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Introduction

+ due to large centre-of-mass energy of the LHC tt events copiously produced

+ study tt associated
production with vector
bosons and jets

— processes background
to BSM physics

— test standard model
- tune MC generators

today presenting

5 analyses covering:
tty, ttw, ttZ and
tt+(b) jets

# ATLAS data used:
+ 20.2fb @ 8TeV (2012)
+ 3.2fb @ 13TeV (2015)
36.1fb

Standard Model Production Cross Section Measurements

Status: March 2018
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tt+y 20.2fb'@ 8Tev JHEP 11 (2017) 086

+ Photons can be emitted as ISR, FSR + directly from the top quark

— measure ty electroweak coupling!

+ Event selection:

ISR

— enhance event fraction of
photons radiated from the top quark q

{

+ standard single lepton channel from top quark

selection + = 1 b-tag

+ Photons from top quark:
+ oney with pT(y)>15GeV,

» AR(jet,y) > 0.5, J\J\F
+ AR(lepton, y) > 0.7 FSR

b (alsofrom leptons
from W decay)

)]
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tt+y 20.2 fbl@ 8TeV JHEP 11 (2017) 086

After event selection 3 classes of events: - template fit in the isolation
of the photon
Prompt photons (p,** sum of p_of all tracks
+ Signal and backgrounds within cone of 0.2 rad around the photon)

(mostly Wy/Zy+jets (from MC);

It.. t .th > LI | LI | LI LI LI | LI | LI | LI | LI | LI
muitijet wi Y) 8 1 ATLAS — Prompt y Template; Simulation —
}_ — /s =8TeV, 20.2 o J— e—y Fake Template; Data a
e-y fla ke . g - :,, — Hadronic Fake Template; Data i

o vzZ7s7

(template from data) _go_|—1o_1 [ vy 7 7 Uncertainty —
+ € misidentified as y g - g
(dilepton tt events, Z+jets) - L bessssssrrrippppirss
] 10_2 - [ —
hadronic fake = L cecreccriieciriisescesese
(template from data) L vy e yee: ]
+ Y from hadron decays . N i
and hadrons identified as y 10° & %}}W

(tt events With fake Y) :I Ll I L1 1 | L1 1 I L1 1 | L1 1 I L1 1 | L1 1 I L1 1 | L1 1 I L1 1

O 2 4 6 8 10 12 14 16 18 20

pis° [GeV]
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tt + v

* pT‘S° distribution after likelihood fit

20.2 fb' @ 8TeV

JHEP 11 (2017) 086

I T T I | T T T I I T T I | T I T T
ATLAS NLO prediction based on
» Og =139 7 (stat) £ 17 (syst) fb (£13% total) PRD 83 (2011) 074013
+ dominant syst. uncertainties: fake rates (6.3%) stat total
——e——
> L R R s Bl B Rl BB R R B B
O 10*c ATLAS e Data -
0 - 4 t s -1 |
2 [ \s=8TeV,20.2fb M . Vs=8Tev 202" |
§ S e—y Fakes . This work l
T  Single lepton channel I .
] 2 Prompt y Bkg
o) . Hadronic Fakes —
- 7/ Uncertainty :
“ i Vs=7TeV 459 fb" e ,
- PRD 91 (2015) 072007 ‘ ' ' '
1025— I
E ) | | | | | | | | | ] | | | | |
Bl b it e e e b 0.5 1 1.5 fid/ 5SM
g 12T e
Wy ; s O (NLO pred.) = 151 + 24 fb
EI R eh E §
D0-8—II|III|III|III|III|III|III|III|III|III— .
& eI A R B B oy 16p$o1[866\,2]° + Good agreement with NLO
prediction!
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ttW and ttz 3.2 fb'@ 13 TeV Eur. Phys. J. C77 (2017) 40

» Important background to ttH production

» BSM physics could affect o and o,

+ important test of SM validity

Z FSR:top
~ . coupling!

