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Motivation
·•Top Quark is special
·•Heaviest known particle

·•τ ~ 5x10-25 s: decay before hadronization: "bare quark"

·•Maximum sensitivity to Higgs (EWK loops, gg → H)

·•Search for New Physics
·•New physics might preferentially couple / decay to top

·•Non-standard couplings ?

·•Precision measurements of SM parameters
·•Total cross sections, differential distributions

·•Properties (mass, spin structure, asymmetries, Vtb …)

·•Is the top quark the particle as predicted in the 
Standard Model ?
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Precise top quark measurements
→ sensitivity to QCD, EWK and New Physics

Teilchenphysik mit höchstenergetischen Beschleunigern:
WS 11/12, 09: Top Physik

Frank Simon (fsimon@mpp.mpg.de)

Top: Sonderrolle im SM
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• Dem Top-Quark kommt eine Sonderrolle im SM zu: 

• Es ist mit Abstand das schwerste Fermion im SM

• Die Masse ist vergleichbar mit der Elektroschwachen Skala, durch die hohe Masse 
könnte es ein Fenster zu Neuer Physik sein

• Seine Lebensdauer ist kürzer als die Hadronisierungs-Zeit: Es bildet keine 
gebundenen Zustände!

Sebastian Naumann-Emme  | “Top-Quark Measurements at the LHC”, 3rd LC-Forum Meeting  |  2012-02-08  |  Page 2

The Top Quark: A Unique Particle

> Heaviest known particle (173 GeV)

> Dominant contribution to radiative 
corrections for processes within 
the SM (Higgs) and beyond

> Special role in electroweak- 
symmetry breaking?

Yukawa coupling ≈ 1

> Several models predict new 
particles preferentially coupling to 
top quarks

> Decays into Wb before 
hadronizing (5∙10-25 s)

> Allows to study a “bare” quark 
(e.g.: spin information passed to 
its decay products)
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Top Quark Properties in Production and Decay
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Top Quark Pairs

EWK Single-Top Production

·•three presentations today:
·•Top Quark Production
·•Charge Asymmetry
·•Top Quark Properties
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Fig. 2. Left: The HERAPDF1.5NNLO PDF 23, evaluated at a scale µ2 = 10 000 GeV2. The
behavior for µ2 = m2

t

⇠ 30 000 GeV2 is qualitatively similar. Right: Approximate NNLO tt̄ total
cross section as function of ↵

s

(M2
Z

) for m
t

= 171.3 GeV 24 , evaluated for various choices of
PDF sets using the HATHOR 25 program, and compared with measurements from ATLAS 26 and
CMS 27.

often identifies µ = µr = µf . In the case of the total cross section, one usually
sets µ = mt. However, in the case of di↵erential cross sections, other choices are
more appropriate since additional hard scales may be given, for example by the
transverse momentum of a jet pT,jet, or by the top-quark pair invariant mass Mt¯t.
The variation of the cross section when the scale is changed within a certain range
(often µ/2�2µ) is commonly used as an estimate of the uncertainty due to missing
higher orders (so-called scale uncertainty), even though the range of variation chosen
is in principle arbitrary.

The universal (i.e., process independent) proton PDF fi(xi, µ
2

f ) are determined
by several groups (see, e.g., Refs. 28, 29, 30, 31, 32) from global fits to experimental
data on deep-inelastic scattering (especially from the high precision HERA ep data),
but also on jet and heavy quark production at hadron colliders. At the LHC withp
s = 7 (14) TeV, around 80 (90)% of the total cross section is due to the gg induced

contribution, while the remainder is mostly due to the qq̄ initial state. This is due
to the large gluon density in the proton at small x (Fig. 2) and the fact that the
typical value of x = 2mt/

p
s (due to the minimal energy needed of ŝ > 4m2

t and
setting x

1

= x
2

) is 0.05 (0.025) at
p
s = 7 (14) TeV. At the Tevatron pp̄ collider,

the situation was reversed with the qq̄ contribution dominating and the PDF being
probed at much larger x values (around x = 0.2). At both colliders, the gq (gq̄)
contributions contribute only at the percent level, since they are suppressed by an
additional factor ↵s.

The NLO QCD O(↵3

s) corrections to the total tt̄ cross section are known since
more than 20 years 33,34,35. The mixed QCD-weak corrections of O(↵2

s↵) were com-
puted in Refs. 36, 37, 38, 39, 40, 41 and the mixed QCD-QED corrections were
determined in Ref. 42. There are also calculations of tt̄ production at NLO QCD
which include the top quark decays and the correlations between production and

σt  t[pb] Tevatron LHC (7 TeV) LHC (8 TeV)
NLO 6.68+0.36+0.23

−0.75−0.22 158.1+19.5+6.8
−21.2−6.2 226.2+27.8+9.2

−29.7−8.3
NNLO 7.00+0.21+0.29

−0.31−0.25 160.9+11.1+7.2
−11.5−6.7 229.8+16.5+9.7

−16.7−9.0
NNLL 7.15+0.21+0.30

−0.20−0.25 162.4+6.7+7.3
−6.9−6.8 231.8+9.6+9.8

−9.9−9.1

Table 1: Total t  t cross section at NLO, NNLO and NNLL for Tevatron
and LHC with

√
s = 7, 8 TeV and mt = 173.3 GeV. The first set of

errors refers to the theoretical uncertainty, the second to the PDF+αs
uncertainty. All the numbers are in picobarns.

calculation of [18] are given in the following section.

2. The t  t total cross section at NNLL

The numerical results presented in this section are
computed with the user-friendly program TOPIXS [19],
which implements the NNLL soft-Coulomb resumma-
tion as described in [18]. The resummed result for
the q  q channel is matched to the exact fixed-order
NNLO cross section for this partonic channel [6], as
detailed in Eq. (2.2) of [19]. This gives (almost) full
NNLO+NNLL accuracy at Tevatron, where the q  q pro-
duction channel dominates the hadronic cross section.
For the matching of the gg channel, which is dominant
at the LHC, TOPIXS uses the approximated NNLO re-
sult of [20], which contains all the threshold-enhanced
terms at NNLO, but no constants at O(α4

s).
In Table 1 we present results for the total top-pair

cross section at NLO, NNLO and (matched) NNLL ac-
curacy for Tevatron and LHC with

√
s = 7, 8 GeV and

mt = 173.3 GeV 1. The central value for both renor-
malization and factorization scale is set to mt. For the
convolution of the partonic cross sections with the par-
ton luminosities we use the MSTW2008 PDF sets [21]
(NLO set for the NLO cross section, NNLO set for
NNLO and NNLL cross sections). The two sets of er-
rors refer to the theoretical uncertainty of the approxi-
mation and to the combined PDF and αs error obtained
with the 68% confidence-level PDF set. The theoretical
uncertainty is obtained from scale variation for the NLO
result, from the sum of scale uncertainty and ambigui-
ties related to unknown O(α4

s) constant terms at NNLO
and from the sum of scale, constant and resummation
uncertainties for the resummed NNLL result [18]. Note
that the error from the constant NNLO terms affects
only the gg channel, since the matching to the exact
NNLO result for q  q removes the uncertainty for this
channel.

1In Table 1 we use the same notation for Tevatron and LHC,
though, strictly speaking, the LHC results are not exact at NNLO.
The same is true for the matched NNLL cross section.
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Figure 1: Comparison of the NNLL predictions obtained with differ-
ent PDF sets and of recent experimental measurements of the total t  t
cross section, for Tevatron (upper plot) and LHC with

√
s = 7 TeV

(lower plot). The two error bars for the theoretical numbers represent
total theoretical uncertainty (external dashed bar) and the PDF+αs un-
certainty at 68% confidence level.

From Table 1 it can be seen that at Tevatron correc-
tions beyond NLO are sizeable, corresponding to an up-
ward shift of the cross section by 7%. Of this, about 5%
is accounted for by NNLO contributions, with higher-
order terms from resummation contributing only 2% of
the cross section. The situation is quite different at the
LHC, where terms beyond NLO are only 3% of the
NLO cross section, of which only about 1% originate
from terms beyond O(α4

s). Note that the positive con-
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Beneke et al (TOPIXS), arXiv:1208.5578 [hep-ph], 29 Aug 2012
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Table 1: Total t  t cross section at NLO, NNLO and NNLL for Tevatron
and LHC with

√
s = 7, 8 TeV and mt = 173.3 GeV. The first set of

errors refers to the theoretical uncertainty, the second to the PDF+αs
uncertainty. All the numbers are in picobarns.

calculation of [18] are given in the following section.

2. The t  t total cross section at NNLL

The numerical results presented in this section are
computed with the user-friendly program TOPIXS [19],
which implements the NNLL soft-Coulomb resumma-
tion as described in [18]. The resummed result for
the q  q channel is matched to the exact fixed-order
NNLO cross section for this partonic channel [6], as
detailed in Eq. (2.2) of [19]. This gives (almost) full
NNLO+NNLL accuracy at Tevatron, where the q  q pro-
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For the matching of the gg channel, which is dominant
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sult of [20], which contains all the threshold-enhanced
terms at NNLO, but no constants at O(α4
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malization and factorization scale is set to mt. For the
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ton luminosities we use the MSTW2008 PDF sets [21]
(NLO set for the NLO cross section, NNLO set for
NNLO and NNLL cross sections). The two sets of er-
rors refer to the theoretical uncertainty of the approxi-
mation and to the combined PDF and αs error obtained
with the 68% confidence-level PDF set. The theoretical
uncertainty is obtained from scale variation for the NLO
result, from the sum of scale uncertainty and ambigui-
ties related to unknown O(α4

s) constant terms at NNLO
and from the sum of scale, constant and resummation
uncertainties for the resummed NNLL result [18]. Note
that the error from the constant NNLO terms affects
only the gg channel, since the matching to the exact
NNLO result for q  q removes the uncertainty for this
channel.

1In Table 1 we use the same notation for Tevatron and LHC,
though, strictly speaking, the LHC results are not exact at NNLO.
The same is true for the matched NNLL cross section.
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(lower plot). The two error bars for the theoretical numbers represent
total theoretical uncertainty (external dashed bar) and the PDF+αs un-
certainty at 68% confidence level.

From Table 1 it can be seen that at Tevatron correc-
tions beyond NLO are sizeable, corresponding to an up-
ward shift of the cross section by 7%. Of this, about 5%
is accounted for by NNLO contributions, with higher-
order terms from resummation contributing only 2% of
the cross section. The situation is quite different at the
LHC, where terms beyond NLO are only 3% of the
NLO cross section, of which only about 1% originate
from terms beyond O(α4

s). Note that the positive con-
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Top Quark Pair Production

5

·•Calculations
·•NLO (+NNLL)

·•approx. NNLO (+NNLL)

·•full NNLO (available for qq)

·•Event generators
·•NLO+PS

·•MC@NLO

·•POWHEG

·•Tree-level (+ HO) matched PS

·•MADGRAPH

·•ALPGEN

·•COMPHEP

·•SHERPA

·•PYTHIA (LO)

·•LO AcerMC

full NNLO now available for qq → tt

Bärnreuther, Czakon, Mitov 1204.5201 [hep-ph]
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FIG. 3: Dependence of the NNLO+NNLL cross-section
σ
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scale variation (white band); scale + pdf variation (red band).

measurements from the Tevatron. We are confident that
our results will provide new insight to the forthcoming
Tevatron analyses at full dataset, and will help scruti-
nize the Standard Model to a new level.
The very high precision of our result will allow critical

comparisons between different pdf sets as well as extrac-
tion of the top quark mass with improved precision. It
is also a step in the derivation of the dominant missing
SM corrections to AFB, whose calculation through order
O(α4

S) will be the subject of a forthcoming publication.
In a broader context, given the small number of ob-

servables known at NNLO, it is interesting to address the
question of the convergence of the perturbative series for
this observable. In Fig. (4) we plot the scale variations of
the LO, NLO, NNLO and NNLO+NNLL approximations
as functions of the top mass. Each approximation is cal-
culated with a pdf of corresponding accuracy. We observe
a significant and consistent decrease in the scale depen-
dence with each successive approximation. The overlap
between the scale bands of the successive approximations
also indicates that our scale variation procedure performs
consistently well at each perturbative order.
We thank S. Dittmaier for kindly providing us with his

code for the evaluation of the one-loop virtual corrections
in qq̄ → tt̄g [11], and Z. Merebashvili for clarifications re-
garding Ref. [9]. The work of M.C. was supported by the
Heisenberg and by the Gottfried Wilhelm Leibniz pro-
grammes of the Deutsche Forschungsgemeinschaft, and
by the DFG Sonderforschungsbereich/Transregio 9 Com-
putergestützte Theoretische Teilchenphysik.
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Top Quark Cross Section and Mass
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Reminder: PAS-TOP-11-008 (last September)

Top quark pole mass from cross section
CMS Preliminary, √s=7 TeV, L=1.14 fb-1

value ± theo ⊗ exp ± αs(mz)

167.6 +6.8 +3.3
-6.1 -3.6

170.0 +6.6 +3.7
-5.8 -4.0

170.3 +6.2 +3.8
-5.3 -4.0

Tevatron direct measurement (July 2011)

D0 (L=5.3 fb-1) approx. NNLO ⊗ MSTW08NNLO

Langenfeld et al.

Kidonakis

Ahrens et al.

173.2 +0.9
-0.9

166.7 +5.2
-4.5

167.5 +5.2
-4.7

163 +5.1
-4.6

ATLAS (Prel., L=35 pb-1) approx. NNLO ⊗ MSTW08NNLO

Ahrens et al.

Kidonakis

Langenfeld et al.

162.2 +8
-7.6

166.2 +7.8
-7.4

166.4 +7.8
-7.3

CMS (Prel., L=1.14 fb-1) approx. NNLO ⊗ MSTW08NNLO

Ahrens et al.

Kidonakis

Langenfeld et al.
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2012-08-01 S. Naumann-Emme 10 / 27·•Most measured cross sections are quoted for a mass of 172.5 GeV
·•Extract mass from cross section measurements
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measured using the combined method, the black line the fit
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the corresponding total experimental uncertainty. Each curve
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represent the theoretical uncertainties due to the choice of
PDF and the renormalization and factorization scales (added
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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

Signal:

Backgrounds:

BR ~ 5% BR ~ 30%

Z+jets W+jets QCD multijets
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Top pair event signatures

Dilepton Lepton+jets All hadronic

BG:      few                              moderate                                        huge

BR:     ≈ 5 %                              ≈ 30 %                                         ≈ 44 %

Mainly
W+jets

Mainly
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Mainly
multijets

jet

BR ~ 45%
di-leptons l+jets fully hadronic

Analyses: dominant backgrounds determined from the data (using control regions)

All experiments have measured tt in all decay channels (except         )⌧⌧
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4.2.1 Comparison of all Methods

To demonstrate the compatibility of all methods, the results for the MV1 b-tagging algorithm at the

operating point corresponding to an efficiency of 70%, as shown in Figures 10 and 11, are summarised

in Figure 12. The result of the combination of the system8 and prel
T

based on a dijet sample [1] is also

shown in the same figure. The individual tt̄ based calibration methods, both between different selections

(single lepton and dilepton) and between different calibration methods (tag counting, kinematic selection

and kinematic fit), are consistent with each other within uncertainties. Furthermore all results are in good

agreement with the earlier calibration methods based on dijets and extend the range of the scale factors

in pT up to 300 GeV.
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Figure 12: Comparison of all tt̄-based scale factors with the combined scale factors from the system8 and

prel
T

calibration methods based on dijet events. A high degree of compatibility is not only seen among the

individual tt̄ calibration methods but also between the tt̄ and the other, totally independent, calibration

methods.

5 Conclusion

Several methods based on tt̄ single- and dilepton samples have been presented in this note to measure

the b-tagging efficiency in data based for the b-tagging algorithms SV0, IP3D+SV1, JetFitterCombNN

and MV1 for operating points corresponding to b-tagging efficiencies of 50% up to 85% in simulated tt̄

events. The results are expressed in terms of scale factors, correcting the efficiencies in simulated events

to those measured in data. For all b-tagging efficiencies, the scale factors measured with the different

methods and samples are consistent with each other within uncertainties. Furthermore, good agreement

with the b-tagging calibrations based on dijet samples has been demonstrated in Figure 12.

The b-tagging efficiency scale factors are close to unity for all values of jet pT and η. The total

uncertainties are ranging from 5% to 15% when subdividing the data into bins of jet pT. With the

integrated luminosity of 4.7 fb−1 collected in 2011, all tt̄-based b-tagging efficiency measurements using

the tag counting or kinematic selection methods are dominated by systematical uncertainties while the

measurement using the kinematic fit method is statistics limited.

