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Abstract

We present a combined measurement of the top quark pair gffodicross-section in
pp collisions at+/s = 7 TeV using the results of dilepton and single-lepton areywith
35 pb! of data. The result isq = 180+ 9 (stat.)+ 15 (syst.)+ 6 (lumi.) pb, which is in
excellent agreement with the Standard Model prediction.



1 Introduction

The measurement of the top-quark pair-production croseseo; is one of the key milestones for the
early LHC physics program. A precise measurementphllows precision tests of perturbative QCD,
where uncertainties oo are now at the level of 10% [1]. In additioft, production is an important
background to the search for the Higgs boson and variougshssmaifor physics beyond the Standard
Model. New physics may also give rise to additiotiabroduction mechanisms or modification of the
top quark decay channels.

Within the Standard Model, top quarks are predicted to déosayW boson and d-quark nearly
100% of the time, and the decay topologies are determinetidogdcays of th&#/ bosons. The single-
lepton mode, with a branching ratio of 34.4%, and the dileptwde, with a branching ratio of 6.5%
(both including small contributions from taus decaying lecrons and muons), give rise to final states
with one or two leptons, missing transverse energy andtj@tsof which haveb-flavour.

With a data sample corresponding to 2.9 btaken with the Large Hadron Collider at a centre of
mass energy ofy/s = 7 TeV, and using both the single-lepton and the dilepton ylebannels, ATLAS
measured the top quark production cross-section tope= 145+ 31*32 pb [2], which is in good
agreement with the theoretical predictiog = 1653% pb, assuming a top mass of 172.5 GeV [3].

This note presents a combined measurement ofttpeoduction in the single-lepton and dilepton
channels using 35 pb of data taken with a centre-of-mass energy\& = 7 TeV in 2010. This lumi-
nosity estimate has an uncertainty of 3.4% [4]. The measangsrin the three dilepton channets, u,
anduy) are based on simple cut-based analyses of events withsttiea jets [5], while the single-
lepton channel measurements jets andu+jets) are based on a multivariate discriminant distributio
3,4, and> 5 jet bins usingd-tagging [6]. The results of the five cross-section measargsnfrom each
individual channel, as well as the dilepton and singledaptombinations, are shown in Table 1. Even
though the dilepton analysis does not requitiagging, the combination with the single-lepton channel
assumes the branching ratiotof> Wb is 100%.

The two sets of analyses share some common sources of syistemgertainty, which are treated
consistently in order to form a combination. The likelihdadction in each channel is a function of the
signal cross-sectioor; the luminosity.L, and several nuisance parameteyfshat parametrize thefiect
of various sources of systematic uncertainty.

While the three dilepton analyses and the two single-leptmalyses were each combined from the
complete likelihood functions, the full five-channel comdition was implemented with an approximate
method, in which the single-lepton likelihood function veggroximated by a multivariate Gaussian with
covariance given by the Hessian matrix from MINUIT’'s HESSoathm [7]. The complete dilepton
likelihood function was used without approximation. To iavocluding constraint terms for systematics
common to the dilepton and single-lepton channels more ¢inae, constraint terms corresponding to
common systematics were removed from the dilepton likelihevhen forming the five-channel com-
bined likelihood.

Each measurement was based on the profile likelihood ratio
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whered';, £, @; denote the maximum likelihood estimate of all the paranses@d £ and&; represent
the conditional maximum likelihood estimates Gfand«j holding o fixed. The best fit value of the
cross-section is simply+ and the 68% confidence interval is derived from the valuesioivhich give
=2InA(o) = 1.



2 The dilepton combined likelihood function

The likelihood functions for each of the dilepton channelgéha similar form, with a single Poisson term
for the number of observed events with? jets and several Gaussian constraint terms for the nudsanc
parametersr;. The combined likelihood, is given by the product of the Poisson terms and a product
of the constraint terms

Li(o £ o) = Gaus(LolL,or) || PoisN®INGR(e))) [ | Gaus(0le;, 1), (2)
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wherePois is the Poisson distributiorGaus is the Gaussian distributior)g ando, are the measured
luminosity estimate and its error, and the constraint teom&ommon systematics are only included
once. The variation in the expected number of events fromsiipeal and each background process
was estimated from dedicated studies of each of the systeefidcts. The total number of expected
eventsttxg(aj) is then parametrized via piece-wise linear interpolatiothe nuisance parametess
associated with each source of systematic uncertaintg tiséRooFitRooStats software package [8, 9].
The profile likelihood ratios for the individual channelsvasll as the dilepton combination are shown
in Fig. 1. The dominant systematic uncertainties for themdn analysis are the jet energy scale, the
theoretical uncertainty on th&cross section, the fake lepton estimates and the partonesimgamodel.
Because the dilepton analyses do not Iidagging, they are not sensitive to the associated sysiemat
uncertainties [5].
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Figure 1: Plots of- log A(o) as a function obr¢/osm with (blue, solid) and without (red, dashed) sys-
tematic uncertainties for thee (top, left), uu (top, right),eu (bottom, left), and three-channel combined
fit (bottom, right).