=

l + Measurement of the
neutral-current tZ

A
/'/h‘u. W,Z ISR coupling in FSR
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ttW and ttZz 3.2 fb'@ 13 TeV Eur. Phys. J. C77 (2017) 40

+ 3 channels, characterized by tt and g F | | S n
o — ATLAS ® Data 2015 ttZ s
boson decay modes = 2, 3 and 4 leptons & L G-ratev.azn’ Wi :

C 3L-Z 2z
+ Mmultiple analysis regions in every channel
- enhance signal sensitivity

+ standard dilepton and lepton+jets tt selection
with 1 or 2 b-tags + selection of W and Z

- 9 signal regions
+ Main backgrounds: WZ and ZZ, Z+jets, tt with fake leptons

Process tt decay Boson decay Channel . y p— -
tEW =+ (,ui vb)(9qb) ﬂiy 55 fiimu0n Binned maximum
(£=vb)(€Fuvb) [Ty Trilepton M ikelihood fit i
B ( )(ng) VA Trilepton 9 signal + 2 control
iz (0F L’b) (¢Tuvb) (e Tetralepton regions to Ny
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ttW and ttZz 3.2 fb'@ 13 TeV Eur. Phys. J. C77 (2017) 40

+ Still dominated by statistics

| | | | | | | | | |
ATLAS ® Data2015 [tz

Vs =13TeV, 3.2 b B Bwz
Post-Fit 7z I Other
Fake leptons %Uncertainty

Events
o
w

+ Dominant systematic uncertainty:
reconstructed objects
(8.3% (Z), 9.3% (W))
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ttW cross section [pb]

0. = 0.92 = 0.29 (stat) £ 0.1 (syst) pb (%31% (stat) £11% (syst))

ttZ

o. =150 £ 0.72 (stat) = 0.33 (syst) pb (+48% (stat) £22% (syst))

ttw
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tt + jets 3.2 fb'@ 13 TeV

+ kinematics of jets from top quark decay well described

+ tt production often includes additional jets from gluon radiation
+ generators show differing levels of agreement in describing the kinematics
- Significant uncertainties in precision

measurements (e.g. m_, o)
. . 9
+ Several models available to describe the
production of these jets (incl. (NLO) QCD
calculations, parton shower models) g y

— Test and optimize these predictions!
(tune free model parameters)
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tt + jets 3.2 fb'@ 13 TeV

Eur. Phys. J. C77 (2017) 220
Selection of dilepton tt events:
+ le+ 1y (opposite charge), 2 b-tags

&

&

+ Clean event selection, < 5% background events contamination

arXiv: 1802.06572 (submitted to JHEP)
Selection of lepton+jets tt events:

+ leorlpuy, =4jets, =2 b-tags

+ 10%-15% background events contamination

L 4

L 4

+ — additional jets: independent of jet flavour (mainly gluon and light jets)

+ Correct distributions back to particle level and compare to theoretical predictions

tt+X using ATLAS Marisa Sandhoff - Bergische Universitat Wuppertal for
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tt + jets 3.2 fb'@ 13 TeV Eur. Phys. J. C77 (2017) 220

* Njets compared to several predictions and different matched parton showers

+ dominated by systematic uncertainties (JES, modeling)

el ATLAS E o | ATLAS
. . o] o 1 8 13TeV, 3.2 fb” E = Stat. uncertainty 13 TeV, 3.2 !
+ Most predictions T T e add. jet p, 225 GeV ] T Stat+Syst.uncertainty  add. jet p, > 25 GeV
within uncertainties 1071 : = 1.5¢ —lMGS_aM(l,@NLO+Pytlhia8 l o
= [ ] 3 ]
B A g s 4(9 pomim
= e + . s | (U """"""""""
+ MG5_aMC@NLO agree  {g2L - iios et osHenigrs e -
. . H Eowimin Sh 2.2 3 =
Wlthln 5_10% Wlth mOSt [ _._gofgpga\ia 2 e s |\-/|G5. e o SR s
- === Stat. - o= _al +Herwig++
matched parton showers 10_3:__3;2;+Sy3t 1 gL - MOSaMOGNLOHerwig7 E
+ Good agreement for new 1 4= ‘ = i S ;m- : | B
. E 3 . —— Powheg+Pythia :
POWheg+Pythla8 Setup § 121__ """"""" u:é : “““““““ Powheg+Pythia6 (RadHi) T i :
. PR - (4] .
+ Powheg+Pythia6: S 0.8 =l
RadHi tune preferred* 10-2 . SRl bl
. o | TE- Powheg+Pythiaé (RadHiE = +
(Perug|a2012) © 12- M S | ===+ Powheg+Herwig++ |
% 1T e - . 0 5; == Powheg+Herwig7 i
0.8 R e [ l . . .
= 065__ Powheg+Pythia6 —f O 1 2 3 24
. . 0 1 2 3 >4 Number of additional jets
*tune including h__ Number of additional jets

parameter: controls the p_ of the first gluon/quark emission beyond the tt production
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tt + jets 3.2fb'@ 13 TeV arXiv: 1802.06572
(submitted to {HEP)

