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Motivation
·Top Quark is special
·heaviest known particle
·decay before hadronization: "bare quark"
·maximum sensitivity to Higgs (EWK loop corrections)

·Precision measurements of SM parameters
·total cross section, differential distributions
·properties (mass, spin structure, asymmetries, 

couplings, Vtb ...)

·Search for New Physics
·New physics might preferentially couple / decay to top
·non-standard couplings ?

·LHC is a top factory with multi TeV scale reach        
> 1 fb-1 : > 160k top quark pairs produced in CMS
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Top Quark Pair Production
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LHC (7TeV) Tevatron

σtt ~160 pb ~7 pb

dominantly gg qq

·Gluon-Gluon Fusion

·Quark-Antiquark Annihilation

·Calculations (pp at 7 TeV):
·NLO (MCFM): 

·approx. NNLO:
·Kidonakis

·Langenfeld et al, Aliev et al

• Gluon fusion (dominant at LHC)

• Quark-antiquark annihilation

• Total cross section at 7 TeV:
o NLO (MCFM)
o approx. NNLO

• Kidonakis, PRD 82 (2010) 114030

• Langenfeld, Moch, Uwer, PRD80 (2009) 054009; 
Aliev et al., CPC182 (2011) 1034

Top quark pair production
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Introduction

Cross Sections

➤ tt cross section at LHC 20

times larger than at Tevatron

➤ gg fusion is dominating

production process

tt Decay Channels

full hadronic: largest branching fraction

large QCD background

single lepton: golden channel

dileptonic: clearest signature

small fraction

underconstrained kinematics
3 / 15

µµ, µe, ee:
 BR ~ 5%

Semileptonic: BR ~ 30%

Fully hadronic: BR ~ 45%

·Leptons
·low background / 'easy' to trigger 
·good resolution 
·low branching ratio
·missing ET (neutrinos)

·Hadrons / jets
·large background / difficult to trigger
·large branching ratio
·no missing ET

·New measurements from CMS 
presented today:
·fully hadronic channel

·µτ	  dilepton channel

τµ,τe:
 BR ~ 5%

,τ

,τ

-
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Introduction

Cross Sections

➤ tt cross section at LHC 20

times larger than at Tevatron

➤ gg fusion is dominating

production process

tt Decay Channels

full hadronic: largest branching fraction

large QCD background

single lepton: golden channel

dileptonic: clearest signature

small fraction

underconstrained kinematics
3 / 15
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Fully hadronic: BR ~ 45%New
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·Leptons
·low background / 'easy' to trigger 
·good resolution 
·low branching ratio
·missing ET (neutrinos)

·Hadrons / jets
·large background / difficult to trigger
·large branching ratio
·no missing ET

·New measurements from CMS 
presented today:
·fully hadronic channel

·µτ	  dilepton channel
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CMS Experiment

6

Total weight: 14000 t
Magnetic field: 3.8 T
Silicon-only track detectors
Crystal EM calorimeter
Muon tracking detectors (within return yoke)
Trigger: L1 100kHz / HLT 300 Hz to tape

2010:     36 pb-1

2011: > 1.3 fb-1
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12 6 Mistag rate measurement with negative taggers

Figure 4: Signed b-tag discriminators in data (dots) and simulation for light flavour jets (blue
area, with a lighter colour for the negative discriminators), c-jets (green area) and b-jets (red
area). A jet-trigger pT threshold of 30 GeV is requested both to data and MC. The MC is nor-
malised to the number of entries in the data. Underflow and overflow entries are displayed in
the lower and upper bins,respectively.
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“Track counting” tagger 
Discriminator: IP significance 
of the nth track 

Secondary vertex tagger 
Discriminator based on 3D 
flight distance 
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Experimental Ingredients
·Leptons (µ or e)
·very good resolution ( < 1% below ~ 100 GeV)
·isolation cuts against QCD backgrounds

·Jet reconstruction / missing transverse momentum
·Particle Flow: identification and reconstruction of 

particles from combined signals/deposits in tracker/
calorimeter and muon systems

·b-tag
·track counting algorithm 
·count tracks with large impact parameter
·secondary vertex reconstruction
·decay length
·vertex mass

7

Jets and Missing Transverse Energy

• Use Anti-kT algo (dR<0.5)
• Jet energy scale 

uncertainty <3% for 
30<Pt<200 GeV

• Jet Pt resolution 10-15%

• Big improvement from 
complementing calorimeter 
with tracking information 
(Particle Flow, also for 
Jets)

!"#$%#&$!! '()*+,-./.(01234554*600, 78109:;0-3<=42= !$

missing ET-resolution

b-tag: secondary vertex

Calo

 Particle Flow

track corr.
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area). A jet-trigger pT threshold of 30 GeV is requested both to data and MC. The MC is nor-
malised to the number of entries in the data. Underflow and overflow entries are displayed in
the lower and upper bins,respectively.

CMS-BTV-11-001
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Dileptons (µe,ee,µµ)
·Event Selection
·Inclusive single lepton triggers (pT>15 (22) GeV for µ(e))

·≥2 isolated, opposite charge leptons (ee,µµ,eµ)
·pT>20 GeV, |η|<2.4 (µ), 2.5 (e)
·Lepton ID and conversion rejection                                 

efficiency: 99% for µ, 90% for e
·Relative Isolation < 0.15

·≥2 jets
·Anti-KT, particle flow
·PT>30 GeV, |η|<2.5

·Z0 veto (ee,µµ): 76 < mee,µµ < 106 GeV/c2

·Missing ET (ee,µµ) > 30  GeV

·b-tag (track counting algorithm) discriminant > 1.7
·efficiency 80%, mistag 10%

8

Dilepton channel: Event selection
• Inclusive single lepton triggers

o muons (Pt>…15 GeV) and 
electrons (Pt>…22 GeV)

• Two isolated, opposite charge 
leptons (ee,mumu,emu)
o Pt>20 GeV, |eta|<2.4(mu),2.5(e)
o Good ID, conversion rejection for 

electrons, eff. 99(90)% for mu(e)
o Rel. isolation< 0.15

• Z-boson veto (ee,mumu)
o |M(ll)-M(Z)|>15 GeV

• Missing Et (MET)
o Using particle flow
o MET>30 (20)GeV in ll (ll’)

