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Chapter 1

The Top Quark

1.1 The Standard Model

The Standard Model1 (SM) of particle physics is a theory that describes all observed

elementary particles and three of the four forces through which they interact. These

particles can be divided into bosons which have spin 1 and fermions which have spin

1
2
. The bosons mediate the three forces which are comprised of the electromagnetic,

strong and weak interactions. The electromagnetic interaction acts through the pho-

ton, the strong interaction works via gluons and the weak interaction is mediated by

the W± and Z0 bosons. The strongly interacting fermions are called quarks and the

ones which cannot interact strongly are called leptons. All of the SM particles are

shown in Figure 1.1.

The Standard Model is not the complete theory of elementary particles and their

interactions: it does not include gravity and does not extend to arbitrarily high

energy scales. However, it has proven to be remarkably accurate at all energy regimes

currently accessible with particle accelerators. The SM correctly predicts properties of

elementary particles such as their lifetime and allows us to estimate the cross sections

1Numerous texts describing the Standard Model have been published and it is common knowledge
within the field of particle physics. Therefore, there will be no citations for the basic aspects of the
SM in this section. References [1], [2] and [3] can be consulted for details.
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Figure 1.1: The particles of the Standard Model. All fermions also have an anti-
particle with opposite charge. Masses are taken from [1] except for the top quark
mass which is from [4].

of processes that produce various particles.

1.1.1 Fermions

Leptons

There are three generations of charged leptons: electrons, muons and taus. Each of

these includes a negatively charged particle or a positively charged anti-particle for a

total of six charged leptons. Furthermore, each of the six has an associated neutrino

or anti-neutrino. The latter are electrically neutral and are assumed to be massless

in the Standard Model. The observed oscillation of neutrinos between the lepton

generations implies that neutrinos have non-zero masses, but since these masses are

far smaller than the scale of the energies for this analysis, we use the Standard Model

assumption.
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The three generations differ only in mass and “lepton number”. The latter is used

to describe the conservation of the number of leptons from each generation. Electrons

and the associated neutrinos have an electron lepton number of 1 while positrons and

the associated anti-neutrinos have an electron lepton number of -1. The same con-

vention holds for the other generations of leptons. Under the assumption of massless

neutrinos, the conservation of the three lepton numbers is absolute. Therefore, muons

and taus must always emit an associated neutrino when they decay and they can only

do so through the weak interaction.

The lifetime of weakly decaying fermions is approximately proportional to m4
W/m

5
f

where mW is the mass of the W boson and mf is the mass of the fermion [3]. The

muon has the lowest mass of all unstable SM particles and as a result of this, its mean

lifetime is relatively long: τµ = 2.2×10−6 s. This allows relativistic muons to travel

through particle detectors without decaying. The neutrinos and the electron are the

lightest particles in the Standard Model and are thus stable due to conservation of

energy and charge.

Quarks

Quarks are massive fermions with charges that are either ±1
3

or ±2
3

times the charge

of the electron. In addition to the electric charge, they also carry one of three “color”

charges which allows them to participate in strong interactions. Due to the nature of

the strong interaction, free quarks are never observed. Except for the top quark which

is discussed in greater detail below, separated quarks form additional quark-antiquark

pairs until all of the quarks are bound in color-neutral hadrons. This phenomenon is

referred to as “hadronization”.

As with leptons, there are three generations of quarks with two quarks and two

antiquarks each. Thus, there is a total of six quark flavors: up, down, strange,

charm, bottom and top. Quark flavor is conserved under electromagnetic and strong

3



interactions, but not under the weak interaction. Unlike leptons, heavier quarks can

decay into lighter quarks from other generations via the weak interaction.

1.1.2 Interactions and Gauge Bosons

Electroweak Interactions

One of the main insights of the Standard Model is that the electromagnetic and weak

interactions can be combined into a single “electroweak” interaction. This has the

symmetry SU(2)×U(1) and is generated by a triplet of vector fields (referred to as W 1
µ ,

W 2
µ and W 3

µ) and a single vector field (called Bµ). The W i
µ fields couple to electroweak

chiral doublets which consist of the Dirac spinors of fermions or anti-fermions from

the same generation. The fields only couple to left-handed fermions or right-handed

anti-fermions and the current associated to this coupling is called the weak isospin

current. The Bµ field couples to the hypercharge current which is a combination of

the W 3
µ component of the weak isospin and the electric charge.

The electroweak symmetry is spontaneously broken using the Higgs mechanism

which results in one massless and three massive gauge bosons:

Aµ = Bµ cos θW +W 3
µ sin θW , (1.1a)

Zµ = −Bµ sin θW +W 3
µ cos θW , (1.1b)

W±
µ =

1√
2

(
W 1
µ ∓W 2

µ

)
. (1.1c)

Here, the massless Aµ corresponds to the photon, Zµ to the Z0 boson and W±
µ to the

W± bosons. θW is the weak mixing angle and is given by cos θW = MW/MZ .

In the Standard Model, spontaneous symmetry breaking is accomplished by intro-

ducing a Higgs field which has a degenerate ground state. The choice of a particular

minimum value around which to do a perturbative expansion breaks the symmetry.
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The Higgs field results in a massive Higgs boson (H) with spin 0 and also gives masses

to the fermions. However, the Higgs boson has not currently not been observed and

there exist extensions of the SM that break the symmetry by other means.

Strong Interactions

As mentioned above, the strong interaction is mediated by gluons and takes place

between particles that have color charge. There are three different colors: “red”,

“green” and “blue”. Every quark carries a single color or anticolor and every gluon

carries one color and one anticolor. Since the gluons themselves have color, a gluon

can interact with other gluons as well as with quarks. The symmetry of the strong

interaction is SU(3).

Unlike all other interactions, the coupling of the strong interaction is relatively

weak at short distances and increases as the interacting particles are separated. The

“running coupling constant” of the strong interaction can be written as

αs(q
2) =

12π

(11n− 2nf ) log(q2/Λ2)
, (1.2)

where q is the momentum of the virtual gluon mediating the interaction, n is the

number of quark generations, nf is the number of quark flavors and Λ is the mo-

mentum scale at which this approximation breaks down and the coupling constant

becomes large [2]. Λ has been measured to be between 100 and 500 MeV/c.

The relationship between the distance and momentum scales of the interaction

is determined by the uncertainty principle: d = c∆t & ~/q. Thus, at distances

on the order of the size of the proton, quarks behave as nearly free particles. This

phenomenon is known as “asymptotic freedom”. However, the color is confined within

hadrons: the separation of colored particles leads to hadronization. The time scale

of hadronization is inversely proportional to Λ and is between 10−23 and 10−24 s.
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1.2 Top Quark Production
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Figure 1.2: Tree-level Feynman diagrams of tt̄ production.

The top quark is the most massive Standard Model particle with a mass of ap-

proximately 173.3 GeV/c2 [4]. At hadron colliders, it is predominantly produced

in top-antitop quark pairs (tt̄) through either gluon fusion or quark annihilation as

shown in Figure 1.2. At the Large Hadron Collider (LHC), the dominant mode of

tt̄ production is gluon fusion: it produces 70% of tt̄ pairs at
√
s = 7 TeV [5]. The

cross section of tt̄ production at
√
s = 7 TeV is 158+23

−24 pb when calculated at next-to-

leading order [6]. This is consistent with next-to-next-to-leading order calculations [7]

and with experimental results [8].

1.2.1 Single Top

Single top quarks produced via the electroweak interaction have also been observed,

but this production mode is much more rare. At the Large Hadron Collider, there

are three modes of single top production: t-channel, s-channel and tW-channel. The

three modes are shown in Figure 1.3. The cross sections of the different modes at

6



√
s = 7 TeV are 64.6 pb for the t-channel, 4.21 pb for the s-channel and 10.6 pb for

the tW-channel [9].

Single top production in the tW-channel results in two W bosons and a b-quark.

It is similar to tt̄ except for the latter having an additional b-quark. Since b-quarks

are only observed in detectors as jets of particles (see Section 4.6), the extra b-quark

can be mimicked by radiated jets and single top in the tW-channel is a background

in analyses that study tt̄.

+W

t

bq
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+W

t

q'

b

q

t-channel

b

t

-Wb

g

tW-channel

t

-W

t

b

g

tW-channel

Figure 1.3: Tree-level Feynman diagrams of single top production.

1.3 Top Quark Decay

As noted in Section 1.1.1, the lifetimes of fermions are inversely proportional to the

fifth power of their masses. Due to the very large mass of the top quark, it has a

decay width Γt =1.99+0.69
−0.55 GeV and thus a lifetime of (3.3+1.3

−0.9)×10−25 s [10]. This is

significantly less than the time scale of hadronization (10−23-10−24 s) so top quarks

decay before they can hadronize.

The top quark decays almost exclusively to a W boson and a bottom quark and
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the tt̄ pair decays into W+bW−b̄. Each W boson can then decay into a muon, electron

or tau and an associated neutrino or it can decay into a pair of quarks. We consider

a W boson decay leptonic if it results in a muon or an electron. Since tau leptons are

about 17 times more massive than muons, they decay within the innermost section

of particle detectors. If a tau decays into hadrons, it is difficult to distinguish from

other hadronic activity. Therefore, top quark decays into taus are considered leptonic

only if the tau decays into a muon or an electron. The probability for a tau to decay

leptonically is 0.352 [1].

The tt̄ decay channel is determined by the two W bosons: it is hadronic if both

decay into quarks, semi-leptonic if exactly one decays leptonically and dilepton if both

do so. The decay channels are shown in Table 1.1. In this analysis, we report on the

measurement of the mass of the top quark in the dilepton channel. Figure 1.4 shows

the decay of a tt̄ pair into dileptons. The total branching fraction of this channel is

approximately 0.065.

tt̄→W+bW−b̄ W− → e− or µ− W− → τ− W− → hadrons
W+ → e+ or µ+ 0.0467 0.0233 0.146

W+ → τ+ 0.0233 0.0117 0.073
W+ → hadrons 0.146 0.073 0.457

Table 1.1: Branching fractions of tt̄ decays. The three lepton flavors are assumed to
have the same branching fractions.

1.3.1 Kinematics of Dilepton tt̄ Decay Products

Hadron Collider Conventions

At hadron colliders, the momentum of the colliding protons and their constituent

partons is almost entirely in the directions of the beams. By convention, the direction

of one of the beams is taken to be the z-axis. Because the energy of the colliding

hadrons is not equally distributed among their constituent partons, any interaction
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Figure 1.4: Dilepton decay of a tt̄ pair.
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can result in particles with significant momentum along the z-axis. Therefore, only

high momenta in the plane transverse to the beam are good indicators of interactions

with a large center-of-mass energy. To describe these momenta, we introduce the

variables pT for the transverse momentum and ET for the transverse energy. We also

define the missing transverse energy vector, 6 ~ET , as the negative of the vector sum

of all transverse momenta. The missing transverse energy, 6ET , is defined to be the

magnitude of 6 ~ET . Finally, the total transverse energy, HT , is the scalar sum of all

transverse momenta.

The total z-momentum of the colliding partons is not zero, and thus the distri-

bution of minimally biased particles from LHC collisions is not uniform in θ. This

property can be recovered by using the rapidity,

y =
1

2
ln
E + pzc

E − pzc
. (1.3)

However, y has the drawback of depending on the mass of the object it describes. To

convert it to a polar coordinate, we assume that the mass is negligible compared to

the momentum and define the pseudorapidity:

η = − ln

[
tan

(
θ

2

)]
. (1.4)

Kinematic Distributions

Dilepton tt̄ decays result in two charged leptons, two neutrinos and a bb̄ quark pair.

To study the properties of these, we use simulated tt̄ events with an input top quark

mass of 172 GeV/c2. The events were generated using the MadGraph event gen-

erator [11] and hadronized using the pythia Monte-Carlo generator [12]. The initial

state particles in these events were simulated to be from proton-proton collisions at

√
s = 7 TeV center-of-mass energy.
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Figure 1.6: η distributions of leptons from tt̄ decays. The distributions for the electron
leading in pT (top left), the electron with the lower pT (top right), the muon leading
in pT (bottom left) and the muon with the lower pT (bottom right) are shown.

The masses of the quarks and leptons originating from tt̄ decays are much smaller

than the mass of the top quark. As a result of this, the physics objects from tt̄ decays

usually have a high pT and a low |η|. These properties can be used to distinguish tt̄

from other processes that arise from hadron collisions.

The transverse momentum distributions of electrons and muons from tt̄ decays

are shown in Figure 1.5 and their η distributions are shown in Figure 1.6. These

distributions include leptons from W → τ → ` decays. The distributions for elec-

trons and muons are identical except for statistical fluctuations. Since the transverse

momentum of the leptons is high, we can use it to distinguish tt̄ events from other

events in proton collisions. We impose a pT > 20 GeV/c requirement for all leptons.

This eliminates about 29% of dilepton tt̄ events, but it reduces the dominant multijet

background to negligible levels.

As described in Section 4.6, the quarks hadronize and are only observed in our
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Figure 1.7: Transverse momentum distributions of jets from tt̄ decays. The distri-
bution for the jet leading in pT is shown left and the jet with the lower pT is on the
right.
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Figure 1.8: η distributions of jets from tt̄ decays. The distribution for the jet leading
in pT is shown left and the jet with the lower pT is on the right.
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Figure 1.9: Transverse momentum distributions of jets in tt̄ events that are due to
radiation and do not originate from tt̄ decays.

detector as jets of particles. The pT and η of the two jets from the bb̄ pair are

shown in Figures 1.7 and 1.8. The b-jets in tt̄ decays originate directly from the top

or antitop quarks rather than from W bosons so they are more energetic than the

leptons. To reduce backgrounds with two leptons such as Drell-Yan production, we

impose a pT > 30 GeV/c on all jets.

In addition to the b-jets, tt̄ events often have gluon jets that arise from initial

or final state radiation. The pT spectra of these jets are shown in Figure 1.9. The

method from distinguishing the b-jets from the radiated jets is described in Chapter 5.

The neutrinos from the tt̄ decay escape the detector unobserved and can only be

perceived as an imbalance in the transverse energy. This missing transverse energy

can be used to distinguish tt̄ events from Drell-Yan production. 6ET distributions in

tt̄ events for the three different lepton decay channels are shown in Figure 1.10.

1.4 tt̄ Properties

1.4.1 Charge Asymmetry

Due to the contribution of next-to-leading-order Feynman diagrams, tt̄ production

via quark annihilation is not symmetric in charge. At the Tevatron, this charge

asymmetry manifests as a forward-backward asymmetry. This means that the top
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Figure 1.10: The 6ET distributions of e+e−, µ+µ− and e±µ∓ events in a tt̄ sample.
Here, the 6ET is calculated using generator-level neutrinos.

quark is more likely to fly in the direction of the incoming proton while the antitop

tends to go in the direction of the antiproton. DØ [13] and CDF [14] have measured

the forward-backward asymmetry by using ∆y = yt− yt̄ where y is the rapidity. The

forward backward asymmetry is defined as

Afb =
N∆y>0 −N∆y<0

N∆y>0 +N∆y<0
. (1.5)

where N is the number of events with the specifed property of y.

DØ and CDF make different assumptions when measuring Afb so their results

are not directly comparable, but both observe an asymmetry that is larger than

the prediction of the Standard Model. This could be an indication of new physics

such as a new mediating particle or a particle that decays into the top quark. The

latest result from DØ is Afb = (8 ± 4(stat) ± 1(syst))% and it can be compared

to DØ’s Standard Model expectation of ASMfb = (1+1
−2(syst))% [15]. The current

CDF result is Afb = (15.0± 5.0(stat)± 2.4(syst))% whereas CDF’s SM prediction is

ASMfb = (3.8± 0.6(syst))% [16].

The LHC is a proton-proton collider so the initial state is symmetric along the

direction of the beam and there is no forward-backward asymmetry. However, since

the quarks in the collision are usually valence quarks whereas the antiquarks are sea
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antiquarks, these two types of partons have different average momenta. This results

in a broader rapidity distribution for top quarks relative to that of antitop quarks.

The difference can be observed by considering the distribution of ∆(y2) = y2
t − y2

t̄ or

by using the variation in the magnitude of the pseudorapidy: ∆|η| = |ηt| − |ηt̄|. The

charge asymmetry is then

AC =
N+ −N−

N+ +N−
. (1.6)

where N+ corresponds to the number of events for which the relevant parameter is

positive and N− is the number of events for which it is negative. The dominant

mechanism of tt̄ production at the LHC is gluon fusion so the charge asymmetry

is expected to be much smaller than at the Tevatron. Current LHC measurements

are consistent with Standard Model, but since the effect is so small, it will take

significantly more integrated luminosity to confirm or refute the Tevatron results [17].

1.4.2 Spin Correlation

The spins of the top and antitop quarks are expected to be correlated and this cor-

relation should propagate through the weak interaction to their decay products. The

absence of such a correlation could be an indication of physics beyond the Stan-

dard Model. Currently, the most accurate measurement of spin correlation observes

a correlation strength of 0.57±0.31 and excludes the hypothesis that the spins are

uncorrelated at the 97.7% confidence level [18].

This measurement was performed using the “matrix element method” which de-

termines the probability of the spins being correlated by integrating over the phase

space of the initial and final states. This probability can be approximated as

Ptt̄ =
1

σtt̄A

∫
|Mtt̄|2dΦ6

f(q1)f(q2)

q1q2

dq1dq2WD , (1.7)

where σtt̄ is the cross section of the tt̄ process, A is the acceptance of the detector,
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Mtt̄ is the matrix element, Φ6 is the phase space of the final six-particle state, qi are

the momenta of the initial state partons, f(qi) are the parton distributions functions

and WD is the detector transfer function which relates the parton-level final state to

the leptons, jets and 6~ET observed in the detector.

The probability is evaluated with the hypothesis of the spins being correlated and

again with them being uncorrelated. A discriminant is then defined based on the

two probabilities and the correlation strength is extracted using a likelihood fit to

distributions of simulated data. These distributions are produced using a Monte-

Carlo generator and differ only in the spin correlation of the tt̄ quarks. This type of

fit is called a “template fit” and it can be used with other top quark properties.

1.4.3 Helicity of W Bosons

As described in Section 1.3, the top quark almost always decays into a W boson and

a bottom quark. The W boson from the decay can be in one of three possible helicity

states: left-handed, right-handed or longitudinal. In the Standard Model, top quark

decays into right-handed W bosons are strongly suppressed and an observation of a

larger fraction of these than expected would be evidence of new physics.

The fractions of the three helicity states are labeled f− (for left-handed), f+ (right-

handed) and f0 (longitudinal). These fractions have been measured by the CDF [19]

and DØ [20] experiments in the dilepton and semi-leptonic tt̄ decay channels. Several

measurements were performed with a variety of techiniques including the matrix

element method and template fits which use the helicity angle θ∗. The latter is defined

to be the angle between the direction of the top quark and the down type fermion

(charged lepton, down quark or strange quark). When the measurements from CDF

and DØ are combined, the fractions are determined to be f0 = 0.732 ± 0.081 and

f+ = −0.039± 0.045. These values are consistent with the Standard Model.
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1.4.4 Flavor Changing Neutral Currents

Flavor changing neutral currents are interactions which allow a quark to transition to

another quark with a different flavor, but the same electric charge. In the Standard

Model, decays of the top quark into an up or charm quark and a gluon, photon or Z

boson have branching fractions of order 5×10−11, 5×10−13 and 10−13 respectively [21].

Thus, any observation of such decays would be an indication of physics beyond the

Standard Model. No top quark decays via flavor changing neutral currents have been

observed, but several experiments have set limits on the various decay modes.

The branching fraction B(t → Zq) has been determined to be less than 3.7% by

CDF [22] and less than 3.2% by DØ [23]. CDF estimates this fraction by fully recon-

structing events that are assumed to have a leptonically decaying Z and a hadron-

ically decaying W (i.e. tt̄ → WbZq → qq̄′b`+`−q′′) and performing a template fit

using the result of a kinematic fit based on the masses of the top quark and the

W boson. DØ measures the same parameter by looking at the number of trilepton

events in which the W and Z bosons decay leptonically. Experiments at the LHC

will eventually be able to make significant improvements to this limit. With 10 fb−1

of integrated luminosity at a center-of-mass energy of 14 TeV, it will be possible to

constrain B(t→ Zq) to approximately 10−3 [21].

Due to the much larger backgrounds of their final states, the t→ γq and t→ gq

decay modes are more difficult to observe directly than t→ Zq. However, it is possible

to estimate their branching fractions by assuming that the couplings associated with

the decays are the same as those associated with top quark production. The Zeus and

H1 experiments at the HERA collider used limits on the single top quark production

cross section in electron-proton collisions to set a limit of 5.9×10−3 on B(t→ γq) [21].

Similarly, the Tevatron experiments used single top quark production to find limits

on B(t → gq). CDF measures B(t → ug) to be less than 3.9 × 10−4 and B(t → cg)

to be less than 5.7 × 10−3 [24] while DØ measures B(t → ug) and B(t → cg) to be
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less than 2.0× 10−4 and 3.9× 10−3, respectively.

1.5 Top Quark Mass

The mass of the top quark is a fundamental parameter of the Standard Model: it

cannot be derived from other parameters and must be determined experimentally.

Because the top quark mass is so much larger than that of any other SM particle,

it affects the predictions of SM observables and serves as one of the most important

inputs to global electroweak fits. As illustrated in Figure 1.11, these fits can use the

mass of the top quark to provide constraints on the properties of the Higgs boson.

The top quark mass can also be used to constrain hypotheses of physics beyond the

Standard Model.