IStat. ulnc. e ATLIAS

_ o —
» P,° : Comparison to several B Stat.+Syst. une. Fiducial phase-space
. . . i — PWG+PY6 h,, = =m N lised tion |
predictions and different values of 8, 15 PWGHPYE 2, rach Nemaloed ooes sectbn.
the h parameter 38 o ae e athpmimdh 6-jet inclusive =
damp a BE Z
: o 1 rmm—— e N —
+ Pythia6 predictions: radLo preferred - . il
(lower amount of gluon radiation) i PWGPYG - PWGPYE hy o o
+ In contrast to analysis presented §, | — @ "Y&"Y8Nantom i
on last slide 85 [ b -
. . AR —
+ For Powheg+Pythia8: = * il §
smaller impact of h choice = SERER ' =
damp 1.5 o PWGH+PY8 hy,  =3m, radHi — + PWG+PY8h,, =1.5m —
= | = =— PWG+PY8h, =1.5mradlo £
gg [ 8
+ Difficulties for MC models to 8 [ o = = =
. . . ¥ o —

describe variables like N__and p.* 1% S e B = e -

simultanously 20 30 40 100 200 300 |
Pl [GeV]
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tt+b jets 36.1fb? @ 13TeV ATLAS-CONF-2018-029

+ Measurement of tt with additional b jets
+ Challenge for QCD calculations because of m_= 0 GeV

- Important test of QCD predictions

+ tt+bb important background to ttH(H- bb):
+ Better modeling of tt+bb would directly improve ttH(H- bb) measurement

+ Measurement in both ep and I+jets channel (p_(jet) > 25 GeV)

+ Selection ep:

+ N =2 jets, = 2 b-tags; all other = 3 jets, = 3 b-tags

bjet’
+ Selection |+jets:
+ For kinematic distributions: = 6 jets with = 4 b-tags

+ <5% bkg for ey, <10% bkg for |+jets (much higher statistics for [+jets)

+ — Correct for detector effects and_compare to MC generator predictions

tt+X using ATLAS Marisa Sandhoff - Bergische Universitat Wuppertal for @ 13
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tt+b jets 36.1fb* @ 13TeV ATLAS-CONF-2018-029

+ Good agreement in

1% bin: jet from A 210°F aTLAS Preliminar chamel 1 3 ATLAS Preliminary ~ enchamel ]
b2 3 reliminary eu channel reliminary e channel |
tOp decay © |%“ 10k VE=13Tev, 36.1 16" 22 biets ] & 107'F {s=13Tev, 36.1 b >3 bjets 3
. e ] Bl ]
+ too few events with i 1818 o .+ Daia
. . E E Q L Powheg-+Pythia8 3
> 3 b-jetS in all MC 10_15_ 1 e —MG5_agMCy@NLO+Py1hia8
predictions (ep channel) E 1073 i i :
= —2[ 4 Dat gttt bt ]
+ Except SHERPA 2.2 tt 'O 7 — Founeg-eynis e
10°k —ll\:/IGSEaMa@N.L9+Pythia8 ---------------------- § Lol
. E  -..-. Powheg+Herwi E
. . . 4L Syst. d E ' ]
do not improve situation 10 masa ol 19
e - . = o K SRR
3 E SF T
» . _ o 1.5 ' ' ' E e — : — s
* pT 3 b_Jet (not from tt) gg 1 ; v n - 1_5----Powheg+Pyth|a8 (RadHi)  --- Powheg+Pythia8 (RadLo) .
SEEEG e e 3 r— T, | e —
overestimated, but 05 e i -
' H -’ ' - l | | L 0.5_‘—Powheg+Pyth|a8 ttbb (4Fs)—Powheg+Pythla8 ; -
within uncertainties ol 1_g;:-.-Powheg+Pythia8 (RadHi) --- Powheg+Pythia8 (RadLoE 15[ " Sherpa 2.2 ff ;_"__;ﬂw@ymmwamm
2}3 1 _._._._._._,_._._._._.i O"(E E e a n:-_a;l"— """""""""""""
v except fo_r EOWHeH' = O.5§_Powqeg+Pythi:8 i S =58 R T R
Pythl a8 ttbb 0 - 0-5_"Sherpa22ttbb (4FS) —PowHeI+Pyth|a8 itbb (5FS)'
o 5 | T | H =08, 4 | ' ]
(5FS: massless b quarks, g‘%‘“ 1 % 1'1- !
4FS: massive b quarks) S, &= o_gi_—MGSI_aMC@NLO+Pythial8 | k gb'gb'g 0.9F —wcs amMc@NLOsPyiias
© 2 3 >4 304050  10® 2x10? 10°
) N, . [GeV]
+ syst. uncert. dominant (JES, b-tag) i
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tt+b jets 36.1fb? @ 13TeV  ATLAS-CONF-2018-029

