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Abstract.

Measurements of top quark pair production are presented based on data recorded with the Compact Muon
Solenoid (CMS) detector at the Large Hadron Collider (LHC) in 2011 and 2012. Inclusive and differential
top quark pair production cross section measurements in various channels are described. Inclusive as well as
differential measurements of the charge asymmetry in top quark pair events are summarised and a method for
the extraction of the strong coupling a; from the measured top pair production cross section is discussed. All
measurements are in agreement with the Standard Model predictions.

1 Introduction

The top quark is the heaviest fundamental particle de-
scribed by the Standard Model of particle physics. Due to
the high mass its lifetime is shorter than the hadronisation
time. This makes it possible to study the properties of top
quarks based on their decay products. Top quark produc-
tion is an important process to perform precision tests of
the Standard Model. Furthermore, in many predicted pro-
cesses of physics beyond the Standard Model top quark
events are one of the dominant background contributions.

At the LHC top quarks are produced with a rate more
than 20 times higher than in any previous particle physics
experiment and hence the LHC is often referred to as a
top quark factory. The CMS detector [1] is one of the two
large multi-purpose detectors at the LHC and allows for a
study of a wide range of physics processes. In 2011 data,
an integrated luminosity of 5fb™" at a centre-of-mass en-
ergy of /s = 7TeV is available for physics studies and in
2012 an integrated luminosity of 22fb~! at /s = 8 TeV
has been recorded.

2 Inclusive Cross Section Measurements

Measurements of the inclusive top quark pair produc-
tion cross section are available in various channels. At a
centre-of-mass energy of /s = 7 TeV measurements have
been performed in the semi-leptonic channels with elec-
trons, muons and tau leptons, in the di-leptonic channels
measurements are available in the di-electron, di-muon,
electron-muon, electron-tau and muon-tau channels. Also
a measurement in the all hadronic channel has been per-
formed. A summary of the measurements is presented
in Figure 1. The most precise individual measurement at

a. Speaker.
b. On behalf of the CMS collaboration.
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Figure 1. Top pair cross section summary plot for /s = 7 TeV.

v/s = 7TeV is the measurement in the di-leptonic ee, uu
and eu channels and yields as result

o7 = 162 + 2(stat.) £ 5(syst.) = 4 (lumi) pb.

All results as presented in Figure 1 are in agreement with
each other and with the Standard Model predictions.

At a centre-of-mass energy of /s = 8 TeV measure-
ments in the di-leptonic channels and the semi-leptonic
channels with electrons and muons are available.
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2.1 Measurement in the di-leptonic channel at
Vs = 8TeV

Events are selected in the di-leptonic channels ee, pu
and ey. A counting method is used to measure the cross
section. The event signature of two charged leptons and
two jets, with at least one jet identified as originating from
a b-quark, guarantees a high purity of the selected event
sample and makes a precise determination of the cross
section possible. The dominat backgrounds are Drell-Yan
Z[y* — €€ (with € = y, e) events in the ee and yu chan-
nels and Z/y* — 1t — (ev,v;)(uv,v,) events in eu chan-
nel. Significant sources of systematic uncertainties are the
uncertainty on the jet energy scale and resolution and the
measurement of lepton efficiencies.

A combination of the three decay channels with the
BLUE method yields

o7 = 227 + 3(stat.) = 11(syst.) £ 10 (lumi) pb,

which is in good agreement with the Standard Model ex-
pectation of o(/s = 8 TeV) = 225.2pb [3].

The cross section ratio for a centre-of-mass energy of
v/s =8TeV and +/s = 7 TeV results in

oc(8TeV)/o(7TeV) = 1.41 + 0.11.

