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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. 102> s) > decay before hadronisation

Generalised, effective Lagrangian for the ttV coupling vertex:

% v

wq’ wq
th F(q®) +vuvsFsy (q2)+ th ysFy (%)

* Photon coupling: purely "vectorial” coupling at tree level in the SM
e Z boson coupling: components from EW mixing (hypercharge, weak isospin)

e

[V (q%) = y,F{ (¢%) 4w

e 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 tty, ttZ and tZq production

tty: arXiv:2007.06946 ttZ: ATLAS-CONF-2020-028 tZq: arXiv:2002.07546
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https://arxiv.org/abs/2007.06946
https://arxiv.org/abs/2002.07546
https://cds.cern.ch/record/2725734

Detection with the ATLAS detector

* Onion-shell-like structure

Muon ,"l . . .
Spectrometer e High-precision components:
/ tracker, calorimeters, muon
spectrometer

* Large coverage up to [n| < 5.0
* 139 fb! of data “good for physics”
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tty production in the ey channel

of tty final states ’
* tty: photon radiation possible by any of the

charged particles involved - Combination is

measured experimentally as “tty production” g

* Earlier measurements (36 fb!) with Run 2 data

. g
published by ATLAS
e Both lepton+jets and dilepton channels
* Fiducial inclusive and differential cross-sections
g

9
4 y
* Now: precision measurement in ey channel t 9 t
Radiative top decay

* Fiducial inclusive and differential cross-sections in
Vo Ve
e Comparison with fixed-order calculation (NLO in
QCD): JHEP 1810 (2018) 158 ot o
b

» Top-photon coupling accessible in production
Y
t
t t

several observables to test theory prediction
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https://doi.org/10.1007/JHEP10(2018)158
http://dx.doi.org/10.1140/epjc/s10052-019-6849-6

tty production in the ey channel

Fixed-order computation includes all off-shell
contributions and interference effects

—> Perform combined tty + tWy measurement
— Fiducial phase space aligned with computation

Binned profile likelihood fit of observable St (scalar

sum of all transverse momenta, incl. E3''>%)

Measured fiducial cross-section (approx. 6% unc.):
ol4(tty — eu) = 39.6 + 0.8 (stat) *295 (syst) fb
To be compared against theory value:
oid ) =38.50 £938 (scale) F19% (PDF) fb

Dominant uncertainties: signal and background
modelling, luminosity

16

14

Events / GeV

12

10

7|||||||||||||IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII7
- ATLAS ¢ Data .

Vs =13 TeV, 139 fb Wity ep —
- e WtWy ep .
- [ Other tty/tWy
| Post-Fit Wl h-fake ]
- [Me-fake

[ JPrompt y bkg. ]
72 Uncertainty

//‘////«M//w%%{%%%(/// s
' | E

0. e i e
200 300 400 500 600 700 800 900 10001100 1200

S, [GeV]

- eu signal region

b-tags

1 electron, p; > 25 GeV

1 muon, p; > 25 GeV
opposite electric charge
M, > 15 GeV

2 or more (R=0.4)

1 or more (85% efficiency)

1 photon, p; > 20 GeV
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tty production in the ey channel

 ATLAS data unfolded to parton level Absolute cross-section as a function of p(y)

> = =
* Compared against fixed-order NLO theory 3 - ?TLAS 1 e Unfolded data .
: C A o | Vs=13TeV, 139 fb )
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tty production in the ey channel

ATLAS data unfolded to parton level

Compared against fixed-order NLO theory
and LO+PS Monte Carlo simulation:

* prt and absolute rapidity of the photon
* |An| and |A¢@| between the two leptons
* AR between photon and closest lepton

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

describe some of the observables

S et e

MGS5 + Pythia8 30.8/9  <0.01
MGS5 + Herwig7 31.6/9 <0.01
Fixed-order NLO 5.8/9 0.76

Normalised cross-section as a function of Ag (¢, )
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ttZ production in 3¢ /4 final states

e
s00f  ATLAS Preliminary ¢ Data [ zz+jets

_ -1 ’
Vs=13TeV, 139 b . Other 7/, Uncertainty
41-ZZ-CR

Pre-fit

* Earlier ATLAS measurements at 13 TeV (36 fb™!):
inclusive cross-sections of ttW /ttZ production

4001

Events / 50 GeV

PRD 99 (2019) 072009 s00l
= Measurement of ttZ with full Run 2 data 0
* Focus on trilepton and tetralepton final states o

