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Chapter 5

Energy scale calibration using a

kinematic fit

A well determined scale of the energy of jets and scale of the missing transverse energy are of
crucial importance for many analyses, notably the searches for new physics like supersymmetry.
In the ATLAS collaboration, several techniques based on QCD multi-jet, γ/Z+jets and top
quark pair events are studied for the (light) quark jet energy scale calibration [110,111], while
W+jets and Z+jets events are studied for the missing transverse energy (/ET ) scale, see [112].
In addition, in this last reference an analysis on the in situ measurement of the /ET in top quark
pair events is described, where a measurement of its scale is proposed using a kinematic fit.
In this chapter we describe the kinematic fit in detail and perform several systematic studies.
The possibility of applying b-quark tagging, see Section 4.4, is not used in this analysis.

5.1 Introduction

We focus on a measurement of the jet energy and missing transverse energy scale using a semi-
leptonic tt̄ event sample with integrated luminosity of L = 160 pb−1 at a center-of-mass energy
of 14 TeV. This study shows the possibilities for first data energy scale calibration, although
recently it became clear that the first runs of the LHC are planned at a center-of-mass energy
of 7 TeV. In this work, based on Monte Carlo (MC) events, a value of the top quark mass of
175 GeV is used and for the studies of systematic effects we use an uncertainty on the mass
of 2.5 GeV. This was the default top mass at the time the work was performed, before the
new measurement of mt = 173.1±1.3 GeV was available. In [111, 112] it is shown that with
a 14 TeV sample of L = 100 pb−1 the jet energy scale can be measured to the level of a few
percent, while the /ET scale can be measured to the level of ∼ 10%. Assuming the worst (the
studies might be wrong, the detector might have problems,. . . ), we prepare for large deviations
(± 20%) of (missing) energy scales.

We have to be clear about which jet energy scale (JES) we set out to measure. Figure 4.5 on
page 93 depicts the steps needed before the final“Refined Physics Jet (calibrated to interaction
level)” is reached in the jet reconstruction. In Section 4.3 we did not discuss the last step, we
only discussed the jet reconstruction and calibration up to the particle level. The last step in
the figure brings us from the particle level, i.e. the jet constituents, to the interaction level, i.e.
the hard scattering of the protons, by using known physics scales; the step is depicted in the
figure as the Analysis Domain and is the domain of studies on QCD or γ/Z+jets events such
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112 Chapter 5. Energy scale calibration using a kinematic fit

as in [110], or on tt̄ such as in [111]. We will use a fit with kinematic constraints to optimize
this last step to obtain the hard scattering quantities. Many of the other studies result in jet
calibration functions depending on the jet direction η and transverse momentum pT . We do not
set out to obtain such parton correction functions; in fact, we will apply a pT -dependent MC
based parton correction before starting the kinematic fitting. The jet energy scale we measure
with this fit is no more than one number: an overall scale indicating whether on average the jet
energies, independent of their flavor, are well calibrated. The /ET scale is obviously correlated
with the overall JES, hence a careful analysis of their dependence is needed.

Kinematic fitting is a technique that exploits the constraints in reconstructed events. Top
quarks mostly decay to a b-quark and a W boson. In semi-leptonic t t̄ events one W boson
decays leptonically and one hadronically. The measurable final state, ignoring QCD radiation
and neutrinos from b-decays for the moment, consists of a charged lepton and four jets (of
which two are b-jets) and /ET from the escaping neutrino. By requiring the decay products of
the leptonically decaying W to yield the W mass of 80.4 GeV, two solutions for the longitudinal
momentum pν

z of the neutrino can be obtained. The other mass constraints, imposed by the
kinematics of the two top quarks and the hadronically decaying W boson, can be used to find
the correct permutation of jet assignments to their parent particle and the correct pν

z .
The HitFit program, developed at the D0 experiment, see [113], is designed for this kine-

matic fitting of semi-leptonic t t̄ events. In short, HitFit takes the measured transverse momenta
of the six decay-particles and adjusts (or obtains) their 4-momenta using mass constraints. For
our analysis we have to perform several kinematic fits with different constraints, imposing
the need of a flexible fit-program. We developed a modified version of the HitFit package.
With the goal of calibrating the energy scales, in the implementation of the HitFit program
in our studies only the energies of the four jets are fitted, while their production angles are
kept at their originally measured values. The jet angular resolutions are implemented via the
mass constraints in the fit; in the next section these are discussed in more detail. Also, the
leptonic energy scale is assumed to be well measured and is fixed throughout this work. We
kept the HitFit interface and the handling of permutations, but we replaced the original fitting
algorithm by a new χ2-definition and use the MINUIT package [114, 115] for minimization.

For the study in this chapter we use fully simulated MC@NLO tt sample, reconstructed
with ATHENA version 12.0.6. This sample contains no events with both top quarks decaying
hadronically, but all other decays modes are present. For background events we use a consistent
set of W+jets samples generated by Alpgen (with only leptonic W decays), where matrix
elements are used to calculate QCD radiation leading to between two and five hard jets. The
cross sections are respectively σtt̄ = 461 pb and σW = 789 pb, taking into account filters1) and
the above mentioned branching ratios. These are the only samples we study in this chapter,
hence no systematic uncertainties from MC predictions will be presented, nor the effect of
QCD events.2) After the overlap removal and object definition from Section 4.6, we use the
following pre-selection:

� Exactly one lepton (electron or muon) with pT > 20 GeV.

� At least 4 jets with pT > 20 GeV, of which at least 3 jets with pT > 40 GeV.

� Missing transverse energy /ET > 20 GeV.

1)The W+jets Alpgen sample is filtered for events with at least three reconstructed jets with pT > 20 GeV.
2)According to [116] the expected number of QCD events is to be of the order of the number of W+jets events,

i.e. after the event selection listed in this section.
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Outline of the chapter

In Section 5.2 we discuss the fitting strategy of the modified HitFit. Section 5.3 presents the
results of the /ET scale measurement using a ‘scanning method’: a scan of the χ 2 function
from the kinematic fit is performed over samples with pre-adjusted /ET scale. As it turns out,
the sensitivity of this scan to the JES is so large that this has to be measured first, and
independently from the /ET scale. Thus in Section 5.4 the JES is determined using a scan
over samples with pre-defined jet energy scales. In Section 5.5 an alternative and powerful
estimator of the /ET scale is studied: the transverse momentum difference between the two top
quarks reconstructed using the kinematic fit. The possibility of measuring the top quark mass
is discussed in Section 5.6 and in Section 5.7 we propose an ‘analysis-chain’ for early data to
determine the energy scales and to check the consistency of the used top quark mass. Finally
the conclusion is given in Section 5.8 and in Section 5.9 we study the possibility to use the
kinematic fit to distinguish supersymmetry events from Standard Model events.

