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1. Introduction

Measurements in the top quark sector form a central part of the CMS physics program. In this
note a selection of these measurements are summarised. The analyses utilise data with centre-of-
mass energies of 7 and 8 TeV recorded by CMS between the years 2010 and 2012. The results
are grouped into three categories: measurements of the cross sections of processes producing a tt̄
system, measurements of the top-quark mass, and measurements of the properties of the top quark.
Details of CMS results on single-top quark production can be found in [1]. Details of additional
analyses in the CMS top quark physics program not described here can be found in [2].

2. Measurements of tt̄ cross sections

2.1 Inclusive tt̄ cross sections

Measuring the cross section of tt̄ production (σtt̄) can provide a precise test of perturbative
QCD (pQCD). Furthermore, as tt̄ production is a dominant background for numerous searches for
new physics phenomena at the LHC, a precise measurement of σtt̄ can enhance the sensitivity of
these searches. Finally, tt̄ events provide a means of measuring crucial experimental parameters
such as the Jet Energy Scale (JES) and the efficiency of identifying jets arising from b quarks
(b-tagging efficiency).

CMS measures σtt̄ in both the single-lepton and dilepton decay channels using 2.8 fb−1 and
2.4 fb−1 of the 8 TeV dataset respectively [3],[4]. In the single-lepton channel events are required
to contain a single isolated muon or electron and four jets, one of which has been identified as
originating from a b quark. To extract the cross section, a template fit to the distribution of the
invariant mass of the lepton and b-jet system (Mlb) is performed. In figure 1 the Mlb distribu-
tion for data and simulation for the single-muon channel is shown. The measured cross section
is: σtt̄ = 228.4± 9.0(stat.)+29.0

−26.0(sys.)± 10.0(lum.) pb. The systematic uncertainty is dominated
by the imperfect knowledge of the JES and b-tagging efficiency. In the dilepton channel, events
are required to contain two leptons (electrons or muons) and a b-tagged jet. Due to the small
backgrounds the cross section is extracted with a cut and count methodology. The measured cross
section is 227±3(stat.)±11(syst.)±10(lumi.) pb. These results are mutually consistent and are
in agreement with approximate next-to-next-to leading order pQCD predictions.

2.2 Differential tt̄ cross sections

CMS measures σtt̄ as a function of the final state kinematics using 12.2 fb−1 of 8 TeV data
[5]. CMS also measure the σtt̄ as a function of the jet multiplicity for various jet PT requirements
[8]. In both cases events are required to contain two leptons (electrons or muons) and a b-tagged
jet. In figure 2 the distributions of the measured σtt̄ as function of top-quark PT and jet multiplicity
for jets with PT > 60 GeV are shown with predictions from various simulations included. For
the top-quark PT , good agreement is observed between data and the various predictions, although
the measured spectrum exhibits a small excess (deficit) at low (high) top-quark PT relative to the
simulation. The measured jet multiplicity distributions in tt̄ events are reasonably well described by
the various generators shown. Differential measurements of σtt̄ are also available in the lepton plus

2



P
o
S
(
Q
F
T
H
E
P
 
2
0
1
3
)
0
4
4

CMS results on the physics of top quarks James Keaveney

E
ve

nt
s 

/ 1
0 

G
eV

100

200

300

400

500

600

700

800

900
Data

 signaltt

 othertt

Single-Top

νl→W
-l+l→*γZ/

Luminosity+b tagging

 (GeV)bµM
0 50 100 150 200 250 300 350 400 450 500

R
at

io

0.6
0.8

1
1.2
1.4

CMS Preliminary  = 8 TeVs at -12.8 fb

-0.5 0 0.5 1 1.5 2 2.5 3 3.5
Ev

en
ts

0

500

1000

1500

2000

2500

3000

3500

4000

=8TeVs, -12410 pb

 channelµe
CMS preliminary  data

)τ,µ (l=e,
-
l+ l→*γ Z/

 VV
 tW
 Non W/Z leptons

 signalt t

b-tagged jet multiplicity
0 1 2  3≥Ob

s/E
xp

 R
ati

o

0.6
0.8

1
1.2
1.4
1.6

Figure 1: The Mµb distribution in the single muon channel (left) and the b-tagged jet multiplicity distribution
in the eµ channel (right) for data and simulation are shown.

jets channel [6] and at centre-of-mass energy of 7 TeV [7]. A measurement of the jet multiplicity
in tt̄ events is also available at centre-of-mass-energy of 7 TeV [9].