* Inclusive & differential cross-section measurements in
several observables (parton and particle level)
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. . 400F
* Tetralepton channels — four signal regions: o /////
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» Different b-tag multiplicities = },3 -
: £ o %/%///
e Control regions for ZZ and WZ backgrounds : 8:2/”{%//’%/ /// o %;0
Leading lepton P [GeV]
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https://doi.org/10.1103/PhysRevD.99.072009

ttZ production in 3¢ /44 final states; .[ oo T me
§ Vs=13TeV, 139 fb™ B zz+jets tWZ
‘% 60r 4R combination [ Fake leptons [l Other
. . . . . . & sof Fostfit 7 Uncertainty
* Simultaneous profile likelihood fit of all trilepton and ol +
tetralepton signal regions + WZ and ZZ control regions ol
* Cross-check of fit results with individual channel fits B
3 12t | K | | 1
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* In agreement with NLO+NNLL prediction:
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https://doi.org/10.1140/epjc/s10052-019-6746-z

ttZ production in 3¢/4¢ final states

* Unfolding done to both parton and particle level

» Differential results dominated by statistical uncertainties

and those on signal modelling and b-tagging

pr(Z) at particle level
(combined 3¢ /47 regions)
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Observation of tZqg 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)

e Best signal significance in the trilepton channel
— Use only this channel!

* Include non-resonant lepton pairs (t£*£7q)

* Multiple tree-level diagrams, measurement
includes both t-Z and Z- W couplings

e Two signal regions (2j1b, 3j1b) plus additional
control regions for the largest backgrounds
(ttZ, diboson, tt)

ATLAS
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https://doi.org/10.1016/j.physletb.2018.03.023
https://doi.org/10.1103/PhysRevLett.122.132003

Observation of tZq production

Basic pre-selection:

* Three leptons with large p
 >one OSSF lepton pair
 |my —my| <10 GeV

- uue and eeu unambiguous, for
uuu and eee take pair with the
smallest difference to the Z mass

e Signal regions: additional
forward jet with large |n|

Number of b-jets

CR diboson 2j0b CR diboson 3j0b

Number of jets

* Normalisation of backgrounds determined through control regions in the fit - free floating

* Statistics of fake-lepton estimate (e.g. tt, Z + jets) enriched from dilepton + two b-tag regions

— replace one of the b-jets with a lepton (+ energy and polar angle replacement)

Knut Zoch (University of Gottingen) Associated production of top quarks and neutral bosons
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Observation of tZq production

* Fitted cross-section: 97 + 13 (stat.) + 7 (syst.) fb

* Neural networks employed in both

signal regions to perform binary * Compatible with NLO theory prediction: 102*3 fb
event classification

e 15 input variables o RN RN RN RS RN AR RN RARN I R R R RN RN RN RN
] ) ° 1a0r. ATLAS * Data E | ATLAS s Dala
* One hidden layer with 25 nodes § [ (5=18TeV, 139" =tzt+qtv¥ 1 100 {s=13TeV, 139 fb" =§f{v\t,
. . . 1208 sm i -ﬁfhsf: . L SR3jtb -ﬁfhsFF i
* Best separating input variables: " PostFi mmtzitnz | 8O PostFi - ]
100~ -tLtJW+tt:-| t 7 i -}jW+trt1H -
. . L 7 ncertain i 7 ncertain
* Inv. mass of b-jet and untagged jet x et g " o Y ]

e Reconstructed top-quark mass

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

* Dominant uncertainties: statistics, 5 14T =Ry T
mOde”ing + rate of prom pt'|EPt0n % é;g%ﬂ//*////?////i////%///?////+//7Wf// % / éé r‘/?/y‘///?‘///////////?////?(///?////%////%/7‘/4/?y/%
baCkground '—104)xs —(;6 64 02 00 02 04 06 08 1.0 —10—08 —06—04—02 oo 02 04 06 08 1.0

O O
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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 B s

2140 Preliminary
=1401

o C " Delivered: 156 fo™!
210p [ILHC Delivered  Recordedt 147 10"

* Analyses presented today (using full Run 2 data): S s s 77

; |:| Good for Physics
80F

 tty production measurements in eu final states
» ttZ production measurements in trilepton and tetralepton final states : | |
 Observation of single top-quark production with a Z boson (tZq)

N
=)

