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1
1.1

1.2

1.3

1.4

Change Log
AN v8 summary

Dataset: JetHT 03Feb2017 ReminiAOD

JSON: Final 23Sep2016ReReco

MC: RunlISummer16MiniAODv2-PUMoriond17
JEC: Summer16 23Sep2016 V4

JER: Spring16 25nsV10

Subjet b-tag: subjet_ CSVv2_Moriond17_B_H.csv
Top pt reweighting

AN v8 changes with respect to v7
Added 6, 6.5, and 7 TeV Z’ (1%, 10%, and 30% width) mass points.

AN v7 changes with respect to v6

Updated dijet mass distributions and event yields to include closure test uncertain-
ties

AN v6 changes with respect to v5

Fully unblinded the analysis.

Performed QCD closure test.

Added QCD closure systematic.

Included NTMJ modmass and closure shape template plots.

Included narrow Z’ limits separated by b-tag category.

Added data/MC comparison plot of b-tag discriminant after top-tagging.

AN v5 changes with respect to v3

Simplified 1D trigger efficiency plots. Added HT cut to the plot of trigger efficiency
vs dijet mass. Added 2D trigger efficiency plots.

Added 4.5 and 5 TeV mass points for RS KK Gluon

Add 3 TeV extra-wide Z’ mass point.

Added correct 2 TeV narrow Z’ mass point.
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1.6 AN v3 changes with respect to v2 3

e Using tt and Z’ b-tag efficiencies for respective MC samples.
e Separated b-tag SF systematic uncertainties into b/c-jet and light jet systematics.
e Added partially-blinded limit plots.

1.6 AN v3 changes with respect to v2

e Changed trigger plots to show 1D efficiency. Added a plot of trigger efficiency vs
dijet mass.

e Added discovery significance plots.

e Added expected limits for all signal models, now with all systematics included.
e Extra wide Z’ limits

e Added 4.5 and 5 TeV Z’ mass points and theory cross sections.

e Updated b-tag rate measurement to use PUPPI CSVv2 scores.

e Updated b-tagging scale factor application to consider both subjets, instead of just
the subjet with the leading CSVv2 score.

e Added tt and Z’ b-tag efficiency plots.

2 Introduction

Many models of new physics predict new particles which have enhanced couplings to the third
generation of the Standard Model (SM) [1-9]. Of these, certain models motivate the existence
of new heavy resonances that decay to top quark anti-top quark pairs, such as Z’ gauge bosons
and Randall-Sundrum Kaluza Klein gluons [10-14]. In the analysis described here, we search
for heavy resonances in the top anti-top quark pair (tt) invariant mass spectrum (1) to test
for the presence of different new physics models. We test for generic leptophobic topcolor
models, with the associated resonance labeled as Z/, as well as more specific models, such as
Randall-Sundrum Kaluza-Klein gluon production.

Past limits have been set for such resonances, with masses below 900 GeV, by the CDF and
DO experiments at the Tevatron [15, 16]. At the LHC, the CMS and ATLAS experiments have
continued to set limits for heavy resonances decaying to tt. To do so, the experiments have used
data from proton-proton collisions at center of mass energies of 7 and 8 TeV to set increasingly
strict limits on resonances above 1 TeV [17-24]. The analyses are categorized by the decay
modes of the top anti-top pair, with each top decaying into a b quark and W boson, the W
subsequently decaying into leptons or a “jet” of hadrons. Most recently, CMS and ATLAS have
released tt resonance limits, using data from the first year (2015) of 13 TeV collisions at the LHC
[25, 26]. In 2016 the CMS experiment recorded an order of magnitude larger dataset and can
now perform a more sensitive search than the 2015 analysis.

In the high mass ranges accessible by the LHC at /s = 13 TeV, the event topology of tt produc-
tion requires special techniques. For example, Z’ masses of > 1 TeV decaying to tt, the produced
top quarks will be highly boosted and the subsequent t—Wb decays may merge together. We
utilize special reconstruction techniques to identify these boosted top quarks.

We consider the topology in which the hadronically decaying top decay products are fully
merged into a single jet. For this decay topology, we use a special “top tagging” algorithm built
on identifying substructure within single jets. The tagger used in this analysis is optimized
for tops with large boost (pr > 400) and is known as the CMS Top Tagger (V2). This algo-
rithm relies on soft-drop grooming, the N-subjettiness jet shape variable, and subjet b-tagging
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4 4 Samples

algorithms to identify top jets. For the first time this analysis now utilizes Pileup Per Particle
Identification (PUPPI) before calculating top-tagging variables [27]. PUPPI greatly reduces the
effects of pileup on top-tagging performance.

The analysis utilizes the differences in the invariant mass spectrum of the tt pairs (M) from
resonant production and non-resonant SM production in order to search for new resonances.
The dominant background from non-top multijet backgrounds (NTM]J) is estimated from data.

We present an update to three existing CMS searches (v/s = 7 TeV[17], /s = 8 TeV[21], /s = 13
TeV[28]). The updated search uses the 2016 13 TeV dataset, corresponding to an integrated
luminosity of 36 fb~!, with new PUPPI top tagging tools.

3 Analysis Strategy

We use essentially the same analysis strategy used in the previous iteration of this analysis [28],
with the addition of PUPPI top-tagging variables used to identify boosted top quark decays.
We consider events in the ‘type 1+1” topology, where a ‘type 1” top candidate consists of a sin-
gle jet containing all the decay products from the top quark. Again we use large jets to capture
these decay products more efficiently. The CMS Top Tagger V2 (CMSTT V2) uses anti—kT jets
with a distance parameter of R = 0.8. The CMSTT V2 algorithm utilizes soft drop grooming
and N—subjettiness, a jet shape variable which determines how consistent a jet is with hav-
ing N or fewer subjets, in order to identify top jets and reject QCD multijet background. The
multijet background is further reduced by utilizing subjet b-tagging. We divide events into
categories based on the number of jets containing subjets consistent with a b-quark.

The dominant background for this analysis, where the selection consists of dijet events, is mul-
tijet events originating from non-top QCD interactions (non-top multijet, i.e., NTM]). This back-
ground is estimated using a top-tag mistag rate measured using a control region in data. This
mistag rate is then applied to data events to estimate the NTM] background in the signal region.
In the most sensitive signal regions, the dominant background is standard model tt production,
which is estimated using simulated events. We validate our background model, and proceed
to test for the presence of several different signal hypotheses, including both narrow, wide,
and extra wide (1%, 10%, and 30% widths, respectively) Z’' samples, and Randall-Sundrum
Kaluza-Klein gluon models.

4 Samples

4.1 Data Samples

We use data collected in 2016 during Run 2 of the LHC, for which the center-of-mass energy
was /s = 13 TeV. We use the JetHT primary dataset, as we are interested in events with a large
hadronic activity. We use the final ReReco data certification JSON file

Cert_271036-284044_13TeV_23Sep2016ReReco_Collisionsl6_JSON

corresponding to an integrated luminosity of 36 fb~!. The datasets used are summarized in
Table 1, and are reconstructed with CMSSW version 8.0.X.
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Dataset
/JetHT/Run2016B-03Feb2017_ver2-v2/MINIAOD
/JetHT/Run2016C-03Feb2017-v1/MINIAOD
/JetHT/Run2016D-03Feb2017-v1/MINIAOD
/JetHT/Run2016E-03Feb2017-v1/MINIAOD
/JetHT/Run2016F-03Feb2017-v1/MINIAOD
/JetHT/Run2016G-03Feb2017-v1/MINIAOD
/JetHT/Run2016H-03Feb2017_ver2-v1/MINIAOD
/JetHT/Run2016H-03Feb2017_ver3-v1/MINIAOD

Table 1: Data samples used in the analysis.

19 4.2 Simulated Background Samples

160 We use samples of simulated events to estimate our background from SM continuum tt events.
161 These samples were generated with POWHEG interfaced to PYTHIA 8, and we use a cross section
12 of oz = 831.76 pb for normalization [29] to determine the expected number of events. The tt
s sample used is inclusive in the top decay products. The tt samples used in this analysis are
164 listed in Table 2.

15 A data driven method is used to estimate the non-top multijet (NTMJ) background in the anal-
166 ysis, while simulated QCD Monte Carlo events are used to test our analysis methods and to
167 test the closure of the NTM]J background estimate technique. We consider both QCD Monte
1es  Carlo simulated with MADGRAPH and showered with PYTHIA 8 (Table 3) and QCD Monte
s Carlo simulated and showered with PYTHIA 8 (Table 4 ). While both samples are used for the
170 closure tests and kinematic plots in Appendix A, Figs. 8 — 13 are plotted using the latter QCD
171 sample, as it is found to better model the data.

2 4.3 Simulated Signal Samples

173 Table 5 lists Z” samples with widths set to 1% of the mass of the Z’, Table 6 lists Z’ samples with
17+ widths set to 10% of the mass of the Z’, Table 7 lists Z’ samples with widths set to 30% of the
175 mass of the Z’, and Table 8 lists Randal-Sundrum Gluon samples with widths approximately
176 17% of the mass of the RS Gluon. We use samples generated as part of the "RunlISummer16”
177 campaign, generated using CMSSW version 8.0.X. The samples have a bunch spacing of 25 ns,
176 and use the miniAODv2 data format. We use mass points between 1 and 5 TeV, in increments
179 of 500 GeV.

10 4.4 Pileup reweighting

181 The samples used are simulated for the scenario with 25 ns bunch spacing and a pileup scenario

1.2 which approximates the 2016 data-taking conditions (mix_2016_25ns_Moriond1l7MC_PoissonOOTPU).
183 The simulated signal and background events are reweighed to accurately model the pileup

1e« conditions in data, using a minimum bias cross section of 69.2 mb (£ 4.6%) (Fig. 1) [30].



