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Figure 1 . (a) Feynman diagrams for LO qq- and gg-initiated tt subprocesses, and (b) example
diagrams for the NLO qg-initiated subprocess.

Figure 2 . Production angle �� in a qq ! tt event de�ned in the tt center-of-mass frame.

We describe here a search for anomalies in the angular distribution of produced tt
pairs. Those anomalies can be caused by modi�cations of the top quark-antiquark-gluon
(ttg) vertex or by the presence of heavy states coupled to top quarks [2{14]. They are
characterized through their impacts on the distribution of c� = cos ��, where �� is the
production angle of the top quark relative to the direction of the initial-state parton in the
tt center-of-mass frame, as shown in �gure 2 for a qq ! tt event.

When subprocesses contain an initial-state quark or antiquark, the sign of c� follows
from the relative directions of the initial-state quark and the top quark (or the initial-
state antiquark and the top antiquark). We search separately for anomalies in the c�-
antisymmetric (linearly dependent on c�) and the c�-symmetric (dependent only on c�2)
distribution functions, using the former to measure the top quark forward-backward asym-
metry (AFB) and the latter to measure the anomalous chromoelectric (d̂t) and chromo-
magnetic (�̂t) dipole moments of the tt vertex.

The parton-level forward-backward asymmetry is de�ned as

AFB =
�(c� > 0)� �(c� < 0)
�(c� > 0) + �(c� < 0)

; (1.1)

where �(c� > 0) and �(c� < 0) represent the cross sections for production of the top quark
in the forward and backward hemispheres, respectively, relative to the incident quark direc-
tion. The NLO e�ects generate positive values for AFB in qq-initiated subprocesses [15{18].

{ 2 {



JH
E

P
06(2020)146

A related AFB quantity was measured by the CDF and D0 experiments at the Fer-
milab Tevatron, a proton-antiproton collider that operated at a center-of-mass energy
p
s = 1:96 TeV, where the qq subprocess dominates tt production. Because the quan-

tity measured at the Tevatron includes gg and qg initial states, it is expected to be smaller
than the quantity de�ned in eq. (1.1) by a factor of � 0:85 (about 18% smaller). Initial
measurements [19, 20] were somewhat larger, especially at CDF, than expected at the
NLO level; however, more recent results [21{23] are consistent with the SM. Previous LHC
measurements sensitive to the top quark angular production asymmetry performed by the
ATLAS [24, 25] and CMS [26{29] Collaborations focused on the top quark charge asym-
metry AC, which does not separate the qq initial states from the gg and qg initial states,
and therefore uses only part of the available information.

This work represents a di�erent approach that adopts a simpli�ed model for the pro-
duction mechanism using a likelihood analysis to separate the qq subprocess from the
gg and qg subprocesses as well as from other backgrounds. The model provides an LO
description of several possible \beyond the SM processes" [2{14], and a reasonable approx-
imation for expected NLO QCD e�ects [15]. The di�erential cross section for qq ! tt
can be expressed as a linear combination of symmetric and antisymmetric functions of the
production angle, with the antisymmetric function approximated as a linear function of c�:

d�
dc�

(qq) � fsym(c�) +
� Z 1

�1
fsym(x)dx

�
c�A(1)

FB(mtt ): (1.2)

The symmetric function fsym depends only on kinematic properties of the event and A(1)
FB is

a parameter that depends upon mtt , the invariant mass of the tt system. Using eq. (1.2) to
evaluate eq. (1.1), we �nd that AFB � A

(1)
FB, which de�nes the linearized forward-backward

asymmetry. Equation (1.2) describes the LO exchange and interference terms expected
from s-channel resonances with chiral couplings. Because the statistical power of the tt
sample is not su�cient to measure A(1)

FB as a function of mtt , we measure only an average
value over the entire sample. This approximation is similar to the mass-averaged leading
term of a Legendre polynomial used by the CDF Collaboration in 2013 [30] to characterize
the angular distribution of their tt data.

