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Abstract

The present Diploma Thesis treats the implementation of the Tag and Probe method
which provides an analysis tool to determine muon reconstruction and identification ef-
ficiencies on real data. Its application is shown on simulated data. After an overview
of the muon trigger system, reconstruction and identification mechanisms, the principles
of the method are introduced. The crucial part in its implementation was to obtain a
stable fit procedure for a relatively large number of distinct mass histograms. This was
achieved and efficiencies for muons of prompt and nonprompt J/v¢ decays could be ex-
pressed in dependence of their transverse momentum and pseudorapidity. Corresponding
plots were widely confirmed by efficiencies relying on MC truth information. Nevertheless
there remain some dark spots in the analysis which could not be enlighted. Discrepancies
between MC truth efficiencies alone, but evaluated on different sets of muons occur on
certain CSAOQ7 samples. In addition, the impact of the background level on efficiency
values could be roughly estimated but on the other hand the background level itself was
not considered in a realistic way.

A comprehensive study of the systematic errors was performed.
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1 Introduction

Despite of its success the Standard Model of particle physics is clearly limited. Confirmed
by various probes but yet not able to describe phenomena at GUT scale nor to include
gravity, extensions or alternatives have become popular.

The Large Hadron Collider (LHC) located at CERN in Geneva (Switzerland) will be able
to glimpse beyond the borders of the Standard Model and thus set the direction in which
to go deeper into fundamental particle physics.

1.1 Experimental Means

The LHC will let protons collide at the not yet reached center of mass energy of 14 TeV.
Crossings of proton bunches will take place every 25 ns and there shall be on average
about 20 proton-proton interactions per crossing.

The LHC is designed to reach an integrated luminosity of up to 100 fb~! per year while
setting new centre of mass energy frontiers. Thus, the LHC will be able to probe the
Standard Model (SM) beyond the TeV scale and therefore be sensitive to potential new
physics phenomena such as the existence of supersymmetric particles or extra spatial di-
mensions.

Its center of mass energy will be sufficient to cover the fully allowed mass range of a pos-
sible Standard Model Higgs Boson such that this will either be detected or ruled out. A
"gold plated” signal to discover the SM Higgs boson is given by its decay into ZZ or ZZ*
and their subsequent decays into four charged leptons. The four-particle mass resolution
will be best if these leptons are muons.

This is one example among others which shows the relevance of high quality muon
detection for studies of interesting processes at the LHC. For this reason one of the two
general purpose experiments at LHC, the Compact Muon Solenoid (CMS), has been de-
signed to identify and reconstruct muons with high efficiency and accuracy. A schematic
view of the detector can be seen in figure 1.1.

CMS has an overall length of 21,60 m, an overall diameter of 15 m and a total weight
of 12,500 t, hence its density exceeds the density of water.

The coordinate system of CMS is defined such that the origin is the collision point. The
x-axis is horizontal pointing to the LHC center, the y-axis points vertically upwards and
the z-axis horizontally to the west. The small tilt of the LHC plane is neglected.

A useful variable to describe the direction of emerging tracks is the pseudorapidity . It
may later also be used to distinct certain detector regions. Pseudorapidity is defined as
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Figure 1.1: Schematic view of the CMS detector

n= —lntan(g) (1.1)

such that its sign is equal to the sign of the z-axis: 6 is the polar angle defined between
the flying path of the particle and the z-direction along the beam axis. Thus, 6§ = 0
corresponds to the positive z-axis. Equation (1.1) shows that |n| — oo if the particle
heading becomes parallel with the beam axis. Since particles may escape through the
beam pipe, the geometrical acceptance of the detector is restricted to |n| < 2.4.

As can be seen from figure 1.1 the CMS detector is divided into a barrel region which is
passed by particles with |n| < 1.2 and two endcap regions (|| 2 1.2). Leaving a hit in the
muon system which is the outermost part of the detector a particle will have emerged from
the interaction point and have passed the pixel detector followed by the silicon tracker,
the electromagnetic calorimeter (ECAL), the hadronic calorimeter (HCAL) and the 4 T
superconducting coil before it finally arrived in the outermost wheel where three layers
of the iron return yoke of the coil alternate with layers of muon chambers. The buildup
of the muon system differs in the barrel and the endcap regions which will be explained
more detailed in chapter 2.

1.2 What to look for?

Besides the previous example a particular second one is chosen:
Supersymmetry is an extension of the Standard Model predicting the existence of many
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yet unseen particles. It provides not only a solution to the hierarchy problem! but it also
offers the possibility to include gravity.

If they exist, supersymmetric particles could contribute to loop-corrections of tree-level
SM processes.

Since no such contributions to amplitudes of measured processes could be detected so

far, they must be small, if they even exist at all. Small contributions again are best
detected in processes which are strongly suppressed or even forbidden in the Standard
Model. LHC will be able to set new upper limits on or even determine corresponding
branching fractions. Such measurements can lead to restrictions of the supersymmetric
parameter space.
As an example the decay BY — u*u~ is considered. Its SM branching fraction of B =
(3.424+ 0.54)-107 can be significantly enhanced in possible extensions. Figures 1.2 and 1.3
show the Feynman graphs of the B decay into two oppositely charged leptons according
to a box diagram and a triangle graph where neutralinos (%), squarks (¢) and sleptons
(1) may occur as internal lines. In the Minimal Supersymmetric Standard Model (MSSM)
the relation B(B? — utp~) o (tanB)® provides access to tang, the ratio of the vacuum
expectation values of the up-type and the down-type Higgs doublets [Lan06].

Normalizing with respect to the decay B* — J/v» KT — u™p~ K the branching ratio
B(B? — utp™) can be expressed as

0—> +_—nt.€B+.f(B_>B+). +—> +. — +,,—
B(Bs = i) = 0 e JO—BY) BB — J/yK™)-B(J/Y — pTp7) (1.2)

where npo (np+) is the number of reconstructed BY (B*)-candidates and f(b — BY)
is the ngproduction fraction. The efficiencies €po / €p+ are the fraction of generated
BY — ptu~ /) Bt — J/YK* — ptp~ Kt which are observed in the data. These
efficiencies in turn each contain the single muon efficiency €, as a multiplicative factor
whose determination is the aim of this diploma thesis.

This is one particular example where high muon reconstruction and identification effi-
ciencies, as provided by CMS, are relevant. The next chapter will introduce the design

!The question why the ratio of the Planck mass and the 300 GeV energy scale of electroweak symmetry
breaking is so large.



of the CMS muon system with focus rather on muon reconstruction and identification
mechanisms than on the technical aspects of the hardware.

Subsequently, the "Tag and Probe” method is introduced and single muon efficiencies
are determined from J/¢ — putu~ samples.



2 The Muon System of CMS

The muon system was designed to identify muons, to act as a muon trigger and to deter-
mine their momenta and charge even at highest LHC luminosities.

Centrally produced muons are first measured in the inner tracker and subsequently in
the muon system. If their momentum is determined using the muon system only, it is
essentially given by the muon bending angle at their exit of the 4 T coil with the inter-
action point taken as their origin. Up to 200 GeV the resolution is restricted by multiple
scattering in the material before the first muon station is reached. For higher pr-values
the spatial resolution of the muon chambers becomes dominant.

