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Abstract

The first measurement of vector-boson production associated with a top quark-
antiquark pair in proton-proton collisions at /s = 7TeV is presented. The re-
sults are based on a dataset corresponding to an integrated luminosity of 5.0fb™?,
recorded by the CMS detector at the LHC in 2011. The measurement is performed
in two independent channels through a trilepton analysis of ttZ events and a same-
sign dilepton analysis of ttV (V = W or Z) events. In the trilepton channel a di-
rect measurement of the ttZ cross section 0z, = 0.28f8:ﬁL (stat. fg:gg (syst.)pb is
obtained. In the dilepton channel a measurement of the ttV cross section yields
Cqy = 0.43f8:g (stat.) fg:g? (syst.) pb. These measurements have a significance, re-
spectively, of 3.3 and 3.0 standard deviations from the background hypotheses and
are compatible, within uncertainties, with the corresponding NLO predictions of
0.13770:912 and 0.306 0023 pb.
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Although the top quark was discovered more than 15 years ago [1} 2], many of its properties
have not yet been fully investigated. In particular, most of its couplings have never been di-
rectly measured. The large value of the its mass indicates that the top quark could play a special
role in the context of electroweak symmetry breaking. Extensions of the standard model (SM),
such as technicolor or other scenarios with a strongly coupled Higgs sector, could alter the
top-quark couplings. A measurement of the production of a top-quark pair in association with
vector bosons is a key test of the validity of the SM at the TeV scale. In Fig.|1|the most important
leading-order Feynman diagrams for ttW and ttZ production in proton-proton collisions are
shown. The current estimate of the cross section for these processes is based on quantum chro-
modynamics (QCD) calculations at next-to-leading order (NLO), which yield 0.16900% pb [3]

for ttW production, and 0.137 70912 pb [4] for ttZ production.

In this Letter, the first measurement of the cross section for associated production of a vector
boson and a tt pair is presented. Two analyses are conducted: one based on trilepton signa-
tures produced in ttZ decays, and one based on same-sign dilepton signatures produced by
ttV events (with V. = W or Z).

This measurement uses data from proton-proton collisions, produced at a center-of-mass en-
ergy of 7TeV, corresponding to an integrated luminosity of 5.0 + 0.1fb~ ' [5]. The data were
collected by the Compact Muon Solenoid (CMS) detector at the Large Hadron Collider (LHC)
in 2011. As the signal would appear as an excess over a background of similar size, the back-
ground estimation is a focus of the analysis. The majority of background contributions are esti-
mated using the data, while remaining background processes are estimated using Monte Carlo
(MC) simulations. Simulated MC event samples are generated using the MADGRAPH 5.1.3.30
event generator [6], interfaced with PYTHIA 6.4 [7] for parton showering. The same generator
chain is used for signal events. A GEANT4-based [8] simulation of the response of the CMS
detector is used for both signal and background events. These events are processed with the
same reconstruction algorithms as the data. Simulated event yields are scaled to the integrated
luminosity in the data using cross section calculations to the highest order available, taking
into account the trigger and reconstruction efficiencies determined from the data. In addition,
the simulated distribution of the number of simultaneous proton-proton collisions within the
same bunch crossing (pileup) is reweighted to match the one observed in the data.

A detailed description of the CMS detector can be found elsewhere [9]. Its central feature
is a 3.8 T superconducting solenoid of 6 m internal diameter. Within its field volume are the
silicon tracker, the crystal electromagnetic calorimeter (ECAL), and the brass/scintillator sam-
pling hadron calorimeter (HCAL). The muon system, composed of drift tubes, cathode strip
chambers, and resistive-plate chambers, is installed outside the solenoid, embedded in the steel
return yoke. CMS uses a right-handed coordinate system, with the origin at the nominal inter-
action point, the x axis pointing to the center of the LHC, the y axis pointing up (perpendicular
to the LHC plane), and the z axis along the counterclockwise-beam direction. The polar angle
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Figure 1: Most important leading-order Feynman diagrams for ttW and ttZ production in
proton-proton collisions. The charge conjugate of the diagrams shown is implied.