4 Samples

Sample Dataset Events ¢ (pb), NNLO

tt /TT_TuneCUETP8M2T4_13TeV-powheg-pythia8 77229341 831.76
/RunIISummerl6MiniAODv2-PUMoriondl7_80X_mcRun2_asymptotic_2016_TrancheIV_v6-v1/MINIAODSIM

77709140 831.76

tt extension

/TT_TuneCUETP8M2T4_13TeV-powheg-pythia8
/RunIISummerl6MiniAODv2-PUMoriondl7_backup_80X_mcRun2_asymptotic_2016_TrancheIV_v6-v1/MINIAODSIM

Table 2: Standard model background simulated samples
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4 Samples

Sample Dataset Events ¢ (pb), LO
QCD Pythia8 pr € [300,470] /QCD_Pt_300t0470_TuneCUETP8M1_13TeV_pythia8 4150588 7823
/RunIISpringl6MiniAODv2-PUSpringl 6RAWAODSIM_reHLT_80X_mcRun2_asymptotic_v14-v1/MINIAODSIM
QCD Pythia8 pr € [300,470] /QCD_Pt_300t0470_TuneCUETP8MI_13TeV_pythia8 15282856 7823
/RunIISummerlé6MiniAODv2-PUMoriondl7_80X_mcRun2_asymptotic_2016_TranchelV_v6_extl-v1/MINIAODSIM

QCD Pythia8 pr € [470,600] /QCD_Pt_470t0600_TuneCUETP8M1_13TeV_pythia8 3959986 648.2
/RunIISummerl6MiniAODv2-PUMoriondl7_80X_mcRun2_asymptotic_2016_TrancheIV_v6-v1/MINIAODSIM

QCD Pythia8 pr € [470,600] /QCD_Pt_470t0600_TuneCUETP8M1_13TeV_pythia8 15458074 648.2
/RunIISummerl6MiniAODv2-PUMoriondl7_backup_80X_mcRun2_asymptotic_2016_TrancheIV_v6-v1/MINIAODSIM

QCD Pythia8 pr € [600,800] /QCD_Pt_600t0800_TuneCUETP8MI_13TeV_pythia8 3896412 186.9
/RunIISummerléMiniAODv2-PUMoriondl7_80X_mcRun2_asymptotic_2016_TranchelIV_v6-v1/MINIAODSIM

QCD Pythia8 pr € [600,800] /QCD_Pt_600t0800_TuneCUETP8M1_13TeV_pythia8 9622896 186.9
/RunIISummerl6MiniAODv2-PUMoriondl7_80X_mcRun2_asymptotic_2016_TrancheIV_v6_extl-v1/MINIAODSIM

QCD Pythia8 pr < [800,1000] /QCD_Pt_800t01000_TuneCUETP8M1_13TeV_pythia8 3992112 32.293
/RunIISummerl6MiniAODv2-PUMoriondl7_80X_mcRun2_asymptotic_2016_TrancheIV_v6-v1/MINIAODSIM

QCD Pythia8 pr € [800,1000] /QCD_Pt_800t01000_TuneCUETP8M1_13TeV_pythias 15194720 32.293
/RunIISummerléMiniAODv2-PUMoriondl7_80X_mcRun2_asymptotic_2016_TranchelV_v6_extl-v1/MINIAODSIM

QCD Pythia8 pr € [1000,1400]  /ocp_Pt_1000t01400_TuneCUETP8ML_13TeV_pythia8 2999069 9.4183
/RunIISummerl6MiniAODv2-PUMoriondl7_80X_mcRun2_asymptotic_2016_TrancheIV_v6-v1/MINIAODSIM

QCD Pythia8 pr € [1000,1400]  /ocp_Pt_1000t01400_TuneCUETP8ML_13TeV_pythia 6229840 9.4183
/RunIISummerl6MiniAODv2-PUMoriondl7_80X_mcRun2_asymptotic_2016_TrancheIV_vé6_extl-v1/MINIAODSIM

QCD Pythia8 pr € [1400,1800]  /ocD_Pt_1400t01800_TuneCUETP8M1_13TeV_pythia8 396409 0.84265
/RunIISummerléMiniAODv2-PUMoriondl7_80X_mcRun2_asymptotic_2016_TranchelIV_v6-v1/MINIAODSIM

QCD Pythia8 pr € [1400,1800]  /ocp_pt_1400t01800_TuneCUETP8ML_13TeV_pythia8 2304684 0.84265
/RunIISummerl6MiniAODv2-PUMoriondl7_80X_mcRun2_asymptotic_2016_TrancheIV_v6_extl-v1/MINIAODSIM

QCD Pythia8 pr € [1800,2400]  /ocp_pt_1800t02400_TuneCUETP8ML_13TeV_pythia8 397660 0.12163
/RunIISummerl6MiniAODv2-PUMoriondl7_80X_mcRun2_asymptotic_2016_TrancheIV_v6-v1/MINIAODSIM

QCD Pythia8 pr € [1800,2400]  /ocD_Pt_1800t02400_TuneCUETP8M1_13TeV_pythia8 1552064 0.12163
/RunIISummerléMiniAODv2-PUMoriondl7_80X_mcRun2_asymptotic_2016_TranchelIV_v6_extl-v1/MINIAODSIM

QCD Pythia8 pr € [2400,3200]  /ocp_Pt_2400t03200_TuneCUETP8ML_13TeV_pythia8 399226 0.00682981
/RunIISummerl6MiniAODv2-PUMoriondl7_80X_mcRun2_asymptotic_2016_TrancheIV_v6-v1/MINIAODSIM

QCD Pythia8 pr € [2400,3200]  /ocp_pt_2400t03200_TuneCUETP8ML_13TeV_pythias 596904 0.00682981
/RunIISummerl6MiniAODv2-PUMoriondl7_80X_mcRun2_asymptotic_2016_TrancheIV_v6_extl-v1/MINIAODSIM

QCD Pythia8 pr € [3200,Inf] /QCD_Pt_3200toInf_TuneCUETP8M1_13TeV_pythia8 391735 0.000165445

/RunIISummerléMiniAODv2-PUMoriondl7_80X_mcRun2_asymptotic_2016_TranchelV_v6-v3/MINIAODSIM

Table 4: Standard model background simulated samples



Sample Dataset Events ¢ (pb), NLO

Z’ 1 TeV mass, 1% width /ZprimeToTTM-1000_W-10_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 103785 4.505
RunIISummerl6MiniAODv2-PUMoriondl7-80X_mcRun2_asymptotic_.2016_-TrancheIV_v6-vl

7’ 1.25 TeV mass, 1% width  /ZprimeToTT M-1250_W-12p5_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 102833 1.809
RunIISummerl6MiniAODv2-PUMoriondl7_80X_mcRun2_asymptotic_.2016_-TrancheIV_v6-vl

7’ 1.5 TeV mass, 1% width /ZprimeToTT M-1500_W-15_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 99690 0.814
RunIISummerl6MiniAODv2-PUMoriondl7_80X_mcRun2_asymptotic_2016_-TrancheIV_v6-vl

7’ 2 TeV mass, 1% width /ZprimeToTT M-2000_W-20_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 91900 0.206
RunIISummerl6MiniAODv2-PUMoriondl7.80X_mcRun2_asymptotic_2016_TrancheIV_v6-vl

Z’ 2.5 TeV mass, 1% width /ZprimeToTTM-2500_W-25_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 100288 0.0617
RunIISummerl6MiniAODv2-PUMoriondl7_80X_mcRun2_asymptotic_2016_-TrancheIV_v6-vl

Z’ 3 TeV mass, 1% width /ZprimeToTT M-3000_W-30_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 91004 0.0206
RunIISummerl6MiniAODv2-PUMoriondl7_80X_.mcRun2_asymptotic_2016_TrancheIV_vé6-vl

Z’ 3.5 TeV mass, 1% width /ZprimeToTT-M-3500_W-35_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 91004 0.00735
RunIISummerl6MiniAODv2-PUMoriondl7_80X_.mcRun2_asymptotic_2016_TrancheIV_vé6-vl

Z’ 4 TeV mass, 1% width /ZprimeToTT-M-4000_W-40_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 107914 0.00276
RunIISummerl6MiniAODv2-PUMoriondl7-80X.mcRun2_asymptotic-2016_-TrancheIV_v6-vl

Z’ 4.5 TeV mass, 1% width /ZprimeToTT-M-4500_W-45_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 100306 0.00109
RunIISummerl6MiniAODv2-PUMoriondl7-80X.mcRun2_asymptotic-2016_-TrancheIV_v6-vl

Z’ 5 TeV mass, 1% width /ZprimeToTT-M-5000_W-50_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 112042 0.000458
RunIISummerl6MiniAODv2-PUMoriondl7-80X.mcRun2_asymptotic-2016_-TrancheIV_v6-vl

7’ 6 TeV mass, 1% width /ZprimeToTT-M-6000_W-60_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 101612 0.000103
RunIISummerl6MiniAODv2-PUMoriondl7-80X.mcRun2_asymptotic_-2016_-TrancheIV_v6-vl

7’ 6.5 TeV mass, 1% width /ZprimeToTT M-6500_W-65_-TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 99576 0.0000572
RunIISummerl6MiniAODv2-PUMoriondl7-80X.mcRun2_asymptotic_-2016_-TrancheIV_vé6-vl

7! 7 TeV mass, 1% width /ZprimeToTT M-7000_W-70_-TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 96206 0.0000349

Table 5: Signal Monte Carlo samples used in the analysis, for the Z" samples of 1% widths.

RunIISummerl6MiniAODv2-PUMoriondl7_80X_mcRun2_asymptotic.2016_-TrancheIV_v6-vl

Bunybiemeal dnajid '
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Sample Dataset Events ¢ (pb), NLO

Z’ 1 TeV mass, 10% width /ZprimeToTT-M-1000_W-100_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 101056 44.853
RunIISummerl6MiniAODv2-PUMoriondl7-80XmcRun2_asymptotic_-2016_-TranchelIV_v6-vl

Z’ 1.25 TeV mass, 10% width  /ZprimeToTT M-1250_-W-125_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 96845 18.374
RunIISummerl6MiniAODv2-PUMoriondl7-80XmcRun2_asymptotic_2016_-TrancheIV_v6-vl

Z’ 1.5 TeV mass, 10% width /ZprimeToTT-M-1500_W-150_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 111108 8.476
RunIISummerl6MiniAODv2-PUMoriondl7-80XmcRun2_asymptotic_-2016_-TrancheIV_v6-vl

Z’ 2 TeV mass, 10% width /ZprimeToTT-M-2000_W-200_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 104119 2.262
RunIISummerl6MiniAODv2-PUMoriondl7-80XmcRun2_asymptotic_2016_-TrancheIV_v6-vl

7’ 2.5 TeV mass, 10% width /ZprimeToTT-M-2500_W-250_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 96077 0.734
RunIISummerl6MiniAODv2-PUMoriondl7-80XmcRun2_asymptotic_2016_-TrancheIV_v6-vl

7’ 3 TeV mass, 10% width /ZprimeToTTM-3000_W-300_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 189164 0.273
RunIISummerl6MiniAODv2-PUMoriondl7-80XmcRun2_asymptotic_2016_-TrancheIV_v6-vl

7’ 3.5 TeV mass, 10% width /ZprimeToTTM-3500_W-350_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 101022 0.113
RunIISummerl6MiniAODv2-PUMoriondl7_80X mcRun2_asymptotic_2016_TrancheIV_.v6-vl

7’ 4 TeV mass, 10% width /ZprimeToTT-M-4000_W-400_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 102411 0.0516
RunIISummerl6MiniAODv2-PUMoriondl7_80X_mcRun2_asymptotic.2016_TrancheIV_.v6-vl

Z’ 4.5 TeV mass, 10% width /ZprimeToTTM-4500_W-450_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 84504 0.0259
RunIISummerl6MiniAODv2-PUMoriondl7.80X.mcRun2_asymptotic_-2016_TranchelIV_v6-vl

Z’ 5 TeV mass, 10% width /ZprimeToTT-M-5000_W-500_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 107156 0.0143
RunIISummerl6MiniAODv2-PUMoriondl7.80X.mcRun2_asymptotic_2016_TranchelIV_v6-vl

7’ 6 TeV mass, 10% width /ZprimeToTTM-6000_W-600_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 96244 0.00550
RunIISummerl6MiniAODv2-PUMoriondl7.80X.mcRun2_asymptotic_-2016_TranchelIV_v6-vl

Z’ 6.5 TeV mass, 10% width /ZprimeToTT M-6500_W-650_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 98990 0.00374
RunIISummerl6MiniAODv2-PUMoriondl7.80X mcRun2_asymptotic-2016_TranchelIV_v6-vl

Z’ 7 TeV mass, 10% width /ZprimeToTTM-7000_W-700_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 98614 0.00266

Table 6: Signal Monte Carlo samples used in the analysis, for the Z’ samples of 10% widths.