For high momentum muons a combination of the inner tracker and the muon detector
measurements will improve the momentum resolution of the two individual detectors. For
low momentum muons the combination will not lead to an improvement with respect to
the resolution obtained from the inner tracker information alone [Del06].
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Figure 2.1: Momentum resolution of the muon system, the tracker and their combination.

Figure 2.1 illustrates this issue for a barrel region (0.0 < n < 0.2) and an endcap region
(1.8 < n < 2.0).

2.1 Technical Design

Figure 2.2 shows a transverse slice of the CMS detector including the barrel part of the
muon system.
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Figure 2.3: Longitudinal slice of the CMS detector.



The muon system consists of four stations of muon chambers (MB/Z/1 - MB/Z/4)
covering the full ¢-range. YB/Z/1 - YB/Z/3 denote the three stations of the return yoke
which contains most of the return flux of the magnetic field such that the muon chambers
are not affected too much thereby. The chambers of every station are arranged such that
each muon would pass at least three out of the four stations provided its energy is high
enough.

Event selection happens in two stages in CMS. First, a hardware based fast decision

made by the Level-1 trigger reduces the rate of data for further processing by the software
oriented HLT trigger.
The hardware of the Level-1 muon trigger system consists of three different detector types
which all support their own trigger systems. Drift Tubes (DT) were chosen in the barrel
region (|n| < 1.2) where the residual magnetic field in the muon chambers, muon rates and
the neutron induced background are low. Cathode Strip Chambers (CSC) were chosen in
the endcap regions where the magnetic field, muon and neutron induced background rates
are all high. CSC cover the region 0.9 < |n| < 2.4. Complementary the range |n| < 2.1
(In] < 1.6 for the CMS start-up phase) is also covered by Resistive Plate Chambers (RPC)
which have coarser position resolution but good time resolution in order to determine the
bunch-crossing from which a particle emerged.

In stations which are denoted as MB1 and MB2 every drift tube chamber is located
between two resistive plate chambers while for the layers MB3 and MB4 only one resistive
plate chamber is attached to the inner side of a drift tube chamber.

In order to understand the mechanisms of muon reconstruction and muon identification
the basic concepts of the muon system with its subsystems will be briefly discussed. The
following sections will first summarize the functionality of the three detector subsystems
(DT, CSC, RPC), then illuminate their connection to the global muon trigger, further
draft how Level-1 muon trigger decisions are made and finally give a coarse description of
the HLT trigger system which is seeded by L1 candidates. This will lead to the definition
of global muons. More detailed descriptions of these issues can be found in [Del06].

Drift Tube Chambers

Muon chambers in the barrel part are made of DT which have a transversal dimension
of 42 x 3 mm?. Their length can vary between two and three meters. Every chamber
consists of independent, gastight subunits called superlayers (SL) which are each made
out of four layers of Drift Tubes. Generally a DT chamber consists of three SLs which
are glued together. The external SLs (®SL) have wires parallel to the beam direction and
orthogonal to the wires of the medium SL (©SL). Three-dimensional track segments are
formed within a SL.

The chamber electronics contains the local trigger system: For every SL the bunch and
track identifier (BTT) identifies the position, angle and time of passage of a particle. On
the chamber level the Track Correlator (TRACO) combines the BTI information of the



two tracks belonging to the ®SL of the DT chamber in order to reduce noise and to
improve the angular resolution. For each chamber, information of the two best segments
is forwarded to the drift tube track finder (DTTF) which matches all of these segments
belonging to chambers of the maximally four stations into a full track and assigns pr,
¢, n and quality. Finally the Wedge and Barrel Sorters select the four highest-pr muon
candidates in the barrel and forwards them to the Global Muon Trigger (GMT).

Cathode Strip Chambers

In each endcap region there are four stations of Cathode Strip Chambers (CSC) differen-
tiated in the z-direction, separated by disks of the return yoke. Each trapezoidal shaped
CSC contains six planes of cathode strips alternating with planes of anode wires. Thus, a
muon can leave up to 6 x 4 = 24 hits in successive CSCs. Muon acceptance is guaranteed
by overlap of the CSCs in .

The design of cathode and anode electronics algorithms differs such that each of them
can measure some of the coordinates with higher accuracy. Thus, cathode electronics is
optimized to measure ¢ and the direction of a track while anode electronics is optimized
to assign the correct muon bunch-crossing to a track and further to determine its n-value.

Each of the six layers of a CSC measures the cylindric coordinates (r, ¢, z) which leads
to a track segment. Muon candidate reconstruction is then performed in angular segments
and finally the four best candidates of the entire CSC system are forwarded to the GMT.

Resistive Plate Chambers RPC

The RPC Pattern Comparator Trigger checks spatial and time coincidence of hits in the
RPC muon stations. Its electronics has two functions: First, it assignes a pp-value to
a candidate track formed by a pattern of hits which was matched with one of many
predefined patterns obtained from simulations. It adopts the pp value of the adequate
pattern.

Second, it requires time coincidence of hits in patterns which allows the bunch-crossing
assignment to the candidate.

Finally, up to eight muon candidates (4 barrel, 4 endcaps) are forwarded to the GMT.

Global Muon Trigger (GMT)

Figure 2.4 summarizes the previous subsections and shows the hierarchical structure of
local reconstruction followed by regional and global reconstruction. The track finders act
as regional triggers.

The GMT accepts the four best muons from the DT trigger system, the four best muons
from the CSC trigger system as well as the 4 4+ 4 best muons from the RPC trigger system
trying to match muons from the two complementary systems in ¢ and 1. After successful
matching of two muons the parameters of the resulting muon are optimized in precision.
Finally, up to four muon candidates are forwarded to the High Level Trigger (HLT) for
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Figure 2.4: Input to the global muon trigger.

further processing. The GMT has also the possibility to forward muon candidates which
are confirmed only by one of the two complementary systems if a certain qualitity value
was assigned.

The Level-1 Muon Trigger of CMS

A Level-1 (L1) trigger decision is based on data from the global muon trigger which in turn
relies on the trigger systems of the three detector types DT, CSC and RPC as described
above.

The purpose of the L1 muon trigger of CMS is to identify muons, assign them to a par-
ticular beam crossing and to determine their transverse momenta and passed locations.
It decides whether the data from a particular beam crossing is kept for further processing
or not.

The L1 muon trigger analyzes each 25-ns bunch crossing withing a latency of 3 us and
thus provides a fast estimate of the transverse momentum of muons. Events which are
accepted by the L1 muon trigger must satisfy one of the L1 muon trigger paths based
on the output of the GMT. The two main LL1 muon sub-triggers are single-muon and
double-muon triggers each with one of several possible pp threshold conditions.

The HLT muon trigger may then operate with a longer latency period than the L1 trigger.



2.2 Identification and Reconstruction of Muons

There are some differences between muon reconstruction and muon identification. These
shall be illuminated in the following.

Muon reconstruction works from the outside-in starting in the muon system recon-
structing muon candidates step by step. On the other side muon identification works
from the inside-out starting with a track which has a priori nothing to do with a muon
and attempts to assign a 'muon compatibility’ by using the muon system.

Muon reconstruction happens in three stages. It begins with local reconstruction, fol-
lowed by stand-alone reconstruction and global reconstruction.
Local reconstruction starts with hits from the DT/CSC to reconstruct track segments.
These local track stubs are then used as input to the stand-alone reconstruction (using
the global muon trigger) which produces a reconstructed track not containing any silicon
tracker information.

