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1 Introduction

Violation of the combined operation of charge conjugation and parity (CP) is introduced

in the standard model (SM) via an irreducible phase in the Cabibbo-Kobayashi-Maskawa

quark-mixing matrix [1]. Detailed experimental investigation of CP violation (CPV) in

the strange and bottom quark sectors has been conducted over the past few decades [2].

The measured asymmetries are well described by the SM, but are too small to explain

the observed matter-antimatter asymmetry of the universe [3]. In contrast to the strange

and bottom quark sectors, CPV in the top quark sector is relatively unexplored. In the

SM, CPV in the production and decay of top quark-antiquark (tt) pairs is predicted to

be very small [4]. However, in many theories of physics beyond the SM (see, for example,

refs. [5, 6] and references therein) sizable CP-violating effects could be observed, which

have the potential to shed light on the matter-antimatter asymmetry of the universe.

In this paper, the first measurements of CP-violating asymmetries in tt production

and decay are presented. One of the top quarks is presumed to decay to a bottom (b)

quark and a hadronically decaying W boson. The other top quark is required to decay

to a b quark and a W boson that decays leptonically to an electron or muon and its

associated neutrino. The analysis exploits T-odd, triple-product correlations, where T is
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the time-reversal operator. Several observables are measured, as proposed in refs. [5–7],

that take the form ~v1 · (~v2 × ~v3), where ~vi (i = 1, 2, 3) are spin or momentum vectors.

These triple-product observables are odd under the T transformation, and are thus also

odd under the CP transformation if CPT conservation is valid, i.e. CP(Oi) = −Oi, where

Oi are the proposed observables. The presence of CPV would be manifested by a nonzero

value of the asymmetry

ACP(Oi) =
Nevents(Oi > 0)−Nevents(Oi < 0)

Nevents(Oi > 0) +Nevents(Oi < 0)
. (1.1)

The measurements of the asymmetry corrected for the effects of the detector (ACP) and

also without these corrections (A′CP) are presented. The reason to present both ACP and

A′CP values is that the corrections, called dilution factors (section 8.1), could themselves be

affected by physics beyond the SM [7]; no particular such new-physics process is considered

in this paper.

Four observables that can be measured in the single-lepton + jets final state of tt

production and decay in proton-proton (pp) collisions are defined as:

O2 = ε(P, pb + pb, p`, pj1)
lab−−→∝ (~pb + ~pb) · (~p` × ~pj1),

O3 = Q` ε(pb, pb, p`, pj1)
bbCM−−−−→∝ Q` ~pb · (~p` × ~pj1),

O4 = Q` ε(P, pb − pb, p`, pj1)
lab−−→∝ Q` (~pb − ~pb) · (~p` × ~pj1),

O7 = q · (pb − pb) ε(P, q, pb, pb)
lab−−→∝ (~pb − ~pb)z(~pb × ~pb)z.

(1.2)

The symbol → indicates the spatial frame chosen to simplify the triple product. The

observables O2, O4, and O7 are calculated in the laboratory (lab) frame, and O3 in the bb

centre-of-mass frame (bb CM), where b and b indicate the bottom quark and antiquark jets

from the t and t decays, respectively. The symbol ∝ indicates proportionality. The symbol

ε denotes the Levi-Civita symbol with ε0123 = 1, which is contracted with four-vectors a,

b, c, and d, i.e. ε(a, b, c, d) ≡ εµναβa
µbνcαdβ . In these expressions, P is the sum of, and q

the difference between, the four-momenta of the two initial-state protons; p and ~p are the

four- and three-momenta, respectively, of the final-state particles; the subscript z indicates

a projection along the direction of the counterclockwise rotating proton beam, defined to

be the +z direction in the CMS coordinate system; ` refers to the electron or muon from

the leptonically decaying W boson; j1 refers to the non-b quark jet originating from the

hadronically decaying W boson with the highest transverse momentum (pT); and Q` is the

electric charge of `. Note that the sign of the observable is the only information needed to

measure ACP.

The asymmetries ACP computed from the above observables are predicted to be zero

in the SM [5, 6]. However, in some new-physics scenarios [7], the effects of CPV can be

sizable: ACP(O3) and ACP(O4) could be as large as 8%, while ACP(O2) and ACP(O7) are

less sensitive to new physics and can reach 0.4% [7]. The sensitivity of the observables to

CPV depends on whether distinguishable final-state objects are involved in their definition.

