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Experimental results on top-quark physics obtained at the CMS experiment are reported. The
results are based on the data recorded during the years 2011 and 2012 at centre-of-mass energies
of 7 TeV and 8 TeV. CMS delivered a wealth of top-quark measurements ranging from inclu-
sive and differential cross sections for top-quark pair and single top-quark production through
the analysis of top-quark properties in production and decay, such as spin correlations, charge
asymmetries and top-quark mass measurements, to searches for anomalous couplings. The mea-
surements provide crucial information on the validity of approximations in QCD calculations as
well as important constraints of fundamental standard model parameters and stringent limits on
new physics searches.

XllIth International Conference on Heavy Quarks & Leptons 2014
25-29 August 2014
Schloss Waldthausen, Mainz, Germany

*Speaker.

(© Copyright owned by the author(s) under the terms of the Creative Commons Attribution-NonCommercial-ShareAlike Licence. http://pos.sissa.it/


mailto:andreas.meyer@desy.de

Top Quark Physics at CMS Andreas MEYER

1. Introduction

The top quark is by far the heaviest known elementary particle. Due to its large mass the top
quark decays within 5 - 107235, before hadronisation, and thus gives direct access to its properties
such as spin and charge. With its large mass, the top quark is expected to couple strongly to the
Higgs boson and thus to play a crucial role in electroweak loop corrections. Not least, top-quark
measurements provide important input to QCD calculations. The measurements help discriminate
between different perturbative approaches, and have the potential to constrain QCD parameters. In
the standard model, due to the largeness of the CKM-matrix element V;,, top quarks decay almost
exclusively to a W-boson and b-quark. The decay channel of the W-boson into leptons or quarks is
then generally used to distinguish different top-quark decay channels.

At the CERN Large Hadron Collider (LHC), the main production mechanism of top quarks is
top-quark pair production, via the strong interaction. The top quark can also be produced via the
electro-weak interaction. Between 2010 and 2012, about five million top-quark events were pro-
duced in the CMS experiment, and a very large fraction of these events was successfully triggered,
recorded and reconstructed. The largest dataset, corresponding to a luminosity of about 20/fb was
recorded in 2012 when the LHC operated at a proton-proton centre-of-mass energy of 8 TeV.

The main feature of the CMS experiment is a large magnetic coil that provides a magnetic field
of 3.8 Tesla. All detectors, except the muon detection systems are placed within this coil. The inner
tracking detectors are entirely based on Silicon pixel and strip detectors [1]. The electromagnetic
calorimeter is a Crystal-Calorimeter. Identification of electrons, muons and photons as well as the
reconstruction of jets rely on the "particle-flow" algorithm where the information from all subde-
tectors is combined to optimal response and resolution [2]. The energy scale uncertainty for jets
typically varies between 1 and 3% depending on the transverse momentum of the jets. In events
containing top-quark pairs, two jets originate from the hadronization of a b quark. The identifica-
tion of such jets relies on the tracks and vertices that are displaced from the primary vertex, due to
the finite lifetime of B-hadrons [3].

2. Top-Quark Pair Cross Section Measurements

Full next-to-next-to-leading order (NNLO) QCD corrections for the inclusive top-quark pair
production cross section in proton-proton collisions became available recently [4]. For a pp centre-
of-mass energy of 8 TeV, assuming a top-quark mass of 173.3 GeV, the predicted top-quark pair
cross section is 245.8752 (scale) %2 (PDF). The theoretical precision poses a serious challenge
to experiments and also allows for precise extraction of QCD parameters, such as the pole mass
of the top-quark, as well as the setting of limits on contributions from beyond-the-standard-model
physics.

The top-quark pair cross section measurements from CMS [5, 6] are shown in Figure 1, both at
7 and 8 TeV. Also shown is the theoretical calculation, repeated here for a top-quark mass of 172.5
GeV. The top-quark pair cross section can also be used to extract the pole mass of the top quark
and the value of the strong coupling constant ¢¢s [7]. Using the most precise cross section measure-
ment at 7 TeV, in the dilepton channel, CMS measured the top-quark pole mass as 176.73:2 GeV,
fixing o(my) to the value of 0.1151 and using the parton distribution function NNPDF2.3 [8].
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Figure 1: Summary of top-quark pair cross section measurements by the CMS experiment at centre-of-mass
energies of 7 TeV (left panel) and 8 TeV (right panel).

