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Abstract
The charge asymmetry in t t-bar events is measured using dilepton final states
produced in pp collisions at the LHC at sqrt(s)=8 TeV. The data sample, col-
lected with the CMS detector, corresponds to an integrated luminosity of 19.5
inverse femtobarns. The measurements are performed using events with two
oppositely charged leptons (electrons or muons) and two or more jets, where at
least one of the jets is identified as originating from a bottom quark. The charge
asymmetry is measured from differences in kinematic distributions, unfolded to
the parton level, of positively and negatively charged top quarks and leptons.
The t t-bar and leptonic charge asymmetries are found to be 0.011 +/- 0.011
(stat) +/- 0.007 (syst) and 0.003 +/- 0.006 (stat) +/- 0.003 (syst), respectively.
These results, as well as charge asymmetry measurements made as a function
of t t-bar system kinematic properties, are in agreement with predictions of the
standard model.
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Abstract
The charge asymmetry in 𝑡 ̄𝑡 events is measured using dilepton final states pro-
duced in 𝑝𝑝 collisions at the LHC at

√𝑠 = 8 TeV. The data sample, collected
with the CMS detector, corresponds to an integrated luminosity of 19.5 fb−1.
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The measurements are performed using events with two oppositely charged lep-
tons (electrons or muons) and two or more jets, where at least one of the jets is
identified as originating from a bottom quark. The charge asymmetry is mea-
sured from differences in kinematic distributions, unfolded to the parton level,
of positively and negatively charged top quarks and leptons. The 𝑡 ̄𝑡 and lep-
tonic charge asymmetries are found to be 0.011±0.011 (stat) ±0.007 (syst) and
0.003 ± 0.006 (stat) ±0.003 (syst), respectively. These results, as well as charge
asymmetry measurements made as a function of 𝑡 ̄𝑡 system kinematic properties,
are in agreement with predictions of the standard model.

Submitted to Physics Letters B

1 Introduction
The top quark is the heaviest known elementary particle, with mass 𝑚𝑡 =
172.44 ± 0.48 GeV as measured by this experiment [1]. Precision measurements
of top quark properties have the potential to identify the first hints of new par-
ticles, particularly those with stronger couplings to top quarks than to other
fundamental particles. The standard model (SM) predicts a charge asymmetry
in 𝑡 ̄𝑡 production at hadron colliders through quark-antiquark annihilation. This
asymmetry is caused by the interference between the Born and the box dia-
grams, as well as between the initial- and final-state radiation diagrams, and is
predicted by quantum chromodynamics (QCD) calculations at next-to-leading
order (NLO) [2, 3].

Early measurements of this asymmetry by the CDF [4] and D0 [5] collabora-
tions exceeded the NLO predictions [2, 3] by about two standard deviations,
and the discrepancy was more pronounced in the CDF events with large 𝑡 ̄𝑡 in-
variant mass (𝑀𝑡 ̄𝑡 > 450 GeV). These results have led to considerations that the
large asymmetry might be generated by additional axial-vector couplings of the
gluon or the presence of heavy particles with unequal vector and axial-vector
couplings to top quarks and antiquarks. Recent developments in experimental
techniques [6, 7] and theoretical predictions such as the inclusion of electroweak
(EW) [8–11] and next-to-next-to-leading-order (NNLO) QCD [12] corrections
have largely resolved the disagreement between theory and the Tevatron mea-
surements. Nonetheless, charge asymmetry remains an important probe of new
physics.

At the Tevatron, colliding valence quarks from the proton and antiproton beams
result in asymmetric rapidity (𝑦) distributions of top quarks and antiquarks.
The proton-proton (𝑝𝑝) initial state at the LHC is expected to produce top
quark and antiquark rapidity distributions that are symmetric about 𝑦 = 0.
However, since the quarks in the initial state can be valence quarks while the
antiquarks are sea quarks, the larger average momentum-fraction of quarks leads
to an excess of top quarks produced in the forward directions. The rapidity
distribution of top quarks in the SM is therefore broader than that of the more
centrally produced top antiquarks, and Δ|𝑦| = |𝑦𝑡|− |𝑦 ̄𝑡| is a suitable observable
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to measure the 𝑡 ̄𝑡 charge asymmetry [13], defined in terms of event yields 𝑁 as

𝐴𝐶 = 𝑁(Δ|𝑦| > 0) − 𝑁(Δ|𝑦| < 0)
𝑁(Δ|𝑦| > 0) + 𝑁(Δ|𝑦| < 0)

While the measurement of 𝐴𝐶 relies on the reconstruction of the top quark and
antiquark directions from complex final states, an advantage of the dilepton
final state is that one can alternatively measure the leptonic charge asymmetry
defined using only the lepton pseudorapidities [14] 𝜂ℓ± as

𝐴ℓ
𝐶 = 𝑁(Δ|𝜂ℓ| > 0) − 𝑁(Δ|𝜂ℓ| < 0)

𝑁(Δ|𝜂ℓ| > 0) + 𝑁(Δ|𝜂ℓ| < 0)

where Δ|𝜂ℓ| = |𝜂ℓ+ | − |𝜂ℓ− |. This observable is useful because it is free of any
ambiguities associated with the top quark reconstruction, and the correlation
between the direction of a top quark and its decay products means an asymmetry
in the parent top quark direction induces an asymmetry in the lepton direction.
Furthermore, its dependence on the top quark polarization implies that it is not
fully correlated with 𝐴𝐶 and provides complementary information [13].