5.2 Kinematic fit for semi-leptonic tt̄ events

With four jets and no use of b-tagging there are 12 possible permutations for assigning the jets
to their underlying quark in a semi-leptonic decay of a top quark pair (see also Fig. 5.1). For the
reconstruction of the neutrino we assume pν

T = /ET and obtain the longitudinal component pν
z

from the leptonic W mass requirement: mlep.W = 80.4 GeV. As stated in Section 1.1.4 the world
average for the W mass is mW = 80.398±0.025 GeV. In cases where energy fluctuations lead to
solutions with imaginary numbers, that is when the transverse mass mT

lν of the lepton/neutrino
system is larger than the W boson mass, only the real part is used for pν

z . We remark that it
is also possible to obtain pν

z from the decay products of the leptonic top by requiring that the
neutrino solution together with the lepton and b-quark jet combine to the top mass, but in
general this turns out to lead to slightly worse results.
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Figure 5.1: Semi-leptonic top quark pair decay. The ‘leptonic’ top is the top quark decaying
into a b-quark and a ‘leptonic’ W , which is the leptonically decaying W . The ‘hadronic’ top
is the top quark decaying into a W that subsequently decays into two light quarks/jets. The
corresponding b-quarks are named leptonic and hadronic b-quark respectively.
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Finally, the procedure leads to two solutions for the neutrino pν
z for each of the 12 per-

mutations, hence effectively 24 permutations for each event. The candidate for the correct
permutation is selected by keeping only the permutation with the lowest value of the χ 2 of the
fit that will be described below. In events with five or more jets, only the four jets with highest
pT are used. Obviously, in these events, but also in events with exactly four reconstructed jets
there is no guarantee that the measured jets correspond to the partons of the hard interaction.

Before applying the minimization procedure the masses of all jets are adjusted. This is
a standard application in the HitFit program: in each permutation the mass of a jet is set
to either zero or to 5 GeV for a light or a b-jet, according to the labeling of the jet in that
permutation. The 3-momentum is not altered in this step.

The χ2 function will now be discussed term by term. The entire function is defined as:

χ2 = ∑
i=1,4

(
αi pi

T − pi
T

σ(pi
T )

)2
(5.1)

+

(
4
√

∏i αi −1
σ jes

)2
(5.2)

+

(
mhad.W −80.4

σmhad.W

)2
+

(
mlep.W −80.4

σmlep.W

)2
(5.3)

+

(
mlep.Top −mhad.Top

σmlep.T

)2
+

(
mhad.Top −Mtop

σmhad.T

)2
(5.4)

The jet χ2-terms

The first terms in the χ2, see equation-line 5.1, allow to absorb fluctuations due to the resolution
of the jet energy measurement.

The transverse momenta pi
T represent the corrected jet momenta based on the measured

momenta, pi
T,reco. The correction function is obtained from MC events by parameterizing the

relation between the measured pi
T,reco of the jet and the pi

T,true of the parton using a poly-

nomial shape.3) This is illustrated for b-quark jets in Fig. 5.2 (left), where the ratio of the
reconstructed jet pT to the true quark pT is fitted as a function of the reconstructed jet pT .
The parameterization results in the function f (pi

T,reco) defined as

f (pi
T,reco) ≡

pi
T,reco

pi
T,true

= a · (pi
T,reco)

3 +b · (pi
T,reco)

2 + c · pi
T,reco +d, (5.5)

where the variables a,b,c,d are given in Table 5.1 separately for light- and for b-quark jets.
The functions are applied to the jet 3-momenta vector such that the directions of the jets are
not altered:

−→p i = f−1(pi
T,reco)

−→p i
reco, (5.6)

where −→p i is the momentum of jet i, of which the transverse component is finally used in the
χ2 function.

3)First a matching study is performed to identify jets as (possibly) originating from one of the four hard
partons in the top decay, where a distinction is made between the b-quarks and the light quarks from the
hadronic W . The measured jets are matched to their corresponding hard partons by requiring ∆R < 0.2, where
∆R =

√
∆φ2 +∆η2.
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Figure 5.2: Left: calibration of the parton correction for the heavy jets. Right: the jet pT
resolution as function of the transverse momentum, for five η regions. See text for more details.

The resolutions σ(pi
T ) are parameterized as functions of the transverse momentum and are

determined separately for five η regions. The resolution function parameters are obtained in
the following way. First, distributions of the transverse momentum difference between jet and
corresponding parton for various bins in transverse momentum are fitted with Gaussian shapes.
Then, the squared widths of these Gaussians, again as function of the transverse momentum
are fitted with a second order polynomial. The functions are thus given by

σ(pi
T ) =

√
A2(pi

T )2 +B2 pi
T +C2. (5.7)

The resulting functions are depicted in Fig. 5.2 (right) and are given by the parameters in
Table 5.2. From the distributions in the figure it becomes clear that the resolutions are worst
in the regions nearest to the gap region, that is for 1.0 < |η | < 1.5 and 1.5 < |η | < 2.0. The
best resolution is obtained in the most forward region, i.e. with 2.0 < |η |.4) These observations
are in agreement with the results in Section 4.3.5 and [100].

The parameters αi in equation-line (5.1) are free fit parameters and are preferably equal
to unity; their purpose is to absorb fluctuations due to the resolution of the jet energy mea-
surement, and are not related to the overall jet energy scale. For this we have the ‘correlation
term’ to which we come back shortly. The parameters αi are applied to the jet 3-momenta
vector such that the directions of the jets are not altered. When adjusting the jet momenta
the missing transverse energy is also changed, such that the total transverse momentum in
the event, KT remains constant. The quantity KT is obtained from the vectorial sum over the
leading four jets, the lepton and missing energy:

KT = ∑
i=1,4

~p jet i
T +~plepton

T + ~/ET . (5.8)

4)This is because jets in the forward region have very high momentum and, as the shapes of most of the
distributions in Fig. 5.2 (right) show, a higher momentum jet has a relative better resolution. Explained with an
example: assuming the jet direction is perfectly measured, σ(pT )/pT = σ(p)/p. A jet with η = 0 and pT = 40 GeV
has σ(p)/p = 0.18, see the figure. A jet with η = 2.3 and pT = 40 GeV has σ(p)/p = 0.15. That is a better
resolution in pT , but with p = 200 GeV for the forward jet the resolution can be compared to the resolution of
a jet with η = 0 and p = 200 GeV, i.e. with σ(p)/p = 0.07.



116 Chapter 5. Energy scale calibration using a kinematic fit

a (GeV−3) b (GeV−2) c (GeV−1) d

light jets 6.07 ·10−9 −5.25 ·10−6 1.67 ·10−3 0.889
b-quark jets 7.54 ·10−8 −3.62 ·10−5 6.07 ·10−3 0.650

Table 5.1: Parameters for the parton correction function eq. (5.5), for light and b-jets.

A B (GeV1/2) C (GeV)

0.0 < | η | < 0.5 0.00 0.94 3.9
0.5 < | η | < 1.0 0.00 0.88 4.3
1.0 < | η | < 1.5 0.05 0.81 4.6
1.5 < | η | < 2.0 0.00 1.01 3.0
2.0 < | η | 0.03 0.47 5.1

Table 5.2: Parameters for the resolution function eq. (5.7), for five |η | regions.

The correlation term

The term in equation-line (5.2) is related to the overall jet energy scale. The idea behind this
term is that the four α ’s enable to absorb fluctuations of the individual jet energy measure-
ments, while the event’s overall jet energy scale (which is the quartic root of the product of
the four α ’s) is kept close to unity.