+ Pair of closest b-jets (in AR) (lepton+jets channel)
+ Some discrepancies between data and MC for AR

. . . = 2t 2l ' o : ! e
(better agreement for p_and mass of this b jet pair, 258 ol ATLAS Preliminary  leptonsjets channel J
) ) ~8 g 1.8 Vs=13 TeV, 36.1 fb 26j,24b ]
except for PowHel+Pythia8 (4FS) (massive b quark)) S 16t i ]
: . :
ST g Al Powheg+Pythia8 ]
— 107'F A : FEm 1.0f —— MG5_aMC@NLO+Pythia8 }
= ATLAS Preliminary lepton-+jets channel — i . : - -..=. Powheg+Herwig7 ]
o, Vs=13 TeV, 36.1 fb™ > 6j, > 4b = ATLAS Preliminary lepton+jets channel 1 - Syst. E
slE O, V5=13 TeV, 36.1 fb" 6], 4b 0.8 . Stat. .
2 E.m1 0—2 < <le 10~ 3 :
b <E'Q S€ Q1 O O 6_
SRES NS :
S |o 0.4
- .§ 3 Data kS 0.2F
© 107°F— Powheg+Pythia8 k= 1072 Data .
—— MG5_aMC@NLO+Pythia: —— Powheg+Pythia8 0 I
.= Powheg+Herwig7 —— MG5_aMC@NLO+Pythia8 1.5F ; ] R ! . :
Syst. -..=+ Powheg+Herwig7 - .
—4 | Stat. Syst. O =
1 0 1 0_4 | I Stat. S a 1
1.4 ' ' 14 0.5C, : : : | —
1) % 1.21 oS 12 1 5_---Powheg+Pythia8 (RadHi) __--- Powheg+Pythia8 (RadLo)
“a . s —— — — —— — ottt Sttt it o]
=I5 .8 ] = ol
L i - S| © 1
0.6 . . : i 0.6¢ : o =
. 1 .5_-.- Powheg+Pythia8 (RadHi)  --- Powheg+Pythia8 (RadLo) | = 1 .5_.'. Powheg+Pythia8 (RadHi)  --- Powheg+Pythia8 (RadLo) | 05‘_I Powheg:+Pythia8 thBI (4FS) — Plowheg+Pyt|hia8 ol
g g S g cD‘E frrmmm—— 150 " Sherpa 2.2 tf ' - = Sherpa 2.2 tibb (4FS)
0.5r— Powheg+Pythia8 fbb (4FS) — Powheg+Pythiad il 0.50_ Powheg+Pythia8 {fbb (4FS) — Powheg+Pythia8 ] . % 1 .
1 |~ Shewazzd " -- Sherpa22 fibb (4FS) | jsl etk : - - Sherpa 2.2 fibb (4FS) | =ila 05
OfF Loy o % ' e | == PowHel+Pythia8 tfbb (4FS) — PowHel+Pythia8 {Ibb (5FS)
I R e S e e e S vt :ggllg11:,|,,,,,,,,,],,,,],,,,_.,,,,:
B £ e e 2] 05_ i I T TE TS TE YT e el e i o =C'= A ]
R IQO.5 == PowHel+Pythia8 {fbb (4FS) — PowHel+Pythia8 fbb (5FS) I PowhiolsFylhiah i gb (485} T RowtislsFytiigh 50D RO} _g _8 ’ : ]
[0 Q T T bS] = 1
o1k E bkob““"l— E Q9| IR e 1
3 e 1 -l fm © oA ,_ﬁé—l 8b§ b'§ 0.9 F — MG5_aMC@NLO+Pythiag . . %
Q| 1Q (SRS E 4 3
g3 b,g 0.9_—'_ VG5 aMG@NLO+Pyhias i 85| % 0.9F —MG5_aMC@NLO-Pyhias . 0.5 1 1.5 2 2.5 3
b 102 10° 102 10° ARAMIn
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Conclusion and outlook