For instance, the b quark jet charges need to be distinguished for O3 and O4, but not for

O2 and O7.
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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 volume are a silicon pixel

and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass

and scintillator hadron calorimeter, each composed of a barrel and two endcap sections.

Forward calorimeters extend the pseudorapidity (η) 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 and relevant kinematic variables, is

given in ref. [8].

3 Data and simulated samples

This analysis uses data from
√
s = 8 TeV pp collisions collected with the CMS detector in

2012, corresponding to an integrated luminosity of 19.7 fb−1.

Monte Carlo (MC) simulations are used to model the SM processes of relevance for

this analysis. Top quark-antiquark events are generated at leading order using the Mad-

Graph (v5.1.3.30) program [9] with the CT10 [10] parton distribution functions (PDFs).

The MadGraph generator accounts for the spin correlations between the top quark and

antiquark. The mass of the top quark in the simulation is set to mt = 172.5 GeV. The

MadGraph generator is interfaced with the pythia (v6.426) generator [11] with Tune

Z2* [12] to simulate parton showering and hadronization. The tt production cross section

is calculated with the Top++ 2.0 package [13] and estimated up to next-to-next-to-leading

order (NNLO). It has been observed in CMS measurements [14, 15] that MadGraph ex-

hibits a mismodelling of the top quark pT in tt events. To rectify this deficiency, an

additional top quark pT reweighting is applied at generator level to obtain agreement in

the pT spectra between data and simulation. The weighting factors are derived from the

results of ref. [14].

Several background processes are considered in the analysis. Single top quark produc-

tion is the main background, and is simulated with the powheg (v1.0) program [16–21].

The cross section is calculated with the Hathor (v2.1) program [22, 23] at next-to-leading

order (NLO). Drell-Yan (DY) and W + jets processes are generated with MadGraph,

and diboson events (WW, WZ, and ZZ) with pythia. The cross sections of W + jet and

DY production are calculated with the fewz (v3.1) [24, 25] program at NNLO, while the

mcfm (v6.6) [26] program is used for the cross sections of diboson productions at NLO. The

quantum chromodynamic (QCD) background is suppressed by the selection requirements

(section 4) and is negligible in the signal region.

All generated events are subjected to a Geant4-based [27] simulation of the detec-

tor response. Additional pp interactions occurring in the same or nearby bunch crossing

(pileup) are included in the simulation. The number of pileup events in simulation is

corrected to agree with data. The average number of interactions per event in data is 21.
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4 Object definition and event selection

The event selection is based on the signature of the single-lepton + jets decay channel

of the tt process. Events containing one isolated electron or muon and at least four jets,

including exactly two jets identified as originating from the hadronization of b quarks (b

quark jets), are selected. Events with electrons and muons coming from the decay of τ

leptons are included in the sample. Electrons, muons, photons, and neutral and charged

hadrons are reconstructed and identified with the CMS particle-flow (PF) algorithm [28,

29]. The energy of electrons is determined from a combination of the track momentum

at the primary collision vertex, the corresponding cluster of energy deposits in the ECAL,

and the energy sum of all bremsstrahlung photons associated with the track [30]. The

momentum of muons is obtained from a global fit to signals registered by the silicon tracker

and muon detectors [31]. The trigger requires at least one electron candidate with pT >

27 GeV and |η| < 2.5, or at least one muon candidate with pT > 24 GeV and |η| < 2.1.

The primary event vertex is the reconstructed vertex with the largest p2T sum of asso-

ciated tracks.

In the subsequent offline selection, electrons are identified using a combination of the

ECAL shower shape information, and the geometric matching between the track and the

ECAL energy cluster [30]. The electron candidates are required to have pT > 30 GeV and

|η| < 2.1, excluding the transition region (1.44 < |η| < 1.56) between the barrel and end-

cap sections of the ECAL, where the acceptance is difficult to accurately model. Electrons

from identified photon conversions are rejected. Muon candidates must be associated with

a good-quality track [31] with pT > 26 GeV and |η| < 2.1. The trigger and lepton identifi-

cation efficiencies are determined from data and simulation [32] as functions of the lepton

pT and η. The electron (muon) identification efficiency ranges from 55 to 85% (93 to 97%).

