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Abstract

We describe a study of large impact parameter muons produced in pp collisions

at high energy, aimed at testing at the LHC the excess observed by the CDF collabo-

ration at Tevatron. The analysis is performed on data from Monte Carlo simulation

which are supposed to reproduce data collected with an integrated luminosity L =

0.056 pb−1. We study the performances of the reconstruction, in terms of the track-

ing efficiency and the resolution of the impact parameter measurement. We finally

characterize the main kinematic features of muon candidates from heavy-flavor de-

cays, in-flight decays of light mesons, and punch-through, in order to determine the

discovery potential of CMS.
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1 INTRODUCTION

1 Introduction

The analysis presented in this thesis is prompted by some anomalous results recently

presented by the CDF collaboration at the Tevatron pp̄ collider [1]. The study performed

by CDF, which is motivated by some inconsistencies found in bb̄ phenomenology in Run

I [2], highlights the presence of a significant unexpected sample of events containing

several muons with large impact parameter. This effect remains unexplained in terms

of Standard Model processes. Heavy-flavor decays, in-flight decays of light mesons, and

hadron punch-through are the sources of radially displaced muons with large impact

parameter that are taken into account.

The D0 collaboration has performed a similar analysis, in order to exclude or confirm

the signature observed by CDF [4]. No significant excess of events with the required

features is found with respect to the expectation from known processes. However, for

several reasons this exclusion should not be considered conclusive, and a third result is

needed.

This thesis consists in a preliminary study on data from Monte Carlo simulations,

oriented to the search for this signature in the early data from pp collisions collected

by the CMS detector [9]. Despite the differences between the experiments, in fact, a

possible signal should be reproduced, given the high luminosity and the higher energy

provided by the LHC [8].

The contents are organized as follows.

In Section 2 and 3 we briefly summarize the analysis performed by CDF and D0. An

overview of the relevant features of the LHC, and a description of the CMS detector are

provided in Section 4 and 5. In Section 6 we discuss the track and muon reconstruction

procedure, together with a description of the available additional tools for the muon

identification.

After having defined the sample of data from Monte Carlo simulation that we use,

and the cuts that we intend to impose, in Section 8 we perform a study of the muon

identification in order to understand the sources of fake muon candidates, including in-

flight decays of light hadrons and punch-through. We then discuss the performances of

reconstruction, with an analysis based on the comparison to the Monte Carlo truth. In

Section 10 we check whether we can rely upon the appropriate reconstruction efficiency
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1 INTRODUCTION

for radially displaced tracks with large values of the impact parameter, such as non-

prompt muons and pions from a K0
s → π+π− decay. In addition, in Section 11 we

perform a study of the resolution of the impact parameter measurement, using samples

of non-prompt muons.

We proceed in Section 12 with a systematic study of the possible sources of background,

in order to evaluate their contribution in an appropriate pT and impact parameter region,

where the signal is expected. Finally, we conclude with a very preliminay estimate of

the CMS sensitivity to a possible CDF-like signal.
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2 CDF ANALYSIS

2 CDF analysis

2.1 Inconsistencies in Run I

The CDF analysis [1] is motivated by several inconsistencies found in measurements of

bb̄ production and decay during Run I [2].

1. The value of the inclusive cross section for the production of a central bb̄ pair,

σbb̄, is large compared to next-to-leading order theoretical expectations, when it is

measured through semileptonic decays (pp̄→ bb̄X → llX ′).

2. The value of the average time-integrated mixing probability of b flavored hadrons

χ̄ =
Γ(B0 → B̄0 → l+X)

Γ(B → l±X)
(1)

is significantly larger than LEP results.

3. Finally, the dilepton invariant mass spectrum is not well described by known pro-

cesses, especially at small values.

These inconsistencies prompted further investigation by the CDF collaboration during

Run II [3].

2.2 CDF detector

CDF is a multi-purpose detector operating at the Tevatron pp̄ collider at Fermilab [1].

The relevant components for this analysis are the tracker and the muon system, and only

the central part of the detector is considered. The central tracking system is located

inside a 1.4 T magnet, and is composed by the silicon vertex detector and the central

tracking chamber (COT). The first is made of two subsystems: the SVXII and the ISL.

The SVXII consists of six concentric cylindrical layers with radii between 1.5 and 10.6

cm, and provides a coverage along the beam direction of 90 cm. The inner silicon layer,

L00, is mounted directly on the beampipe. The ISL is made of two additional silicon

layers. The COT is a cylindrical drift chamber containing 96 sense wire layers grouped

into eight superlayers of axial and stereo wires, at radial distances from 40 to 140 cm.

The central muon detector (CMU) surrounds the calorimeters. It is composed by two

barrels of 24 modules, each covering 15◦ in the azymuthal angle φ. Every module
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2.3 Data selection and sample composition 2 CDF ANALYSIS

is segmented into three submodules, each consisting of four layers of drift chambers.

Behind a steel absorber is located an additional muon system (CMP), made of drift

chambers arranged to form a box around the central detector.

2.3 Data selection and sample composition

The analysis is performed on a sample of events acquired with the CDF dimuon trigger,

with an integrated luminosity of 742 pb−1. The event selection demands at least two

muon candidates satisfying all standard identification requirements, and the following

additional conditions:

• pT > 3 GeV/c.

• |η| < 1.0.

• |∆z| < 1.5 cm, where ∆z is the difference between the z-coordinates of the two

muons at the point of closest approach to the primary vertex.

• 5 GeV/c2 < M(µµ) < 80 GeV/c2, where M(µµ) is the invariant mass of the two

trigger muons. The lower bound is supposed to remove the contribution from

sequential decays of a single b quark and low-mass resonances, such as J/Ψ, while

the upper cut should reject muon pairs arising from Z0 decays.

• |∆φ| < 3.135 rad, to remove the contribution from cosmic muons passing through

the detector, which may be reconstructed as two back-to-back muons with opposite

charge.

There are two alternative additional requirements, based on hits in the inner tracker

layers. A loose one, used by most CDF analysis, imposes the presence of hits in at least

three out of the eight SVX and ISL layers. This is equivalent to ask the muon to be

produced within a distance of 10.8 cm from the beam line. A tight requirement, instead,

used for the σbb̄ measurement, selects only tracks with hits in both L00 and L0, and at

least two other hits in the outer layers. This constrains the muon to arise from within

a distance of 1.5 cm from the primary vertex, practically from inside the beampipe.

About 96% of muons from known QCD processes should satisfy this condition.

For a comparison, Run I requirements allowed muons to be produced as far as 5.8 cm
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2.3 Data selection and sample composition 2 CDF ANALYSIS

from the beamline.

The mentioned SVX requirements are graphically represented in Fig.1.

Figure 1: Layout of the inner tracker layers, and graphical representation of the SVX require-

ments used to select the different samples of muon events that are described in the text.

Results obtained with the sample collected through the tight selection are in good

agreement with expectations [3]: the invariant mass spectrum of muon pairs is well

described by known sources, as well as the impact parameter distribution; the value of

σbb̄ is consistent with the theoretical prediction.

Inconsistencies appear when the tight requirement is relaxed to the loose one. First

of all, the sample size increases more than expected. This means that there must be a

significant sample of events, called ghosts, in which one or both muons are produced at

radial distances of several cm from the primary vertex, passing the loose SVX require-

ment but not the tight one.

CDF evaluates the contribution from ghosts to the whole sample of dimuon events,

collected without any SVX requirement, and to the loose one. For the first they use:

N (all)(ghost) = N (all) −N (all)(QCD) (2)

where the last term is obtained as

N (all)(QCD) =
N (tight)

εtight
(3)

in the approximation that standard QCD processes dominate the tight event sample.

The second is given by:

N (loose)(ghost) = N (loose) −N (loose)(QCD) (4)
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2.3 Data selection and sample composition 2 CDF ANALYSIS

where again

N (loose)(QCD) =
N (tight)

εtight
εloose (5)

N (all) is the total number of observed dimuon events, N (tight) and N (loose) the numbers

of events which pass the tight and loose selections, and εtight and εloose the efficiencies

of the tight and loose selections respectively. The value that is used for the first is 0.244

±0.002, which is measured from Υ(1S) and J/ψ candidates. From the data it is found

instead to be 0.1930 ±0.0004. The second is measured to be 0.88 ± 0.01 using Υ(1S)

and J/ψ candidates, while in this sample it is found to be 0.79. Results are shown in

Table 1, also separately for muons with same (SS) and opposite sign (OS) charge, with

the assumption that ghost events do not contribute to the tight sample.

Total Tight SVX selection Loose SVX selection

all 743,006 143,743 590,970

all (OS) 98,218 392,020

all (SS) 45,525 198,950

QCD 589,111 ± 4,829 143,743 518,417 ± 7,264

QCD (OS) 98,218 354,228 ± 4,963

QCD (SS) 45,525 164,188 ± 2,301

Ghost 153,895 ± 4,829 0 72,553 ± 7,264

Ghost (OS) 0 37,792 ± 4,963

Ghost (SS) 0 34,762 ± 2,301

Table 1: Event count for dimuon events. Each contribution is obtained as described in

the text.

As can be seen in Table 1, the OS and SS contributions from the ghost sample are

comparable. The unknown excess of dimuon events in the data enriches the sample of

SS events, increasing the measured value of χ̄.

At this point of the analysis, the most relevant feature of muons from the ghost

sample is a long tail in the distribution of the impact parameter, which is defined as

distance to the primary vertex at the point of closest approach, extending up to several

centimeters, and thus exceeding the expected distribution for muons from standard
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sources.
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FIG. 7: Impact parameter distribution of muons contributed by ghost (•) and QCD (histogram)

events. Muon tracks are selected with loose SVX requirements. The detector resolution is! 30 µm,

whereas bins are 80 µm wide.

1/ptrack
T )2/!2

1/pT
] to measure the di!erence between the momentum vectors of the undecayed

pions or kaons (h) and that of the closest reconstructed tracks 3. Figure 9 shows the "

distribution as a function of R, the decay distance from the beamline. One notes that most

of the decays at radial distances R " 120 cm yield misreconstructed tracks. The numbers

3 The assumed experimental resolutions are !![rad] = !" = 10!3 and !1/pT
= 2 · 10!3 [GeV/c]!1.

20

Figure 2: Impact parameter distribution of muons from the (•) ghost and (histogram) QCD

sample.

This can be seen in Figure 2. Figure 3 shows the distribution of the impact parameter

for the two trigger muons, one versus the other, in tight and loose events. The concen-

tration along the diagonal is produced by cosmic muons which traverse the detector.

2.4 Possible sources of ghost events

The authors proceed by investigating the possible sources of the observed excess. First

of all, they take into account the possibility that this class of events was produced

by particular experimental conditions, or by track reconstruction failures. The first

hypothesis is excluded by the fact that the appearance of ghosts does not depend on

instantaneous luminosity nor the presence of multiple pp̄ interactions. The second is

also rejected through the analysis of a sample of D0 → K−π+ decays.

Possible physical sources are instead:

1. In-flight decays of charged K and π. These are expected to be the most relevant

source of non-prompt muons with large impact parameter. In fact, their lifetime
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FIG. 6: Two-dimensional impact parameter distribution of dimuons that pass the (a) tight and

(b) loose SVX requirements.

that the data sample selected with the tight SVX selection is not appreciably contaminated

by ghost events. This supports our procedure for estimating the ghost size by assuming that

the ghost contribution to events selected with tight SVX requirements is negligible. It also

follows that the bb̄ contribution to dimuons with impact parameter larger than 0.5 cm is

negligible.

In ghost events, the presence of a large tail extending to high impact parameters suggests

the contribution of particles with a lifetime much longer than that of b quarks, such as

K0
S, K and ! mesons, and hyperons. We first investigate muons produced by pion and

kaon in-flight-decays [source (b)]. As reported in Ref. [6], after having selected muon pairs

with the tight SVX requirements, approximately 30% of the QCD contribution is due to

prompt hadrons mimicking a muon signal. The size of the ghost sample has been estimated

assuming that the e!ciency of the tight SVX requirements for these tracks is the same

as that for real muons. This is a reasonable assertion when fake muons are generated by

hadronic punchthroughs. However, muons arising from ! or K decays inside the tracking

volume may yield misreconstructed tracks that are linked to hits in the SVXII detector less

e!ciently than real muons. We estimate this e!ciency using pions and kaons produced in the

large statistics heavy flavor simulation used to derive the dimuon acceptance for the "b!µ,b̄!µ

measurement [6]. We use the quantity "2 = 1/3·[(#h!#track)2/"2
!+($h!$track)2/"2

"+(1/ph
T!

19

Figure 3: Two dimensional impact parameter distributions of muons that pass the (a) tight

and (b) loose selection.

is by orders of magnitude longer than that of heavy-flavor particles [6], so they

are allowed to decay at large distances from the primary interaction, within the

detector volume. In this case both the hadron and the muon leave hits along their

travel path, and are then recostructed by the tracking algorithm as a single track.

Due to the kink between the mother and the daughter directions, this track may

have a large value of impact parameter, and be lacking of inner hits, which may be

rejected by the fit. This effect is more pronounced when the hadron decays early

in the tracker volume.

Through Monte Carlo studies, they estimate a total contribution from in-flight

decays of about 57,000 events, from which 44% pass the loose selection, and 8%

the tight one. This accounts for 35% of the ghost sample, but only for less than 10%

of the events with impact parameter larger than 0.5 cm. This estimate is affected

by a large uncertainty, due to the Monte Carlo modeling of QCD processes.

2. Semileptonic decays of hadrons with large Lorentz boost. Although not excluded

a priori, this is a source that would require a massive failure of the Monte Carlo

description of the data. It is however not observed in any other datasets, where

such a mis-modeling would certainly be evident.

3. Decays of K0
s and hyperons [6]. In this case, muons are produced by K and proton
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2.4 Possible sources of ghost events 2 CDF ANALYSIS

daughters giving punch-through in the detector. A contribution of approximately

12,000 events is predicted from this source, 5348 ± 225 from K0
s and 678 ± 60

from Λ.