The ‘uncertainty’ σ jes = 0.01 in equation-line (5.2) is estimated empirically from the re-
quirement that the magnitude of the correlation term is comparable with other terms in the
total χ2 as appropriate. We can interpret this resolution as follows: the combination of a semi-
leptonic tt̄ hypothesis with all the jet and mass resolutions in the χ 2, results in an overall jet
energy scale resolution to the percent level.5) Although a one-to-one correlation is not correct,
at first order the σ jes indicates the sensitivity to the overall jet energy scale.

In general this term leads to relatively stable fits. When scanning over samples with pre-
defined jet energy scales in Section 5.4, this term is necessary to prevent the absorption of the
pre-defined energy scale by the four α ’s.

The mass constraints

The constraints in equation-line (5.3) and (5.4) are added as penalty terms to the full χ 2.
It should be noted that the term related to the constraint from the leptonic W mass only
contributes to the χ2 when the equation mlep.W = 80.4 GeV has solutions with imaginary
numbers for the neutrino’s longitudinal momentum.

The resolutions used in these terms, the σm’s, are a combination of the physical mass width
of the parent particles and the resolution of the corresponding reconstructed objects. Only the
resolution of the jet angles contribute to these σm’s: the resolution of jet energies is already
accounted for in the jet terms and should not be invoked again in these terms. The σm’s are
obtained using MC events by replacing the measured energy of the jets by the true energy
of the corresponding partons using events with no or negligible final state radiation. For this
purpose we select events by requiring the (true) invariant mass of the two light partons and

5)This is assuming the correct jet permutation is selected, and excluding any systematic uncertainties such
as different MC generator results.
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the hadronic b-quark to be larger than 174.5 GeV. The same selection has been applied to
the invariant mass of the true lepton, the true neutrino and the leptonic b-quark. To obtain a
correct resolution for the leptonic top mass, the neutrino pν

z is calculated by requiring the two
reconstructed top masses to be equal. If we were to use the solution for pν

z with the standard
approach of requiring the leptonic W mass to be 80.4 GeV, the error on the /ET , which results
in an error on the pν

z , would propagate twice into the resolution on the leptonic top mass: once
in the pν

x and pν
y , and once in the pν

z .6)

In Figure 5.3 the four mass distributions are depicted, including the results of the Gaussian
fits. The fitted means do not exactly correspond to the true masses of the particles, implying
that on average the opening angles between the partons are different from the opening angles
between jets: a fitted mass lower than the true mass effectively means that the jets are closer
together than the partons. We neglect these small discrepancies and keep the ‘true’ values of
80.4 and 175 GeV in the fit for respectively the W and the top mass. The resolutions are:

σmlep.W = 9.3 GeV
σmhad.W = 4.2 GeV
σmlep.T = 4.2 GeV
σmhad.T = 3.2 GeV. (5.9)

6)Even more correct perhaps, would be to calculate the neutrino pν
z by requiring the leptonic top mass to be

175 GeV. In the approach we have adopted the resolution on the hadronic top mass propagates partly into the
resolution on the leptonic top. This effect is however smaller than the double counting of the /ET error.
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Figure 5.3: Mass distributions for (clockwise, starting with the upper left): the hadronic W,
the hadronic top, the leptonic top and the leptonic W. The dashed distributions are the events
selected, including FSR suppression, see text for the exact details. The Gaussian fit results are
depicted by the solid lines, with the mean and width given for each mass distribution.
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The degrees of freedom - To determine the number of degrees of freedom nd in the χ2

function, we count the contributions to nd first in eq. (5.1) and (5.2), then in eq. (5.3) and
(5.4):� The four jet parameters αi are constrained by the corresponding χ 2 terms, and they

are additionally constrained by the correlation term. Thus, with a total of 5 terms for 4
parameters and ignoring the correlation between the jet terms and the correlation term,
we have a contribution to nd of 5−4 = 1. When the jet terms and the correlation term
are fully correlated this contribution reduces to 0.

� In total we have four mass constraints. The term with the leptonic W mass constraint is
used to get a solution for pν

z . This leads to 4−1 = 3 more degrees of freedom. However,
we get two solutions for pν

z . The correct solution has to be determined by (partially)
using the information from the final three mass constraints, which at most ‘eats’ one
more constraint. In the latter case we have a contribution to nd of 4−2 = 2.

Hence, we find a minimum for the number of degrees of freedom at nd = 2 and a maximum
at nd = 4. When discussing the χ 2 probability of the kinematic fit in Fig. 5.4 in the following
section we show that nd = 3 is a reasonable value.

5.2.1 Performance on matched tt̄ events

To study the performance of the kinematic fit we use a selection of events that fulfill the
tt̄ hypothesis without significant QCD radiation. In these events, which have four jets, the
measured jets are matched to their corresponding hard partons by requiring ∆R < 0.2, where
∆R is defined by ∆R =

√
∆φ 2 +∆η2 and represents the distance between jets in φ and η space.

We refer to these events as matched events. The contribution of events with significant final
state radiation (FSR) is further reduced by requiring the appropriate combination of partons’
(and leptons’) true momenta to yield the top mass within 1 GeV and the W mass within 2 GeV,

 probability of matched permutation2χ 
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Figure 5.4: The χ2 probability distribution of the kinematic fit for the selected events, for
the permutation with all four jets correctly matched to the four partons. FSR suppression is
applied by requiring the reconstructed top mass and W mass to be within 1 and 2 GeV of the
true values; see text for more details.
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Figure 5.5: For matched events with additional FSR suppression, the fitted jet energy divided
by the corresponding true parton energy together with the original result (corrected, before
the fit), after a requirement of χ 2 < 5. Little or no improvement is visible as result of the fit.

both for the hadronic and leptonic top. It should be emphasized that this Section describes
the results of a study restricted to matched events, while this restriction is not used by other
studies described in this note, unless specified otherwise.

The result of this selection is as follows: of the 73.2 · 103 events 7) in the sample 10.9 · 103

events pass the standard requirements of Section 5.1, of which 565 events have four matched
partons, as defined above.8) Figure 5.4 shows the χ2 probability of the kinematic fit for the
selected events, assuming 3 degrees of freedom, for the permutation with all four jets correctly
matched to the four partons. The distribution peaks around zero, implying that even for the
correct permutation of the four jets a significant number of events is poorly reconstructed.
In this case either the jet energies, the lepton energy or direction, or the missing transverse
energy is poorly measured. At higher probability values, the distribution is essentially flat as
expected for purely Gaussian detector resolution. In retrospect, the flat distribution confirms
that nd = 3 is a reasonable value. For matched events we find that the correct jet combination
has the lowest χ2 value in about 2/3 of the events.