• Jets
o Anti-Kt (R=0.5), particle flow
o Pt>30 GeV, |eta|<2.5

• b-jet identification
o Track-counting algorithm (count 

tracks with large impact 
parameter)

o Here: eff ~80%, mistag rate 10% 

!"#$%#&$!! '()*+,-./.(01234554*600, 78109:;0-3<=42= !>

6 4 Event selection

A b-quark jet identification algorithm that relies on the presence of charged particle tracks
displaced from the primary pp interaction location, as expected from the decay products of
long-lived b hadrons [42], is used in this analysis. A jet is identified to be from a b quark if
it contains at least two tracks with an impact parameter significance, defined as the b-tagging
discriminant, above 1.7. This corresponds to an efficiency of about 80% for a b-quark jet in
dilepton tt signal events and to a 10% mistagging rate of light-flavour or gluon jets, as estimated
in simulation. Good agreement is found for the distribution of this discriminant in data and
simulation, as shown in Fig. 1; a higher value corresponds to a sample with a higher fraction
of genuine b jets. The relationship between the b-tagging efficiency and the multiplicity of the
b-tagged jets in the signal sample can be used to measure the b-tagging efficiency in data, as
discussed in Section 5.2.2.
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Figure 1: Distribution of the b-tagging discriminant in events with at least one jet and two
oppositely charged leptons in data (points), compared to signal and background expectations
from simulation (histograms) for e+e− (left), µ+µ− (centre), and e±µ∓ (right). The simulated
contributions are normalised to the SM predicted values without additional corrections. All
background contributions are combined and displayed separately, based on the flavour of the
simulated jet.

The b-tagging procedure is used differently in the cross section and mass measurements. For
the cross section, independent measurements are made using events with and without at least
one b-tagged jet. The use of b tagging in the mass measurement is described in Section 6.

4.4 Missing transverse energy selection

The presence of neutrinos from the W-boson decays manifests itself as an imbalance in the mea-
sured momenta of all particles’ pT, in the plane perpendicular to the beam line. The missing
transverse energy vector �E/T = −∑i c�pTi , and its magnitude (E/T), are important distinguish-
ing features of tt events in the dilepton channel. The �E/T is calculated using the particle flow
algorithm [43]. The distributions of E/T for events with at least two jets are shown in Fig. 2
(no simulation-to-data corrections are applied here). Events selected with only one jet have a
larger background contribution compared to those with at least two jets. The missing trans-
verse energy selection is optimised separately for these events. The figure of merit used in the
optimisation is the expected uncertainty on the measured cross section. It is based on a sim-
plified model of the uncertainty on the final measurement in a given channel, and accounts for
statistical and systematic uncertainties on the signal and backgrounds.

Neither the dominant background processes, Drell–Yan Z/γ� → e+e− and µ+µ−, nor the back-
ground from isolated lepton candidates produced in QCD multijet events, contains a natural

b-tag: impact parameter significance

arXiv: 1105.56612010: 36 pb-1
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Dileptons (µe,ee,µµ)

·Backgrounds
·Drell Yan (ee,µµ): estimated from data (using events at Z peak)
·QCD, W+jets: estimated from data (using tight-to-loose ratio)
·Main systematics:
·lepton ID
·jet energy scale
·top quark mass
·b-tagging (determined in-situ)
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5.3 Cross section measurements per decay channel 13

between the expected and observed numbers of events in all channels. A summary of the ex-
pected number of background events is compared with the number of events observed in data
in Table 2 for the channels used in the measurement.
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Figure 3: Number of events passing the full dilepton selection criteria without a b tag (points),
as a function of the jet multiplicity for e±µ∓ (left) and all dileptons (right). There is no E/T
requirement for the e±µ∓, and a requirement of E/T > 30 GeV for the e+e− and µ+µ−. The ex-
pected distributions for the tt signal and the background sources are shown by the histograms.
The Drell–Yan and non-W/Z lepton backgrounds are estimated from data, while the other
backgrounds are from simulation. The total uncertainty on the background contribution is
displayed by the hatched region.
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Figure 4: Jet multiplicity for events passing full dilepton selection criteria with at least one
b-tagged jet, otherwise the same as in Fig. 3.

The tt production cross section is measured using:

σ(pp → tt) =
N − B
AL

, (1)
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The tt production cross section is measured using:

σ(pp → tt) =
N − B
AL

, (1)
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Figure 5: Multiplicity of b-tagged jets in events passing full dilepton selection criteria with

at least two jets compared to signal and background expectations from simulation. The un-

certainty on the number of signal events corresponding to the uncertainty in the selection of

b-tagged jets is displayed by the shaded area. The distributions are for e±µ∓ (left) and all (right)

final states combined.

where N is the number of observed events; B is the number of estimated background events;

A is the total acceptance relative to all produced tt events, including the branching ratio to

leptons, the geometric acceptance, and the event selection efficiency already corrected for dif-

ferences between data and simulation; and L is the integrated luminosity.

Results of the signal and background estimates and events observed in data in each of the three

dilepton final states in events passing selections with at least two jets prior to and after the b-

tagging requirement, and events with one jet are summarised in Table 2. These nine sets of

inputs are treated as separate measurements of the inclusive tt production cross section. The

uncertainties are propagated following Eq. (1) for each selection in the following way: the sta-

tistical uncertainty is given by
√

N/(AL); the systematic uncertainty combines in quadrature

the uncertainties on the backgrounds and A, where the relative uncertainties on A are reported

in Table 1 as subtotal values; the uncertainty on the luminosity (not reported in Table 2) is 4%,

the same for all channels. Consistent tt cross section results are seen between the 9 measure-

ments, within their relevant uncertainties. The cross section measured in the e+e− and µ+µ−

final states with at least two jets and at least one b-tagged jet is more precise than the corre-

sponding measurements in the same jet multiplicity without a b-tagging requirement, which

results in a significant suppression of the backgrounds. The situation is different in the e±µ∓

final state, where the b-tagging requirement gives a slightly worse precision, primarily due to

added uncertainty on the rate of b-tagged events. The measurements in events selected with

one jet, where the total number of events is smaller and the fraction of backgrounds is larger,

have a substantially larger uncertainty compared to the selections with at least two jets.

