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Single top quark in association with a Z

SM single top-quark production in association 
with a Z boson (t-channel, tZq) not measured 
before Run 2

CMS observation with 77 fb-1

PRL 122 (2019) 132003
σ(tllq) = 111 ±13(stat.) +11−9 (syst.) fb

15% total uncertainty

from Phys. Rev. D 87 (2013) 114006

t-channel

SM tZq probes both t-Z and W-Z 
couplings
Useful for EFT extraction
SM tZq background for:

Flavor Changing Neutral Current  
tZq production
SM tHq final state

u d
W

W

b

b

t

Z

u d

W

b

b

t

Z

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.132003
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Signal
Generated as tllq (with mll > 30 GeV) at NLO in 4FS

MadGraph5_aMC@NLO 2.6.0 with Pythia 8.230 (A14 tune)
PDF: NNPDF30_nlo_as_0118_nf_4
Scales: 4√(mb2 + pT,b2)

Normalized to σNLO(tllq) = 102 fb +5.2-1.3% (scale) ±1% (PDF)
Cross section computed in 5FS
PDF: NNPDF30_nlo_as_0118
Scales: (mt + mZ)/4

Data 2015-2018 used, integrated luminosity 139 fb-1

Event topology
3 leptons + 2 or 3 jets (1 b-tagged)
t-channel: implies presence of a forward jet

Main backgrounds
Diboson, mainly WZ: from Monte Carlo (MC)
ttZ̄: from MC
Fakes (Z+jets and tt)̄: from MC enriched with b-jet replacement method (BJR)

Analysis strategy: multivariate analysis (using Neural Networks)
Fit strategy: simultaneous fit of signal regions and control regions 
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The analysis in a nutshell

t-channel
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Event selection in Signal Regions
Trigger

Single isolated lepton 
triggers
e: 26 GeV threshold 
(24 GeV in 2015) 
µ: 26 GeV threshold  
(20 GeV in 2015)

Leptons
Exactly 3 isolated leptons, 
e/µ
pT > 28, 20, 20 GeV

Jets
Exactly 2(3) jets
pT > 35 GeV
|η| < 4.5

b-tagging
Exactly 1 b-tagged jet
70% efficiency WP

In addition:
≥1 OSSF lepton pair  
with |mll - mZ | < 10 GeV
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Background estimation
Background sources from processes with:

three or more prompt leptons  
(ttV̄, diboson, ttH̄ and tWZ)
two prompt leptons and  
one additional non-prompt or  
fake lepton (Z+jets, tt)̄

Background MCs
ttV̄: MadGraph5_aMC@NLO 2.3.3 (NNPDF3.0 NLO) with Pythia 8.230 (A14 tune, 
NNPDF2.3 LO)

Non resonant ll contributions included for ttZ̄
Diboson: Sherpa 2.2.1 (2.2.2 for fully leptonic final states)

Up to one additional parton at NLO accuracy and up to three additional parton 
emissions at LO accuracy 

tt:̄ Powheg-Box v2 (NNPDF3.0 NLO) with Pythia 8.230 (A14 tune, NNPDF2.3 LO) 

Control Regions (CRs): used in the fit
ttZ̄ CRs: one additional b-tagged jet (CR 3j2b and CR 4j2b) 
Diboson CRs: no b-tagged jets (CR 2j0b and CR 3j0b)

Z+jets background extracted from these regions too
tt ̄CRs: same jet multiplicities but with OSDF leptons (CR 2j1b and CR 3j1b)
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Background estimation - ttZ̄
ttZ̄ background extracted from CRs
Good modeling of ttZ̄ background

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
)|

f
(jη|

0.6
0.8

1
1.2
1.4

D
at

a 
/ P

re
d.

0

10

20

30

40

50

Ev
en

ts
 / 

0.
5

ATLAS
-1 = 13 TeV, 139 fbs

tZq SM
CR 3j2b
Post-Fit

Data
tZq

+tWtt
Z+jets
VV+LF
VV+HF

Z+tWZtt
HtW+ttt

Uncertainty

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
)|

f
(jη|

0.6
0.8
1.0
1.2
1.4

D
at

a 
/ P

re
d.  

