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Recent measurements of the inclusive top pair production at the Tevatron and LHC collider
in the electron/muon final states are discussed. Measurements at the Tevatron use up to
9.7 fb−1 of data, and at the LHC up to 4.9 fb−1 of data at

√

s = 7 TeV and up to 20.3
fb−1 of data at

√

s = 8 TeV. For the experiments at both colliders these corresponds to
the full data sets at the given center-of-mass energies. Overall results are in agreement
between the experiments at the Tevatron and between the experiments at the LHC. All
measurements are in agreement with recent theory calculations at NNLO QCD. Individual
LHC measurements are challenging the precision of the theory calculations.

1 Introduction

The top quark is the heaviest known elementary particle and was discovered at the Tevatron pp̄
collider in 1995 by the CDF and DØ collaboration [1, 2] with a mass around 173 GeV. At the
Tevatron the production is dominated by the qq̄ annihilation process with 85% as opposed to
gluon-gluon fusion which contributes only 15%, whereas at the LHC fractions are approximately
opposite. The top quark has a very short lifetime, which prevents any hadronization process
of the top quark. Instead bare quark properties can be observed by measuring top quark
properties.
Theoretical predictions of the tt̄ production process exist at various orders of perturbative QCD
(pQCD). The most recent prediction is a fully re-summed next-to-next-to-leading log (NNLL)
at next-to-next-to-leading order (NNLO) pQCD calculation [3]. Table 1 summarizes these
predictions for the Tevatron and the LHC center-of-mass energies (using mt = 173 GeV and the
MSTW2008NNLO PDF). The total uncertainty from factorization and renormalization scale
variation and PDF uncertainties is approximately 3.5% for the Tevatron and approximately
4.3% at the LHC.

1.1 Measurement of cross sections

The measurements presented here are performed using either the dilepton (ℓℓ) final state or the
lepton+jets (ℓ+jets) final state, where ℓ can be an electron or a muon (details on the lepton
reconstruction can be found here [4]). The branching fraction for top quarks decaying intoWb is
almost 100%. Within the ℓ+jets final state one of theW bosons (stemming from the decay of the
top quarks) decays leptonically, the other W boson decays hadronically. For the dilepton final
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2 DILEPTON CHANNEL (CDF)

Collider
σtot [pb] δscales [pb] δpdf [pb]

Tevatron (
√
s = 1.96 TeV) 7.164

+0.110 (1.5%)
−0.200 (2.8%)

+0.169 (2.4%)
−0.122 (1.7%)

LHC (
√
s = 7 TeV) 172.0

+4.4 (2.6%)
−5.8 (3.4%)

+4.7 (2.7%)
−4.8 (2.8%)

LHC (
√
s = 8 TeV) 245.8

+6.2 (2.5%)
−8.4 (3.4%)

+6.2 (2.5%)
−6.4 (2.6%)

Table 1: Total tt̄ production cross sections and their uncertainties [3] at the Tevatron and the
LHC.

state both W bosons decay leptonically. The main background contribution in the ℓ+jets decay
channel originates from W+jets production, whereas the dilepton decay channel suffers most
from contributions from Z+jets production. At the LHC also single top quark production is
one of the dominant background contributions for the ℓℓ and ℓ+jets channel. Jets originating
from a beauty quark (b-jets) are usually identified by means of multivariate discriminants built
by the combination of variables describing the properties of secondary vertices and of tracks
with large impact parameters relative to the primary vertex.
The measured cross section can be calculated by using

σtot(tt̄) =
Nobs −Nbg

ǫ · A · L · B . (1)

The number of observed data events Nobs is subtracted by the number of expected background
eventsNbg and then corrected for the detector efficiency ǫ and acceptanceA, the total integrated
luminosity L that corresponds to the selection requirements, and for the branching fraction
B into the decay channel under consideration. Thus any measurement of a cross section relies
on Monte-Carlo (MC) samples to correct the data for the detector efficiency and also in order
to extrapolate from the fiducial cross section to the total cross section. For this purpose all
cross section measurements (also differential) use currently theory predictions at leading-order
or next-to-leading order pQCD.