Thus, precise measurement of the top quark mass is important for understanding

new physics. Prior to the development of accelerators energetic enough to produce the

top quark, limits on its mass could be calculated based on Standard Model observables

that depend on the top quark mass. These include the mixing of the B0− B̄0 mesons

and the properties of the W and Z bosons. The mass of the top quark was first

measured simultaneously with the observation of the top quark at CDF [25] and

DØ [26] in 1995. Since then, it has been measured with a variety of methods in all tt̄

decay channels.

1.5.1 Indirect Measurements of the Top Quark Mass

B0
d − B̄0

d Mixing

Due to the weak interaction, neutral mesons undergo particle-antiparticle mixing [1]

as shown in Figure 1.12. In the case of the B0 − B̄0 mesons, the virtual quarks in

the middle of the “box” diagrams of Figure 1.12 can be up quarks, charm quarks or

top quarks. However, since the amplitude of the mixing depends on the mass of the
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Figure 1.11: The 68% confidence level contour in mt and the mass of the Higgs boson
(mH) for the fit to all SM data except the direct measurement of mt. [27]
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d mixing.
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virtual quarks, the dominant contribution is from the top quark and the rate of the

mixing depends on the top quark mass.

B0− B̄0 mixing can be observed using events in which the decay products of both

mesons include electrons or muons. In the absense of mixing, the two leptons resulting

from this process will have opposite signs, but if one of the mesons has oscillated into

its anti-particle, the leptons will have the same sign. The ratio of the number of

events with a pair of same sign leptons to the number of events with opposite sign

leptons can then be used to determine the rate of mixing. This measurement was first

performed by the UA1 experiment [28] which did not distinguish between B0
d − B̄0

d

and B0
s − B̄0

s mixing. In 1987, the ARGUS experiment used the Υ(4S) resonance

to provide unambiguous evidence for B0
d − B̄0

d mixing [29]. The rate of this mixing

was larger than expected and this led to a 50 GeV/c2 lower bound on the top quark

mass [30].

Electroweak Fits

The top quark affects the predictions of Standard Model observables via radiative cor-

rections. For example, it contributes to the mass of the W boson via the left diagram

of Figure 1.13. The center and right diagrams of Figure 1.13 show its contributions

to the Z → bb̄ decay channel. Thus, the mass of the top quark can be estimated by

using the masses and widths of the W and Z bosons, the branching fractions of Z

decays into leptons, all quarks and bottom quarks, the weak coupling, and various

other parameters of the Standard Model.

The precision of such an estimate is limited because any fit of the electroweak

parameters also depends on the mass of the Higgs boson which has yet to be ob-

served. However, the leading dependence of electroweak fits on the mass of the Higgs

boson is logarithmic while their leading dependence on the mass of the top quark is

quadratic [31]. This allows for a relatively precise determination of the top quark
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Figure 1.13: Feynman diagrams in which the top quark contributes to the properties
of the W (left) and Z (center and right) bosons.

Electroweak fits are usually performed using information from several experiments.

In 1994, the combination of electroweak measurements from the LEP, Tevatron and

SLC experiments resulted in a top quark mass of 177±11+18
−19 GeV/c2 [32]. The second

uncertainty is due to the unknown mass of the Higgs boson.

1.5.2 Degrees of Freedom in tt̄ Decays

The methods of measuring the top quark mass in each tt̄ decay channel are driven

in part by the number of degrees of freedom in the final topology of the decay. It

is assumed that the four-momenta of charged leptons and hadrons from the decay

are reasonably well measured and that the masses of the final state particles are

negligibly small. The neutrinos from leptonic decays escape the detector unobserved

so there are three unknown parameters per neutrino. The tt̄ → W+bW−b̄ topology

yields three constraints: two from the decay products of the two W bosons having the

invariant mass MW and one from the top and antitop quarks having the same mass.

Top quarks are currently produced only at hadron colliders so only the momenta of

the initial state particles in the plane transverse to the beam are assumed to be zero.

The momentum parallel to the beam depends on the distribution of quarks and gluons

within the colliding hadrons. It is not known for any given collision because some

of the partons comprising the protons continue traveling down the beam pipe. They

are not observed by any detector and carry away significant amounts of longitudinal
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momentum. Thus, conservation of momentum leads to only two more constraints and

the total number of degrees of freedom for any tt̄ decay topology is 3nν − 5 where nν

is the number of neutrinos.

1.5.3 Semi-leptonic Channel

The most precise measurements of the top quark mass have been made in the semi-

leptonic channel. The branching fraction of this channel is approximately 0.35. This

is smaller than that of the hadronic decay mode, but the charged lepton reduces

both the background and the number of possible jet permutations that can be used

when reconstructing the event. There is only one neutrino so the system is over-

constrained with -2 degrees of freedom. The tt̄ system can be reconstructed, but

there are ambiguities which preclude the simple determination of the top quark mass.

As described in Section 4.6, the quarks from the decay are observed in particle

detectors as jets. A jet cannot be used to determine the charge of the original quark

and ascertaining the quark’s flavor based on the jet is difficult (see Section 5.2). As

a result of this, the jets observed in the detector cannot be accurately assigned to

the final state quarks which causes an ambiguity due to the various permutations.

In addition to this, solving for the momentum of the neutrino involves a quadratic

equation and thus an ambiguity due to the two solutions.

Multiple methods have been used to determine the top quark mass in the semi-

leptonic channel. The first mass measurements solved the tt̄ system and used the two

extra constraints to perform a kinematic fit for each solution. The top quark mass

estimator for each event was taken to be the mass from either the solution with the

lowest χ2 [25] or a weighted mean of several solutions [26]. The top quark mass was

extracted using a template fit to distributions of simulated data with different top

quark masses.

The largest systematic uncertainty in deriving the top quark mass is due to the
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energy scale of jets observed in the detector. In the semi-leptonic channel, this scale

can be measured simultaneously with the top quark mass by comparing the invariant

mass of the two jets from the hadronically decaying W boson to MW . This technique

was used together with the template method in [33].

The Ideogram method [34] is an extension of this idea. It combines the simul-

taneous measurement of the jet energy scale with a kinematic fit and a probability

function that takes into account the resolution of the top quark mass estimator for

each solution. This is accomplished by convoluting a Gaussian function that includes

this resolution with a relativistic Breit-Wigner function that represents the average

invariant tt̄ mass with a given top quark mass.

The top quark mass can also be determined by using the “matrix element method”

described in Section 1.4 to evaluate the probability of each tt̄ event as a function of

the top quark mass. This method was first used in [35] and makes use of all known

properties of top quark production and decay. It is more precise than methods which

do not include some properties of the phase space, but the evaluation of the integral

over many degrees of freedom requires considerable computing resources. To mitigate

this requirement, some approximations have to be made to reduce the number of

integration variables. For example, the transverse momenta of the incoming partons

are assumed to be negligible and the charged lepton momenta are usually assumed

to be perfectly measured. The integration can also be evaluated using phase space

sampling with the so-called “Dynamic Likelihood Method” [36]. The approximations

reduce the amount of computing resources necessary to perform the measurement,

but they also reduce the precision of the result.

1.5.4 Hadronic Channel

The hadronic channel has a branching ratio of approximately 0.46 and its final state

consists of six jets. Since this final state does not contain neutrinos, there are five
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more constraints than there are degrees of freedom. Therefore, the combination of a

kinematic fit and the template method described above for the semi-leptonic channel

can also be applied to hadronic decays [37, 38]. The Ideogram method has likewise

been used [39] and so has a variation of the matrix element method [40].

The hadronic channel does not have any leptons to distinguish it from the multi-

jet background that is dominant at hadron colliders. It is the only one of the three

tt̄ decay modes for which the background is typically larger than the signal. To

distinguish the signal from this background, several measurements used neural net-

works [41, 42]. The hadronic channel also has more possible jet permutations than

the other decay channels. To reduce the ambiguity due to these, the above measure-

ments also attempted to distinguish jets originating from b-quarks from other jets

(see Section 5.2).

1.5.5 Dilepton Channel

Unlike the over-constrained semi-leptonic and hadronic tt̄ decay modes, the dilepton

channel is under-constrained. There are two neutrinos and thus one degree of freedom.

It is still possible to use the matrix element method in the dilepton channel as in [43]

and [44], but the tt̄ system cannot be solved without supplying an extra constraint

and kinematic fits cannot be performed.

Several variables have been used to perform template fits in order to determine

the top quark mass in the dilepton channel. The simplest of these rely on kinematic

properties of the final state such as the energy of the b-jets or the invariant mass of

lepton-jet pairs [45]. However, the precision of these simple variables is limited. It is

possible to get significantly better precision by fully reconstructing each event.

The dilepton tt̄ system can be reconstructed by assuming one or more additional

constraints. The mass of the top quark can then be estimated by solving the system

for a range of the assumed constrains and giving the resulting solutions a weight based
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on how likely they are. Multiple algorithms with different constraints have been used

to determine the top quark mass this way. The “neutrino weighting algorithm” [46, 47]

assumes the pseudorapidities of the neutrino and anti-neutrino and assigns a weight

based on how well these agree with the 6~ET . A variation of this called the “neutrino φ

weighting algorithm” [48] uses the azimuthal angle in the plane transverse to the beam

rather than the pseudorapidity. The “full kinematic analysis” (KIN) method [48] takes

as input the longitudinal momentum of the tt̄ system and uses the number of solutions

for which the top and antitop masses agree as the weight. The MWT method [46]

uses the mass of the top quark itself as the additional constraint and assigns a weight

based on the properties of top quark production and decay. A variation of MWT is

used in this thesis and it is described in detail in Chapter 6.

1.5.6 Summary

The mass of the top quark has been measured with several different methods. The

most precise measured value of the top quark mass is currently 173.3 GeV/c2 [4] and

the most precise published results in the dilepton channel are mt = 171.2±2.7 (stat)±

2.9 (syst) GeV/c2 for CDF [43] and mt = 174.7± 4.4 (stat)± 2.0 (syst) GeV/c2 for

DØ [49]. Up until recently, the mass of the top quark has only been measured at the

Tevatron. This thesis describes the first measurement of the top quark mass at the

Large Hadron Collider.
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Chapter 2

The Large Hadron Collider and the

Compact Muon Solenoid

Experiment

2.1 The Large Hadron Collider

The Large Hadron Collider is currently the most powerful particle accelerator in the

world. It is located at CERN and spans the border between Switzerland and France

in the Geneva region. The LHC is designed to collide protons at a center-of-mass

energy of 14 TeV, although in its initial stage of operation, the center-of-mass energy

is only 7 TeV. This is 3.5 times greater than the energy of Fermilab’s Tevatron.

The LHC is situated in a circular tunnel that is 26.7 km in circumference and at

a depth of 45 to 170 meters underground. It takes two beams of protons circulating

in opposite directions from a chain of smaller accelerators, increases the energy of the

protons in each beam up to 3.5 TeV and then collides them at four different locations.

There is a dedicated experiment at each of the locations. Two of the experiments,

CMS and ATLAS, are general purpose while the other two, ALICE and LHCb, are
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Figure 2.1: The CERN Accelerator Complex. [50]

used to study heavy ion collisions and B-physics respectively.

The LHC accelerator chain and locations of the four experiments are shown in

Figure 2.1. The protons used in the LHC are first accelerated to 50 MeV using a

linear accelerator (the Linac2). They are then injected into the Proton Synchrotron

Booster which accelerates them to 1.4 GeV and sends them to the Proton Synchrotron

(PS). The latter accelerates the beams to 25 GeV and feeds them to the Super Proton

Synchrotron (SPS) which increases the energy to 450 GeV and passes them to the

LHC via the TI2 and TI8 transfer lines as shown in Figure 2.1. The LHC currently

accelerates the protons to 3.5 TeV and will eventually take them to 7 TeV.

The rate of events for any process at the LHC is given by:

N = σL , (2.1)

where σ is the cross section of the process and L is the instantaneous luminosity. The
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latter depends only on the beam parameters and can be written as:

L =
N2
b nbfrevγr

4πεnβ∗
√

1 + θcσz

2σ∗

(2.2)

The definitions of the beam parameters and their design values for collisions at the

highest luminosity are shown in Table 2.1. At 14 TeV center-of-mass energy, the

design luminosity is 1034 cm−2s−1.

Parameter Meaning Value
nb Number of proton bunches per beam 2808
Nb Number of protons per bunch 1.15×1011

frev Frequency of revolution 11.245 kHz
γr Relativistic gamma of the protons 7461
εn Normalized transverse beam emittance 3.75 µm rad
β∗ Beta function at the interaction point 55 cm
θc Beam crossing angle 285 µ rad
σz RMS longidudinal bunch length 7.55 cm
σ∗ RMS transverse beam size 16.7 µm

Table 2.1: LHC beam parameters and their design values for the two general purpose
detectors. [51]

The first collisions at the injection energy occured in November 2009 and the

first collisions at 7 TeV took place in March 2010. The data used in this analysis

was collected from LHC proton-proton collisions at 7 TeV during all of 2010. As

the LHC was being commissioned at this time, the instantaneous luminosity varied

widely, reaching a maximum of approximately 2× 1032 cm−2s−1 near the end of 2010

operation. The total integrated luminosity delivered by the LHC in 2010 is 46 pb−1

and the amount recorded by the CMS experiment and suitable for analysis with the

entire detector is 36 pb−1.
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Figure 2.2: The CMS Detector. [52]

2.2 Compact Muon Solenoid

The Compact Muon Solenoid (CMS) experiment is one of the two general purpose

detectors at the LHC and consists of several distinct subdetectors used for observing

different phenomena. At the center of CMS, the inner tracking system (often referred

to as “the tracker”) is used to measure the trajectory of all charged particles. It is

surrounded by the electromagnetic calorimeter (ECAL) and the hadronic calorimeter

(HCAL) which absorb and measure the energy of jets from electrons, photons and

hadrons. All of these systems are inside a superconducting solenoid which generates

a 3.8 T magnetic field used to curve the paths of charged particles and allow their

momenta to be measured. Muon systems necessary for precise measurement of high

energy muons are located in the return yoke of the magnet.

2.2.1 CMS Coordinate System

CMS uses a right-handed coordinate system which has the origin at the nominal

collision point in the center of the experiment, the x-axis pointing inward towards
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the center of the LHC ring, the y-axis pointing up and the z-axis parallel to the beam

pipe. In spherical coordinates, the polar angle θ is measured from the z-axis whereas

the azimuthal angle φ is measured from the x-axis in the plane transverse to the

beam.

2.2.2 Magnet

In order for the tracker to be able to measure the momenta of energetic charged

particles, it has to be located in a strong magnetic field. This is accomplished using

a superconducting solenoid that was designed to provide a 4 T magnetic field. It

currently operates at 3.8 T. The solenoid is 12.5 m long and 6 m in diameter. Its coil

is made of NbTi and winds around the cylinder in four layers.

The magnetic flux is returned through a 10000 ton iron yoke made up of five

wheels and two endcaps. The iron yoke surrounds the solenoid. The five wheels

comprise a barrel which is 13 m long and has an outer radius of 7 m. The endcaps

have the same radius as the barrel and each of them is 4 m thick. The iron in the

yoke is interspersed with the gas chambers of the muon system.

2.2.3 Inner Tracking System

The inner tracking system of CMS is capable of precisely measuring the trajectories

of charged particles and reconstructing the decay positions of particles with long life-

times such as bottom quarks and taus. At the design luminosity of 1034 cm−2s−1,

LHC collisions will result in an average of around 1000 reconstructible charged par-

ticles every 25 ns. Hence, the tracking system needs to be able to quickly distinguish

multiple particles and also to withstand the radiation from this flux of particles for

prolonged periods of time. To accomplish this, the inner tracking system of CMS is

comprised entirely of silicon detectors.

Silicon sensors consist of a doped semiconductor in an electric field. As charged
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Figure 2.3: Schematic cross section of the CMS tracker. The pixel detector is outlined
by the innermost rectangle and the strip tracker is everything outside of that. Each
line represents a detector module. Double lines indicate back-to-back modules which
deliver stereo hits. [52]

particles pass through the semiconductor, they create electron-hole pairs. The electric

field drives these further apart thus inducing a current which is sent to the readout

system. The trajectories of charged particles can be measured by using large numbers

of such sensors.

CMS has two kinds of silicon detectors: a pixel detector and a strip tracker. As the

measurements close to the interaction point are less affected by multiple scattering,

they carry more weight in the reconstruction algorithms. Thus, the pixel detector,

which has finer granularity, is located close to the beam pipe where the need for

resolution is greatest and the occupancy is highest. The strip tracker is further away,

where the particle flux is lower. The schematic cross section of the two inner tracking

detectors is shown in Figure 2.3.

The pixel detector and strip tracker provide coverage up to |η| = 2.5 with up to

14 measurement points per track. Within most of this η range, they are capable of

reconstructing charged particles with over 90% efficiency and measuring the transverse

momentum of particles with pT < 100 GeV/c2 to about 1% resolution. The efficiencies

for muons and pions over two orders of magnitude in pT are shown in Figure 2.4.
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Figure 2.4: Global track reconstruction efficiency for muons (left panel) and pions
(right panel) of transverse momenta of 1, 10 and 100 GeV. [52]

Pixel Detector

The pixel detector is situated closest to the interaction point. It is the most important

detector for determining the impact parameter used for secondary vertex reconstruc-

tion. It consists of three barrel layers and four endcap disks. The barrel layers are

53 cm long cylinders parallel to the beam axis and centered on the interaction point.

They have radii of 4.4, 7.3 and 10.2 cm and contain 48 million pixels with an active

area of 0.78 m2. The endcap disks extend radially from about 6 cm to 15 cm. They

are on both sides of the barrel at |z| = 34.5 cm and |z| = 46.5 cm and cover 0.28 m2

with 18 million pixels. The pixel detector covers the pseudorapidity range |η| < 2.5.

The pixel cells consist of high dose n-implants on a high resistance n-substrate.

In order to provide similar resolution in transverse and longitudinal directions, each

pixel cell is 100 × 150 µm2 in size. The small size of the cells enables the pixel detector

to have low occupancy even in events with high track density. This is particularly

important for the identification of jets from tau leptons and bottom quarks. Due

to the large number of pixels, the amount of information from every event is more

than what can be recorded so the signals they send to the readout are usually zero-
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suppressed. This means that only signals above a certain threshold will be read out

and these thresholds can be adjusted individually for each pixel.

Strip Tracker

The strip tracker surrounds the pixel detector. It is composed of 15148 detector

modules each of which carries either one thin (320 µm) or two thick (500 µm) single

sided p-on-n type silicon micro-strip sensors. The thin sensors are used closest to

the beam pipe to minimize the amount of material there. The tracker has four

subsystems: the Tracker Inner Barrel (TIB), Inner Disks (TID), Outer Barrel (TOB)

and End Caps (TEC).

The TIB consists of four cylindrical layers at radii of 0.255, 0.339, 0.419 and

0.498 m from the beam axis. They are centered on the interaction point and each

is 1.4 m in length. The two inner layers support double sided modules with a strip

pitch of 80 µm whereas the outer two host single sided modules with a strip pitch

of 120 µm. The double sided modules have silicon sensors mounted back-to-back

with a stereo angle of 100 mrad in order to provide measurements of two coordinates

simultaneously.

The TID are identical disks enclosing the TIB and spanning a radius from about

0.2 m to 0.5 m centered on the z-axis. Three of them are located on each side of the

TIB between 0.8 m and 0.9 m from the interaction point along the z-axis. Each disk

is made of three rings of modules. The two inner rings use double-sided modules while

outer ring hosts single-sided ones. The TIB and the TID use only 320 µm sensors

and provide coverage up to |η| = 2.5.

The TOB surrounds the TIB and the TID. It consists of six cylindrical layers

that are centered on the z-axis and extend 1.18 m from the interaction point in both

directions along the z-axis. The layers are located at radii of 60.8, 69.2, 78.0, 86.8,

96.5 and 108.0 cm. The TOB uses 500 µm sensors with double-sided modules in the
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Figure 2.5: A sketch of one tracker endcap with a highlighted sector of petals. Each
sector contains nine front petals facing the interaction point and nine back petals
mounted on the opposite side of the disk. [52]

two inner layers and single-sided modules in the outer ones.

The TEC encloses the rest of the tracker. It consists of nine disks on each side of

the TOB. They extend radially from 0.22 m to 1.14 m and from ±1.24 m to ±2.80 m

along the beam axis. The modules on the TEC are mounted on sub-structures called

petals each of which carries up to seven rings of modules. A drawing of one endcap

is shown in Figure 2.5. The inner two rings and the fifth ring from the center use

double-sided modules while the rest of the TEC uses single-sided ones. The sensors

in the four inner rings are of the thinner, 320 µm variety while the ones in the three

outer rings are 500 µm thick. The TOB and the TEC cover the pseudorapidity range

|η| < 2.5.
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Figure 2.6: A crystal from the ECAL endcap and its vacuum phototriode. [52]

2.2.4 Electromagnetic Calorimeter

The electromagnetic calorimeter of CMS (ECAL) is designed to measure the energy

of photons and electrons. It is a hermetic, homogeneous calorimeter made of lead

tungstate (PbOW4) scintillator crystals. These crystals were used because they are

radiation resistant, have fine granularity and are fast enough to react to the 25ns

bunch crossings of the LHC. They also have a small Moliere radius of 2.2 cm which

allows ECAL to be compact and thus fit inside the magnet together with the hadronic

calorimeter and the tracker. Furthermore, the radiation length of PbOW4, X0, is only

0.89 cm so the ECAL thickness is larger than 25 X0 at any point. An ECAL crystal

is shown in Figure 2.6.