RunIISummerl6MiniAODv2-PUMoriondl7.80X mcRun2_asymptotic_2016_TranchelIV_v6-vl



Sample Dataset Events ¢ (pb), NLO

Z’ 1 TeV mass, 30% width /ZprimeToTTM-1000_W-300_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 79477 129.361
RunIISummerl6MiniAODv2-PUMoriondl7_80X_mcRun2_asymptotic_2016_TrancheIV_v6-vl

Z’ 2 TeV mass, 30% width /ZprimeToTTM-2000_W-600_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 114009 7.742
RunIISummerl6MiniAODv2-PUMoriondl7_80XmcRun2_asymptotic_2016_-TrancheIV_v6-vl

Z’ 4 TeV mass, 30% width /ZprimeToTT M-4000_W-1200_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 88039 0.289
RunIISummerl6MiniAODv2-PUMoriondl7_80X_.mcRun2_asymptotic_2016_TrancheIV_vé6-vl

Z’ 5 TeV mass, 30% width /ZprimeToTT-M-5000_W-1500_-TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 91038 0.0996
RunIISummerl6MiniAODv2-PUMoriondl7_80X_.mcRun2_asymptotic_2016_TrancheIV_vé6-vl

Z’ 6 TeV mass, 30% width /ZprimeToTTM-6000_-W-1800-TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 89335 0.0434
RunIISummerl6MiniAODv2-PUMoriondl7-80X.mcRun2_asymptotic-2016_-TrancheIV_v6-vl

Z’ 6.5 TeV mass, 30% width  /ZprimeToTTM-6500-W-1950_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 93070 0.0305
RunIISummerl6MiniAODv2-PUMoriondl7-80X.mcRun2_asymptotic-2016_-TrancheIV_v6-vl

Z’ 7 TeV mass, 30% width /ZprimeToTTM-7000_W-2100_-TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 96406 0.0221

Table 7: Signal Monte Carlo samples used in the analysis, for the Z” samples of 30% widths.

RunIISummerl6MiniAODv2-PUMoriondl7-80X.mcRun2_asymptotic-2016_-TrancheIV_v6-vl

Bunybiemeal dnajid '
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Sample Dataset Events ¢ (pb),LO x 1.3

RSG 1 TeV, ~17% width /RSGluonToTT-M-1000_-TuneCUETP8M1.13TeV-pythia8/ 98560 20.05 x 1.3
RunIISummerl6MiniAODv2-PUMoriondl7-80X.mcRun2_asymptotic-2016_-TrancheIV_v6-vl

RSG 1.25 TeV, ~17% width ~ /RSGluonToTT-M-1250_-TuneCUETP8M1_13TeV-pythia8/ 100000 792 x 1.3
RunIISummerl6MiniAODv2-PUMoriondl7-80X.mcRun2_asymptotic-2016_-TrancheIV_v6-vl

RSG 1.5 TeV, ~17% width /RSGluonToTT-M-1500_-TuneCUETP8M1_13TeV-pythia8/ 100000 3519 x 1.3
RunIISummerl6MiniAODv2-PUMoriondl7-80X.mcRun2_asymptotic-2016_-TrancheIV_v6-vl

RSG 2 TeV, ~17% width /RSGluonToTT-M-2000_-TuneCUETP8M1.13TeV-pythia8/ 100000 0.9528 x 1.3
RunIISummerl6MiniAODv2-PUMoriondl7-80X.mcRun2_asymptotic_-2016_-TrancheIV_vé6-vl

RSG 2.5 TeV, ~17% width /RSGluonToTT M-2500_TuneCUETP8M1.13TeV-pythia8/ 100000 0.3136 x 1.3
RunIISummerl6MiniAODv2-PUMoriondl7-80X_.mcRun2_asymptotic_-2016_-TrancheIV_vé6-vl

RSG 3 TeV, ~17% width /RSGluonToTT M-3000_-TuneCUETP8M1_13TeV-pythia8/ 99755 0.1289 x 1.3
RunIISummerl6MiniAODv2-PUMoriondl7-80X_.mcRun2_asymptotic-2016_-TrancheIV_vé6-vl

RSG 3.5 TeV, ~17% width /RSGluonToTTM-3500_TuneCUETP8M1_13TeV-pythia8/ 99508 0.05452 x 1.3
RunIISummerl6MiniAODv2-PUMoriondl7_80X_mcRun2_asymptotic_2016_TrancheIV_v6-vl

RSG 4 TeV, ~17% width /RSGluonToTTM-4000-TuneCUETP8M1.13TeV-pythia8/ 99136 0.02807 x 1.3

RunIISummerlé6MiniAODv2-PUMoriondl7.80X_mcRun2_asymptotic_2016_TrancheIV_.v6-vl

Table 8: Signal Monte Carlo samples used in the analysis, for the Randal-Sundrum Gluon samples of ~17% widths.
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Figure 1: (left) Pileup distribution in data and Monte Carlo. (right) PU weight applied to Monte

Carlo.
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14 5 Event Selection

5 Event Selection
5.1 Trigger Selection

In this analysis we use the OR of the following jet HT, single jet, and groomed jet triggers.

e PFHTS800

e PFHT900

e PFHT700TrimMass50
o AKS8PFJet450

o PFJet360TrimMass30

In order to determine the best set of triggers for the analysis, we consider trigger efficiency as a
function of Hr (Fig. 2), our sensitive variable dijet mass (Fig. 3), and both Hr and PUPPI soft-
drop mass (4). The Hr of the event is defined as the scalar sum of the pr of every AK4CHS jet
(pp** > 30,|72%4| < 3.0). Dijet mass is defined as the invariant mass of the two pr leading jets.
The efficiency is measured as the number of events that pass the numerator selection, trigger
of interest OR Mu50 OR IsoMu24, divided by the number of events that pass the denomina-
tor selection, Mu50 OR IsoMu24. A preselection requirement, two AKS jets with |[A¢ > 2.1]
and pt >400 GeV, is applied to all plots. All three figures include efficiency plots with an
additional preselection requirement that at least one jet have its mass in the top tag window
(105GeV/c? < mgp < 210GeV/c?), as this requirement is made in both the signal region and
background estimate sideband.

Comparing the trigger combinations in Fig. 2, we see that the combination of the triggers listed
above is the most performant. Looking at the top left plot, we see that a cut of Hr > 950 GeV
allows the analysis to have > 99.8% efficiency. In the left plot in Fig. 3, in which this 950 GeV
Hr cut has been applied, we see that in the dijet mass region of interest (M;; > 1000 GeV), the
combination of triggers and preselection cuts allow us to achieve > 99.9% trigger efficiency.
Additionally, considering the right plot in Fig. 4, it is evident that for events with Hr > 950
GeV, the analysis trigger selection is highly performant, and the efficiency as a function of Hr
does not depend on jet mass.

5.2 Vertex Selection and Pileup Mitigation

Primary vertices are reconstructed using a deterministic annealing filtering algorithm [31]. The
leading primary vertex of the event is defined as the primary vertex with the largest squared
sum of transverse momenta of clustered physics objects.

Events are required to have a good primary vertex with “not fake”, |Zprimary Vertex| < 24 cm,
Npor > 4, |p| < 2 cm.

Charged hadrons associated with subleading primary vertices are removed from further con-
sideration. This is referred to as “charged hadron subtraction” (CHS). To combine these results
with the lepton-plus-jets channel, we use CHS jets for the derivation of event kinematics. How-
ever, in order to mitigate the effects of pileup on the jet mass and substructure selection (see
below), the Pileup Per Particle Identification (PUPPI) is used. This is more resilient to pileup
than CHS for these observables.

5.3 Jet Reconstruction

Jets are clustered using the anti-kt R=0.8 algorithm [32] with both CHS and PUPPI inputs. In
this analysis, jets are formed out of particle flow (PF) constituents [33]. Jets constructed with
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Figure 2: Trigger efficiency as a function of Hr. Plots in the right column use a y-axis range
from 0.0 to 1.5, while plots the left column use a y-axis range from 0.98 to 1.01. All events are
required to have two AKS8 jets with |[A¢ > 2.1| and pr >400 GeV. The plots in row 1 include an
additional requirement that each event contains at least one jet with its mass in the top mass
window. Below the four efficiency plots, the legend describes the different combinations of jet
HT, single jet, and groomed jet triggers compared here. Efficiencies are plotted with an OR of
the Mu50 and IsoMu24 triggers in the denominator.
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Figure 3: Trigger efficiency as a function of dijet mass, the sensitive variable of this analysis.
The right plot has a y-axis range from 0.0 to 1.5, while the left plot has a y-axis range from 0.98
to 1.01. All events are required to have two AKS jets with |A¢ > 2.1| and pr >400 GeV, as
well as at least one jet with its mass in the top mass window. Below the two efficiency plots,
the legend describes the different combinations of jet HT, single jet, and groomed jet triggers
compared here. Efficiencies are plotted with an OR of the Mu50 and IsoMu24 triggers in the
denominator.
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Figure 4: Trigger efficiency as a function of Hr (x-axis) and PUPPI softdrop mass (y-axis).
Plots have a z-axis range from 0.98 to 1.0. All events are required to have two AKS jets with
|A¢ > 2.1| and pr >400 GeV. The plot on the right includes an additional requirement that each
event contains at least one jet with its mass in the top mass window. Efficiencies are plotted
for the full analysis trigger selection, with an OR of the Mu50 and IsoMu24 triggers in the
denominator.
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5.4 Event Noise Filters 17

CHS are referred to as “PFCHS”. Jets constructed with PUPPI are referred to as “PFPUPPI”.
AKS8CHS jets are used for kinematic variables such as pr and dijet mass. AKS8PUPPI jets are
used only for top-tagging and subjet b-tagging. An AK8PUPPI jet is matched to each AKS8CHS
jet by finding the closest AKSPUPPI jet which also satisfies AR(CHS, PUPPI) < 1.0.

Simulated jets are corrected with Summer16_23Sep2016V4 L1L2L3 corrections, while jets in
data are corrected with L1L2L.3+L2L3 residual corrections. The corrections derived for AK8CHS
jets are applied to the AKS8CHS 4-vector. This is done before any kinematic cuts are made. Cor-
rections derived for AKSPUPPI jets are applied to the AKS8PUPPI 4-vector.