Previous ATLAS and CMS measurements of 𝐴𝐶 using data from 𝑝𝑝 collisions
at

√𝑠 = 7 TeV [15, 16] and 8 TeV [17–20], and of 𝐴ℓ
𝐶 using the 7 TeV data

samples [21, 22], are consistent with the SM predictions.

In this Letter, measurements are presented of 𝐴𝐶 and 𝐴ℓ
𝐶 from 𝑡 ̄𝑡 events in

the dilepton final states, using CMS data from 𝑝𝑝 collisions at
√𝑠 = 8 TeV

corresponding to an integrated luminosity of 19.5 fb−1.

2 The CMS Detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m
internal diameter, providing a magnetic field of 3.8 T. Within the solenoid vol-
ume are a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic
calorimeter, and a brass and scintillator hadron calorimeter, each composed of
a barrel and two endcap sections. Forward calorimeters extend the pseudorapid-
ity coverage provided by the barrel and endcap detectors. Muons are measured
in gas-ionization detectors embedded in the steel flux-return yoke outside the
solenoid. A more detailed description of the CMS detector, together with a
definition of the coordinate system used and the relevant kinematic variables,
can be found in Ref. [14].

3 Event Selection and Reconstruction
The event selection for this analysis is identical to that used in Ref. [23] and is
only briefly described in this section. The particle-flow (PF) method [24, 25] is
used to reconstruct final-state particles. Events are required to have exactly two
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isolated [23] leptons (electrons [26] or muons [27]) of opposite electric charge,
with 𝑝𝑇 > 20 GeV and |𝜂| < 2.4. The dilepton pair invariant mass 𝑀ℓℓ is
required to be above 20 GeV. For same-flavor leptons, 𝑀ℓℓ must also not be
within 15 GeV of the Z boson mass to suppress the Drell–Yan (𝑍/𝛾∗+jets)
background.

The PF objects are clustered to form jets using the anti-𝑘𝑇 clustering algorithm
[28] with a distance parameter of 0.5, as implemented in the FASTJET package
[29, 30]. The contribution to the jet energy from additional interactions in the
same bunch crossing (pileup) is estimated on an event-by-event basis using the
jet area method [31], and is subtracted from the overall jet 𝑝𝑇 .

The selected events are required to contain at least two jets with 𝑝𝑇 > 30 GeV
and |𝜂| < 2.4. At least one of these jets must be consistent with containing the
decay of a heavy-flavor hadron, as identified using the medium operating point
of the combined secondary vertex (CSV) 𝑏 tagging algorithm [32]. We refer to
such jets as 𝑏-tagged jets.

The missing transverse momentum vector ⃗𝑝miss
𝑇 is defined as the negative vector

sum of the 𝑝𝑇 of all PF objects over the full calorimeter coverage (|𝜂| < 5).
Its magnitude is referred to as 𝐸miss

𝑇 . The calibrations that are applied to the
energy measurements of jets are propagated to a correction of ⃗𝑝miss

𝑇 . The 𝐸miss
𝑇

value is required to exceed 40 GeV in events with same-flavor leptons in order
to further suppress the Drell–Yan background. There is no 𝐸miss

𝑇 requirement
for 𝑒±𝜇∓ events.

The inclusive measurement of 𝐴𝐶 and all differential measurements presented
here require reconstruction of the 𝑡 ̄𝑡 system. Each signal event has two neutrinos,
and there is also a twofold ambiguity in combining the 𝑏 jets with the leptons.
In 62% of the events passing the event selection requirements, only one 𝑏-tagged
jet is identified. In those events the untagged jet with the highest ranking by
the CSV algorithm is assumed to be the second 𝑏 jet. Solutions for the neutrino
momenta are found analytically assuming 𝑚𝑡 = 172.5 GeV. Each event can have
up to 8 possible solutions, and the one with the maximum weight obtained using
the matrix weighting technique [33] is chosen as the most probable. For events
with no physical solution, we attempt to find a solution for the sum of neutrino
𝑝𝑇 as close as possible to the measured ⃗𝑝miss

𝑇 [34, 35]. Nonetheless, no solution is
found for approximately 16% of the events, both in data and simulation. Events
with no solutions are used only in the inclusive measurement of 𝐴𝐶 , although
the results do not significantly change if those events are excluded.

4 Event Samples and Background Estimation
The simulated 𝑡 ̄𝑡 events used in this analysis are generated using the MC@NLO
3.41 [36, 37] Monte Carlo event generator, with 𝑚𝑡 = 172.5 GeV and the
CTEQ6M parton distribution functions (PDFs) [38]. The parton showering
and fragmentation are performed using HERWIG 6.520 [39]. Simulations with
different values of 𝑚𝑡 and the renormalization and factorization scales (𝜇𝑅 and
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𝜇𝐹 ) are used to evaluate the associated systematic uncertainties. Events with
dileptonic 𝑡 ̄𝑡 decays, including tau leptons that decay leptonically, are defined
as signal, while all other 𝑡 ̄𝑡 decay modes are treated as background.