3 Approximating the single-lepton likelihood function

The likelihood function for the single-lepton channels viasned from thee+jets andu+jets taking
into account common systematics. The single-lepton aisalyses continuoub-tagging: one of the
input variables to the likelihood discriminant used in teenplate fit is the light-flavor probability as
obtained from the JetPrdbtagging algorithms [10]. The uncertainties in agging and mistag rates
are included as nuisance parameters in the fit [6]. Thatli&eld function consists of the parameter of
interesto-and 37 nuisance parametétswhich are together denotéd= (o; @).

Let the maximum likelihood estimator of this two-channeigse-lepton combination be denotéd
For the purposes of the five-channel combination, the hlald from the single-lepton channels was
approximated with a multivariate Gaussian as the origikalihood was implemented in aftierent
software framework. Figure 2 shows a plot-elbg A(of) as a function ofri/o-sm, where it can be seen
that the likelihood is very symmetric and parabolic, indiog that a multivariate Gaussian is a good
approximation to the likelihood function. The covariancatrix comes from the Hessian matrix of the
negative-log-likelihood function evaluated at the begpdiint,
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With the covariance matrix, one can construct the multatarGaussian
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wherek = 38 is the dimensionality of the parameter space.
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Figure 2: Plot of-log (o) as a function ofri/osm from the full (not approximateg+jets (green,
dashed)u+jets (blue, dashed), andjets combined likelihood (black, solid).



4 The five-channel combined likelihood function

The dilepton and single-lepton channels share several comsimurces of systematic uncertainty:
e electron energy scale and resolution uncertainties,
¢ electron identification and triggefficiency uncertainties,
e muon momentum scale and resolution uncertainties,
e muon identification and triggeffféciency uncertainties,
¢ dependence of acceptance on Monte Carlo generator as virtias and final-state radiation,
e jet energy resolution, jet energy scale, and j@tiency uncertainties,
e uncertainty due to thefiact of pileup,
e cross-section uncertainties for diboson and single togdracnds.

Because the likelihood function from the single-leptonlgsia is approximated by a single multi-
variate Gaussian, the constraint terms that are commorthgttilepton channel must be removed when
forming the five-channel combination. Before combining tlependence of the conditional maximum
likelihood estimateéj as a function otri/ospm were compared for the dilepton and single-lepton chan-
nels. Those studies did not indicate any unexpected teirsibie shared nuisance parameters that would
entail combining incompatible results.

The final five-channel likelihood is formed from a product & tapproximate single-lepton likeli-
hoodL,jets Over the parameter of interest and 37 nuisance parameters (thich are shared with the
dilepton channels, including a luminosity constraint Boisson terms corresponding to the cut-based
analyses for the dileptons (which depend on the parameiatarsest), and Gaussian constraints for the
remaining 21 nuisance parameters that offiga the dilepton channels. In total, there are 59 parameters
in the five-channel combined fit.

Lssran(0 £, @) = Lisjers(0i £, @)xGaus(LolLoor) [ | PoisN®SINS®) [ Gaus(Ole;, 2).
ie{eeuu,eu} jell only syst
(5)

5 Results and Conclusions

The result of fitting this combined model to the observed datas acii of 180+ 18 pb, with the 68%
confidence interval inferred from the asymptotic propsrtéthe profile likelihood ratio, which is shown
in Fig. 3. This interval includes theffect of all systematic and statistical uncertainties, idirig their
correlated &ects on the signal and backgrounds in the five channels. akist&al uncertainty is ob-
tained by fixing all the nuisance parameters associated wmidlerlying sources of systematics to their
best fit values. The component of the total uncertaintylatteid to the ffect of systematics is obtained
by subtracting in quadrature the statistical contribufimm the uncertainty obtained by including all
sources of systematics except for the luminosity uncestaiRinally, the uncertainty attributed to the
luminosity uncertainty is obtained by subtracting in quddre the combined systematic and statistical
uncertainty from the total uncertainty, ensuring that thadratic sum of all three components is consis-
tent with the uncertainty from all contributions. The finakults are in good agreement with a simple
approximate calculation in whidgis estimated by a weighted sum based on the inverse of theadrro



the dilepton and single-lepton results and the statistoalr is reduced according to the larger sample
size.

The dominant systematics in the five-channel combinatienflam W+jets heavy flavor content
(+ 8.5 pb), b-tagging & 7.6 pb), ISRFSR modeling £ 7.6 pb), jet-energy scalex(5.3 pb), and jet
reconstruction giciency & 3.0 pb). The uncertainty from the data-driven estimates reflEYan and
fake lepton estimates, which are important systematichéndilepton channels, have very littl&exct
in the five-channel combined measurement. Furthermorefatiighat the dilepton analysis does not
useb-tagging serves to reduce the magnitude of the correlateflicients betweeniand the nuisance
parameters related tetagging and the heavy flavor contenfWifjets, thus reducing the total systematic
error slightly.