The lepton from the W boson decay is expected to be isolated from other activity

in the event. A relative isolation parameter [30, 31] is defined as the scalar pT sum of

the particles reconstructed by the PF algorithm within a cone of angular radius ∆R =√
(∆η)2 + (∆φ)2 = 0.3 (0.4) for electrons (muons) around the lepton candidate direction,

divided by the pT of the lepton candidate, where ∆η and ∆φ are the relative differences

in pseudorapidity and azimuthal angle (in radians), respectively, between the directions of

the lepton and other particle. The sum includes pileup corrections and excludes the lepton

candidate under consideration. The relative isolation parameter is required to be less

than 0.10 for electrons and 0.12 for muons. Events with additional loosely defined leptons

(satisfying a lower-pT threshold and a less stringent isolation requirement) are rejected in

order to reduce the contributions from Z boson or tt decays into dileptons.

Jets are reconstructed by clustering charged and neutral PF particles, using the anti-kT
jet algorithm [33] with a distance parameter of 0.5, implemented in the FastJet pack-

age [34]. Jet energies are corrected for the nonlinear response of the calorimeters and for

the differences between the measured and simulated responses [35]. Charged hadrons that

are not associated with the primary vertex are removed, and the jet energy is corrected to

account for the expected contributions of neutral particles from pileup interactions [28, 36].

An event is discarded if the lepton candidate lies within ∆R = 0.5 of any selected jet.
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At least four jets with pT > 30 GeV and |η| < 2.4 are required, two of which must be

identified as b quark jets. The b tagging is performed with the combined secondary vertex

(CSV) algorithm at the medium working point [37], corresponding to an efficiency of about

1% for light-quark and gluon jets (mistag rate) and 60–70% for b quark jets, depending

on the jet pT and η. The MC simulation is corrected with scale factors to account for

differences with respect to the data for the b tagging efficiency [38].

One of the b quark jets is combined with two non-b quark jets in the event through a

χ2-sorting algorithm [37, 39] that makes use of top quark and W boson mass constraints

to define the hadronically decaying top quark candidate. The other b quark jet is then

associated with the semileptonically decaying top quark candidate. The purity of the

selected tt candidates is ≈ 92% after the χ2 selection, while single top quark production

contributes with only ≈ 3% of the total number of events. The charge of the isolated

lepton is used to distinguish between the b and b quark jets. The b quark jet charges are

correctly assigned in ≈ 60% of the tt events. For the semileptonically decaying top quark,

the analysis uses the mass variable M`b, which is the invariant mass of the isolated lepton

and the associated b quark jet. For the hadronically decaying top quark, the mass variable

Mjjb is used, which is the invariant mass of the two non-b quark jets and the associated b

quark jet. As shown in figure 1, although the analysis does not depend on the simulated

background events, there is reasonable agreement in the two mass-variable distributions

between the data and the simulation. The distributions of the two mass variables for data

events with positive and negative Oi values are consistent with each other in both the

electron and muon channels.

5 Background control sample and check for asymmetry bias

Detector and reconstruction effects may induce spurious results for the asymmetries. A

data-control sample (CS) enriched in random combinations of leptons and jets (combina-

torial background) from non-tt events is used to check for these spurious effects and to

evaluate possible bias, i.e. a nonzero measured value for A′CP. The combinatorial back-

ground is assumed to possess no intrinsic CPV because of its random nature.

To enhance the fraction of background events and minimize the contribution from tt

signal events, the CS is selected by requiring no b-tagged jets defined according to the loose

working point of CSV [37], which is 80% efficient in identifying b jets with a mistag rate

for lighter jets of 10%. The event is rejected if there are additional nonisolated electron

or muon candidates. All other event selection requirements are equivalent to the signal

region. The CS is expected to be dominated by non-tt processes ≈ 90%), with the major

contribution from the W + jets process. The CS contains a sufficiently large number of

events to perform statistically significant cross-checks. The kinematic distributions from

data in the CS are in agreement with those of the background simulation in the signal

region, and thus the CS can be used to represent the signal-region background.

Since the CS does not contain any events with a tagged b quark jet, the two jets with

the highest CSV discriminator values are used to play the role of the b quark jets. Using

the same procedure as for the signal region, i.e. the χ2-sorting algorithm, the required

– 5 –
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Figure 1. The measured invariant mass distributions from data (points) of (upper) hadronically

and (lower) semileptonically decaying top quark candidates in the (left) electron and (right) muon

channels, compared to the predictions for the signal and various backgrounds from simulation (filled

histograms). The QCD background is found to be negligible. The overflow events are collected in

the last bins. The vertical bars on the data points and the hatched bands indicate the statistical

uncertainties in the data and simulation, respectively.

objects are found and the A′CP values are determined. The CS asymmetry measurements

are consistent with zero within about two standard deviations of the statistical uncertainty

in both the electron and muon channels, as shown in table 1. The combined electron and

muon A′CP results are determined by summing the distributions in the electron and muon

channels after applying the background normalization from the fit described in section 6.