The validity of this approximation is veri�ed by �tting the linearized function given in
eq. (2.1) to data simulated with the NLO powheg generator [31] and comparing the re-
sulting A(1)

FB values with the AFB values determined from counting events with positive and
negative c�. The results of this study are presented in table 1. Samples of simulated pp and
pp events at

p
s = 1:96 TeV and

p
s = 13 TeV, respectively, are also subdivided into two mtt

regions to perform the analysis. Comparing the results in the full samples and in the mtt
regions, we conclude that the linear approximation is accurate to within a few percent of
measured asymmetries and that it reects the average asymmetry of each sample. We fur-
ther note that smaller values of the pp asymmetry at

p
s = 13 TeV than the pp asymmetry

at
p
s = 1:96 TeV appear to be due to the more copious production of events with energetic

extra jets which contribute negatively to the average asymmetry. It is clear that our LHC
measurements are not directly comparable with those from the Tevatron experiments.
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Initial State CM Energy Mass Range AFB (counting) A(1)
FB (�tting)

pp 1.96 TeV mtt < 500 GeV 0.0535�0.0012 0.0546�0.0011

pp 1.96 TeV mtt > 500 GeV 0.0998�0.0024 0.1044�0.0022

pp 1.96 TeV all 0.0626�0.0011 0.0639�0.0010

pp 13 TeV mtt < 500 GeV 0.0249�0.0016 0.0251�0.0014

pp 13 TeV mtt > 500 GeV 0.0414�0.0022 0.0414�0.0020

pp 13 TeV all 0.0306�0.0013 0.0305�0.0012

Table 1 . The accuracy of the linear approximation used to de�ne A(1)
FB is assessed by comparing

the results of linear �tting to determine A(1)
FB and of event counting to determine AFB . The pp

and pp data samples are simulated with the NLO powheg generator [31] at center-of-mass (CM)
energies of 1.96 TeV and 13 TeV, respectively.

Several authors have considered the impact of possible top quark anomalous chromo-
electric and chromomagnetic dipole moments on the production of a tt system at hadron
colliders [32{35]. We follow the conventions and results of ref. [34], and de�ne d̂t and �̂t
in terms of an e�ective Lagrangian of the kind

Lttg = �gs

"

t�G�t + i
d̂t

2mt
t���5G��t +

�̂t

2mt
t���G��t

#

; (1.3)

where ��� = i
2 [�; � ], G� = Ga�T

a; where the Ga� are the gluon �elds and the SU(3)C
generators are T a = 1

2�
a (a=1, . . . , 8); the G�� = Ga��T

a, with the gluon �eld-strength
tensors being Ga�� = @�G

a
� �@�G

a
�� gsfabcG

b
�G

c
� , and the fabc being SU(3) group structure

constants.

This paper discusses our measurements of A(1)
FB, d̂t , and �̂t in pp collisions at the

CERN LHC. The analysis uses theoretical models of the tt cross section as functions of
A(1)

FB, d̂t , and �̂t to describe the angular distributions observed in a sample of tt-enriched
events collected at the CMS experiment. The analysis is based on �nal states containing a
single lepton (muon or electron) and several jets, usually referred to as lepton+jets events.
Our measurement of the A(1)

FB of top quarks in initial qq states is the �rst of its kind at the
LHC. Values of d̂t and �̂t have previously been extracted from tt spin correlations [36],
but this is the �rst measurement that relies on di�erential distributions in tt events.

This paper is organized as follows. Section 2 details the strategies used in extracting pa-
rameters of interest from the observed cross section. Section 3 briey describes the CMS de-
tector and the �nal-state objects used in the analysis. Section 4 discusses the recorded and
simulated events. Section 5 describes the event selection and kinematic reconstruction of
the tt events. Section 6 discusses the �tting method and the techniques used to estimate the
backgrounds. Section 7 describes the systematic uncertainties associated with the analysis.
Section 8 reviews the results of the �ts to the data, and section 9 provides a brief summary.
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2 Analysis strategy

Measuring the top quark forward-backward asymmetry at the LHC is considerably more
challenging than at the Tevatron, where the tt cross section is dominated by the qq sub-
process and the incident quark and antiquark directions are well de�ned by the proton and
antiproton beams. At the LHC, however, tt production is dominated by the gg subpro-
cess, from which no asymmetry arises, thus complicating the extraction of the asymmetry
in the qq ! tt subprocess. To separate the qq from the gg and qg subprocesses, and from
other backgrounds, we use the quantities mtt , xF, and c� to describe tt events, where:
xF = 2pL=

p
s is the scaled longitudinal momentum pL of the tt system in the laboratory

frame; and c�, mtt were de�ned in section 1. The use of xF to separate events with di�erent
initial states is a technique that is well-established in the literature, and its application to
a measurement of AFB in top quark pair production was proposed in [37].