The layout of ECAL is shown in Figure 2.7. ECAL consists of the ECAL Barrel

(EB) and the ECAL Endcaps (EE) with a preshower detector positioned in front of

the endcaps. It covers the pseudorapidity range |η| < 3.0. ECAL’s energy resolution
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Figure 2.7: Layout of the CMS electromagnetic calorimeter showing the arrangement
of crystal modules, supermodules and endcaps, with the preshower in front. [52]

can be parametrized as:

(
σ

E
)2 = (

S√
E

)2 + (
N

E
)2 + C2 , (2.3)

where S is the stochastic term, N the noise term, and C the constant term. In

ECAL, the stochastic term originates mainly from fluctuations in the lateral shower

containment, from photostatistics and from fluctuations in the energy measured in

the preshower detector relative to what is observed. The noise term arises from noise

in the electronics and the digitization with a small contribution from pileup at higher

luminosities. The constant term is driven by the non-uniformity of the longitudinal

light collection, calibration errors and leakage of energy from the back of the crystals.

The energy resolution was studied using test beams and was found to be

( σ
E

)2

=

(
2.8%√
E

)2

+

(
0.12

E

)2

+ (0.30%)2 , (2.4)

where E is the energy of the electron or photon in GeV [52].
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ECAL Barrel

The ECAL Barrel is composed of 61200 lead tungstate crystals and covers the pseu-

dorapidity range |η| < 1.479. There are 360 crystals along any circle in φ and 170

crystals along any length in the z direction. The cross section of each crystal is

approximately 0.0174 × 0.0174 in η − φ.

The crystals are housed in alveolar structures called submodules. The submodule

walls are 0.1 mm thick and are made of an aluminium layer facing the crystal and two

layers of glass fibre-epoxy resin. Submodules are joined into modules each of which

contains 400 or 500 crystals, depending on its position in η. The modules are then

assembled into supermodules each of which contains 1700 crystals and is attached to

the barrel of the hadronic calorimeter.

In the barrel, the light from the crystals is collected and amplified by avalanche

photodiodes (APDs). There are two APDs on the back of each crystal. They read

out in parallel and each pair has a mean gain of 50.

ECAL Endcaps

The ECAL endcaps are located on either side of the barrel. Each endcap is 3.15 m

away from the interaction point and together they cover the pseudorapidity range

1.479 < |η| < 3.0. The endcap crystals are slightly larger than their barrel counter-

parts (28.62 × 28.62 mm2 at the front face rather than 22 × 22 mm2). The 7324

crystals in each endcap are grouped into units of 5x5 crystals called superclusters.

Each endcap is made up of 276 standard superclusters and 36 partial superclusters.

The endcaps absorb more radiation than the barrel and APDs are not sufficiently

radiation hard for them so vacuum phototriodes (VPTs) are used instead. There is

one VPT attached to the back of each crystal. They have a mean gain of 10.2 at zero

magnetic field, but this decreases by about a factor of 2 when the CMS magnet is

operational.
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Figure 2.8: A quarter view of the four HCAL subdetectors. [53]

ECAL Preshower

The preshower detector (ES) is a sampling calorimeter which uses layers of lead to

initiate the electromagnetic showers and silicon strip sensors to measure the showers’

profiles and energies. The preshower is positioned in front of the endcaps. It is used

to identify neutral pions within 1.653 < |η| < 2.6 and help identify electrons against

minimum ionizing particles.

2.2.5 Hadron Calorimeter

The CMS hadron calorimeter (HCAL) is used to study the kinematic properties

of jets from hadrons. A layout of the HCAL subdetectors is shown in Figure 2.8.

HCAL consists of four different subdetectors covering the pseudorapidity range |η| <

5: the barrel (HB), the endcaps (HE), the forward calorimeter (HF) and the outer

calorimeter (HO). HB and HE surround ECAL and are located inside the magnet

whereas HF and HO are outside of it.

The hadronic energy resolution of HB and the ECAL barrel in front of it can be

parametrized as σ/E = S/
√
E ⊕ C, where S is the stochastic term and C is the

constant term. The stochastic and constant terms were measured by using beams of
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electrons, muons, pions and protons. In HB, they were found to to be S = 0.847 ±

0.016 GeV
1
2 and C = 0.074 ± 0.008 . The resolution is similar in the endcaps and

slightly worse in the forward region: the parameters for HF are S = 1.98 GeV
1
2 and

C = 0.09 [53].

HCAL Barrel

The HCAL Barrel (HB) is a sampling calorimeter composed of brass absorber plates

interleaved with plastic scintillator. It extends from an inner radius of 1.8 m to an

outer radius of 2.9 m and covers the pseudorapity range |η| < 1.3. The absorber

consists of 14 brass plates with stainless steel plates on the inside (4 cm thick) and

outside (7.5 cm thick) to provide structural support. The 8 brass plates closest to the

interaction point are 5.05 cm thick while the other 6 plates are 5.65 cm thick. The

total absorber thickness at |η| = 0 is 5.82 interaction lengths (λI) and this increases

with polar angle as 1/sin(θ) up to a maximum of 10.6 λI at |η| = 1.3. In addition,

ECAL provides approximately 1.1 λI at all η.

The plastic scintillator is divided into 16 η sectors and 18 φ wedges which are

shown in Figure 2.9. Each wedge is subdivided into 4 azimuthal sectors resulting in

an η−φ granularity of 0.087 × 0.087. The two layers outside the steel plates are 9 mm

thick whereas all the other layers are 3.7 cm thick. The light from the scintillators

is sent to a hybrid photodiode (HPD). Each HPD consists of a photocathode held at

a high voltage of about 8 kV and a pixelated silicon photodiode. The gain of each

HPD is approximately 2000.

HCAL Endcaps

The HCAL Endcaps (HE) cover the pseudorapity range 1.3 < |η| < 3. Like HB, they

are made out of brass absorber plates surrounded by plastic scintillator that sends

light to HPDs. All of the brass plates for HE are 7.9 cm thick and, together with
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Figure 2.9: A schematic of the HB wedges. Wedge 1 is on the inside of the LHC
ring. [52]

ECAL, have a length of about 10 λI . The η − φ granularity is 0.087 × 0.087 for

|η| < 1.6 and 0.17 × 0.17 for |η| ≥ 1.6.

Outer Calorimeter

The size of the barrel electromagnetic and hadron calorimeters is limited by the radius

of the solenoid. As a result of this, their thickness near |η| = 0 is not sufficient to

contain the most energetic jets. The outer calorimeter (HO) uses the return yoke of

the magnet and the 19.5 cm thick “tail catcher” iron (labeled “IRON” in Figure 2.8)

to provide the extra interaction lengths needed to measure these jets. In the central

2.536 m region of the detector (called Ring 0), HO has two pieces of scintillator

on either side of the tail catcher at radial distances of 3.82 m and 4.07 m. In the

rest of the |η| < 1.26 region, there is only one scintillator at 4.07 m. HO has an

η− φ granularity of approximately 0.087 × 0.087 and extends the total length of the

calorimeters to a minimum of 10 λI .
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Forward Calorimeter

The forward calorimeter (HF) is located 11.2 meters from the interaction point and

covers the pseudorapity range 2.9 < |η| < 5.2. It consists of a steel structure made of

5 mm thick grooved plates. Quartz fibers are inserted into the grooves and generate a

signal when struck by Cherenkov light produced by charged shower particles. There

are two kinds of fibers: long fibers which run the entire 1.65 m length of HF and short

fibers which are only 22 cm. The long and short fibres are read out separately which

makes it possible to distinguish electromagnetic jets from hadronic ones because only

the former deposit a large fraction of their energy in the first 22 cm.

2.2.6 Muon System

As implied by the experiment’s middle name, muons are an important tool for the

study of interesting processes at the LHC. Samples with isolated muons of high pT are

almost uncontaminated by the dominant multijet background. Furthermore, muons

can be measured more precisely than electrons because muons are less affected by

radiative losses in the material of the detector. In addition to the tracker, CMS

uses three types of gaseous detectors to analyze muons: drift tubes, cathode strip

chambers and resistive plate chambers.

The three muon systems cover the pseudorapidity range |η| < 2.4. For muons with

pT up to about 100 GeV/c, the pT resolution is dominated by the tracker. However

the muon systems are useful in keeping the resolution of muons with pT up to 1 TeV/c

at approximately 5%. They are also the only way CMS can trigger on muons because

the reconstruction of tracking information is not fast enough to be used at the Level 1

Trigger.
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Figure 2.10: A transverse view of the DT layout. DT chambers are shaded in
aqua. [52]

Drift Tubes

The Drift Tube system (DT) is made up of tubes filled with a mixture of 85% Ar

+ 15% CO2 and a wire held under high voltage. As muons pass through the gas, it

becomes ionized. The ions “drift” to the central wire and give rise to an electronic

pulse thus allowing the reconstruction of the muon’s path. The length of the wire is

2.4 m and the transverse dimension of the tube is 21 mm.

The DT system is shown in Figure 2.10. It consists of 4 concentric cylindrical

layers around the beam axis of which two are embedded in the yoke of the magnet

and the other two are on the sides of the yoke. The outer cylinder has 70 drift

chambers while the 3 inner ones each have 60. Every DT chamber is comprised of 2

or 3 superlayers each composed of 4 layers of drift tubes. DT uses a total of about

172000 wires and provides coverage up to |η| = 1.2.

42



Figure 2.11: A CSC chamber. [52]

Cathode Strip Chambers

The Cathode Strip Chambers (CSC) are multiwire chambers composed of 6 anode

wire planes interspersed with 7 cathode panels (see Figure 2.11). The wire planes run

azimuthally whereas the cathode panels have strips that run radially. The azimuthal

coordinate of muons is found by interpolating the charges induced on the strips by

the avalanche of positive ions near a wire.

A longitudinal view of the CSC layout is shown in Figure 2.12. There are 468

CSCs located on the two endcaps. They are trapezoidal and cover either 10◦ or 20◦

intervals in φ. To provide, contiguous coverage, all chambers overlap either with other

CSCs or with DT chambers in the barrel. The CSCs cover the pseudorapidity range

0.9 < |η| < 2.4.

Resistive Plate Chambers

The Resistive Plate Chambers (RPCs) consist of double-gap modules in which the

two gaps are filled with gas and have a single read-out strip in between them. The
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Figure 2.12: A longitudinal view of the CSC layout. CSC chambers are shaded in
red. [52]

signal from the two gaps is summed. The gaps are operated in avalanche mode: the

electric field across the gaps is reduced to keep the gas amplification low. This creates

a need for further amplification at the front-end, but it also improves the speed by

more than an order of magnitude. The timing resolution of the RPCs is about 1 ns

which makes it ideal for distinguishing bunch crossings when triggering on muons.

The RPCs are located both in the barrel and on the endcaps and cover the pseu-

dorapidity range |η| < 1.6. The 480 rectangular RPCs in the barrel form 6 cylinders

centered on the beam axis. A transverse view of the barrel RPCs is shown in Fig-

ure 2.13. The RPCs on the endcaps are trapezoidal and are arranged in 3 rings.

2.2.7 Trigger

At design luminosity, the LHC will collide proton bunches every 25 ns with each

collision resulting in an average of 20 proton-proton interactions. The total amount

of data from all of these is several orders of magnitude larger than what can be stored

for later offline analysis and thus the interesting interactions must be selected online.

At CMS this is done in two steps: the Level 1 trigger (L1) which is built of custom
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Figure 2.13: A transverse view of the barrel RPCs. [52]

hardware and the High Level Trigger (HLT) which runs on a farm of commercial

processors. The L1 trigger performs a fast, coarse-grained analysis of the detector

information and reduces the 40 MHz bunch crossing rate to around 30 kHz. The

HLT then performs a slower, but more precise analysis and further reduces the rate

to about 300 Hz.

Level 1 Trigger

The L1 trigger hardware is located partly on the detector and partly in the under-

ground control room 90 m away. It stores the data from multiple bunch crossings in

pipelines and takes at most 3.2 µs to decide whether the data from a particular bunch

crossing should be sent to the HLT. Because of this need for low latency, only infor-

mation from the muon systems and calorimeters is used. The hardware consists of

field-programmable gate arrays (FPGAs) and application-specific integrated circuits

(ASICs) with programmable look up tables. To maximize flexibility, FPGAs are used

wherever they can satisfy the requirements for speed and radiation resistance. ASICs
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are used in places FPGAs are not suited for.

The calorimeter trigger is based on trigger towers each of which takes input from

a grid of 5×5 ECAL crystals and 1 HCAL channel. The transverse energy from

these towers is summed, associated with a bunch crossing and passed to the Regional

Calorimeter Trigger (RCT). The RCT analyzes regions of 4×4 towers except in HF

where each tower is a separate region. It calculates the hadronic and electromagnetic

ET for each region and uses the geometry of the energy distribution in the towers to

find electron, photon and tau candidates and compute their isolation. The data from

the RCT is passed to the Global Calorimeter Trigger (GCT) which reconstructs jets,

calculates the 6ET and HT and then sends them to the Global Trigger (GT).

The DT, CSC and RPC are all part of the muon trigger. The DT creates track

segments in the φ coordinate and hit patterns in the η coordinate while the CSC makes

3-dimensional track segments. These tracks and hit patterns are used to reconstruct

the transverse momentum, location and quality of muon candidates and up to 4

muons from each subsystem are sent to the Global Muon Trigger (GMT). The RPC

is treated separately because it has a timing resolution of about 1 ns which allows it

to clearly distinguish between bunch crossings. All three muon detectors identify the

bunch crossing, but the RPC is best at it. It computes the pT of muon candidates

by measuring the azimuthal coordinate of the track at several points and sends up

to 4 muons from the barrel region and up to 4 more from the muon region to the

GMT. The GMT combines the information from all three muon systems, eliminates

duplicates and passes all information from the muon triggers to the GT.

The Global Trigger makes the final decision on whether to accept or reject the

event at L1. It makes use of all objects from the GCT and GMT: electrons, muons,

taus, photons, jets, HT and 6ET . In addition, it uses signals sent directly from various

subdetectors to accept technical triggers used for calibration.
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High Level Trigger

Unlike the L1 trigger, the HLT is implemented entirely in software running on com-

mercial CPUs. In the 2010 data taking period, the HLT farm consisted of 720 ma-

chines each using a pair of quad-core processors. The HLT takes information from

the L1 trigger and performs a faster and less precise version of offline reconstruction.

Because the HLT has significantly more time than the L1 trigger to make a decision,

it uses information from the entire detector, including the inner tracking system.

However, it only analyzes regions of the detector that have interesting particles for a

given bunch crossing. On average, the HLT takes about 40 ms to decide whether to

a accept a particular bunch crossing, but it can sometimes take significantly longer.

Bunch crossings that consume more than a preset amount of time are automatically

accepted.

The HLT decision is based on many independent algorithms called paths. Each

trigger path is a sequence of software modules which do reconstruction or filtering. If

any of the filters fails for a given bunch crossing, the rest of the sequence is ignored.

There are currently on the order of 100 different paths with different thresholds for

various physics objects. These paths evolve with luminosity delivered by the LHC.
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Chapter 3

Data and Simulation Samples

3.1 Data

Each event in CMS data is placed into at least one primary dataset based on the

trigger path(s) that accepted it. The primary datasets are then processed further

to create secondary datasets (also called “skims”). Because the most prominent

signature of dilepton tt̄ events is the pair of high pT leptons, the secondary datasets

used in this analysis are dilepton skims of the electron and muon primary datasets.

The only requirement for these skims is a pair of leptons with pT > 10 GeV/c for

each of them. The data samples used in this analysis are listed in Table 3.1. They

were recorded during 2010 and correspond to a total integrated luminosity of 36 pb−1.

One of the muon skims was missing approximately 2 pb−1 of integrated luminosity

so the primary muon dataset was used to recover the lost luminosity.

In order to locate all tt̄ events, we process both muon and electron datasets. To

avoid overlap in the e±µ∓ channel, we take events from the muon dataset only if they

fire a muon trigger and events from the electron dataset only if they fire an electron

trigger and do not fire any muon triggers. This algorithm ensures that there is no

double-counting and does not miss the rare e±µ∓ events which do not fire a muon

trigger.
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Dataset Luminosity (pb−1)
/EG/Run2010A-DiLeptonEle-Nov4Skim v1/RECO 3
/Mu/Run2010A-DiLeptonMu-Nov4Skim v1/RECO 3

/Electron/Run2010B-DiLeptonEle-Nov4Skim v1/RECO 33
/Mu/Run2010B-DiLeptonMu-Nov4Skim v1/RECO 31

/Mu/Run2010B-Nov4ReReco v1/RECO 2

Table 3.1: All data samples used in the analysis. The difference between Run2010A
and Run2010B is in the primary datasets: the electron-photon (EG) dataset from
Run2010A was split into separate Electron and Photon datasets in Run2010B.

CMS data is divided into “runs” which are further subdivided into luminosity

sections. A run is simply a continuous period of data-taking. A luminosity section

is a fixed time interval of approximately 23 s and corresponds to the smallest time

period for which the status of the detector is recorded. Not all data is suitable for

analysis because it may have been taken with parts of the detector off or not working

properly. Thus, all of the recorded datasets are filtered by removing bad runs and

luminosity sections to select only good quality data.

3.2 Simulation

Simulation samples are used to verify that we understand the data and to measure the

top quark mass by comparing data to simulated templates corresponding to different

top quark masses. The samples used in the analysis are tt̄ and its most significant

backgrounds: Drell-Yan and single top produced in the tW channel. Most of the sam-

ples used were generated with the MadGraph event generator [11]. MadGraph

draws all Feynman diagrams for a given hard process, computes the matrix element

of the process and uses this information to produce parton-level events. To generate

Drell-Yan events with higher jet multiplicities, we used the alpgen event genera-

tor which calculates the matrix element numerically (without making explicit use of

Feynman diagrams) and can handle a large number of partons in the final state [54].

A third generator, Powheg, was used to assess differences in event generation and
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calculate the systematic uncertainties [55].

The parton-level events are processed though the pythia Monte-Carlo generator

which performs the hadronization and showering of final state partons [12]. Because

pythia’s showering algorithm works in the limit of soft, collinear partons whereas

the event generators are only reliable far from the soft and collinear limits, the show-

ering sometimes results in extra jets. To avoid these, we use the MLM parton-jet

matching algorithm which rejects events with showers that do not match partons

from the matrix element calculation [56]. Tau particles decaying to hadrons result

in jets that differ from other hadronic jets so hadronically decaying taus are han-

dled separately by tauola [57]. The herwig Monte-Carlo is used to compute the

systematic uncertainty due to hadronization and showering [58].

The final step of producing the signal and background samples is to simulate the

CMS detector. This is accomplished using geant4 which simulates the passage of

particles through matter [59]. After this point, the events from simulation and from

data are treated in the same way: they are reconstructed with the CMS Software

Framework and the Physics Analysis Toolkit [60]. The signal and background samples

are shown in Table 3.2.
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Sample σ (pb) L (pb−1)
Main Analysis Samples

tt̄+Jets, a MadGraph, pythia TuneZ2 b 157.5 7395
tt̄+Jets, MadGraph, pythia TuneD6T 157.5 8293

tt̄+Jets, MadGraph, pythia TuneZ2, massM c 10.2 9200
Single top tW channel, MadGraph, pythia TuneZ2 10.6 46694

Drell-Yan, MadGraph, pythia TuneZ2 d 3048 852
Samples for Data-Driven Background Estimate

Z+1Jet pTZ 0-100 GeV/c, alpgen, pythia TuneZ2 381 834
Z+1Jet pTZ 100-300 GeV/c, alpgen, pythia TuneZ2 8.7 30430
Z+2Jets pTZ 0-100 GeV/c, alpgen, pythia TuneZ2 104 1144

Z+2Jets pTZ 100-300 GeV/c, alpgen, pythia TuneZ2 8.5 15425
Z+3Jets pTZ 0-100 GeV/c, alpgen, pythia TuneZ2 22.9 2404

Z+3Jets pTZ 100-300 GeV/c, alpgen, pythia TuneZ2 4.0 14357
Z+4Jets pTZ 0-100 GeV/c, alpgen, pythia TuneZ2 4.6 9619

Z+4Jets pTZ 100-300 GeV/c, alpgen, pythia TuneZ2 1.3 34093
Z+5Jets pTZ 0-100 GeV/c, alpgen, pythia TuneZ2 1.1 9633

Z+5Jets pTZ 100-300 GeV/c, alpgen, pythia TuneZ2 0.5 21914
Samples for Systematic Uncertainty Evaluation e

tt̄+Jets, MadGraph, pythia TuneD6T, more ISR/FSR/ 157.5 8851
tt̄+Jets, MadGraph, pythia TuneD6T, less ISR/FSR 157.5 7757
tt̄+Jets, MadGraph, pythia TuneD6T, scale down 157.5 6978
tt̄+Jets, MadGraph, pythia TuneD6T, scale up 157.5 7322

tt̄+Jets, MadGraph, pythia TuneD6T, matching down 157.5 5956
tt̄+Jets, MadGraph, pythia TuneD6T, matching up 157.5 6581

tt̄+Jets, MadGraph, pythia TuneD6T, extra pile-up 157.5 8135
Dilepton tt̄+Jets, Powheg, herwig 16.5 60395

Dilepton tt̄+Jets, Powheg, pythia TuneZ2 16.5 60477

att̄+Jets means tt̄ with up to 3 jets not originating from the tt̄ decay.

bpythia tunes Z2 and D6T are described in [61].

cThis is a set of 17 dilepton tt̄ samples differing only in the mass of the top (M) which ranges
from 151 GeV/c2 to 199 GeV/c2 in intervals of 3. The values of the cross section and equivalent
luminosity are averages over the 17 samples.

dThe Drell-Yan has a generator-level cut on the invariant mass of the lepton pair at 50 GeV/c2.

eFor an explanation of the systematic uncertainties, see Section 8.5.

