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The top quark
Discovered at Tevatron by the D0 and CDF experiments in 1995.

Since then, extensively studied both at Tevatron and at the LHC. 

Experimentally confirmed facts:
top is the heaviest known fundamental particle 

m(t) ~ 173 GeV 
it is a quark (sees the strong force) 
charge 2/3e 
spin1/2 
decays almost exclusively to Wb 
produced by strong and weak interactions. 

Why studying the top quark?
Only place to study the properties of a bare quark. 
Special role in EWSB? 
First place a new particle could be observed (e.g. if new particle couples to 
mass).
Top is a background to many other searches.
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How is the top quark 
produced at the LHC?
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Single top quark production @LHC

�(7 TeV) = 63.9+2.9
�2.5 pb

�(8 TeV) = 84.7+3.8
�3.2 pb

�(13 TeV) = 217.0+9.0
�7.7 pb

�(7 TeV) = 15.7± 1.2 pb

�(8 TeV) = 22.4± 1.5 pb

�(13 TeV) = 71.7± 3.8 pb

�(7 TeV) = 4.3± 0.2 pb

�(8 TeV) = 5.2± 0.2 pb

�(13 TeV) = 10.3± 0.4 pb

t-channel tW channel s-channel

NLO x-sec. from LHC Top WG

LHC@13 TeV

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SingleTopRefXsec
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Single top quark production @LHC
Important test of the Standard Model.

Measurement of Vtb of CKM matrix. 
Indirect measurement of the top-quark mass.

Improve knowledge of PDFs.  
Cross-section ratio Rt = σ(t)/σ( t)̄: sensitive to u/d-quark ratio in 
PDF sets.
Test of b-quark PDF.

Precise measurement input to Monte Carlo tuning, using unfolded 
distributions.

Looking for new physics.
Modification of σ(t) shape or in a variation of coupling w.r.t. SM 
expectations. 
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LHC Run2 data

Search performed on 2015+2016 data 
from LHC pp collisions at 13 TeV.

Month in Year
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ATLAS Online Luminosity

 = 7 TeVs2011 pp  
 = 8 TeVs2012 pp  
 = 13 TeVs2015 pp  
 = 13 TeVs2016 pp  
 = 13 TeVs2017 pp  

initial 2017 calibration

*

*

13 TeV

2015 3.3 fb-1

2016 32.8 fb-1

36.1 fb-1

How many single top events were 
produced in this dataset? 

x-sec (pb) #events*

t-channel 217 8 M

tW 71.1 2.5 M

s-channel 10.3 300 K

tZq 0.8 30 K

*These do not include branching ratios.  

Fantastic LHC performance.
High integrated luminosity collected 
by the experiments.

LHC is a top factory.
Allows for precision measurements 
in the top sector.

Makes it possible to look for rare 
processes, e.g. single top production in 
association with a Z boson (tZq).
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Single top quark production @LHC
7 TeV 8 TeV 13 TeV*

t-channel
PRD 90 (2014) 112006

cross sect. (with differential)
+ Rt + Vtb

EPJC 77 (2017) 531
cross sect. (with diff+fiducial) 

+ Rt + Vtb

JHEP 04 (2017) 086  
cross-section 

+ Rt + Vtb

tW
PLB 716 (2012) 142

cross section 
+ Vtb

JHEP 01 (2016) 064
cross sect. (with fiducial) 

+ Vtb

arXiv:1612.07231  
+ paper in preparation

cross sect. (with differential)

s-channel
ATLAS-CONF-2011-118

95% CL upper limit 
on cross section

PLB 756 (2016) 228
cross section 

3.2σ observed 
—

*With partial 
datasets.

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.112006
https://link.springer.com/article/10.1140/epjc/s10052-017-5061-9
https://link.springer.com/article/10.1007/JHEP04(2017)086
http://www.sciencedirect.com/science/article/pii/S0370269312008489
https://link.springer.com/article/10.1007/JHEP01(2016)064
https://arxiv.org/abs/1612.07231
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-118/
http://www.sciencedirect.com/science/article/pii/S037026931600188X
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Single top in association with a Z boson

SM tZq probes both tZ and WWZ couplings.
t tZ̄ only probes tZ - previously measured by 
ATLAS and CMS.