2 Dilepton channel (CDF)

CDF uses all available data corresponding to 8.8 fb−1 in the dilepton decay channel to measure
the tt̄ production cross section [5]. The data is selected by requiring exactly two leptons and the
accompanying missing transverse energy 6ET originating from the non-reconstructed neutrinos
from the leptonic decays of the two W bosons. Leptonic decays of τ are included, whereas
hadronic ones are not considered here. At least one isolated electron with ET > 20 GeV is
required, whereas the second electron does not need to be isolated. Muons are required to have
at least pT > 20 GeV, again at least one muon needs to be isolated. Furthermore at least two
jets with pT > 15 GeV and pseudorapidity |η| < 2.5 are required, with at least one jet identified
to originate from a b-quark (b-tagged). Figure 1 shows the selected data in the a) pre-tag or b)
b-tagged case. The total cross section (see Equation 1) assuming mt = 172.5 GeV is measured
from this b-tagged event selection to σtot(tt̄) = 7.09±0.49(stat)±0.52(sys)±0.43(lumi) pb. The
systematic uncertainty is dominated by the modeling of the b-tagging and the total uncertainty
for this measurement is 12%. If no requirement on b-tagging is applied a cross section of
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3 DILEPTON AND ℓ+JETS CHANNEL (DØ)

a) b)

Figure 1: Selected data in the dilep-
ton channel for the a) pre-tag or b)
b-tagged case compared to the back-
ground contributions.

σtot(tt̄) = 7.66±0.44(stat)±0.52(sys)±0.47(lumi) pb is measured. Table 2 shows a comparison
to other CDF measurements in the ℓ+jets channel not presented at TOP2013 [6, 7] and to DØ
measurements (see Sec. 3). The measurements are in good agreement with the most recent
pQCD prediction at NNLO, which yields a cross section of σtot(tt̄) = 7.24+0.23

−0.27(scales ⊕ pdf)
pb.

3 Dilepton and ℓ+jets channel (DØ)

In case of DØ three recent measurements of the tt̄ cross section have been presented. The mea-
surement in the dilepton channel corresponds to 5.4 fb−1 of integrated luminosity [8]. Events
are required to have two isolated leptons with pT > 15 GeV, 6ET and at least one (two) jet with
pT > 20 GeV in the eµ (ee, µµ) channel. Further cuts are applied to improve signal purity and
reject background contributions in four different categories: ee and µµ with each at least two
jets, eµ+ 1 jet and eµ+ 2 jets. The discriminant distribution for identifying jets stemming from
b quarks in the four event categories is used to maximize a likelihood function. An example
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Figure 2: The b-tagging discriminant output is shown in a) for the ee + 2 jets sample, where
the expected tt̄ cross section is normalized to 7.45 pb. The sample composition of the selected
ℓ+jets data as a function of the jet multiplicity for b) zero b-tagged jets and c) more than 1
b-tagged jet.

b-tagging discriminant distribution is shown in Figure 2 a), where the expected tt̄ cross section
is normalized to 7.45 pb. The cross section is measured to be σtot(tt̄) = 7.36+0.90

−0.76(stat + sys)
pb.
The measurement in the ℓ+jets channel uses 5.4 fb−1 of data [9]. Events compatible with
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3 DILEPTON AND ℓ+JETS CHANNEL (DØ)

the ℓ+jets signature are selected by requiring at least 2 jets with pT > 20 GeV and within
|η| < 2.5, in addition an isolated lepton with pT > 20 GeV is required. Electrons are selected
within |η| < 1.1, whereas for muons |η| < 2.0 is required. Additionally 6ET > 20 (25) GeV is re-
quired in the e+jets (µ+jets) channel. The selected data are used for a combined measurement
using b-tagging and kinematic information splitted in different channels by number of b-tags and
jets. In addition to the tt̄ cross section the heavy flavor contribution is fitted as well. Figure 2 b)
and c) shows the sample composition of the selected data as a function of the jet multiplicity for
0 and more than 1 b-tagged jet. As one expects the background contributions rise towards lower
jet multiplicity and the tt̄ contribution rises strongly with number of b-tags (and also with num-
ber of jets). The cross section is measured to be σtot(tt̄) = 7.78± 0.25(stat)±0.65