1+0.0028

Conversely, fixing the pole mass to 173.2 £ 1.4 GeV, a precise value of og(mz) = 0.11517 5057

was determined.

Detailed studies of differential cross sections were performed as functions of the various final
state particles, of the top quarks and also of global observables such as the scalar sum of the
transverse energy in the events. Furthermore, distributions of additional jets in tf events were
measured. CMS performed these measurements in the l+jets and dilepton channels both for 7
and 8 TeV [9]. Among the many measured distributions, the most striking finding was in the
spectrum of the transverse momentum of top quarks. For the top-quark transverse momentum
distribution, as well as for the corresponding distributions of the top-quark decay particles, the
CMS measurements consistently show a somewhat steeper fall-off of the data than expected by the
Monte Carlo simulations which include calculations up to next-to-leading order accuracy in QCD
perturbation theory. The discrepancy between data and simulation is presently under investigation.
A good description of the data is achieved by calculations to approximate next-to-next-to-leading
order. For the time being it constitutes an important source of uncertainty for many analyses. CMS
also performed analyses of top-quark pair events with additional identified final-state particles,
tf+ X, where X = bb, tf, Z, y or W [10]. Among these the processes 7+ bb and t7 +V (= Z,y,W)
are important backgrounds to events in which a Higgs boson is produced in association with a top-
quark pair. In the future, experimental measurements will help reduce the theoretical uncertainties
which are currently still large.

3. Single Top Quark Measurements and V;;,

Processes involving the production of one single top quark proceed via the electro-weak in-
teraction. Depending on whether the W-boson is space-like, time-like or real, one distinguishes
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Figure 2: Left: Results for V;;, from various measurements of single top-quark production and of ¢7 decays.
Right: Variations of the likelihood ratio used to extract Rp from the data. The variations observed in the
combined fit and in the exclusive ee, pu, and ey channels are shown separately. The inset shows the
inclusive b-tagged jet multiplicity distribution and the fit distribution.

between the 7-channel, the s-channel and the tW-channel. In the latter case, a single top quark is
produced in association with a W boson in the final state. The expected cross sections for single
top-quark production at a centre-of-mass energy of 8 TeV, and a top-quark mass of 173 GeV are
87.2121729 pb, 22.2£0.6 £ 1.4 pb and 5.55£0.08 =0.21 pb for ¢, tW and s-channel, resp. [11].
CMS measured the cross section of the 7-channel to be 83.6 2.3 1-7.4 pb at 8 TeV [12], consistent
with the SM. The charge ratio o(r)/o(7) has also been measured and the result is in good agree-
ment within uncertainties with most common parton distribution functions [12]. At the LHC, the
measurement of the W-channel has become accessible for the first time. For this process, CMS
measures a cross section of 23.4 +5.4 pb at a centre-of-mass energy of 8 TeV [13]. The cross
section for the s-channel is very small in comparison and the measurement heavily suffers from
backgrounds that dominantly originate from ¢ events. CMS has determined an upper limit on the
cross section of 11.5 pb at 95% C.L. [14].

Single top-quark production measurements also give access to the determination of the mod-
ulus of the CKM matrix element V;;, which describes the strength of the Wtb coupling at the top-

quark production vertex. Assuming that |V;;| > |Vi|, |[Vi4|, the value of |V;,|? is determined from

the ratio of measured and calculated cross sections. Assuming unitarity in addition, i.e. |V;| < 1,
lower limits can be determined. The most precise results are summarised in Figure 2 (left).

A significantly more precise determination of V;;, can be obtained from the measurement of the
ratio Rg = B(t — Wb) /B(t — Wq) using top-quark pair events. CMS has presented a measurement
of Rp using a binned-likelihood function of the observed b-tagging multiplicity distributions in
events with two, three, or four observed jets in the different dilepton channels [15]. In Figure 2
(right) the variation of the profile likelihood ratio is shown. The fit yields a value Rp = 1.014 +
0.003 (stat.) £0.032 (syst.). Assuming the CKM matrix to be unitary, a lower limit for V;;, of
0.975 is set at 95% confidence level.
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Figure 3: Left: The differential cross section as a function of the opening angle in azimuth between the two
final state leptons. The lines show the prediction from the standard model (NLOW) and the result from the
fit to the data. Right: The observed 95% C.L. upper limits on the branching ratios for the processes t — gZ
and t — gy for the DELPHI, ZEUS, H1, DAY, CDF, ATLAS and CMS collaborations.