Background events from the 𝑊+jets, Drell–Yan, diboson (𝑊𝑊 , 𝑊𝑍, and 𝑍𝑍),
triboson, and 𝑡 ̄𝑡+boson processes are generated with MADGRAPH 5.1.3.30 [40,
41], while single top quark events are generated using POWHEG 1.0 [42–46].
The parton showering and fragmentation are done using PYTHIA 6.4.22 [47],
which is also used for an alternative 𝑡 ̄𝑡 event sample generated using POWHEG.
Cross sections calculated to NLO or NNLO are used to normalize the back-
ground samples [48–56].

For both signal and background events, pileup is simulated with PYTHIA and
superimposed on the hard collisions using a pileup multiplicity distribution that
reflects the luminosity profile of the analyzed data. The CMS detector response
is simulated using a GEANT4-based model [57]. The simulated events are re-
constructed and analyzed with the same software used to process the data. The
measured trigger efficiencies are used to weight the simulated events to account
for the trigger requirement, while the lepton selection efficiencies (reconstruc-
tion, identification, and isolation) are consistent between data and simulation
[23, 58]. The differences between 𝑏 tagging efficiencies measured in data and
simulation [32] are accounted for using correction factors.

The total contribution from background events to the data sample is expected
to be 9%, about half of which comes from single top quark production in associa-
tion with a 𝑊 boson (𝑡𝑊 ), with dileptonic decays. Several control regions (CRs)
in data are used to validate and to derive scale factors (SFs) and systematic un-
certainties for the background estimates from simulation for 𝑡𝑊 and 𝑍/𝛾∗+jets
production and for events with incorrectly identified leptons. The CRs are se-
lected to have similar kinematic properties to the signal region, but with one
or two requirements inverted, thus enriching them in different background con-
tributions [23]. The systematic uncertainties in the SFs are estimated from the
envelope of variation in their value using the three dilepton flavor combinations
and various CRs. For the 𝑡𝑊 background we assign a 25% uncertainty based
on the recent CMS cross section measurement of 23.4 ± 5.4 pb [59].

Other processes, including 𝑡 ̄𝑡 production in association with a boson as well as
diboson and triboson production, contribute less than 20% of the total back-
ground and are estimated from simulation alone. Recent CMS measurements
[60–62] indicate agreement between the predicted and measured cross sections
for these processes, and their small yields permit the choice of a conservative
systematic uncertainty of 50% with negligible effect on the analysis precision.
After subtraction of the predicted background, the remaining yield is assumed
to be signal.
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5 Unfolding the Distributions
The measured distributions are distorted, relative to the true underlying dis-
tributions, by the acceptance of the detector, the efficiency of the trigger and
event selection, and the finite resolution of the measured kinematic quantities.
To correct for these effects, we apply an unfolding procedure that yields the
corrected parton-level distributions normalized to unit area. In the context of
theoretical calculations and parton shower event generators, the parton-level
top quark is defined before it decays and its kinematic properties include the
effects of recoil from initial- and final-state radiation in the rest of the event and
from final-state radiation from the top quark itself. The parton-level charged
lepton, produced from the decay of the intermediate 𝑊 boson, is defined before
the lepton decays or radiates any photons.

We use six bins of varying width in the Δ|𝑦𝑡| parton-level distribution that are
well matched to the reconstruction resolution and contain approximately equal
numbers of events. The Δ|𝜂ℓ| distribution depends only on lepton measurements,
and the better resolution allows us to use 12 bins. For the reconstruction-
level distributions, we use twice as many bins as those used for the parton-
level distributions. We employ a regularized unfolding algorithm implemented
in the TUNFOLD package [63]. The regularization strength is optimized by
minimizing the average global correlation coefficient in the unfolded distribution;
the resulting regularization is relatively weak, contributing at the level of 10%
to the total 𝜒2 minimized by the algorithm.

We use an analogous unfolding procedure to measure 𝐴𝐶 and 𝐴ℓ
𝐶 differentially

in three bins for each of the 𝑡 ̄𝑡 system kinematic variables 𝑀𝑡 ̄𝑡, |𝑦𝑡 ̄𝑡|, and 𝑝𝑡 ̄𝑡
𝑇 .

6 Systematic Uncertainties
Most of the systematic uncertainties concern detector performance and the mod-
eling of the signal and background processes and are estimated from the change
in the measurement when varying the simulated event samples used for the
unfolding. The uncertainty from the jet energy scale corrections is estimated
by varying the jet energies within their uncertainties [64] and propagating this
to the ⃗𝑝miss

𝑇 . Similarly, the jet energy resolution is varied by 2–5%, depend-
ing on the 𝜂 of the jet [64], and the electron energy scale is varied by ±0.6%
(±1.5%) for barrel (endcap) electrons, as estimated from comparisons between
measured and simulated 𝑍 boson events [26]. The uncertainty in muon ener-
gies is negligible. The uncertainty in the background subtraction is obtained by
varying the normalization of each background component by the corresponding
uncertainties.

