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Figure12:Eventdisplayofa“golden”triply-tagged“1+2”candidate.Theinvariantmass

ofthett̄candidateis1352.5GeV/c2.Inadditiontotheanalysisselection,anadditionalb

taggingrequirementismadeonthecandidatebjetinthe“type2”hemisphere.The“type1”

topjetisshowninorange,withyellowdenotingthethreesubjets.The“type2”hemisphere

jetsareshowningreen.Jet2istaggedwiththeWtaggingalgorithm,andJet3istaggedwith

asecondaryvertextag.Theelectromagneticcalorimeterinformationisshowninred,andthe

hadroniccalorimieterinformationisshowninblue.

Figure13:Eventdisplayofa“golden”triply-tagged“1+2”candidate.Inadditiontothe

analysisselection,anadditionalbtaggingrequirementismadeonthecandidatebjetinthe

“type2”hemisphere.Here,theyellowcorrespondstotheparticleflowcandidatesofthe“type

1”hemispherejets,andthegreencorrespondstotheparticleflowcandidatesofthe“type2”

hemispherejets.Thelinesarechargedandneutralparticles.Theelectromagneticcalorimeter

informationisshowninred,andthehadroniccalorimieterinformationisshowninblue.
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• We do not understand Flavour in the Standard Model!
• Perhaps most perplexing conundrum of all
• It’s why we built all of the b-factories!

• Flavour intimately tied with EWSB through Yukawas
• defines a special role for heavy flavour!

• Supersymmetry and EWSB seem to be related 
• at least via the hierarchy problem

• limits Heavy Flavour sparticle masses
• perhaps also through RGEs 

• Other Reasons to search for New Physics with Heavy Flavour
• Number of generations? Is there a Heavy 4th?

• Lot of interest in Searches for New Physics using Heavy 
Flavour
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Figure 5: A selected one-prong thad candidate

Figure 6: A selected three-prong thad candidate
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Figure 14: Event display of a “golden” triply-tagged “1 + 2” candidate. In addition to the
analysis selection, an additional b tagging requirement is made on the candidate b jet in the
“type 2” hemisphere. Here, the yellow corresponds to the particle flow candidates of the “type
1” hemisphere jets, and the green corresponds to the particle flow candidates of the “type 2”
hemisphere jets. The height of the line is the energy measured by the particle flow algorithm
for the various particles. The lines are charged and neutral particles. The electromagnetic
calorimeter information is shown in red, and the hadronic calorimieter information is shown
in blue.
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• More than 5 fb-1 data collected @ 7 TeV• Peak lumi 3.5x1033 cm-2s-1• Data taking efficiency: 90%• Data certified for analysis: 90%• Mean pileup: 10

Excellent Performance
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• More than 5 fb-1 data collected @ 7 TeV• Peak lumi 3.5x1033 cm-2s-1• Data taking efficiency: 90%• Data certified for analysis: 90%• Mean pileup: 10

Excellent Performance

• Aim to reco. EVERY particle in event

• Exploit detector redundancy, 

whilst avoiding double counting

• Provides global event description

• via list of individual particles

• Huge improvements to τ, jets, & MET

• Improvements to isolation, PU subt.

Particle Flow in CMS
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• Important QCD Measurement
• Benchmark channel (& bkg) for Higgs search
• Simulation: ME+PS using MadGraph+Pythia
• Data unfolded to hadron-level

Z+bb

12 5 Result

lated using MCFM [21–23] similarly as in Ref. [3].

The cross section results are potentially sensitive to model-dependent variations of the b-jet
kinematics. In particular, this could affect the generator- to reconstructed-level efficiency fac-
tors. A study has been performed in which the ratio of events outside the generator-level
acceptance to inside this acceptance is varied in the MC signal sample. Realistic variations of
up to 10% on this ratio are found to have an impact on the cross section results at least an order
of magnitude below the given systematic uncertainties. Another study, in which all efficiency
factors are recalulated with the MC signal sample reweighted to match the pbb

T data distri-
bution as shown in Figure 5 gives variations in the cross section results at the level of 0.5%,
therefore the observed data/MC shape discrepancy does not have any appreciable impact on
the measurement.

The impact of the systematic uncertainties on the cross section is summarised in Table 5.

Table 5: Fractional uncertainties on the measured cross sections.
ee(%) µµ(%)

Correlated sources Z+1b Z+2b Z+1b Z+2b
b-jet purity 3.5 10.3 2.5 11.0
tt contribution 0.9 8.9 0.5 9.4
b-tagging efficiency 4.0 7.4 3.9 7.5
Jet energy scale 3.9 6.9 3.8 6.4
Luminosity 4.5 4.5 4.5 4.5
Emiss

T selection 0.3 2.4 0.3 2.4
Pileup 1.7 1.8 0.3 0.3
ZZ contribution 0.1 0.5 0.1 0.7
Jet energy resolution 0.1 0.2 0.1 0.1
Mistagging rate 0.02 0.08 0.02 0.07
Theory (via Al) 1.8 5.9 3.0 6.4
Uncorrelated sources Z+1b Z+2b Z+1b Z+2b
MC sample stat. 1.2 5.1 0.9 4.2
Dilepton selection 4.0 4.0 1.9 1.9
Statistical 2.4 10.0 1.8 8.2
Experimental systematic 9.1 18.9 7.7 18.8
Theoretical systematic 1.8 5.9 3.0 6.4

5 Result

The final cross section is obtained from the unfolded yields per multiplicity bin divided by the
integrated luminosity. The results are summarised in Table 6.

Table 6: Cross section for the production of Z in association with exactly 1 b jet and at least 2-b
jets, and the combination of the two (at least 1 b jet).

Multiplicity bin ee µµ
shadron(Z+1b,Z! ``)(pb) 3.25 ± 0.08 ± 0.29 ± 0.06 3.47 ± 0.06 ± 0.27 ± 0.11
shadron(Z+2b,Z! ``)(pb) 0.39 ± 0.04 ± 0.07 ± 0.02 0.36 ± 0.03 ± 0.07 ± 0.03
shadron(Z+b,Z! ``)(pb) 3.64 ± 0.09 ± 0.35 ± 0.08 3.83 ± 0.07 ± 0.31 ± 0.14

11

Gen No Gen Z+1b Gen Z+2b

Reco No

Reco Z+1b

Reco Z+2b

0

10

20

30

40

50

60

70

80

90

100

 1.4±71.6  2.4±10.2 

 0.3±1.14  2.8±69.9 

 0.2±0.77 

 0.004±0.017 

ee (%)

Gen No Gen Z+1b Gen Z+2b

Reco No

Reco Z+1b

Reco Z+2b

0

10

20

30

40

50

60

70

80

90

100

 1.5±81.8  2.1±13.1 

 0.3±1.1  2.3±77.2 

 0.18±0.78 

 0.003±0.008 

 (%)µµ

Figure 8: Migration matrix used in the unfolding from reconstructed to hadron levels, for the
dielectron (left) and dimuon (right) selections.

4 Systematic uncertainties

The following sources of systematic uncertainties have been investigated:

• The b-tagging efficiency and the mistagging fraction: jet-pT dependent uncertain-
ties, in the range 3-8% for pT > 30 GeV and 12% for pT < 30 GeV are evaluated on
the b-tagging data/MC scale factors, as described in Ref. [4, 5]. The uncertainty on
the mistagging rate enters in the calculation of the MC event weight applied, and is
found to have a negligible impact. These uncertainties affect the b-tagging efficien-
cies calculated in Section 3.

• The b-jet purity and the estimations of tt and ZZ backgrounds: the systematic un-
certainties calculated in Section 2.2 are propagated to the cross section following the
formula in Equation 3.

• Jet energy scale and resolution: the uncertainty on the jet energy scale comes from
Ref. [15], and amount to between 3-5% depending on the pT and h of the jets. The
uncertainty on the jet energy resolution is taken to be 10%, after degrading the MC
resolution by 10% to match that measured in the data. Both affect the hadron-level
correction factors.

• Effect from pile-up: the reweighting procedure is varied, by varying by 0.6 interac-
tions the data distribution, and the effect propagated through the correction factors.
It affects mainly the lepton efficiency factors through the effect on the lepton isola-
tion requirements.

• Emiss
T selection: the Emiss

T requirement removes about 2.5% of the signal contribution,
evaluated from MC. The uncertainty on that contribution is taken to be 2%.

• MC statistics: whereas the MC statistics is sufficient for the 1-b jet bin, it leads to
several percent uncertainties for correction factors involving the 2-b jet bin.

• Luminosity: measured by CMS to be 4.5% [7].
• The dilepton selection: from the electron and muon efficiencies, as explained in Sec-

tion 2.
• Theory: the PDF and scale uncertainties on the lepton acceptance factors are calcu-

9

Secondary vertex mass of leading jet (GeV)
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Ev
en

ts
/0

.2
5 

G
eV

0

10

20

30

40

50

60

70

Data 
l jets
c jets
b jets

 -1 = 7 TeV, L = 2.1 fbs
CMS Preliminary 

Dilepton sample

Secondary vertex mass of sub-leading jet (GeV)
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Ev
en

ts
/0

.2
5 

G
eV

0

10

20

30

40

50

60

70

Data 
l jets
c jets
b jets

 -1 = 7 TeV, L = 2.1 fbs
CMS Preliminary

Dilepton sample

Figure 7: Distributions of the secondary vertex mass of the leading (left) and subleading (right)
b jet, for the combined electron+muon sample. Overlaid is the two-dimensional template used
to describe the two observables, after a simultaneous likelihood fit of the bb event purity.

3 Efficiencies

In order to extract a cross section, the background-corrected yields obtained in Section 2.2 need
to be corrected for the efficiency of the dilepton+b-jet selection, the detector resolution effects,
and the acceptance of the leptons. The efficiency of the selection is factorized in two parts:
the b-tagging efficiency and the lepton selection efficiency. The correction for the detector res-
olution effects is equivalent to interpreting the results at the particle level rather than at the
reconstructed level. This correction is dominated by the jet energy resolution, and is hence
called hadron-level correction in the following.

Contrary to the inclusive Z+b cross section, where the respective proportions of events in the
1 and 2 or more b-jet bins are not measured, the Z+bb cross section depends on the migrations
between the 1-b to 2-b jet bins. Both b-tagging efficiency and jet energy resolution affect the
resulting b-hadron multiplicity. The corrections are hence performed as an unfolding of the
jet multiplicity distribution, from the reconstructed and selected events with exactly one, and
two or more b jets, to the hadron-level events with exactly one, and two or more b-hadron
jets. As only two bins are considered in this unfolding, referred to as the 1-b and 2-b jet bins
in the following, the results are factorised into four 2-by-2 matrices, by factorising the effects:
b-tagging efficiency, lepton efficiency, hadron-level correction, and lepton acceptance.

Only the matrices for b-tagging and hadron-level corrections have off-diagonal elements. This
leaves, in principle, 12 remaining factors to be calculated from the MC. As the background from
mistagging additional jets has already been removed (see Section 2.2), the migration from 1-b jet
to 2-b tagged jets is set to 0, leaving 11 remaining factors. One additional source of migration
comes from events without a b-jet in the hadron-level acceptance being reconstructed with
either one or two b-jets in the acceptance at reconstructed level. Such a migration would be
due to jet energy resolution effects, and these add three additional factors. These 14 factors
are obtained from the MC. The background-corrected data yields obtained in Section 2.2 are
used as input to the system. This way, the result becomes independent of the 1-b to 2-b jet ratio
predicted by the MC, but this ratio is rather measured in situ in the data.
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In order to extract a cross section, the background-corrected yields obtained in Section 2.2 need
to be corrected for the efficiency of the dilepton+b-jet selection, the detector resolution effects,
and the acceptance of the leptons. The efficiency of the selection is factorized in two parts:
the b-tagging efficiency and the lepton selection efficiency. The correction for the detector res-
olution effects is equivalent to interpreting the results at the particle level rather than at the
reconstructed level. This correction is dominated by the jet energy resolution, and is hence
called hadron-level correction in the following.

Contrary to the inclusive Z+b cross section, where the respective proportions of events in the
1 and 2 or more b-jet bins are not measured, the Z+bb cross section depends on the migrations
between the 1-b to 2-b jet bins. Both b-tagging efficiency and jet energy resolution affect the
resulting b-hadron multiplicity. The corrections are hence performed as an unfolding of the
jet multiplicity distribution, from the reconstructed and selected events with exactly one, and
two or more b jets, to the hadron-level events with exactly one, and two or more b-hadron
jets. As only two bins are considered in this unfolding, referred to as the 1-b and 2-b jet bins
in the following, the results are factorised into four 2-by-2 matrices, by factorising the effects:
b-tagging efficiency, lepton efficiency, hadron-level correction, and lepton acceptance.

Only the matrices for b-tagging and hadron-level corrections have off-diagonal elements. This
leaves, in principle, 12 remaining factors to be calculated from the MC. As the background from
mistagging additional jets has already been removed (see Section 2.2), the migration from 1-b jet
to 2-b tagged jets is set to 0, leaving 11 remaining factors. One additional source of migration
comes from events without a b-jet in the hadron-level acceptance being reconstructed with
either one or two b-jets in the acceptance at reconstructed level. Such a migration would be
due to jet energy resolution effects, and these add three additional factors. These 14 factors
are obtained from the MC. The background-corrected data yields obtained in Section 2.2 are
used as input to the system. This way, the result becomes independent of the 1-b to 2-b jet ratio
predicted by the MC, but this ratio is rather measured in situ in the data.
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Figure 6: Distributions of the dilepton invariant mass m(ll) for the dimuon (left) and dielectron
(right) samples. Overlaid are the templates for Drell-Yan and tt contributions, after fitting the
relative fractions.

by comparing with templates constructed from an independent MC sample, and by comparing
with the expectations from MC, which have all shown to give consistent results. A systematic
uncertainty of 4.5% is estimated from MC, for the fraction of events possibly originating from
other sources, namely Z + bc, cl, ll.

The expected ZZ yield is estimated from MC, using the cross section and uncertainty from the
CMS measurement [20] for the normalization. After selection, the expected contributions in the
muon and electron channels are respectively

Nµµ+bb
ZZ = 5.2 ± 0.10 (stat.) ± 0.18 (syst.); Nee+bb

ZZ = 3.0 ± 0.10 (stat.) ± 0.14 (syst.) (2)

The systematic uncertainty is dominated by the measurement uncertainty, while the statistical
uncertainty originates from the limited MC statistics.

Table 2: The estimates of the variables entering the signal yield estimate for the L = 2.1 fb�1

data sample, including systematic uncertainties.
Variable Parameter µµ + bb ee + bb
Z+bb yield NZ(ll)+bb 219 148
bb-purity fbb (83 ± 6)% (83 ± 6)%
tt fraction ftt (20 ± 5)% (17 ± 5)%
Diboson yield NZ(ll)Z(bb) 5.2 ± 0.2 3.0 ± 0.2

The signal yield can be estimated from the number of selected events (NZ(ll)+bb), the per-event
purity fbb, the tt contamination ftt, and expected ZZ yield (NZZ) as

Nsig
Z(ll)+bb = NZ(ll)+bb ⇥ ( fbb � ftt)� NZZ. (3)

Using the values from Table 2, the reconstructed signal yield is estimated to be Nsig
Z(µµ)+bb =

133 ± 21 and Nsig
Z(ee)+bb = 95 ± 15.
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Figure 7: Signal and sideband regions in the (HT, Emiss
T ) plane.

3.4.3 Control regions352

We refer to the region 50 < Emiss
T < 100 GeV, used to study QCD events, as the low sideband353

(LSB). We also use the region Dfmin
N < 4, which we call the LDP (for low Delta phi), for QCD354

studies.355

For studies of tt and similar processes, we define a single lepton (SL) sample as the events with356

exactly one e or µ using the selection criteria given in Sec. 3.2.1. To reduce the potential signal357

contribution, we apply an additional cut mT < 100 GeV to this sample only, where mT is the358

transverse mass.359

3.5 Cut flow in MC360

The results of the event selection on the MC are shown in Table 7; note that corrections for jet361

energy resolution, pileup, trigger efficiency, and b-tagging efficiency are applied.362

3.6 Cut flow Synchronization363

An important part of the analysis validation was a synchronization exercise to verify the con-364

sistency of the MC samples, datasets, and analysis procedures. Four different analysis groups365

synchronized on two independently produced ntuples. The results are shown at https://366

twiki.cern.ch/twiki/bin/view/CMS/SusyRA2BJets2011#Synchronization_exercises.367

The full 2011 HT dataset and unweighted MC samples for LM9 and tt are used. It is seen that368

a high level of synchronization is achieved.369
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3.4.3 Control regions352

We refer to the region 50 < Emiss
T < 100 GeV, used to study QCD events, as the low sideband353

(LSB). We also use the region Dfmin
N < 4, which we call the LDP (for low Delta phi), for QCD354

studies.355

For studies of tt and similar processes, we define a single lepton (SL) sample as the events with356

exactly one e or µ using the selection criteria given in Sec. 3.2.1. To reduce the potential signal357

contribution, we apply an additional cut mT < 100 GeV to this sample only, where mT is the358

transverse mass.359

3.5 Cut flow in MC360

The results of the event selection on the MC are shown in Table 7; note that corrections for jet361

energy resolution, pileup, trigger efficiency, and b-tagging efficiency are applied.362

3.6 Cut flow Synchronization363

An important part of the analysis validation was a synchronization exercise to verify the con-364

sistency of the MC samples, datasets, and analysis procedures. Four different analysis groups365

synchronized on two independently produced ntuples. The results are shown at https://366
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The full 2011 HT dataset and unweighted MC samples for LM9 and tt are used. It is seen that368

a high level of synchronization is achieved.369
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6 5 The Dfmin
N Variable

Figure 3: Illustration of variables used to calculate Dfmin
N in the case of an event with exactly

three jets. The light-shaded (light gray) solid arrows show the true pT values of the three jets i,
j, and k. The dark-shaded (black) solid arrows show the reconstructed jet pT values. aj and ak

are the angles of jets j and k with respect to jet i. The Emiss
T for the event is shown by the dotted

(red) arrow. The component of Emiss
T perpendicular to jet i, denoted Ti, is shown by the dotted

(red) line. Dfi is the angle between Emiss
T and jet i.

its direction, and that most Emiss
T in a QCD event arises from the mismeasurement of a single

jet. The situation is depicted in Fig. 3 for the case of an event with exactly three jets i, j, and k.
The pT mismeasurements of jets j and k cause Emiss

T to point away from jet i’s axis and thus
Dfi to deviate from zero. Let Ti be the component of Emiss

T perpendicular to jet i. Then T2
i ⇡

(Ân spT,n sin an)2, where the sum is over all other jets in the event with pT > 30 GeV. Our
estimate of the Df resolution is sDf,i = arctan(Ti/Emiss

T ). For the pT resolution, we use the
approximate result spT = 0.10 pT [10].

Figure 4 (a) shows the distribution of Dfmin in intervals of Emiss
T for a QCD MC sample with � 1

b-jets selected with our loose criteria except for the Dfmin
N requirement. The strong correlation

between Dfmin and Emiss
T is evident. Figure 5 (a) shows the ratio of the number of QCD MC

events with Dfmin < 0.3 to the number with Dfmin > 0.3, based on the same event selection.
(The requirement Dfmin > 0.3 or similar is commonly used to reject QCD background, see,
e.g., Ref. [6].) The corresponding results for Dfmin

N are shown in Figs. 4 (b) and 5 (b). For the
latter figure we choose Dfmin

N = 4.0 in place of Dfmin = 0.3, which yields a similar selection
efficiency for Emiss

T > 100 GeV. For Emiss
T > 30 GeV, the distributions based on Dfmin

N are seen
to be far less dependent on Emiss

T than those based on Dfmin.

Figure 5 (c) shows the ratio N(Dfmin
N � 4)/N(Dfmin

N < 4) for a QCD MC sample in which
there are zero tagged b-jets. By requiring that there not be a b-jet, we reduce the contribution of
top events. It is seen that N(Dfmin

N � 4)/N(Dfmin
N < 4) is not significantly different between

Figs. 5 (b) and (c), i.e., this ratio has an approximately constant value of about 0.13 (for Emiss
T

values larger than about 30 GeV) irrespective of the number of b-jets. The measured result for
N(Dfmin

N � 4)/N(Dfmin
N < 4) with zero b-jets is shown in Fig. 6 in comparison to MC predic-

tions. These data are collected with a pre-scaled HT trigger, which allows us to select events
at low Emiss

T without introducing a trigger bias. At low Emiss
T , the distribution is dominated by

QCD.
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Figure 4: QCD MC results: The distribution of (a) Dfmin and (b) Dfmin
N in intervals of Emiss

T , for
events with � 1 b-jets selected with the loose criteria except for the requirement on Dfmin

N .
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Figure 5: QCD MC results: (a) Ratio of the number of events that pass the criterion Dfmin > 0.3
to the number that fail, for events with � 1 b-jets selected with the loose criteria except for the
requirement on Dfmin

N . (b) Analogous ratio of events with Dfmin
N > 4 to those with Dfmin

N < 4.
(c) Same as part (b) except for events with zero b-jets.

6 Background Evaluation

6.1 QCD Background

The low level of correlation between Dfmin
N and Emiss

T allows us to employ a simple data-based
approach to evaluate the QCD background. As discussed in Sect. 5, the ratio N(Dfmin

N �
4)/N(Dfmin

N < 4) is approximately independent of Emiss
T , and also of the number of b-jets,

for QCD events. Furthermore, the Emiss
T distribution below around 100 GeV is dominated

by QCD. We can therefore measure N(Dfmin
N � 4)/N(Dfmin

N < 4) in a low Emiss
T region of the

zero b-jet sample, selected with the pre-scaled HT trigger, and assume this equals N(Dfmin
N �

4)/N(Dfmin
N < 4) for QCD events at all Emiss

T values, also for samples with b-jets such as our
SIG samples. To make this measurement we use the low-Emiss

T region defined by 50 < Emiss
T <

100 GeV. We call this region the “low sideband” (LSB).
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Figure 4: QCD MC results: The distribution of (a) Dfmin and (b) Dfmin
N in intervals of Emiss

T , for
events with � 1 b-jets selected with the loose criteria except for the requirement on Dfmin

N .
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Figure 5: QCD MC results: (a) Ratio of the number of events that pass the criterion Dfmin > 0.3
to the number that fail, for events with � 1 b-jets selected with the loose criteria except for the
requirement on Dfmin

N . (b) Analogous ratio of events with Dfmin
N > 4 to those with Dfmin

N < 4.
(c) Same as part (b) except for events with zero b-jets.

6 Background Evaluation

6.1 QCD Background

The low level of correlation between Dfmin
N and Emiss

T allows us to employ a simple data-based
approach to evaluate the QCD background. As discussed in Sect. 5, the ratio N(Dfmin

N �
4)/N(Dfmin

N < 4) is approximately independent of Emiss
T , and also of the number of b-jets,

for QCD events. Furthermore, the Emiss
T distribution below around 100 GeV is dominated

by QCD. We can therefore measure N(Dfmin
N � 4)/N(Dfmin

N < 4) in a low Emiss
T region of the

zero b-jet sample, selected with the pre-scaled HT trigger, and assume this equals N(Dfmin
N �

4)/N(Dfmin
N < 4) for QCD events at all Emiss

T values, also for samples with b-jets such as our
SIG samples. To make this measurement we use the low-Emiss

T region defined by 50 < Emiss
T <

100 GeV. We call this region the “low sideband” (LSB).
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Figure 3: Illustration of variables used to calculate Dfmin
N in the case of an event with exactly

three jets. The light-shaded (light gray) solid arrows show the true pT values of the three jets i,
j, and k. The dark-shaded (black) solid arrows show the reconstructed jet pT values. aj and ak

are the angles of jets j and k with respect to jet i. The Emiss
T for the event is shown by the dotted

(red) arrow. The component of Emiss
T perpendicular to jet i, denoted Ti, is shown by the dotted

(red) line. Dfi is the angle between Emiss
T and jet i.

its direction, and that most Emiss
T in a QCD event arises from the mismeasurement of a single

jet. The situation is depicted in Fig. 3 for the case of an event with exactly three jets i, j, and k.
The pT mismeasurements of jets j and k cause Emiss

T to point away from jet i’s axis and thus
Dfi to deviate from zero. Let Ti be the component of Emiss

T perpendicular to jet i. Then T2
i ⇡

(Ân spT,n sin an)2, where the sum is over all other jets in the event with pT > 30 GeV. Our
estimate of the Df resolution is sDf,i = arctan(Ti/Emiss

T ). For the pT resolution, we use the
approximate result spT = 0.10 pT [10].

Figure 4 (a) shows the distribution of Dfmin in intervals of Emiss
T for a QCD MC sample with � 1

b-jets selected with our loose criteria except for the Dfmin
N requirement. The strong correlation

between Dfmin and Emiss
T is evident. Figure 5 (a) shows the ratio of the number of QCD MC

events with Dfmin < 0.3 to the number with Dfmin > 0.3, based on the same event selection.
(The requirement Dfmin > 0.3 or similar is commonly used to reject QCD background, see,
e.g., Ref. [6].) The corresponding results for Dfmin

N are shown in Figs. 4 (b) and 5 (b). For the
latter figure we choose Dfmin

N = 4.0 in place of Dfmin = 0.3, which yields a similar selection
efficiency for Emiss

T > 100 GeV. For Emiss
T > 30 GeV, the distributions based on Dfmin

N are seen
to be far less dependent on Emiss

T than those based on Dfmin.

Figure 5 (c) shows the ratio N(Dfmin
N � 4)/N(Dfmin

N < 4) for a QCD MC sample in which
there are zero tagged b-jets. By requiring that there not be a b-jet, we reduce the contribution of
top events. It is seen that N(Dfmin

N � 4)/N(Dfmin
N < 4) is not significantly different between

Figs. 5 (b) and (c), i.e., this ratio has an approximately constant value of about 0.13 (for Emiss
T

values larger than about 30 GeV) irrespective of the number of b-jets. The measured result for
N(Dfmin

N � 4)/N(Dfmin
N < 4) with zero b-jets is shown in Fig. 6 in comparison to MC predic-

tions. These data are collected with a pre-scaled HT trigger, which allows us to select events
at low Emiss

T without introducing a trigger bias. At low Emiss
T , the distribution is dominated by

QCD.
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Figure 4: QCD MC results: The distribution of (a) Dfmin and (b) Dfmin
N in intervals of Emiss

T , for
events with � 1 b-jets selected with the loose criteria except for the requirement on Dfmin
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Figure 5: QCD MC results: (a) Ratio of the number of events that pass the criterion Dfmin > 0.3
to the number that fail, for events with � 1 b-jets selected with the loose criteria except for the
requirement on Dfmin

N . (b) Analogous ratio of events with Dfmin
N > 4 to those with Dfmin

N < 4.
(c) Same as part (b) except for events with zero b-jets.

6 Background Evaluation

6.1 QCD Background

The low level of correlation between Dfmin
N and Emiss

T allows us to employ a simple data-based
approach to evaluate the QCD background. As discussed in Sect. 5, the ratio N(Dfmin

N �
4)/N(Dfmin

N < 4) is approximately independent of Emiss
T , and also of the number of b-jets,

for QCD events. Furthermore, the Emiss
T distribution below around 100 GeV is dominated

by QCD. We can therefore measure N(Dfmin
N � 4)/N(Dfmin

N < 4) in a low Emiss
T region of the

zero b-jet sample, selected with the pre-scaled HT trigger, and assume this equals N(Dfmin
N �

4)/N(Dfmin
N < 4) for QCD events at all Emiss

T values, also for samples with b-jets such as our
SIG samples. To make this measurement we use the low-Emiss

T region defined by 50 < Emiss
T <

100 GeV. We call this region the “low sideband” (LSB).
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to the number that fail, for events with � 1 b-jets selected with the loose criteria except for the
requirement on Dfmin

N . (b) Analogous ratio of events with Dfmin
N > 4 to those with Dfmin

N < 4.
(c) Same as part (b) except for events with zero b-jets.
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N � 4)/N(Dfmin

N < 4) in a low Emiss
T region of the

zero b-jet sample, selected with the pre-scaled HT trigger, and assume this equals N(Dfmin
N �

4)/N(Dfmin
N < 4) for QCD events at all Emiss

T values, also for samples with b-jets such as our
SIG samples. To make this measurement we use the low-Emiss

T region defined by 50 < Emiss
T <

100 GeV. We call this region the “low sideband” (LSB).
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Figure 3: Illustration of variables used to calculate Dfmin
N in the case of an event with exactly

three jets. The light-shaded (light gray) solid arrows show the true pT values of the three jets i,
j, and k. The dark-shaded (black) solid arrows show the reconstructed jet pT values. aj and ak

are the angles of jets j and k with respect to jet i. The Emiss
T for the event is shown by the dotted

(red) arrow. The component of Emiss
T perpendicular to jet i, denoted Ti, is shown by the dotted

(red) line. Dfi is the angle between Emiss
T and jet i.

its direction, and that most Emiss
T in a QCD event arises from the mismeasurement of a single

jet. The situation is depicted in Fig. 3 for the case of an event with exactly three jets i, j, and k.
The pT mismeasurements of jets j and k cause Emiss

T to point away from jet i’s axis and thus
Dfi to deviate from zero. Let Ti be the component of Emiss

T perpendicular to jet i. Then T2
i ⇡

(Ân spT,n sin an)2, where the sum is over all other jets in the event with pT > 30 GeV. Our
estimate of the Df resolution is sDf,i = arctan(Ti/Emiss

T ). For the pT resolution, we use the
approximate result spT = 0.10 pT [10].

Figure 4 (a) shows the distribution of Dfmin in intervals of Emiss
T for a QCD MC sample with � 1

b-jets selected with our loose criteria except for the Dfmin
N requirement. The strong correlation

between Dfmin and Emiss
T is evident. Figure 5 (a) shows the ratio of the number of QCD MC

events with Dfmin < 0.3 to the number with Dfmin > 0.3, based on the same event selection.
(The requirement Dfmin > 0.3 or similar is commonly used to reject QCD background, see,
e.g., Ref. [6].) The corresponding results for Dfmin

N are shown in Figs. 4 (b) and 5 (b). For the
latter figure we choose Dfmin

N = 4.0 in place of Dfmin = 0.3, which yields a similar selection
efficiency for Emiss

T > 100 GeV. For Emiss
T > 30 GeV, the distributions based on Dfmin

N are seen
to be far less dependent on Emiss

T than those based on Dfmin.

Figure 5 (c) shows the ratio N(Dfmin
N � 4)/N(Dfmin

N < 4) for a QCD MC sample in which
there are zero tagged b-jets. By requiring that there not be a b-jet, we reduce the contribution of
top events. It is seen that N(Dfmin

N � 4)/N(Dfmin
N < 4) is not significantly different between

Figs. 5 (b) and (c), i.e., this ratio has an approximately constant value of about 0.13 (for Emiss
T

values larger than about 30 GeV) irrespective of the number of b-jets. The measured result for
N(Dfmin

N � 4)/N(Dfmin
N < 4) with zero b-jets is shown in Fig. 6 in comparison to MC predic-

tions. These data are collected with a pre-scaled HT trigger, which allows us to select events
at low Emiss

T without introducing a trigger bias. At low Emiss
T , the distribution is dominated by

QCD.
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N in intervals of Emiss
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events with � 1 b-jets selected with the loose criteria except for the requirement on Dfmin
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Figure 5: QCD MC results: (a) Ratio of the number of events that pass the criterion Dfmin > 0.3
to the number that fail, for events with � 1 b-jets selected with the loose criteria except for the
requirement on Dfmin

N . (b) Analogous ratio of events with Dfmin
N > 4 to those with Dfmin

N < 4.
(c) Same as part (b) except for events with zero b-jets.
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to the number that fail, for events with � 1 b-jets selected with the loose criteria except for the
requirement on Dfmin

N . (b) Analogous ratio of events with Dfmin
N > 4 to those with Dfmin

N < 4.
(c) Same as part (b) except for events with zero b-jets.
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three jets. The light-shaded (light gray) solid arrows show the true pT values of the three jets i,
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T perpendicular to jet i, denoted Ti, is shown by the dotted
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T perpendicular to jet i. Then T2
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(Ân spT,n sin an)2, where the sum is over all other jets in the event with pT > 30 GeV. Our
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T ). For the pT resolution, we use the
approximate result spT = 0.10 pT [10].