4. Secondary interactions in the detector. To estimate this contribution, secondary

vertices are reconstructed by combining muons with all tracks in a cone around

the muon direction, with the appropriate constraints. Secondary vertices from

nuclear interactions are expected to be found mainly where the detector material is

concentrated. However, the distribution of the radial distance for the reconstructed
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FIG. 13: Distributions of R, the signed distance of muon-track vertices from the nominal beam

line for (a) QCD and (b) ghost events (see text).

transverse to the beam line, is shown in Fig. 13. The distance R is negative when the

secondary vertex is in the hemisphere opposite to that containing the momentum of the

muon-track system. Secondary interactions are characterized by spikes at R values where

the detector material is concentrated, such as SVX supports or the COT inner support

cylinder. From the absence of visible spikes, we conclude that the contribution of multi-

prong secondary interactions to initial muons in ghost events is negligible. At the same time,

we cannot exclude some contribution to ghost events from elastic or quasi-elastic nuclear

scattering of hadronic tracks in the detector material.

Our estimate of the size of possible sources of ghost events underpredicts the observed

number of ghost events by approximately a factor of two (154000 observed and 69000 ac-

counted for). However, given the possible large uncertainty of the in-flight-decay prediction

and the possible contribution of elastic or quasi-elastic nuclear scattering in the detector

material, at this point of our study we cannot exclude that the ghost sample can be com-

pletely accounted for by a combination of all the above-studied background sources. Were

ghost events all due to these ordinary sources, they would not contain a significant number

of additional real muons. Therefore, these sources are unlikely to be the origin of the excess

of low-mass dileptons reported in Ref. [3]. That study is repeated in the next section.

26

Figure 4: Distribution of the radial distance from the beam line, for reconstructed secondary

vertices, in (a) QCD and (b) ghost events.

vertices is smooth, and does not show spikes at values corresponding to the detector

material, as can be seen in Figure 4. From this they conclude that the contribution

from multi-prong nuclear interactions is negligible.

In any way, this method does not allow the estimation of the contribution from

single-prong interactions.

To conclude, all known sources can justify approximately only half of the ghost sample.

However, given the large uncertainties on the estimate of the in-flight decays contribu-

tion, and the fact that single-prong secondary interactions have not been modeled, at

this stage of the analysis the possibility that the whole sample could be accounted for

12



2.5 Additional muons 2 CDF ANALYSIS

by standard processes can not be excluded.

2.5 Additional muons

As a check, the authors look for additional muons in the event. In fact, ordinary pro-

cesses are not expected to produce a significant number of muons in addition to the

initial two. The main standard sources of additional muons are sequential decays of

b-quarks, and hadronic punch-through in the detector. To take into account the latter,

they get an estimate of the muon fake rate on a reconstructed D0 → K−π+ sample, and

then weight each contribution with this probability.

After an accurate analysis, they get some results on muon and track properties in ghost

and QCD events.

1. The tight selection efficiency for events containing at least an additional muon is

lower: it drops from 0.193 to 0.166, which means that ghost events contain yet

more additional muons than QCD. In detail, they consider a 36.8◦ cone around

the direction of one of the initial muons, and find a number of additional muons

that is approximately four times larger in ghost events than in QCD. As can be

seen in Figure 5 the multiplicity can be of three and four muons, or even larger.

The total number of tracks in the same cone is also twice larger.
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FIG. 22: Sign-coded multiplicity distribution of additional muons found in a cos ! ! 0.8 cone

around the direction of a primary muon in ghost events before (a) and after (b) correcting for

the fake muon contribution. An additional muon increases the multiplicity by 1 when it has

the opposite sign and by 10 when it has same sign charge as the initial muon. The background

subtracted distribution is also listed in Table X.

36.8
!

cone around the direction of the D0 prongs does not have the high multiplicity tail of

ghost events. We do not possess a data set of a known process with a number of tracks and

muons as large as in ghost events that could be used to verify the muon detector response

to this type of event.

One concern is that our procedure underestimates the fake rate in multi-muon events in

which hadronic tracks can take advantage of hits in the muon chambers produced by real

muons or by hadronic punchthrough. Our muon selection criteria were not optimized for

this type of event. A track is accepted as a muon if the distance of its projection onto

a muon detector from a muon stub is !x " 30, 40, and 30 cm for the CMU, CMP, and

CMX detector, respectively. For CMX or CMU muons with pT = 2 GeV/c, these !x

cuts correspond to the requirement that the track extrapolation and the muon stub match

within 3 ! in the r#" plane, where ! is a rms deviation that includes the e"ect of multiple

scattering and energy loss. We have selected additional muons by adding the increasingly

stricter requirements that track-stub matches are within 3 and 2 !, respectively. The latter

requirement reduces the number of multiple-muon combinations by a factor of two, but

41

Figure 5: Multiplicity distribution of additional muons in a cone around the direction of an

initial muon in ghost events, after the fake rate correction. An additional muon increases the

multiplicity by one when it has the opposite sign and by 10 when it has the same sign charge

as the initial muon. This distribution is obtained from data collected with the full integrated

luminosity achieved by the Tevatron collider, wich is about 2.1 fb−1.
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2.5 Additional muons 2 CDF ANALYSIS

2. The number of reconstructed secondary vertices, contained in a 36.8◦ around the

direction of one of the initial muons, is larger in ghost events than in QCD.

3. The tail in the impact parameter distribution for additional muons in QCD events

does not extend beyond 2 mm. In contrast, in ghost events it extends to larger

values and is similar to that for initial muons. When this tail is fitted with an

exponential, assuming that it is produced by the decay of a long-lived particle, the

slope that is returned is 21.4 ± 0.5 ps, which is different from the lifetime of any

known particle [6]. Some impact parameter distributions for initial and additional

muons are shown in Fig.6.
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FIG. 25: Muon impact parameter distributions for events containing (top) only two muons or

(bottom) more than two muons in a cos! ! 0.8 cone. We call dp and ds the impact parameter of

initial and additional muons, respectively. The solid lines represent fits to the data distribution

with an exponential function. The fit result is shown in each plot.

muons due to ghost events in Fig. 7 is derived using muon tracks that pass the loose SVX

selection in order to minimize the possible contribution of interactions in the detector systems

surrounding the SVXII detector. As mentioned earlier, this requirement sculpts the impact

parameter distribution of muons arising from the decay of particles with a lifetime much

larger than that of b quarks. The smaller number of events that contain two or more muons

45

Figure 6: Muon impact parameter distributions for events containing (top) only two muons

and (bottom) more than two muons in a cos θ > 0.8 cone. dp and ds are defined to be the

impact parameter for initial and additional muons respectively. All distributions are fitted to an

exponential. The results of the fit are also shown. These distributions are obtained from data

collected with the full integrated luminosity achieved by the Tevatron collider, wich is about 2.1

fb−1.
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3 D0 analysis

Following the release of this anomalous result by CDF, a search of events with similar

features has been performed by the D0 collaboration [4].

3.1 D0 detector and trigger

Like CDF, D0 is a general purpose detector at the Tevatron pp̄ collider at Fermilab [5].

It is composed by an inner tracker, a calorimeter, and a muon detector. The relevant

components for this analysis are the tracking and the muon systems, and only the central

part of the detector is considered, in the range |z| < 38 cm. The central tracking detector

is contained in a 2T solenoidal magnetic field. It is composed by two subsystems: the

Silicon Microstrip Tracker (SMT) and the Central Fiber Tracker (CFT). The SMT is

made of five layers of concentric silicon sensors, four layers (L1 to L4) at radial distances

from 2.71 to 10.0 cm, and an inner layer (L0), installed directly around the beampipe, at

a radial distance of 1.6 cm. The CFT is composed by 16 concentric layers of scintillating

fibers with radii from 20 to 50 cm. The muon system in the central region is made of

three layers of proportional drift tubes and scintillation counters. Between the first and

the second module is located an iron toroid providing a magnetic field to help muon

reconstruction. The total thickness traversed by muons to the outer layer is about 14λ,

which suppresses hadron punch-through.

For this analysis, D0 uses a dedicated dimuon trigger, that requires two muon candi-

dates with pT > 2 GeV/c and |η| < 2.0. They use a dataset which corresponds to a total

integrated luminosity of 0.9 fb−1 of pp̄ collisions at
√
s = 1.96 TeV. The event selection

criteria are chosen in order to collect a sample of dimuon events that well matches to

the one studied by CDF. In details, they demand:

• pT > 3 GeV/c.

• |η| < 1.0.

• |∆z| < 1.5 cm between the two tracks.

• |∆φ| < 3.135, where |∆φ| is the difference in terms of the azimuthal angle φ

between the two tracks. This veto is supposed to remove the contribution from
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cosmic muons that go through the detector and are reconstructed as two back-

to-back muons with opposite charge. This angular veto is enforced by a timing

condition.

• 5 GeV/c2 < M(µµ) < 80 GeV/c2.

Muons are considered only if located in the central region of the detector volume, because

of the |∆z| < 38 cm coverage of the innermost tracker layer.

3.2 Data selection and sample composition

The authors define two sub-samples of dimuon events, as done by CDF: a sample of loose

muons, satisfying the requirement of having at least three hits in the silicon tracker, and

a sample of tight muons, collected by asking a hit in the two innermost layers and at

least two other hits in the remaining layers. The loose selection then accepts muons

arising from within a distance of 10.0 cm from the primary vertex, while the tight one

only within 1.6 cm, that is inside the beampipe. In this way, the acceptance on the radial

distance is similar to CDF. Finally, a tight event is defined with both muons passing the

tight selection, and by analogy a loose one requires two loose muons.

They evaluate the excess of observed loose events with respect to the expectation, ac-

cording to the hypothesis that all muons are produced within L0. This is given by

the number of tight events, divided by the dimuon efficiency of the the tight selection

relative to the loose one. As this efficiency, εT/L(µ), is expected to depend on various

parameters, such as pT , η, and (z, φ) coordinates, it is evaluated muon-by-muon. The

loose excess is given then by the following expression:

N excess(loose) = Nobs(loose)−N extrap(loose) (6)

and

N exp(loose) =
∑

i

1
εT/L(µ1)εT/L(µ2)

(7)

where the sum is extended to all muons. The efficiency is then parametrized as follows:

εT/L(µi) = ε(zµi , φµi)F (ηµi)F (pµi
T ) (8)

To determine εT/L(µ) they need a test sample of muons that are supposed to be pro-

duced all within the innermost silicon layer. This condition is satisfied by a sample of
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reconstructed J/ψ → µ+µ− candidates.

Each factor in Eq. (8) is determined as the ratio between the corresponding histograms

for tight and loose events. In detail, a part from the dependence on pT , which is fitted

to a linear polynomial, F (ηµi) and the geometrical part ε(zµi , φµi) are taken directly

from the histograms.

3.3 Results

Results are shown in Table 2, separately for same sign (SS) and opposite sign (OS)

dimuon events.

Total OS SS

N(tight) 149,161 113,088 36,073

N(loose) 177,535 ± 421 134,097 ± 437 43,438 ± 208

N(extrapolated) 176,823 ± 504 134,095 ± 382 42,728 ± 121

N(excess) 712 ± 462 2 ± 359 710 ± 138

N(excess)/N(loose) (0.40 ± 0.26)% (0.00 ± 0.27)% (1.63 ± 0.32)%

Table 2: Event count for signal dimuon events. N(tight) and N(loose) are taken from

data; N(extrapolated) and N(excess) are computed ad described in the text. Only the

statistical uncertainties are reported.

The observed excess is small, about 1%, and is claimed to be consistent with expec-

tations from all known sources of non-prompt muons. Differently from what is found by

CDF, there is no contribution from opposite-sign dimuon events.

In addition, they examine some distributions of parameters which are relevant in the

CDF analysis, such as the invariant mass M(µµ) and the impact parameter, for muons

produced inside and outside the beampipe. Results are shown in Figures 7, 8 and 9.

There is no evidence of any anomalous behaviour.

Finally, they take into account all possible sources of non-prompt muons, including

cosmic rays, hadronic punch-through and in-flight decays of pions and kaons. For what

concerns cosmic rays, the significant contributions are removed through the |∆φ| veto

and the timing requirements. Moreover, the hadronic punch-through is neglected, as
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FIG. 9: Impact parameter distributions for muons from the signal dimuon sample. The muons from tight events are weighted
by their L0 e!ciency, to determine the expected distribution of the loose sample. This is then subtracted from the true loose
muon histogram to extract the IP distribution for muons from excess events. The first 2–3 bins in (b) are shifted from their
true values by the e"ect of the di"erent impact parameter resolutions for muons with and without L0 hits, as described in the
text. Systematic uncertainties are also shown in the bin-by-bin uncertainties and are correlated from bin-to-bin.
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(b) M(µµ) distribution for excess events.

FIG. 10: Invariant mass distributions for signal dimuons. The background-subtraction method described in the text is used to
extract the distribution for excess events (b), which can be compared to the distribution for all loose events shown in (a). The
# resonance can be clearly seen in the tight and loose samples, but is not present in the excess, which is expected if the prompt
muons have been correctly accounted for by the e!ciency !T/L. Systematic uncertainties are also shown in the bin-by-bin
uncertainties and are correlated from bin-to-bin.

in the extrapolated loose distribution having more events in the first bin (200 µm) than are observed - hence the
excess distribution shows a negative entry. The e!ect of this resolution on N(excess) bas been examined and found to
be negligible, since it is not an e"ciency but a shape function mapping between IP distributions of muons with and
without L0 hits. Since the region of interest is the large-IP tail, this e!ect can be tolerated, although techniques to
mitigate it in future (such as by refitting the tight tracks without their L0 hits) will be used for future improvements of
this analysis. Beyond this low-IP range, the distribution of the excess looks similar to the tight distribution, except for
the absence of a prompt component, and the !20 events in the IP > 1.6 cm tail. Note that systematic uncertainties
are propagated into the uncertainties on these distributions.

The same procedure can be repeated for other variables of interest. Figures 10 shows the equivalent distributions
for the invariant mass of the dimuon candidates. Figure 11 shows the distribution of the azimuthal angle and
pseudorapidity for individual muons.

