptonic asym-
metries. To study the nature of a possible excess we
present measurements of six different types of leptonic
asymmetries based on the pseudorapidity and charge of
the electrons or muons. Since these asymmetries are de-
termined 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 ℓ + jets final states [8].
It is important to perform measurements of both the tt̄
FB asymmetry and the leptonic FB asymmetry, because
their correlation can be related through top quark polar-
ization to the underlying dynamics of top quark produc-
tion [13]. For this reason, we also present a first study
of the longitudinal polarization of the top quark in this
Letter.

A description of the D0 detector can be found in [14].
The selection criteria and object identification of the
dilepton (ee, eµ, µµ) decay channels follow those de-
scribed in Ref. [15]. To enrich the sample in tt̄ events,
we require two isolated, oppositely charged leptons with
transverse momentum pT > 15 GeV and at least two
jets with pT > 20 GeV and detector pseudorapidity
|ηdet| < 2.5 [10]. For the eµ channel we require that
HT (defined as the scalar sum of the larger of the two
lepton-pT values and the scalar pT of each of the two
most energetic jets) be greater than 110 GeV. For ee and
µµ events we compute a likelihood for the significance of
E/T [16], based on the probability distribution calculated
from the value of E/T and the lepton and jet energy res-
olutions. We require this likelihood to exceed the value
typical for background events. We find that only the
µµ channel benefits from an additional restriction on E/T
and, to increase signal purity, we therefore require E/T
> 40 GeV for the µµ final state. We select a tt̄ sample
with a signal to background ratio of 3.2, 3.7 and 0.9 in
the ee, eµ and µµ final states, respectively.

To simulate tt̄ production, the mc@nlo [17] generator
is used assuming mt = 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 quan-
tum electrodynamic corrections and mixed QCD and
weak corrections to the production amplitudes (denoted
by “QCD+EW”), we simultaneously correct the nor-
malized lepton and antilepton rapidity distributions in
mc@nlo using the predictions of Ref. [18]. herwig [19]
is used to simulate fragmentation, hadronization and de-
cays 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 ef-
fect of detector noise and additional pp̄ interactions. The
same reconstruction programs are then applied to data
and MC events. The background in the dilepton channel
arises from Z/γ∗ → ℓ+ℓ− and diboson events (WW , WZ

and ZZ) with associated jets, from instrumental back-
ground 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 t and t̄ quarks, since the kinematics is
underconstrained because of the two neutrinos in the fi-
nal state. Rather than determining the t and t̄ four-
momenta, as in Refs. [7–9], we measure observables cor-
related to the FB asymmetry, which depend solely on
the η and electric charge of the lepton ℓ, as proposed in
Ref. [6]. The asymmetry for leptons is defined as:

Aℓ =
Nℓ+(η > 0)−Nℓ−(η > 0)

Nℓ+(η > 0) +Nℓ−(η > 0)
, (1)

where Nℓ−(η) and Nℓ+(η) correspond to the number of
leptons and antileptons as a function of η, respectively.
If CP invariance holds in tt̄ production and decay, then
Nℓ+(η) = Nℓ−(−η), and Aℓ is equal to the leptonic FB

asymmetry, Aℓ = Aℓ+

FB = −Aℓ−

FB , defined as:

Aℓ±

FB =
Nℓ±(η > 0)−Nℓ±(η < 0)

Nℓ±(η > 0) +Nℓ±(η < 0)
. (2)

The asymmetries Aℓ+

FB and Aℓ−

FB are statistically indepen-
dent and opposite. We can therefore combine the asym-
metries for ℓ+ and ℓ− by multiplying η with the charge
Q of each lepton:

Aℓ
FB =

Nℓ(Q · η > 0)−Nℓ(Q · η < 0)

Nℓ(Q · η > 0) +Nℓ(Q · η < 0)
. (3)

In analogy to the FB asymmetry for t and t̄ quarks,
we define an angular asymmetry for leptons:

Aℓℓ =
N(∆η > 0)−N(∆η < 0)