Figure 4 (a) shows the distribution of Dfmin in intervals of Emiss
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N = 4.0 in place of Dfmin = 0.3, which yields a similar selection
efficiency for Emiss
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N are seen
to be far less dependent on Emiss

T than those based on Dfmin.
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N < 4) for a QCD MC sample in which
there are zero tagged b-jets. By requiring that there not be a b-jet, we reduce the contribution of
top events. It is seen that N(Dfmin
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N < 4) is not significantly different between

Figs. 5 (b) and (c), i.e., this ratio has an approximately constant value of about 0.13 (for Emiss
T

values larger than about 30 GeV) irrespective of the number of b-jets. The measured result for
N(Dfmin

N � 4)/N(Dfmin
N < 4) with zero b-jets is shown in Fig. 6 in comparison to MC predic-

tions. These data are collected with a pre-scaled HT trigger, which allows us to select events
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T without introducing a trigger bias. At low Emiss
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Figure 5: QCD MC results: (a) Ratio of the number of events that pass the criterion Dfmin > 0.3
to the number that fail, for events with � 1 b-jets selected with the loose criteria except for the
requirement on Dfmin

N . (b) Analogous ratio of events with Dfmin
N > 4 to those with Dfmin

N < 4.
(c) Same as part (b) except for events with zero b-jets.
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Figure 5: QCD MC results: (a) Ratio of the number of events that pass the criterion Dfmin > 0.3
to the number that fail, for events with � 1 b-jets selected with the loose criteria except for the
requirement on Dfmin

N . (b) Analogous ratio of events with Dfmin
N > 4 to those with Dfmin

N < 4.
(c) Same as part (b) except for events with zero b-jets.
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three jets. The light-shaded (light gray) solid arrows show the true pT values of the three jets i,
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T in a QCD event arises from the mismeasurement of a single

jet. The situation is depicted in Fig. 3 for the case of an event with exactly three jets i, j, and k.
The pT mismeasurements of jets j and k cause Emiss

T to point away from jet i’s axis and thus
Dfi to deviate from zero. Let Ti be the component of Emiss

T perpendicular to jet i. Then T2
i ⇡

(Ân spT,n sin an)2, where the sum is over all other jets in the event with pT > 30 GeV. Our
estimate of the Df resolution is sDf,i = arctan(Ti/Emiss

T ). For the pT resolution, we use the
approximate result spT = 0.10 pT [10].
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Figure 5: QCD MC results: (a) Ratio of the number of events that pass the criterion Dfmin > 0.3
to the number that fail, for events with � 1 b-jets selected with the loose criteria except for the
requirement on Dfmin
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N > 4 to those with Dfmin

N < 4.
(c) Same as part (b) except for events with zero b-jets.
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Figure 5: QCD MC results: (a) Ratio of the number of events that pass the criterion Dfmin > 0.3
to the number that fail, for events with � 1 b-jets selected with the loose criteria except for the
requirement on Dfmin

N . (b) Analogous ratio of events with Dfmin
N > 4 to those with Dfmin

N < 4.
(c) Same as part (b) except for events with zero b-jets.

6 Background Evaluation

6.1 QCD Background

The low level of correlation between Dfmin
N and Emiss

T allows us to employ a simple data-based
approach to evaluate the QCD background. As discussed in Sect. 5, the ratio N(Dfmin

N �
4)/N(Dfmin

N < 4) is approximately independent of Emiss
T , and also of the number of b-jets,

for QCD events. Furthermore, the Emiss
T distribution below around 100 GeV is dominated

by QCD. We can therefore measure N(Dfmin
N � 4)/N(Dfmin

N < 4) in a low Emiss
T region of the

zero b-jet sample, selected with the pre-scaled HT trigger, and assume this equals N(Dfmin
N �

4)/N(Dfmin
N < 4) for QCD events at all Emiss

T values, also for samples with b-jets such as our
SIG samples. To make this measurement we use the low-Emiss

T region defined by 50 < Emiss
T <

100 GeV. We call this region the “low sideband” (LSB).
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Figure 3: Illustration of variables used to calculate Dfmin
N in the case of an event with exactly

three jets. The light-shaded (light gray) solid arrows show the true pT values of the three jets i,
j, and k. The dark-shaded (black) solid arrows show the reconstructed jet pT values. aj and ak

are the angles of jets j and k with respect to jet i. The Emiss
T for the event is shown by the dotted

(red) arrow. The component of Emiss
T perpendicular to jet i, denoted Ti, is shown by the dotted

(red) line. Dfi is the angle between Emiss
T and jet i.

its direction, and that most Emiss
T in a QCD event arises from the mismeasurement of a single

jet. The situation is depicted in Fig. 3 for the case of an event with exactly three jets i, j, and k.
The pT mismeasurements of jets j and k cause Emiss

T to point away from jet i’s axis and thus
Dfi to deviate from zero. Let Ti be the component of Emiss

T perpendicular to jet i. Then T2
i ⇡

(Ân spT,n sin an)2, where the sum is over all other jets in the event with pT > 30 GeV. Our
estimate of the Df resolution is sDf,i = arctan(Ti/Emiss

T ). For the pT resolution, we use the
approximate result spT = 0.10 pT [10].

Figure 4 (a) shows the distribution of Dfmin in intervals of Emiss
T for a QCD MC sample with � 1

b-jets selected with our loose criteria except for the Dfmin
N requirement. The strong correlation

between Dfmin and Emiss
T is evident. Figure 5 (a) shows the ratio of the number of QCD MC

events with Dfmin < 0.3 to the number with Dfmin > 0.3, based on the same event selection.
(The requirement Dfmin > 0.3 or similar is commonly used to reject QCD background, see,
e.g., Ref. [6].) The corresponding results for Dfmin

N are shown in Figs. 4 (b) and 5 (b). For the
latter figure we choose Dfmin

N = 4.0 in place of Dfmin = 0.3, which yields a similar selection
efficiency for Emiss

T > 100 GeV. For Emiss
T > 30 GeV, the distributions based on Dfmin

N are seen
to be far less dependent on Emiss

T than those based on Dfmin.

Figure 5 (c) shows the ratio N(Dfmin
N � 4)/N(Dfmin

N < 4) for a QCD MC sample in which
there are zero tagged b-jets. By requiring that there not be a b-jet, we reduce the contribution of
top events. It is seen that N(Dfmin

N � 4)/N(Dfmin
N < 4) is not significantly different between

Figs. 5 (b) and (c), i.e., this ratio has an approximately constant value of about 0.13 (for Emiss
T

values larger than about 30 GeV) irrespective of the number of b-jets. The measured result for
N(Dfmin

N � 4)/N(Dfmin
N < 4) with zero b-jets is shown in Fig. 6 in comparison to MC predic-

tions. These data are collected with a pre-scaled HT trigger, which allows us to select events
at low Emiss

T without introducing a trigger bias. At low Emiss
T , the distribution is dominated by

QCD.
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N > 4 to those with Dfmin

N < 4.
(c) Same as part (b) except for events with zero b-jets.
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for QCD events. Furthermore, the Emiss
T distribution below around 100 GeV is dominated
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Figure 5: QCD MC results: (a) Ratio of the number of events that pass the criterion Dfmin > 0.3
to the number that fail, for events with � 1 b-jets selected with the loose criteria except for the
requirement on Dfmin

N . (b) Analogous ratio of events with Dfmin
N > 4 to those with Dfmin

N < 4.
(c) Same as part (b) except for events with zero b-jets.

6 Background Evaluation

6.1 QCD Background

The low level of correlation between Dfmin
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T allows us to employ a simple data-based
approach to evaluate the QCD background. As discussed in Sect. 5, the ratio N(Dfmin
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N < 4) is approximately independent of Emiss
T , and also of the number of b-jets,

for QCD events. Furthermore, the Emiss
T distribution below around 100 GeV is dominated

by QCD. We can therefore measure N(Dfmin
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N < 4) in a low Emiss
T region of the

zero b-jet sample, selected with the pre-scaled HT trigger, and assume this equals N(Dfmin
N �

4)/N(Dfmin
N < 4) for QCD events at all Emiss

T values, also for samples with b-jets such as our
SIG samples. To make this measurement we use the low-Emiss

T region defined by 50 < Emiss
T <

100 GeV. We call this region the “low sideband” (LSB).
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N in the case of an event with exactly
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j, and k. The dark-shaded (black) solid arrows show the reconstructed jet pT values. aj and ak

are the angles of jets j and k with respect to jet i. The Emiss
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(red) arrow. The component of Emiss
T perpendicular to jet i, denoted Ti, is shown by the dotted
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T in a QCD event arises from the mismeasurement of a single

jet. The situation is depicted in Fig. 3 for the case of an event with exactly three jets i, j, and k.
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T to point away from jet i’s axis and thus
Dfi to deviate from zero. Let Ti be the component of Emiss

T perpendicular to jet i. Then T2
i ⇡

(Ân spT,n sin an)2, where the sum is over all other jets in the event with pT > 30 GeV. Our
estimate of the Df resolution is sDf,i = arctan(Ti/Emiss

T ). For the pT resolution, we use the
approximate result spT = 0.10 pT [10].

Figure 4 (a) shows the distribution of Dfmin in intervals of Emiss
T for a QCD MC sample with � 1

b-jets selected with our loose criteria except for the Dfmin
N requirement. The strong correlation

between Dfmin and Emiss
T is evident. Figure 5 (a) shows the ratio of the number of QCD MC

events with Dfmin < 0.3 to the number with Dfmin > 0.3, based on the same event selection.
(The requirement Dfmin > 0.3 or similar is commonly used to reject QCD background, see,
e.g., Ref. [6].) The corresponding results for Dfmin

N are shown in Figs. 4 (b) and 5 (b). For the
latter figure we choose Dfmin

N = 4.0 in place of Dfmin = 0.3, which yields a similar selection
efficiency for Emiss

T > 100 GeV. For Emiss
T > 30 GeV, the distributions based on Dfmin

N are seen
to be far less dependent on Emiss

T than those based on Dfmin.

Figure 5 (c) shows the ratio N(Dfmin
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N < 4) for a QCD MC sample in which
there are zero tagged b-jets. By requiring that there not be a b-jet, we reduce the contribution of
top events. It is seen that N(Dfmin

N � 4)/N(Dfmin
N < 4) is not significantly different between

Figs. 5 (b) and (c), i.e., this ratio has an approximately constant value of about 0.13 (for Emiss
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values larger than about 30 GeV) irrespective of the number of b-jets. The measured result for
N(Dfmin
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N < 4) with zero b-jets is shown in Fig. 6 in comparison to MC predic-

tions. These data are collected with a pre-scaled HT trigger, which allows us to select events
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T without introducing a trigger bias. At low Emiss
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N in intervals of Emiss
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events with � 1 b-jets selected with the loose criteria except for the requirement on Dfmin
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Figure 5: QCD MC results: (a) Ratio of the number of events that pass the criterion Dfmin > 0.3
to the number that fail, for events with � 1 b-jets selected with the loose criteria except for the
requirement on Dfmin

N . (b) Analogous ratio of events with Dfmin
N > 4 to those with Dfmin

N < 4.
(c) Same as part (b) except for events with zero b-jets.
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T allows us to employ a simple data-based
approach to evaluate the QCD background. As discussed in Sect. 5, the ratio N(Dfmin
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for QCD events. Furthermore, the Emiss
T distribution below around 100 GeV is dominated
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N < 4) for QCD events at all Emiss
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Figure 5: QCD MC results: (a) Ratio of the number of events that pass the criterion Dfmin > 0.3
to the number that fail, for events with � 1 b-jets selected with the loose criteria except for the
requirement on Dfmin

N . (b) Analogous ratio of events with Dfmin
N > 4 to those with Dfmin

N < 4.
(c) Same as part (b) except for events with zero b-jets.
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N �

4)/N(Dfmin
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three jets. The light-shaded (light gray) solid arrows show the true pT values of the three jets i,
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T to point away from jet i’s axis and thus
Dfi to deviate from zero. Let Ti be the component of Emiss

T perpendicular to jet i. Then T2
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N in intervals of Emiss
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Figure 5: QCD MC results: (a) Ratio of the number of events that pass the criterion Dfmin > 0.3
to the number that fail, for events with � 1 b-jets selected with the loose criteria except for the
requirement on Dfmin

N . (b) Analogous ratio of events with Dfmin
N > 4 to those with Dfmin

N < 4.
(c) Same as part (b) except for events with zero b-jets.

6 Background Evaluation

6.1 QCD Background

The low level of correlation between Dfmin
N and Emiss

T allows us to employ a simple data-based
approach to evaluate the QCD background. As discussed in Sect. 5, the ratio N(Dfmin

N �
4)/N(Dfmin

N < 4) is approximately independent of Emiss
T , and also of the number of b-jets,

for QCD events. Furthermore, the Emiss
T distribution below around 100 GeV is dominated

by QCD. We can therefore measure N(Dfmin
N � 4)/N(Dfmin

N < 4) in a low Emiss
T region of the

zero b-jet sample, selected with the pre-scaled HT trigger, and assume this equals N(Dfmin
N �

4)/N(Dfmin
N < 4) for QCD events at all Emiss

T values, also for samples with b-jets such as our
SIG samples. To make this measurement we use the low-Emiss

T region defined by 50 < Emiss
T <

100 GeV. We call this region the “low sideband” (LSB).
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Figure 5: QCD MC results: (a) Ratio of the number of events that pass the criterion Dfmin > 0.3
to the number that fail, for events with � 1 b-jets selected with the loose criteria except for the
requirement on Dfmin

N . (b) Analogous ratio of events with Dfmin
N > 4 to those with Dfmin

N < 4.
(c) Same as part (b) except for events with zero b-jets.
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6.1 QCD Background
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T allows us to employ a simple data-based
approach to evaluate the QCD background. As discussed in Sect. 5, the ratio N(Dfmin
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N < 4) is approximately independent of Emiss
T , and also of the number of b-jets,

for QCD events. Furthermore, the Emiss
T distribution below around 100 GeV is dominated

by QCD. We can therefore measure N(Dfmin
N � 4)/N(Dfmin

N < 4) in a low Emiss
T region of the

zero b-jet sample, selected with the pre-scaled HT trigger, and assume this equals N(Dfmin
N �

4)/N(Dfmin
N < 4) for QCD events at all Emiss

T values, also for samples with b-jets such as our
SIG samples. To make this measurement we use the low-Emiss

T region defined by 50 < Emiss
T <

100 GeV. We call this region the “low sideband” (LSB).
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Figure 3: Illustration of variables used to calculate Dfmin
N in the case of an event with exactly

three jets. The light-shaded (light gray) solid arrows show the true pT values of the three jets i,
j, and k. The dark-shaded (black) solid arrows show the reconstructed jet pT values. aj and ak

are the angles of jets j and k with respect to jet i. The Emiss
T for the event is shown by the dotted

(red) arrow. The component of Emiss
T perpendicular to jet i, denoted Ti, is shown by the dotted

(red) line. Dfi is the angle between Emiss
T and jet i.

its direction, and that most Emiss
T in a QCD event arises from the mismeasurement of a single

jet. The situation is depicted in Fig. 3 for the case of an event with exactly three jets i, j, and k.
The pT mismeasurements of jets j and k cause Emiss

T to point away from jet i’s axis and thus
Dfi to deviate from zero. Let Ti be the component of Emiss

T perpendicular to jet i. Then T2
i ⇡

(Ân spT,n sin an)2, where the sum is over all other jets in the event with pT > 30 GeV. Our
estimate of the Df resolution is sDf,i = arctan(Ti/Emiss

T ). For the pT resolution, we use the
approximate result spT = 0.10 pT [10].

Figure 4 (a) shows the distribution of Dfmin in intervals of Emiss
T for a QCD MC sample with � 1

b-jets selected with our loose criteria except for the Dfmin
N requirement. The strong correlation

between Dfmin and Emiss
T is evident. Figure 5 (a) shows the ratio of the number of QCD MC

events with Dfmin < 0.3 to the number with Dfmin > 0.3, based on the same event selection.
(The requirement Dfmin > 0.3 or similar is commonly used to reject QCD background, see,
e.g., Ref. [6].) The corresponding results for Dfmin

N are shown in Figs. 4 (b) and 5 (b). For the
latter figure we choose Dfmin

N = 4.0 in place of Dfmin = 0.3, which yields a similar selection
efficiency for Emiss

T > 100 GeV. For Emiss
T > 30 GeV, the distributions based on Dfmin

N are seen
to be far less dependent on Emiss

T than those based on Dfmin.

Figure 5 (c) shows the ratio N(Dfmin
N � 4)/N(Dfmin

N < 4) for a QCD MC sample in which
there are zero tagged b-jets. By requiring that there not be a b-jet, we reduce the contribution of
top events. It is seen that N(Dfmin

N � 4)/N(Dfmin
N < 4) is not significantly different between

Figs. 5 (b) and (c), i.e., this ratio has an approximately constant value of about 0.13 (for Emiss
T

values larger than about 30 GeV) irrespective of the number of b-jets. The measured result for
N(Dfmin

N � 4)/N(Dfmin
N < 4) with zero b-jets is shown in Fig. 6 in comparison to MC predic-

tions. These data are collected with a pre-scaled HT trigger, which allows us to select events
at low Emiss

T without introducing a trigger bias. At low Emiss
T , the distribution is dominated by

QCD.
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Figure 5: QCD MC results: (a) Ratio of the number of events that pass the criterion Dfmin > 0.3
to the number that fail, for events with � 1 b-jets selected with the loose criteria except for the
requirement on Dfmin

N . (b) Analogous ratio of events with Dfmin
N > 4 to those with Dfmin

N < 4.
(c) Same as part (b) except for events with zero b-jets.

6 Background Evaluation

6.1 QCD Background

The low level of correlation between Dfmin
N and Emiss

T allows us to employ a simple data-based
approach to evaluate the QCD background. As discussed in Sect. 5, the ratio N(Dfmin

N �
4)/N(Dfmin

N < 4) is approximately independent of Emiss
T , and also of the number of b-jets,

for QCD events. Furthermore, the Emiss
T distribution below around 100 GeV is dominated

by QCD. We can therefore measure N(Dfmin
N � 4)/N(Dfmin

N < 4) in a low Emiss
T region of the

zero b-jet sample, selected with the pre-scaled HT trigger, and assume this equals N(Dfmin
N �

4)/N(Dfmin
N < 4) for QCD events at all Emiss

T values, also for samples with b-jets such as our
SIG samples. To make this measurement we use the low-Emiss

T region defined by 50 < Emiss
T <

100 GeV. We call this region the “low sideband” (LSB).
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Figure 5: QCD MC results: (a) Ratio of the number of events that pass the criterion Dfmin > 0.3
to the number that fail, for events with � 1 b-jets selected with the loose criteria except for the
requirement on Dfmin

N . (b) Analogous ratio of events with Dfmin
N > 4 to those with Dfmin

N < 4.
(c) Same as part (b) except for events with zero b-jets.
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6.1 QCD Background

The low level of correlation between Dfmin
N and Emiss

T allows us to employ a simple data-based
approach to evaluate the QCD background. As discussed in Sect. 5, the ratio N(Dfmin
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N < 4) is approximately independent of Emiss
T , and also of the number of b-jets,

for QCD events. Furthermore, the Emiss
T distribution below around 100 GeV is dominated

by QCD. We can therefore measure N(Dfmin
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N < 4) in a low Emiss
T region of the

zero b-jet sample, selected with the pre-scaled HT trigger, and assume this equals N(Dfmin
N �

4)/N(Dfmin
N < 4) for QCD events at all Emiss

T values, also for samples with b-jets such as our
SIG samples. To make this measurement we use the low-Emiss

T region defined by 50 < Emiss
T <

100 GeV. We call this region the “low sideband” (LSB).
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are the angles of jets j and k with respect to jet i. The Emiss
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its direction, and that most Emiss
T in a QCD event arises from the mismeasurement of a single

jet. The situation is depicted in Fig. 3 for the case of an event with exactly three jets i, j, and k.
The pT mismeasurements of jets j and k cause Emiss

T to point away from jet i’s axis and thus
Dfi to deviate from zero. Let Ti be the component of Emiss

T perpendicular to jet i. Then T2
i ⇡

(Ân spT,n sin an)2, where the sum is over all other jets in the event with pT > 30 GeV. Our
estimate of the Df resolution is sDf,i = arctan(Ti/Emiss

T ). For the pT resolution, we use the
approximate result spT = 0.10 pT [10].

Figure 4 (a) shows the distribution of Dfmin in intervals of Emiss
T for a QCD MC sample with � 1

b-jets selected with our loose criteria except for the Dfmin
N requirement. The strong correlation

between Dfmin and Emiss
T is evident. Figure 5 (a) shows the ratio of the number of QCD MC

events with Dfmin < 0.3 to the number with Dfmin > 0.3, based on the same event selection.
(The requirement Dfmin > 0.3 or similar is commonly used to reject QCD background, see,
e.g., Ref. [6].) The corresponding results for Dfmin

N are shown in Figs. 4 (b) and 5 (b). For the
latter figure we choose Dfmin

N = 4.0 in place of Dfmin = 0.3, which yields a similar selection
efficiency for Emiss

T > 100 GeV. For Emiss
T > 30 GeV, the distributions based on Dfmin

N are seen
to be far less dependent on Emiss

T than those based on Dfmin.

Figure 5 (c) shows the ratio N(Dfmin
N � 4)/N(Dfmin

N < 4) for a QCD MC sample in which
there are zero tagged b-jets. By requiring that there not be a b-jet, we reduce the contribution of
top events. It is seen that N(Dfmin

N � 4)/N(Dfmin
N < 4) is not significantly different between

Figs. 5 (b) and (c), i.e., this ratio has an approximately constant value of about 0.13 (for Emiss
T

values larger than about 30 GeV) irrespective of the number of b-jets. The measured result for
N(Dfmin

N � 4)/N(Dfmin
N < 4) with zero b-jets is shown in Fig. 6 in comparison to MC predic-

tions. These data are collected with a pre-scaled HT trigger, which allows us to select events
at low Emiss

T without introducing a trigger bias. At low Emiss
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Figure 4: QCD MC results: The distribution of (a) Dfmin and (b) Dfmin
N in intervals of Emiss

T , for
events with � 1 b-jets selected with the loose criteria except for the requirement on Dfmin
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Figure 5: QCD MC results: (a) Ratio of the number of events that pass the criterion Dfmin > 0.3
to the number that fail, for events with � 1 b-jets selected with the loose criteria except for the
requirement on Dfmin

N . (b) Analogous ratio of events with Dfmin
N > 4 to those with Dfmin

N < 4.
(c) Same as part (b) except for events with zero b-jets.

6 Background Evaluation

6.1 QCD Background

The low level of correlation between Dfmin
N and Emiss

T allows us to employ a simple data-based
approach to evaluate the QCD background. As discussed in Sect. 5, the ratio N(Dfmin

N �
4)/N(Dfmin

N < 4) is approximately independent of Emiss
T , and also of the number of b-jets,

for QCD events. Furthermore, the Emiss
T distribution below around 100 GeV is dominated

by QCD. We can therefore measure N(Dfmin
N � 4)/N(Dfmin

N < 4) in a low Emiss
T region of the

zero b-jet sample, selected with the pre-scaled HT trigger, and assume this equals N(Dfmin
N �

4)/N(Dfmin
N < 4) for QCD events at all Emiss

T values, also for samples with b-jets such as our
SIG samples. To make this measurement we use the low-Emiss

T region defined by 50 < Emiss
T <

100 GeV. We call this region the “low sideband” (LSB).
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Figure 5: QCD MC results: (a) Ratio of the number of events that pass the criterion Dfmin > 0.3
to the number that fail, for events with � 1 b-jets selected with the loose criteria except for the
requirement on Dfmin

N . (b) Analogous ratio of events with Dfmin
N > 4 to those with Dfmin

N < 4.
(c) Same as part (b) except for events with zero b-jets.

6 Background Evaluation

6.1 QCD Background

The low level of correlation between Dfmin
N and Emiss

T allows us to employ a simple data-based
approach to evaluate the QCD background. As discussed in Sect. 5, the ratio N(Dfmin

N �
4)/N(Dfmin

N < 4) is approximately independent of Emiss
T , and also of the number of b-jets,

for QCD events. Furthermore, the Emiss
T distribution below around 100 GeV is dominated

by QCD. We can therefore measure N(Dfmin
N � 4)/N(Dfmin

N < 4) in a low Emiss
T region of the

zero b-jet sample, selected with the pre-scaled HT trigger, and assume this equals N(Dfmin
N �

4)/N(Dfmin
N < 4) for QCD events at all Emiss

T values, also for samples with b-jets such as our
SIG samples. To make this measurement we use the low-Emiss

T region defined by 50 < Emiss
T <

100 GeV. We call this region the “low sideband” (LSB).
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Figure 3: Illustration of variables used to calculate Dfmin
N in the case of an event with exactly

three jets. The light-shaded (light gray) solid arrows show the true pT values of the three jets i,
j, and k. The dark-shaded (black) solid arrows show the reconstructed jet pT values. aj and ak

are the angles of jets j and k with respect to jet i. The Emiss
T for the event is shown by the dotted

(red) arrow. The component of Emiss
T perpendicular to jet i, denoted Ti, is shown by the dotted

(red) line. Dfi is the angle between Emiss
T and jet i.

its direction, and that most Emiss
T in a QCD event arises from the mismeasurement of a single

jet. The situation is depicted in Fig. 3 for the case of an event with exactly three jets i, j, and k.
The pT mismeasurements of jets j and k cause Emiss

T to point away from jet i’s axis and thus
Dfi to deviate from zero. Let Ti be the component of Emiss

T perpendicular to jet i. Then T2
i ⇡

(Ân spT,n sin an)2, where the sum is over all other jets in the event with pT > 30 GeV. Our
estimate of the Df resolution is sDf,i = arctan(Ti/Emiss

T ). For the pT resolution, we use the
approximate result spT = 0.10 pT [10].

Figure 4 (a) shows the distribution of Dfmin in intervals of Emiss
T for a QCD MC sample with � 1

b-jets selected with our loose criteria except for the Dfmin
N requirement. The strong correlation

between Dfmin and Emiss
T is evident. Figure 5 (a) shows the ratio of the number of QCD MC

events with Dfmin < 0.3 to the number with Dfmin > 0.3, based on the same event selection.
(The requirement Dfmin > 0.3 or similar is commonly used to reject QCD background, see,
e.g., Ref. [6].) The corresponding results for Dfmin

N are shown in Figs. 4 (b) and 5 (b). For the
latter figure we choose Dfmin

N = 4.0 in place of Dfmin = 0.3, which yields a similar selection
efficiency for Emiss

T > 100 GeV. For Emiss
T > 30 GeV, the distributions based on Dfmin

N are seen
to be far less dependent on Emiss

T than those based on Dfmin.

Figure 5 (c) shows the ratio N(Dfmin
N � 4)/N(Dfmin

N < 4) for a QCD MC sample in which
there are zero tagged b-jets. By requiring that there not be a b-jet, we reduce the contribution of
top events. It is seen that N(Dfmin

N � 4)/N(Dfmin
N < 4) is not significantly different between

Figs. 5 (b) and (c), i.e., this ratio has an approximately constant value of about 0.13 (for Emiss
T

values larger than about 30 GeV) irrespective of the number of b-jets. The measured result for
N(Dfmin

N � 4)/N(Dfmin
N < 4) with zero b-jets is shown in Fig. 6 in comparison to MC predic-

tions. These data are collected with a pre-scaled HT trigger, which allows us to select events
at low Emiss

T without introducing a trigger bias. At low Emiss
T , the distribution is dominated by

QCD.
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Figure 4: QCD MC results: The distribution of (a) Dfmin and (b) Dfmin
N in intervals of Emiss

T , for
events with � 1 b-jets selected with the loose criteria except for the requirement on Dfmin
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Figure 5: QCD MC results: (a) Ratio of the number of events that pass the criterion Dfmin > 0.3
to the number that fail, for events with � 1 b-jets selected with the loose criteria except for the
requirement on Dfmin

N . (b) Analogous ratio of events with Dfmin
N > 4 to those with Dfmin

N < 4.
(c) Same as part (b) except for events with zero b-jets.

6 Background Evaluation

6.1 QCD Background

The low level of correlation between Dfmin
N and Emiss

T allows us to employ a simple data-based
approach to evaluate the QCD background. As discussed in Sect. 5, the ratio N(Dfmin

N �
4)/N(Dfmin

N < 4) is approximately independent of Emiss
T , and also of the number of b-jets,

for QCD events. Furthermore, the Emiss
T distribution below around 100 GeV is dominated

by QCD. We can therefore measure N(Dfmin
N � 4)/N(Dfmin

N < 4) in a low Emiss
T region of the

zero b-jet sample, selected with the pre-scaled HT trigger, and assume this equals N(Dfmin
N �

4)/N(Dfmin
N < 4) for QCD events at all Emiss

T values, also for samples with b-jets such as our
SIG samples. To make this measurement we use the low-Emiss

T region defined by 50 < Emiss
T <

100 GeV. We call this region the “low sideband” (LSB).
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Figure 5: QCD MC results: (a) Ratio of the number of events that pass the criterion Dfmin > 0.3
to the number that fail, for events with � 1 b-jets selected with the loose criteria except for the
requirement on Dfmin

N . (b) Analogous ratio of events with Dfmin
N > 4 to those with Dfmin

N < 4.
(c) Same as part (b) except for events with zero b-jets.

6 Background Evaluation

6.1 QCD Background

The low level of correlation between Dfmin
N and Emiss

T allows us to employ a simple data-based
approach to evaluate the QCD background. As discussed in Sect. 5, the ratio N(Dfmin

N �
4)/N(Dfmin

N < 4) is approximately independent of Emiss
T , and also of the number of b-jets,

for QCD events. Furthermore, the Emiss
T distribution below around 100 GeV is dominated

by QCD. We can therefore measure N(Dfmin
N � 4)/N(Dfmin

N < 4) in a low Emiss
T region of the

zero b-jet sample, selected with the pre-scaled HT trigger, and assume this equals N(Dfmin
N �

4)/N(Dfmin
N < 4) for QCD events at all Emiss

T values, also for samples with b-jets such as our
SIG samples. To make this measurement we use the low-Emiss

T region defined by 50 < Emiss
T <

100 GeV. We call this region the “low sideband” (LSB).
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Figure 3: Illustration of variables used to calculate Dfmin
N in the case of an event with exactly

three jets. The light-shaded (light gray) solid arrows show the true pT values of the three jets i,
j, and k. The dark-shaded (black) solid arrows show the reconstructed jet pT values. aj and ak

are the angles of jets j and k with respect to jet i. The Emiss
T for the event is shown by the dotted

(red) arrow. The component of Emiss
T perpendicular to jet i, denoted Ti, is shown by the dotted

(red) line. Dfi is the angle between Emiss
T and jet i.

its direction, and that most Emiss
T in a QCD event arises from the mismeasurement of a single

jet. The situation is depicted in Fig. 3 for the case of an event with exactly three jets i, j, and k.
The pT mismeasurements of jets j and k cause Emiss

T to point away from jet i’s axis and thus
Dfi to deviate from zero. Let Ti be the component of Emiss

T perpendicular to jet i. Then T2
i ⇡

(Ân spT,n sin an)2, where the sum is over all other jets in the event with pT > 30 GeV. Our
estimate of the Df resolution is sDf,i = arctan(Ti/Emiss

T ). For the pT resolution, we use the
approximate result spT = 0.10 pT [10].

Figure 4 (a) shows the distribution of Dfmin in intervals of Emiss
T for a QCD MC sample with � 1

b-jets selected with our loose criteria except for the Dfmin
N requirement. The strong correlation

between Dfmin and Emiss
T is evident. Figure 5 (a) shows the ratio of the number of QCD MC

events with Dfmin < 0.3 to the number with Dfmin > 0.3, based on the same event selection.
(The requirement Dfmin > 0.3 or similar is commonly used to reject QCD background, see,
e.g., Ref. [6].) The corresponding results for Dfmin

N are shown in Figs. 4 (b) and 5 (b). For the
latter figure we choose Dfmin

N = 4.0 in place of Dfmin = 0.3, which yields a similar selection
efficiency for Emiss

T > 100 GeV. For Emiss
T > 30 GeV, the distributions based on Dfmin

N are seen
to be far less dependent on Emiss

T than those based on Dfmin.

Figure 5 (c) shows the ratio N(Dfmin
N � 4)/N(Dfmin

N < 4) for a QCD MC sample in which
there are zero tagged b-jets. By requiring that there not be a b-jet, we reduce the contribution of
top events. It is seen that N(Dfmin

N � 4)/N(Dfmin
N < 4) is not significantly different between

Figs. 5 (b) and (c), i.e., this ratio has an approximately constant value of about 0.13 (for Emiss
T

values larger than about 30 GeV) irrespective of the number of b-jets. The measured result for
N(Dfmin

N � 4)/N(Dfmin
N < 4) with zero b-jets is shown in Fig. 6 in comparison to MC predic-

tions. These data are collected with a pre-scaled HT trigger, which allows us to select events
at low Emiss

T without introducing a trigger bias. At low Emiss
T , the distribution is dominated by

QCD.
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Figure 4: QCD MC results: The distribution of (a) Dfmin and (b) Dfmin
N in intervals of Emiss

T , for
events with � 1 b-jets selected with the loose criteria except for the requirement on Dfmin
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Figure 5: QCD MC results: (a) Ratio of the number of events that pass the criterion Dfmin > 0.3
to the number that fail, for events with � 1 b-jets selected with the loose criteria except for the
requirement on Dfmin

N . (b) Analogous ratio of events with Dfmin
N > 4 to those with Dfmin

N < 4.
(c) Same as part (b) except for events with zero b-jets.

6 Background Evaluation

6.1 QCD Background

The low level of correlation between Dfmin
N and Emiss

T allows us to employ a simple data-based
approach to evaluate the QCD background. As discussed in Sect. 5, the ratio N(Dfmin

N �
4)/N(Dfmin

N < 4) is approximately independent of Emiss
T , and also of the number of b-jets,

for QCD events. Furthermore, the Emiss
T distribution below around 100 GeV is dominated

by QCD. We can therefore measure N(Dfmin
N � 4)/N(Dfmin

N < 4) in a low Emiss
T region of the

zero b-jet sample, selected with the pre-scaled HT trigger, and assume this equals N(Dfmin
N �

4)/N(Dfmin
N < 4) for QCD events at all Emiss

T values, also for samples with b-jets such as our
SIG samples. To make this measurement we use the low-Emiss

T region defined by 50 < Emiss
T <

100 GeV. We call this region the “low sideband” (LSB).
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Figure 4: QCD MC results: The distribution of (a) Dfmin and (b) Dfmin
N in intervals of Emiss

T , for
events with � 1 b-jets selected with the loose criteria except for the requirement on Dfmin
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Figure 5: QCD MC results: (a) Ratio of the number of events that pass the criterion Dfmin > 0.3
to the number that fail, for events with � 1 b-jets selected with the loose criteria except for the
requirement on Dfmin

N . (b) Analogous ratio of events with Dfmin
N > 4 to those with Dfmin

N < 4.
(c) Same as part (b) except for events with zero b-jets.