High Level Trigger

The online selection of muons based on decisions of the High Level Trigger (HLT') happens
in two stages.

First, the Level-2 muon reconstruction which is seeded by Level-1 candidates is performed.
It shall confirm the decision of the Level-1 trigger and reduce the rate of candidates which
is relevant in the following sense: The output of the Level-2 trigger is the seed for the
Level-3 trigger which uses information from the silicon tracker. Level-3 only considers
tracks from the silicon tracker if they are compatible with hits in the muon system. Thus,
the HLT reconstruction algorithm depends on the precision of the Level-1 seed which
defines the region of interest in the silicon tracker.

Level-2 and Level-3 reconstruction are refered to as HLT standalone and HLT global
reconstruction.

2.2.1 Stand-alone Muon Reconstruction

Standalone / Level-2 muon reconstruction does not include data from the silicon tracker.
It uses information from the DT or CSC system in each case combined with data from the
RPC system. Reconstruction starts with track segments from the muon chambers which
result from local reconstruction (see section 2.1). State vectors containing the track po-
sition, their momentum and direction are used to seed the muon trajectories upon which
the track reconstruction based on Kalman-filter technique relies. These tracks in the
muon system are finally extrapolated to the nominal interaction point such that a vertex-
constrained fit to the track parameters can be performed. But yet the fit is restricted to
the muon system. To generate a positive Level-2 muon trigger decision stand-alone tracks
must exceed a pp-threshold depending on the specific Level-2 muon trigger path.

10



2.2.2 Global Muon Reconstruction

Global / Level-3 muon reconstruction extends muon trajectories to include hits in the sil-
icon tracker. Therefore it starts with a stand-alone reconstructed muon and extrapolates
its trajectory from the innermost muon station through the coil and both calorimeters
to the outer tracker surface. The result of this extrapolation determines the region of
interest in the silicon tracker in which regional track reconstruction is performed.

Track reconstruction in the silicon tracker is also done using Kalman-filter technique.

Since a significant energy fraction of pions and kaons can be carried away by neutrinos
corresponding muons will have clearly lower energies such that their trajectories will rec-
ognizably differ from those of pions and kaons. Thus, requiring a good matching between
stand-alone muons and tracks from the silicon tracker reduces pion and kaon fake rates
[O1i07].

2.2.3 Muon ldentification

As described in the previous subsections muon reconstruction starts with stand-alone
muon tracks reconstructed in the muon system and attempts to combine them with tracks
from the silicon tracker. Identifying muon tracks from the inside-out provides another
analysis tool. Information from the ECAL is used to verify the compatibility of a track
with the muon hypothesis (minimal ionizing particle). Further, the algorithm considers
hits of muon segments even if these are not associated with a standalone muon track.
This can be of advantage for low-pr muons which do not reach the outer muon detector
layers. They will potentially be identified offline with the muon identification algorithm
but not reconstructed as global muons.

Muons emerging of such a muon identification algorithm are referred to as tracker

muons. Tracker muon reconstruction may as well be used as a synonym for muon identi-
fication.

11



3 Efficiencies

The previous chapter gave a short overview of the muon system of CMS showing how
muon candidates emerge from positive trigger decisions. As motivated in chapter 1 it is
crucial to know the probabilities that a muon generated in the detector leads to such a
candidate. These probabilities are given by the trigger efficiencies of the respective trigger
systems. In this chapter Level-1 muon reconstruction efficiencies as well as tracker muon
identification and global muon reconstruction efficiencies are considered.

In general muon trigger efficiencies can be written as

Ntrig

3.1
Nprod ( )

€ =
where Nproq is the number of produced muons and Nirig the number of elements of
the subset of Nproq Wwhich passed the trigger path under study.

For a particular trigger path the efficiency may be decomposed, e.g. for a single muon
trigger path with isolation criterion as

€y ‘= €rec * €isol * €trig (32)

where €... is the reconstruction efficiency, €;5,; the probability that a reconstructed
muon is isolated and €54 the probability that a reconstructed and isolated muon is trig-
gered according to a given pr-threshold. In the applied analysis no isolation criterion has
been used and in the following only reconstruction efficiencies €,¢. are considered.

Since the detector is not homogeneous, efficiencies depend on where the muons pass
through the detector. Thus, efficiencies may depend on the variables pr, n, and ¢. How-
ever, due to the approximate azimuthal symmetry of the detector with respect to the
beam axis it is expected that efficiencies do not significantly depend on the azimuthal
angle ¢. Further, efficiency drops are expected for the following n-values: |n| ~ 0.3 which
corresponds to the gap between two wheels in the barrel where cables and other services
pass, around |n| = 1.2 where the DT and CSC systems overlap and also around n = 1.7
~ 1.8.

The penetration depth of a muon into the muon system depends on its energy and hence
on its momentum |[p]. If low-pr muons travel such that they would in principle be mea-
sured in the barrel region this implies that also their transverse momentum component
parallel to the beam axis (p,) and thus [p] are low. They will probably not lead to a

12
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Figure 3.1: Global muon reconstruction efficiency vs. pr of the muons in different |7|-bins.
Based on MC truth information.

stand-alone muon where more than one station of the muon system needs to be hit. That
is why reconstruction efficiencies are low in the low-pr range. However, in the endcap
regions low-pr does not necessarily imply low p, and low |p]. Therefore the effect of low
efficiencies in the low-pr region is weakened if only muons with higher |n|-values are con-
sidered.

The same effect can be seen considering efficiency vs. 7 plots which will have a dip in the
central (barrel) region whose shape will be weakend by considering only high-p7 muons.

These are some general attributes of efficiencies. Aspects which are more specific to the
particular efficiencies are described in the following sections. They show MC truth based
plots of global muon reconstruction and tracker muon identification efficiencies which
were all produced by the division of two ppr- or 7- distribution histograms where the
denominator histograms contained the corresponding distribution of all generator level
muons and the nominator histograms its subset of muons passing the global muon or
tracker muon criteria, respectively.

3.1 Global Muon Reconstruction Efficiency

Global muon reconstruction efficiencies correspond to the probability that a produced
muon is reconstructed as global / Level-3 muon. The generator level plots are shown in
figures 3.1 and 3.2.
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Figure 3.2: Global muon reconstruction efficiency vs. 1 of the muons in different pr-bins.
Based on MC truth information.

3.2 Tracker Muon ldentification Efficiency

Tracker muon identification efficiencies correspond to the probability that a produced
muon is identified as tracker muon. As argued in section 2.2.3 low-py muons are better
identified as tracker muons than reconstructed as global muons which can be seen by
comparing figures 3.3 and 3.4 with 3.1 and 3.2. Further, comparing 3.2 with 3.4 shows
that the efficiency drops originating from the build-up of the muon system in the endcap
regions are not present for tracker efficiencies. This may be ascribed to the fact that, unlike
global muons, tracker muons do not require a positive Level-1 muon trigger decision.

3.3 (pr, n)-Distributions and Average Efficiencies

To obtain average efficiencies out of the pp- and n-dependent forms distribution functions
have to be considered. The expression looks as:

() = /e(pT,n) - f(pr,n)dprdn (3.3)

where (€) is the average efficiency and f is a normalized distribution function for muons.
A particular f for muons from the prompt decay' J/v¢ — pu*p~ is visualized with the aid
of MC truth information in figures 3.5 and 3.6.