GeV Lead.t
T

p
0 50 100 150 200 250 300 350 400

-1
G

eV
 

Le
ad

.t

T
dp

σd
 σ1

0

1

2

3

4

5

6

7

8

9

10
-310×

 =  8 TeVs at -1CMS Preliminary, 12.2 fb

Dilepton Combined Data
MadGraph
MC@NLO

POWHEG

dJ
et

s
σd

 σ1

-410

-310

-210

-110

1

10

210

 =  8 TeVs at -1CMS Preliminary, 19.6 fb

Dilepton Combined > 60 GeVjet

T
p

Data
MadGraph+Pythia
MC@NLO+Herwig
POWHEG+Pythia

Jets

0 1 2 3 4 5 6≥

D
at

a/
M

C

0.5

1

1.5

Figure 2: The σtt̄ as a function of top-quark PT (left) and jet multiplicity distribution (right) in the dilepton
channel for data and various simulations are shown.

2.3 σtt̄+bb
σtt̄+ j j̄

cross section ratio

The production of tt̄ in association with a pair or bottom quarks (bb̄) is an irreducible back-
ground to the production of tt̄ in association with a Higgs boson (tt̄H) where the Higgs boson
decays to a pair of bottom quarks. Hence a precise measurement of σtt̄+bb has the potential to
reduce background uncertainty and thus increase sensitivity in searches for tt̄H. CMS measures
the cross section σtt̄+bb

σtt̄+ j j̄
where tt̄ + j j̄ is defined as the production of a tt̄ system in association with

two jets of any flavour. The analysis uses the full (5.0 fb−1) 7 TeV dataset [10]. Events are required
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to contain two leptons (electrons or muons) and four jets, two of which have been b-tagged. The
measurement is performed via a fit to the b-tagged jet multiplicity distribution and is corrected to
particle level. In figure 3 the b-tagged jet multiplicity distributions for all channels are shown. The
result is σtt̄+bb

σtt̄+ j j̄
= 3.6±1.1(stat.)±0.9(syst.)%.
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Figure 3: The distribution of the multiplicity of b-tagged jets is shown for data and simulation.

2.4 tt̄ + V cross sections

A measurement of the production of a tt̄ system in association with a vector boson (tt̄ + V)
is a key test of the validity of the SM at the TeV scale. CMS performs the first measurement of
σtt̄+V [11] using the full 7 TeV dataset. Two complementary analyses are employed: one based
on the trilepton signatures produced in tt̄Z decays and one based on same-sign dilepton signatures
produced by tt̄ + V signatures where V = W or Z. The trilepton analysis aims to select events
from the process pp→ tt̄Z → (t → bl±ν)(t → b j j)(Z → l±l±). The dilepton analysis aims to
select events originating from the processes: pp→ tt̄W → (t → bl±ν)(t → b j j)(W → l±ν) and
pp→ tt̄Z→ (t→ bl±ν)(t→ b j j)(Z→ l±l±) (with l = e or µ).

In Fig. 4 the event yields separated in lepton flavour channels for the trilepton and dilepton
analyses are shown. A total of 16 events are selected in data, compared to an expected background
contribution of 9.2± 2.6 events. The significance of the observed tt̄V signal is equivalent to 3.0
standard deviations. A combined cross section is measured simultaneously from the three channels
with the result: σtt̄V = 0.43+0.17

−0.15(stat.)+0.09
−0.07(sys.) pb. This result is compatible with the NLO

prediction of the standard model which is σSM
tt̄V = 0.306+0.031

−0.053 pb.
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Figure 4: Event yields separated in lepton flavour channels for the trilepton (left) and dilepton channels
(right). The expected contributions from signal and background processes are indicated.

3. Measurements of the top-quark mass

3.1 Top-quark mass

The top-quark mass (mt) is an essential parameter of the standard model. In addition, a precise
measurement of mt also provides an important benchmark for the performance and calibration of
the CMS detector. CMS measures mt using events containing a single lepton (electron or muon)
and four jets, two of which have been b-tagged with the full 7 TeV dataset [12]. A kinematic fit
of jet combinations in the event is employed to check the compatibility of an event with the tt̄
hypothesis and thereby improve the resolution of the measured quantities. To suppress the effect of
incorrect combinations fit solutions are weighted by their fit probability. Finally a two-dimensional
maximum likelihood fit is performed to extract the best fit value of mt and the JES. In figure 5
the invariant mass distribution of the reconstructed top quarks and a two-dimensional plot of the
likelihood as a function of mt and the JES are shown. The top-quark mass is measured to be
mt = 173.49±0.43 (stat.+ JES)±0.98 (syst.) GeV.

