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The top-quark and new physics

‣ high mass of the top quark is still intriguing

‣ special rôle of the top in new physics models

‣ Tevatron forward-backward asymmetry still 
unresolved issue

Top quark resonances in BSM Models

‣ extended gauge sectors: Z’, W’ and G’ bosons

‣ top-color condensates

‣ warped extra dimensions:
Kaluza-Klein excitations

‣ compositeness

‣ ...

⇒ rich final states, numerous channels

Roman Kogler Search for heavy resonances decaying to top quarks

Overview
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Figure 9. The Mtt̄ distribution from the axigluon contribution plus the SM background at leading
order. The red line is for the model with one axigluon and one vectorlike fermion described above
with MG0 = 1100GeV and ✓ = 30�. The green(blue) line is for the phenomenological axigluon
model with MG0 = 1(2)TeV, gu

A = 1.5, gt
A = �2 and gV = 0. The black line represents the SM.

phenomenological axigluon model with MG0 = 1(2)TeV, gu
A = 1.5, gt

A = �2 and gV = 0.
Since �/M ⇡ 28%, no obvious bump appears in the distribution and one needs to employ
a contact interaction search in tt̄ final states.

We next estimate the sensitivity of the 8 TeV LHC to the presence of these new states.
We model our analysis after the strategy detailed by the ATLAS Collaboration for generic
tt̄ resonance searches [45, 46], including a new color octet boson from technicolor mod-
els. We only consider the semi-leptonic top-quark decays into muons and electrons (see
ref. [47–49] for detailed studies with the 14 TeV LHC). Other channels, such as the dilepton
channel [50] can also be used to improve the discovery sensitivity. The ATLAS studies find
that the main source of background for tt̄ resonances originates from SM top pair produc-
tion, while reducible backgrounds such as W+jets are negligible for resonance searches.
The resulting dominant background arises from combinatorics. We employ the Mtt̄ re-
construction e�ciency presented in [45, 46], which is at the level of a few percent and
drops significantly for increasing Mtt̄. We note that new techniques have recently been
developed that reconstruct top-quarks produced with large enough transverse momentum
such that their decay products can be tagged as a single jet [51–54]; however employing
these methods is beyond the scope of our simple analysis here. We estimate the combined
uncertainties in the NLO tt̄ cross section and the parton distribution functions at high
invariant masses to be of order 50% [55, 56].

Requiring S/
p

B � 5 as a discovery criteria, and including both statistical and 50%
systematic theoretical errors, we find that for the model with one axigluon and one vec-
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axigluon production

mtt [GeV]

[see also: talk by Rebekka Höing]



strategies for different mass regimes

‣ low mass resonances (< 1 TeV)

• resolved final state objects

• many jets, isolated leptons

• solve combinatorics for resonance mass 
reconstruction, using known masses as 
constraints

‣ high mass resonances (> 1 TeV)

• merged final state objects

• less jets, non-isolated leptons

• special requirements: top tagging, 
b-tagging in dense environments

• unambigious selection of top quark helps in 
the reconstruction of the resonance mass

Roman Kogler Search for heavy resonances decaying to top quarks

Analysis Methods

3

t
b

q
q t

e,μ

ν
b

t
e,μ

ν

b

t
b

q

q

large-R jet

hadronic decay

leptonic decay

PT

[talk by Ivan Marchesini]



Analyses of the full 2012 dataset at √s = 8 TeV

‣ resonances decaying to t+jet in lepton+jets (t* search)

‣ narrow t+b resonances in lepton+jets (W’ search)

‣ resonances in the tt invariant mass spectrum in lepton+jets 
(resolved and boosted Z’ searches)

‣ resonances in the tt invariant mass spectrum in all-hadronic channel 
(boosted Z’ search)

Roman Kogler Search for heavy resonances decaying to top quarks

Analyses Overview
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t* → t + g
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pair production of excited top 
quarks
‣ rich final state: tt + ≧ 2 jets

• analysis performed in lepton+jets 
channel

• select isolated lepton + ≧ 6 jets

• at least on b-tagged jet
‣ mass reconstruction: using the 

constraint 
Mt+g = m(lνbg) = m(qqbg)

‣ background: obtained from a fit to the 
obtained mass spectrum, signal 
distribution taken from simulation