Total Integrated
[o2]
o

n
o o
TTTTT

Month in Year

* Good agreement in inclusive and differential spectra with SM predictions

e State-of-the-art fixed-order computations and NLO+PS Monte Carlo simulations
provide good description of data spectra

e 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!

tty: arXiv:2007.06946 ttZ: ATLAS-CONF-2020-028 tZq: arXiv:2002.07546
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults
https://arxiv.org/abs/2007.06946
https://cds.cern.ch/record/2725734
https://arxiv.org/abs/2002.07546

Backup
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tty production in the eu channel
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tty — pre-fit control plots
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Events / GeV

Data / Pred.

tty — pre-fit plots of unfolded variables
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tty — pre-fit plots of unfolded variables (2)
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tty - migration matrix and efficiencies
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tty — pre-fit/post-fit distributions of fit variable
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tty - normalised unfolded cross-sections

= L B T T T T = L o T A I E184"”|”'w'”'l”'w'”'w"w'”'w'”l”';
& 1E ATLAS ® Unfolded data 3 J= C ATLAS ® Unfolded data ] < | g_ATLAS ® Unfolded data =
=z = Vs=13TeV, 139 fb" —— {fy Wy (MG5_aMC+Pythia8) - 1.2[-{s=13Tev, 139 fb" —— Wy (MG5_aMC+Pyinia8) ] B C {s=13TeV, 139 fo" —— tiy+tWy (MG5_aMC+Pythia8)
':',\ - Normalised cross-section - - _. {f,,twy (MG5_aMC+Herwig7) — ,_l‘ o C Normalised cross-section - - _. {f,.twy (MG5_aMC+Herwig7) ] < 1.4Normalised cross-section - - _. i, 1twy (MG5_aMC+Herwig7) —]
o[ =101 -en A Theory NLO —= 1—eu A Theory NLO ] ° 19 - eu A Theory NLO =
C|l= . I stat. 3 C I stat. 7 —lo  TTE I stat. 3
© ] A —
" C Stat @ Syst. ] 0.8 Stat ® Syst. = 1 Stat ® Syst. —
2 | = ] .
10 S 3 0.6 — 0.81 ]
- ] 0.4b- E 0.65 =
10° = - ] 0.4F -
- E 0.2p = 0.2F =
OT ! ! ! ! ! ! ! ! ! ! Lyl 0;..”|”..h..u..”| . =
S S ' © 1.5m
g g S
B B B
O O 12:'| T T T T T T LU LA LA L o 1.7
= s 1 —3 2135
% OBTO1|||I|||I|||I|||I|||I-|"|-|"I|||I|||I|||I|||I|||I||| ;670651
£ 2 0862040608 1 12141618 2 22 259905

m(y)l

ATLAS

EXPERIMENT

Knut Zoch (University of Gottingen) Associated production of top quarks and neutral bosons 22



tty - normalised unfolded cross-sections (2)
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tty — absolute unfolded cross-sections (2)
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tty — uncertainties on normalised cross-sections

L L L L B L L
- ATLAS Normalised cross-section
[ {s=13TeV, 139" ep

_ I stat. Stat. @ Syst.

—— tty/AWy modelling —— Exp. systematics
Bkg. modelling

I B I BT
100 150 200 250

7300
p,(v) [GeV]

o LN B
NO0.5E at14S

—— tty/tWy modelling —— Exp. systematics
Bkg. modelling

ﬂ‘J0-4_"'I"'I"'I"'I"'I"'I"'I"'I"'I"'I"'I"L ﬂ:’0'8"""'”'""”'"'"”""”""""”"””‘
o - ATLAS Normalised cross-section - B C ATLAS Normalised cross-section 1
203 (s=13TeV, 139t  ep = 2065 (s_13Tev, 13917 ep E
£ 0.oF M stat. Stat. @ Syst. = S 0.4F Mo stat Stat. @ Syst. 3
8 ] 8 ¢ .
c C ] C L —
5 0.1 3 =] I
© - ©
C C

E s —
[&] [&] N - oo ooooo0 000000 0000000000000000000
o o — -
w-0.1 b C ]
02— tty/tWy modelling —— Exp. systematics - — tty/AWy modelling —— Exp. systematics E
R p— Bkg. modelling 0.6F Bkg. modelling ]
_O IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII ._IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_
30 02040608 1 12141618 2 22 05 1 15 2 25 3 35 4 45 5
@)l ARG

L B B &‘)05 LU B B I I I B I I

Normalised cross-section ‘» - “F ATLAS Normalised cross-section

e

0 0.5

1

1.5

2 2.5

204 s=13TeV,139fb"  eu

S 0.3k m stat Stat. ® Syst.