SM tZq background for:
FCNC tZ production,
tH final state.

from 10.1103/PhysRevD.87.114006

σNLO(tZq) = 800 fb

Standard Model single-top production in association with a Z boson (t-channel) 
not measured before Run2.

CMS search on 8 TeV data [JHEP 07 (2017) 003].
Observed (expected) significance 2.4σ (1.8σ). 

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.114006
https://link.springer.com/article/10.1007/JHEP07(2017)003
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What are we looking for?
Four different final states available, depending on:

decay of the W boson from the top 
decay of the Z boson.

Fully hadronic channel 
both W and Z decay hadronically
≥ 6 jets

Single lepton channel 
W decays leptonically, Z decays hadronically
1 lepton, ≥ 4 jets

Dilepton channel 
W decays hadronically, Z decays leptonically
2 leptons, ≥ 4 jets
Z to charged leptons(~5.3%) promising but large Z+jets background
Z to neutrinos(~5.2%) interesting for mono top searches

Trilepton channel - BR ~2.2% 
both W and Z decay leptonically
3 leptons, ≥ 2 jets
relatively low background 
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Z to neutrinos(~5.2%) interesting for mono top searches
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relatively low background 

How do we reconstruct these objects?
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The ATLAS detector

Key detector upgrades for Run2:
trigger: L1 rates increased from 75 to 100 kHz, and High Level Trigger rates from 400 to 1000 Hz. 
pixel detector: from a 3- to a 4-layer detector, with the addition of the Insertable B-Layer and a 
new beam pipe.
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Particle identification
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Performance
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Figure 3: Muon reconstruction efficiency as a function of ηmeasured in Z → µµ events for muons with pT > 10 GeV
shown forMedium (top), Tight (bottom left), and High-pT (bottom right) muon selections. In addition, the top plot
also shows the efficiency of the Loose selection (squares) in the region |η| < 0.1 where the Loose and Medium
selections differ significantly. The error bars on the efficiencies indicate the statistical uncertainty. Panels at the
bottom show the ratio of the measured to predicted efficiencies, with statistical and systematic uncertainties.
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Figure 12: Final jet energy resolution uncertainties estimated for 2015 data with 25 ns bunch spacing as a function
of jet pT for jets of ⌘ = 0 (a) and as a function of ⌘ for jet pT of 40 GeV (b).
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Figure 13: Final jet energy scale uncertainties estimated for 2015 data as a function of jet pT for jets of ⌘ = 0.
Uncertainties are shown under the assumption of no knowledge of flavor. The total uncertainty is shown for the
nominal data taking period with 25 ns bunch spacing (a) and the early data taking period with 50 ns bunch spacing
(b).
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Figure 13: Measured reconstruction e�ciencies as a function of ET integrated over the full pseudorapidity range
(left) and as a function of ⌘ for 15 GeV < ET < 150 GeV (right) for the 2015 dataset. The shown uncertainties are
statistical plus systematic.
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Figure 14: Combined electron reconstruction and identification e�ciencies in Z ! ee events as a function of the
transverse energy ET, integrated over the full pseudorapidity range (left), and as a function of pseudorapidity ⌘,
integrated over the full ET range (right). The data e�ciencies are obtained from the data-to-MC e�ciency ratios
measured using J/ and Z tag-and-probe, multiplied by the MC prediction for electrons from Z ! ee decays. The
uncertainties are obtained with pseudo-experiments, treating the statistical uncertainties from the di�erent (ET, ⌘)
bins as uncorrelated. Two sets of uncertainties are shown: the inner error bars show the statistical uncertainty, the
outer error bars show the combined statistical and systematic uncertainty.
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algorithm has therefore been chosen as the standard b-tagging discriminant for 2016 analyses. Figure 11
shows the MV2c10 BDT output for the signal and background components. The Monte Carlo simulation
has also been adjusted to better represent the data conditions expected in 2016 (pileup profile for 2016 data-
taking), and this is found to have a small e�ect on the performance when re-training the MV2 algorithm
(5-7% improved light-flavour jet rejection and 2-3% gain in c-jet rejection at 77% b-jet e�ciency).
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Figure 10: Light-flavour jet (a) and c-jet (b) rejection versus b-jet e�ciency for the previous (2015 config) and
the current configuration (2016 config) of the MV2 b-tagging algorithm evaluated on tt̄ events. As explained in
Section 4.2, MV2c00 denotes the MV2 algorithm where no c-jet contribution was present in the training. MV2c10
(MV2c20) denote the MV2 outputs where a 7% (15%) c-jet fractions was present in the background sample (for the
2016 configuration).