Many of the signal modeling and simulation uncertainties are evaluated by us-
ing weights to vary the MC@NLO 𝑡 ̄𝑡 sample: the simulated pileup multiplicity
distribution is changed within its uncertainty; the correction factors between
data and simulation for the 𝑏 tagging efficiency [32], trigger efficiency, and lep-
ton selection efficiency are shifted up and down by their uncertainties; and the
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PDFs are varied using the PDF4LHC procedure [65, 66]. Previous CMS studies
[67, 68] have shown that the 𝑝𝑇 distribution of the top quark in data is softer
than in the NLO simulation of 𝑡 ̄𝑡 production. Since the origin of the discrepancy
is not fully understood, the change in the measurement when reweighting the
MC@NLO 𝑡 ̄𝑡 sample to match the top quark 𝑝𝑇 spectrum in data is taken as
a systematic uncertainty associated with signal modeling. Further signal mod-
eling uncertainties are evaluated using the dedicated 𝑡 ̄𝑡 samples: 𝜇𝑅 and 𝜇𝐹
are simultaneously varied up and down by a factor of 2, 𝑚𝑡 is varied by ±1
GeV, and the 𝑡 ̄𝑡 sample generated with POWHEG and PYTHIA is used to mea-
sure the uncertainty in hadronization modeling from the difference between the
HERWIG and PYTHIA descriptions.

The systematic uncertainty estimates evaluated using dedicated 𝑡 ̄𝑡 samples have
a significant statistical uncertainty governed by the number of events in the sim-
ulated samples. To avoid underestimation of these uncertainties, the maximum
of the estimated systematic uncertainty and the statistical uncertainty in that
estimate is taken as the final systematic uncertainty.

The uncertainty in the unfolding procedure is dominated by the statistical un-
certainty arising from the limited number of events in the MC@NLO 𝑡 ̄𝑡 sample.
The uncertainty from the regularization is found to be small in comparison. The
systematic uncertainties in the inclusive asymmetry values obtained from the
unfolded distributions are summarized in Table 1. The individual terms are
added in quadrature to estimate the total systematic uncertainties. For both
𝐴𝐶 and 𝐴ℓ

𝐶 , the dominant systematic uncertainty is from the limited number
of simulated events used for the unfolding.

7 Results
The unfolded normalized differential cross sections for the selected data events
are shown in Fig. 1, along with the parton-level predictions for 𝑡 ̄𝑡 production
obtained from calculations at NLO in the SM gauge couplings (QCD+EW) [11]
and with the MC@NLO generator (which does not include EW corrections).
The corresponding asymmetry values are presented in Table 2. Correlations
between the contents of different bins, introduced by the unfolding process and
from the systematic uncertainties, are accounted for in the calculation of the
uncertainties. The measured values are consistent with the expectations from
the SM.

The asymmetry values as a function of 𝑀𝑡 ̄𝑡, |𝑦𝑡 ̄𝑡|, and 𝑝𝑡 ̄𝑡
𝑇 are also measured. The

results, which are shown in Fig. 2, are consistent with the MC@NLO simulation
predictions, as well as with the NLO (QCD+EW) calculations for the 𝑀𝑡 ̄𝑡 and
|𝑦𝑡 ̄𝑡| dependencies. No comparison is made with NLO calculations for the 𝑝𝑡 ̄𝑡

𝑇
dependencies as it is expected that the effect of the parton shower process on
the 𝑝𝑡 ̄𝑡

𝑇 distribution makes fixed-order calculations an inadequate approximation
of the data.

chinarxiv.org/items/chinaxiv-201608.00098 Machine Translation

https://chinarxiv.org/items/chinaxiv-201608.00098


8 Summary
Measurements are presented of the charge asymmetry in 𝑡 ̄𝑡 dilepton final states
from distributions, unfolded to the parton level, of the absolute rapidity (pseu-
dorapidity) difference of top quarks (leptons) with positive and negative charge.
The data sample corresponds to an integrated luminosity of 19.5 fb−1 from 𝑝𝑝
collisions at

√𝑠 = 8 TeV, collected by the CMS experiment at the LHC. The
𝑡 ̄𝑡 and leptonic charge asymmetries are found to be, respectively, 0.011 ± 0.011
(stat) ±0.007 (syst) and 0.003±0.006 (stat) ±0.003 (syst) when measured inclu-
sively. The charge asymmetries are also measured as a function of the invariant
mass, absolute rapidity, and transverse momentum of the 𝑡 ̄𝑡 system in the lab-
oratory frame. All measurements are in agreement with the standard model
predictions, and can help constrain new theories [13].

Acknowledgements

We would like to thank W. Bernreuther and Z.-G. Si for calculating the the-
oretical distributions shown in this paper. We congratulate our colleagues in
the CERN accelerator departments for the excellent performance of the LHC
and thank the technical and administrative staffs at CERN and at other CMS
institutes for their contributions to the success of the CMS effort. In addi-
tion, we gratefully acknowledge the computing centres and personnel of the
Worldwide LHC Computing Grid for delivering so effectively the computing
infrastructure essential to our analyses. Finally, we acknowledge the enduring
support for the construction and operation of the LHC and the CMS detec-
tor provided by the following funding agencies: BMWFW and FWF (Austria);
FNRS and FWO (Belgium); CNPq, CAPES, FAPERJ, and FAPESP (Brazil);
MES (Bulgaria); CERN; CAS, MoST, and NSFC (China); COLCIENCIAS
(Colombia); MSES and CSF (Croatia); RPF (Cyprus); MoER, ERC IUT and
ERDF (Estonia); Academy of Finland, MEC, and HIP (Finland); CEA and
CNRS/IN2P3 (France); BMBF, DFG, and HGF (Germany); GSRT (Greece);
OTKA and NIH (Hungary); DAE and DST (India); IPM (Iran); SFI (Ireland);
INFN (Italy); MSIP and NRF (Republic of Korea); LAS (Lithuania); MOE
and UM (Malaysia); CINVESTAV, CONACYT, SEP, and UASLP-FAI (Mex-
ico); MBIE (New Zealand); PAEC (Pakistan); MSHE and NSC (Poland); FCT
(Portugal); JINR (Dubna); MON, RosAtom, RAS and RFBR (Russia); MESTD
(Serbia); SEIDI and CPAN (Spain); Swiss Funding Agencies (Switzerland); MST
(Taipei); ThEPCenter, IPST, STAR and NSTDA (Thailand); TUBITAK and
TAEK (Turkey); NASU and SFFR (Ukraine); STFC (United Kingdom); DOE
and NSF (USA).