6 Background Evaluation

6.1 QCD Background

The low level of correlation between Dfmin
N and Emiss

T allows us to employ a simple data-based
approach to evaluate the QCD background. As discussed in Sect. 5, the ratio N(Dfmin

N �
4)/N(Dfmin

N < 4) is approximately independent of Emiss
T , and also of the number of b-jets,

for QCD events. Furthermore, the Emiss
T distribution below around 100 GeV is dominated

by QCD. We can therefore measure N(Dfmin
N � 4)/N(Dfmin

N < 4) in a low Emiss
T region of the

zero b-jet sample, selected with the pre-scaled HT trigger, and assume this equals N(Dfmin
N �

4)/N(Dfmin
N < 4) for QCD events at all Emiss

T values, also for samples with b-jets such as our
SIG samples. To make this measurement we use the low-Emiss

T region defined by 50 < Emiss
T <

100 GeV. We call this region the “low sideband” (LSB).
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Figure 3: Illustration of variables used to calculate Dfmin
N in the case of an event with exactly

three jets. The light-shaded (light gray) solid arrows show the true pT values of the three jets i,
j, and k. The dark-shaded (black) solid arrows show the reconstructed jet pT values. aj and ak

are the angles of jets j and k with respect to jet i. The Emiss
T for the event is shown by the dotted

(red) arrow. The component of Emiss
T perpendicular to jet i, denoted Ti, is shown by the dotted

(red) line. Dfi is the angle between Emiss
T and jet i.

its direction, and that most Emiss
T in a QCD event arises from the mismeasurement of a single

jet. The situation is depicted in Fig. 3 for the case of an event with exactly three jets i, j, and k.
The pT mismeasurements of jets j and k cause Emiss

T to point away from jet i’s axis and thus
Dfi to deviate from zero. Let Ti be the component of Emiss

T perpendicular to jet i. Then T2
i ⇡

(Ân spT,n sin an)2, where the sum is over all other jets in the event with pT > 30 GeV. Our
estimate of the Df resolution is sDf,i = arctan(Ti/Emiss

T ). For the pT resolution, we use the
approximate result spT = 0.10 pT [10].

Figure 4 (a) shows the distribution of Dfmin in intervals of Emiss
T for a QCD MC sample with � 1

b-jets selected with our loose criteria except for the Dfmin
N requirement. The strong correlation

between Dfmin and Emiss
T is evident. Figure 5 (a) shows the ratio of the number of QCD MC

events with Dfmin < 0.3 to the number with Dfmin > 0.3, based on the same event selection.
(The requirement Dfmin > 0.3 or similar is commonly used to reject QCD background, see,
e.g., Ref. [6].) The corresponding results for Dfmin

N are shown in Figs. 4 (b) and 5 (b). For the
latter figure we choose Dfmin

N = 4.0 in place of Dfmin = 0.3, which yields a similar selection
efficiency for Emiss

T > 100 GeV. For Emiss
T > 30 GeV, the distributions based on Dfmin

N are seen
to be far less dependent on Emiss

T than those based on Dfmin.

Figure 5 (c) shows the ratio N(Dfmin
N � 4)/N(Dfmin

N < 4) for a QCD MC sample in which
there are zero tagged b-jets. By requiring that there not be a b-jet, we reduce the contribution of
top events. It is seen that N(Dfmin

N � 4)/N(Dfmin
N < 4) is not significantly different between

Figs. 5 (b) and (c), i.e., this ratio has an approximately constant value of about 0.13 (for Emiss
T

values larger than about 30 GeV) irrespective of the number of b-jets. The measured result for
N(Dfmin

N � 4)/N(Dfmin
N < 4) with zero b-jets is shown in Fig. 6 in comparison to MC predic-

tions. These data are collected with a pre-scaled HT trigger, which allows us to select events
at low Emiss

T without introducing a trigger bias. At low Emiss
T , the distribution is dominated by

QCD.

SUS-11-0
06

7

 [rad.]
min
φ Δ

0 0.5 1 1.5 2 2.5 3
Ar

bi
tra

ry
 u

ni
ts

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

 < 50 GeVmiss
TE

 < 100 GeVmiss
T50 < E

 < 150 GeVmiss
T100 < E

 > 150 GeVmiss
TE

CMS Simulation

(a)

min
N
φ Δ

0 2 4 6 8 10 12 14 16 18 20

Ar
bi

tra
ry

 u
ni

ts

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

 < 50 GeVmiss
TE

 < 100 GeVmiss
T50 < E

 < 150 GeVmiss
T100 < E

 > 150 GeVmiss
TE

CMS Simulation

(b)

Figure 4: QCD MC results: The distribution of (a) Dfmin and (b) Dfmin
N in intervals of Emiss

T , for
events with � 1 b-jets selected with the loose criteria except for the requirement on Dfmin

N .

 [GeV]miss
TE

0 50 100 150 200 250 300 350

N
 p

as
s 

/ N
 fa

il

0
0.5

1
1.5

2
2.5

3
3.5

4
4.5

5

CMS Simulation

(a)

 [GeV]miss
TE

0 50 100 150 200 250 300 350

N
 p

as
s 

/ N
 fa

il

0
0.05

0.1
0.15
0.2

0.25
0.3

0.35
0.4

0.45
0.5

CMS Simulation

(b)

 [GeV]miss
TE

0 50 100 150 200 250 300 350

N
 p

as
s 

/ N
 fa

il

0
0.05

0.1
0.15
0.2

0.25
0.3

0.35
0.4

0.45
0.5

CMS Simulation

(c)

Figure 5: QCD MC results: (a) Ratio of the number of events that pass the criterion Dfmin > 0.3
to the number that fail, for events with � 1 b-jets selected with the loose criteria except for the
requirement on Dfmin

N . (b) Analogous ratio of events with Dfmin
N > 4 to those with Dfmin

N < 4.
(c) Same as part (b) except for events with zero b-jets.

6 Background Evaluation

6.1 QCD Background

The low level of correlation between Dfmin
N and Emiss

T allows us to employ a simple data-based
approach to evaluate the QCD background. As discussed in Sect. 5, the ratio N(Dfmin

N �
4)/N(Dfmin

N < 4) is approximately independent of Emiss
T , and also of the number of b-jets,

for QCD events. Furthermore, the Emiss
T distribution below around 100 GeV is dominated

by QCD. We can therefore measure N(Dfmin
N � 4)/N(Dfmin

N < 4) in a low Emiss
T region of the

zero b-jet sample, selected with the pre-scaled HT trigger, and assume this equals N(Dfmin
N �

4)/N(Dfmin
N < 4) for QCD events at all Emiss

T values, also for samples with b-jets such as our
SIG samples. To make this measurement we use the low-Emiss

T region defined by 50 < Emiss
T <

100 GeV. We call this region the “low sideband” (LSB).
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Figure 4: QCD MC results: The distribution of (a) Dfmin and (b) Dfmin
N in intervals of Emiss

T , for
events with � 1 b-jets selected with the loose criteria except for the requirement on Dfmin
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Figure 5: QCD MC results: (a) Ratio of the number of events that pass the criterion Dfmin > 0.3
to the number that fail, for events with � 1 b-jets selected with the loose criteria except for the
requirement on Dfmin

N . (b) Analogous ratio of events with Dfmin
N > 4 to those with Dfmin

N < 4.
(c) Same as part (b) except for events with zero b-jets.
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Figure 5: QCD MC results: (a) Ratio of the number of events that pass the criterion Dfmin > 0.3
to the number that fail, for events with � 1 b-jets selected with the loose criteria except for the
requirement on Dfmin

N . (b) Analogous ratio of events with Dfmin
N > 4 to those with Dfmin

N < 4.
(c) Same as part (b) except for events with zero b-jets.

6 Background Evaluation

6.1 QCD Background

The low level of correlation between Dfmin
N and Emiss

T allows us to employ a simple data-based
approach to evaluate the QCD background. As discussed in Sect. 5, the ratio N(Dfmin

N �
4)/N(Dfmin

N < 4) is approximately independent of Emiss
T , and also of the number of b-jets,

for QCD events. Furthermore, the Emiss
T distribution below around 100 GeV is dominated

by QCD. We can therefore measure N(Dfmin
N � 4)/N(Dfmin

N < 4) in a low Emiss
T region of the

zero b-jet sample, selected with the pre-scaled HT trigger, and assume this equals N(Dfmin
N �

4)/N(Dfmin
N < 4) for QCD events at all Emiss

T values, also for samples with b-jets such as our
SIG samples. To make this measurement we use the low-Emiss

T region defined by 50 < Emiss
T <

100 GeV. We call this region the “low sideband” (LSB).

4 3 Event Selection

Table 1: Number of data events and corresponding MC predictions for the loose (HT >
350 GeV, Emiss

T > 200 GeV) and tight (HT > 500 GeV, Emiss
T > 300 GeV) signal selections.

MC results for the CMSSM test point LM9 are also shown. The MC uncertainties are statistical.
The normalization is to 1.1 fb�1.

(HT, Emiss
T ) > (350, 200) GeV (HT, Emiss

T ) > (500, 300) GeV
� 1 b-jets � 2 b-jets � 1 b-jets � 2 b-jets

Data 155 30 20 5
Total SM 183 ± 5 35.7 ± 1.3 25.1 ± 1.6 4.54 ± 0.37
tt 122 ± 2 28.9 ± 0.7 14.7 ± 0.8 3.49 ± 0.24
Single top 4.54 ± 0.38 0.77 ± 0.09 0.59 ± 0.15 0.12 ± 0.04
W+Jets 17.0 ± 2.1 1.21 ± 0.45 4.20 ± 1.28 0.42 ± 0.28
Z ! nn 22.5 ± 0.5 2.23 ± 0.10 4.25 ± 0.20 0.43 ± 0.04
Z/g⇤ ! `+`� 0.17 ± 0.17 0.01 ± 0.01 0 0
Diboson 0.69 ± 0.07 0.10 ± 0.02 0.10 ± 0.02 0.006 ± 0.002
QCD 16.4 ± 3.9 2.5 ± 0.9 1.28 ± 0.40 0.08 ± 0.01
SUSY LM9 147 ± 5 60.0 ± 2.5 27.7 ± 2.2 10.1 ± 1.0

• at least one well-defined primary event vertex;
• at least three jets with pT > 50 GeV and |h| < 2.4;
• at least one tagged b-quark jet (“b-jet”); the b-tagging algorithm is described in

Sect. 4; b-jets used in this analysis are required to have pT > 30 GeV;
• no identified, isolated electron or muon candidate with pT > 10 GeV; electron can-

didates are restricted to |h| < 2.5 and muon candidates to |h| < 2.4;
• Dfmin

N > 4.0, where the Dfmin
N variable is defined in Sect. 5.

We select two signal (SIG) event samples, corresponding to a “loose selection” and a “tight
selection.” Besides the basic criteria, the loose (tight) selection requires:

• HT > 350 GeV (500 GeV), where HT is calculated using jets with pT > 50 GeV and
|h| < 2.4;

• Emiss
T > 200 GeV (300 GeV).

The Emiss
T distribution of events in the loose selection (except for the Emiss

T requirement) is shown
in the top half of Fig. 2, for events with (a) � 1 or (b) � 2 b-jets. The corresponding results
for the tight selection are shown in the bottom half of Fig. 2. The results are presented in
comparison to Monte Carlo (MC) simulations of SM processes, which are processed through
GEANT [11] to account for the CMS detector response. The simulated tt, single-top, W+jets,
Z+jets, and WW events are created at the parton level with the MADGRAPH [12] event genera-
tor. The cross sections are valid to the next-to-next-to-leading order for the W and Z events, and
to next-to-leading order (NLO) for the single-top and WW events. The tt events are normalized
to the measured cross section [13]. WZ, ZZ, and QCD events are generated with the PYTHIA
program [14] and normalized to the leading-order cross sections. For all MC samples, PYTHIA
is used to describe subsequent parton showering and hadronization. The jet energy resolution
in the MC is corrected to account for a small discrepancy with respect to the data [10]. The
pileup distributions in the MC are reweighted to match the measured distribution.

The numbers of events in the loose and tight signal selections are listed in Table 1 for data
and MC. The dominant component of the SM background is seen to be tt. The MC results are
informational only. We use data-based techniques to evaluate SM backgrounds as described

• Normalise Δφ by its resolution
• Uncorrelated with MET• Suitable for ABCD method!

Δφmin variableN



6 5 The Dfmin
N Variable

Figure 3: Illustration of variables used to calculate Dfmin
N in the case of an event with exactly

three jets. The light-shaded (light gray) solid arrows show the true pT values of the three jets i,
j, and k. The dark-shaded (black) solid arrows show the reconstructed jet pT values. aj and ak

are the angles of jets j and k with respect to jet i. The Emiss
T for the event is shown by the dotted

(red) arrow. The component of Emiss
T perpendicular to jet i, denoted Ti, is shown by the dotted

(red) line. Dfi is the angle between Emiss
T and jet i.

its direction, and that most Emiss
T in a QCD event arises from the mismeasurement of a single

jet. The situation is depicted in Fig. 3 for the case of an event with exactly three jets i, j, and k.
The pT mismeasurements of jets j and k cause Emiss

T to point away from jet i’s axis and thus
Dfi to deviate from zero. Let Ti be the component of Emiss

T perpendicular to jet i. Then T2
i ⇡

(Ân spT,n sin an)2, where the sum is over all other jets in the event with pT > 30 GeV. Our
estimate of the Df resolution is sDf,i = arctan(Ti/Emiss

T ). For the pT resolution, we use the
approximate result spT = 0.10 pT [10].

Figure 4 (a) shows the distribution of Dfmin in intervals of Emiss
T for a QCD MC sample with � 1

b-jets selected with our loose criteria except for the Dfmin
N requirement. The strong correlation

between Dfmin and Emiss
T is evident. Figure 5 (a) shows the ratio of the number of QCD MC

events with Dfmin < 0.3 to the number with Dfmin > 0.3, based on the same event selection.
(The requirement Dfmin > 0.3 or similar is commonly used to reject QCD background, see,
e.g., Ref. [6].) The corresponding results for Dfmin

N are shown in Figs. 4 (b) and 5 (b). For the
latter figure we choose Dfmin

N = 4.0 in place of Dfmin = 0.3, which yields a similar selection
efficiency for Emiss

T > 100 GeV. For Emiss
T > 30 GeV, the distributions based on Dfmin

N are seen
to be far less dependent on Emiss

T than those based on Dfmin.

Figure 5 (c) shows the ratio N(Dfmin
N � 4)/N(Dfmin

N < 4) for a QCD MC sample in which
there are zero tagged b-jets. By requiring that there not be a b-jet, we reduce the contribution of
top events. It is seen that N(Dfmin

N � 4)/N(Dfmin
N < 4) is not significantly different between

Figs. 5 (b) and (c), i.e., this ratio has an approximately constant value of about 0.13 (for Emiss
T

values larger than about 30 GeV) irrespective of the number of b-jets. The measured result for
N(Dfmin

N � 4)/N(Dfmin
N < 4) with zero b-jets is shown in Fig. 6 in comparison to MC predic-

tions. These data are collected with a pre-scaled HT trigger, which allows us to select events
at low Emiss

T without introducing a trigger bias. At low Emiss
T , the distribution is dominated by

QCD.
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Figure 4: QCD MC results: The distribution of (a) Dfmin and (b) Dfmin
N in intervals of Emiss

T , for
events with � 1 b-jets selected with the loose criteria except for the requirement on Dfmin

N .
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Figure 5: QCD MC results: (a) Ratio of the number of events that pass the criterion Dfmin > 0.3
to the number that fail, for events with � 1 b-jets selected with the loose criteria except for the
requirement on Dfmin

N . (b) Analogous ratio of events with Dfmin
N > 4 to those with Dfmin

N < 4.
(c) Same as part (b) except for events with zero b-jets.

6 Background Evaluation

6.1 QCD Background

The low level of correlation between Dfmin
N and Emiss

T allows us to employ a simple data-based
approach to evaluate the QCD background. As discussed in Sect. 5, the ratio N(Dfmin

N �
4)/N(Dfmin

N < 4) is approximately independent of Emiss
T , and also of the number of b-jets,

for QCD events. Furthermore, the Emiss
T distribution below around 100 GeV is dominated

by QCD. We can therefore measure N(Dfmin
N � 4)/N(Dfmin

N < 4) in a low Emiss
T region of the

zero b-jet sample, selected with the pre-scaled HT trigger, and assume this equals N(Dfmin
N �

4)/N(Dfmin
N < 4) for QCD events at all Emiss

T values, also for samples with b-jets such as our
SIG samples. To make this measurement we use the low-Emiss

T region defined by 50 < Emiss
T <

100 GeV. We call this region the “low sideband” (LSB).
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Figure 4: QCD MC results: The distribution of (a) Dfmin and (b) Dfmin
N in intervals of Emiss

T , for
events with � 1 b-jets selected with the loose criteria except for the requirement on Dfmin
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Figure 5: QCD MC results: (a) Ratio of the number of events that pass the criterion Dfmin > 0.3
to the number that fail, for events with � 1 b-jets selected with the loose criteria except for the
requirement on Dfmin

N . (b) Analogous ratio of events with Dfmin
N > 4 to those with Dfmin

N < 4.
(c) Same as part (b) except for events with zero b-jets.

6 Background Evaluation

6.1 QCD Background

The low level of correlation between Dfmin
N and Emiss

T allows us to employ a simple data-based
approach to evaluate the QCD background. As discussed in Sect. 5, the ratio N(Dfmin

N �
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N < 4) is approximately independent of Emiss
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for QCD events. Furthermore, the Emiss
T distribution below around 100 GeV is dominated

by QCD. We can therefore measure N(Dfmin
N � 4)/N(Dfmin

N < 4) in a low Emiss
T region of the

zero b-jet sample, selected with the pre-scaled HT trigger, and assume this equals N(Dfmin
N �

4)/N(Dfmin
N < 4) for QCD events at all Emiss

T values, also for samples with b-jets such as our
SIG samples. To make this measurement we use the low-Emiss

T region defined by 50 < Emiss
T <

100 GeV. We call this region the “low sideband” (LSB).
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Figure 7: Distribution of Dfmin
N in data and MC for the loose selection with Emiss

T > 150 GeV
for (a) � 1 b-jets and (b) � 2 b-jets. The hatched bands show the statistical uncertainty on the
total standard model MC prediction.

We also define “low Df” (LDP) intervals Dfmin
N < 4.0. We do this not only for the LSB, but

also for the sideband (SB) and signal (SIG) regions (see Fig. 1). We denote these regions LSB-
LDP, SB-LDP and SIG-LDP. The LSB-LDP is essentially 100% QCD. Similarly, the SB-LDP and
SIG-LDP regions are mostly QCD, as shown in Fig. 7. At higher values of Emiss

T , top and EW
contributions to the SB-LDP and SIG-LDP become more important. This residual contamina-
tion is subtracted using MC.

The non-LDP region of the LSB is 97% QCD according to MC. Denoting this latter region “B,”
the LSB-LDP “A,” and the SIG-LDP “C,” the QCD background in the SIG region (region “D”) is
D=C B/A in the limit that all regions A, B, and C are pure QCD and that Dfmin

N is uncorrelated
with Emiss

T . This is known as the ABCD method. An analogous procedure with the SB-LDP as

≥ 1b
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Figure 4: QCD MC results: The distribution of (a) Dfmin and (b) Dfmin
N in intervals of Emiss
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Figure 5: QCD MC results: (a) Ratio of the number of events that pass the criterion Dfmin > 0.3
to the number that fail, for events with � 1 b-jets selected with the loose criteria except for the
requirement on Dfmin

N . (b) Analogous ratio of events with Dfmin
N > 4 to those with Dfmin

N < 4.
(c) Same as part (b) except for events with zero b-jets.

6 Background Evaluation

6.1 QCD Background

The low level of correlation between Dfmin
N and Emiss

T allows us to employ a simple data-based
approach to evaluate the QCD background. As discussed in Sect. 5, the ratio N(Dfmin

N �
4)/N(Dfmin

N < 4) is approximately independent of Emiss
T , and also of the number of b-jets,

for QCD events. Furthermore, the Emiss
T distribution below around 100 GeV is dominated

by QCD. We can therefore measure N(Dfmin
N � 4)/N(Dfmin

N < 4) in a low Emiss
T region of the

zero b-jet sample, selected with the pre-scaled HT trigger, and assume this equals N(Dfmin
N �

4)/N(Dfmin
N < 4) for QCD events at all Emiss

T values, also for samples with b-jets such as our
SIG samples. To make this measurement we use the low-Emiss

T region defined by 50 < Emiss
T <

100 GeV. We call this region the “low sideband” (LSB).

4 3 Event Selection

Table 1: Number of data events and corresponding MC predictions for the loose (HT >
350 GeV, Emiss

T > 200 GeV) and tight (HT > 500 GeV, Emiss
T > 300 GeV) signal selections.

MC results for the CMSSM test point LM9 are also shown. The MC uncertainties are statistical.
The normalization is to 1.1 fb�1.

(HT, Emiss
T ) > (350, 200) GeV (HT, Emiss

T ) > (500, 300) GeV
� 1 b-jets � 2 b-jets � 1 b-jets � 2 b-jets

Data 155 30 20 5
Total SM 183 ± 5 35.7 ± 1.3 25.1 ± 1.6 4.54 ± 0.37
tt 122 ± 2 28.9 ± 0.7 14.7 ± 0.8 3.49 ± 0.24
Single top 4.54 ± 0.38 0.77 ± 0.09 0.59 ± 0.15 0.12 ± 0.04
W+Jets 17.0 ± 2.1 1.21 ± 0.45 4.20 ± 1.28 0.42 ± 0.28
Z ! nn 22.5 ± 0.5 2.23 ± 0.10 4.25 ± 0.20 0.43 ± 0.04
Z/g⇤ ! `+`� 0.17 ± 0.17 0.01 ± 0.01 0 0
Diboson 0.69 ± 0.07 0.10 ± 0.02 0.10 ± 0.02 0.006 ± 0.002
QCD 16.4 ± 3.9 2.5 ± 0.9 1.28 ± 0.40 0.08 ± 0.01
SUSY LM9 147 ± 5 60.0 ± 2.5 27.7 ± 2.2 10.1 ± 1.0

• at least one well-defined primary event vertex;
• at least three jets with pT > 50 GeV and |h| < 2.4;
• at least one tagged b-quark jet (“b-jet”); the b-tagging algorithm is described in

Sect. 4; b-jets used in this analysis are required to have pT > 30 GeV;
• no identified, isolated electron or muon candidate with pT > 10 GeV; electron can-

didates are restricted to |h| < 2.5 and muon candidates to |h| < 2.4;
• Dfmin

N > 4.0, where the Dfmin
N variable is defined in Sect. 5.

We select two signal (SIG) event samples, corresponding to a “loose selection” and a “tight
selection.” Besides the basic criteria, the loose (tight) selection requires:

• HT > 350 GeV (500 GeV), where HT is calculated using jets with pT > 50 GeV and
|h| < 2.4;

• Emiss
T > 200 GeV (300 GeV).

The Emiss
T distribution of events in the loose selection (except for the Emiss

T requirement) is shown
in the top half of Fig. 2, for events with (a) � 1 or (b) � 2 b-jets. The corresponding results
for the tight selection are shown in the bottom half of Fig. 2. The results are presented in
comparison to Monte Carlo (MC) simulations of SM processes, which are processed through
GEANT [11] to account for the CMS detector response. The simulated tt, single-top, W+jets,
Z+jets, and WW events are created at the parton level with the MADGRAPH [12] event genera-
tor. The cross sections are valid to the next-to-next-to-leading order for the W and Z events, and
to next-to-leading order (NLO) for the single-top and WW events. The tt events are normalized
to the measured cross section [13]. WZ, ZZ, and QCD events are generated with the PYTHIA
program [14] and normalized to the leading-order cross sections. For all MC samples, PYTHIA
is used to describe subsequent parton showering and hadronization. The jet energy resolution
in the MC is corrected to account for a small discrepancy with respect to the data [10]. The
pileup distributions in the MC are reweighted to match the measured distribution.

The numbers of events in the loose and tight signal selections are listed in Table 1 for data
and MC. The dominant component of the SM background is seen to be tt. The MC results are
informational only. We use data-based techniques to evaluate SM backgrounds as described

• Normalise Δφ by its resolution
• Uncorrelated with MET• Suitable for ABCD method!

Δφmin variableN
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Figure 3: Illustration of variables used to calculate Dfmin
N in the case of an event with exactly

three jets. The light-shaded (light gray) solid arrows show the true pT values of the three jets i,
j, and k. The dark-shaded (black) solid arrows show the reconstructed jet pT values. aj and ak

are the angles of jets j and k with respect to jet i. The Emiss
T for the event is shown by the dotted

(red) arrow. The component of Emiss
T perpendicular to jet i, denoted Ti, is shown by the dotted

(red) line. Dfi is the angle between Emiss
T and jet i.

its direction, and that most Emiss
T in a QCD event arises from the mismeasurement of a single

jet. The situation is depicted in Fig. 3 for the case of an event with exactly three jets i, j, and k.
The pT mismeasurements of jets j and k cause Emiss

T to point away from jet i’s axis and thus
Dfi to deviate from zero. Let Ti be the component of Emiss

T perpendicular to jet i. Then T2
i ⇡

(Ân spT,n sin an)2, where the sum is over all other jets in the event with pT > 30 GeV. Our
estimate of the Df resolution is sDf,i = arctan(Ti/Emiss

T ). For the pT resolution, we use the
approximate result spT = 0.10 pT [10].

Figure 4 (a) shows the distribution of Dfmin in intervals of Emiss
T for a QCD MC sample with � 1

b-jets selected with our loose criteria except for the Dfmin
N requirement. The strong correlation

between Dfmin and Emiss
T is evident. Figure 5 (a) shows the ratio of the number of QCD MC

events with Dfmin < 0.3 to the number with Dfmin > 0.3, based on the same event selection.
(The requirement Dfmin > 0.3 or similar is commonly used to reject QCD background, see,
e.g., Ref. [6].) The corresponding results for Dfmin

N are shown in Figs. 4 (b) and 5 (b). For the
latter figure we choose Dfmin

N = 4.0 in place of Dfmin = 0.3, which yields a similar selection
efficiency for Emiss

T > 100 GeV. For Emiss
T > 30 GeV, the distributions based on Dfmin

N are seen
to be far less dependent on Emiss

T than those based on Dfmin.

Figure 5 (c) shows the ratio N(Dfmin
N � 4)/N(Dfmin

N < 4) for a QCD MC sample in which
there are zero tagged b-jets. By requiring that there not be a b-jet, we reduce the contribution of
top events. It is seen that N(Dfmin

N � 4)/N(Dfmin
N < 4) is not significantly different between

Figs. 5 (b) and (c), i.e., this ratio has an approximately constant value of about 0.13 (for Emiss
T

values larger than about 30 GeV) irrespective of the number of b-jets. The measured result for
N(Dfmin

N � 4)/N(Dfmin
N < 4) with zero b-jets is shown in Fig. 6 in comparison to MC predic-

tions. These data are collected with a pre-scaled HT trigger, which allows us to select events
at low Emiss

T without introducing a trigger bias. At low Emiss
T , the distribution is dominated by

QCD.
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Figure 4: QCD MC results: The distribution of (a) Dfmin and (b) Dfmin
N in intervals of Emiss

T , for
events with � 1 b-jets selected with the loose criteria except for the requirement on Dfmin

N .
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Figure 5: QCD MC results: (a) Ratio of the number of events that pass the criterion Dfmin > 0.3
to the number that fail, for events with � 1 b-jets selected with the loose criteria except for the
requirement on Dfmin

N . (b) Analogous ratio of events with Dfmin
N > 4 to those with Dfmin

N < 4.
(c) Same as part (b) except for events with zero b-jets.

6 Background Evaluation

6.1 QCD Background

The low level of correlation between Dfmin
N and Emiss

T allows us to employ a simple data-based
approach to evaluate the QCD background. As discussed in Sect. 5, the ratio N(Dfmin

N �
4)/N(Dfmin

N < 4) is approximately independent of Emiss
T , and also of the number of b-jets,

for QCD events. Furthermore, the Emiss
T distribution below around 100 GeV is dominated

by QCD. We can therefore measure N(Dfmin
N � 4)/N(Dfmin

N < 4) in a low Emiss
T region of the

zero b-jet sample, selected with the pre-scaled HT trigger, and assume this equals N(Dfmin
N �

4)/N(Dfmin
N < 4) for QCD events at all Emiss

T values, also for samples with b-jets such as our
SIG samples. To make this measurement we use the low-Emiss

T region defined by 50 < Emiss
T <

100 GeV. We call this region the “low sideband” (LSB).

7

 [rad.]
min
φ Δ

0 0.5 1 1.5 2 2.5 3

Ar
bi

tra
ry

 u
ni

ts

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

 < 50 GeVmiss
TE

 < 100 GeVmiss
T50 < E

 < 150 GeVmiss
T100 < E

 > 150 GeVmiss
TE

CMS Simulation

(a)

min
N
φ Δ

0 2 4 6 8 10 12 14 16 18 20
Ar

bi
tra

ry
 u

ni
ts

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

 < 50 GeVmiss
TE

 < 100 GeVmiss
T50 < E

 < 150 GeVmiss
T100 < E

 > 150 GeVmiss
TE

CMS Simulation

(b)

Figure 4: QCD MC results: The distribution of (a) Dfmin and (b) Dfmin
N in intervals of Emiss

T , for
events with � 1 b-jets selected with the loose criteria except for the requirement on Dfmin

N .
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Figure 5: QCD MC results: (a) Ratio of the number of events that pass the criterion Dfmin > 0.3
to the number that fail, for events with � 1 b-jets selected with the loose criteria except for the
requirement on Dfmin

N . (b) Analogous ratio of events with Dfmin
N > 4 to those with Dfmin

N < 4.
(c) Same as part (b) except for events with zero b-jets.

6 Background Evaluation

6.1 QCD Background

The low level of correlation between Dfmin
N and Emiss

T allows us to employ a simple data-based
approach to evaluate the QCD background. As discussed in Sect. 5, the ratio N(Dfmin

N �
4)/N(Dfmin

N < 4) is approximately independent of Emiss
T , and also of the number of b-jets,

for QCD events. Furthermore, the Emiss
T distribution below around 100 GeV is dominated

by QCD. We can therefore measure N(Dfmin
N � 4)/N(Dfmin

N < 4) in a low Emiss
T region of the

zero b-jet sample, selected with the pre-scaled HT trigger, and assume this equals N(Dfmin
N �

4)/N(Dfmin
N < 4) for QCD events at all Emiss

T values, also for samples with b-jets such as our
SIG samples. To make this measurement we use the low-Emiss

T region defined by 50 < Emiss
T <

100 GeV. We call this region the “low sideband” (LSB).
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Figure 7: Distribution of Dfmin
N in data and MC for the loose selection with Emiss

T > 150 GeV
for (a) � 1 b-jets and (b) � 2 b-jets. The hatched bands show the statistical uncertainty on the
total standard model MC prediction.

We also define “low Df” (LDP) intervals Dfmin
N < 4.0. We do this not only for the LSB, but

also for the sideband (SB) and signal (SIG) regions (see Fig. 1). We denote these regions LSB-
LDP, SB-LDP and SIG-LDP. The LSB-LDP is essentially 100% QCD. Similarly, the SB-LDP and
SIG-LDP regions are mostly QCD, as shown in Fig. 7. At higher values of Emiss

T , top and EW
contributions to the SB-LDP and SIG-LDP become more important. This residual contamina-
tion is subtracted using MC.

The non-LDP region of the LSB is 97% QCD according to MC. Denoting this latter region “B,”
the LSB-LDP “A,” and the SIG-LDP “C,” the QCD background in the SIG region (region “D”) is
D=C B/A in the limit that all regions A, B, and C are pure QCD and that Dfmin

N is uncorrelated
with Emiss

T . This is known as the ABCD method. An analogous procedure with the SB-LDP as
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Figure 4: QCD MC results: The distribution of (a) Dfmin and (b) Dfmin
N in intervals of Emiss

T , for
events with � 1 b-jets selected with the loose criteria except for the requirement on Dfmin

N .
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Figure 5: QCD MC results: (a) Ratio of the number of events that pass the criterion Dfmin > 0.3
to the number that fail, for events with � 1 b-jets selected with the loose criteria except for the
requirement on Dfmin

N . (b) Analogous ratio of events with Dfmin
N > 4 to those with Dfmin

N < 4.
(c) Same as part (b) except for events with zero b-jets.