We investigated three methods of correcting the AKSPUPPI groomed soft drop jet mass:

1. Apply AK8PUPPI corrections also to the groomed jet mass

2. Apply AK4PUPPI corrections to the individual soft drop subjets before calculating the
groomed jet mass (the pairwise subjet mass)

3. Apply a specific jet mass correction developed for W-tagging

We find that the W-tagging based correction (correction method 3) induces a shift in the top-
tagging mass peak as a function of pt and therefore we choose not to use it. Neither method
1 nor method 2 results in a significant shift in the top mass peak location with increasing pr.
We find little difference between correction methods 1 and 2 and therefore we choose to use
method 1 for simplicity (Fig. 5).

We account for differing jet energy resolutions between simulated events and data events. We
apply the recommended eta-dependent smearing to simulated jets (Spring16 25nsV10) before
requiring any kinematic selection on the jets. We employ the hybrid smearing method. We
additionally smear the groomed jet mass by the same value used for the jet momentum.

The JME POG recommended Jet ID loose operating point is required. The Jet ID removes jets
originating from detector noise with the following selection:
e PFJet Neutral Hadron Fraction < 0.99
e PFJet Neutral EM Fraction < 0.99
PFJet Number of Constituents > 1
PFJet Charged Hadron Fraction > 0
PFJet Charged Multiplicity > 0
PFJet Charged EM Fraction < 0.99

This jet ID definition is valid in the region —2.7 < < 2.7. In our analysis jets are required to
satisfy —2.4 <Y< 2.4.

5.4 Event Noise Filters
We require the following filters in order to reject noise events

e primary vertex filter

e beam halo filter ("Flag_globalTightHalo2016Filter”)

e HBHE noise filter ("Flag_ HBHENoiseFilter”)

e HBHEiso noise filter ("Flag_ HBHENOoiselsoFilter”)

o ECAL TP filter ("EcalDeadCellTriggerPrimitiveFilter”)
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Figure 5: (top left) PUPPI soft drop mass in a tt MC sample comparing different mass correc-
tion methods. (top right) PUPPI soft drop mass after applying a 13, cut in a tt MC sample com-
paring different mass correction methods. (bottom left) PUPPI soft drop mass corrected with
AKS8PUPPI JEC in different pt regions. (bottom right) PUPPI soft drop mass corrected with the
dedicated mass correction developed for W-tagging in different pt regions. These plots show
that corrections based on the W mass are inappropriate for the top quark tagger. We do not
see much difference in mass when correcting the entire jet or each subjet. For simplicity, we
therefore use the first option.
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e Bad PF Muon Filter
e Bad Charged Hadron Filter
e ee badSC noise filter (data only)

5.5 Top pr reweighting

As measured by the TOP PAG, the ratio of the top pr in data with respect to the theory pre-
diction exhibits a slope, and therefore a correction factor has been developed [34, 35]. The
correction scale factor is given by SF(p$EN) = ¢0-0615-00005r1 and therefore the overall event
weight becomes W = /SF(t)SF(f). A comparison of the jet pr distribution with and without
top pr reweighting is shown in Figure 6. Comparisons of event and jet kinematic variables is
shown in Appendix B. We perform the analysis with top pr reweighting applied to tt MC for
the main analysis, and we perform the analysis again, this time without top pr reweighting, in
order to measure the systematic uncertainty from this method.
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Figure 6: Jet pt distribution in data compared to the data-driven NTM] (described in section 6)
and tt MC backgrounds. (top left) 0 b-tag with no top pr reweighting, (top right) 0 b-tag with
top pr reweighting, (bottom left) 1 b-tag with no top pr reweighting, (bottom right) 1 b-tag
with top pr reweighting. The plots with top pr reweighting applied show a somewhat better
data/MC agreement.
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s 5.6 Event Preselection
279 The following preselection is applied.

280 e The event is required to have at least two AK8CHS jets which satisfy:

281 e pr > 400GeV/c

282 e HT > 950 GeV

283 o |y <24

284 e Loose jet ID (section 5.3)

285 o To select the back to back topology, we require the leading two jets to be separated
286 by the azimuthal angle A¢ > 2.1.

287 e Standard event noise cleaning filters (Section 5.4)

s 5.7 Top Tagging Algorithms

280 The products of hadronically decaying top quarks can fall within a single jet if the top quark
200 is highly boosted relative to its mass. Special tools, known as top-tagging algorithms, are de-
201 signed to identify these boosted decay topologies.

292 5.7.1 CMS Top Tagger Version Two

203 This algorithm uses a combination of substructure techniques for tagging top jets. For highly
204 boosted tops (pr > 400 GeV/c), we use CMS top tagger version two for high pr (CMSTT V2H),
205 which takes anti-k; R = 0.8 PUPPI jets as inputs (where R = /Ay2 + A¢?) [36]. The input
206 AKS jets are hereby referred to as the “hard jets.” The following variables, defined for each jet
207 passing the algorithm, are used to tag top jets:

208 e Softdrop Jet Mass mje; - The mass of the four-vector sum of the constituents of the
299 hard jet, after the application of the softdrop (z = 0.1, B = 0) algorithm. Softdrop [37]
300 iteratively declusters a jet j with distance parameter R into two subjets, j; and j,. If
301 the softdrop condition
min(pri, pr2) (BRi2\p

pTl ¥ PTZ > Zeut ( R ) (1)
302 is met, then the procedure stops and j is the final jet. Otherwise, the declustering
303 continues - the higher pr subjet is relabeled as j and the lower pr one is dropped.
304 CMSTT V2 sets the tuneable parameters z.,; and  to 0.1 and 0, respectively. In the
305 process, soft and wide-angle particles (relative to the parent in the clustering) are
306 removed. For the case B = 0, the soft drop groomer is identical to the modified mass
307 drop groomer [38]. A cut of 105GeV/c? < mgp < 210 GeV/c? is applied as part of the
308 CMS V2H top tagging algorithm as recommended by the CMS JetMET Algorithms

309 and Reconstruction group [39].

e N-Subjettiness 13/1; - N-subjettiness is an algorithm [40] designed to determine
the consistency of a jet with N number (or fewer) of subjets. Jet axes are found for
an N subjet hypothesis, using the one-pass optimization algorithm. The consistency
of the particle flow candidates with the individual axes is then determined, and N-
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subjettiness is calculated according to the following formula:

Y pr-min(ARy;, ARy, ..., ARy,)

i€particles
Y. ProRu

i€particles

N =

Here, the quantities AR;; represent the angular distances between particle i and sub-
jet axis j, where j ranges between 1 and N to compute N-subjettiness. The normal-
ization factor in the denominator uses Rj,, the distance parameter used for jet clus-
tering (0.8 in our case). Jets with low values of Ty have particle deposits that are
more aligned with the hypothesized number and position of the subjet axes, while
higher values of Ty are found for jets inconsistent with a given hypothesis. Addi-
tional discrimination between signal and background jets can be obtained by taking
ratios of successive Ty values. We use the ratio of 3-subjettiness to 2-subjettiness
to increase identification efficiency and background rejection of top quark candi-
dates. The CMS JetMET Algorithms and Reconstruction group provides several
173/ T2 working points to be used as part of the CMS V2H top tagging algorithm [39].
We apply a cut of 13/ 12 < 0.65, which was found to be most optimal for this analy-
sis (see Section 5.9). Both the soft drop mass and N-subjettiness are calculated using
PUPPI PF inputs.

We separate the subjet b-tagging definition from the t-tagging definition in order to later divide

event categories based on the number of identified subjet b-tags.

In this analysis we calculate the t-tagging variables 13/ and mgsp from PUPPI inputs. The
PUPPI-based t-tagging algorithm demonstrates relatively stable tagging efficiency for all pileup

conditions observed in 2016 (Fig. 7).
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O 0.6 . L. . (] F . . . —=— CHS: m, tag b
'c | Simulation Preliminary — t-tag medium i) + Simulation Preliminary - CHS: 1,,tag 1
= [ — to i = r CHS: m,+1,, tag q
S L ttag tight 1 %5 osf — PUPPI: T Tag
=2 - 1 o r —e— PUPPI: T,, tag ]
S gab- |1 s r PUPPI: Mo +T,, tag |
- - | < 0.6 —
L + [ ]
e | B B -, N ]
[ A—— A A——A——p——h—__| . i 0. 4?:::::::—’.—4.77.—4.77.7T * _|
0.2+ | | L o — | ]
| —i= T ] C = ¢ 3
| | 0.2 -
O 1 1 ‘ 1 1 ‘ 1 1 ‘ 1 1 07 1 1 ‘ ‘ 1 1 ‘ 1 1 1

0 20 40 60 80 0 20 40 60 80
good good

NVIX NVIX

Figure 7: (left) PUPPI t-tag efficiency for 3 different working points (right) t-tag efficiency for
CHS and PUPPI based variables. Three tag definitions are consdiered: mgp only, 732 only,
msp + 132. The pileup dependence of CHS is still significant in the pileup regime of interest,
whereas the dependence of PUPPI is flat. We therefore use the PUPPI-based variables for sub-

structure tagging.

Figure 8 shows a comparison of the relevant CMSTT quantities in data, simulated tt, and simu-
lated QCD events. The discrimination power of each observable can be seen — each variable is
shown with the requirements already placed on the other two quantities. In this way, one can
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sz ascertain the independent discrimination power offered by each variable. Some disagreement
sss  is observed due to the lack of scale factors available for cutting on a single top-tagging variable.
s+ In these plots, there is a t-tag SF applied to the opposite t-tagged jet, but no SF is applied to the
a5 N-1 tagged jet. The application of soft drop jet mass resolution scale factors, as yet unmeasured
ss6  for top jets, might also improve the agreement.
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Figure 8: Comparison of data, background simulation, and signal simulation, for each of the
quantities used in CMSTT V2H: AK8 PUPPI jet soft-drop mass (left) and AK8 PUPPI jet 13/ 1
value (right). Each plot is made requiring the CMSTT V2H selection with the exception of the
variable being plotted.

w7 5.8 Subjet b-tagging

a8 Subjet b-tagging is used to categorize events (see next section). We apply the standard CMS b-

ss0 quark ID combined secondary vertex (CSVv2) algorithm [41] (pfCombinedInclusiveSecondary Ver-
a0 texV2BJetTags) to the subjets found using the softdrop algorithm running on AK8PUPPI jets,

a1 as described above. We consider a subjet to be b-tagged if the CSV discriminant is greater than

sz 0.8484, corresponding to the medium-efficiency working point (CSVv2M). The loose working

us  point was also considered but was found to be sub-optimal (see Section 5.9 ). There is no official

us  tight subjet b-tagging working point.

as  Figure 9 shows the distribution of the maximum subjet b-tag discriminant of the pr-leading
us top-jet candidate in data, simulated tt, and simulated QCD events. Both the jet plotted and the
a7 opposite AKS jet have been top tagged. The discrimination power of the b-tagging algorithm,
us  even after top-tagging, can be seen — at high CSV discriminant values, the tt peaks while the
a9 QCD remains relatively flat. Some disagreement in the normalization of the data and MC is
w0 observed, due to the use of QCD MC instead of the data driven background estimate.

st The subjet b-tag rate differs in data and in simulation and therefore subjet b-tagging scale fac-
ss2  tors are applied. We use scale factors provided by the BTV POG with tag;:

33 subjet_CSVv2_Moriondl7_B_H.csv

s+ In order to properly account for the migration of events from one b-tag category to another
ss5s when applying the scale factors, we employ the “jet-by-jet updating method”([42]), or in our
a6 case a “subjet-by-subjet updating method”. This method is defined as follows: each subjets’s
ss7  b-tagging status is upgraded or downgraded based on the scale factor and a random number.
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Figure 9: Comparison of data, background simulation, and signal simulation, for the maximum
subjet b-tag discriminant of the pr-leading top-jet candidate. The plot is made requiring the
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For scale factors less than 1, b-tagged subjets are downgraded based on the fraction f = 1 —SF,
while for scale factors greater than 1, untagged subjets are upgraded based on the fraction f =
(1—SF)/(1 —1/epmc), where epc is the b-tagging Monte Carlo efficiency. With this procedure
the fraction of events in each b-tagging category is modified. The b-tag efficiency for different
subjet hadron flavors (ep;c) has been measured separtely for each Monte Carlo sample. Subjet
b-tag scale factors depend on the flavor of the subjet, and therefore we use the hadron flavor
of each subjet when finding the correct scale factor. Figs. 10 — 12 show selected tt and Z’ b-tag
efficiencies. Due to limited statistics when measuring the b-tag SF, the BTV POG recommends
that the scale factor uncertainty should be doubled for subjets with pt outside of the range
20-1000 GeV/c for udsg flavor subjets and outside of the range 30-450 GeV/c for b and c flavor
subjets.