0

20

40

60

80

100

120

140

Ev
en

ts
 / 

0.
5

ATLAS
-1 = 13 TeV, 139 fbs

 
SR 2j1b
Post-Fit

Data
tZq

+tWtt
Z+jets
VV+LF
VV+HF

Z+tWZtt
HtW+ttt

Uncertainty

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
)|

f
(jη|

0.6
0.8

1
1.2
1.4

D
at

a 
/ P

re
d.

0

5

10

15

20

25

30

Ev
en

ts
 / 

0.
5

ATLAS
-1 = 13 TeV, 139 fbs

tZq SM
CR 4j2b
Post-Fit

Data
tZq

+tWtt
Z+jets
VV+LF
VV+HF

Z+tWZtt
HtW+ttt

Uncertainty

SR 2j1b CR 3j2b CR 4j2b



8

Background estimation - Diboson
Contribution from diboson + b, c and light flavour

Diboson + b/c (HF) and diboson + light (LF) treated separately

Diboson background extracted from CRs
Additional validation regions (VRs) to check background modeling

Diboson VRs: one loose b-tagged jet, i.e. passing 85% and not 70% WP  
(VR 2j1Lb and VR 3j1Lb)

Different composition in SRs and CRs (and VRs)
Good modeling of diboson background

0 50 100 150 200 250 300
) [GeV]miss

T
(l,ETm

0.6
0.8
1.0
1.2
1.4

D
at

a 
/ P

re
d.  

0

200

400

600

800

1000

1200

1400

1600

1800

2000

Ev
en

ts
 / 

40
 G

eV

ATLAS
-1 = 13 TeV, 139 fbs

 
CR diboson 2j0b
Post-Fit

Data
tZq

+tWtt
Z+jets
VV+LF
VV+HF

Z+tWZtt
HtW+ttt

Uncertainty

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
)|

f
(jη|

0.6
0.8
1.0
1.2
1.4

D
at

a 
/ P

re
d.  

0

20

40

60

80

100

120

140

Ev
en

ts
 / 

0.
5

ATLAS
-1 = 13 TeV, 139 fbs

 
SR 2j1b
Post-Fit

Data
tZq

+tWtt
Z+jets
VV+LF
VV+HF

Z+tWZtt
HtW+ttt

Uncertainty

1.0− 0.8− 0.6− 0.4− 0.2− 0.0 0.2 0.4 0.6 0.8 1.0

NNO

0.6
0.8
1.0
1.2
1.4

D
at

a 
/ P

re
d.  

0

20

40

60

80

100

120

140

160

180

200

Ev
en

ts
 / 

0.
3

ATLAS
-1 = 13 TeV, 139 fbs

 
VR diboson 2j1Lb
Post-Fit

Data
tZq

+tWtt
Z+jets
VV+LF
VV+HF

Z+tWZtt
HtW+ttt

Uncertainty

SR 2j1b CR 2j0b VR 2j1Lb



9

Background estimation - Fakes
Not enough tt ̄and Z+jets MC events passing trilepton selection
Use b-jet replacement method (BJR)
Idea: extend dilepton sample into trilepton via forcing semileptonic b decay of a second b-jet

events are selected with one fewer lepton and one more b-tagged jet than in the SR
one of the b-jets (selected randomly) is then replaced by a lepton

Assumption: b-hadron decays are the source of fakes
Z+jets and tt ̄background extracted from CRs
Additional VRs to check tt ̄background modeling

ttV+ tt ̄ VRs: same jet multiplicities but with reversed mll cut (VR 2j1b and VR 3j1b)
Good modeling of fakes background
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Neural Network

NN trained in SR 2j1b and SR 3j1b separately
All backgrounds included
Same 4 variables are the highest ranked in the two SRs

To better separate the signal from the backgrounds, a Neural Network (NN) is trained, 
using NeuroBayes