The distributions in mtt , xF, and c� for the gg, qg, and qq initial states for tt events
simulated using the NLO powheg v2 [38{40] Monte Carlo (MC) generator for pp collisions
at
p
s = 13 TeV are shown in �gure 3; the gg and qg distributions are quite similar.

Because of this similarity, and because the SM asymmetry for qg events is expected to
be approximately two orders of magnitude smaller than for qq events [15], the gg and qg
subprocesses are combined into a single distribution function in our analysis. The mtt
distribution for qq events is somewhat narrower than for the other processes. The c�

distribution for qq events is more isotropic than that for the gg and qg processes due to
the t-channel pole that dominates their cross sections. Of key importance is that the xF
distribution for the qq events has a longer tail that helps to discriminate them and to
correctly identify the incident-quark direction. Because the gluon and antiquark parton
distribution functions (PDFs) of the proton have a lower average transverse momentum
than those of the quark parton, the direction of the tt system pL is correlated with the
initial quark direction in qq-initiated events. This provides a reasonable choice for the
initial parton direction as the direction of the Collins-Soper frame [41]. The result of
taking the longitudinal direction of the tt pair in the lab frame as the quark direction is
shown in �gure 3: de�ning NC as the number of correct assignments and NI as the number
of incorrect assignments, the dilution factor D = (NC � NI)=(NC + NI) becomes large in
the qq enriched region of large jxFj. The reduced D in the largest jxFj bins appears to be
an artifact of the NNPDF3.0 PDF set [42] used to generate the plot, and it does not a�ect
this analysis as no data events are observed with such large values of jxFj.

The di�erential cross section for qq ! tt can be written in the center-of-mass frame as

d�
dc�

(qq) =K
��2

S

9m2
tt
�

�
2��2 +�2c�2 +�

�
1��2c�2

�
+2

�
2�

2
3
�2 +�

�
1�

1
3
�2

��
A(1)

FBc
�
�
;

(2.1)
where K is an NLO normalization factor, �S = g2

s=4� is the strong coupling constant,
� =

p
1� 4m2

t=m
2
tt is the velocity of the top quark in the center-of-mass frame, and �(�)

is the longitudinal polarization of the exchanged gluon. This parameterization describes
the process to NLO precision, using a linear approximation for the NLO forward-backward
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Figure 3 . The generator-level c� (upper left), jxF j (upper right), and mt t (lower left) distributions
normalized to unity for the subprocesses qq, qg, and gg ! tt . The dilution factor, when taking
the longitudinal direction of the tt pair in the lab frame as the quark direction for qq events, is
shown in the lower right plot as a function of jxF j.

asymmetry that is also an LO description of the e�ects of possible s-channel vector
resonances in extensions of the standard model [8, 14].

At LO, the presence of the d̂t and �̂t terms modify both the qq and gg contributions
to the pp ! tt cross section. As in the case of A(1)

FB, we use a framework that approximates
SM NLO contributions with good accuracy, and provides possible anomalous contributions
at LO. The qq cross section can then be expressed as follows [34]:

d�
dc�

(qq) = K
��2

S

9m2
tt
�

�
2� �2 + �2c�2 + �

�
1� �2c�2

�

+ 4(2�̂t + �̂2
t � d̂

2
t ) + 4

�
�̂2

t + d̂2
t

� 1� �2c�2

1� �2

�
;

(2.2)

where the NLO asymmetry described in eq. (2.1) has been suppressed because the anoma-
lous moments a�ect only the symmetric part of the cross section. Note that the last term is
strongly enhanced at large values of mtt (as � ! 1). The gg cross section can be expressed
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as [34]:

d�
dc�

(gg) =K
��2

S�
48m2

tt

�
7+9�2c�2

1��2c�2

"
1��4c�4 +2�2(1��2)(1�c�2)

2(1��2c�2)

�
1+"�2c�2

�
+ �̂t(1+ �̂t)

#

+8(�̂2
t + d̂2

t )

 
7(1+ �̂t)

1��2 +
1�5�̂t

2(1��2c�2)

!