We consider an AKS jet to contain a subjet b-tag if, after applying the subjet-by-subjet updating
procedure, the jet contains at least one b-tagged subjet. We then categorize events based on the
number of jets containing at least one subjet b-tag (see Section 5.9 ).

5.9 Signal region and event categorization

Given the back-to-back high pt dijet events selected by the preselection (Section 5.6), our signal
region is defined to be events containing two top-tagged jets.

We observe that for high dijet mass the rapidity difference (AY) between the two top-tagged jets
can be used to further discriminate signal from background (Figure 13). We therefore categorize
signal region events into the regions defined by AY<1 and AY>1.

Subjet b-tagging can also be used to discriminate signal from background. We therefore further
categorize events based on the number of jets containing a subjet b-tag (0,1, or 2).

In order to optimize our selection we consider the 2 subjet b-tagging working points and 3
top-tagging working points provided by the CMS Physics Object Groups.

The b-tag working points are:

e Medium operating point (M): CSV> (0.8484
e Loose operating point (L): CSV> 0.5426

The top-tagging working points are:
e Working point A : 105GeV/c? < msp < 210GeV/c? and 13/ < 0.80 (loose, €5 =

3%)

e Working point B : 105 GeV/c? < mgp < 210GeV/c? and 13/T < 0.65 (medium
eg = 1%))

e Working point C : 105 GeV/c? < mgp < 210GeV/c? and 13/ < 0.54 (tight ep =
0.3%))

Given the 6 event categories, we calculate discovery significance (Figure 14) and expected limits
(Figure 15) for each combination of b-tag and top-tag working points. We find that the medium
b-tag working point and top-tagging working point B are close to optimal and also match
what is used for the semi-leptonic Z' analysis. Therefore we choose to use this combination of
working points.

These categories uses in this analysis are summarized in Table 9.
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Figure 10: b-tag rate of the subjet with the maximum b-discriminant for the medium operating
point as measured in a simulated tt sample. (a) b-tag rate as a function of the subjet 7 for subjets
of different hadron flavor (b) b-tag rate as a function of the subjet pr for subjets of different
hadron flavor (c) The b-tag rate for a given subjet pr and 7 for subjets originating from b-
hadrons (d) The b-tag rate for a given subjet pt and 7 for subjets originating from c-hadrons (e)
The b-tag rate for a given subjet pt and # for subjets originating from udsg-hadrons

Event Cate- PUPPI Softdrop 73/7 Cut |Ay| Cut Number of jets

gory jet mass window with a CSVM b-
tagged subjet

A 105 —-210 < 0.65 <1.0 0

B 105 — 210 < 0.65 <1.0 1

C 105 — 210 < 0.65 <1.0 >2

D 105 — 210 < 0.65 > 1.0 0

E 105 — 210 < 0.65 > 1.0 1

F 105 - 210 < 0.65 > 1.0 >2

Table 9: Event selections defining the six categories used in the analysis.
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Figure 11: b-tag rate of the subjet with the maximum b-discriminant for the medium operating
point as measured in a simulated narrow 1 TeV Z’ sample. (a) b-tag rate as a function of the
subjet 77 for subjets of different hadron flavor (b) b-tag rate as a function of the subjet pr for
subjets of different hadron flavor (c) The b-tag rate for a given subjet pr and 5 for subjets
originating from b-hadrons (d) The b-tag rate for a given subjet pt and 7 for subjets originating
from c-hadrons (e) The b-tag rate for a given subjet pr and 7 for subjets originating from udsg-

hadrons
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Figure 12: b-tag rate of the subjet with the maximum b-discriminant for the medium operating
point as measured in a simulated extra-wide 5 TeV Z’ sample. (a) b-tag rate as a function of
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Figure 14: Discovery significance for the full analysis using the 6 event categories for different
top tagging working points A,B,C and b-tag working points bL (Loose) or bM (Medium). The
three models considered are a Z’ boson whose width is 1% of its mass (upper left), a 10% width
Z’ boson (upper right), and an RS KK gluon (bottom). Working point B is optimal at high
masses, which have not yet been excluded by previous searches.



5.9 Signal region and event categorization 29

36 fb™ (13 TeV) 36 fb™ (13 TeV)
g B —___ Expected: WPA, bL g B Expected: WPA, bL
‘i 1022 CMS —— Expected: WPA, bM ‘g 102§ CMS —— Expected: WPA, bM
i £ Preliminary —— Expected: WPB, bL i £ Preliminary —— Expected: WPB, bL
N - —— Expected: WPB, bM N - —— Expected: WPB, bM
o 10 — Expected: WPC, bL @ 10 — Expected: WPC, bL
b3 E Expected: WPC, bM X E Expected: WPC, bM
g F Z' 1% Width (NLO) g f Z' 10% Width (NLO)
5 1t 5 1t \
E F \ E F
- L = L \
.} -
Q107 Q107
X = S F
& . & .
1072 1072
10_37\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\ 10_37\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\
100A.50@200@50(B00B50e00e150k000 100A.50@00@50(B00B50e100e150k:000
M, [GeV] M,. [GeV]
36 fb™ (13 TeV) 36 fb™ (13 TeV)
g | —— Expected: WPA, bL g | Expected: WPA, bL
‘% 102§ CMS —— Expected: WPA, bM i 102§ CMS —— Expected: WPA, bM
3 £ Preliminary — Expected: WPB, bL 3 £ Preliminary —— Expected: WPB, bL
N - —— Expected: WPB, bM ¥ - —— Expected: WPB, bM
@ 10F —— Expected: WPC, bL 2 10 — Expected: WPC, bL
x B Expected: WPC, bM a H Expected: WPC, bM
& F Z' 30% Width (NLO) x, r RS Gluon (LO x 1.3)
5 I e .\
< 1= c 1=
i= = o £
= " £ i
- =
O101% 2107
= E O =
9 C S r
L B [
1072 1072
10_37\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\ 10_37\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\
100A.50@200@50(B00B50@00e150000 1000 1500 2000 2500 3000 3500 4000
M, [GeV] My [GeV]

Figure 15: Expected limits for the full analysis using the 6 event categories for different top
tagging working points A,B,C and b-tag working points bL (Loose) or bM (Medium). The four
models considered are a Z’ boson whose width is 1% of its mass (upper left), a 10% width Z’
boson (upper right), a 30% width Z’ boson (lower left), and an RS KK gluon (lower right).
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6 Background Estimation

This analysis has two sources of background: multijet events originating from non-top QCD
interactions (non-top multijet, i.e., NTM]J), that will be determined from data, and SM tt events,
determined from simulated events. This section describes the methods for estimating the vari-
ous background contributions.

6.1 Data-derived Backgrounds

For the non-top multijet estimate, we use a data-derived technique. This technique is similar
to that described in Ref. [21]. The method involves selecting a sample with low SM tt contri-
bution. This is done by first selecting events with two AK8CHS jets that meet the preselection
requirements described in Section 5.6. Next, the top tagging requirements are inverted on one
selected jet (anti-tag), and the top tagging rate is determined for the second jet (probe). This
‘anti-tag and probe’” method yields a per-jet mistag rate that is then applied to each jet in the
event to determine the estimated number of NTMJ background events. This mistag rate is pa-
rameterized as a function of jet p (not pr, but the full momentum) and is measured separately
for events falling into each of the 3 b-tag categories inclusive in delta rapidity.

The mistag rate is determined by the following procedure for the CMS Top Tagger analysis:

1. We select dijet events in the type 1+1 topology, with the leading two AKS jets required
to have pr greater than 400 GeV. The two jets also have additional kinematic require-
ments similar to those used in the main selection: hemispheric separation (JA¢| > 2.1)
is required, as well as requirements that the event fall into one of the b-tag and rapidity
difference bins as described in table 9.

2. One jet is selected at random — this jet is “anti-tagged” to select an enriched sample of
NTM] events. This jet must pass an inverted N-subjettiness selection (13/1 > 0.65) and
the softdrop jet mass must be in the top mass window (105-210 GeV) .

3. Once the anti-tagged jet is selected, the second jet is then used as the probe jet.

4. The top tagging rate of the probe jet is taken as the mistag rate for the algorithm. The
mistag rate is measured as a function of jet p and is measured separately for events falling
into each of the three b-tag categories. Due to the inversion of the 13/1 cut, the data
sample is dominated by multijet events in the right kinematic regime, and is therefore an
appropriate control region to extract the mistag rate.

The mistag rate is measured both in an NTM]J rich data sample and in tt MC. The tt contam-
ination from the tag and probe distributions is subtracted before calculating the mistag rate.
Table 10 shows the the anti-tag and probe event yields for tt MC and data in each of the 6
event categories. Figure 16 shows the mistag rate as measured in data for each b-tag category
and Figure 17 compares the mistag rate measured in data to QCD simulation. We see better
data/MC agreement for the QCD samples simulated with PYTHIA 8. This is not unexpected, as
problems have been observed in some of the other samples simulated with MADGRAPH.