Table 3.2: List of simulated samples used in the analysis with the cross section and
equivalent luminosity for each sample.
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Chapter 4

Event Selection and Object

Reconstuction

Dilepton tt̄ events result in four types of objects that can be observed by our detector:

electrons, muons, jets and 6ET . To select and reconstruct such events, we require two

leptons, two jets and a significant amount of 6ET . The leptons and jets must be central

and energetic and the lepton invariant mass must be inconsistent with that of the Z

boson. Selected events must also pass requirements independent of these objects to

verify that they come from clean collisions rather than noise or beam effects.

4.1 Event Cleaning

Prior to any requirements specific to tt̄ events, we apply selections intended to elim-

inate events that result from the beam scraping against the beam pipe. Such events

produce many tracks originating far from the nominal collision point. Therefore, we

require at least 25% of all tracks in events with 10 or more tracks to be “high purity”

tracks. “High purity” tracks are selected based on the χ2 of the track, the track’s

impact parameters and the number of tracker layers with hits. The exact selection

criteria are described in [62]. This requirement ensures the presence of high qual-
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ity tracks near the interaction point. We also require all valid primary vertices of

the event to be less than 24 cm away from the nominal interaction point longitudi-

nally and less than 2 cm away radially. Furthermore, each valid primary vertex must

be associated with at least 4 tracks and the z position of the vertex used for the

reconstruction of the tt̄ system must within 1 cm of any lepton used in the analysis.

Events are also rejected if they are found to have anomalous HCAL noise coming

HPDs or read-out boxes (RBXs) each of which contains four HPDs. The noise in

the HPDs can originate from either the thermal emission of electrons which ionize a

molecule in the HPD causing a small cascade or from an HPD discharge due to mis-

alignment with the magnetic field. RBX noise is characterized by a high multiplicity

of hits in all four HPDs.

The best means of rejecting the noise using only HCAL is the pulse shape variable.

HCAL reads out ten 25 ns time slices for each event. The pulse shape variable is the

ratio of the energy in the two peak time slices to the energy in all ten. To reject the

noise, we use a combination of the pulse shape variable, timing with respect to the

rest of the event, the hit multiplicity and lack of coincidence with ECAL. The details

of this combination are described in [63].

4.2 Trigger

The distinguishing characteristic of dilepton tt̄ events is the presense of two electrons,

two muons or an electron and a muon. Thus, we can achieve a high trigger efficiency

by using a combination of muon and electron triggers. To maintain a constant rate

of events written to storage media, the triggers had to evolve as the instantaneous

luminosity delivered by the LHC increased. The list of triggers used for specific ranges

of runs is shown in Table 4.1. The combined efficiency of these triggers for events

that pass other analysis selections is more than 99%.
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Trigger Run Range L (pb−1)
Muon Triggers

Mu9 a Run ≤ 145000 3.2
Mu11 145000 < Run ≤ 147120 5.0
Mu15 147120 < Run 27.8

Electron Triggers
Ele10 LW b Run ≤ 138000 0.01
Ele15 LW 138000 < Run ≤ 141900 0.3
Ele15 SW c 141900 < Run ≤ 144000 2.2
Ele15 SW CaloEleId d or 144400 < Run ≤ 144114 0.7
Ele20 SW or
DoubleEle10 SW e

Ele17 SW CaloEleId or 146000 < Run ≤ 147120 5.0
DoubleEle10 SW
Ele17 SW TightCaloEleId SC8HE f or 147120 < Run ≤ 148100 9.4
Ele17 TightEleId SW g or
DoubleEle15 SW
DoubleEle17 SW or 148100 < Run 18.4
Ele17 SW TightCaloEleId Ele8HE h or
Ele22 SW TighterEleId or
Ele17 SW TighterEleIdIsol i or

aThe number following the name of the particle (“Mu” or “Ele”) is pT threshold of the trigger
in GeV/c. “Mu” stands for a muon and “Ele” means an electron.

bLW means a large pixel matching window.

cSW is a smaller pixel matching window.

dCaloEleId uses the cluster shape in ECAL to identify the electron.

eDoubleEle means that there must be two electrons with the given pT .

fSC8HE refers to the supercluster energy and the ratio of the electron’s energy in HCAL to that
in ECAL.

gEleId means that the electron must be identified in both ECAL and the tracker.

hThis trigger requires one electron with pT > 17 GeV/c and another one with pT > 8 GeV/c.

iIsol refers to an isolation cut applied around the electron.

Table 4.1: Complete list of triggers used for the analysis.

CMS has a dedicated muon trigger subsystem which is located outside of the

calorimeters and is rarely affected by particles other than muons. This makes muons
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easy to identify so the only changes needed to keep the muon trigger rate from growing

were small increases in the pT threshold. The highest single muon trigger pT cut was

at 15 GeV/c which is well below the 20 GeV/c cut used in our analysis and thus has

no noticeable impact on our efficiency.

Electrons are much more difficult to distinguish from the multijet background

and controlling the rate by merely increasing the pT threshold would have caused

the loss of signal events. To avoid this, several electron quality criteria (described in

section 4.4) were introduced starting at the HLT. These include decreasing the size

of the “pixel matching” window in which pixel tracks and ECAL superclusters are

considered matched, requiring an ECAL supercluster with a minimum ET , requiring

a maximum value of the ratio of the energy in HCAL to that in ECAL and imposing

an isolation requirement. To maximize signal acceptance, various combinations of

these quality cuts and different pT thresholds were used as described in Table 4.1.

Furthermore, double electron triggers were used to improve coverage of the e+e−

channel.

4.3 Muons

Muons are reconstructed in CMS using a combination of the inner tracking system

and the dedicated muon systems (DT, CSC and RPC). The muons interact with the

detector at several points along their trajectory. These points are called “hits” and

can be reconstructed into tracks. The tracks in the muon systems and the tracker

are reconstructed using similar algorithms. The trajectory of the muons is curved

as they travel through the region of the magnetic field, which allows their pT to be

measured. An idealized version of a charged particle in the magnetic field of a solenoid

is shown in Figure 4.1. The CMS detector differs from this ideal version in two ways:

the magnetic field is not homogeneous and there is material in the detector which
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Figure 4.1: The trajectory of a particle with charge q and transverse momentum pT
inside an ideal solenoid with a magnetic field B.

interacts with the muon. The inhomogeneity of the magnetic field is dealt with by

incorporating the changes of the ~B field into the parameterization of the trajectory

and solving for the latter using the recursive method of Runge-Kutta. Details of this

algorithm can be found in [64].

Material affects the trajectory of the muons in two ways. First, the average energy

of the muon decreases according to the Bethe-Bloch formula [1]:

−
〈
dE

dx

〉
= Kz2Z

A

1

β2

[
1

2
ln

(
2mec

2β2γ2Tmax
I2

)
− β2 − δ(β)

2

]
, (4.1)

where E is the energy of the particle, x is the distance traveled through the material,

K is a constant independent of the material and particle, z is the charge of the particle,

Z is the atomic number of the absorber, A is the atomic mass of the absorber, me is

the mass of the electron, Tmax is the maximum kinetic energy which can be imparted

to a free electron in a single collision, I is the mean excitation energy and δ(β) is

the density effect correction to the ionization energy. This loss of energy is well

understood and the tracking algorithm includes a correction for it. The second effect
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of the material is due to multiple scattering which deflects the trajectory of the muon

in a stochastic manner. This increases the uncertainty in the trajectory and is one of

the reasons to have the high resolution pixel closest to the interaction point.

In both the muon systems and the tracker, trajectories are reconstructed in four

steps. First, the hits in the detector are used to construct seeds which consist of two

or three hits compatible with the nominal interaction point. Second, a combinatorial

Kalman filter [65] is used to build the trajectory by employing the full knowledge of

all analyzed detector layers to find compatible hits in each next detector layer. The

Kalman filter accounts for the energy loss of the muons by using the Bethe-Bloch

formula and giving the loss a Gaussian spread. Third, the ambiguities arising from

hits shared by multiple track candidates are resolved by discarding candidates with

the fewest hits or the highest χ2 if the numbers of hits are equal. Finally, the trajectory

is smoothed by running another Kalman filter from the outermost hit towards the

interaction point. This applies the full knowledge of the detector to the innermost

parts of the trajectory. A more detailed description of track reconstruction can be

found in [66].

Once the tracks in the tracker and muon systems have been reconstructed, two

different approaches are used to combine them into muons: Global Muon reconstruc-

tion and Tracker Muon reconstruction. Global Muon reconstruction starts with a

track reconstructed in the muon systems (called a “standalone” muon), matches it to

a track in the tracker and performs a fit combining the two sets of hits. The matching

is done by considering tracks from the tracker in a rectangular η − φ region around

the standalone muon and selecting the track most compatible with the standalone

muon in position and momentum at a boundary surface. The final fit of the Global

Muon is again based on the Kalman filter technique. Details of the matching and fit

can be found in [64].

Tracker Muon reconstruction starts with a track in the tracker and extrapolates
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Figure 4.2: The pT distributions of leading muons in µ+µ− events (left), muons with
the lower pT in µ+µ− events (center) and muons in e±µ∓ events (right).

it to the muon systems. The propagation of the track is done using the same method

of Runge-Kutta as for standalone muons. Tracker Muons are derived entirely from

the track in the tracker, but they must be matched to at least a short segment of

hits in the muon chambers. Thus, they require fewer hits in the muon systems than

are necessary for a Global Muon and do not make use of a final fit between the

subdetectors [67].

Muons used in determining the mass of the top quark are required to be recon-

structed using both the Tracker Muon and Global Muon algorithms, although only

Global Muons are used in the analysis. Muons from cosmic rays and hadrons are

avoided by requiring the minimum transverse distance between the muon and the

nominal interaction point to be less than 0.2 mm. We want only muons clearly vis-

ible in both subdetectors, so we use only those that have more than 10 tracker hits

and at least 1 muon chamber hit in the final fit. Furthermore, the χ2 of the final

Global Muon fit divided by the number of degrees of freedom must be less than 10.

The fit always includes the interaction point and constrains the result to select mostly

muons from prompt decays from W and Z bosons.

The particles coming from top quark decays are expected to be central and ener-

getic. We require the muons to have pT > 20 GeV/c and |η| < 2.4. To preclude muons

58



 eventsµµ in ηLeading muon 
-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5

E
ve

nt
s

0

100

200

300

400

500

600

700

800

900
 = 7 TeVs

 at-136 pb
Data
tW -

l+l→*γZ/
 othertt
 signaltt

 eventsµµ in ηSecond muon 
-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5

E
ve

nt
s

0

100

200

300

400

500

600

700

800

900
 = 7 TeVs

 at-136 pb
Data
tW -

l+l→*γZ/
 othertt
 signaltt

 eventsµ in eηMuon 
-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5

E
ve

nt
s

0

5

10

15

20

25

30

35

40

 = 7 TeVs
 at-136 pb

Data
tW -

l+l→*γZ/
 othertt
 signaltt

Figure 4.3: The η distributions of leading muons in µ+µ− events (left), muons with
the lower pT in µ+µ− events (center) and muons in e±µ∓ events (right).
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Figure 4.4: The pT distributions of leading muons in µ+µ− events (left), muons with
the lower pT in µ+µ− events (center) and muons in e±µ∓ events (right) after the full
selection.

from heavy flavor hadron decays and hadrons that punch through the calorimeters,

we impose isolation criteria based on the energy of particles around the muon. The

region of interest for the isolation is defined to be a cone of ∆R < 0.3 around the

muon where ∆R =
√

(∆η)2 + (∆φ)2. We exclude the muon itself from this cone and

then require the sum of the ET in the cone from all particles in the tracker, ECAL

and HCAL divided by the ET of the muon to be less than 0.15.

The pT and η distributions of muons in events with at least two selected leptons are

shown in Figures 4.2 and 4.3. For muons, the agreement between data and simulation

is nearly perfect. The slight excess of data in low pT bins is due to the simulated

Drell-Yan sample having a cut on the invariant mass of the muon pair at 50 GeV/c2.
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Figure 4.5: The η distributions of leading muons in µ+µ− events (left), muons with
the lower pT in µ+µ− events (center) and muons in e±µ∓ events (right) after the full
selection.

The same kinematic properties of muons after the full selection (including cuts on

leptons, jets, 6ET and the Z-veto) are shown in Figures 4.4 and 4.5. There are far

fewer events in these distributions, but the data and simulation remain consistent

within the statistical uncertainties.

4.4 Electrons

Electron reconstruction in CMS is performed using the tracker and the electromag-

netic calorimeter. There are two different algorithms used to reconstruct electrons:

the tracker-driven algorithm and the ECAL-driven algorithm. Both contribute to

finding the seeds for electron tracks, but electrons used to determine the mass of the

top quark are required to be identifiable with the ECAL-driven algorithm.

A description of the tracker-driven algorithm can be found in [68]. The ECAL-

driven algorithm starts by finding “superclusters” with energy deposited by the elec-

trons. In the case of electrons that reach ECAL without having lost a significant

fraction of their energy, this is simple: about 97% of the incident energy of elec-

trons with pT = 120 GeV/c is deposited within a 5×5 crystal window [69]. How-

ever, the electrons from the interaction point need to pass through about 2 radiation
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lengths of material in the tracker before they reach ECAL and they lose energy to

bremsstrahlung. Due to the magnetic field, the path of the electrons is curved and

hence they radiate photons along the way. The photons reach ECAL spread out in

φ, but not in η. Therefore, to recover the electron and the bremsstrahlung photons,

superclusters are constructed by summing energy depositions that are separated only

in φ.

After the supercluster has been reconstructed, it is used to construct the seed for

determining the track associated with the electron. The position of the supercluster

is propagated backwards through the magnetic field towards the pixel detector (this

is done for both possible charges to account for electrons and positrons). The inner

layers of the pixel detector are closest to the beam pipe so the electrons are unlikely

to have interacted with material before reaching them. Therefore, the seeds are taken

to be hits in the two inner layers of the pixel detector within a loose ∆η−∆φ window

of the supercluster.

Due to the bremsstrahlung, the Bethe-Bloch formula cannot be used to accurately

predict the energy loss of electrons in matter and the Bethe-Heitler model is used

instead. In this model, the probability density function of the energy loss of an

electron is given by:

f(z) =
[− ln z]c−1

Γ(c)
, (4.2)

where c·ln (2) is the thickness of the material the electron has traveled through in radi-

ation lengths and z is the fraction of energy remaining after traversing this thickness.

The Bethe-Heitler distribution cannot be accurately described by a single Gaussian

so the Kalman filter is not an optimal way to reconstruct the track of the electron.

To solve this problem, we use the Gaussian-sum filter which is a generalization of the

Kalman filter. It accounts for the energy loss of the electrons by using a weighted

sum of Gaussians rather than a single Gaussian [70].

The electrons are reconstructed as a track and a shower of particles in the calorime-

61



ters. We apply several selections to distinguish them from hadronic activity. As de-

scribed above, the width of the supercluster in η (called σiηiη) should be small and the

supercluster and track should be close to each other in both η and φ. Furthermore,

the electron should leave a substantial amount of energy in the supercluster so we

require supercluster ET > 15 GeV. In addition, the energy deposited by the electron

in HCAL (called H) should be much less than energy in ECAL (called E). We im-

pose this condition by requiring the ratio of the two (referred to as H/E) to be small.

Finally, an electron can be mimicked by a combination of a muon (which provides

the track) and hadrons in ECAL. To avoid these, we require ∆R > 0.1 between the

electron and any muon.

The ECAL barrel and endcaps have different geometries and have slightly different

selection criteria imposed on them. The criteria are shown in Table 4.2. A more

detailed description and the derivation of the values of parameters used for electron

identification can be found in [71].

Variable Barrel Cut Endcap Cut
∆η 0.007 0.009
∆φ 0.8 0.7
σiηiη 0.001 0.03
H/E 0.12 0.05

Table 4.2: Criteria used for electron identification.

In tt̄ samples, we are only interested in electrons fromW bosons and impose several

additional constraints to select them. To avoid electrons from hadrons, we require

the minimum transverse distance between the electron and the nominal interaction

point to be less than 0.4 mm. Photon conversion into e+e− pairs is another undesired

source of electrons. We eliminate it by rejecting electrons that do not have a hit in

more than 1 layer of the tracker and have an oppositely charged partner.

The kinematic properties of electrons and muons from top quark decays are not

expected to differ. We impose almost the same selection for muons as for electrons:
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Figure 4.6: The pT distributions of leading electrons in e+e− events (left), electrons
with the lower pT in e+e− events (center) and electrons in e±µ∓ events (right).
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Figure 4.7: The η distributions of leading electrons in e+e− events (left), electrons
with the lower pT in e+e− events (center) and electrons in e±µ∓ events (right).
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Figure 4.8: The pT distributions of leading electrons in e+e− events (left), electrons
with the lower pT in e+e− events (center) and electrons in e±µ∓ events (right) after
the full selection.

pT > 20 GeV/c and |η| < 2.5. The slight difference in the |η| cut is due to the greater

acceptance of ECAL relative to the muon system. Similarly, electrons are required to

be isolated in the same way as muons. For each electron, we compute the sum of the

ET from all particles within ∆R < 0.3 of the electron (excluding the electron itself).

This sum divided by the electron’s ET must be less than 0.15.

The kinematic properties of selected electrons in dilepton events are shown in Fig-

ures 4.6 and 4.7. Due to a small miscalibration of the ECAL endcaps, the agreement

of pT distributions in data and simulation is not as good as it is for muons. This effect

is taken into account when computing the systematic uncertainty for the top quark

mass measurement. Just as with muons, the excess of data in the low pT bins is due

to the 50 GeV/c2 cut on the dielectron invariant mass in the Drell-Yan sample. The

inefficiency near |η| = 1.5 is due to the gap between the ECAL barrel and endcaps.

The η and pT distributions of electrons after the full selection are shown in Figures 4.8

and 4.9. The consistency of data and simulation is within the statistical uncertainty.
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Figure 4.9: The η distributions of leading electrons in e+e− events (left), electrons
with the lower pT in e+e− events (center) and electrons in e±µ∓ events (right) after
the full selection.

4.5 Dilepton Selection

To reconstruct the top quark mass, we require two opposite signed leptons: e+e−,

µ+µ− or e±µ∓. If there are more than two good leptons in the event, we use the

pair with the greatest total pT . To reduce the number of background events, two

requirements are imposed on the invariant mass of the dilepton pair (M`+`−). To reject

the Drell-Yan background in the e+e− and µ+µ− channels, M`+`− is required to be

more than 15 GeV/c2 away from the mass of the Z boson (that is, M`+`− < 76 GeV/c2

or M`+`− > 106 GeV/c2). The width of the Z boson is 2.5 GeV/c2 [1], but due

to the effects of detector resolution, the standard deviation of the invariant mass

distribution is approximately 3.5 GeV/c2. Thus, this requirement eliminates the

Drell-Yan background to slightly over 4 standard deviations. The second selection is

necessary to eliminate the background due to heavy flavor resonances. A requirement

of M`+`− > 12 GeV/c2 is imposed in all channels.

The dilepton invariant mass distributions in e+e−, µ+µ− and e±µ∓ events are

shown in Figure 4.10. As with the pT distribution, the agreement between data and

simulation is best in dimuon events. The invariant mass distributions after the full

selection are shown in Figure 4.11.
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Figure 4.10: The dilepton invariant mass distribution in e+e− (left), µ+µ− (center)
and e±µ∓ (right) events.
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Figure 4.11: The dilepton invariant mass distribution in e+e− (left), µ+µ− (center)
and e±µ∓ (right) events after the full selection.
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4.6 Jets

Unlike muons and electrons, bottom and antibottom (bb̄) quarks do not remain free

particles long enough to travel through the tracker. As the bb̄ quarks fly through

the detector, due to color confinement, the separation of the bb̄ pair produces other

quark-antiquark pairs until all of the quarks have been rearranged into color-neutral

hadrons. The hadrons then decay into lighter quarks and possibly leptons, thus

forming jets of particles which are observed in the detector.

The goal of jet reconstruction is to determine the momentum of the original

quarks. To reconstruct the jets, we first need identify all of their constituents. This

is accomplished using the particle flow (PF) algorithm. Once all of the particles are

found, we use the anti-kt algorithm to construct jets out of them. The non-linear

calorimeter response necessitates that the measured energy of the jet is corrected

based on its kinematic properties to bring it closer to the energy of the original par-

ticle.

A detailed description of the PF algorithm can be found in [72]. In brief, the

PF algorithm attempts to reconstruct all stable particles in the event by using a

combination of all CMS subdetectors. It starts by considering all tracks and finding

those that correspond to Global Muons compatible with muons reconstructed within

the tracker alone. These “PF muons” are used to estimate the energy deposited by the

muon in ECAL and HCAL and then their tracks are removed from the track collection.

A similar technique is then applied to electrons: “PF electrons” are reconstructed

using the tracker-driven algorithm and their tracks and superclusters are likewise

removed from the event.

After the muons and electrons have been removed, the remaining tracks are as-

sumed to be either due to charged hadrons or fake. Both ECAL and HCAL are

used to eliminate the fake tracks and assist in measuring the energy of the hadrons.

The calorimeters are calibrated using simulated single hadrons and this calibration
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is verified in the data using high quality tracks which must have at least 15 hits and

pT > 1 GeV/c. Tracks that are not compatible with energy deposits in the calorime-

ters are removed. ECAL and HCAL clusters which are not matched to any track are

taken to arise from photons or neutral hadrons.