'The J/¢ was either produced directly or indirectly from excited charmonium states, but not in a B
decay (nonprompt).
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Figure 3.3: Tracker muon identification efficiency vs. pr of the muons in different |n|-bins.
Based on MC truth information.
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Figure 3.5: (pr, n)-distribution of truth matched muon tracks.

It can be seen that the muon entries are concentrated around a low-pr peak value in
both endcap regions where the more radiation resistent and faster CSC (compared to the
DT chambers) were used. The projections on the axes are shown in figure 3.6.
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Figure 3.6: Transverse momentum and pseudorapidity distributions of negatively charged
truth matched muon tracks. The drop for || ~ 1.7 may be ascribed to an
inefficiency in the truth matching of the tracks.
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4 Tag and Probe Method

The previous chapter summarized the main properties of efficiencies including particular
MC truth-based efficiency plots. However, when determining efficiencies from real data,
MC truth information about the real nature of a particle is no longer accessible and
must therefore be substituted. The Tag and Probe method allows for the determination
of efficiencies from real data providing this substitution. Its general idea as well as its
specific implementation for the efficiencies discussed in chapter 3 are described in the
following.

4.1 Method Description

So far muon efficiencies were expressed as € = N1/Na where Nj is the number of produced
muons and Nj is some subset of muons which is chosen according to the trigger system
under study. No was determined using MC truth information. Out of real data N5 can
be obtained considering a specific particle decay into two muons. If one of the muons is
well reconstructed (tag muon) then the set of all reconstructed silicon tracks in the event
can be searched for a suitable track trying to reconstruct the decayed particle out of the
assumed muon and this track. A successful reconstruction is presumably obtained if the
invariant mass of the combination of the assumed muon and the chosen silicon track lies
on the mass peak of the decayed particle and it either exposes the chosen silicon track to
belong to a muon before its matching with a stand-alone muon' or with hits in the muon
system? is actually checked, or the event belongs to the combinatoric underground which
will subsequently be subtracted in the procedure. Events with such a tag muon + track
combination, not belonging to the combinatoric underground, count for No. Nj is then
obtained as subset of events of No which was really matched.

If ptag and pprobe are the four-momenta of the tag muon and track respectively then
the invariant mass m of the particle is given by:

m = \/(ptag + pprobe)2 (4.1)

For reasons which were motivated in chapter 1 efficiencies were determined from a
J/v — ptp~ sample. The technical chain runs as follows: All events of the J/v) samples
are passed through. An event is kept if there is found a tag muon + probe track combina-
tion satisfying the predefined criteria. In this case the invariant mass of the combination
enters a muon-track mass histogram. The criteria for the choice of both, tag and probe,

1 . .
In case of global muon reconstruction efficiency
2In case of tracker muon identification efficiency
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should be defined such that background is reduced and the J/1 mass peak is clearly visible.

If the track is subsequently identified as a global / tracker muon the invariant mass of the
tag and probe combination enters another muon-muon mass histogram. The latter should
contain almost exclusively J/v) — putu~ events. The presence of background excludes
the possibility of simple counting the number of histogram entries in order to obtain N
and No. Instead, a fit was applied to the histograms. The fit function was additively
composed of a linear background and a gaussian peak function. Integration of the whole
function, subsequent background subtraction and division by the chosen histogram bin
width reproduces the number of histogram entries N1 and Ns, respectively.

4.1.1 Combinatorics

The two muons of a J/1) — pTp~ event can in principle pass both tag and probe criteria.
There are three possible combinations TT, TP and TF, where T stands for passing the
tag criteria, P for passing the probe criteria and the criteria of the efficiency under study,
if this is not equal to the tag criteria and F for passing the probe criteria but failing
the criteria of the efficiency under study. Taking equation (3.1) and decomposing its
nominator and denominator according to all possibilities gives:

N1 = 2Np1 + Npp (42)
Ny = 2Nt1 + N7p + Nrp (4.3)
Such that equation (3.1) reads:
2N- N
€ o+ e (4.4)

~ 2Npr + Nrp + Npp
As described in section 4.2 the tag criteria are chosen to be unique such that Npp
vanishes.
The probe selection, however, may be ambiguous such that there can be several tracks
satisfying the probe criteria. Which one among these will be chosen is accidental.

4.2 Selection of the Tag Muon

It is relevant to choose a track from the silicon tracker which belongs with high probability
to a muon. If it is no muon then the combined invariant mass of tag and probe might
as well lie in the region of pure background outside the range of the J/¢ mass peak and
would therefore be lost for both N7 and N2 events. Thus, a bad choice of the tag may
reduce statistics in particular for muon-muon mass histograms which in turn can lead to
fitting problems as discussed in section 4.4.2.

Thus, the tag muon was always chosen to be a global muon. However, this choice is
not unique and in particular in the relevant case where the event contains a J/v — putpu~
decay it is likely that each of these two muons is a global muon. Considering the pr-
distribution (see figure 3.5) it turned out that the choice of the leading muon?® leads to the

3Muon with the highest transverse momentum
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same unwanted effect as depicted above, namely a reduction of statistics in the high-pr
region where the number of events is already small.

Finally, the following criteria were applied in the given order for the tag selection in an
event:

1. Minimal ppr requirement: To assure the quality of the tag muon, its transverse
momentum is required to be above 3 GeV.

2. Fixing the charge of the tag muon: Thus, muon efficiencies are determined for a
specific charge.

3. Choice of the leading muon of the predefined charge: Among all muons with given
charge and which satisfy the minimal pp requirement the one with maximal trans-
verse momentum is chosen. The opposite charge requirement prevents from the
danger of reducing statistics in the high-pr region.

If there exist muons satisfying the above rules and if there are no two muons with
exactly the same transverse momentum in the same event the tag muon is uniquely de-
termined through this procedure.

4.3 Selection of the Probe Track

The probe track is searched for in all tracks of the event provided a tag has been found.
The track associated to the tag is excluded. In order to restrict the number of candidate
probe tracks several cuts are applied.

From a technical / implementation viewpoint one could make use of the fact that if all
cuts act on variables which form a connected space the remaining subset of candidate
probe tracks will be independent of the order of application of the cuts. In this case it is
sensible to choose the cuts in an order which optimizes the speed of the implementation.
However, this attitude was not pursued very forceful.

The selection procedure looks as follows:

1. Skip events in which no tag muon has been found.
2. Skip tracks with the same charge as the tag muon.
3. Skip tracks with ppr < 2 GeV

4. Skip tracks with |n| > 2.4.

5. Skip tracks which lead together with the tag muon to a combined invariant mass
(see equation (4.1)) which lies outside the mass window [2.5 GeV, 3.5 GeV] around
the J/1-mass peak at 3096.916 + 0.011 MeV [W.-06].
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This procedure does not determine the probe track uniquely. The search is finished as
soon as a track is found which satisfies all criteria. Further optimization could eventu-
ally affect statistics but this was not examined. Figure 4.1 shows the number of events
containing N probe tracks for the ’Stew__AllEvents_100pb’ sample (see section 4.4.1). It
shows that in most cases where a tag muon was found no probe track was selected. But
usually there are approximately up to three probe tracks among which in most cases only
one truth matched muon track could be found. This shows that breaking the search after
the first muon was found, does only induce a small error which is thus neglected in the
present analysis.
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Figure 4.1: Number of probe tracks / truth matched muon tracks per event in which a
tag muon was found (Stew_AllEvents 100pb, see table 4.1).