In Figure 5.5 the distribution of the fitted jet energy divided by the corresponding true
parton energy is displayed, for the jets before and after the fit; the first do have the parton
correction function applied. When extremely ‘clean’ events are considered by requiring χ 2 < 5
a little to no improvement is visible.9) This indicates that the fit could not further improve
the overall JES for these particular events. As we will see later, the fit over all events is
however sensitive to overall jet energy scale offsets. Hence we interpret Fig. 5.5 as confirming
the correctness of the parton correction of eq. (5.5). We observe similar behavior of the missing
transverse energy resolution. However, as will be shown in the next section, for events with
high values of χ2, the /ET (fitted and original) resolution degrades, implying that by cutting
on χ2 one selects well measured events.

7)This is from exactly 105 unweighted MC@NLO events, equivalent to an integrated luminosity of 160 pb−1.
As stated before, the sample contains no all-hadronic decays.

8)Without the requirements for FSR suppression we would have ∼ 1900 matched events.
9)The requirement of χ2 < 5 reduces the sample of 565 events to 246 events.
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5.3 The /ET scale from the scanning method

In this section we describe the extraction of the /ET scale based on a scan of the χ 2 function,
starting with a brief intermezzo to clarify the additional requirements that will be used in this
procedure. Similar to the overall JES that we set out to measure, we emphasize that it is the
overall /ET scale we try to establish, not its resolution or the amount of fake /ET .

The analysis described in this chapter turns out to perform best when the background from
W+jets and especially from poorly measured t t̄ events is small. Therefore, tight requirements
are introduced that are established empirically. The distribution of χ 2 after the kinematic fit
is depicted in Fig. 5.6 (left) for t t̄ and W+jets events. Also shown is the distribution for the
matched tt̄ events. The distribution for t t̄ peaks at low values of χ2 and then falls rapidly,
but exhibits a long tail. In contrast, for the W+jets events the peak at low values is much
less pronounced. The difference between signal and background appears even more dramatic
when the log10(χ2) is considered as in Fig. 5.6 (right), where the lowest values of log10(χ2) are
dominantly populated by t t̄ events.
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Figure 5.6: The distribution of the best permutation χ 2 of the kinematic fit for t t̄ (all and
matched) and W+jets events. The standard selection requirements of Section 5.1 are used.
Left, the distribution of χ 2 is depicted, right the distribution of log10 (χ2).

About 50% of the matched events are removed when cutting on χ 2 = 10; this appears to
be a reasonable trade off between statistics and event quality. Cutting on χ 2 suppresses events
in which the /ET is (relatively) poorly reconstructed, which is confirmed by the distributions
of ‘fake /ET ’ shown in Fig. 5.7. Fake /ET is defined as the difference between the /ET after the
fit and the true missing transverse momentum. These distributions indicate that for events
with χ2 < 10, the /ET resolution is significantly better than for events at higher values of χ 2.
Moreover, at high values of fake /ET (larger than 30 GeV), in the tails of the distribution, there
are substantially less events with χ 2 < 10.

Figure 5.8 (left) shows the /ET distribution for tt̄ and W+jets events with the standard
selection requirements of Section 5.1. At this stage, the ratio of signal (S) and background
(BW ) events is S

BW
= 4.0. The right plot shows the same distributions after rejecting events

with χ2 > 10 and a mlep.W > 80.7 GeV, leading to S
BW

= 13.4.
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Figure 5.7: The fake /ET for tt̄ events, i.e. the difference between the /ET after the fit and its
true value. The distribution is shown for events with χ 2 < 10 and for events with χ2 > 10. The
distributions are normalized.
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Figure 5.8: The distribution of /ET for tt̄ and W+jets events with standard selection requirements
of Section 5.1 (left) and after rejecting events with χ 2 > 10 and a mlep.W > 80.7 GeV (right).
The cut value of the ‘additional requirement’ (see text) at /ET = 40 GeV is also indicated.

In the following we only consider the results after the next additional requirements:

� The fit must have converged and the best permutation must have a χ 2 < 10.

� The reconstructed leptonic W mass must be mlep.W < 80.7 GeV, or in other words the
solution for pν

z is real.

� Before starting the fit procedure we require /ET > 40 GeV. This has no significant effect
on S

BW
, but is introduced to reject QCD background (though, not present in this MC

study).
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5.3.1 The scanning method

To determine the scale of the missing transverse energy, the /ET scale, we use a χ2-scan running
over a hypothetical /ET scale over a large range in small steps, called ‘scan-points’. At each
scan-point, first the new /ET scale is implemented in a straightforward way by just multiplying
the original /ET value by the /ET scale factor, which gives a new value of the overall transverse
momentum, KT . Then, the events are fitted to determine the event permutation with the
lowest value of χ2 (corresponding to the best fit of the four jet parameters αi). The event for
a particular scan-point is kept if it fulfills the additional requirements discussed on page 121.
The statistical uncertainties from the typically 1500 events are correlated between scan-points.
However, some events can fulfill the additional requirements for a particular scan-point while
for another point, the event is rejected. This leads to uncorrelated statistical fluctuations at
different scan-points. The size of these uncorrelated uncertainties is typically 0.5%, obtained
from the statistical uncertainty of the number of events at a certain scan-point which do not
contribute to the neighboring scan-points.

To optimize the sensitivity of the analysis a readjusted definition of the χ 2 is used: first,
the events are weighted with their χ 2 probability P. That is, at each scan-point the average
value χ2 = ΣiPiχ2

i /ΣiPi of all selected events (or better their best permutation) is obtained. By
taking the average value, the technical problem of having different statistics at each scan-point
is solved. Second, to facilitate absolute comparisons of different scans, at each scan-point the
average χ2 is scaled by the number of events in the point with the lowest average value: we
refer to this quantity as χ 2

w, the weighted χ2.
Figure 5.9 (left) shows the results of a scan of the /ET scale in steps of 0.05. The top quark

mass is fixed to a value of Mtop = 175 GeV. The contribution of t t̄ events and that of W+jets
background events are shown separately. In order to determine the position of the minimum
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Figure 5.9: Left: distribution of the weighted χ 2 for a scan of the /ET scale, for the ‘Total’ sample
(i.e. tt̄ and W+jets events) and for t t̄ events only. The uncorrelated statistical uncertainty
between the points is at the level of 0.5%. The best value for the /ET scale is determined by
fitting a parabolic function. Right: results for the best values of the /ET scale determined with
the scan applied to samples with adapted true /ET scales. (For a sample with e.g. adapted true
/ET scale=0.8 the expected result is 1/0.8=1.25.) The same sample is used in each point. The
uncertainties are obtained from the fluctuation in the results on sub-samples (see text).
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in this distribution a parabolic fit is applied around the scan-point with the lowest value of χ 2
w,

leading to a /ET scale = 1.03. A statistical uncertainty of ±0.06 is obtained from the fluctuations
on results from scans on subsamples of the sample used: the total sample is divided in four
subsamples and from the resulting distribution of the scales the uncertainty is extracted as the
RMS/

√
4−1. This method is applied throughout this work.10)

The contribution of background events is modest due to the strong requirements on the
missing transverse energy /ET > 40 GeV and χ2 < 10. We repeated the procedure without
including the background events and find a minimum again at /ET scale = 1.03, in agreement
with the nominal result.