The systematic uncertainties given in table 1 are derived from the fit results described in

section 7. The distributions of the observables of interest measured in the CS are used for

background subtraction in the signal region.

6 Fit procedure and A′
CP determination

The yields of signal and background events are extracted by maximizing an extended likeli-

hood function from the data, using the M`b distribution. The expected signal distribution

is obtained from simulation, while the background distribution is obtained from the CS.

Figure 2 shows the measured M`b distributions compared to the results of the fit. The

fit is seen to provide a good representation of the data for both the electron and muon

channels. For the final measurement, only events with M`b < 200 GeV are considered
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A′CP(CS) (%)

e + jets µ + jets ` + jets

O2 +0.30± 0.59 −0.67± 0.65 −0.23± 0.44± 0.02

O3 +0.85± 0.59 −0.57± 0.65 +0.08± 0.44± 0.03

O4 +1.19± 0.59 −0.42± 0.65 +0.32± 0.44± 0.04

O7 −0.10± 0.59 +0.60± 0.65 +0.28± 0.44± 0.02

Table 1. The uncorrected CP asymmetry A′
CP, measured in percent, obtained from the control

sample as described in the text for each of the four observables. Results are given for the electron and

muon channels separately and for their combination. For the separate electron and muon channels,

the uncertainties are statistical. For the combined results, the first uncertainty is statistical and

the second systematic.
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Figure 2. Distribution of the invariant mass M`b of the semileptonically decaying top quark

candidates for the (left) electron and (right) muon channels, in comparison to the results of the fit

described in the text. Overflow events are collected in the last bins. The vertical bars on the data

points indicate the statistical uncertainties. The hatched bands shows the combined statistical and

systematic uncertainties in the fit results added in quadrature. The difference between the observed

and fitted events, divided by the total statistical and systematic uncertainty (pull), is shown for

each bin in the lower panels.

because events with large M`b suffer from a high rate of incorrect lepton and b quark

jet assignments, as determined from simulation. Imposing this requirement increases the

sensitivity of final measurements to CPV. The final results for the number of events in

the electron and muon channels, and the corresponding tt event purities, are presented in

table 2. The systematic uncertainties are obtained from the differences between the yields

under the variations described in section 7.

The shape of the background distribution is obtained from the CS, while its yield is

estimated from the fit to the M`b distribution. The A′CP results are then computed using an

analogous equation to eq. (1.1), after subtracting the estimated background contribution

from the measured observables.
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e + jets µ + jets

Data 31 129 36 467

Fitted events 31 280± 170± 40 36 510± 190± 50

Fitted tt fraction (%) 92.5± 0.5± 2.3 92.4± 0.6± 2.8

Table 2. The observed and fitted number of events in the electron and muon channels as well

as the fitted tt fraction (purity) in percent. While the fit is performed over the full mass range,

the fitted and observed results are for M`b < 200 GeV. The first uncertainty is statistical and the

second systematic.

7 Systematic uncertainties

Several sources of systematic uncertainty can affect the measurement of A′CP. The largest

uncertainty comes from possible intrinsic detector bias. As shown in section 5, the CS re-

sults are compatible with no asymmetry. The statistical uncertainties in the asymmetries

measured from the CS are 0.59%, 0.65%, and 0.44% for the electron, muon, and com-

bined channels, respectively, as indicated in table 1. These uncertainties are taken as the

systematic uncertainty from possible detector bias.

Other systematic uncertainties, described below, associated with the signal and back-

ground yields are evaluated by repeating the M`b fit described in section 6 under different

conditions in correction and modelling. The uncertainty related to pileup modelling is

estimated by varying the inelastic pp cross section in the simulation by ± 5% [40]. The un-

certainties from the lepton identification and isolation efficiencies are determined by varying

the data-to-simulation scale factors according to their uncertainties. The jet energy scale

and resolution are varied according to their η- and pT-dependent uncertainties [28, 36]. The

scale factors used to correct the b tagging identification probabilities are varied according

to their uncertainties [37]. Effects related to the modelling of the PDFs of the initial-state

protons are estimated by varying the CT10 nominal prediction by its eigen-uncertainty

sources. Each source is used to derive event-by-event weights, which are then applied to

obtain a variation of the signal shape. The envelope of the variations is normalized to reflect

a 68% confidence level [41]. The uncertainties related to the tt simulation are evaluated

by varying the matrix-element-to-parton-shower matching thresholds and the factorization

and renormalization scales by factors of 2.0 and 0.5 with respect to their nominal values in

the simulation. A modelling uncertainty is determined through comparison to a tt sample

generated with powheg. The uncertainty related to the modelling of the top quark pT
spectrum in MadGraph is assessed by varying the weight applied by a factor of two. The

uncertainty associated with the top quark mass is estimated by repeating the M`b fit using

different top quark masses. The observed difference is scaled to reflect an uncertainty of

