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Introduction

Measurements at the Tevatron and LHC verify the production mechanism at different 
energy scales and through different production channels

Inclusive cross-section measurements have begun to match theoretical uncertainties

Differential cross-sections allow for the test of QCD calculations and are a basis for 
choosing which provide the best description of our data

Top quarks are one of the major backgrounds of many analyses

Precision measurements aid in the searches for new particles and in measuring the 
properties of newly discovered particles!
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Motivation
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Differential Cross-Section: Theoretical Distributions
Theoretical distributions (arXiv:1105.5167v1 and arXiv:1009.4935v2)

LHC
7TeV

Tevatron
1.96 TeV Higher order 

calculations are 
providing smaller 
and smaller scale 
uncertainties

NNLO calculations 
appear to provide 
somewhat higher 
normalization

Tevatron
1.96 TeV

LHC
7TeV
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Measurements

Analysis channels

Lepton + jet (Single Lepton):

Larger branching fraction
Isolated Lepton for background 
reduction
main BG: W+Jets

Dilepton:
two lep tons fo r s ign i f i can t 
background reduction
very clean signature
main BG: Drell-Yan
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Event Selection: Single Lepton channel
CMS

•µ: pT > 20 GeV and |η| < 2.1

•e: pT >30 GeV and |η| < 2.5

• Veto additional Leptons

•Jets
•Jets ≥ 4 with pT>30GeV and |η|<2.4
• b-tag multiplicity ≥ 2

CDF

•lepton: pT > 20 GeV

•Relative Isolation < 0.1

• MET > 20 GeV

•Jets
•Jets ≥ 4 with ET > 20GeV and |η|<2.0
• b-tag multiplicity ≥ 1

ATLAS

•µ: pT > 20 GeV, |η| < 2.5, 
•mT,W > 60GeV - MET

•electrons:
•ET > 25 GeV and |nclu| < 2.47
•Veto in 1.37 < |nclu| < 1.52
•mT,W > 25 GeV

•Jets
•Jets ≥ 4 with pT>25GeV and |η|<2.5
•b-tag multiplicity ≥ 1

•MET > 20GeV (µ); MET > 35GeV (e)

DØ

•lepton: pT > 20 GeV

•Jets
•Jets ≥ 4 with ET > 20GeV and |η|<2.5
• b-tag multiplicity ≥ 1
•At least one jet with pT > 40 GeV
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ATLAS - predicted events after b-jet criterion

Channel µ+jets e+jets

tt 13900±1100 9400±800

W+Jets 3000±1200 2200±900

Single Top 760±80 530±50

Z+Jets 309±34 240±50

VV 53±7 32±5

Fake Leptons 1100±1100 400±400

S+B 19200±2600 12800±1700

Data 19254 12457

CDF - Summary of sample composition

Process  4 jets  ≥ 5jets

W +HF 58.0±12.2 11.6±2.9

Mistags 18.9±4.8 3.5±1.6

QCD 20.9±17.5 6.4±6.0

Other 13.9±0.8 3.1±0.2

tt (6.7 pb) 358.6±49.7 121.5±16.8

Total Predicted 470±57 146±19

Observed 494 156

Selection Yields: Single Lepton
CMS - control distribution

7



Javier Brochero/Tyler Dorland                                                    Differential Top Pair Cross-Section                                                  September 18, 2012  |  Page 

CMS

•µ: pT > 20 GeV and |η| < 2.1
•e: pT >30 GeV and |η| < 2.5
•QCD Veto: mll > 12 GeV
•Jets ≥ 4 with pT>30GeV and |η|<2.4
•b-tag multiplicity ≥ 1

•Same Flavo(u)r channels (µµ and ee)
•MET>30
•Z veto 76GeV<mll > 106 GeV

Event Selection: Double Lepton channel
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Kinematic Reconstruction