0.58 (sys + lumi)
pb, which is in good agreement to the theory prediction and other measurements by DØ or
CDF.
The most recent measurement using ℓ+jets events selected in the full data set is derived from
differential top quark cross section distributions [10]. The measurement is not optimized to
measure the total cross section, hence it suffers from a larger total uncertainty. A dedicated
inclusive tt̄ cross section measurement in ℓ+jets channel is in progress. For the presented mea-
surement ℓ+jets events are selected by requiring an isolated lepton (e/µ) with pT > 20 GeV,
6ET > 20 GeV and at least four jets with pT > 20 GeV and |η| < 2.5. Further cuts are applied
to improve data quality and reject background [10]. To increase the signal purity at least one
b-tagged jet is required. The sample composition is determined using data in the ℓ + 2 jets,
ℓ+ 3 jets and inclusive ℓ+ 4 jets bin and a fit to the discriminant distribution of the b-tagging.
The level of agreement between data and MC is good and can be seen in Figure 3 a) and b) for

a)

Figure 3: The scalar sum HT of the pT of the jets for the a) e+jets and b) µ+jets channel, the
expected tt̄ cross section is normalized to the measured cross section of 8.27 pb.

the scalar sum HT of the pT of the jets for the e+jets and µ+jets channel, respectively. Thus
the established sample composition in the ℓ+ 4 jets bin is used to measure differential tt̄ cross
section by first performing a kinematic fit to identify the top quarks. The output is subtracted
by the background and the cross section is determined according to equation 1, where data is
corrected by means of a regularized matrix unfolding. The total tt̄ cross section is then mea-
sured to be σtot(tt̄) = 8.27± 0.68(stat) ±0.61

0.58 (sys) ± 0.50(lumi) pb, which is somewhat higher
than the SM prediction but given the uncertainties still in agreement.
A comparison of all the discussed measurements at the Tevatron is presented in Table 2. More
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4 DILEPTON AND ℓ+JETS CHANNEL (ATLAS)

Measurement L [fb−1] σtot(tt̄) [pb] total rel. unc.

CDF (ℓℓ, b-tag) 8.8 7.09± 0.49(stat)± 0.52(sys)± 0.43(lumi) 12%
CDF (ℓ+jets [6]) 4.6 7.82± 0.38(stat)± 0.37(sys)± 0.15(σZ) 7.0%
CDF (ℓ+jets [7]) 4.3 7.32± 0.35(stat)± 0.59(sys)± 0.15(σZ) 9.6%
DØ (ℓℓ) 5.4 7.36+0.90

−0.76(stat⊕ sys) 11%
DØ (ℓ+jets, b-tag) 9.7 8.27± 0.68(stat)±0.61

0.58 (sys)± 0.50(lumi) 12.5%
DØ (ℓ+jets, b-tag) 5.3 7.78± 0.25(stat)±0.65

0.58 (sys⊕ lumi) 9.1%

Theory:
NNLO pQCD [3] NA 7.24+0.23

−0.27(scales⊕ pdf) 3.5%

Table 2: Summary of presented and discussed measurements of the total tt̄ production cross
sections and their uncertainties at the Tevatron. The DØ measurement in ℓ+jets using 9.7 fb−1

is not optimized to measure the total cross section, hence the larger total uncertainty.

information about other Tevatron top quark measurements can be found here [12]. The uncer-
tainties of a single measurement at the Tevatron are significantly larger than the uncertainties
of the most current pQCD calculation (≈ 3.5%), and only the combination of all available
Tevatron cross section measurements [11] yields an uncertainty closer to the theoretical one.