In addition to the selections used for the main results presented in this analysis, alternative

selections were applied to the same data sample and most of the steps of this analysis were

reproduced. One analysis used calorimeter jets and missing transverse energy, both corrected

using tracks reconstructed in the silicon tracker [40, 43]. Another analysis applied lepton iden-

tification and isolation requirements based on quantities provided by the particle flow algo-

before b-tagging N(jets) for N(b-tag) ≥ 1 N(b-tag) for N(jets) ≥ 2

Background free sample of top quark pair events !

arXiv: 1105.56612010: 36 pb-1
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Dileptons (µe,ee,µµ)

·Cross section determination:
·count number of events above background
·3 categories for each mode (ee,µµ,eµ):
·1 jet, no b-tagging 
·>2 jets, no b-tagging
·>2 jets, ≥ 1 b-tag

·Cross section ratio tt/Z:
·cancellation of some of the exp.systematics, no luminosity uncertainty
·anti-correlated PDF uncertainties in Z and tt

10

arXiv: 1105.5661
Top pair cross section in dileptons 

(arXiv:1105.5661)
• Counting experiment, done in 

three categories (and each for 
ee,mumu,emu)
o 2 jets, >=0 b-tags
o 2 jets, >=1 b-tags (adds 

sensitivity for ee,mumu)
o 1 jet,   >=0 b-tags (improves 

combined result)

• Important backgrounds from 
data
o Drell-Yan (after Z-veto)

• N(in veto,data) *R(out/in,MC)

o Events with non-W/Z leptons 
(mainly QCD,W+jets)

• “fakes” measured in QCD 
sample.

!"#$%#&$!! '()*+,-./.(01234554*600, 78109:;0-3<=42= !>

CMS-PAS TOP-10-005

tt̄ Cross Section in the Dilepton Channels (CMS-PAS TOP-10-005)

Event counting with dedicated data-driven techniques for the estimation of background

contributions in the e+e−, the µ+µ−, and the e±µ∓ channels

ee,µµ, and eµ ee,µµ, and eµ

More supporting Tables/Figures can be found in the backup!

σtt̄ = 168 ± 18 (stat.) ± 14 (syst.) ± 7 (lumi.) pb

Jasmin.Gruschke@cern.ch (KIT) Top Physics @ CMS: Recent Results Moriond/QCD March, 29th 2011 6 / 25

• Combined cross section

• Cross section ratio tt/Z
o Interesting quantity:

• cancellation of exp. systematics; no associated luminosity uncertainty
• anti-correlated PDF uncertainty in Z and tt

o Result:

o 14% uncertainty, comparable to uncertainty of SM prediction
o Only marginally better than cross section uncertainty (dominating 

systematics do not cancel; luminosity error only 4%)

Top pair cross section in dileptons 
(arXiv:1105.5661)

!"#$%#&$!! !'()*+,-./0/)12345665+711- 8921:;<1.4=>53>

systematic uncertainty: ~9%

9 separate measurements

2010: 36 pb-1
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Figure 1: Observed numbers of events from data and simulation as a function of jet multiplicity
in the (left) electron+jets and (right) muon+jets selected samples. Yields are calculated after
applying the respective event selections and omitting any requirement on the number of jets.

events constrains the QCD and W+jet background normalization when a simultaneous fit to
the three and four-or-more jet samples is performed.

The predicted jet-multiplicity distribution and the predicted ratio between events with three
jets and events with four or more jets for the different processes are used to simultaneously fit
the fraction of tt̄ events and the contamination from background processes. Kinematic variables
whose shapes are different for the different processes are used to separate the backgrounds
from the signal. After a number of variables and combinations were tested, the variable M3 was
chosen to separate tt̄ events from background events in the four-or-more-jet sample. This vari-
able is defined as the invariant mass of the combination of the three jets with the largest vecto-
rially summed transverse momentum. It approximates the mass of the hadronically-decaying
top quark and thus provides good separation power. The three-jet sample is dominated by
W+jets events and QCD multijet events. For the three-jet sample, a variable that is well suited
for the discrimination of QCD multijet events from the other processes is needed. In contrast
to processes with W bosons, QCD processes exhibit only small amounts of missing transverse
energy, mostly because of mismeasured jets rather than the presence of neutrinos. Therefore
/ET was chosen as the discriminating variable to separate QCD events from W+jets and tt̄ signal
events in the three-jet sample.

The /ET and M3 distributions from the observed data sample are fit simultaneously to obtain
the contributions of the signal and the main background processes. We use a binned likelihood
fit, where the number of expected events µj[i] in each bin i of the distribution for the variable
of choice j (either /ET or M3) is compared to the observed number of events in this bin. The
number of expected events in bin i is given by:

µj[i] = ∑
k

βk · αjk[i] , (2)

where αjk is the binned contribution (called “template” in the following) for variable j and
process k. The fit parameters βk are the ratio of the measured (σk) and predicted (σpred

k ) cross
sections for process k:

βk =
σk

σ
pred
k

. (3)

Here, k denotes all processes that are taken into account, namely tt̄, W+jets, Z+jets, single-

e/µ+jets
·Event selection:
·single lepton triggers (2010 same as for dilepton analysis)
·exactly one isolated lepton
·electrons: pT > 30 GeV, |η|<2.5, relative isolation<0.1, 

conversion rejection
·muons: pT > 20 GeV,  |η|<2.1, relative isolation<0.05
·Jets: pT>30 GeV, |η|<2.4

·Two independent analyses:
·no b-tag: fit MET and M3 shapes as discriminator variables
·with b-tag: secondary vertex algorithm, MET > 20 GeV

11

Lepton+jets: Event selection
• Considered modes:

o e+jets, mu+jets

• Single lepton triggers used

• Exactly one isolated lepton
o Muons: Pt>20 GeV,|eta|<2.1

• Rel. Isolation < 0.05

o Electrons: Pt>30 GeV, |eta|<2.5
• Rel. Isolation, conversion veto

• Jets and Missing Et (MET)
o Pt>30 GeV, |eta|<2.4

• b-tagging
o Secondary vertex algorithm

• Analysis without b-tagging
o Use MET shape as discriminating 

distribution

• Analysis with b-tagging
o MET>20GeV

!"#$%#&$!! '()*+,-./.(01234554*600, 78109:;0-3<=42= !>
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Jet multiplicity (e+jets)
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Figure 1: Observed numbers of events from data and simulation as a function of jet multiplicity
in the (left) electron+jets and (right) muon+jets selected samples. Yields are calculated after
applying the respective event selections and omitting any requirement on the number of jets.

events constrains the QCD and W+jet background normalization when a simultaneous fit to
the three and four-or-more jet samples is performed.