2.2 Measurement in the semi-leptonic channel at
Vs = 8TeV

A measurement in the semi-leptonic channels with an
electron or muon is presented. A simultaneous template
fit is performed on the invariant mass distribution of the
three jet system in the event with the highest transverse
momentum. The results are compatible with the precision
measurement described in Section 2.1. The dominant sys-
tematic uncertainties are the uncertainty on the identifica-
tion of b-jets and the jet energy scale. The simultaneously
measured cross section in the electron and muon channels
is

o = 228 + 4(stat.) "¢ (syst.) = 10 (lumi) pb.

The combination of the measurements in the di-
leptonic and semi-leptonic channels yields

o7 = 227 + 3(stat.) £ 11 (syst.) + 10 (lumi) pb.

3 Differential Cross Section
Measurements

Differential measurements allow precise tests of the
Standard Model, are used to tune Standard Model parame-
ters and are sensitive to possible physics beyond the Stan-
dard Model.

3.1 Differential Cross Section as a Function of
Kinematic Properties

The normalised differential cross section is measured
in the semi- and di-leptonic final states with electrons and

CMS, 5.0 fb" at\s = 7 TeV
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Figure 2. Differential cross section as a function of the invariant
mass of the top quark pair system.

muons. The measurement is performed as a counting ex-
periment. The dominant systematic uncertainties are the
uncertainty on the background estimation in the semi-
leptonic channels and the uncertainty on trigger and lep-
ton efficiencies in the di-leptoic channels. Migration of
events across bin boundaries is corrected by using a regu-
larised unfoldung method. Figure 2 shows the differential
cross section as a function of the invariant mass of the top
quark pair system m [10] in the semi-leptonic channels.
A good agreement between the measurement and the Stan-
dard Model prediction is observed up to highest values of
m'.

With searches for resonances decaying into top quark
pairs [11] exclusion limits are set at 95% c.l. for top-colour
Z’ bosons with narrow (wide) width up to 1.49 (2.04) TeV
and for Kaluza-Klein excitations up to 1.82 TeV.

3.2 11 + E‘;‘iss

In many predicted processes of physics beyond the
Standard Model, a tf decay signature is produced in as-
sociation with large amounts of missing tansverse energy
E?iss. A differential measurement of the top pair cross
section as a function of the reconstructed E}™ in the
event [12] is performed in the semi-leptonic e/u + jets
channels on collision data at /s = 7TeV. In different
bins of E?i“ a template fit is performed on the absolute
lepton pseudorapidity distribution |77, and |5.|. Within the
uncertainties a good agreement with the Standard Model
prediction is observed in the entire considered E 7“3155 region
as shown in Figure 3.

The dominant systematic uncertainties on the mea-
surement are the uncertainty on the measurement of the
missing transverse energy and the theoretical uncertain-
ties due to the choice of factorisation scale and jet-parton
matching.
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CMS Preliminary, L = 5.1 fb™ at /s = 7 TeV
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Figure 3. Cross section as a function of the missing transverse
energy in top quark pair events within theoretical factorisation
scale and jet-parton matching uncertainties.

3.3 1 + jets

Measurements of the top quark pair cross section as
a function of the number of jets in the event are used as
a precision test of the performance of Monte Carlo gen-
erators. The measurements are sensitive to the factorisa-
tion scale and jet-parton matching parameters and can be
used to tune those parameters for measurements of other
physics processes. A measurement as a number of jets
with a transverse momentum larger than 60 GeV is per-
formed using a counting method in the di-leptonic chan-
nels [13] with electrons and muons. Data from the 2011
data taking period is considered at a centre-of-mass energy
of 4/s = 7TeV. Figure 4 compares the measured cross
section and the predictions by the MadGraph, MC@NLO
and POWHEG Monte Carlo generators. A good agree-
ment is observed between the MadGraph and POWHEG
prediction while the MC@NLO prediction shows a steeper
spectrum with increasing number of jets. The data is com-
patible with all Monte Carlo generator predictions within
the uncertainties. The dominant systematic uncertainty is
the uncertainty due to the jet energy scale.