± 1 GeV in the mass [42]. These systematic uncertainties contribute to the intermediate

stages of the analysis but are observed to largely cancel in the measurements of the CP

asymmetry. Thus, the dominant systematic uncertainty arises from the statistical uncer-

tainty in the measurements of possible detector bias (table 1).
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Figure 3. The results from simulation of the asymmetry correction procedure using a dilution factor

for the four different CPV observables. The circular markers show the output A′
CP measurements

for each generated ACP value. The dashed lines are the result of linear fits to the A′
CP points. The

triangular markers give the corrected ACP values, obtained after applying the dilution factor. The

solid lines are the result of linear fits to the corrected ACP points. The statistical uncertainties in

both sets of asymmetries are smaller than the markers.

8 Results

8.1 Experimental sensitivity study

To evaluate the sensitivity of the analysis to CPV, simulated events are reweighted at the

generator level to produce hypothetical ACP asymmetries in the observables. As shown in

figure 3, the resulting values of A′CP (circular points), extracted by treating the simulated

events as data, exhibit a linear dependence on the generated ACP values (dashed line). The

A′CP values are related to the generated ACP values through dilution factors D, applied

as a multiplicative correction A′CP = DACP. The corrected asymmetries with the dilution

factors applied (triangular points) are in agreement with the generator-level asymmetries,

as shown by solid lines in figure 3, which are the results of fits to the corrected asymmetry

values. The slopes of the lines are consistent with 1.0 and their y intercepts consistent

with 0.0.

As mentioned in the introduction, the dilution factors can be affected by new-physics

processes. The reason for this is that the processes can alter the kinematic distributions of

tt events. For this reason, we consider the measurements of the uncorrected asymmetries

A′CP to be our primary result. It is nonetheless of interest to examine the overall size of

the dilution factors, using the tt simulation, for the cases when no new physics is present

or when it is present to only a small degree.
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Observable Wrong-sign fraction k (%) Dilution factor D
O2 21.27± 0.10± 0.97 0.575± 0.002± 0.019

O3 30.86± 0.10± 0.90 0.383± 0.002± 0.018

O4 31.65± 0.10± 0.95 0.367± 0.002± 0.019

O7 13.52± 0.11± 0.50 0.730± 0.002± 0.010

Table 3. For each of the four CPV observables, the fraction k of wrong-sign events and the

associated dilution factor D computed from k, determined from simulated tt events. The first

uncertainty is statistical and the second is systematic.

A′CP (%) ACP (%)

e + jets µ + jets ` + jets ` + jets

O2 −0.19± 0.61± 0.59 +0.46± 0.57± 0.65 +0.16± 0.42± 0.44 +0.3± 1.1

O3 +0.02± 0.61± 0.59 −0.59± 0.57± 0.65 −0.31± 0.42± 0.44 −0.8± 1.6

O4 −0.17± 0.61± 0.59 −0.10± 0.57± 0.65 −0.13± 0.42± 0.44 −0.4± 1.7

O7 −0.38± 0.61± 0.59 +0.43± 0.57± 0.65 +0.06± 0.42± 0.44 +0.1± 0.8

Table 4. The uncorrected (corrected) CP asymmetry A′
CP (ACP), measured in percent, for each of

the four CPV observables. Results for A′
CP are given for the electron and muon channels separately

and for their combination. For the A′
CP results, the first uncertainty is statistical and the second

systematic. The ACP values assume the dilution factors found from the SM simulation. The uncer-

tainties in the ACP results are the combined statistical and systematic terms added in quadrature.

The results for the dilution factors of the four observables are summarized in table 3.

If the sign of an observable at the generator level is the same as (different from) its sign

in the reconstructed event, the event is classified as having the correct (wrong) sign. The

fraction k of wrong-sign events is related to the dilution factor that is defined by D =

1− 2k. The value of k for the four CPV observables are given in table 3, along with their

statistical and systematic uncertainties. The systematic uncertainties are estimated from

the different conditions of correction and modeling, as mentioned in section 7. Studies

reveal the following sources contribute to the value of k: misidentification of the b quark

jet charge, 10.5%; mistagging of b quark jets, 7.5%; misassignment of the highest-pT jet

from W boson decay, 6.5%; jet energy resolution, 2.5% per jet. The effect of lepton charge

misidentification is negligible. The observables O3 and O4 depend on similar quantities,

including the charges of the b quark jets, and exhibit similar values of k. The observables

O2 and O7 have lower k values since fewer objects are used in their calculation.