We continue our study by preparing various event samples with adapted true /ET scales
and repeating for each sample the scanning procedure. For this we ignore the W background
events. Figure 5.9 (right) shows the fitted result versus the expected result: for a sample with
for example an adapted true /ET scale = 0.8 the expected result is 1/0.8 = 1.25. The figure
illustrates that the kinematic fitting procedure behaves reasonably linear, even for relatively
large deviations. A realistic scenario would be to iterate the scanning procedure, starting each
iteration with the /ET scale from the previous iteration.

The variation of the weighted χ 2 in Fig. 5.9 (left) as a function of the /ET scale is relatively
small. The stability of this method against possible systematic effects, notably the jet energy
scale and the top quark mass, are therefore the key issues now. These issues are addressed in
the following two paragraphs.

5.3.2 Sensitivity to the top quark mass

The top quark mass as used in the constraints of the kinematic fit is varied by its uncertainty
of 2.5 GeV and the scan procedure is repeated. Table 5.3 lists the results for /ET scale separately
for various values of Mtop. The results show a large variation of -12% of the /ET scale for the

scanned quantity fixed quantity

/ET scale = 1.04 Mtop = 177.5
/ET scale = 1.03 Mtop = 175.0
/ET scale = 0.91 Mtop = 172.5

Table 5.3: Summary of the results of the kinematic fitting procedure for 1-dimensional scans
of the /ET scale with various values of Mtop.

-2.5 GeV variation of the top mass. Although the world average of the top quark mass is known
to ±1.3 GeV, this large correlation can affect our results. With the sensitivity to the jet energy
discussed in the next section it will become clear how we can solve this problem. We already
note that in Section 5.7.1 we will discuss the possibility of simultaneous offsets in the top mass
value expectation, the jet energy scale and the /ET scale.

5.3.3 Sensitivity to the jet energy scale

The light quark jet energy scale may eventually be measured to the 1% level using the mass
of the W boson, this method is discussed in [111]. The b-jet energy scale is the most problem-

10)As a check the uncertainty was also obtained by applying the analysis to several different samples of 105

events. The results were similar.
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Figure 5.10: Left: a lego plot of −χ 2
w+offset for hypothetical JES and /ET scale values (scan-

points). The value of χ2
w is inverted and an offset is added to make the minimum visible (as

maximum). Right: a gray-scale plot of the same quantities as in the left plot. The darkness of
the squares indicate the magnitude as shown in the legend.

atic since it is difficult to measure with the first data. To study the overall jet energy scale
uncertainties, we use a two dimensional scan running over a hypothetical jet energy scale and
/ET scale around unity in steps of 0.05.

At each scan-point, first the new /ET scale is applied: the /ET value is multiplied with the new
/ET scale factor leading to a new value of the KT . Then the new jet energy scale is implemented
while keeping this value of KT constant, as described when discussing eq. (5.8). Moreover, the
corresponding scaled transverse jet energy resolution, σ(pi

T ) is always evaluated at its nominal
value; otherwise the minimization of the χ 2 function is artificially forced to prefer higher values
of the JES scale.11) The result is graphically displayed in Fig. 5.10 (left) as a lego plot for
−χ2

w +offset; for visibility it is necessary to ‘invert’ χ 2
w and an offset is added to ensure positive

bin values, needed for technical reasons, in order to see the lego-towers around the minimum
value (as maximum). Figure 5.10 (right) shows the same result using a gray-scale index. When
we look at slices of constant JES, we observe that the χ 2

w value as function of the /ET scale
has no unique minimum except for the slice with JES = 1.0. For a variation of 5% of the JES
(a realistic offset of the JES that can be expected in the first data sample), the effect on the
/ET scale is dramatic and no minimum can be found. The conclusion for early data is that we
first need to know the correct overall JES; if the overall JES is too far off, the 2D scan is useless
for the /ET scale determination.

However, the results for the JES are spectacular: the minimum of χ 2
w as function of /ET scale

remains close to unity for any value (or slice) of /ET scale. At the minimum value of χ 2
w, we

find JES = 1.01±0.02 and /ET scale= 1.03±0.06 both close to unity as expected. This suggests
that it is possible to extract the JES without the necessity to know the /ET scale in advance,
which is the topic of the next Section.

11)The easiest way to see this, is with an example: take a jet measured with pT = 100 GeV, which is also the
correct value corresponding to the parton pT . If we did not evaluate the σ(pT ) at its nominal value, a positive
offset in the scan of the JES of a factor of 1.2 results in a χ2-term for this jet of ( −20

σ(120) )
2. A negative offset of a

factor of 0.8 results in ( +20
σ(80) )

2 (assuming the fit finds the true value back.) The latter is always larger as σ(pT )

decreases with decreasing pT . Thus a positive offset would be favored over a negative offset in a JES scan.
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5.4 Determination of the jet energy scale

In the previous section, using a two dimensional scan, we have observed that the JES can be
determined independently from the /ET scale, implying that the JES can be determined from
a one dimensional scan as is done for the following studies.

We use the same scanning procedure as explained earlier and scan the χ 2
w as a function

of the JES from 0.84 tot 1.16 in steps of 0.02. The result is displayed graphically in Fig 5.11
(left). A parabola is fit around the minimum and leads to JES = 1.01±0.02. The uncertainty
of 0.02 is again obtained from the statistical fluctuations on results from scans on subsamples.
When the W+jets background is ignored, the result does not significantly change.
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Figure 5.11: Left: distribution of the weighted χ 2 for a scan of the JES for a fixed top mass
at 175 GeV, including t t̄ and W+jets events indicated as ‘Total’. The contribution of t t̄ events
only is shown separately. The uncorrelated statistical uncertainty between the points is at the
level of 0.5%. Right: the JES scanning results as a function of the expected value, true 1/JES.
A line that represents unity is drawn to guide the eye.

We have prepared several mis-calibrated t t̄ samples (thus ignoring W+jets background) by
using a true JES in the range between 0.8 and 1.2 and we repeated the scanning procedure.
Note that the jet energy and /ET selection cuts are applied after a mis-calibration of the true
JES, leading to a different event sample than for the nominal case. As can be seen in Fig. 5.11
(right), the procedure behaves linearly and we developed a method to determine the overall JES
within 2% statistical accuracy. There are several systematic uncertainties which can influence
these results. We now study the dependence on the /ET scale and the top mass.

5.4.1 Sensitivity to the /ET scale and top quark mass

Systematic effects may arise from an unknown /ET scale and from the top quark mass. To
quantify the first uncertainty we vary the /ET scale by ±0.2; the resulting variation of the
JES is small, as listed in Table 5.4. The mass of the top quark is varied by its uncertainty of
2.5 GeV; the results for the JES, see Table 5.4, are offset by 0.02 with respect to the nominal
result. We conclude that the JES can be determined using the scanning procedure to the level
of 2% statistically and 2% systematically.
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scanned quantity varied (true) quantity

JES = 1.007 (nominal)
JES = 1.012 /ET scale = 0.8
JES = 1.001 /ET scale = 1.2
JES = 1.025 Mtop = 177.5 GeV
JES = 0.998 Mtop = 172.5 GeV

Table 5.4: Summary of results of the kinematic fitting procedure for 1-dimensional scans of
the JES for various values of the true /ET scale and top quark mass; background events are
excluded in these measurements. The statistical uncertainty on the fitted JES equals 2%.