‣ no excess observed: excluded spin-3/2 
t* resonances below 790 GeV at 95% 
C.L.
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t+b Resonances
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search for production of W’→t+b
‣ consider left- and right-handed W’s

• W’L: interference with SM W production
• W’R: leptonic decay involves νR with unknown mass: 

different branching ratios depending on MνR

‣ semi-leptonic analysis: 
• one isolated lepton (e, μ), PT > 50 GeV
• 2 jets: PT1 > 120 GeV,  PT2 > 40 GeV
• one b-tag

‣ mass reconstruction: 
• W reconstruction from PTmiss + lepton
• top reconstruction: combine W with jets, 

take hypothesis closest to mtop 
• M(tb): combine top with remaining 

highest PT jet

W’R,L t

b

e,μ ν

b

b

‣ background reduction
• PTtop > 85 GeV 
• PT(j1+j2) > 120 GeV
• 130 < mtop < 210 GeV
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t+b Candidate Event
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t+b: Background Verification
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Verification of the W+jets 
background
‣ use 0 b-tag sample, little signal 

contamination
‣ reconstructed M(t+jet) shape well  

described by simulation, small 
differences taken as systematic 
uncertainty

Top PT spectrum
‣ original distribution not well 

described by simulation
‣ weights derived using a signal-

depleted control region (Njets ≧ 4, 
Nb-jets ≧ 2, 400 < M(tb) < 750 GeV)

‣ good agreement after reweighting
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t+b Results
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M(tb) spectrum
‣ data consistent with SM prediction for 

tt, single top, Z+jet  and W+jet events
‣ visible peaks for W’ signals for different 

mass hypothesis
‣ signal selection efficiency around 3.5%
limits
‣ σ × BR < 0.1 pb at 1 TeV
‣ σ × BR < 0.02 pb above 1.5 TeV
‣ M(W’R) > 2.03 TeV (2.09 TeV expected) 

at 95% C.L.
all-hadronic analysis
‣ difficult because of huge 

background
‣ good progress using advanced 

tagging techniques
b

top
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1 Introduction
Charged massive gauge bosons, usually called W0 , are predicted by various extensions of the
Standard Model (SM) [1–5]. One of the most promising ways to search for a W0 boson is
through the decay to third generation quarks W0 ! tb (tb + tb). This channel is important
because in many models the third generation is expected to be coupled more strongly to the
W0 than the first and second generations [6, 7]. In addition, it is easier to suppress continuum
multijet background for the decay W0 ! tb than for a generic W0 ! qq0 decay. In contrast to
W0 ! `n decays, the tb final state is, up to a quadratic ambiguity, fully reconstructable, which
means that W0 resonant mass structures may be searched for, even in the case of wider W0

resonances.

Searches in this channel have been performed at the Tevatron [8, 9] and at the LHC [10, 11].
The CMS search [10] at

p
s = 7 TeV set a limit of 1.85 TeV for W0 bosons with purely right-

handed couplings. If the W0 has left-handed couplings, interference between W0 ! tb and SM
single-top quark production via W ! tb can contribute as much as 5–20% of the total W0 rate,
depending on the W0 mass and its couplings [12]. The

p
s = 7 TeV search took this interference

effect into account and put constraints on an arbitrary set of left- and right-handed couplings
of the W0 bosons.

This note describes an update of the analysis described in Ref. [10] using data collected by the
CMS experiment [13] corresponsding to an integrated luminosity of 19.6 fb�1 at

p
s = 8 TeV.

For a 2 TeV W0 boson, the production cross-section is larger by a factor of approximately 2
at

p
s = 8 TeV compared to

p
s = 7 TeV. The integrated luminosity analyzed in this search

is larger than the
p

s = 7 TeV dataset by a factor of approximately 4. As before, we analyze
events with the final state signature of lepton (e, µ) plus jets and missing transverse energy
(Emiss

T ) from the decay chain W0 ! tb, t ! bW ! b`n, for an arbitrary combination of left- and
right-handed couplings.