Kinematic Fit

•Constrained System
•vary measured 4-momenta of lepton, 
neutrino, and jets

•Restrict mW =80.4 GeV
•mt = manti-t 

•CMS:assume pz,v =0 as initial value, MET
•ATLAS: apply likelihood maximization  
•ATLAS: consider only leading 5 jets
•CMS:Choose permutation with lowest 
permutation w.r.t. object resolution (min. 𝞆2)
•CMS: 90% efficient

Kinematic Reconstruction

•Under-constrained System (2 neutrinos)
•Constraints:

•mW =80.4 GeV
•mt = manti-t=fixed value
•pv1(x,y) + pv2(x,y) = MET 

•vary mt in 1 GeV steps from 100-300 GeV
•Prefer solutions with multiple b-tags
•Remaining degeneracy broken by match of 
neutrinos to generated MC spectrum
•90% efficient (mass window dependent)

Lepton + jet

Dilepton
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ATLAS - after likelihood criterion

Channel µ+jets e+jets

tt 11100±700 7400±500

W+Jets 1700±700 1300±500

Single Top 490±50 338±32

Z+Jets 192±20 154±26

VV 34±4 21±3

Fake Leptons 800±800 250±350

S+B 14400±1700 9500±1100

Data 14416 9187

Yields and distributions after kinematic fit

10



d�

i

dX

=
x

i

�i
XL

Javier Brochero/Tyler Dorland                                                    Differential Top Pair Cross-Section                                                  September 18, 2012  |  Page 

Account for detector effects

ΔX = bin width
x i = background, 
efficiency, acceptance, 
migration corrected 
number of events

Bin-By-Bin Unfolding 

x

i =
Ndatai�N

i
bg

✏

i
✏i =

Nrec

Ngen

pi =
N i

rec&gen

N i
rec

si =
N i

recgen

N i
gen

•Simple, robust method

•bins optimized so that s,p ≥ 50%

 Response Matrix Unfolding

•Number of events corrected by bin migration 
matrices, mij:

•mij estimated from ttbar monte carlo
•cross-section then extracted as:

•ATLAS: Bin sizes minimized without substantially 
increasing uncertainties
•CDF, CMS, DØ additionally use regularization

Ni =
X

j

mijAj�jL+ Bi

�j =
P

i m�1
ji (Ni �Bi)
AjL
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Results: Lepton Differential Cross-sections

12

Comparisons with MadGraph, MC@NLO(Pythia), and POWHEG(HERWIG)

CMS Measurement performed in “visible phase space”
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Results: pT of the top quarks

520 D0 Collaboration / Physics Letters B 693 (2010) 515–521

Fig. 4. Inclusive dσ /dpT for tt̄ production (two entries per event) in data (points)
compared with expectations from NLO pQCD (solid lines), from an approximate
NNLO pQCD calculation, and for several event generators (dashed and dot-dashed
lines). The gray band encompasses uncertainties on the pQCD scale and parton dis-
tribution functions. Inner and outer error bars represent the statistical and total
(statistical and systematic added in quadrature) uncertainties, respectively.

Table 3
Inclusive differential cross section dσ /dpT for tt̄ production at

√
s = 1.96 TeV and

mt = 170 GeV/c2. There are two entries per event, with the total normalized to
the tt̄ production cross section. In addition to total systematic uncertainties on the
shape in pT in each bin, there is a pT -independent systematic uncertainty of 9.6%
that is not included in the table.

pT
(GeV/c)

〈pT 〉
(GeV/c)

Cross
section
(fb/GeV)

Stat. unc.
(fb/GeV)

Shape
sys. unc.
(fb/GeV)

NLO pQCD
(fb/GeV)

0–45 29 70 11 5 59.6
45–90 68 130 20 10 116
90–140 113 89 13 6 83.8
140–200 165 37 6 3 35.6
200–300 233 8.7 1.7 0.7 7.72
300–400 329 1.1 0.3 0.1 0.814

σtt̄ (pb) 8.31 1.28 7.54

cluding the uncertainty on luminosity) and the total systematic
uncertainty on the cross section, integrating over pT , is 10.7%.

