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1. Introduction

The top quark is the heaviest known fermion, and plays a central role in several theories
beyond the standard model (SM). Some theories beyond the SM predict the existence of heavy
resonances that manifest themselves as a resonant component to SM tt production. Examples of
such resonances include models with massive color-signet Z-like bosons in extended gauge the-
ories, colorons, axigluons, models with a pseudo-scalar Higgs boson that couples strongly to top
quarks and models predicting Kaluza-Klein excitations of gluons or gravitons in extensions of
extra-dimensions Randall-Sundrum models[1, 2].

In this article, three searches for the production of heavy resonances decaying into tt are pre-
sented, using data collected by the CMS experiment in pp collisions at /s=7 TeV at the Large
Hadron Collider. Using samples corresponding to an integrated luminosity of 4.4-5.0 tb-1, we
focus on three common tt decay modes, which are traditionally classified by the decay products
of the W bosons from the top quark decay as in the SM the BR(t — bW) ~ 1[3, 4, 5]. After an
introduction of the shared experimental aspects of the analyses, the search for a resonance in the
invariant mass spectrum of tt pairs decaying fully hadronically to jets is presented in Sec. 3. We
then proceed by considering the final states where one lepton is present in Sec. 4, and conclude
with a search in the dilepton final state in Sec. 5.

2. CMS experiment and event samples

The examination of the tt invariant mass spectrum is performed using the Compact Muon
Solenoid (CMS) detector at the Large Hadron Collider. The CMS detector uses a polar coordi-
nate system with the polar angle 6 defined in the direction of the counter-clockwise proton beam.
The pseudorapidity 1 is defined as 1 = —Intan(60/2). The CMS detector is described in detail
elsewhere[6].

The data analysed for the analyses summarized in this document were collected with the two-
tier trigger system, selecting on the presence of two lepton in the case of dilepton analyses, on the
presence of a single lepton in combination with a number of jets for the lepton-+jets analyses and a
hadronic trigger selecting on the level of jet activity in the case of the all-hadronic analyses. The
integrated luminosity is equivalent to 5.0 fb~! unless otherwise noted[7].

Offline, CMS uses a particle-flow based event reconstruction, which combines information
from each subdetector, including charged particle tracks and energy deposits from the electromag-
netic and hadronic calorimeter and information from the muon system to reconstruct all particles in
the event[8]. The particles selected by the particle flow algorithm are then passed through the stan-
dard CMS identification procedure for electron and muon candidates. Hadronic candidates are clus-
tered to jets using the anti-kT jet algorithm[13] with a distance parameter of R=0.5, except for the
fully hadronic analysis where the Cambridge-Aachen (CA) jet reconstruction algorithm is used[14],
with a distance parameter of R=0.8. R that is defined in 11 — ¢ space as R=\/(An)? + (A¢)2. All
jets, electrons and muons are required to satisfy quality criteria and are fully corrected for remain-
ing small differences between the behaviour of the reconstruction algorithms in simulation and
data. Due to the track-based nature of the particle flow algorithm, only particle flow objects are
considered within the tracking fiducial region |17| < 2.5. The missing transverse momentum E7'S is
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reconstructed taking the negative vector sum of all particle flow objects in the event, taking into ac-
count improved knowledge of clustered objects such as jets. Only events with at least one primary
vertex are considered and only charged particles identified as originating from the leading primary
vertex are considered in the reconstruction, drastically reducing the effect of multiple interactions
per beam crossing.

There are several simulated samples used. The continuum SM tt background, and Standard
Model processes such as Z and W boson production are simulated with the MADGRAPH[9] gen-
erator, using the PYTHIA generator[10] for the hadronization modelling. Diboson backgrounds,
important in the dilepton analysis, are modeled using PYTHIA for the production and decay. For
the signal model, resonance widths of 1%, 3% and 10% were considered. The MADGRAPH gener-
ator is used to model a generic Z’ that has SM-like fermion couplings. However, only the decay of
this Z' to tt is simulated. Randall-Sundrum KK gluons are generated using PYTHIA. The CTEQ6L
parton density functions are used [11]. The detector response is simulated using the CMS detector
simulation based on GEANT4[12]. The simulation is corrected such that the primary vertex multi-
plicity is the same as observed in data. More details on the full selection procedure and simulation
procedures can be obtained from Ref. [3, 4, 5].

3. Search for Z' — tt production in the fully hadronic channel

The analysis designed for cases where both top quarks decay to hadrons is described in Ref.
[3]. The largest background in this search is the background from multijet production. This back-
ground is modelled using data, where parametrizations are derived using a sample selected with an
inverted top identification cut.

For this final state, two different topologies are considered: both top quarks are boosted and
have each merged in a single jet, resulting in two highly energetic jets in the final state, and one top
quark was fully merged into one jet while the other top quark candidate consists of a jet containing
the hadronic W decay and a separate b jet. The former is referred to as the “1+1” topology, while
the later is named the “1+2” event topology.