32

28.3.2012 Yvonne Peters - Manchester

Identification of b-Jets

 Important to increase tt purity

 b-hadron: travels some millimeters before it decays

 Neural Network (DØ)
combines properties of displaced 
tracks and displaced vertices

24

Experimental Techniques
·• Isolated Leptons (e, µ or tau)
·• isolation cuts against QCD backgrounds

·•Pile-up subtraction
·•based on charged component

·•Jet (and ETmiss) 
·•CMS: particle flow (track/calo combination)

·•ATLAS: topological clusters (e/h weighting) 
+ track corrections.

·•optimal resolution and scale uncertainties, 

·•minimal flavour response differences

·•b-tagging 
·• combination of several techniques (vertex, 

impact parameter, track distributions within 
jets)

8
Top quarks require high precision calibration for leptons, jets and b-tagging
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σtt: e/µ+jets 
·•Signature
·•1 isolated e or µ
·• jets, ETmiss

·•Three analyses
·•Event topologies for 2, 3 and >3 jet categories                     

using Boosted Decision Trees

·•3 b-tag categories for 3 and >3 jets

·•Combination of BDT and b-tag

·•Cross section 
·•Simultaneous fit to all categories

·•Systematics fitted as nuisance parameters

·•W+jets heavy flavour scale factor fH (correction to 
ALPGEN prediction) also measured (fH= 1.55 
±0.09stat +0.17-0.19syst)

·•Dominant Systematics
·•Luminosity, signal modeling, jet identification,         

b-tagging

9

σtt = 7.78 +0.77-0.64stat+sys pb

We account for systematic uncertainties in the maximum
likelihood fit by assigning a parameter to each independent
systematic variation. These ‘‘nuisance’’ parameters are al-
lowed to vary in the maximization of the likelihood func-
tion within uncertainties, therefore the measured t!t cross

section can be different from the value obtained if the
parameters for the systematic uncertainties are not included
in the fit. The effects of a source of systematic uncertainty
that is fully correlated among several channels are con-
trolled by a single parameter in these channels.
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FIG. 2 (color online). Output of the RF discriminant for (a) and (b) ‘þ 2 jets, (c) and (d) ‘þ 3 jets, and (e) and (f) ‘þ>3 jets
events, for backgrounds and a t!t signal based on the cross section obtained with the kinematic method. The ratio of data over MC
prediction is also shown. The left plots (a), (c), and (e) show the results with the nuisance parameters fixed at a value of zero. The right
plots (b), (d, and (f) show the results when the nuisance parameters are determined simultaneously with the t!t cross section in the fit. In
the left and right plots the contribution from the t!t signal is normalized to the results of the cross section measurement, !t!t ¼ 7:00 and
7.68 pb, respectively. Contributions of the eþ jets and "þ jets channels are summed.
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to the sum of predicted background and measured t!t signal
using the b-tagging method. Results for this method are
given in Sec. X.

VIII. COMBINED METHOD

In the combined method, kinematic information and
b-jet identification are used. We split the selected sample
into events with 2, 3, and >3 jets and into 0, 1, and >1
b-tagged jets.

The uncertainty on the background results in a limited
contribution of the channels dominated by background to
the final t!t cross section measurement. To improve the
sensitivity in such channels, we construct RF discriminant
functions as described in Sec. VI, improving the separation
of the signal from background. We use the discriminant in
all channels with at least three jets, where the background
contributes at least half of the total expected number of
events.

Events with >2 jets but no b-tagged jet are dominated
by the background. For these events we construct a RF
discriminant using the same six variables as for the kine-
matic method described in Sec. VI. For events with three
jets and one b tag, we construct discriminants using only

A, H3
T , and Mj2!‘

T . For all other subchannels, we do not

form RF discriminants, but use the b-tagging method
described in Sec. VII. The signal purity is already high in
those channels except for the ones with two jets, which do
not have a sizable signal contribution and are used to
measure the W þ jets heavy-flavor scale factor fH which
is the source of one of the largest uncertainties in the
b-tagging analysis.
To reduce this source of uncertainty, we measure fH

simultaneously with "t!t, assuming that fH for Wb !b pro-
duction is the same as for Wc !c production and that it does
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b-tagged jets for (a) ‘þ 3 jets and (b) ‘þ>3 jets, for back-
grounds and contributions from t!t signal for "t!t ¼ 8:13 pb as
measured using the b-tagging method. Contributions of the
eþ jets and #þ jets channels are summed.
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FIG. 4 (color online). Output of the RF discriminant for
(a) ‘þ 3 jets, (b) ‘þ>3 jets for events without b-tagged
jets, and (c) ‘þ 3 jets with one b-tagged jet, for backgrounds
and contributions from the t!t signal for a cross section of 7.78 pb
as measured with the combined method. Contributions of the
eþ jets and #þ jets channels are summed.
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FIG. 1: (Color online) Distributions of input variables used in the RF discriminant for the !+> 3 jets channel in data
overlaid with the predicted background and tt̄ signal calculated using σtt̄ = 7.78 pb as measured using the combined
method.

channels. The normalizations shown in Fig. 2 are based
on the results of the kinematic method. The distribu-
tions in Figs. 2(a, c, e) are the results when only fitting
σtt̄; Figs. 2(b, d, f) show the result when the tt̄ cross sec-
tion is fitted together with other parameters, as shown
in Eq. 2 and described in Sec. VI B.

B. Cross Section Measurement

To measure the tt̄ cross section for the kinematic anal-
ysis, we perform a binned maximum likelihood fit of the
distributions in the RF discriminant to data. We use
templates from MC for dilepton and "+jets contributions
to the tt̄ signal, as well as for WW , WZ, ZZ, Z+jets,
single top quark (s- and t-channel), and W+jets back-
grounds. The MJ template comes from data, and the
amount of MJ background is constrained within the un-
certainties resulting from the matrix method.

BDT

Nb-jets
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Top pair production: Lepton +Jets  
� Pre-tagged sample,                     

NN discriminant 
� normalizing to the measured Z 

cross section: 
 

Sandra Leone  INFN Pisa  8 Moriond  EWK,  March  9, 2012 
 

CDF (4.3 fb-1,mt= 172.5 GeV), pre-tagged: 
ıtt=7.82±0.38(stat)±0.37(syst)±0.13(theo)pb 

D0 (5.3 fb-1,mt= 172.5 GeV), b-tagged: 
ıtt=8.13±0.25(stat) +0.99  

-0.86 (syst) pb 

l + >3jets 

Combined kinematical + b-tagging: 
D0 (5.3 fb-1,mt= 172.5 GeV): 

ıtt=7.78±0.25(stat) +0.73  
-0.59 (syst) pb 

CDF (4.3 fb-1,mt= 172.5 GeV): 
ıtt=7.70 ±0.52(stat+syst) pb 

PRD 84, 012008 (2011) PRL 105  012008 (2010) 

� When combining kinematic & b-tags 
determine simultaneously xsection & 
W+heavyflavor/W+ light flavor ratio 

theory

Ztt 
VV �x R

CDF 
D0 

top 

top 

σtt: e/µ+jets 
·•Signature
·•1 isolated e or µ 

·• jets, ETmiss

·•Two analyses combined
·•Event topologies (neural net)

·•b-tagging

·• combination using best linear unbiased 
estimate (BLUE)

·•Normalize to Z0 cross section
·•Trade luminosity uncertainty for Z0 theory 

uncertainty

·•Measure Z0 cross section using same trigger 
and lepton-ID

·•Dominant Systematics
·• Jet energy scale, signal modeling, Z0 theory

10

σtt = 7.70 ± 0.52stat+sys pb

4.6 fb-1PRL 105, 012001 (2010)

7% (9% with luminosity unc.)

10Jeannine Wagner-Kuhr Bonn, 12th January 2012

Top pair event signatures

Dilepton Lepton+jets All hadronic

BG:      few                              moderate                                        huge

BR:     ≈ 5 %                              ≈ 30 %                                         ≈ 44 %

Mainly
W+jets

Mainly
Z+jets

Mainly
multijets

jet
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b-tag Selection 

7/4/2012 8 

10Jeannine Wagner-Kuhr Bonn, 12th January 2012

Top pair event signatures

Dilepton Lepton+jets All hadronic

BG:      few                              moderate                                        huge

BR:     ≈ 5 %                              ≈ 30 %                                         ≈ 44 %

Mainly
W+jets

Mainly
Z+jets

Mainly
multijets

jet

σtt: ee/µµ/eµ

11

b-tag Selection 

7/4/2012 8 

 9 fb-1

·•Signature
·•2 e or µ 

·•2 jets

·•Cut-and-count analysis
·•with b-tagging

·•w/o b-tagging

·•Dominant Uncertainties
·•Statistics, lepton-ID, jet energy scale, 

background modeling / b-tagging

σtt = 7.66 ± 0.46stat ± 0.66syst ± 0.47lumi pb

σtt = 7.47 ± 0.50stat ± 0.53syst ± 0.46lumi pb

CDF-CONF-10878 (2012)

~11%

~12%

pT(lepton) 

5.4 fb-1

~11%σtt = 7.36 +0.90-0.79stat+syst pb

·• select ee, µµ with 2 jets, eµ with 1 or 2 jets, simultaneous fit to 
b-tag NN discriminants, systematics as nuisance parameters

PLB 704 (2011) 403

Njets

analysis w/o b-tagging:

analysis 
using b-tagging:
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Top pair in dilepton decay mode with Tau 
• Signal processes 

– hadlep  
– had +  “prompt”  electron  or  muon     

• Interest 
– Test for lepton universality 
– Probe for alternative Higgs mechanism 

phenomenology  
• t  b+H± 

• Enhance of the decay channel 

• Measurements 
– Cross section 
– Branching ratio  of t  b 

• Signature 
– Electron or muon 
– Narrow jet tagged as tau 
– MET 
– Two jets  

 
• Most complete study of top pair into 

ditau decay mode 
7/4/2012 10 

H- 

= 10  ̊ 

= 30   ̊ 

Tau reconstruction 

σtt: τ+e/µ

·•Signature
·•1 e or µ 

·•1 tau-candidate (narrow jet)

·•2 or more jets (at least 1 b-tag)

·•ETmiss

·•Log-likelihood ratio discriminant
·•tau(E/p), tau(Iso), 3rd-jet ET, ETmiss, 

MT(W)

·•Dominant Uncertainties
·•Statistics, jet energy scale, b-tagging, 

luminosity

12

CDF: 9.2 fb-1http://www-cdf.fnal.gov/physics/new/top/2012/
ttbar_taulep_xsec_9invfb/Publicpage.html

tau-channel: 
sensitivity to possible H+

σtt = 8.2 ± 2.3stat +1.2-1.1syst ± 0.5lumi pb ~32%

select LR>0

for LR>0

Top pair in dilepton decay mode with Tau 
• Signal processes 

– hadlep  
– had +  “prompt”  electron  or  muon     

• Interest 
– Test for lepton universality 
– Probe for alternative Higgs mechanism 

phenomenology  
• t  b+H± 

• Enhance of the decay channel 

• Measurements 
– Cross section 
– Branching ratio  of t  b 

• Signature 
– Electron or muon 
– Narrow jet tagged as tau 
– MET 
– Two jets  

 
• Most complete study of top pair into 

ditau decay mode 
7/4/2012 10 

H- 

= 10  ̊ 

= 30   ̊ 

Tau reconstruction 

http://www-cdf.fnal.gov/physics/new/top/2012/ttbar_taulep_xsec_9invfb/Publicpage.html
http://www-cdf.fnal.gov/physics/new/top/2012/ttbar_taulep_xsec_9invfb/Publicpage.html
http://www-cdf.fnal.gov/physics/new/top/2012/ttbar_taulep_xsec_9invfb/Publicpage.html
http://www-cdf.fnal.gov/physics/new/top/2012/ttbar_taulep_xsec_9invfb/Publicpage.html
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σtt: Tevatron

·•CDF

·•7.50 ± 0.48stat+sys pb 
·•~6.4%

·•D0 (l+jets and dileptons combined) 

·•7.56 + 0.63-0.56stat+sys pb 
·•~8%

·•Theory 
·•NNLO+NNLL  (gg: approx. NNLO+NNLL)

·•7.07+0.14-0.23scales+0.19-0.12pdf pb
·•~4%

13

Summary 
• Single top cross section measurement 

 
|Vtb| measurement 
 @ 95% CL 

• Top pair cross section in dileptonic modes 
 Electron and muon pre-tag 

Electron and muon 1 b-tag 

Electron plus tau final states 
 
Ditau component 
 

7/4/2012 15 

Bärnreuther, Czakon, Mitov 1204.5201 [hep-ph]

PLB 704 (2011) 403  
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10Jeannine Wagner-Kuhr Bonn, 12th January 2012

Top pair event signatures

Dilepton Lepton+jets All hadronic

BG:      few                              moderate                                        huge

BR:     ≈ 5 %                              ≈ 30 %                                         ≈ 44 %

Mainly
W+jets

Mainly
Z+jets

Mainly
multijets

jet

σtt: e/µ+jets

14

HCP at Paris, 14/11/2011 Tae Jeong Kim

l+jets (ATLAS) 

14

Ev
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3 Jets

4 Jets  ≥5 Jets
e + Jets µ + Jets

Ra
tio

 D
at

a/
Fit 1.5

1.0
0.5

Likelihood Discriminant
0 20 40 60 80 100

 
≥5 Jets

 L dt = 0.70 fb–1∫
ATLAS  Preliminary  

tt
W+Jets

Data 2011, √s = 7 TeV

Other EW
QCD Multijet

Likelihood Discriminant : lepton eta, highest jet pt, event aplanarity, HT

( ATLAS-CONF-2011-121, 0.7 fb-1)

σ(comb.)=179.0±3.9(stat.)±9.0(syst.)±6.6(lumi.) pb

β=free parameter, δ=nuisance parameter 

δσ/σ  = 6.6%

• Main systematic 
uncertainties

• Signal MC generator

• JES

• ISR+FSR

CMS TOP-11-003

0.70 fb-1

1.1 fb-1

ATLAS CONF 2011-121

σtt = 179.0 ± 3.9stat ± 9.0syst ± 6.6lumi pb 6.5%

9%σtt = 164.4 ± 2.8stat ± 11.9syst ± 7.4lumi pb

·•Signature
·•1 isolated e or µ

·•3 jets, ETmiss

·•Analysis
·•Likelihood discriminant from η(lepton), 

pT(jet), aplanarity, HT,3p

·•no b-tag

·•W+jets background shape from ALPGEN, 
normalization fitted with constraint from     
W-charge asymmetry

·•In-situ fit of systematics

·•Dominant Systematics 
·•signal modeling (MC@NLO vs POWHEG), 

jet energy scale, lepton-ID

·•Luminosity (not yet using final number) ·•fit to 2ndary vertex mass in bins of jet and b-tag 
multiplicity, in-situ fit of systematics
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8.1 Cross-section measurement using a profile likelihood ratio 13
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Figure 6: The multiplicity of b-tagged jets in events passing full event selections for (a) the
summed e+e� and µ+µ� channels, and (b) the e±µ⌥ channels.
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Figure 7: Number of events selected for the three combined dilepton channels, as a function of
the number of jets and b-tagged jets (Ntextjets,Nb-jets) in each event. The data are shown by the
dots, while the predicted tt and the contributing backgrounds are shown by the histograms.
The hatched area corresponds to statistical and systematic uncertainties on the tt and on the
background predictions taken in quadrature. The ratios of data to the sum of the tt and back-
ground predictions are given at the bottom, with the error bars again giving the statistical and
systematic uncertainties taken in quadrature.

σtt: ee/µµ/eµ

·•Signature
·•2 e or µ 

·•2 jets, b-tag

·•Analysis
·•High purity, high statistics

·•Profile-likelihood fit to N-jets and N-bjets. 

·•Dominant Systematics
·•lepton efficiency, jet energy 

15

CMS arXiv:1208.2671

0.70 fb-1

2.3 fb-1

ATLAS JHEP 1205 (2012) 059

σtt = 161.9 ± 2.5stat ± 5.1syst ± 3.6lumi pb

10Jeannine Wagner-Kuhr Bonn, 12th January 2012

Top pair event signatures

Dilepton Lepton+jets All hadronic

BG:      few                              moderate                                        huge

BR:     ≈ 5 %                              ≈ 30 %                                         ≈ 44 %

Mainly
W+jets

Mainly
Z+jets

Mainly
multijets

jet

8.1 Cross-section measurement using a profile likelihood ratio 11
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Figure 2: Same as Fig. 1, but for the second-largest pT electrons, muons and jets in each event.
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Figure 3: Same as Fig. 1, but for the dilepton invariant-mass distribution of (a) the sum of the
e+e� and µ+µ� channels, and (b) the e±µ⌥ channel. The gap in the former distribution reflects
the requirement that removes dileptons from Z decay.