Once the mistag rate is determined from the NTM]J control sample, we can use it to estimate the
normalization and shape of NTM]J events passing the final event selection. To do this, we use
a “pre-tagged” region which contains events with at least one t-tagged jet. In order to avoid
bias, we randomly select one of the two leading jets, which pass the preselection, and ask that
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Figure 16: t-tagging mistag rate as measured with an anti-tag and probe procedure separately
for each b-tag category
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Figure 17: t-tagging mistag rate measured in data and in QCD simulation with the anti-tag and
probe procedure: (a) 0 b-tag category (b) 1 b-tag category (c) 2 b-tag category
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Sample Event Category Probe eventyields Tag event yields

tt AY>1, 0b-tag 3104 594
tt AY>1,1 b-tag 4670 1200
tt AY>1,2 b-tag 1202 513
tt AY<1,0b-tag 3976 864
tt AY<1,1 b-tag 6614 1848
tt AY<1,2Db-tag 2051 905
Data AY>1, 0 b-tag 1710380 67049
Data AY>1,1 b-tag 370824 19570
Data AY>1, 2 b-tag 21486 1912
Data AY<1,0b-tag 1685670 68945
Data AY<1,1b-tag 375487 21168
Data AY<1, 2 b-tag 23202 2477

Table 10: Data and tt yields for the tag and probe histograms

it pass the CMSTT V2H selection described above. If the randomly chosen jet is indeed top-
tagged, we use this event and weight the event by the appropriate mistag rate after finding
the appropriate bin of the second jet p value. There is no selection applied on this second jet,
and if the randomly chosen first jet is not tagged, the event is not used to model the multijet
background.

To model the individual signal region categories with differing numbers of b-tagged jets and
rapidity separations, we apply the same selections to the events weighted by the mistag rate
as those applied to the signal region. For example, in the 1 b-tag category with |Ay| < 1.0, we
require this weighted event to have exactly 1 b-tagged jet (it can be either the already tagged
jet or the second jet used to determine the mistag rate), and to also have the two jets separated
by a rapidity difference of no more than 1.0 units. Analogous selections are applied for the
remaining signal regions.

Using this single-tagged control region without any requirements on the second jet leads to an
overlap between the signal region and this region used to estimate the multijet background.
To remove the effects of double-counting, the tt contribution should be subtracted from the
multijet estimate. This is done by evaluating the mistag weighting procedure described above
on the simulated tt events, to find the amount of ‘mistagged tt". Generally, this ‘mistagged tt’
makes up about 1-2% of the NTM] background estimate in the 0 b-tag event regions, and about
6-10% in the other regions.

As a final step to the shape determination of the NTM] estimate, we use a so-called ‘mass-
modified” procedure to account for the fact that the second jet, having no tag selection applied,
will have different kinematics than the jets in the signal region, which have a jet mass require-
ment. To mimic the kinematics of the signal region, we set the mass of this second jet ‘by hand’
to follow a distribution of jet masses from simulated QCD events in the same window used
for the signal region selection, 105 < mgsp < 210 GeV. The specific mass is chosen by draw-
ing randomly from this distribution of QCD jet masses. Figure 18 shows the Soft drop mass
distributions used in ‘mass-modified” procedure for the two leading jets.

6.2 Closure Tests for the CMS Top Tagger V2H Analysis

To validate the method described above to estimate the NTMJ background, we perform the
background estimate procedure using a sideband tag definition in data. Here we use the same
event categories and N-subjettiness selection but a separate soft drop mass selection (40-105
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Figure 18: Soft drop mass distributions for the event leading and sub-leading jet as measured
in the data pre-selection. These distributions are used for the mass-modified procedure.

GeV/c?). The mistag rate for this tag definition is shown in Figure (19). Using this tag definition
we observe good closure between the background estimate and the double sideband tagged
signal region in the individual event categories (Figure 20).
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Figure 19: Sideband tag mistag rate as measured with an anti-tag and probe procedure sepa-
rately for each b-tag category

Additionally, we perform a closure test using QCD events simulated with Pythia8. The samples
used for this study are listed in Table 4, along with the number of events in each and the
corresponding cross sections used for normalization. The samples are stitched together using
the individual cross sections, normalized to the full luminosity.
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Figure 20: Closure test for the 0+1+2 b-tag categories in the two delta rapidity regions using
the data sideband tag definition. The gray band in the ratio plot shows statistical uncertainty
only.
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To perform the closure tests using these samples, we compare the normalization and shape
agreement between the “selected” QCD events, which pass the nominal event selection of two
top-tagged jets, and the “predicted” QCD events which are obtained by applying the mistag
rate to the same sample, again according to the procedure above. The closure test results are
presented in Figure 21 (inclusive in AY and number of subjet b-tags) and Figure 22 (sepa-
rated by signal region). The inclusive plot shows relatively good closure, while the signal
regions with greater numbers of subjet b-tags are limited by reduced statistics. Therefore, a
corresponding systematic uncertainty is introduced, accounting for the difference between the
selected and predicted QCD events.
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Figure 21: QCD closure test (inclusive AY and inclusive b-tag). The gray band in the ratio plot
shows statistical uncertainty only.
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Figure 22: QCD closure test for the 0+1+2 b-tag categories in the two delta rapidity regions.
The gray band in the ratio plot shows statistical uncertainty only.
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7 Event Kinematics

In this section we examine some event kinematics after the selection has been performed. Fig-
ure 23 shows comparisons of data and the data driven background estimate. Comparisons of
data to QCD Monte Carlo can be found in appendix A. In the analysis results, we estimate the
NTM]J background using a data-driven technique, as described in a previous section. The tt
Monte Carlo is scaled based on the top and b tagging scale factors when appropriate. An ad-
ditional scale factor is applied to take into account the measured difference between the high
pr tt cross section in data and simulation. This scale factor (0.9) is taken from the normalized
parton-level differential cross section measurement made by CMS (TOP-14-002) in the 600 GeV
pr bin. This is consistent with NNLO corrections to the NLO differential cross section in this
region [43].
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Figure 23: Kinematic comparisons showing tt MC and data-driven NTM]J compared to data for
the 0 b-tag category (left) jet momentum (right) jet rapidity.

se7 Table 11 shows the expected numbers of events for each of the background processes , along
s8 with the observed data counts,for each of the six signal categories used in the analysis. The
a0 NTM]J background entry represents the data-driven estimate.
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Table 11: Expected background and observed data yields for the six event categorizations used
in the final analysis selection. Errors include both the statistical and systematic components.

|Ay| < 1.0
Process 0 b-tags 1 b-tag 2 b-tags
NTM] 21269 £797 6536 + 891 481 +71
SM tt 1261 £169 3347 £442 2165+ 309
Total Background 225304815 9883 +994 2646 £+ 317
Observed DATA 22313 9368 2226
|Ay| > 1.0
Process 0 b-tags 1 b-tag 2 b-tags
NTM]J 20576 £753 6247 £96 469 +165
SM tt 812 £87 1980 +£208 12054133
Total Background = 21388 £758 8227 229 1674 4212
Observed DATA 21836 7973 1376
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8 Systematic Uncertainties

Several sources of systematic uncertainty affect both the normalization of event yields in the
analysis, as well as the shapes of the tt invariant mass distribution for various processes. We
evaluate these systematic uncertainties on both the simulated samples and the data-driven
method used to estimate the NTMJ background contribution. This section will detail the indi-
vidual contributions to the total systematic uncertainty of the analysis. Table 12 shows a list of
the systematic uncertainties. Detailed tables of the effects of individual uncertainty contribu-
tions on each signal and background process can be seen in the Appendix.

Systematic Uncertainty Value Type

b-Tag SF Uncertainty +lo Rate + Shape
Light jet b-mistag SF Uncertainty +lo Rate + Shape
CMS Top Tagger SF Uncertainty ~ +25% -9% Rate

Jet Energy Corrections = o Rate + Shape
Jet Energy Resolution *lo Rate + Shape
Luminosity 2.5% Rate

PDF Uncertainty *lo Rate + Shape
Pileup Uncertainty = o Rate + Shape
Top pr Reweighting Uncertainty = o Rate + Shape
tt Q2 Uncertainty +lo Rate + Shape
tt Cross Section 8% Rate

Mistag Rate Uncertainty +1o Rate + Shape
QCD Modified Mass Procedure +lo Rate + Shape
QCD Closure Test +1o Rate + Shape

Table 12: Summary of systematic uncertainties applied to the analysis.

8.1 Top Tagging and Subjet b-tagging Scale Factor Uncertainties

All jets in the signal selection are top tagged and therefore the top tagging scale factor, rec-
ommended by the CMS JetMET Algorithms and Reconstruction group [39], is applied as an
overall normalization scale factor to the final selection (the scale factor is applied twice, once
per jet). The associated systematic uncertainty, based on the scale factor uncertainty, is found
to be +25% -9% for each event.

The subjet b-tagging scale factor is applied on a subjet-by-subjet basis (see Section 5.8). The
subjet b-tagging systematic uncertainty is obtained by applying a +1¢ variation of the SF value.
The full suite of shape templates used for the b-tag scale factor uncertainty can be found in
Section C.3. The subjet b-tagging systematic is applied based on the jet flavor. Charm and b-jet
SF uncertainties are considered fully correlated, while the light jet b-tag SF uncertainties are
treated as a separate systematic uncertainty.

8.2 Jet Energy Scale

We evaluate the effect of the jet energy scale uncertainty on the simulated samples. This is done
by varying the jet four-momentum up and down by the jet energy scale uncertainty [44], which
is less than 3% in most cases. We include pr and 77 dependent corrections to the jet energies,
combined with uncertainties due to the difference in the W mass for data and Monte Carlo,
along with uncertainties on the response of the pruning algorithm for jets in data and simula-
tion. This combination of uncertainties is described in [45]. This results in a shape difference in
the m spectrum, which depends on the invariant mass itself. For low masses, the effect is large
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since the jets are close to the pr cut of 400 GeV/c. Varying the four-momenta causes jets to fall
below the cut, or be promoted above the cut — increasing or decreasing acceptance. For higher
invariant masses, the jets generally have higher pr and this effect is smaller. This systematic
uncertainty is applied to both the signal samples and the SM tt sample.

The full suite of shape templates used for the jet energy scale uncertainty can be found in
Section C.1.

8.3 Jet Energy Resolution

We account for differing jet energy resolutions between simulated events and data events. We
apply the recommended eta-dependent smearing to jets, as listed in Table 13, and then use the
errors on this recommendation to form systematic shape uncertainty templates. This system-
atic uncertainty is applied to all simulated samples, and the systematic shapes can be seen in
Section C.2. Additionally, we assume that the jet energy resolution for subjets is the same as
that for the hard jets. The variation of the subjet pr is also included in these shape uncertainties.

|7| Range ~ Smearing Factor
00<y <05 1.109+£0.008
05<y <08 1.138+£0.013
08<py <11 1.114 £ 0.013
11<y <13 1.123 £ 0.024
13<y <17 1.084 +0.011
1.7<n <19 1.082 £+ 0.035
19<y <21 1.140 = 0.047
21 <y <23 1.067 = 0.053
23 <y <25 1.177 £ 0.041
25<y <28  1.364+0.039
28 <1 <3.0 1.857 £ 0.071
30<ny <32 1.328 £0.022
32<n <50 1.16 = 0.029

Table 13: Systematic smearing factors applied to individual jets to obtain shape templates used
for the jet energy resolution systematic.

8.4 Parton Distribution Function Uncertainties

We evaluate the effect of the parton distribution function (PDF) uncertainty on the simulated
samples. We find the RMS of the NNPDE3.0 PDF weights and use this to weight events up
and down. This results in a shape difference in the m; spectrum. This systematic uncertainty
is applied to both the signal samples and the SM tt sample. The full suite of shape templates
used for the PDF uncertainty can be found in Section C.4.