N(∆η > 0) +N(∆η < 0)
, (4)

where ∆η = ηℓ+ −ηℓ− . The asymmetry Aℓ
CP corresponds

to a longitudinal asymmetry in spin orientation relative
to the proton beam direction. It is defined as:

Aℓ
CP =

Nℓ+(η > 0)−Nℓ−(η < 0)

Nℓ+(η > 0) +Nℓ−(η < 0)
. (5)

This asymmetry is sensitive to s-channel exchanges of
heavy non-scalar 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].
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FIG. 1: Pseudorapidity distributions of the charged leptons
for the combination of the ee, eµ and µµ final states after
the selection criteria have been applied. The η distribution
of positively (a) and negatively (b) charged leptons, the dis-
tribution of Q · η (c) and the distribution of ∆η = ηℓ+ − ηℓ−
(d) are shown. The vertical error bars indicate the statistical
uncertainty. The tt̄ contribution is normalized to the data
after background subtraction.

The asymmetries are measured in four ways using η
and Q of the leptons: separate η distributions for (i) ℓ+

and (ii) ℓ−, (iii) the charge-signed pseudorapidity, Q · η,
and (iv) ∆η. They are presented in Fig. 1. To extract the
asymmetries for tt̄ 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 tt̄ MC events, where we evaluate the selection effi-
ciency separately for twenty bins in lepton η, to reduce
the model dependence of our acceptance correction and
to provide sufficient MC statistics.
The resolution of the measurement of lepton η is ob-

tained from studies of tt̄ MC events by comparing the
generated value of η with the value measured following
the event reconstruction. For electrons and muons, we
use the η of tracks measured in the tracking system and
find this resolution to be the same for both types of lep-
tons. 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 tt̄ MC events, the
sign of lepton η is correctly reconstructed. Migration of
events within the “forward” or “backward” regions does
not affect the reconstructed angular asymmetry except
for negligible acceptance corrections. The reconstruc-
tion effects on the measurement of η 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 per-
form measurements of all six asymmetries in a sample
dominated by Z+jets production in final states with two
electrons or two muons. Applying the same event selec-
tions as for the final tt̄ enriched sample, except for the E/T
significance likelihood and E/T requirements, all asymme-
tries are measured using the same procedure as for the
measurement of tt̄ asymmetries, but treating Z+jets as
“signal” and tt̄ as “background”. In this control sample,
all other background contributions are negligible. The
data and MC predictions for the η distribution of posi-
tively and negatively charged leptons, for Q · η, and ∆η,
are in good agreement, as presented in [22].

To verify that the measurement of the tt̄ asymmetries
is unbiased and correctly estimates the statistical uncer-
tainty of the result, we perform the measurement using
ensembles of MC pseudo-experiments. To obtain sam-
ples with different asymmetries, we mix a tt̄ MC event
sample weighted to have no asymmetry with different
fractions of tt̄ MC events with a SM asymmetry. We
fluctuate the expected number of events in the “forward”
and “backward” direction for each pseudo-experiment as-
suming Poisson statistics and apply the same procedure
as for data to extract the asymmetry. This test shows
that the measurement is unbiased and that the statisti-
cal uncertainties are estimated correctly.

Systematic uncertainties can affect the distributions in
lepton η. In particular, the energy scale for jets, the jet
energy resolution, the jet reconstruction, the normaliza-
tion of background, the MC-derived acceptance, and the
finite number of MC events can shift the measured asym-
metry. The normalization of the background has uncer-
tainties from diboson and Z+jets cross sections, as well
as a 6.1% uncertainty on the data sample’s integrated lu-
minosity. 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 η in deriving the tt̄ asymmetry.