The predicted jet-multiplicity distribution and the predicted ratio between events with three
jets and events with four or more jets for the different processes are used to simultaneously fit
the fraction of tt̄ events and the contamination from background processes. Kinematic variables
whose shapes are different for the different processes are used to separate the backgrounds
from the signal. After a number of variables and combinations were tested, the variable M3 was
chosen to separate tt̄ events from background events in the four-or-more-jet sample. This vari-
able is defined as the invariant mass of the combination of the three jets with the largest vecto-
rially summed transverse momentum. It approximates the mass of the hadronically-decaying
top quark and thus provides good separation power. The three-jet sample is dominated by
W+jets events and QCD multijet events. For the three-jet sample, a variable that is well suited
for the discrimination of QCD multijet events from the other processes is needed. In contrast
to processes with W bosons, QCD processes exhibit only small amounts of missing transverse
energy, mostly because of mismeasured jets rather than the presence of neutrinos. Therefore
/ET was chosen as the discriminating variable to separate QCD events from W+jets and tt̄ signal
events in the three-jet sample.

The /ET and M3 distributions from the observed data sample are fit simultaneously to obtain
the contributions of the signal and the main background processes. We use a binned likelihood
fit, where the number of expected events µj[i] in each bin i of the distribution for the variable
of choice j (either /ET or M3) is compared to the observed number of events in this bin. The
number of expected events in bin i is given by:

µj[i] = ∑
k

βk · αjk[i] , (2)

where αjk is the binned contribution (called “template” in the following) for variable j and
process k. The fit parameters βk are the ratio of the measured (σk) and predicted (σpred

k ) cross
sections for process k:

βk =
σk

σ
pred
k

. (3)

Here, k denotes all processes that are taken into account, namely tt̄, W+jets, Z+jets, single-

Jet multiplicity (µ+jets)
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e/µ+jets (no b-tag)
·Simultaneous fit to templates of two distributions in two separate samples
·N(jets) = 3: MET distribution: separates top quark pair signal from QCD, Z+jets
·N(jets) ≥ 4: M3 distribution (maximum vectorial sum of 3 jets): signal peaks around top mass

12

arXiv: 1106.0902

6.3 Electron+Jets Analysis 11

Irel < 0.1 (but Irel < 0.5 is always required), transverse impact parameter < 0.02 cm, and the
standard electron identification criteria. As verified with simulated events, the data sample
extracted in this way has a QCD multijet purity larger than 99%. In addition, the M3 and
/ET shapes derived from this sample are in good agreement with the distributions from the
simulation. The fraction of events in the three-jet and inclusive-four-jet sample for each process
are taken from the simulation. Figure 2 shows the distributions of /ETand M3 from the simulated
three-jet and four-or-more jet samples, respectively, for the different processes.
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Figure 2: Simulated distributions from electron+jets events of (left) /ET for events with three jets
and (right) M3 for events with four or more jets. The contributions from the different processes
are shown separately, and are normalized to unity. Error bars are statistical only.

The modeling of QCD multijet events from data might induce an additional source of system-
atic uncertainty. This is investigated by separating the sideband region from which the QCD
templates are derived into two parts. The sideband region is defined, in addition to other cri-
teria, by 0.1 < Irel < 0.5 for the electron+jets channel. The QCD template is further split into
two separate samples of equal-width regions in Irel (0.1 < Irel < 0.3 and 0.3 < Irel < 0.5), and
the templates from these two samples are used to estimate this systematic uncertainty. The
uncertainty in the ratio of the number of events with three jets to that with four or more jets is
investigated as well. While this ratio for the model predictions is taken from the simulation, the
observed ratio in the sideband selection is different. Consequently, the two potential sources of
systematic uncertainties are studied separately via two independent strength parameters.

The tt̄ cross section is measured, accounting for statistical and systematic uncertainties, using
the fit method described in Section 6.1. The parameter βfit

tt̄ , which is used to compute the tt̄ cross
section, and the values of βk for the background processes are determined in the fit. The results
for βtt̄ and the signal and background event yields for the inclusive three-jet bin are given in
Table 2. While the number of fitted tt̄ events Ntt̄ is quoted with its combined statistical and
systematic uncertainty, for the remaining processes only statistical uncertainties are given. A
list of all systematic uncertainties in this channel is provided in Section 6.5, with the dominant
systematic uncertainty coming from the lack of knowledge of the jet energy scale.

In the electron+jets channel, the resulting tt̄ production cross section is:

σtt̄ = 180+45
−38 (stat. + syst.)± 7 (lumi.)pb . (5)

The fit produces a combined statistical and systematic uncertainty, as given above. A fit using
only the nominal templates yields a statistical uncertainty of +23

−22 pb. Assuming uncorrelated,
Gaussian behaviour of statistical and systematic uncertainties, one can subtract the statistical

12 6 Cross-Section Measurement

uncertainty in quadrature from the overall uncertainty, resulting in a systematic uncertainty of
+39

−31
pb. Individual uncertainties are summarized in Section 6.5.

Table 2: The predicted and fitted values for βtt̄ and for the numbers of events for the various

contributions from the inclusive three-jet electron+jets sample. The quoted uncertainties in

the tt̄ yield account for statistical and systematic uncertainties, while the uncertainties in the

background event yields are derived from the covariance matrix of the maximum-likelihood

fit and therefore represent purely statistical uncertainties.

βtt̄ Ntt̄ Nsingle-top NW+jets NZ+jets NQCD

electron+jets (predicted) 1.00 325 ± 52 31 ± 2 468 ± 34 81 ± 6 367 ± 27

electron+jets (fitted) 1.14
+0.29

−0.24
371

+94

−78
33 ± 9 669 ± 61 116 ± 36 422 ± 51

The measured tt̄ cross section, in combination with the background estimation, can be used to

compare distributions of /ETand M3 found in data with those predicted by Monte Carlo simu-

lation. Figure 3 shows the distributions of the missing transverse energy and M3 as observed

in data. For comparison, the templates from simulation are normalized to the fitted fractions.

The deviation visible in the high-M3 region between simulation and data has been investigated

using pseudo-experiments including statistical and systematic uncertainties. For 10% of the si-

multaneous fits to /ET and M3 in these pseudo-experiments, the derived Kolmogorov-Smirnov

(KS) value is larger than the KS value observed in data. Therefore, the observed deviation in

the M3 distribution is not outside the range of expected fluctuations.
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Figure 3: Electron+jets channel: Comparison of the distributions in data and simulation of the

discriminating variables /ET (left) and M3 (right) for signal and background. The simulation

has been normalized to the fit results. Only statistical uncertainties are shown.