Variable Rank Definition
SR 2j1b SR 3j1b

mbjf 1 1 (Largest) invariant mass of the b-jet and the untagged jet(s)
mtop 2 2 Reconstructed top-quark mass��⌘(jf)�� 3 3 Absolute value of the ⌘ of the jf jet
mT(`, Emiss

T ) 4 4 Transverse mass of the W boson
b-tagging score 5 11 b-tagging score of the b-jet
HT 6 – Scalar sum of the pT of the leptons and jets in the event
q(`W ) 7 8 Electric charge of the lepton from the W-boson decay���⌘(`W )��� 8 12 Absolute value of the ⌘ of the lepton from the W-boson decay
pT(W) 9 15 pT of the reconstructed W boson
pT(`W ) 10 14 pT of the lepton from the W-boson decay
m(``) 11 – Mass of the reconstructed Z boson��⌘(Z)�� 12 13 Absolute value of the ⌘ of the reconstructed Z boson
�R(jf, Z) 13 7 �R between the jf jet and the reconstructed Z boson
E

miss
T 14 – Missing transverse momentum

pT(jf) 15 10 pT of the jf jet��⌘(jr)�� – 5 Absolute value of the ⌘ of the jr jet
pT(Z) – 6 pT of the reconstructed Z boson
pT(jr) – 9 pT of the jr jet
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NN input variables in SRs
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Fitting strategy

Simultaneous binned maximum-likelihood fit of SRs and CRs 
2 SRs (ONN) + 2 diboson CRs (mT(W)) + 2 tt ̄CRs (1bin) + ttZ̄ CRs (ONN)
Fakes backgrounds (Z+jet and tt)̄ free floating in the fit

ATLAS DRAFT

10 Profiled likelihood fit956

10.1 Introduction957

In order to extract the tZq cross-section, a binned maximum likelihood fit is performed using the MC958

templates for both signal and background predictions. The software framework used for performing the fit959

is TRExFitter [70]. This combines the functionalities of RooFit [71] and RooStats [72] and is designed960

to build probability density functions that are automatically fit to data and interpreted with statistical tests.961

The likelihood function comprises histogram bins from both SRs and CRs. Binning optimization studies962

were performed using the ‘Transform D’ algorithm [70] using anywhere from 7-12 bins. No significant963

changes in the uncertainty on the tZq cross section measurement are obtained. The final choice for binning964

will be 10 equally spaced bins.965

Regions The regions included in the fit, as well as the distributions that are fit, are summarised in966

Table 34. The definitions of the various regions are shown in Table 4. Some regions are used to control the967

overall normalisation of various backgrounds. In the diboson CRs, mT(`, Emiss
T ) is used instead of ONN to968

better separate the diboson contribution from Z + jets.969

Table 34: Overview of the regions included in the fit.

Region Distribution Additional info

2j1b SR ONN –
3j1b SR ONN –

2j0b diboson CR mT(`, Emiss
T ) –

3j0b diboson CR mT(`, Emiss
T ) –

2j1b tt CR – single bin
3j1b tt CR – single bin

3j2b ttZ CR ONN –
4j2b ttZ CR ONN –

The S/B of the various regions employed in the fit are shown in Fig. 68.970

Inputs The inputs to the fit consist of binned distributions, including the signal and all background971

channels. Additionally, for each MC sample, separate templates that take into account the systematic972

variations discussed in Section 9 are created and included in the fit.973

POI The global likelihood function describing the agreement between data and prediction as a function of974

the parameter of interest, µSIG, and the set of nuisance parameters describing the e�ect of the corresponding975

systematic uncertainty sources is constructed and fitted. The signal strength parameter, µSIG, is defined as976

the ratio between the measured cross-section and the theoretical prediction, µSIG = �tZq/�
pred
tZq .977
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Control Regions in the fit
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Results

Observed significance well above 5σ
σmeas.(tllq) = 97 fb ±13 (stat.) ±7 (syst.) fb

σNLO(tllq) = 102 fb +5.2-1.3% (scale) ±1% (PDF)
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Results

Uncertainty source ��/� [%]