(2.3)

+8(�̂2
t + d̂2

t )2

 
1

1��2c�2
+

1
1��2 +

4(1��2c�2)
(1��2)2

! �
;

where the SM NLO contributions are parameterized through the factor K and the empirical
" = "(�) function. As for qq, the e�ects from anomalous moments are most signi�cant as
� ! 1.

Because the e�ects from as yet undiscovered massive particles and from the anomalous
moments d̂t and �̂t are most noticeable at large mtt , and because the fraction of qq events
increases with top quark-pair momentum, the �rst of the three tt decay topologies we
consider, called \type-1," comprises events with high Lorentz boost in which the decay
products of the hadronic top quark are fully merged into a single jet. The second topology,
called \type-2," consists of events that have a large, high-momentum, high-mass jet that
indicates either a partially- or fully-merged hadronic top quark decay, but which lack a
single large jet de�nitively identi�ed as originating from a merged top quark decay. These
type-2 events are included to bridge the gap between events where the top quark decay
products are fully merged or fully resolved. The type-1 and -2 topologies are collectively
referred to as \boosted" because their decaying top quarks have high pT. The third and
most populated category, called \type-3," includes events with low-mass jets; type-3 events
are also called \resolved" events because all decay products are individually distinguishable.
The fully selected event sample comprises approximately 2.2% type-1 (7195 m+jets and 3108
e+jets), 11.6% type-2 (50311 m+jets and 3735 e+jets), and 86.2% type-3 (234839 m+jets
and 166213 e+jets events) events.

As detailed in section 6, linear combinations of normalized three-dimensional distribu-
tions (templates) in mtt , xF, and c� reconstructed from simulated SM tt events generated at
NLO are used in a simultaneous likelihood �t to the observed di�erential cross section in 12
total channels de�ned by the decay topology, lepton charge, and lepton avor. Generator-
level information is used to separate qq from qg and gg events and to reweight them using
eqs. (2.1){(2.3) to produce the parameter-independent templates. Other MC contributions
and events in data are used to construct templates representing the background. A total
general linear combination of these templates is �tted to data to independently extract the
three values of A(1)

FB, d̂t , and �̂t .

3 The CMS detector and physics objects

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal
diameter, providing a magnetic �eld of 3.8 T. Within the solenoid volume are a silicon
pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and
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a brass and scintillator hadron calorimeter (HCAL), each composed of a barrel and two
endcap sections. Forward calorimeters extend the pseudorapidity coverage provided by the
barrel and endcap detectors. Muons are detected in gas-ionization chambers embedded
in the steel ux-return yoke outside the solenoid. A more detailed description of the
CMS detector, together with a de�nition of the coordinate system used and the relevant
kinematic variables, can be found in ref. [43].

Events of interest are selected using a two-tiered trigger system [44]. The �rst level,
composed of custom hardware processors, uses information from the calorimeters and muon
detectors to select events at a rate of around 100 kHz within a time interval of less than
4�s. The second level, known as the high-level trigger, consists of a farm of processors
running a version of the full event reconstruction software optimized for fast processing,
and reduces the event rate to around 1 kHz before data storage.

The particle-ow (PF) algorithm [45] aims to reconstruct and identify each individual
particle in an event using an optimized combination of information from the various ele-
ments of the CMS detector. Muons are identi�ed in the range j�j < 2:4, with detection
planes made using three technologies: drift tubes, cathode strip chambers, and resistive
plate chambers. The energy of each muon is obtained from the curvature of the correspond-
ing track. The energy of each electron is determined from a combination of the electron
momentum at the primary interaction vertex (PV) as determined by the tracker, the en-
ergy of the corresponding ECAL cluster, and the energy sum of all bremsstrahlung photons
spatially compatible with originating from the electron track. The energy of each charged
hadron is determined from a combination of its momentum measured in the tracker and the
matching ECAL and HCAL energy deposits, corrected for zero-suppression e�ects and for
the response function of the calorimeters to hadronic showers. Finally, the energy of each
neutral hadron is obtained from the corresponding corrected ECAL and HCAL energy.

