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Introduction	to	top+boson processes

• Unique role in the SM due to its large mass (173 GeV)
• Yukawa coupling-strength parameter close to unity
• Short lifetime (ca. 10-25 s) → decay before hadronisation

• Generalised, effective Lagrangian for the 𝑡 ̅𝑡𝑉 coupling vertex:

• Photon coupling: purely ”vectorial” coupling at tree level in the SM
• 𝑍 boson coupling: components from EW mixing (hypercharge, weak isospin)
• Both: only minor tensor-like components with higher-order loop corrections

• Couplings accessible through: top quarks in association with photon or 𝑍 boson
• First ATLAS papers with full Run 2 data: stringent tests of theory predictions
→ Presented here: ATLAS measurements of 𝑡 ̅𝑡𝛾, 𝑡 ̅𝑡𝑍 and 𝑡𝑍𝑞 production
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Detection	with	the	ATLAS	detector
• Onion-shell-like structure

• High-precision components: 
tracker, calorimeters, muon 
spectrometer

• Large coverage up to 𝜂 < 5.0
• 139 fb-1 of data “good for physics”
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𝑡 ̅𝑡𝛾 production	in	the 𝑒𝜇 channel
• Top-photon coupling accessible in production 

of 𝑡 ̅𝑡𝛾 final states
• 𝑡 ̅𝑡𝛾: photon radiation possible by any of the 

charged particles involved → Combination is 
measured experimentally as “𝑡 ̅𝑡𝛾 production”

• Earlier measurements (36 fb-1) with Run 2 data 
published by ATLAS
• Both lepton+jets and dilepton channels
• Fiducial inclusive and differential cross-sections

• Now: precision measurement in 𝑒𝜇 channel
• Fiducial inclusive and differential cross-sections in 

several observables to test theory prediction
• Comparison with fixed-order calculation (NLO in 

QCD): JHEP 1810 (2018) 158

Associated production of top quarks and neutral bosons 4

t

νℓ

ℓ
+

b b

ℓ
+

νℓ

t t

νℓ

ℓ
+

b

t

νℓ

ℓ
+

b b

ℓ
+

νℓ

t t

νℓ

ℓ
+

b

g

g

t

t̄

γ

g

g t

t̄

γ

q̄

t

t̄

q

γ

Radiative top production

ISR
g

g

t

t̄

γ

g

g t

t̄

γ

q̄

t

t̄

q

γ

Radiative top decay

EPJC 79 (2019) 382

https://doi.org/10.1007/JHEP10(2018)158
http://dx.doi.org/10.1140/epjc/s10052-019-6849-6


Knut Zoch (University of Göttingen)

𝑡 ̅𝑡𝛾 production	in	the 𝑒𝜇 channel

• Fixed-order computation includes all off-shell 
contributions and interference effects 
→ Perform combined 𝑡 ̅𝑡𝛾 + 𝑡𝑊𝛾 measurement 
→ Fiducial phase space aligned with computation

• Binned profile likelihood fit of observable 𝑆& (scalar 
sum of all transverse momenta, incl. 𝐸&'()))

• Measured fiducial cross-section (approx. 6% unc.):

𝜎*(+ 𝑡 ̅𝑡𝛾 → 𝑒𝜇 = 39.6 ± 0.8 stat ,-.-
/-.0 (syst) =b

• To be compared against theory value:

𝜎123*(+ = 38.50 ,-.45
/6.70 scale ,4.45

/4.68 PDF =b
• Dominant uncertainties: signal and background 

modelling, luminosity
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eμ signal region

Leptons 1 electron, pT > 25 GeV

1 muon, pT > 25 GeV

opposite electric charge

Mll > 15 GeV

Jets 2 or more (R=0.4)

b-tags 1 or more (85% efficiency)

Photons 1 photon, pT > 20 GeV
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𝑡 ̅𝑡𝛾 production	in	the 𝑒𝜇 channel
• ATLAS data unfolded to parton level
• Compared against fixed-order NLO theory 

and LO+PS Monte Carlo simulation:
• 𝑝! and absolute rapidity of the photon
• |Δ𝜂| and |Δ𝜙| between the two leptons
• Δ𝑅 between photon and closest lepton