Prompt-lepton background modelling and normalisation 3.3
Jets and Emiss

T reconstruction and calibration 2.0
Lepton reconstruction and calibration 2.0
Luminosity 1.7
Non-prompt-lepton background modelling 1.6
Pile-up modelling 1.2
MC statistics 1.0
tZq modelling (QCD radiation) 0.8
tZq modelling (PDF) 0.7
Jet flavour tagging 0.4

Total systematic uncertainty 7.0

Data statistical 12.6
tt and Z + jets normalisation 2.1

Total statistical uncertainty 12.9
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σmeas.(tllq) = 97 fb ±13 (stat.) ±7 (syst.) fb
σNLO(tllq) = 102 fb +5.2-1.3% (scale) ±1% (PDF)
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Conclusions
Observation of Standard Model tZq process by ATLAS

Tri-lepton final state with 2 or 3 jets

σmeas.(tllq) = 97 fb ±13 (stat.) ±7 (syst.) fb
14% uncertainty, dominated by statistical uncertainty
σNLO(tllq) = 102 fb +5.2-1.3% (scale) ±1% (PDF)
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BackUp
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Event selection

ATLAS DRAFT

Table 4: Overview of the requirements applied for selecting events in the signal, validation and control regions. The
‘Loose’ b-jet requirement means that one jet passes the 85 % e�cient b-tagging working point requirement but does
not pass the 70 % e�cient working point.

Common selections

Exactly 3 leptons with |⌘ | < 2.5
pT(`1) > 28 GeV, pT(`2) > 20 GeV, pT(`3) > 20 GeV

pT(jet) > 35 GeV
SR 2j1b Diboson 2j0b CR ttZ 3j2b CR tt 2j1b CR

� 1 OSSF pair � 1 OSSF pair � 1 OSSF pair � 1 OSDF pair
|m`` � m

Z
| < 10 GeV |m`` � m

Z
| < 10 GeV |m`` � m

Z
| < 10 GeV No OSSF pair

2 jets, |⌘ | < 4.5 2 jets, |⌘ | < 4.5 3 jets, |⌘ | < 4.5 2 jets, |⌘ | < 4.5
1 b-jet, |⌘ | < 2.5 0 b-jets 2 b-jets, |⌘ | < 2.5 1 b-jet, |⌘ | < 2.5

Diboson 2j1Lb VR ttV + tt 2j1b VR

� 1 OSSF pair � 1 OSSF pair
|m`` � m

Z
| < 10 GeV |m`` � m

Z
| > 10 GeV

2 jets, |⌘ | < 4.5 2 jets, |⌘ | < 4.5
1 ‘Loose’ b-jet, |⌘ | < 2.5 1 b-jet, |⌘ | < 2.5

SR 3j1b Diboson 3j0b CR ttZ 4j2b CR tt 3j1b CR

� 1 OSSF pair � 1 OSSF pair � 1 OSSF pair � 1 OSDF pair
|m`` � m

Z
| < 10 GeV |m`` � m

Z
| < 10 GeV |m`` � m

Z
| < 10 GeV No OSSF pair

3 jets, |⌘ | < 4.5 3 jets, |⌘ | < 4.5 4 jets, |⌘ | < 4.5 3 jets, |⌘ | < 4.5
1 b-jet, |⌘ | < 2.5 0 b-jets 2 b-jets, |⌘ | < 2.5 1 b-jet, |⌘ | < 2.5

Diboson 3j1Lb VR ttV + tt 3j1b VR

� 1 OSSF pair � 1 OSSF pair
|m`` � m

Z
| < 10 GeV |m`` � m

Z
| > 10 GeV

3 jets, |⌘ | < 4.5 3 jets, |⌘ | < 4.5
1 ‘Loose’ b-jet, |⌘ | < 2.5 1 b-jet, |⌘ | < 2.5