All events in which such a probe track was selected enter an invariant mass histogram
called "mt(i, j)” according to equation (4.1) where the indices i and j stand for the (pr,
71)-bin to which the probe track corresponds. If the probe track is subsequently identified
as a global / tracker muon the invariant mass enters a second histogram called "mm(i, j)”.

To get efficiencies in pr ()-dependence a fine (coarse) pr- and a coarse (fine) n-binning

were chosen. This leads to n different efficiency vs. pr (n) plots, where n is the number
of coarse ) (pr)-bins. Details about the chosen bin widths can be found in chapter 5.
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4.4 Mass Histogram Fits

To obtain a stable fit procedure two main hurdles had to be taken. On one hand consid-
ering figures 3.5 and 3.6 makes clear that the number of mt(i, j) and mm(i, j) histogram
entries can vary extensively for varying (i, j) ((pr, n)-bin). On the other hand the fit pro-
cedure should work independently of the background-level which varies with (i, j) within
a particular sample but obviously also for different samples. The following section gives
a short description of the used samples.

4.4.1 Sample Description

Samples were used from the Spring 07 (SPR07) as well as from the Computing, Software
and Analysis 07 (CSA07) production. They were mixed together according to a certain
luminosity value in order to get various signal with background samples. Since CSAQ7
samples were produced with a different CMSSW version they were not mixed with the
SPRO7 production. The samples are listed in table 4.1 with reference values for Ng,; and
Lgen.

Table 4.1: Sample overview. N/A: Not applicable

Sample name Production Nyt Lgen [pb~1]
BtoJpsi_ 152 CSA07 1M 13.5
BbartoJpsi_ 152 CSA07 1M 13.5
Charmonium_0 20 152 CSAQ7 1M 3.1
BB2MuMu_ noMassCut CSA07 2.8 M 8.6

Stew__AllEvents_ 100pb CSAQ7 1.8 M N/A

NonPromptJpsi SPRO7 600 K 4.6
BB2MuMu? SPRO7 1M 7.4

The CSAQ7 data consists of more than 150M events of various SM processes, roughly
representing the first 100 pb~! of LHC data. It consists of three soups each in turn
containing various Primary Datasets (PD). Table 4.2 shows the PD contained in the
Stew. Since all these PD have different integrated luminosities event weighting has to
be applied in order to obtain consistent samples out of the Stew. The event weight is
calculated as cross section times luminosity divided by the number of events. However,
for the Stew AllEvents 100pb® sample which was used to produce most of the plots in
the results chapter® no event weighting was considered and thus no luminosity can be
given in table 4.1. The sample is therefore not suited for realistic background estimations.
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Table 4.2: Primary Datasets contained in the Stew. They were all produced with PHYTIA
and filtered.

Datasets Events Cross Section x BR Int. Lum.
BbartoJpsi 509’527 55 mb 9.26 / ub
BtoJpsi 556’324 55 mb 10.12 / ub
QCD_Pt_0_15 733’104 55 mb 0.195 / b
Bottomonium_ Pt 0 20 972’597 9.09 ub 0.1 / pb
Bottomonium Pt 20 inf | 1’107°068 37.9 nb 0.03 / b
Charmonium Pt 0 20 1°021’134 0.354 mb 2.9 /nb
Charmonium_ Pt 20 inf 1’012°650 0.101 ub 10.0262 / pb
bbe_Pt_5_50 2'907°738 55 mb 52.868 / ub
bbe_Pt_50_170 2'910°966 24.3 ub 0.119793 / pb
bbe_Pt_170_up 2'599’997 0.13 ub 20 / pb
Electron_ ppEleX 8682737 55 mb 157.868 / ub
Muon_ ppMuX 20°697°806 55 mb 376.324 / ub
P 350- 400 GeV, fif 00-05,Q =-1 P, 350-400GeV, fif:00-05,Q =1

O 904 Entries: 3931 Ag 220 Entries: 547

S a0l Mean: 3.051 = 200 Mean: 3.004

w RMS: 0.199 w 1804 RMS: 0.050
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Figure 4.2: muon-track and muon-muon histograms for two different pr-bins in the central
(barrel) region (Stew_ AllEvents 100pb). Entries in muon-muon histograms
were selected as global muons.
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4.4.2 Fitting

Figure 4.2 shows examples of mass histograms. The comparison of muon-track with muon-
muon histograms shows that requiring the track to be a global muon reduces background
and thus leads to an improvement of the mean (compared with m ;/, = 3096.916 & 0.011
MeV [W.-06] and a smaller RMS error’. As can be seen the number of entries is large
and the efficiency is low in the 3.5 < pr < 4.0 GeV bin and on the other side there are
less entries in the 20.0 < pr < 25.0 GeV bin where the efficiency is high. The number of
entries is governed by the (pr, n)-distribution (see figures 3.5 and 3.6).

The fits were performed using the C++ framework "root” developped at CERN [BR101].
It offers the choice between y2-minimizing and binned log-likelihood fits. The latter op-
tion was chosen because it is advantageous for low-entry histograms with low signal to
background ratio.
Fitting a histogram in root requires the prior choice of a fit function as well as the speci-
fication of initial values for its parameters. Hence, there are basically two possibilities to
affect fitting results:

1. Adroitly chosen initial values will augment the probability for the fit to converge
towards the global extremum.

2. Restricting allowed parameter ranges will prevent the fit procedure to converge
towards possible local extrema which are not the global extremum. On the other
hand too tight constraints could exclude the global extremum from the allowed
parameter space and lead to wrong errors if the fit procedure ends in regions close
to the parameter range borders.

For the above reasons the focus was on the determination of the initial values with
adequate precision such that restrictions could be avoided, if possible. These issues are
discussed extensively in the following.

Figure 4.2 suggests the choice of a Gaussian fit function for the signal and a linear
function § for the background:

- . (m — a3)2
flm) = 3(m) + a3 - eap(— )
g(m) :=ag+ay-m (4.5)

The tilde denotes the function before fitting, the variable m is the invariant mass of
the tag muon + track combination and the a; (j = 0, 1, 2, 3, 4) are the estimated initial
values of the fit parameters.

5The calibration / alignment constants are based on a 100 pb~! sample.
5Tf not, it will be explicitely mentioned.
"Denoted as RMS, since for historical reasons this is the name of the root function giving the RMS error.
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Figure 4.3: A low-pr muon-track mass histogram is shown. For demonstrative reasons
its signal to background ratio was tuned to be around 0.5 and the slope of
the linear background function § was multiplied with 50. Therefore 52’937
artificial background events have been added. (see section 4.4.3).

Slope of background fit function: a;
The initial slope value is calculated from:

0 — rb_val —1b_val (4.6)

Myp — Mip

my, and My are chosen to be the lower and upper edge of the histogram invariant mass
range and lb_val / ub_val are calculated as arithmetic means of the first / last 10 % of
bins as shown in figure 4.3.