To reconstruct jets from tracks and calorimetric energy deposits, we use the anti-

kt algorithm [73]. This algorithm has several important attributes. It is “collinear

safe” which means splitting a single entity into two collinear ones does not change the

results. It is also “infrared safe”: perturbations from entities with very low energy

likewise do not change the results. Furthermore, the algorithm results in cone-like

jets around entities with the largest transverse momentum without explicitly requiring

cones.

The anti-kt algorithm defines distances between various energetic entities as:

dij = min

(
1

k2
ti

,
1

k2
tj

)
∆2
ij

R2
, (4.3a)

diB =
1

k2
ti

. (4.3b)

Here, dij is the distance between entity i and entity j, diB is the distance between

entity i and the beam, kt is the transverse momentum, R is the characteristic radius

of the jet and ∆2
ij = (yi − yj)

2 + (φi − φj)
2. For all top quark mass studies at

CMS, the radius of the jets (R) is set to 0.5. Using this definition of distance, the

algorithm looks for the minimum distance between two entities. If this distance is dij,

then entities i and j are merged into a new entity and the search for the minimum

distance starts anew. If the minimum distance is diB, then i is considered to be a jet

and is removed from the list of entities. The process continues until all tracks and

calorimetric energy deposits have been incorporated into jets.

The final step of jet reconstruction is to correct the energy scale of the jets to com-

pensate for the calorimeter response. The response is estimated using the mean value
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of the pGenT /pRecoT distribution where pGenT is the transverse momentum of simulated

jets before accounting for the properties of the detector and pRecoT is the transverse

momentum after detector reconstruction. The jets are first corrected so that their

response is flat in η. This is accomplished by correcting jets in every η region relative

to jets in |η| < 1.3. The correction is derived from simulation and verified in data

using the pT balance of back-to-back dijet events. The second correction applied to

the jets is designed to make the response flat in pT . This correction is likewise de-

rived from simulation, but the verification in data is done using jet-photon balancing.

The third and final jet energy correction is applied to data only and resolves small

differences of the response in η. A detailed description of the jet corrections can be

found in [74].

For the reconstruction of the top quark mass, we require events with at least two

jets that have pT > 30 GeV/c and |η| < 2.5. To make sure that the jets do not

originate from noise in the calorimeters, each jet is required to have the properties

in Table 4.3. Furthemore, as leptons and jets can sometimes overlap, we require

∆R > 0.4 between each jet and each of the two selected leptons.

Variable Selection
Number of Constituents > 1
Neutral Hadronic Fraction < 0.99
Neutral Electromagnetic Fraction < 0.99
Charged Multiplicity > 0
Charged Hadronic Fraction > 0
Charged Electromagnetic Fraction < 0.99

Table 4.3: Criteria used for jet identification.

The number of selected jets in events with at least two leptons and the number

of jets after the full selection are shown in Figure 4.12. There is a slight excess of

Drell-Yan events with two or more high pT jets. For the measurement of the top

quark mass, this is accounted for by using a data-driven estimate for the Drell-Yan

background. The pT and η of the two leading jets in events with two jets and two
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Figure 4.12: The number of jets in events with two leptons (left) and the number of
jets after the full selection (right).

leptons are shown in Figures 4.13 and 4.14. The same kinematic distributions after

the full selection are in Figures 4.15 and 4.16.

4.7 Missing Transverse Energy

The neutrinos from the W± decays cannot be directly detected by the CMS detector.

However, because the sum of pT of all particles in the event must be zero, the neutrinos

are indirectly visible as missing transverse energy. Like the jets, 6~ET is calculated using

the particle flow algorithm. Once all of the PF objects have been reconstructed and

all relevant corrections have been applied, 6 ~ET is simply the negative of the vector

sum of all transverse momenta.

The missing transverse energy serves two purposes: it is an input to the algo-

rithm reconstructing the tt̄ system and it is a means of discriminating against back-

ground. In the e±µ∓ channel, the background is relatively small so we require only

6ET > 20 GeV to keep fluctuations in 6 ~ET from dominating the input to the recon-

struction algorithm. The e+e− and µ+µ− channels are affected by the Drell-Yan

background so the cut for them is higher: 6ET > 30 GeV.
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Figure 4.13: The pT of the leading jet (left) and the jet with the second highest pT
(right) in events with at least two jets and two leptons.
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Figure 4.14: The η of the leading jet (left) and the jet with the second highest pT
(right) in events with at least two jets and two leptons.
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Figure 4.15: The pT of the leading jet (left) and the jet with the second highest pT
(right) after the full selection.
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Figure 4.16: The η of the leading jet (left) and the jet with the second highest pT
(right) after the full selection.
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Distributions of 6ET in events with two leptons and two jets are shown in Fig-

ure 4.17. In addition to having more jets, the Drell-Yan events in data also have

more 6ET which leads to a slightly harder spectrum with this loose selection. The

same distributions, but with the full selection can be seen in Figure 4.18.
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Figure 4.17: The 6ET distribution in e+e−, µ+µ− and e±µ∓ events.
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Figure 4.18: The 6ET distribution in e+e−, µ+µ− and e±µ∓ events after the full
selection.
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4.8 Event Selection Summary

The number of events remaining after each selection cut is shown in Table 4.8. The

event yields in data and simulation are consistent except for the discrepancies de-

scribed in previous sections. A total of 102 events pass the full selection.

Selection cut Data Total expected tt̄ signal Total background

pre-tagged sample
≥2 id-iso-leptons 27257 28934 ± 49 158.8 ± 0.9 28775 ± 49
Opposite Sign 26779 28545 ± 42 157.3 ± 0.9 28388 ± 42
Z/quarkonia-veto 2878 2873 ± 27 139.3 ± 0.8 2734 ± 27
≥2 jets 204 193 ± 2 103.1 ± 0.7 90 ± 2
6ET 102 108.4 ± 0.9 +3

−2 92.1 ± 0.7 +2
−1 16 ± 1 +1

−1

Table 4.4: Total number of dilepton events after each selection cut. The 6ET row
corresponds to the final selection. The quoted uncertanties are statistical, except for
the last row where the systematic uncertainties from jet energy scale variation is also
shown. The 4% uncertainty due to the luminosity is not included.
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Chapter 5

Jet Selection

5.1 Initial and Final State Radiation

At the LHC, the two b-jets resulting from the decay of the tt̄ system may not be

the two jets with the highest pT (called leading jets). This is caused by the presence

of initial and final state radiation (ISR and FSR respectively). An illustration of

ISR and FSR is shown in Figure 5.1. ISR/FSR jets occur when either the incoming

partons or outgoing quarks radiate gluons which are then reconstructed as separate

jets. They can be distinguished from the b-jets by using a b-tagging algorithm as

described in Section 5.2.

t

t

t

g

g

ISR

t

t

t

g

g

FSR

Figure 5.1: Initial state radiation (left) and final state radiation (right) in tt̄ events.
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Figure 5.2: The number of jets assumed to be ISR or FSR (left) in events passing the
full selection and having two b-tagged jets. The pT of the leading (center) and second
leading (right) ISR/FSR jet.

To study the ISR/FSR, we consider events that pass the full selection and have at

least two b-tagged jets. This results in a data sample that is almost entirely dilepton

tt̄ (in simulation, the purity is 96%) and all jets other than the two b-tagged ones are

most likely due to ISR/FSR. Distributions of the number of these jets and pT of the

two leading ones are shown in Figure 5.2. The ISR/FSR jets in data and simulation

are consistent within the statistical uncertainty.

5.2 b-tagging

The algorithm we use to tag the b-jets is called track counting. It relies on the

displacement of the tracks from the primary vertex to differentiate b-jets from other

jets. As mentioned above, the b and b̄ quarks undergo hadronization before decaying.

In order to decay to lighter hadrons, the B-mesons and b-baryons formed by the b

quarks must change flavor. This forces them to decay via the weak interaction and

thus they have relatively large lifetimes of approximately 1.6 ps [1]. Combined with

relativistic effects, this allows them to travel an average of 0.5 mm from the primary

vertex before decaying [75]. The track counting algorithm calculates the distance of

closest approach to the primary vertex for each track in a given jet. This distance is
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Figure 5.3: The decay of a b-hadron at a secondary vertex and the impact parameter
of one of the resulting tracks.

called the impact parameter (IP) and it is shown in Figure 5.3. The uncertainty of the

IP (σIP ) depends on the quality of the track and needs to be small compared to the

IP itself to ensure that we see a displaced track rather than a statistical fluctuation.

Thus, we define the significance of the IP to be IP/σIP . For the top quark mass

analysis, we consider a jet to be b-tagged if IP/σIP > 1.7 for the track with the

second highest significance [76].

We do not use b-tagging as part of the event selection, but if there are more than

two jets in the event, it is used to select the two used in tt̄ reconstruction. If there

are two or more b-tagged jets, the two b-tagged jets leading in pT are used. If there

are fewer than two b-tagged jets, the other jets (likewise ordered in pT ) are used to

supplement the jet selection. This b-tag driven method of selecting the jets is better

at correctly identifying the b-jets than simply taking the leading jets. The fractions

of jets correctly matched using the two methods on simulated tt̄ events are shown in

Table 5.1. The improvement in the fraction of events where both b-jets are selected

is about 16% and this leads to approximately a 15% improvement in the statistical

uncertainty of the mass measurement.
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Leading jets b-tag driven jets
2 matched jets 0.579 0.672
1 matched jet 0.379 0.307
0 matched jets 0.042 0.021

Table 5.1: Fraction of simulated tt̄ dilepton events with 0, 1 or 2 matched b-jets
according to the choice of jets.

The numbers of b-tagged jets in events with two jets and two leptons and after

the full selection are shown in Figure 5.4. The bins with low b-tagged jet multiplicty

are dominated by Drell-Yan and thus have an excess of events in data, but this

effect diminishes as the fraction of tt̄ events in the sample increases. The pT and η

of b-tagged jets are shown in Figures 5.5 and 5.6 for events with two jets and two

leptons and in Figures 5.7 and 5.8 for events passing the full selection. The data is

well-described by the simulation.

Selection cut Data Total expected tt̄ signal Total background

= 0 b-tag 19 15.9 ± 0.6 +13
−8 6.9 ± 0.2 +7

−3 9.0 ± 0.6 +6
−5

= 1 b-tag 35 40.9 ± 0.5 +17
−14 35.7 ± 0.4 +9

−8 5.1 ± 0.4 +8
−6

≥ 2 b-tags 48 51.7 ± 0.5 +14
−16 49.5 ± 0.5 +11

−15 2.2 ± 0.2 +3
−1

Total 102 108.4 ± 0.9 +3
−2 92.1 ± 0.7 +2

−1 16 ± 1 +1
−1

Table 5.2: Events after the final selection split by b-tagged multiplicity. Both statis-
tical uncertainties and systematic uncertainties from jet energy scale variation and
b/mis-tagging efficiency variation are shown. The 4% uncertainty due to the lumi-
nosity is not included.
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Figure 5.4: The number of b-tagged jets in events with two leptons and two jets (left)
and the number of b-tagged jets after the full selection (right).
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Figure 5.5: The pT of the leading b-tagged jet (left) and second b-tagged jet (right)
in events with at least two jets and two leptons.
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Figure 5.6: The η of the leading b-tagged jet (left) and second b-tagged jet (right) in
events with at least two jets and two leptons.
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Figure 5.7: The pT of the leading b-tagged jet (left) and second b-tagged jet (right)
after the full selection.
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Figure 5.8: The η of the leading b-tagged jet (left) and second b-tagged jet (right)
after the full selection.

81



Chapter 6

Event Reconstruction

6.1 Event Kinematics

A top quark mass estimator for each event is obtained by reconstructing the tt̄ sys-

tem. The reconstuction of the event is performed using the Analytical Matrix Weight-

ing Technique (AMWT) which is based on the Matrix Weighting Technique used at

DØ [77]. Dilepton tt̄ events have six particles in the final state: two charged leptons,

two b-quarks and two neutrinos. The charged leptons are observed and the b-quarks

result in jets which are also observed, but the neutrinos are only visible as 6~ET .

All final state particle masses are assumed to be small so there are a total of

six unknowns. The kinematics of the event give us five constraints: one each from

momentum balance in x and y, two from each lepton and neutrino pair having the

invariant mass of the W -boson and one from the top and antitop quarks having the

same mass. Thus, the system is under-constrained. We deal with this by using the

mass of the top quark itself as the missing constraint to analytically solve for the four-

momenta of the neutrinos. To measure the top quark mass, we iterate over values of

the mass from 0 to 700 GeV/c2 in 1 GeV/c2 steps and give each of them a weight.

Given a value of the top quark mass, the dilepton tt̄ decay can be described by

82



the following system of equations:

6~ET = ~p ν
T + ~p ν̄

T (6.1a)

Eν = |~pν | (6.1b)

Eν̄ = |~pν̄ | (6.1c)

m2
W+ = (pν + p`+)2 (6.1d)

m2
W− = (pν̄ + p`−)2 (6.1e)

m2
t = (pν + p`+ + pb)

2 (6.1f)

m2
t̄ = (pν̄ + p`− + pb̄)

2 . (6.1g)

We solve these using the analytical method from [78, 79] except for rare events for

which this method has an irreducible singularity. In this case we use the numerical

method from [80]. According to [78], the transverse momentum of the neutrino can

be constrained to a pair of ellipses in the px-py plane as shown in Figure 6.1. This

corresponds to a quartic equation which may have zero, two or four solutions. Because

we cannot match the jets to the b and b̄ quarks, there are two possible lepton-jet

assignments and each event may have up to 8 solutions for any value of the top quark

mass.

6.2 Solution Weighting

In order to determine the most likely value of the top quark mass in an event, each

solution is given a weight as in [81]:

w =
{∑

F (x1)F (x̄2)
}
p(E∗`+|mt)p(E

∗
`−|mt). (6.2)
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Figure 6.1: pT of the neutrino in dilepton tt̄ decays for events with zero (left), two
(center) and four (right) solutions.

Here, x1 and x2 are the Björkén x values for the initial state partons, F (x) is the

parton distribution function (PDF) for x evaluated at Q2 = m2
t and p(E∗|mt) is the

probability of observing a charged lepton of energy E∗ in the rest frame of the top

quark if the top quark mass has a value mt.

The PDFs are taken from CTEQ6.1 [82] and accessed using LHAPDF [83]. Each

PDF is the probability of finding a parton in the proton that carries the specified

momentum fraction. The product of PDFs is summed over all possible leading order

initial state partons

The term p(E∗|mt) is computed in [81]:

p(E∗|mt) =
4mtE

∗(m2
t −m2

b − 2mtE
∗)

(m2
t −m2

b)
2 +M2

W (m2
t −m2

b)− 2M4
W

. (6.3)

The product of p(E∗|mt) for the positive and negative leptons is a measure of the

tt̄ system decaying into the observed in the event. Thus, the weight for any given

solution is proportional to the probabilities of both the production and the decay of

the tt̄ pair. The total weight for each hypothesized value of the top mass is the sum

of the weights of all solutions for that mass. The top quark mass estimator for each

event is the mass value with the highest total weight. We call this the “peak mass”.

Distributions of the total weight (called “weight curves”) in top quark candidate
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Figure 6.2: Distributions of the total weight in top quark candidate events in data.

events are shown in Figure 6.2. The structure of the weight curves depends on the

number of lepton-jet assignments for which there exists a solution. In events for which

only one lepton-jet combination gives a solution (Figure 6.2 left), there is typically a

single peak whereas the double peaks result from both combinations having solutions.

In tt̄ simulation, the taller of the two peaks corresponds to the correct jet-lepton

assignment 70% of the time.

Peak mass distributions for simulated dilepton tt̄ events with the input mass of the

top quark equal to 172 GeV/c2 are shown in Figure 6.3. The peak mass is correlated

with the mass of the top quark, but because of the ISR and FSR, detector resolution

effects and the bias due to the event selection, it does not give us an unbiased estimate

of the top quark mass. The presence of signal in the region beyond 300 GeV/c2 is

due to events in which jets that are not the b-jets were used to reconstruct the tt̄

system.

6.3 Smearing of Jets and 6~ET

For approximately 14% of simulated dilepton tt̄ decays, there are no solutions for the

neutrino momenta at any value of the top quark mass. This is due partly to ISR and

FSR and partly to the resolution of the detector which can lead to mismeasurement
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Figure 6.3: Peak mass distributions for an input top quark mass of 172 GeV/c2. The
top row shows distributions after hadronization and before (left) and after (right) the
selection cuts. The distributions after simulated detector reconstruction with Monte-
Carlo truth matching for b-jets (left) and without any generator level information
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Figure 6.4: The effect of the jet and 6~ET smearing on neutrino momenta. Events with
no solutions at ellipse intersections may solutions in the region of overlap.
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of the reconstructed momenta. The objects which are most likely mismeasured are

jets so we smear them in accordance with the detector resolution. Each event is

reconstructed multiple times and, each time, the jet momenta are multiplied by a

random number drawn from a normal distribution with the width computed according

to [84].

Since the 6~ET depends on the jets, it is smeared together with them:

6ESmeared
x = 6EOriginal

x + ΣpOriginal Jetsx − ΣpSmeared Jetsx (6.4a)

6ESmeared
y = 6EOriginal

y + ΣpOriginal Jetsy − ΣpSmeared Jetsy . (6.4b)

In addition, the x and y components of 6 ~ET not clustered into jets are smeared by

10% using normal distributions with a mean of 0 and a width of 1.

Each event in the CMS data is smeared 1000 times and each event in simulation

is smeared 100 times. The difference in the number of smearings is due to the much

larger amount of simulated events. There are on the order of a million events in

simulation, but only about a hundred events in data. As a result of this, fluctuations

in individual simulated events tend to cancel each other out and are not worth the

tenfold increase in the time it takes to process the simulated samples.

The total weight for every mass point is the sum of the weights from all smearings.

As shown in Figure 6.4, the smearing increases the probability of finding solutions for

the neutrino momenta. In simulated tt̄ events, this probability changes from 86% to

96%. The data are consistent with simulation: the number of events with solutions

increases from 86 to 98 out of the 102 selected events.

A comparison of weight curves before and after smearing is shown in Figure 6.5.

Smearing the jets and 6ET makes the weight curves smoother and causes small changes

in the value of the peak mass. In most events such changes are less than 3 GeV/c2,

although in events with sharp peaks, they can be on the order of 10 GeV/c2 (as in
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the central plot of Figure 6.5). The weight curves of all data events used for the

measurement of the top quark mass are shown in Appendix A.
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Figure 6.5: Distributions of the total weight in tt̄ candidate events in data before and
after jet and 6ET smearing. The distribution before smearing is scaled by the number
of smearings (1000).

6.4 Weight Cut

Background events as well as events with badly reconstructed objects or ISR/FSR

jets used for event reconstruction typically yield fewer solutions and these solutions

usually have lower weights. As illustrated in Figure 6.6, the peak mass of these

events typically depends on either a single anomalous solution or a variation within

a jagged peak. Thus, these events are subject to significant fluctuations due to the

randomness in the jet smearing and do not yield a reliable estimate of the peak mass.

Furthermore, as shown in Figure 6.7, events with low values of the maximum weight

(referred to as the “peak weight”) have a much broader peak mass distribution.

To remove the worst of these events, we impose a cut on the peak weight: the av-

erage peak weight per smearing must be at least 0.05. In simulation, this requirement

removes about 9% of the signal events and about 20% of the Drell-Yan. In data, it

removes 7 events in the e+e− channel, 2 event in the e±µ∓ channel and 4 events in

the µ+µ− channel.
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Figure 6.6: Distributions of the total weight in data events rejected by the minimum
weight requirement.
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Figure 6.7: Distribution of the peak weight versus the peak mass for simulation of
signal events for top quark mass value of 172 GeV/c2 (left) and the main backgrounds,
Drell-Yan (middle) and single top (left).
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Figure 6.8: The peak mass distributions of data and simulation in the µ+µ− (left),
e+e− (center) and e±µ∓ (right) channels.
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Figure 6.9: The peak mass distributions of data and simulation in events with 0 (left),
1 (center) and 2 (right) b-tagged jets.

6.5 Final Peak Mass Distributions

The distributions of the peak mass split by lepton channel and by the multiplicity of

b-tagged jets are shown in Figures 6.8 and Figures 6.9 respectively. Figure 6.10 shows

the combined peak mass distribution. There is reasonable agreement between data

and simulation with fluctuations in some bins due to the low statistics.
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Figure 6.10: The peak mass distribution of all selected events in data and simulation.
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Chapter 7

Template Fit

The mass of the top quark is measured by a maximum likelihood fit of the peak

mass distribution to templates obtained from simulation. Templates were generated

for masses of the top quark between 151 GeV/c2 and 199 GeV/c2 in intervals of

3 GeV/c2. To maximize the number of signal events, all tt̄ events in the templates

were decayed via the dilepton channel. Figure 7.1 shows the tt̄ templates for all

seventeen mass points.

As shown in Section 7.3, is beneficial to split the data sample into multiple cate-

gories and use different templates for each category. There are two different ways to

classify the events. In the first, the classification is done according to the lepton pair

in the decay: e+e−, µ+µ− or e±µ∓. In the second, the events are divided based on

the number of b-tagged jets used to reconstruct the top quarks. In either case, the

templates are fit to the data for each top quark mass hypothesis. All of the events are

fitted together in a single likelihood fit, but different templates are used according to

the category of the event.

Due to limited computing resources, the total number of events in each template

is only about 100,000 and peak mass points that are more than 100 GeV/c2 away

from the input mass are populated with very few events. As a result of this, the tails
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Figure 7.1: Templates for tt̄ events generated at different top quark mass values.

of the templates suffer from large statistical fluctuations and fitting the entire peak

mass range from 0 to 700 GeV/c2 introduces a significant amount of noise into the

likelihood. To eliminate this problem, we exclude all events with a peak mass above

300 GeV/c2 from the fits. In the data, this requirement removes 7 events leaving a

total of 80 events for the fit.