Operating points are defined by a single cut value on the MV2 output and are chosen to provide a specific
b-jet e�ciency on a tt̄ sample. Table 2 shows the operating points defined for the recommended tagger
b-tagging algorithm, MV2c10, with benchmark performance values.

BDT Cut Value b-jet E�ciency [%] c-jet Rejection Light-jet Rejection ⌧ Rejection
0.9349 60 34 1538 184
0.8244 70 12 381 55
0.6459 77 6 134 22
0.1758 85 3.1 33 8.2

Table 2: Operating points for the MV2c10 b-tagging algorithm, including benchmark numbers for the e�ciency and
rejections rates. These values have been extracted from tt̄ events, the main requirement being jet pT above 20 GeV.

Figure 12 displays the comparison of the b-jet e�ciency as a function of jet pT between the current tagger
MV2c10 and the 2015 MV2c20 algorithm. Figure 13 shows the comparison between the baseline 2015
configuration (MV2c20) and the current 2016 approach (MV2c10) for the light-flavour and c-jet rejection
as a function of jet pT and jet ⌘. The distributions have been produced with a fixed cut at the 77% b-jet
e�ciency operating point. The light-jet rejection is slightly descreased in the high b-jet pT region (>100

15

muons electrons

jets

b-tagging
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Event selection
Leptons

exactly 3
|η| < 2.5
pT(l1) > 28 GeV
pT(l2) > 25 GeV
pT(l2) > 15 GeV

Jets
exactly 2
|η| < 4.5
1 b-tagged (|η| < 2.5)
pT(jets) > 30 GeV

In addition:
≥1 opposite-sign same-flavour lepton pair with |mll - mZ | < 10 GeV,
mT(lW,ν) > 20 GeV.
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Backgrounds
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0.8 pb

72 pb

830 pb
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Signal, validation and control regions

Control regions (CRs) to normalize background sources to data.  
Validation regions (VRs) to validate background modeling.
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Background estimation - Dibosons
Diboson (+ jets) events

mostly coming from WZ,
ZZ (where 4th lepton missed) contributing to 9% of total diboson.

Estimated from MC
Sherpa (2.1.1).

Normalisation corrected using scale factor derived in diboson VR  
(mT(W) > 60 GeV, to reduce Z+jets contamination).

Kinematic distribution shapes well described.
Uncertainty on scale factor from: 

variation of the requirement on mT(W),
difference in SR between  
Sherpa and Powheg normalisations.

SFdiboson = 1.47 ± 0.44
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Background estimation - Z+jets fakes
Using fake-factor method.
Estimation done separately for electron and 
muon channels (as number of non-prompt or 
fake electrons and muons can be very different).

Region defined by selecting events with  
mT(W) < 20 GeV.
Fake factors calculated as the ratio of data 
events that have three isolated leptons to events 
in which one of the leptons fails the isolation 
requirement.

Derived in bins of the pT(lW) of the lepton 
not associated to the Z boson.

Factors are then applied to events passing SR 
selection (including a mT(W) > 20 GeV cut) that 
have one of the three leptons failing the isolation 
requirement.  