4. Properties Measurements

In the Standard Model, at leading order, top-quark pairs are produced in a symmetric state.
The underlying hard scattering processes are qg — tf, and gluon-fusion, gg — tf. At NLO, addi-
tional diagrams arise which break this charge symmetry, namely quark-gluon scattering, gg — 11,
and radiative corrections to quark-antiquark annihilation [16]. At the Tevatron experiments, where
the initial state is pp, experimentally a forward-backward asymmetry can be measured. In contrast,
at the LHC, the initial state is symmetric, and a charge asymmetry is induced only from the (mo-
mentum) difference of the (valence+sea) quark and (sea) anti-quark distributions in the protons,
vi| = |y7|- CMS has
published several measurements, including measurements differential in the kinematics of the #f

leading to a difference of absolute rapidities of top quarks and anti-quarks,

system [17]. All measurements are consistent with the SM expectations within still relatively large
uncertainties.

If top quarks are spin-1/2 particles that behave according to Standard Model expectations, then
top quarks are unpolarized in ¢f production, and their spins are correlated. This expectation can
be tested by measuring the angular distributions of the leptons from the decays of the W bosons
which carry the information on the spin history of the event. In Figure 3 (left), a measurement
of the distribution of the azimuthal angle between the two leptons in the laboratory system is
displayed together with the prediction from QCD [18]. This experimental result can be used to
set limits of new physics processes with anomalous couplings that would lead to changes in the
distribution. CMS reports a limit on the real part of the chromo-magnetic dipole moment (i, of
0.043 < Re(u;) < 0.117 at 95% C.L. [19].

CMS has also measured the polarization of top quarks in single top-quark production and
found consistency with the expectation from the left-handedness of the Wb vertex [20]. The
chirality of this vertex is reflected in the helicity of W-bosons in top-quark decays. CMS has
performed several measurements in different final states of top-quark pair events and also an event



Top Quark Physics at CMS

Andreas MEYER

7

CMS Preliminary, 18.2fo %, Vs =8 TeV
= T T T T T ‘ T T T T ‘ T T

19.
T

b (8 TeV) + 5.1 fb™ (7 TeV)
T

>700 T = LA L L L I S L L LB B B B
G) F ] CMS Preliminary
F il Background ] Py
(O] r . tt correct D 9 B CMS 2010, dilepton WI755 £ 46 £ 46 Gev
600 L i JHEP 07 (2011) 049, 36 pb™* (value # stat * syst)
r — ] . e ——
Lo r . tt other e Data b CMS 2010, lepton+jets 173121+ 2.6 GeV
=~ 500F i PAS TOP-10-009, 36 pb™ (value + stat + syst)
& r ] CMS 2011, dilepton —— 172.5 + 0.4 + 1.4 GeV
c r 1 EPJC 72 (2012) 2202, 5.0 fb™ (value * stat + syst)
() 400 C ] CMS 2011, lepton+jets ® 1735 + 0.4 + 1.0 GeV
> F 1 JHEP 12 (2012) 105, 5.0 ib™* (value * stat + syst)
L 300 r ] CMS 2011, all-hadronic ® 1735 + 0.7 + 1.2 GeV
L 1 EPJ C74 (2014) 2758, 3.5 fb™ (value  stat + syst)
r 1 CMS 2012, lepton+iets —o— 172.0 £ 0.1+ 0.7 GeV
200 [ A PAS TOP-14-001, 19.7 fb™ (value # stat + syst)
r ] CMS 2012, all-hadronic N 1721+ 0.3 + 0.8 GeV
r 1 PAS TOP-14-002, 18.2 fb™* (value * stat + syst)
100 - CMS 2012, dilepton \ 172.5 + 0.2 + 1.4 GeV
r 4 PAS TOP-14-010, 19.7 fb™* (value # stat + syst)
O C = CMS combination \ 172.38 +0.10 + 0.65 GeV
1.5F A T T | 0 . lauexsialzsys)
= I‘+ ¢ ++++ + ++++“ $+ &# lbr p Tevatron combination O~ 17434037 £ 052 Gev
R l L\ oy )l ‘ | | ‘ | July 2014 arXiv:1407.2682 (value * stat + syst)
9% e e C IR B [P LY T
+— L [0 + ++ World combination March 2014 | =@ 173.34 +0.27 + 0.71 GeV
(U L ATLAS, CDF, CMS, DO (value +stat + syst)
00_5““ L N ST S S R " A R T T I [T NS T N '
100 200 300f‘t 400 165 170 175 180
I
m, [GEV] m, [GeV]