8.5 Pileup Uncertainties

We evaluate the effect of the pileup uncertainty on the simulated samples. We reweight the
Monte Carlo simulation with the data pileup distribution, based on a minimum bias cross sec-
tion of 69 mb. We use the uncertainty on this cross section, 5%, to vary the pileup distribution
up and down. This results in a shape difference in the m; spectrum. This systematic uncer-
tainty is applied to both the signal samples and the SM tt sample. The full suite of shape
templates used for the PDF uncertainty can be found in Section C.5.
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8.6 Top pr Reweighting Uncertainties

We evaluate the effect of the top pr reweighting uncertainty on the simulated samples. This
systematic uncertainty is computed by taking the difference between the m; distributions with
and without top pr reweighting applied. This results in a shape difference in the m; spectrum.
Figure 39 shows the distributions with and without top pr reweighting.

8.7 SM tt Uncertainties

The uncertainties applied exclusively to SM tt events include two contributions: a rate-only
component due to the uncertainty in the tt cross section, which is taken to be 8% [46], and
a second shape component for uncertainties in the factorization and normalization scale (Q?)
uncertainties. The Q* uncertainties are evaluated by finding the envelope of the Q? weights
(variations of ug and ur by factors of 2 or 0.5), which is then used to weight events up and
down. This results in a shape difference in the m; spectrum. Section C.6 shows the shape
templates corresponding to the £1 standard deviation uncertainties on the Q? scale.

8.8 Multijet Background Uncertainties

The mistag rate uncertainty, shown in Figure 16, contains statistical uncertainties which are
propagated to the NTMJ background estimation. The systematic uncertainty associated with
the “mass-modified” procedure, which is used to correct kinematic bias in the background es-
timation, is computed by taking half the difference between the uncorrected background esti-
mate and and the ‘mass-modified” background estimate. Section C.7 shows the shape templates
corresponding to the +1 standard deviation uncertainties from the ‘mass-modified” procedure.

The mistag rate uncertainty, shown in Figure 16, contains statistical uncertainties which are
propagated to the NTMJ background estimation. The systematic uncertainty associated with
the “‘mass-modified” procedure, which is used to correct kinematic bias in the background es-
timation, is computed by taking half the difference between the uncorrected background es-
timate and and the ‘mass-modified” background estimate. Additionally, the systematic un-
certainty associated with the closure test is computed by calculating the percent difference
between the double-tagged QCD Monte Carlo and the ‘mass-modified” background estimate
applied to QCD Monte Carlo - the curves shown in 22. The systematic used to weight events
up and down is calculated by multiplying this percent difference by the NTMJ used for the
background estimate. Sections C.7 and C.8 show the shape templates corresponding to the
+1 standard deviation uncertainties from the ‘'mass-modified” procedure and the closure test,
respectively.
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9 Statistical Interpretation and Results

We do not observe any excess of events above the expected background from SM tt and non-
top multijet background. We therefore proceed to set limits on the production cross sections of
the three hypothesized signal models. We perform a template-based shape analysis, using the
distributions of the candidate top pair invariant mass. The final distributions are shown in Fig-
ure 24. Both statistical and systematic uncertainties are shown, with the dominant systematic
uncertainty being the top-tag scale factor uncertainty. Additionally, the effect of the closure test
uncertainty can be seen in the turn-on and tails of the distributions (c.f. the distributions in the
last version of the note).

We use a Bayesian likelihood-based method, allowing the expected background model to fluc-
tuate within the various systematic and statistical uncertainties to find the best fit to the ob-
served data distribution. The distributions input to the limit setting program (in Section D)
have a variable binning, which is chosen to best accommodate the background uncertainties.

We use the Theta software package [47] to produce 95% confidence level (CL) upper limits on
the cross sections for the four signal models, as a function of the new heavy particle mass. A
Poisson model is used for each bin in the m,; distribution, with the final likelihood composed
of the product of these Poisson probabilities for each bin in the m distribution. For a single
bin, the mean of this distribution is shown in Equation 2.

ui =Y Br-Tii (2)
k

The index k represents each physics process contributing to the bin i. T represents the number
of expected events for the process k in bin i. The factor § is the Poisson mean for the individual
process k. In other words, By is the weight given to each physics process due to the choice of
all of the nuisance parameters. With this per-bin formula, the full likelihood can be formed as

follows:
VZ- v efyi

ﬁ(ﬁk) = Hiw- 3)

For the Poisson parameters, B, we use different choices of prior distributions. For the NTMJ
estimate and the signal cross section normalization parameters, we use a flat prior distribution.
For the other nuisance parameters, a lognormal prior distribution is used. Using these pa-
rameters, pseudoexperiments are performed to estimate the 68% and 95% CL (1- and 2-sigma)
expected limit bands. In the pseudoexperiments, the systematic and statistical uncertainties are
accounted for through nuisance parameters. These nuisance parameters are randomly varied
within their uncertainties, and the posterior is re-fitted for each individual pseudoexperiment.
Through this method, we can evaluate the effect of the shape and normalization uncertainties
on the sensitivity of the analysis. Figure 25 shows the the deviation of the post-fit nuisance
parameters from their prior values for the narrow 3 TeV Z’ signal.

Figure 26 shows the expected and observed cross section limits obtained from the analysis,
using the combination of the 6 independent signal regions A-F. The dashed line represents the
median expected limit, while the green and yellow bands represent the one and two sigma
bands, respectively, of the expected limits from the set of pseudoexperiments. The black solid
line shows the observed limit results using the observed data distribution. The red solid line
shows the theoretical cross sections curves - 1.3 x leading order (LO) from PYTHIA 8 for RS KK
gluon and next-to-leading order (NLO) for the Z’ curves [48]. The cross sections are also shown
numerically in Tables 15 — 18. Looking only at the expected limits, it is clear that this analysis is
more sensitive than the ATLAS or CMS analyses using 2015 data. The improvement is slightly
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Figure 24: Final log-scale distributions of my for all six signal regions, with the |Ay| < 1.0
categories shown in the left column and the |Ay| > 1.0 categories in the right. The number
of b-tags in the plots increase from zero in the first row to two b-tags in the third row. The
shaded region corresponds to the combined systematic (dark gray) and statistical (light gray)
uncertainties on the background model. Signal models have been normalized to a cross section
of 1 pb.
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Figure 25: Deviation of post-fit nuisance parameter values from their prior values for the nar-
row 3 TeV Z’ signal.
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more than the expected scaling with luminosity, as the background estimate uncertainty also
improves with increased luminosity.
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Figure 26: Expected and observed 95% CL upper limits on the cross section times branching
ratio for the four signal models, as a function of the new heavy particle mass. The four models
considered are a Z’ boson whose width is 1% of its mass (upper left), a 10% width Z" boson
(upper right), a 30% width Z’" boson (lower left), and an RS KK gluon (lower right). The black,
solid (dashed) line gives the observed (median expected) limits, while the one (two) sigma
expected limit band is shown in green (yellow).

A 2 ¢ upward fluctuation at 2.5 TeV can be seen for the narrow Z’ hypothesis. This is due to
upward fluctuations in the most sensitive channels - 1 and 2 b-tags in the |Ay| < 1.0 region.
This includes an upward fluctuation slightly greater than 2 ¢ in the latter category. Figure 27
shows the expected and observed limits for the six signal regions of the 1% width Z’ boson.
Figure 28 shows the relative contributions of these six channels to the sensitivity of the limits.
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Figure 27: Expected and observed 95% CL upper limits on the cross section times branching
ratio for the six signal regions (1% width Z’ boson), as a function of the new heavy particle
mass. The plots on the left (right) represent the low (high) |Ay| region, while the number of
subjet b tags increases from the top to bottom rows. The black, solid (dashed) line gives the
observed (median expected) limits, while the one (two) sigma expected limit band is shown in
green (yellow).
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Mass Exclusion Limits
Signal Model Exclusion Ranges (TeV)
Expected  Observed
7" (1% Width) 1.0-3.5 1.0-3.3
7’ (10% Width) | 1.0-4.9 1.0-4.8
7’ (30% Width) | 1.0-6.0 1.0-5.6
RS Gluon 1.0-4.1 1.0-3.8

Table 14: Observed and expected exclusion ranges for resonance masses in each of the signal

models tested in the analysis.
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Mass (GeV) Observed 95% CL Limit (pb)

Z’ (1% Width) Signal Hypothesis

Expected 95% CL Limits (pb)

—20 —1lc Median +1o +20
1 0.7 0.51 0.69 0.97 1.4 2.3
1.25 0.21 0.097 0.13 0.18 0.28 0.34
1.5 0.085 0.048 0.063 0.093 0.14 0.18
2 0.029 0.019 0.028 0.038 0.055 0.074
2.5 0.033 0.0084 0.012 0.018 0.026  0.037
3 0.011 0.0053 0.0071 0.01 0.017 0.023
3.5 0.01 0.0037 0.0051 0.0074 0.011 0.015
4 0.0084 0.0029 0.0038 0.006 0.0092 0.012
4.5 0.0048 0.0026 0.0032 0.0048 0.0072 0.012
5 0.0032 0.002 0.0029  0.004 0.006 0.0083
6 0.0017 0.0015 0.0021 0.0029 0.0043 0.0053
6.5 0.0018 0.0016 0.0021 0.0028  0.0038 0.0056
7 0.0017 0.0014 0.0018 0.0025  0.0038 0.0054

Table 15: Table of expected and observed 95% CL cross section limits, for the narrow (1% width)

Z’ signal hypothesis.

Z’ (10% Width) Signal Hypothesis
Mass (GeV) Observed 95% CL Limit (pb)

Expected 95% CL Limits (pb)

—20 —1lo0c Median +1loc +20
1 1.2 0.63 0.92 1.3 1.8 2.6
1.25 0.35 0.15 0.2 0.3 0.4 0.55
1.5 0.16 0.072 0.11 0.15 021 0.26
2 0.073 0.034 0.049 0.066 0.095 0.15
2.5 0.056 0.014 0.018 0.028 0.04 0.055
3 0.024 0.0094 0.013 0.02 0.029 0.041
3.5 0.02 0.0082 0.011 0.016 0.024 0.037
4 0.021 0.0072 0.0092 0.014 0.02 0.033
4.5 0.018 0.007 0.0088  0.013 0.02 0.032
5 0.017 0.0096 0.012 0.016 0.024 0.038
6 0.026 0.014 0.019 0.028 0.041 0.057
6.5 0.037 0.015 0.022 0.032 0.048 0.065
7 0.042 0.021  0.029 0.04 0.06 0.086

Table 16: Table of expected and observed 95% CL cross section limits, for the wide (10% width)

Z’ signal hypothesis.



49

Z’ (30% Width) Signal Hypothesis

Mass (GeV) Observed 95% CL Limit (pb) Expected 95% CL Limits (pb)
—20 —1loc Median +10c +20
1 1.6 0.69 1 1.5 2.3 3.9
2 0.2 0.059 0.09 0.14 0.2 0.25
3 0.065 0.019 0.025 0.039 0.058 0.084
4 0.052 0.017 0.023 0.034 0.049 0.08
5 0.054 0.019 0.026 0.035 0.053 0.07
6 0.065 0.022 0.031  0.045 0.07 0.1
6.5 0.069 0.032 0.042 0.062 0.093 0.15
7 0.079 0.033 0.045 0.066 0.099 0.14

Table 17: Table of expected and observed 95% CL cross section limits, for the extra wide (30%
width) Z’ signal hypothesis.