18th July 2019 – 18:59 23
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Post-fit event yields in SRs and CRs
SR 2j1b CR diboson 2j0b CR tt 2j1b CR ttZ 3j2b

tZq 79 ± 11 53.1± 7.5 0.2± 0.1 12.9± 2.0

tt + tW 23.8± 4.8 13.7± 2.7 33.3± 6.3 1.7± 0.3

Z + jets 28 ± 13 181 ± 82 < 0.1 1.4± 0.6

VV + LF 19.7± 7.9 2000 ± 100 < 0.1 0.1± 0.1

VV + HF 101 ± 22 383 ± 78 0.4± 0.1 5.2± 1.7

ttZ + tWZ 96 ± 11 63.2± 7.0 4.8± 0.5 59.3± 7.1

ttH + ttW 6.5± 1.0 3.0± 0.5 12.4± 1.9 2.8± 0.5

Total 354 ± 16 2697 ± 56 51.1± 6.1 83.5± 6.4

Data 359 2703 49 92

SR 3j1b CR diboson 3j0b CR tt 3j1b CR ttZ 4j2b

tZq 43.4± 6.2 21.2± 3.3 0.2± 0.1 8.0± 1.3

tt + tW 11.0± 2.2 6.9± 1.3 15.4± 3.1 1.0± 0.2

Z + jets 12.8± 6.0 53 ± 23 < 0.1 0.4± 0.2

VV + LF 10.1± 4.2 624 ± 53 < 0.1 0.1± 0.1

VV + HF 58 ± 17 186 ± 51 0.3± 0.1 3.4± 1.0

ttZ + tWZ 132 ± 12 61.9± 6.2 3.9± 0.5 58.1± 5.3

ttH + ttW 4.7± 0.7 1.7± 0.3 8.2± 1.3 2.0± 0.3

Total 272 ± 12 955 ± 29 28.0± 3.0 72.8± 5.0

Data 259 949 31 75
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Uncertainties
Reconstruction efficiency and calibration uncertainties 
Signal modeling

Scale and radiation 
Background modeling

tt ̄
Generator: Powheg-Box vs MadGraph5_aMC@NLO
Parton shower and hadronisation: Pythia 8 vs Herwig 7 
Scale and radiation
Pre-fit uncertainty (uncorrelated between regions): 7%

Z+jets
BJR shape uncertainty
Pre-fit uncertainty (uncorrelated between regions): 15%

Diboson
Generator: Sherpa vs Powheg-Box (separately for LF and HF)
Pre-fit uncertainty: 20% for LF and 30% for HF

ttZ̄
Generator: MadGraph5_aMC@NLO vs Sherpa 
Scale and radiation
ttZ̄ / tWZ interference: DR1 vs DR2 (similarly to tt ̄/ tW)
Pre-fit uncertainty: 12%

Luminosity: 1.7%
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Uncertainties

Uncertainty source ��/� [%]

Prompt-lepton background modelling and normalisation 3.3
Jets and Emiss

T reconstruction and calibration 2.0
Lepton reconstruction and calibration 2.0
Luminosity 1.7
Non-prompt-lepton background modelling 1.6
Pile-up modelling 1.2
MC statistics 1.0
tZq modelling (QCD radiation) 0.8
tZq modelling (PDF) 0.7
Jet flavour tagging 0.4

Total systematic uncertainty 7.0

Data statistical 12.6
tt and Z + jets normalisation 2.1

Total statistical uncertainty 12.92< 1.5< 1< 0.5< 0 0.5 1 1.5 2
e6)/0e-e(

Z scalett

Z+jets SR 2j1b rate
Z aMC@NLO vs. Sherpa221tt

Jet flavour comp. VV+LF

Jet flavour resp.
µJet pile-up offset 

tZq QCD rad.

 intercalib., modellingdJet 
JER, comp. 2

HtW+tt, tW, ttJet flavour comp. tZq, Z+jets, t

Z+jets, photon conv. fakes

Pile-up
VV+LF norm.

Electron ID

Luminosity

0.03< 0.02< 0.01< 0 0.01 0.02 0.03
)

0
m/m(6:0m/mPre-fit impact on 

e6+e = e e6-e = e

:0m/mPost-fit impact on 
e6+e = e e6-e = e

Nuis. Param. Pull

ATLAS
-1 = 13 TeV, 139 fbs
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