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The 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 is presented. The measurement has been 

performed using an integrated luminosity of 1.09 fb-1, collected with the CMS detector. The cross section is determined from an unbinned maximum likelihood fit to the reconstructed top 
quark mass. The reconstruction of ttbar candidates is performed after a cut-based event selection using a kinematic fit. A data-driven technique is used to estimate the dominant 

background from QCD multijet production. The cross section measurement yields σ(ttbar)=136±20(stat.)±40(sys.)±8(lumi.) pb. This result is consistent with measurements in other decay 
channels and with the Standard Model prediction.
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Figure 6. Comparison of the CTEQ3M, MRSR2 and MRSD parametrizations for the PDF of the
up quark and the gluon. The left plot shows the ratios fu(x)MRSR2/fu(x)CTEQ3M (full line) and
fu(x)MRSD/fu(x)CTEQ3M (dashed line). On the right hand side we plot fg(x)MRSR2/fg(x)CTEQ3M

(full line) and fg(x)MRSD/fg(x)CTEQ3M (dashed line). The factorization scale is set to µ2 =
30625 GeV2.
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Figure 7. Feynman diagrams of the leading order processes for tt̄ production: quark-antiquark
annihilation (qq̄ → tt̄) and gluon fusion (gg → tt̄).

The leading order (Born) cross sections for heavy quark production were calculated in the late
1970s [79, 80, 81, 82, 83, 84], most of them having charm production as a concrete application in
mind. The differential cross section for quark-antiquark annihilation is given by

dσ̂

dt̂
(qq̄ → tt̄) =

4 π α2
s

9 ŝ4
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where ŝ, t̂ and û are the Lorentz-invariant Mandelstam variables of the process. They are defined by
ŝ = (pq + p q̄)2, t̂ = (pq − pt)2 and û = (pq − p t̄)

2 with pi being the corresponding momentum 4-vector
of the quark i. m denotes the top quark mass. The differential cross section for the gluon-gluon fusion
process is given by:
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The invariant variables are in this case ŝ = (pg1 + pg2)2, t̂ = (pg1 − pt)2 and û = (pg1 − p t̄)
2. The

cross sections in (14) and (15) are quoted in the form given in reference [11]. The invariants t̂ and û
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Top Pair Branching Fractions

The all-hadronic channel has 

the highest branching 

fraction. 

It’s also the one with the 

largest background.  

The top quark decays almost 

exclusively in a W boson and a 

b quark. Vtb~1.

The all-hadronic channel

• Characterized by the highest branching ratio (46 % of the decays)

• BUT overwhelmed by a huge QCD multijet production

dominates by 3 orders of magnitude
(after High Level Trigger)

Tuesday, August 16, 2011

The topology of the final state is 

6 jets without missing energy.

QCD multi-jet production cross 

section is much larger.

The triggers designed to collect this signal require 5 or 6 jets with 

different thresholds. 

Jets are reconstructed with the Calorimeter information only. The 

algorithm used is AntiKt with R=0.5

The thresholds applied are:

- 5 jets with pT>40 GeV/c

- 4 jets with pT>50 GeV/c

for the trigger at low luminosity. An additional requirement of

- 6 jets pT>30 GeV/c

for the trigger at higher luminosity.

With these 2 triggers 2.5 M events have been 

collected in 1.09 fb-1.

Event reconstruction and selection Kinematic reconstruction

Signal extraction and cross section measurement

Cross check with a NN based analysis

The jets are reconstructed using the PF reconstruction technique. 

This allows the identification and reconstruction of all leptons, 

photons  and hadrons in the event, by combining the informations 

from all the CMS subdetectors.

The basic event selection is driven by the trigger 

requirements. 

Jets are reconstructed with the antiKt algorithm (R=0.5) 

and the followings pT requirements:

- 6 jets pT>40 GeV/c

- 5 jets pT>50 GeV/c

- 4 jets pT>60 GeV/c

These are set to stay (nearly) on the plateau of the trigger 

turn-on curves and minimize the impact of the trigger 

related systematics. 

Jets coming from the decay of a 

b quark are identified using a 

b-tagging algorithm based on 

the presence of a secondary 

vertex in the event.

At least 2 b-tagged jets are required. 

A kinematic fit (least squares) is applied to the selected events. 