We note here that we did not study the effect of QCD events, if present, nor the effect of
the underlying event or pile-up. The first can contaminate the sample, ‘blurring’ the accuracy
of the scan. The latter two event types can make it more difficult to establish the correct
permutation, with the same result as QCD events, but it can also affect the measured energy
of the jets and the measured /ET . We see in Table 5.4 that a mis-measured /ET is not of great
importance, and an overall mis-measured JES is what we aim to measure, yet the total effect
of any underlying event is unknown and should be kept in mind for further study.

With the overall JES measured, the next task is to determine the /ET scale in a different way
than presented in the previous section, since the χ 2 scanning method to obtain the /ET scale is
too correlated to the JES scan.

5.5 The /ET scale from the top pair ∆PT

The observable we have constructed to determine the /ET scale is the measured transverse
momentum difference of the two top quarks:

∆PT = plep
T − phad

T , (5.10)

where plep
T is the combined transverse momentum of the measured charged lepton, the /ET and

one b-jet, while phad
T is the momentum of the jets of the hadronic W and the other b-jet. The

assignment of the jets is obtained from the permutation with the lowest χ 2.

Figure 5.12 shows the distribution of ∆PT for tt̄ events and W+jets events selected, with the
additional requirements of page 121 still applied. A Gaussian shape is fitted to the distribution
with a mean of −2.58±1.15 GeV and a width of 24.0±1.8 GeV. When the fit is only applied
to tt̄ events the mean changes to -2.4 GeV, indicating that the W+jets background can safely
be ignored for this initial study.

To study the sensitivity of ∆PT to the true /ET scale, several event samples with adapted
scale are used; the mean of the distributions versus true 1//ET scale are shown in Fig. 5.13. A
line fitted through the results is also shown. The line with a slope of -37 GeV can be used as
calibration curve to obtain the /ET scale from the ∆PT distribution with a statistical uncertainty
of σ(mean)/slope = 1.15/36.9 = 0.03.

The mean of the ∆PT distribution is clearly not zero. Two effects can play a role in this
offset: first, the selection requirements of Section 5.1 cause only the more energetic jets to be
selected; the pT requirement for the jets is higher than the pT requirement on the lepton and the
/ET , biasing the transverse momentum of the reconstructed hadronic top quark. A second effect
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might be the parton corrections discussed in Section 5.2, where we observe that the corrections
can easily amount to an increase in the jet pT of 0%−20% (for jets with pT < 100 GeV). The
KT is altered with these corrections: in the standard HitFit settings the parton corrections are
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Figure 5.12: The distribution of the measured momentum difference between the two top quarks
∆PT , for tt̄ and W+jets events. The assignment of the jets is obtained from the permutation
with the lowest χ2. The standard selection requirements of Section 5.1 are used, plus the
additional requirements of page 121. A Gaussian is fitted to the Total distribution, of which
the mean, and its uncertainty, are used in the next figure.
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Figure 5.13: The mean of the distribution of ∆PT as function of the true 1//ET scale. A line is
fitted through the results.
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not propagated into a change of the missing transverse energy, with the hypothesis that the
parton corrections take into account out-of-cone jet energy depositions. As these depositions
have already been taken into account in the original calculation of the /ET , there is no need for
/ET -corrections. However if the difference between the jet and the parton energy is not only an
out-of-cone effect, /ET -corrections might be needed, but not on a one-to-one basis.

An interesting study would be to find the exact cause for the need of the parton correction
and its relation with the /ET . The offset of the ∆PT is however not an immediate problem. The
bias in Figure 5.13 can be compensated for; as this introduces a dependence on MC prediction,
the bias does introduce an extra systematic uncertainty in our results.

5.5.1 Sensitivity to the JES and top quark mass

The mean of the ∆PT distribution is sensitive to the JES, but less dramatically than the scanning
method. For example, for a true JES of 0.88 and 1.12, the mean changes from the nominal
-2.4 GeV (excl. background) to -0.8 GeV and -2.2 GeV respectively. Note that both results
shift the mean to higher values. When these mean values are used to extract the /ET scale, the
offset is of the order of 5%. This suggests to first use the scanning method to determine the
JES and then use the ∆PT method extract the /ET scale.

The sensitivity on the mass of the top quarks is estimated by changing Mtop to 172.5 GeV
and 177.5 GeV respectively, which leads to mean values of -3.1 GeV and -2.4 GeV and thus
affects the /ET scale at the 2% level. Hence, the ∆PT turns out to be relatively stable against
systematic variations of the top quark mass. However, the top quark mass also affects the JES
measurement (see Table 5.4) and thus indirectly has impact on the /ET scale determination.
The systematic variation of the /ET scale from this combined effect is at most 3%.12) With the
new, more accurate, world average of the top quark mass this variation can only be smaller.

5.6 A special case study: the top mass distribution

A complete measurement of the top quark mass, simultaneously with the energy scales is
beyond the scope of this work, but a first step towards such an analysis is investigated in this
Section.

We assume that the jet energy scale and missing energy scales are well known, either from
the analyses previously presented in this chapter, or from any other analysis. This allows us
to introduce the top mass Mtop as an extra free parameter in the fit, see also eq. (5.4). As in
the previous studies, b-tagging is not included. The result is shown in Fig. 5.14 for events that
fulfill the additional requirements from page 121. In the distribution the events are weighted
with the χ2 probability P, defined with 2 degrees of freedom.13) The background from W+jets
events is comfortably small. To describe the peak of the distribution, we use a Gaussian shape
as shown in the figure. The mean of the shape is 174.2±0.75 GeV and the width amounts to
10.2±1.2 GeV. The result is consistent with the input value of 175 GeV.

A dedicated study of the measurement of the top quark mass is presented in [117], where
the width of the mass peak is optimized and b-tagging is included. The result of that study
for the width of the top mass distribution is comparable to our result.

12)A variation of the JES with ±12% results in a 5% variation in the /ET scale; with a systematic uncertainty
of 2% as determined in Table 5.4, we can thus expect a /ET scale variation of 1%.

13)Which is different from the function P in Fig. 5.4 with 3 degrees of freedom; the extra free parameter Mtop
‘costs’ one degree of freedom.
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Figure 5.14: The distribution of the fitted mass for the W+jets background, for t t̄ events and
for the total sample. The events are weighted with the χ 2 probability. The event selection
includes the additional requirements from page 121. A Gaussian shape fitted to the ‘Total’
distribution is shown.
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5.7 Outline of the analysis using early data

Earlier in this chapter we have presented the ‘scanning method’ and the ‘∆PT method’ to
extract the /ET scale. The first turns out to be too sensitive to the JES, while the second results
in a statistical uncertainty of 3% on a sample with a luminosity of 160 pb−1; the systematic
uncertainty is also estimated to be 3%. These methods depend on the knowledge of the JES, but
in addition we have demonstrated that we can extract the JES to the level of 2% statistically.
The largest systematic effect on the JES turned out to be the variation of 2% when the top
quark mass is varied by 2.5 GeV. In this Section we describe the analysis to be performed on
early data.