 Contamination from other background sources 
taken into account and subtracted.  

Uncertainty: 40%.

× NCR

loose

F = NSR
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Background estimation - Others
t tV̄ + t tH̄

Estimated from MC
MadGraph5_aMC@NLO (2.2.3) + Pythia8.

Normalised to NLO theoretical cross section.
10% of total background.

tWZ
Estimated from MC

MadGraph5_aMC@NLO (2.2.3) + Pythia8.
Normalised to NLO theoretical cross section.
Contributes with 4 events.

tW 
Estimated from MC

Powheg + Pythia6.
Normalisation corrected with data-driven scale factor (same as t t)̄.
Less than 1 event in SR.
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Signal region

*from Asimov dataset

*

tZq 3-lepton 
BR = 2.2%
Selection eff = 5%
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Multivariate analysis
Need better separation between signal and background.

Use multivariate analysis.
NeuroBayes package used for training a neural network.
Signal trained against all backgrounds (except t t ̄because of low 
statistics).
10 variables kept for training. 

Several checks performed to make sure the procedure is sound.
Checking:

NN stability
input variables and NN output in VRs
input variables and NN output in SR with ONN < 0.5
(after unblinding) input variables and NN output in SR with 
ONN > 0.5
(after unblinding) input variables and NN output in SR.
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NN input variables
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NN input variables
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NN input variables
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NN input variables
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NN input variables - Diboson VR
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NN input variables - t t ̄VR
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NN output in VRs

Very nice confirmation of good modeling of backgrounds, including scale 
factors, NN input variables, NN output distribution.
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NN output



Lidia Dell’Asta 17.11.201732

Systematic uncertainties

Object reconstruction 
and calibration 
uncertainties
Signal PDF and radiation
Background 
normalizations.
Luminosity
3.2 % for 2015 and 
2016 datasets.
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Results
Maximum-likelihood fit performed 
ONN. 

Extract µ, ratio of the measured 
signal yield to the NLO SM 
expectation:  
 
0.75 ± 0.28 (stat. + syst.) ± 0.07 (th.) 

Observed (expected) significance of 
extracted signal:  
 
4.2σ (5.4σ)

From µ, obtain cross-section:  
 
600 ± 170 (stat.) ± 140 (syst.) fb  

to be compared to the NLO 
prediction of 800 fb.

Clear evidence of single top 
production in association with 

a Z boson in the t-channel.



ONN = 0.93pT(e1) = 78 GeV  
η(e1) = 0.16

pT(e2) = 55 GeV  
η(e2) = - 0.19

pT(b-jet) = 86 GeV  
η(b-jet) = 0.40

pT(jet) = 107 GeV  
η(jet) = 1.93

pT(e3) = 54 GeV  
η(e3) = 1.13



ONN = 0.94

pT(µ1) = 159 GeV  
η(µ1) = - 1.53

pT(e) = 144 GeV  
η(e) = 0.75

pT(µ2) = 41 GeV  
η(µ2) = - 0.61

pT(b-jet) = 68 GeV  
η(b-jet) = - 0.03

pT(jet) = 252 GeV  
η(jet) = - 2.16
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ATLAS & CMS

Where does the difference between the cross sections come from? 
Is there any significant difference in the analysis strategy?

CMS-PAS-TOP-16-020
35.9 fb-1

Significance obs(exp):  
3.7 (3.1)σ
µ = 1.31  
      +0.35-0.33 (stat.)  
      +0.31-0.25 (syst.)

σ(tllq) = 123  
                +33-31 (stat.)  
                +29-23 (syst.)

TOPQ-2016-14  
(submitted to PLB)
36.1 fb

-1

Significance obs(exp):  
4.2 (5.4)σ
µ = 0.75  
      ± 0.21 (stat.)  
      ± 0.17 (syst.)  
      ± 0.05 (th.) 
σ(tZq) = 600  
                ± 170 (stat.)  
                ± 140 (syst.) fb 

ATLAS CMS

https://cds.cern.ch/record/2284830/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2016-14/


Signal MC: NLO.