6 is measured from the positive z axis and the azimuthal angle ¢ is measured in the x-y plane.
The pseudorapidity 7 is defined as — In[tan(6/2)].

Muons [10] are measured with the combination of the tracker and the muon system, in the
pseudorapidity range || < 2.4. Electrons [11] are detected as tracks in the tracker pointing
to energy clusters in the ECAL up to |#| = 2.5. Both muons and electrons are required to
have a momentum transverse to the beam axis, pr, greater than 20 GeV. Both the pr and 7
requirements are consistent with those employed in the online trigger selection, where the
presence of two isolated charged leptons, either electrons or muons, in any flavor combination,
is required to accept the events.

The full details of electron and muon identification criteria are described elsewhere [12]. Iso-
lation requirements on lepton candidates are enforced by measuring the additional detector
activity in a surrounding cone of AR = /(A)?+ (A$)? < 0.3, where Ay and A¢ are the
differences in pseudorapidity and in azimuthal angle, measured in radians, respectively. For
muons the total sum of the transverse momenta of the additional reconstructed tracks and of
the energy in the calorimeters in the surrounding cone is required to be less than 15% of the
muon transverse momentum in the trilepton channel and 5% in the dilepton channel. Electron
isolation requirements are similar but vary depending on the shape of the electron shower. To
minimize the contribution of lepton candidates arising from jet misidentification, tighter isola-
tion and identification requirements are employed in the dilepton channels.

Jets are reconstructed with a particle-flow (PF) algorithm [13], a global event reconstruction
technique which optimally combines the information of all sub-detectors to reconstruct the
particles produced in a collision. Reconstructed particle candidates are clustered to form PF
jets with the anti-kt algorithm [14] with a distance parameter of 0.5. The jet energy resolu-
tion is typically 15% at 10 GeV and 8% at 100 GeV. Jets are required to be inside the tracker
acceptance (|| < 2.4), to increase the reconstruction efficiency and the precision of the en-
ergy measurement using PF techniques. Jet energy corrections are applied to account for the
non-linear response of the calorimeters to the particle energies and other instrumental effects.
These corrections are based on in situ measurements using dijet and 7y + jet data samples [15].
Pileup activity has an effect on jet reconstruction by contributing additional particles to the
reconstructed jets. The average energy density due to pileup is evaluated in each event and
the corresponding energy is subtracted from each jet [16]]. A jet identification requirement, pri-
marily based on the energy balance between charged and neutral hadrons in a jet, is applied to
remove misidentified jets. Jets are required to have pr > 20 GeV.

To identify jets originating from the hadronization of bottom quarks, a b-tagging algorithm [17]
is employed. The algorithm identifies jets from b-hadron decays by requiring at least two
tracks to have significant impact parameters with respect to the primary interaction vertex.
This tagger is used here with two operating points: the loose point corresponds to an efficiency
for jets originating from b quarks of about 80% and a misidentification probability for jets from
light quarks and gluons of 10%, while the medium operating point provides an efficiency for b
jets of about 65% and a misidentification probability of about 1%.

In the trilepton analysis, events originating from the process
pp — ttZ — (t = blFv) (t — bjj)(Z — ££4F) (with/ =eor )

are selected if they contain two same-flavor, opposite-charge leptons (electrons or muons) with
pt > 20 GeV, where the dilepton system must have an invariant mass between 81 and 101 GeV
and pt > 35GeV. The presence of a third lepton with pr > 10GeV and at least three jets, two
of which are positively b-tagged (one medium and one loose tag), is required, and the scalar



sum of the pr of all selected jets (Hr) is required to be larger than 120GeV. These selection
requirements have been chosen by optimizing the expected significance of the measurement.