Figure 7: Impact parameter distribution of muons from (a) the loose (•) and tight (histogram)

samples and (b) and from the excess events. The (b) histogram is obtained as described in the

text.
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by their L0 e!ciency, to determine the expected distribution of the loose sample. This is then subtracted from the true loose
muon histogram to extract the IP distribution for muons from excess events. The first 2–3 bins in (b) are shifted from their
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text. Systematic uncertainties are also shown in the bin-by-bin uncertainties and are correlated from bin-to-bin.
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FIG. 10: Invariant mass distributions for signal dimuons. The background-subtraction method described in the text is used to
extract the distribution for excess events (b), which can be compared to the distribution for all loose events shown in (a). The
# resonance can be clearly seen in the tight and loose samples, but is not present in the excess, which is expected if the prompt
muons have been correctly accounted for by the e!ciency !T/L. Systematic uncertainties are also shown in the bin-by-bin
uncertainties and are correlated from bin-to-bin.

in the extrapolated loose distribution having more events in the first bin (200 µm) than are observed - hence the
excess distribution shows a negative entry. The e!ect of this resolution on N(excess) bas been examined and found to
be negligible, since it is not an e"ciency but a shape function mapping between IP distributions of muons with and
without L0 hits. Since the region of interest is the large-IP tail, this e!ect can be tolerated, although techniques to
mitigate it in future (such as by refitting the tight tracks without their L0 hits) will be used for future improvements of
this analysis. Beyond this low-IP range, the distribution of the excess looks similar to the tight distribution, except for
the absence of a prompt component, and the !20 events in the IP > 1.6 cm tail. Note that systematic uncertainties
are propagated into the uncertainties on these distributions.

The same procedure can be repeated for other variables of interest. Figures 10 shows the equivalent distributions
for the invariant mass of the dimuon candidates. Figure 11 shows the distribution of the azimuthal angle and
pseudorapidity for individual muons.

Figure 8: Invariant mass distribution of muons from (a) the loose (•) and tight (histogram)

samples and (b) from excess events. The (b) histogram is obtained as described in the text.
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FIG. 13: Two-dimensional impact parameter distribution of all signal events in the tight and loose dimuon sample. Very few
events are observed in which both impact parameters are large.

9. POSSIBLE SOURCES OF EXCESS EVENTS

We have considered a number of sources which would produce reconstructed muons beyond the beampipe, including
hadronic punch-through, pion and kaon decay-in-flight, and cosmic ray muons. As the muons are required to exit the
iron toroid, which is over 13 ! thick (at " = 0), hadronic punch-throughs are negligible in this analysis. In addition,
punch-throughs come directly from the primary vertex and would therefore be accounted for by the e!ciency-weighted
extrapolation process [13–15].

a. Decays in Flight

Pion and kaon decays in flight, i.e. # ! µ$ and K ! µ$, can lead to muon production inside the SMT. We are
in the process of estimating their contribution to muons with large displacement from the PV, and for now present
simple estimates on their possible contribution. Charged #/K mesons which decay in the central tracking detector
will have the initial portion of their trajectory coming from the primary vertex. However, the fitting procedure does
not include the kink at the decay point and so fit outputs such as momentum, the quality of the fit, and the impact
parameter will be degraded, with this e"ect being larger for kaons. For IP, this degradation will be worse if the decay
occurs earlier in the flight path. For a momentum of 10 GeV/c, about 0.06% of pions and 0.5% of kaons will decay
in the first 35 cm. For decays in flight with kinks inside the beampipe or SMT, only the muon beyond the kink is
reconstructed as a track, resulting in large IP values. The tail out ot large impact parameters in Fig.9(b) is consistent
with being due to decays in flight.

A previous D0 analysis of CP-violating parameters in dimuon charged asymmetry found that about 5% of events
had a prompt muon plus a K± decay [16]. This analysis required pT (µ) > 4.2 GeV/c and IP< 0.3 cm, and additional
studies are needed to estimate this contribution at larger impact parameter.

Another good estimate of the contribution due to decays-in-flight can be found in Ref. [17], where the ratio of
candidates in B+ ! J/%K+ and B+ ! J/%µ+ mass peaks is examined. The results show that a fraction (3.4±0.2)%
of these candidates have a K ! µ$ decay in flight.

Neutral kaons can also produce muons with naturally large displacements from the primary vertex. The decay
probability for KS and KL with p = 10 GeV/c in the first 35 cm are about 50% and 0.2% respectively. Around 27%
of KL decays result in muons, via the process KL ! #µ$; for KS mesons, muons arise for around 1% of decays, via
the secondary pion decay # ! µ$. Each neutral weak eigenstate will yield muons at approximately 10% of the K±

rate, but with a di"erent and more extended impact parameter distribution which will be estimated using KS ! ##
events in data. Events which have both muons coming from # or K decay are dominated by QCD multi-jet events
without heavy quarks. The ratio of these to dimuons from b and c is less then 1%.

Figure 9: Two dimensional impact parameter distribution of all muons from the (a) tight and

(b) loose samples.

the probability that a hadron traverses the detector without interacting is too low. The

conclusion is that the relevant contribution is given by the in-flight decays of pions and

kaons, which is consistent with the amount of observed loose events and their impact

parameter distribution.
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FIG. 1: Distribution of the K0
S reconstruction e!ciency as a function of generated vertex radius for multi-jet Monte Carlo

simulation (taken from Ref. [10]). The entry for the first bin is low due to the displaced secondary vertex requirement described
in the text.

any additional hits that are consistent with the seed (quantified by examining the change in the track !2 when refitted
with the new hit). The extrapolation continues to the outermost CFT layer, or until three consecutive misses are
allocated to the end of a track; additional track quality criteria are then imposed based on the arrangement of hits
and misses for each hypothesis.

To allow tracks with fewer than three SMT hits to be reconstructed, the procedure is repeated starting from CFT-
only track seeds, also using three measurements. In this case the combinatorics are reduced significantly by using the
SMT-seeded tracks in the same event to measure the location of the primary interaction(s). The CFT seeds are then
required to pass within 1.5 cm, in z and in transverse distance, of one of these interaction points. The CFT seeds are
also extrapolated back into the SMT system to associate any consistent silicon hits with the track. The AA tracks
which are sent to the global tracking refit therefore have three or more hits in either the SMT or CFT sub-detectors,
and are constrained to have impact parameter less than 2.5 cm (1.5 cm) in the SMT (CFT) case.

Following track reconstruction, the positions of primary vertices (PV) in each event are determined from a set of
selected tracks, filtered to remove long-lived particles, or those which may have interacted with the detector material.
These are fitted to vertices using a !2 minimisation procedure, yielding PV positions to a precision of 35 µm along
the beam direction [5, 8]. The track impact parameter is calculated relative to the primary vertex, and typically has
an uncertainty of 50 µm for low pT tracks, improving to 10 µm for pT > 5 GeV/c.

D0 has previously searched for neutral, long-lived particles decaying to two muons [9, 10]. That analysis used a
di!erent data sample and required the muons to be isolated and have pT > 10 GeV/c. Studies undertaken for this
analysis measured the reconstruction e"ciency, using simulated decays of KS mesons, as a function of the radial
displacement between the primary interaction and the decay vertex. This is shown in Fig. 1, which is taken from
Ref. [9]. The results show that this e"ciency is unchanged (within uncertainties) up to vertex displacements of
!15 cm, falling to around half its maximum level by 25 cm. Note that the low e"ciency in the first bin is due to a
requirement that the radius of the K0

S secondary vertex be greater than !0.5 cm to reduce combinatorics. is therefore
expected that the D0 reconstruction software has the required acceptance and e"ciency to observe muons arising
from secondary vertices at radii ! 15–25 cm, provided that their impact parameters are less than !2.5 cm.

b. Muon Reconstruction

Muons are first reconstructed by associating hits in the muon drift chambers into short tracks called segments, with
timing and position information from the scintillation counters used to further constrain the muon trajectories. In
this analysis, muons are only accepted if they have segments in both the A-layer and the combined BC-layer, and are
referred to as two-layer muons. In addition, muons are required to be associated with hits in both the A and C layer
scintillators, to aid removal of cosmic-ray muons by appropriate use of timing information.

Segments from layers B and C are first combined, provided that they match in position and angle. The BC
segments are then passed to the next stage, for matching to A segments. Angular and position variables are used to
test compatibility of A-BC segments, with the e!ect of the intermediate toroid magnet taken into account. Each BC
segment can be matched to multiple A segments, provided that they satisfy these compatibility tests. The resulting
muon candidates are refitted using hits from all three layers to produce ‘local’ muon objects.

Reconstructed local muons are matched to charged particle tracks in the central tracking detector by extrapolating
inward from the muon track. If multiple tracks are found which match a local muon, the candidate with the lowest

Figure 10: Reconstruction efficiency as a function of the generated decay lenght r, for a Monte

Carlo sample of K0
s .

In any case, the D0 exclusion should not be considered conclusive, for several reasons.

First, the observed excess of loose events is too small. At least a large number of muons

arising from in-flight-decays of charged pions and kaons is supposed to populate the

loose sample, as underlined by CDF. The small size of the excess sample could be due
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to a low track reconstruction efficiency for tracks with large production radii and large

impact parameter. The probable dependence of the efficiency on the impact parameter

is not taken into account by the authors. In contrast, the dependence on the decay

lenght r is analyzed through a Monte Carlo sample of K0
s → π+π−. The result is shown

in Fig. 10. The reconstruction efficiency appears to be very low, between 5 and 8%, in

the whole range of r, that is from decay radii of few millimeters. For a comparison, the

result of an analogous study performed at CMS, shown in Section 10, reports efficiency

values several times larger. This inefficiency could have compromised the possibility of

the detection of muon events with the features spotted by CDF.

A third result by an independent experiment is then required.
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The LHC is a circular proton-proton collider, 27 km long [8]. It is installed at CERN

in Geneva, in the same tunnel where LEP was located, at an average depth of 100 m

underground. The nominal energy of each proton beam is 7 TeV, leading to the center-

of-mass energy
√
s = 14 TeV. The design luminosity is L = 1034 cm−2 s−1, which allows

an average of 109 interactions per seconds. The relevant parameters are summarized in

Table 3.

Energy per nucleon E 7 TeV

Design Luminosity L 1034 cm−2 s−1

Bunch separation 25 ns

N. of bunches kB 2808

N. of protons per bunch Np 1.15× 1011

RMS beam radius at the interaction point σ 16.7 µm

N. of collisions/crossing ≈ 20

Table 3: Relevant machine parameters of the LHC, when operating in pp collisions.

The pre-acceleration system is composed by the Linear Accelerator (Linac), the

Proton Synchrotron Booster (PSB), the Proton Synchrotron (PS), and the Super Proton

Synchrotron (SPS) [8]. The Linac provides 50 MeV protons to the PSB, where they

are accelerated to 1.4 GeV and then injected into the PS. Here the energy of 26 GeV

is achieved, and the bunch structure is formed, with the correct time separation of 25

ns. This time is used for synchronization, acquiring calibration data, and resetting the

front-end electronics of the detectors. The global structure of both the LHC and the

pre-acceleration system is shown in Fig.11.

The main ring comprises two adjacent parallel beam pipes, each containing one pro-

ton beam. The pipes intersect in the four points where the experiments are installed.

Protons are kept in their circular trajectory by 1232 superconducting dipole magnets,

producing a magnetic field up to 8.3 T, while 392 quadrupole magnets provide the focal-

ization of the beams. The acceleration system is composed by radio-frequency cavities
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(RF), installed between one magnet and the following, which generate the appropriate

electric field. Some relevant features of magnets and RF cavities are summarized in

Table 4.

RF Cavities

N. 8

Energy provided per turn 0.5MeV

Temperature 4.5K

Magnets

N. 1232

Length 14.3m

Magnetic field at 7TeV 8.3T

Temperature 2.1K

Table 4: Some relevant features of the LHC, RF cavities and superconducting magnets.

In the intersection points of the two proton beams the four main experiments are

installed: the Compact Muon Solenoid (CMS), A Thoroidal LHC ApparatuS (Atlas), the

LHC beauty experiment (LHCb), and A Large Ion Collider Experiment (Alice). The first

two are general purpose detectors. LHCb is designed for the study of the CP violation

in b physics, and Alice for the analysis of the quark-gluon plasma produced mainly in

heavy-ion runs.
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Figure 11: Schematic representation (not scale) of the LHC and the pre-acceleration system.
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5 THE CMS DETECTOR

5 The CMS detector

5.1 Coordinate convention

The Compact Muon Solenoid [9] is installed at LHC Point 5, in one of the four crossing

points of the beams [8].

The conventional coordinate system has its origin in the nominal collision point inside

the detector, the z axis pointing along the beam direction toward the Jura mountains,

the y axis pointing vertically upward, and the x axis pointing radially toward the center

of the LHC. The xy plane is then transversal to the detector. The azimuthal angle φ is

measured from the x axis in this plane. The polar angle Θ is measured from the z axis,

and pseudorapidity is defined as η = −log(tan(θ/2)).

5.2 General structure

CMS is a general-purpose detector [9], designed to measure a wide range of final states

[10]. A wide spectrum of performances is then required. A global view of the CMS

structure and a transverse section of the central part of the detector are shown in Fig.

12 and Fig.13.

The magnetic field which bends charged particles trajectory and permits the momentum

measurement is provided by a superconducting solenoid [9]. It has a length of 12.9 m,

an inner diameter of 5.9 m, and produces a 3.8 T uniform axial magnetic field. The

return field saturates an iron yoke, which consists of five wheels in the central region

of the detector (barrel) and three disks in each of the two endcaps. In the return

yoke the muon chambers are installed. These are organised in four stations of several

layers of aluminium drift tubes (DT) in the barrel, and cathode strips chambers (CSC)

in the endcaps, complemented by resistive plate chambers (RPC) [9]. The magnet

contains the tracking system and the calorimeters [9]. The tracking system forms on

the whole a cylinder of 5.8 m of length and with a diameter of 2.6 m. It is composed

by three inner layers of silicon pixel detectors placed close to the interaction point

to provide a good measurement of impact parameter for charged tracks and secondary

vertex reconstruction, and by 10 outer layers of silicon microstrip detectors. The tracker

is surrounded by the calorimetric system, which provides coverage in the |η| < 3.0
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Figure 12: Global view of the CMS detector.
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!1 1 3 4Figure 13: Trasverse section of the CMS detector. An example of the trajectory of a muon

from pp collisions is shown.
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region, and is composed by a EM calorimeter (ECAL) made of PbWO4 crystals, and a

brass/scintillator hadron calorimeter (HCAL). In addition, a forward calorimeter covers

up to the pseudorapidity of |η| = 5.0 [9].

5.3 The tracking system

At design luminosity, an average of about 103 particles produced by hard scattering

processes are expected to arise from the interaction region for each bunch crossing,

that is every 25 ns. This imposes to use detectors with high granularity and good

time resolution, especially in the region close to the primary interaction point. For this

reason, the whole tracker is made of silicon detectors, which satisfy the requirements.

The layout of the CMS tracking system is shown in Fig. 14.