• NLO theory in good agreement with data
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𝑡 ̅𝑡𝛾 production	in	the 𝑒𝜇 channel
• ATLAS data unfolded to parton level
• Compared against fixed-order NLO theory 

and LO+PS Monte Carlo simulation:
• 𝑝! and absolute rapidity of the photon
• |Δ𝜂| and |Δ𝜙| between the two leptons
• Δ𝑅 between photon and closest lepton

• NLO theory in good agreement with data
• LO+PS MC simulation with difficulties to 

describe some of the observables
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χ2/ndf p-value

MG5 + Pythia8 30.8/9 < 0.01

MG5 + Herwig7 31.6/9 < 0.01

Fixed-order NLO 5.8/9 0.76

Normalised cross-section as a function of Δ𝜙(ℓ, ℓ)
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𝑡 ̅𝑡𝑍 production	in	3ℓ/4ℓ final	states
• Earlier ATLAS measurements at 13 TeV (36 fb-1): 

inclusive cross-sections of 𝑡 ̅𝑡𝑊/𝑡 ̅𝑡𝑍 production

→ Measurement of 𝑡 ̅𝑡𝑍 with full Run 2 data
• Focus on trilepton and tetralepton final states
• Inclusive & differential cross-section measurements in 

several observables (parton and particle level)
• Trilepton channels – different usage in incl./diff.:

• One region for unfolding → maximum statistics
• Two 𝑏-tag regions for inclusive measurement

→ maximum precision & 𝑊𝑍 background suppression

• Tetralepton channels – four signal regions:
• Same-flavour/opposite-flavour lepton pairing
• Different 𝑏-tag multiplicities

• Control regions for 𝑍𝑍 and 𝑊𝑍 backgrounds
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𝑡 ̅𝑡𝑍 production	in	3ℓ/4ℓ final	states
• Simultaneous profile likelihood fit of all trilepton and 

tetralepton signal regions + 𝑊𝑍 and 𝑍𝑍 control regions
• Cross-check of fit results with individual channel fits

• Measured inclusive 𝑡 ̅𝑡𝑍 cross-section:                  
𝜎 𝑡 ̅𝑡𝑍 = 1.05 ± 0.05 stat ± 0.09 syst pb

• In agreement with NLO+NNLL prediction:           
𝜎 𝑡 ̅𝑡𝑍 = 0.863 ,6.69

/6.6: scale ± 0.03 PDF+𝛼; pb

0 50 100 150 200 250 300 350
 [GeV]

T
pLeading lepton 

0.6
0.8

1
1.2
1.4

D
at

a 
/ S

M

10

20

30

40

50

60

70

Ev
en

ts
 / 

50
 G

eV

ATLAS Preliminary
-1 = 13 TeV, 139 fbs

4l SR combination
Post-fit

Data Ztt
ZZ+jets tWZ
Fake leptons Other
Uncertainty

Associated production of top quarks and neutral bosons 9

0 50 100 150 200 250 300 350 400 450 500
 [GeV]Z

T
p

0.8
1

1.2

D
at

a 
/ S

M

50

100

150

200

250

300

Ev
en

ts
 / 

50
 G

eV

ATLAS Preliminary
-1 = 13 TeV, 139 fbs

3l + 4l SR combination
Post-fit

Data Ztt
WZ+jets ZZ+jets
tWZ tZq
Fake Leptons Other
Uncertainty

Fit configuration µtt̄Z

Trilepton 1.17± 0.07 (stat.)+0.12
�0.11 (syst.)

Tetralepton 1.21± 0.15 (stat.)+0.11
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Combined 1.19± 0.06 (stat.) ± 0.10 (syst.)
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𝑡 ̅𝑡𝑍 production	in	3ℓ/4ℓ final	states

• Unfolding done to both parton and particle level
• Differential results dominated by statistical uncertainties 

and those on signal modelling and b-tagging
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Observation	of	𝑡𝑍𝑞 production
• Measurement of a single top quark in 

association with a 𝑍 boson (𝑡𝑍𝑞 production) 
• Evidence seen by ATLAS (2015/16 data)
• Observed by CMS (2016/17 data)

• Best signal significance in the trilepton channel 
→ Use only this channel!