In addition, we compare the acceptance from single
leptons obtained from simulated tt̄ events with the accep-
tance obtained from Z → ℓ+ℓ− data. We select a data
sample enriched in Z → ℓ+ℓ− 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 function
of η by applying a tight-lepton identification requirement
on the probe. No significant difference is observed be-
tween the acceptance for positive or negative pseudora-
pidities, nor between positively and negatively charged
leptons. A systematic uncertainty on the acceptance is
defined for each lepton charge by the difference in accep-
tance between the forward and backward hemisphere of
the detector. This study is performed separately for elec-
trons and muons. The systematic uncertainties are added
in quadrature to yield the total systematic uncertainties
given in Table 1.
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TABLE 1: Systematic uncertainties for the six unfolded
asymmetries defined in Eqs. (1)-(5) for the combination of
all dilepton final states. All values are given in %.

Source Aℓ Aℓ+

FB Aℓ−

FB Aℓ
FB Aℓℓ Aℓ

CP

Jets 1.1 0.8 1.7 1.0 1.5 1.2
MC statistics 0.4 0.4 0.4 0.3 0.5 0.3
Bkg normalization 0.3 0.3 0.6 0.3 0.7 0.3
Acceptance 0.7 0.2 1.5 0.7 2.3 0.9
Total 1.4 1.1 2.4 1.3 2.9 1.6

TABLE 2: Measured asymmetries for leptons, as defined in
Eqs. (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 in-
cluding QCD+EW corrections. Our predictions are calcu-
lated using the NLO QCD+EW distributions in both numer-
ator and denominator of Eqs. (1)-(5). This is different to the
calculations in Refs. [6, 18] where the denominator is calcu-
lated in LO QCD to derive expressions for the asymmetries
of O(αs). All values are given in %.

Raw Unfolded Predicted

Aℓ 2.9± 6.1± 0.9 2.5± 7.1± 1.4 4.7± 0.1

Aℓ+

FB 4.5± 6.1± 1.1 4.1± 6.8± 1.1 4.4± 0.2

Aℓ−

FB −1.2± 6.1± 1.3 −8.4± 7.4± 2.4 −5.0± 0.2
Aℓ

FB 3.1± 4.3± 0.8 5.8± 5.1± 1.3 4.7± 0.1
Aℓℓ 3.3± 6.0± 1.1 5.3± 7.9± 2.9 6.2± 0.2
Aℓ

CP 1.8± 4.3± 1.0 −1.8± 5.1± 1.6 −0.3± 0.1

Using the distributions in Fig. 1, the lepton asym-
metries of Eqs. (1)-(5) are measured. The raw asym-
metries are corrected for acceptance effects (“unfolded”)
and compared to the predictions from mc@nlo includ-
ing QCD+EW corrections [6]. All values are listed in
Table 2. The unfolded asymmetries are in agreement
with the SM predictions within errors.
The asymmetry Aℓ

FB defined in Eq. (2) is also mea-
sured in ℓ+jets final states [8]. The result for Aℓ

FB =
(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 in-
dependent of the final state and that the difference from
the prediction given in Ref. [17], which should be consid-
ered superseded, is only due to the additional QCD+EW
corrections as described previously. The dominant sys-
tematic uncertainty on the prediction and on our mea-
surement in dilepton final states is given by jet recon-
struction related systematics. The total uncertainty of
the measurement is dominated by the statistical compo-
nent.
Since the ℓ+jets and dilepton final states are selected

to be statistically independent, we can combine the two
asymmetries Aℓ

FB 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 com-
bination yields a leptonic FB asymmetry of Aℓ

FB =
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FIG. 2: The distribution of cos θ is shown for the combination
of the dilepton channels (a) and the ℓ+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 tt̄ pairs produced via a hypo-
thetical 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.

(11.8± 3.2)%, where the ℓ+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 ℓ+jets channel alone. Comparing the
combined result to the predicted leptonic FB asymmetry
from mc@nlo plus higher order QCD+EW corrections,
Aℓ

FB(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 po-
larization of the top quark. While in the SM top quarks
are expected to be produced unpolarized in tt̄ events,
there are many beyond the SM models that would en-
hance the tt̄ FB asymmetry [1] and therefore the lep-
tonic asymmetries defined in Eqs. (1)-(5), and would
also lead to a non-vanishing longitudinal polarization of
the top quark. Examples are models with new parity-
violating interactions. In the absence of effects from ac-
ceptance, the distribution of cos θ− and cos θ+ should be
isotropic [6] for unpolarized top quarks, where θ+ (θ−)
is the angle between the direction of the ℓ+ (ℓ−) in the t
(t̄) rest frame and the t (t̄) direction in the tt̄ rest frame.
A longitudinal polarization of the top quark would cause
asymmetric cos θ± distributions.