2 Signal and Background Modeling
2.1 Signal Modeling

The most general, model independent, lowest order effective interaction Lagrangian of the W0

boson to SM fermions can be written as

L =
Vfi fj

2
p

2
gw f igµ

�
aR

fi fj
(1 + g5) + aL

fi fj
(1 � g5)

�
W

0µ
f j + H.c. , (1)

where aR
fi fj

, aL
fi fj

are the right- and left-handed couplings of the W0 boson to fermions fi and
f j, gw = e/(sw) is the SM weak coupling constant and Vfi fj is the CKM matrix element if the
fermion ( f ) is a quark, and Vfi fj = dij if it is a lepton, where dij is the Kronecker delta and i, j are
the generation numbers. The notations are defined such that for a so-called SM-like W0 boson
aL

fi fj
= 1 and aR

fi fj
= 0.

The signal modeling is identical to that in Ref. [10]. In order to simulate the general coupling de-
pendence we study MC samples for different cases separately [12]: samples of W0 bosons with
purely left-handed couplings, samples of W0 bosons with purely right-handed couplings, and
samples of W0 with mixed couplings. For all generated signal samples the following nomen-
clature is used:

Roman Kogler Search for heavy resonances decaying to top quarks

t+b Resonances
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Contour plots of M(W’) in the (aL, aR) plane
‣ contours where the 95% C.L. limit equals the predicted cross section 
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Threshold lepton+jet analysis
‣ selection: isolated lepton and four or more 

jets with R=0.5, one or more b-tagged jets
• reconstruct neutrino from missing 

transverse momentum
• tt-system: take solution which minimizes

𝛘2 = 𝛘2lep + 𝛘2had + 𝛘2W,had + 𝛘2pt

‣ four categories: e/μ channels, Nbtag = 1 or ≧ 2

‣ fit mtt spectrum to data, parametrisation 
validated with simulated tt events

‣ templates for various signal hypothesis, 
superposition of Gaussian kernels

‣ fits performed simultaneously for all four 
categories

‣ absence of signal validated with pseudo-
experiments 
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Boosted lepton+jet analysis

‣ 2 or more jets with PT > 150 and 50 GeV
• ak5 jets, no substructure

‣ missing transverse momentum from 
neutrino, PTmiss > 50 GeV

‣ PTmiss + PTlep > 150 GeV

‣ non-isolated lepton, PTe,μ > 35 and 45 GeV

• special selection using ΔR(lepton,jet) and 
pTrel to retain sensitivity in boosted region

• ΔR(lepton,jet) > 0.5 or pTrel > 25 GeV

• additional topological cut for the electron 
channel:
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‣ reconstruction of the tt-system 
assign jets to the leptonic or hadronic top 
candidate
• allow for final states with 2 or more jets
• assign jets to hadronic or leptonic decay 
• choose hypothesis with minimum

𝛘2 = 𝛘2lep + 𝛘2had

optimized for boosted events

• select events with 𝛘2 < 10
rejects large fraction of the W+jets 
background, while keeping the signal 
efficiency high (7-13% for 0.5-1.5 TeV) 

‣ b-tagging
split events according to number of 
b-tagged jets
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Mass Reconstruction

Spectra of the 
reconstructed mass 
of the tt-system
‣ four categories: 

e/μ, Nb-tag =0 / ≧1

‣ Dominant 
uncertainties
• variation of ren., 

fac. and matching 
scales in tt and 
W+jets samples

• PDF
• JES
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threshold

boosted

threshold

boosted

Combined low and high mass

‣ extended coverage 0.5 - 3 TeV in 
mtt through combining two analyses 

‣ threshold analysis higher sensitivity 
at < 1 TeV, boosted analysis takes 
over at ~1 TeV 

‣ narrow (wide) Z’ models excluded 
at 95% CL for masses below 2.1 
(2.7) TeV 

‣ mass limit for KK gluons: 2.5 TeV

‣ upper limit of 0.03 pb on cross 
section × BR for masses > 2 TeV 
for narrow resonances
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All-hadronic analysis
‣ 2-jet selection, CA jets with R=0.8

• PTjet > 400 GeV
• |ΔΦ| > π/2
• |Δy| < 1

‣ sensitivity of 1+1 events one order 
of magnitude better than 1+2 
events

‣ require top tag on both jets
‣ reconstruction of tt-system in fully 

merged final-states
‣ main background: QCD

• determined from data
• cross check misidentification rate 

with 1+2-type events

3

Figure 1: Top quark pair event topologies considered in the analysis.