+ high centre-of-mass energy of LHC allows for the copious production of
top quark pairs in association with other final state particles

+ presented ATLAS results on tt+y, tt+W/Z:
» Og = 139 + 7 (stat) = 17 (syst) fb  (20.2 fb™* @ 8TeV, JHEP 11 (2017) 086)

_=0.92 = 0.29 (stat) = 0.1 (syst) pb

ttz
+ Oz, = 1.50 £0.72 (stat) £ 0.33 (syst) pb
(3.2 fb* @ 13 TeV, Eur. Phys. J. C77 (2017) 40)

+ O

+ for tt+(b) jets kinematic distributions at particle level compared to MC predictions
+ Some discrepancies in describing the data can be seen
- valuable input for MC tuning
+ Most observables relatively well described
+ difficulties for MC models to describe different variables using same setup
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tt+X using ATLAS

Additional Material
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tt+y 202fb"@ 8TeV  JHEP 11

(2017) 086

Process e + jets  p + jets
Multijet + ~ 7.5x3.6 83k5H.2
W~y+jets 65 = 25 97 4= 25
£ y+jets 30 = 19 38 = 20
Single top + 137 19 == 10
Diboson + ~ 26x15 25414

Expected yields of background processes with a prompt photon. The uncertainties
include all sources of systematic uncertainties.
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tt+y 20.2fb"@ 8TeV  JHEP 11(2017) 086

Source Relative uncertainty [%)]
Hadron-fake template 6.3
e — v fake 6.3
Jet energy scale 4.9
Wy+jets 4.0
Zy+jets 2.8
Initial- and final-state radiation 2.2
Luminosity 2.1
Photon 1.4
Single top+~y 1.2
Muon 1.2
Electron 1.0
Scale uncertainty 0.6
Parton shower 0.6
Statistical uncertainty 5.1
Total uncertainty 13

List of the most important systematic uncertainties and their effects on the
measurement of the inclusive cross section. In addition, the statistical and total
uncertainty are given. The total uncertainty is derived from the likelihood fit.
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tt+y 20.2fb'@ 8TeV

JHEP 11 (2017) 086

Range tty Hadronic e — 7y Wy+tjets  Z~+jets Single Multijet+v Diboson+~y Data
ake fake top+~y
Total 1060 4+ 130 1020 £ 90 710 4+90 160 +£40 73 4+32 32+ 15 16 + 6 5.1 + 24 3072
15 < pr < 25 GeV 280 =+ 40 360 £ 40 240 = 35 47+ 13 23+ 10 7T+4 4.4 4+ 23 1.3+ 0.7 966
25 < pp <40 GeV 309 + 34 233 26 171 £ 7 37 +10 22+£10 64 +33 38424 1.8 +£0.9 783
40 < ppr < 60 GeV 220 £ 40 205 £ 21 111 %= 30 28+ 8 13 =6 10 £5 1.6 &= 1.9 0.5 +£0.3 589
60 < pr < 100 GeV 160 + 40 116 £16 100 +40 2447 10+5 8+ 4 34+21 1.0 £ 0.6 420
100 < pt < 300 GeV 150 £ 25 71+10 50+20 23+£7 4+ 2 0.9+ 07 08+1.0 0.3+ 0.2 298
n| < 0.25 246 + 34 121 4= 21 93 + 24 18 =6 944 40+£22 5H2+18 1.0 &= 0.6 497
0.25 < |n| < 0.55 260 + 40 130 £ 20 116 4+29 2948 11 +6 3.7 +21 0.0+£04 1.5+ 0.8 552
0.55 < |n| < 0.90 180 == 40 198 4+ 27 150 + 40 31 9 16 + 7 22+13 40x 18 0.4 £0.2 578
0.90 < |n| < 1.37 200 + 40 233 £33 169 + 50 35+ 10 17+ 8 9+ 5 57+ 2.1 1.0+ 0.5 663
1.37 < |n| < 2.37 150 + 40 344 £33 200+ 12 48+ 13 19+9 13+6 54+ 25 1.4 4+ 0.7 782