4.2%

σtt = 176 ± 5stat +14-11syst ± 8lumi pb 8%

·•combination of cross sections from samples 
with and w/o b-tag

most precise measurement so far
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Figure 2: Left hand side: Fit of the mt distribution with an unbinned likelihood to the selected data

sample (dots). The error bars associated to the data are statistical only. The two signal and background

mt templates are indicated as well. Right hand side: mt distribution obtained after the kinematic fit to

the untagged data sample (full line). The distributions after applying different corrections derived from

Monte Carlo, as explained in Section 5, are overlaid (dashed and dotted lines).

• Jet energy scale (JES) and associated uncertainty [23] [shape and acceptance]:

The jet energy scale and its uncertainty have been derived by combining information from test-

beam data, LHC collision data and MC simulation. Since the energy correction procedure in-

volves a number of steps, the JES uncertainty has various components originating from the cali-

bration method, the calorimeter response, the detector MC simulation, and the specific choice of

parameters in the physics model employed in the MC event generator. The JES uncertainty varies

between 2.5% and 8% in the central region, depending on the jet pT and η. These values include

uncertainties in the flavour composition of the sample and mis-measurements due to additional jets

close by. Pileup gives an additional uncertainty of up to 2.5% (5%) in the central (forward) region.

The b JES uncertainty is uncorrelated with the JES uncertainty and accounts for the remaining dif-

ferences between jets originating from light quarks and those from b-quarks after the global JES

calibration factor has been determined. For this, an extra uncertainty ranging from 0.8% to 2.5%

and depending on jet pT and η is assigned to jets arising from the fragmentation of b-quarks;

• b-tagging efficiency and mistag rate [shape and acceptance]:

To take into account differences in the b-tagging efficiency between data and MC simulations, a

set of scale factors derived from b-tagging calibration studies are applied to b- , c- and light-jets

as a function of pT and η [29]. These scale factors are varied individually within their maximal

associated uncertainty and propagated through the analysis;

• Initial and Final State Radiation (ISR and FSR) [shape and acceptance]:

The effects of variations in the amount of initial and final state QCD radiation (ISR/FSR) is studied

using the AcerMC [30] generator interfaced to PYTHIA by varying the parameters controlling ISR

and FSR in a range consistent with experimental data [31]. The systematic uncertainty is taken as

half the maximum difference between the two samples;

7

σtt: all jets

·•Signature
·•6 or more jets, 2 b-tagged

·•Analysis
·•kinematic fit (χ2 < 30) to reconstruct top quark mass

·•Cross section from unbinned likelihood fit to top quark 
mass

·•Background shape from b-untagged data passing event 
selection

·•Dominant uncertainties
·•Jet energy scale, b-tagging, ISR/FSR

16

4.7 fb-1ATLAS CONF-2012-031

CMS TOP-11-007 1.1 fb-1
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Benedikt Hegner                                                DESY Hamburg

Analysis

in CMSSW

Benedikt Hegner

DESY Hamburg
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10Jeannine Wagner-Kuhr Bonn, 12th January 2012

Top pair event signatures

Dilepton Lepton+jets All hadronic

BG:      few                              moderate                                        huge

BR:     ≈ 5 %                              ≈ 30 %                                         ≈ 44 %

Mainly
W+jets

Mainly
Z+jets

Mainly
multijets

jet

σtt = 168 ± 12stat + 60-57syst ± 6lumi pb

33%

33%

σtt = 136 ± 20stat ± 40syst ± 8lumi pb
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σtt: τ+jets

·•Signature
·•1 tau-jet

·•4 jets, at least 1 b-tag

·•Analysis
·•tau-identification using HPS algorithm

·•Kinematic fit to identify hadronic top

·•Neural network to separate signal from background: 
HT, aplanarity, Qτ, ETmiss, Δφ(ETmiss,τ), M(jets,τ), χ2(kin)

·•Template fit to NN output

·•Dominant Uncertainties
·•Statistics, jet energy scale, tau-identification

17
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Figure 6: Distribution of the reconstructed M3 variable after a fit of the signal and multijet
processes to the data. An additional cut on the NN output is applied, NN > 0.5.

5 Cross section measurement

5.1 Systematic uncertainties

The main sources of systematic uncertainties are due to the jet energy correction (JEC), the
jet energy resolution (JER), the tau energy correction, the tau identification, the b-tagging/b-
mistagging efficiencies and the pileup description. The uncertainty on the final cross section
measurement is obtained combining the uncertainty on the signal acceptance and on the fitted
number of signal events. The systematic uncertainties on the fitted number of signal events
have been derived by iterating the fit on the NN output using the simulated samples with cor-
responding modified weights. This procedure is chosen in order to take into account possible
shape variations of the NN input variables. The fit procedure was not iterated for the follow-
ing systematic uncertainties: tau identification, trigger efficiency of the tau-leg and theoretical
parameters used in the MC generation (except for the PDF uncertainties). The systematic un-
certainties related to the tau identification and trigger efficiency of the tau-leg only affect the
number of expected events and not the NN output shape. Regarding the theoretical uncertain-
ties, we could not iterate the fit procedure to estimate the corresponding systematic uncertainty
due to the limited number of simulated events. Within the limited size of the simulated event
samples, it has been observed that no significant deviations in shape are induced by the uncer-
tainty of the theoretical parameters.

The following systematic uncertainties on the signal selection efficiency and on the background
estimates have been considered, summarized in table 2:

• The uncertainty on the theoretical cross section relative to the different simulated
processes is taken from [11, 22];

• The uncertainty stemming from the top quark mass is evaluated considering two
simulated samples where the nominal top mass of 172.5 GeV has been shifted by
± 6 GeV. The estimated uncertainties are +9% and -18%, scaling the uncertainty to
the knowledge of the actual top mass precision of 1.1 GeV (i.e. dividing the max-
imum half-difference by a factor of 5), the considered uncertainty on the obtained
cross section is 3%;

• The dependency of the selection on the hard scattering scale Q, Q2 = m2
top + Â p2

T,
has been estimated using dedicated samples for the tt processes. The scale has been
varied by a factor of 0.5 and of 2.0. The measured relative uncertainty for the tt
processes is estimated to be 2%;

4 4 Background estimation

HT variable as well as for the number of selected jets.

4.2 Neural network

We use the MultiLayerPerceptron (MLP) neural network implemented inside the TMVA pack-
age [19]. The training has been performed using 3000 simulated tt ! th+jets events passing the
search sample preselection and 5000 multijet events selected in data according to the multijet
selection criteria. A configuration including one hidden layer and 12 hidden nodes has been
used. The following seven variables have been retained to build a neural network to discrimi-
nate between the signal and the multijet background.

• HT: the scalar sum of the transverse momenta of all the selected jets and hadronic
tau candidate;

• aplanarity: A = 3
2 l1, with l1 being the smallest eigenvalue of the momentum tensor;

Mab = Âi pa
i pb

i / Âi |~pi|2;
• q(th) · |h(th)|: the hadronic tau charge multiplied by the absolute value of the pseu-

dorapidity of the tau candidate;
• Emiss

T : the transverse missing energy;
• Df(th, Emiss

T ): the azimuthal angle between the hadronic tau candidate and the trans-
verse missing energy direction;

• M(jets, th): the invariant mass of the system of all the selected jets and the hadronic
tau candidate;

• c2: the c2 returned by a kinematic fit constraining the hadronic W boson and top
quark masses by solving an event-by-event least square problem together with the
application of Langrange Multipliers. The four momenta of the input jets are varied
within their resolutions, improving the kinematics of the event with respect to the
event hypothesis [20].
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Figure 1: Distribution of the neural network output variable after a fit of the signal and multijet
processes to the data.

4.3 Fit to the data

To estimate the multijet background and to minimise the statistical uncertainty of the cross sec-
tion measurement, we fit the entire NN output distribution rather than counting events above
a given value. The estimated number of signal and multijet background events are obtained
from a negative log-likelihood fit to the NN output distribution [21]. The number of fitted

1.7 fb-1ATLAS CONF-2012-032

CMS TOP-11-004 3.9 fb-1

σtt = 156 ± 12stat ± 33syst ± 3lumi pb23% 22%σtt = 200 ± 19stat ± 43syst pb
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Benedikt Hegner

DESY Hamburg
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Top pair event signatures

Dilepton Lepton+jets All hadronic

BG:      few                              moderate                                        huge

BR:     ≈ 5 %                              ≈ 30 %                                         ≈ 44 %

Mainly
W+jets

Mainly
Z+jets

Mainly
multijets

jet

27Jeannine Wagner-Kuhr Bonn, 12th January 2012

tt event reconstruction using lepton+jets channel 
(CDF)

Perform kinematic fit to top pair event hypothesis:

Constraints: MW=80.4GeV/c², Mt=175GeV/c²,

     Assign identified b-jets to b-quarks

 Float jet pT within uncertainties

 Take hypothesis with smallest χ² 

Several event hypotheses due to jet-parton assignment
ambiguities and due to unknown pz of neutrino

Lepton charge q defines charge of leptonically (l) decaying top

    q=+1 → lept. top  , q = -1 → lept. antitop

Assume that hadronically (h) decaying top quark has opposite charge

    q=+1 → had. antitop  , q = -1 → had. top

Sensitive variables:

and

τ-

NN discriminant

M3 for NN>0.5



 Andreas B. Meyer                                                                               Top Quark Production                                                                                Physics in Collision, 12 September 2012                                                

σ(tt) (7 TeV) ± scale ± PDF

MCFM (NLO QCD)  160  +20-21 +8-9 pb

Kidonakis  163  +7-5     ±9 pb

Aliev et al (HATHOR1.2)  164  +5-9     ±9 pb

Ahrens et al.  155  +8-9     +8-9 pb

Beneke et al.  163  +7-8     +15-14 pb

Cacciari et al (TOP++)  159  +12-14 ±4 pb

Moch et al (HATHOR1.3)  175  +10-13 ±5 pb ) (pb)t(tσ

0 50 100 150 200 250 300
-1.5

10.8

+jets *τATLAS  7 pb± 43 ± 19 ±200 ATLAS-CONF-2012-032 (L=1.7/fb)

+jets *τCMS  3 pb± 33 ± 12 ±156 TOP-11-004 (L=3.9/fb)

)τ-µATLAS dilepton (  7 pb± 20 ± 13 ±186 arXiv:1205.2067 (L=2.1/fb)

)τµ,τCMS dilepton (e
 3 pb± 22 ± 14 ±143 arXiv:1203.6810 (L=2.2/fb)

ATLAS all-hadronic *
 7 pb± 54 ± 12 ±168 ATLAS-CONF-2011-031 (L=4.7/fb)

CMS all-hadronic *
 8 pb± 40 ± 20 ±136 TOP-11-007 (L=1.1/fb)

)µ,eµµATLAS dilepton (ee,
 8 pb±  11

14 ±  5 ±176 JHEP 1205 (2012) 059 (L=0.7/fb)

)µ,eµµCMS dilepton (ee,
 4 pb±  5 ±  2 ±162 1208.2671 (L=2.3/fb)

+jets *µATLAS e/  7 pb±  9 ±  4 ±179 ATLAS-CONF-2011-121 (L=0.7/fb)

+jets *µCMS e/  7 pb± 12 ±  3 ±164 TOP-11-003 (L=0.8-1.1/fb)

=7 TeV)s Cross Section at LHC (tt
 lum.) ± syst. ± stat. ±(value 

(* preliminary) 

Approx. NNLO QCD, Aliev et al., Comput.Phys.Commun. 182 (2011) 1034
Approx. NNLO QCD, Kidonakis, Phys.Rev.D 82 (2010) 114030
Approx. NNLO QCD, Ahrens et al., JHEP 1009 (2010) 097
Approx. NNLO QCD, Cacciari et al., arXiv:1111.5869
NLO QCD

σtt: LHC (7 TeV)
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·•ATLAS combination

·•σtt = 177 ±3 +8-7 ±7 pb   (6.2%) 

·•CMS dilepton

·•σtt = 162 ±2 ±5 ±4 pb   (4.2%)

All measurements compatible within errors   ---   some tension emerging between ATLAS and CMS (?)

ATLAS CONF-2012-024

CMS arXiv:1208.2671



 Andreas B. Meyer                                                                               Top Quark Production                                                                                Physics in Collision, 12 September 2012                                                

Dilepton (e, µ): tt̄ ! `⌫`⌫bb̄ @ 8 TeV

First measurement in the dilepton channel at 8 TeV!

CMS-PAS-TOP-12-007

Require 2 OS isolated and high-pT
leptons, veto Z-mass region for ee &
µµ, � 2 jets, minimum Emiss

T , � 1
b-tagged jet

DY and non-W/Z lepton backgrounds
estimated from data

Cut-based analysis performed in three
categories ee, eµ, µµ; combined using
BLUE

Very clean sample after the di↵erent
selection steps
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�tt̄(@7TeV)
= 1.41± 0.11

�tt̄ = 226.8± 3.1(stat.)± 10.7(syst.)± 10.0(lumi.) pb, ��tt̄/�tt̄ ⇠ 6.6%

Main systematics: lepton e�ciencies ⇠ 2%, jet energy scale ⇠ 3%
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NEW
$

σtt: LHC (8 TeV)
·•e/µ+jets
·•Template fit to Mlb

·•QCD multijet shape from data

·•Dominant systematics:  b-tagging, 
jet-energy scale

·•di-lepton:
·•Cut-and-count

·•Dominant systematics: lepton-ID, 
jet energy scale
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Lepton (e/µ) + jets: tt̄ ! `⌫qq̄bb̄ @ 8 TeV

First measurement in the lepton + jets channel at 8 TeV!

CMS-PAS-TOP-12-006

Require 1 isolated high-pT µ/e, veto on
additional leptons, � 4 jets, and � 1
b-tagged jet

QCD multijet background shape and
normalization from data

Binned likelihood fit of the invariant mass
of the b-jet and the lepton (Mlb)

Cross-check: uses the mass of the
three-jet combination with the highest pT

�tt̄ = 228.4± 9.0(stat.)±29.0
26.0 (syst.)± 10.0(lumi.) pb, ��tt̄/�tt̄ ⇠ 14%

Main systematics: b-tagging e�ciencies ⇠ 8%, jet energy scale ⇠ 5%
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NEW
$

�tt̄(8 TeV)

�tt̄(7 TeV)
= 1.41± 0.11

CMS TOP-12-006, TOP-12-007 2.4/2.8 fb-1
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Analysis

in CMSSW

Benedikt Hegner

DESY Hamburg

LHC at 8 TeV
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Dilepton (e, µ): tt̄ ! `⌫`⌫bb̄ @ 8 TeV

First measurement in the dilepton channel at 8 TeV!

CMS-PAS-TOP-12-007

Require 2 OS isolated and high-pT
leptons, veto Z-mass region for ee &
µµ, � 2 jets, minimum Emiss

T , � 1
b-tagged jet

DY and non-W/Z lepton backgrounds
estimated from data

Cut-based analysis performed in three
categories ee, eµ, µµ; combined using
BLUE

Very clean sample after the di↵erent
selection steps
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NEW
$   and at 8 TeV 

22/08/2012 Frank-Peter Schilling  -  Top Physics at LHC 5 

CMS measurements using first part of 2012 data 
Both di-lepton and lepton+jets channels 

Good agreement with theory observed (looking fwd to full NNLO) 

CMS PAS TOP-12-006 
CMS PAS TOP-12-007 

Lepton (e/µ) + jets: tt̄ ! `⌫qq̄bb̄ @ 8 TeV

First measurement in the lepton + jets channel at 8 TeV!