tracking events for high-pT events.87

• A problem with the published datasets was found that led to duplicate events ( 1%88

effect). These duplicate events have been removed.89

3 Analysis Strategy90

We follow a similar analysis strategy to that described in Ref. [10], with several changes im-91

plemented due to the new running conditions. We now use an HT trigger requiring a large92

amount of energy deposited in the calorimetry, instead of a single jet trigger. The change in93

trigger selection also motivates an increase in the jet pT threshold, from 350 to 400 GeV. This94

increased pT requirement increases the efficiency of the trigger selection. In addition to the95

trigger and jet pT requirements, we implement an additional selection criteria: the two top can-96

didates are required to have a rapidity difference Dy < 1.0. This selection has been optimized97

to enhance the analysis sensitivity for large values of mtt. Finally, we noticed a problem with98

tracking reconstruction in certain event topologies, and have developed and implemented a set99

of cuts to remove these anomalous events.100

We still utilize the same two event topologies considered in the previous analysis. ‘Type 1’ top101

candidates consist of a single jet where all the decay products (the quarks from the W boson102

decay and the b quark) merge into a single jet. We use jets having a larger distance parameter,103

R = 0.8 instead of 0.5, to ensure that all decay products are captured in the same jet. Addi-104

tionally, the jets are clustered with the Cambridge-Aachen algorithm to improve substructure105

identification. ‘Type 2’ top candidates are partially merged, consisting of a single jet encom-106

passing the decays of the W boson, and an additional jet corresponding to the b quark. The107

signal region for this region includes only the ‘type 1+1’ topology. We use the ‘type 1+2’ topol-108

ogy as a control region to test our data-based background estimation procedure. The sensitivity109

of the type 1+2 channel is approximately an order of magnitude less than that of the 1+1 chan-110

nel, so removing it from the signal region will not affect the overall sensitivity of the analysis.111

The ‘type 2+2’ events, along with top candidates where all decay products correspond to sepa-112

rate jets, are not selected in this analysis, due to the desire to be in the boosted regime described113

above. Figure 1 shows the two event topologies utilized in this analysis.114

The final state of this signature consists of several high-pT jets, therefore the largest background115

will be QCD multijet production. This background is estimated using a data-derived method116

described in a following section. In addition to the QCD multijet background, we consider SM117

type 1+1 type 1+2
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Top- and W-tagging in all-
hadronic final states

‣ W-tagger: pruned CA8 jets

‣ 2 subjets, mass drop μ > 0.4

‣ CMS top tagger: 
invariant mass of subjets from CA8 jets

• robust algorithm (pile-up, 
calibration,...)

• good efficiency (~40% at high PT) 
with small mistag rate (3-7%, 
depending on PT)

‣ top tagging efficiency measurement in 
μ+jets sample

• data/MC ration of 0.93 ± 0.04

more in Emanuele 
Usai’s talk

semi-leptonic 
sample

semi-leptonic sample
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Misidentification Rate

Top-tagging mistag-rate measurement
‣ dijet event selection
‣ Invert minimum-pairwise mass requirement on one jet
→ control region with small tt contamination (subtracted)

‣ top-tagging mistag rate measured on the other jet
‣ good agreement between semi-resolved and fully merged samples, 

higher statistics at high PT when using fully merged events

q,g

q,g

anti-tag

probe

from dijet events

q,g
probe

anti-W tag
b

more in Emanuele 
Usai’s talk
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‣ mtt distribution after likelihood maximization

‣ overwhelming background from QCD dijet production (could be 
reduced using advanced b-tagging techniques on subjets)

‣ broad resonances from KK gluon excitations
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‣ dominant uncertainties: 
JES, tt normalization+shape

‣ comparable limits to the 
lepton+jets analysis for 
M > 1.5 TeV

‣ exclusion limits on narrow and 
wide Z’ and KK gluons of up 
to 2.3 TeV

17

Process Events
SM tt 507 ± 269
Non-Top Multijet 6602 ± 723
Total Background 7109 ± 771
Observed Data 6887
tt Efficiency (3.4 ± 1.7) · 10�4

Table 6: Expected numbers of background events and observed data events with mtt > 1
TeV/c2. Errors include the statistical contribution only.

general non-resonant enhancement of the mtt spectrum. As this enhancement is predicted to
arise for large values of mtt, we choose to conduct this analysis by using events with mtt > 1
TeV/c2.