Individuals have received support from the Marie-Curie programme and the
European Research Council and EPLANET (European Union); the Leventis
Foundation; the A. P. Sloan Foundation; the Alexander von Humboldt Foun-
dation; the Belgian Federal Science Policy Office; the Fonds pour la Formation
à la Recherche dans l’Industrie et dans l’Agriculture (FRIA-Belgium); the

chinarxiv.org/items/chinaxiv-201608.00098 Machine Translation

https://chinarxiv.org/items/chinaxiv-201608.00098


Agentschap voor Innovatie door Wetenschap en Technologie (IWT-Belgium);
the Ministry of Education, Youth and Sports (MEYS) of the Czech Republic;
the Council of Science and Industrial Research, India; the HOMING PLUS
programme of the Foundation for Polish Science, cofinanced from European
Union, Regional Development Fund; the OPUS programme of the National Sci-
ence Center (Poland); the Compagnia di San Paolo (Torino); MIUR project
20108T4XTM (Italy); the Thalis and Aristeia programmes cofinanced by EU-
ESF and the Greek NSRF; the National Priorities Research Program by Qatar
National Research Fund; the Rachadapisek Sompot Fund for Postdoctoral Fel-
lowship, Chulalongkorn University (Thailand); the Chulalongkorn Academic
into Its 2nd Century Project Advancement Project (Thailand); and the Welch
Foundation, contract C-1845.

References

[1] CMS Collaboration, “Measurement of the top quark mass using proton-
proton data at

√𝑠 = 7 and 8 TeV”, (2015). arXiv:1509.04044. Submitted to
Phys. Rev. D.

[2] J. H. Kühn and G. Rodrigo, “Charge Asymmetry in Hadroproduction of
Heavy Quarks”, Phys. Rev. Lett. 81 (1998) 49, doi:10.1103/PhysRevLett.81.49,
arXiv:hep-ph/9802268.

[3] J. H. Kühn and G. Rodrigo,“Charge asymmetry of heavy quarks at hadron
colliders”, Phys. Rev. D 59 (1999) 054017, doi:10.1103/PhysRevD.59.054017,
arXiv:hep-ph/9807420.

[4] CDF Collaboration, “Evidence for a mass dependent forward-backward
asymmetry in top quark pair production”, Phys. Rev. D 83 (2011) 112003,
doi:10.1103/PhysRevD.83.112003, arXiv:1101.0034.

[5] D0 Collaboration, “Forward-backward asymmetry in top quark-antiquark
production”, Phys. Rev. D 84 (2011) 112005, doi:10.1103/PhysRevD.84.112005.

[6] CDF Collaboration, “Measurement of the top quark forward-backward pro-
duction asymmetry and its dependence on event kinematic properties”, Phys.
Rev. D 87 (2013) 092002, doi:10.1103/PhysRevD.87.092002, arXiv:1211.1003.

[7] D0 Collaboration,“Measurement of the forward-backward asymmetry in top
quark-antiquark production in 𝑝 ̄𝑝 collisions using the lepton+jets channel”, Phys.
Rev. D 90 (2014) 072011, doi:10.1103/PhysRevD.90.072011, arXiv:1405.0421.

[8] W. Bernreuther and Z.-G. Si, “Distributions and correlations for top quark
pair production and decay at the Tevatron and LHC”, Nucl. Phys. B 837 (2010)
90, doi:10.1016/j.nuclphysb.2010.05.001, arXiv:1003.3926.

[9] W. Hollik and D. Pagani, “Electroweak contribution to the top quark
forward-backward asymmetry at the Tevatron”, Phys. Rev. D 84 (2011) 093003,
doi:10.1103/PhysRevD.84.093003, arXiv:1107.2606.

chinarxiv.org/items/chinaxiv-201608.00098 Machine Translation

https://chinarxiv.org/items/chinaxiv-201608.00098


[10] J. H. Kühn and G. Rodrigo,“Charge asymmetries of top quarks at hadron
colliders revisited”, JHEP 01 (2012) 063, doi:10.1007/JHEP01(2012)063,
arXiv:1109.6830.

[11] W. Bernreuther and Z.-G. Si, “Top quark and leptonic charge asym-
metries for the Tevatron and LHC”, Phys. Rev. D 86 (2012) 034026,
doi:10.1103/PhysRevD.86.034026, arXiv:1205.6580.

[12] M. Czakon, P. Fiedler, and A. Mitov, “Resolving the Tevatron Top
Quark Forward-Backward Asymmetry Puzzle: Fully Differential Next-to-
Next-to-Leading-Order Calculation”, Phys. Rev. Lett. 115 (2015) 052001,
doi:10.1103/PhysRevLett.115.052001, arXiv:1411.3007.