8.2 Asymmetry measurements

The measured distributions of the four observables are presented in figure 4. The corre-

sponding A′CP values, determined after subtraction of the background contributions, are

shown in table 4 and displayed in figure 5. No significant nonzero asymmetry is observed

in any of the separate electron or muon channels. Assuming that any new-physics process

has at most a small effect on the tt kinematic distributions, the dilution factors given in
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Figure 4. Distributions of the four CPV observables given in eq. (1.2), determined from the

combined electron and muon channels from data (points) and simulated signal and background

(filled histograms). The simulated tt and background samples are normalized to the fitted yields.

The overflow events are collected in the first and last bins. Each observable is given in units of m3
t ,

where mt = 172.5 GeV. The vertical bars represent the statistical uncertainties in the data. The

hatched bands give the combined statistical and systematic uncertainties added in quadrature. The

difference between the observed and expected events, divided by the total statistical and systematic

uncertainty (pull), is shown for each bin in the lower panels.

table 3 are applied to the combined sample to obtain the corrected ACP values presented

in table 4 and shown in figure 5.

9 Summary

The first search for CP-violating effects in top quark-antiquark events has been presented.

The search is performed in the electron + jets and muon + jets final states, with one

top quark assumed to decay hadronically and the other semileptonically. The search is

based on a sample of proton-proton collision data collected at
√
s = 8 TeV with the CMS

detector in 2012, corresponding to an integrated luminosity of 19.7 fb−1. The CP-violating

asymmetries are measured using four T-odd, triple-product observables, where T is the

time-reversal operator. A data control sample is used to verify that no significant spurious

CP asymmetry is introduced by background processes, and to model the shape of the back-

ground in the asymmetry observables. The normalization of the background contribution

in the signal region is determined from a fit to the mass distribution M`b associated with
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Figure 5. Summary of the uncorrected (corrected) CP asymmetries A′
CP (ACP) for the observables

defined in eq. (1.2). The results for A′
CP are shown for the electron and muon channels separately

and for their combination. The results for ACP are shown for the combined electron and muon

channels, using the dilution factors from SM simulation of tt production. The inner bars represent

the statistical uncertainties, and the outer bars the combined statistical and systematic uncertainties

added in quadrature.

the semileptonically decaying top quarks. The background-subtracted distributions of the

observables are used to compute the uncorrected asymmetries. The corrected asymmetries

are obtained by using a multiplicative dilution factor derived from simulation. Both the

uncorrected and corrected asymmetries are consistent with zero, in agreement with the

expectation from the standard model.
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G. Barbaglia, V. Ciullia,b, C. Civininia, R. D’Alessandroa,b, E. Focardia,b, P. Lenzia,b,

M. Meschinia, S. Paolettia, G. Sguazzonia, L. Viliania,b,16

INFN Laboratori Nazionali di Frascati, Frascati, Italy

L. Benussi, S. Bianco, F. Fabbri, D. Piccolo, F. Primavera16

INFN Sezione di Genova a, Università di Genova b, Genova, Italy
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Italy

L. Brianzaa,b,16, F. Brivioa,b, M.E. Dinardoa,b, S. Fiorendia,b,16, S. Gennaia, A. Ghezzia,b,

P. Govonia,b, M. Malbertia,b, S. Malvezzia, R.A. Manzonia,b, D. Menascea, L. Moronia,

M. Paganonia,b, D. Pedrinia, S. Pigazzinia,b, S. Ragazzia,b, T. Tabarelli de Fatisa,b
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E. Palencia Cortezon, S. Sanchez Cruz, I. Suárez Andrés, J.M. Vizan Garcia
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A. Psallidas, J.f. Tsai, Y.M. Tzeng