A χ2 is calculated and minimized:

3.3 B-Tag Requirement 3

• fNE < 0.9981

• ncharged > 082

• nconst > 083

Here, fCH and fNH denote the fraction of energy from charged and neutral hadrons in a jet,84

respectively, fCE and fNE correspond to the fraction of energy from charged and neutral elec-85

tromagnetic particles, respectively, ncharged stands for the number of charged particles and nconst86

is the number of all Particle Flow objects in a jet.87

3.3 B-Tag Requirement88

Here, b tagging is applied with the very robust, secondary vertex based “simple secondary89

vertex high purity” (SSVHP) b-tagging algorithm. Only secondary vertices with at least three90

tracks are taken into account. The discriminating variable dB (SSVHP) is the decay length sig-91

nificance of the the secondary vertex. The tight working point chosen for this algorithm with a92

discriminator value of dB (SSVHP) > 2.0 yields an efficiency of 38 ± 4% while having a miss-93

tag-rate of 0.12 ± 0.02% [1]. The two b-tagged jets still are expected in the central region of the94

detector with |η| < 2.4 and fulfilling the PFJetID requirements.95

3.4 Kinematic Fit96

For the final selection of events containing top quarks, a kinematic fit, being a least-squares fit,97

is applied. It makes use of the characteristic kinematic information of the signal events. These98

characteristics are two W bosons with a mass of 80.4 GeV, that can be reconstructed from the99

light quark jets and two top quarks, that can be reconstructed from the W bosons and the100

bottom quark jets. The masses of the two top quarks should be equal, but the specific value101

is not required in order to be independent of it. A requirement that the transverse momenta102

should be balanced is not applied.103

The kinematic quantities, i, being the transverse energy, ET, the pseudorapidity, η, and the
azimuthal angle, ϕ, of the jets, j, are optimized by the kinematic fit to find the minimal χ2 (1).
This is done under the assumption of Gaussian resolutions, σij

, of these kinematic quantities,
while the constraints, dc (2), have to be fulfilled within a certain accuracy margin, �thresh (3).
More details on least-squares fits can be found in [2].

χ2 = ∑
i

∑
j

�
ij,rec − ij, f it

�2

σ2
ij

+ ∑
c

λcdc with i = Et, η, ϕ and j = jets (1)

dmW
= mW, f it − mW

dmtop
= mtop, f it,1 − mtop, f it,2

(2)

|dmW,1 |+ |dmW,2 |+ |dmtop
| < �thresh (3)

The minimum is assumed to be found, when the χ2 of the event is not decreasing by at least104

∆χ2
min

from one iteration step to the next one. When a certain number of iterations, Niter,max, is105

reached without having successfully reached a minimum the kinematic fit will be aborted. The106

parameters that were chosen are defined in Table 1.107

The Gaussian resolutions for the jets, which are used by the kinematic fit, were determined as108

functions of the transverse energy and the pseudorapidity for jets originating from light quarks109

and bottom quarks individually.110

The minimization procedure is repeated for each jet combination, 

using the information from the b-tagging.

A cut on the χ2 is applied to further imporve the purity of the 

selected sample. 
4.1 QCD Multi-Jet Background Estimation 3

Selection step Events Signal fraction
At least 6 jets 248,109 2%
At least two b-tags 6,905 17%
Kinematic Fit 1,620 32%

Table 1: Number of events and the expected signal fraction fsig in the data sample after each
selection step. The expected signal fraction is taken from the simulation, assuming a cross
section of 165 pb.

kinematic fit. The shapes used in the fit for the signal and background distributions are derived
from simulation and a data-driven estimate, respectively.

4.1 QCD Multi-Jet Background Estimation

The background from QCD multi-jet events is estimated from events with six or more jets of
which exactly zero are b-tagged. In this region of the phase space the signal contribution is
below 1%. As the kinematics from b-tagged jets and non-b-tagged jets differ, the events that
do not contain any b-tag are weighted such that they reproduce the kinematics of the b-tagged
jets. This is done by deriving a ratio R(pT, |η|):

R(pT, |η|) = N (pT, |η|, dB > 2.0)
N (pT, |η|, dB ≤ 2.0)

giving the ratio for b-tagging a jet as a function of its transverse momentum pT and its absolute
value of the pseudo-rapidity |η|. In the numerator are the number of tagged jets from all events
in data with at least one b-tagged jet and in the denominator the number of untagged jets
obtained from all events in data. In Figure 1 the ratio R is shown as function of these two
variables. The binning of the parametrization is chosen so that the average per-bin relative
error on the ratio is below 0.005.
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Figure 1: Ratio R of b-tagged jets in events with at least one b-tagged jet and all non b-tagged
jets as function of pT and |η| and the one-dimensional projections.

The kinematic fit is performed on all events with zero b-tagged jets. For all permutations with
P
�
χ2� ≥ 0.01 an event weight w is calculated depending on the pT and |η| of the two jets

associated to the bottom quarks in the kinematic fit hypothesis:

The signal fraction improves a lot after the full selection.