[13] D. Krohn, T. Liu, J. Shelton, and L.-T. Wang,“A polarized view of the top
asymmetry”, Phys. Rev. D 84 (2011) 074034, doi:10.1103/PhysRevD.84.074034,
arXiv:1105.3743.

[14] CMS Collaboration,“The CMS experiment at the CERN LHC”, JINST 3
(2008) S08004, doi:10.1088/1748-0221/3/08/S08004.

[15] CMS Collaboration, “Inclusive and differential measurements of the 𝑡 ̄𝑡
charge asymmetry in proton-proton collisions at 7 TeV”, Phys. Lett. B 717
(2012) 129, doi:10.1016/j.physletb.2012.09.028, arXiv:1207.0065.

[16] ATLAS Collaboration, “Measurement of the top quark pair production
charge asymmetry in proton-proton collisions at

√𝑠 = 7 TeV using the
ATLAS detector”, JHEP 02 (2014) 107, doi:10.1007/JHEP02(2014)107,
arXiv:1311.6724.

[17] CMS Collaboration, “Inclusive and differential measurements of the 𝑡 ̄𝑡
charge asymmetry in 𝑝𝑝 collisions at

√𝑠 = 8 TeV”, (2015). arXiv:1507.03119.
Submitted to Phys. Lett. B.

[18] CMS Collaboration, “Measurement of the charge asymmetry in top quark
pair production in 𝑝𝑝 collisions at

√𝑠 = 8 TeV using a template method”, Phys.
Rev. D 93 (2016) 034014, doi:10.1103/PhysRevD.93.034014, arXiv:1508.03862.

[19] ATLAS Collaboration, “Measurement of the charge asymmetry in top-
quark pair production in the lepton-plus-jets final state in 𝑝𝑝 collision data
at

√𝑠 = 8 TeV with the ATLAS detector”, Eur. Phys. J. C 76 (2016) 87,
doi:10.1140/epjc/s10052-016-3910-6, arXiv:1509.02358.

[20] ATLAS Collaboration, “Measurement of the charge asymmetry in
highly boosted top-quark pair production in

√𝑠 = 8 TeV 𝑝𝑝 collision
data collected by the ATLAS experiment”, Phys. Lett. B 756 (2016) 52,
doi:10.1016/j.physletb.2016.02.055, arXiv:1512.06092.

[21] CMS Collaboration, “Measurements of the 𝑡 ̄𝑡 charge asymmetry using the
dilepton decay channel in 𝑝𝑝 collisions at

√𝑠 = 7 TeV”, JHEP 04 (2014) 191,
doi:10.1007/JHEP04(2014)191, arXiv:1402.3803.

chinarxiv.org/items/chinaxiv-201608.00098 Machine Translation

https://chinarxiv.org/items/chinaxiv-201608.00098


[22] ATLAS Collaboration,“Measurement of the charge asymmetry in dileptonic
decays of top quark pairs in 𝑝𝑝 collisions at

√𝑠 = 7 TeV using the ATLAS detec-
tor”, JHEP 05 (2015) 061, doi:10.1007/JHEP05(2015)061, arXiv:1501.07383.

[23] CMS Collaboration, “Measurements of 𝑡 ̄𝑡 spin correlations and top quark
polarization using dilepton final states in 𝑝𝑝 collisions at

√𝑠 = 8 TeV”, Phys.
Rev. D 93 (2016) 052007, doi:10.1103/PhysRevD.93.052007, arXiv:1601.01107.

[24] CMS Collaboration,“Particle-flow event reconstruction in CMS and perfor-
mance for jets, taus, and 𝐸miss

𝑇 ”, CMS Physics Analysis Summary CMS-PAS-
PFT-09-001, 2009.

[25] CMS Collaboration,“Commissioning of the particle-flow event with the first
LHC collisions recorded in the CMS detector”, CMS Physics Analysis Summary
CMS-PAS-PFT-10-001, 2010.

[26] CMS Collaboration,“Performance of electron reconstruction and selection
with the CMS detector in proton-proton collisions at

√𝑠 = 8 TeV”, JINST 10
(2015) P06005, doi:10.1088/1748-0221/10/06/P06005, arXiv:1502.02701.

[27] CMS Collaboration, “Performance of CMS muon reconstruction in 𝑝𝑝
collision events at

√𝑠 = 7 TeV”, JINST 7 (2012) P10002, doi:10.1088/1748-
0221/7/10/P10002, arXiv:1206.4071.

[28] M. Cacciari, G. P. Salam, and G. Soyez, “The anti-𝑘𝑡 jet cluster-
ing algorithm”, JHEP 04 (2008) 063, doi:10.1088/1126-6708/2008/04/063,
arXiv:0802.1189.

[29] M. Cacciari and G. P. Salam,“Dispelling the 𝑁3 myth for the 𝑘𝑡 jet-finder”
, Phys. Lett. B 641 (2006) 57, doi:10.1016/j.physletb.2006.08.037, arXiv:hep-
ph/0512210.

[30] M. Cacciari, G. P. Salam, and G. Soyez,“FastJet user manual”, Eur. Phys.
J. C 72 (2012) 1896, doi:10.1140/epjc/s10052-012-1896-2, arXiv:1111.6097.

[31] M. Cacciari and G. P. Salam, “Pileup subtraction using jet areas”, Phys.
Lett. B 659 (2008) 119, doi:10.1016/j.physletb.2007.09.077, arXiv:0707.1378.