Results from NLO pQCD [18,19] calculations obtained using
CTEQ61 [20] PDFs (using the scale µ = mt = 170 GeV/c2) are over-
laid on the measured differential cross section in Fig. 4. Also shown
are results from an approximate next-to-NLO (NNLO) pQCD calcu-
lation [21] computed using MSTW2008 NLO PDFs [22] and same
scales choices as the NLO result, and from the mc@nlo [23] (us-
ing CTEQ61 PDFs), alpgen, and pythia event generators. The QCD
scale uncertainty was evaluated for the NLO pQCD calculation [18,
19] by varying µ = mt = 170 GeV/c2 by factors of 2 and 1/2, and
the PDF uncertainty by the approximate NNLO code [21]. The to-
tal uncertainty is < 4% with only a small (< 1%) shape variation.
A comparison of the ratio of dσ /dpT relative to a NLO pQCD cal-
culation is shown in Fig. 5. The NLO pQCD calculations agree with
the measured cross section, however, results from alpgen (pythia)
have a normalization shift of about 45% (30%) with respect to data.
A shape comparison of the ratio of (1/σ )dσ /dpT relative to NLO
pQCD is shown in Fig. 6. All of the calculations reproduce the ob-
served shape. The χ2 and corresponding χ2 probabilities [24] for
the comparisons in Figs. 5 and 6 of predictions to data are given
in Table 4.

In conclusion, we have presented a 1 fb−1 measurement of the
differential cross section of the top-quark pT for tt̄ production

Fig. 5. Ratio of dσ /dpT for top quarks in tt̄ production (two entries per event) to
the expectation from NLO pQCD. The gray band encompasses uncertainties on the
scale of pQCD and parton distribution functions. Also shown are ratios relative to
NLO pQCD for an approximate NNLO pQCD calculation and of predictions for several
event generators. Inner and outer error bars represent statistical and total (statistical
and systematic added in quadrature) uncertainties, respectively.

Fig. 6. Ratio of (1/σ )dσ /dpT for top quarks in tt̄ production (two entries per event)
to the expectation from NLO pQCD. The gray band encompasses uncertainties on
the scale of pQCD and parton distribution functions. Also shown are ratios relative
to NLO pQCD for an approximate NNLO pQCD calculation and of predictions for
several event generators. Inner and outer error bars represent statistical and total
(statistical and systematic added in quadrature) uncertainties, respectively.

Table 4
The χ2/NDF and χ2 probability for comparisons between the measured data and
predictions using correlated (uncorrelated) uncertainties for the absolute (shape)
comparison.

Prediction Absolute Shape

χ2/NDF Prob. χ2/NDF Prob.

NLO pQCD 0.695 0.653 0.315 0.904
Approx. NNLO pQCD 0.521 0.793 0.497 0.779
mc@nlo 1.22 0.295 0.777 0.566
pythia 2.61 0.0157 0.352 0.881
alpgen 5.04 3.54 × 10−5 0.204 0.961

in the # + jets channel using pp̄ collisions at
√

s = 1.96 TeV. Re-
sults from NLO and NNLO pQCD calculations and from the mc@nlo
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Clearly showing better agreement with NLO 
and Approx. NNLO models

Good agreement with all predictions
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Results: Rapidity of the top quarks

Very good agreement with all predictions

14



ATLAS (arXiv:1207.5644)CMS
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Results: pT of the top pair 

Sensitive to QCD radiation!