6 Background Evaluation

6.1 QCD Background

The low level of correlation between Dfmin
N and Emiss

T allows us to employ a simple data-based
approach to evaluate the QCD background. As discussed in Sect. 5, the ratio N(Dfmin

N �
4)/N(Dfmin

N < 4) is approximately independent of Emiss
T , and also of the number of b-jets,

for QCD events. Furthermore, the Emiss
T distribution below around 100 GeV is dominated

by QCD. We can therefore measure N(Dfmin
N � 4)/N(Dfmin

N < 4) in a low Emiss
T region of the

zero b-jet sample, selected with the pre-scaled HT trigger, and assume this equals N(Dfmin
N �

4)/N(Dfmin
N < 4) for QCD events at all Emiss

T values, also for samples with b-jets such as our
SIG samples. To make this measurement we use the low-Emiss

T region defined by 50 < Emiss
T <

100 GeV. We call this region the “low sideband” (LSB).

4 3 Event Selection

Table 1: Number of data events and corresponding MC predictions for the loose (HT >
350 GeV, Emiss

T > 200 GeV) and tight (HT > 500 GeV, Emiss
T > 300 GeV) signal selections.

MC results for the CMSSM test point LM9 are also shown. The MC uncertainties are statistical.
The normalization is to 1.1 fb�1.

(HT, Emiss
T ) > (350, 200) GeV (HT, Emiss

T ) > (500, 300) GeV
� 1 b-jets � 2 b-jets � 1 b-jets � 2 b-jets

Data 155 30 20 5
Total SM 183 ± 5 35.7 ± 1.3 25.1 ± 1.6 4.54 ± 0.37
tt 122 ± 2 28.9 ± 0.7 14.7 ± 0.8 3.49 ± 0.24
Single top 4.54 ± 0.38 0.77 ± 0.09 0.59 ± 0.15 0.12 ± 0.04
W+Jets 17.0 ± 2.1 1.21 ± 0.45 4.20 ± 1.28 0.42 ± 0.28
Z ! nn 22.5 ± 0.5 2.23 ± 0.10 4.25 ± 0.20 0.43 ± 0.04
Z/g⇤ ! `+`� 0.17 ± 0.17 0.01 ± 0.01 0 0
Diboson 0.69 ± 0.07 0.10 ± 0.02 0.10 ± 0.02 0.006 ± 0.002
QCD 16.4 ± 3.9 2.5 ± 0.9 1.28 ± 0.40 0.08 ± 0.01
SUSY LM9 147 ± 5 60.0 ± 2.5 27.7 ± 2.2 10.1 ± 1.0

• at least one well-defined primary event vertex;
• at least three jets with pT > 50 GeV and |h| < 2.4;
• at least one tagged b-quark jet (“b-jet”); the b-tagging algorithm is described in

Sect. 4; b-jets used in this analysis are required to have pT > 30 GeV;
• no identified, isolated electron or muon candidate with pT > 10 GeV; electron can-

didates are restricted to |h| < 2.5 and muon candidates to |h| < 2.4;
• Dfmin

N > 4.0, where the Dfmin
N variable is defined in Sect. 5.

We select two signal (SIG) event samples, corresponding to a “loose selection” and a “tight
selection.” Besides the basic criteria, the loose (tight) selection requires:

• HT > 350 GeV (500 GeV), where HT is calculated using jets with pT > 50 GeV and
|h| < 2.4;

• Emiss
T > 200 GeV (300 GeV).

The Emiss
T distribution of events in the loose selection (except for the Emiss

T requirement) is shown
in the top half of Fig. 2, for events with (a) � 1 or (b) � 2 b-jets. The corresponding results
for the tight selection are shown in the bottom half of Fig. 2. The results are presented in
comparison to Monte Carlo (MC) simulations of SM processes, which are processed through
GEANT [11] to account for the CMS detector response. The simulated tt, single-top, W+jets,
Z+jets, and WW events are created at the parton level with the MADGRAPH [12] event genera-
tor. The cross sections are valid to the next-to-next-to-leading order for the W and Z events, and
to next-to-leading order (NLO) for the single-top and WW events. The tt events are normalized
to the measured cross section [13]. WZ, ZZ, and QCD events are generated with the PYTHIA
program [14] and normalized to the leading-order cross sections. For all MC samples, PYTHIA
is used to describe subsequent parton showering and hadronization. The jet energy resolution
in the MC is corrected to account for a small discrepancy with respect to the data [10]. The
pileup distributions in the MC are reweighted to match the measured distribution.

The numbers of events in the loose and tight signal selections are listed in Table 1 for data
and MC. The dominant component of the SM background is seen to be tt. The MC results are
informational only. We use data-based techniques to evaluate SM backgrounds as described

• Normalise Δφ by its resolution
• Uncorrelated with MET• Suitable for ABCD method!

Δφmin variableN

4 3 Event Selection

Table 1: Number of data events and corresponding MC predictions for the loose (HT >
350 GeV, Emiss

T > 200 GeV) and tight (HT > 500 GeV, Emiss
T > 300 GeV) signal selections.

MC results for the CMSSM test point LM9 are also shown. The MC uncertainties are statistical.
The normalization is to 1.1 fb�1.

(HT, Emiss
T ) > (350, 200) GeV (HT, Emiss

T ) > (500, 300) GeV
� 1 b-jets � 2 b-jets � 1 b-jets � 2 b-jets

Data 155 30 20 5
Total SM 183 ± 5 35.7 ± 1.3 25.1 ± 1.6 4.54 ± 0.37
tt 122 ± 2 28.9 ± 0.7 14.7 ± 0.8 3.49 ± 0.24
Single top 4.54 ± 0.38 0.77 ± 0.09 0.59 ± 0.15 0.12 ± 0.04
W+Jets 17.0 ± 2.1 1.21 ± 0.45 4.20 ± 1.28 0.42 ± 0.28
Z ! nn 22.5 ± 0.5 2.23 ± 0.10 4.25 ± 0.20 0.43 ± 0.04
Z/g⇤ ! `+`� 0.17 ± 0.17 0.01 ± 0.01 0 0
Diboson 0.69 ± 0.07 0.10 ± 0.02 0.10 ± 0.02 0.006 ± 0.002
QCD 16.4 ± 3.9 2.5 ± 0.9 1.28 ± 0.40 0.08 ± 0.01
SUSY LM9 147 ± 5 60.0 ± 2.5 27.7 ± 2.2 10.1 ± 1.0

• at least one well-defined primary event vertex;
• at least three jets with pT > 50 GeV and |h| < 2.4;
• at least one tagged b-quark jet (“b-jet”); the b-tagging algorithm is described in

Sect. 4; b-jets used in this analysis are required to have pT > 30 GeV;
• no identified, isolated electron or muon candidate with pT > 10 GeV; electron can-

didates are restricted to |h| < 2.5 and muon candidates to |h| < 2.4;
• Dfmin

N > 4.0, where the Dfmin
N variable is defined in Sect. 5.

We select two signal (SIG) event samples, corresponding to a “loose selection” and a “tight
selection.” Besides the basic criteria, the loose (tight) selection requires:

• HT > 350 GeV (500 GeV), where HT is calculated using jets with pT > 50 GeV and
|h| < 2.4;

• Emiss
T > 200 GeV (300 GeV).

The Emiss
T distribution of events in the loose selection (except for the Emiss

T requirement) is shown
in the top half of Fig. 2, for events with (a) � 1 or (b) � 2 b-jets. The corresponding results
for the tight selection are shown in the bottom half of Fig. 2. The results are presented in
comparison to Monte Carlo (MC) simulations of SM processes, which are processed through
GEANT [11] to account for the CMS detector response. The simulated tt, single-top, W+jets,
Z+jets, and WW events are created at the parton level with the MADGRAPH [12] event genera-
tor. The cross sections are valid to the next-to-next-to-leading order for the W and Z events, and
to next-to-leading order (NLO) for the single-top and WW events. The tt events are normalized
to the measured cross section [13]. WZ, ZZ, and QCD events are generated with the PYTHIA
program [14] and normalized to the leading-order cross sections. For all MC samples, PYTHIA
is used to describe subsequent parton showering and hadronization. The jet energy resolution
in the MC is corrected to account for a small discrepancy with respect to the data [10]. The
pileup distributions in the MC are reweighted to match the measured distribution.

The numbers of events in the loose and tight signal selections are listed in Table 1 for data
and MC. The dominant component of the SM background is seen to be tt. The MC results are
informational only. We use data-based techniques to evaluate SM backgrounds as described
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Figure 3: Illustration of variables used to calculate Dfmin
N in the case of an event with exactly

three jets. The light-shaded (light gray) solid arrows show the true pT values of the three jets i,
j, and k. The dark-shaded (black) solid arrows show the reconstructed jet pT values. aj and ak

are the angles of jets j and k with respect to jet i. The Emiss
T for the event is shown by the dotted

(red) arrow. The component of Emiss
T perpendicular to jet i, denoted Ti, is shown by the dotted

(red) line. Dfi is the angle between Emiss
T and jet i.

its direction, and that most Emiss
T in a QCD event arises from the mismeasurement of a single

jet. The situation is depicted in Fig. 3 for the case of an event with exactly three jets i, j, and k.
The pT mismeasurements of jets j and k cause Emiss

T to point away from jet i’s axis and thus
Dfi to deviate from zero. Let Ti be the component of Emiss

T perpendicular to jet i. Then T2
i ⇡

(Ân spT,n sin an)2, where the sum is over all other jets in the event with pT > 30 GeV. Our
estimate of the Df resolution is sDf,i = arctan(Ti/Emiss

T ). For the pT resolution, we use the
approximate result spT = 0.10 pT [10].

Figure 4 (a) shows the distribution of Dfmin in intervals of Emiss
T for a QCD MC sample with � 1

b-jets selected with our loose criteria except for the Dfmin
N requirement. The strong correlation

between Dfmin and Emiss
T is evident. Figure 5 (a) shows the ratio of the number of QCD MC

events with Dfmin < 0.3 to the number with Dfmin > 0.3, based on the same event selection.
(The requirement Dfmin > 0.3 or similar is commonly used to reject QCD background, see,
e.g., Ref. [6].) The corresponding results for Dfmin

N are shown in Figs. 4 (b) and 5 (b). For the
latter figure we choose Dfmin

N = 4.0 in place of Dfmin = 0.3, which yields a similar selection
efficiency for Emiss

T > 100 GeV. For Emiss
T > 30 GeV, the distributions based on Dfmin

N are seen
to be far less dependent on Emiss

T than those based on Dfmin.

Figure 5 (c) shows the ratio N(Dfmin
N � 4)/N(Dfmin

N < 4) for a QCD MC sample in which
there are zero tagged b-jets. By requiring that there not be a b-jet, we reduce the contribution of
top events. It is seen that N(Dfmin

N � 4)/N(Dfmin
N < 4) is not significantly different between

Figs. 5 (b) and (c), i.e., this ratio has an approximately constant value of about 0.13 (for Emiss
T

values larger than about 30 GeV) irrespective of the number of b-jets. The measured result for
N(Dfmin

N � 4)/N(Dfmin
N < 4) with zero b-jets is shown in Fig. 6 in comparison to MC predic-

tions. These data are collected with a pre-scaled HT trigger, which allows us to select events
at low Emiss

T without introducing a trigger bias. At low Emiss
T , the distribution is dominated by

QCD.
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Figure 4: QCD MC results: The distribution of (a) Dfmin and (b) Dfmin
N in intervals of Emiss

T , for
events with � 1 b-jets selected with the loose criteria except for the requirement on Dfmin

N .
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Figure 5: QCD MC results: (a) Ratio of the number of events that pass the criterion Dfmin > 0.3
to the number that fail, for events with � 1 b-jets selected with the loose criteria except for the
requirement on Dfmin

N . (b) Analogous ratio of events with Dfmin
N > 4 to those with Dfmin

N < 4.
(c) Same as part (b) except for events with zero b-jets.

6 Background Evaluation

6.1 QCD Background

The low level of correlation between Dfmin
N and Emiss

T allows us to employ a simple data-based
approach to evaluate the QCD background. As discussed in Sect. 5, the ratio N(Dfmin

N �
4)/N(Dfmin

N < 4) is approximately independent of Emiss
T , and also of the number of b-jets,

for QCD events. Furthermore, the Emiss
T distribution below around 100 GeV is dominated

by QCD. We can therefore measure N(Dfmin
N � 4)/N(Dfmin

N < 4) in a low Emiss
T region of the

zero b-jet sample, selected with the pre-scaled HT trigger, and assume this equals N(Dfmin
N �

4)/N(Dfmin
N < 4) for QCD events at all Emiss

T values, also for samples with b-jets such as our
SIG samples. To make this measurement we use the low-Emiss

T region defined by 50 < Emiss
T <

100 GeV. We call this region the “low sideband” (LSB).
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N in intervals of Emiss

T , for
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Figure 5: QCD MC results: (a) Ratio of the number of events that pass the criterion Dfmin > 0.3
to the number that fail, for events with � 1 b-jets selected with the loose criteria except for the
requirement on Dfmin

N . (b) Analogous ratio of events with Dfmin
N > 4 to those with Dfmin

N < 4.
(c) Same as part (b) except for events with zero b-jets.

6 Background Evaluation

6.1 QCD Background

The low level of correlation between Dfmin
N and Emiss

T allows us to employ a simple data-based
approach to evaluate the QCD background. As discussed in Sect. 5, the ratio N(Dfmin

N �
4)/N(Dfmin

N < 4) is approximately independent of Emiss
T , and also of the number of b-jets,

for QCD events. Furthermore, the Emiss
T distribution below around 100 GeV is dominated

by QCD. We can therefore measure N(Dfmin
N � 4)/N(Dfmin

N < 4) in a low Emiss
T region of the

zero b-jet sample, selected with the pre-scaled HT trigger, and assume this equals N(Dfmin
N �

4)/N(Dfmin
N < 4) for QCD events at all Emiss

T values, also for samples with b-jets such as our
SIG samples. To make this measurement we use the low-Emiss

T region defined by 50 < Emiss
T <

100 GeV. We call this region the “low sideband” (LSB).
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Figure 7: Distribution of Dfmin
N in data and MC for the loose selection with Emiss

T > 150 GeV
for (a) � 1 b-jets and (b) � 2 b-jets. The hatched bands show the statistical uncertainty on the
total standard model MC prediction.

We also define “low Df” (LDP) intervals Dfmin
N < 4.0. We do this not only for the LSB, but

also for the sideband (SB) and signal (SIG) regions (see Fig. 1). We denote these regions LSB-
LDP, SB-LDP and SIG-LDP. The LSB-LDP is essentially 100% QCD. Similarly, the SB-LDP and
SIG-LDP regions are mostly QCD, as shown in Fig. 7. At higher values of Emiss

T , top and EW
contributions to the SB-LDP and SIG-LDP become more important. This residual contamina-
tion is subtracted using MC.

The non-LDP region of the LSB is 97% QCD according to MC. Denoting this latter region “B,”
the LSB-LDP “A,” and the SIG-LDP “C,” the QCD background in the SIG region (region “D”) is
D=C B/A in the limit that all regions A, B, and C are pure QCD and that Dfmin

N is uncorrelated
with Emiss

T . This is known as the ABCD method. An analogous procedure with the SB-LDP as

≥ 1b
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Figure 7: Distribution of Dfmin
N in data and MC for the loose selection with Emiss

T > 150 GeV
for (a) � 1 b-jets and (b) � 2 b-jets. The hatched bands show the statistical uncertainty on the
total standard model MC prediction.

We also define “low Df” (LDP) intervals Dfmin
N < 4.0. We do this not only for the LSB, but

also for the sideband (SB) and signal (SIG) regions (see Fig. 1). We denote these regions LSB-
LDP, SB-LDP and SIG-LDP. The LSB-LDP is essentially 100% QCD. Similarly, the SB-LDP and
SIG-LDP regions are mostly QCD, as shown in Fig. 7. At higher values of Emiss

T , top and EW
contributions to the SB-LDP and SIG-LDP become more important. This residual contamina-
tion is subtracted using MC.

The non-LDP region of the LSB is 97% QCD according to MC. Denoting this latter region “B,”
the LSB-LDP “A,” and the SIG-LDP “C,” the QCD background in the SIG region (region “D”) is
D=C B/A in the limit that all regions A, B, and C are pure QCD and that Dfmin

N is uncorrelated
with Emiss

T . This is known as the ABCD method. An analogous procedure with the SB-LDP as
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Figure 4: QCD MC results: The distribution of (a) Dfmin and (b) Dfmin
N in intervals of Emiss

T , for
events with � 1 b-jets selected with the loose criteria except for the requirement on Dfmin

N .
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Figure 5: QCD MC results: (a) Ratio of the number of events that pass the criterion Dfmin > 0.3
to the number that fail, for events with � 1 b-jets selected with the loose criteria except for the
requirement on Dfmin

N . (b) Analogous ratio of events with Dfmin
N > 4 to those with Dfmin

N < 4.
(c) Same as part (b) except for events with zero b-jets.

6 Background Evaluation

6.1 QCD Background

The low level of correlation between Dfmin
N and Emiss

T allows us to employ a simple data-based
approach to evaluate the QCD background. As discussed in Sect. 5, the ratio N(Dfmin

N �
4)/N(Dfmin

N < 4) is approximately independent of Emiss
T , and also of the number of b-jets,

for QCD events. Furthermore, the Emiss
T distribution below around 100 GeV is dominated

by QCD. We can therefore measure N(Dfmin
N � 4)/N(Dfmin

N < 4) in a low Emiss
T region of the

zero b-jet sample, selected with the pre-scaled HT trigger, and assume this equals N(Dfmin
N �

4)/N(Dfmin
N < 4) for QCD events at all Emiss

T values, also for samples with b-jets such as our
SIG samples. To make this measurement we use the low-Emiss

T region defined by 50 < Emiss
T <

100 GeV. We call this region the “low sideband” (LSB).

4 3 Event Selection

Table 1: Number of data events and corresponding MC predictions for the loose (HT >
350 GeV, Emiss

T > 200 GeV) and tight (HT > 500 GeV, Emiss
T > 300 GeV) signal selections.

MC results for the CMSSM test point LM9 are also shown. The MC uncertainties are statistical.
The normalization is to 1.1 fb�1.

(HT, Emiss
T ) > (350, 200) GeV (HT, Emiss

T ) > (500, 300) GeV
� 1 b-jets � 2 b-jets � 1 b-jets � 2 b-jets

Data 155 30 20 5
Total SM 183 ± 5 35.7 ± 1.3 25.1 ± 1.6 4.54 ± 0.37
tt 122 ± 2 28.9 ± 0.7 14.7 ± 0.8 3.49 ± 0.24
Single top 4.54 ± 0.38 0.77 ± 0.09 0.59 ± 0.15 0.12 ± 0.04
W+Jets 17.0 ± 2.1 1.21 ± 0.45 4.20 ± 1.28 0.42 ± 0.28
Z ! nn 22.5 ± 0.5 2.23 ± 0.10 4.25 ± 0.20 0.43 ± 0.04
Z/g⇤ ! `+`� 0.17 ± 0.17 0.01 ± 0.01 0 0
Diboson 0.69 ± 0.07 0.10 ± 0.02 0.10 ± 0.02 0.006 ± 0.002
QCD 16.4 ± 3.9 2.5 ± 0.9 1.28 ± 0.40 0.08 ± 0.01
SUSY LM9 147 ± 5 60.0 ± 2.5 27.7 ± 2.2 10.1 ± 1.0

• at least one well-defined primary event vertex;
• at least three jets with pT > 50 GeV and |h| < 2.4;
• at least one tagged b-quark jet (“b-jet”); the b-tagging algorithm is described in

Sect. 4; b-jets used in this analysis are required to have pT > 30 GeV;
• no identified, isolated electron or muon candidate with pT > 10 GeV; electron can-

didates are restricted to |h| < 2.5 and muon candidates to |h| < 2.4;
• Dfmin

N > 4.0, where the Dfmin
N variable is defined in Sect. 5.

We select two signal (SIG) event samples, corresponding to a “loose selection” and a “tight
selection.” Besides the basic criteria, the loose (tight) selection requires:

• HT > 350 GeV (500 GeV), where HT is calculated using jets with pT > 50 GeV and
|h| < 2.4;

• Emiss
T > 200 GeV (300 GeV).

The Emiss
T distribution of events in the loose selection (except for the Emiss

T requirement) is shown
in the top half of Fig. 2, for events with (a) � 1 or (b) � 2 b-jets. The corresponding results
for the tight selection are shown in the bottom half of Fig. 2. The results are presented in
comparison to Monte Carlo (MC) simulations of SM processes, which are processed through
GEANT [11] to account for the CMS detector response. The simulated tt, single-top, W+jets,
Z+jets, and WW events are created at the parton level with the MADGRAPH [12] event genera-
tor. The cross sections are valid to the next-to-next-to-leading order for the W and Z events, and
to next-to-leading order (NLO) for the single-top and WW events. The tt events are normalized
to the measured cross section [13]. WZ, ZZ, and QCD events are generated with the PYTHIA
program [14] and normalized to the leading-order cross sections. For all MC samples, PYTHIA
is used to describe subsequent parton showering and hadronization. The jet energy resolution
in the MC is corrected to account for a small discrepancy with respect to the data [10]. The
pileup distributions in the MC are reweighted to match the measured distribution.

The numbers of events in the loose and tight signal selections are listed in Table 1 for data
and MC. The dominant component of the SM background is seen to be tt. The MC results are
informational only. We use data-based techniques to evaluate SM backgrounds as described

• Normalise Δφ by its resolution
• Uncorrelated with MET• Suitable for ABCD method!
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The normalization is to 1.1 fb�1.
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We select two signal (SIG) event samples, corresponding to a “loose selection” and a “tight
selection.” Besides the basic criteria, the loose (tight) selection requires:

• HT > 350 GeV (500 GeV), where HT is calculated using jets with pT > 50 GeV and
|h| < 2.4;

• Emiss
T > 200 GeV (300 GeV).

The Emiss
T distribution of events in the loose selection (except for the Emiss

T requirement) is shown
in the top half of Fig. 2, for events with (a) � 1 or (b) � 2 b-jets. The corresponding results
for the tight selection are shown in the bottom half of Fig. 2. The results are presented in
comparison to Monte Carlo (MC) simulations of SM processes, which are processed through
GEANT [11] to account for the CMS detector response. The simulated tt, single-top, W+jets,
Z+jets, and WW events are created at the parton level with the MADGRAPH [12] event genera-
tor. The cross sections are valid to the next-to-next-to-leading order for the W and Z events, and
to next-to-leading order (NLO) for the single-top and WW events. The tt events are normalized
to the measured cross section [13]. WZ, ZZ, and QCD events are generated with the PYTHIA
program [14] and normalized to the leading-order cross sections. For all MC samples, PYTHIA
is used to describe subsequent parton showering and hadronization. The jet energy resolution
in the MC is corrected to account for a small discrepancy with respect to the data [10]. The
pileup distributions in the MC are reweighted to match the measured distribution.

The numbers of events in the loose and tight signal selections are listed in Table 1 for data
and MC. The dominant component of the SM background is seen to be tt. The MC results are
informational only. We use data-based techniques to evaluate SM backgrounds as described
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2 2 Detector and Trigger

Figure 1: Schematic diagram indicating the various event samples used for background eval-
uation. SIG refers to signal regions, SB to the sideband region 150 < Emiss

T < 200 GeV, LSB to
the low-sideband region 50 < Emiss

T < 100 GeV, and LDP to the low Dfmin
N region Dfmin

N < 4.0.
The diagram illustrates the loose selection, which requires HT > 350 GeV for all SB and SIG
regions and Emiss

T > 200 GeV for the SIG regions. The tight selection is the same except with
HT > 500 GeV and Emiss

T > 300 GeV, respectively. Beside the standard method to evaluate the
top and W+jets background, indicated in the diagram, we have a cross-check method based on
different procedures.

calorimeter. Muons are detected with gas-ionization chambers embedded in the steel flux-
return yoke outside the solenoid. The tracker covers the region |h| < 2.5 and the calorimeters
|h| < 3.0. The region 3 < |h| < 5 is instrumented with a forward calorimeter. The near-
hermeticity of the detector permits accurate measurement of energy balance in the transverse
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T > 150 GeV, for which the trigger is about 99% efficient. A correction is applied to account
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different procedures.

calorimeter. Muons are detected with gas-ionization chambers embedded in the steel flux-
return yoke outside the solenoid. The tracker covers the region |h| < 2.5 and the calorimeters
|h| < 3.0. The region 3 < |h| < 5 is instrumented with a forward calorimeter. The near-
hermeticity of the detector permits accurate measurement of energy balance in the transverse
plane.

The principal trigger used in the analysis is based on cross-object requirements for HT and
MHT, where HT is the scalar sum of the transverse energy of jets and MHT is the modulus of the
corresponding vector sum. The trigger is found to be 100% efficient for the offline requirements
HT > 400 GeV and Emiss

T > 150 GeV. Our loosest analysis requirement is HT > 350 GeV and
Emiss
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MHT, where HT is the scalar sum of the transverse energy of jets and MHT is the modulus of the
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T > 150 GeV, for which the trigger is about 99% efficient. A correction is applied to account
for this small inefficiency. As part of the evaluation of the QCD and Z+jets background, we
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return yoke outside the solenoid. The tracker covers the region |h| < 2.5 and the calorimeters
|h| < 3.0. The region 3 < |h| < 5 is instrumented with a forward calorimeter. The near-
hermeticity of the detector permits accurate measurement of energy balance in the transverse
plane.

The principal trigger used in the analysis is based on cross-object requirements for HT and
MHT, where HT is the scalar sum of the transverse energy of jets and MHT is the modulus of the
corresponding vector sum. The trigger is found to be 100% efficient for the offline requirements
HT > 400 GeV and Emiss

T > 150 GeV. Our loosest analysis requirement is HT > 350 GeV and
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T > 150 GeV, for which the trigger is about 99% efficient. A correction is applied to account
for this small inefficiency. As part of the evaluation of the QCD and Z+jets background, we
also employ a pre-scaled pure HT trigger and specialized lepton triggers, respectively. A cross-
object muon and HT trigger is used as part of our cross-check analysis of the top and W+jets
background.
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T > 300 GeV, respectively. Beside the standard method to evaluate the
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calorimeter. Muons are detected with gas-ionization chambers embedded in the steel flux-
return yoke outside the solenoid. The tracker covers the region |h| < 2.5 and the calorimeters
|h| < 3.0. The region 3 < |h| < 5 is instrumented with a forward calorimeter. The near-
hermeticity of the detector permits accurate measurement of energy balance in the transverse
plane.

The principal trigger used in the analysis is based on cross-object requirements for HT and
MHT, where HT is the scalar sum of the transverse energy of jets and MHT is the modulus of the
corresponding vector sum. The trigger is found to be 100% efficient for the offline requirements
HT > 400 GeV and Emiss

T > 150 GeV. Our loosest analysis requirement is HT > 350 GeV and
Emiss

T > 150 GeV, for which the trigger is about 99% efficient. A correction is applied to account
for this small inefficiency. As part of the evaluation of the QCD and Z+jets background, we
also employ a pre-scaled pure HT trigger and specialized lepton triggers, respectively. A cross-
object muon and HT trigger is used as part of our cross-check analysis of the top and W+jets
background.
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Figure 7: Signal and sideband regions in the (HT, Emiss
T ) plane.

3.4.3 Control regions352

We refer to the region 50 < Emiss
T < 100 GeV, used to study QCD events, as the low sideband353

(LSB). We also use the region Dfmin
N < 4, which we call the LDP (for low Delta phi), for QCD354

studies.355

For studies of tt and similar processes, we define a single lepton (SL) sample as the events with356

exactly one e or µ using the selection criteria given in Sec. 3.2.1. To reduce the potential signal357

contribution, we apply an additional cut mT < 100 GeV to this sample only, where mT is the358

transverse mass.359

3.5 Cut flow in MC360

The results of the event selection on the MC are shown in Table 7; note that corrections for jet361

energy resolution, pileup, trigger efficiency, and b-tagging efficiency are applied.362

3.6 Cut flow Synchronization363

An important part of the analysis validation was a synchronization exercise to verify the con-364

sistency of the MC samples, datasets, and analysis procedures. Four different analysis groups365

synchronized on two independently produced ntuples. The results are shown at https://366

twiki.cern.ch/twiki/bin/view/CMS/SusyRA2BJets2011#Synchronization_exercises.367

The full 2011 HT dataset and unweighted MC samples for LM9 and tt are used. It is seen that368

a high level of synchronization is achieved.369
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N < 4, which we call the LDP (for low Delta phi), for QCD354
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For studies of tt and similar processes, we define a single lepton (SL) sample as the events with356

exactly one e or µ using the selection criteria given in Sec. 3.2.1. To reduce the potential signal357

contribution, we apply an additional cut mT < 100 GeV to this sample only, where mT is the358
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Figure 2: Distribution of Emiss
T for the (a,b) loose and (c,d) tight signal selections in compar-

ison to MC for (a,c) � 1 b-jets and (b,d) � 2 b-jets. The hatched bands show the statistical
uncertainty on the total standard model MC prediction.

3 Event Selection

Physics objects are defined using the particle flow (PF) method [8], which reconstructs and
identifies charged and neutral hadrons, muons, electrons (with associated bremsstrahlung pho-
tons), and photons, using an optimized combination of information from CMS subdetectors.
The PF objects serve as input for jet reconstruction, based on the anti-kT algorithm [9] with
resolution scale 0.5. pT- and h-dependent jet corrections [10] account for residual effects of
non-uniform detector response. The missing transverse energy Emiss

T is defined as the mag-
nitude of the vector sum of the transverse momenta of all PF objects. The Emiss

T vector is the
negative of that same vector sum. Henceforth, the jet, lepton, and Emiss

T results in this note refer
to the corresponding PF quantities.

The basic event selection criteria are:
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3.4.3 Control regions352

We refer to the region 50 < Emiss
T < 100 GeV, used to study QCD events, as the low sideband353

(LSB). We also use the region Dfmin
N < 4, which we call the LDP (for low Delta phi), for QCD354

studies.355

For studies of tt and similar processes, we define a single lepton (SL) sample as the events with356

exactly one e or µ using the selection criteria given in Sec. 3.2.1. To reduce the potential signal357

contribution, we apply an additional cut mT < 100 GeV to this sample only, where mT is the358
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Figure 2: Distribution of Emiss
T for the (a,b) loose and (c,d) tight signal selections in compar-

ison to MC for (a,c) � 1 b-jets and (b,d) � 2 b-jets. The hatched bands show the statistical
uncertainty on the total standard model MC prediction.

3 Event Selection

Physics objects are defined using the particle flow (PF) method [8], which reconstructs and
identifies charged and neutral hadrons, muons, electrons (with associated bremsstrahlung pho-
tons), and photons, using an optimized combination of information from CMS subdetectors.
The PF objects serve as input for jet reconstruction, based on the anti-kT algorithm [9] with
resolution scale 0.5. pT- and h-dependent jet corrections [10] account for residual effects of
non-uniform detector response. The missing transverse energy Emiss

T is defined as the mag-
nitude of the vector sum of the transverse momenta of all PF objects. The Emiss

T vector is the
negative of that same vector sum. Henceforth, the jet, lepton, and Emiss

T results in this note refer
to the corresponding PF quantities.

The basic event selection criteria are:
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3 Event Selection

Physics objects are defined using the particle flow (PF) method [8], which reconstructs and
identifies charged and neutral hadrons, muons, electrons (with associated bremsstrahlung pho-
tons), and photons, using an optimized combination of information from CMS subdetectors.
The PF objects serve as input for jet reconstruction, based on the anti-kT algorithm [9] with
resolution scale 0.5. pT- and h-dependent jet corrections [10] account for residual effects of
non-uniform detector response. The missing transverse energy Emiss

T is defined as the mag-
nitude of the vector sum of the transverse momenta of all PF objects. The Emiss

T vector is the
negative of that same vector sum. Henceforth, the jet, lepton, and Emiss

T results in this note refer
to the corresponding PF quantities.