7.1 Background Estimate

The background of the tt̄ sample can be distinguished into two varieties:

• Irreducible backgrounds with two real isolated leptons, such as Drell-Yan, single

top in the tW channel and diboson production.

• Instrumental backgrounds with one or two fake isolated leptons. These include

the multijet background, W+Jets (where a leptonically decaying W boson oc-

curs in combination with a jet that fakes a lepton and at least two other jets)
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and semileptonic tt̄ decays in which the second lepton originates from one of

the b hadrons.

As shown in [85], the multijet and W+Jets backgrounds are small because of the

excellent lepton identification at CMS. The diboson production background has two

isolated leptons, but its cross section is more than an order of magnitude smaller than

that of tt̄ so it is likewise negligible. Thus, the main backgrounds for the top quark

mass measurement are Drell-Yan, single top in the tW channel and non-dilepton tt̄.

To estimate the effect of each background on the mass measurement, we need the

shape of its template and the number of events satisfying our selection requirements.

For single top, non-dilepton tt̄ and Drell-Yan in the e±µ∓ channel, both of these

are taken from simulation. Drell-Yan production of leptons of the same flavor is the

single largest background and, as shown in section 4.7, it is not well described by the

simulation. Therefore, we estimate it using the data-driven Rin/out method [85].

7.1.1 The Rin/out Method for the Drell-Yan Background

The Drell-Yan background estimate in the e+e− and µ+µ− channels is performed using

the numbers of events for which the dilepton invariant mass falls inside and outside

the Z-mass window (76 GeV/c2 < M`+`− < 106 GeV/c2). These are labeled Nin and

Nout and we assume that their ratio, Rin/out = Nin/Nout, is accurately described by

the simulation. The numbers of e+e− and µ+µ− events outside the Z-mass window

in data are then:

N e+e−

out = Re+e−

in/out

(
N e+e−

in − N e±µ∓

in

2
×

√
N e+e−
loose

Nµ+µ−

loose

)
, (7.1a)

Nµ+µ−

out = Rµ+µ−

in/out

Nµ+µ−

in − N e±µ∓

in

2
×

√
Nµ+µ−

loose

N e+e−
loose

 . (7.1b)
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Here, N e±µ∓

in is the number of events in the e±µ∓ channel and it is subtracted to

account for the presence of signal inside the Z-mass window. N e±µ∓

in is divided by 2

to account for the different branching ratio of the e±µ∓ channel compared to the e+e−

or µ+µ− channels. The multiplication by the square root of the ratio of numbers of

events with a loose selection is done to correct for difference in reconstruction efficiency

between electrons and muons. N l+l−

loose is the number of events with oppositely charged

leptons of the specified flavor without any further selections.

The method was first tested in simulation using single top, dilepton tt̄ and Drell-

Yan events. We compared the prediction of the method in detector simulation to the

number of events at the level of the Monte-Carlo generator and found a good agree-

ment. The results of the tests in simulation and the estimate in data are summarized

in Table 7.1. Only statistical uncertainties are presented. To verify the robustness

of the method, it was also used on a sample of events obtained by removing the 6ET

selection. The results are also shown in Table 7.1 and demonstrate a good agreement

between data, simulation and Monte-Carlo truth.

After Final Selection
Samples Monte-Carlo Truth Simulation Data

e+e− 1.6 ± 0.3 1.4 ± 0.6 3.3 ± 0.7
µ+µ− 3.5 ± 0.4 3.1 ± 1.2 8.4 ± 1.6

No 6ET Selection
Samples Monte-Carlo Truth Simulation Data

e+e− 23.6 ± 1.0 21.7 ± 1.3 21.9 ± 1.3
µ+µ− 31.1 ± 1.2 28.6 ± 1.5 31.8 ± 1.6

Table 7.1: Estimated Drell-Yan background contamination.

The results presented in Table 7.1 do not account for the probability for an event

to not have any solutions or to fail the minimum peak weight requirement. The

fractions of simulated events that satisfy this requirement in each lepton channel are

shown in Table 7.2. With these factors properly accounted for, the predicted numbers

of Drell-Yan background events are 2.1 ± 0.7 events in the e+e− channel and 5.6 ± 1.7
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events in the µ+µ− channel.

e+e− 0.658 ± 0.077
e±µ∓ 0.836 ± 0.050
µ+µ− 0.670 ± 0.051

Table 7.2: Fractions of simulated Drell-Yan events that satisfy the minimum peak
weight requirement.

7.1.2 Peak Mass Template for the Drell-Yan Background

In addition to the number of Drell-Yan events, we also need the shape of the peak mass

template for Drell-Yan. To obtain it, we use simulation to verify that the shapes inside

and outside the Z-mass window are similar and then derive the shape from data events

satisfying all selection requirements except for the Z-veto of the dilepton invariant

mass. The peak mass distributions for the e+e− and µ+µ− channels are similar so

they are combined to increase the statistics. In order to get a smooth distribution

for the template, we fit the peak mass with a Landau distribution convoluted with a

Gaussian distrbution as shown in Figure 7.2. The final Drell-Yan peak mass template

is then produced using 5 million random values drawn from the fitted function.

Figure 7.2: Drell-Yan peak mass distribution from data fitted with a Landau convo-
luted with a Gaussian.
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7.1.3 b-tagging Classification for Drell-Yan

Since most Drell-Yan events are not expected to have bottom quarks, it is reasonable

to assume that the template derived from data does not change with the number of

b-tagged jets. Thus, the Drell-Yan template for each b-tagging category is constructed

by reweighting the overall template by the expected fraction of events in each category.

The number of expected events for each b-tagging category is shown in Table 7.3.

Single top and tt̄ decays result in real b-jets, so simulated samples of these processes

are used without reweighting.

Sample PF
0 b-tags 1 b-tag 2 b-tags

single top tW 0.4 1.3 0.7
Z+Jets 7.0 1.9 0.5
tt̄ background 0.4 1.7 2.1
tt̄ signal 5.0 27.7 39.3

Table 7.3: Expected number of events in each sample according to the number of
b-tagged jets used.

7.2 Likelihood

To perform the likelihood fit, we first define the probability density function

P (x) = fsS(x) + (1− fs)B(x) . (7.2)

In this context, fs is the fraction of signal in the data, x corresponds to the peak mass,

S(x) is the peak mass template of a signal sample normalized to 1 as in Figure 7.1 and

B(x) is the peak mass distribution of the background normalized to 1. The fit can

be done with fs set to the value found using simulation and the data-driven estimate
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or fs can be allowed to vary. In either case, the likelihood function is

L =
N∏
i=1

P (xi) . (7.3)

Here, N is the number of events in data and P (xi) is the peak mass is the probability

density function evaluated at the peak mass value of the ith event. If fs is fixed to

the expected value, then there are no free parameters and the likelihood is simply

the above product. If fs is allowed to vary, then there is one free parameter and

the -log(likelihood) needs to be minimized for each of the signal templates. The

minimization is performed using MINUIT [86].

Once we have obtained the likelihood for all of the signal templates, we fit a

quadratic polynomial to the -log(likelihood) distribution. This final fit is performed

over a range of ±12 GeV/c2 in top quark mass around the lowest of the seventeen

mass points. The ±12 GeV/c2 range was chosen because it consistently yields pull

widths closer to unity.

7.3 Study of the Method in Simulation

To study the likelihood fit, we perform several ensemble tests corresponding to differ-

ent integrated luminosities. For each test, a large number of pseudo-experiments is

generated for different hypotheses of the top quark mass. In each pseudo-experiment,

signal and background events are generated in each channel using Poisson statistics

with the mean set to the number of expected events in each channel. The total number

of events is constrained to be 80 as observed in the data and a multinomial is used to

determine the number of events from each process for each pseudo-experiment. The

likelihood fit is performed as described in Section 7.2 and the measured top quark

mass is compared to the hypothesis. To characterize the residual distributions, a

Gaussian is fitted to the distribution and the mean of this Gaussian is taken to be
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the mean measured mass. The standardized residual (or pull) distribution is likewise

fitted with a Gaussian and the standard deviation is taken to be the pull width.

Pull distributions for the 172 GeV/c2 mass point with the events classified by lepton

channel and by b-tagging multiplicity are shown in Figure 7.3.
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Figure 7.3: Pull distributions for 172 GeV/c2 mass point with the events classified
by b-tagging multiplicity (left) and by lepton channel (right).

The ensemble tests were used to compare the two data classification methods

described above. The results for classification by lepton pair and by b-tag multiplicity

are shown in Figures 7.4 and 7.5 respectively. Their performance is similar when

comparing the mean fitted mass and the mean pull width, but the mean uncertainty

is lower when classifying the events according to the number of b-tagged jets used

to reconstruct the tt̄ system. In fact, the uncertainty using lepton classification is

approximately the same as without any classification at all. The uncertainties are

summarized in Table 7.4. Hereafter, we classify the data using b-tag multiplicty to

minimize the statistical uncertainty.

Further studies of the likelihood fit have been performed for integrated luminosities

of 35 and 100 pb−1. For these studies, the total number of events is taken from a

Poisson distribution with the mean equal to the expected number of events with the
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Figure 7.5: Mean measured mass (left), pull (middle left) width and pull mean (mid-
dle right) for different mass hypotheses with 80 events, when classifying the events
according to the number of b-tagged jets used to reconstruct the tt̄ system (0, 1 or 2 b-
tags). Right: distribution of uncertainties of the ensemble tests for a mass hypothesis
of 172 GeV/c2.
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Classification Mean Uncertainty
None 5.0 GeV/c2

Lepton Channels 5.0 GeV/c2

b-tag Categories 4.6 GeV/c2

Table 7.4: Expected mean uncertainty from ensemble tests with different methods of
event classification.

given luminosity. The results are shown in Figures 7.6 to 7.9. Three different fits

are done, with the number of background events left as a free parameter in the fit

(Figures 7.6 and 7.7), fixed to zero (Figures 7.8 and 7.9) or fixed to the expected

number of events as derived in Section 7.1 (Figures 7.10 and 7.11). No significant

bias is observed when the number of background events is fixed to the expected

value. When the background is neglected, a bias is introduced for higher integrated

luminosities. Finally, when the number of background events is left floating, this bias

is reduced but not entirely eliminated. Thus, we fix the number of background events

to the expected values.

7.4 Result with Data

Using the 80 events found in our data sample, the top quark mass is measured to

be mt = 176.1 ± 5.2 GeV/c2. The distribution of the -log(likelihood) is shown in

figure 7.12 and the fit to the closest template (with simulated mt = 175 GeV/c2)

is shown in figure 7.13. This result must be corrected for the bias introduced by

the fit. The correction is derived from the calibration curves shown in Figure 7.5.

We fit a straight line to the calibration curve and evaluate the bias correction to be

0.3 GeV/c2. The average pull width indicates that the uncertainties are overestimated

by 4%. With these corrections, the mass of the top quark is measured to be mt =

175.8± 4.9 GeV/c2.
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Figure 7.6: Mean measured mass and
pull width for different mass hypotheses
for an integrated luminosity of 100 pb−1.
The background is left floating.
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Figure 7.7: Mean measured mass and
pull width for different mass hypotheses
for an integrated luminosity of 35 pb−1.
The background is left floating.

]2generated mass [GeV/c
165 170 175 180 185 190

]2
es

tim
at

ed
 m

as
s 

[G
eV

/c

160

165

170

175

180

185

190

]2generated mass [GeV/c
165 170 175 180 185 190

]2
pu

ll 
w

id
th

 [G
eV

/c

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

Figure 7.8: Mean measured mass and
pull width for different mass hypotheses
for an integrated luminosity of 100 pb−1.
The background is set to the number of
expected events in the likelihood fit.
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Figure 7.9: Mean measured mass and
pull width for different mass hypotheses
for an integrated luminosity of 35 pb−1.
The background is set to the number of
expected events in the likelihood fit.
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Figure 7.10: Mean measured mass and
pull width for different mass hypotheses
for an integrated luminosity of 100 pb−1.
The background is set to 0 in the likeli-
hood fit.
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Figure 7.11: Mean measured mass and
pull width for different mass hypotheses
for an integrated luminosity of 35 pb−1.
The background is set to 0 in the likeli-
hood fit.
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Figure 7.12: Distribution of the -log(likelihood) points for data.
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Figure 7.13: Fit of the data to the templates obtained in the simulation for a top
mass hypothesis of 175 GeV/c2.
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Chapter 8

Systematic Uncertainties

All systematic uncertainties are evaluated using pseudo-experiments. For each un-

certainty, a peak mass template is generated with the relevant changes and the top

quark mass from this template is measured using 1000 pseudo-experiments with 80

events each. The uncertainty is taken to be the difference of the average mass in the

varied template and the average mass in a reference template. When a parameter is

varied in opposite directions and the variation in the positive and negative uncertain-

ties is within the uncertainty due to template statistics, the mean of the positive and

negative uncertainties is used.

8.1 Jet Energy Scale

The dominant systematic uncertainty is due to the energy scale of b-jets used for the

reconstruction of the tt̄ system. It is computed in two steps. First, an uncertainty for

all flavors of jets is calculated by varying each jet based on its pT and η as described

in [74]. The average variation in the energy of the jets is approximately 3% and

this results in a 3.0 GeV/c2 uncertainty in the measured top quark mass. In the

second step, we derive the uncertainty specific to b-jets by varying the jets used in

tt̄ reconstruction by 2% if they fall within |η| < 2 and 50 < pT < 200 GeV/c or by
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3% if they do not. The resulting uncertainty of 2.5 GeV/c2 is added in quadrature

to the inclusive jet uncertainty.

8.1.1 Jet Energy Scale Cross-Check

To measure the top quark mass using fits to simulated templates, it is essential that

the jets from data and simulation are calibrated to the same relative energy scale. In

the dilepton channel, there are no absolute mass constraints that involve jets. Thus,

the absolute calibration of the jet energy scale is of secondary importance because any

miscalibration in the data would be compensated by a corresponding miscalibration

in the simulation.

Events with Z decays to two leptons (e+e−, µ+µ−) that recoil against a single jet

provide an ideal laboratory to cross-check the calibration of the jet energy scale. The

precisely reconstructed leptons provide a measurement of the pT of the Z boson which

has to be balanced by the pT of the jet against which it recoils. Figure 8.1 shows the

invariant mass spectrum of the two-lepton system. Here and in all other plots in this

section, black points represent data and histograms with a solid line represent the

simulation of Drell-Yan Z/γ∗ production.
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e
n
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2)

Figure 8.1: Dilepton mass spectrum from events with e+e− or µ+µ−.

In order to minimize contamination from other processes that have leptons in

the final state, we restrict the invariant mass of the dilepton system to the interval

80 GeV/c2 < M`+`− < 100 GeV/c2. The jets and leptons used for this study must
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satisfy the same requirements as those used for reconstruction of the tt̄ system, but

to reduce biases, the jet pT requirement is relaxed to pT > 10 GeV/c and the dilepton

pT is required to be more than 20 GeV/c. There is fairly good agreement between

data and simulation as shown in Figure 8.2.
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Figure 8.2: Jet multiplicity (left) and dilepton pT spectra (right).

Events in which a single jet recoils against the dilepton system are selected. To

suppress events in which an additional soft jet was radiated, we require cos(∆φ) to

be less than -0.99 where ∆φ is the azimuthal difference between the dilepton and jet

momenta. Figure 8.3 shows the distribution of cos(∆φ) for events with exactly one

jet.
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cos(Δφ)

Figure 8.3: Distribution of cos(∆φ) for events with exactly one jet.

We now project the jet momentum onto the direction of the dilepton pT and add

the dilepton pT and the jet momentum projection ~p jet · ~p ``
T /|~p ``

T |. The quantity

∆pT = p ``
T + ~p jet · ~p ``

T /|~p ``
T | should be zero on average if the jet pT scale is correctly

calibrated relative to the lepton pT scale. Figure 8.4 shows the observed distributions.
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Figure 8.4: Distributions of ∆φ (left) and mean ∆φ in bins of dilepton pT (right).

It is apparent in the right plot of Fig. 8.4 that there is a systematic difference

between the mean ∆pT values from data and those from simulation. The points

for dilepton pT < 20 GeV/c are biased by the 10 GeV/c threshold for jet pT and

are not sensitive to the jet energy scale. We scale the jet energies in the simulated

events by a factor fjes and compute a χ2 to characterize the consistency of data and

simulation points in this plot. Only the points for dilepton pT > 20 GeV are used to

compute the χ2. The values of χ2 obtained for different jet energy scale factors are

plotted in Fig. 8.5. The superimposed quadratic fit to the χ2 values is minimized for

fjes = 0.975± 0.009.

fjes

χ2

Figure 8.5: Values of χ2 versus jet energy scale factor fjes.

We thus conclude that there is a small but significant mismatch between the jet

energy scales in data and simulation. This mismatch is covered, however, by the

uncertainty assigned to the jet energy scale calibration.
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8.2 Other Detector Objects

8.2.1 Jet Energy Resolution

The jet energy resolution is varied by changing the pT difference between the fully

simulated jets and the generator-level partons by ±10% [87]. This results in an

uncertainty of ±0.5 GeV/c2.

8.2.2 Lepton Energy Scale

The energy scale of electrons in the ECAL barrel region and of all muons is known

to within less than 1% and the associated systematic uncertainty is assumed to be

small. As mentioned in Section 4.4, the scale of electrons in the endcap region is

slightly worse. Thus, the energy scale of electrons in the ECAL endcaps is varied by

±2.5%. This leads to a ±0.3 GeV/c2 uncertainty.

8.2.3 Missing Transverse Energy

For all above variations of the leptons and jets, the 6~ET is varied to remain consistent

with the rest of the event. In addition, the unclustered 6~ET is changed by ±10% [88].

The effect of the latter is only ±0.1 GeV/c2 so most of the 6~ET uncertainty is included

in the jet energy scale uncertainty.

8.2.4 b-tagging

b-tagging relies on the precise measurement of many parameters of tracks originating

from jets. While CMS simulation reproduces the data to a remarkable degree, these

parameters are difficult to control. Discrepancies between b-tagging in data and in

simulation may cause variation in the jets selected for tt̄ reconstruction and thus alter

the measured top quark mass. To estimate the uncertaintly due to b-tagging, we vary
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the efficiency of the algorithm by 15% and the mistag rate by 30% [89]. The resulting

uncertainty is ±0.5 GeV/c2.

8.3 Pile-up

As discussed in Section 2.1, the LHC can attain higher instantaneous luminosities by

increasing the proton density of the colliding bunches. However, this also increases

the number of interactions in a single bunch crossing which causes extra particles

in the event. This phenomenon is referred to as “pile-up” and it can be studied by

measuring the number of primary vertices in each event. As shown in Figure 8.6,

there is more pile-up in data than in simulation. This can result in additional jets

and degrade the resolution of 6 ~ET . To account for it, we use a dedicated simulation

sample where the amount of pile-up has been increased to an average of approximately

two extra events per bunch crossing. The systematic uncertainty due to pile-up is

measured to be ±1.1 GeV/c2.

8.4 Background

To estimate the influence of the number of background events on the fit, the uncer-

tainties presented in Section 7.1 have been used for the number of e+e− and µ+µ−

events from Drell-Yan production. An uncertainty of 20% was used for the numbers

predicted by simulation for single top and non-dilepton tt̄. This value is based on the

number of events passing the full selection in simulation. The systematic uncertainty

is found to be ±0.2 GeV/c2. For the shape of the background templates, the Drell-

Yan templates from simulation were used instead of those derived from data. The

resulting uncertainty in the measured top quark mass is also ±0.2 GeV/c2.
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Figure 8.6: The number of vertices in events after the full selection.

8.5 Simulation

The systematic uncertainty in the simulation can be caused by several factors which

are listed below. The uncertainties resulting from each of these is given in Table 8.1.

• The uncertainty due to MadGraph is estimated by using templates produced

by a different Monte-Carlo generator, Powheg.

• The scale used in the MLM parton-jet matching algorithm and pythia’s factor-

ization scale are varied up and down by a factor of 2 and the resulting templates

are used to compute the uncertainty due to each.

• The uncertainty resulting from the initial and final state radiation is likewise

calculated using dedicated templates where the radiation is varied.

• The uncertainty due to pythia’s underlying event model is computed by com-

paring the Z2 and D6T tunes which are described in [61].
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• The CTEQ6.1 parton distribution functions are varied using the 40 values in-

cluded in the PDF set. The procedure is described in [90].

8.6 Template Fit

The results of the template fit are corrected for any bias in the fitting procedure itself

by fitting a straight line to the results obtained from ensemble tests. The parameters

of this line are varied by their uncertainties and the largest variation (±0.1 GeV/c2)

is taken to be the systematic uncertainty. To estimate the uncertainty due to the

template statistics, we split the 172 GeV/c2 sample into four independent templates.

The ±0.2 GeV/c2 variation in the fitted mass of these is taken to be the systematic

uncertainty.