15



ATLAS CMS 
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Results: Rapidity of top pair 

16

Sensitive to g(x) at high x
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Results: mass of the top pair ATLAS

 05/07/2012     Top Pair Production Cross Section       – Christian Schwanenberger –       ICHEP 2012, Melbourne       37 

Diferential Cross SectionDiferential Cross Section

  need NLO QCD to describe need NLO QCD to describe 
    normalisation correctlynormalisation correctly

  no deviation from the SMno deviation from the SM

arXiv:1001.1900 [hep-ex]

PYTHIAPYTHIA  

PRL 102, 222003 (2009)

  important test of NLO QCDimportant test of NLO QCD
  unfolding of distributionsunfolding of distributions

 05/07/2012     Top Pair Production Cross Section       – Christian Schwanenberger –       ICHEP 2012, Melbourne       38 

Diferential Cross SectionDiferential Cross Section

  no deviation from the SMno deviation from the SM
  NLO+NNLL: NLO+NNLL: improvementimprovement

  need NLO QCD to describe need NLO QCD to describe 
    normalisation correctlynormalisation correctly

arXiv:1001.1900 [hep-ex]

Ahrens, Ferrogia, Neubert, Pecjak, Yang
arXiv:1006.4682 [hep-ph]

  important test of NLO QCDimportant test of NLO QCD
  unfolding of distributionsunfolding of distributions

Sensitive to resonances and clearly an important background for all new searches

CDF shows a much improved description with NLO+NNLL

Threshold corrections very important

17
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Results: mass of the top pair 

ATLAS

Sensitive to resonances and clearly an important background for all new searches

Width of uncertainty bands at high mass due to high-x PDF uncertainties

18
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•Measurement of the missing transverse energy in the top pair production

•µ: pT > 26GeV + 4jets pT >30 GeV
•e: ET > 30GeV + 3jets pT >45 GeV and an additional jet with pT >20GeV

Results: Missing Transverse Energy 

Important variable for searches 

CMS (CMS-PAS TOP-12-019)

19
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tt+jets: Jet Multiplicity 

ATLAS (ATLAS-CONF-2011-142)

•Analysis performed with L= 0.7 fb-1 at s-1 = 7 TeV
•Lepton+jets channel

CMS (CMS-PAS TOP-12-023)

•Analysis performed with L= 5.0 fb-1 at s-1 = 7 TeV
•Dilepton channel

Sensitive to QCD radiation

Input to searches of new physics with high-multiplicity final state

20
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Results: Jet Multiplicity 

e channel

µ channel

pT < 25 threshold pT < 40 threshold

ATLAS background subtracted distribution

21
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Results: Jet Multiplicity 
CMS Normalized Differential Cross-Section

22
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tt+jets Analysis (ATLAS-CONF-2012-083)
•L = 4.7 fb-1 at 7TeV
•Single lepton channel 
•Data samples with the Monte Carlo simulations, both for signal and background processes 
are used to extract the cross-sections using a multivariate technique. Two definitions of tt 
events with additional jets are considered

•Definition 1: Particle jets with pT > 5GeV are matched to partons (quarks, gluons and 
photons) by ΔR<0.4 to the original top quarks. If at least one particle jet can not be 
matched to a parton from top quark, the event is declared tt+jet
•Definition 2: All events with at least five particle jets are termed tt+jet

•µ: pT > 20 GeV and mT,W + MET > 60 GeV
•|η|<2.5

•e: ET > 30 GeV and mT,W > 30 GeV
•|η|<2.47 with a veto  1.37<|η|<1.52

•Exactly one reconstructed lepton

• At least 4 jets with pT >25GeV and |η|<2.4

•MC background
•All backgrounds are simulated from MC except multijet
•MultiJet (MJ) is simulated with a matrix method (µ 
+jets) and jet-electron method (e + jets)

ATLAS Event selection and background modeling

23



�tt̄j = 102± 2(stat)+0.23
�0.26(sys)pb

�tt̄j

�incl
tt̄

= 0.54± 0.01(stat)
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Results

The tt+jets cross-section can be extracted with the result:

Which can be expressed as a ratio to the inclusive cross-section:

First Fiducial measurements at LHC

ATLAS

on

for the muon channel for defini-)
tions 1 and 2, respectively)