This analysis is a basic counting experiment, utilizing the total number of events with mtt > 1
TeV/c2. The counting experiment assumes that the efficiency of any new physics is the same
as the efficiency for that of SM tt production. We assume the effect of the rapidity separation
cut to be the same for the new physics model as for the SM tt events. We estimate the efficiency
of SM tt events with mtt > 1 TeV/c2 to be (3.44 ± 1.72)⇥ 10�4. The reconstructed mass of the
tt system is corrected to generator-level with bin-by-bin Monte Carlo corrections, as 75± 4% of
events with reconstructed mtt > 1 TeV/c2 also have generated mtt > 1 TeV/c2.

We proceed to count the number of events with mtt > 1 TeV/c2. Table 6 shows the observed
number of data events, along with the background expectation in this analysis.

With these results, limits on the strength of any possible enhancement in the mtt spectrum are
obtained. This is done using a flat prior for the signal cross section, and log-normal priors
for the nuisance parameters: the total background estimate, the luminosity, and the signal
efficiency. The systematic uncertainties described above are also used for this result. The limit
is expressed as a ratio to the SM tt cross section for mtt > 1 TeV/c2:

S =

R
Mtt>1TeV/c2

dsSM+NP
dMtt

dMtt
R

Mtt>1TeV/c2
dsSM
dMtt

dMtt
.

The results that we obtain with the current analysis are

S < 1.79

at the 95% CL, with an expected value of S < 2.29 and credible intervals of 1.61–3.28 at 68%
CL and 1.27–4.98 at 95% CL.

10 Summary

A search for new physics using boosted top quark pairs was performed. This analysis relies
on several jet substructure tools, including jet pruning and top-tagging algorithms, to identify
the specific event signatures. Using the mtt distribution, limits on RS KK gluon, wide Z0, and
narrow Z0 production for masses between 1 and 3 TeV/c2 are obtained. After analyzing 19.6
fb�1of integrated luminosity corresponding to CMS proton-proton collision data collected atp

s = 8 TeV, we exclude RS KK gluons with masses below 1.8 TeV/c2, and exclude cross sec-
tions of 33 (81) fb, at the 95% CL, for a Z0 model with a mass of 2.5 TeV/c2 and resonance width

Enhancement analysis:
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Process Events
SM tt 507 ± 269
Non-Top Multijet 6602 ± 723
Total Background 7109 ± 771
Observed Data 6887
tt Efficiency (3.4 ± 1.7) · 10�4

Table 6: Expected numbers of background events and observed data events with mtt > 1
TeV/c2. Errors include the statistical contribution only.

general non-resonant enhancement of the mtt spectrum. As this enhancement is predicted to
arise for large values of mtt, we choose to conduct this analysis by using events with mtt > 1
TeV/c2.

This analysis is a basic counting experiment, utilizing the total number of events with mtt > 1
TeV/c2. The counting experiment assumes that the efficiency of any new physics is the same
as the efficiency for that of SM tt production. We assume the effect of the rapidity separation
cut to be the same for the new physics model as for the SM tt events. We estimate the efficiency
of SM tt events with mtt > 1 TeV/c2 to be (3.44 ± 1.72)⇥ 10�4. The reconstructed mass of the
tt system is corrected to generator-level with bin-by-bin Monte Carlo corrections, as 75± 4% of
events with reconstructed mtt > 1 TeV/c2 also have generated mtt > 1 TeV/c2.

We proceed to count the number of events with mtt > 1 TeV/c2. Table 6 shows the observed
number of data events, along with the background expectation in this analysis.

With these results, limits on the strength of any possible enhancement in the mtt spectrum are
obtained. This is done using a flat prior for the signal cross section, and log-normal priors
for the nuisance parameters: the total background estimate, the luminosity, and the signal
efficiency. The systematic uncertainties described above are also used for this result. The limit
is expressed as a ratio to the SM tt cross section for mtt > 1 TeV/c2:

S =

R
Mtt>1TeV/c2

dsSM+NP
dMtt

dMtt
R

Mtt>1TeV/c2
dsSM
dMtt

dMtt
.