6.4 Muon+Jets Analysis

The same analysis method is used to measure the tt̄ cross section in the muon+jets final state.

/ET and M3 are again used as discriminating variables. Shape comparisons for the different

physics processes are shown in Fig. 4. In the muon+jets channel, the QCD templates for these

two distributions are derived from data by selecting events in a sideband region enriched in

QCD multijet events. The relative isolation is required to be between 0.2 and 0.5 for the side-

band selection, in contrast to the nominal selection, where the muon must have a relative iso-

lation smaller than 0.05. The gap between the allowed isolation ranges in the two selections

reduces the signal events contribution to the sideband. Events containing muons with large

N(jets) = 3 N(jets) ≥ 4

MET

MET M3

M3

here: e+jets 
(similar distributions

 for µ+jets)
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e/µ+jets (b-tag)

·Binned template fit 
·secondary vertex mass and jet multiplicity
·separately for 1 b-tag and 2 b-tag events

·Combined in-situ fit of systematic errors
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CMS-TOP-10-003
Top pair cross section in l+jets with b-tagging

(TOP-10-003) 
• Use events with >=1 b-tag

o Secondary vertex (SV) 
algorithm

• Template fit of SV mass in 
2D N(jets), N(tags) plane
o Separation of signal and 

various backgrounds

• Most important systematics 
fitted in situ (nuisance 
parameters in profile 
likelihood)
o Jet energy scale
o B-tag efficiency
o W+jets ren./fac. scale
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·Cross section from MET and M3
· ratio W+jet/Z+jets (± 30% within theory pred.)

·single top (±30% within theory prediction)

·Dominant systematic errors: Jet energy scale, 
W+jets Q2-scale

·4 cross check analyses:
·counting experiment in µ+jets (B/G scaling)

·simultaneous fit to jet multiplicity and pT(µ)

· fit to η(µ) exploiting W charge asymmetry

·µ+jets with cut on MET>20 GeV
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6.6 Cross-checks 15

Table 4: Predicted and fitted values for βtt̄ and for the numbers of events for the various
contributions in the inclusive three-jet combined electron+jets and muon+jets sample. The
quoted uncertainties in the tt̄ yield account for statistical and systematic uncertainties, while
the uncertainties in the background event yields are derived from the covariance matrix of the
maximum-likelihood fit and therefore represent purely statistical uncertainties.

βtt̄ Ntt̄ Nsingle-top NW+jets NZ+jets NQCD e+jets NQCD µ+jets
predicted 1.00 733 ± 116 72 ± 4 1069 ± 77 138 ± 10 367 ± 27 58 ± 4

fitted 1.10+0.25
−0.21 806+183

−154 76 ± 22 1475 ± 86 184 ± 51 440 ± 44 113 ± 31

σtt̄ = 173+39
−32 (stat. + syst.)± 7 (lumi.)pb . (7)

The statistical uncertainty is 14 pb. Subtracting this in quadrature from the overall uncertainty
yields a systematic uncertainty of +36

−29 pb. The fit in the combined channel yields a KS p-value
of 68% and agrees well with a simple average of the results in the muon and electron channels,
while correctly accounting for correlations.

Table 5 gives an overview of the estimated statistical and systematic uncertainties for this com-
bined measurement as well as for the two channels separately. The different sources of system-
atic uncertainties are treated as fully correlated between the two channels, except for flavour-
specific QCD and lepton uncertainties, which are assumed to be uncorrelated. In order to
estimate the impact of individual systematic uncertainties, Neyman constructions where only
the specific source of systematic uncertainty under study is accounted for are used. Each result
indicates the combined statistical and systematic uncertainties of the contribution under study.

One can see that the largest contributor to the overall systematic uncertainty is the uncertainty
in the jet energy scale. Combining both channels significantly reduces the statistical uncer-
tainty in the measured cross section. However, since both single measurements are already
dominated by systematic uncertainties, the improvement in the total uncertainty of the com-
bined measurement is relatively small.

The combined transverse mass of the charged lepton and the /ET is a kinematic variable that
lacks the discriminating power of the M3 and /ET variables for identifying tt̄ decays. How-
ever, this variable does provide separation between events containing a decaying W boson and
non-W-boson decays, and thus serves as an independent check of the kinematics of the simu-
lated samples used in this analysis. Distributions of the transverse mass in the muon+jets and
electron+jets channels are shown in Fig. 7 for events with three or more jets. Good agreement
is found between the data and the sum of the signal and background derived from the simula-
tion scaled to the fit results. The reduced χ2 value from a fit of the data to the simulation is 1.8
(0.7) in the electron+jets (muon+jets) channel.

6.6 Cross-checks

To test the robustness of the result, the tt̄ cross section is also determined in the muon+jets
channel using four additional methods. In the first method, we use a procedure based on
counting the number of events with an isolated muon and four or more jets. This method uses
an event selection slightly different from that described above. Specifically, the jet pT is required
to be greater than 25 GeV instead of 30 GeV, and the muon is required to have relative isolation
less than 0.1, compared to 0.05 in the nominal selection. Also the backgrounds from W/Z+jets
and QCD multijet events are calculated by using the technique of Berends scaling [51]. In the

arXiv: 1106.0902
no b-tag

A. Calderon -  PLHC 2011 8

!!((ttt)t) : lepton+jets : lepton+jets channel w/o b-tagging channel w/o b-tagging  

! Dominant effect: 
JES, followed by W+jets Q2 scale

! Simultaneous binned likelihood fit to: 

!T

M3

MT

!"#with = 3 jets 
* Separates QCD from real W decays 

M3 with ≥  4 jets 
* M3 is the inv. Mass of the 3 jets with the max "pt
* Separates top from other events with real W  
  decays.