Assuming CP invariance, i.e. that the distributions
of cos θ+ and cos θ− are equal, we measure the distribu-
tion cos θ, defined by the sum of the cos θ± distributions.
The calculation of the angles θ± requires a transforma-
tion of the momenta of the charged leptons into the t
and t̄ quark rest frames. Every event must therefore be
fully reconstructed. This is performed using the neutrino
weighting method, devised originally to measure the top
quark mass in the dilepton channel [25] and recently ap-
plied to measure tt̄ spin correlations [21].

In Fig. 2, the cos θ distribution is shown separately for
the dilepton and ℓ+jets final states. The distribution for
tt̄ events produced via a leptophobic topcolor Z ′ boson,
with the same parity-violating couplings to quarks as the
SM Z boson and a width Γ = 0.012MZ [26, 27] is also
shown to illustrate the effect of producing t and t̄ quarks
with longitudinal polarization. The agreement between
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the data and the SM prediction in both distributions is
good, yielding a Kolmogorov-Smirnov test probability of
14% in the dilepton channel and 58% in the ℓ+jets chan-
nel. There is no significant hint of new sources of parity
violation leading to a longitudinal polarization in tt̄ pro-
duction.
In conclusion, we measured angular asymmetries in tt̄

production based on η distributions of charged leptons
in dilepton final states for the first time. We find the
leptonic FB asymmetry Aℓ

FB and the lepton asymmetry
Aℓℓ in agreement with zero and with the SM prediction
and do not observe an excess such as previously reported
in ℓ+jets final states. Combining our measurement of
Aℓ

FB with the measurement performed using leptons in
ℓ+jets final states yields Aℓ

FB = (11.8 ± 3.2)%, which is
2.2 SD above the calculated value including higher order
QCD+EW corrections of Aℓ

FB(predicted) = (4.7±0.1)%.
To explore the nature of this deviation, the top-quark
polarization in the dilepton and ℓ+jets final states has
been studied for the first time and shows good agreement

between the data and the SM prediction in both channels.

Acknowledgments

We would like to thank W. Bernreuther and Z. G. Si
for useful discussions and providing us with the lep-
ton rapidity distributions used for theoretical predic-
tions. We thank the staffs at Fermilab and collabo-
rating institutions, and acknowledge support from the
DOE and NSF (USA); CEA and CNRS/IN2P3 (France);
FASI, Rosatom and RFBR (Russia); CNPq, FAPERJ,
FAPESP and FUNDUNESP (Brazil); DAE and DST (In-
dia); Colciencias (Colombia); CONACyT (Mexico); NRF
(Korea); CONICET and UBACyT (Argentina); FOM
(The Netherlands); STFC and the Royal Society (United
Kingdom); MSMT and GACR (Czech Republic); BMBF
and DFG (Germany); SFI (Ireland); The Swedish Re-
search Council (Sweden); and CAS and CNSF (China).

[1] D. Krohn, T. Liu, J. Shelton, and L.-T. Wang, Phys.
Rev. D 84, 074034 (2011).

[2] J. A. Aguilar-Saavedra, arXiv:1202.2382 [hep-ph].
[3] A. Djouadi, G. Moreau, F. Richard, and R. K. Singh,

Phys. Rev. D 82, 071702 (2010); R. Barcelo, A. Car-
mona, M. Masip, and J. Santiago, Phys. Lett. B 707, 88
(2012); G. M. Tavares and M. Schmaltz, Phys. Rev. D
84, 054008 (2011); E. Alvarez, L. Da Rold, J. I. S. Vi-
etto, and A. Szynkman, J. High Energy Phys. 09, 007
(2011); J. A. Aguilar-Saavedra and M. Perez-Victoria,
Phys. Lett. B 705, 228 (2011).

