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Summary

All elementary particles known today and their interactions are described by the Standard
Model. While some of these particles, such as electrons, are abundantly found in nature,
the heavier particles of the Standard Model are unstable and decay almost immediately
after production. To study these particles they first need to be created in particle collisions.
This can for example be done using particle accelerators.

At present the most powerful accelerator in the world is the Large Hadron Collider
(LHC) at CERN, near Geneva. It collides protons at an energy of 7 TeV and is capable
of producing particles with a mass of at most a few TeV. As the heaviest Standard
Model particle, the top-quark, is approximately 175 GeV (0.175 TeV), this means that
the LHC can produce all Standard Model particles. Furthermore it can be used to search
for new theoretical particles predicted by a variety of proposed extensions to the Standard
Model. To study the produced particles the collision regions of the LHC are surrounded
by detectors. In this thesis we analyse events recorded using the ATLAS detector.

Since the majority of particles, including most proposed non-Standard Model particles,
decay almost immediately, only their more stable decay products reach the detector. In
this thesis we have chosen to focus on one of the possible decay products, the muon. This
semi-stable particle can travel up to a few hundred meters before decaying, while losing
only a relatively small amount of energy when traversing materials. It is therefore the only
charged particle to reach the outermost edge of the detector, making it relatively easy to
identify. As muons can be produced in the decay of a wide range of different particles, they
are an essential part of many analyses. In this thesis we first study the muon reconstruction
performance in ATLAS during the first few months after the start-up of the LHC. We
then describe two methods that can be used to classify muon contributions depending on
the muon production mechanism. Finally we study events in ATLAS with two muons of
equal charge in a search for physics beyond the Standard Model.

Muon reconstruction performance

Before using muons in physics analyses, it is important to know the performance of the
muon reconstruction procedure in ATLAS. This not only affects the accuracy of such
physics analyses, but also provides useful information and validation of the current under-
standing of the detector. One of the major benchmarks for determining this performance
is to estimate the accuracy with which the ATLAS reconstruction software reconstructs
the momentum of muons: the muon momentum resolution.

In Chapter 3 we describe a method to estimate the muon momentum resolution based

167



168 Summary

on the information that muons in ATLAS are measured independently by two subde-
tectors: the Inner Detector and the Muon Spectrometer. As both subdetectors give an
independent momentum estimate the relative difference between these measurements can
be used as a measure for the momentum resolution, provided both subdetectors mea-
sured the same particle. This is the case if the muon was produced before reaching the
innermost detector. Unfortunately, inclusive samples of low momentum muons, the only
samples available in the first month of collision data, also contain a large fraction of muons
that were produced in the decay of longer lived particles, such as pions and kaons, which
often travel some distance through the detector before decaying. In these cases part of
the track reconstructed by the Inner Detector was not produced by the muon, but by
its parent particle, and has a different (larger) momentum than the track in the Muon
Spectrometer. The measured momentum difference for these background muons therefore
does not provide an accurate measure for the momentum resolution.

To separate the effect of signal muons, produced before the Inner Detector, and these
background muons we study the distribution of the relative momentum difference between
the Inner Detector and the Muon Spectrometer measurements and fit this distribution
using separate functions to model the signal and background contributions. Two examples
of such fits are shown in Figure 3.3. The momentum resolution can then be obtained from
the fitted shape of the signal distribution.

Using this method we conclude that in the spring and summer of 2010 the muon
momentum resolution achieved by the ATLAS experiment was close to the expected res-
olution for muon tracks passing through the center region of the detector. In the more
forward region the difference between the obtained resolution in data and simulation was
larger. This was not unexpected because, at the time, the detector was less well aligned
in these forward regions, translating to a larger inaccuracy in the estimated momentum.
Using the results of this analysis we were able to indicate which parts of the detector
suffered the most from misalignment. This helped in obtaining a better understanding of
the detector and therefore a better momentum resolution in the future. At present most of
the difference in the momentum resolution between data en simulation has been corrected
for.

Muon origin

A wide range of different processes can produce muons in proton-proton collisions. The
vast majority of muons are either produced in the decay of b- and c-quarks, which typically
travel a few millimetres before decaying, or, as discussed above, in the decay of pions and
kaons. While muons produced from b- and c-quarks can be used to identify the flavour of
these quarks, most analyses involving muons purely focus on muons produced directly at
the interaction point, prompt muons, such as through the decay of Z- and W-bosons. It
is therefore useful to be able to separate muons depending on their origin.

While it is usually not possible to determine the origin of an individual muon, by con-
sidering specific distributions it is possible to quantify the relative contribution of different
muon types in general muon samples. For example, the method to estimate the muon mo-
mentum resolution mentioned above, fits the relative momentum difference between the
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Inner Detector and Muon Spectrometer momentum measurements. This distribution is
significantly different for muons from pion and kaon decays than for all other muons. By
fitting this distribution using different templates to describe the shape of the two inde-
pendent contributions, while leaving the relative normalisation of both contributions free,
we can extract the ratio of muons in the sample produced in pion and kaon decays. In
Chapter 4 we use this method, extended to also exploit some differences in the Inner
Detector tracks, to estimate the pion and kaon contribution of di-muon events in ATLAS.

For high momentum muons, the relative contribution of muons from pion and kaon
decays decreases rapidly, and we are more interested in separating prompt muons from
muons produced in the decay of b-quarks, c-quarks or taus. As all these muons are pro-
duced before reaching the Inner Detector, the momentum difference between the Inner
Detector and Muon Spectrometer can not be used to separate these contributions. We
instead use the fact that for non-prompt muons the measured track, when extrapolated
back to interaction region, does not point to the collision spot. The smallest distance
between the extrapolated track and the fitted collision spot is called the impact param-
eter. The impact parameter significance, which is the impact parameter divided by its
uncertainty, is a measure for the probability that the track originated at the interaction
point. As b-quarks, c-quarks and taus have different lifetimes and therefore travel different
distances before decaying, the impact parameter significance distributions of these three
types of muons and prompt muons differ significantly. A template fitting method based
on this parameter is therefore able to estimate the fraction of prompt muons in muon
samples. This method is described and validated in Chapter 5.

Prompt same-sign muon pair cross-section

We use our knowledge on how to separate the contribution of different muon types to
estimate the cross-section of events containing two prompt muons with the same electric
charge, same-sign muons. According the Standard Model same-sign muon pairs can only
occur through the production of at least two bosons, either a W-boson with a Z-boson or
two Z-bosons1. While such events do occur, the corresponding cross-section is small. On
the other hand, a wide range of theories for physics beyond the Standard Model predict
that additional particles might result in an enhanced production rate for same-sign muon
pairs at the LHC.

Using the template fitting methods described in this thesis we estimated the cross-
section for prompt same-sign high momentum muons2 in ATLAS to be:

σfid
SS = 50+24

−11(stat)
+43
−20(syst) fb.

This is in agreement with the theoretical Standard Model cross-section of

σfid
SS:SM = 39.3±4.5 fb,

showing no evidence for physics beyond the Standard Model.

1The Z-bosons can also be replaced by off-shell photons.
2The exact selection criteria are listed in Chapter 6.