! Good agreement with data after fit
control: MT (W) (transverse mass)

! e+jets and mu+jets combined: 

b-tag
CMS-TOP-10-003

·Cross section from SV mass and Jet multiplicity 
· QCD bg (±100% within theory prediction)

· single top and Z+jets (±30% within theory)

·Dominant systematic errors: Jet energy scale,       
b-tag, W+jets Q2-scale

·3 cross check analyses
· soft muon tagging in µ+jets

· counting experiment in e+jets (B/G scaling)

· neural net with track counting b-tag

systematic uncertainty: 12%systematic uncertainty: ~20%

MT
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Hadronic Channel

·Event Selection:
·Jets (anti-KT using R = 0.5) within |η|<2.4
· ≥ 6 jets with:
·4 jets with pT > 60 GeV
·+1 jet with pT > 50 GeV
·+1 jet with pT > 40 GeV
·additional jets considered if pT > 30 GeV
· ≥ 2 b-tagged jets (high purity):
·secondary vertex: Ntracks ≥ 3
·decay length significance dB > 2.0                                              

(efficiency 38%, mis-tag 0.12%)

·Kinematic Reconstruction:
·W from all non-b-tagged jets (mW = 80.4 GeV)
·reconstruct m(t) from bW pairs (mt = mtbar)
·select the one combination with minimal χ2

·accept event if P(χ2) > 1%
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Figure 3: Result of the fit of the reconstructed top quark mass for the tt simulation and the
multi-jet QCD estimated from data. The error stated with the signal fraction is the statistical
error only.

rate, and trigger efficiency found in data. The integrated luminosity of the data sample is
Lint = 1.09 fb−1.

The resulting distribution can be seen in Figure 3. With this one obtains a cross section for the
tt production σtt of:

σtt = 136 ± 20 (stat.) ± 40 (sys.) ± 8 (lumi.) pb

corresponding to a total relative uncertainty of ±33.0%.

7 Cross Check with Neural Network Based Selection
As a cross check, a second measurement has been performed. For this analyis, the kinematic
properties of signal and background events are characterized to develop a kinematic selection
based on a neural network. Moreover, the QCD multi-jet background is estimated from data
using the information from the kinematic variables of dijet pairs that passed loose b-tagging
criteria and extrapolating to the signal region with tighter b-tagging criteria and higher jet
multiplicities.

The neural network has been trained on a set of about 100,000 multi-jet events and an equal
amount of simulated tt events to discrimate signal from background. These events are all re-
quired to have a jet multiplicity of 6 ≤ Njet ≤ 8, with the same cuts on the jets as described
in Section 3. The characteristic distributions of the eight kinematic variables and their descrip-
tion can be found in Appendix ??. The outcome of the training process is shown in Figure 4.
The neural network output is used for a kinematic selection by requiring NNout above 0.65. To
further improve the statistical accuracy, two medium b-tags are required using an algorithm
based on the second highest impact parameter significance.

7.1 Background Estimate

The assumption for the data-driven QCD multi-jet background estimate is that the bb̄ dynamics
in events with six or more jets can be appropriately inferred from a control sample of events
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4 4 Signal Extraction

w = R(pb
T, |η|b)× R(pb̄

T, |η|b̄)

The weighted events are used for the estimation of the QCD multi-jet background that passes
the event selection criteria with two b-tagged jets.

4.2 Validation of the Background Estimation

The amount of real bottom quark induced jets in the control region for the background es-
timation and in the signal region has been studied in simulated QCD multi-jet events. The
contribution of bottom quark induced jets in the control region for the background estimation
is of the order of 1-2% for the entire phase-space region. The fraction of bottom quark induced
jets from all b-tagged jets in the signal region is of the order of 90% on average, peaking at low
pT with about 95% going down to about 50% above 700 GeV/c.

To validate the method for estimating the amount of QCD multi-jet background events from
collision data, simulated events are used. First, the ratio R is derived from the simulated multi-
jet events. Then the weights w are applied to these events and the distribution of interest is
compared with the distribution obtained from the simulated events that actually pass the signal
selection. A comparison of the reconstructed top quark mass, obtained from the kinematic fit, in
the signal region and in the weighted control region is shown in Figure 2 (left). The unweighted
distribution from multi-jet events in the control region is shown, too.
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Figure 2: (Left) Validation of the background estimation method using simulated QCD multi-jet
events: comparison of the top mass templates obtained directly from events in the signal region
(black circles) and from weighted events in the control region (red triangles). The error bands
indicate the statistical uncertainties. (Right) Comparison of the background estimates derived
from data and derived from simulation. Gamma distributions are fitted to these estimates.

The distributions of the multi-jet QCD background in the signal region and the estimated QCD
background are in a fair agreement. Therefore this method has shown to be applicable for
the estimation of the multi-jet QCD background from data. Remaining differences have been
accounted for and are propagated as systematic errors.

·Cross section extraction: signal fraction from 
unbinned likelihood fit to reconstructed top 
mass distribution
·signal shape from simulation
·QCD background shape from data
·using signal free control sample (0 b-tags)
·weight non-b-tagged events as function of pT 

and η to distribution of b-candidates from 
kinematic fit
·systematics: 50% of difference in γ-parameter 

(±5%)

·Dominant systematics
·b-tagging (~16%) 
·jet energy scale (~14%)
·background (~12%)

Hadronic Channel

16

systematic uncertainty: 29%
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Figure 3: Result of the fit of the reconstructed top quark mass for the tt simulation and the
multi-jet QCD estimated from data. The error stated with the signal fraction is the statistical
error only.

The resulting distribution can be seen in Figure 3. With this one obtains a cross section for the
tt production σtt of:

σtt = 136 ± 20 (stat.) ± 40 (sys.) ± 8 (lumi.) pb

corresponding to a total relative uncertainty of ±33.0%.

7 Cross Check with Neural Network Based Selection
As a cross check, a second measurement has been performed. For this analyis, the kinematic
properties of signal and background events are characterized to develop a kinematic selection
based on a neural network. Moreover, the QCD multi-jet background is estimated from data
using the information from the kinematic variables of dijet pairs that passed loose b-tagging
criteria and extrapolating to the signal region with tighter b-tagging criteria and higher jet
multiplicities.

The neural network has been trained on a set of about 100 thousand multi-jet events and an
equal amount of simulated tt events to discrimate signal from background. These events are all
required to have a jet multiplicity of 6 ≤ Njet ≤ 8, with the same cuts on the jets as described in
Section 3. The characteristic distributions of the eight kinematic variables and their description
can be found in Appendix A. The outcome of the training process is shown in Figure 4. The
neural network output is used for a kinematic selection by requiring NNout above 0.65. To
further improve the statistical accuracy, two medium b-tags are required using an algorithm
based on the second highest impact parameter significance.