100mrad
9 120 cm < | | <

280 cm 3

!pT
/pT =

pT !

•
61 200 (PbWO4)

7 324

Figure 14: Global layout of the tracking system.

1. The Silicon Pixel Detector [9] consists of three concentric layers in the barrel and

two disks in the endcaps on each side. The barrel layers are installed at radial

distances of 4.4, 7.3 and 10.2 cm, and provide a z coverage of 53 cm. In order to

have a high resolution in vertex reconstruction, the dimension of each pixel is 100

× 150 µm2 in (r, φ) and z. The endcap disks are assembled as can be seen in Fig.

15.

The spacial resolution on the single hit is estimated to be about 10 µm for the

r − φ measurement and about 20 µm for the z measurement.
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2. The Silicon Microstrip Detector [9] consists of four subsystems: the Tracker Inner

Barrel (TIB) and the Tracker Outer Barrel (TOB) in the barrel region, which

form several concentric cylindrical layers, the Tracker Inner Disks (TID) and the

Tracker Endcaps (TEC) in the endcaps, which are both arranged in rings centered

in the beampipe.

The TIB module is made of four layers and covers the region with 20 < r < 5520 Chapter 1. Introduction

Figure 1.10: Layout of pixel detectors in the CMS tracker.

The spatial resolution is measured to be about 10 µm for the r-! measurement and about
20 µm for the z measurement. The detector is readout using approximately 16 000 readout
chips, which are bump-bonded to the detector modules.

1.5.5.3 Tracker control and readout scheme

The Silicon Strip Tracker (SST) readout system is based on a front-end APV25 readout chip
[21], analogue optical links [22] and an off-detector Front-End Driver (FED) processing board
[23]. The APV25 chip samples, amplifies, buffers and processes signals from 128 channels of
a silicon strip sensor. Each microstrip is readout by a charge sensitive amplifier with " =
50 ns. The output voltage is sampled at the beam crossing rate of 40 MHz. Samples are
stored in an analogue pipeline for up to the Level-1 latency of 3.2 µs. Following a trigger,
a weighted sum of 3 samples is formed in an analogue circuit. This confines the signal to a
single bunch crossing and gives the pulse height. The buffered pulse height data from pairs
of APV25 chips are multiplexed onto a single line and the analogue data are converted to
optical signals before being transmitted via optical fibres to the off-detector FED boards. The
output of the transmitting laser is modulated by the pulse height for each strip. The FEDs
digitize, process and format the pulse height data from up to 96 pairs of APV25 chips, before
forwarding zero-suppressed data to the DAQ online farm. The electronics noise/channel of
the tracking system is about 1000 to 1500 electrons before and after irradiation, respectively.
The SST control system comprises !300 control rings that start and end at the off-detector
Front-End Controller (FEC) boards [24]. Slow-control commands, clock and Level-1 triggers
are distributed via digital optical links to Digital Opto-Hybrids (DOH) [25], which perform
optical-to-electrical conversion before the control signals are distributed to the front-end elec-
tronics.

The Pixel Tracker readout system is described in detail in [6]. A single pixel barrel module
is readout by 16 Read-Out Chips (ROCs). In the endcaps, the number of ROCs per module
varies from 2 to 10. Each ROC reads an array of 52"80 pixels. Analogue signals and corre-
sponding pixel addresses are stored in a data buffer, waiting for the Level-1 trigger decision.

Figure 15: Layout of the pixel detector in the tracker.

cm and |z| < 65 cm. The silicon sensors have a length of 10 cm in z, a width of

80 to 120 µm and a thickness of 320 µm. The single hit resolution ranges from 23

to 34 µm in the r − φ coordinates, and about 230 µm in z.

The TOB module is made of 6 concentric layers and provides a coverage of 55

< r < 116 cm and |z| < 110 cm. The sensors are 25 cm long, 180 µm wide and

500 µm thick. The single hit resolution is from 35 to 52 µm in the r− φ direction

and about 530 µm in z.

Each TEC module covers the region 120 < |z| < 280 cm, and consists of 9 disks,

while the TID is made of three small disks and covers the region between the

TIB and the TEC. Both the TEC and the TID have strips which point radially

toward the beam line. The sensors have a thickness of 320 µm for the TID and the

innermost rings of the TEC, and of 500 µm for the remaining disks of the TEC.
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5.4 The Electromagnetic Calorimeter

The Electromagnetic Calorimeter (ECAL) [9] is the inner part of the calorimeter. It is

made of lead tungstate (PbWO4) scintillating crystals, 61,200 in the barrel and 7324 in

each of the endcaps. The scintillation light is collected by silicon avalanche photodiodes

(APD) in the barrel and by vacuum phototriodes (VPT) in the endcaps, which have

high gain and can operate in the magnetic field inside the solenoid.

The energy resolution provided by the ECAL can be parametrized as a function of the

energy:

(
σ

E
)2 = (

S√
E

)2 + (
N

E
)2 + C2 (9)

where S is a stochastic term, N is the noise, and C is a constant. All these parameters

have been determined for each module through an electron beam test [9].

5.5 The Hadron Calorimeter

The Hadron Calorimeter (HCAL) [9] surrounds the ECAL. It is made of towers with

several layers of an absorber material (brass) and an active medium. The quantity of

absorber is maximized to provide good containment of the hadronic products of interac-

tions, for the missing ET measurement, with damage to the active part of the detector.

The resulting total interaction length is about 10λI .

The HCAL is composed by a Hadron Barrel (HB), covering the pseudorapidity region

|η| < 1.4, and a Hadron Endcap calorimeter, covering the region 1.3 < |η| < 3.0. These

are complemented by an additional layer of scintillators, the hadron outer calorimeter

(HO), installed outside the magnet, which is supposed to measure the energy of pene-

trating hadrons leaking outside the inner part of the detector. It increases the depth of

the calorimetry up to over 10λI . Finally, the coverage in the pseudorapidity region 3.0

< |η| < 5.0 is provided by the Hadron Forward Calorimeter (HF), which is located at

the distance of 11.2 m from the interaction point.

The HCAL performances for what concerns the energy response and the resolution have

been measured in test beam data [9].
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5.6 The muon system

The muon system [9] has to provide muon identification, momentum measurement and

event trigger. It is installed in the magnet return yokes, and is divided in a barrel de-

tector, covering the pseudorapidity region |η| < 1.2 and organised in concentrical layers,

and two endcaps, covering the region |η| < 2.4 and made each of four disks enclosing the

barrel. The muon system comprises three kinds of gas detectors. In the barrel region

drift tube chambers (DT) are used, while in the endcaps the detector consists of cathode

strip chambers (CSC). In addition, in both the barrel and the endcaps, resistive plate

chambers (RPC) are used, which have a high time resolution and a fast response, and

are then appropriate for the muon trigger. The global layout of the muon system is

shown in Fig.16.

12 Chapter 1. Introduction

high, cathode strip chambers (CSC) are deployed and cover the region up to |!| < 2.4. In
addition to this, resistive plate chambers (RPC) are used in both the barrel and the endcap
regions. These RPCs are operated in avalanche mode to ensure good operation at high rates
(up to 10 kHz/cm2) and have double gaps with a gas gap of 2 mm. A change from the
Muon TDR [4] has been the coating of the inner bakelite surfaces of the RPC with linseed
oil for good noise performance. RPCs provide a fast response with good time resolution
but with a coarser position resolution than the DTs or CSCs. RPCs can therefore identify
unambiguously the correct bunch crossing.

The DTs or CSCs and the RPCs operate within the first level trigger system, providing 2
independent and complementary sources of information. The complete system results in a
robust, precise and flexible trigger device. In the initial stages of the experiment, the RPC
system will cover the region |!| < 1.6. The coverage will be extended to |!| < 2.1 later.

The layout of one quarter of the CMS muon system for initial low luminosity running is
shown in Figure 1.6. In the Muon Barrel (MB) region, 4 stations of detectors are arranged in
cylinders interleaved with the iron yoke. The segmentation along the beam direction follows
the 5 wheels of the yoke (labeled YB!2 for the farthest wheel in!z, and YB+2 for the farthest
is +z). In each of the endcaps, the CSCs and RPCs are arranged in 4 disks perpendicular to
the beam, and in concentric rings, 3 rings in the innermost station, and 2 in the others. In
total, the muon system contains of order 25 000 m2 of active detection planes, and nearly
1 million electronic channels.
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Figure 1.6: Layout of one quarter of the CMS muon system for initial low luminosity running.
The RPC system is limited to |!| < 1.6 in the endcap, and for the CSC system only the inner
ring of the ME4 chambers have been deployed.

Figure 16: Layout of one quarter of the CMS muon system.

1. The Barrel Muon Detector [9] is installed in the return yoke, which is composed

of five wheels (YB/+2,+1,0,-1,-2), each divided into 12 sectors. A single sector

provides a coverage in the azymuthal angle φ of 30◦. The chambers are organized

in four concentric stations (MB1, MB2, MB3, MB4 in order of increasing radii)
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at radial distances of approximately 4.0, 4.9, 5.9 and 7.0 m from the beampipe.

The three inner stations of a single wheel are composed by 12 chambers, one for

each sector, while the outermost station (MB4) contains 14 chambers, two for the

top and bottom sectors, and one for the each of the remaining, as can be seen in

Fig.13. The two innermost stations, MB1 and MB2, are made of a DT chamber

between two RPCs. The two outermost stations, MB3 and MB4, instead, consist

of a DT chamber and a layer of one, two or four RPCs, depending on the station

and the sector. This structure is shown in Fig.17.

Each DT chamber located in the three innermost stations is made of three groups,3.1. System overview 93

SL !1

SL !2

SL "

Layer 4

Layer 3

Layer 2

Layer 1

Figure 3.1: The layout of a DT chamber inside a muon barrel station.

In the DT subdetector, an important modification of the basic element of detection, the drift-
tube cell, led to a slightly wider drift cell and a new design of the cathode I-beams that
separate the drift cells, resulting in a mechanically more robust chamber [79]. In addition,
the wire pitch and hence the cell size was increased from 4.0 to 4.2 cm to optimize the elec-
tronic segmentation and acceptance, leading to a reduction in the total number of channels
from 192 000 to 172 000. Analysis of test-beam and cosmic-ray muon data collected on both
prototype and full-size final chambers has shown no degradation of the performance of the
detector in terms of linearity of response, time resolution, noise level, or efficiency of hit
collection [79, 80, 81].

Each RPC detector consists of a double-gap bakelite chamber (Fig. 3.2), operating in avalanche
mode [82]. The gaps have a 2 mm width. Trigger requirements demand that in each station
the strips, which run along the beam direction, be segmented into 2 parts for stations MB1,
MB3, and MB4; in the MB2 station, either the innermost or the outermost layer is segmented
into 3 parts, depending on the position in the wheels and sectors. The strip length is thus
130 cm, except in the MB2 station where it is either 85 cm or 130 cm. There are 480 RPCs in
the Barrel, for a total of 1020 double-gap modules.

Figure 3.2: Schematic view of the RPC double-gap structure. The read-out strips in the Barrel
chambers run along the beam direction.

Figure 17: The layout of a DT chamber inside a muon barrel station.

named SuperLayers (SL), of four consecutive layers of drift tubes staggered by half

a tube. Two SLs have wires parallel to the beam line, in the z direction, and are

then supposed to measure the r − φ coordinate, while the third measures the z

coordinate. In the outermost station there are only two SLs, measuring the r − φ

coordinate. The single hit resolution provided by the DT chambers is about 200

µm.

2. Each Endcap Muon Detector [9] consists of four stations of chambers (ME1, ME2,

ME3, ME4, in order of increasing distance from the interaction point) installed

perpendicularly to the beam line, on the disks enclosing the magnet. In each

disk there are two concentric rings of chambers. Each of them consists of 36

elements, except the innermost rings of ME2, ME3 and ME4 which have instead
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18 elements. As can be seen in Fig.18 a CSC has a trapezoidal shape and consists

94 Chapter 3. Muon System

3.1.1.2 Endcap detector

There are 468 CSCs in the 2 Muon Endcaps. Each Endcap consists of 4 “stations” of cham-
bers, labeled ME1 to ME4 in order of increasing distance from the collision point, which are
mounted on the disks enclosing the CMS magnet, perpendicular to the beam direction. In
each disk the chambers are divided into 2 concentric rings around the beam axis (3 for ME1
chambers) (Fig. CP 5).

Each CSC (Fig. 3.3) is trapezoidal in shape and consists of 6 gas gaps, each gap having a
plane of radial cathode strips and a plane of anode wires running almost perpendicularly to
the strips. All CSCs, except those in ME1/3, are overlapped in ! to avoid gaps in the muon
acceptance. There are 36 chambers in each ring of a muon station, except for the innermost
(highest ") rings of ME2–ME4 which have 18 chambers. The gas ionization and subsequent
electron avalanche caused by a charged particle traversing each plane of a chamber produces
a charge on the anode wire and an image charge on a group of cathode strips. Thus, each
CSC measures the space coordinates (r, !, z) in each of the 6 layers.

cathode plane with strips

wire plane (a few wires shown)

7 trapezoidal panels form 6 gas gaps

Figure 3.3: Schematic view of a CSC chamber.

There have been several important changes in the CSC system from the set-up described
in [4]. The 10!-chambers in the fourth station (ME4/2) have been staged, reducing the to-
tal number of chambers from 540 to 468. The number of wire channels per plane for ME1/2
chambers was increased to 64, while for ME1/3 chambers it was decreased to 32. The ME1/1
chambers, which have split cathode strips, now have 48 strips for the higher-rapidity part
(|"| > 2.1) and 64 strips for the lower-rapidity part. The Anode Local-Charged-Track (ALCT)
trigger boards are placed on the top face of the chambers, while the corresponding Cathode
Local-Charged-Track (CLCT) trigger boards have been combined with the Trigger Moth-
erBoards (TMB) and moved into the peripheral crates placed around the edge of the steel
disks. The higher-rapidity cathode strips of the ME1/1 chambers have been removed from
the muon trigger and ganged together in groups of 3 (every 16th strip is combined) before

Figure 18: The layout of a CSC chamber of the Muon Endcap Detector.

in 6 gas gaps, each having a plane of radial cathode strips and one of anode wires

perpendicular to the strips. Every CSC measures the (r, φ, z) coordinates. The

single hit resolution is about 280 µm.