But the background amount is still very high, it needs to 

be estimated from data themselves.

Background estimation

The amount of background in the selected sample is estimated from 

data. Events are selected with exactly 0 b-tagged jets. The signal 

contribution in this region of the phase space is around 1%.

A parametrization is applied to account for the different kinematics 

via the scale factor:  
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4 Signal Extraction133

The number of signal events after the final selection is determined by an unbinned maximum134

likelihood fit of the reconstructed top quark mass from the kinematic fit with the tt simulation135

and a data-driven background distribution for the multi-jet QCD background.136

4.1 Multi-Jet QCD Estimation137

The background from multi-jet QCD is estimated from events having exactly 0 b-tagged jets. In

this region of the phase space the signal contribution is below 1% and therefore negligible. A

b-tag parametrization is applied to the non-b-tagged events, as they are kinematically different

from the b-tagged events. This is done by deriving a b-tag scale factor R(pT, |η|) (5) for b-

tagging a jet as a function of its transverse momentum pT and its absolute value of the pseudo-

rapidity |η|. The binning of the parametrization is chosen so that the average per bin relative

error on the scale factor is below of 0.005

R(pT, |η|) = N (pT, |η|, dB (SSVHP) > 2.0)
N (pT, |η|, dB (SSVHP) ≤ 2.0)

(5)

The kinematic fit is performed on all events with 0 b-tagged jets. For all permutations with

P
�
χ2

�
≥ 0.01 an event weight w (6) is calculated from the pT and |η| of the two jets associated

to the bottom quarks of the kinematic fit hypothesis.

w = R(pb
T
, |ηb|)× R(pb̄

T
, |η|b̄) (6)

From now on this newly weighted events are used for the estimation of the multi-jet QCD138

background.139

4.1.1 Validation of Multi-Jet QCD Estimation140

First the amount of real bottom quark induced jets in the signal region and in the control region141

for the background estimation are determined from the QCD simulations (see section 2.2). In142

Figures 2-3 composition of the jets is shown.143

It can be seen that the contribution of bottom quark induced jets in the control region for the144

background estimation of the order of 1-2% for the whole phase-space region. The fraction of145

bottom quark induced jets from all b-tagged jets in the signal region of the order of 90% on146

average, peaking at low pT with about 95% going down to about 50% above 700 GeV.147

To validate that this method of estimating the amount of background events from multi-jet148

QCD the QCD simulations are used. The b-tag scale factor will be derived from the simulated149

QCD events, the weights will be applied to the QCD simulation, and the distribution of interest150

is compared with the distribution of the events surviving the signal selection. A comparison of151

the reconstructed top quark mass of the kinematic fit in the signal region and for the weighted152

control region is shown in Figure 4.153

The distributions of the multi-jet QCD in the signal region and the estimated QCD are in a154

reasonable agreement therefore this method has shown to be usable for the estimation of the155

multi-jet QCD background from data.156
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Events are reweighted and the kinematic fit 

is applied in the same way as for the 

b-tagged events.

The estimation method is validated by 

comparing with the simulation the 

distribution of the variable mtop.

The inclusive cross section is taken from a fit to the top mass.

The main sources of systematic uncertainty are b-tag and JES.
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6 Result218

The inclusive cross section for the production of top quark pairs σtt̄ at a center of mass energy
of 7 TeV derived from events decaying fully hadronically is derived with (7).

σtt̄ =
fsig · N

� · δb-tag
� · δtrigger

� · Lint
(7)

Here fsig stands for the fraction of signal events estimated by the fit of the top quark mass219

distribution, N is the number of events seen in data after the full selection, � is the efficiency220

of selecting a tt-event and is taken from the simulation, δb-tag
� is a correction factor for the lower221

b-tagging efficiency and higher mis-tag rate found in data compared to the simulation, δtrigger
� is222

a correction factor for the trigger efficiency and Lint is the integrated luminosity of the data.223

The resulting distribution can be seen in Figure 6. With this one get a cross section for the tt
production σtt of:

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

with a total relative uncertainty of ±33.0%.224
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Figure 6: 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.

fsig 0.250
N 1620
� 0.0028
δb-tag

� 0.811
δtrigger

� 0.96
Lint 1.09 fb−1

σtt̄ 136 pb
Table 4: Overview of all variables needed for the calculation of the cross section.

fsig: fraction of events from the fit

N: number of events seen in data

ε: ttbar selection efficiency

δεb-tag: scale factor for b-tag

δεtrigger: scale factor for trigger

Lint: integrated luminosity
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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

σtt = 157 ± 30 (stat.) ± 47 (sys.) ± 9 (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].

Final result compatible with the theoretical calculation and the other 

measurements in lepton+jets and dilepton channels.