• Include non-resonant lepton pairs (𝑡ℓ!ℓ"𝑞)
• Multiple tree-level diagrams, measurement 

includes both 𝑡– 𝑍 and 𝑍–𝑊 couplings
• Two signal regions (2j1b, 3j1b) plus additional 

control regions for the largest backgrounds 
(𝑡 ̅𝑡𝑍, diboson, 𝑡 ̅𝑡)
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Observation	of	𝑡𝑍𝑞 production

• Normalisation of backgrounds determined through control regions in the fit → free floating

• Statistics of fake-lepton estimate (e.g. 𝑡 ̅𝑡, 𝑍 + jets) enriched from dilepton + two 𝑏-tag regions 
→ replace one of the 𝑏-jets with a lepton (+ energy and polar angle replacement)
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Basic pre-selection:

• Three leptons with large pT
• ≥ one OSSF lepton pair
• 𝑚"" −𝑚# < 10 GeV
→ 𝜇𝜇𝑒 and 𝑒𝑒𝜇 unambiguous, for 
𝜇𝜇𝜇 and 𝑒𝑒𝑒 take pair with the 
smallest difference to the 𝑍 mass

• Signal regions: additional 
forward jet with large 𝜂
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Observation	of	𝑡𝑍𝑞 production

• Neural networks employed in both 
signal regions to perform binary 
event classification
• 15 input variables
• One hidden layer with 25 nodes

• Best separating input variables:
• Inv. mass of b-jet and untagged jet
• Reconstructed top-quark mass

• Simultaneous profile-likelihood fit 
of all signal and control regions

• Dominant uncertainties: statistics, 
modelling + rate of prompt-lepton 
background
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• Compatible with NLO theory prediction: 102$%&' j
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Summary	&	Conclusions
• Run 2 dataset enables precision measurements in top+boson topologies
• Rich program of ATLAS top-quark analyses: full list of public results
• Analyses presented today (using full Run 2 data):

• 𝑡 ̅𝑡𝛾 production measurements in 𝑒𝜇 final states
• 𝑡 ̅𝑡𝑍 production measurements in trilepton and tetralepton final states
• Observation of single top-quark production with a 𝑍 boson (𝑡𝑍𝑞)

• Good agreement in inclusive and differential spectra with SM predictions
• State-of-the-art fixed-order computations and NLO+PS Monte Carlo simulations                        

provide good description of data spectra
• LO+PS MC simulations describe some of the observables insufficiently

• First round of ATLAS Run 2 measurements = stringent tests of SM prediction
→ More ATLAS Run 2 measurements to come in the top-quark sector!
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Backup
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ttγ production	in	the eμ channel
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ttγ – pre-fit	control	plots

2 3 4 5 6

jetsn

0.75

0.875

1

1.125

 

D
a

ta
 /

 P
re

d
. 0

500

1000

1500

2000

2500
E

ve
n
ts

ATLAS
-1 = 13 TeV, 139 fbs

µe

Pre-Fit

Data

µ egtt
µ egtW

g/tWgtOther t

h-fake

e-fake

 bkg.gPrompt 

Uncertainty

0 50 100 150 200 250 300

 [GeV]miss
TE

0.75

0.875

1

1.125

 

D
a

ta
 /

 P
re

d
. 0

5

10

15

20

25

30

35

40

45

50

E
ve

n
ts

 /
 G

e
V

ATLAS
-1 = 13 TeV, 139 fbs

µe

Pre-Fit

Data

µ egtt
µ egtW

g/tWgtOther t

h-fake

e-fake

 bkg.gPrompt 

Uncertainty

Associated production of top quarks and neutral bosons 17



Knut Zoch (University of Göttingen)