8

>

E

i)

g

I
| '04| N T R N
3 0O 05 1 15 2 25 3
AY(1,])

IAn(.)]

Knut Zoch (University of Gottingen)

Associated production of top quarks and neutral bosons

ATLAS

26 EXPERIMENT



ot
o

©
~

o

Fractional uncertainty size
o
N

tty — uncertainties on absolute cross-sections
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tty — pre-fit yield table

Table 1: Event yields before the profile likelihood fit of the signal and background processes to data after the full
selection. All categories are estimated from MC simulation and include correction factors for detector effects as
described in Section 6. The combination of all 77y and tWy categories is scaled to match the event yields in data. The
quoted uncertainties correspond to the total statistical and systematic uncertainties (cf. Section 6) added in quadrature.

Events

tty eu 2391 + 130
tWy eu 156 + 15
Other ttyltWy 279+ 15
h-fake 78 £ 40
e-fake 23+ 12
Prompt y bkg. 87+ 40
Total 3014 + 160
Data 3014
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tty — impact of systematic uncertainties

Table 2: Illustrative summary of the systematic uncertainties on the fiducial inclusive cross-section measurement
grouped into different categories and their relative impact on the measurement (symmetrised). The categories
‘tty/tWy modelling’ and ‘Background modelling’ include all corresponding systematic uncertainties described in
Section 6.2. The ‘tW'y parton definition’ uncertainty is listed separately since it does not enter the profile likelihood
fit directly as described in Section 6.3. The category ‘Photons’ corresponds to the uncertainties related to photon
identification and isolation as well as photon energy scale and resolution. ‘Jets’ includes the total uncertainty from
the JES, JER and JVT discriminant, while the b-tagging-related uncertainties are given in a separate category
(‘Flavour-tagging’). The category ‘Leptons’ represents the uncertainties related to lepton identification, isolation and
energy/momentum calibration.

Category Uncertainty
tty/tWy modelling 3.8%
Background modelling 2.1%
Photons 1.9%
Luminosity 1.8%
Jets 1.6%
Pile-up 1.3%
Leptons 1.1%
Flavour-tagging 1.1%
MC statistics 0.4%
Soft term E%““ 0.2%
tWy parton definition 2.8%
Total syst. 6.3%
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tty — compatibility tests for differential cross-sections

normalised cross-sections

pr(y) 7 (y) | AR(y, €)min Ap(L,0) |An (¢, 0)|
Predictions x2mdf  p-value | y*mdf  p-value | y*/ndf  p-value | y?/ndf  p-value | y>/ndf  p-value

tty + tWy (MG5_aMC+PYTHIAS) 6.3/10 0.79 7.3/7 0.40 20.1/9 0.02 30.8/9 <0.01 6.5/7 0.48
tty + tWy MG5_aMC+HerwiG7) | 5.3/10 0.87 7.717 0.36 18.9/9 0.03 31.6/9 <0.01 6.8/7 0.45

Theory NLO 6.0/10 0.82 4.5/7 0.72 13.5/9 0.14 5.8/9 0.76 5.6/7 0.59
absolute cross-sections
pr(y) 17(y) ]| AR (7, €)min Ap(L,0) |An (£, )|

Predictions y2>/mdf  p-value | y>/mdf  p-value | Y2/ndf  p-value | Y2/ndf  p-value | y>/mdf  p-value
Theory NLO | 6.1/11 0.87 | 4.5/8 0.81 | 117710 031 | 58/10 083 | 6.2/8 0.62
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ttZ production in 31/4] final states
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ttZ — definition of trilepton SRs

Variable 3(-Z-1b4j-PCBT 3¢-Z-2b3j-PCBT 36-Z-2b3j
inclusive inclusive differential
Ne (€ = e, ) -3

pt (1, €2, £3)

>1 OSSF lepton pair with |m?%, — mz| < 10 GeV
for all OSSF combinations: mgogsg > 10 GeV
> 27, 20, 20 GeV

> 4 >3 >3

= 1 @60% > 2@70% > 2@85%
veto add. b-jets@70%
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ttZ — definition of tetralepton SRs