The candidate vertex with the largest value of summed physics-object p2
T is taken to

be the primary pp interaction vertex. The physics objects are the jets, clustered using the
anti-kT (AK) jet �nding algorithm [46, 47] with the tracks assigned to candidate vertices
as inputs, and the associated missing transverse momentum. The missing transverse mo-
mentum vector ~pmiss

T in an event is de�ned as the negative vector sum of the transverse
momenta of all the reconstructed PF objects. Its magnitude is denoted as pmiss

T [48]. The
~pmiss

T is modi�ed to account for corrections to the energy scale of the reconstructed jets in
the event. Anomalous high-pmiss

T events can be due to a variety of reconstruction failures,
detector malfunctions or non collisions backgrounds. Such events are rejected by event
�lters that are designed to identify more than 85{90% of the spurious high-pmiss

T events
with a misidenti�cation rate less than 0.1% [48].

Jets called \AK4" (\AK8") are clustered from the PF objects in an event using the
anti-kT algorithm with a distance parameter of 0.4 (0.8). Jet momentum is determined
as the vectorial sum of all PF object momenta in the jet, and is found to be, on average,
within 5 to 10% of the true momentum over the whole pT spectrum and detector acceptance,
based on simulation. Additional pp interactions within the same or nearby bunch crossings
(pileup) can contribute extra tracks and calorimetric energy depositions, increasing the
apparent jet momentum. To mitigate this e�ect, tracks originating from pileup vertices
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are discarded, and an o�set correction is applied to account for remaining contributions.
Jet energy corrections are derived from simulation studies [49] so the average measured
response of jets becomes identical to that of particle-level jets. In situ measurements of the
momentum balance in dijet, photon+jet, Z+jet, and multijet events are used to detect any
residual di�erences between the jet energy scale in data and in simulation, and appropriate
corrections are made. Additional selection criteria are applied to each jet to identify jets
potentially dominated by instrumental e�ects or reconstruction failures [50].

To prevent double counting of lepton momentum in high-pT (\boosted") leptonic top
quark decays for which the �nal state lepton and b quark jet are not expected to be well
separated, leptons reconstructed and identi�ed within jets are not taken into account in the
jet momentum computation. Muons are removed from jets using a key-based algorithm,
wherein a muon four-vector is subtracted from that of a reconstructed jet if the muon’s PF
candidate appears in the list of jet PF candidates, and electrons are removed from jets by
subtracting their four-vectors from those of any reconstructed jets within �R equal to the
distance parameter of the jet clustering algorithm.

The \soft drop" (SD) algorithm [51] with angular exponent � = 0, soft cuto� threshold
zcut < 0:1, and characteristic radius R0 = 0:8 [52], is applied to AK8 jets to remove soft,
wide-angle radiation. In this algorithm the constituents of the AK8 jets are reclustered
using the Cambridge-Aachen algorithm [53, 54]. Application of the SD algorithm improves
discrimination between signal events, which contain jets from W boson or top quark decays,
and background events, which consist of jets produced via the strong interaction, referred
to as \QCD multijet" events. This improves the jet mass resolution, reducing the mass
of single light quark and gluon jets, and mitigating the e�ects of pileup [55]. The subjets
identi�ed by the algorithm are considered as individual objects themselves and are used in
the reconstruction of the decaying top quark pair, as described in section 5.

4 Data and simulation

This analysis is performed using the data collected by the CMS detector in 2016 at
p
s =

13 TeV, corresponding to an integrated luminosity of 35:9 � 0:9 fb�1 [56]. Events in the
type-1 and -2 channels pass a single-muon trigger requiring a muon with pT > 50 GeV, a
single-electron trigger requiring an electron with pT > 115 GeV, or an electron+jets trigger
with 50 and 165 GeV thresholds on the electron and the leading-jet pT, respectively. Events
in the type-3 channels must pass a single-muon trigger requiring an isolated muon with
pT > 24 GeV, or a single-electron trigger for electrons with pT > 27 GeV. The average
trigger e�ciencies for events passing o�ine selection are approximately 95 (97)% in the
boosted (resolved) m+jets channels and approximately 98 (74)% in the boosted (resolved)
e+jets channels.