Figure 5 shows the measured cross section in com-
parison to the MadGraph generator prediction and the un-
certainties on the factorisation scale and jet-parton match-
ing assumptions that were made at production stage. The
measured cross section is not sensitive enough to con-
strain these two parameters. Future measurements with
improved uncertainties are necessary to use this kind of
information to constrain the factorisation scale and jet-
parton matching parameters at generator level.

4 Cross Section Ratio o (¢tfbb)/o(tijj)

The channel #H with the decay of the Higgs boson
into two bottom quarks H — bb is an important chan-
nel to measure the coupling of the Higgs boson to the
top quark. Higher order QCD corrections predict an irre-
ducible background of ¢7 in association with two b-quarks

CMS Preliminary, 5.0 fb™" at\s=7 TeV
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Figure 4. Cross section as a function of the number of jets in top
quark pair events compared to different Monte Carlo generator
predictions.
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Figure 5. Cross section as a function of the number of jets in top
quark pair events within theoretical uncartainty on factorisation
scale and jet-parton matching.

ttbb. A precise measurement of the production cross sec-
tion of this process helps in the future measurement of the
Higgs boson to top quark coupling. In the presented mea-
surement [14] the cross section ratio of the top quark pair
production in association with two b-jets and in associa-
tion with two light flavoured jets (u-, d-, s-, c-quarks) is
performed in the di-leptonic channels with electrons and
muons on 7TeV collision data. The cross section ratio
reduces the overall systematic uncertainty on the measure-
ment due to cancellations of luminosity, jet and lepton ef-
ficiency uncertainties. A fit to the b-tagged jet multiplicity
distribution is performed and the dominant systematic un-
certainties are the uncertainty due to the b-tag scale factor
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and the factorisation scale uncertainty. The measurement
yields a cross section ratio of

o(tibh) /o (tijj) = 3.6 £ 1.1(stat.) + 0.9 (sys.) %.

5 Charge Asymmetry

At the Tevatron accelerator a forward-backward
charge asymmetry in top quark pair events is observed due
to the asymmetric initial state of protons and anti-protons
which is reflected in the pseudorapidity of the produced
top and anti-top quark. At the LHC this effect is not ob-
served due to the symmetric initial state of proton-proton
collisions. Nevertheless, at higher orders of pertubation
theory the interference of the born and box diagram re-
sults in a broader production spectrum of the top quark
compared to the anti-top quark in terms of the absolute
value of the rapidity distribution.

The rapidity difference of the top and the anti-top
quark is defined as

Alyl = ly:| = lysl.

Based on this definition the charge asymmetry is defined
as N
A= —
N* + N~
where N* is the number of events with Aly| > 0 and N~ is
the number of events with Aly| < 0.

5.1 Measurement of the Charge Asymmetry

The charge asymmetry is measured in the semi-
leptonic [15] as well as in the di-leptonic channels[17]
with electrons and muons at a centre-of-mass energy of
v/s = 7TeV. The measurement is performed inclusively
and as a function of the absolute value of the pseudorapid-
ity, the transverse momentum and the invariant mass of the
tf system.

In the semi-leptonic channels an inclusive charge
asymmetry value of

A; = 0.004 £ 0.010(stat.) + 0.011 (syst.)

is measured. = The result is compatible with zero
and also with the Standard Model expectation[16] of
AStandardModel — () 0115 + 0.0006. The result of differen-
tial measurements of the charge asymmetry as a function
of the invariant mass and the transverse momentum of the
1f system are presented in Figures 6 and 7. The dominant
systematic uncertainties are the uncertainty on the lepton
efficiency determination, the background prediction and
the jet energy scale.

All results are compatible with the Standard Model
prediction but a reduction of the uncertainties is necessary
to draw final conclusions.

The measurement in the di-leptonic channels[17]
yields comparable results with larger uncertainties. The
inclusive charge asymmetry is measured as

A =0.050 + 0.043 (stat.) +0.010/ — 0.039 (syst.).
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Figure 6. Charge asymmetry as a function of the invariant mass
of the ¢ system.
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Figure 7. Charge asymmetry as a function of the transverse mo-
mentum of the #f system.