CMS-PAS-TOP-12-006

Require 1 isolated high-pT µ/e, veto on
additional leptons, � 4 jets, and � 1
b-tagged jet

QCD multijet background shape and
normalization from data

Binned likelihood fit of the invariant mass
of the b-jet and the lepton (Mlb)

Cross-check: uses the mass of the
three-jet combination with the highest pT

�tt̄ = 228.4± 9.0(stat.)±29.0
26.0 (syst.)± 10.0(lumi.) pb, ��tt̄/�tt̄ ⇠ 14%

Main systematics: b-tagging e�ciencies ⇠ 8%, jet energy scale ⇠ 5%

A.Y. Rodŕıguez-Marrero (IFCA) Top production at CMS July 5th , 2012 10 / 13

NEW
$

 ̄ = 228.4 ± 9.0(stat.) ±29.0 (syst.) ± 10.0(lumi.) pb,  ̄/ ̄ ⇠ 14% tt 26.0 

Main systematics: b-tagging e⇠ 8%, jet energy scale ⇠ 5%

QCD multijet background shape and normalization from data
Binned likelihood fit of the invariant mass of the b-jet and the lepton (Mlb)

t ̄t = 226.8 ± 3.1(stat.) ± 10.7(syst.) ± 10.0(lumi.) pb, t ̄t/t ̄t ⇠ 6.6%
Main systematics: lepton e⇠ 2%, jet energy scale ⇠ 3%

DY and non-W/Z lepton backgrounds estimated from data
Cut-based analysis performed in three categories ee, eμ, μμ; combined using BLUE

�tt̄(8 TeV)

�tt̄(7 TeV)
= 1.41± 0.11

Rise with energy 

22/08/2012 Frank-Peter Schilling  -  Top Physics at LHC 6 

Authors Cross section at 8 TeV 
[pb] (+-scale +-PDF) 

Details 

Moch et al. 
(arXiv:1203.6282) 

250 +14-18 +6-6 MSTW 68%CL , 
m_t=173 GeV 

Moch et al. 203 +11-15 +9-9 ABM11 68%CL 

Cacciari et al. 
(arXiv:1111.5869) 

229 +18-20 +6-6 M_t=173.3 GeV, 
MSTW 68%CL 

Kidonakis 
(arXiv:1205.3453) 

234 +10-7 +12-12 MSTW 90%CL 

Ahrens et al. 
(arXiv:1105.5824) 

225 +12-12 +11-12 MSTW 90%CL, 
mt=173.1 GeV 

• R(8 TeV / 7 TeV) = 1.41 +/- 0.10 
exp. unc. uncorrelated 
(pessimistic) 

• Plan also double ratios e.g. tt/Z(8) 
/ tt/Z (7) – sensitive to new 
physics (see e.g. Mangano, Rojo) 

Cross section rise  
with energy confirmed 

σtt = 227 ± 3stat ± 11syst ± 10lumi pb 6.6%

Author σtt (8 TeV)±scale±PDF

Kidonakis 234  +10-7    ±12 pb

Ahrens et al. 225  ±12       +11-12 pb

Beneke et al. 231  ±10       ±10 pb

Cacciari et al 229  +18-20  ±6 pb

Moch et al 250  +14-18  ±6 pb

) (pb)t(tσ

0 100 200 300 400
-0.5

3.8

CMS combined  10 pb± 11 ±  3 ±227 
 lumi.)± syst. ± stat. ±(val. 

)µ,eµµCMS dilepton (ee,  10 pb± 11 ±  3 ±227 
TOP-12-007 (L=2.4/fb)  lumi.)± syst. ± stat. ±(val. 

+jets)µCMS l+jets (e/  10 pb±  26
29 ±  9 ±228 

TOP-12-006 (L=2.8/fb)  lumi.)± syst. ± stat. ±(val. 

=8 TeVsCMS Preliminary, 

Approx. NNLO QCD, Kidonakis, arXiv:1205.3453 (2012)
Approx. NNLO QCD, Cacciari et al., arXiv:1111.5869 (2011)

 PDF uncertainty)⊗Approx. NNLO QCD, Langenfeld et al., PRD 80 (2009) 054009 (Scale 
Approx. NNLO QCD, Langenfeld et al., PRD 80 (2009) 054009 (Scale uncertainty)

M(lepton-bjet)

N(bjet)
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210

)-1CMS combined 8 TeV (2.8 fb
)-1ATLAS combined (0.7-1.1 fb

)-1CMS dilepton 7 TeV (2.3 fb
)-1CDF combined (4.6 fb

)-1D0 combined (5.3 fb

Approx. NNLO QCD (pp)
Scale uncertainty

 PDF uncertainty⊗Scale 
)pApprox. NNLO QCD (p

Scale uncertainty
 PDF uncertainty⊗Scale 

CMS Preliminary

Langenfeld, Moch, Uwer, Phys. Rev. D80 (2009) 054009
MSTW 2008 NNLO PDF, 90% C.L. uncertainty

Inclusive tt Cross Section σtt

Tevatron: 6.4%-8%                                       LHC: 4.2%-6.2%               
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Reconstruction of the ttbar pair   

M. Aldaya ICHEP 2012, 05.07.12 

  Needed to reconstruct top and ttbar observables 

•  Input: 4-vectors 

•  Lepton and up to 5 leading jets 

•  2-btagged jets 

•  νl: ET
miss with pz = 0 initially 

 

•  Vary 4-vectors within their  
resolutions to satisfy: 

•  mt = mtbar 

•  mW = 80.4 GeV 

•  Permutation with the minimum χ2 is taken 
 
 

 

Lepton+jets: Kinematic fit 

Dileptons: Kinematic reco 

•  Underconstrained (2 neutrinos) 
•  2 b-jets (or leading jets), 2 leptons, 
ETmiss 

•  Constraints: 
     - mW = 80.4 GeV 
     - px,y(ν1) + px,y(ν2) = ETmiss

x,y 
     - mt = mtbar = fixed 
 

       with mt varied in steps of 1 GeV,  
       between 100 - 300 GeV  
 

•  Solution with most probable E(ν)  
compared to simulated spectrum  
is taken 

For dσ/dmtt only: 
 

•  4-vector sum of the 2 leading  
jets, 2 leptons and ETmiss 

·•Measure top quark kinematic distributions
·•Test theory predictions and models

·•Ensure that acceptances, efficiencies are correct

·•Enhance sensitivity to new physics

·•Extract / use for PDF-fits (future)

·•Main analysis ingredients:
·•Cross section analysis

·•Kinematic reconstruction

·•Unfolding

Differential tt Cross Sections

21
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Why measure differentially?   

M. Aldaya ICHEP 2012, 05.07.12 

•  Precise tests of pQCD for top quark production at  
the LHC energy regime    

•  Top quark is background for many BSM searches 

•  New physics can potentially manifest in top final states 

•  Theory predictions and models need to be  
tuned and tested with measurements  

  Precise understanding of top quark distributions is crucial: 

  In its 2 years of operation, the LHC has proven to 
be a ‘top factory’: 
 
 

 ~800K ttbar events in 5 fb-1 of data @ 7 TeV 

Entering the era of precision measurements  
in top-pair production  

Kidonakis,  
arXiv:  
1009.4935"

Kidonakis,  
arXiv:  
1105.5167"
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Fig. 3 Migration matrices for (a-b) mt  t , (c-d) pT,t  t , and (e-f) yt  t estimated from simulated t  t events passing all (left)e+ jets and (right) µ+ jets
selection criteria. The unit of the matrix elements is the probability for an event generated at a given value to be reconstructed at another value.
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Why measure differentially?   

M. Aldaya ICHEP 2012, 05.07.12 

•  Precise tests of pQCD for top quark production at  
the LHC energy regime    

•  Top quark is background for many BSM searches 

•  New physics can potentially manifest in top final states 

•  Theory predictions and models need to be  
tuned and tested with measurements  

  Precise understanding of top quark distributions is crucial: 

  In its 2 years of operation, the LHC has proven to 
be a ‘top factory’: 
 
 

 ~800K ttbar events in 5 fb-1 of data @ 7 TeV 

Entering the era of precision measurements  
in top-pair production  

Kidonakis,  
arXiv:  
1009.4935"

Kidonakis,  
arXiv:  
1105.5167"

Kidonakis, arXiv:1009.4935 [hep-ph]
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Fig. 1. The reconstructed top-quark mass compared with expectation. Hashed areas
represent statistical and jet energy calibration uncertainties on the prediction.

Fig. 2. The pT spectrum of top quarks (two entries per event) compared with ex-
pectation. Hashed areas represent statistical and jet energy calibration uncertainties
on the prediction.

(the value used in the inclusive cross section measurement [8]) to
improve resolution. To obtain a background-subtracted data spec-
trum, the signal purity is fitted using signal and background contri-
butions as a function of pT , and applied as a smooth multiplicative
factor to the data. The result is the background-corrected distribu-
tion shown as a solid line in Fig. 3.

The reconstructed pT spectrum is subsequently corrected for
effects of finite experimental resolution, based on a regularized
unfolding method [16,17] using a migration matrix between the
reconstructed and parton pT derived from simulation. The size of
the pT bins was chosen based on the requirement that the pu-
rity (the fraction of parton-level events which are reconstructed
in the correct pT range) is > 50%, as shown in Table 2. This also
results in pT bins which are larger than the experimental resolu-
tion for the top quark pT . The correlation between reconstructed
and correct pT is > 80%. Fig. 3 compares the reconstructed and
corrected results as a function of the pT of the top quark. The de-
pendence of the unfolding on the parton spectrum shape in the
migration matrix is tested by reweighting the distribution with ar-
bitrary functions. Shape variations of ≈ 20% induce 2–6% changes
in the differential cross section. A correction for acceptance from

Fig. 3. Comparison between the background-subtracted reconstructed top-quark pT
spectrum and the one corrected for the effects of finite experimental resolution
(two entries per event). Inner and outer error bars represent the statistical and total
(statistical and systematic added in quadrature) uncertainties, respectively.

Table 2
The migration matrix between the reconstructed (rows) and parton (columns) top-
quark pT derived from alpgen tt̄ events passed through full detector simulation.
The matrix indicates the fraction of events migrated from a given parton bin to
the reconstructed bins. The binning used for correlating reconstructed and parton
levels of pT are given at the left and top, respectively. Results in bold print are for
diagonal terms.

pT (GeV/c) 0–45 45–90 90–140 140–200 200–300 300–400

0–45 0.530 0.162 0.062 0.020 0.003 0.000
45–90 0.344 0.578 0.227 0.072 0.021 0.000
90–140 0.103 0.228 0.560 0.223 0.055 0.031
140–200 0.019 0.029 0.145 0.581 0.232 0.071
200–300 0.002 0.002 0.006 0.103 0.650 0.363
300–400 0.000 0.000 0.000 0.001 0.038 0.535

the dependence of the spectrum on kinematic restrictions of re-
constructed quantities is applied to the unfolded distributions.

The measured differential cross section as a function of the pT
of the top quark (using for each event the two measurements ob-
tained from the leptonic and hadronic top quark decays), dσ /dpT ,
is shown in Fig. 4 and tabulated in Table 3 together with the
NLO pQCD prediction [18,19]. The statistical uncertainties are es-
timated by performing 1000 pseudo-experiments where, in each
experiment, the background-corrected spectrum is allowed to vary
according to Poisson statistics and is then unfolded using the reg-
ularized migration matrix (Table 2). The largest experimental un-
certainties affecting the shape of the pT distribution include jet
energy calibration in data and in simulation (1.5–5.0%), jet recon-
struction efficiency (0.7–3.5%), and jet energy resolution (≈ 0.5%).
The residual dependence of the unfolded result on the top-quark
mass is 2–6% for mt in the 170–175 GeV/c2 range. This additional
uncertainty does not need to be considered for comparisons with
models in which mt is set to 170 GeV/c2. For the main background
sources, W /Z + jets, we have also considered the variations of the
background shape caused by uncertainties in the k-factors and in
additional scale factors for heavy-flavor jets. Other systematic un-
certainties [8] account for uncertainties in the modeling of the
signal, estimated from the difference between alpgen and pythia,
for uncertainties in the PDFs and in the b-quark fragmentation. The
uncertainty on the integrated luminosity is 6.1%. The systematic
uncertainties quoted in the following combine the uncertainty on
the normalization (independent of pT ) with the shape-dependent
systematics. The total correlated systematic uncertainty is 9.6% (in-

Tevatron
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Need NLO to describe normalization
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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
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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

PRL 102, 222003 (2009)

NLO+NNLL: improved description of shape

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

1.0 fb-12.7 fb-1

pT (top)

D0 Collaboration / Physics Letters B 693 (2010) 515–521 519

Fig. 1. The reconstructed top-quark mass compared with expectation. Hashed areas
represent statistical and jet energy calibration uncertainties on the prediction.

Fig. 2. The pT spectrum of top quarks (two entries per event) compared with ex-
pectation. Hashed areas represent statistical and jet energy calibration uncertainties
on the prediction.

(the value used in the inclusive cross section measurement [8]) to
improve resolution. To obtain a background-subtracted data spec-
trum, the signal purity is fitted using signal and background contri-
butions as a function of pT , and applied as a smooth multiplicative
factor to the data. The result is the background-corrected distribu-
tion shown as a solid line in Fig. 3.

The reconstructed pT spectrum is subsequently corrected for
effects of finite experimental resolution, based on a regularized
unfolding method [16,17] using a migration matrix between the
reconstructed and parton pT derived from simulation. The size of
the pT bins was chosen based on the requirement that the pu-
rity (the fraction of parton-level events which are reconstructed
in the correct pT range) is > 50%, as shown in Table 2. This also
results in pT bins which are larger than the experimental resolu-
tion for the top quark pT . The correlation between reconstructed
and correct pT is > 80%. Fig. 3 compares the reconstructed and
corrected results as a function of the pT of the top quark. The de-
pendence of the unfolding on the parton spectrum shape in the
migration matrix is tested by reweighting the distribution with ar-
bitrary functions. Shape variations of ≈ 20% induce 2–6% changes
in the differential cross section. A correction for acceptance from

Fig. 3. Comparison between the background-subtracted reconstructed top-quark pT
spectrum and the one corrected for the effects of finite experimental resolution
(two entries per event). Inner and outer error bars represent the statistical and total
(statistical and systematic added in quadrature) uncertainties, respectively.

Table 2
The migration matrix between the reconstructed (rows) and parton (columns) top-
quark pT derived from alpgen tt̄ events passed through full detector simulation.
The matrix indicates the fraction of events migrated from a given parton bin to
the reconstructed bins. The binning used for correlating reconstructed and parton
levels of pT are given at the left and top, respectively. Results in bold print are for
diagonal terms.

pT (GeV/c) 0–45 45–90 90–140 140–200 200–300 300–400

0–45 0.530 0.162 0.062 0.020 0.003 0.000
45–90 0.344 0.578 0.227 0.072 0.021 0.000
90–140 0.103 0.228 0.560 0.223 0.055 0.031
140–200 0.019 0.029 0.145 0.581 0.232 0.071
200–300 0.002 0.002 0.006 0.103 0.650 0.363
300–400 0.000 0.000 0.000 0.001 0.038 0.535

the dependence of the spectrum on kinematic restrictions of re-
constructed quantities is applied to the unfolded distributions.