The powheg MC generator [31] is used to simulate the tt signal at NLO using the
pythia 8.219 parton-shower generator [57] and the CUETP8M2T4 tune [58] assuming
mt = 172:5 GeV. These MC events are also reweighted [59] to model the dependence of the

tt distributions on renormalization and factorization scales �R = �F =
p
m2

t + p2
T [60, 61],

and the choice of the NNPDF3.0 PDFs [42], with �S = 0:118.
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The powheg and pythia generators using the same tune are also used to simulate
contributions to the background from single top quark processes at NLO, both in the t chan-
nel [62] using powheg and madspin [63] and in the tW channel with powheg v1 [64].
Background contributions from single top quark processes in the s channel are simulated
at NLO using the MadGraph5 amc@nlo MC generator [65] matched to pythia par-
ton showers; and contributions from Drell-Yan (Z or g+jets) and W+jets production are
simulated at LO using the MadGraph 5 MC generator [65], matched to pythia parton
showers and the CUETP8M1 tune through the MLM prescription [66].

All MC events are processed through a full simulation of the CMS detector in
Geant4 [67]. The distributions for MC events are normalized to their predicted cross
sections at NLO for single top quark production in the s and t channels [68]; at NLO using
additional next-to-next-to-leading logarithms (NNLL) soft gluon correction for single top
quark production in the tW channel [69]; at next-to-next-to-leading order (NNLO) for
W+jets and Z/g+jets [70{72]; and at NNLO+NNLL for the tt signal [73]. All MC sam-
ples are corrected to bring their generated pileup distributions into agreement with those
observed in data. Identical selection criteria and reconstruction procedures are otherwise
applied to all simulated events and data.

5 Event reconstruction and selection

The selection criteria are designed to identify tt events in which one of the two top quarks
decays to a charged lepton, a neutrino, and a single b quark jet, and the other decays to
only jets. The leptonically decaying top quark can yield a muon or electron in one of the
three topologies, leading to six mutually exclusive categories: m+jets and e+jets, each of
type-1, type-2, and type-3.

Muon (electron) candidates are required to have pT > 50 (80) GeV in the boosted
topologies, and pT > 30 GeV in the resolved topology. Only lepton candidates in the range
of j�j < 2:4 are considered, and any electron candidates in the transition region between
barrel and endcap calorimeters, corresponding to 1:44 < j�j < 1:57, are rejected. To sup-
press misidenti�ed leptons resulting from the products of hadronization, accepted leptons
are required to be isolated from nearby hadron activity in the event. Lepton isolation
is determined in part with a \2D selection" applied as a logical \or" of two independent
selections. The �rst is a requirement on the component of the lepton momentum that is
transverse to the axis of the nearest AK4 jet, called prel

T , and the second is the distance
�R =

p
(��)2 + (��)2 with respect to the nearest AK4 jet. In both cases, the nearest

AK4 jet must have pT > 15 GeV and j�j < 3:0. To be considered isolated in the boosted
topologies, a lepton must have prel

T > 30 GeV or �R > 0:4. In the resolved topology, lepton
isolation is additionally determined according to the sum of the scalar pT of the neutral
and charged hadron PF candidates located within a cone of size �R = 0:4 and 0:3 for
muons and electrons, respectively. This sum is required to be less than 15 (6)% of the
muon (electron) pT, and only leptons passing both the 2D selection and these PF isolation
criteria are considered isolated in the resolved topology. Any event containing more than
one isolated lepton is rejected to suppress background from two-lepton tt decays in which
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each top quark decays to leptons. Requirements are also imposed on the pmiss
T in each event

to suppress background from multijet events containing a muon or electron. Events in the
boosted muon+jets or electron+jets channels are required to have pmiss

T > 50 or 100 GeV,
respectively, and resolved events of both lepton avors are required to have pmiss

T > 40 GeV.
Events failing pmiss

T requirements or lepton isolation requirements are used in the estimation
of QCD multijet background contribution from data, as described in section 6.

All AK4 and AK8 jets are required to have pT > 30 and pT > 200 GeV, respectively,
and to be in the range of j�j < 2:4. The AK8 jets are also required to have at least two
subjets identi�ed through the SD clustering algorithm. In type-1 events, at least one AK8
jet must be present and be identi�ed (\tagged") as originating from the merged decay
of a top quark. These identi�ed top quark (t-tagged) jets are selected using simultaneous
criteria on jet pT; the jet mass after application of the SD algorithm; and the ungroomed N -
subjettiness [74] substructure discriminant variable �32 = �3=�2, for which smaller values
indicate a greater likelihood that the jet is composed of three rather than two subjets.
An AK8 jet is considered t-tagged if it has pT > 400 GeV, an SD mass in the range
105 < mSD

AK8 < 220 GeV, and �32 < 0:81. By contrast, type-2 events are required to have
no t-tagged AK8 jets, but must contain at least one AK8 jet with mSD

AK8 > 40 GeV, and at
least four AK4 jets. Type-1 and -2 muon (electron) events require the highest momentum
AK4 jet to have pT > 150 (250) GeV and the second-highest momentum AK4 jet to have
pT > 50 (70) GeV. Type-3 events are required to contain zero selected AK8 jets, and at
least four selected AK4 jets.