Again, the measurement does not allow to discriminate
between zero and the Standard Model prediction. With
the current level of precision it can already be concluded
that the data disfavours large deviations from the Standard
Model prediction.

5.2 Leptonic Charge Asymmetry and Top
Forward-Backward Asymmetry

In the di-leptonic channels additional asymmetries are
studied [17]. The lepton charge asymmetry is defined as
. N(ne| > Ine-1) = Nlne+| < Ine-1)
. N(nel > ne-1) + N(mes| < Ie-D)
and the forward-backward asymmetry as
_ N(cos(f;) > 0) — N(cos(6;) < 0)
N(cos(6;) > 0) + N(cos(8;) < 0)’

Alop FB —

where 6, is the production angle of the top quark in the #7
rest frame with respect to the direction of the boost of the
tf system.

The results of the measurement are listed in Table 1.
Within the uncertainties all measurements are compatible
with the Standard Model predictions.



Table 1. Results of the measurement of the leptonic charge asymmetry and forward-backward asymmetry in the di-leptonic channels.
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Unfolded asymmetries Data POWHEG

Ajepe 0.010 £0.015 £ 0.006  0.004 + 0.0004
Aqoprp (incl.) 0.011 £0.034 £ 0.026  0.005 + 0.0004
Awopre(M;7 < 450 GeV) 0.015+0.033 £0.034  0.003 +0.0001
Awpre(450 < M7 < 550GeV)  —0.009 £0.050 £ 0.055  0.005 + 0.0001
Apre(M;7 > 550 GeV) —0.063 +£0.071 £ 0.081  0.007 + 0.0001
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Figure 8. Value of strong coupling a; as a function of the mea-
sured top quark production cross section at /s = 7 TeV.

6 Extraction of the Strong Coupling a;
from the Cross Section

The strong coupling constant «; is extracted [18] us-
ing a precision measurement of the top quark pair cross
section [2] at a centre of mass energy of s = 7TeV
and quoted at the value of the mass of the Z boson. The
top quark mass is fixed to its world average value of
173.5 £ 1.0GeV. The cross section is paramterised as
a function of the value of @, using various parton distri-
bution function libraries. A joined likelihood approach is
used to extract the value of a;. Figure 8 gives an overview
of the extracted value of «, for the considered p.d.f. sets.
The extracted value with NNPDF2.1 is quoted as final re-
sult due to the comparatively low amount of theoretical
assumptions in this p.d.f. set. The measurement yields

a; = 0.1178 + 0.0046/ — 0.0040

and is compatible with and provides a comparable perfor-
mance as the current most precise measurements of a; at
hadron colliders.

7 Conclusions

Top quark pair production is an important means for
performing precision tests of the Standard Model. Inclu-
sive and differential cross section measurements have been
performed at a centre-of-mass energy of /s = 7 TeV and
inclusive measurements are already available for +/s =

8 TeV. Extensive inclusive and differential studies of the
charge asymmetry in top quark events have been per-
formed. A measurement of the strong coupling @, from the
top pair production cross section in the di-leptonic chan-
nels at /s = 7TeV yields compatible results to the most
precise measurements of a; performed at hadron collid-
ers. All presented measurements are compatible with the
Standard Model predictions.

For the future, a transfer of the measurements at a
centre-of-mass energy of /s = 7TeV from the 2011
data taking period is envisaged to the significantly larger
dataset at /s = 8 TeV of the 2012 data taking period. With
the increased sensitivity of differential cross section mea-
surements a tuning of the factorisation scale and jet-parton
matching parameters in the Monte Carlo simulation will
become possible. A larger precision on the measurement
of the charge asymmetry will allow to conclusively dis-
criminate between the Standard Model prediction and al-
ternative models.
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