The results that we obtain with the current analysis are

S < 1.79

at the 95% CL, with an expected value of S < 2.29 and credible intervals of 1.61–3.28 at 68%
CL and 1.27–4.98 at 95% CL.

10 Summary

A search for new physics using boosted top quark pairs was performed. This analysis relies
on several jet substructure tools, including jet pruning and top-tagging algorithms, to identify
the specific event signatures. Using the mtt distribution, limits on RS KK gluon, wide Z0, and
narrow Z0 production for masses between 1 and 3 TeV/c2 are obtained. After analyzing 19.6
fb�1of integrated luminosity corresponding to CMS proton-proton collision data collected atp

s = 8 TeV, we exclude RS KK gluons with masses below 1.8 TeV/c2, and exclude cross sec-
tions of 33 (81) fb, at the 95% CL, for a Z0 model with a mass of 2.5 TeV/c2 and resonance width

with

derive constraints on a general 
enhancement in the invariant mtt 
spectrum: S < 1.79 at 95% C.L.
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Searches for resonances decaying to 
top quarks
‣ exciting possibility to explore 

many new physics models
‣ very rich final states

Excellent performance of CMS
‣ analyses being released using 

the full 8 TeV data
‣ no signals so far, but new limits in so far 

unexplored regions

Boosted topologies
‣ higher mass regions accessible
‣ increasing importance for 13 and 14 TeV runs

all-hadronic tt candidate 
event recorded by CMS
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6 8 Limit Calculation

is known to a precision of 4.4% [43]. All jet energies are corrected by standard CMS jet energy
calibration constants [39]. We generate the Mt+g distribution for values of the jet energy scaled
by ±1 standard deviation of the h- and pT-dependent scale uncertainties from Ref. [39]. The
energy resolution of jets is better in simulation than in data [39]. Therefore, an h-dependent
smearing of 5–12% is applied to the simulated jets to match the resolution of the detector. We
account for the uncertainty related to this by generating the Mt+g distribution after adjusting
the smearing by ±1 standard deviation (6–20% depending on h).

Further sources of experimental uncertainty include trigger efficiencies and lepton identifica-
tion correction factors that are all obtained from data. The systematic uncertainty in the b-
tagging efficiency is estimated by varying, one-by-one, the efficiency of tagging jets (from b- or
c-jets) and the mis-tag rate (from light-flavor jets) by ±1 standard deviation [40, 41]. The sys-
tematic uncertainty due to the modeling of pileup events is checked by varying the average
number of pile-up events by ±4.4%.

We estimate the effect of theoretical uncertainties from the PDFs by varying the CTEQ PDF
parameters within their stated uncertainties and measuring the effect on the simulated sam-
ple acceptance [44]. For the signal region with six-or-more jets, adjusting the Q2 scale has a
negligible effect on the signal.

We include further the uncertainty due to the finite size of the simulated samples. Table 1
quantifies the uncertainty in the signal normalization from each of the above sources.

Table 1: Systematic uncertainties on the normalization of the signal templates.
Source Muon Channel Electron Channel
Luminosity 4.4% 4.4%
JES 2.3–3.9% 2.2–4.1%
JER 0.1–0.6% 0.1–0.8%
Trigger Efficiency 1.0% 1.0%
Lepton Efficiency 0.9–1.3% 0.04%
b-tag SF 0.6–1.5% 0.8–1.4%
Pileup 0.02–0.7% 0.02–0.4%
PDF 0.3–1.9% 1.3–1.9%
MC Statistics 1.9% 2.0%

8 Limit Calculation

We examine the top plus jet mass spectrum for signs of a t⇤ quark resonance and compute an
upper bound on the t⇤t⇤ production cross section using Bayesian statistics [45]. We use a uni-
form prior for the positive signal cross section and zero otherwise. The systematic uncertainties
on the signal are modeled by nuisance parameters with log-normal priors. The background
function plus signal template are used in a fit to the data using the negative log likelihood as
a test statistic. The uncertainty on the background shape is incorporated by marginalizing the
background-fit parameters using uniform priors. The integration is performed over a suffi-
ciently large range around the best-fit values such that the results are found to be stable. To
combine the results from the µ+jets and e+jets channels, we multiply the likelihoods from the
two channels together. Expected limits are obtained by generating pseudo-data from the back-
ground fit function (using the best fit parameters excluding the signal) and repeating the above
calculations.
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Figure 1: The reconstructed top+gluon mass spectrum for data (points) along with the back-
ground fit to the data (curve), and signal distribution (histogram) in the µ+jets (left) and
e+jets (right) channels. The reconstructed masses are those of the jet-quark assignment with
the smallest c2 value for each event.