4 Dilepton and ℓ+jets channel (ATLAS)

The production of tt̄ pairs at the LHC is strongly enhanced by the higher energy, resulting in
20 − 30 times higher cross sections if compared to the Tevatron. Thus measurements in the
dilepton and ℓ+jets channel are not statistically limited and the uncertainties are dominated
by systematic uncertainties. Both channels can be selected with high purity, with the dilepton
eµ channel being almost background free.
ATLAS performed a measurement of the tt̄ cross section in the ℓ+jets channel using 5.8 fb−1 of
data at

√
s = 8 TeV [13]. Events are triggered by the single electron or muon trigger and verified

off-line by requiring a reconstructed isolated e or µ with pT > 40 GeV and |η| < 2.5, electrons
in the region 1.37 < |η| < 1.52 are excluded. A second lepton is vetoed. For electrons (muons)
a cut of 6ET > 30 (20) GeV, as well as a cut on the transverse mass of the W of MT (W ) > 30
GeV is required. For muons the sum of MT (W )+ 6ET is required to be larger than 60 GeV.
Furthermore at least three jets with pT > 25 GeV and |η| < 2.5 are required, and at least one
of the jets needs to be b-tagged. Additional quality cuts are applied [13]. The tt̄ cross section
is measured from a fit to a likelihood discriminant Di = Ls

i/(L
s
i + Lb

i) based on the lepton η
and the transformed event aplanarity A′, which is given by A′ = exp(−8 ·A) (the aplanarity A
is based on the momenta of all jets and the lepton). Figure 4 shows the likelihood discriminant
for the a) e+jets channel and b) for the µ+jets channel. Both channels are well described
by the background contributions and in contrast to tt̄ production in pp̄ collisions, single top
quark production is amongst the dominant background contributions. The total tt̄ cross section
assumingmt = 172.5 GeV is then measured to be σtot(tt̄) = 241±2(stat)±31(sys)±9(lumi) pb.
The dominant systematic uncertainties arise from the modeling of the signal implemented in
MC, the jet and 6ET reconstruction and calibration followed by the lepton trigger, identification
and reconstruction. The measurement agrees with CMS measurements (see Table 3) and is in
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4 DILEPTON AND ℓ+JETS CHANNEL (ATLAS)

Figure 4: The likelihood discrim-
inant based on lepton η and the
aplanarity A′ is shown in a) for
the e+jets and in b) for the
µ+jets channel. The expected tt̄
cross section is normalized to the
measured cross section.
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agreement with the latest theory prediction of σtot(tt̄) = 252.9+13.3
−14.5(scales⊕ pdf ⊕ αs) pb [3].

The ATLAS measurement in the dilepton channel (eµ) uses the full data set available at√
s = 8 TeV [14]. It is a sample with very high purity comprising O(104) tt̄ pairs. Events are

selected by the single electron or muon trigger and verified off-line by requiring a reconstructed
isolated lepton with pT > 25 and |η| < 2.5. At least one jet with pT > 25 and |η| < 2.5 is
required and exactly one or exactly two of the jets needs to be b-tagged. The level of agreement
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Figure 5: Comparison of data to signal and background contributions as a function of the lepton
pT for the a) electron and for the b) muon.

between data and MC is very good and shown in Figure 5 a) for the electron pT and in b) for
the muon pT . The tt̄ cross section is measured from a simultaneous determination of σtot(tt̄)
and the efficiency to reconstruct and b-tag jets. The measurement strategy is aimed to reduce
the related systematic uncertainties of jets and b-tagging. The samples with exactly one b-jet
(N1) and two b-jets (N2) are simultaneously fitted with N1 = L · σtt̄ · ǫeµ · 2ǫb(1− Cbǫb) +Nbg