The measured differential cross section as a function of the pT
of the top quark (using for each event the two measurements ob-
tained from the leptonic and hadronic top quark decays), dσ /dpT ,
is shown in Fig. 4 and tabulated in Table 3 together with the
NLO pQCD prediction [18,19]. The statistical uncertainties are es-
timated by performing 1000 pseudo-experiments where, in each
experiment, the background-corrected spectrum is allowed to vary
according to Poisson statistics and is then unfolded using the reg-
ularized migration matrix (Table 2). The largest experimental un-
certainties affecting the shape of the pT distribution include jet
energy calibration in data and in simulation (1.5–5.0%), jet recon-
struction efficiency (0.7–3.5%), and jet energy resolution (≈ 0.5%).
The residual dependence of the unfolded result on the top-quark
mass is 2–6% for mt in the 170–175 GeV/c2 range. This additional
uncertainty does not need to be considered for comparisons with
models in which mt is set to 170 GeV/c2. For the main background
sources, W /Z + jets, we have also considered the variations of the
background shape caused by uncertainties in the k-factors and in
additional scale factors for heavy-flavor jets. Other systematic un-
certainties [8] account for uncertainties in the modeling of the
signal, estimated from the difference between alpgen and pythia,
for uncertainties in the PDFs and in the b-quark fragmentation. The
uncertainty on the integrated luminosity is 6.1%. The systematic
uncertainties quoted in the following combine the uncertainty on
the normalization (independent of pT ) with the shape-dependent
systematics. The total correlated systematic uncertainty is 9.6% (in-

m(tt̄)

m(tt̄)

mtop
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LHC: Top Quark Distributions

23

CMS TOP-11-013 1.14 fb-1

pT (top)

y(top)

·•CMS (l+jets, dileptons)
·•'visible phase space' (region with maximum acceptance)

·•Comparisons: MADGRAPH, POWHEG(PYTHIA), 
MC@NLO(HERWIG)

Good agreement between data and all predictions
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14 5 Normalized Differential Cross Sections

c
GeV tt and 

Tp
0 50 100 150 200 250 300 350 400

-1 )
cG
eV

( t
t a

nd
 

T
dp

σd
 

σ1

-310

-210
Data
MadGraph
MC@NLO
POWHEG

=7 TeVs at -1CMS Preliminary, 1.14 fb

Dilepton Combined

tt and y
-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5

 t
t a

nd
 

dy
σd

 
σ1

0

0.1

0.2

0.3

0.4

0.5

0.6
Data
MadGraph
MC@NLO
POWHEG

=7 TeVs at -1CMS Preliminary, 1.14 fb

Dilepton Combined

c
GeV ttTp

0 50 100 150 200 250 300 350 400 450 500

-1 )
cG
eV

( tt T
dpσd  

σ1

-310

-210

Data
MadGraph
MC@NLO
POWHEG

=7 TeVs at -1CMS Preliminary, 1.14 fb

Dilepton Combined

tty
-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5

tt
dyσd  

σ1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8
Data
MadGraph
MC@NLO
POWHEG

=7 TeVs at -1CMS Preliminary, 1.14 fb

Dilepton Combined

Figure 6: Differential tt production cross sections as a function of the transverse momentum of the top
quarks pt and t̄

T , the rapidity of the top quarks yt and t̄, the transverse momentum of the top quark pair ptt
T

and the rapidity of the top quark pair ytt. The inner error bars indicate the statistical uncertainty and the
outer error bars the combined statistical and systematic uncertainty. The measurements are compared
to predictions from MADGRAPH, POWHEG, and MC@NLO generators. For the MADGRAPH comparison
both a smooth curve and a binned histogram are shown. The latter indicates the bins of the cross section
measurement.
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Fig. 5 Relative differential cross-section versus (a-b) mt  t , (c) pT,t  t and (d) yt  t . Note that the histograms are a graphical representation of Table 3.
This means that only the bin ranges along the x-axis (and not the position of the vertical error bar) can be associated to the relative differential cross-
section values on the y-axis. The relative cross-section in each bin shown in Table 3 is compared to the NLO prediction from MCFM [6]. For mt  t
the results are also compared with the NLO+NNLL prediction from Ref. [5]. The measured uncertainty represents 68% confidence level including
both statistical and systematic uncertainties. The bands represent theory uncertainties (see Sect. 8 for details). Predictions from MC@NLO and
ALPGEN are shown for fixed settings of the generators’ parameters (details are found in Sect. 8).
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LHC: Top Quark Pair Distributions: 

5.3 Invariant tt Quark Pair Mass Distribution 15

verse momentum of the top quarks pt and t̄
T , the rapidity of the top quarks yt and t̄, the trans-

verse momentum of the top quark pair ptt
T, and the rapidity of the top quark pair ytt. The

measurements are compared to predictions from MADGRAPH, POWHEG, and MC@NLO. Good
agreement is observed between data and theoretical predictions.

5.3 Invariant tt Quark Pair Mass Distribution

The normalized invariant tt pair mass (mtt) distributions in the semileptonic and dilepton chan-
nels are measured in their respective phase space described above. In the semileptonic decay
channel the same kinematic reconstruction and cross section extraction methods are used as for
the measurement of the other distributions in this channel.

In contrast, in the dilepton decay channel, specifically for the differential cross section as a func-
tion of mtt an alternative method is used. The observable mtt is reconstructed directly from the
four-momenta of the leading two jets, leading two leptons and the missing transverse energy.
The differential cross section is then extracted by application of the Singular Value Decomposi-
tion unfolding method [25]. In this method, only the first few terms of the decomposition of the
response matrix elements are expected to be significant and spurious oscillating components
are suppressed by the regularization term. For this analysis the bin width is chosen to be ap-
proximately equal to the detector resolution, and for the final result a regularization parameter
k = 4 is determined.

The results for both the semileptonic and the dilepton channel are shown in Figure 7. The
measurements are compared to predictions from MADGRAPH, POWHEG, and MC@NLO. Good
agreement is observed between data and the theoretical predictions and no excesses are visible
within the experimental resolution.
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Figure 7: Normalized differential tt production cross sections as a function of the invariant
mass of the tt pair for the semileptonic analysis (left) and the dilepton analysis (right).

6 Conclusions
First measurements of normalized differential top quark pair production cross sections in pp col-
lisions at

p
s = 7 TeV are presented. The measurements are performed in the fully leptonic
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the results are also compared with the NLO+NNLL prediction from Ref. [5]. The measured uncertainty represents 68% confidence level including
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ALPGEN are shown for fixed settings of the generators’ parameters (details are found in Sect. 8).
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tt+jets

26

ttbar with veto on extra jets (ATLAS) 

22/08/2012 Frank-Peter Schilling  -  Top Physics at LHC 10 

Di-lepton channel using L=2.05/fb of 7 TeV data (arXiv:1203.5015) 
• Fraction of ttbar events with no extra jet above a given Pt cut 
• Corrected for detector effects, compared with ME+PS (ALPGEN,SHERPA, 

ACERMC) and NLO (MC@NLO, POWHEG) generators 
• Exp. Uncertainties (many cancel) on this ratio smaller than spread between 

models 

Central region: 
Too few jets from 
MC@NLO 

Fwd region: 
All models produce too 
many jets 

PYTHIA ISR low   norm  high 
PARP(67) = 0.5   4.0   6.0 
PARP(64) = 4.0   1.0   0.25 

Typical variations of QCD 
radiation model (ISR/FSR) 
can be reduced 

Room for tuning / need for higher orders 

ATLAS 2.05 fb-1EPJ, C72 (2012) 20430.70 fb-1

ATLAS-CONF-2012-083 4.7 fb-1

ATLAS-CONF-2011-142

�tt̄+jets

�tt̄
= 0.54± 0.01(stat.)+0.05

�0.08(syst.)

·•Additional jets due to QCD radiation
·•tt+>1 jet: test of NLO+PS event generation 

gap fraction as fct of Q0=pT(jet) thresholdbackground subtracted event yields

Improve choice of model and scales for 
future measurements (properties and searches)
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2. SINGLE TOP PRODUCTION

66 pb

1.05 pb

Observation of single top production: 
cross section v Vtb

2

study top-polarization and EWK top 
interaction

Test of non-SM phenomena:
4th generation
FCNC couplings
W’ , H±

anomalous Wtb couplings

2.08 pb 0.22 pb

Signal – background discrimination:
Tevatron:  multivariate methods (neural networks, boosted 

decision trees, matrix element method)
LHC: cut-based or multivariate method 

Single top production 

22/08/2012 Frank-Peter Schilling  -  Top Physics at LHC 21 

Kidonakis, NLO+NNLL: 
t-channel: PRD 83 (2011) 091503 
s-channel: PRD 81 (2010) 054028 
tW-channel: PRD 82 (2010) 054018 

• EWK production of top quarks: test Wtb vertex, measurement of |Vtb| 
• Sensitive to b-PDF, R(t/tbar) sensitive to u/d-PDF 
• Searches for NP at Wtb vertex, 4th gen, H+, W’, FCNC 

 t-channel  s-channel tW-channel 
      (associated production) 

Single Top Production
·•Test of EW interactions
·•Probe for new physics
·•measure Vtb

·•4th generation 

·•FCNC

·•sensitivity to b-PDF and u/d-PDF
·•t and Wt channel

·•Main backgrounds
·•W+jets background

·•top pair production

·•QCD multijet production
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Kidonakis, NLO+NNLL: 
t-channel: PRD 83 (2011) 091503 
s-channel: PRD 81 (2010) 054028 
tW-channel: PRD 82 (2010) 054018 

• EWK production of top quarks: test Wtb vertex, measurement of |Vtb| 
• Sensitive to b-PDF, R(t/tbar) sensitive to u/d-PDF 
• Searches for NP at Wtb vertex, 4th gen, H+, W’, FCNC 
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Single top production 
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Kidonakis, NLO+NNLL: 
t-channel: PRD 83 (2011) 091503 
s-channel: PRD 81 (2010) 054028 
tW-channel: PRD 82 (2010) 054018 

• EWK production of top quarks: test Wtb vertex, measurement of |Vtb| 
• Sensitive to b-PDF, R(t/tbar) sensitive to u/d-PDF 
• Searches for NP at Wtb vertex, 4th gen, H+, W’, FCNC 
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FIG. 1: Discriminant distributions for the !+ !ET +jets analyses. The data are indicated with points, and the predictions are
shown separately for each contribution with stacked histograms. The signal expectations shown are the SM predictions. The
insets show the distributions of the candidate events in the high-discriminant region.
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FIG. 2: Discriminant distributions for the (a) SD, and (b) MJ analyses (see Fig. 1 for their caption and legend). Figure (c)
shows the distribution of the likelihood ratio test statistic −2 ln Q.

sample with s/b > 5.0 in the most sensitive region, al-
lowing for a significant outcome in the presence of these
conservative systematic uncertainties. We observe single
top quark production for the first time with a significance
of 5.0 standard deviations.
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Figure 4: Distribution of cos q⇤ in the |hj0 | > 2.8 region summed for both muons and electrons,
obtained by normalizing each process yield to the value from the fit. cos q⇤ is defined as the an-
gle between the lepton and the non b-tagged jet in the reconstructed top quark rest frame. Due
to limited statistic in the simulation, background distribution is smoothed through a simple
spline.

[19], b-tagging and mistagging efficiencies [10]; modeling of the signal and of the main back-
grounds; pileup and a 4.65% uncertainty on the integrated luminosity [20].

The systematic variation of the tt̄ background normalization is conservatively taken as 20%,
obtained as the maximum difference between the yields of data and simulation in the tt̄ control
samples. This is more conservative with respect to the theoretical uncertainty of 15% on the tt̄
cross section.

Each systematic uncertainty has been evaluated performing pseudo-experiments which take
into account the effect of the corresponding systematic source on the distribution of |hj0 | and
on the event yield of the physics processes. The fit to |hj0 | is then performed on each pseudo-
experiment and the mean shift of the fit results with respect to the value obtained in the nominal
scenario is taken as uncertainty.

The uncertainty on the W + heavy flavours extraction method is evaluated throwing pseudo-
experiments in the sideband region, thus performing the extraction procedure and repeating
the fit to |hj0 |, exploiting the ansatz that the distribution of |hj0 | is the same in the signal and
sideband regions. The uncertainty is taken as the root mean square of the distribution of fit
results obtained this way. This uncertainty depends on the available statistics of the sideband
region and is uncorrelated between muons and electrons.

Table 2 summarizes the uncertainties contributing to the combined (muon and electron) cross
section measurement.

6 Results

The analysis yields the following cross section measurements for the muon and electron chan-
nels:

st�ch. = 76.9 ± 6.6(stat.) ± 11.4(syst.)± 3.7(lumi.) pb (muons)
st�ch. = 59.3 ± 8.2(stat.) ± 11.9(syst.)± 2.8(lumi.) pb (electrons)

CMS: 2011

complex multivariate analysis simple kinematic analysis

LHC: much more gluons, leading to very different relative contributions

Predictions t-channel (σtqb) s-channel (σtb) tW-channel

Tevatron 2.26 pb 1.04 pb 0.28 pb
LHC (7 TeV) 64.6 pb 4.6 pb 15.7 pb
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22/08/2012 Frank-Peter Schilling  -  Top Physics at LHC 21 

Kidonakis, NLO+NNLL: 
t-channel: PRD 83 (2011) 091503 
s-channel: PRD 81 (2010) 054028 
tW-channel: PRD 82 (2010) 054018 

• EWK production of top quarks: test Wtb vertex, measurement of |Vtb| 
• Sensitive to b-PDF, R(t/tbar) sensitive to u/d-PDF 
• Searches for NP at Wtb vertex, 4th gen, H+, W’, FCNC 

 t-channel  s-channel tW-channel 
      (associated production) 

Single top production 

22/08/2012 Frank-Peter Schilling  -  Top Physics at LHC 21 

Kidonakis, NLO+NNLL: 
t-channel: PRD 83 (2011) 091503 
s-channel: PRD 81 (2010) 054028 
tW-channel: PRD 82 (2010) 054018 

• EWK production of top quarks: test Wtb vertex, measurement of |Vtb| 
• Sensitive to b-PDF, R(t/tbar) sensitive to u/d-PDF 
• Searches for NP at Wtb vertex, 4th gen, H+, W’, FCNC 

 t-channel  s-channel tW-channel 
      (associated production) 

Thomas Müller, Institut für Experimentelle Kernphysik, KIT                                ICHEP 2012, Melbourne

2. SINGLE TOP PRODUCTION

66 pb

1.05 pb

Observation of single top production: 
cross section v Vtb

2

study top-polarization and EWK top 
interaction

Test of non-SM phenomena:
4th generation
FCNC couplings
W’ , H±

anomalous Wtb couplings

2.08 pb 0.22 pb

Signal – background discrimination:
Tevatron:  multivariate methods (neural networks, boosted 

decision trees, matrix element method)
LHC: cut-based or multivariate method 

1l+1b+1jet 1l+2b 2l+1b
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exclusive subsamples defined before. All three methods
also consider the same sources of systematic uncertainty,
and are trained using variables for discriminating signal
from background chosen from a common set of well-
modeled variables. These variables can be classified in
five categories: single object kinematics, global event
kinematics, jet reconstruction, top quark reconstruction,
and angular correlations. The BNN uses four-vectors of
the lepton and jets and a two-vector for !ET to build
the discriminant. The BNN performance is improved
by adding variables containing the lepton charge and b-
tagging information, resulting in 14, 18, and 22 variables
for events with 2, 3, and 4 jets. The BDT ranks
and selects the best fifty variables for all the analysis
channels, while NEAT uses the TMVA [43] implemen-
tation of the “RuleFit” [44] algorithm to select the best
thirty variables in each channel.
Each MVA method is trained separately for the two

single top quark production channels: (i) for the tb
discriminants, with tb considered signal and tqb treated
as a part of the background, and (ii) for tqb discrimi-
nants, with tqb considered signal and tb treated as a part
of the background.
Using ensembles of datasets containing contributions

from background and SM signal, we infer that the corre-
lation among the outputs of the individual MVA methods
is ≈ 70%. An increase in sensitivity can therefore be
obtained by combining these methods to form a new
discriminant [6]. To achieve the maximum sensitivity, a
second BNN is used to construct a combined discriminant
for each channel, for tb, tqb, and tb+tqb events, defined as
Btb, Btqb and Btb+tqb. The Btb and Btqb discriminants
take as inputs the three discriminant outputs of BDT,
BNN, and NEAT, and they are trained by assuming tb
or tqb as signals, respectively. The combined tb + tqb
discriminant (Btb+tqb) takes as input the six discrim-
inant outputs of BDT, BNN, and NEAT that are trained
separately for the tb and the tqb signal. The training
for Btb+tqb treats the combined tb+tqb contribution as
signal with relative production rates predicted by SM.
Figure 3 shows the outputs of the Btb, Btqb, and Btb+tqb

discriminants, where good agreement is observed over
the entire range. In these plots, the bins are sorted
and merged (“ranked”) as a function of the expected
signal-to-background ratio (S:B) such that S:B increases
monotonically within the range of the discriminant. For
the tqb and tq+tqb discriminants, presence of signal is
significant in the plots. For the tb discriminant, the signal
presence is not as significant.

V. MEASURING SIGNAL CROSS SECTIONS

A. Bayesian approach

We use a Bayesian approach [6, 16, 17] to extract
the production cross sections. The method consists of
forming a binned likelihood as a product of all six analysis
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FIG. 3: [color online] Distributions of the (a) Btb, (c) Btqb,
and (e) Btb+tqb discriminants for the entire range [0–1] of the
output. Distributions of the (b) Btb, (d) Btqb, and (f) Btb+tqb

discriminants for the signal region [0.8–1]. The bins have
been “ranked” by their expected signal-to-background ratio.
The tb, tqb, and tb+tqb contributions are normalized to the
measured cross sections in Table II. The hatched bands show
the ±1σ uncertainty on the background prediction.

channels (2, 3, or 4 jets with 1 or 2 b-tags) and bins
using the full discriminant outputs. We assume a Poisson
distribution for the number of events in each bin and
uniform prior probabilities for non-negative values of the
signal cross sections (tb, tqb and tb + tqb correspond-
ingly). Systematic uncertainties and their correlations
are taken into account by integrating over signal accep-
tances, background yields, and integrated luminosity,
assuming a Gaussian prior for each source of systematic
uncertainty. A posterior probability density as a function
of the single top quark cross section is constructed, with
the position of the maximum defining the value of the
cross section and the width of the distribution in the
region that encompasses 68% of the entire area corre-
sponding to the uncertainty (statistical and systematic
components combined). The expected cross sections are
obtained by setting the number of data events in each
channel equal to the value given by the prediction of
signal plus background.