Figure 4.3 shows a low-pr muon-track mass histogram. There was added artificial
background in order to illustrate the determination of the parameter more clearly. The
absolute level of the slope was augmented by a factor of 50. The linear function g is
directly given by the calculated initial values ag and a;. Therefore, figure 4.3 is an
example demonstrating that § already fits well the background distribution even before
x%- / log-likelihood optimization is applied.
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Constant of Background Fit Function: qg

agp is obtained from a;, and e.g. mgy with g(myg):
apg = g(TrLo) — ai - my (47)

Constant of Gauss Fit Function: a-

as was calculated by first determining the bin with maximal bin content. It could then be
assigned to the mass value mg shown in figure 4.3. Considering that the J/i-peak might
only be a local maximum the search is restricted to the range 3.0 - 3.2 GeV around the
J/¢-peak. If max_ val is known ay is given by:

ag = max_ val — g(ms) (4.8)

Expectation Value of Gauss Function: a3

The expectation value of the Gauss function corresponds to the measured J/1-mass which
can be compared with 3096.916 + 0.011 MeV [W.-06]. As in chapter 5 is shown the
reconstructed J/i-mass varies in (pp, n). The initial value for as was chosen to be
constantly 3.1 GeV.

Standard Deviation of Gauss Function: a4

Fitting various muon-track / muon-muon mass histograms using several samples it turned
out that the fit stability is not very sensitive on the initial value of a4. Motivated by the
mass resolution distribution (o) of the J/v¢ which will be shown in figures 5.3 and 5.7 a
constant initial value of ay = 0.03 GeV was chosen.

Parameter Restrictions

Table 4.3 shows the applied restrictions. Their choice corresponds to a coarse estimation
of the occuring maximal / minimal values considering mean- / o-plots of the samples
described in table 4.1.

Table 4.3: Parameter restrictions applied to the linear + Gaussian fit function.

ao a a2 as aq

none none none 3.05-3.15GeV 0.012 - 0.05 GeV

4.4.3 Artificial Background

In the previous section ag - a4 denoted the initial values of the fit parameters before
fitting. In order to add artificial background, which was implemented as an option, first a
fit of the original histogram is performed. The resulting fit parameters are then denoted
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as po, p1, A, u and o. The addition of artificial background was implemented such that
the resulting signal to background ratio S’/B’ and slope of the linear function p} can both
be varied in order to validate the fit procedure. In chapter 5 it will be shown how Tag
and Probe efficiency values vary with S’/B’. Artificial background was generated under
the already previously made assumption that real background is well approximated by a
linear fit function. S’/B’ and p) are then the inputs governing the background addition to
a given histogram. According to equation (4.5) S’ and B’ can approximately be calculated
as
m— K

S"'= fea(p) — gpa(p) = A- eﬂﬁp(—(T)Z) ey = A (4.9)

B' = gpa (1) = po +p1 - 1 (4.10)

where the parameters of the Gaussian are left unchanged by the background addition.
Thus, S’/B’ is nearly given by

A
S//B/ ~ / /
Pot+ Py
which can be solved for the background constant p{, after the addition of artificial
background:

(4.11)

o= g7~ th (412)
The number of added background entries was calculated with
1 Myb
Npg = {Am . /7nlb ng(m)de (4.13)

with the constant histogram bin width Am.

4.5 Systematics

Efficiencies represent the geometrical and conceptual design of the detector and depend
on the kinematic properties of the muons. However, using the Tag and Probe method
particular decisions which restrict the procedure in its generality had to be made. These
decisions give rise to systematic errors and are therefore discussed in the following. Esti-
mations of the systematic errors may be found in chapter 5.

4.5.1 Choice of the Fit Function

Using a Gaussian to fit the signal part of the mass histograms was justified rather prag-
matically. Indeed, as in chapter 5 is shown the invariant mass of a J/v¢ is a function of
its (pr, m) such that it increases with both. Since all mass histograms contain entries
corresponding to different (pp, 1), the effective distribution is an overlap of Gaussians
generally leading to an asymmetric total distribution. If the binning is fine enough the
deviation from the Gaussian shape should be small and the next simplest approach is to
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consider a double Gaussian (sum of two Gaussians) fit function. Since the linear back-
ground function was kept, this gives rise to three more parameters whose initial values
and allowed ranges have to be determined such that the stability of the fitting procedure
is maintained. The fit function then looks as follows:

2 2
foa(m) :==ap-m+a1 +asz - exp(—W) +as - exp(—W) (4.14)
4 7

Since the second Gaussian should only introduce a small correction accounting for the
asymmetry somewhere in the range m > m J/¢8 its influence on the shape of the 'main’
function is neglected and the parameter calculation scheme for ag, a; and ay was simply
adopted from the single Gaussian fit. Since the parameter space of a double Gaussian is
expected to offer more local extrema for minimization / maximization fit procedures it
is restricted more stringently compared to the fit function including the single Gaussian.

All initial values and restrictions can be seen from table 4.4.

Table 4.4: Fit parameters for linear background function with double Gaussian. pg, p1
and GaussMax are determined for every histogram in the same way as for a
single Gaussian (section 4.4.2). The average (Av) is calculated as arithmetic
mean of the values from the first 50 and the last 20 bins of the histogram (total
100 bins) which is an approximate choice to exclude the peak region.

Parameter ag al as as
Initial Value Do P GaussMax 3.1
Lower Limit | -0.04-GaussMax 0.8 Av 0.6-GaussMax 3.05
Upper Limit | 0.6-GaussMax 1.2- Av 1.5-GaussMax 3.15
Parameter a4 as ag ay
Initial Value 0.03 0.2-GaussMax 3.15 0.01
Lower Limit 0.01 0.05-GaussMax 3.1 0.04
Upper Limit 0.05 0.25-GaussMax 3.2 0.09

4.5.2 Tag Charge Difference

As described in section 4.2, tag muons are accepted only if they have the required charge
and efficiencies are evaluated only on muons from the opposite charge. It is not expected
that efficiencies are different on positively and negatively charged muons. Therefore, a
possible difference will contribute to the systematic error.

4.5.3 Pass - fail vs. Normalization method

According to the normalization method [Mar(01] efficiencies may be expressed as

N(test, control)

4.15
N(none, control) (4.15)

e(test, control) =

8This condition is derived from experimental evidence.
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with ’test’ and ’control’ appropriately defined. This was the method as used so far. But
since N(test, control) and N(none, control) are obtained from a fit, efficiencies can exceed
the value of one. The Pass-fail method [Mar01] defines efficiencies as

N(test, control)

test trol) = test
5( est, con rO) N(test, control) + N(test, control)

(4.16)

and thus efficiencies can not exceed one, provided the fit results are not negative. On
the other hand the Pass-fail method requires fitting of histograms belonging to N(test,
control). These histograms contain background and not reconstructed / identified muons
such that, given the case that efficiencies are high, they will show a poor signal to back-
ground ratio. Fitting such histograms is analyzed in section 5.4 of chapter 5.

In order to obtain muon reconstruction / identification efficiencies the control and test
sets have to be defined such that the control set contains all events in which a tag muon
and a track satisfying all selection criteria (see section 4.2) were found and "test” selects
the subset of elements of the control set in which the track was matched to a global /
tracker muon.