Theory cross section:
Z boson can be off shell/γ* is also 
included,
mll > 30 GeV,
5-flavour scheme (4FS for MC 
generation).

σNLO(tllq) = 94 fb
±2% scale
±2.5% PDF

Signal MC: LO rescaled to NLO.

Theory cross section:
Z boson is forced to be on shell,
no cuts are applied,
4-flavour scheme.

σNLO(tZq) = 800 fb
±6/7% scale
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Signal samples & theory cross section
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Tau leptonic decays included.
Different scale choice between ATLAS and CMS.

Theory paper https://arxiv.org/abs/1302.3856
σNLO(tZq) ~ 820 fb.

ATLAS CMS

https://arxiv.org/abs/1302.3856
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Event selection

TRIGGER & LEPTON pT 
Keeping the 3rd lepton pT lower increases the Z+jet contamination, giving a better handle on 
this bkg when training the NN.

njets 
Connected with LO vs NLO signal MC (LO does not take into account large fraction of signal in 
the 3 jets bin)
Having 3 jets might create ambiguity in defining the forward jet.

b-tagging WP

Trigger
OR of 1/2/3 lepton triggers 

Leptons
exactly three
pT(lep) > 25 GeV 
≥ 1 OSSF pair
|mll - mZ| < 15 GeV 

Jets
two or three 
pT(jet) > 30 GeV
1 b-tagged (83% WP, 10% mistag) 

Trigger
single lepton triggers 

Leptons
exactly three
pT(lep) > 28/25/15 GeV 
≥ 1 OSSF pair
|mll - mZ| < 10 GeV 

Jets
exactly two 
pT(jet) > 30 GeV
1 b-tagged (77% WP, 1% mistag) 

mT(W) > 20 GeV

ATLAS CMS
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Background estimation Signal tZq = tZq

Fakes t t ̄+ tW + Z+jets = NPL

Diboson Diboson = ZZ + WZ+c/b/light

top t tV̄ + t tH̄ + tWZ = tWZ + t tH̄ + t tW̄ + t tZ̄

ATLAS CMS

Signal 26 18% 32 9%

Fakes 51 35% 91 26%

Diboson 48 33% 186 54%

top 19 13% 35 10%

Similar multivariate approach.
ATLAS uses NN,
CMS uses Boosted Decision Trees (BDT).

Training w/o fake estimation included. 
Different fitting.

ATLAS uses only 1 SR.
CMS uses one SR per channel (eee, eeµ, eµµ 
and µµµ) and control regions to constrain 
backgrounds.
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Conclusions and outlook
Clear evidence of single top 
production in association with a 
Z boson in the t-channel.

Observed (expected) 
significance of extracted signal:  
 
4.2σ (5.4σ)

Measured cross-section:  
 
600 ± 170 (stat.) ± 140 (syst.) fb  

to be compared to the NLO 
prediction of 800 fb.
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Conclusions and outlook
Evidence is just the beginning of a long journey. 
The LHC Run2&3 and the HL-LHC will give the 
opportunity to study the top sector in more detail. 

tZq observation with 100 fb
-1
.

Possibility to look for the production of a single 
top in association with a Higgs boson with HL-
LHC data.

from 10.1103/PhysRevD.87.114006

Run2 Run3 Run4

LS2 LS3

2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028

150 fb-1 300 fb-1

LHC HL-LHC

firs tZq observation  
with 100 fb-1

first tZq  
differential cross 

section measurement 
with 150 fb-1

tHq preparatory  
studies

tHq search

development of algorithms 
for L1 trigger

Ph
ys

ic
s 

an
al

ys
es

U
pg

ra
de

Stay tuned for new interesting results!

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.114006
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• The ATLAS Inner Detector is made of three sub-detectors: 

• Silicon Pixel, Silicon Strip and  
TRT (Drift Tubes)

• A new innermost layer (IBL), mounted on a  
narrower beam pipe, was installed  
in ATLAS in May 2014

• Smaller pixel size (50x250 vs 50x400 μm)

• Closer to interaction region (R~3.3cm)

• Significantly more radiation hard

• H → bb primary physics  
motivation for the new detector!