To help discriminate the tt signal from Z/g+jets and W+jets backgrounds, AK4 jets
originating from decays of b quarks are identi�ed using an algorithm that combines lifetime
information from tracks and secondary vertices [75]. Type-1 and -2 events are required to
have at least one AK4 jet that is identi�ed as a b quark (b-tagged) at the \loose" working
point of the algorithm, which has an 83% e�ciency of correctly identifying a b quark jet
and a 9% probability of misidentifying a gluon, c quark, or light quark jet as a b quark
jet (de�ned as the mistag rate). Type-3 events are required to have at least two AK4 jets
tagged at the \medium" working point of the algorithm with a b tagging e�ciency of 63%
and a 1% mistag rate. In all cases, b tagging algorithms are applied before removal of any
double-counted leptons within AK4 jets.

The kinematic quantities of the top quark pair are reconstructed from their constituent
decay products using a maximum-likelihood �t [76, 77], which varies the momenta of the
decay products within their resolutions and iterates over all possible assignments of jets to
determine the most likely value of the unknown longitudinal momentum of the neutrino
and the best possible assignment of jets that conforms with the decay hypothesis. In type-1
events, the top quark that decays to all-jets is assumed to be the t-tagged AK8 jet, and
the lepton side of the decay is reconstructed from all combinations of the lepton, pmiss

T ,
and any b-tagged AK4 jets that result in a lepton+jets top quark candidate (lepton +
pmiss

T + AK4 jet) separated from the t-tagged AK8 jet by �R(tjets; tlep) > 2. Type-2 and
-3 events ignore AK8 jets entirely in their reconstruction, and instead their possible jet
con�gurations comprise all assignments of the four or �ve highest pT AK4 jets to either
the lepton or all-jets side of the decay; events containing �ve AK4 jets consider additional
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con�gurations in which any of the non-b-tagged jets may be disregarded as external to the
top quark pair decay.

For each event, the hypothesis with the smallest value of �2 lnL (where L is the
likelihood) is chosen to represent the complete top quark pair decay, and the lepton and
all-jets top quark four-vectors are reconstructed as the vector sums of their rescaled particle
four-momenta. This kinematic �tting procedure is highly e�ective, returning the correct
hypotheses in 98, 80, and 73% of type-1, -2, and -3 lepton+jets tt MC events, respectively,
for which an MC-based particle-matched hypothesis exists.

After reconstruction, type-1 and type-2 events are further required to have top quark
masses mreco

t;lep < 210 GeV for decays containing one lepton, and �2 lnL < �15. The
inversion of either of these criteria de�nes a control region used to constrain the cross
section of the W+jets background process as described in section 6. From applying the
selection criteria to simulated events, we expect about 6210� 80 (3110� 60), 39100� 200
(2490� 50), and 188500� 400 (134500� 400) tt lepton+jets events in the type-1, -2, and
-3 m(e)+jets signal regions, respectively. The relatively poor e�ciency for type-2 electrons
as compared with that for type-1 electrons results from the more stringent pmiss

T and lepton
and jet pT criteria applied to electron events in those regions and the lower mtt of events
in the type-2 signal region.

Figures 4{6 show comparisons of the reconstructed variables, called c�r , xr, and mr to
distinguish them from the corresponding parton-level quantities de�ned in section 2, for
selected MC events and data for type-1, -2, and -3 regions, including the QCD multijet
background estimated from data, as discussed in section 6. The data-based method used
to determine the multijet background contributions tends to overestimate the observed
data, particularly in the type-3 electron sample; also, the disagreements visible in the
xr distributions are due to the choice of the PDFs. Both of these systematic e�ects are
corrected by the �t to data.
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