Figure 4: Left: Reconstructed top-quark mass from the kinematic fit to the data sample in the fully hadronic
channel. The simulated 7 signal and the background are normalized to the data. Right: Summary of the
eight CMS top-quark mass measurements and their combination.

sample with an enhanced contribution from single top quark events, and found good agreement
with the expectation assuming pure V-A coupling according to the standard model [21].
Flavour-Changing Neutral Currents (FCNC) are highly suppressed in the standard model and
may only occur via processes beyond tree-level for which the standard model branching ratios
are smaller than 107!0 [22]. The experimental measurement of significantly larger rates would
constitute a clear evidence for the presence of new physics. CMS has been performing several
searches for FCNC involving top quarks t — X(= v,Z,g,H) 4+ q(= c,u) in both production and
decay [23]. A summary of the results for the channels t — ¢Z and t — gy is given in Figure 3

(right).

5. Mass Measurements

The mass of the top quark is a fundamental parameter within the SM and affects predictions of
SM observables via radiative corrections. From a theoretical point of view, a meaningful definition
of the top-quark mass requires to specify the renormalisation scheme used to define the parameter
in the theoretical predictions. Experimentally, the mass of the top quark is generally determined
through the reconstruction of the top quark’s decay products. The measured mass value is then
determined from the simulation by comparing the reconstructed mass values in the data and in the
simulation. Experimentally, this approach achieves the greatest precision. However, pole mass and
MC mass values can only be identified with each other at an uncertainty of order 1 GeV.

Experimentally, CMS has measured the top-quark mass from ¢7 events, in the decay channels
dilepton, lepton+jets and all-hadronic channels, using data at 7 and 8 TeV, and employing a large
variety of methods and observables [24, 25]. In Figure 4 (left) the reconstructed top-quark mass
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distribution is shown for the case of the analysis in the fully hadronic channel at a centre-of-mass
energy of 8 TeV. A tight event selection, requiring at least 6 jets of which two are identified as
b-jets, together with a kinematic reconstruction in which the reconstructed mass of the W-boson
is fixed to 80.4 GeV and the masses of both top-quark candidates in the event are required to be
the same, yields a width of the mass distribution of about 8 GeV. The latest CMS combination of
the top-quark mass measurements yields the value 172.2+£0.1 £0.7 GeV [25]. A summary of the
CMS measurements and their combination in comparison with results from the Tevatron and the
World combination is given in Fig. 4 (right).

Alternative mass measurements are directed towards reducing experimental and/or theoretical
uncertainties. The theoretically best-defined measurement is the extraction of the top-quark pole
mass from the cross section. The CMS result was already presented in section 2 above [7]. Exper-
imentally, dominant uncertainties arise from the knowledge of the jet energy scale as well as from
the modelling of soft non-perturbative effects, such as the underlying event, color-reconnection
and multi-parton interactions. CMS has performed a variety of measurements that are designed to
complement the central results [26]. These include the measurement of the top-quark mass from
the endpoint of the invariant mass distribution and the use of the transverse decay length L., of the
B-hadron in top-quark decays. The goal is to reduce the uncertainties further by combination of all
measurements.

6. Conclusions

The CMS collaboration has produced a wealth of results on top-quark physics within the few
first years or data taking at the LHC. The measurements provide important constraints of standard
model parameters, such as the top-quark mass and the CKM matrix-element V;;,, as well as QCD
parameters O and parton density distributions. The standard model calculations are able to de-
scribe the data well. The precision of the data increases the modelling of the strong interactions,
both w.r.t. higher-order effects as well as soft non-perturbative processes becomes increasingly rel-
evant. While more results from LHC Run 1 are still underway, CMS is preparing for the data
taking at yet increased centre-of-mass energy and luminosity. Further insights are expected from
more measurements at further improved precision.
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