Barrel section

Pixel Detector Upgrade

25

inserted here!
IBL

May 7th, 2014

slide from Giacinto Piacquadio 
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Background estimation - t t ̄
Normalisation corrected using scale factor derived in t t ̄VR (OSOF, to reduce 
Z+jets contamination).
Average of various scale factors obtained from different dilepton invariant 
mass cuts.
Uncertainty on scale factor from: 

variation of the mll requirement,
statistical uncertainty of the sample.

SFt t ̄= 1.21 ± 0.51
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NN input variables
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NN input variables
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NN input variables
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NN input variables
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NN input variables
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NN input variables



54Lidia Dell’Asta

ATLAS & CMS

17.11.2017



Lidia Dell’Asta 17.11.201755

Signal samples & theory cross section

Need to converge on a common setup.
Include or not γ* contribution  current thinking is to include it

If including γ*, need to fix an m(ll) requirement 30 GeV seems reasonable from the 
experimental side
Whether to use 4FS or 5FS  current thinking is 5FS (expected to be more precise for 
inclusive XS)
Which scale to use  theory guidance appreciated

µ =
1

2
⌃
p

E2 � p2z

µ =
1

2
⌃
p

E2 � p2z

µ =
1

2
⌃
p

E2 � p2z

µ =
1

2
⌃
p

E2 � p2z

µ = 4
q

m2
b + p2T,b

µ =
1

2
⌃
p

E2 � p2z

µ =
1

2
⌃
p

E2 � p2z

FS Scale Cuts x-sec (fb) notes

tllq 5 - 94 CMS default

tllq 4 - 76 4 vs 5 FS 
20% effect

tllq 5 mll > 80 GeV 89

tZ( ll)q 5 - 86 effect of missing contributions from 
off-shell/γ* and extra diagrams

tZq 4 - 800 ATLAS default

tZq 4 - 690 scale
15% effect

tZq 5 - 860 4 vs 5 FS 
20% effect
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Background estimation
All “NPL” (non-prompt leptons) 
sources estimated together. 

“templates” from data with LTT 
leptons. 
e/µ treated separately. 
“2 step normalisation”

fit mT(W) in the 0bjet CR and 
get first normalisation factors 
for all channels. 
NPL e and µ yields: two free 
parameters independent of 
each other in the fit. 
Uncertainty: 

shape uncertainty based on 
changing isolation 
requirements.

t t ̄and Z+jets non-prompt  
lepton backgrounds estimated 
separately. 

t t:̄ data/MC SF from OSOF 
region 

shape from MC. 

Z+jets: Fake Factor method 
e/µ treated separately 
binned in pT of W lepton
FF: TTT/LTT in region with 
mT(W) < 20 GeV
applied to LTT data.  
Uncertainty: 

30/40% normalisation.

ATLAS

CMS
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Background estimation
12 7 Results

the fit is less than 3 s away from the SM prediction. This feature, that may be attributed to
the somewhat worse description of the data by the simulation for some bins of jet multiplicity
[44], does not affect the measurement, as verified in several checks. First, the predicted shapes
of the kinematic variables relevant to the analysis were verified to decribe the data well in the
WZ +light flavour enriched region. The analysis was also repeated increasing the uncertainty
on the WZ+light flavour component to 50%, leaving the results unchanged within about half a
percent. Finally the WZ+light flavour yield was fit simultaneously with the NPL background
yields using the 0bjet only, and the resulting Nobs/Npred scale factor was found to be 0.73 ±
0.11, in good agreement with the results of Table 1. The expected number of tZq events in the
1bjet region is 32.3. The 0bjet and 2bjets control regions (not shown) also contain tZq events,
with predicted yields around 23 and 19 events, respectively.