If the yields were known exactly, there would not be any difference between the appli-
cation of the Normalization / Pass-fail method, however, since they are not, both terms
in (4.16) are statistically independent and simple error propagation from the calculated
numbers of histogram entries to the efficiencies as in (4.17) can be applied.

() = e (AN + (e (AN (.17

Where N;. and N;,. were used as shortcuts for N(test, control) and N(test, control).

In 4.15, N(test, control) and N(none, control) depend on each other and binomial errors
are calculated for efficiencies.

N
NTLC

Where Ny, and N, stand for N(test, control) and N(none, control).

(Aeg) = \/‘ 1f2NtC JANZ + (<=<)2AN2Z, (4.18)

4.5.4 Y2- vs. Binned Maximum Likelihood Fit

Fitting in root uses the minimization packet 'Minuit’ originating from FORTRAN and
can either be performed with a x2- or binned maximum likelihood method (ML). Minuit
contains the program part 'Migrad’ which minimizes the corresponding function and as-
signs parabolic errors to the bin values, as well as "Minos’ which can be used additionally
as an option for better error estimations. The default procedure is y?-minimization with
parabolic errors, however, binned likelihood was chosen because this is more reliable for
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histograms with a low number of entries. Improved error estimation using Minos was
applied.
Both methods are shortly described in the following. For details see [COW9S].

x2-Method

For a bin with N entries the x? - method assigns an error of v/ N. As a measure for the
quality of the fit the ratio y2/dof is considered where x? for a fit function f is defined as

= (Ni — f(mi;ag, ..., ar))?, (4.19)
1=0

with m; the mass value corresponding to the i-th bin, /N; the number of entries in the i-th
bin and the a; are the parameters of the fit function. They are determined by the fitting
procedure such that x? is minimized. The number of degrees of freedom (dof) is equal
to the number of bins of the mass histogram minus the number of parameters of the fit
function. A fit is considered to be good if x%/dof ~ 1.

Binned Maximum Likelihood Method (ML)

Each mass histogram with N bins containing entries 77 = (n1, ... , ny) can be considered as
a single measurement of an N-dimensional random vector for which the joint probability
distribution function (p.d.f.) is given by

Ngot! V1

(Y (4.20)

oint (71, 7) = — 2
f]oznt( ’ ) nl'nN' Ntot Ntot

v; is the expectation value for the i-th bin given by

max

Vi) = naoy / " f(m, @)dm (4.21)

min
mi

ntot 1S the total number of histogram entries and mlmm / m"* are the bin edges of the

i-th bin. The log-likelihood function is then given by the logarithm of the joint p.d.f.:

log L(@ Z n; log v;(@) + Terms independent from @ (4.22)

where @ = (aq, ... , a,,) denotes the parameter vector of the fit function f. Maximizing this
expression? gives the set of parameters @. In the limit of large N or small bin widths the
likelihood function becomes the same as that of the maximum likelihood method without
bins [COW9S8]. Thus, the binned ML technique is safe if some of the bins have few or no
entries.

As goodness-of-fit criterion simply x?/dof defined as for y2-minimization may be consid-
ered.

9For practical reasons its negative value is minimized.
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5 Results

Following the logic of the Tag and Probe method, first mass histogram fit results and
corresponding integral values are discussed. Then, efficiency plots for global and tracker
muons are shown and compared with the MC plots followed by the analysis of the be-
haviour of Tag and Probe efficiency results under addition of artificial background and
finally the systematic error is estimated. Up to then, error indications will only contain
the statistical contribution.

5.1 Mass Histogram Fits
5.1.1 Binnings

Motivated by the transverse momentum distribution shown in figure 3.6 the pr-bin edges
were chosen as shown in table 5.1. Since the n-distribution of muons is more homogeneous
there was no stringent reason to choose the binning adequately.

Table 5.1: Used ppr- and 7-bin edges for the mass histograms.

Binning Number of Bins

Fine pr 24 00 05 10 15 20 25 30 35 4.0
45 50 55 60 65 70 75 80 85
9.0 9.5 10.0 12,5 15.0 20.0 25.0

Coarse pr 5 3.0 40 50 7.0 10.0 25.0

Fine n 10 -25 -20 -15 -1.0 -05 00 05 1.0 1.5
20 25

Coarse |n| 3 0 05 1.0 25

As already mentioned in chapter 4, efficiencies in pp- / n-dependence are obtained
combining the fine pp- / n-binning with the coarse n- / pp-binning.

5.1.2 Global and Tracker Muon Mass Histogram Fits

All mass histogram fits which were produced to obtain the efficiency vs. pp plots 5.9 and
5.14 from section 5.2 can be found in the appendixes B and C. They contain the total
number of entries governed by the (pr, n)-distribution (3.5), the mean of all histogram
entries, their standard deviation, followed by the fit specific values: x?/dof as a measure
of goodness-of-fit, the fit probability Prob(x?2, dof) which is > 0.05 for a good fit as well
as all fit parameters, the integral values with errors (section 5.3.1) and finally the signal
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to background ratio S/B.

As can be seen from the histograms, the mean (o) of the reconstructed J/¢ depend on

(pr, ). This is confirmed by the histograms 5.1 - 5.4. Generally x2/dof is increasing with
|| (binned) and the fit probability is usually accordingly low in the range 1.0 < |n| < 2.5
which may hint at a lower fit quality in this range. Further, S/B values tend to increase
with pr and decrease with |n|.
The mass histogram fits belonging to the range 2 GeV < pr < 3 GeV illustrate that muons
are not reconstructed / identified below 3 GeV unless they are in the n-range 1.0 < || <
2.4 (endcap regions). This may again be explain with the fact that low-pr in the barrel
region implies low energy but does practically not restrict muon energies in the endcap
regions.

How close the background level of the considered mass histograms comes to reality
is unknown. Event weights were not considered in the Stew_ AllEvents_ 100pb sample.
How this affects the background level is not known. Further, Stew_ AllEvents_ 100pb only
contains ~1.8M of the total ~40M events of the Stew which questions the significance
of the observed average background level. To estimate how efficiency values behave if
background is added, see section 5.4.

5.1.3 Reconstructed J/i)-Mass and its Resolution o

Figures 5.1, 5.2, 5.5 and 5.6 show that the reconstructed J/¢-mass drops in the barrel
region but is rather independent of p%/ v Comparing the reconstructed J/¢-mass values
with 3096.916 + 0.011 MeV [W.-06] shows that this value is closer approached in the
central region. Since each mass histogram includes entries in a finite (pr, n)-range the
Gaussian mass peak will in general be asymmetric. This was the original motivation for
the alternative choice of a double Gaussian as a fit function and is now confirmed by the

fit results.

5.2 Global and Tracker Muon Efficiencies

Figures 5.9 and 5.10 both show global muon reconstruction efficiencies. 5.9 shows the
dotted Tag and Probe efficiency as well as the efficiency evaluated on all truth matched
muon tracks in the Stew_ AllEvents_100pb sample and the efficiency evaluated only on
the subset of truth matched muon tracks which passed all selection criteria from section
4.3. There is no physical reason why the two MC histograms should differ as they do in
the figures.