5.7 Trigger and Data Acquisition System

The LHC is designed to have a bunch crossing rate of 40 MHz. As data from only

about 100 interactions per second can be stored, the trigger system [9] [11] has to

provide a reduction factor of 4×105. It is composed by two levels of selection, to get

the required rejection power and mantain high efficiency for events with an interesting

physical content: the Level 1 (L1) and the High Level Trigger (HLT).

1. The L1 trigger [11] consists of a system of hardware processors installed close to

the detector components, in order to minimize the transit time of the signal from

the front-end electronics. To decide whether to retain or not an event as soon

as possible, the L1 takes into account only a reduced set of information from the

calorimeter and the muon system. The decision is based on primitive objects,

such as photons, muons, electrons ad jets, which are reconstructed from data with

reduced granularity and resolution, and have pT and ET above the set thresholds.

The total time for transit and decision is about 3.2 µs. During this time interval,

the complete set of data are temporarily held in pipelined memories. When the

event is accepted by the Level 1 trigger (L1A), the data are finally transferred
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from these memories to front-end buffers.

The rate of events accepted by the L1 (L1A) is less than 100 KHz.

2. The HLT [11], together with the Data Acquisition System (DAQ), is designed to

further reduce the L1A rate to the final rate of 100 Hz for mass storage.

After a L1A, the DAQ performs the readout of the front-end buffers, collects

all data of a bunch crossing, and forwards them to the Filter Farm. The latter

is a farm of computers where the events are processed and filtered by the HLT

selection algorithms, which use more detailed information from the detector than

L1. When the final decision is reached, the selected data are archived in mass

storage, together with some information of the HLT reconstruction to enable the

offline check.
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6 Track and muon reconstruction

The reconstruction [9] is the procedure of constructing physical objects from the raw

data collected by the detector. It includes three steps: the local reconstruction within the

single detector modules, which produces a set of reconstructed hits containing informa-

tion about the position and the energy deposition of a particle, the global reconstruction

in the whole detector, and the combination of the resulting objects into a high-level one.

6.1 Track reconstruction

The trajectory of a charged particle in the tracker is described by an helix, defined

through a set of five parameters: q
|~p| , vx and vy, that are the coordinates of the point

of closest approach of the track to the point (0, 0, 0), tan vx and tan vy [12]. Each track

is reconstructed from the single hits in the tracker, starting usually from the innermost

silicon pixel detector. The procedure consists in five steps.

1. Hit reconstruction. The hit positions in the silicon pixel (strip) detector, both in

the barrel and in the forward parts, are reconstructed from clusters of adjacent

pixels (strips) with a signal exceeding a certain threshold. A first temporary

estimation of the error affecting the hit positions is also performed.

2. Seed generation. Track seeds consist in the initial trajectory candidates for the full

track reconstruction, providing a first coarse estimate of parameters and errors.

Each seed is built by a seed-generation algorithm from pairs, or triplets, of pixel

hits. Alternative algorithms are also available, performing instead a pixel-less or

mixed seed reconstruction, from hits in the layers of the silicon strip detector, or

from a combination of pixel and strip hits. The choice of the most suitable tracking

algorithm for our analysis is discussed in Section 10.

3. Pattern recognition and Trajectory building. The pattern recognition is based on

a combinatorial Kalman filter method [13]. It proceeds iteratively, starting from

the seed layer and including one by one the successive layers up to the last. At

each step, all track parameters are re-measured with a better precision. After the

rejection of hits that are not compatible with the initial trajectory seed, the track

is then extrapolated taking into account:
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(a) The motion of a charged particle in the magnetic field produced by the

solenoid. Several studies have been performed to get a detailed map of the

field in the detector.

(b) The energy loss in the traversed material.

(c) Multiple scattering effects.

Several hits in a layer may be compatible with the previous hits and with the

predicted trajectory. For each of them a new trajectory candidate is created. An

additional one is generated, without using any of the hits, in order to take into

account the possibility that the particle did not leave any hit in that layer. All

track candidates satisfying the appropriate requirements are propagated in parallel

to the next steps.

4. Ambiguity resolution. Ambiguity may consist in a single track which can be recon-

structed starting from several seeds, or in a given seed which may produce more

than one trajectory candidate. It is solved through the rejection of the worst, in

terms of number of missing hits and χ2, among a set of tracks sharing more than

a defined number of hits.

5. Final track fitting. Finally, the track is refitted by a standard Kalman filter [13],

and a “smoother”, according to the motion of a charge in magnetic field, the

energy loss in the material, and the multiple scattering. Again the procedure is

iterative through the set of hits in the tracker. At each step, the track parameters

and errors are evaluated with higher precision. An additional check on the fit is

provided by the smoother algorithm, which is initialized by the result of the first

filter, and runs the trajectory backward to the primary vertex.

6.2 Offline muon reconstruction

The muon reconstruction algorithm [9] performs the reconstruction of a muon object

combining information from the muon system and from the silicon tracker. The proce-

dure includes three stages:

1. Local reconstruction and pattern recognition. It consists in the reconstruction of

hits in the DT, CSC and RPC single modules [9], and in the building of the muon
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track segments.

For what concerns DTs in the barrel, the hit position in the cell volume is ex-

tracted from the measurement of the drift time of electrons to the wire, relying

upon the knowledge of the drift velocity. The segment reconstruction is performed

separately for the r − φ and the r − z projections, which are finally combined

into a three-dimensional segment. For each projection, the pattern recognition

starts from a pair of hits in two well-separated layers, and then includes additional

compatible hits in all the other layers. Finally, the collected set of hits, with the

corresponding errors, is fitted to a line. The algorithm is applied to a r− z super-

layer, or to the two r − φ superlayers of a muon station.

For what concerns the CSCs, hits are reconstructed from clusters of silicon strips

with a signal exceeding a threshold. The segment is then built starting from the

first and last hits in a chamber, required to have the appropriate r−φ separation,

and adding all compatible hits in the intermediate layers.

Finally, for the RPCs, only the reconstruction of hits is performed, collecting clus-

Figure 19: Example of a muon trajectory in the detector.

ters of strips which gave a signal and determining the center of the corresponding

area in the detector plane.
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2. Standalone reconstruction. It is based only on the information from the muon

detectors, from both DTs in the barrel and CSCs in the endcaps, and RPCs. The

muon track segments found by the local reconstruction in the innermost muon

chamber are used to produce a muon trajectory seed. An iterative Kalman filter

method [13] is applied, working from inside out, and including also hits in the

RPCs. At each step, bad hits are rejected, and the track parameters and errors

are measured with a higher precision. An additional filter is used, which proceeds

iteratively from outside towards the beamline, and defines track parameters at

the innermost muon station. Finally, the resulting track is extrapolated to the

primary interaction, and a vertex-constrained fit is performed.

3. Global reconstruction. The last stage of muon reconstruction extends the muon

trajectories to include hits in the silicon tracker. It starts from a standalone muon,

and extrapolates backward the trajectory from the innermost muon station to the

outer layer of the tracker, taking into account the energy loss in the detector ma-

terial, in the steel, the coil and the calorimeters, and the multiple scattering. The

algorithm selects a region of the silicon detector compatible with the extrapolated

muon trajectory, in which to perform a regional track reconstruction. The latter

is done through the procedure described in Section 6.1, based on a Kalman filter

method [13]. The resulting trajectories are refitted and hits in the muon chambers

with a large χ2 value are rejected. An additional fit is finally performed using

only hits in the silicon tracker, and hits in the innermost muon station, excluding

RPCs.

6.3 Muon identification

Additional tools for selecting muon candidates are provided by muon identification al-

gorithms [16], which are complementary to the standard reconstruction. These selection

algorithms are designed for the rejection of fake muon candidates. The definition of fake

muons includes both real muons arising from in-flight decays of charged pions and kaons,

taking place in the depth of the detector volume, and punch-through. The latter consist

in charged hadrons, pions, kaons, or protons, which traverse the calorimeter and the

coil without loosing to much momentum, and thus get to the muon stations. The signal
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produced in the muon chambers leads to reconstruct such particles as muon candidates.

The best handle available to distinguish hadrons giving punch-through from real muons

is the penetration depth in the muon detector, as the probability that a hadron traverses

all the detector material and all muon stations without being stopped is expected to be

very low.

For what concerns in-flight decays, instead, the main identification criterium is the qual-

ity of the global fit of the trajectory. A cut on the impact parameter could also be useful

to reduce this contribution, but it would not be appropriate in our analysis.

A wide range of muon selection algorithms is avalaible. Each of them applies a

determined set of selection requirements, based in general on the normalized χ2 of the

global fit, the quality of the track, or the penetration depth in the muon detector [16].

We choose to take into account the following algorithms:

1. GlobalMuonPromptTight. It is the algorithm of choice of the Muon Physics Object

Group. It imposes a cut on the normalized χ2 of the global fit of the muon

trajectory, χ2 < 10. This requirement is supposed to reject tracks with a kink,

resulting in high values of χ2, and then should be powerful against in-flight decays

occurring within the detector volume.

2. TMLastStationTight. It rejects muon tracks which do not release a signal in the

outermost muon station. In detail, it requires at least two muon-track segments

well matched to the extrapolated silicon track, and a well-matched segment in

the last muon station traversed by the extrapolated track. The condition for the

matching is defined to be |∆x| < Max(3σ,3 cm) and |∆y| < Max(3σ,3 cm) be-

tween the muon track segment and the extrapolated track, where σ is the multiple

scattering width.

A systematic study of performances of the various selectors is needed, in terms of effi-

ciency and fake rejection power, in order to determine the most suitable for our purposes.

This analysis is reported in details in Section 9.1 and 10.1.
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7 Data sample and event selection

For this preliminary study, we have to use the most suitable sample of simulated Monte

Carlo data to reproduce the early CMS collisions data collected through a muon trigger,

on which our analysis will be performed. We choose a Minimum Bias pp→ µX sample

within the Full Simulation Summer08 production [17]. The presence of at least one

generated muon with pT > 2.5 GeV/c in each event is required. The relevant features

are reported in Table 5.

Sample description MinBias pp→ µX

Total number of events 5 ×106

Cross section 5.16 ×1010 pb

Filter efficiency 0.000689

Integrated luminosity 5.63 ×10−2 pb−1

Table 5: Relevant features of the Monte Carlo sample used in this preliminary analysis.

Since this analysis is supposed to be performed on real LHC data acquired with a

dimuon trigger, as done by the CDF and D0 collaborations, this sample is not appropri-

ate for our purposes. Unfortunately, at the time of this analysis, no sample of simulated

dimuon events is available.

We finally select our muon sample by imposing the following cuts:

• pT > 5 GeV/c, which is similar to the pT > 3 GeV/c requirement imposed by

CDF.

• |η| < 2.5.

8 Monte Carlo association

A significant part of this analysis is based on the comparison with the Monte Carlo

truth, so it is necessary to state a criterium for the association between a reconstructed

object and the corresponding generated one.

No official tool providing the association through a standardized procedure is available
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at the time of this analysis. A hit-based algorithm, in fact, is still under construction.

An alternative criterium which can be used consists in the spatial distance between

the trajectories. Given a reconstructed track, we search among all generated long-

lived charged particles in the event for the one which is the closest in space, that is

corresponding to the smallest angular distance ∆R, defined as follows:

∆R =
√

∆φ2 + ∆η2 (10)

where ∆η = |ηreco− ηgen|, and ∆φ = |φreco−φgen| for ∆φ < 2π and ∆φ = 2π− |φreco−

φgen| when ∆φ > π.

As an example, Fig.20 shows the distribution of the minimum ∆R for the association

between a reconstructed muon and a generated particle. Another variable, ∆pT /pT , is

relevant for the association. It is defined as:

∆pT /pT =
pgen

T − preco
T

pgen
T

(11)

In Fig.21 we report an example of the ∆pT /pT distribution, for muons from any source.

A requirement is finally imposed on the minimum ∆R and on the corresponding ∆pT /pT ,

in order to state whether an association is acceptable:

• ∆R < 0.1.

• |∆pT /pT | < 0.1.
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Figure 20: Distribution of the minimum ∆R for muons from any source.

For the study of the muon fake rates, which is reported in detail in Section 9.1, we

perform an additional check, in order to be confident in the procedure to identify the
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fake muon candidates. In that context, we select samples of hadrons, such as pions,

kaons, and protons, by selecting reconstructed tracks that are associated to a generated

hadron of choice. Our samples of fake muons are composed by those tracks which are also

assigned to a muon candidate. A possible ambuiguity in the association may result in the

overestimation of the number of the fake muon candidates, and must be then excluded.

For this purpose, given a reconstructed track associated to a generated hadron according

to the minimum ∆R criterium, we search for the closest muon in the event. We observe

that in general no muons are found reasonably close to the reconstructed track. Based

on this, we exclude the presence in our sample of any significant contribution from

ambiguous associations.
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Figure 21: Distribution of ∆pT /pT corresponding to the minimum ∆R, for muons from any

source. The ∆R < 0.1 cut is imposed.
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9 Fake rates

As spotted by CDF [1] and D0 [4], significant sources of displaced muons with large

impact parameter are expected to be in-flight decays of light mesons, such as charged

kaons and pions, and hadron punch-through in the detector. A fundamental step of our

analysis is then the estimation of this contribution, and a study of the tools to reduce

it.

We first perform an analysis based on the Monte Carlo truth. In this context, a

detailed study of the fake rejection provided by the muon selection algorithms mentioned

in Section 6.3 is performed.

This part is followed by a data-driven analysis, which will be applied on real data from

pp collisions.

9.1 Fake rate estimation based on the Monte Carlo truth

Our definition of fake muons includes hadrons giving puch-through in the detector, then

mimicking a muon signal, and real muons arising from in-flight decays, which can be

hardly distinguished in real data. Here we consider the two categories together, to make

a comparison with the results obtained through the data-driven analysis, and separately.

We select samples of hadrons of known species (π, K and protons) from all the recon-

structed tracks satisfying the following cuts:

1. pT > 5 GeV/c.

2. |η| < 2.5.

by requiring the association to the appropriate generated particle [7]. For charged π

and K, in order to take into account in-flight decays occurred within radial distances

of few centimeters from the primary vertex, the association to a generated muon [7]

is also allowed with the appropriate constraint on the mother. Within this sample of

hadronic tracks, we define the subsample of fake muons. In detail, we check if each

track has also been assigned to a muon candidate. The fake rate as a function of the

significant variables pT , η, and impact parameter (IP), is determined through the ratio

of the corresponding distribution for fake muons, from the distribution for the whole
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sample of hadrons. The different muon selection algorithms [16] mentioned in Section

6.3 are used.