The 1+1 events are required to have at least two top-quark candidates, each reconstructed
with transverse momentum pzy > 350 GeV/c. In the case of more than two jets, the two leading
jets are considered. The top tagging algorithm then considers the decomposition of a top quark
candidate into subjects, by reversing the final steps of the CA jet clustering. At least three subjets
are required in each jet, and mass constraints on the minimum pairwise invariant mass are required
to be consistent with a W decay while the three-subjet system is required to be consistent with the
mass of a top quark m; ~ 175 GeV/c2 (140 < mjer < 250 GeV/cz).

The 1+2 events are required to have exactly one hemisphere containing a top-tagged candidate
with the selection also applied for 1+1 candidates. In the opposite hemisphere there must be at
least two yets, one identified as a W-jet candidate with pr > 200 GeV /¢ and the other is assumed
to come from a b quark (although no identification algorithm is used) with pr > 30 GeV/c.

The Mj; distribution is then fit asuming a resonance hypothesis, using a likelyhood fit that takes
into account the shapes and uncertainties of the signal and background. As no excess is observed
over the SM production we proceed by setting limits on resonant production of new particles in
this distribution, using generic Z’' hypotheses with two widths and KK gluon production as the
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Figure 1: All hadronic limits: The 95% CL upper limits on the product of the production cross section
oz and the branching fraction B of hypothesized resonances that decay into as a function of the invariant
mass of the resonance. The Z' production with 'y /mz = 1.2% and 10% , and the branching fraction B of
Kaluza—Klein excitation of gluon production are compared to theory prediction. The vertical dashed line
indicates the transition between the threshold and the boosted analyses, chosen based on the sensitivity of
the expected limit. The +1 and %2 s.d. excursions from the expected limits are also shown.

benchmark models. The observed cross section limits are compared to expected cross section
limits from Refs. [1, 2]. The upper limits at 95% confidence level (CL) are shown in Fig. 1.
Model-dependent mass limits to exclude heavy resonances are listed in Table 1.

4. Search for Z' — tt production in the lepton+jets channel

To study a very wide kinematic range of top pair production, two complementary strategies
are pursued in the case where only one of the top quarks from the tt pair decays to a lepton.
In the case where the invariant mass is in the range 0.5-1 TeV/c?, the analysis is optimized to
identify top quarks produced with small boost in the detector frame and hence with well-separated
decay products. In this threshold region we expect a final state to contain one isolated lepton,
four jets (including two b jets) and EX¥**. When the t invariant mass distribution is examined
above 1 TeV/c?, the Lorentz-boosted top quarks will yield collemated decay products that are
partially or fully overlapping. As a consequence, the products of the hadronically decaying W
boson from one of the top quarks might be reconstructed as fewer than three jets, and the leptons
might not be isolated. In the boosted regime, the search thus selects events containing exactly one,
not necessarily isolated, electron or muon and at least two jets.

In the threshold analysis, events are required to contain at least three anti-kT jets with pr >
50 GeV/c, a leading jet with pr > 70 GeV/c, and additional jets have to pass a pr > 30 GeV/c
requirement. EXS is required to be above 20 GeV/c. The choices of neutrino and jet association
are then solved by forming a x> using information from the leptonic and hadronic top quark mass,
the hadronic W mass, the py of the tt system and the ratio of the pr of the selected jets over the
pr of all jets in the event. The y? is calculated for each possible combination, and b-tagged jets
may only be associated with b quarks. The combination with the smallest value of y? is chosen
and used for the examination of the tt invariant mass distribution.

In the boosted analysis, events are selected when they contain one muon(electron) with pp >
42(50) GeV/c and |n| < 2.1(2.5). At least two jets are required with pr > 50 GeV /¢, of which
one jet is required to be above 250(15) GeV/c in the muon(electron) channel. No isolation re-
quirements is applied to the leptons, and multijet production is instead rejected by requiring that
the AR(lepton, closest jet)> 0.5 or p’Tel(lepton, closest jet)> 25 GeV/c. Here, p’T"l is the magni-
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Figure 2: Lepton+jets limits: The 95% CL upper limits on the product of the production cross section oy
and the branching fraction B of hypothesized resonances that decay into tt as a function of the invariant mass
of the resonance. The Z’ production with T'ys /mz = 1.2% and 10% are shown for the threshold (left) and
boosted (center) analyses, and are compared to theory prediction. Limits on KK gluon production from the
threshold analysis are also presented (right). The £1 and £2 s.d. excursions from the expected limits are
also shown.

tude of the lepton momentum orthogonal to the jet axis. In addition there is a requirement on
Elpiss 4 plePo" . 150 GeV /. In the electron channel further selection is applied to further reduce
the multijet background. Again, a x? is constructed to determine the mass hypothesis of the event,
but in the boosted hypothesis it might be possible that two jets have merged, so only the leptonic
W boson information is combined with one jet, while the remaining jets are used as an estimate of
M.