1
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5 DILEPTON AND ℓ+JETS CHANNEL (CMS)

and N2 = L · σtt̄ · ǫeµ · Cbǫ
2
b +Nbg

1 , where ǫeµ is the efficiency to pass the eµ preselection and
ǫb is the combined probability for a jet from the t → Wq to be within acceptance, reconstructed
as jet and b-tagged. The correlation between two b-tagged jets is taken into account by Cb.
Employing this new approach and assuming mt = 172.5 GeV yields a total tt̄ cross section of
σtot(tt̄) = 237.7±1.7(stat)±7.4(sys)±7.4(lumi)±4.0(beam energy) pb. The latter uncertainty is
estimated from a 0.66% uncertainty on the beam energy, which translates to a 1.7% uncertainty
on the tt̄ cross section. The combined fit of the tt̄ cross section, the lepton, and the jet
efficiencies (including b-tagging) significantly reduces the systematic uncertainties from these
sources. Thus the measurement is dominated by signal model, the electron identification and
the PDF uncertainties. The measurement is in agreement with the latest theory prediction at
NNLO pQCD, which yields σtot(tt̄) = 252.9+13.3

−14.5(scales⊕ pdf ⊕ αs) pb [3].

5 Dilepton and ℓ+jets channel (CMS)

CMS performed a combined measurement of the heavy flavor contribution and the

Figure 6: The secondary vertex mass distribu-
tion for different bins of the number of jets and
b-tags. The expected tt̄ cross section is normal-
ized to 7.45 pb.

tt̄ cross section in the ℓ+jets decay chan-
nel using 2.3 fb−1 of data at

√
s =

7 TeV [15]. Events are triggered by
the single e- or µ-trigger and the off-
line selection requires an isolated lep-
ton with pT > 35 GeV. Addition-
ally electrons (muons) are required to
have |η| < 2.5 (2.1). The 6 ET orig-
inating from the non-reconstructed neu-
trinos is required to be larger than 20
GeV. At least one jet with pT > 35
GeV and |η| < 2.4 is required and at
least one of the jets has to be identi-
fied as a b-jet. As an example Fig-
ure 6 shows the distribution of the sec-
ondary vertex mass for the µ+jets chan-
nel. A maximum likelihood fit us-
ing the secondary vertex mass distri-
bution in different number of jet and
b-tag bins is performed. The total
tt̄ cross section assuming mt = 172.5
GeV is then measured to be σtot(tt̄) =
158.1 ± 2.1(stat) ± 10.2(sys) ± 3.5(lumi)
pb, which is in agreement with the
latest theory prediction of σtot(tt̄) =
172+4.4

−5.8(scales)
+4.7
−4.8(pdf) pb [3]. Table 3

gives a comparison to an ATLAS measure-
ment in the ℓ+jets channel [16] as well
as to results in the dilepton channel [17,
18] (these result were not presented at
TOP2013).
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5 DILEPTON AND ℓ+JETS CHANNEL (CMS)

Two CMS measurements are presented at the increased energy of
√
s = 8 TeV, one in the

ℓ+jets channel [19] and one using events in the dilepton channel (ee, µµ and eµ) [20]. In case of
the ℓ+jets channel events are required to have an isolated electron or muon with pT > 30 (26)
GeV and |η| < 2.5 (2.1) and at least four jets. The two leading jets are required to have pT > 45
GeV, whereas the next-two leading jets are selected if pT > 35 GeV. All jets are required to be
within |η| of 2.5 and at least one jet needs to be b-tagged. The tt̄ cross section is determined
from a template fit to the invariant mass distribution of the lepton and the b quark Mℓb (see
Figure 7 a) and b)). The total tt̄ cross section assuming mt = 172.5 GeV is then measured to

Figure 7: The invariant
mass distribution Mℓb

for a) electrons and b)
muons, the expected tt̄
cross section is normal-
ized to the measured
cross section of 8.27 pb.  (GeV)ebM
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be σtot(tt̄) = 228.4± 9(stat)+29.0
−26.0(sys)± 10(lumi) pb. The dominating systematic uncertainties

arise from the jet energy scale and the b-tagging efficiency measurement. The measurement is

Figure 8: Data are com-
pared to MC for differ-
ent number of b-tags for
the a) eµ channel and for
the b) summed ee and µµ
channel.
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in agreement with the latest theory prediction of σtot(tt̄) = 245.8+6.2
−8.4(scales)

+6.2
−6.4(pdf) pb [3].