ttγ – pre-fit	plots	of	unfolded	variables
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ttγ – pre-fit	plots	of	unfolded	variables	(2)
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ttγ – migration	matrix	and	efficiencies
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ttγ – pre-fit/post-fit	distributions	of	fit	variable
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ttγ – normalised	unfolded	cross-sections
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ttγ – normalised	unfolded	cross-sections	(2)
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ttγ – absolute	unfolded	cross-sections
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ttγ – absolute	unfolded	cross-sections	(2)
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ttγ – uncertainties	on	normalised	cross-sections
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ttγ – uncertainties	on	absolute	cross-sections
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ttγ – pre-fit	yield	table
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ttγ – impact	of	systematic	uncertainties
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ttγ – compatibility	tests	for	differential	cross-sections
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ttZ production	in	3l/4l	final	states
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ttZ – definition	of	trilepton	SRs
Table 1: The definitions of the trilepton signal regions: for the inclusive measurement, a combination of the regions
with pseudo-continuous b-tagging 3`-Z-1b4 j-PCBT and 3`-Z-2b3 j-PCBT is used, whereas for the di�erential
measurement, only the region 3`-Z-2b3 j, with a fixed b-tagging WP is employed. The definition of the b-tagging
WPs can be found in Section 4.

Variable 3`-Z-1b4 j-PCBT 3`-Z-2b3 j-PCBT 3`-Z-2b3 j

inclusive inclusive di�erential

N` (` = e, µ) = 3

�1 OSSF lepton pair with |mZ
`` � mZ | < 10 GeV

for all OSSF combinations: mOSSF > 10 GeV

pT (`1, `2, `3) > 27, 20, 20 GeV

Njets � 4 � 3 � 3

Nb�jets = 1@60% � 2@70% � 2@85%

veto add. b-jets@70%

5.2 Tetralepton signal regions

The definitions of the tetralepton signal regions are summarised in Table 2. The requirement on the
transverse momenta of the four leading leptons in all regions is 27, 20, 10 and 7 GeV, respectively. As in
the case of the trilepton signal regions, all events are required to have at least one OSSF lepton pair with
an invariant mass satisfying |mZ

`` � mZ | < 10 GeV. Furthermore, the remaining leptons which are not
associated with the Z boson (non-Z) are required to have opposite charges, such that the sum of the four
lepton charges is zero. The requirement that all OSSF lepton combinations satisfy mOSSF > 10 GeV to
suppress background contributions from low-mass resonances is applied as for the trilepton selection.

The tetralepton signal regions are separated by the flavour composition of the non-Z lepton pair into
di�erent-flavour (DF) and same-flavour (SF) signal regions. The Z Z + jets background is suppressed by
setting requirements on the jet and b-jet multiplicities, as well as by applying cuts on |mnon�Z

`` � mZ | and
E

miss
T in the case of the SF regions. Unlike the trilepton signal regions, the b-jets are all selected with a fixed

85% b-tagging e�ciency WP. In the SF regions, events with m
non�Z
`` close to the Z mass are accepted, but

the E
miss
T requirement is increased to reduce the Z Z + jets background. If m

non�Z
`` is not close to the Z mass,

the E
miss
T cut is decreased. For the inclusive tt̄ Z measurement, the tetralepton regions are simultaneously

fitted, whereas for the di�erential measurement the four regions are combined.

9
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ttZ – definition	of	tetralepton	SRs
Table 2: The definitions of the four tetralepton signal regions. The regions are defined to target di�erent b-jet
multiplicities and flavour combinations of the non-Z leptons (`` non�Z ).

Variable 4`-SF-1b 4`-SF-2b 4`-DF-1b 4`-DF-2b

N` (` = e, µ) = 4

�1 OSSF lepton pair with |mZ
`` � mZ | < 10 GeV

for all OSSF combinations: mOSSF > 10 GeV

pT (`1, `2, `3, `4) > 27, 20, 10, 7 GeV

`` non�Z e
+

e
� or µ+µ� e

+
e
� or µ+µ� e

± µ⌥ e
± µ⌥

E
miss
T > 100 GeV,

if |mnon�Z
`` � mZ |  10 GeV

> 50 GeV,
if |mnon�Z

`` � mZ |  10 GeV
– –

> 50 GeV,
if |mnon�Z

`` � mZ | > 10 GeV
–

Njets � 2 � 2 � 2 � 2

Nb�jets@85% = 1 � 2 = 1 � 2

6 Background estimation

Several non-tt̄ Z processes can lead to background contaminations in the signal regions. The contributions
from SM processes featuring the production of three or four prompt leptons6 is discussed in Section 6.1,
whereas the estimation of processes where at least one of the reconstructed leptons is a fake or non-prompt
lepton is explained in Section 6.2.