The basic event selection criteria are:
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3.4.3 Control regions352

We refer to the region 50 < Emiss
T < 100 GeV, used to study QCD events, as the low sideband353

(LSB). We also use the region Dfmin
N < 4, which we call the LDP (for low Delta phi), for QCD354

studies.355

For studies of tt and similar processes, we define a single lepton (SL) sample as the events with356

exactly one e or µ using the selection criteria given in Sec. 3.2.1. To reduce the potential signal357

contribution, we apply an additional cut mT < 100 GeV to this sample only, where mT is the358

transverse mass.359

3.5 Cut flow in MC360

The results of the event selection on the MC are shown in Table 7; note that corrections for jet361

energy resolution, pileup, trigger efficiency, and b-tagging efficiency are applied.362

3.6 Cut flow Synchronization363

An important part of the analysis validation was a synchronization exercise to verify the con-364

sistency of the MC samples, datasets, and analysis procedures. Four different analysis groups365

synchronized on two independently produced ntuples. The results are shown at https://366

twiki.cern.ch/twiki/bin/view/CMS/SusyRA2BJets2011#Synchronization_exercises.367

The full 2011 HT dataset and unweighted MC samples for LM9 and tt are used. It is seen that368
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Physics objects are defined using the particle flow (PF) method [8], which reconstructs and
identifies charged and neutral hadrons, muons, electrons (with associated bremsstrahlung pho-
tons), and photons, using an optimized combination of information from CMS subdetectors.
The PF objects serve as input for jet reconstruction, based on the anti-kT algorithm [9] with
resolution scale 0.5. pT- and h-dependent jet corrections [10] account for residual effects of
non-uniform detector response. The missing transverse energy Emiss

T is defined as the mag-
nitude of the vector sum of the transverse momenta of all PF objects. The Emiss
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3.4.3 Control regions352

We refer to the region 50 < Emiss
T < 100 GeV, used to study QCD events, as the low sideband353

(LSB). We also use the region Dfmin
N < 4, which we call the LDP (for low Delta phi), for QCD354

studies.355

For studies of tt and similar processes, we define a single lepton (SL) sample as the events with356

exactly one e or µ using the selection criteria given in Sec. 3.2.1. To reduce the potential signal357

contribution, we apply an additional cut mT < 100 GeV to this sample only, where mT is the358

transverse mass.359

3.5 Cut flow in MC360

The results of the event selection on the MC are shown in Table 7; note that corrections for jet361

energy resolution, pileup, trigger efficiency, and b-tagging efficiency are applied.362

3.6 Cut flow Synchronization363

An important part of the analysis validation was a synchronization exercise to verify the con-364

sistency of the MC samples, datasets, and analysis procedures. Four different analysis groups365

synchronized on two independently produced ntuples. The results are shown at https://366

twiki.cern.ch/twiki/bin/view/CMS/SusyRA2BJets2011#Synchronization_exercises.367

The full 2011 HT dataset and unweighted MC samples for LM9 and tt are used. It is seen that368

a high level of synchronization is achieved.369
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identifies charged and neutral hadrons, muons, electrons (with associated bremsstrahlung pho-
tons), and photons, using an optimized combination of information from CMS subdetectors.
The PF objects serve as input for jet reconstruction, based on the anti-kT algorithm [9] with
resolution scale 0.5. pT- and h-dependent jet corrections [10] account for residual effects of
non-uniform detector response. The missing transverse energy Emiss
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3.4.3 Control regions352

We refer to the region 50 < Emiss
T < 100 GeV, used to study QCD events, as the low sideband353

(LSB). We also use the region Dfmin
N < 4, which we call the LDP (for low Delta phi), for QCD354

studies.355

For studies of tt and similar processes, we define a single lepton (SL) sample as the events with356

exactly one e or µ using the selection criteria given in Sec. 3.2.1. To reduce the potential signal357

contribution, we apply an additional cut mT < 100 GeV to this sample only, where mT is the358

transverse mass.359

3.5 Cut flow in MC360

The results of the event selection on the MC are shown in Table 7; note that corrections for jet361

energy resolution, pileup, trigger efficiency, and b-tagging efficiency are applied.362

3.6 Cut flow Synchronization363

An important part of the analysis validation was a synchronization exercise to verify the con-364

sistency of the MC samples, datasets, and analysis procedures. Four different analysis groups365

synchronized on two independently produced ntuples. The results are shown at https://366

twiki.cern.ch/twiki/bin/view/CMS/SusyRA2BJets2011#Synchronization_exercises.367

The full 2011 HT dataset and unweighted MC samples for LM9 and tt are used. It is seen that368

a high level of synchronization is achieved.369
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Physics objects are defined using the particle flow (PF) method [8], which reconstructs and
identifies charged and neutral hadrons, muons, electrons (with associated bremsstrahlung pho-
tons), and photons, using an optimized combination of information from CMS subdetectors.
The PF objects serve as input for jet reconstruction, based on the anti-kT algorithm [9] with
resolution scale 0.5. pT- and h-dependent jet corrections [10] account for residual effects of
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T is defined as the mag-
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tons), and photons, using an optimized combination of information from CMS subdetectors.
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3.4.3 Control regions352

We refer to the region 50 < Emiss
T < 100 GeV, used to study QCD events, as the low sideband353

(LSB). We also use the region Dfmin
N < 4, which we call the LDP (for low Delta phi), for QCD354

studies.355

For studies of tt and similar processes, we define a single lepton (SL) sample as the events with356

exactly one e or µ using the selection criteria given in Sec. 3.2.1. To reduce the potential signal357

contribution, we apply an additional cut mT < 100 GeV to this sample only, where mT is the358

transverse mass.359

3.5 Cut flow in MC360

The results of the event selection on the MC are shown in Table 7; note that corrections for jet361

energy resolution, pileup, trigger efficiency, and b-tagging efficiency are applied.362

3.6 Cut flow Synchronization363

An important part of the analysis validation was a synchronization exercise to verify the con-364

sistency of the MC samples, datasets, and analysis procedures. Four different analysis groups365

synchronized on two independently produced ntuples. The results are shown at https://366

twiki.cern.ch/twiki/bin/view/CMS/SusyRA2BJets2011#Synchronization_exercises.367

The full 2011 HT dataset and unweighted MC samples for LM9 and tt are used. It is seen that368

a high level of synchronization is achieved.369

“loose”

“tight”
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Figure 18: (a) The efficiency of the selection that provides the best expected cross section limit,
and (b) the corresponding selection itself, where “1T” and “2L” correspond to the � 1 b tight
and � 2 b loose selections, respectively.
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Figure 18: (a) The efficiency of the selection that provides the best expected cross section limit,
and (b) the corresponding selection itself, where “1T” and “2L” correspond to the � 1 b tight
and � 2 b loose selections, respectively.
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Figure 18: (a) The efficiency of the selection that provides the best expected cross section limit,
and (b) the corresponding selection itself, where “1T” and “2L” correspond to the � 1 b tight
and � 2 b loose selections, respectively.
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Figure 17: 95% CL cross section upper limits for the T1bbbb simplified model, evaluated with
the CLs method. For each point, we choose the selection that yields the best expected cross
section limit, as described in the text. The contours indicate the bounds on the regions where
the reference cross sections are excluded at 95% CL.
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Figure 18: (a) The efficiency of the selection that provides the best expected cross section limit,
and (b) the corresponding selection itself, where “1T” and “2L” correspond to the � 1 b tight
and � 2 b loose selections, respectively.
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Figure 17: 95% CL cross section upper limits for the T1bbbb simplified model, evaluated with
the CLs method. For each point, we choose the selection that yields the best expected cross
section limit, as described in the text. The contours indicate the bounds on the regions where
the reference cross sections are excluded at 95% CL.

24 A Technical Details of Monte Carlo Event Generation for SMSes

Figure 25: Best exclusion limits for gluino and squark masses, for mec0 = 0 GeV (dark blue)
and mmother � mec0 = 200 GeV (light blue), for each topology, for all results. For limits on

m(eg), m(eq) � m(eg), and vice versa. sprod = sNLO�QCD.m(ec±), m(ec0
2) ⌘

m(eg)+m(ec0)
2 .
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A Technical Details of Monte Carlo Event Generation for SMSes407

The simplified models are simulated using a particular production and decay model, and nor-408

malized using reference cross sections. The normalization is important for the interpretation of409

results based on the simulated model samples.410
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Figure 7: MT2 for events including at least one b-tagged jet after having applied all MT2b se-
lection cuts and HT > 750 GeV for an integrated luminosity of 4.73 fb�1. The last bin contains
the overflow. The different MC backgrounds are stacked on top of each other and normalized
to the integrated luminosity. The LM9 signal distribution is normalized to the same integrated
luminosity and superposed to the MC background.

Table 5: Expected background event yields and observed number of events in data after prese-
lection for events with at least one b-tagged jet in the low and high HT regions.

QCD W+jets Top Z(nn)+jets total MC Data
750  HT  950
All Selections 2.83e+04 4.53e+02 1.15e+03 1.41e+02 2.97e+04 2.99e+04
MT2 (125, 150] GeV 5.16 1.86 20.3 0.95 28.3 22
MT2 (150, 200] GeV 0.16 1.94 17.9 2.00 22.1 16
MT2 (200, 300] GeV 0.0 1.84 9.43 1.25 12.6 16
MT2 (300, •] GeV 0.0 0.57 2.55 0.53 3.65 2
HT > 950
All Selections 1.19e+04 2.18e+01 5.46e+02 6.51e+00 1.25e+04 1.23e+04
MT2 (125, 150] GeV 1.25 0.76 9.95 0.64 12.7 10
MT2 (150, 180] GeV 0.57 0.79 7.15 0.43 8.96 10
MT2 (180, 260] GeV 0.67 1.09 6.62 0.68 9.06 9
MT2 (260, •] GeV 0.04 0.76 3.09 0.65 4.55 3
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• Similar to SS dilepton analysis: 
just add 2 b-tagged jets

• Fake lepton background from b’s 
dramatically smaller!

• top contribution expected to 
decrease by factor of 2!

• More exclusive search
• Same-sign top production
• SUSY 4 top final states
• SUSY sbottom pair production
• SUSY 4b4W final states
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Figure 1: Scatter plot in the (MR, R2) plane for simulated events: (top left) QCD multijet, (top
right) W+jets and Z(nn̄+jets, (bottom left) tt̄+jets, and (bottom right) the SUSY benchmark
model LM6 [12] with MD = 831 GeV. The yields are normalized to an integrated luminosity
of ⇠ 800 pb�1, except in the QCD multijet case where we use the corresponding generated
luminosity. The bin size is (20 GeV ⇥ 0.005).

3. Three additional event samples are introduced to serve as data control samples for the
QCD multijet background in the HAD, ELE, and MU boxes. The QCD multijet control
sample for the HAD box is obtained from event samples recorded with pre-scaled jet
triggers, while the QCD multijet control samples for the ELE and MU boxes are obtained
by inverting the lepton isolation requirement.

4. Simulated samples are produced for the major SM backgrounds: QCD multijets, W+jets,
Z+jets, and tt̄, in all of the boxes. The simulated samples are used to find the regions of
the R2-MR plane in each box where the backgrounds can be described by simple expo-
nentials. The parameters describing these exponential shapes in the simulated samples
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right) W+jets and Z(nn̄+jets, (bottom left) tt̄+jets, and (bottom right) the SUSY benchmark
model LM6 [12] with MD = 831 GeV. The yields are normalized to an integrated luminosity
of ⇠ 800 pb�1, except in the QCD multijet case where we use the corresponding generated
luminosity. The bin size is (20 GeV ⇥ 0.005).

3. Three additional event samples are introduced to serve as data control samples for the
QCD multijet background in the HAD, ELE, and MU boxes. The QCD multijet control
sample for the HAD box is obtained from event samples recorded with pre-scaled jet
triggers, while the QCD multijet control samples for the ELE and MU boxes are obtained
by inverting the lepton isolation requirement.

4. Simulated samples are produced for the major SM backgrounds: QCD multijets, W+jets,
Z+jets, and tt̄, in all of the boxes. The simulated samples are used to find the regions of
the R2-MR plane in each box where the backgrounds can be described by simple expo-
nentials. The parameters describing these exponential shapes in the simulated samples
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right) W+jets and Z(nn̄+jets, (bottom left) tt̄+jets, and (bottom right) the SUSY benchmark
model LM6 [12] with MD = 831 GeV. The yields are normalized to an integrated luminosity
of ⇠ 800 pb�1, except in the QCD multijet case where we use the corresponding generated
luminosity. The bin size is (20 GeV ⇥ 0.005).

3. Three additional event samples are introduced to serve as data control samples for the
QCD multijet background in the HAD, ELE, and MU boxes. The QCD multijet control
sample for the HAD box is obtained from event samples recorded with pre-scaled jet
triggers, while the QCD multijet control samples for the ELE and MU boxes are obtained
by inverting the lepton isolation requirement.

4. Simulated samples are produced for the major SM backgrounds: QCD multijets, W+jets,
Z+jets, and tt̄, in all of the boxes. The simulated samples are used to find the regions of
the R2-MR plane in each box where the backgrounds can be described by simple expo-
nentials. The parameters describing these exponential shapes in the simulated samples
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7.1 QCD multijet background 9

after a turn-on at low MR resulting from the pT threshold requirement on the jets entering the
megajet calculation. The exponential region of these distributions is fitted for each value of
R2 to extract the coefficient in the exponent, denoted by S. The value of S that maximizes the
likelihood in the exponential fit is found to be a linear function of R2

cut as shown in Fig. 2 (right);
fitting S in the form S = a + bR2

cut determines the values of a and b.
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Figure 2: (Top left) MR distributions for different values of the R2 threshold for events in data
selected in the QCD control box. (Top right) R2 distributions for different values of the MR
threshold for events in data selected in the QCD control box. (Bottom left) The exponential
slope S from fits to the MR distribution, as a function of the square of the R2 threshold for data
events in the QCD control box. (Bottom right) The coefficient in the exponent S from fits to
the R2 distribution, as a function of the square of the MR threshold for data events in the QCD
control box.

The R2
cut distributions for events satisfying the QCD control box selection, for different values

of the MR threshold, are shown in Fig. 2 (left). The R2 distribution is exponentially falling,
after a turn-on at low R2. The exponential region of these distributions is fitted for each value
of Mcut

R to extract the coefficient in the exponent, again denoted by S0. The value of S0 that
maximizes the likelihood in the exponential fit is found to be a linear function of Mcut

R as shown
in Fig. 2 (right); fitting S0 in the form S0 = c + dMcut

R determines the values of c and d. The d
slope parameter is found to equal the b slope parameter within an accuracy of a few percent as
shown in Fig. 2. This is used in building a 2D probability density function (pdf) that analytically
describes the R2 vs MR distribution and recovers an exponential distribution in MR(R2) after
integrating out R2(MR), exploiting the equality d = b.

The other backgrounds exhibit the same behavior; each SM process can be described with the
same functional form but different parameters.
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after a turn-on at low MR resulting from the pT threshold requirement on the jets entering the
megajet calculation. The exponential region of these distributions is fitted for each value of
R2 to extract the coefficient in the exponent, denoted by S. The value of S that maximizes the
likelihood in the exponential fit is found to be a linear function of R2

cut as shown in Fig. 2 (right);
fitting S in the form S = a + bR2

cut determines the values of a and b.
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Figure 2: (Top left) MR distributions for different values of the R2 threshold for events in data
selected in the QCD control box. (Top right) R2 distributions for different values of the MR
threshold for events in data selected in the QCD control box. (Bottom left) The exponential
slope S from fits to the MR distribution, as a function of the square of the R2 threshold for data
events in the QCD control box. (Bottom right) The coefficient in the exponent S from fits to
the R2 distribution, as a function of the square of the MR threshold for data events in the QCD
control box.

The R2
cut distributions for events satisfying the QCD control box selection, for different values

of the MR threshold, are shown in Fig. 2 (left). The R2 distribution is exponentially falling,
after a turn-on at low R2. The exponential region of these distributions is fitted for each value
of Mcut

R to extract the coefficient in the exponent, again denoted by S0. The value of S0 that
maximizes the likelihood in the exponential fit is found to be a linear function of Mcut

R as shown
in Fig. 2 (right); fitting S0 in the form S0 = c + dMcut

R determines the values of c and d. The d
slope parameter is found to equal the b slope parameter within an accuracy of a few percent as
shown in Fig. 2. This is used in building a 2D probability density function (pdf) that analytically
describes the R2 vs MR distribution and recovers an exponential distribution in MR(R2) after
integrating out R2(MR), exploiting the equality d = b.

The other backgrounds exhibit the same behavior; each SM process can be described with the
same functional form but different parameters.
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after a turn-on at low MR resulting from the pT threshold requirement on the jets entering the
megajet calculation. The exponential region of these distributions is fitted for each value of
R2 to extract the coefficient in the exponent, denoted by S. The value of S that maximizes the
likelihood in the exponential fit is found to be a linear function of R2

cut as shown in Fig. 2 (right);
fitting S in the form S = a + bR2

cut determines the values of a and b.
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Figure 2: (Top left) MR distributions for different values of the R2 threshold for events in data
selected in the QCD control box. (Top right) R2 distributions for different values of the MR
threshold for events in data selected in the QCD control box. (Bottom left) The exponential
slope S from fits to the MR distribution, as a function of the square of the R2 threshold for data
events in the QCD control box. (Bottom right) The coefficient in the exponent S from fits to
the R2 distribution, as a function of the square of the MR threshold for data events in the QCD
control box.

The R2
cut distributions for events satisfying the QCD control box selection, for different values

of the MR threshold, are shown in Fig. 2 (left). The R2 distribution is exponentially falling,
after a turn-on at low R2. The exponential region of these distributions is fitted for each value
of Mcut

R to extract the coefficient in the exponent, again denoted by S0. The value of S0 that
maximizes the likelihood in the exponential fit is found to be a linear function of Mcut

R as shown
in Fig. 2 (right); fitting S0 in the form S0 = c + dMcut

R determines the values of c and d. The d
slope parameter is found to equal the b slope parameter within an accuracy of a few percent as
shown in Fig. 2. This is used in building a 2D probability density function (pdf) that analytically
describes the R2 vs MR distribution and recovers an exponential distribution in MR(R2) after
integrating out R2(MR), exploiting the equality d = b.

The other backgrounds exhibit the same behavior; each SM process can be described with the
same functional form but different parameters.

Basic Idea:

EXO-11-030



f(MR) / exp[�SMR]

16.03.2012

UIC University of Illinois
at Chicago

Fermilab

LPC
LHC Physics Center

3G Lepto-quarks

27

• MR observe
d to fall ex

ponentiall
y

• Background strategy

• fit expone
ntial to d

ata in Control 

Regions

• extrapolate into S
ignal Regions

Search Stra
tegy

7.1 QCD multijet background 9

after a turn-on at low MR resulting from the pT threshold requirement on the jets entering the
megajet calculation. The exponential region of these distributions is fitted for each value of
R2 to extract the coefficient in the exponent, denoted by S. The value of S that maximizes the
likelihood in the exponential fit is found to be a linear function of R2

cut as shown in Fig. 2 (right);
fitting S in the form S = a + bR2

cut determines the values of a and b.
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Figure 2: (Top left) MR distributions for different values of the R2 threshold for events in data
selected in the QCD control box. (Top right) R2 distributions for different values of the MR
threshold for events in data selected in the QCD control box. (Bottom left) The exponential
slope S from fits to the MR distribution, as a function of the square of the R2 threshold for data
events in the QCD control box. (Bottom right) The coefficient in the exponent S from fits to
the R2 distribution, as a function of the square of the MR threshold for data events in the QCD
control box.

The R2
cut distributions for events satisfying the QCD control box selection, for different values

of the MR threshold, are shown in Fig. 2 (left). The R2 distribution is exponentially falling,
after a turn-on at low R2. The exponential region of these distributions is fitted for each value
of Mcut

R to extract the coefficient in the exponent, again denoted by S0. The value of S0 that
maximizes the likelihood in the exponential fit is found to be a linear function of Mcut

R as shown
in Fig. 2 (right); fitting S0 in the form S0 = c + dMcut

R determines the values of c and d. The d
slope parameter is found to equal the b slope parameter within an accuracy of a few percent as
shown in Fig. 2. This is used in building a 2D probability density function (pdf) that analytically
describes the R2 vs MR distribution and recovers an exponential distribution in MR(R2) after
integrating out R2(MR), exploiting the equality d = b.

The other backgrounds exhibit the same behavior; each SM process can be described with the
same functional form but different parameters.
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after a turn-on at low MR resulting from the pT threshold requirement on the jets entering the
megajet calculation. The exponential region of these distributions is fitted for each value of
R2 to extract the coefficient in the exponent, denoted by S. The value of S that maximizes the
likelihood in the exponential fit is found to be a linear function of R2

cut as shown in Fig. 2 (right);
fitting S in the form S = a + bR2

cut determines the values of a and b.
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Figure 2: (Top left) MR distributions for different values of the R2 threshold for events in data
selected in the QCD control box. (Top right) R2 distributions for different values of the MR
threshold for events in data selected in the QCD control box. (Bottom left) The exponential
slope S from fits to the MR distribution, as a function of the square of the R2 threshold for data
events in the QCD control box. (Bottom right) The coefficient in the exponent S from fits to
the R2 distribution, as a function of the square of the MR threshold for data events in the QCD
control box.

The R2
cut distributions for events satisfying the QCD control box selection, for different values

of the MR threshold, are shown in Fig. 2 (left). The R2 distribution is exponentially falling,
after a turn-on at low R2. The exponential region of these distributions is fitted for each value
of Mcut

R to extract the coefficient in the exponent, again denoted by S0. The value of S0 that
maximizes the likelihood in the exponential fit is found to be a linear function of Mcut

R as shown
in Fig. 2 (right); fitting S0 in the form S0 = c + dMcut

R determines the values of c and d. The d
slope parameter is found to equal the b slope parameter within an accuracy of a few percent as
shown in Fig. 2. This is used in building a 2D probability density function (pdf) that analytically
describes the R2 vs MR distribution and recovers an exponential distribution in MR(R2) after
integrating out R2(MR), exploiting the equality d = b.

The other backgrounds exhibit the same behavior; each SM process can be described with the
same functional form but different parameters.
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after a turn-on at low MR resulting from the pT threshold requirement on the jets entering the
megajet calculation. The exponential region of these distributions is fitted for each value of
R2 to extract the coefficient in the exponent, denoted by S. The value of S that maximizes the
likelihood in the exponential fit is found to be a linear function of R2

cut as shown in Fig. 2 (right);
fitting S in the form S = a + bR2

cut determines the values of a and b.
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Figure 2: (Top left) MR distributions for different values of the R2 threshold for events in data
selected in the QCD control box. (Top right) R2 distributions for different values of the MR
threshold for events in data selected in the QCD control box. (Bottom left) The exponential
slope S from fits to the MR distribution, as a function of the square of the R2 threshold for data
events in the QCD control box. (Bottom right) The coefficient in the exponent S from fits to
the R2 distribution, as a function of the square of the MR threshold for data events in the QCD
control box.

The R2
cut distributions for events satisfying the QCD control box selection, for different values

of the MR threshold, are shown in Fig. 2 (left). The R2 distribution is exponentially falling,
after a turn-on at low R2. The exponential region of these distributions is fitted for each value
of Mcut

R to extract the coefficient in the exponent, again denoted by S0. The value of S0 that
maximizes the likelihood in the exponential fit is found to be a linear function of Mcut

R as shown
in Fig. 2 (right); fitting S0 in the form S0 = c + dMcut

R determines the values of c and d. The d
slope parameter is found to equal the b slope parameter within an accuracy of a few percent as
shown in Fig. 2. This is used in building a 2D probability density function (pdf) that analytically
describes the R2 vs MR distribution and recovers an exponential distribution in MR(R2) after
integrating out R2(MR), exploiting the equality d = b.

The other backgrounds exhibit the same behavior; each SM process can be described with the
same functional form but different parameters.
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after a turn-on at low MR resulting from the pT threshold requirement on the jets entering the
megajet calculation. The exponential region of these distributions is fitted for each value of
R2 to extract the coefficient in the exponent, denoted by S. The value of S that maximizes the
likelihood in the exponential fit is found to be a linear function of R2

cut as shown in Fig. 2 (right);
fitting S in the form S = a + bR2

cut determines the values of a and b.
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Figure 2: (Top left) MR distributions for different values of the R2 threshold for events in data
selected in the QCD control box. (Top right) R2 distributions for different values of the MR
threshold for events in data selected in the QCD control box. (Bottom left) The exponential
slope S from fits to the MR distribution, as a function of the square of the R2 threshold for data
events in the QCD control box. (Bottom right) The coefficient in the exponent S from fits to
the R2 distribution, as a function of the square of the MR threshold for data events in the QCD
control box.

The R2
cut distributions for events satisfying the QCD control box selection, for different values

of the MR threshold, are shown in Fig. 2 (left). The R2 distribution is exponentially falling,
after a turn-on at low R2. The exponential region of these distributions is fitted for each value
of Mcut

R to extract the coefficient in the exponent, again denoted by S0. The value of S0 that
maximizes the likelihood in the exponential fit is found to be a linear function of Mcut

R as shown
in Fig. 2 (right); fitting S0 in the form S0 = c + dMcut

R determines the values of c and d. The d
slope parameter is found to equal the b slope parameter within an accuracy of a few percent as
shown in Fig. 2. This is used in building a 2D probability density function (pdf) that analytically
describes the R2 vs MR distribution and recovers an exponential distribution in MR(R2) after
integrating out R2(MR), exploiting the equality d = b.

The other backgrounds exhibit the same behavior; each SM process can be described with the
same functional form but different parameters.
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after a turn-on at low MR resulting from the pT threshold requirement on the jets entering the
megajet calculation. The exponential region of these distributions is fitted for each value of
R2 to extract the coefficient in the exponent, denoted by S. The value of S that maximizes the
likelihood in the exponential fit is found to be a linear function of R2

cut as shown in Fig. 2 (right);
fitting S in the form S = a + bR2

cut determines the values of a and b.
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Figure 2: (Top left) MR distributions for different values of the R2 threshold for events in data
selected in the QCD control box. (Top right) R2 distributions for different values of the MR
threshold for events in data selected in the QCD control box. (Bottom left) The exponential
slope S from fits to the MR distribution, as a function of the square of the R2 threshold for data
events in the QCD control box. (Bottom right) The coefficient in the exponent S from fits to
the R2 distribution, as a function of the square of the MR threshold for data events in the QCD
control box.

The R2
cut distributions for events satisfying the QCD control box selection, for different values

of the MR threshold, are shown in Fig. 2 (left). The R2 distribution is exponentially falling,
after a turn-on at low R2. The exponential region of these distributions is fitted for each value
of Mcut

R to extract the coefficient in the exponent, again denoted by S0. The value of S0 that
maximizes the likelihood in the exponential fit is found to be a linear function of Mcut

R as shown
in Fig. 2 (right); fitting S0 in the form S0 = c + dMcut

R determines the values of c and d. The d
slope parameter is found to equal the b slope parameter within an accuracy of a few percent as
shown in Fig. 2. This is used in building a 2D probability density function (pdf) that analytically
describes the R2 vs MR distribution and recovers an exponential distribution in MR(R2) after
integrating out R2(MR), exploiting the equality d = b.

The other backgrounds exhibit the same behavior; each SM process can be described with the
same functional form but different parameters.

7.1 QCD multijet background 9

after a turn-on at low MR resulting from the pT threshold requirement on the jets entering the
megajet calculation. The exponential region of these distributions is fitted for each value of
R2 to extract the coefficient in the exponent, denoted by S. The value of S that maximizes the
likelihood in the exponential fit is found to be a linear function of R2

cut as shown in Fig. 2 (right);
fitting S in the form S = a + bR2

cut determines the values of a and b.
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Figure 2: (Top left) MR distributions for different values of the R2 threshold for events in data
selected in the QCD control box. (Top right) R2 distributions for different values of the MR
threshold for events in data selected in the QCD control box. (Bottom left) The exponential
slope S from fits to the MR distribution, as a function of the square of the R2 threshold for data
events in the QCD control box. (Bottom right) The coefficient in the exponent S from fits to
the R2 distribution, as a function of the square of the MR threshold for data events in the QCD
control box.

The R2
cut distributions for events satisfying the QCD control box selection, for different values

of the MR threshold, are shown in Fig. 2 (left). The R2 distribution is exponentially falling,
after a turn-on at low R2. The exponential region of these distributions is fitted for each value
of Mcut

R to extract the coefficient in the exponent, again denoted by S0. The value of S0 that
maximizes the likelihood in the exponential fit is found to be a linear function of Mcut

R as shown
in Fig. 2 (right); fitting S0 in the form S0 = c + dMcut

R determines the values of c and d. The d
slope parameter is found to equal the b slope parameter within an accuracy of a few percent as
shown in Fig. 2. This is used in building a 2D probability density function (pdf) that analytically
describes the R2 vs MR distribution and recovers an exponential distribution in MR(R2) after
integrating out R2(MR), exploiting the equality d = b.

The other backgrounds exhibit the same behavior; each SM process can be described with the
same functional form but different parameters.
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7.1 QCD multijet background 9

after a turn-on at low MR resulting from the pT threshold requirement on the jets entering the
megajet calculation. The exponential region of these distributions is fitted for each value of
R2 to extract the coefficient in the exponent, denoted by S. The value of S that maximizes the
likelihood in the exponential fit is found to be a linear function of R2

cut as shown in Fig. 2 (right);
fitting S in the form S = a + bR2

cut determines the values of a and b.
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Figure 2: (Top left) MR distributions for different values of the R2 threshold for events in data
selected in the QCD control box. (Top right) R2 distributions for different values of the MR
threshold for events in data selected in the QCD control box. (Bottom left) The exponential
slope S from fits to the MR distribution, as a function of the square of the R2 threshold for data
events in the QCD control box. (Bottom right) The coefficient in the exponent S from fits to
the R2 distribution, as a function of the square of the MR threshold for data events in the QCD
control box.

The R2
cut distributions for events satisfying the QCD control box selection, for different values

of the MR threshold, are shown in Fig. 2 (left). The R2 distribution is exponentially falling,
after a turn-on at low R2. The exponential region of these distributions is fitted for each value
of Mcut

R to extract the coefficient in the exponent, again denoted by S0. The value of S0 that
maximizes the likelihood in the exponential fit is found to be a linear function of Mcut

R as shown
in Fig. 2 (right); fitting S0 in the form S0 = c + dMcut

R determines the values of c and d. The d
slope parameter is found to equal the b slope parameter within an accuracy of a few percent as
shown in Fig. 2. This is used in building a 2D probability density function (pdf) that analytically
describes the R2 vs MR distribution and recovers an exponential distribution in MR(R2) after
integrating out R2(MR), exploiting the equality d = b.

The other backgrounds exhibit the same behavior; each SM process can be described with the
same functional form but different parameters.
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after a turn-on at low MR resulting from the pT threshold requirement on the jets entering the
megajet calculation. The exponential region of these distributions is fitted for each value of
R2 to extract the coefficient in the exponent, denoted by S. The value of S that maximizes the
likelihood in the exponential fit is found to be a linear function of R2

cut as shown in Fig. 2 (right);
fitting S in the form S = a + bR2
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Figure 2: (Top left) MR distributions for different values of the R2 threshold for events in data
selected in the QCD control box. (Top right) R2 distributions for different values of the MR
threshold for events in data selected in the QCD control box. (Bottom left) The exponential
slope S from fits to the MR distribution, as a function of the square of the R2 threshold for data
events in the QCD control box. (Bottom right) The coefficient in the exponent S from fits to
the R2 distribution, as a function of the square of the MR threshold for data events in the QCD
control box.

The R2
cut distributions for events satisfying the QCD control box selection, for different values

of the MR threshold, are shown in Fig. 2 (left). The R2 distribution is exponentially falling,
after a turn-on at low R2. The exponential region of these distributions is fitted for each value
of Mcut

R to extract the coefficient in the exponent, again denoted by S0. The value of S0 that
maximizes the likelihood in the exponential fit is found to be a linear function of Mcut

R as shown
in Fig. 2 (right); fitting S0 in the form S0 = c + dMcut

R determines the values of c and d. The d
slope parameter is found to equal the b slope parameter within an accuracy of a few percent as
shown in Fig. 2. This is used in building a 2D probability density function (pdf) that analytically
describes the R2 vs MR distribution and recovers an exponential distribution in MR(R2) after
integrating out R2(MR), exploiting the equality d = b.

The other backgrounds exhibit the same behavior; each SM process can be described with the
same functional form but different parameters.
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after a turn-on at low MR resulting from the pT threshold requirement on the jets entering the
megajet calculation. The exponential region of these distributions is fitted for each value of
R2 to extract the coefficient in the exponent, denoted by S. The value of S that maximizes the
likelihood in the exponential fit is found to be a linear function of R2

cut as shown in Fig. 2 (right);
fitting S in the form S = a + bR2

cut determines the values of a and b.

 [GeV]RM
200 250 300 350 400

Ev
en

ts
 / 

( 4
.8

 G
eV

 )

1

10

210

 > 0.012R
 > 0.022R
 > 0.032R
 > 0.042R
 > 0.052R
 > 0.062R 0.01±= 0.307 

QCD
slope b  0.01±= 0.307 

QCD
slope b

   

 = 7 TeVsCMS Preliminary  
Dijet QCD control data 

2R
0.02 0.04 0.06 0.08 0.1 0.12

Ev
en

ts
 / 

( 0
.0

04
 )

10

210

310

 > 200 GeVRM
 > 225 GeVRM
 > 250 GeVRM
 > 275 GeVRM
 > 300 GeVRM

   

 = 7 TeVsCMS Preliminary  
Dijet QCD control data 

   

 = 7 TeVsCMS Preliminary  
Dijet QCD control data 

2(R Cut)
0.01 0.02 0.03 0.04 0.05 0.06 0.07

Sl
op

e 
Pa

ra
m

et
er

 [1
/G

eV
]

-0.034

-0.032

-0.03

-0.028

-0.026

-0.024

-0.022

-0.02

-0.018

-0.016

-0.014
 = 7 TeVsCMS Preliminary  

Dijet QCD control data 

 0.01±= 0.31 
QCD

slope b  0.01±= 0.31 
QCD

slope b

 Cut [GeV]RM
200 220 240 260 280 300 320

Sl
op

e 
Pa

ra
m

et
er

-90

-85

-80

-75

-70

-65

-60

-55

-50

 = 7 TeVsCMS Preliminary  Dijet QCD control data  = 7 TeVsCMS Preliminary  Dijet QCD control data 

 = 7 TeVsCMS Preliminary  
Dijet QCD control data 

 0.02±= 0.30 
QCD

slope d

Figure 2: (Top left) MR distributions for different values of the R2 threshold for events in data
selected in the QCD control box. (Top right) R2 distributions for different values of the MR
threshold for events in data selected in the QCD control box. (Bottom left) The exponential
slope S from fits to the MR distribution, as a function of the square of the R2 threshold for data
events in the QCD control box. (Bottom right) The coefficient in the exponent S from fits to
the R2 distribution, as a function of the square of the MR threshold for data events in the QCD
control box.