For charged π and K, we then consider separately the two categories of hadrons

giving punch-through in the detector, and real muons from in-flight decays. The latter

are selected by imposing the association to a hadron with a muon daughter, or to a

muon arising from the appropriate mother.

The total number of fake muons, with respect to the size of the pion sample, is reported

in Table 6, for the different muon selectors. Results for kaons and protons are shown in

Table 7 and Table 8 respectively.

Unfortunately, this procedure to estimate the fake rate with the Monte Carlo truth

is affected by a bias, introduced by the use of a Monte Carlo sample of events with at

least one muon with pT > 2.5 GeV in the simulation. This selection leads to a larger

fraction of hadrons decaying into muons within the length of the tracker, with respect to

the prediction, which results in an overestimation of the fake rate from in-flight decays.

In order to remove this effect, we should exclude from each event one muon with pT >

2.5 GeV, and consider only the possible remaining muons. This additional selection

however would significantly lower the statistics, and it is not performed in this thesis.

The estimate of the fake rate from punch-through is not affected by the bias, since the

requirement of at least one muon in the event is applied on the generated particles [17].

Fig.22, Fig.23 and Fig.24 show the fake rate distribution as a function of pT , η and the

impact parameter respectively, for punch-through and in-flight decays together. The

same is reported in Fig.25, Fig.26 and Fig.27 for in-flight decays, and in Fig.28, Fig.29

and Fig.30 for punch-through.

For the fake rate from charged kaons only results obtained separately for punch-through

and in-flight decays, which are biased, are shown, in Fig.31, Fig.32 and Fig.33 and

Fig.34, Fig.35 and Fig.36 respectively.

Finally, results for the fake rate from the punch-through of protons are reported in

Fig.37, Fig.38, and Fig.39.
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Selection algorithm All Punch-Through

N. fakes Fake rate (%) N. fakes Fake rate (%)

TMLastStationTight (TML) 54,221 5.16 1433 0.16

GlobalMuonPromptTight (GMuP) 83,495 7.95 2687 0.29

TML & GMuP 48,184 4.59 649 7 ×10−2

Table 6: Total number of fake muons from pions, and fake rate, for different muon selection

algorithms. Results for the punch-through are also reported. The total number of pions in our

sample is found to be 1,049,480 ± 1024, of which 114,726 ± 339 (11%) decay into muon within

radial distances of 1.5 m from the primary vertex. These data correspond to an integrated

luminosity of 0.056 pb−1.

Selection algorithm All Punch-Through

N. fakes Fake rate (%) N. fakes Fake rate (%)

TMLastStationTight (TML) 43,166 8.02 659 0.12

GlobalMuonPromptTight (GMuP) 84,848 15.76 1181 0.33

TML & GMuP 37,980 7.05 356 6 ×10−2

Table 7: Total number of fake muons from kaons, and fake rate, for different muon selection

algorithms. Results for the punch-through are also reported. The total number of kaons in the

sample is 538,728 ± 734, of which 181,772 ± 426 (33%) decay into muon whithin radial distances

of 1.5 m from the primary vertex. These data correspond to an integrated luminosity of 0.056

pb−1.

Selection algorithm Punch-Through

N. fakes Fake rate (%)

TMLastStationTight (TML) 195 9 ×10−2

GlobalMuonPromptTight (GMuP) 341 0.15

TML & GMuP 67 3 ×10−2

Table 8: Number of fake muons from protons, and fake rate, for different muon selection

algorithms. The total number of protons in our sample is found to be 224,892 ± 474. These

data correspond to an integrated luminosity of 0.056 pb−1.
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Figure 22: (a) pT distribution for fake muons from charged pions, with respect to the cor-

responding distribution for real pions. Each color corresponds to the use of a different muon

selection algorithm, as indicated in the label. The distribution obtained for Global Muons, with-

out applying any of the selectors is reported only for completeness. Both in-flight decays and

punch-through are included; (b) Fake rate from charged pions, as a function of pT , obtained

as described in the text. Each marker corresponds to the use of one of the muon selection

algorithms, as indicated in the label.
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Figure 23: (a) η distribution for fake muons from charged pions, with respect to the corre-

sponding distribution for real pions. Each color corresponds to the use of a different muon

selection algorithm, as indicated in the label. The distribution obtained without applying any

of the selectors is reported only for completeness. Both in-flight decays and punch-through are

included; (b) Fake rate from charged pions, as a function of η, obtained as described in the text.

Each marker corresponds to the use of one of the muon selection algorithms, as indicated in the

label.
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Figure 24: (a) Impact parameter distribution for fake muons from charged pions, with respect

to the corresponding distribution for real pions. Each color corresponds to the use of a different

muon selection algorithm, as indicated in the label. The distribution obtained without applying

any of the selectors is reported only for completeness. Both in-flight decays and punch-through

are included; (b) Fake rate from charged pions, as a function of the impact parameter, obtained

as described in the text. Each marker corresponds to the use of one of the muon selection

algorithms, as indicated in the label.
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Figure 25: (a) pT distribution for muons from in-flight decays of charged pions, with respect to

the corresponding distribution for real decaying pions. Each color corresponds to the use of a

different muon selection algorithm, as indicated in the label. The distribution obtained without

applying any of the selectors is reported only for completeness; (b) Fake rate from in-flight

decays of charged pions, as a function of pT , obtained as described in the text. Each marker

corresponds to the use of one of the muon selection algorithms, as indicated in the label.
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Figure 26: (a) η distribution for muons from in-flight decays of charged pions, with respect to

the corresponding distribution for real decaying pions. Each color corresponds to the use of a

different muon selection algorithm, as indicated in the label. The distribution obtained without

applying any of the selectors is reported only for completeness; (b) Fake rate from in-flight decays

of charged pions, as a function of η, obtained as described in the text. Each marker corresponds

to the use of one of the muon selection algorithms, as indicated in the label.
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Figure 27: (a) Impact parameter distribution for muons from in-flight decays of charged pions,

with respect to the corresponding distribution for real decaying pions. Each color corresponds

to the use of a different muon selection algorithm, as indicated in the label. The distribution

obtained without applying any of the selectors is reported only for completeness; (b) Fake rate

from in-flight decays of charged pions, as a function of the impact parameter, obtained as de-

scribed in the text. Each marker corresponds to the use of one of the muon selection algorithms,

as indicated in the label.
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Figure 28: (a) pT distribution for fake muon candidates produced by charged pions giving

punch-through in the detector, with respect to the corresponding distribution for real pions

that do not decay. Each color corresponds to the use of a different muon selection algorithm, as

indicated in the label. The distribution obtained without applying any of the selectors is reported

only for completeness; (b) Fake rate from punch-through of charged pions, as a function of pT ,

obtained as described in the text. Each marker corresponds to the use of one of the muon

selection algorithms, as indicated in the label.
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Figure 29: (a) η distribution for fake muon candidates produced by charged pions giving punch-

through in the detector, with respect to the corresponding distribution for real pions that do not

decay. Each color corresponds to the use of a different muon selection algorithm, as indicated in

the label. The distribution obtained without applying any of the selectors is reported only for

completeness; (b) Fake rate from punch-through of charged pions, as a function of η, obtained

as described in the text. Each marker corresponds to the use of one of the muon selection

algorithms, as indicated in the label.
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Figure 30: (a) Impact parameter distribution for fake muon candidates produced by charged

pions giving punch-through in the detector, with respect to the corresponding distribution for

real pions that do not decay. Each color corresponds to the use of a different muon selection

algorithm, as indicated in the label. The distribution obtained without applying any of the

selectors is reported only for completeness; (b) Fake rate from punch-through of charged pions, as

a function of the impact parameter, obtained as described in the text. Each marker corresponds

to the use of one of the muon selection algorithms, as indicated in the label.
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Figure 31: (a) pT distribution for fake muon candidates produced by charged kaons giving

punch-through in the detector, with respect to the corresponding distribution for real kaons

that do not decay. Each color corresponds to the use of a different muon selection algorithm, as

indicated in the label. The distribution obtained without applying any of the selectors is reported

only for completeness; (b) Fake rate from punch-through of charged kaons, as a function of pT ,

obtained as described in the text. Each marker corresponds to the use of one of the muon

selection algorithms, as indicated in the label.
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Figure 32: (a) η distribution for fake muon candidates produced by charged kaons giving punch-

through in the detector, with respect to the corresponding distribution for real kaons that do not

decay. Each color corresponds to the use of a different muon selection algorithm, as indicated in

the label. The distribution obtained without applying any of the selectors is reported only for

completeness; (b) Fake rate from punch-through of charged kaons, as a function of η, obtained

as described in the text. Each marker corresponds to the use of one of the muon selection

algorithms, as indicated in the label.
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Figure 33: (a) Impact parameter distribution for fake muon produced by charged kaons giving

punch-through in the detector, with respect to the corresponding distribution for real kaons.

Each color corresponds to the use of a different muon selection algorithm, as indicated in the

label. The distribution obtained without applying any of the selectors is reported only for

completeness; (b) Fake rate from punch-through of charged kaons, as a function of the impact

parameter, obtained as described in the text. Each marker corresponds to the use of one of the

muon selection algorithms, as indicated in the label.
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Figure 34: (a) pT distribution for fake muon candidates from in-flight decays of charged kaons,

with respect to the corresponding distribution for real decaying kaons. Each color corresponds

to the use of a different muon selection algorithm, as indicated in the label. The distribution

obtained without applying any of the selectors is reported only for completeness; (b) Fake rate

from in-flight decays of charged kaons, as a function of pT , obtained as described in the text.

Each marker corresponds to the use of one of the muon selection algorithms, as indicated in the

label.
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Figure 35: (a) η distribution for fake muon candidates from in-flight decays of charged kaons,

with respect to the corresponding distribution for real decaying kaons. Each color corresponds

to the use of a different muon selection algorithm, as indicated in the label. The distribution

obtained without applying any of the selectors is reported only for completeness; (b) Fake rate

from in-flight decays of charged kaons, as a function of η, obtained as described in the text. Each

marker corresponds to the use of one of the muon selection algorithms, as indicated in the label.
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Figure 36: (a) Impact parameter distribution for fake muon candidates from in-flight decays of

charged kaons, with respect to the corresponding distribution for real decaying kaons. Each color

corresponds to the use of a different muon selection algorithm, as indicated in the label. The

distribution obtained without applying any of the selectors is reported only for completeness;

(b) Fake rate from in-flight decays of charged kaons, as a function of the impact parameter,

obtained as described in the text. Each marker corresponds to the use of one of the muon

selection algorithms, as indicated in the label.
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Figure 37: (a) pT distribution for fake muon candidates produced by a proton giving punch-

through in the detector. Each color corresponds to the use of a different muon selection algorithm,

as indicated in the label. The distribution obtained without applying any of the selectors is

reported only for completeness; (b) Fake rate from punch-through of charged protons, as a

function of pT , obtained as described in the text. Each marker corresponds to the use of one of

the muon selection algorithms, as indicated in the label.
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Figure 38: (a) η distribution for fake muon candidates produced by a proton giving punch-

through in the detector. Each color corresponds to the use of a different muon selection algorithm,

as indicated in the label. The distribution obtained without applying any of the selectors is

reported only for completeness; (b) Fake rate from punch-through of charged protons, as a

function of η, obtained as described in the text. Each marker corresponds to the use of one of

the muon selection algorithms, as indicated in the label.
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Figure 39: (a) Impact parameter distribution for fake muon candidates produced by a proton

giving punch-through in the detector. Each color corresponds to the use of a different muon

selection algorithm, as indicated in the label. The distribution obtained without applying any

of the selectors is reported only for completeness; (b) Fake rate from punch-through of charged

protons, as a function of the impact parameter obtained as described in the text. Each marker

corresponds to the use of one of the muon selection algorithms, as indicated in the label.
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9.2 Fake rate estimation from data

In order to estimate the fake rates without considering the simulation information (data-

driven analysis), we first need to isolate samples of hadrons of known type. For this

purpose, we use several resonances which decay into charged pions and kaons, and

protons [6]:

1. K0
s → π+π−.

2. Λ0 → pπ− (and charge conjugate).

3. φ→ K+K−.

9.3 Reconstruction of long-lived resonances

The K0
s and the Λ0 are long-lived particles [6], collectively called V0, which are expected

to be frequently produced in the pp collisions, and to decay far from the primary vertex.

In detail, the K0
s has a mass of 497.6 MeV/c2 and a cτ of 2.68 cm. The branching

ratio into π+π− is 67%. The Λ0 has a mass of 1115.7 MeV/c2 and a cτ of 7.89 cm. The

branching ratio into pπ− is 64% [6]. Standard algorithms [15] provide the reconstruction

of this kind of objects. V0 candidates are built from all possible combinations of tracks

with opposite-sign charge. Each track pair is fitted to a common vertex, using the

standard vertex fitter, and must pass several cuts to be selected as a V0 decay. The

main requirements are the following:

1. χ2 < 1 for the secondary vertex fit. This is the strongest condition.

2. R > 0.1 cm, where R is the distance of the reconstructed secondary vertex from

the primary interaction point.

3. R
σR

> 22.

The resulting invariant mass distribution, fitted to a couple of Gaussians superimposed

to a linear background, is shown in Fig.40 for K0
s . The results of the fit are also reported

(mKs = 0.498 GeV/c2 and σKs = 0.007 GeV/c2). The invariant mass distribution for

Λ is reported instead in Fig.41, fitted to a single Gaussian on a linear background. The

results of the fit are shown (mΛ = 1.116 GeV/c2 and σΛ = 0.002 GeV/c2). The samples
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Figure 40: Invariant mass distribution for the reconstructed K0
s candidates. The Gaussian

peak and the linear combinatorial background can be seen. The signal and background regions,

defined through the criteria discussed in the text, are filled in green and blue respectively. The

distribution is fitted to a function consisting in the sum of two Gaussians (p2, p3, p4 and p5, p6,

p7 being the constant, mean and σ respectively for the two functions) and a linear polynomial

(with p0 and p1 as constant and slope).
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Figure 41: Invariant mass distribution for the reconstructed Λ candidates. The Gaussian peak

and the linear combinatorial background can be seen. The signal and background regions,

defined through the criteria discussed in the text, are filled in green and blue respectively. The

distribution is fitted to a function consisting in the sum of a single Gaussian (p2, p3, p4 being

the constant, mean and σ respectively) and a linear polynomial (with p0 and p1 as constant and

slope).
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of reconstructed V0 candidates passing the selections contain both track pairs arising

from the decay of a real resonance, and a combinatorial background. The latter may

include real muon tracks, which would be wrongly counted as real pions producing a

muon signal, and then would contamine the fake rate estimate. We reduce this com-

binatorial contribution through a sideband subtraction, which is discussed in detail for

K0
s below.