6.1 Prompt lepton background

The dominant SM background processes in the trilepton and tetralepton regions are W Z/Z Z + jets
production with W Z ! ```⌫ and Z Z ! ```` decays, respectively. The normalisations of these processes
are obtained from data and measured in dedicated W Z + jets and Z Z + jets control regions as defined in
Table 3. Invariant mass requirements on the OSSF lepton pairs are applied to select the Z bosons expected
in both regions. A b-jet veto is applied in 3`-W Z-CR to suppress the tt̄ Z contribution and to ensure
orthogonality to the trilepton signal region. In 4`-Z Z-CR, cuts on E

miss
T are used for these purposes as any

requirement on the number of jets or b-jets would significantly reduce the event yields in this region. The
W Z + jets purity in 3`-W Z-CR is around 80%, while the Z Z + jets purity in 4`-Z Z-CR is around 97%.

The event yields in these control regions are extrapolated to the signal regions based on simulation. As the
control regions are mostly populated by W Z/Z Z plus light-flavoured jet events, only the predictions from
the light-flavour components of the W Z/Z Z + jets backgrounds in the signal regions are constrained by the
observed data yields in the control regions. The W Z/Z Z + b and c-jet7 backgrounds are constrained in

6 The term "prompt" denotes leptons which are directly produced at the hard-scatter process or from the decays of heavy
resonances such as W , Z or Higgs bosons.

7 These backgrounds are defined by separating W Z/Z Z + jets into a light-flavour, b-jet and c-jet component, depending on
whether any of the selected jets contains a b- or c-hadron at MC truth-level.
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ttZ – control	plots	in	WZ	CR
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ttZ – trilepton	post-fit	distributions
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ttZ – tetralepton	post-fit	distributions
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ttZ – combined-channel	post-fit	distributions
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ttZ – fit	results	and	systematic	uncertainties

Fit configuration µtt̄Z

Trilepton 1.17± 0.07 (stat.)+0.12
�0.11 (syst.)

Tetralepton 1.21± 0.15 (stat.)+0.11
�0.10 (syst.)

Combined 1.19± 0.06 (stat.) ± 0.10 (syst.)

Associated production of top quarks and neutral bosons 38

Uncertainty ��tt̄Z/�tt̄Z [%]

tt̄Z parton shower 3.1

tWZ modelling 2.9

b-tagging 2.9

WZ/ZZ + jets modelling 2.8

tZq modelling 2.6

Lepton 2.3

Luminosity 2.2

Jets + Emiss
T 2.1

Non-prompt/fake leptons 2.1

tt̄Z A14 tune 1.6

tt̄Z µf , µr scales 0.9

Other backgrounds 0.7

Pile-up 0.7

tt̄Z PDF 0.2

Total systematics 8.4

Data statistics 5.2

Total 9.9
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ttZ – unfolding	variables

In the tetralepton channel a reconstruction of the tt̄ system is performed, but in the transverse plane only.
The underlying assumption is that the two neutrinos from the tt̄ decay represent the dominant source of
missing transverse momentum in the event; the value of the reconstructed E

miss
T can therefore be taken to be

a reasonable proxy for the vector sum of the neutrino momenta in the � plane. Such a partial reconstruction
avoids having to determine the full kinematics of the two neutrinos separately, while still allowing one to
reconstruct the p

t t̄
T and |��(tt̄, Z ) | variables for the di�erential measurements. The selection of the two

b-tagged jets is performed analogously to the trilepton case, namely that the two reconstructed jets with the
highest MV2c10 value from the b-tagging algorithm are selected. In the case of the particle-level definition,
the two jets ghost-matched to a b-hadron are selected; in the case of only one such ghost-matched jet, the
jet with the highest pT of those remaining is selected as the second b-jet.

Table 8: Summary of the variables used for the di�erential measurements. Some variables are considered for the
trilepton or tetralepton signal regions only as indicated. The jet multiplicity is measured for both topologies separately,
whereas for the variables related only to the kinematics of the Z boson (pZ

T and |yZ |), the trilepton and tetralepton
regions are combined.