Variable 4¢-SF-1b 4¢-SF-2b 4¢-DF-1b 4¢-DF-2b
Ne(L = e, p) =4
>1 OSSF lepton pair with [m%, — mz| < 10 GeV
for all OSSF combinations: mggsg > 10 GeV

pr (L1, €, €3, £y) > 27, 20, 10, 7 GeV
¢enon-2 ete” or utu” ete” or utu” et ut et ut
E}Fniss > 100 GeV, > 50 GeV, — _

if [m)0" "% —mz| < 10GeV  if [mb9" % — mz| < 10GeV

> 50GeV, -

if Mm% —mz| > 10 GeV
Niets > 2 > 2 > 2 > 2
Np—ijets @85% =1 > 2 =1 >2

Knut Zoch (University of Gottingen)

Associated production of top quarks and neutral bosons

ATLAS

33 EXPERIMENT



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

Hitz

Trilepton
Tetralepton
Combined

1.17 £ 0.07 (stat.)
1.21 + 0.15 (stat.)
1.19 £+ 0.06 (stat.)

(syst.)
(syst.)
0.10 (syst.)

+0.12
—0.11
+0.11
—0.10

Uncertainty Aoyiz /07 7]
ttZ parton shower 3.1
tW Z modelling 2.9
b-tagging 2.9
W Z/ZZ + jets modelling 2.8
tZq modelling 2.6
Lepton 2.3
Luminosity 2.2
Jets + B2 2.1
Non-prompt /fake leptons 2.1
ttZ Al4 tune 1.6
ttZ g, p, scales 0.9
Other backgrounds 0.7
Pile-up 0.7
ttZ PDF 0.2
Total systematics 8.4
Data statistics 5.2
Total 9.9
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ttZ — unfolding variables

Variable Definition
? p% Transverse momentum of the Z boson
& | ve| Absolute value of the rapidity of the Z boson
Njets Number of selected jets with pt > 25 GeV and || < 2.5
< pf;,non—z Transverse momentum of the lepton which is not associated with the Z boson
- |AP(Z, t1ep)| | Azimuthal separation between the Z boson and the top quark (antiquark) featuring the W — v decay
|Ay(Z, t1ep)| | Absolute rapidity difference between the Z boson and the top quark (antiquark) featuring the W — {v decay
Njets Number of selected jets with pt > 25 GeV and || < 2.5
S |Ap(EF, € f_)l Azimuthal separation between the two leptons from the 77 system
|A@(tt, Z)| Azimuthal separation between the Z boson and the 77 system
ptTf Transverse momentum of the 7 system
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ttZ — unfolded number of jets (31)
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ttZ — unfolded number of jets (41)
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ttZ — unfolded absolute distributions (31)

o) e T ] o) — T T T
e 15~ ATLAS Preliminary — T - ATLAS Preliminary
EQ - V/s=13TeV, 139fb~! 1 EQ 2000(-+/s =13TeV, 139fb " -
o |+ " 3I-Z-2b3;j 6|+ L 3I-Z-2b3;j
T[N I TN
= ¢ Data e, ] < [ ¢ Data
< 10 == MG5.aMc@NLO + Pythia8 prmmmnnmns < | ==+ MG5.aMc@NLO + Pythia8 R
© | == MG5.aMc@NLO + Herwig7 | © —:= MG5_aMc@NLO + Herwig7
...... Sherpa NLO inclusive L ====== Sherpa NLO inclusive g
| === Sherpa NLO multi-leg i -== Sherpa NLO multi-leg
- * 1 1000 — = NLO + NNLL JHEP 08 (2019) 039 * —
oL —i — + ................ ) & +- =
0 | L L L R R ] 0 L L L o
20 Stat. " Stat. @ Syst. 2.0 Stat. " Stat. & Syst.
g -o(g 1.5 g ..(E 1.5 TR
2 8 2 8 ........... T T — |
= 1.0 = 1.0
0.5 | | | | . 0. E | | | | .
8.0 0.2 0.4 0.6 0.8 1.0 8.0 0.2 0.4 0.6 0.8 1.0
Particle-level |A¢(Z, tiep)| /7 Parton-level |A¢(Z, tiep)| /7