Both analyses separate the event samples in multiple classes determined by lepton flavor, jet
and b-tag multiplicities, to constrain the various backgrounds in a simultaneous likelyhood fit of
all bins. Data driven background estimates are used for the not well modelled backgrounds such as
multijet production and good agreement is observed in all cases, so limits are set on the presence
of a resonance in the data. All systematic uncertainties applicable to tt cross section measurements
are taken into account as nuisance parameters on either the yield of signal, background or on the
shape of the signal or background, and the cross section limits on Z’ production are shown in Fig.
2. Model-dependent mass limits to exclude heavy resonances are listed in Table 1.

5. Search for Z' — tt production in the dilepton channel

In the search for Z’ production in fully leptonic decays, events are required to contain at least
two jets and two opposite sign leptons, where only muons and electrons are considered. At least one
of the jets is required to be tagged as a b jet using a b-tagging algorithm that reconstructs the sec-
ondary vertex of B meson decays. In order to reduce the background from low-mass dilepton reso-
nances and Z-boson production, events are rejected if the dilepton invariant mass My, < 12 GeV/c?,
and a veto is applied 76 < My, < 106 GeV /c? in the ee and uu channels. In order to further reduce
the background from DY and multijet production, a requirement of EZ'*S > 30 GeV /c is applied in
these channels. Remaining SM backgrounds are tt production, Z and W boson production, single
top production and diboson production. The DY and multijet backgrounds are estimated from data
using the Z resonance sideband and isolation inversion techniques.
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Figure 3: Dilepton limit: The 95% CL upper limit on the product of the production cross section ¢ and
the branching fraction B(Z' — tt) as a function of the invariant mass of the resonance. The Z' production
with 'z /mz = 1.2% is compared to theory prediction. The +1 and +2 s.d. excursions from the expected
limits are also shown.

Table 1: Summary of all mass exclusion limits, in TeV /c?, on My for widths I'ys /M,=0.01 (or 0.012) and
0.1, and for M, obtained from CMS analyses searching for new physics in the tt invariant mass spectrum.

analysis | My (1-1.2% width) | Mz (10% width) KK gluon
dilepton > 1.1 X X
lepton+jets (thresh.) >1.3 > 1.7 1.4
lepton+jets (boost) > 1.55 > 1.98 X
all hadronic > 1.5 >2.0 excl: 1.4—1.5

The tt invariant mass is constructed using the four-vectors of the two leading leptons, the two
leading jets and the E/"S. The longitudinal momenta of the two neutrinos were observed to be
small and are set to zero as an experimental reconstruction of these is difficult. A multivariate
analysis based on Bayesian neural networks (BNN) [15] using as input 17 variables such as the Pr,
n of the jets and leptons, the number of b-tagged jets, the EX*** and the angles between the objects
are used to discriminate between the SM background and a possible Z’ signal. The BNN is trained
for a My of 750(1000) GeV/c? for the 1.2(3)% width hypothesis, and a separate discriminant is
constructed for the ee, eyt and pp final states. The shape of the BNN discriminant is used for the
final limit calculation, and all correlations between the different samples and channels are included.

The shape and normalization changes of signal and background are affected by systematic
uncertainties, which are propagated into the limit calculation. With no excess observed, upper
limits on 0y - B(Z' — tt) are set at 95% DL. Using the BNN distribution improves the expected limit
by 29% compared to using the invariant mass distribution. The resulting expected and observed
limits are shown in Fig. 3. Model-dependent limits on the production of a leptophobic Z’ for two
widths are listed in Table 1.

6. Summary and Conclusion

Using the full dataset collected in 2011, the CMS experiment has examined the invariant mass
spectrum of tt production and has not observed any deviation from the Standard Model prediction.
By converting the observed cross sections to an 95% CL exclusion limit, the CMS experiment
excludes generic Z’ resonances up to M values of 1.5-2.0 TeV/c?, depending on the width of the
resonance. Production of Kaluza—Klein gluon production is also excluded to 95% CL for Mg,
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values up to 1.82 TeV/c?. The exclusion limits for various models are summarized in Table 1. The
dilepton channel still remains competitive using multivariate techniques, and sets the strongest limit
when Z' models with a width of the order of 1% are considered. In general, the lepton+jets and
hadronic results produce the most stringent mass limits for narrow resonances. The mass limits
set for 1% width Z' production are of order 1.1-1.5 GeV/c? at 95% CL, depending on the final
state, while the lepton+jets and all hadronic analyses are competitive in setting a limit of around 2
TeV/c? for 10% width Z’ production. This is a remarkable achievement in an environment where
substructure techniques or non-orthodox lepton reconstruction are necessary to isolate a pure tt
signal.
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