[32] CMS Collaboration, “Identification of 𝑏-quark jets with the CMS ex-
periment”, JINST 8 (2013) P04013, doi:10.1088/1748-0221/8/04/P04013,
arXiv:1211.4462.

[33] CMS Collaboration, “Measurement of the 𝑡 ̄𝑡 production cross section and
the top quark mass in the dilepton channel in 𝑝𝑝 collisions at

√𝑠 = 7 TeV”,
JHEP 07 (2011) 049, doi:10.1007/JHEP07(2011)049, arXiv:1105.5661.

[34] R. H. Dalitz and G. R. Goldstein,“Analysis of top-antitop production and
dilepton decay events and the top quark mass”, Phys. Lett. B 287 (1992) 225,
doi:10.1016/0370-2693(92)91904-N.

[35] B. A. Betchart, R. Demina, and A. Harel,“Analytic solutions for neutrino
momenta in decay of top quarks”, Nucl. Instrum. Meth. A 736 (2014) 169,

chinarxiv.org/items/chinaxiv-201608.00098 Machine Translation

https://chinarxiv.org/items/chinaxiv-201608.00098


doi:10.1016/j.nima.2013.10.039, arXiv:1305.1878.

[36] S. Frixione and B. R. Webber, “Matching NLO QCD computations
and parton shower simulations”, JHEP 06 (2002) 029, doi:10.1088/1126-
6708/2002/06/029, arXiv:hep-ph/0204244.

[37] S. Frixione, P. Nason, and B. R. Webber,“Matching NLO QCD and parton
showers in heavy flavor production”, JHEP 08 (2003) 007, doi:10.1088/1126-
6708/2003/08/007, arXiv:hep-ph/0305252.

[38] J. Pumplin et al., “New generation of parton distributions with uncer-
tainties from global QCD analysis”, JHEP 07 (2002) 012, doi:10.1088/1126-
6708/2002/07/012, arXiv:hep-ph/0201195.

[39] G. Corcella et al., “HERWIG 6: an event generator for hadron emission
reactions with interfering gluons (including supersymmetric processes)”, JHEP
01 (2001) 010, doi:10.1088/1126-6708/2001/01/010, arXiv:hep-ph/0011363.

[40] J. Alwall et al., “MADGRAPH 5: going beyond”, JHEP 06 (2011) 128,
doi:10.1007/JHEP06(2011)128, arXiv:1106.0522.

[41] J. Alwall et al., “The automated computation of tree-level and next-to-
leading order differential cross sections, and their matching to parton shower sim-
ulations”, JHEP 07 (2014) 079, doi:10.1007/JHEP07(2014)079, arXiv:1405.0301.

[42] P. Nason, “A new method for combining NLO QCD with shower Monte
Carlo algorithms”, JHEP 11 (2004) 040, doi:10.1088/1126-6708/2004/11/040,
arXiv:hep-ph/0409146.

[43] S. Frixione, P. Nason, and C. Oleari, “Matching NLO QCD computations
with parton shower simulations: the POWHEG method”, JHEP 11 (2007) 070,
doi:10.1088/1126-6708/2007/11/070, arXiv:0709.2092.

[44] S. Alioli, P. Nason, C. Oleari, and E. Re, “NLO single-top production
matched with shower in POWHEG: 𝑠- and 𝑡-channel contributions”, JHEP
09 (2009) 111, doi:10.1088/1126-6708/2009/09/111, arXiv:0907.4076. [Erratum:
doi:10.1007/JHEP02(2010)011].

[45] S. Alioli, P. Nason, C. Oleari, and E. Re, “A general framework for im-
plementing NLO calculations in shower Monte Carlo programs: the POWHEG
BOX”, JHEP 06 (2010) 043, doi:10.1007/JHEP06(2010)043, arXiv:1002.2581.

[46] E. Re, “Single-top 𝑊𝑡-channel production matched with parton show-
ers using the POWHEG method”, Eur. Phys. J. C 71 (2011) 1547,
doi:10.1140/epjc/s10052-011-1547-z, arXiv:1009.2450.

[47] T. Sjöstrand, S. Mrenna, and P. Skands,“PYTHIA 6.4 physics and manual”
, JHEP 05 (2006) 026, doi:10.1088/1126-6708/2006/05/026, arXiv:0706.2334.

[48] J. M. Campbell and R. K. Ellis, “MCFM for the Tevatron and the LHC”,
Nucl. Phys. Proc. Suppl. 205-206 (2010) 10, doi:10.1016/j.nuclphysbps.2010.08.011,
arXiv:1007.3492.

chinarxiv.org/items/chinaxiv-201608.00098 Machine Translation

https://chinarxiv.org/items/chinaxiv-201608.00098


[49] J. M. Campbell, R. K. Ellis, and C. Williams, “Vector boson pair pro-
duction at the LHC”, JHEP 07 (2011) 018, doi:10.1007/JHEP07(2011)018,
arXiv:1105.0020.

[50] R. Frederix et al., “Four-lepton production at hadron colliders:
aMC@NLO predictions with theoretical uncertainties”, JHEP 02 (2012)
099, doi:10.1007/JHEP02(2012)099, arXiv:1110.4738.

[51] J. M. Campbell and R. K. Ellis, “𝑡 ̄𝑡𝑊 ± production and decay at NLO”,
JHEP 07 (2012) 052, doi:10.1007/JHEP07(2012)052, arXiv:1204.5678.