7.1 Background Estimate

The assumption for the data-driven QCD multi-jet background estimate is that the bb̄ dynamics
in events with six or more jets can be appropriately inferred from a control sample of events
with four or five jets. Three variables are used to parametrize the probability that a given dijet
pair has both jets b-tagged:
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8 7 Cross Check with Neural Network Based Selection
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Figure 4: Neural network output for tt̄ events (from simulation) and multi-jet events (from
data). Distributions normalized to unit area.

with four or five jets. Three variables are used to parametrize the probability that a given dijet
pair has both jets b-tagged:

• the average pT of the two jets
• the average |η| of the two jets
• the opening angle ∆R =

�
(∆η)2 + (∆φ)2

Events with six or more jets have by definition more dijet combinations than events with four
or five jets and therefore applying the double-tag probability obtained from the control region
to the signal region will lead to a large overestimate. The average number of dijet combinations
with two loose b-tags is approximately the same for four, five and six jet events. Therefore a
bias is avoided by parameterizing the probability that a given jet pair with both jets having a
loose b-tag also has both jets with a medium b-tag. With this parametrization, referred to as
the ratio RMM

LL , the expected amount of background pairs of medium-tagged jets is obtained by
weighting each event with:

w = ∑
jL jL

RMM
LL (�pT�, �|η|�, ∆R)

where the sum is over all loose-tagged jet pairs in the event with at least two loose b-tags.

7.2 Signal Extraction

The tt signal is extracted from the reconstructed top quark mass. For the event reconstruc-
tion a kinematic fit is used, similar to the one outlined in Section 3.1, with the requirements of
χ2 < 40 and, to further increase the purity, a minimum opening angle between the b-tagged
jets of ∆R > 1.2. Three templates are used to describe the reconstructed top quark mass dis-
tribution. The background template is obtained from data by weighting it with the double tag
probability. The signal template is acquired directly from simulation. A third template repre-
senting signal events behaving as background is also derived from simulation, but reweighted
with the double-tag probability. This is done in order to correct for contamination from sig-
nal events in the control region. The cross section follows finally from a binned maximum

·Event Selection
·same as main selection: ≥ 6 jets with:

·4 jets with pT > 60 GeV

·+1 jet with pT > 50 GeV

·+1 jet with pT > 40 GeV

·veto against more than 8 jets with pT > 30 GeV
· ≥ 2 loose b-tags (b-tag track counting algorithm)

·Neural Network (NNout > 0.65)
·8 input variables: ΣET, Σ3ET, Centrality (ΣET/√ŝ), 

Aplanarity , Sphericity, ET*1,2, <ET*>3-Njet

·Kinematic Fit
·χ2 ≤ 40

·ΔR (b-tags) ≥ 1.2

·Signal fraction from binned max.LL fit to top mass 
of kinematic fit: 40.3%

Hadronic Channel (Cross Check)

17
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background distributions normalized to the outcome of the fit. The measured cross section is

σtt = 157 ± 30 (stat.) ± 47 (sys.) ± 9 (lumi.) pb with a signal fraction of 40.3%.

)2 (GeV/ctopm
100 150 200 250 300 350 400 450 500 550

)2
N

. o
f t

ag
s/

(1
0 

G
eV

/c

0

20

40

60

80

100

120

CMS data: 1125 tags
Signal tt
Background

 = 7 TeVs at  -1CMS preliminary, 1.1 fb 

Figure 5: Distribution of the reconstructed top mass mtop for medium-medium b-tagged jet

combinations observed in data (circles) passing the neural-network, the χ2, and ∆R selection

criteria. Also shown is the comparison to the distributions expected for the background (yel-

low) and the tt signal, both normalized to the yields from the fit.

The overall systematic uncertainty of 29.8% is at the same level as the reference analysis. Due

to the use of the neural network based selection and different b-tagging algorithm, the cross

check analysis has a complementary set of uncertainties. The uncertainties associated with

simulation, i.e., the Q2 scale and initial and final state radiation, are larger while the uncer-

tainty attributed to the jet energy scale is smaller. The statistical uncertainty for the cross check

analysis is larger since on one side it uses less events to extract the cross section and on the

other side it also includes the background uncertainty.

8 Summary
A first measurement of the top quark pair production cross section in the fully hadronic decay

channel at a center-of-mass energy of 7 TeV has been presented. The measurement results in a

cross section of:

σtt = 136 ± 20 (stat.) ± 40 (sys.) ± 8 (lumi.) pb

A cross check analysis, using a neural network based event selection and a different QCD

multi-jet background estimate, yields σtt = 157 ± 30 (stat.) ± 47 (sys.) ± 9 (lumi.) pb.

Both results are consistent with earlier CMS measurements in the dilepton and lepton+jets de-

cay channels and with Standard Model predictions. In the former case, the combined dilepton

and lepton+jets result was determined to be σcombined

tt
= 158 ± 19 pb [6]. In the latter case, a

next-to-leading-order calculation with MCFM [17, 18] gives σNLO

tt
(MCFM) = 157.5

+23.2

−24.4
pb and

an approximate next-to-next-to-leading order calculation reads σ
NNLOapprox

tt
= 165 ± 10 pb [15].

9

likelihood fit of these three templates to the distribution measured from data. Figure 5 shows
the comparison between the reconstructed top mass from data and the expected signal and
background distributions normalized to the outcome of the fit. The measured cross section is
σtt = 157 ± 30 (stat.) ± 47 (sys.) ± 9 (lumi.) pb with a signal fraction of 40.3%.
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Figure 5: Distribution of the reconstructed top mass mtop for medium-medium b-tagged jet
combinations observed in data (circles) passing the neural-network, the χ2, and ∆R selection
criteria. Also shown is the comparison to the distributions expected for the background (blue)
and the tt signal (red), both normalized to the yields from the fit.

The overall systematic uncertainty of 29.8% is at the same level as the reference analysis. Due
to the use of the neural network based selection and different b-tagging algorithm, the cross
check analysis has a complementary set of uncertainties. The uncertainties associated with
simulation, i.e., the Q2 scale and initial and final state radiation, are larger while the uncer-
tainty attributed to the jet energy scale is smaller. The statistical uncertainty for the cross check
analysis is larger since on one side it uses less events to extract the cross section and on the
other side it also includes the background uncertainty.

8 Summary
A first measurement of the top quark pair production cross section in the fully hadronic decay
channel at a center-of-mass energy of 7 TeV has been presented. The measurement results in a
cross section of:

σtt = 136 ± 20 (stat.) ± 40 (sys.) ± 8 (lumi.) pb

A cross check analysis, using a neural network based event selection and a different QCD
multi-jet background estimate, yields 157 ± 30 (stat.) ± 47 (sys.) ± 9 (lumi.) pb.