Chulalongkorn University, Faculty of Science, Department of Physics, Bangkok,

Thailand

B. Asavapibhop, G. Singh, N. Srimanobhas, N. Suwonjandee

Cukurova University - Physics Department, Science and Art Faculty

A. Adiguzel, S. Cerci52, S. Damarseckin, Z.S. Demiroglu, C. Dozen, I. Dumanoglu,

S. Girgis, G. Gokbulut, Y. Guler, I. Hos53, E.E. Kangal54, O. Kara, U. Kiminsu, M. Oglakci,

G. Onengut55, K. Ozdemir56, D. Sunar Cerci52, B. Tali52, H. Topakli57, S. Turkcapar,

I.S. Zorbakir, C. Zorbilmez

Middle East Technical University, Physics Department, Ankara, Turkey

B. Bilin, S. Bilmis, B. Isildak58, G. Karapinar59, M. Yalvac, M. Zeyrek

Bogazici University, Istanbul, Turkey

E. Gülmez, M. Kaya60, O. Kaya61, E.A. Yetkin62, T. Yetkin63

Istanbul Technical University, Istanbul, Turkey

A. Cakir, K. Cankocak, S. Sen64

Institute for Scintillation Materials of National Academy of Science of Ukraine,

Kharkov, Ukraine

B. Grynyov

National Scientific Center, Kharkov Institute of Physics and Technology,

Kharkov, Ukraine

L. Levchuk, P. Sorokin

University of Bristol, Bristol, United Kingdom

R. Aggleton, F. Ball, L. Beck, J.J. Brooke, D. Burns, E. Clement, D. Cussans, H. Flacher,

J. Goldstein, M. Grimes, G.P. Heath, H.F. Heath, J. Jacob, L. Kreczko, C. Lucas,

D.M. Newbold65, S. Paramesvaran, A. Poll, T. Sakuma, S. Seif El Nasr-storey, D. Smith,

V.J. Smith

Rutherford Appleton Laboratory, Didcot, United Kingdom

K.W. Bell, A. Belyaev66, C. Brew, R.M. Brown, L. Calligaris, D. Cieri, D.J.A. Cockerill,

J.A. Coughlan, K. Harder, S. Harper, E. Olaiya, D. Petyt, C.H. Shepherd-Themistocleous,

A. Thea, I.R. Tomalin, T. Williams

– 27 –



J
H
E
P
0
3
(
2
0
1
7
)
1
0
1

Imperial College, London, United Kingdom

M. Baber, R. Bainbridge, O. Buchmuller, A. Bundock, D. Burton, S. Casasso, M. Citron,

D. Colling, L. Corpe, P. Dauncey, G. Davies, A. De Wit, M. Della Negra, R. Di Maria,

P. Dunne, A. Elwood, D. Futyan, Y. Haddad, G. Hall, G. Iles, T. James, R. Lane,

C. Laner, R. Lucas65, L. Lyons, A.-M. Magnan, S. Malik, L. Mastrolorenzo, J. Nash,

A. Nikitenko50, J. Pela, B. Penning, M. Pesaresi, D.M. Raymond, A. Richards, A. Rose,

C. Seez, S. Summers, A. Tapper, K. Uchida, M. Vazquez Acosta67, T. Virdee16, J. Wright,

S.C. Zenz

Brunel University, Uxbridge, United Kingdom

J.E. Cole, P.R. Hobson, A. Khan, P. Kyberd, D. Leslie, I.D. Reid, P. Symonds, L. Teodor-

escu, M. Turner

Baylor University, Waco, U.S.A.

A. Borzou, K. Call, J. Dittmann, K. Hatakeyama, H. Liu, N. Pastika

The University of Alabama, Tuscaloosa, U.S.A.

S.I. Cooper, C. Henderson, P. Rumerio, C. West

Boston University, Boston, U.S.A.

D. Arcaro, A. Avetisyan, T. Bose, D. Gastler, D. Rankin, C. Richardson, J. Rohlf, L. Sulak,

D. Zou

Brown University, Providence, U.S.A.

G. Benelli, E. Berry, D. Cutts, A. Garabedian, J. Hakala, U. Heintz, J.M. Hogan, O. Jesus,

K.H.M. Kwok, E. Laird, G. Landsberg, Z. Mao, M. Narain, S. Piperov, S. Sagir, E. Spencer,

R. Syarif

University of California, Davis, Davis, U.S.A.

R. Breedon, G. Breto, D. Burns, M. Calderon De La Barca Sanchez, S. Chauhan,

M. Chertok, J. Conway, R. Conway, P.T. Cox, R. Erbacher, C. Flores, G. Funk, M. Gardner,

W. Ko, R. Lander, C. Mclean, M. Mulhearn, D. Pellett, J. Pilot, S. Shalhout, J. Smith,

M. Squires, D. Stolp, M. Tripathi

University of California, Los Angeles, U.S.A.