8.7 Summary

The systematic uncertainties are summarized in Table 8.1. The total systematic

uncertainty is ±4.5 GeV/c2.
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Source ∆mt(GeV/c2)
Jet energy scale ±3.0
b-jet energy scale ±2.5
Jet energy resolution ±0.5
Lepton energy scale ±0.3
Missing ET ±0.1
b-tagging ±0.5
Pile-up ±1.1
Backround level ±0.2
Background shape ±0.2
Monte-Carlo Generator ±0.2
Underlying event ±1.5
Matching ±0.7
Factorization Scale ±0.6
ISR/FSR ±0.2
PDFs ±0.6
Template statistics ±0.2
Calibration ±0.1
Total ±4.5

Table 8.1: List of systematic uncertainties with their contribution to the total uncer-
tainty.
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Chapter 9

b-jet Energy Calibration

The largest contribution to the systematic uncertainty in our top quark mass mea-

surement is the calibration of the b-jet energy scale. This scale cannot be measured

simultaneously with the top quark mass, but since the latter is known very precisely

from the Tevatron, we can reinterpret the analysis and use the top quark mass mea-

surement from the Tevatron to constrain the b-jet energy scale. Top quarks decay

almost exclusively to bottom quarks and W -bosons and while we do not always choose

the correct jets, the measurement of the top quark mass is driven by b-jets.

To measure the mass of the top quark, we fix the jet energy scale at the value

obtained for calibration of generic light quark jets. We then plot the likelihood of the

template fits to the distribution of the reconstructed top quark mass from the data

versus the top quark mass at which the templates are generated. To constrain the jet

energy scale we introduce a single global jet energy scale factor called α. The nominal

CMS jet energy scale calibration then corresponds to α = 1. The world average value

of the top quark mass is 173.3 GeV/c2 [4]. If we had a template at this mass point,

we could solve for the value of α that fits it best. However, since generation and

simulation of event samples requires a great deal of computing resources, we lack a

template at this exact value. Instead, we use our existing event samples to extrapolate

α at the world average top quark mass.
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Templates are generated at eight mass points with 163 ≤ mt ≤184 GeV/c2 for

values of α = 0.85, 0.87, 0.89, 0.91, 0.93, 0.95, 0.97, 1.03, 1.05, 1.07, 1.09, 1.11, 1.13

and 1.15 by scaling the jet energy scale in all events by α. We then fit the likelihood

for each value of α as a function of the top quark mass and compute the result of the

fit for mt = 173.3 GeV/c2. As shown in Figure 9.1, the negative logarithm of the

likelihood values at mt = 173.3 GeV/c2 is plotted versus α and fit with a quadratic

polynomial to find the minimum. We find that α = 1.014 ± 0.047 agrees best with

the data.

Figure 9.1: Negative logarithm of the likelihood from the fit of templates for
mt = 173.3 GeV/c2 to data versus jet energy scale α.

All systematic uncertainties from Section 8.7 except the jet energy scale itself give

rise to a total uncertainty of 1.3%. Thus, we can constrain the b-jet energy scale to

be

α = 1.014± 0.047(stat)± 0.013(syst) = 1.014± 0.049. (9.1)

With the present data sample, the uncertainty in the b-jet energy scale computed using

dilepton tt̄ decays is comparable to the same uncertainty calculated with the method

from Section 8.1. However, the uncertainty from dilepton tt̄ events is predominantly

statistical and should rapidly improve with increasing luminosity.
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Chapter 10

Conclusion

We have used the AMWT method to measure the mass of the top quark using dilepton

tt̄ events at the CMS experiment. The measured value of the top quark mass is

mt = 175.8 ± 4.9 (stat) ± 4.5 (syst) GeV/c2. We have also constrained the b-jet

energy scale using tt̄ events. This is the first such measurement.

10.1 Combination

A separate analysis measuring the top quark mass was performed using the same

data. The event selection was identical, but the tt̄ system was reconstructed using

the KINb method rather than AMWT. Instead of using the mass of the top quark

itself as the missing constraint, the KINb method uses the longitudinal balance of the

tt̄ system. A more detailed explanation of the KINb analysis can be found in [91].

The AMWT and KINb measurements were combined using the Best Linear Un-

biased Estimate (BLUE) method [92]. Given a set of measurements mi (i =1,...,n),

the combination m̂ is linear if it can be expressed as

m̂ =
∑
i

αimi , (10.1)
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where αi are constant weights for the individual measurements. If all of the mi

measurements are unbiased, then m̂ will also be unbiased if

∑
i

αi = 1 . (10.2)

Finally, “best” means that the uncertainty on the combined measurement is as low

as possible which is equivalent to minimizing the variance:

σ2 =
∑
i

∑
j

Eijαiαj . (10.3)

Here, Eij are the entries of the error matrix E which has the variances of individual

measurements as the diagonal elements and correlations between pairs of estimates

as the off-diagonal elements. To construct E, we assume that all of the uncertainties

for each of the measurements are uncorrelated.

As described in [92], minimizing the variance is identical to minimizing

S =
∑
ij

(mi −m′)Hij(mj −m′), (10.4)

where H is the inverse of E. The value of m̂ is then given by

m̂ =

∑
ij Hijmj∑
ij Hij

. (10.5)

The uncertainty from source k in the combined measurement can be obtained using

error propagation

δ(k)2
=
∑
ij

∂m̂

∂mi

E
(k)
ij

∂m̂

∂mj

=

∑
imnj HimE

(k)
mnHnj(∑

ij Hij

)2 . (10.6)
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If we add up all the uncertainties in quadrature we get the total uncertainty

δ2 =
K∑
k=1

δ(k)2
=

1∑
ij Hij

. (10.7)

The statistical correlation between the two methods is determined using pseudo-

experiments and found to be 0.57. Systematic uncertainties common to the two

methods are assumed to be 100% correlated. A summary of the combination is

presented in Table 10.1 and a more detailed description is expounded in [91].

Method Measured mt (in GeV/c2) Weight
AMWT 175.8± 4.9 (stat.)± 4.5 (syst.) 0.65
KINb 174.8± 5.5 (stat.)+4.5

−5.0 (syst.) 0.35
Combined 175.5± 4.6 (stat.)± 4.6 (syst.)

Table 10.1: Summary of measured top quark masses for the AMWT and KINb meth-
ods with the contributing weights to the combined mass value [91].

Thus, the combined top quark mass measurement from dilepton tt̄ events in

all data collected by the CMS experiment in 2010 is mt = 175.5 ± 4.6 (stat) ±

4.6 (syst) GeV/c2. This is the first measurement of the top quark mass at the LHC.

10.2 Prospects for the Top Quark Mass at CMS

Measurements of the top quark mass have previously been made at the Tevatron.

The most recent of these results in the dilepton channel are mt = 171.2± 2.7 (stat)±

2.9 (syst) GeV/c2 for CDF [43] and mt = 174.7 ± 4.4 (stat) ± 2.0 (syst) GeV/c2

for DØ [49]. The present measurement does not rival the precision of the Tevatron

experiments. However, the dominant uncertainties in the present measurement are

due to statistics and to the b-jet energy scale both of which are expected to be

significantly reduced in the next iteration of the analysis.

The statistical uncertainty is expected to decrease as we accumulate more inte-
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grated luminosity. As of July 2011, CMS has recorded over 1 fb−1 of luminosity which

is nearly 30 times the 36 pb−1 collected in 2010. The LHC is projected to deliver

considerably more data, but even with the data currently available, the statistical

uncertainty in the top quark mass is expected to be less than 1 GeV/c2.

The b-jet energy scale used in the measurement is based on an analysis of ap-

proximately 3 pb−1 of CMS data [74]. The associated uncertainty will diminish with

improved jet energy corrections. For example, when the full 36 pb−1 of 2010 data are

used, the JES uncertainty decreases by about a factor of 2 [93]. With the exception

of pile-up, all other systematic uncertainties are likewise projected to decrease.

As described in Section 8.3, the pile-up uncertainty is the result of multiple inter-

actions in a single beam crossing. In 2010, the average number of interactions was

approximately 2, but this will increase by at least a factor of 3 in 2011. Pile-up intro-

duces additional jets into the event and degrades the resolution of 6~ET . In dilepton tt̄

events, the impact of the extra jets can be mitigated by requiring most tracks from the

two jets selected for event reconstruction to originate from the same primary vertex

as the leptons. Furthermore, with over an order of magnitude more luminosity, we

can afford to use only events with two b-tagged jets for the mass measurement. This

will reduce the number of events by a factor of 2, but it will eliminate jets from pile-

up since the latter are unlikely to be b-jets. These modifications should allow us to

control the pile-up and the next iteration of the top quark mass measurement in the

dilepton tt̄ channel should exceed the precision of similar analyses at the Tevatron.

10.3 b-jet Energy Calibration

In addition to the measurement of the top quark mass, the method from our analysis

can also be used for determining the energy scale of b-jets. This cannot be computed

simultaneously with the top quark mass, but it may be useful for understanding other
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processes, such as the decay of the Higgs boson to bb̄. We have performed the first

measurement of the b-jet energy scale using tt̄ events. Since the uncertainty on the

global b-jet energy factor is almost entirely statistical, we expect it to decrease below

1% with 1 fb−1 of integrated luminosity. With even more luminosity from the LHC,

the b-jet energy can be determined in bins of pT and η rather than a single overall

factor.
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Appendix A

Data Events Used to Measure the

Mass of the Top Quark

The properties of the 80 data events used to measure the mass of the top quark are

listed below. The Lorentz vectors of the leptons and jets are given in terms of the pT ,

η, φ and the energy (E) where the transverse momentum is in GeV/c and the energy

is in GeV. The missing transverse energy is likewise in units of GeV. The weight curve

for each event is shown to the left of the event properties.
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Run: 140379
Lumi Section: 160
Event: 136650665

Peak Mass: 191 2GeV/c
Peak Weight: 78.38
b-tagged Jets: 2

T
p η φ E

+µ 27.14 -2.04 -1.90 106.39
-µ 56.77 -1.43 -2.13 125.09

Jet 1 53.80 0.72 0.03 69.30
Jet 2 52.39 -1.21 0.97 96.20

TE 55.65 2.26
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Run: 142305
Lumi Section: 22
Event: 15915819

Peak Mass: 185 2GeV/c
Peak Weight: 155.30
b-tagged Jets: 1

T
p η φ E

+µ 60.39 -0.67 -2.50 74.24
-e 81.47 0.46 -2.91 90.43

Jet 1 81.53 0.51 -0.73 92.76
Jet 2 76.74 0.24 0.98 79.76

TE 43.52 0.71
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Run: 142971
Lumi Section: 235
Event: 222175234

Peak Mass: 192 2GeV/c
Peak Weight: 678.00
b-tagged Jets: 2

T
p η φ E

+e 46.40 -2.23 2.49 218.63
-µ 50.73 -1.49 -2.28 118.50

Jet 1 51.61 -0.52 1.68 59.71
Jet 2 45.54 0.03 -0.64 45.76

TE 35.28 -0.75
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Run: 143657
Lumi Section: 633
Event: 584500498

Peak Mass: 186 2GeV/c
Peak Weight: 1822.87
b-tagged Jets: 2

T
p η φ E

+e 45.97 -0.52 -1.97 52.28
-µ 44.21 -0.32 2.85 46.56

Jet 1 123.80 -0.56 -0.54 143.90
Jet 2 98.84 -0.33 1.63 104.71

TE 34.78 -2.47
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Run: 143953
Lumi Section: 330
Event: 319301054

Peak Mass: 161 2GeV/c
Peak Weight: 2653.36
b-tagged Jets: 1

T
p η φ E

+µ 29.84 0.67 -2.05 36.85
-µ 21.96 1.01 -2.90 34.12

Jet 1 49.77 0.34 0.34 53.79
Jet 2 40.32 1.25 1.12 76.65

TE 56.57 -2.49
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Run: 143962
Lumi Section: 227
Event: 244363110

Peak Mass: 211 2GeV/c
Peak Weight: 980.20
b-tagged Jets: 2

T
p η φ E

+µ 87.17 0.18 -1.84 88.51
-e 44.69 -0.82 0.58 60.71

Jet 1 88.52 -0.65 2.30 108.78
Jet 2 56.64 1.12 -0.05 96.97

TE 22.55 -2.55
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Run: 144089
Lumi Section: 1088
Event: 1190110762

Peak Mass: 157 2GeV/c
Peak Weight: 778.65
b-tagged Jets: 1

T
p η φ E

+e 43.29 -0.22 3.00 44.38
-e 62.34 -1.65 -0.11 167.94

Jet 1 37.94 -1.17 -2.64 67.27
Jet 2 44.00 -2.17 2.49 194.75

TE 46.81 -2.36
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Run: 146511
Lumi Section: 504
Event: 365211311

Peak Mass: 188 2GeV/c
Peak Weight: 188.39
b-tagged Jets: 1

T
p η φ E

+e 47.12 1.81 -2.19 148.17
-e 132.46 -0.01 2.30 132.47

Jet 1 87.71 -0.71 1.28 111.72
Jet 2 114.30 0.84 -0.57 157.60

TE 69.45 -1.50
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Run: 146644
Lumi Section: 1633
Event: 1255480064

Peak Mass: 152 2GeV/c
Peak Weight: 833.06
b-tagged Jets: 1

T
p η φ E

+µ 84.68 0.39 -0.58 91.13
-e 24.09 0.89 -2.35 34.19

Jet 1 48.35 1.36 2.25 101.26
Jet 2 32.94 -0.70 -2.43 41.46

TE 67.93 2.12
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Run: 146644
Lumi Section: 345
Event: 307415775

Peak Mass: 189 2GeV/c
Peak Weight: 229.87
b-tagged Jets: 2

T
p η φ E

+µ 121.93 -1.33 1.90 247.27
-µ 86.63 0.79 -1.22 115.18

Jet 1 65.35 0.15 0.05 66.42
Jet 2 36.45 0.36 2.57 39.67

TE 71.54 -0.90
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Run: 146804
Lumi Section: 269
Event: 212585078

Peak Mass: 182 2GeV/c
Peak Weight: 1311.88
b-tagged Jets: 2

T
p η φ E

+µ 44.47 0.48 -0.23 49.66
-µ 72.00 -0.59 -2.06 85.08

Jet 1 112.77 0.40 1.71 122.77
Jet 2 62.72 -0.64 -0.21 76.62

TE 60.04 -3.07
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Run: 146804
Lumi Section: 764
Event: 739921506

Peak Mass: 145 2GeV/c
Peak Weight: 1916.01
b-tagged Jets: 2

T
p η φ E

+e 35.54 0.73 -2.96 45.34
-e 20.40 -0.01 -1.48 20.40

Jet 1 70.96 0.49 -2.35 80.08
Jet 2 53.65 0.92 -0.04 78.57

TE 73.54 1.50
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Run: 146807
Lumi Section: 178
Event: 183012929

Peak Mass: 165 2GeV/c
Peak Weight: 254.22
b-tagged Jets: 1

T
p η φ E

+µ 45.76 0.24 -0.66 47.09
-e 140.48 -0.07 3.04 140.85

Jet 1 34.68 1.03 2.76 55.65
Jet 2 137.06 0.25 0.51 142.78

TE 54.94 -1.18
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Run: 146807
Lumi Section: 398
Event: 399257984

Peak Mass: 186 2GeV/c
Peak Weight: 635.54
b-tagged Jets: 0

T
p η φ E

+µ 22.83 -0.82 -1.48 30.86
-e 48.19 1.11 1.13 80.87

Jet 1 76.95 1.17 2.60 136.35
Jet 2 53.11 0.91 1.89 77.93

TE 108.45 -1.17
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Run: 147048
Lumi Section: 161
Event: 134625993

Peak Mass: 171 2GeV/c
Peak Weight: 248.62
b-tagged Jets: 2

T
p η φ E

+µ 104.29 0.18 1.17 105.96
-e 45.35 -0.17 -2.95 46.02

Jet 1 166.97 0.49 -1.59 188.15
Jet 2 36.20 -0.42 0.12 39.96

TE 108.10 1.92
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Run: 147114
Lumi Section: 340
Event: 276016381

Peak Mass: 200 2GeV/c
Peak Weight: 1066.68
b-tagged Jets: 2

T
p η φ E

+µ 42.04 -0.36 -2.49 44.83
-e 36.15 0.73 -2.69 46.15

Jet 1 102.30 0.57 0.53 119.53
Jet 2 44.08 -1.27 -0.15 84.82

TE 65.51 -2.88
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Run: 147115
Lumi Section: 2
Event: 878744

Peak Mass: 180 2GeV/c
Peak Weight: 903.85
b-tagged Jets: 1

T
p η φ E

+µ 30.33 -1.36 -2.09 62.90
-e 23.26 0.78 -1.48 30.63

Jet 1 75.32 -0.54 2.74 88.85
Jet 2 144.09 -0.58 0.63 169.50

TE 55.81 -1.91
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Run: 147115
Lumi Section: 43
Event: 53131618

Peak Mass: 184 2GeV/c
Peak Weight: 447.49
b-tagged Jets: 0

T
p η φ E

+e 61.79 -0.77 -2.77 81.25
-e 21.89 0.04 1.08 21.91

Jet 1 50.55 1.02 -0.49 79.42
Jet 2 30.43 -2.41 0.82 171.00

TE 35.25 -0.14
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Run: 147216
Lumi Section: 46
Event: 34569448

Peak Mass: 177 2GeV/c
Peak Weight: 608.45
b-tagged Jets: 2

T
p η φ E

+e 37.49 -2.15 0.93 163.20
-µ 20.13 0.23 2.08 20.65

Jet 1 112.65 -1.20 3.14 204.46
Jet 2 58.31 -2.02 -0.28 224.50

TE 86.49 1.35
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Run: 147217
Lumi Section: 75
Event: 55188718

Peak Mass: 170 2GeV/c
Peak Weight: 896.38
b-tagged Jets: 0

T
p η φ E

+µ 46.71 -0.62 -2.59 55.89
-e 47.47 -1.46 -1.87 107.57

Jet 1 44.17 0.88 1.16 63.08
Jet 2 31.62 0.29 2.10 33.60

TE 80.38 -0.08
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Run: 147217
Lumi Section: 8
Event: 5192291

Peak Mass: 189 2GeV/c
Peak Weight: 527.00
b-tagged Jets: 2

T
p η φ E

+µ 70.69 1.63 -1.59 187.27
-e 49.08 0.29 0.38 51.15

Jet 1 104.41 0.38 2.85 116.03
Jet 2 45.89 1.77 2.33 139.79

TE 40.57 -0.33
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Run: 147219
Lumi Section: 102
Event: 69038984

Peak Mass: 183 2GeV/c
Peak Weight: 994.02
b-tagged Jets: 2

T
p η φ E

+µ 31.66 0.35 -2.49 33.62
-µ 31.69 -1.24 1.91 59.48

Jet 1 104.79 -0.53 -1.70 120.25
Jet 2 63.36 1.05 1.63 102.24

TE 71.88 0.39
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Run: 147219
Lumi Section: 102
Event: 69124299

Peak Mass: 159 2GeV/c
Peak Weight: 148.93
b-tagged Jets: 1

T
p η φ E

+µ 88.09 1.11 -2.88 148.28
-e 58.38 0.40 -1.00 63.00

Jet 1 39.37 0.13 2.27 41.24
Jet 2 41.70 0.82 1.77 56.95

TE 99.87 -0.00
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Run: 147219
Lumi Section: 26
Event: 17549801

Peak Mass: 119 2GeV/c
Peak Weight: 1227.69
b-tagged Jets: 1

T
p η φ E

+e 80.37 -0.30 2.67 83.96
-e 59.86 -0.79 -0.42 79.38

Jet 1 33.95 -1.92 -0.83 118.74
Jet 2 35.31 -0.68 1.78 44.37

TE 41.53 2.16
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Run: 147390
Lumi Section: 701
Event: 564227635

Peak Mass: 204 2GeV/c
Peak Weight: 454.53
b-tagged Jets: 1

T
p η φ E

+e 133.59 -0.06 -0.40 133.86
-µ 65.49 0.41 -2.91 70.99

Jet 1 48.28 -0.65 1.99 60.38
Jet 2 41.94 -1.57 0.23 105.29

TE 40.04 2.18
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Run: 147451
Lumi Section: 120
Event: 139902700

Peak Mass: 163 2GeV/c
Peak Weight: 1442.49
b-tagged Jets: 2

T
p η φ E

+µ 40.18 1.27 -0.60 77.46
-e 31.29 -0.24 -3.04 32.20

Jet 1 78.53 0.49 -2.76 88.94
Jet 2 69.45 0.27 -0.08 72.69

TE 49.31 1.14
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Run: 147754
Lumi Section: 47
Event: 58840276

Peak Mass: 185 2GeV/c
Peak Weight: 200.12
b-tagged Jets: 1

T
p η φ E

+µ 24.13 1.98 -2.67 88.64
-µ 42.81 -1.10 2.44 71.63

Jet 1 81.46 0.55 2.49 95.03
Jet 2 81.11 -2.16 -0.20 356.82

TE 67.77 -0.59
)2Mass (GeV/c

0 100 200 300 400 500 600 700

W
ei

g
h

t

0

20

40

60

80

100

120

140

160

180

200

129



Run: 147926
Lumi Section: 137
Event: 102435902

Peak Mass: 191 2GeV/c
Peak Weight: 1920.73
b-tagged Jets: 2

T
p η φ E

+µ 31.94 -0.01 0.10 31.94
-µ 22.22 -0.52 -1.49 25.25

Jet 1 65.63 -0.37 1.68 70.91
Jet 2 60.79 -1.08 1.92 100.48

TE 81.10 -1.73
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Run: 147926
Lumi Section: 190
Event: 174596074

Peak Mass: 143 2GeV/c
Peak Weight: 1202.97
b-tagged Jets: 2

T
p η φ E

+µ 125.87 0.19 -2.40 128.12
-e 81.74 0.35 -3.03 86.87

Jet 1 53.18 0.50 -1.70 60.52
Jet 2 36.87 -0.29 -1.07 39.22

TE 121.77 -2.50
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Run: 147926
Lumi Section: 357
Event: 380430462