The first steps will be to establish jet energy corrections to the parton level with studies
on γ/Z+jets events, see [110]. Assuming that the JES and /ET scale are subsequently unknown
to the level of at most 20%, we propose the following analysis.

1. The JES can be fitted using the scanning procedure to the level of 2% (statistically).
This we have demonstrated also if the initial /ET scale is offset by factors as large as 20%.

2. Now, the JES is known and consecutively the /ET scale can be determined with the ∆PT
method to 3%. A check can be performed with the scanning method.

3. It may be necessary to repeat the first two steps a few times. Finally, the direct fit of the
top quark mass should be made to check whether the used top quark mass is consistent
with early data.

We have checked the proposed ‘analysis-chain’ on several t t̄ event samples with modified energy
scales and we observed that the input values are indeed successfully recovered. An example
will now be described.

5.7.1 A realistic case study

We go through the details of one ‘extreme case’: we have prepared an event sample with a
modified jet energy scale 1/JES = 1.11 and a modified /ET scale: 1//ET scale = 1.25. Furthermore,
we assume a Mtop = 172.5 GeV in the kinematic fit constraints, although the sample is generated
with a top mass of 175 GeV. The background W+jets events are included in this analysis.

Several iterations are needed to come to a stable result; the runs are summarized in Ta-
ble 5.5. In run 1 the JES scan results in JES = 1.12± 0.02. When multiplied with the true
JES of 0.9 this leads to an effective result of 1.01±0.02. Using this measured value of the JES,
the ∆PT method in run 2 gives /ET scale = 1.30± 0.03, which leads to an effective /ET scale of
1.04±0.03. As the calibration curve in Fig. 5.13 is not accurate in the lower and higher re-
gions, we reiterate this method in run 3 with the newest value for /ET scale; the effective result
is 1.00± 0.03 for the /ET scale. In run 4 the JES is again measured, resulting in 1.00± 0.02,
which finally gives a value of 1.01±0.03 for the /ET scale in run 5. In these last two runs the
energy scales hardly change, and we can conclude that a stable result is found. In run 6 the
last step of the analysis chain is performed to measure the top quark mass, with a result of
174.1±0.71 GeV.

These measurements show that the energy scales are correctly recovered and that the wrong
input value for the top quark has almost no effect. Since the input values for the energy scales
in run 6 coincide again with the ‘true’ values, the result for the top quark mass measurement is
comparable to the measurement in Fig. 5.14. An offset of 2.5 GeV of the top quark mass is thus
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measurable in this case. If the fitting procedure is to be used for top quark mass measurements,
more study is however needed to exactly quantify the correlation of the mass measurement
with the energy scale determination, and to determine the accuracy with which the mass can
be measured.

run input input measured result effective
JES /ET scale quantity result

1 0.90 0.80 JES 1.12±0.02 1.01±0.02
2 1.01 0.80 /ET scale 1.30±0.03 1.04±0.03
3 1.01 1.04 /ET scale 0.96±0.03 1.00±0.03
4 1.01 1.00 JES 0.99±0.02 1.00±0.02
5 1.00 1.00 /ET scale 1.01±0.03 1.01±0.03
6 1.00 1.01 Mtop/GeV 174.1±0.71 174.1±0.71

Table 5.5: Results of several steps of the analysis for the scenario true JES = 0.9 and true
/ET scale = 0.8 with Mtop = 172.5 GeV in the kinematic fitting procedure. See text for more
details.

5.8 Conclusion and outlook

We presented the first results of a constrained kinematic fitting procedure on a semi-leptonic t t̄
event sample of 160 pb−1. As we aim for an analysis on early data, the possibility of applying
b-tagging has not been used in this analysis. We focus on the measurement of the overall jet
energy scale and the missing transverse energy scale.

Two methods to measure the scale of the /ET are investigated: a scan of the χ 2 obtained
from the kinematic fit as a function of the /ET scale, and the ∆PT method that is based on
the momentum difference between the reconstructed top quarks. It turns out however that
the /ET scale can only be determined precisely when the overall JES is measured first. It is
demonstrated that the JES can be accurately measured with a scanning procedure, and that
consecutively, the /ET scale can be best determined using the ∆PT method. Preliminary studies
show that a measurement of the top mass could be possible, but further study is needed to
explore the correlations with the energy scale determinations.

For a follow up of this study we suggest the study of more systematic uncertainties. Es-
pecially the uncertainty on the MC prediction for the parton correction functions and for the
offset in the calibration curve to obtain the /ET scale from the ∆PT distribution needs to be
studied. Also the uncertainty due to the presence of more background events such as QCD
events, or the underlying event or pile-up should be studied. The latter two event types are
present ‘throughout’ the detector, thus possibly affecting both the missing transverse energy
and the jet energy measurements.
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5.9 Supersymmetric scenarios

In this section we study the possibility to use the kinematic fit as a further method, apart
from kinematic cuts, to distinguish supersymmetry events from Standard Model t t̄ events. In
the experimental signature with one lepton in the final state, plus jets and missing transverse
energy, the largest background to the supersymmetry signal events is expected to be t t̄ and
W+jets events, see [60], and the kinematic fitter could be used as a discriminating tool. To
focus on the possibilities with early data we study the SU3 (bulk) and SU4 (low mass) models,
see Section 1.3.4, with a data set corresponding to an integrated luminosity of 160 pb−1.

5.9.1 Event selection

The MC samples used for the Standard Model channels are the same as mentioned earlier in
this chapter, that is the W+jets and the t t̄ samples. For the supersymmetry events we analyze
the SU3 and SU4 samples generated with Isajet [118] plus HERWIG. All were reconstructed
with ATHENA version 12.0.6. For the event selection requirements we use two different sets:
the requirements as mentioned in Section 5.1, which we refer to as the ‘top-cuts’, and a set as
defined in the study of [60], which we will refer to as the ‘susy-cuts’:

� Missing transverse energy /ET > 100 GeV.

� Exactly one isolated electron or muon with pT > 20 GeV; no trigger selection.

� At least four jets with pT > 50 GeV, of which at least one jet with pT > 100 GeV.

� A transverse W boson mass MT > 100 GeV. MT is reconstructed from the lepton and the
/ET and, assuming the lepton to be massless, is defined by

MT =

√
2(plep

T /ET −−→p lep
T ·−→/ET ). (5.11)

These ‘susy-cuts’ requirements increase the signal to background ratio. In Table 5.6 the num-
bers of events selected from a sample of 160 pb−1 are listed after applying the top- or susy-cuts.
For the latter the results with and without the MT > 100 GeV requirement are given.