Variable Definition

3`
+

4` p
Z
T Transverse momentum of the Z boson

|yZ | Absolute value of the rapidity of the Z boson

3`

Njets Number of selected jets with pT > 25 GeV and |⌘ | < 2.5

p
`,non�Z
T Transverse momentum of the lepton which is not associated with the Z boson

|��(Z, tlep) | Azimuthal separation between the Z boson and the top quark (antiquark) featuring the W ! `⌫ decay

|�y(Z, tlep) | Absolute rapidity di�erence between the Z boson and the top quark (antiquark) featuring the W ! `⌫ decay

4`

Njets Number of selected jets with pT > 25 GeV and |⌘ | < 2.5

|��(`+t , `
�
t̄

) | Azimuthal separation between the two leptons from the tt̄ system

|��(tt̄, Z ) | Azimuthal separation between the Z boson and the tt̄ system

p
t t̄
T Transverse momentum of the tt̄ system

9.2 Unfolding procedure

To measure the di�erential cross-section distributions at particle and parton levels in the specific fiducial
phase-spaces defined in Section 4.2, an iterative Bayesian unfolding procedure is used [76]. It relies on the
Bayesian probability formula starting from a given prior of the particle- or parton-level distribution and
iteratively updating it with the posterior distribution. The unfolding is performed using the R��U�����
package [77]. The di�erential tt̄ Z cross sections are calculated using the following equation:

d�t t̄Z
dX i

=
1

L · B · �X i · ✏ ie�
·
X

j

[R
�1]i j · f

j
acc ·
⇣
N

j
obs � N

j
bkg

⌘
, (2)

where X denotes the variable used for the di�erential measurement (with the bin-width �X), the index i

indicates the bins at particle (or parton) level and j the detector-level bins.

22
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ttZ – unfolded	number	of	jets	(3l)
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ttZ – unfolded	number	of	jets	(4l)
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ttZ – unfolded	absolute	distributions	(3l)
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ttZ – unfolded	normalised	distributions	(3l)
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ttZ – unfolded	absolute	distributions	(4l)
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ttZ – unfolded	normalised	distributions	(4l)
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ttZ – channel	combination	(absolute)
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ttZ – channel	combination	(normalised)
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Observation	of	tZq production
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tZq – NN	output	distribution	in	SRs
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tZq – post-fit	control	plots	with	cut	on	NN
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tZq – NN	output	distribution	in	CRs	(1)
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tZq – NN	output	distribution	in	CRs	(2)
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tZq – definition	of	signal	and	control	regions
Common selections

Exactly 3 leptons (e or µ) with |⌘ | < 2.5
p

T
(`

1
) > 28 GeV, p

T
(`

2
) > 20 GeV, p

T
(`

3
) > 20 GeV

p
T

(jet) > 35 GeV

SR 2j1b CR diboson 2j0b CR tt 2j1b CR ttZ 3j2b

� 1 OSSF pair � 1 OSSF pair � 1 OSDF pair � 1 OSSF pair

|m`` � mZ | < 10 GeV |m`` � mZ | < 10 GeV No OSSF pair |m`` � mZ | < 10 GeV

2 jets, |⌘ | < 4.5 2 jets, |⌘ | < 4.5 2 jets, |⌘ | < 4.5 3 jets, |⌘ | < 4.5

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

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

� 1 OSSF pair � 1 OSSF pair � 1 OSDF pair � 1 OSSF pair

|m`` � mZ | < 10 GeV |m`` � mZ | < 10 GeV No OSSF pair |m`` � mZ | < 10 GeV

3 jets, |⌘ | < 4.5 3 jets, |⌘ | < 4.5 3 jets, |⌘ | < 4.5 4 jets, |⌘ | < 4.5

1 b-jet, |⌘ | < 2.5 0 b-jets 1 b-jet, |⌘ | < 2.5 2 b-jets, |⌘ | < 2.5
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tZq – ranking	of	variables	in	NNs
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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tZq – post-fit	yields	in	signal	and	control	regions
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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tZq – impact	of	systematic	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 12.9
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