We first define two regions in the invariant mass distribution: a signal, and a background

region. The first is centered in theK0
s mass peak and extends for 1.4σ 1 at each side. The

background region must be chosen in order that the combinatorial background strongly

dominates. The latter, in fact, is evaluated here, and then extrapolated within the sig-
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Figure 42: Rate of fake muon candidates produced by pions from a reconstructed K0
s → π+π−

decay, as a function of pT . The sideband subtraction method is used to select the K0
s sample.

The fake rate is computed as reported in detail in the text.

nal region, to be subtracted. We choose to extend the sideband from 2.8σ, avoiding the

overlap with the signal, to 9.8σ, at both sides of the K0
s mass peak. as shown in Fig.40.

The choice of the sideband width is important, as it is connected with the statistical

uncertainties on the signal and background estimates, and then on the fake rate. As

explained before, we choose the lower bound of the sidebands to be 2.8σ, to avoid the

overlap with the signal region, and we consider a variable upper limit, (2.8 + 1.4k)σ,

where k is the ratio of the sideband to the signal width. In this case we set k = 5.

We define NC as the total number of events in the sideband, and NB the extrapolated
1This value has been chosen to provide a statisfying efficiency with a favorable signal-to-noise ratio.
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number of background events within the signal region, NB = NC
k . The extrapolation is

affected by a statistical uncertainty:

σNB
=

1
k

√
NC (12)

The significance of the background estimate is then given by:

NB

σNB

=
NC

k

k√
NC

=
√
kNB (13)

The last expression in (13) shows that the significance is higher for larger values of k,

as expected. When possible, it is then convenient to extend the background region.

Finally, we obtain a K0
s → π+π− sample by subtracting the extrapolated background

to the signal sample. We use this sample to estimate the rate of pions which are
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Figure 43: Rate of fake muon candidates produced by pions from a reconstructed K0
s → π+π−

decay, as a function of η. The sideband subtraction method is used to select the K0
s sample.

The fake rate is computed as reported in detail in the text.

reconstructed as muons. We do not distinguish here between in flight decays, which

produce real muons in the detector volume, and punch-through. In detail, we check if

each track within the reconstructed K0
s → π+π− sample has been identified as a muon

candidate, and select in this way a fake muon sample, as described in the previous

section. The sideband subtraction is applied also to this sample, in order to subtract

possible real muons from the combinatorial background.

We are interested in the fake rate as a function of pT , η, impact parameter and, for a

check, φ. For each of these variables, the fake rate distribution is obtained as the ratio
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Figure 44: Rate of fake muon candidates produced by pions from a reconstructed K0
s → π+π−

decay, as a function of the impact parameter. The sideband subtraction method is used to select

the K0
s sample. The fake rate is computed as reported in detail in the text.

of the muon histogram to the pion one, after sideband subtraction. Results are shown

in Fig.42, Fig.43, Fig.44 and Fig.45.

The same procedure is applied to the reconstructed Λ0, which provide a proton and

a pion sample. The statistics is reduced in this case with respect to the K0
s , by the lower

production rate of the Λ0, and by the fact that only one proton and one pion arise from

a single decay. The estimate of the fake muon rate from protons, which is extracted

only from this sample, is expected to be affected by a larger statistical uncertainty.

Results are shown in Fig.46, Fig.47 and Fig.48.
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Figure 45: Rate of fake muon candidates produced by pions from a reconstructed K0
s → π+π−

decay, as a function of φ. The distribution is expected to be flat. The sideband subtraction

method is used to select the K0
s sample. The fake rate is computed as reported in detail in the

text.
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Figure 46: Rate of fake muon candidates produced by protons from a reconstructed Λ0 → pπ−

decay, as a function of pT . The sideband subtraction method is used to select the Λ0 sample.

The fake rate is computed as reported in detail in the text.
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Figure 47: Rate of fake muon candidates produced by protons from a reconstructed Λ0 → pπ−

decay, as a function of η. The sideband subtraction method is used to select the Λ0 sample. The

fake rate is computed as reported in detail in the text.
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Figure 48: Rate of fake muon candidates produced by protons from a reconstructed Λ0 → pπ−

decay, as a function of the impact parameter. The sideband subtraction method is used to select

the Λ0 sample. The fake rate is computed as reported in detail in the text.
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9.4 Reconstruction of prompt resonances

The reconstruction of the φ resonance is not as straighforward as that of V0 particles,

due to the extremely short lifetime. The requirement on the decay radius, which pro-

vides a useful handle to reduce the combinatorial background in the case of the long-lived

resonances, here would be meaningless. We combine all the tracks with opposite-sign
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Figure 49: Invariant mass distribution for the reconstructed φ candidates. The Gaussian peak

and the combinatorial background can be seen. The signal and background regions, defined

through the criteria discussed in the text, are filled in green and blue respectively. The distri-

bution is fitted to the function in Eq.14.

charge. Several constraints are imposed to reduce the large background, on the single

track parameters such as pT , η and the impact parameter. We study the invariant mass

distribution as a function of these, in order to identify the cuts which maximize the

significance of the signal and background estimates. The sideband width is set to be

k = 5.

As can be seen in Fig.49, the signal-to-background ratio for the φ is much more un-

favourable than for K0
s and Λ0. The invariant mass distribution is fitted through the

following function:

f(x) = p0 exp

[
−1

2

(
x− p1
p2

)2
]

+ p3 (100(x− p4))p5 (14)

The number of signal and background events is given by the integral of the fit function,

in the signal and in the background region respectively. We finally choose the following

cuts, resulting in the invariant mass distribution reported in Fig.49:
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1. χ2 < 2 for the track fit.

2. pT > 1 GeV/c2.

3. |η| < 2.5.

4. IP < 0.045 cm.

The fake rate from kaons is computed as a function of pT , η, and φ, as described in the

previous section. Results are shown in Fig.50 and 51. No study concerning the impact

parameter is performed, due to the cut imposed on this variable to select the good φ

sample.
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Figure 50: Rate of fake muon candidates produced by protons from a reconstructed φ→ K+K−

decay, as a function of pT . The sideband subtraction method is used to select the φ sample. The

fake rate is computed as reported in detail in the text.

We will study this background in the real and in the simulated data, subject to the

same trigger requirements, using these samples of reconstructed resonances. We will

then tune the simulation to the data, by scaling the fake muon rate to the ratio between

data and simulation, obtained from this comparison. The uncertainties affecting our

estimates will be evaluated from the number of reconstructed K0
s (NK0

s
), φ (Nφ) and Λ

(NΛ) per pb−1.

70



9.4 Reconstruction of prompt resonances 9 FAKE RATES

η
-3 -2 -1 0 1 2 3

/K
 r

at
io

μ

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0.016

etaMuSig2

Figure 51: Rate of fake muon candidates produced by protons from a reconstructed φ→ K+K−

decay, as a function of η. The sideband subtraction method is used to select the φ sample. The

fake rate is computed as reported in detail in the text.
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10 Reconstruction efficiency

As we are interested in muons arising from a secondary vertex displaced from the primary

interaction point, and having a large impact parameter, we have first to check if CMS

and the implemented tracking algorithms [9] have the appropriate sensitivity to tracks

with these features. We perform then a study of the track reconstruction efficiency for

selected samples non-prompt tracks, as a function of:

1. the impact parameter (IP).

2. the distance R between the primary vertex and the production point of the track.

For both the impact parameter and R we consider only the projections on the xy plane,

transverse to the beam direction. In this analysis we use the standard track reconstruc-

tion algorithm [9], implemented in the software version we use. An additional study on

performances of alternative tracking algorithms is also reported.

To estimate the IP-dependent reconstruction efficiency in the real data, we plan to use

K0
s → π+π− decays [6]. As the production and decay properties of these events are

pretty well known, a data-MC comparison of the rate of observed K0
s as a function of

their decay radius, or the impact parameter of their daughters, allows a precise deter-

mination of the relative efficiency. A preliminary study is presented in Section 10.2.

10.1 Efficiency for non-prompt muons

A first part of the analysis is performed on samples of muons arising from the decay

of long-lived particles, such as heavy-flavor mesons, pions and kaons. Each source is

considered separately.

We select generated muons [7] passing the pT and η cuts defined in Section 7, and

search for the association to a recostructed muon, as described in Section 8. As men-

tioned in the previous paragraph, the impact parameter and R distributions are consid-

ered. For what concerns R, the generation information is directly available through the

appropriate method. We evaluate the generated impact parameter through the following

expression:

IP = R cos

(
arctan

(
Ry

Rx

)
+ arctan

(
Px

Py

))
(15)
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Figure 52: Extrapolation of the trajectory backward from the decay vertex (DV) to the primary

interaction point (PV), in order to get the generated value of the impact parameter.

where Rx and Ry are the coordinates of the secondary vertex with respect to the primary

interaction point, and Px and Py the projections of the transverse momentum on the x

and y axis respectively.

As shown in Fig.52, Eq.(15) is obtained through a linear approximation, that is by

extrapolating the track backward from the secondary vertex to the pp collision point

with a straight line. This approximation is acceptable only if the secondary vertex

is close to the interaction point. Otherwise, a more accurate extrapolation should be

performed.

We finally get the reconstruction efficiency as a function of IP (R) as the ratio of the

IP (R) histogram for muons which have been reconstructed, from the corresponding

histogram for all generated muons. The statistical uncertainties are estimated for each

entry according to the appropriate binomial relation. In this context, we also perform

a comparison of the various muon selection algorithms [16] mentioned in Section 6.3.

As an example, Fig.53 shows the impact parameter histograms for muons arising

from a b meson, together with the resulting distributions of the reconstruction efficiency,

obtained with the application of the various muon selectors. As expected, the impact

parameter distribution for muons from the decay of a heavy-flavor particle does not

extend beyond 2-2.5 mm. In this region the reconstruction efficiency remains nearly
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constant, above 90% when no selection algorithm is applied, and around 80% for both

the TMLastStation and GlobalMuonPromptTight algorithms.

Muons from a charged kaon show a different behaviour, as can be seen in Fig.54.

Since kaons have a longer lifetime (cτ = 3.712 m) than heavy-flavor mesons [6], the

impact parameter distribution of their daughters should extend up to larger values.

The reconstruction efficiency, however, drops for IP values exceeding one millimeter.

This behaviour is motivated by the low efficiency provided by the tracking algorithm for

displaced tracks, as will be discussed here afterward.

Finally, the sample of muons arising from a charged pion is not useful for the purpose

of studying the reconstruction efficiency for large values of impact parameter. Pions

in fact have a long lifetime (cτ = 7.804 m), but muons from their decay have a small

transverse momentum with respect to the direction of their mother, due to the small

mass difference mπ − mµ = 34 MeV/c2 [6]. Muons from this source, then, have an

impact parameter distribution which does not extend beyond one millimeter. In any

case, Fig.55b shows the same effect which has been discussed for kaons.

The same is done for the decay radius R. In Fig.56 the generated R distributions for

muons from B meson are plotted, together with the resulting reconstruction efficiency,

for the various muon selectors.

As expected, the reconstruction efficiency obtained from the sample of muons from

heavy-flavor sources is high, around 90%, in the whole significant region extending up to

radial distances of few millimeters. The samples of pions and kaons, which are supposed

to decay in the depth of the detector volume, permit instead to spot possible inefficiencies

of the tracking algorithm for very large production radii, up to tenths of centimeters

from the beamline. Results are reported in Fig.57b and Fig.58b, for kaons and pions

respectively. A dramatic drop is observed, for R exceeding 10 cm, to less than 40%. This

inefficiency for displaced tracks produces the results discussed in the previous paragraph.

The same effect is evident from the study of a K0 → π+π− sample, which is reported

in Section 10.2 together with a detailed discussion of the possible improvements.
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Figure 53: (a) Impact parameter distributions for muons arising from the decay of a meson with

a b quark. The distribution for all generated muons, satisfying the cuts reported in the text,

is shown in black. The different colors instead correspond to the application of different muon

selection algorithms, as described in the legend. (b) Resulting distribution of the reconstruction

efficiency as a function of the impact parameter, obtained as described in the text. Again, each

marker corresponds to the application of a different muon selection algorithm.
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Figure 54: (a) Impact parameter distribution for muons arising from the decay of a charged

kaon. The histogram for all generated muons, satisfying the cuts reported in the text, is shown

in black. The corresponding histogram for well-reconstructed muons is reported in red. (b)

Resulting distribution of the reconstruction efficiency as a function of the impact parameter,

obtained as described in the text.
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Figure 55: (a) Impact parameter distribution for muons arising from the decay of a charged

pion. The histogram for all generated muons, satisfying the cuts reported in the text, is shown

in black. The corresponding histogram for well-reconstructed muons is reported in red. (b)

Resulting distribution of the reconstruction efficiency as a function of the impact parameter,

obtained as described in the text.
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Figure 56: (a) Distributions of the production radius for muons arising from the decay of a

meson with a b quark. The distribution for all generated muons, satisfying the cuts reported

in the text, is shown in black. The different colors instead correspond to the application of

different muon selection algorithms, as described in the legend. (b) Resulting distribution of the

reconstruction efficiency as a function of the production radius R, obtained as described in the

text. Again, each marker corresponds to the application of a different muon selection algorithm.
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Figure 57: (a) Distribution of the production radius for muons arising from the decay of a

charged kaon. The histogram for all generated muons, satisfying the cuts reported in the text,

is shown in black. The corresponding histogram for well-reconstructed muons is reported in red.

(b) Resulting distribution of the reconstruction efficiency as a function of the production radius

R, obtained as described in the text. The sudden drop at 10 cm is due to the seeding algorithm

implemented by the track reconstruction software.
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Figure 58: (a) Distribution of the production radius for muons arising from the decay of a

charged pion. The histogram for all generated muons, satisfying the cuts reported in the text, is

shown in black. The corresponding histogram for well-reconstructed muons is reported in red.

(b) Resulting distribution of the reconstruction efficiency as a function of the production radius

R, obtained as described in the text.
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10.2 Efficiency for K0
s → π+π−

We proceed with a study of reconstruction efficiency for charged pions arising from the

decay of a K0
s .