Peak Mass: 171 2GeV/c
Peak Weight: 1667.63
b-tagged Jets: 2

T
p η φ E

+e 28.53 0.27 -1.73 29.58
-µ 34.27 -0.01 -0.26 34.27

Jet 1 123.26 0.53 -2.32 142.17
Jet 2 117.38 0.00 0.74 117.79

TE 62.30 2.26
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Run: 147926
Lumi Section: 493
Event: 531114775

Peak Mass: 149 2GeV/c
Peak Weight: 123.81
b-tagged Jets: 2

T
p η φ E

+e 56.17 -0.89 0.79 79.64
-µ 65.52 -2.29 -1.82 327.14

Jet 1 154.86 -0.66 1.57 191.30
Jet 2 133.98 -1.66 -1.33 364.98

TE 57.76 -2.65
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Run: 147927
Lumi Section: 4
Event: 2196303

Peak Mass: 184 2GeV/c
Peak Weight: 480.70
b-tagged Jets: 1

T
p η φ E

+e 62.82 -0.33 -2.49 66.25
-µ 31.92 0.37 2.07 34.17

Jet 1 87.67 0.06 -0.78 88.65
Jet 2 172.58 -0.95 2.03 257.34

TE 66.83 -1.35
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Run: 148029
Lumi Section: 251
Event: 189180291

Peak Mass: 170 2GeV/c
Peak Weight: 1352.89
b-tagged Jets: 1

T
p η φ E

+e 25.59 0.99 -1.10 39.28
-e 31.00 -0.05 1.51 31.04

Jet 1 73.62 -0.96 0.14 110.72
Jet 2 89.28 1.07 -2.71 146.10

TE 59.02 0.07
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Run: 148029
Lumi Section: 457
Event: 357580841

Peak Mass: 181 2GeV/c
Peak Weight: 356.88
b-tagged Jets: 2

T
p η φ E

+µ 26.75 1.35 2.13 55.07
-e 51.54 -1.11 -2.87 86.70

Jet 1 91.37 1.29 -0.28 179.80
Jet 2 86.24 -0.24 1.61 89.25

TE 83.84 -1.57
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Run: 148029
Lumi Section: 512
Event: 398160572

Peak Mass: 184 2GeV/c
Peak Weight: 343.73
b-tagged Jets: 2

T
p η φ E

+µ 76.31 -1.27 -1.04 146.92
-µ 40.98 1.15 1.60 71.42

Jet 1 113.43 -0.11 -0.75 115.00
Jet 2 64.36 1.36 -2.84 133.70

TE 79.35 1.77
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Run: 148031
Lumi Section: 272
Event: 230563364

Peak Mass: 154 2GeV/c
Peak Weight: 242.16
b-tagged Jets: 2

T
p η φ E

+e 58.18 -2.31 -1.77 295.26
-e 28.51 -1.88 2.27 95.66

Jet 1 68.91 -2.34 2.67 359.80
Jet 2 54.25 -1.59 -0.11 139.13

TE 49.70 -0.59
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Run: 148031
Lumi Section: 323
Event: 271917202

Peak Mass: 129 2GeV/c
Peak Weight: 466.83
b-tagged Jets: 1

T
p η φ E

+e 25.64 -1.19 -2.16 46.01
-e 60.57 -1.02 -1.87 94.60

Jet 1 42.49 -0.18 -1.77 43.86
Jet 2 60.91 -2.08 1.37 247.36

TE 74.21 1.43
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Run: 148031
Lumi Section: 604
Event: 479681918

Peak Mass: 162 2GeV/c
Peak Weight: 718.92
b-tagged Jets: 0

T
p η φ E

+e 70.36 -0.21 -0.53 71.88
-e 28.58 -0.92 -0.49 41.68

Jet 1 74.67 0.10 2.07 76.00
Jet 2 30.73 1.17 1.94 54.76

TE 70.29 -3.12
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Run: 148829
Lumi Section: 155
Event: 153397876

Peak Mass: 221 2GeV/c
Peak Weight: 295.22
b-tagged Jets: 0

T
p η φ E

+e 27.20 -1.81 2.88 85.14
-µ 36.73 -1.16 -1.92 64.24

Jet 1 115.01 -0.07 0.94 116.76
Jet 2 33.90 0.15 -1.57 34.74

TE 45.05 -2.63
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Run: 148829
Lumi Section: 226
Event: 222070925

Peak Mass: 136 2GeV/c
Peak Weight: 73.55
b-tagged Jets: 2

T
p η φ E

+µ 90.02 1.19 -2.29 161.05
-µ 30.46 0.25 1.20 31.40

Jet 1 160.33 1.74 -2.15 470.73
Jet 2 58.10 -0.94 1.66 86.08

TE 143.27 0.84
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Run: 148829
Lumi Section: 271
Event: 265238495

Peak Mass: 284 2GeV/c
Peak Weight: 257.41
b-tagged Jets: 0

T
p η φ E

+e 29.94 -1.25 -2.41 56.76
-e 102.39 -1.14 2.42 175.92

Jet 1 127.64 -0.62 -0.05 153.23
Jet 2 76.60 0.87 -2.00 108.37

TE 32.46 0.56
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Run: 148829
Lumi Section: 275
Event: 269274931

Peak Mass: 213 2GeV/c
Peak Weight: 635.98
b-tagged Jets: 0

T
p η φ E

+µ 24.89 -1.72 -1.44 71.43
-µ 44.85 -1.90 1.53 152.64

Jet 1 45.10 0.34 -1.90 48.40
Jet 2 41.55 1.40 -1.61 89.51

TE 49.99 1.43
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Run: 148829
Lumi Section: 280
Event: 273430518

Peak Mass: 153 2GeV/c
Peak Weight: 881.31
b-tagged Jets: 2

T
p η φ E

+µ 92.26 0.54 -0.87 106.19
-e 55.67 -0.86 2.75 77.71

Jet 1 96.95 -0.37 1.69 103.96
Jet 2 31.51 1.55 -2.20 77.96

TE 29.79 -0.55
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Run: 148829
Lumi Section: 284
Event: 277421650

Peak Mass: 217 2GeV/c
Peak Weight: 488.43
b-tagged Jets: 1

T
p η φ E

+e 38.54 -0.28 2.49 40.01
-e 70.76 -1.17 2.62 125.05

Jet 1 88.92 -0.38 -0.18 97.20
Jet 2 99.72 0.20 -1.63 105.04

TE 93.91 0.99
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Run: 148862
Lumi Section: 233
Event: 351142513

Peak Mass: 201 2GeV/c
Peak Weight: 961.98
b-tagged Jets: 2

T
p η φ E

+µ 40.33 -1.19 2.40 72.25
-µ 90.18 -0.56 -1.22 104.56

Jet 1 94.13 -0.43 0.23 103.79
Jet 2 65.01 -0.52 1.82 76.70

TE 39.19 -2.82
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Run: 148862
Lumi Section: 235
Event: 353232017

Peak Mass: 175 2GeV/c
Peak Weight: 158.66
b-tagged Jets: 2

T
p η φ E

+µ 46.51 -0.30 2.54 48.64
-µ 73.93 -1.39 -1.22 157.40

Jet 1 137.84 -1.69 -0.43 387.12
Jet 2 62.78 -1.15 1.19 109.80

TE 122.22 2.86
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Run: 148862
Lumi Section: 357
Event: 532196916

Peak Mass: 160 2GeV/c
Peak Weight: 274.73
b-tagged Jets: 2

T
p η φ E

+e 52.95 -0.19 2.34 53.95
-µ 23.43 -2.17 -2.13 103.84

Jet 1 119.00 -1.25 -0.64 225.21
Jet 2 112.57 -1.37 2.14 237.76

TE 87.70 -1.16
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Run: 148862
Lumi Section: 417
Event: 616863960

Peak Mass: 194 2GeV/c
Peak Weight: 161.81
b-tagged Jets: 2

T
p η φ E

+µ 20.58 1.21 -2.34 37.66
-e 34.34 -0.37 -3.01 36.78

Jet 1 191.47 1.36 0.73 397.66
Jet 2 56.80 -1.44 -2.11 126.59

TE 91.39 -1.60
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Run: 148862
Lumi Section: 82
Event: 131576801

Peak Mass: 185 2GeV/c
Peak Weight: 286.44
b-tagged Jets: 1

T
p η φ E

+e 54.19 -1.90 2.80 184.73
-µ 29.66 -2.13 0.40 125.97

Jet 1 42.92 0.01 0.77 44.10
Jet 2 62.59 -2.49 -0.58 378.84

TE 74.09 -3.11
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Run: 148864
Lumi Section: 225
Event: 267767817

Peak Mass: 159 2GeV/c
Peak Weight: 115.31
b-tagged Jets: 2

T
p η φ E

+e 87.72 0.39 2.53 94.41
-µ 135.89 0.05 -0.21 136.03

Jet 1 262.02 -0.16 2.71 266.11
Jet 2 49.27 0.73 -0.72 63.82

TE 188.54 -0.51
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Run: 148864
Lumi Section: 284
Event: 334989072

Peak Mass: 217 2GeV/c
Peak Weight: 445.45
b-tagged Jets: 2

T
p η φ E

+e 31.29 -0.53 -0.10 35.81
-µ 60.03 -0.94 -1.03 88.26

Jet 1 150.85 0.67 -1.15 188.32
Jet 2 84.08 -0.91 2.56 122.36

TE 153.88 -1.89
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Run: 148864
Lumi Section: 579
Event: 654374646

Peak Mass: 158 2GeV/c
Peak Weight: 742.01
b-tagged Jets: 3

T
p η φ E

+µ 27.37 -1.44 -2.84 61.07
-e 56.48 -2.02 2.76 217.25

Jet 1 52.55 -1.51 -0.75 125.25
Jet 2 41.14 -0.51 -0.77 47.05

TE 64.68 1.13
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Run: 149003
Lumi Section: 176
Event: 170643045

Peak Mass: 214 2GeV/c
Peak Weight: 371.15
b-tagged Jets: 1

T
p η φ E

+µ 34.09 2.37 -2.98 183.46
-e 30.35 1.31 -1.20 60.58

Jet 1 76.55 0.41 -1.99 84.38
Jet 2 151.20 0.12 1.28 152.81

TE 23.45 -0.53
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Run: 149003
Lumi Section: 233
Event: 251972444

Peak Mass: 189 2GeV/c
Peak Weight: 353.51
b-tagged Jets: 1

T
p η φ E

+µ 20.51 0.39 1.30 22.11
-e 49.16 1.99 1.58 182.41

Jet 1 72.15 0.79 -0.87 96.74
Jet 2 46.99 -1.68 1.63 130.64

TE 75.84 -2.30
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Run: 149011
Lumi Section: 107
Event: 167973020

Peak Mass: 204 2GeV/c
Peak Weight: 642.29
b-tagged Jets: 0

T
p η φ E

+e 27.87 1.47 2.46 64.03
-e 46.41 1.47 -1.65 106.50

Jet 1 105.32 2.00 0.89 396.37
Jet 2 33.51 -1.09 -1.12 56.43

TE 51.51 -0.88
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Run: 149011
Lumi Section: 252
Event: 386082768

Peak Mass: 171 2GeV/c
Peak Weight: 2437.59
b-tagged Jets: 3

T
p η φ E

+e 29.65 -0.12 -2.25 29.89
-e 35.89 0.42 -1.98 39.07

Jet 1 52.08 0.51 0.33 60.30
Jet 2 41.57 -1.28 1.19 81.24

TE 57.84 3.14
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Run: 149011
Lumi Section: 310
Event: 468304925

Peak Mass: 240 2GeV/c
Peak Weight: 340.70
b-tagged Jets: 1

T
p η φ E

+µ 31.58 -0.78 2.15 41.70
-µ 95.54 -1.48 0.89 220.54

Jet 1 57.39 0.93 -2.51 84.32
Jet 2 50.53 0.26 -2.21 52.55

TE 57.63 -0.27
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Run: 149011
Lumi Section: 596
Event: 839574880

Peak Mass: 179 2GeV/c
Peak Weight: 2278.36
b-tagged Jets: 2

T
p η φ E

+e 65.82 -0.33 1.86 69.45
-µ 53.11 0.38 -0.91 56.99

Jet 1 67.79 0.28 -2.66 71.96
Jet 2 38.75 -1.56 -1.73 96.89

TE 44.97 0.81
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Run: 149011
Lumi Section: 652
Event: 907531907

Peak Mass: 136 2GeV/c
Peak Weight: 1769.56
b-tagged Jets: 1

T
p η φ E

+µ 21.82 -1.96 1.29 78.97
-µ 25.20 -1.32 0.39 50.32

Jet 1 63.74 -0.71 -1.06 80.93
Jet 2 53.67 -1.90 2.93 183.25

TE 79.94 -1.96
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Run: 149011
Lumi Section: 70
Event: 109889592

Peak Mass: 192 2GeV/c
Peak Weight: 365.52
b-tagged Jets: 1

T
p η φ E

+µ 36.51 -0.78 -2.55 48.24
-µ 54.44 0.81 0.89 73.13

Jet 1 52.40 -0.00 -2.11 53.62
Jet 2 86.70 -1.90 -2.33 296.64

TE 102.23 0.88
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Run: 149063
Lumi Section: 84
Event: 98375451

Peak Mass: 149 2GeV/c
Peak Weight: 142.69
b-tagged Jets: 2

T
p η φ E

+µ 126.55 -0.48 1.30 141.18
-e 89.30 -0.40 -1.38 96.58

Jet 1 212.19 0.09 -1.85 213.47
Jet 2 31.76 0.45 1.73 36.27

TE 95.95 2.10
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Run: 149181
Lumi Section: 1194
Event: 1175707454

Peak Mass: 225 2GeV/c
Peak Weight: 101.59
b-tagged Jets: 0

T
p η φ E

+µ 39.10 -0.42 -0.48 42.63
-e 69.43 1.96 1.57 251.12

Jet 1 68.71 0.10 -0.30 70.04
Jet 2 66.05 -1.40 -2.42 142.41

TE 30.33 2.47
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Run: 149181
Lumi Section: 1340
Event: 1311956829

Peak Mass: 168 2GeV/c
Peak Weight: 621.22
b-tagged Jets: 2

T
p η φ E

+e 29.96 0.62 -2.60 35.91
-µ 82.10 -0.23 1.05 84.27

Jet 1 71.72 -0.09 -2.56 72.63
Jet 2 50.62 1.07 2.32 82.56

TE 85.21 -0.55
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Run: 149181
Lumi Section: 1345
Event: 1316743403

Peak Mass: 155 2GeV/c
Peak Weight: 129.94
b-tagged Jets: 2

T
p η φ E

+µ 59.74 1.43 -2.87 132.22
-e 23.20 0.95 0.25 34.57

Jet 1 86.83 -0.04 0.77 88.37
Jet 2 49.50 0.47 0.84 55.21

TE 33.22 1.88
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Run: 149181
Lumi Section: 1577
Event: 1520159957

Peak Mass: 293 2GeV/c
Peak Weight: 366.60
b-tagged Jets: 2

T
p η φ E

+µ 30.14 1.99 2.85 112.51
-µ 38.20 -1.26 0.59 72.80

Jet 1 138.90 -0.21 -0.37 142.70
Jet 2 113.48 1.03 2.55 180.70

TE 40.10 -1.83
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Run: 149181
Lumi Section: 1706
Event: 1626022411

Peak Mass: 134 2GeV/c
Peak Weight: 395.88
b-tagged Jets: 1

T
p η φ E

+e 31.77 -1.01 -2.01 49.59
-µ 27.58 -1.00 1.32 42.62

Jet 1 56.10 0.86 -2.72 78.72
Jet 2 34.22 -1.00 0.33 53.34

TE 23.23 0.43
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Run: 149181
Lumi Section: 1854
Event: 1742001447

Peak Mass: 186 2GeV/c
Peak Weight: 2422.31
b-tagged Jets: 2

T
p η φ E

+µ 45.22 0.54 -1.18 51.99
-µ 32.07 1.26 -0.25 60.97

Jet 1 81.76 0.19 -3.00 84.34
Jet 2 62.69 -0.20 2.01 64.60

TE 33.63 0.20
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Run: 149181
Lumi Section: 245
Event: 68403528

Peak Mass: 211 2GeV/c
Peak Weight: 605.68
b-tagged Jets: 2

T
p η φ E

+e 34.17 0.90 1.30 49.08
-µ 37.40 -0.53 -0.70 42.83

Jet 1 120.04 -0.59 1.82 142.80
Jet 2 79.38 -0.38 -1.48 86.10

TE 63.34 -2.09
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Run: 149181
Lumi Section: 253
Event: 80693186

Peak Mass: 152 2GeV/c
Peak Weight: 484.89
b-tagged Jets: 2

T
p η φ E

+µ 23.19 -0.38 -2.46 24.89
-µ 75.98 0.26 2.51 78.62

Jet 1 104.70 -0.09 1.44 105.63
Jet 2 49.31 -0.69 -1.90 61.84

TE 98.65 -1.57
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Run: 149181
Lumi Section: 512
Event: 436588272

Peak Mass: 158 2GeV/c
Peak Weight: 160.95
b-tagged Jets: 1

T
p η φ E

+µ 93.90 -1.09 -1.72 155.05
-µ 126.79 -1.16 1.42 221.26

Jet 1 174.97 -1.78 -1.73 533.44
Jet 2 43.37 -1.30 2.70 85.64

TE 69.10 1.23
)2Mass (GeV/c

0 100 200 300 400 500 600 700

W
ei

g
h

t

0

20

40

60

80

100

120

140

160

Run: 149181
Lumi Section: 754
Event: 723595683

Peak Mass: 200 2GeV/c
Peak Weight: 550.02
b-tagged Jets: 1

T
p η φ E

+e 48.51 0.12 -1.86 48.83
-µ 57.59 0.69 1.82 71.68

Jet 1 88.36 0.88 0.20 125.40
Jet 2 93.61 -1.05 -1.46 150.63

TE 96.44 2.30
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Run: 149181
Lumi Section: 769
Event: 740703741

Peak Mass: 170 2GeV/c
Peak Weight: 154.57
b-tagged Jets: 2

T
p η φ E

+µ 52.78 -0.70 2.96 66.15
-µ 59.88 0.98 -2.80 91.02

Jet 1 118.76 0.35 -2.31 127.21
Jet 2 66.77 0.41 0.55 74.26

TE 60.74 0.13
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Run: 149182
Lumi Section: 26
Event: 21483106

Peak Mass: 146 2GeV/c
Peak Weight: 548.14
b-tagged Jets: 0

T
p η φ E

+e 44.58 0.44 -0.03 49.03
-µ 73.84 -0.68 -3.01 91.36

Jet 1 41.59 2.11 0.50 173.62
Jet 2 37.62 -0.33 0.89 40.15

TE 22.08 -2.61
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Run: 149182
Lumi Section: 60
Event: 51319857

Peak Mass: 225 2GeV/c
Peak Weight: 545.36
b-tagged Jets: 0

T
p η φ E

+µ 26.69 -1.12 0.83 45.08
-µ 42.11 -2.04 0.72 164.22

Jet 1 66.88 0.29 -0.36 71.01
Jet 2 36.31 1.84 2.79 118.03

TE 66.50 -2.39
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Run: 149291
Lumi Section: 362
Event: 387551026

Peak Mass: 138 2GeV/c
Peak Weight: 462.08
b-tagged Jets: 1

T
p η φ E

+µ 25.44 0.44 -2.20 27.96
-e 32.05 -2.49 -2.95 195.51

Jet 1 53.77 -2.03 2.29 207.82
Jet 2 30.46 -0.83 1.13 41.76

TE 121.25 -0.65
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Run: 149291
Lumi Section: 430
Event: 460704901

Peak Mass: 293 2GeV/c
Peak Weight: 85.08
b-tagged Jets: 1

T
p η φ E

+e 54.74 -1.47 1.81 125.23
-e 118.52 -1.74 -0.76 348.44

Jet 1 122.07 0.72 1.45 157.10
Jet 2 153.43 -0.93 -2.37 226.57

TE 53.86 1.49
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Run: 149291
Lumi Section: 664
Event: 683687535

Peak Mass: 181 2GeV/c
Peak Weight: 836.25
b-tagged Jets: 1

T
p η φ E

+e 22.63 2.01 -1.75 85.60
-µ 83.25 1.33 -1.10 168.39

Jet 1 30.50 -0.77 1.61 40.96
Jet 2 31.09 -0.31 0.38 33.74

TE 65.26 2.61
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Run: 149291
Lumi Section: 683
Event: 700663787

Peak Mass: 131 2GeV/c
Peak Weight: 421.46
b-tagged Jets: 1

T
p η φ E

+e 150.95 -0.22 1.79 154.48
-µ 49.51 0.69 -1.03 61.70

Jet 1 100.23 -0.15 -1.08 102.29
Jet 2 34.66 0.22 0.84 36.86

TE 74.79 -2.23
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Run: 149291
Lumi Section: 751
Event: 759541584

Peak Mass: 191 2GeV/c
Peak Weight: 260.60
b-tagged Jets: 2

T
p η φ E

+e 21.20 -2.13 2.44 90.39
-µ 48.37 -1.52 2.90 115.75

Jet 1 173.33 -0.66 -2.44 213.41
Jet 2 90.57 -1.06 -0.42 147.13

TE 123.65 0.77
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Run: 149291
Lumi Section: 89
Event: 37887806

Peak Mass: 206 2GeV/c
Peak Weight: 928.19
b-tagged Jets: 2

T
p η φ E

+e 42.47 0.78 -2.57 55.97
-µ 35.24 -0.05 2.22 35.29

Jet 1 99.02 0.47 -1.99 110.83
Jet 2 73.97 -1.03 2.78 116.92

TE 78.76 0.45
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