5.4 fb-1PRD 84, 112001 (2011)

6

normalization of the W+jets sample fixed to the value
obtained by the iterative method described above and
derive λHF with the following equation:

N (0) = N
(0)
Wlp + λHFN

(0)
Whp, (2)

where N = Ndata − Nmultijets − Nnon-Wjets, NWlp =
NWjj+NWcj, andNWhp = NWcc+NWbb. The superscript
(0) indicates that the equation is written for the zero-tag
sample defined above. The measured value of λHF is
consistent with one. Uncertainties on the assumed cross
sections for single top quark, tt̄, and Wcj production
and the cross section ratio of Wcc̄ to Wbb̄ are taken into
account. As expected, λHF is most affected by varia-
tions on the Wcj cross section and the Wcc̄ to Wbb̄
cross section ratio. An estimated uncertainty of 12% is
assigned to the normalization of the Wcc̄ and Wbb̄ MC
samples based on this study.

We also consider other sources of systematic uncer-
tainty from modeling both the background and signal.
These uncertainties usually affect the normalization and,
in some cases, also the shape of the distributions. The
largest uncertainties arise from the jet energy scale (0.3–
14.6)%, jet energy resolution (0.2–11.6)%, corrections to
b-tagging efficiencies (6.6–21.2)%, and the correction for
jet-flavor composition in W+jets events 12%. There are
also contributions due to limited statistics of the MC
samples 6.0%, the measured luminosity 6.1%, and uncer-
tainties on the trigger modeling 5.0%.

Table I lists the numbers of expected and observed
events for each process after event selection, including b-
tagging. Figure 2 shows comparisons between data and
simulation before and after applying b-tagging. In the
same figure, the normalization and differential spectra
of the two dominant backgrounds are checked using the
control samples dominated by W+jets (e), and by tt̄
(f) events. These plots are indicative of the adequate
background modeling attained for various sample condi-
tions in the analysis.

TABLE I: Numbers of expected and observed events in a data
sample corresponding to 5.4 fb−1 of integrated luminosity,
with uncertainties including both statistical and systematic
components. The tb and tqb contributions are normalized to
their SM expectations for a top quark mass of 172.5 GeV.

Source 2 jets 3 jets 4 jets

tb 104 ± 16 44 ± 7.8 13 ± 3.5

tqb 140 ± 13 72 ± 9.4 26 ± 6.4

tt̄ 433 ± 87 830 ± 133 860 ± 163

W+jets 3,560 ± 354 1,099 ± 169 284 ± 76

Z+jets & dibosons 400 ± 55 142 ± 41 35 ± 18

Multijets 277 ± 34 130 ± 17 43 ± 5.2

Sum of above sources 4,914 ± 558 2,317 ± 377 1,261 ± 272

Data 4,881 2,307 1,283
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FIG. 2: [color online] Comparisons between the data and
the background model for (a) !ET , (b) W boson transverse
mass before b-tagging, and (c) light quark jet pseudorapidity
multiplied by lepton charge, after b-tagging. Reconstructed
top quark mass (d) after b-tagging, (e) in a control sample
dominated by W+jets, and (f) in a control sample dominated
by tt̄. The hatched bands show the ±1σ uncertainty on the
background prediction for distributions obtained after b-jet
identification (c–f). The W+jets contribution includes events
from Z+jets and diboson sources.

IV. MULTIVARIATE ANALYSES

Since the expected single top quark contribution is
smaller than the uncertainty on the background, we
use multivariate analysis (MVA) methods to extract
the signal. The application of these methods to the
measurement of the single top quark production cross
section is described in Ref. [17]. Three different MVA
techniques are used in this analysis: (i) Bayesian
neural networks (BNN) [40], (ii) boosted decision trees
(BDT) [41], and (iii) neuroevolution of augmented
topologies (NEAT) [42]. Each MVA method constructs a
function that approximates the probability Pr(S|x) that
an event, characterized by the variables x, originates
from the signal process, S = {tb, tqb, tb+ tqb}. Therefore
each method defines a discriminantD that can be used to
constrain the uncertainties of the background in the low-
discriminant region D ≈ 0 and extract a signal from an
excess in the high-discriminant region D ≈ 1. All three
methods use the same data and model for background,
performing the analyses separately on the six mutually
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FIG. 3: The posterior curve of the cross section measurement calculated with the super discriminant histograms as
inputs (a), the posterior curve for the |Vtb| calculation (b).

A. Cross Section Measurement

We measured the total cross section of single top quark production σst, assuming the SM ratio between s-channel
and t-channel production: βs = βt = βwt ≡ β. The posterior distribution is shown in Figure 3(a). From this
distribution, we obtain a single top quark cross section measurement of σst = 3.04+0.57

−0.53 pb, assuming a top quark
mass of 172.5 GeV/c2.

B. Extraction of Bounds on |Vtb|

To extract |Vtb| from the combined measurement, we take advantage of the fact that the production cross section
σs+t is directly proportional to |Vtb|2. We use the relation

|Vtb|2measured = σmeasured
s+t |Vtb|2SM/σSM

s+t, (2)

where |Vtb|2SM ≈ 1 and σSM
st = 3.37± 0.34 [1] Equation 2 further assumes that |Vtb|2 # |Vts|2 + |Vtd|2, because we are

assuming that the top quark decays to Wb 100% of the time, and because we assume that the production cross section
scales with |Vtb|2, while the other CKM matrix elements may contribute as well if they were not very small. Figure 3(b)
shows the joint posterior distribution of all of our independent channels as a function of |Vtb|2 (which includes the
theoretical uncertainty on the predicted production rate, which is not part of the cross section posterior), from which
we obtain a 95% confidence level lower limit of |Vtb| > 0.78 and extracted |Vtb| = 0.96±0.09(stat + sys)±0.05(theory).

C. Two-Dimensional Fit Results

The extraction of the combined signal cross section σs+t proceeds by constructing a one-dimensional Bayesian
posterior with a uniform prior in the cross section to be measured. An extension of this is to form the posterior in the
two-dimensional plane, σs vs. σt+wt, and to extract the s-channel and the t-andwt-channel cross sections separately.
Here we combined the Wt-channel with t-channel due to the small predicted cross section of Wt-channel at Tevatron
and the similar final state signature with t-channel. Our studies show that the Wt-channel contributes negligible
effects in this two-dimensional fit. Thus we will hereby neglect the Wt−channel contribution in the later result.
The best-fit cross section is the one for which the posterior is maximized, and corresponds to σs = 1.81+0.63

−0.58 pb

and σt = 1.49+0.47
−0.42 pb. The uncertainties on the measurements of σs and σt are correlated with each other because

s-channel and t-channel signals both populate the signal-like bins of each of our discriminant variables. Regions of
68.3%, 95.5%, and 99.7% credibility are derived from the distribution of the posterior by evaluating the smallest
region in area that contains 68.3%, 95.5% or 99.7% of the integral of the posterior. The best-fit values, the credibility

7

• cos θt!W : The cosine of the angle between the charged lepton and the reconstructed W boson in the top quark’s
reference frame.

• cos θtjj : The cosine of the angle between the two most energetic jets in the top quark’s reference frame.

• Q× η: The charge of the lepton multiplied by the pseudorapidity of the untagged jet.

• η!: The pseudorapidity of the charged lepton.

• ηW : The pseudorapidity of the reconstructed W boson.

•
∑

ηj : The sum of the pseudorapidities of all jets.

• ∆ηjj : The difference in pseudorapidity of the two most energetic jets. In the three-jet two-tag network, the
difference between the two least energetic jets is also used.

• ∆ηt,light: The difference in pseudorapidity between the untagged or lowest-energy jet and the reconstructed top
quark.

•
√
ŝ: The energy of the center-of-mass system of the hard interaction, defined as the #νb system plus the recoiling

jet.

• Centrality: The sum of the transverse energies of the two leading jets divided by
√
ŝ.

• bNN: The jet flavor separator neural network output For two-tag events, the sum of the two outputs is used.

To optimize the NN performers, in the 2jet 2 b-tag channel, we train on s-channel as signal while t-channel treated
as background like. We train on t-channel in the rest jet and tag channels. To further improve our cross section
measurement, we studied the NN training with systematics-mixed sample in our NN training process. By including
the jet energy scale shifted samples and Q2 samples, our studies shows that we can expect a 3% improvment on the
uncertainty of cross section measurement.
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FIG. 4: Distribution and Gaussian fit of the measured cross section in a ensemble of pseudo-experiments with the same
integrated luminosity as in data generated assuming the SM for (a) tb, (b) tqb, and (c) tb+ tqb processes.
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FIG. 5: [color online] Mean (points) and standard deviation (shaded bands) of cross section as a function of the input cross
section for the (a) tb, (b) tqb, and (c) tb+tqb single top quark processes from the ensemble studies of pseudo-experiments with
the same integrated luminosity as in data. The continuous lines show the fits to the mean values where their uncertainties are
smaller than the size of the points. The dotted lines represent the responses in the case of slope equal one and zero intercept.
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FIG. 6: [color online] The expected (back) and observed (front) posterior probability densities for (a) tb, (b) tqb, and (c) tb+tqb
production. The shaded bands indicate the 68% C.L.s from the peak values.

The presence of the single top quark signal is needed to
ensure a good description of the data.

VII. |Vtb| MEASUREMENT

The single top quark production cross section is
directly proportional to the square of the CKM matrix
element |Vtb|2, enabling us to measure |Vtb| directly
without any assumption on the number of quark families
or the unitarity of the CKM matrix [17]. We assume that
SM sources for single top quark production and that top
quarks decay exclusively to Wb. We also assume that the
Wtb interaction is CP-conserving and of the V −A type,
but maintain the possibility for an anomalous strength of
the left-handed Wtb coupling (fL

1 ), which could rescale
the single top quark cross section [45]. Therefore, we
are measuring the strength of the V − A coupling, i.e.,
|Vtbf

L
1 |, which can be > 1.

We form a Bayesian posterior |Vtbf
L
1 |2 with a flat prior

based on the Btb+tqb discriminant. Additional theoretical
uncertainties are considered for the tb and tqb cross
sections [2]. Using the measured tb+tqb cross section,
we obtain |Vtbf

L
1 | = 1.02+0.10

−0.11. If we restrict the prior
to the SM region [0,1] and assume fL

1 = 1, we extract
a limit of |Vtb| > 0.79 at the 95% C.L. Figure 8 shows
the posterior density functions for |Vtbf

L
1 |2 and for |Vtb|2,

assuming fL
1 = 1 and 0 ≤ |Vtb|2 ≤ 1.

VIII. SUMMARY

In summary, we have measured the single top quark
production cross section using 5.4 fb−1 of data collected
by the D0 experiment at the Fermilab Tevatron Collider.
For mt = 172.5 GeV, we measure the cross sections for
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regions, and the SM predictions of σs and σt are shown in Fig. 4. We compare these with the NNNLO predictions of
σt+wt = 2.32± 0.27 pb and σs = 1.05± 0.07 pb [1].
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FIG. 4: The results of the two-dimensional fit for σs and σt. The black point shows the best fit value, and the
68.3%, 95.5%, and 99.7% credibility regions are shown as shaded areas. The SM predictions are also indicated with

their theoretical uncertainties.

VII. CONCLUSIONS

We presentd a measurement of single top quark production in lepton plus jets final state using 7.5 fb−1 of pp̄ collision
data collected by CDF II experiment. We select events in the W +jets topology consistent with the signature of a
charged lepton (electron or muon), large missing transverse energy (!ET ) from the W boson decay and two or three
jets, at least one of them is required to be identified as originating from a bottom quark. We use the new POWHEG
Monte Carlo generator for single top signal samples in s-channel, t-channel and Wt-channel, which are extended at
NLO accuracy, with an assumed top quark mass of 172.5 GeV/c2. The Neural Network multivariate method is used
to discriminate signal against comparatively large backgrounds. We measure a single top cross section of 3.04+0.57

−0.53

(stat+syst) and set a lower limit |Vtb| > 0.78 at the 95% confidence level, assuming mt = 172.5 GeV/c2. With a
two–dimensional fit for σs and σt, we obtain σs = 1.81+0.63

−0.58 pb and σt = 1.49+0.47
−0.42 pb.
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6

improve the sensitivity, the analyses are performed
separately on the six mutually exclusive subsamples
defined before. For all three methods the output
variables are saved in histograms with a binning chosen
to ensure that there are enough events to limit the uncer-
tainties due to MC statistics.
Even though the three MVA techniques use the same

data sample, they are only ≈ 70% correlated with
each other. We therefore combine these methods using
an additional BNN algorithm (BNNComb) that takes
as input the individual output discriminants of the
BDT, BNN, and NEAT methods, and produces a single
combined output discriminant. Figure 2 shows compar-
isons between the t-channel signal, the background
model, and data for the combined discriminant, which
leads to a more precise measurement of the cross section.
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FIG. 2: Comparison of the signal and background models
to data for the combined t-channel discriminant for (a) the
entire discriminant range and (b) the signal region. The bins
have been ordered by their expected S:B. The single top quark
contributions are normalized to the measured cross sections.
The t-channel contribution is visible above the hatched bands
that show the uncertainty on the background prediction.

The single top quark production cross section is
measured using a Bayesian approach as in [4, 17, 18].
We follow the approach of [19] and construct a two-
dimensional (2D) posterior probability density as a
function of the cross sections for the tqb and tb processes.
The output discriminants for the signals, backgrounds,
and data are used to form a binned likelihood as a
product over all six analysis channels and all bins. No
constraint is imposed on the relative rates of tb and
tqb production. We assume a Poisson distribution for
the observed number of events and uniform prior proba-
bilities with positive values for the two signal cross
sections. We integrate over the systematic uncertainties
which are described by Gaussian priors that preserve
the correlations between bins and channels. The tqb
cross section is then extracted from a one-dimensional
posterior probability density obtained from this 2D
posterior by integrating over the tb axis, thus not making
any assumptions about the value of the s-channel cross
section. Similarly, the tb cross section is obtained by
integrating over the tqb axis. Ensembles of datasets
generated at several different cross section values are
used to verify the linearity of the cross section extraction

procedure.
Figure 3 shows the 2D posterior probability density

for the combined discriminant together with predictions
from the SM [9] and various beyond-the-SM scenarios:
four-quark-generations with CKMmatrix element |Vts| =
0.2 [10], top-flavor model with new heavy bosons at a
scalemx = 1 TeV [11], and FCNC with an up-quark/top-
quark/gluon coupling κu/Λ = 0.036 [12].
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FIG. 3: Posterior probability density for tqb vs tb single top
quark production in contours of equal probability density.
The measured cross section and various theoretical predic-
tions are also shown.

The measured cross sections of σ(pp̄ → tqb + X) =
2.90± 0.59 pb and σ(pp̄ → tb+X) = 0.98± 0.63 pb are
in good agreement with the SM expectation for a top
quark mass of 172.5 GeV [9]. The uncertainty includes
both statistical and systematic sources. The cross section
for t-channel single top quark production is the most
precise measurement of an individual single top quark
production channel to date with an uncertainty of 20%.
The significance of the t-channel cross section

measurement is computed using a log-likelihood ratio
approach [5, 19] which tests the compatibility of the
data with two hypotheses: a null hypothesis where
there is only background and a background plus signal
hypothesis, where the number of signal events corre-
sponds to the theoretical cross section. New for this
analysis is the computation of the distributions for these
two hypotheses given by an asymptotic Gaussian approx-
imation [35]. With this approximation we compute
for the first time, the significance of the measured tqb
cross section independently of any assumption on the
production rate of tb. We estimate the probability of the
background to fluctuate and produce a signal as large
as the one observed to be 1.6 × 10−8, corresponding
to a significance of 5.5 standard deviations (SD). The
expected significance is 4.6 SD.
The presence of the t-channel signal is visible in

t and s-channel
5.4 fb-1PLB 705, 313 (2011) CDF-CONF-10793

σs = 1.81 +0.63-0.58stat+syst pb

σt = 1.49 +0.47-0.42stat+syst pb

σs = 0.98 ± 0.63stat+syst pb

σt = 2.90 ± 0.59stat+syst pb

7.5 fb-1

~30%5.5σ

~35%
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Figure 4: Distribution of cos q⇤ in the |hj0 | > 2.8 region summed for both muons and electrons,
obtained by normalizing each process yield to the value from the fit. cos q⇤ is defined as the an-
gle between the lepton and the non b-tagged jet in the reconstructed top quark rest frame. Due
to limited statistic in the simulation, background distribution is smoothed through a simple
spline.

[19], b-tagging and mistagging efficiencies [10]; modeling of the signal and of the main back-
grounds; pileup and a 4.65% uncertainty on the integrated luminosity [20].