The difference on the plateau is strongly reduced for the efficiency on all truth matched
muon tracks if only those are considered which originate from a J/¢ decay (see figure
5.11). This leads to the conclusion that the difference may rather be ascribed to a pecu-
liarity of the sample than a bug in the code. Efficiency determinations on other samples,
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Figure 5.2: Reconstructed J/i-mass vs. n’/* for global muons. pé/ ¥ is above 5 GeV
because of the required pp-thresholds for the tag muon (3 GeV) and the probe
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Figure 5.6: Reconstructed J/i¢-mass vs. n?/¥ for tracker muons. p%/ ¥ is above 5 GeV
because of the required pp-thresholds for the tag muon (3 GeV) and the probe
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in figure 5.9 (Stew__AllEvents_100pb).

where the two histograms coincide support this assumption. Further, the MC probe is
clearly consistent with the TnP efficiency. Figure 5.12 shows the completely analogous
efficiency plots for global muons based on a combined SPRO7 sample with BB2MuMu
and NonPromptJpsi mixed at £ ~ 3.1 pb~! (426’514 + 409’574 = 836’088 events). The
corresponding plots for a mixed CSAQ07 sample containing BB2MuMu_ noMassCut and
BbartoJpsi_ 152 at £ ~ 5.9 pb=! (1'915'192 + 435’124 = 2'350°316 events) are shown in
figure 5.13. The MC and MC Probe efficiencies agree well on the SPRO7 samples but not
on the CSAQ7 samples.

Comparing the plots for global muons with those for tracker muons the expected dif-
ference in the low-pr region is visible. Figures 5.10 and 5.15 show the n-dependence of
efficiencies which agree with the generator level plots 3.2 and 3.4 in their principle be-
haviour, however their resolution is too coarse such that the mentioned efficiency drops for
particular n-values could not be reproduced. In order to improve the n-resolution without
increasing the statistical error a larger sample would be necessary.
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Figure 5.12: Global muon reconstruction efficiency vs. pp for positively charged muons
in different |n|-bins produced with a combined SPRO7 sample containing
426’514 NonPromptJpsi and 409’574 BB2MuMu events corresponding to an
integrated luminosity of £ ~ 3.1 pb~!.

5.3 Error Estimation

5.3.1 Statistical Errors

As already mentioned the error bars drawn in the previously shown plots only account for
the statistical uncertainty. The corresponding errors on efficiencies were propagated from
the integral errors printed on the mass histogram fits (appendixes B and C) according to
the equations given in section 4.5.3. The errors on the integral values were calculated using
root. They were determined according to the errors assigned to the estimated parameter
values after the fit considering the covariance matrix resulting from the fit. The parameter
errors in turn are estimated with 'Minos’ The integral errors are comparable with the
uncorrelated error values given by the square root of the integral values.

5.3.2 Systematic Errors

Origins of systematic uncertainties were discussed in section 4.5. Figures 5.16 and 5.17
show four 1D histograms (Stew_ AllEvents_100pb) each containing one of the efficiency
differences either for positively / negatively charged tag muons, mass histogram fits with
single / double Gaussian, integrals calculated with x2- / binned log-likelihood minimiza-
tion and efficiencies calculated with Normalization / Pass-fail method. Since a possible
forward / backward asymmetry might as well reflect some real detector anisotropy and
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further, since the efficiency plots 5.9 and 5.14 are based on a |n|-binning the forward /
backward asymmetry contribution was not included in the calculation of the systematic
error. The shape of the fit method difference histogram clearly deviates from a Gaussian
thus showing that efficiencies calculated with the binned log-likelihood method are sys-
tematically higher. The means of the other histograms are compatible with zero, except
for the normalization / Pass-fail method difference histogram for tracker muons.

The total systematic error is estimated as

_ 2 2 2 2
Tsys = \/O'+/_ ™ GSG/DG + UXQ/LL + JNorm/P—f (51)

where the corresponding standard deviations for global / tracker muon efficiencies are
shown in 5.16 / 5.17. They are calculated by root using

1 N
o= J N Z (z; — T)2 (5.2)

where T is the mean of all histogram entries and x; stands for the x-axis value of a
histogram entry.
Using the values from table 5.2 finally gives

Osys ~ 0.017
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Table 5.2: Standard deviations for global and tracker muon efficiencies

Efficiency +/-  SG /DG x?/LL Norm. /P-f
Global muons | 0.01036  0.01285  0.00454 0.00356
Tracker muons | 0.01650  0.00983  0.00431 0.00296

for global muons and

Tgys = 0.020

for tracker muons. Thus, systematic errors for global and tracker muons are comparable.

Figure 5.16:

5.4 Background Estimation
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Global muon 1D histograms showing differences for positive / negative tag
muon charge, SG / DG fits, x? / binned log-likelihood fits and Normalization
/ Pass-fail method efficiencies.

The mass histogram fits from section 5.1 generally exhibit a large S/B. As described in
section 4.4.1 this needs not to be realistic and therefore it was examined how lower S/B
values affect efficiencies. Figures 5.18 and 5.19 show the difference between the Tag and
Probe efficiency and the efficiency of probe tracks which were truth matched to muons in
pr-dependency. Starting with S/B ~ 10, the fluctuations tend to increase with decreasing
S/B and |n|. The differences for global and tracker muon reconstruction efficiencies are

comparable.
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Figure 5.17: Tracker muon 1D histograms showing differences for positive / negative tag
muon charge, SG / DG fits, x? / binned log-likelihood fits and Normalization
/ Pass-fail method efficiencies.

The background slope was left unchanged by the background addition and the influence
of its variation on the efficiency difference was not examined.
The plots show that the difference approximately remains below ~0.05 if S/B 2 5.
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6 Conclusions

The aim of this Diploma Thesis was to determine muon reconstruction and identification
efficiencies in the CMS experiment using the Tag and Probe method. This was in prinicple
established reproducing the MC efficiency plots on probe tracks which were truth matched
to muons. However, there remain open questions. MC efficiencies on one hand evaluated
on all tracks in the sample which were truth matched to a muon and on the other hand
evaluated only on truth matched probe tracks significantly differ for particular samples
which has not been understood.

Another relevant uncertainty remaining is the background level, but its effect on effi-
ciencies was estimated.

An additional task could be the determination of L1 muon reconstruction efficiencies
which means simply to skip the HLT trigger in order to match already L1 muons with
tracks from the inner tracker. This was approached, however, due to the poor pp-resolution
of L1 muons the L1 muon-track matching could only be performed in (7, ¢)-space, neglect-
ing the effect of the magnetic field on particle trajectories. Such L1 muon reconstruction
efficiencies were found to be significantly lower than global / tracker muon efficiencies.

As was exposed in chapter 1 the knowledge of muon reconstruction / identification

efficiencies is crucial to determine B(B? — pu* ™). It was shown that the Tag and Probe
method provides an appropriate tool for this.
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Appendix A: Units

In high energy particle physics one usually chooses ¢ = 1 and A = 1. Therefore energies,
masses, momenta, inverse length and inverse time can all be expressed in the same unit.
Typical values for energies, masses and momenta in this work are of the order of GeV.
Corresponding length and time scales can be derived from setting the left hand side of
the relation

h-c~=0.2GeV- fm (6.1)

to one.

For the sake of simplicity electric charges () are expressed in units of e which in turn
may be defined according to the Gauss system as well as the Heavyside-Lorentz-System.
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Appendix B: Global Muon Mass Histogram Fits
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Appendix C: Tracker Muon Mass Histogram Fits
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