6 Background Estimation

We use a data-driven method to estimate the background contribution to the signal region. We
model the background from standard model sources using a Fermi-like function:

f (x) =
a

1 + e
x�b

c
, (4)

where x represents the reconstructed mass and a, b, and c are parameters that are determined
by a fit to the data. The t⇤-signal distribution is modeled using simulated samples. Figure 1
shows the fit to the reconstructed top+gluon mass distribution using Eq. 4.

We fit the background function plus the signal model to the reconstructed mass spectrum ob-
served in data above a mass of 350 GeV/c2 (the function describes the tail of the background
distribution, not the peak at low mass). The three parameters of the background function and
the signal cross section are allowed to float during the maximum likelihood fit.

7 Systematic Uncertainties

Systematic uncertainties influence the signal and background predictions for the Mt+g distri-
bution that are used to test whether the observed events are consistent with the signal-plus-
background or the background-only hypotheses. The dominant sources of systematic uncer-
tainties that are considered are described below.

The uncertainty on the background shape is estimated from the uncertainties on the back-
ground fit parameters (a, b, c).

Given that the signal shape is based on simulation, we consider it to be affected by both ex-
perimental and theoretical uncertainties. For each source, we adjust the relevant parameters
in the simulation and create an alternate signal template. We take the relative difference of the
alternate template with respect to the nominal shape, as parametrized by a constant function,
as the estimate of the magnitude of the uncertainty.

Experimentally, the signal may be affected by a number of sources. The integrated luminosity

Roman Kogler Search for heavy resonances decaying to top quarks
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Uncertainties on the expected signal:

Uncertainties on the background shape: uncertainties of the fit parameters 
a, b, c
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tt Resonances (Low Mass)

tt-resonances: zoom-in of the obtained limits in the low-mass regime by 
the threshold analysis
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tt Resonances (High Mass)

Reconstructed mass of the leptonic (left) and hadronic (right) top 
quark decay, after the full selection
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tt Resonances: all-hadronic

semi-leptonic 
sample

Top-tagging efficiency measurement:
‣ semi-leptonic control sample with one b-tagged jet
‣ determine efficiency and subjet scale factor for data 

and simulation
‣ good agreement found, ratio between data and 

simulation is 0.926 ± 0.039, applied as scale factor 
to tt and signal MCs

semi-leptonic 
sample

q,g
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Process tt NTMJ RS KK gluon
Mass (TeV/c2) 1 1.5 2 2.5 3

Systematic Source Variation Effect of Systematic
Trigger Efficiency 2 2 2 2 2 2 2
Jet Energy Scale ⇠ ±5 +11
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Jet Energy Resolution f (h) �1.0
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�0.2
+0.3

�0.4
+0.4

�0.4
+0.3

Luminosity ±4.4 4.4 4.4 4.4 4.4 4.4 4.4
Top Tagging Scale Factor 85.7 ± 7.8 8.4 8.4 8.4 8.4 8.4 8.4
NTMJ Determination See Text 4.9
NTMJ Closure Test See Text +10.8

�8.7
tt Cross Section ±50 50

Process Z’ (1% Width) Z’ (10% Width)
Mass (TeV/c2) 1 1.5 2 3 1 1.5 2 3

Systematic Source Variation Effect of Systematic
Trigger Efficiency 2 2 2 2 2 2 2 2 2
Jet Energy Scale ⇠ ±5 +23
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tt Cross Section ±50

Table 2: Systematic uncertainties applied to the analysis. All values are in percent and symmetric unless otherwise indicated. Normalization
uncertainties due to the measurement of luminosity are estimated according to Ref. [40]
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tt Resonances: all-hadronic
Systematic uncertainties:
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Table 2: Systematic uncertainties applied to the analysis. All values are in percent and symmetric unless otherwise indicated. Normalization
uncertainties due to the measurement of luminosity are estimated according to Ref. [40]