The main background contributions in this analysis are dilepton events from the Drell-Yan
process and from tt events, where a third lepton is reconstructed from hadronization products,
and WZ events where both vector bosons decay to leptons. To determine the background con-
tributions from the data, event samples with less stringent requirements are used. Dilepton
ey events which satisfy only the lepton pt and jet multiplicity requirements are dominated by
top-quark pair production, and are used to control the normalization of the tt simulation. A
normalization factor of 1.05 £ 0.12 with respect to the NLO cross section is found. The nor-
malization of the Drell-Yan and WZ simulations is determined from a control sample where
all the signal requirements are met, except there are no b-tagged jets. The simulations must be
normalized by a factor of 1.30 = 0.13 to correctly predict the number of events in the Z-mass
peak in this background-dominated region. Sources of background arising from single-top-
quark production mediated through a virtual W boson, in conjunction with a Z boson (tbZ),
are taken from the simulation, scaled to the leading order cross section, and an uncertainty
of 50% is assumed on this yield. The contribution from events containing a SM Higgs boson,
assuming a mass of 125 GeV, as suggested by recent findings [18| [19], has been estimated and
found negligible for the trilepton channel.

The total systematic uncertainty is evaluated by assessing the relative change in signal effi-
ciency and background yield in the simulation when varying relevant parameters by one stan-
dard deviation. The sources of systematic uncertainty include experimental uncertainties such
as the background estimate, lepton reconstruction and trigger efficiencies, jet energy scale and
resolution, b-tagging efficiency, pileup modeling, and the integrated luminosity. Model un-
certainties arising from scale variations of the matrix-element/parton-shower matching scale
and the hard-scattering scale Q? are also included. The dominant uncertainty comes from the
background estimate and amounts to 27% of the background yield; this includes the statistical
uncertainty on the number of simulated events and the uncertainty on the background scale
factors determined from the data all added in quadrature. All other uncertainties are less than
5%. The signal efficiencies are determined from MC simulations using MADGRAPH. In order
to account for any difference due to the NLO predictions, signal efficiencies are also calculated
using the POWHEG BOX [20-22] generator. The two simulations differ in their predictions of
the signal efficiencies by 13%, and this value is taken as a systematic uncertainty. Systematic
uncertainties that affect both signal and background yields are assumed to be fully correlated.
The total systematic uncertainty on the measured cross section is 15%.

The event yields after applying the full event selection are shown in Fig. 2l Nine events are
observed, compared to a background expectation of 3.2 + 0.8 events. From the combination of
the four decay channels, the presence of a ttZ signal is established with a combined significance
of 3.3 standard deviations, corresponding to a p-value of 4 x 1074, as obtained with an asymp-
totic profile likelihood estimator [23]. The cross section is extracted through a simultaneous
measurement performed in the four decay channels, and is measured to be

0z = 0287017 (stat.) g8 (syst.) pb.

The measured cross section is found to be compatible, within uncertainties, with the NLO

prediction of 0.137f8:8%§ pb [4]. A comparison of the observed and predicted distributions for

several kinematic variables is available in appendix
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Figure 2: Event yields after final selection requirements, separated in lepton flavor channels for
the trilepton (left) and same-sign dilepton (right) analyses. The expected contributions from
signal and background processes are shown, and the uncertainty on the estimated background
yield is superimposed with a grey hashed band.

The same-sign dilepton analysis searches for events with the following decay chains:

pp — ttW — (t = blv)(t — bjj) (W — (Fv);
pp — ttZ — (t = blFv)(t = bjj)(Z — £X4F) (with ¢ = e or p).

The final set of selection criteria for the dilepton channel requires the presence of two same-
sign leptons, one with pr > 55 and the other with pr > 30 GeV, and a dilepton invariant mass
greater than 8 GeV, at least three jets with pt > 20 GeV of which at least one is b-tagged by the
medium operating point, and Hr > 100 GeV. These selection requirements have been chosen
by optimizing the expected significance of the signal excess. To make this data sample statis-
tically independent of the data selected for the trilepton channel, events passing the trilepton
selection are removed.

The benefit of searching for same-sign dilepton events is that SM processes containing two
prompt same-sign leptons in the final state have very small cross sections. The background
processes considered here include diboson production (WZ, ZZ, W+, Z1, WiWi), tbZ, tribo-
son production, and production of vector-boson pairs from double-parton scattering. Yields
from these processes are taken directly from the simulation and scaled to NLO predictions
whenever available.