The systematic variation of the tt̄ background normalization is conservatively taken as 20%,
obtained as the maximum difference between the yields of data and simulation in the tt̄ control
samples. This is more conservative with respect to the theoretical uncertainty of 15% on the tt̄
cross section.

Each systematic uncertainty has been evaluated performing pseudo-experiments which take
into account the effect of the corresponding systematic source on the distribution of |hj0 | and
on the event yield of the physics processes. The fit to |hj0 | is then performed on each pseudo-
experiment and the mean shift of the fit results with respect to the value obtained in the nominal
scenario is taken as uncertainty.

The uncertainty on the W + heavy flavours extraction method is evaluated throwing pseudo-
experiments in the sideband region, thus performing the extraction procedure and repeating
the fit to |hj0 |, exploiting the ansatz that the distribution of |hj0 | is the same in the signal and
sideband regions. The uncertainty is taken as the root mean square of the distribution of fit
results obtained this way. This uncertainty depends on the available statistics of the sideband
region and is uncorrelated between muons and electrons.

Table 2 summarizes the uncertainties contributing to the combined (muon and electron) cross
section measurement.

6 Results

The analysis yields the following cross section measurements for the muon and electron chan-
nels:

st�ch. = 76.9 ± 6.6(stat.) ± 11.4(syst.)± 3.7(lumi.) pb (muons)
st�ch. = 59.3 ± 8.2(stat.) ± 11.9(syst.)± 2.8(lumi.) pb (electrons)

CMS TOP-11-021 1.1(µ)/1.5(e) fb-1

σs = 70.2 ± 5.2stat ± 10.4syst ± 3.4lumi pb

5

ployed. The distribution of |hj0 | for W + jets process is extracted from the sideband region (m`nb
< 130 GeV/c2 or > 220 GeV/c2) by subtracting the |hj0 | distribution of all other processes from
data. The event yield and |hj0 | shape used for this subtraction are taken from simulation for
tt̄, single top s-,tW-channels, and VV processes, while the QCD event yield and |hj0 | shape are
extracted in the “2jet 1tag” sample and extrapolated to the sideband region with the procedure
previously described (see Sec. 3.1).

The |hj0 | distribution for W + jets process in the sideband is therefore used in the signal region
for the signal extraction procedure (see Sec. 4), under the assumption that the shapes match.

The compatibility of the distributions in the two regions has been verified through Kolmogorov-
Smirnov compatibility test, yielding a p-value of 0.47(0.51) for the muon(electron) channel, and
c2 test, yielding a p-value of 0.63(0.60) for muon(electron) channel.

The stability of the extracted shape is tested by varying the sample composition in terms of tt̄
and signal composition by 20% and 100% respectively. The extracted shapes are compatible
with a p-value greater than 0.9 in both cases.

4 Signal Extraction and Cross-Section Measurement

The signal extraction procedure is based on a maximum likelihood fit to the distribution of
the pseudorapidity of the light jet |hj0 |. This variable exploits the characteristic pseudorapidity
distribution of the light quark recoiling against the single top in the t-channel. The signal model
for the fit is taken from simulation. The W/Z+jets component of the background is normalized
to the value obtained from the extraction procedure described in Sec. 3.3, and then added to
the diboson VV processes, resulting in the electroweak component of the background for the
fit. The signal and the electroweak components are unconstrained in the fit whereas QCD
component is fixed to the extracted result described in Sec. 3.1, and a gaussian constraint is
applied to tt̄ and other top backgrounds.

Figure 1 shows the distribution of |hj0 | obtained from the fit.
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Figure 1: Result of simultaneous fit to |hj0 | in the muon (a) and electron (b) decay channel.

Figs. 2(a) and 2(b) show the distribution of the muon charge and electron charge in the respec-
tive channels, normalized to the fit result, in the signal region, after a further cut requiring
|hj0 | > 2.8. Fig. 3 shows the distribution of m`nb normalized to the fit results, in the |hj0 | > 2.8

cosθ* for |ηjet| > 2.8

~17%

|ηjet| (2jets+1b-tag)
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Table 2: Event yield for the 2-jet and 3-jet b-tagged positive and negative lepton-charge channels after the cut-based selection. The multijet and
W+jets backgrounds are normalised to observed data in control regions, all other samples are normalised to theory cross sections. Uncertainties
shown include all sources of systematic errors, summed quadratically and without taking into account possible anticorrelations between systematic
sources and between processes.

Cut-based 2-jet Cut-based 3-jet
Lepton + Lepton – Lepton + Lepton –

single-top t-channel 85 ± 29 39±13 33.6±7.0 14.6±6.2
t  t, other top 14.0 ± 6.4 12.8±4.2 10.5±4.2 10.7±7.9
W+light jets 3.3 ± 1.9 2.0±1.2 0.8±1.3 0.3±0.3
W+heavy flavour jets 39 ± 11 27.1±7.5 8.7±6.0 3.4±3.1
Z+jets, diboson 1.1 ± 0.8 1.0±0.8 0.3±0.2 0.2±0.3
Multijet 0.2 ± 0.2 0.3±0.3 1.5±1.1 3.1±2.0
Total expected 143 ± 31 83±16 56± 10 32± 11
S/B 1.5 0.9 1.6 1.0
Data 193 101 53 39
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Figure 4: (a) Distribution of the lepton charge after the full cut-based selection for 2-jet and 3-jet events. (b,c) invariant mass of the b-tagged jet,
the charged lepton, and the neutrino, m(!νb), for the b-tagged sample for 2-jet (b) and 3-jet (c) events after applying all cut-based selections except
for the cut on m(!νb). In all three distributions the t-channel single top-quark contribution is normalised to the observed cross section obtained with
the cut-based analysis. The last histogram bin includes overflows.
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σt = 83 ± 4stat +20-19syst pb

9 Conclusion

Single top quark production in the t-channel has been studied in 4.7 fb−1 of
√
s = 7 TeV data recorded

by the ATLAS detector in 2011. Events are selected in theW + 2 jets andW + 3 jets data set and exactly

one of the jets is required to be b-tagged. Both channels are combined by a simultaneous likelihood fit to

the neural network discriminant in both channels. We measure the following cross-sections of top-quark

and top-antiquark production in the t-channel:

σt(t) = 53.2 ± 1.7 (stat.) ± 10.6 (syst.) pb = 53.2 ± 10.8 pb and

σt(t̄) = 29.5 ± 1.5 (stat.) ± 7.3 (syst.) pb = 29.5+7.4−7.5 pb.

The measured cross-section ratio of t-channel top-quark and t-channel top-antiquark is

Rt = 1.81 ± 0.10 (stat.) +0.21−0.20 (syst.) = 1.81
+0.23
−0.22.

The measured value of Rt is compared to the predictions obtained with different PDF sets in Figure 9.

The statistical uncertainty of the measurement is at the same level as the uncertainties of the predictions

which is also approximately equal to the spread of the predictions of Rt. But the present measurement

is dominated by systematic uncertainties which need to be reduced to increase the leverage of the Rt

measurement on the u-quark and the d-quark PDFs.
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=7 TeVs  -1 dt = 4.7 fbL ∫ Preliminary     ATLAS

Figure 9: Calculated Rt values for different NLO PDF sets. The error contains the uncertainty on the

renormalisation and factorisation scales. The black line indicates the central value of the measured Rt

value. The combined statistical and systematic uncertainty of the measurement is shown in green, while

the statistical uncertainty is represented by the yellow error band.
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Figure 3: (a) and (b): Neural network output distribution for the pretag sample, including the JES uncertainty on the prediction (hatched region).
Distributions are normalised to the number of expected events in the pretag sample. The ratio beween the data and the total predicted distributions
is also shown. (c) and (d): NN output distribution for the 2-jet and 3-jet b-tagged samples, respectively. All component distributions are normalised
to the result of the maximum-likelihood fit.

sured cross section is in good agreement with the results
of the cut-based and NN-based analyses.

6. Systematic uncertainties

Systematic uncertainties on the normalisation of the
individual backgrounds and on the signal acceptance af-
fect the measured single top-quark t-channel cross sec-
tion. In the NN analysis the shape of each individual
prediction is also affected; both the rate and the shape
uncertainties are taken into account by generating cor-
related pseudo-experiments. The impact of the system-
atic uncertainties on the t-channel cross-section mea-
surement is estimated from these pseudo-experiments.

The uncertainties can be split into the following cate-
gories:

Object modelling. Systematic uncertainties due to the
residual differences between data and Monte-Carlo sim-
ulation for the reconstruction and energy calibration of
jets, electrons and muons are propagated in the analysis.
The main source of object modelling uncertainty comes
from the jet energy scale (JES), including the modelling
of pile-up, as well as b-jet identification. Other com-
ponents include lepton energy scale and lepton and jet
identification efficiencies. The JES uncertainty has been
evaluated using 2010 data [29]. Additional contribu-
tions to this uncertainty due to the larger pile-up effects
in 2011 data are included and range from less than 1%
to 5% as a function of jet pT and η. For b-quark jets

7

ATLAS 1.04 fb-1arXiv:1205.3130
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Figure 6: Discriminating variables for electron and muon events after the cut based selection. From

the top left to the bottom right: Number of b-tagged jets, mT (W), mtop,b− jet1, mtop,b− jet2, pT ( jet1, jet2),
∆R( jet1, jet2), and ∆R( jet1, lepton).
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LHC s-channel
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·•1 e or µ, 2 b-tagged jets, ETmiss

·•Cut-based selection optimized on signal MC

·•Determine upper limit:
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Kidonakis, NLO+NNLL: 
t-channel: PRD 83 (2011) 091503 
s-channel: PRD 81 (2010) 054028 
tW-channel: PRD 82 (2010) 054018 

• EWK production of top quarks: test Wtb vertex, measurement of |Vtb| 
• Sensitive to b-PDF, R(t/tbar) sensitive to u/d-PDF 
• Searches for NP at Wtb vertex, 4th gen, H+, W’, FCNC 

 t-channel  s-channel tW-channel 
      (associated production) 

σs < 26.5 pb observed (< 20.5 pb expected)

SM prediction: 4.6 pb
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5 Background estimation

This section describes the methods for estimating the different background contributions.

5.1 Multijets background

For both the electron and muon channels, the multijets background normalization is estimated using a

binned likelihood fit to the Emiss
T
distribution [35]. The shape of the multijets background in this fit is

taken from the jet-electron sample, which requires a jet with a similar detector signature as an electron

instead of the isolated lepton. This jet must have pT > 25 GeV, the same acceptance in η as the signal
electron and 80-95% of its energy deposited in the electromagnetic section of the calorimeter. The jet

must also contain at least four tracks, thus reducing the contribution from converted photons. The fit is

performed separately in the pretag, 1-tag and 2-tag samples, after applying all selection cuts, including

the triangular cut, but leaving out the Emiss
T
cut. Due to the limited data statistics in the 2-tag sample, the

fit is this sample is performed using the the Emiss
T
distribution of the pretag sample for the jet-electron

component of the fit. The result of the likelihood fit in the electron channel is shown in Figure 2.
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Figure 2: Emiss
T
distribution for the 2 jets pretag (left) and 1-tag (middle) and 2-tag (right) sample in the

electron channel. A binned likelihood fit is performed to determine the fraction of multijets and W + 2

jets events in the sample.

A systematic uncertainty of 50% is assigned to the multijets normalization from the comparison of

different estimation methods [35]. Table 2 shows the multijet background estimate in the electron and

muon channels for different jet multiplicities.

Table 2: Summary of the multijets background estimate in different jet bins of pretag and tagged events

in the electron+jets and muon+jets data sets.

Pretag events Single tagged events Double tagged events

Jet bin e channel µ channel e channel µ channel e channel µ channel

1-jet 13600 ± 6800 7200 ± 3600 230 ± 120 190 ± 100 — —

2-jet 8100 ± 4100 3700 ± 1900 280 ± 140 320 ± 160 19 ± 10 16 ± 8
3-jet 2700 ± 1300 580 ± 290 260 ± 130 40 ± 20 — —

The shape of the multijets background in the s-channel analysis is modeled from data events with the

same selection cuts defined in Section 4 but reversing the lepton isolation cuts explained in Section 3.

This shape is then normalized to the estimates from Table 2.

4
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Figure 3: BDT output for selected events in (a) 1-jet, (b) 2-jet and (c)
≥3-jet categories. TheWt signal is normalised to the theory prediction
in all three categories.

described below. The main experimental source of sys-
tematic uncertainties comes from the knowledge of the
jet energy scale (JES), which carries an uncertainty of
2% to 7% parameterised as a function of jet pT and
η [31]. The presence of a b-jet in the event is also taken
into account and an extra uncertainty of 2% to 5% de-
pending on jet pT is added in quadrature to the non-b-
jet uncertainty. Other experimental uncertainty sources
which have been considered are the jet energy resolu-
tion, the jet reconstruction efficiency, the lepton identi-
fication efficiency, the lepton energy scale determination
and resolution as well as the multiple proton-proton col-
lision and underlying event modelling. The uncertainty
in the luminosity determination is 3.7% [10, 11].

Uncertainties in the simulation include the effects
of the MC generator choice, the scheme used in the
hadronisation and showering and models of the initial
and final state radiation (ISR/FSR). Generator choice
uncertainty is estimated by comparing AcerMC with
MC@NLO generators for single top-quark Wt events,
and comparing POWHEG with MC@NLO generators
for top quark pair events. Hadronisation and shower-
ing effects are estimated using the differences seen in
generated events interfaced with either PYTHIA [36]
or HERWIG. Finally, ISR/FSR modelling effects are
assessed on MC signal and background samples inter-
faced with PYTHIA. Specific tunes are used to sep-
arately vary ISR and FSR modelling via changes to
1/ΛISR

QCD, the maximum parton virtuality in a space-like
parton shower, the ΛFSR

QCD scale and the FSR infrared cut-
off [37].

The impacts on both acceptance and kinematic distri-
butions shapes are considered for the experimental and
simulation uncertainties.

Remaining theoretical uncertainty sources include
the cross-section normalisation for the t  t-pair back-
ground (+7%

−10%) [17, 18, 19] and diboson production
(±5%) [33], as well as the choice of the parton distri-
bution functions. For the latter, acceptance variations
have been assessed using the CTEQ [21], MRST [38]
and NNPDF [39] sets.

The cross-section is obtained by maximising the like-
lihood function using RooFit [40]. The total uncertainty
is inferred from the shape of the profile likelihood ra-
tio [41]:

−2ln
L(data|σWt, #̂ασWt )
L(data|σ̂Wt, #̂α)

,

where #̂α and σ̂Wt are the parameters that maximise the
likelihood with the constraint of σ̂Wt > 0, and #̂ασWt are
the nuisance parameter values that maximise the likeli-
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2.7σ

3.3σ

σs = 22 +9-7stat+syst pb σs = 16.8 ± 2.9stat ± 4.9syst pb

normalisation factors are used to estimate the system-
atic uncertainty affecting the Drell-Yan event yield. The
total uncertainty (statistical plus systematic) ranges be-
tween 10% and 35% depending upon the jet multiplic-
ity. Drell-Yan events contribute about 5% of selected
events.

Contamination of selected events by “fake dileptons”
may occur if a lepton from real W/Z decay and an-
other lepton from jet misidentification or heavy-flavour
(b- and c-hadron) decays are selected, or both leptons
from jet misidentification or heavy-flavour decays are
selected, such as t  t-pair lepton+jets final state, W+jets
or multijet events. These backgrounds are difficult to
model accurately, so a data-driven approach based on
the matrix method [33] is followed. The method builds
upon the use of “tight” and “loose” lepton selection cri-
teria mentioned in Section 3. For these backgrounds,
the efficiency for a “loose” lepton to be reconstructed
as a “tight” lepton is determined using a data sample
enriched in multijet events, where some of the lepton
quality criteria have been reversed and the isolation re-
quirement has been removed. The “loose” to “tight”
efficiency for real leptons is measured from Z → !!
events using a tag-and-probe analysis technique. The
composition of the selected dilepton sample is extracted
by inverting a 4 × 4 matrix which relates the observed
sample composition in terms of selected leptons of dif-
ferent quality to its true composition in terms of real and
“fake” leptons. The background originating from these
events represents less than 1% of the selected sample.
The corresponding systematic uncertainty is taken con-
servatively at 100%.