3.2 Dependence of of top-quark mass on event kinematics

CMS measures mt as a function of the event kinematics [13]. This is the first data measurement
of possible kinematic biases in the measurements of mt . The analysis uses a sample of candidate
tt̄ events with one electron or muon and at least four jets in the final state, collected by CMS at√

s = 7 TeV. Similarly to [12], for each event the mass is reconstructed from a kinematic fit of
the decay products to a tt̄ hypothesis. The top-quark mass is determined simultaneously with the
JES, constrained by the known mass of the W boson in qq̄ decays. The measured values of mt are
binned in various kinematic variables and the dependencies of mt on these variables is compared to
those predicted by the MADGRAPH [14], POWHEG [15], [16] and MC@NLO [17] simulations.
In fig 6, the measured values mt in bins of the PT of the hadronically decaying top quark and the
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Figure 5: The invariant mass distribution of the reconstructed top quarks (left) and the two-dimensional
likelihood (right) are shown. The ellipses on the likelihood plot correspond to statistical uncertainties on mt

and JES of one, two, and three standard deviations.

HT , where HT is the scalar sum of the PT of the selected jets in the event, are shown. For all the
kinematic variables considered the observed dependencies are well reproduced by the simulation
with tunes including and excluding the effects of colour reconnection.
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Figure 6: The measured values of mt in bins of the PT of the hadronically decaying top quark and HT are
shown.

3.3 Top-quark mass difference

The invariance of the standard model under the CPT transformation implies the equality of
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particle and antiparticle masses. Hence a measurement of the mass difference between top and
antitop quarks (∆mt) provides a test of CPT invariance. CMS measures ∆mt using 19 fb −1 of 8
TeV data collected by the CMS experiment with the result ∆mt = 272± 196(stat.)± 122(syst.)
MeV that is consistent with the standard model prediction [18]. The accuracy of this result is
significantly higher than that of existing measurements. In figure 7, the measured values of mt for
events containing a negatively charged lepton and a positively charged lepton are shown separately.
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Figure 7: The measured values mt for events containing a negatively charged lepton (left) and a positively
charged lepton (right) are shown.

4. Measurements of the quark properties

In this section a selection of the CMS measurements of top-quark properties are detailed.
Details of results concerning the top-quark polarisation, spin correlations and charge asymmetries
in tt̄ events not discussed here may be found in [19], [20], [21] and [22].

4.1 Search for FCNC in top-quark decay

CMS performs a search for flavour-changing neutral currents (FCNC) in top-quark decays
[23]. The analysis focuses on the decay chain tt̄→ Zq+Wb with both W and Z decaying leptoni-
cally producing three leptons (electrons or muons) in the final state. The dataset used corresponds
to an integrated luminosity of 19.7 fb−1 at

√
s = 8 TeV. In figure 8, the invariant mass distributions

of kinematically reconstructed Zj and Wb systems are shown. No excess of events over the stan-
dard model expectation is observed. Hence upper limits on the branching ratio of t→ Zq of 0.05%
at 95% confidence level are calculated.

4.2 W polarisation

CMS performs a measurement of the W boson helicity fractions in tt̄ events with 4.6 fb−1

of data with
√

s = 7 TeV [24]. The analysis is based on the dileptonic (electron or muon) decay
channel of the tt̄ system. In order to kinematically reconstruct the tt̄ system in events containing
two leptons an analytic method developed within the CMS collaboration is applied [27], [28]. The

7



P
o
S
(
Q
F
T
H
E
P
 
2
0
1
3
)
0
4
4

CMS results on the physics of top quarks James Keaveney

Figure 8: The invariant mass distributions of the kinematically reconstructed Zj and Wb systems are shown.

reconstructed system produced by this method are used to calculate the helicity angle (cosθ ∗).
cosθ ∗ is defined as the angle between the charged lepton three-momentum in the W rest frame
and the W momentum in the top-quark rest frame. In figure 9 the cosθ ∗ distributions for data and
simulation are shown. The fractions of left-handed (FL), longitudinal (F0) and right-handed (FR)
W bosons are extracted from a fit to this distribution with the result: FL = 0.288± 0.035(stat)±
0.040(sys), F0 = 0.698±0.057(stat)±0.063(sys) and FR = 0.014±0.027(stat)±0.042(sys). This
result is consistent with the standard model expectation. CMS also measures the W boson helicity
fractions in single top-quark production [25]. Combined results produced by the CMS and ATLAS
experiments are also available [26].
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Figure 9: The cosθ ∗ distribution for data and simulation is shown.

5. Conclusion

In this note a selection of results from the CMS top-quark physics program using datasets with
centre-of-mass energies of 7 and 8 TeV recorded by CMS in the years 2010 to 2012 have been
presented. The results concern the measurement of the cross sections of processes involving tt̄
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systems, measurements of the top-quark mass and measurements of the top-quark properties. All
results are consistent with the expectations of the standard model.
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