Post-fit event yields for the signal and backgrounds for the inclusive cross-section
measurement and for the different bins of reconstructed photon pT and n for the

differential cross-section measurement. The uncertainties include the statistical and
systematic uncertainties.

tt+X using ATLAS
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ttW and ttZ 3.2fb"@ 13 TeV Eur. Phys. J. C77 (2017) 40

Variable 3(-Z-1b4j | 3(-Z-2b3j | 3(-Z-2bdj | 3¢-noZ-2b
Leading lepton pr > 25GeV

Other leptons pt > 20GeV

Sum of lepton charges +1

Z-like OSSF pair lmee — mz| < 10GeV imee —myz| > 10GeV
Niets > 4 | 3 ‘ > 4 > 2 and < 4
Np—jets 1 > 2 > 2 > 2

Summary of event selections in the trilepton signal regions.

tt+X using ATLAS Marisa Sandhoff - Bergische Universitat Wuppertal for 21
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ttW and ttZ 3.2fb"@ 13 TeV Eur. Phys. J. C77 (2017) 40

Region 75 leptons PT34 lmz, — mz| Eruiss Nb—tags
4¢-DF-1b et T > 35 GeV - - 1
4¢-DF-2b et ¥ - - - > 2
> 10GeV > 40 GeV
40-SF-1b  e*eF yEuF > 25GeV y ¢ 1
< 10 GeV > 80 GeV
> 10 GeV -
40-SF-2b  eteT, utpuT - Ny > 2
< 10 GeV > 40 GeV

Definitions of the four signal regions in the tetralepton channel. All leptons are
required to satisfy pT > 7 GeV and at least one lepton with pT > 25 GeV is required to
be trigger matched. The invariant mass of any two reconstructed OS leptons is
required to be larger than 10 GeV.

tt+X using ATLAS Marisa Sandhoff - Bergische Universitat Wuppertal for 22
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L + 1
ttWand ttZ 3.2fb" (@ 13 TeV Eur. Phys. J. C77(2017) 40

Region t+ X Bosons Fake leptons  Total bkg. W ttZ Data
30-W7Z-CR 0.52+0.13 209522 286 1S 29.5+2.8 0.015+0.004 0.80+0.13 33
4¢0-77-CR < 0.001 39.5+2.6 1.8+£0.6 112 £ 2 7 < 0.001 0.026 + 0.007 39
2u-SS 0.944+0.08 0.12+0.05 gl o 2.0:L 13 292 139 0.704+0.10 9
30-7-2b4;j 1.08 £0.25 0.64+04 < 0.001 1.6 £0.5 0.065+0.013 5.5£0.7 8
30-7-1b4;j 1.144+0.24 35520 2217 BiE L8 0.036 £0.011 4.3+0.6 7
30-7-2b 3] 0.58 £0.19 0.224+0.18 < 0.001 0.80+0.26 | 0.083£0.014 1.934+0.28 4
3¢-noZ-2b 0.95+0.11 EE -0l X0 ) 1 L 1.59+0.28 1.454+0.20 10
4¢-SF-1b 0.212+0.032 0.09 £0.07 RS = 0:022° =0 A} ()3 < 0.001 0.66 =0.09 1
4¢-SF-2b 0.121 £0.021 0.07 +0.06 0.0624+0.012 0.25+£0.07 < 0.001 0.63 +0.09 1
4¢-DF-1b 0.254+0.04 0.01314+0.0032 0.114+0.019 0.374+0.04 < 0.001 0.754+0.10 2
4¢-DF-2b 0.16 =0.05 < 0.001 0.063 £0.013 0.23+£0.05 < 0.001 0.64 +0.09 1

Expected event yields for signal and backgrounds, and the observed data in all
control and signal regions used in the fit to extract the tt Z and tt W cross sections.
The quoted uncertainties in expected event yields represent systematic uncertainties
including MC statistical uncertainties. The tZ, tWZ, tt H, three- and four-top-quark
processes are denoted t+X. The WZ, ZZ, H = ZZ (ggF and VBF), HW and HZ and VBS

processes are denoted ‘Bosons’.
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Uncertainty Oz Ouw
Luminosity 2.6% 3.1%
Reconstructed objects 8.3% 9.3%

Backgrounds from simulation 5.3%  3.1%
Fake leptons and charge misID  3.0% 19%

Signal modelling 2.3%  4.2%
Total systematic 11%  22%
Statistical 31%  48%
Total 32%  53%