W+jets tt̄ SU3 SU4

top-cuts 27×102 1.1×104 4.2×102 6.7×103

susy-cuts (excl. MT cut) 1.0×102 6.0×102 2.2×102 1.8×103

susy-cuts (incl. MT cut) 0.1×102 0.7×102 1.3×102 0.9×103

Table 5.6: Number of events selected from the standard model samples W+jets and t t̄ , and
from the supersymmetric scenario models SU3(bulk) and SU4(low mass), all normalized to an
integrated luminosity of 160 pb−1. Two sets of selection requirements are used: the low energy
‘top-cuts’, see Section 5.1, and the ‘susy-cuts’, see text in present section. For the latter we
state the results with and without the requirement on the transverse mass MT .
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5.9.2 Best permutation χ2

The setup of the minimization package and the χ 2 is as described in Section 5.2. We fit
the events to the tt̄ hypothesis. All mass constraints are implemented, the leptonic W mass
constraint is used to calculate the pν

z and we only consider the permutation with the lowest
χ2. Since we were previously interested in the t t̄ events we only considered the results if the
fit had converged, had a χ2 < 10 and had a mlep.W < 80.7 GeV. These three demands we leave
out for the study in this section since we are interested in the supersymmetry events, which
should not be fitable to a t t̄ hypothesis.

In Figure 5.15 we present the χ 2 distributions for the different samples. The upper plot
depicts the results with the top-cuts, the bottom left and right plots show the results with
the susy-cuts, where the MT > 100 GeV requirement is excluded and included respectively. We
emphasize that the distributions are non-cumulative and that in the two lower plots the SU4
results have been scaled down by a factor of 3, to show more details on the remaining samples.
With the top-cuts we observe that a large fraction of the t t̄ events has log (χ2) ∼ 1, while at
the same time there is a background of t t̄ events which has log (χ2) up to ∼ 3. This difference
becomes more clear when we look at the results in the lower left figure with the susy-cuts,
excluding the MT cut: only a small fraction of the t t̄ sample is correctly fitted and most of the
tt̄ events have a log (χ2) > 2. From the difference between the lower left and right figure we
conclude that the transverse mass requirement removes all t t̄ events which were still ‘correctly’
fitted, with log (χ2) < 2, and thus greatly reduces the t t̄ and W+jets contributions.

From Fig. 5.4 and 5.6 we learn that of the matched t t̄ events only a few have log (χ 2) > 2.
It turns out that none of the t t̄ events remaining after the susy-cuts have all four jets matched
to the original partons. The conclusion we draw is that for these events either the lepton, the
missing transverse energy or one of the jets is poorly reconstructed.

These results illustrate a major problem that occurs when analyzing t t̄ as background to
supersymmetry events: with the susy-cuts, be it with or without the MT cut, a considerable
amount of tt̄ events remains in the selected sample14), and these events are difficult to tag as
tt̄ . Comparing the log (χ2) distributions for the t t̄ and the two supersymmetry samples it is
difficult to use the χ2 as a discriminating tool: removing all events with log (χ 2) < 3 does for
example increase the signal to background ratio, yet if supersymmetry is to manifest itself in
real data taken with ATLAS, the shape of the cumulative distribution of the χ 2 cannot be used.
Both the tt̄ and the supersymmetry samples have distributions peaking around log (χ 2) ∼ 3,
and the tail of a χ2 is not a reliable observable to consider.

5.9.3 The fitted masses

We can gain more information by looking at the masses of the reconstructed top and W ’s.
In Fig. 5.16 we show the distributions for the fitted hadronic top quark mass (upper plots)
and the fitted hadronic W mass (bottom plots). The leptonic masses are correlated with these
observables and we leave these out of consideration. In the figure we see left the cumulative
results for a sample of 160 pb−1 with the supersymmetry SU3 sample included after the top-
cuts. The right two plots are the results with SU4 included. Clearly with the top-cuts a large
fraction of the selected t t̄ events can be fitted to the expected values for the masses. The SU3

14)Although after the requirement of MT > 100 GeV the ratio of supersymmetry events to tt̄ events looks
overwhelming, we emphasize that the SU3 and SU4 scenarios have relative high cross sections. Other super-
symmetric models must be kept in mind and the remaining tt̄ events after the susy-cuts are thus definitely
non-negligible.
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Figure 5.15: The non-cumulative distributions of χ 2 for W+jets, tt̄ , SU3 and SU4 events for a
sample of 160 pb−1. The upper results are with the top-cuts; the distributions for the W+jets
and tt̄ channels are equal to those in Fig. 5.6. Bottom left is with the susy-cuts excluding the
MT > 100 GeV requirement and bottom right is with the susy-cuts including this requirement.
The distribution for SU4 in the two bottom plots has been scaled down by a factor of 3, to
show more details on the remaining samples.

contribution is almost too small to see, while the number of SU4 events is more substantial.
Although not immediately clear from the plots, the results show that the supersymmetry events
tend to have higher masses.

In Figure 5.17 we show the same results, with the susy-cuts applied, excluding the require-
ment of MT > 100 GeV. This last cut reduces the number of events too much; we therefore
leave it out to be able to better analyze the difference between the Standard Model and the
supersymmetry events in a qualitative way. In the distribution for the top quark mass of the
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tt̄ sample we now observe a small peak at ∼ 175 GeV on top of a broad t t̄ background dis-
tribution. The SU3 events have a high mass, which we see reflected in their high χ 2 in Fig.
5.15. We also note that for SU3 events the distribution for the top mass is narrower and peaks
around ∼ 260 GeV. The supersymmetry events from the SU4 sample behave differently, in fact
the distribution for these events resembles the t t̄ background; their presence is however most
pronounced from the large number of events. The results for the hadronic W mass are less
pronounced, yet we see similar results: on average the SU3 events have a higher W mass and
the distribution for the W mass for the SU4 events resembles that of the t t̄ background. The
high masses in the supersymmetry events are an indirect measurement of the mass of the pair
of supersymmetric particles produced in the proton-proton interaction. This supersymmetry
mass scale is related to the effective mass Meff defined by

Meff =
4

∑
i=1

p jet,i
T + plep

T + /ET , (5.12)

see also [60]. In Fig. 5.18 the distributions for the fitted hadronic top mass vs the Meff are
depicted.
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Figure 5.16: Results for the fitted hadronic top mass (two top plots) and the fitted hadronic
W mass (two bottom plots). Left are the distribution gained from a 160 pb−1 sample after the
top-cuts including the SU3 sample. Right are the same results including the SU4 sample.
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Figure 5.17: Results for the fitted hadronic top mass (two top plots) and the fitted hadronic
W mass (two bottom plots). Left are the distribution gained from a 160 pb−1 sample after the
susy-cuts including the SU3 sample. Right are the same results including the SU4 sample.

5.9.4 Conclusion

The conclusion we draw from these results is that the kinematic fit can be used to isolate a
few remaining tt̄ events which can be reconstructed, although these are also removed if the
requirement of MT > 100 GeV is used. A substantial background from the Standard Model
events however remains after the susy-cuts. Isolating these is more difficult, yet with the mass
constraints applied we can gain extra information: the expected mass distributions from the
tt̄ background are lower than those from the supersymmetry samples, especially those with
high supersymmetry mass scale. This last conclusion does not alter when the requirement of
MT > 100 GeV is included.
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Figure 5.18: The fitted hadronic top mass vs the Meff for the four different samples analyzed.
A correlation between the two observables is visible, and with Meff relating to the Msusy scale
the fitted top mass can thus give an indication of the Msusy scale of possible supersymmetric
scenarios.