ATLAS

Knut Zoch (University of Gottingen) Associated production of top quarks and neutral bosons 42 EXPERIMENT



ttZ — unfolded normalised distributions (31)
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ttZ — unfolded absolute distributions (41)
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ttZ — unfolded normalised distributions (41)
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ttZ — channel combination (absolute)
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ttZ — channel combination (normalised)
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Observation of tZg production
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tZg — 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 u) with || < 2.5

pr(€) > 28GeV, pr(f,) > 20GeV, pr(f3) > 20GeV

pr(jet) > 35GeV

SR 2j1b CR diboson 2j0b CR 1t 2j1b CR 1tZ 3j2b
> 1 OSSF pair > 1 OSSF pair > 1 OSDF pair > 1 OSSF pair
\me, —m,| <10GeV  |m,, —m,| < 10GeV No OSSF pair |mpp —m,| < 10GeV
2 jets, [n| < 4.5 2 jets, |n| < 4.5 2 jets, [n| < 4.5 3 jets, |p| < 4.5
1 b-jet, |n| < 2.5 0 b-jets 1 b-jet, |n| < 2.5 2 b-jets, [n| < 2.5
SR 3j1b CR diboson 3j0b CR 1t 3j1b CR 1tZ 4j2b
> 1 OSSF pair > 1 OSSF pair > 1 OSDF pair > 1 OSSF pair
\mpp —m,| < 10GeV  |mpp —m,| < 10GeV No OSSF pair |mpp —m,| < 10GeV
3 jets, [n| < 4.5 3 jets, |n| < 4.5 3 jets, [n| <4.5 4 jets, |n| < 4.5
1 b-jet, |n| < 2.5 0 b-jets 1 b-jet, |n| < 2.5 2 b-jets, [n| < 2.5

Knut Zoch (University of Gottingen) Associated production of top quarks and neutral bosons

ATLAS

53 EXPERIMENT



tZq — ranking of variables in NNs

Variable Rank Definition
SR 2j1b SR 3j1b
Myy; 1 1 (Largest) invariant mass of the b-jet and the untagged jet(s)
My, 2 2 Reconstructed top-quark mass
7G| 3 3 Absolute value of the n of the j; jet
my (£, ET™) 4 4 Transverse mass of the W boson
b-tagging score 5 11 b-tagging score of the b-jet
Hy 6 — Scalar sum of the pr of the leptons and jets in the event
q(ly) 7 8 Electric charge of the lepton from the W-boson decay
|n(€ W)| 8 12 Absolute value of the 1 of the lepton from the W-boson decay
pr(W) 9 15 pr of the reconstructed W boson
prly) 10 14 pr of the lepton from the W-boson decay
m(£f) 11 — Mass of the reconstructed Z boson
In(2)| 12 13 Absolute value of the n of the reconstructed Z boson
AR(js, Z) 13 7 AR between the j; jet and the reconstructed Z boson
ERs 14 - Missing transverse momentum
prs) 15 10 pr of the j; jet
7G| - 5 Absolute value of the i of the j, jet
pr(Z2) — 6 pr 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

SR2jlb  CRdiboson2j0b CR#2jlb  CR#Z 3j2b
tZq 79 +11 531+ 175 02+ 0.1  129x 2.0
ff + tW 238+ 48  137x 27 333+ 6.3 1.7+ 03
Z +jets 28 +£13 181 + 82 <0.1 14+ 0.6
VV +LF 19.7+ 7.9 2000 + 100 <0.1 0.1+ 0.1
VV+HF 101 +22 383 = 78 04+ 0.1 52+ 17
f#Z+tWZ 96 =11 632+ 7.0 48+ 05  593x 7.1
fiH + itW 6.5+ 1.0 3.0+ 0.5 124+ 19 28+ 0.5
Total 354 16 2697 = 56 511+ 6.1 835+ 6.4
Data 359 2703 49 92

SR3jlb  CRdiboson3j0b CR#3jlb  CR#Z 4j2b
tZq 434+ 62 212+ 33 02+ 0.1 8.0+ 1.3
ff + tW 11.0+ 2.2 69+ 1.3 154+ 3.1 1.0+ 0.2
Z +jets 128+ 60 53 + 23 <0.1 04+ 02
VV +LF 10.1+ 42 624 = 53 <0.1 0.1+ 0.1
VV+HF 58 x17 186 =+ 51 03+ 0.1 34+ 1.0
AZ+tWZ 132 +12 619+ 6.2 39+ 05 581+ 53
fiH + (iW 47+ 07 1.7+ 03 82+ 1.3 20+ 03
Total 272 12 955 + 29 280+ 3.0 728+ 5.0
Data 259 949 31 75
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tZg - impact of systematic uncertainties

Uncertainty source Ao /o [%]
Prompt-lepton background modelling and normalisation 3.3
Jets and E7™ 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
1t and Z + jets normalisation 2.1
Total statistical uncertainty 12.9
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