RS Gluon Signal Hypothesis

Mass (GeV) Observed 95% CL Limit (pb) Expected 95% CL Limits (pb)
—20c —1l0 Median +1lc +20
1 1.7 0.82 1 1.5 25 4.1
1.25 0.8 023 0.36 0.52 0.77 1.1
1.5 0.27 0.14 0.17 0.25 0.36 0.5
2 0.18 0.052 0.079 0.12 0.18 0.23
2.5 0.1 0.023 0.034 0.052 0.081 0.12
3 0.059 0.019 0.027 0.039 0.058 0.088
3.5 0.048 0.016 0.021 0.029 0.046 0.076
4 0.052 0.016 0.021 0.03 0.046 0.066
45 0.05 0.019 0.024 0.036 0.049 0.08
5 0.047 0.021 0.028 0.041 0.064 0.1

Table 18: Table of expected and observed 95% CL cross section limits, for the RS Gluon signal
hypothesis.
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50 References

10 Conclusions

We have performed a search for top pair resonances in the all-hadronic channel using /s = 13
TeV data from the LHC Run 2 taken in 2016. The search uses well understood top-tagging
algorithm, optimized for Run 2 analyses, using the soft-drop mass and N-subjettiness jet sub-
structure variables. For the first time jet t-tagging variables are calulcated using PUPPI inputs.
We estimate the non-top multijet background using a data-driven top-mistag rate measure-
ment. No excess above standard model expectation is observed, and we proceed to set limits
on the Z’ production cross section, for signal models with varying Z” widths. We exclude Z’
masses up to 5.6 TeV (30 % width). The exclusion results are an improvement upon those from
the 2015 ATLAS and CMS searches, largely due to the significant increase in luminosity.
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Figure 35: Jet 0 tagging variables after pre-selection
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Figure 36: Jet 1 tagging variables after pre-selection
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Figure 37: Leading jet PUPPI jet ID variables
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Figure 38: Event kinematic plots after pre-selection and requiring each jet have a subjet b-tag.
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Figure 39: Effect of top pr reweighting on the tf Monte Carlo sample for all 6 event categories.
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Figure 40: Effect of top pr reweighting on jet variables.
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= C Systematic Shape Templates

750 In this section, we show all of the templates used to define the +1¢ shape uncertainties on the
760 simulated samples. These include jet energy scale, jet energy resolution, b-tagging scale factor,
761 PDF, pileup, Q?, QCD modificed mass, and QCD closure uncertainties.
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Figure 41: Effect of jet energy scale uncertainties on the m shape for the tf Monte Carlo sample
for all 6 event categories.
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Figure 42: Effect of jet energy scale uncertainties on the m shape for the narrow 1.5 TeV Z’
Monte Carlo sample for all 6 event categories.
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Figure 43: Effect of jet energy scale uncertainties on the m; shape for the narrow 3 TeV Z’ Monte
Carlo sample for all 6 event categories.
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Figure 44: Effect of jet energy scale uncertainties on the m; shape for the narrow 5 TeV Z’ Monte
Carlo sample for all 6 event categories.
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Figure 45: Effect of jet energy scale uncertainties on the m,; shape for the wide 1.5 TeV Z" Monte
Carlo sample for all 6 event categories.
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Figure 46: Effect of jet energy scale uncertainties on the m,; shape for the wide 3 TeV Z’ Monte
Carlo sample for all 6 event categories.
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Figure 47: Effect of jet energy scale uncertainties on the m,; shape for the wide 5 TeV Z’ Monte
Carlo sample for all 6 event categories.
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Figure 48: Effect of jet energy scale uncertainties on the my; shape for the 1.5 TeV RS Gluon

sample for all 6 event categories.
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Figure 49: 3 TeV sample for all 6 event categories.
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Figure 50: Effect of jet energy resolution uncertainties on the m shape for the tf Monte Carlo
sample for all 6 event categories.
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Figure 51: Effect of jet energy resolution uncertainties on the m;; shape for the narrow 1.5 TeV
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Figure 52: Effect of jet energy resolution uncertainties on the m shape for the narrow 3 TeV Z’
Monte Carlo sample for all 6 event categories.
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Figure 53: Effect of jet energy resolution uncertainties on the m shape for the narrow 5 TeV Z’
Monte Carlo sample for all 6 event categories.
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Figure 54: Effect of jet energy resolution uncertainties on the m; shape for the wide 1.5 TeV Z’
Monte Carlo sample for all 6 event categories.
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Figure 55: Effect of jet energy resolution uncertainties on the my shape for the wide 3 TeV Z’
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Figure 57: Effect of jet energy resolution uncertainties on the m shape for the 1.5 TeV RS GLuon
sample for all 6 event categories.
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Figure 58: Effect of jet energy resolution uncertainties on the my shape for the 3 TeV RS Gluon
sample for all 6 event categories.
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Figure 59: Effect of the b-tag scale factor uncertainties on the m shape for the tf Monte Carlo
sample for all 6 event categories.
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Figure 60: Effect of the b-tag scale factor uncertainties on the m shape for the narrow 1.5 TeV
Z’ Monte Carlo sample for all 6 event categories.
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784 2’ (3 TeV) narrow

Figure 61: Effect of the b-tag scale factor uncertainties on the m shape for the narrow 3 TeV Z’
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Figure 62: Effect of the b-tag scale factor uncertainties on the m; shape for the narrow 5 TeV Z’
Monte Carlo sample for all 6 event categories.
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Figure 63: Effect of the b-tag scale factor uncertainties on the m shape for the wide 1.5 TeV Z’
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Figure 64: Effect of the b-tag scale factor uncertainties on the m; shape for the wide 3 TeV Z’
Monte Carlo sample for all 6 event categories.
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Figure 65: Effect of the b-tag scale factor uncertainties on the m;; shape for the wide 5 TeV Z’
Monte Carlo sample for all 6 event categories.
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Figure 66: Effect of the b-tag scale factor uncertainties on the m; shape for the 1.5 TeV RS GLuon
sample for all 6 event categories.
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Figure 67: Effect of the b-tag scale factor uncertainties on the m,; shape for the 3 TeV RS Gluon
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Figure 68: Effect of the PDF uncertainties on the m shape for the tf Monte Carlo sample for all

6 event categories.
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Figure 69: Effect of the PDF uncertainties on the m,; shape for the narrow 1.5 TeV Z" Monte
Carlo sample for all 6 event categories.
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Figure 70: Effect of the PDF uncertainties on the m shape for the narrow 3 TeV Z’ Monte Carlo
sample for all 6 event categories.
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Figure 71: Effect of the PDF uncertainties on the m; shape for the narrow 5 TeV Z’ Monte Carlo
sample for all 6 event categories.
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Figure 72: Effect of the PDF uncertainties on the m; shape for the wide 1.5 TeV Z’ Monte Carlo
sample for all 6 event categories.
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Figure 73: Effect of the PDF uncertainties on the m; shape for the wide 3 TeV Z” Monte Carlo
sample for all 6 event categories.
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Figure 74: Effect of the PDF uncertainties on the m;
sample for all 6 event categories.
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Figure 75: Effect of the PDF uncertainties on the m; shape for the 1.5 TeV RS GLuon sample for
all 6 event categories.
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Figure 76: Effect of the PDF uncertainties on the m1,; shape for the 3 TeV RS Gluon sample for
all 6 event categories.
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Figure 77: Effect of the pileup uncertainties on the m shape for the tf Monte Carlo sample for

all 6 event categories.
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Figure 78: Effect of the pileup uncertainties on the m; shape for the narrow 1.5 TeV Z” Monte

Carlo sample for all 6 event categories.
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Figure 79: Effect of the pileup uncertainties on the m shape for the narrow 3 TeV Z" Monte
Carlo sample for all 6 event categories.
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Figure 80: Effect of the pileup uncertainties on the m shape for the narrow 5 TeV Z" Monte
Carlo sample for all 6 event categories.
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Figure 81: Effect of the pileup uncertainties on the

Carlo sample for all 6 event categories.
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Figure 82: Effect of the pileup uncertainties on the m; shape for the wide 3 TeV Z" Monte Carlo
sample for all 6 event categories.
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Figure 83: Effect of the pileup uncertainties on the m; shape for the wide 5 TeV Z" Monte Carlo
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Figure 84: Effect of the pileup uncertainties on the m,; shape for the 1.5 TeV RS GLuon sample

for all 6 event categories.
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Figure 85: Effect of the pileup uncertainties on the m shape for the 3 TeV RS Gluon sample for
all 6 event categories.
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Figure 86: Effect of Q2 uncertainties on the m; shape for the tf Monte Carlo sample for all 6

event categories.
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Figure 88: Effect of Q% uncertainties on the m,; shape for the narrow 3 TeV Z’ Monte Carlo

sample for all 6 event categories.
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Figure 89: Effect of Q% uncertainties on the m,; shape for the narrow 5 TeV Z’ Monte Carlo
sample for all 6 event categories.
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Figure 90: Effect of Q% uncertainties on the m;

sample for all 6 event categories.
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Figure 91: Effect of Q% uncertainties on the m; shape for the wide 3 TeV Z’ Monte Carlo sample
for all 6 event categories.
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Figure 92: Effect of Q? uncertainties on the m; shape for the wide 5 TeV Z’ Monte Carlo sample
for all 6 event categories.
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Figure 93: Effect of Q% uncertainties on the m; shape for the 1.5 TeV RS GLuon sample for all 6

event categories.
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Figure 94: Effect of Q2 uncertainties on the m,; shape for the 3 TeV RS Gluon sample for all 6
event categories.
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Figure 95: Effect of the NTM] shape uncertainty due to the modified mass procedure on the m;
shape for the NTM] background estimation for all 6 event categories. The left (right) column
shows the variation of the uncertainty by +1c for the low (high) |Deltay| region. The number
of subjet b-tags increases from the first row to the last.
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Figure 96: Effect of the NTMJ shape uncertainty due to the closure test results on the m,; shape
for the NTM] background estimation for all 6 event categories. The left (right) column shows
the variation of the uncertainty by 1o for the low (high) |Ay| region. The number of subjet
b-tags increases from the first row to the last.
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2 D myg Distributions Used in Limit Setting

g2« The final my distributions, with the binning used in limit setting, are shown in Figure 97.
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Figure 97: Final log-scale distributions of m, used in limit setting. All six signal regions are
shown, with the Ay < 1.0 categories shown in the left column and the Ay > 1.0 categories
in the right. The number of b-tags in the plots increase from zero in the first row to two b-
tags in the third row. The shaded region corresponds to the combined systematic (dark gray)
and statistical (light gray) uncertainties on the background model. Signal models have been
normalized to a cross section of 1 pb. The bins in the plot were combined from right to left to
create bins with a maximum background MC statistical error of 30%.