[52] M. V. Garzelli, A. Kardos, C. G. Papadopoulos, and Z. Trócsányi, “𝑡 ̄𝑡𝑊 ±

and 𝑡 ̄𝑡𝑍 hadroproduction at NLO accuracy in QCD with Parton Shower and
Hadronization Effects”, JHEP 11 (2012) 056, doi:10.1007/JHEP11(2012)056,
arXiv:1208.2665.

[53] R. Gavin, Y. Li, F. Petriello, and S. Quackenbush, “W Physics at
the LHC with FEWZ 2.1”, Comput. Phys. Commun. 184 (2013) 208,
doi:10.1016/j.cpc.2012.09.005, arXiv:1201.5896.

[54] N. Kidonakis, “Next-to-next-to-leading-order collinear and soft gluon cor-
rections for 𝑡-channel single top quark production”, Phys. Rev. D 83 (2011)
091503, doi:10.1103/PhysRevD.83.091503, arXiv:1103.2792.

[55] N. Kidonakis, “NNLL resummation for 𝑠-channel single top quark pro-
duction”, Phys. Rev. D 81 (2010) 054028, doi:10.1103/PhysRevD.81.054028,
arXiv:1001.5034.

[56] N. Kidonakis, “Two-loop soft anomalous dimensions for single top quark
associated production with a 𝑊 − or 𝐻−”, Phys. Rev. D 82 (2010) 054018,
doi:10.1103/PhysRevD.82.054018, arXiv:1005.4451.

[57] GEANT4 Collaboration,“GEANT4 —a simulation toolkit”, Nucl. Instrum.
Meth. A 506 (2003) 250, doi:10.1016/S0168-9002(03)01368-8.

[58] CMS Collaboration, “Search for top-squark pair production in the single-
lepton final state in 𝑝𝑝 collisions at

√𝑠 = 8 TeV”, Eur. Phys. J. C 73 (2013)
2677, doi:10.1140/epjc/s10052-013-2677-2, arXiv:1308.1586.

[59] CMS Collaboration, “Observation of the associated production of a single
top quark and a 𝑊 boson in 𝑝𝑝 collisions at

√𝑠 = 8 TeV”, Phys. Rev. Lett.
112 (2014) 231802, doi:10.1103/PhysRevLett.112.231802, arXiv:1401.2942.

[60] CMS Collaboration,“Measurement of the sum of 𝑊𝑊 and 𝑊𝑍 production
with 𝑊+dijet events in 𝑝𝑝 collisions at

√𝑠 = 7 TeV”, Eur. Phys. J. C 73 (2013)
2283, doi:10.1140/epjc/s10052-013-2283-3, arXiv:1210.7544.

[61] CMS Collaboration, “Measurement of 𝑊𝑍 and 𝑍𝑍 production in 𝑝𝑝 col-
lisions at

√𝑠 = 8 TeV in final states with 𝑏-tagged jets”, Eur. Phys. J. C 74
(2014) 2973, doi:10.1140/epjc/s10052-014-2973-5, arXiv:1403.3047.

chinarxiv.org/items/chinaxiv-201608.00098 Machine Translation

https://chinarxiv.org/items/chinaxiv-201608.00098


[62] CMS Collaboration,“Observation of top quark pairs produced in association
with a vector boson in 𝑝𝑝 collisions at

√𝑠 = 8 TeV”, JHEP 01 (2016) 096,
doi:10.1007/JHEP01(2016)096, arXiv:1510.01131.

[63] S. Schmitt,“TUnfold, an algorithm for correcting migration effects in high
energy physics”, JINST 7 (2012) T10003, doi:10.1088/1748-0221/7/10/T10003,
arXiv:1205.6201.

[64] CMS Collaboration,“Determination of jet energy calibration and transverse
momentum resolution in CMS”, JINST 6 (2011) P11002, doi:10.1088/1748-
0221/6/11/P11002, arXiv:1107.4277.

[65] S. Alekhin et al.,“The PDF4LHC Working Group Interim Report”, (2011).
arXiv:1101.0536.

[66] M. Botje et al.,“The PDF4LHC working group interim recommendations”
, (2011). arXiv:1101.0538.

[67] CMS Collaboration,“Measurement of differential top-quark pair production
cross sections in 𝑝𝑝 collisions at

√𝑠 = 7 TeV”, Eur. Phys. J. C 73 (2013) 2339,
doi:10.1140/epjc/s10052-013-2339-4, arXiv:1211.2220.

[68] CMS Collaboration, “Measurement of the differential cross section for top
quark pair production in 𝑝𝑝 collisions at

√𝑠 = 8 TeV”, Eur. Phys. J. C 75
(2015) 542, doi:10.1140/epjc/s10052-015-3709-x, arXiv:1505.04480.

Appendix A: The CMS Collaboration

Author list and affiliations as provided in the original document

Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv —Machine translation. Verify with original.

chinarxiv.org/items/chinaxiv-201608.00098 Machine Translation

https://chinarxiv.org/items/chinaxiv-201608.00098

	Measurements of t t-bar charge asymmetry using dilepton final states in pp collisions at ps = 8 TeV (Postprint)
	Abstract
	Full Text
	Preamble
	Abstract
	1 Introduction
	2 The CMS Detector
	3 Event Selection and Reconstruction
	4 Event Samples and Background Estimation
	5 Unfolding the Distributions
	6 Systematic Uncertainties
	7 Results
	8 Summary