We select a sample of generated K0
s by imposing the following constraints:

• decay into two charged pions (K0
s → π+π−).

• at least one pion with pT > 4 GeV/c.

• both pions with |η| < 2.5.

For each generated K0
s satisfying the previous requirements we search for the association

with a reconstructed one. K0
s are reconstructed with the algorithm described in Section

9.3. We focus on the reconstruction efficiency as a function of the decay lenght R, and

of the impact parameter of the softest and of the hardest pion separately. Results are

shown in Fig.59, Fig.60 and Fig.61.

Fig.59 confirms the results previously obtained for the muon samples. The efficiency

is around 60% within radial distances of 5 cm, then drops to less than 10%.

This behaviour is a consequence of the track reconstruction algorithm implemented

in the software version now in use, which performs a seeded reconstruction [9]. A

seed consists in the initial trajectory candidate, which must provide a coarse estimate

of parameters and errors to the full track reconstruction. It is created from a set of

reconstructed hits in some of the tracker layers, with the appropriate compatibility

requirements. In Section 6.1 a detailed description of the full reconstruction procedure

is reported.

The current algorithm providing the seed generation searches for hits in the Silicon

Pixel Detector, which covers the region close to the primary interaction, from 4.4 to

10.2 cm. If a signal is not found in these layers, the seed is not produced, despite the

possible presence of hits in the outer layers of the tracker, and then the track can not

be reconstructed. In addition, a vertex constraint is imposed to select valid seeds. It is

based on the impact parameter, and requires the track to arise from the primary vertex.

Displaced tracks are then rejected.

An alternative tracking algorithm, with a different seed generator, is available [15]. It

creates a track seed also from signals in the silicon strips, in the first two layers of the TIB
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Figure 59: (a) Distribution of the generated decay radius R for the sample of K0
s satisfying

the requirements mentioned in the text (in black) and for K0
s which have been successfully

reconstructed (in red). (b) Resulting distribution of the reconstruction efficiency as a function

of R, obtained as described in the text.
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Figure 60: (a) Distribution of the impact parameter for the higher momentum pion daughter

of K0
s satisfying the requirements mentioned in the text (in black) and for K0

s which have been

successfully reconstructed (in red). (b) Resulting distribution of the reconstruction efficiency as

a function of the impact parameter of the hardest pion daughter, obtained as described in the

text.
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Figure 61: (a) Distribution of the impact parameter for the smaller momentum pion daughter

of K0
s satisfying the requirements mentioned in the text (in black) and of K0

s which have been

successfully reconstructed (in red). (b) Resulting distribution of the reconstruction efficiency as

a function of the impact parameter of the softest pion daughter, obtained as described in the

text.
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and in the two innermost TID and TEC rings, and is then sensible to tracks produced at

larger distances from the primary vertex, up to 20 cm. Moreover, the vertex constraint

is relaxed, to IP< 2 cm. Clearly, this pixel-less algorithm would be more suitable for our

analysis, especially for the study of secondary nuclear interactions, which are expected

to take place in the depth of the detector volume. Unfortunately, it will be implemented

from the next software release.

An additional improvement is expected to be obtained with the ultimate software

version, which will implement a still more efficient tracking algorithm [15]. This algo-

rithm can generate a track seed from hits in the innermost two TOB layers in the barrel,

or in the fifth TEC ring in the endcaps, and is then supposed to yield high values of

reconstruction efficiency up to distances of 50-60 cm from the beamline. In addition,

also in this case the vertex constraint is relaxed, to IP< 5 cm.
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11 Impact parameter resolution

An analysis of the resolution of the impact parameter measurement is needed. We

perform here only a preliminary study of the latter, based on the comparison with

the Monte Carlo truth. We use the samples of muons from heavy-flavor decays, and

charged kaons and pions, that are mentioned in Section 10.1. In this context, we consider

the difference ∆IP between the generated value of the impact parameter, obtained as

described in Eq.15, and the reconstructed one:

∆IP = IP reco − IP gen (16)

Also in this case the different sources are treated separately.

Fig.62, and Fig.63 show the ∆IP distribution for muons arising from the decay of B

mesons and light mesons respectively, passing the TMLastStationTight selector [16].

The histogram for the sample of muons from D mesons, which is not shown here, is sim-

ilar to the one from B mesons. All distributions are fitted to a Gaussian. From Fig.63,

the impact parameter resolution for muons arising from charged pions and kaons seems

to be two times larger than the value obtained for muons from heavy-flavor sources.

However, the fit with a single Gaussian for the heavy-flavor distribution is not accu-

rate, and a possible effect of the larger pT is not taken into account. This is correlated
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Figure 62: ∆IP distribution for muons arising from the decay of a b meson. The TMLastSta-

tionTight selection algorithm is applied. The result of a Gaussias fit is also reported.

to the effect which is shown, for the sample of muons from a kaon, in Fig.64, where
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Figure 63: (a) ∆IP distribution for muons arising from the decay of a charged pion. The

result of a Gaussian fit is also reported. (b) The same for muons arising from the decay of a

charged kaon. For both, the TMLastStationTight selection algorithm is applied. We impose the

condition R < 10cm on the production radius, to reduce the effect evident in Fig.64.

∆IP is plotted versus the production radius R. For R exceeding few centimeters, that

is for decays occurring within the detector volume, also the hadron leaves hits, which

are included in the track fit. In this case, the reconstructed track is displaced toward

the hadron trajectory, and this results in the underestimation of the impact parameter

measurement. The effect is expected to be more pronounced for larger values of R. For

this reason, and since we have to take into account the fact that we are still using a

linear approximation to extrapolate the track backward to the primary vertex, within

this study of resolution we impose a cut on the production radius R, taking into account

only muons with R not exceeding 10 cm.
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To be complete, we should also consider the dependence of the impact parameter reso-

lution on the transverse momentum pT .
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Figure 64: ∆IP distribution vs. the production radius R, for the sample of muons produced by

the decay of a charged kaon.

A part from this preliminary study with the Monte Carlo truth, the impact parameter

resolution will be measured on data using prompt and non-prompt resonances. are going

to reconstruct prompt resonances decaying into a pair of muons, such as the J/ψ and

the Υ [6], with the application of the sideband subtraction method.
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12 Preliminary estimate of CMS sensitivity for CDF anomaly

None of the models proposed so far to explain CDF anomaly is implemented in the CMS

simulation [17]. Therefore, a proper estimate of CMS sensitivity goes beyond the reach

of this study. We devote this last chapter to the estimate of the number of events from

standard processes that will be observed in an ad-hoc defined search region, in order

to asses the number of unexpected events over the background that we would be able

to observe in case a signal were there. Due to the lack of a representative model, we

cannot yet translate properly this number in a limit on the cross-section or a discovery

potential.

We proceed through a systematic classification of all significant Standard Model

sources of low-pT muons, based on the Monte Carlo truth, to determine their kinematic

features. We associate to each of the reconstructed muons of our sample a generated par-

ticle, according to the criteria mentioned in Section 8. We first distinguish between real

and fake muons, the latter being associated to a generated hadron, which include both

in-flight decays of light hadrons and punch-through. For what concerns reconstructed

muons which are associated to a generated one, we take into account the following

sources [6]:

1. Semileptonic decays of mesons containing a b quark: B±, B0, B±
c , B0

s .

2. Semileptonic decays of mesons containing a c quark: D±, D0, D±
s .

3. Leptonic and semileptonic decays of K±.

4. π± decays (π± → µ±νµ).

5. J/ψ decays (J/ψ → µ+µ−).

6. Υ decays (Υ → µ+µ−) 2.

7. Λb decays (Λ+
b → Λ+

c l
+ν̄lX).

8. τ decays (τ± → µ±νµ).

2Unfortunately, Υ production is not implemented into the Monte Carlo simulation now in use, so

these particles are not available.
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Figure 65: Impact parameter distributions as a function of pT , for all sources of muons men-

tioned in the text.
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We report in Fig.65 the distributions of the impact parameter as a function of the trans-

verse momentum pT for each of the mentioned sources. As expected, the contribution

from heavy flavor decays does not extend beyond 2.5-3 mm, while the tail to larger val-

ues is produced mainly by in-flight decays of charged kaons. Despite their long lifetime,

pions do not give an analogous contribution, due to the fact that the muon daughter

is produced mainly collinear to the mother direction. In Fig.66 the IP distributions for

the different categories are summed and superimposed.
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Figure 66: Impact parameter distributions for all sources of muons mentioned in the text,

summed and superimposed. Each color corresponds to a different category, as reported in the

legend. It is evident that the main contribution to the tail at IP values exceeding 3 mm is given

by decays of charged kaons.

The same study is performed on a sample of muons satisfying an additional require-

ment, based on hits in the inner tracker. Our intention is to select a sample of events

corresponding to the loose one used in the CDF and D0 analysis [1] [4], however possi-

ble given the significant differences between the experiments, mainly for what concerns

the inner tracking system. In both the CDF and D0 detectors, the innermost layer of

the tracker is installed directly on the beampipe, at a radial distance of about 1.5 cm

from the interaction point [1] [5]. In CMS, instead, the first layer of silicon pixels is

located at a radius of 4.4 cm [9], which roughly corresponds to the condition of CDF

during Run I. This difference, in any case, is not supposed to preclude the possibility
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of a similar analysis. Due to the larger CMS energy of the colliding protons, particles

at the LHC are produced with a larger Lorentz boost than at Tevatron, and therefore

they are expected to decay on average farther away from the production point. A more

quantitative statement can however be expressed only in the context of a specific model

for these hypothetical new particles. We choose then to impose the condition on the

radial position, RinnerHit > 5 cm, of the innermost hit used for the reconstruction of

muon candidates, in order to select tracks without hits in the first silicon layer. In

Fig.67 we report the distributions of the impact parameter as a function of pT for the

sample of muons obtained through this selection, separately for each of the sources. The

impact parameter distributions for the different categories, summed and superimposed,

are shown in Fig.68.

The final step of our analysis consists in a preliminary study of our potential to

exclude a CDF-like signal in early CMS collision data, as a function of the integrated

luminosity provided by the LHC. Since no one of the existing models fits the possible

signal found by CDF, we can rely only upon our understanding of the background

produced by known QCD processes. We first define the research region, in pT and

impact parameter, where the signal is expected. We state the bounds to be:

1. pT > 5 GeV/c.

2. IP > 0.3 cm.

since all Standard Model processes are expected to produce muons with impact param-

eter not exceeding 2-3 mm, as reported by CDF and confirmed by our results. We

count the total number Nb of S.M. muons within the selected region as the integral of

the impact parameter distribution shown in Fig.66. The statistical error εb is evalu-

ated according to the Poisson statistics, εb =
√
Nb. The expected cross-section σb of

background events is given by the following expression:

σb =
Nb

Ls
(17)

where Ls is the integrated luminosity of the used data sample, Ls = 0.056pb−1 [17]. We

measure Nb = 129 ± 11, and obtain an estimated background cross-section σb =(2303

± 196) pb. From data collected with a given integrated luminosity L we would be able
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Figure 67: Impact parameter distributions as a function of pT , for all sources of muons men-

tioned in the text. The muon sample is selected through the condition RinnerHit > 5 cm on

the radius of the innermost hit in the silicon tracker, which is supposed to reproduce the loose

requirement imposed by CDF.
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Figure 68: Impact parameter distributions for all sources of muons mentioned in the text,

summed and superimposed. Each color corresponds to a different category, as reported in the

legend. The muon sample is selected through the condition RinnerHit > 5 cm on the radius of

the innermost hit in the silicon tracker, which is supposed to reproduce the loose requirement

imposed by CDF.

to exclude at 95% CL a number of signal events Ns which satisfy the following relation,

function of L:

Ns > 1.96
√
Nb (18)

where

Nb = σbL (19)

and then

N lim
s = 1.96

√
σbL (20)

Some results for different values of the integrated luminosity are shown in Table 9.

The same is done for the sample selected through the condition on the innermost hit. In

this case we find a total number of background events Nb = 106 ± 10, and a background

cross-section σb = (1892 ± 178) pb. Results are shown in Table 10.

All these estimations are obtained through a fixed definition of the search region,

made taking into account the CDF evidence and our results. In addition, a systematic

study should be performed in order to optimize the cuts in pT and impact parameter

that we are intended to apply on real collisions data.
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L (pb−1) N lim
s σs (pb)

1 94 94

10 297 30

100 941 9

Table 9: Minimum number of events N lim
s and cross-section σs of a possible CDF-like signal

which can be excluded as a function of the integrated luminosity L.

L (pb−1) N lim
s σs (pb)

1 85 85

10 270 27

100 850 8

Table 10: Minimum number of events N lim
s and cross-section σs of a possible CDF-like signal

which can be excluded as a function of the integrated luminosity L.
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13 Conclusions

In this thesis we presented a preliminary study of CMS sensitivity to the CDF anomaly,

performed on a sample of Monte Carlo data which is supposed to reproduce data from pp

collisions collected with integrated luminosity L = 0.056 pb−1. No trigger requirements

were imposed.

We first studied in detail the muon identification, in order to understand the possible

sources of fake muon candidates. After an analysis based on the Monte Carlo truth,

we presented the procedure which we are meant to apply to real data to evaluate this

contribution. Both in-fligh decays and punch-through have been taken into account.

We identified a bias affecting the estimate of the in-flight decays contribution, due

to the use of a sample of events selected to have at least one muon with pT > 2.5

GeV/c, and discussed a possible way to remove it. Based on the comparison with the

Monte Carlo truth, we then analyzed the performances of our reconstruction algorithm

for what concerns the resolution of the impact parameter measurement and the track

reconstruction efficiency. We discussed in detail the limits and the possible improvements

of the implemented tracking algorithm for tracks with very large production radii. We

also described the procedures to extract these estimates from data. We proceeded

through a systematic classification, based on the simulation, of all relevant sources of

low-pT muons with large impact parameter. Finally, we gave a very preliminary estimate

of the CMS sensitivity to a possible CDF-like signal. Due to the lack of a suitable

model, we could rely only of our understanding of the S.M. background. We evaluated

the number of events from standard processes expected for several values of integrated

luminosity in a defined search region in pT and impact parameter, and predicted the

number of unexpected events over this background which we would be able to observe

in case a signal were there. In case a model were available, we would be able to put a

limit on the observable cross-section or to estimate our discovery potential.
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