In addition a CMS measurement in the dilepton channel at 8 TeV is presented. Events are
selected by requiring isolated electrons or muons with pT > 20 GeV and |η| < 2.5 or |η| < 2.4,
respectively. To suppress background from Z+jets contributions an invariant mass window cut
of |m(ℓℓ) −m(Z)| > 15 GeV for ee and µµ events and in addition 6ET > 40 GeV is required.
At least two jets with pT > 30 GeV and |η| < 2.5 are required, of which at least one needs
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6 CONCLUSION

to be b-tagged. The low background contamination allows for a measurement of the tt̄ cross
section using a counting method (see Figure 8). The total tt̄ cross section assuming mt = 172.5
GeV is measured to be σtot(tt̄) = 227 ± 3(stat) ± 11(sys) ± 10(lumi) pb, and the dominating
systematic uncertainties arise from the jet energy scale, the trigger and lepton identification and
isolation efficiencies. The measurement is in agreement with the latest theory prediction and
other measurements in dilepton channel or by ATLAS (see Table 3). Other top quark related
physics results by ATLAS and CMS can be found here [21].

Measurement L [fb−1] σtot(tt̄) [pb] total rel. unc.

ATLAS 7 TeV (ℓ+jets) 0.7 179± 4(stat)± 9(sys)± 7(lumi) 6.7%
ATLAS 7 TeV (ℓℓ) 0.7 176± 5(stat) +14

−11(sys)± 8(lumi) 8.9%
CMS 7 TeV (ℓ+jets) 2.3 158.1± 2.1(stat)± 10.2(sys)± 3.5(lumi) 6.9%
CMS 7 TeV (ℓℓ) 2.3 162± 2(stat)± 5(sys)± 4(lumi) 4.1%

Theory:

NNLO pQCD NA 172.0+6.4
−7.5(scales⊕ pdf) [3] 4%

ATLAS 8 TeV (ℓ+jets) 5.8 241± 2(stat)± 31(sys)± 9(lumi) 13%
ATLAS 8 TeV (eµ) 20.3 237.1± 1.7(stat)± 7.4(sys)± 7.4(lumi) 4.7%
CMS 8 TeV (ℓ+jets) 2.8 228.4± 9(stat)+29.0

−26.0(sys)± 10(lumi) 13%
CMS 8 TeV (ℓℓ) 2.4 227± 3(stat)± 11(sys)± 10(lumi) 7%

Theory:
NNLO pQCD NA 252.9+13.3

−14.5(scales⊕ pdf ⊕ αs) [3] 5.5%

Table 3: Summary of presented and discussed measurements of the total tt̄ production cross
sections and their uncertainties at the LHC. The ATLAS measurement in the eµ channel has
an additional uncertainty of 4.0 pb originating from the uncertainty on the beam energy.

6 Conclusion

Measurements of the tt̄ production cross section in electron and muon final states have been
presented. The results from Tevatron and the LHC are in good agreement with theory pre-
dictions. More results from the Tevatron using the full data set are expected very soon. The
results at the LHC are compatible between ATLAS and CMS and overall have small uncer-
tainties despite the higher pile-up environment at

√
s = 8 TeV compared to

√
s = 7 TeV. The

individual LHC measurements are challenging the precision of the theory calculations. The
most precise measurement to date at

√
s = 8 TeV uses events in the dilepton decay channel by

ATLAS and more high precision results are to come.
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