The R2
cut distributions for events satisfying the QCD control box selection, for different values

of the MR threshold, are shown in Fig. 2 (left). The R2 distribution is exponentially falling,
after a turn-on at low R2. The exponential region of these distributions is fitted for each value
of Mcut

R to extract the coefficient in the exponent, again denoted by S0. The value of S0 that
maximizes the likelihood in the exponential fit is found to be a linear function of Mcut

R as shown
in Fig. 2 (right); fitting S0 in the form S0 = c + dMcut

R determines the values of c and d. The d
slope parameter is found to equal the b slope parameter within an accuracy of a few percent as
shown in Fig. 2. This is used in building a 2D probability density function (pdf) that analytically
describes the R2 vs MR distribution and recovers an exponential distribution in MR(R2) after
integrating out R2(MR), exploiting the equality d = b.

The other backgrounds exhibit the same behavior; each SM process can be described with the
same functional form but different parameters.
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after a turn-on at low MR resulting from the pT threshold requirement on the jets entering the
megajet calculation. The exponential region of these distributions is fitted for each value of
R2 to extract the coefficient in the exponent, denoted by S. The value of S that maximizes the
likelihood in the exponential fit is found to be a linear function of R2

cut as shown in Fig. 2 (right);
fitting S in the form S = a + bR2

cut determines the values of a and b.
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Figure 2: (Top left) MR distributions for different values of the R2 threshold for events in data
selected in the QCD control box. (Top right) R2 distributions for different values of the MR
threshold for events in data selected in the QCD control box. (Bottom left) The exponential
slope S from fits to the MR distribution, as a function of the square of the R2 threshold for data
events in the QCD control box. (Bottom right) The coefficient in the exponent S from fits to
the R2 distribution, as a function of the square of the MR threshold for data events in the QCD
control box.

The R2
cut distributions for events satisfying the QCD control box selection, for different values

of the MR threshold, are shown in Fig. 2 (left). The R2 distribution is exponentially falling,
after a turn-on at low R2. The exponential region of these distributions is fitted for each value
of Mcut

R to extract the coefficient in the exponent, again denoted by S0. The value of S0 that
maximizes the likelihood in the exponential fit is found to be a linear function of Mcut

R as shown
in Fig. 2 (right); fitting S0 in the form S0 = c + dMcut

R determines the values of c and d. The d
slope parameter is found to equal the b slope parameter within an accuracy of a few percent as
shown in Fig. 2. This is used in building a 2D probability density function (pdf) that analytically
describes the R2 vs MR distribution and recovers an exponential distribution in MR(R2) after
integrating out R2(MR), exploiting the equality d = b.

The other backgrounds exhibit the same behavior; each SM process can be described with the
same functional form but different parameters.

Basic Idea:

EXO-11-030



16.03.2012

UIC University of Illinois
at Chicago

Fermilab

LPC
LHC Physics Center

3G Lepto-quarks

28

EXO-
11-0

30



16.03.2012

UIC University of Illinois
at Chicago

Fermilab

LPC
LHC Physics Center

3G Lepto-quarks

28

• Lepton Sidebands (treat l as ν):
• Electron Box: remove e veto• Muon Box:     remove μ veto

• =1 b-tag Sidebands

Control Sidebands
EXO-

11-0
30



16.03.2012

UIC University of Illinois
at Chicago

Fermilab

LPC
LHC Physics Center

3G Lepto-quarks

28

• Lepton Sidebands (treat l as ν):
• Electron Box: remove e veto• Muon Box:     remove μ veto

• =1 b-tag Sidebands

Control Sidebands

• W/Z + b-jets 

• Shape: MC

• Norm: SB in Ha
dron box; 

=1 b-tag 
SB

• ttbar + je
ts

• Shape: tig
ht Muon Box; 

  ≥2 b-tag

• Norm: tight El
ect. Box; 

  =1 b-ta
g SB

• QCD multi b-jet
s

• Shape: lo
ose Muon Box; 

 =1 b-tag
 SB

• Norm: Hadron Box 
SB;    =1 

b-tag SB

Backgrounds

EXO-
11-0

30



16.03.2012

UIC University of Illinois
at Chicago

Fermilab

LPC
LHC Physics Center

3G Lepto-quarks

29

• W/Z + b-jets 

• Shape: MC

• Norm: SB in Ha
dron box; 

=1 b-tag 
SB

• ttbar + je
ts

• Shape: tig
ht Muon Box; 

  ≥2 b-tag

• Norm: tight El
ect. Box; 

  =1 b-ta
g SB

• QCD multi b-jet
s

• Shape: lo
ose Muon Box; 

 =1 b-tag
 SB

• Norm: Hadron Box 
SB;    =1 

b-tag SB

Backgrounds

EXO-11-030



12 6 Results

 (GeV)RM
400 500 600 700 800 900 1000 1100 1200 1300 1400

Ev
en

ts
 / 

( 4
0 

G
eV

 )

1

10

210
Data
Multijets
W/Z + jets

 + jetstt
Total SM Prediction +

 = 250 GeV)
LQ

LQ (M

-1 L dt = 1.8 fb∫=7 TeV  sCMS Preliminary 

2R
0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6

Ev
en

ts

0

20

40

60

80

100

120

140

160

180

Data
Total SM Prediction
Total SM Prediction +

 = 250 GeV)
LQ

LQ (M

-1 L dt = 1.8 fb∫=7 TeV  sCMS Preliminary 

Figure 5: Comparison of the background prediction with data observed in the LL sample in
the HAD signal box for MR (left) and R (right) distributions. The expected contribution from
leptoquark signal events with mass M = 250 GeV is shown.

Mass of LQ3 [GeV] R2 MR
>200 0.25 400
>330 0.30 400
>340 0.35 400

Table 9: R/MR thresholds defining the signal boxes for various LQ mass hypothesis. These
selections are used for the search of a LQ3 signal in the LL-tagged HAD box events.

R/MR Expected Number of Events Observed Number of Events
MR > 400, R2 > 0.25 326.98 ±30.98 295
MR > 400, R2 > 0.30 195.49 ±25.58 172
MR > 400, R2 > 0.35 121.88 ±21.51 107

Table 10: Expected and observed number of events in different signal boxes.

MLQ[GeV] Signal Efficiency
200 0.64 ±0.08
250 1.85 ±0.22
280 3.04 ±0.36
320 5.29 ±0.62
340 4.96 ±0.58
450 9.64 ±1.11
600 11.38 ±1.32

Table 11: Efficiency of the cuts listed in Table 9 for various LQ signal hypothesis. Statistical and
systematic uncertainties listed in Sec. 5 are included.

A 95% C.L. upper limit is set on the potential signal cross-section, as summarized in Table 12,
and the limits on third generation LQ pair production cross section are shown in Fig. 6. The
upper limits are compared to the NLO prediction of the LQ pair production cross section [28],
and we set a 95% C.L. exclusion on LQ masses smaller than 350 GeV (expected 340 GeV),
assuming Br(LQ ! bnt) = 1. We also present the 95% C.L. limit on Br(LQ ! bnt) as a function
of LQ mass as shown in Figure 7.
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6.1 Conclusion 13

MLQ [GeV] -2s -1s Medium Expected Limit [pb] +1s +2s Observed Limit [pb]
200 3.20 3.97 5.53 7.83 9.86 4.35
210 2.22 3.12 4.41 5.93 7.69 3.38
220 1.97 2.37 3.46 4.95 6.11 2.68
230 1.41 2.14 2.85 3.97 4.93 2.25
240 1.33 1.69 2.28 3.21 4.02 1.80
250 0.95 1.35 1.93 2.64 3.33 1.50
260 0.82 1.22 1.67 2.39 2.87 1.36
270 0.74 0.94 1.32 1.85 2.27 1.00
280 0.60 0.84 1.16 1.64 1.98 0.91
290 0.51 0.72 0.98 1.37 1.71 0.77
310 0.44 0.54 0.76 1.06 1.38 0.60
320 0.36 0.49 0.67 0.94 1.21 0.52
330 0.35 0.42 0.60 0.85 1.08 0.46
340 0.32 0.40 0.55 0.77 1.04 0.45
350 0.31 0.39 0.52 0.72 0.94 0.46
450 0.14 0.17 0.22 0.32 0.42 0.20
500 0.11 0.15 0.19 0.27 0.35 0.17
550 0.10 0.13 0.17 0.24 0.32 0.15
600 0.09 0.12 0.15 0.22 0.30 0.14

Table 12: Expected and Observed 95%C.L. upper limits for different LQ masses.
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Figure 6: Expected and observed 95%C.L. upper limit on the LQ production cross section as a
function of LQ3 masses, for Br(LQ ! bnt) = 1, compared to the theoretical expectation.

6.1 Conclusion

We perform a search for third generation leptoquarks in the all-hadronic channel with a signa-
ture of large

�
ET and b-tagged jets, using 1.8 fb�1 of data collected by the CMS detector at the

LHC in pp collisions at
p

s = 7 TeV. The background estimates are derived using data-driven
methods. The number of observed events, passing a selection optimized for exclusion of the
LQ hypothesis, is in good agreement with the predictions for the SM background processes.
Using the CLs approach that includes the treatment of the systematic uncertainties as nuisance
parameters has been used to set an upper limit on the LQ pair production cross section, exclud-
ing a scalar LQ with masses below 350 GeV.
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14 6 Results
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Figure 7: 95% CL upper limits on the branching ratio Br(LQ ! bnt) as a function of the LQ
mass. The ± one standard deviation equivalent variations in the uncertainties are shown as a
band around the median expected limit.
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Figure 1: The distributions of the invariant mass of two oppositely charged muons or electrons
from data (points) and from Monte Carlo simulations of the backgrounds (colored histograms)
and a 350 GeV/c2 TT signal (open histograms), M`+`� (left), jet multiplicity (center), and RT
(right) for events with a reconstructed Z-boson candidate and a charged lepton.

multiplicity, and RT for events with a Z-boson candidate and a charged lepton are displayed
in Fig. 1. The expected distributions of a T signal with 350 GeV/c2 mass also shown in Fig. 1
are normalized using the TT cross section calculated to approximately next-to-next-to-leading
order (NNLO) in as [27].

After the full selection criteria are applied, two types of background sources remain in the sig-
nal sample: a) events with two prompt leptons (B2`) and a non-prompt lepton from a jet; b)
events with three prompt leptons (B3`). To estimate the yield of the B2` background in data, a
method using a sample of leptons passing looser selection criteria than those described above
is introduced. This type of background is primarily from Z and tt processes. Electrons chosen
with the full selection criteria defined above are called “tight” electrons. Electron candidates
that are above the same pT threshold, isolated from other activities in the detector, but fail the
full selection criteria are called “loose” electrons. Similarly, muons chosen with the full selec-
tion criteria are “tight” muons, while muon candidates passing the selection criteria defined
above except the requirement on the sum of the pT of tracks surrounding the muon candi-
date are “loose” muons. An additional control sample is defined with selection criteria similar
to those of the signal sample, except that the third lepton must only satisfy the loose lepton
requirements. Z and tt production are the dominant processes also in the control sample, sim-
ilarly to the signal sample. The background is estimated using the event yield observed in the
control sample, multiplied by the probability of a loose lepton in background events passing
the tight criteria. This probability is determined from data by taking the number of events in a
multijet dominant control sample, and dividing the number of events with one loose and one
tight lepton by the number of events with two loose leptons. For electrons this probability is
(2.00± 0.02)% and for muons it is (18.7± 0.1)%, where the uncertainties are statistical only. The
background yield in the signal sample is estimated to be 3.0± 0.8 events, and the possible pres-
ence of signal events in the control sample has a negligible effect. The small contribution from
QCD multijet processes is included in this estimation. The method described above predicts
a background contribution in the signal sample that is consistent with the expectation from
simulated standard model event samples.

The contribution of B3` background from processes such as tt + Z and diboson production is
evaluated from simulations using the MADGRAPH and PYTHIA generators. These background
processes are irreducible and their contribution amount to 1.6 ± 0.5 events. As summarized in
Table 1, the total estimated background yield in the signal sample is 4.6 ± 1.0 events, including
the systematic uncertainties described below. Seven events are observed in data, compatible
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Figure 1: The distributions of the invariant mass of two oppositely charged muons or electrons
from data (points) and from Monte Carlo simulations of the backgrounds (colored histograms)
and a 350 GeV/c2 TT signal (open histograms), M`+`� (left), jet multiplicity (center), and RT
(right) for events with a reconstructed Z-boson candidate and a charged lepton.

multiplicity, and RT for events with a Z-boson candidate and a charged lepton are displayed
in Fig. 1. The expected distributions of a T signal with 350 GeV/c2 mass also shown in Fig. 1
are normalized using the TT cross section calculated to approximately next-to-next-to-leading
order (NNLO) in as [27].

After the full selection criteria are applied, two types of background sources remain in the sig-
nal sample: a) events with two prompt leptons (B2`) and a non-prompt lepton from a jet; b)
events with three prompt leptons (B3`). To estimate the yield of the B2` background in data, a
method using a sample of leptons passing looser selection criteria than those described above
is introduced. This type of background is primarily from Z and tt processes. Electrons chosen
with the full selection criteria defined above are called “tight” electrons. Electron candidates
that are above the same pT threshold, isolated from other activities in the detector, but fail the
full selection criteria are called “loose” electrons. Similarly, muons chosen with the full selec-
tion criteria are “tight” muons, while muon candidates passing the selection criteria defined
above except the requirement on the sum of the pT of tracks surrounding the muon candi-
date are “loose” muons. An additional control sample is defined with selection criteria similar
to those of the signal sample, except that the third lepton must only satisfy the loose lepton
requirements. Z and tt production are the dominant processes also in the control sample, sim-
ilarly to the signal sample. The background is estimated using the event yield observed in the
control sample, multiplied by the probability of a loose lepton in background events passing
the tight criteria. This probability is determined from data by taking the number of events in a
multijet dominant control sample, and dividing the number of events with one loose and one
tight lepton by the number of events with two loose leptons. For electrons this probability is
(2.00± 0.02)% and for muons it is (18.7± 0.1)%, where the uncertainties are statistical only. The
background yield in the signal sample is estimated to be 3.0± 0.8 events, and the possible pres-
ence of signal events in the control sample has a negligible effect. The small contribution from
QCD multijet processes is included in this estimation. The method described above predicts
a background contribution in the signal sample that is consistent with the expectation from
simulated standard model event samples.

The contribution of B3` background from processes such as tt + Z and diboson production is
evaluated from simulations using the MADGRAPH and PYTHIA generators. These background
processes are irreducible and their contribution amount to 1.6 ± 0.5 events. As summarized in
Table 1, the total estimated background yield in the signal sample is 4.6 ± 1.0 events, including
the systematic uncertainties described below. Seven events are observed in data, compatible
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Figure 1: The distributions of the invariant mass of two oppositely charged muons or electrons
from data (points) and from Monte Carlo simulations of the backgrounds (colored histograms)
and a 350 GeV/c2 TT signal (open histograms), M`+`� (left), jet multiplicity (center), and RT
(right) for events with a reconstructed Z-boson candidate and a charged lepton.

multiplicity, and RT for events with a Z-boson candidate and a charged lepton are displayed
in Fig. 1. The expected distributions of a T signal with 350 GeV/c2 mass also shown in Fig. 1
are normalized using the TT cross section calculated to approximately next-to-next-to-leading
order (NNLO) in as [27].

After the full selection criteria are applied, two types of background sources remain in the sig-
nal sample: a) events with two prompt leptons (B2`) and a non-prompt lepton from a jet; b)
events with three prompt leptons (B3`). To estimate the yield of the B2` background in data, a
method using a sample of leptons passing looser selection criteria than those described above
is introduced. This type of background is primarily from Z and tt processes. Electrons chosen
with the full selection criteria defined above are called “tight” electrons. Electron candidates
that are above the same pT threshold, isolated from other activities in the detector, but fail the
full selection criteria are called “loose” electrons. Similarly, muons chosen with the full selec-
tion criteria are “tight” muons, while muon candidates passing the selection criteria defined
above except the requirement on the sum of the pT of tracks surrounding the muon candi-
date are “loose” muons. An additional control sample is defined with selection criteria similar
to those of the signal sample, except that the third lepton must only satisfy the loose lepton
requirements. Z and tt production are the dominant processes also in the control sample, sim-
ilarly to the signal sample. The background is estimated using the event yield observed in the
control sample, multiplied by the probability of a loose lepton in background events passing
the tight criteria. This probability is determined from data by taking the number of events in a
multijet dominant control sample, and dividing the number of events with one loose and one
tight lepton by the number of events with two loose leptons. For electrons this probability is
(2.00± 0.02)% and for muons it is (18.7± 0.1)%, where the uncertainties are statistical only. The
background yield in the signal sample is estimated to be 3.0± 0.8 events, and the possible pres-
ence of signal events in the control sample has a negligible effect. The small contribution from
QCD multijet processes is included in this estimation. The method described above predicts
a background contribution in the signal sample that is consistent with the expectation from
simulated standard model event samples.

The contribution of B3` background from processes such as tt + Z and diboson production is
evaluated from simulations using the MADGRAPH and PYTHIA generators. These background
processes are irreducible and their contribution amount to 1.6 ± 0.5 events. As summarized in
Table 1, the total estimated background yield in the signal sample is 4.6 ± 1.0 events, including
the systematic uncertainties described below. Seven events are observed in data, compatible
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Figure 1: The distributions of the invariant mass of two oppositely charged muons or electrons
from data (points) and from Monte Carlo simulations of the backgrounds (colored histograms)
and a 350 GeV/c2 TT signal (open histograms), M`+`� (left), jet multiplicity (center), and RT
(right) for events with a reconstructed Z-boson candidate and a charged lepton.

multiplicity, and RT for events with a Z-boson candidate and a charged lepton are displayed
in Fig. 1. The expected distributions of a T signal with 350 GeV/c2 mass also shown in Fig. 1
are normalized using the TT cross section calculated to approximately next-to-next-to-leading
order (NNLO) in as [27].

After the full selection criteria are applied, two types of background sources remain in the sig-
nal sample: a) events with two prompt leptons (B2`) and a non-prompt lepton from a jet; b)
events with three prompt leptons (B3`). To estimate the yield of the B2` background in data, a
method using a sample of leptons passing looser selection criteria than those described above
is introduced. This type of background is primarily from Z and tt processes. Electrons chosen
with the full selection criteria defined above are called “tight” electrons. Electron candidates
that are above the same pT threshold, isolated from other activities in the detector, but fail the
full selection criteria are called “loose” electrons. Similarly, muons chosen with the full selec-
tion criteria are “tight” muons, while muon candidates passing the selection criteria defined
above except the requirement on the sum of the pT of tracks surrounding the muon candi-
date are “loose” muons. An additional control sample is defined with selection criteria similar
to those of the signal sample, except that the third lepton must only satisfy the loose lepton
requirements. Z and tt production are the dominant processes also in the control sample, sim-
ilarly to the signal sample. The background is estimated using the event yield observed in the
control sample, multiplied by the probability of a loose lepton in background events passing
the tight criteria. This probability is determined from data by taking the number of events in a
multijet dominant control sample, and dividing the number of events with one loose and one
tight lepton by the number of events with two loose leptons. For electrons this probability is
(2.00± 0.02)% and for muons it is (18.7± 0.1)%, where the uncertainties are statistical only. The
background yield in the signal sample is estimated to be 3.0± 0.8 events, and the possible pres-
ence of signal events in the control sample has a negligible effect. The small contribution from
QCD multijet processes is included in this estimation. The method described above predicts
a background contribution in the signal sample that is consistent with the expectation from
simulated standard model event samples.

The contribution of B3` background from processes such as tt + Z and diboson production is
evaluated from simulations using the MADGRAPH and PYTHIA generators. These background
processes are irreducible and their contribution amount to 1.6 ± 0.5 events. As summarized in
Table 1, the total estimated background yield in the signal sample is 4.6 ± 1.0 events, including
the systematic uncertainties described below. Seven events are observed in data, compatible
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Figure 1: The distributions of the invariant mass of two oppositely charged muons or electrons
from data (points) and from Monte Carlo simulations of the backgrounds (colored histograms)
and a 350 GeV/c2 TT signal (open histograms), M`+`� (left), jet multiplicity (center), and RT
(right) for events with a reconstructed Z-boson candidate and a charged lepton.

multiplicity, and RT for events with a Z-boson candidate and a charged lepton are displayed
in Fig. 1. The expected distributions of a T signal with 350 GeV/c2 mass also shown in Fig. 1
are normalized using the TT cross section calculated to approximately next-to-next-to-leading
order (NNLO) in as [27].

After the full selection criteria are applied, two types of background sources remain in the sig-
nal sample: a) events with two prompt leptons (B2`) and a non-prompt lepton from a jet; b)
events with three prompt leptons (B3`). To estimate the yield of the B2` background in data, a
method using a sample of leptons passing looser selection criteria than those described above
is introduced. This type of background is primarily from Z and tt processes. Electrons chosen
with the full selection criteria defined above are called “tight” electrons. Electron candidates
that are above the same pT threshold, isolated from other activities in the detector, but fail the
full selection criteria are called “loose” electrons. Similarly, muons chosen with the full selec-
tion criteria are “tight” muons, while muon candidates passing the selection criteria defined
above except the requirement on the sum of the pT of tracks surrounding the muon candi-
date are “loose” muons. An additional control sample is defined with selection criteria similar
to those of the signal sample, except that the third lepton must only satisfy the loose lepton
requirements. Z and tt production are the dominant processes also in the control sample, sim-
ilarly to the signal sample. The background is estimated using the event yield observed in the
control sample, multiplied by the probability of a loose lepton in background events passing
the tight criteria. This probability is determined from data by taking the number of events in a
multijet dominant control sample, and dividing the number of events with one loose and one
tight lepton by the number of events with two loose leptons. For electrons this probability is
(2.00± 0.02)% and for muons it is (18.7± 0.1)%, where the uncertainties are statistical only. The
background yield in the signal sample is estimated to be 3.0± 0.8 events, and the possible pres-
ence of signal events in the control sample has a negligible effect. The small contribution from
QCD multijet processes is included in this estimation. The method described above predicts
a background contribution in the signal sample that is consistent with the expectation from
simulated standard model event samples.

The contribution of B3` background from processes such as tt + Z and diboson production is
evaluated from simulations using the MADGRAPH and PYTHIA generators. These background
processes are irreducible and their contribution amount to 1.6 ± 0.5 events. As summarized in
Table 1, the total estimated background yield in the signal sample is 4.6 ± 1.0 events, including
the systematic uncertainties described below. Seven events are observed in data, compatible

• RT = ∑i pT(jet)i + ∑j pT(lepton)j > 80

i, j ≠ 1,2 (exclude leading & sub-
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Figure 1: The distributions of the invariant mass of two oppositely charged muons or electrons
from data (points) and from Monte Carlo simulations of the backgrounds (colored histograms)
and a 350 GeV/c2 TT signal (open histograms), M`+`� (left), jet multiplicity (center), and RT
(right) for events with a reconstructed Z-boson candidate and a charged lepton.

multiplicity, and RT for events with a Z-boson candidate and a charged lepton are displayed
in Fig. 1. The expected distributions of a T signal with 350 GeV/c2 mass also shown in Fig. 1
are normalized using the TT cross section calculated to approximately next-to-next-to-leading
order (NNLO) in as [27].

After the full selection criteria are applied, two types of background sources remain in the sig-
nal sample: a) events with two prompt leptons (B2`) and a non-prompt lepton from a jet; b)
events with three prompt leptons (B3`). To estimate the yield of the B2` background in data, a
method using a sample of leptons passing looser selection criteria than those described above
is introduced. This type of background is primarily from Z and tt processes. Electrons chosen
with the full selection criteria defined above are called “tight” electrons. Electron candidates
that are above the same pT threshold, isolated from other activities in the detector, but fail the
full selection criteria are called “loose” electrons. Similarly, muons chosen with the full selec-
tion criteria are “tight” muons, while muon candidates passing the selection criteria defined
above except the requirement on the sum of the pT of tracks surrounding the muon candi-
date are “loose” muons. An additional control sample is defined with selection criteria similar
to those of the signal sample, except that the third lepton must only satisfy the loose lepton
requirements. Z and tt production are the dominant processes also in the control sample, sim-
ilarly to the signal sample. The background is estimated using the event yield observed in the
control sample, multiplied by the probability of a loose lepton in background events passing
the tight criteria. This probability is determined from data by taking the number of events in a
multijet dominant control sample, and dividing the number of events with one loose and one
tight lepton by the number of events with two loose leptons. For electrons this probability is
(2.00± 0.02)% and for muons it is (18.7± 0.1)%, where the uncertainties are statistical only. The
background yield in the signal sample is estimated to be 3.0± 0.8 events, and the possible pres-
ence of signal events in the control sample has a negligible effect. The small contribution from
QCD multijet processes is included in this estimation. The method described above predicts
a background contribution in the signal sample that is consistent with the expectation from
simulated standard model event samples.

The contribution of B3` background from processes such as tt + Z and diboson production is
evaluated from simulations using the MADGRAPH and PYTHIA generators. These background
processes are irreducible and their contribution amount to 1.6 ± 0.5 events. As summarized in
Table 1, the total estimated background yield in the signal sample is 4.6 ± 1.0 events, including
the systematic uncertainties described below. Seven events are observed in data, compatible
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Figure 1: The distributions of the invariant mass of two oppositely charged muons or electrons
from data (points) and from Monte Carlo simulations of the backgrounds (colored histograms)
and a 350 GeV/c2 TT signal (open histograms), M`+`� (left), jet multiplicity (center), and RT
(right) for events with a reconstructed Z-boson candidate and a charged lepton.

multiplicity, and RT for events with a Z-boson candidate and a charged lepton are displayed
in Fig. 1. The expected distributions of a T signal with 350 GeV/c2 mass also shown in Fig. 1
are normalized using the TT cross section calculated to approximately next-to-next-to-leading
order (NNLO) in as [27].

After the full selection criteria are applied, two types of background sources remain in the sig-
nal sample: a) events with two prompt leptons (B2`) and a non-prompt lepton from a jet; b)
events with three prompt leptons (B3`). To estimate the yield of the B2` background in data, a
method using a sample of leptons passing looser selection criteria than those described above
is introduced. This type of background is primarily from Z and tt processes. Electrons chosen
with the full selection criteria defined above are called “tight” electrons. Electron candidates
that are above the same pT threshold, isolated from other activities in the detector, but fail the
full selection criteria are called “loose” electrons. Similarly, muons chosen with the full selec-
tion criteria are “tight” muons, while muon candidates passing the selection criteria defined
above except the requirement on the sum of the pT of tracks surrounding the muon candi-
date are “loose” muons. An additional control sample is defined with selection criteria similar
to those of the signal sample, except that the third lepton must only satisfy the loose lepton
requirements. Z and tt production are the dominant processes also in the control sample, sim-
ilarly to the signal sample. The background is estimated using the event yield observed in the
control sample, multiplied by the probability of a loose lepton in background events passing
the tight criteria. This probability is determined from data by taking the number of events in a
multijet dominant control sample, and dividing the number of events with one loose and one
tight lepton by the number of events with two loose leptons. For electrons this probability is
(2.00± 0.02)% and for muons it is (18.7± 0.1)%, where the uncertainties are statistical only. The
background yield in the signal sample is estimated to be 3.0± 0.8 events, and the possible pres-
ence of signal events in the control sample has a negligible effect. The small contribution from
QCD multijet processes is included in this estimation. The method described above predicts
a background contribution in the signal sample that is consistent with the expectation from
simulated standard model event samples.

The contribution of B3` background from processes such as tt + Z and diboson production is
evaluated from simulations using the MADGRAPH and PYTHIA generators. These background
processes are irreducible and their contribution amount to 1.6 ± 0.5 events. As summarized in
Table 1, the total estimated background yield in the signal sample is 4.6 ± 1.0 events, including
the systematic uncertainties described below. Seven events are observed in data, compatible
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Figure 1: The distributions of the invariant mass of two oppositely charged muons or electrons
from data (points) and from Monte Carlo simulations of the backgrounds (colored histograms)
and a 350 GeV/c2 TT signal (open histograms), M`+`� (left), jet multiplicity (center), and RT
(right) for events with a reconstructed Z-boson candidate and a charged lepton.

multiplicity, and RT for events with a Z-boson candidate and a charged lepton are displayed
in Fig. 1. The expected distributions of a T signal with 350 GeV/c2 mass also shown in Fig. 1
are normalized using the TT cross section calculated to approximately next-to-next-to-leading
order (NNLO) in as [27].

After the full selection criteria are applied, two types of background sources remain in the sig-
nal sample: a) events with two prompt leptons (B2`) and a non-prompt lepton from a jet; b)
events with three prompt leptons (B3`). To estimate the yield of the B2` background in data, a
method using a sample of leptons passing looser selection criteria than those described above
is introduced. This type of background is primarily from Z and tt processes. Electrons chosen
with the full selection criteria defined above are called “tight” electrons. Electron candidates
that are above the same pT threshold, isolated from other activities in the detector, but fail the
full selection criteria are called “loose” electrons. Similarly, muons chosen with the full selec-
tion criteria are “tight” muons, while muon candidates passing the selection criteria defined
above except the requirement on the sum of the pT of tracks surrounding the muon candi-
date are “loose” muons. An additional control sample is defined with selection criteria similar
to those of the signal sample, except that the third lepton must only satisfy the loose lepton
requirements. Z and tt production are the dominant processes also in the control sample, sim-
ilarly to the signal sample. The background is estimated using the event yield observed in the
control sample, multiplied by the probability of a loose lepton in background events passing
the tight criteria. This probability is determined from data by taking the number of events in a
multijet dominant control sample, and dividing the number of events with one loose and one
tight lepton by the number of events with two loose leptons. For electrons this probability is
(2.00± 0.02)% and for muons it is (18.7± 0.1)%, where the uncertainties are statistical only. The
background yield in the signal sample is estimated to be 3.0± 0.8 events, and the possible pres-
ence of signal events in the control sample has a negligible effect. The small contribution from
QCD multijet processes is included in this estimation. The method described above predicts
a background contribution in the signal sample that is consistent with the expectation from
simulated standard model event samples.

The contribution of B3` background from processes such as tt + Z and diboson production is
evaluated from simulations using the MADGRAPH and PYTHIA generators. These background
processes are irreducible and their contribution amount to 1.6 ± 0.5 events. As summarized in
Table 1, the total estimated background yield in the signal sample is 4.6 ± 1.0 events, including
the systematic uncertainties described below. Seven events are observed in data, compatible

• RT = ∑i pT(jet)i + ∑j pT(lepton)j > 80

i, j ≠ 1,2 (exclude leading & sub-

leading jets & leptons)

Discrimination

• Search for FCNC decay 
T -> tZ -> tll: 

• Clean dilepton signature
• Require:
• 3 SF leptons
• 2 OS leptons with MZ

• No b-tag requirement

Strategy

arXiv:1109.498v1



16.03.2012

UIC University of Illinois
at Chicago

Fermilab

LPC
LHC Physics Center

Vector-like T

32

3

]2 [GeV/c-l+lM
60 70 80 90 100 110 120

)2
Ev

en
ts

/ (
5 

G
eV

/c

-110

1

10

210

310
data

)2 (350GeV/cTT
+W,Ztt

W/Z/diboson
tt

 = 7 TeVs  -1CMS 1.14 fb

N(Jets)
0 2 4 6 8 10

Ev
en
ts

-110

1

10

210

310
data

)2 (350GeV/cTT
+W,Ztt

W/Z/diboson
tt

 = 7 TeVs  -1CMS 1.14 fb

 [GeV/c]TR
0 100 200 300 400

Ev
en

ts
/ (

40
 G

eV
/c

)

-110

1

10

210

310

data
)2 (350GeV/cTT

+W,Ztt
W/Z/diboson
tt

 = 7 TeVs  -1CMS 1.14 fb

Figure 1: The distributions of the invariant mass of two oppositely charged muons or electrons
from data (points) and from Monte Carlo simulations of the backgrounds (colored histograms)
and a 350 GeV/c2 TT signal (open histograms), M`+`� (left), jet multiplicity (center), and RT
(right) for events with a reconstructed Z-boson candidate and a charged lepton.

multiplicity, and RT for events with a Z-boson candidate and a charged lepton are displayed
in Fig. 1. The expected distributions of a T signal with 350 GeV/c2 mass also shown in Fig. 1
are normalized using the TT cross section calculated to approximately next-to-next-to-leading
order (NNLO) in as [27].

After the full selection criteria are applied, two types of background sources remain in the sig-
nal sample: a) events with two prompt leptons (B2`) and a non-prompt lepton from a jet; b)
events with three prompt leptons (B3`). To estimate the yield of the B2` background in data, a
method using a sample of leptons passing looser selection criteria than those described above
is introduced. This type of background is primarily from Z and tt processes. Electrons chosen
with the full selection criteria defined above are called “tight” electrons. Electron candidates
that are above the same pT threshold, isolated from other activities in the detector, but fail the
full selection criteria are called “loose” electrons. Similarly, muons chosen with the full selec-
tion criteria are “tight” muons, while muon candidates passing the selection criteria defined
above except the requirement on the sum of the pT of tracks surrounding the muon candi-
date are “loose” muons. An additional control sample is defined with selection criteria similar
to those of the signal sample, except that the third lepton must only satisfy the loose lepton
requirements. Z and tt production are the dominant processes also in the control sample, sim-
ilarly to the signal sample. The background is estimated using the event yield observed in the
control sample, multiplied by the probability of a loose lepton in background events passing
the tight criteria. This probability is determined from data by taking the number of events in a
multijet dominant control sample, and dividing the number of events with one loose and one
tight lepton by the number of events with two loose leptons. For electrons this probability is
(2.00± 0.02)% and for muons it is (18.7± 0.1)%, where the uncertainties are statistical only. The
background yield in the signal sample is estimated to be 3.0± 0.8 events, and the possible pres-
ence of signal events in the control sample has a negligible effect. The small contribution from
QCD multijet processes is included in this estimation. The method described above predicts
a background contribution in the signal sample that is consistent with the expectation from
simulated standard model event samples.