C. Bravo, R. Cousins, A. Dasgupta, P. Everaerts, A. Florent, J. Hauser, M. Ignatenko,

N. Mccoll, D. Saltzberg, C. Schnaible, E. Takasugi, V. Valuev, M. Weber

University of California, Riverside, Riverside, U.S.A.

K. Burt, R. Clare, J. Ellison, J.W. Gary, S.M.A. Ghiasi Shirazi, G. Hanson, J. Heilman,

P. Jandir, E. Kennedy, F. Lacroix, O.R. Long, M. Olmedo Negrete, M.I. Paneva, A. Shrini-

vas, W. Si, H. Wei, S. Wimpenny, B. R. Yates

University of California, San Diego, La Jolla, U.S.A.

J.G. Branson, G.B. Cerati, S. Cittolin, M. Derdzinski, R. Gerosa, A. Holzner, D. Klein,

V. Krutelyov, J. Letts, I. Macneill, D. Olivito, S. Padhi, M. Pieri, M. Sani, V. Sharma,

S. Simon, M. Tadel, A. Vartak, S. Wasserbaech68, C. Welke, J. Wood, F. Würthwein,

A. Yagil, G. Zevi Della Porta

– 28 –



J
H
E
P
0
3
(
2
0
1
7
)
1
0
1

University of California, Santa Barbara - Department of Physics, Santa Bar-

bara, U.S.A.

N. Amin, R. Bhandari, J. Bradmiller-Feld, C. Campagnari, A. Dishaw, V. Dutta, M. Franco

Sevilla, C. George, F. Golf, L. Gouskos, J. Gran, R. Heller, J. Incandela, S.D. Mullin,

A. Ovcharova, H. Qu, J. Richman, D. Stuart, I. Suarez, J. Yoo

California Institute of Technology, Pasadena, U.S.A.

D. Anderson, A. Apresyan, J. Bendavid, A. Bornheim, J. Bunn, Y. Chen, J. Duarte,

J.M. Lawhorn, A. Mott, H.B. Newman, C. Pena, M. Spiropulu, J.R. Vlimant, S. Xie,

R.Y. Zhu

Carnegie Mellon University, Pittsburgh, U.S.A.

M.B. Andrews, V. Azzolini, T. Ferguson, M. Paulini, J. Russ, M. Sun, H. Vogel, I. Vorobiev,

M. Weinberg

University of Colorado Boulder, Boulder, U.S.A.

J.P. Cumalat, W.T. Ford, F. Jensen, A. Johnson, M. Krohn, T. Mulholland, K. Stenson,

S.R. Wagner

Cornell University, Ithaca, U.S.A.

J. Alexander, J. Chaves, J. Chu, S. Dittmer, K. Mcdermott, N. Mirman, G. Nicolas

Kaufman, J.R. Patterson, A. Rinkevicius, A. Ryd, L. Skinnari, L. Soffi, S.M. Tan, Z. Tao,

J. Thom, J. Tucker, P. Wittich, M. Zientek

Fairfield University, Fairfield, U.S.A.

D. Winn

Fermi National Accelerator Laboratory, Batavia, U.S.A.

S. Abdullin, M. Albrow, G. Apollinari, S. Banerjee, L.A.T. Bauerdick, A. Beretvas,

J. Berryhill, P.C. Bhat, G. Bolla, K. Burkett, J.N. Butler, H.W.K. Cheung, F. Chlebana,

S. Cihangir†, M. Cremonesi, V.D. Elvira, I. Fisk, J. Freeman, E. Gottschalk, L. Gray,

D. Green, S. Grünendahl, O. Gutsche, D. Hare, R.M. Harris, S. Hasegawa, J. Hirschauer,

Z. Hu, B. Jayatilaka, S. Jindariani, M. Johnson, U. Joshi, B. Klima, B. Kreis, S. Lammel,

J. Linacre, D. Lincoln, R. Lipton, M. Liu, T. Liu, R. Lopes De Sá, J. Lykken, K. Maeshima,
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M. Herndon, A. Hervé, P. Klabbers, A. Lanaro, A. Levine, K. Long, R. Loveless, I. Ojalvo,

T. Perry, G.A. Pierro, G. Polese, T. Ruggles, A. Savin, N. Smith, W.H. Smith, D. Taylor,

N. Woods

†: Deceased

1: Also at Vienna University of Technology, Vienna, Austria

2: Also at State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing,

China

– 32 –



J
H
E
P
0
3
(
2
0
1
7
)
1
0
1

3: Also at Institut Pluridisciplinaire Hubert Curien, Université de Strasbourg, Université de
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