±0.08(sys)

24
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tt+jet Veto Analysis 

•Performed in dilepton channel
•Gap fraction:
•N = number of selected tt events
•n(Q0) = number of events which do not 
contain an additional jet with pT > Q0

f(Q0) =
n(Q0)

N
! f(Q0) = �Q0�

•Analysis performed with L = 5.0fb-1

•performed using CMS dilepton analysis 
selection
•tt jets taken from kinematic reconstruction

CMS dilepton (CMS-PAS-TOP-12-023)

•jets: 
•pT>25GeV and |η|<2.4
•b-tagged ≥ 2

•electrons: ET>25GeV, |η|<2.47
•µ: pT>20GeV, |η|<2.5
•Same Flavor channels (µµ and ee)

•MET>40 GeV
•Z veto 81GeV < mll < 101 GeV 
•mll > 15GeV

•Opposite flavor: HT >130GeV
•The gap fraction is measured in 4 η regions 
applied to quantify the jet activity arising from 
quark and gluon radiation

ATLAS Selection (arXiv:1203.5015) 
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Complementary results from both experiments show:

•sensitivity to initial model parameters

•higher order effects of different generators

•Effects of different shower models

 0.8<|y|<1.5 |y|<0.8  |y|<2.1

ATLAS Results

26
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Complementary results from both experiments show:

•sensitivity to initial model parameters

•higher order effects of different generators

•Effects of different shower models

CMS Results

27
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Conclusions

* Top quark cross section measurements and theory have unprecedented 
precision
* Differential cross section measurements provide further insight in details of 
production process, and sensitivity to new physics.

* Measurements from all 4 experiments on dσ/dX have been presented.
* Distributions of tt+jet events are confronted with models using different 
parameter choices.

* All results so far in good agreement with SM predictions
* Beginning to discriminate between different QCD models.

* These are the first measurements of this kind at the LHC. 
* More statistics in 2012 will allow for yet more detailed studies
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Backup Slides
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Systematic Uncertainties

CDF Systematic uncertainties

DO

30



Javier Brochero/Tyler Dorland                                                    Differential Top Pair Cross-Section                                                  September 18, 2012  |  Page 

Systematic Uncertainties

CMS typlical values

Source l+jets dilepton

Background 0.5 3.0
Trigger 0.5 2.0

JES 0.5 1.0
JER 1.0 <1.0

Pileup <1.0 <1.0
b-tagging 1-4 1.7
Kin. Reco - 1-4

Q2 3.5 1.2
Hadronization 2 - 4 2 - 10

Top Mass 0.5 0.5
PDF 0.5 0.5

Atlas

•Detector Modeling
•Trig.Eff. ~1% Lep.IDEff. ~3%(0.5%) for e(µ)

•JES 2.5-8%
•Pileup 5%(2.55%) for e(µ)
•Fragmentation of b-quark 2.5%
•JER (pT ≃30GeV) ~9-17% (pT>180GeV) ~5-9%
• b-tagging efficiency~6-15%
•Luminosity 3.7%

•Signal and background modeling
•Generator
•Fake leptons ~100%
•W+jets (shape and normalization) ~21%
•Z+jets (normalization (48%)
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Yields and Analysis
Events are further separated into two categories: exactly four jets and greater than four jets

ATLAS

Using the MC sample, reconstruction efficiencies εij are computed as the probabilities of 
observing a non-ttj(i=0) or ttj (i=1) event in the 4th exclusive (j=4) or 5th inclusive (j>4) jet 
multiplicity bin. Next, the number of tt events in each jet multiplicity bin (Nj,tt) is extracted from 
data. Finally, in order to calculate the cross-sections:

N tt̄
4 = L�tt̄

0 ✏04 + L�tt̄
j ✏1�4

N tt̄
5 = L�tt̄

0 ✏05 + L�tt̄
j ✏1�5
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