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Precision measurements using top quarks at
CMS

November 5 2012, by Pedro Silva
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Figure 1: Summary of all the measurements of the top-quark mass performed at
CMS and result of the combination. The mass is given in units of GeV.

Amongst all known elementary particles, the top quark is peculiar:
weighing as much as a Tungsten atom, it completes the so-called 3rd
generation of quarks and is the only quark whose properties can be
directly measured. Owing to its mass, the top quark is unstable and, in
CMS, decays much before it can interact with the proton remnants
through the strong interaction and form hadrons (the bound states of
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quarks). It decays mostly to a W boson and a bottom (b) quark, and can
therefore be identified from final states which involve the complete
usage of the CMS detector; electrons, muons, jets, missing transverse
energy—almost all particles or experimental signatures one can think of
may be produced in top-quark events.

Since its discovery at the Tevatron at Fermilab, we have obtained a lot of
knowledge about this particle and the characteristics of the collision
events in which it is found. Some of the latest achievements include the
discovery of the production of single top quarks in 2009 by CDF and by
DO, the observation of an intriguing difference in the production of top
quarks compared with their antiparticles as function of their rapidity
(charge asymmetry) in 2011 (CDF and DO0) and the grand combination
of all the top-quark mass measurements performed by the Tevatron
experiments in 2012. The combination has attained a remarkable
precision of 0.54% making the top quark the quark with the most-
accurately measured mass. To get to such a level of precision took
almost 18 years of hard experimental work in order to understand the
calibration of the detectors and to improve the data reconstruction
techniques. From the theoretical point of view there was also substantial
work made to describe better the physics of the top quark. It is therefore
remarkable that it took only two years of data taking for the LHC, and in
particular CMS, to achieve similar precision in the measurement of the
top quark mass (Figure 1).
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2.3fb" of 2011 CMS datax approx. NNLO for 6, s =7 TeV, m =173.2+ 1.4 GeV
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Figure 2: Comparison of the results obtained for aS(MZ) from the measured top-
antitop pair cross section using different calculations together with four different
Parton Distribution Function sets. The latest world average for aS(MZ), obtained
by the Particle Data Group in June 2012, is also shown for reference.

Part of the credit for this result goes to the "particle-flow" algorithm,
which provides a global description of the events collected after each
proton-proton collision. This algorithm makes the best use of the CMS
Tracker to separate the charged particles from the neutral ones, and
combines this information with the excellent resolution of the
electromagnetic calorimeter (ECAL). The respective sub-detector
elements (tracks and energy deposits) are "linked", allowing the optimal
measurement of the majority of the particles (~90%) that can be found
in top-quark events. Most of these particles are found to be collimated
and can be clustered in jets. Due to the reconstruction method used and
careful calibration, the uncertainty in the determination of the energy
scale of these jets is expected to be smaller than 2% in the region of
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interest for top-quark physics.

Credit must also be given to the extensive top-quark physics programme
at the LHC 1n the last two years: a comprehensive review has been
prepared by one of our previous top convenors. At CMS we have been
focusing on the characterisation of the production of the top quarks
singly, in pairs, and in association with other particles. These
measurements can be directly compared with theoretical predictions and
can also be used to verify if the main sources of theoretical uncertainty
are reasonable. Almost all the possible final states that top-quark pairs
can yield have been used to measure their production rate at both 7 TeV
and 8 TeV. The most precise measurement (with a 4.2% uncertainty) is
obtained from the di-lepton channel (where the two Ws decay into
leptons) and it is mostly limited by the uncertainties in the jet energy
scale, the branching ratio of the W boson to leptons and in the estimative
of the irreducible background (single-top production in association with
a W boson). The cross sections (or production rates) measured by the
different channels at both these energies are found to be self-consistent
and consistent with the theory predictions. Moreover, the current
precision is starting to surpass the theoretical knowledge on the
production rate of top-quark pairs. These results have already been used
to infer theory parameters such as the "strength" of the strong
couplings—i.e. the strong coupling constant (a.S)—which is found to be
in agreement with the current world average (Figure 2).
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t-channel single top quark production
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Figure 3: Single-top cross section in the t-channel versus centre-of-mass energy,
comparing the CMS measurement with the Tevatron results and theoretical
expectations.

The production of single top quarks at the LHC also deserves to be
highlighted—considerable progress has been made since the first results
were obtained. The production rate for single tops depends on the
Cabibbo-Kobayashi-Maskawa matrix element Vtb which determines by
how much the charged electroweak interactions mix the top- and bottom-
flavours of the quarks. The production of single top quarks has been
established in two channels: the t-channel where the top quark is
produced recoiling against a forward jet with high transverse
momentum, and the tW-channel. A 9% uncertainty has been attained by
CMS in the determination of the t-channel cross section at 7 TeV after
the combination of three alternative analyses. The excellent result
translates to a 4.8% uncertainty in the determination of Vtb and
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constitutes the most precise measurement of Vtb to date. The results
found at 8 TeV and from the tW-channel analysis are found to be
consistent. We are therefore getting closer to finding out experimentally
if Vtb is indeed close to 1—currently we can already state that
IVtbl>0.92 at 95% confidence level.
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