[4] S. Jung, H. Murayama, A. Pierce, and J. D. Wells, Phys.
Rev. D 81, 015004 (2010); K. Cheung, W.-Y. Keung, and
T.-C. Yuan, Phys. Lett. B 682, 287 (2009).

[5] J. A. Aguilar-Saavedra and M. Perez-Victoria, J. High
Energy Phys. 09, 097 (2011).

[6] W. Bernreuther and Z. -G. Si, Nucl. Phys. B 837, 90
(2010).

[7] T. Aaltonen et al. [CDF Collaboration], Phys. Rev. D
83, 112003 (2011).

[8] V. M. Abazov et al. [D0 Collaboration], Phys. Rev. D
84, 112005 (2011).

[9] V. M. Abazov et al. [D0 Collaboration], Phys. Rev. Lett.
100, 142002 (2008).

[10] The rapidity y and pseudorapidity η of a particle are
defined as functions of the polar angle θ with respect
to the proton beam direction and velocity β as y(θ, β) ≡
1

2
ln [(1 + β cos θ)/(1− β cos θ)] and η(θ) ≡ y(θ, 1), where

β is the ratio of a particle’s momentum to its energy.
We distinguish detector η (ηdet) and collision η, where
the former is defined with respect to the center of the
detector and the latter with respect to the pp̄ interaction
vertex.

[11] G. Aad et al. [ATLAS Collaboration], Eur. Phys. J. C
72, 2039 (2012).

[12] S. Chatrchyan et al. [CMS Collaboration], Phys. Lett. B
709, 28 (2012).

[13] E. L. Berger, Q.-H. Cao, C.-R. Chen, J.-H. Yu and
H. Zhang, Phys. Rev. Lett. 108, 072002 (2012).

[14] V. M. Abazov et al. [D0 Collaboration], Nucl. Instrum.
Methods Phys. Res. A 565, 463 (2006); M. Abolins et
al., Nucl. Instrum. Methods Phys. Res. A 584, 75 (2008);
R. Angstadt et al., Nucl. Instrum. Methods Phys. Res.
A 622, 298 (2010).

[15] V. M. Abazov et al. [D0 Collaboration], Phys. Lett. B
704, 403 (2011).

[16] A. G. Schwartzman, Fermilab-Thesis-2004-21 (2004).
[17] S. Frixione and B. R. Webber, J. High Energy Phys. 06,

029 (2002).
[18] W. Bernreuther and Z. -G. Si, Phys. Rev. D 86, 034026

(2012).
[19] G. Corcella et al., J. High Energy Phys. 01, 010 (2001).
[20] R. Brun and F. Carminati, CERN Program Library Long

Writeup W5013, 1993 (unpublished).
[21] V. M. Abazov et al. [D0 Collaboration], Phys. Lett. B

702, 16 (2011).
[22] See EPAPS Document No. E-PRL for additional figures

of the η distribution of positively and negatively charged
leptons, for Q · η, and ∆η, in a sample dominated by
Z+jets background. For more information on EPAPS,
see http://www.aip.org/pubservs/epaps.html.

[23] L. Lyons, D. Gibaut, and P. Clifford, Nucl. Instrum.
Methods in Phys. Res. Sect. A 270, 110 (1988).

[24] A. Valassi, Nucl. Instrum. Methods in Phys. Res. Sect.
A 500, 391 (2003).

[25] V. M. Abazov et al. [D0 Collaboration], Phys. Rev. D
80, 092006 (2009); B. Abbott et al. [D0 Collaboration],
Phys. Rev. Lett. 80, 2063 (1998).

[26] R. M. Harris, C. T. Hill, and S. J. Parke, hep-
ph/9911288.

[27] V. M. Abazov et al. [D0 Collaboration], Phys. Rev. D
85, 051101 (2012).