Process eee eeµ µµe µµµ All channels Nobs

Npred

tZq 5.0±1.5 6.6±1.9 8.5±2.5 12.3±3.6 32.3±5.0 –
ttZ 3.7±0.7 4.7±0.9 6.1±1.2 8.0±1.5 22.4±2.2 0.9±0.2
ttW 0.3±0.1 0.3±0.1 0.7±0.2 0.6±0.2 1.9±0.3 1.0±0.2
Z Z 4.8±1.3 3.2±0.9 9.0±2.5 7.8±2.2 24.7±3.6 1.3±0.3
WZ+b 3.0±0.9 3.4±1.1 4.6±1.4 5.5±1.7 16.6±2.6 1.0±0.2
WZ+c 9.0±2.4 13.7±3.7 18.0±4.9 24.2±6.5 64.8±9.3 1.0±0.2
WZ+light 12.2±1.6 16.6±2.0 22.4±2.8 29.1±3.4 80.3±5.1 0.7±0.1
ttH 0.6±0.2 0.9±0.3 1.0±0.3 1.5±0.4 4.0±0.6 1.0±0.2
tWZ 1.0±0.3 1.3±0.4 1.7±0.5 2.4±0.7 6.5±1.0 1.0±0.2
NPL: electrons 19.2±3.1 0.6±0.1 17.9±2.8 – 37.7±4.2 –
NPL: muons – 7.2±2.3 31.1±9.9 15.3±4.9 53.6±11.3 –
Total 58.8±4.8 58.4±5.5 120.9±12.4 106.6±10.1 344.8±17.6
Data 56 58 104 125 343

Table 1: Observed and expected (post-fit) yields for each production process in the 1bjet region.
The yields of columns 2–5 correspond to each channel, and that of column 6 displays the total
for all channels. The last column displays the ratio between post- and pre-fit yields.
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Figure 5: Template distributions used for signal extraction. Left: BDT discriminant in the
1bjet region; centre: BDT discriminant in the 2bjets control region; mW

T in the 0bjet control
region.

The observed tZq signal strength is

µ = 1.31+0.35
�0.33 (stat)+0.31

�0.25 (syst),

post-fit values

32.3 ± 5.0

91.3 ± 12.1

186.4 ± 11.5
34.8 ± 2.5

ATLAS

CMS

CMS

Signal tZq = tZq

Fakes t t+̄tW + Z+jets = NPL

Diboson Diboson = ZZ + WZ+c/b/light

top t tV̄+t tH̄+tWZ = tWZ + t tH̄ + t tW̄ + t tZ̄

}
ATLAS CMS

Signal 26 18% 32 9%

Fakes 51 35% 91 26%

Diboson 48 33% 186 54%

top 19 13% 35 10%
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Multivariate analysis
BDT 
Training with signal and all backgrounds 
(excluding fakes because of lack of stat.)
Two BDTs for the 1bj and 2bj SRs.
Various variables used for training.

Including MEM (Matrix Element 
Method) as input variables.

10% significance improvement. 

NN 
Training with signal and all backgrounds 
(t t ̄excluded, fakes included)
10 variables

List in the paper
Most discriminating: η(jetforward) and 
pT(jetforward).
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Fitting
Fitting 12 regions 
simultaneously.

eee, eeµ, eµµ, µµµ.
BDT in 1bjet (signal 
region).
BDT in 2bjet (to 
control t tZ̄).
mT(W) in 0bjet (to 
control WZ+jets).

Fitting ONN in SR (all 
channels summed 
together).

ATLAS CMS
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ATLAS & CMS
MC signal samples @LO for ATLAS and @NLO for CMS.

Theory cross section calculations compatible but with several 
differences (tZq vs tllq, 4 vs 5 FS, scale choice).

Need to converge to a common approach.

Some different approaches for the event selection (e.g. lepton pT 
cuts, number of jets, b-tagging WP) and background estimation.

Visible effect on the background composition in the SR.

Multivariate analysis (NN for ATLAS and BDT for CMS).
Main difference coming from the use of fakes in training.

Different way of fitting NN/BDT output distributions.