The contribution of B3` background from processes such as tt + Z and diboson production is
evaluated from simulations using the MADGRAPH and PYTHIA generators. These background
processes are irreducible and their contribution amount to 1.6 ± 0.5 events. As summarized in
Table 1, the total estimated background yield in the signal sample is 4.6 ± 1.0 events, including
the systematic uncertainties described below. Seven events are observed in data, compatible
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Figure 1: The distributions of the invariant mass of two oppositely charged muons or electrons
from data (points) and from Monte Carlo simulations of the backgrounds (colored histograms)
and a 350 GeV/c2 TT signal (open histograms), M`+`� (left), jet multiplicity (center), and RT
(right) for events with a reconstructed Z-boson candidate and a charged lepton.

multiplicity, and RT for events with a Z-boson candidate and a charged lepton are displayed
in Fig. 1. The expected distributions of a T signal with 350 GeV/c2 mass also shown in Fig. 1
are normalized using the TT cross section calculated to approximately next-to-next-to-leading
order (NNLO) in as [27].

After the full selection criteria are applied, two types of background sources remain in the sig-
nal sample: a) events with two prompt leptons (B2`) and a non-prompt lepton from a jet; b)
events with three prompt leptons (B3`). To estimate the yield of the B2` background in data, a
method using a sample of leptons passing looser selection criteria than those described above
is introduced. This type of background is primarily from Z and tt processes. Electrons chosen
with the full selection criteria defined above are called “tight” electrons. Electron candidates
that are above the same pT threshold, isolated from other activities in the detector, but fail the
full selection criteria are called “loose” electrons. Similarly, muons chosen with the full selec-
tion criteria are “tight” muons, while muon candidates passing the selection criteria defined
above except the requirement on the sum of the pT of tracks surrounding the muon candi-
date are “loose” muons. An additional control sample is defined with selection criteria similar
to those of the signal sample, except that the third lepton must only satisfy the loose lepton
requirements. Z and tt production are the dominant processes also in the control sample, sim-
ilarly to the signal sample. The background is estimated using the event yield observed in the
control sample, multiplied by the probability of a loose lepton in background events passing
the tight criteria. This probability is determined from data by taking the number of events in a
multijet dominant control sample, and dividing the number of events with one loose and one
tight lepton by the number of events with two loose leptons. For electrons this probability is
(2.00± 0.02)% and for muons it is (18.7± 0.1)%, where the uncertainties are statistical only. The
background yield in the signal sample is estimated to be 3.0± 0.8 events, and the possible pres-
ence of signal events in the control sample has a negligible effect. The small contribution from
QCD multijet processes is included in this estimation. The method described above predicts
a background contribution in the signal sample that is consistent with the expectation from
simulated standard model event samples.

The contribution of B3` background from processes such as tt + Z and diboson production is
evaluated from simulations using the MADGRAPH and PYTHIA generators. These background
processes are irreducible and their contribution amount to 1.6 ± 0.5 events. As summarized in
Table 1, the total estimated background yield in the signal sample is 4.6 ± 1.0 events, including
the systematic uncertainties described below. Seven events are observed in data, compatible
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Figure 1: The distributions of the invariant mass of two oppositely charged muons or electrons
from data (points) and from Monte Carlo simulations of the backgrounds (colored histograms)
and a 350 GeV/c2 TT signal (open histograms), M`+`� (left), jet multiplicity (center), and RT
(right) for events with a reconstructed Z-boson candidate and a charged lepton.

multiplicity, and RT for events with a Z-boson candidate and a charged lepton are displayed
in Fig. 1. The expected distributions of a T signal with 350 GeV/c2 mass also shown in Fig. 1
are normalized using the TT cross section calculated to approximately next-to-next-to-leading
order (NNLO) in as [27].

After the full selection criteria are applied, two types of background sources remain in the sig-
nal sample: a) events with two prompt leptons (B2`) and a non-prompt lepton from a jet; b)
events with three prompt leptons (B3`). To estimate the yield of the B2` background in data, a
method using a sample of leptons passing looser selection criteria than those described above
is introduced. This type of background is primarily from Z and tt processes. Electrons chosen
with the full selection criteria defined above are called “tight” electrons. Electron candidates
that are above the same pT threshold, isolated from other activities in the detector, but fail the
full selection criteria are called “loose” electrons. Similarly, muons chosen with the full selec-
tion criteria are “tight” muons, while muon candidates passing the selection criteria defined
above except the requirement on the sum of the pT of tracks surrounding the muon candi-
date are “loose” muons. An additional control sample is defined with selection criteria similar
to those of the signal sample, except that the third lepton must only satisfy the loose lepton
requirements. Z and tt production are the dominant processes also in the control sample, sim-
ilarly to the signal sample. The background is estimated using the event yield observed in the
control sample, multiplied by the probability of a loose lepton in background events passing
the tight criteria. This probability is determined from data by taking the number of events in a
multijet dominant control sample, and dividing the number of events with one loose and one
tight lepton by the number of events with two loose leptons. For electrons this probability is
(2.00± 0.02)% and for muons it is (18.7± 0.1)%, where the uncertainties are statistical only. The
background yield in the signal sample is estimated to be 3.0± 0.8 events, and the possible pres-
ence of signal events in the control sample has a negligible effect. The small contribution from
QCD multijet processes is included in this estimation. The method described above predicts
a background contribution in the signal sample that is consistent with the expectation from
simulated standard model event samples.

The contribution of B3` background from processes such as tt + Z and diboson production is
evaluated from simulations using the MADGRAPH and PYTHIA generators. These background
processes are irreducible and their contribution amount to 1.6 ± 0.5 events. As summarized in
Table 1, the total estimated background yield in the signal sample is 4.6 ± 1.0 events, including
the systematic uncertainties described below. Seven events are observed in data, compatible
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Figure 1: The distributions of the invariant mass of two oppositely charged muons or electrons
from data (points) and from Monte Carlo simulations of the backgrounds (colored histograms)
and a 350 GeV/c2 TT signal (open histograms), M`+`� (left), jet multiplicity (center), and RT
(right) for events with a reconstructed Z-boson candidate and a charged lepton.

multiplicity, and RT for events with a Z-boson candidate and a charged lepton are displayed
in Fig. 1. The expected distributions of a T signal with 350 GeV/c2 mass also shown in Fig. 1
are normalized using the TT cross section calculated to approximately next-to-next-to-leading
order (NNLO) in as [27].

After the full selection criteria are applied, two types of background sources remain in the sig-
nal sample: a) events with two prompt leptons (B2`) and a non-prompt lepton from a jet; b)
events with three prompt leptons (B3`). To estimate the yield of the B2` background in data, a
method using a sample of leptons passing looser selection criteria than those described above
is introduced. This type of background is primarily from Z and tt processes. Electrons chosen
with the full selection criteria defined above are called “tight” electrons. Electron candidates
that are above the same pT threshold, isolated from other activities in the detector, but fail the
full selection criteria are called “loose” electrons. Similarly, muons chosen with the full selec-
tion criteria are “tight” muons, while muon candidates passing the selection criteria defined
above except the requirement on the sum of the pT of tracks surrounding the muon candi-
date are “loose” muons. An additional control sample is defined with selection criteria similar
to those of the signal sample, except that the third lepton must only satisfy the loose lepton
requirements. Z and tt production are the dominant processes also in the control sample, sim-
ilarly to the signal sample. The background is estimated using the event yield observed in the
control sample, multiplied by the probability of a loose lepton in background events passing
the tight criteria. This probability is determined from data by taking the number of events in a
multijet dominant control sample, and dividing the number of events with one loose and one
tight lepton by the number of events with two loose leptons. For electrons this probability is
(2.00± 0.02)% and for muons it is (18.7± 0.1)%, where the uncertainties are statistical only. The
background yield in the signal sample is estimated to be 3.0± 0.8 events, and the possible pres-
ence of signal events in the control sample has a negligible effect. The small contribution from
QCD multijet processes is included in this estimation. The method described above predicts
a background contribution in the signal sample that is consistent with the expectation from
simulated standard model event samples.

The contribution of B3` background from processes such as tt + Z and diboson production is
evaluated from simulations using the MADGRAPH and PYTHIA generators. These background
processes are irreducible and their contribution amount to 1.6 ± 0.5 events. As summarized in
Table 1, the total estimated background yield in the signal sample is 4.6 ± 1.0 events, including
the systematic uncertainties described below. Seven events are observed in data, compatible
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Figure 1: The distributions of the invariant mass of two oppositely charged muons or electrons
from data (points) and from Monte Carlo simulations of the backgrounds (colored histograms)
and a 350 GeV/c2 TT signal (open histograms), M`+`� (left), jet multiplicity (center), and RT
(right) for events with a reconstructed Z-boson candidate and a charged lepton.

multiplicity, and RT for events with a Z-boson candidate and a charged lepton are displayed
in Fig. 1. The expected distributions of a T signal with 350 GeV/c2 mass also shown in Fig. 1
are normalized using the TT cross section calculated to approximately next-to-next-to-leading
order (NNLO) in as [27].

After the full selection criteria are applied, two types of background sources remain in the sig-
nal sample: a) events with two prompt leptons (B2`) and a non-prompt lepton from a jet; b)
events with three prompt leptons (B3`). To estimate the yield of the B2` background in data, a
method using a sample of leptons passing looser selection criteria than those described above
is introduced. This type of background is primarily from Z and tt processes. Electrons chosen
with the full selection criteria defined above are called “tight” electrons. Electron candidates
that are above the same pT threshold, isolated from other activities in the detector, but fail the
full selection criteria are called “loose” electrons. Similarly, muons chosen with the full selec-
tion criteria are “tight” muons, while muon candidates passing the selection criteria defined
above except the requirement on the sum of the pT of tracks surrounding the muon candi-
date are “loose” muons. An additional control sample is defined with selection criteria similar
to those of the signal sample, except that the third lepton must only satisfy the loose lepton
requirements. Z and tt production are the dominant processes also in the control sample, sim-
ilarly to the signal sample. The background is estimated using the event yield observed in the
control sample, multiplied by the probability of a loose lepton in background events passing
the tight criteria. This probability is determined from data by taking the number of events in a
multijet dominant control sample, and dividing the number of events with one loose and one
tight lepton by the number of events with two loose leptons. For electrons this probability is
(2.00± 0.02)% and for muons it is (18.7± 0.1)%, where the uncertainties are statistical only. The
background yield in the signal sample is estimated to be 3.0± 0.8 events, and the possible pres-
ence of signal events in the control sample has a negligible effect. The small contribution from
QCD multijet processes is included in this estimation. The method described above predicts
a background contribution in the signal sample that is consistent with the expectation from
simulated standard model event samples.

The contribution of B3` background from processes such as tt + Z and diboson production is
evaluated from simulations using the MADGRAPH and PYTHIA generators. These background
processes are irreducible and their contribution amount to 1.6 ± 0.5 events. As summarized in
Table 1, the total estimated background yield in the signal sample is 4.6 ± 1.0 events, including
the systematic uncertainties described below. Seven events are observed in data, compatible
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Figure 1: The distributions of the invariant mass of two oppositely charged muons or electrons
from data (points) and from Monte Carlo simulations of the backgrounds (colored histograms)
and a 350 GeV/c2 TT signal (open histograms), M`+`� (left), jet multiplicity (center), and RT
(right) for events with a reconstructed Z-boson candidate and a charged lepton.

multiplicity, and RT for events with a Z-boson candidate and a charged lepton are displayed
in Fig. 1. The expected distributions of a T signal with 350 GeV/c2 mass also shown in Fig. 1
are normalized using the TT cross section calculated to approximately next-to-next-to-leading
order (NNLO) in as [27].

After the full selection criteria are applied, two types of background sources remain in the sig-
nal sample: a) events with two prompt leptons (B2`) and a non-prompt lepton from a jet; b)
events with three prompt leptons (B3`). To estimate the yield of the B2` background in data, a
method using a sample of leptons passing looser selection criteria than those described above
is introduced. This type of background is primarily from Z and tt processes. Electrons chosen
with the full selection criteria defined above are called “tight” electrons. Electron candidates
that are above the same pT threshold, isolated from other activities in the detector, but fail the
full selection criteria are called “loose” electrons. Similarly, muons chosen with the full selec-
tion criteria are “tight” muons, while muon candidates passing the selection criteria defined
above except the requirement on the sum of the pT of tracks surrounding the muon candi-
date are “loose” muons. An additional control sample is defined with selection criteria similar
to those of the signal sample, except that the third lepton must only satisfy the loose lepton
requirements. Z and tt production are the dominant processes also in the control sample, sim-
ilarly to the signal sample. The background is estimated using the event yield observed in the
control sample, multiplied by the probability of a loose lepton in background events passing
the tight criteria. This probability is determined from data by taking the number of events in a
multijet dominant control sample, and dividing the number of events with one loose and one
tight lepton by the number of events with two loose leptons. For electrons this probability is
(2.00± 0.02)% and for muons it is (18.7± 0.1)%, where the uncertainties are statistical only. The
background yield in the signal sample is estimated to be 3.0± 0.8 events, and the possible pres-
ence of signal events in the control sample has a negligible effect. The small contribution from
QCD multijet processes is included in this estimation. The method described above predicts
a background contribution in the signal sample that is consistent with the expectation from
simulated standard model event samples.

The contribution of B3` background from processes such as tt + Z and diboson production is
evaluated from simulations using the MADGRAPH and PYTHIA generators. These background
processes are irreducible and their contribution amount to 1.6 ± 0.5 events. As summarized in
Table 1, the total estimated background yield in the signal sample is 4.6 ± 1.0 events, including
the systematic uncertainties described below. Seven events are observed in data, compatible
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Table 1: Predicted number of background events having two prompt leptons (B2`), estimated
using data, three prompt leptons (B3`), estimated using simulations, and their sum (Btotal) in
each of the trilepton channels, as well as the observed yield in data after applying the full
selection criteria. The uncertainties shown include both statistical and systematic.

Channel eee eeµ µµe µµµ Total
B2` 0.2+0.3

�0.2 0.8 ± 0.5 0.9 ± 0.4 1.1 ± 0.5 3.0 ± 0.8
B3` 0.3 ± 0.1 0.3 ± 0.1 0.5 ± 0.2 0.5 ± 0.2 1.6 ± 0.5

Btotal 0.5 ± 0.3 1.1 ± 0.5 1.4 ± 0.5 1.7 ± 0.6 4.6 ± 1.0
Data 0 2 2 3 7

with the SM expectation.

The systematic uncertainties on the signal efficiencies and the background estimation are sum-
marized in Table 2. The uncertainty on the integrated luminosity is estimated to be 4.5% [28],
and is included in the limit calculations. An uncertainty of 2.1% in the trigger efficiency for
signal events is obtained by comparing the trigger efficiency measured from data with that
measured from the simulated signal sample. The lepton selection efficiencies computed from
TT simulated events are checked in data using Z samples. The difference between the efficien-
cies measured in simulated Z boson and TT signal samples is taken into account. The resulting
uncertainties on the lepton selection efficiencies are 5.7% and 7.1% for electrons and muons,
respectively, giving a total uncertainty of 17% on the signal selection efficiency, and an un-
certainty of ±0.3 events on the background estimation. The effects of multiple pp collisions
per beam crossing (pileup) are tested with simulations. Weights are assigned to the simulated
events so that the distribution of the number of pileup events matches the target distribution in
data. The associated uncertainty is estimated by varying the weights for different distributions.
The uncertainty on the parton distribution function (PDF) from CTEQ6 [29] and the jet energy
scale [23] and resolution are also accounted for. The uncertainty on the background estimation
due to the statistical size of the control samples is ±0.7 events. The effect of uncertainties on
the background cross sections are considered by varying the normalization of the relevant pro-
cesses as follows: ±11% for tt [30], ±3% (±4%) for W (Z) [31], conservatively ±(27 to 42)% for
dibosons [32], and ±50% for tt + W/Z.

For each T mass hypothesis from 250 to 550 GeV/c2 we present the predicted cross section,
selection efficiency, and yield in Table 3. Upper limits on the cross section are calculated using
a Bayesian method [33] with a flat prior for the signal cross section, and a log-normal model
for integration over the nuisance parameters. The observed upper limit at the 95% confidence
level (CL) on the TT cross section as a function of the T-quark mass hypotheses is shown as a
solid line in Fig. 2. The dotted line gives the expected upper limit on the cross section under
a background-only hypothesis, and the solid and hatched areas around it show the ±1 and
±2 standard deviation uncertainties on the expected limit. These were found by producing
a large sample of pseudo-experiments in which the expected number of background events
was allowed to vary according to its statistical and systematic uncertainties, and the resulting
upper limit was then determined. By comparing the observed TT upper limit with the ap-
proximate NNLO calculation of the pp ! TTX production cross section [27] and assuming a
100% branching fraction for T ! tZ decays, a lower limit on the T-quark mass of 475 GeV/c2 is
derived at the 95% confidence level.

In conclusion, using a data sample corresponding to an integrated luminosity of 1.14 fb�1 col-
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Figure 2: The 95% confidence level (CL) upper limit on the cross section of the pp ! TTX
process, as a function of the T-quark mass. The branching fraction of T ! tZ is assumed to
be 100%. The solid line shows the observed limit. The dotted line corresponds to the expected
limit under a background-only hypothesis. The solid (hatched) area shows the ±1 (±2) stan-
dard deviation uncertainties on the expected limit. The dot-dash line shows the value of the
theoretical cross section [27] for the TT process.
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Figure 1: The distributions of the invariant mass of two oppositely charged muons or electrons
from data (points) and from Monte Carlo simulations of the backgrounds (colored histograms)
and a 350 GeV/c2 TT signal (open histograms), M`+`� (left), jet multiplicity (center), and RT
(right) for events with a reconstructed Z-boson candidate and a charged lepton.

multiplicity, and RT for events with a Z-boson candidate and a charged lepton are displayed
in Fig. 1. The expected distributions of a T signal with 350 GeV/c2 mass also shown in Fig. 1
are normalized using the TT cross section calculated to approximately next-to-next-to-leading
order (NNLO) in as [27].

After the full selection criteria are applied, two types of background sources remain in the sig-
nal sample: a) events with two prompt leptons (B2`) and a non-prompt lepton from a jet; b)
events with three prompt leptons (B3`). To estimate the yield of the B2` background in data, a
method using a sample of leptons passing looser selection criteria than those described above
is introduced. This type of background is primarily from Z and tt processes. Electrons chosen
with the full selection criteria defined above are called “tight” electrons. Electron candidates
that are above the same pT threshold, isolated from other activities in the detector, but fail the
full selection criteria are called “loose” electrons. Similarly, muons chosen with the full selec-
tion criteria are “tight” muons, while muon candidates passing the selection criteria defined
above except the requirement on the sum of the pT of tracks surrounding the muon candi-
date are “loose” muons. An additional control sample is defined with selection criteria similar
to those of the signal sample, except that the third lepton must only satisfy the loose lepton
requirements. Z and tt production are the dominant processes also in the control sample, sim-
ilarly to the signal sample. The background is estimated using the event yield observed in the
control sample, multiplied by the probability of a loose lepton in background events passing
the tight criteria. This probability is determined from data by taking the number of events in a
multijet dominant control sample, and dividing the number of events with one loose and one
tight lepton by the number of events with two loose leptons. For electrons this probability is
(2.00± 0.02)% and for muons it is (18.7± 0.1)%, where the uncertainties are statistical only. The
background yield in the signal sample is estimated to be 3.0± 0.8 events, and the possible pres-
ence of signal events in the control sample has a negligible effect. The small contribution from
QCD multijet processes is included in this estimation. The method described above predicts
a background contribution in the signal sample that is consistent with the expectation from
simulated standard model event samples.

The contribution of B3` background from processes such as tt + Z and diboson production is
evaluated from simulations using the MADGRAPH and PYTHIA generators. These background
processes are irreducible and their contribution amount to 1.6 ± 0.5 events. As summarized in
Table 1, the total estimated background yield in the signal sample is 4.6 ± 1.0 events, including
the systematic uncertainties described below. Seven events are observed in data, compatible
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(right) for events with a reconstructed Z-boson candidate and a charged lepton.

multiplicity, and RT for events with a Z-boson candidate and a charged lepton are displayed
in Fig. 1. The expected distributions of a T signal with 350 GeV/c2 mass also shown in Fig. 1
are normalized using the TT cross section calculated to approximately next-to-next-to-leading
order (NNLO) in as [27].

After the full selection criteria are applied, two types of background sources remain in the sig-
nal sample: a) events with two prompt leptons (B2`) and a non-prompt lepton from a jet; b)
events with three prompt leptons (B3`). To estimate the yield of the B2` background in data, a
method using a sample of leptons passing looser selection criteria than those described above
is introduced. This type of background is primarily from Z and tt processes. Electrons chosen
with the full selection criteria defined above are called “tight” electrons. Electron candidates
that are above the same pT threshold, isolated from other activities in the detector, but fail the
full selection criteria are called “loose” electrons. Similarly, muons chosen with the full selec-
tion criteria are “tight” muons, while muon candidates passing the selection criteria defined
above except the requirement on the sum of the pT of tracks surrounding the muon candi-
date are “loose” muons. An additional control sample is defined with selection criteria similar
to those of the signal sample, except that the third lepton must only satisfy the loose lepton
requirements. Z and tt production are the dominant processes also in the control sample, sim-
ilarly to the signal sample. The background is estimated using the event yield observed in the
control sample, multiplied by the probability of a loose lepton in background events passing
the tight criteria. This probability is determined from data by taking the number of events in a
multijet dominant control sample, and dividing the number of events with one loose and one
tight lepton by the number of events with two loose leptons. For electrons this probability is
(2.00± 0.02)% and for muons it is (18.7± 0.1)%, where the uncertainties are statistical only. The
background yield in the signal sample is estimated to be 3.0± 0.8 events, and the possible pres-
ence of signal events in the control sample has a negligible effect. The small contribution from
QCD multijet processes is included in this estimation. The method described above predicts
a background contribution in the signal sample that is consistent with the expectation from
simulated standard model event samples.

The contribution of B3` background from processes such as tt + Z and diboson production is
evaluated from simulations using the MADGRAPH and PYTHIA generators. These background
processes are irreducible and their contribution amount to 1.6 ± 0.5 events. As summarized in
Table 1, the total estimated background yield in the signal sample is 4.6 ± 1.0 events, including
the systematic uncertainties described below. Seven events are observed in data, compatible
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Figure 1: The distributions of the invariant mass of two oppositely charged muons or electrons
from data (points) and from Monte Carlo simulations of the backgrounds (colored histograms)
and a 350 GeV/c2 TT signal (open histograms), M`+`� (left), jet multiplicity (center), and RT
(right) for events with a reconstructed Z-boson candidate and a charged lepton.

multiplicity, and RT for events with a Z-boson candidate and a charged lepton are displayed
in Fig. 1. The expected distributions of a T signal with 350 GeV/c2 mass also shown in Fig. 1
are normalized using the TT cross section calculated to approximately next-to-next-to-leading
order (NNLO) in as [27].

After the full selection criteria are applied, two types of background sources remain in the sig-
nal sample: a) events with two prompt leptons (B2`) and a non-prompt lepton from a jet; b)
events with three prompt leptons (B3`). To estimate the yield of the B2` background in data, a
method using a sample of leptons passing looser selection criteria than those described above
is introduced. This type of background is primarily from Z and tt processes. Electrons chosen
with the full selection criteria defined above are called “tight” electrons. Electron candidates
that are above the same pT threshold, isolated from other activities in the detector, but fail the
full selection criteria are called “loose” electrons. Similarly, muons chosen with the full selec-
tion criteria are “tight” muons, while muon candidates passing the selection criteria defined
above except the requirement on the sum of the pT of tracks surrounding the muon candi-
date are “loose” muons. An additional control sample is defined with selection criteria similar
to those of the signal sample, except that the third lepton must only satisfy the loose lepton
requirements. Z and tt production are the dominant processes also in the control sample, sim-
ilarly to the signal sample. The background is estimated using the event yield observed in the
control sample, multiplied by the probability of a loose lepton in background events passing
the tight criteria. This probability is determined from data by taking the number of events in a
multijet dominant control sample, and dividing the number of events with one loose and one
tight lepton by the number of events with two loose leptons. For electrons this probability is
(2.00± 0.02)% and for muons it is (18.7± 0.1)%, where the uncertainties are statistical only. The
background yield in the signal sample is estimated to be 3.0± 0.8 events, and the possible pres-
ence of signal events in the control sample has a negligible effect. The small contribution from
QCD multijet processes is included in this estimation. The method described above predicts
a background contribution in the signal sample that is consistent with the expectation from
simulated standard model event samples.

The contribution of B3` background from processes such as tt + Z and diboson production is
evaluated from simulations using the MADGRAPH and PYTHIA generators. These background
processes are irreducible and their contribution amount to 1.6 ± 0.5 events. As summarized in
Table 1, the total estimated background yield in the signal sample is 4.6 ± 1.0 events, including
the systematic uncertainties described below. Seven events are observed in data, compatible
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Figure 1: Comparison between the data and the simulated background for Mmin
`b . The signal

region is defined by Mmin
`b > 170 GeV/c2. The simulated background yields in the signal region

are scaled so that they match the yields estimated from control regions in data, as given in
Table 3. Outside the signal region the simulated background yields are taken without rescaling.
One event is observed in the signal region. The expected distribution for a t0t0 signal with
Mt0 = 450 GeV/c2 is also shown.

prediction, and the fraction of t0t0 events expected to be selected. This fraction (the overall se-
lection efficiency) is taken as the product of efficiency, acceptance, and the branching fraction
for simulated signal events, and is given in Table 4 for different values of Mt0 . The calculated
limits are shown in Table 5 and Fig. 2.

In summary, assuming a branching fraction of 100% for t0 ! bW, the expected and observed
95% CL lower bounds on the t0 mass are 547 and 557 GeV/c2, respectively, from the analysis
of a data sample of pp collisions at

p
s = 7 TeV, corresponding to an integrated luminosity of

5.0 fb�1.

Table 4: Overall selection efficiency in simulated events for different t0 masses. The branching
fraction of 6.5% for the dilepton decay mode of t0t0 is included. The uncertainties are calculated
using the systematic uncertainty of 19% from Section 6.

t0t0 sample Eff⇥Acc⇥Br (%)
Mt0 = 350 GeV/c2 0.16 ± 0.03
Mt0 = 400 GeV/c2 0.29 ± 0.06
Mt0 = 450 GeV/c2 0.35 ± 0.07
Mt0 = 500 GeV/c2 0.41 ± 0.08
Mt0 = 550 GeV/c2 0.48 ± 0.09
Mt0 = 600 GeV/c2 0.54 ± 0.10

• EWK precision constraints:  Mt’ < Mb’ + MW
• Require 
• 2 OS leptons• 2 b-tagged jets• Main discriminator: • minimum of four Mlb combinations
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`b > 170 GeV/c2. The simulated background yields in the signal region

are scaled so that they match the yields estimated from control regions in data, as given in
Table 3. Outside the signal region the simulated background yields are taken without rescaling.
One event is observed in the signal region. The expected distribution for a t0t0 signal with
Mt0 = 450 GeV/c2 is also shown.

prediction, and the fraction of t0t0 events expected to be selected. This fraction (the overall se-
lection efficiency) is taken as the product of efficiency, acceptance, and the branching fraction
for simulated signal events, and is given in Table 4 for different values of Mt0 . The calculated
limits are shown in Table 5 and Fig. 2.

In summary, assuming a branching fraction of 100% for t0 ! bW, the expected and observed
95% CL lower bounds on the t0 mass are 547 and 557 GeV/c2, respectively, from the analysis
of a data sample of pp collisions at

p
s = 7 TeV, corresponding to an integrated luminosity of

5.0 fb�1.

Table 4: Overall selection efficiency in simulated events for different t0 masses. The branching
fraction of 6.5% for the dilepton decay mode of t0t0 is included. The uncertainties are calculated
using the systematic uncertainty of 19% from Section 6.

t0t0 sample Eff⇥Acc⇥Br (%)
Mt0 = 350 GeV/c2 0.16 ± 0.03
Mt0 = 400 GeV/c2 0.29 ± 0.06
Mt0 = 450 GeV/c2 0.35 ± 0.07
Mt0 = 500 GeV/c2 0.41 ± 0.08
Mt0 = 550 GeV/c2 0.48 ± 0.09
Mt0 = 600 GeV/c2 0.54 ± 0.10
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`b > 170 GeV/c2. The simulated background yields in the signal region

are scaled so that they match the yields estimated from control regions in data, as given in
Table 3. Outside the signal region the simulated background yields are taken without rescaling.
One event is observed in the signal region. The expected distribution for a t0t0 signal with
Mt0 = 450 GeV/c2 is also shown.

prediction, and the fraction of t0t0 events expected to be selected. This fraction (the overall se-
lection efficiency) is taken as the product of efficiency, acceptance, and the branching fraction
for simulated signal events, and is given in Table 4 for different values of Mt0 . The calculated
limits are shown in Table 5 and Fig. 2.

In summary, assuming a branching fraction of 100% for t0 ! bW, the expected and observed
95% CL lower bounds on the t0 mass are 547 and 557 GeV/c2, respectively, from the analysis
of a data sample of pp collisions at

p
s = 7 TeV, corresponding to an integrated luminosity of

5.0 fb�1.

Table 4: Overall selection efficiency in simulated events for different t0 masses. The branching
fraction of 6.5% for the dilepton decay mode of t0t0 is included. The uncertainties are calculated
using the systematic uncertainty of 19% from Section 6.

t0t0 sample Eff⇥Acc⇥Br (%)
Mt0 = 350 GeV/c2 0.16 ± 0.03
Mt0 = 400 GeV/c2 0.29 ± 0.06
Mt0 = 450 GeV/c2 0.35 ± 0.07
Mt0 = 500 GeV/c2 0.41 ± 0.08
Mt0 = 550 GeV/c2 0.48 ± 0.09
Mt0 = 600 GeV/c2 0.54 ± 0.10

Results

5

(Category III). Selecting only events where both b jets and leptons are well matched to the

corresponding particles at the generator level, the resulting prediction is 1.0 ± 0.7 where the

uncertainty is statistical. The systematic uncertainty is small in comparison (Section 6), so the

total uncertainty is also 0.7.The contribution of events from Category IV is assumed to be negligible and is covered by both

the Category I and Category II predictions. Since the Category II prediction is zero, there is no

possibility of double-counting.
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sThe systematic uncertainty on the overall selection efficiency is dominated by the uncertainty

on the b-tagging efficiency. This uncertainty is 15% for b jets with pT > 240 GeV/c, and 4% for

b jets with pT  240 GeV/c [20]. Other uncertainties include those on trigger efficiency (2%),

lepton selection (2%), and jet and Emiss
T energy scale (8%) [27]. These four sources combine

to yield a 19% relative uncertainty on the overall selection efficiency. There is a further 2.2%

uncertainty on the luminosity measurement [28].The systematic uncertainty on the background estimate is dominated by the uncertainty on the

estimate of events with mistagged b jets from data (100%), and by the lack of selected events in

the loose-lepton control region. The systematic uncertainties on these sources of background

are included in the summary of background predictions given in Table 3.7
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yThe number of expected events from background processes is 1.8 ± 1.1, and one event is ob-

served in the eµ channel. There is thus no evidence for an excess of events above SM expecta-

tions. A summary of the observed and predicted yields is presented in Table 3.

The simulated distribution of Mmin
`b from background processes is compared with the data in

Fig. 1, where the expected distribution for a t0t0 signal with Mt0 = 450 GeV/c2 is also shown. The

simulated background yields in the signal region are scaled so that they match the yields esti-

mated from control regions in data, as given in Table 3. Outside the signal region the simulated

background yields are taken without rescaling.Table 3: Summary of the predicted background yields and the measured yield in data. Statis-

tical and systematic uncertainties are combined.Sample
YieldCategory I (from data) 0.7 ± 0.8Category II (from data) 0.0+0.4
�0.0

Category III (simulated) 1.0 ± 0.7Total prediction 1.8 ± 1.1Data
1Finally, 95% confidence level (CL) upper limits on the production cross section of t0t0 as a func-

tion of t0 mass are set, using the CLs method [29, 30], in which a log-normal model of nuisance

parameter integration is assumed.The limit calculation is based on the information provided by the observed event count com-

bined with the values and the uncertainties of the luminosity measurement, the background

• Category I: 
  2 prompt leptons,

 ≥1 mis-tag b-je
t(s)

• Category II
:  ≥1 fake leptons, 

  2 real b-
jets

• Category II
I: 2 prompt leptons,

 2 real b-j
ets

• Category IV
:  ≥1 fake leptons, 

  ≥1 mis-tag b-je
t(s)

• negligible

Backgrounds

arXiv:

1203.5410v1



16.03.2012

UIC University of Illinois
at Chicago

Fermilab

LPC
LHC Physics Center

t’ to dileptons

33

6 7 Results and summary

)2 (GeV/cmin
lbM

0 100 200 300

)2
Ev

en
ts

/(3
4 

G
eV

/c

-110

1

10

210

310

410
Data

 (dileptonic)tt

Other backgrounds

2 = 450 GeV/ct', Mt't'

=7 TeVs at  -1CMS, 5.0 fb
µ/eµµEvents with ee/

Signal Region

Figure 1: Comparison between the data and the simulated background for Mmin
`b . The signal

region is defined by Mmin
`b > 170 GeV/c2. The simulated background yields in the signal region

are scaled so that they match the yields estimated from control regions in data, as given in
Table 3. Outside the signal region the simulated background yields are taken without rescaling.
One event is observed in the signal region. The expected distribution for a t0t0 signal with
Mt0 = 450 GeV/c2 is also shown.

prediction, and the fraction of t0t0 events expected to be selected. This fraction (the overall se-
lection efficiency) is taken as the product of efficiency, acceptance, and the branching fraction
for simulated signal events, and is given in Table 4 for different values of Mt0 . The calculated
limits are shown in Table 5 and Fig. 2.