The dominant background contributions originate from non-prompt leptons or misreconstruc-
tion effects: pions in jets or decay products of heavy-flavor mesons may give rise to non-prompt
lepton candidates; charge misidentification in events with opposite-sign lepton pairs results in
same-sign events. These background rates are determined from control regions in the data us-
ing techniques that determine the prompt and non-prompt lepton misidentification rates from
QCD dijet and Z — ¢/ event samples [24]. The result is an estimate, fully based on control sam-
ples in the data, of backgrounds with one or more lepton candidates that are not reconstructed
from a prompt final-state lepton. These include semi-leptonic tt decays, Drell-Yan events with
hard jet production, and QCD multijet production.

The background estimate due to charge misidentification of one of the leptons is obtained from
the number of opposite-sign dilepton events in the signal region and the probability to wrongly
measure the charge of a lepton. This probability is negligible for muons, but considerable for
electrons. From the fraction of same-sign events in a control region dominated by Z decay,



the electron charge misidentification probability is measured to be 0.02% (0.3%) in the barrel
(endcap) region of the detector.

Systematic uncertainties relative to experimental measurements or model uncertainties are
evaluated in a similar manner as in the trilepton channel, and are expressed in terms of un-
certainties on the signal efficiency or the background yield. Uncertainties on the background
prediction are quantified differently for each of the background yield estimates: a 50% un-
certainty is assigned to the estimate of processes with non-prompt leptons; the uncertainty
on charge misidentification backgrounds is driven by the uncertainty on the measured single-
lepton charge misidentification probability and amounts to about 20%; the uncertainty on WZ
production is taken from the CMS cross section measurement and is equal to 20%; for all the
other SM processes taken from simulation, most of which have not been measured yet, an
uncertainty of 50% is assigned. Similar to the trilepton analysis, the uncertainty of the sig-
nal efficiency is estimated to be 13%. All uncertainties that affect both signal and background
yields are assumed to be fully correlated, whereas background prediction uncertainties are un-
correlated. The total systematic uncertainty in the dilepton channel is 15%. The contribution
from a SM Higgs boson with a mass of 125 GeV to the same-sign dilepton sample is estimated
to be as large as 0.8 events. The majority of these events originate from Higgs boson production
in associated production with tt pairs, in conjunction with the decay channels H - WW and
H — tt. This contribution is not included in the background estimation for this analysis, as
doing so would assume a degree of knowledge about the SM Higgs which has not been verified
yet.

Signal and background event yields are obtained as shown in Fig.[2l A total of 16 events is
selected in the data, compared to an expected background contribution of 9.2 + 2.6 events.
The presence of a ttV (V = W or Z) signal is established with a significance equivalent to 3.0
standard deviations and a corresponding p-value of 0.002, as computed by multiplying the
likelihoods of the three decay channels with an asymptotic profile likelihood estimator. The
combined cross section, as measured simultaneously from the three channels, is

oy = 0431077 (stat.) T0.0 (syst.) pb.

The measured cross section is compatible with the NLO prediction of 0.306 )03} pb. A compar-
ison of the observed and predicted distributions for several kinematic variables is available in

appendix

In summary, the first measurement of the cross section of vector boson production associated
with a top quark-antiquark pair at /s = 7 TeV has been presented. In the trilepton channel
a direct measurement of the ttZ cross section oz, = 0.28:’8:% (stat.) TO08 (syst.) pb is obtained,
with a significance of 3.3 standard deviations from the background hypothesis. In the dilepton
channel a measurement of the ttV process yields o, = O.43J_r8:g (stat.) fg:gg (syst.) pb, with
a significance of 3.0 standard deviations from the background hypothesis. Both cross section

measurements are compatible with the NLO predictions. These results are summarized in

Fig.
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A Distributions of kinematic variables after final selection

Comparisons are provided between the data and the signal and background predictions, for
events passing the full set of selection requirements. In Fig. @] the comparisons are shown for
the trilepton channel: the transverse momentum pr (Z) of the Z boson (left), the scalar sum Ht
of all jet transverse momenta (center), and the missing transverse energy Et, computed as the
norm of the vectorial sum of all particle-flow candidates in the event (right). Fig.[f|shows the
comparisons for the same-sign dilepton channel: leading lepton transverse momentum (left),
Hr (center) and Er (right).
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tainty on the background yield is superimposed with a grey hashed band.
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