A Neural Network analysis has also been developed to have an indipendent 

measurement of the inclusive cross section. 

The jets selection is the same as for the main analysis. In addition to this 

also the kinematical properties of the ttbar event are exploited.

8 variables are combined via a 

Neural Network and the optimal cut 

is applied on the NN output.

A requirement of at least 2 

b-tagged jets is also applied. 

The background is estimated from data, taking the events with 4 or 5 jets 

that don’t pass the NN cut. 

The probability of jets having 2 loose b-tags to also have 2 medium b-tags is 

parametrized and a weight is extracted.
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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 runs over all loose-tagged jet pairs in the event with at least two loose b-tags.

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. After the full event selection 937 events remain from which 1125 top quark
masses can be reconstructed. Three templates are used to describe the reconstructed top quark
mass distribution. 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 tem-
plate representing signal events behaving as background is also derived from simulation, but
weighted with the double-tag probability. This is done in order to correct for contamination
from signal events in the control region. Finally, the cross section is extracted from a binned
maximum likelihood fit of these three templates to the distribution measured from data. Fig-
ure 4 (right) shows the comparison between the reconstructed top mass from data and the
expected signal and background distributions normalized to the yields found in the fit. The
measured cross section is σtt = 157 ± 30 (stat.) ± 47 (sys.) ± 9 (lumi.) pb with a signal fraction
of 40%.

The overall systematic uncertainty of 30% 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 due to the use of
angular distributions while the uncertainty attributed to the jet energy scale is smaller because
of the use of dimensionless variables. The statistical uncertainty on the cross check is larger
since it uses fewer events to extract the cross section and since 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
multijet 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 the Standard Model prediction. The combined CMS measurement in
the dilepton and lepton+jets decay channels was determined to be 158 ± 19 pb [6]. A Stan-
dard Model prediction based on next-to-leading-order calculation with MCFM [21, 22] gives
158+23

−24 pb, and two approximate next-to-next-to-leading order calculations yield 164+10
−13 pb with

HATHOR [23] and 163+11
−10 pb [17].

A kinematic fit is used to reconstruct the event and a cut on the χ2 is 

applied. A cut on ΔR between the b-tagged jets is also applied to reduce the 

gluon splitting contribution.

Templates are extracted from the simulation (signal) and from the 

background (data).

Finally a binned maximum likelihood fit is performed and the inclusive cross 

section is extracted.
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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.
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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

σtt = 157 ± 30 (stat.) ± 47 (sys.) ± 9 (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].
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8.1.0.10 Parton shower matching thresholds The matching thresholds for the interfac-375

ing of the MADGRAPH matrix-element generation and the PYTHIA parton showering have376

been varied up and down, affecting the efficiency. The semi-difference gives a relative system-377

atic uncertainty of 4.8%.378

8.1.0.11 Tune The systematic efficiency related to the underlying event tune has been379

evaluated comparing efficiencies obtained with the default Z2 tune and the D6T one. It amounts380

to 5.1%.381

8.1.0.12 Integrated luminosity The uncertainty on the integrated luminosity (6%) trans-382

lates into a systematic uncertainty on the cross section and it is quoted separately.383

8.1.0.13 Total systematic uncertainty All the above sources of uncertainty (but the lu-384

minosity one) have been summed in quadrature to yield a total uncertainty of 29.2%, summa-385

rized in Table 6.

Source Relative uncertainty (%)
Background -
JES 7.3
b-tagging 19.7
Trigger efficiency 4.5
ISR/FSR 12.5
JER 5.3
Top quark mass 2.4
Pile-up 1.3
Q2 scale 13.5
Parton matching 4.8
Tune 5.1
Total 29.8
Luminosity 6

Table 6: Summary of the major sources of systematic uncertainty and their relative value.
386

8.2 Cross section results387

The measured value of the tt̄ production cross section amounts to

σtt̄ = 157 ± 30 (stat)± 47 (syst)± 9 (lumi) pb

in agreement with the theoretical NLO value of 157.5 pb.388

9 Summary389

Events from a multijet trigger are the natural candidates for the all-hadronic tt̄ channel. The390

challenge in this case is to beat the huge background from QCD multijet production that dom-391

inates at trigger level.392

By recurring to a kinematical selection based on a neural network, and requiring the presence393

of at least two b-tagged jets we manage to reach a S/B ≈ 1/3.394

Summary

The inclusive ttbar production cross section  has been 

measured also in the full hadronic channel, for the first time at 

the LHC. 

2 measurements have been independently performed and they 

are in agreement between each other and with the same 

measurement in the other channels.

The measurements are also in agreement with the theoretical 

predictions.
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