List of dominant and total uncertainties in the measured cross sections of the tt Z
and tt W processes from the fit. All uncertainties are symmetrised.
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+ P, distributions dominated by statistics, ATLAS
systematic uncertainties mostly from JES and B stat. uncertainty 13 TeV, 3.2 fb"

— Stat.+Syst. uncertainty

modeling pat i s IS LU CIER L
i e - 1.9 — MG5_aMC@NLO+Pythiag 7
E § g'lT'l;\;qu i e % B : = === MG5_aMC@NLO+Herwig++
+ Bestagreement > 1o': - - MGS_aMC@NLO+Herwigs+ = 5
fOI" - _g' C o -+« Sherpa v2.2 5 5
. —lo 107 = % _e- -®-2015Data E =
Powheg+Pyth|a8 : g ] " -er MG5_aMC@NLO+Herwig7
10—35_ ——— E 0:5= = G . =
» Some models [ 20 SR ey :
show S|gn|ﬁca Nt § B Stat +Syst. .......................? | v Powheg+Pythia6 (RadHl)f ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘
derivations from 10°E = §
the data Ny E 9
w2y el T R
a H [ ---- Powheg+Herwig++
(23 18 B 05 " Powheg+Herwig7 |
+ Measurement e = 3040 100 200 1000
provides valuable 4 1':;_ ------ Powheg+Pyihias (RadLo) ... Powheg:Pythias (RadH) 3 Leading additional jet p._[GeV]
. c e =
input for MC - + MG5 aMC@NLO and
tuning T O 1 Powheg matched with
30 40 . 100 200 300 1000 different parton
Leading additional jet P [GeV] showers
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Process

Yield

Single top (W)
Fake leptons
Z+jets
Dibosons

236 £2 (stat.) 446 (syst.)
117 £22 (stat.) £120 (syst.)
6 +3 (stat.) =1 (syst.)
3.1 £0.4 (stat.) £1.5 (syst.)

Total background

362 +22 (stat.) +130 (syst.)

tt (> 1 pile-up jet
tt (no pile-up jets)

310 +2 (stat.) =488 (syst.)
6850 +£11 (stat.) 940 (syst.)

Expected
Observed

7520 £25 (stat.) +950 (syst.)
8050

Yields of data and MC events fulfilling the selection criteria.
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Relative uncertainty in [%] in additional jets multiplicity
Sources 0 1 2 3 > 4
Data statistics 2.1 | 2.7 | 4.0 6.0 9.0
JES/JER 5.0 | 1.8 7.0 | 12.0 16.0
b-tagging 0.5 102 0.7 1.4 2.0
ISR/FSR modelling | 0.4 | 0.5 | 2.2 | 3.8 6.0
Signal modelling 1.9 | 2.0 5.6 6.0 11.0
Other 1.4 109 25| 3.3 5.0
Total 6.0 | 4.0 | 10.0 | 16.0 24.0

Summary of relative uncertainties in [%] for the jet multiplicity
measurement using a jet pT threshold of 25 GeV. "Signal
modelling" sources of systematic uncertainty includes the
hadronisation, parton shower and NLO modelling uncertainties.
"Other" sources of systematic uncertainty refers to lepton and
jet selection efficiencies, background (including pile-up jets)
estimations, and the PDF.
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Relative uncertainty in leading additional jet pt [GeV] in [%]
Sources 25-40 | 40-60 | 60-85 | 85-110 | 110-150 | 150-250 | > 250
Data statistics 3.8 6.0 6.0 8.0 8.0 6.0 8.0
JES/JER 2.9 3.3 2.1 2.7 3.8 3.8 4.2
h-tagging 03| 02| 06 0.4 0.6 04| 13
ISR/FSR modelling 0.6 1.6 1.4 0.7 2.4 4.0 2.1
Signal modelling 2.5 4.0 3.6 10.0 3.0 3.0 4.0
Other 1.5 2.8 1.8 3.4 2.4 1.6 1.8
Total 6.0 8.0 8.0 13.0 12.0 11.0 11.0

Summary of relative measurement uncertainties in [%] for the
leading additional jet p T distribution. "Signal modelling" sources
of systematic uncertainty includes the hadronisation, parton
shower and NLO modelling uncertainties. "Other" sources of
systematic uncertainty refers to lepton and jet selection
efficiencies, background (including pile-up jets) estimations, and
the PDF.
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