In summary, assuming a branching fraction of 100% for t0 ! bW, the expected and observed
95% CL lower bounds on the t0 mass are 547 and 557 GeV/c2, respectively, from the analysis
of a data sample of pp collisions at

p
s = 7 TeV, corresponding to an integrated luminosity of

5.0 fb�1.

Table 4: Overall selection efficiency in simulated events for different t0 masses. The branching
fraction of 6.5% for the dilepton decay mode of t0t0 is included. The uncertainties are calculated
using the systematic uncertainty of 19% from Section 6.

t0t0 sample Eff⇥Acc⇥Br (%)
Mt0 = 350 GeV/c2 0.16 ± 0.03
Mt0 = 400 GeV/c2 0.29 ± 0.06
Mt0 = 450 GeV/c2 0.35 ± 0.07
Mt0 = 500 GeV/c2 0.41 ± 0.08
Mt0 = 550 GeV/c2 0.48 ± 0.09
Mt0 = 600 GeV/c2 0.54 ± 0.10

7

Table 5: The approximate NNLO theoretical cross section of t0t0 production assuming standard
QCD couplings [25], and the expected and observed 95% CL upper limits on the production
cross section of t0t0, for different t0 masses.

Mt0 ( GeV/c2) 350 400 450 500 550 600
Theoretical cross section (pb) 3.20 1.41 0.62 0.33 0.17 0.09
Expected limit (pb) 0.53 0.29 0.24 0.21 0.18 0.16
Observed limit (pb) 0.47 0.26 0.22 0.18 0.16 0.14

)2 (GeV/ct'M
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t
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→

 (p
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σ

-110

1

10 =7 TeVs at  -1CMS, 5.0 fb
Theory (HATHOR) [25]
95% CL expected limits
95% CL observed limits

σ 1±Expected limits 
σ 2±Expected limits 

Figure 2: The 95% CL upper limits on the production cross section of t0t0 as a function of t0
mass. The observed (expected) 95% CL lower bound on Mt0 is 557 (547) GeV/c2.

Results

5

(Category III). Selecting only events where both b jets and leptons are well matched to the

corresponding particles at the generator level, the resulting prediction is 1.0 ± 0.7 where the

uncertainty is statistical. The systematic uncertainty is small in comparison (Section 6), so the

total uncertainty is also 0.7.The contribution of events from Category IV is assumed to be negligible and is covered by both

the Category I and Category II predictions. Since the Category II prediction is zero, there is no

possibility of double-counting.

6
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sThe systematic uncertainty on the overall selection efficiency is dominated by the uncertainty

on the b-tagging efficiency. This uncertainty is 15% for b jets with pT > 240 GeV/c, and 4% for

b jets with pT  240 GeV/c [20]. Other uncertainties include those on trigger efficiency (2%),

lepton selection (2%), and jet and Emiss
T energy scale (8%) [27]. These four sources combine

to yield a 19% relative uncertainty on the overall selection efficiency. There is a further 2.2%

uncertainty on the luminosity measurement [28].The systematic uncertainty on the background estimate is dominated by the uncertainty on the

estimate of events with mistagged b jets from data (100%), and by the lack of selected events in

the loose-lepton control region. The systematic uncertainties on these sources of background

are included in the summary of background predictions given in Table 3.7

R
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s
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m

m

a

r

yThe number of expected events from background processes is 1.8 ± 1.1, and one event is ob-

served in the eµ channel. There is thus no evidence for an excess of events above SM expecta-

tions. A summary of the observed and predicted yields is presented in Table 3.

The simulated distribution of Mmin
`b from background processes is compared with the data in

Fig. 1, where the expected distribution for a t0t0 signal with Mt0 = 450 GeV/c2 is also shown. The

simulated background yields in the signal region are scaled so that they match the yields esti-

mated from control regions in data, as given in Table 3. Outside the signal region the simulated

background yields are taken without rescaling.Table 3: Summary of the predicted background yields and the measured yield in data. Statis-

tical and systematic uncertainties are combined.Sample
YieldCategory I (from data) 0.7 ± 0.8Category II (from data) 0.0+0.4
�0.0

Category III (simulated) 1.0 ± 0.7Total prediction 1.8 ± 1.1Data
1Finally, 95% confidence level (CL) upper limits on the production cross section of t0t0 as a func-

tion of t0 mass are set, using the CLs method [29, 30], in which a log-normal model of nuisance

parameter integration is assumed.The limit calculation is based on the information provided by the observed event count com-

bined with the values and the uncertainties of the luminosity measurement, the background
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6 6 Limit Computation

momentum jets in their decay or they have high-pT jets from initial-state radiation. The former
class of events is responsible for the relatively narrow peak in the Mf it distribution at the t
quark mass. The Mf it distribution of the latter class of events is broad and typically populates
the region above the t-quark mass, leading to the observed high-mass tail in the Mf it distribu-
tion.
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Figure 1: Distribution of Mf it observed (points) and simulated for backgrounds (shaded his-
tograms) and for the t0 signal (dashed histogram) with Mt0 = 550 GeV) in the e+jets (left) and
µ+jets (right) channels. The signal distribution is multiplied by a factor 20 for clarity.
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Figure 2: Distribution of HT observed (points) and simulated for backgrounds (shaded his-
tograms) and for the t0 signal (dashed histogram) with Mt0 = 550 GeV) in the e+jets (left) and
µ+jets (right) channels. The signal distribution is multiplied by a factor 20 for clarity.

6 Limit Computation

The distributions of Mf it and HT of the selected events are shown in Fig. 1 and 2 for the e+jets
and µ+jets channels. The corresponding two-dimensional distributions of HT vs. Mf it are used
to search for a t0 t̄0 signal in the data. The input distributions are shown in Fig. 3 and 4.

The SM background has two main components. The largest contribution is from tt production.
Other electroweak processes (W+jets, Z+jets, single-t, and diboson production) also contribute
to the final sample, although this contribution is suppressed by requiring at least one b-tagged
jet in the event. A third component arises from multijet production for which the number of
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momentum jets in their decay or they have high-pT jets from initial-state radiation. The former
class of events is responsible for the relatively narrow peak in the Mf it distribution at the t
quark mass. The Mf it distribution of the latter class of events is broad and typically populates
the region above the t-quark mass, leading to the observed high-mass tail in the Mf it distribu-
tion.
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6 Limit Computation

The distributions of Mf it and HT of the selected events are shown in Fig. 1 and 2 for the e+jets
and µ+jets channels. The corresponding two-dimensional distributions of HT vs. Mf it are used
to search for a t0 t̄0 signal in the data. The input distributions are shown in Fig. 3 and 4.

The SM background has two main components. The largest contribution is from tt production.
Other electroweak processes (W+jets, Z+jets, single-t, and diboson production) also contribute
to the final sample, although this contribution is suppressed by requiring at least one b-tagged
jet in the event. A third component arises from multijet production for which the number of
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6 Limit Computation

The distributions of Mf it and HT of the selected events are shown in Fig. 1 and 2 for the e+jets
and µ+jets channels. The corresponding two-dimensional distributions of HT vs. Mf it are used
to search for a t0 t̄0 signal in the data. The input distributions are shown in Fig. 3 and 4.

The SM background has two main components. The largest contribution is from tt production.
Other electroweak processes (W+jets, Z+jets, single-t, and diboson production) also contribute
to the final sample, although this contribution is suppressed by requiring at least one b-tagged
jet in the event. A third component arises from multijet production for which the number of
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Figure 3: Histograms of HT versus Mf it for the e+jets channel from (a) data, and simulations
of (b) tt production, (c) W+jets background, and (d) t0 t̄0 production for Mt0 = 550 GeV.
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Figure 4: Histograms of HT versus Mf it for the µ+jets channel from (a) data, and simulations
of (b) tt production, (c) W+jets background, and (d) t0 t̄0 production for Mt0 = 550 GeV.
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Figure 3: Histograms of HT versus Mf it for the e+jets channel from (a) data, and simulations
of (b) tt production, (c) W+jets background, and (d) t0 t̄0 production for Mt0 = 550 GeV.
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Figure 3: Histograms of HT versus Mf it for the e+jets channel from (a) data, and simulations
of (b) tt production, (c) W+jets background, and (d) t0 t̄0 production for Mt0 = 550 GeV.
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Figure 3: Histograms of HT versus Mf it for the e+jets channel from (a) data, and simulations
of (b) tt production, (c) W+jets background, and (d) t0 t̄0 production for Mt0 = 550 GeV.
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Figure 4: Histograms of HT versus Mf it for the µ+jets channel from (a) data, and simulations
of (b) tt production, (c) W+jets background, and (d) t0 t̄0 production for Mt0 = 550 GeV.
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Figure 5: Map of the merged bins for the 550 GeV t0 quark mass hypothesis for the e+jets
channel (left) and the µ+jets channel (right). The color represents the bin index. Low index
values correspond to high signal-to-background ratios.
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Figure 6: Histograms of templates after bin-merging for the e+jets channel (left) and µ+jets
channel (right) for the 550 GeV t0 mass hypothesis.

7 Systematic Uncertainties

Systematic uncertainties influence the signal and background predictions of the discriminat-
ing distribution Mf it vs. HT, used to test whether the observed events are consistent with the
signal-plus-background or the background-only hypothesis. Below, all sources of systematic
uncertainties are described that have been considered. They can be divided into two types: un-
certainties that only impact the normalization of the HT vs. Mf it distributions (normalization
uncertainties), and uncertainties that also affect the shape of the distributions (shape uncertain-
ties).

7.1 Normalization Uncertainties

The normalization uncertainties include the total tt cross section, electroweak and multijet
background normalization, integrated luminosity, lepton efficiencies and data to MC scale fac-
tors.

The cross section for tt production has been measured by CMS to be 165.8 ± 13.3 pb [28]. As
the luminosity uncertainty is the same for this analysis and the tt cross section measurement,
only the additional uncertainty of 6.6% is taken into account in the limit calculation.

The electroweak and multijet backgrounds are constrained to the yields predicted by the cross
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Figure 5: Map of the merged bins for the 550 GeV t0 quark mass hypothesis for the e+jets
channel (left) and the µ+jets channel (right). The color represents the bin index. Low index
values correspond to high signal-to-background ratios.
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channel (right) for the 550 GeV t0 mass hypothesis.
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Figure 5: Map of the merged bins for the 550 GeV t0 quark mass hypothesis for the e+jets
channel (left) and the µ+jets channel (right). The color represents the bin index. Low index
values correspond to high signal-to-background ratios.
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channel (right) for the 550 GeV t0 mass hypothesis.
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Figure 5: Map of the merged bins for the 550 GeV t0 quark mass hypothesis for the e+jets
channel (left) and the µ+jets channel (right). The color represents the bin index. Low index
values correspond to high signal-to-background ratios.
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Figure 5: Map of the merged bins for the 550 GeV t0 quark mass hypothesis for the e+jets
channel (left) and the µ+jets channel (right). The color represents the bin index. Low index
values correspond to high signal-to-background ratios.
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channel (right) for the 550 GeV t0 mass hypothesis.
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Figure 5: Map of the merged bins for the 550 GeV t0 quark mass hypothesis for the e+jets
channel (left) and the µ+jets channel (right). The color represents the bin index. Low index
values correspond to high signal-to-background ratios.
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Figure 5: Map of the merged bins for the 550 GeV t0 quark mass hypothesis for the e+jets
channel (left) and the µ+jets channel (right). The color represents the bin index. Low index
values correspond to high signal-to-background ratios.
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tors.

The cross section for tt production has been measured by CMS to be 165.8 ± 13.3 pb [28]. As
the luminosity uncertainty is the same for this analysis and the tt cross section measurement,
only the additional uncertainty of 6.6% is taken into account in the limit calculation.

The electroweak and multijet backgrounds are constrained to the yields predicted by the cross
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Figure 7: The observed (solid line with points) and the expected (dotted line) 95% CL upper
limits on the t0 t̄0 production cross section as a function of the t0 quark mass for µ+jets (top),
e+jets (middle) and combined (bottom) analyses. The ±1 and ±2 standard deviation ranges
on the expected limit are shown by the bands. The theoretical cross section is shown by the
continuous line without points.
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Figure 5: Map of the merged bins for the 550 GeV t0 quark mass hypothesis for the e+jets
channel (left) and the µ+jets channel (right). The color represents the bin index. Low index
values correspond to high signal-to-background ratios.
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7 Systematic Uncertainties

Systematic uncertainties influence the signal and background predictions of the discriminat-
ing distribution Mf it vs. HT, used to test whether the observed events are consistent with the
signal-plus-background or the background-only hypothesis. Below, all sources of systematic
uncertainties are described that have been considered. They can be divided into two types: un-
certainties that only impact the normalization of the HT vs. Mf it distributions (normalization
uncertainties), and uncertainties that also affect the shape of the distributions (shape uncertain-
ties).

7.1 Normalization Uncertainties

The normalization uncertainties include the total tt cross section, electroweak and multijet
background normalization, integrated luminosity, lepton efficiencies and data to MC scale fac-
tors.

The cross section for tt production has been measured by CMS to be 165.8 ± 13.3 pb [28]. As
the luminosity uncertainty is the same for this analysis and the tt cross section measurement,
only the additional uncertainty of 6.6% is taken into account in the limit calculation.

The electroweak and multijet backgrounds are constrained to the yields predicted by the cross
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7 Systematic Uncertainties

Systematic uncertainties influence the signal and background predictions of the discriminat-
ing distribution Mf it vs. HT, used to test whether the observed events are consistent with the
signal-plus-background or the background-only hypothesis. Below, all sources of systematic
uncertainties are described that have been considered. They can be divided into two types: un-
certainties that only impact the normalization of the HT vs. Mf it distributions (normalization
uncertainties), and uncertainties that also affect the shape of the distributions (shape uncertain-
ties).

7.1 Normalization Uncertainties

The normalization uncertainties include the total tt cross section, electroweak and multijet
background normalization, integrated luminosity, lepton efficiencies and data to MC scale fac-
tors.

The cross section for tt production has been measured by CMS to be 165.8 ± 13.3 pb [28]. As
the luminosity uncertainty is the same for this analysis and the tt cross section measurement,
only the additional uncertainty of 6.6% is taken into account in the limit calculation.

The electroweak and multijet backgrounds are constrained to the yields predicted by the cross
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Table 1: Summary of expected b0b0 cross sections [40], selection efficiencies, and yields for the
two signal channels as a function of the b0 mass.

Mb0 Cross section Same-charge dilepton Trilepton
[GeV/c2] [pb] efficiency [%] yield efficiency [%] yield

450 0.662 1.52 ± 0.13 49 0.47 ± 0.05 15
500 0.330 1.64 ± 0.14 26 0.51 ± 0.05 8.2
550 0.171 1.71 ± 0.14 14 0.56 ± 0.05 4.7
600 0.0923 1.69 ± 0.14 7.6 0.60 ± 0.06 2.7
650 0.0511 1.71 ± 0.15 4.3 0.63 ± 0.06 1.6

the particles inside the cone, excluding contributions from the lepton candidate, exceeds 15%
of the candidate pT, then the lepton candidate is rejected. Electron candidates are required to
be separated from any selected muon candidates by DR > 0.1 to remove misidentified elec-
trons due to muon bremsstrahlung. Electron candidates identified as originating from photon
conversions are also rejected.

Events are required to have at least one well-reconstructed interaction vertex [35]. Events with
two leptons of the same electric charge, or with three leptons (two of which must be oppositely
charged), are selected. For the same-charge dilepton (trilepton) channel, events with fewer
than four (two) jets are rejected. At least one jet must be identified as a b-jet. In addition,
events that have any two muons or electrons whose invariant mass M`` is within 10 GeV/c2 of
the Z-mass (|M`` � MZ| < 10 GeV/c2) are rejected, in order to suppress the background from
Z ! `+`� decays. For each event, the scalar quantity ST = Â |~pT(jets)|+ Â |~pT(leptons)|+ ET/
is required to satisfy the condition ST > 500 GeV. The selection criteria described above are not
fully optimized in terms of discovery reach, but in fact they are more robust because they have
a single background component in the background estimation with data.

Signal selection efficiencies are estimated using simulated event samples. Fourth generation
quarks production is implemented as a straightforward extension to the standard model con-
figuration of the MADGRAPH/MADEVENT generator version 5.131 [36]. Parton showering and
hadronization are provided by PYTHIA 6.424 [37] using the matching prescription described in
Ref. [38]. Finally, these generated signal events are passed through the CMS detector simulation
based on GEANT4 [39].

Table 1 shows the expected efficiencies for a b0 signal, for 450  Mb0  650 GeV/c2. The effi-
ciencies vary between 1.5% and 1.7% for the same-charge dilepton channel, and between 0.47%
and 0.63% for the trilepton events, in the chosen range of Mb0 . These efficiencies include the
branching fractions for W-decay and the b-tagging performance [34]. Jet multiplicities for the
same-charge dilepton and the trilepton channels are shown in Fig. 1, and the ST distributions
are presented in Fig. 2. The expected distributions for a b0 signal having Mb0 = 500 GeV/c2

are normalized to the production cross sections from Ref. [40] that include approximate next-
to-next-to-leading-order perturbative QCD corrections, and standard QCD couplings are as-
sumed.

4 Background estimation

Because of the b-tagging requirement, 98% of the expected background events in the same-
charge dilepton channel have at least one top quark from tt, tt + W/Z, or single-top processes.

arXiv:1204.1088v1
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Figure 1: Jet multiplicity distributions for the same-charge dilepton channel (left), and the
trilepton channel (right). The open histogram shows the contribution expected from a b0 hav-
ing Mb0 = 500 GeV/c2. The contributions from standard model processes are normalized to the
total estimated background. All selection criteria are applied except the one corresponding to
the plotted variable. The vertical dotted lines indicate the minimum number of jets required in
events selected for each of the channels.
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Figure 2: Distributions in ST, the scalar sum of the transverse momenta of objects, in the same-
charge dilepton channel (left), and the trilepton channel (right). The open histogram is the
contribution expected from a b0 having Mb0 = 500 GeV/c2. The histograms for standard model
processes are normalized to the total expected background. All selection criteria are applied
except the one corresponding to the plotted variable. The vertical dotted line indicates the
lower bound on ST used in the analysis.
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Table 1: Summary of expected b0b0 cross sections [40], selection efficiencies, and yields for the
two signal channels as a function of the b0 mass.

Mb0 Cross section Same-charge dilepton Trilepton
[GeV/c2] [pb] efficiency [%] yield efficiency [%] yield

450 0.662 1.52 ± 0.13 49 0.47 ± 0.05 15
500 0.330 1.64 ± 0.14 26 0.51 ± 0.05 8.2
550 0.171 1.71 ± 0.14 14 0.56 ± 0.05 4.7
600 0.0923 1.69 ± 0.14 7.6 0.60 ± 0.06 2.7
650 0.0511 1.71 ± 0.15 4.3 0.63 ± 0.06 1.6

the particles inside the cone, excluding contributions from the lepton candidate, exceeds 15%
of the candidate pT, then the lepton candidate is rejected. Electron candidates are required to
be separated from any selected muon candidates by DR > 0.1 to remove misidentified elec-
trons due to muon bremsstrahlung. Electron candidates identified as originating from photon
conversions are also rejected.

Events are required to have at least one well-reconstructed interaction vertex [35]. Events with
two leptons of the same electric charge, or with three leptons (two of which must be oppositely
charged), are selected. For the same-charge dilepton (trilepton) channel, events with fewer
than four (two) jets are rejected. At least one jet must be identified as a b-jet. In addition,
events that have any two muons or electrons whose invariant mass M`` is within 10 GeV/c2 of
the Z-mass (|M`` � MZ| < 10 GeV/c2) are rejected, in order to suppress the background from
Z ! `+`� decays. For each event, the scalar quantity ST = Â |~pT(jets)|+ Â |~pT(leptons)|+ ET/
is required to satisfy the condition ST > 500 GeV. The selection criteria described above are not
fully optimized in terms of discovery reach, but in fact they are more robust because they have
a single background component in the background estimation with data.

Signal selection efficiencies are estimated using simulated event samples. Fourth generation
quarks production is implemented as a straightforward extension to the standard model con-
figuration of the MADGRAPH/MADEVENT generator version 5.131 [36]. Parton showering and
hadronization are provided by PYTHIA 6.424 [37] using the matching prescription described in
Ref. [38]. Finally, these generated signal events are passed through the CMS detector simulation
based on GEANT4 [39].

Table 1 shows the expected efficiencies for a b0 signal, for 450  Mb0  650 GeV/c2. The effi-
ciencies vary between 1.5% and 1.7% for the same-charge dilepton channel, and between 0.47%
and 0.63% for the trilepton events, in the chosen range of Mb0 . These efficiencies include the
branching fractions for W-decay and the b-tagging performance [34]. Jet multiplicities for the
same-charge dilepton and the trilepton channels are shown in Fig. 1, and the ST distributions
are presented in Fig. 2. The expected distributions for a b0 signal having Mb0 = 500 GeV/c2

are normalized to the production cross sections from Ref. [40] that include approximate next-
to-next-to-leading-order perturbative QCD corrections, and standard QCD couplings are as-
sumed.

4 Background estimation

Because of the b-tagging requirement, 98% of the expected background events in the same-
charge dilepton channel have at least one top quark from tt, tt + W/Z, or single-top processes.
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Figure 1: Jet multiplicity distributions for the same-charge dilepton channel (left), and the
trilepton channel (right). The open histogram shows the contribution expected from a b0 hav-
ing Mb0 = 500 GeV/c2. The contributions from standard model processes are normalized to the
total estimated background. All selection criteria are applied except the one corresponding to
the plotted variable. The vertical dotted lines indicate the minimum number of jets required in
events selected for each of the channels.
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Figure 2: Distributions in ST, the scalar sum of the transverse momenta of objects, in the same-
charge dilepton channel (left), and the trilepton channel (right). The open histogram is the
contribution expected from a b0 having Mb0 = 500 GeV/c2. The histograms for standard model
processes are normalized to the total expected background. All selection criteria are applied
except the one corresponding to the plotted variable. The vertical dotted line indicates the
lower bound on ST used in the analysis.
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Table 1: Summary of expected b0b0 cross sections [40], selection efficiencies, and yields for the
two signal channels as a function of the b0 mass.

Mb0 Cross section Same-charge dilepton Trilepton
[GeV/c2] [pb] efficiency [%] yield efficiency [%] yield

450 0.662 1.52 ± 0.13 49 0.47 ± 0.05 15
500 0.330 1.64 ± 0.14 26 0.51 ± 0.05 8.2
550 0.171 1.71 ± 0.14 14 0.56 ± 0.05 4.7
600 0.0923 1.69 ± 0.14 7.6 0.60 ± 0.06 2.7
650 0.0511 1.71 ± 0.15 4.3 0.63 ± 0.06 1.6

the particles inside the cone, excluding contributions from the lepton candidate, exceeds 15%
of the candidate pT, then the lepton candidate is rejected. Electron candidates are required to
be separated from any selected muon candidates by DR > 0.1 to remove misidentified elec-
trons due to muon bremsstrahlung. Electron candidates identified as originating from photon
conversions are also rejected.

Events are required to have at least one well-reconstructed interaction vertex [35]. Events with
two leptons of the same electric charge, or with three leptons (two of which must be oppositely
charged), are selected. For the same-charge dilepton (trilepton) channel, events with fewer
than four (two) jets are rejected. At least one jet must be identified as a b-jet. In addition,
events that have any two muons or electrons whose invariant mass M`` is within 10 GeV/c2 of
the Z-mass (|M`` � MZ| < 10 GeV/c2) are rejected, in order to suppress the background from
Z ! `+`� decays. For each event, the scalar quantity ST = Â |~pT(jets)|+ Â |~pT(leptons)|+ ET/
is required to satisfy the condition ST > 500 GeV. The selection criteria described above are not
fully optimized in terms of discovery reach, but in fact they are more robust because they have
a single background component in the background estimation with data.

Signal selection efficiencies are estimated using simulated event samples. Fourth generation
quarks production is implemented as a straightforward extension to the standard model con-
figuration of the MADGRAPH/MADEVENT generator version 5.131 [36]. Parton showering and
hadronization are provided by PYTHIA 6.424 [37] using the matching prescription described in
Ref. [38]. Finally, these generated signal events are passed through the CMS detector simulation
based on GEANT4 [39].

Table 1 shows the expected efficiencies for a b0 signal, for 450  Mb0  650 GeV/c2. The effi-
ciencies vary between 1.5% and 1.7% for the same-charge dilepton channel, and between 0.47%
and 0.63% for the trilepton events, in the chosen range of Mb0 . These efficiencies include the
branching fractions for W-decay and the b-tagging performance [34]. Jet multiplicities for the
same-charge dilepton and the trilepton channels are shown in Fig. 1, and the ST distributions
are presented in Fig. 2. The expected distributions for a b0 signal having Mb0 = 500 GeV/c2

are normalized to the production cross sections from Ref. [40] that include approximate next-
to-next-to-leading-order perturbative QCD corrections, and standard QCD couplings are as-
sumed.

4 Background estimation

Because of the b-tagging requirement, 98% of the expected background events in the same-
charge dilepton channel have at least one top quark from tt, tt + W/Z, or single-top processes.

• dominated by three real leptons• tt+W/Z: from MC; norm. to NLO• tt, W/Z: from MC; norm. to CMS meas.• single top: from MC; norm to NNLO• dibosons: from MC; norm to MCFM• W±W±: from MC; norm to NLO
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Table 1: Summary of expected b0b0 cross sections [40], selection efficiencies, and yields for the
two signal channels as a function of the b0 mass.

Mb0 Cross section Same-charge dilepton Trilepton
[GeV/c2] [pb] efficiency [%] yield efficiency [%] yield

450 0.662 1.52 ± 0.13 49 0.47 ± 0.05 15
500 0.330 1.64 ± 0.14 26 0.51 ± 0.05 8.2
550 0.171 1.71 ± 0.14 14 0.56 ± 0.05 4.7
600 0.0923 1.69 ± 0.14 7.6 0.60 ± 0.06 2.7
650 0.0511 1.71 ± 0.15 4.3 0.63 ± 0.06 1.6

the particles inside the cone, excluding contributions from the lepton candidate, exceeds 15%
of the candidate pT, then the lepton candidate is rejected. Electron candidates are required to
be separated from any selected muon candidates by DR > 0.1 to remove misidentified elec-
trons due to muon bremsstrahlung. Electron candidates identified as originating from photon
conversions are also rejected.

Events are required to have at least one well-reconstructed interaction vertex [35]. Events with
two leptons of the same electric charge, or with three leptons (two of which must be oppositely
charged), are selected. For the same-charge dilepton (trilepton) channel, events with fewer
than four (two) jets are rejected. At least one jet must be identified as a b-jet. In addition,
events that have any two muons or electrons whose invariant mass M`` is within 10 GeV/c2 of
the Z-mass (|M`` � MZ| < 10 GeV/c2) are rejected, in order to suppress the background from
Z ! `+`� decays. For each event, the scalar quantity ST = Â |~pT(jets)|+ Â |~pT(leptons)|+ ET/
is required to satisfy the condition ST > 500 GeV. The selection criteria described above are not
fully optimized in terms of discovery reach, but in fact they are more robust because they have
a single background component in the background estimation with data.

Signal selection efficiencies are estimated using simulated event samples. Fourth generation
quarks production is implemented as a straightforward extension to the standard model con-
figuration of the MADGRAPH/MADEVENT generator version 5.131 [36]. Parton showering and
hadronization are provided by PYTHIA 6.424 [37] using the matching prescription described in
Ref. [38]. Finally, these generated signal events are passed through the CMS detector simulation
based on GEANT4 [39].

Table 1 shows the expected efficiencies for a b0 signal, for 450  Mb0  650 GeV/c2. The effi-
ciencies vary between 1.5% and 1.7% for the same-charge dilepton channel, and between 0.47%
and 0.63% for the trilepton events, in the chosen range of Mb0 . These efficiencies include the
branching fractions for W-decay and the b-tagging performance [34]. Jet multiplicities for the
same-charge dilepton and the trilepton channels are shown in Fig. 1, and the ST distributions
are presented in Fig. 2. The expected distributions for a b0 signal having Mb0 = 500 GeV/c2

are normalized to the production cross sections from Ref. [40] that include approximate next-
to-next-to-leading-order perturbative QCD corrections, and standard QCD couplings are as-
sumed.

4 Background estimation

Because of the b-tagging requirement, 98% of the expected background events in the same-
charge dilepton channel have at least one top quark from tt, tt + W/Z, or single-top processes.
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Figure 3: Exclusion limits at 95% CL on the pp ! b0b0 production cross section (s). The solid
line represents the observed limits, while the dotted line represents the limits expected for the
available integrated luminosity, assuming the presence of standard model processes alone. A
comparison with the production cross-sections excludes b0 masses Mb0 < 611 GeV/c2 at 95%
CL for a 100% b0 ! tW decay branching fraction.

processes. Assuming a branching fraction of 100% for the decay b0 ! tW, b0 quarks with
masses below 611 GeV/c2 are excluded at 95% CL. This is the most stringent limit to date.
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• CMS had an excellent 2011!

• more than 40 new results sent to winter 
conferences:
Standard Model, B-physics, Top, Higgs, SUSY, Exotica

• Stay tuned for more 2011 results:

• Several 5fb-1 results are in the pipeline; will be 
released soon

• Many involving SUSY with heavy flavour:   

• all hadronic + b-jets; single-lepton + b-jets, 
all hadronic + τ’s

• Already analysing > 1 fb-1 (gulp!) 2012 data

• LHC and CMS performing extremely well!
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12 6 Results

Systematic check Fitting F0, FL and Ftt Fitting F0 and Ftt
3D fit 2D fit

± Uncertainty F0 ± Uncertainty FL ± Uncertainty F0

b-Tag (
eDATA

b�tag

eMC
b�tag

) 0.007 0.009 0.010

QCD Norm 0.007 0.002 0.003
Single-t Norm 0.003 0.007 0.010
DY Norm 0.018 0.003 0.010
W+jet Norm 0.020 0.006 0.029

muon (no eDATA
µ

eMC
µ

) 0.002 0.003 0.003
PDF 0.001 0.001 0.002
JES scale 0.018 0.011 0.005
top Q2 scale 0.014 0.007 0.021
DY,W Q2 scale 0.022 0.003 0.014
top mass (±3 GeV/c2) 0.019 0.021 0.025

Table 2: Summary of the systematic uncertainties, on the 3D fit analysis, fitting F0, FL and Ftt
(columns 2-3) and on the 2D fit analysis, fitting F0 and Ftt only (column 4). The numbers given
correspond to the absolute uncertainty with respect to the central analysis: (Fcentral � Fcheck).

6 Results
6.1 Helicity Fractions

The measurement of the W helicity fractions in semileptonic top pairs using fits to the cos(q⇤)
distribution yields:

F0 = 0.567 ± 0.074(stat.)± 0.047(syst.)
FL = 0.393 ± 0.045(stat.)± 0.029(syst.),

if the F0 and FL are fitted at the same time. The measurements are correlated, with a correlation
factor -0.94. The large correlation is due to the small value of FR preferred by the data. If we
change variables and use F0, FL � FR instead as fit parameters, the correlation is �33.5%.

The third fraction is fixed by the condition F0 + FR + FL = 1, giving:

FR = 0.040 ± 0.035 (stat.)± 0.044(syst.).

If the constraint FR = 0 is imposed on the fit, fitting only F0 yields:

F0 = 0.643 ± 0.034(stat.)± 0.050(syst.)

or, equivalently (FL = 1 � F0 for FR = 0):

FL = 0.357 ± 0.034 (stat.)± 0.050(syst.).

The two types of fits provide consistent measured fractions. All results are in agreement with
the predictions from the standard model.
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the predictions from the standard model.
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MUON BARREL
Drift Tube
Chambers ( DT )

Resistive Plate
Chambers ( RPC )

SUPERCONDUCTING
COIL

IRON YOKE

Silicon micro strips
Pixels

TRACKER

Cathode Strip Chambers (CSC )
Resistive Plate Chambers (RPC)

MUON
ENDCAPS

ECAL
 Scintillating 
PbWO4 crystals

HCAL Plastic scintillator/
brass sandwich

Length: 21.6 m 
Diameter: 15 m 
Weight: ~12,500 tons
Magnetic Field: 4 Tesla