Figure 4 shows various cross-section measurements froatrdéevand LHC results overlaid on the
theoretical predictions as a function of centre-of-massgn[11]. Figures 5 and 6 show summary plots
from the cross-section measurements made by ATLAS with@®i€ 2lataset [5, 6, 12]. The results show
good agreement with the Standard Model predictions.

Channel ot (pb)

ee 178*87 (stat.)*37 (syst.)*2 (lumi.)
U 19473 (stat.) ™22 (syst.)*£2 (lumi.)
eu 164+ 26 (stat.)+ 18 (syst.)+ [ (lumi.)

di-lepton combined 173+ 22 (stat.J18 (syst.y3 (lumi.)

e+jets 223+ 17 (stat.)x 27 (syst.)= 8 (lumi.)
u+jets 168+ 12 (stat.J79 (syst.)+ 6 (lumi.)
|+jets combined 186+ 10 (stat.j55 (syst.)+ 6 (lumi.)

five-channel combined 180+ 9 (stat.)+ 15 (syst.)+ 6 (lumi.)

Table 1: Measured values of;in each of the five individual analyses, the dilepton and Isigpton
combinations, and the full five-channel combination.
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Figure 3: Plots of-log (o) as a function ofr/osym with (blue, solid) and without (red, dashed)
systematics for the five-channel combined fit.
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Figure 4: Measurements of;from ATLAS and CMS inpp collisions, and CDF and DO ipp collisions,
compared to theoretical predictions assuming a top masg2b1:eV as a function of/s. The present
result is indicated by the red circle.
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Figure 5: Plots of the measured valuemf in the single-lepton wittb-tagging channel, the dilepton
without b-tagging channel, and the combination of these two chanimetiiding error bars for both

statistical uncertainties only (blue) and with full systdios (red). Results from from auxiliary single-
lepton and dilepton measurements are shown as well. Thexipyate NNLO prediction is shown as a
vertical dotted line with its error in yellow.
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Figure 6: Plots of measuradi using several analyses in each decay channel, includimgsebars
for both statistical uncertainties only (blue) and all sysatics (red). The combined result is based on
the L+jets b-tag multivariate and the dilepton counting analySése approximate NNLO prediction is
shown as a vertical dotted line with its error in yellow.



References

[1] S. Moch and P. Uwer, “Theoretical status and prospeatgdip-quark pair production at hadron
colliders”, Phys. Rev. D78 (2008) 034003, arXiv:0804.14ffé&p-ph];
U. Langenfeld, S. Moch, and P. Uwer, “New results forproduction at hadron colliders”,
arXiv:0907.2527 [hep-ph].

[2] ATLAS Collaboration, “Measurement of the top quark4ppioduction cross section with ATLAS
in pp collisions aty/s = 7 TeV”, arXiv:1012.1792, to be published in Eur. Phys. J. C.

[3] M. Aliev, H. Lacker, U. Langenfeld, S. Moch, and P. UwerdHATHOR, HAdronic Top
and Heavy quarks crOss section calculatoR”, Comput. Phgsartun. 182 (2011) 10341046,
arXiv:1007.1327 [hep-ph].

[4] ATLAS Collaboration, “Updated Luminosity Determinati in pp Collisions aty's= 7 TeV using
the ATLAS Detector”, ATLAS-CONF-2011-011, cdsweb.cehjtecord1334563.

[5] ATLAS Collaboration, “Measurement of the top quark paipduction cross-section with ATLAS
in pp collisions aty/s = 7 TeV in dilepton final states,” ATLAS-CONF-2011-034,

[6] ATLAS Collaboration, “Measurement of the top quark4paioss-section with ATLAS in pp colli-
sions aty/s = 7 TeV in the single-lepton channel using b-tagging,” ATLE®NF-2011-035,

[7] F. James, “MINUIT Reference Manual’, CERN Program Lilgr&Vriteup D506.

[8] W. Verkerke, D. P. Kirkby, “The RooFit toolkit for data ndeling,” in the proceedings of CHEP
2003, California, USA [physi¢8306116].

[9] L. Moneta, K. Belasco, K. Cranmer, A. Lazzaro, D. Pipago Schott, W. Verkerke, M. Woldt al .,
“The RooStats Project,” in the proceedings of ACAT 2010pugilndia (2010) [arXiv:1009.1003].

[10] ATLAS Collaboration, “Performance of Impact ParameéBased b-tagging Algorithms with
the ATLAS Detector using Proton-Proton Collisions &fs= 7 TeV,” ATL-CONF-2010-091.
httpy/cdsweb.cern.ghecord1299106.

[11] CMS Collaboration “Combination of top pair productioross sections in pp collisions afs = 7
TeV and comparisons with theory”, CMS-PAS-TOP-11-001:httdsweb.cern.ghecord1336491.

[12] ATLAS Collaboration, Top Quark Pair Production Crass:tion Measurements in ATLAS in the
Single LeptorJets Channel without b-tagging, ATLAS-CONF-2011-023,