Both results are consistent with earlier CMS measurements in the dilepton and lepton+jets de-
cay channels and with Standard Model predictions. In the former case, the combined dilepton
and lepton+jets result was determined to be 158± 19 pb [6]. In the latter case, a next-to-leading-
order calculation with MCFM [18, 19] gives 157.5+23.2

−24.4 pb and an approximate next-to-next-to-
leading order calculation predicts 165 ± 10 pb [16].

(cross check result)
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1 Introduction1

Top quarks are mostly produced in pairs with the subsequent decay tt → W
±

bW
∓

b̄. The decay2

modes of the two W bosons determine the observed event signature. The dilepton decay chan-3

nel denotes the case where both W bosons from the decaying top quark pair decay leptonically,4

i.e. to an electron, muon or tau plus corresponding neutrino. The decay channel considered5

is the tt decay with one electron or muon and one hadronically decaying tau lepton in the fi-6

nal state tt → (�ν�)(τhντ)bb̄, (� = e, µ). The main goal of the analysis is to measure the cross7

section of this process and perform a test of lepton universality of the top decay final states.8

The expected rate of the tau dilepton channel is approximately 5% (4/81) of all tt decays, equal9

to the standard (ee, µµ, eµ) tt dilepton channel. The tau dilepton channel is of particular in-10

terest because the existence of a charged Higgs with a mass smaller than the top quark mass11

mH < mtop could give rise to anomalous tau lepton production, which could be directly ob-12

servable in this decay channel. At the Fermilab Tevatron only a few events have been observed13

in the top dilepton channel with tau leptons in the final state [1] [2]. Understanding tau pro-14

duction is therefore important for several reasons: a) to check universality of lepton couplings;15

b) to increase acceptance for tt events, and c) to search for new physics processes.16

The final state studied in this analysis is sketched in Fig. 1. Experimentally, the tau lepton is17

identified by its decay products, either hadrons (τh) or leptons (τ�). The corresponding branch-18

ing ratios BR(τh →hadrons+ντ) � 65% and BR(τ� → � ν�ντ, � = e, µ) � 35%. In the first case19

a narrow jet with a distinct signature is produced. In the case of leptonic decays, the distinc-20

tion from prompt electron or muon production is experimentally difficult. Only hadronic tau21

decays are studied here.22

The structure of this manuscript is as follows: a brief description of the event reconstruction23

and event selection is provided in Sec. 2, followed by the description of the background deter-24

mination and systematic uncertainties in Sec. 3 and Sec. 4, respectively. The measurement of25

the cross section is discussed in Sec. 5.26

Figure 1: Feynmann diagrams of tt̄ production in the SM ”tau dilepton” final state.νμ

b

Dilepton (µτ) 

·1 isolated muon
·veto against additional isolated µ or e
·pT>20 GeV, |η| < 2.1
·lepton-jet separation: ΔR > 0.3

·≥ 2 jets
·pT>30 GeV, |η|<2.4

·MET> 40 GeV
·≥ 1 b-tag

·= 1 τ-jet 
·pT>20 GeV, |η|<2.4, (opp. lepton charge)

·tau identification τ-jet from hadrons and π0-strips in a 
cone ΔR=2.8/pT

·charged hadrons (standard Particle Flow)
·π0 reconstructed in narrow η-φ 'strips' in ECAL, taking 

into account photon conversion
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Dilepton (µτ)
·Cross section extraction: count Nevents above bg
·Backgrounds:
·  τ-fake (estimated from data)

·mostly from W+jets and tt → l+jets
·W+ ≥1-jet and multi-jet QCD samples 

·the genuine τ-contribution (18%) within these τ-fake 
study samples are taken from MC

·other sources of background (estimated from MC)

·Z → τ+τ-‐

·single top

·Dominant systematics
· τ-fake rate

·Jet energy scale
·b-tagging 

19

systematic uncertainty: 18% 

τ-fake rate
(QCD multijet sample)

mtop

CMS-TOP-11-006
2011 data: 1.09 fb-1

10 6 Conclusion

where N is the number of observed candidate events, B is the estimate of the background, L is192

the integrated luminosity, and Atot is the total acceptance which contains all branching ratios193

of the W’s and taus and trigger efficiency. The product of all BR’s, geometric and kinematic ac-194

ceptance, efficiencies for trigger, lepton identification and cuts on the event kinematic variables195

yields a total acceptance that is evaluated with respect to the inclusive tt sample. After the OS196

cut:197

Atot = [0.0847 ± 0.0016(stat.)± 0.009(syst.)]%

All systematic and statistical uncertainties in Table 2 are propagated from Eq. 5 to the final cross198

section. The measured tt cross section in the tau dilepton channel is:199

στ−dil
tt = 148.7 ± 23.6(stat.)± 26.0(syst.)± 8.9(lumi.) pb

in agreement with the measured values in the dilepton [13] and lepton+jet [18] final states, and200

with the standard model expectations.201

6 Conclusion202

We presented the first measurement of the tt production cross section in the tau dilepton chan-203

nel tt → (µνµ)(τhντ)bb̄ using 1.09 fb−1 of data from proton-proton collisions at
√

s = 7 TeV.204

Events are selected by requiring the presence of one muon, at least two jets (at least one jet is205

b-tagged), missing transverse energy, and one hadronically decaying tau lepton. The largest206

background contributions come from W+jet and from Z → ττ events. The dominant back-207

ground is due to W+jet events where one jet fakes the tau. The number of candidate events208

found are in agreement with the expected SM event yield and the tt tau dilepton cross section209

measured is στ−dil
tt = 148.7 ± 23.6(stat.) ± 26.0(syst.) ± 8.9(lumi.) pb, and with the standard210

model expectations.211
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Combination of tt̄ Cross Section Measurements and Comparison with Theory Predictions
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Summary

·CMS has already performed a full suite of tt cross section measurements 

·Good agreement with theory, no significant deviations from expectations
·Precision of data already starting to constrain predictions (QCD scales and PDF)

·Two experimentally challenging channels have been measured for the first time           
(using complete summer 2011 statistics)
·dilepton channel µτ

·fully hadronic channel

·Upcoming top pair cross section measurements:
·next level of precision
·differential distributions
·limited by systematics such as jet energy scale, b-tag, theory uncertainties
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results made possible by excellent CMS 
detector performance and understanding