A data-driven technique has been used to check the
MC prediction of the Z → ττ contamination. The
selected sample is split into background- and signal-
enriched regions, using the summed ∆φ between the
leptons and the $Emiss

T direction requirement, as defined
in Section 3. The Z → ττ background in the signal
region is extracted using the ratio of the correspond-
ing MC estimates in both regions, scaled by the num-
ber of selected data events from which non-Drell-Yan
as well as Drell-Yan ee and µµ backgrounds have been
subtracted using MC. The difference between the purely
MC-based expectations and this determination is in-
cluded as a systematic error and results in an uncertainty
of 60%. The Z → ττ events constitute less than 1% of
the selected event sample.

The jet multiplicity distribution is shown in Fig-
ure 2(a) after the selection described in Section 3. Ta-
ble 1 reports the expected signal, estimated backgrounds
and total event yields in the 1-jet, 2-jet and ≥3-jet cat-
egories, with ee, µµ and eµ channels combined. No

contamination from t-channel or s-channel single top-
quark events is expected in the dilepton final state. A to-
tal of 224 signal events are expected over a background
of 2840. The dominant t  t-pair production accounts for
75% of the background yield in 1-jet events.
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Figure 2: (a) Number of jets with pT > 30 GeV and |η| < 2.5 after the
selection; hatched bands show the jet energy scale (JES) uncertainty.
The Wt signal is normalised to the theory prediction. (b) Distribution
of BDT output for the signal (Wt-channel) and background (t  t dibo-
son, Drell-Yan and fake dileptons) in signal enriched 1-jet bin. The
BDT method uses 2 statistically independent sets of MC-simulated
events, indicated as training and testing samples, to check both signal
and background BDT output stability. The BDT weight file is derived
from a training sample and applied to a testing sample.

5. Discriminating variables forWt events

After the event selection, the signal-to-background
ratio is 18% in 1-jet events, where most of the sig-
nal is expected. As no individual variable is found to
carry a large discriminating power, the analysis strategy
uses a multivariate approach based on the “boosted de-
cision trees” (BDT) [34] technique in the framework of
TMVA [35] to discriminate between theWt-channel and
t  t-pair production. The BDT method benefits from the

4
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t-channel single top quark productionSummary 
single-top

·•All experiments: t-channel measurements

·•LHC s-channel: upper limit

·•tW channel: 

·•Inaccessible at the Tevatron

·•First measurement at the LHC

36
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-
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16.8 ±2.9stat ±4.9sys 
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Conclusions

·•Top Quark Production: Key to QCD, Electro-Weak and New Physics

·•Tevatron: measurements based on full ~10 fb-1 are coming out now

·•LHC: complementary, entering < 5%-regime of precision → challenging / constraining theory

·•Recent first LHC measurements: σtt(8TeV), dσtt/dX(7TeV), single top in tW-channel, ttW/Z  

·•All results so far in good agreement with SM predictions

·•Many more measurements with improved precision underway (TOP2012 workshop next week)

·•Statistics → systematics: expect another leap in precision with 2012 data

37



Backup



 Andreas B. Meyer                                                                               Top Quark Production                                                                                Physics in Collision, 12 September 2012                                                

Outline of this Talk

·•Introduction

·•Inclusive tt Cross Sections

·•Detailed tt Measurements
·•Differential cross sections

·•tt+jets

·•tt+W/Z

·•Single Top Cross Sections 
·•t channel

·•s channel

·•tW channel

·•Conclusions

39 7Jeannine Wagner-Kuhr Bonn, 12th January 2012
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Tevatron: ~  70,000 top pairs  (about 10fb-1)

LHC:       ~ 800,000 top pairs  (about 5fb-1)
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Tevatron: Top Discovery
·•Birthplace of the top quark
·•1995: top quark pairs

·•2009: single top

·•Unique pp collider
·•1.96 TeV, 4.4 x 1032 cm-2s-1

·•1-2 tt / h → 70,000 top pairs per experiment

·•A wealth of precision measurements of 
top quark production, decay and 
properties

40

5Jeannine Wagner-Kuhr Bonn, 12th January 2012
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E.Shabalina -- DESY seminars - 25-26 Oct 2011

Top mass history

29

First measurements from the 
top discovery papers

199+19
�21(stat)± 22(syst)

176± 8(stat)± 10(syst)

Tevatron

Breakthrough ideas: 
‣ matrix element method
‣ in-situ JES calibration using hadronic W decay

Wednesday, October 26, 2011
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Breakthrough ideas: 
‣ matrix element method
‣ in-situ JES calibration using hadronic W decay

Wednesday, October 26, 2011

Tevatron data taking stopped 30 September 2011

12 fb-1 delivered

_
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·•Datataking started March 30, 2010 

·•pp collider
·•7 … 8 … up to 14 TeV

·•max. inst. lum.: 8 x 1033 cm-2s-1

·•~ 150 tt/ hour

·•> 12 fb-1 delivered in 2012 alone

·•3,000,000 top pairs per experiment

·•Precision measurements of top quark 
production, decay and properties in 
full swing
·•ATLAS+CMS: > 30 journal publications on 

top quarks alone since 2010

LHC: Top Factory

41
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LHC: built to exceed Tevatron precision and reach
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LHC: Top Quark Pair Distributions:

42

sensitive to g-PDF at high x

12 5 Normalized Differential Cross Sections
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Figure 4: Combined differential cross sections in the semileptonic channel of the transverse momen-
tum pt and t̄

T of the top/antitop quark (top left), the rapidity yt and t̄ of the top/antitop quark (top right),
the transverse momentum ptt

T of the tt system (bottom left), the rapidity of the tt system ytt (bottom
right). The inner error bars indicate the statistical uncertainty and the outer error bars the combined sta-
tistical and systematic uncertainty. The measurements are compared to predictions from MADGRAPH,
POWHEG, and MC@NLO Monte Carlo generators. For the MADGRAPH comparison both a smooth curve
and a binned histogram are shown. The latter indicates the bins of the cross section measurement.
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Fig. 5 Relative differential cross-section versus (a-b) mt  t , (c) pT,t  t and (d) yt  t . Note that the histograms are a graphical representation of Table 3.
This means that only the bin ranges along the x-axis (and not the position of the vertical error bar) can be associated to the relative differential cross-
section values on the y-axis. The relative cross-section in each bin shown in Table 3 is compared to the NLO prediction from MCFM [6]. For mt  t
the results are also compared with the NLO+NNLL prediction from Ref. [5]. The measured uncertainty represents 68% confidence level including
both statistical and systematic uncertainties. The bands represent theory uncertainties (see Sect. 8 for details). Predictions from MC@NLO and
ALPGEN are shown for fixed settings of the generators’ parameters (details are found in Sect. 8).
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8 4 Combination of Cross Section Measurements
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Figure 6: Comparison of background prediction and observed number of events in the ee, eµ
and µµ channel as well as all channels combined. The uncertainty on the background yield is
superimposed with a grey diagonal hashed band.

Figure 5 shows comparisons between the data and the result of the complete background esti-
mation procedure, for events passing the preselection requirements.

3.2 Results

Applying the full event selection, as described in Section 3, a total of 16 events is observed in
the data, compared to an expected event yield of 16.3 events, with an expected background
contribution of 8.8± 2.5 events. In Fig. 6 the distribution of the events across the three different
decay channels is shown. A total of 16 events is selected in the data, compared to an expected
background contribution of 8.8 ± 2.5 events. The presence of a tt̄ + V (V = W or Z) signal
is established with a significance of 2.99 standard deviations and a corresponding p-value of
0.001, as computed by multiplying the likelihoods of the three decay channels with an asymp-
totic profile likelihood estimator [13]. The combined cross section, as measured simultaneously
from the three channels, is:

sttV = 0.45 +0.17
�0.15 (stat) +0.06

�0.05 (syst) pb.

The systematic uncertainties are evaluated in a similar manner as in the trilepton channel. For
the data-driven prediction of fake leptons, an uncertainty of 50% is assigned to the method,
from studies of the simulation. The uncertainty on the WZ production yield is taken from the
result of the cross section measurement, and is equal to 20%. For all other rare SM processes,
for which the MC simulation is directly employed, an uncertainty of 50% is adopted. All uncer-
tainties which affect both signal and background yields are assumed fully correlated, whereas
background prediction uncertainties are uncorrelated.

4 Combination of Cross Section Measurements

From the two measurements presented above, i. e. the measurement of the exclusive tt̄Z cross
section in the trilepton channel, and the measurement of the inclusive tt̄V (V = W, Z) in the
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Figure 4: Event yields after final selection requirements, separated in lepton flavor combina-
tions. The rightmost bin shows the sum of the four channels. The expected contributions from
signal and background processes are shown, and the uncertainty on the background yield is
superimposed with a grey diagonal hashed band.

2.2 Results

Applying the full event selection as given in Section 2.1, the obtained event yields are shown
in Fig. 4. A total of 9 events is observed, compared to a background expectation of 2.9 ± 0.8
events, where the uncertainty on the background prediction contains both the contributions
from limited Monte Carlo statistics and from the uncertainties related to the data-driven rescal-
ing procedure.

By multiplying the likelihoods of the four decay channels [13], the presence of a tt̄ + Z sig-
nal is established with a combined significance of 3.66 standard deviations, corresponding to a
p-value of 0.0001, as obtained with an asymptotic profile likelihood estimator [14]. The cross
section is extracted through a simultaneous measurement performed in the four decay chan-
nels, and is found to be:

sttZ = 0.30 +0.14
�0.11 (stat) +0.04

�0.02 (syst) pb.

The measured cross section is found to be somewhat larger but compatible within uncertainties
with the NLO prediction of 0.1387 pb [2].

The systematic uncertainty is evaluated by assessing the relative change in signal efficiency
and background yield using the simulation. The considered sources of systematic uncertainty
include experimental uncertainties such as the background estimate, lepton reconstruction and
trigger, jet-energy scale and resolution, b-tagging requirements, pile up and luminosity, as
well as model uncertainties arising from scale variations of the matrix element/parton shower
matching scale and the hard scattering scale Q2. The dominant source of uncertainty comes
from the background estimate and amounts to 27%, which includes the Monte Carlo statistical
uncertainty and the uncertainty on the data-driven background rescaling. All other sources
of uncertainty are typically within 5%. Systematic uncertainties which affect both signal and
background yields are assumed to be completely correlated.

tt+W and tt+Z
·•3-Lepton Analysis
·•3 e or µ (pt> 20,20,10)

·•2 opposite-charge same-flavour

·•3 jets, 2 b-tags

·•HT>120 GeV

·•2-Lepton Analysis
·•2 same-charge e or µ

·•3 jets, 1 b-tag

·•HT>100 GeV

·•First measurement: signal established 
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ttbar+X (X=gamma,W,Z) 

22/08/2012 Frank-Peter Schilling  -  Top Physics at LHC 18 

Consistent with NLO QCD: 
(using LO * k=2.55 from Melnikov, 
Schulze) 

tt+gamma (ATLAS-CONF-2011-153): 

Goal: Measure couplings with bosons   tt+W/Z (CMS PAS-TOP-12-014): 

Trileptons Dileptons 

Consistent  
with NLO QCD 

CMS TOP-12-014 5.0 fb-1

6 3 Same-Sign Dilepton Analysis

3 Same-Sign Dilepton Analysis

The aim of the same-sign dilepton analysis is to search for events from the following decay
chains:

pp ! tt̄W ! (t ! b`±n)(t ! bjj)(W ! `±n)

pp ! tt̄Z ! (t ! b`±n)(t ! bjj)(Z ! `±`⌥)

where the presence of a same-sign lepton pair is explicitly requested.

The final set of selection requirements for the dilepton channel is:

• two isolated leptons of the same charge with pT1 > 55 and pT2 > 30 GeV;
• at least three jets with pT > 20 GeV of which at least one positively b-tagged with

medium working point criteria;
• HT greater than 100 GeV.

To make this analysis statistically independent from the trilepton channel, an explicit veto
against events passing the trilepton selection is enforced. As in the trilepton analysis, the event
selection criteria for the same-sign dilepton channel have been optimized using events that
pass the preselection criteria described in the following Section and have at least one medium
b-tagged jet.

3.1 Background Estimation

The background contributions are determined from the data using a preselected event sample
with the following loosened selection criteria:

• two same-sign leptons (ee, eµ, µµ) with pT > 20 GeV;
• invariant mass of the dilepton system greater than 8 GeV;
• at least three jets with pT > 20 GeV and |h| < 2.4.

The benefit of searching for a same-sign dilepton event signature lies in the fact that Stan-
dard Model processes containing two prompt same-sign leptons in the final state have very
small cross sections. Many of the background contributions will therefore originate from mis-
reconstruction effects: pions in jets or decay products of heavy flavor mesons may give rise to
fake or non-prompt leptons; charge mis-identification in events with opposite-sign lepton pairs
may give rise to fake same-sign events.

We choose not to rely on the simulation for the modeling of mis-reconstruction effects and
estimate the background rates from control regions in the data. Techniques developed in the
context of the same-sign dilepton searches for Supersymmetry are used [15].

The estimation of backgrounds due to fake and non-prompt leptons is based on extrapolations
in lepton isolation and identification criteria and can be summarized as follows: loose and
tight working points for the lepton isolation and identification criteria are defined and the
probability for a loosely isolated/identified lepton to also pass the tight criteria is measured,
both in the case of true leptons (this probability is called the ‘prompt ratio’) and in the case of
fake or non-prompt leptons (this probability is called the ‘fake ratio’).

The fake ratio is measured from data using a QCD-dominated control sample, requiring hadronic
activity but no significant missing transverse energy to avoid that prompt leptons from W de-
cays enter the control sample. The prompt ratio is measured from data using a sample contain-
ing two oppositely-charged, same-flavor leptons with an invariant mass compatible with that
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We choose not to rely on the simulation for the modeling of mis-reconstruction effects and
estimate the background rates from control regions in the data. Techniques developed in the
context of the same-sign dilepton searches for Supersymmetry are used [15].

The estimation of backgrounds due to fake and non-prompt leptons is based on extrapolations
in lepton isolation and identification criteria and can be summarized as follows: loose and
tight working points for the lepton isolation and identification criteria are defined and the
probability for a loosely isolated/identified lepton to also pass the tight criteria is measured,
both in the case of true leptons (this probability is called the ‘prompt ratio’) and in the case of
fake or non-prompt leptons (this probability is called the ‘fake ratio’).

The fake ratio is measured from data using a QCD-dominated control sample, requiring hadronic
activity but no significant missing transverse energy to avoid that prompt leptons from W de-
cays enter the control sample. The prompt ratio is measured from data using a sample contain-
ing two oppositely-charged, same-flavor leptons with an invariant mass compatible with that
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Figure 1: Dilepton invariant mass distributions in events passing preselection requirements.
Left: cross-flavour dilepton events. Right: same-flavour dilepton events, after the third lepton
requirement.

to the leptons to minimize contributions of leptons originating from jets. Jets are defined with
the anti-kT [9] algorithm with radius parameter R = 0.5 and reconstructed using the parti-
cle flow algorithm [10]. To identify jets originating from the hadronization of bottom quarks,
the CMS track counting high efficiency b-tagging algorithm [11, 12] is used with two working
points: a loose one ensuring approximately 80% efficiency on true b jets with a 10% fake rate on
jets from light quarks and gluons and a medium working point with ⇠ 65% efficiency on b jets
and a 1% fake rate.

2 Trilepton Analysis

The aim of the trilepton analysis is to select events originating from the process:

pp ! tt̄Z ! (t ! b`n)(t ! bjj)(Z ! ``) (with ` = e or µ).

These events are characterized by two same-flavor, opposite-charge leptons (electrons or muons),
one additional prompt lepton, two jets originating from b quarks, and two additional jets.

The event selection has been optimized using the signal significance from MC events and is
summarized in the following:

• two opposite-charge, same-flavor leptons with pT > 20 GeV and invariant
mass 2 [81, 101] GeV (Z candidate);

• transverse momentum of the Z candidate greater than 35 GeV;
• third lepton with pT > 10 GeV;
• at least three jets with pT > 20 GeV and |h| < 2.4, of which two are positively

b-tagged: one loose and one medium;
• HT greater than 120 GeV, where HT is defined as the scalar sum of all jets in the event

with pT > 20 GeV and |h| < 2.4.

2.1 Background Estimation

Non-signal Standard Model processes in which the same final state particles are produced as
in the signal processes have negligible cross sections. Nevertheless, wrongly identified lepton

σ(ttV) = 0.51 + 0.15-0.13stat + 0.05-0.04syst pb

3 leptons 2 leptons

4.7σ

4.7 fb-1ATLAS CONF-2012-126

Limit: σ(ttZ)  < 0.71 pb (0.74 pb exp.)

·•Harder selection: 3 e (pT> 25) or 
µ (pT>20), 4 jets, ETmiss>30 GeV


