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Introduction

« At the LHC, top quark pairs in association with other final
state particles provide a unique opportunity to test pQCD
and Standard Model (SM)

« Also important as dominant background for several
Beyond the Standard Model (BSM) searches

This talk covers

v tt + additional jet activity @13 TeV
EP]J C77 (2017) 220

v tt + W/Z production @13 TeV
EP]J C77 (2017) 40

v tt +y @ 8TeV
arXiv:1706.03046, submitted to JHEP

tt + H covered 7 July, 12:00
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tt + jets in ep-channel@13 Tev =~ 7"

Event selection

« Measurement of QCD radiation _ . 1 elctron, p;>25 GeV, [n|<2.47
produced with top quark pair is crucial - 1muon, p;>25 GeV , |n|<2.5
to tune MC parameters - Oppositely charged

— Improve modelling of parton shower and B> 2 ormore brets (WP:77%)
hadronization
— Improve overall top kinematics description _ )
W™ i
Focus on dilepton ep channel;

— Clean signature & small systematic
uncertainties

Eoo | 3
= ATLAS —— 2015 Data -
F 13 TeV, 3.2 b 1t 3

Additional I]%ets are identified as jets - Add.jet p, 225 GeV ERRHE (=1 plle-upjet)

above p; thresholds of 25, 40, 60 and g 2 s

8 O G ev § E aiit;Io[s)T;‘;tons E

— Additional jets produced in addition to the
two highest-p; b-jets

Backgrounds ~ 4.5% only

e * Data stalit. unc.

Discrepancy found on jet multiplicity

Pred./Data

| | \ L
1 2 3 =4

Number of additional jets

Unfolded to particle level
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EP] C77 (2017) 220

tt + jets results

« Major source of uncertainty

— Jet energy scale (JES), matrix element generator and parton
shower (PS) modeling, initial and final state radiation

— Statistical uncertainties @ jets 2 3 or 4
« In agreement with MC predictions
« Sensitive to PS models and QCD radiation scale

T
ATLAS =
13 TeV, 3.2 b’ 3 i ATas
3 - Stat. uncertainty 13 TeV. 3.2 fb’
add. jet p_ 2§25 Ge\| - i .
N ] T Stat+Syst uncertainty  aqq. jet p 2I25 Ge CI
T
T I

I T I
O —— MG5_aMC@NLO+Pythia8
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E amim Sherpa v2.2
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MC/Data
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EP] C77 (2017) 220

tt + jets results (higher p+)

« Major source of uncertainty

— Jet energy scale (JES), matrix element generator and parton
shower (PS) modeling, initial and final state radiation

— Statistical uncertainties @ jets = 3 or 4
« In agreement with MC predictions

T
ATLAS
13 TeV, 3.2 fb”

add. jet o

ATLAS
- Stat. uncertainty 13 TeV, 3.2 !
— Stat.+Syst. uncertainty add. jet pT =160 Ge
I I
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—— Powheg+Pythia8
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EP] C77 (2017) 220

jet p; spectra

Particle-level normalized differential cross-sections
vs b-jets and additional jet p-

Significant systematic sources;
JES/JER, NLO generator and PS/hadronization modeling

MC/Data

MC/Data

I
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EP] C77 (2017) 220

jet p; spectra (PS modeling)

« Comparison with various PS models
— Basically in good agreement again---

- For leading additional jet p;
“Powheg+Herwig++" and “MG5_aMC@NLO+Pythia8” and

“with Herwig7” do not give a good description

\

O —— MG5_aMC@NLO+Pythia8 9" —— MG5_aMC@NLO+Pythia8 O = MG5_aMC@NLO+Pythia8
1 | ==== MG5_aMC@NLO+Herwig++ J | =---MG5_aMC@NLO+Herwig++

[ =e-- MG5_aMC@NLO+Herwig++
L e NG5 SMC@NLOHorwig ARt

[ =n=er MG5_aMC@NLO+Herwig7 1

[ =w=ee MG5_aMC@NLO+Herwig? 7 N
| | | L : | IR
T i T

MC/Data

MC/Data

[ =—— Powheg+Pythia8 | —— Powheg+Pythia8 j = Powheg+Pythia8
i e Powheg+Pythia6 (RadHi) i i = Powheg+Pythiab (RadHi) i | e Powheg+Pythia6 (RadHi)

[ ==== Powheg+Herwig++ 7] [ ==== Powheg+Herwig++ 7 | ==== Powheg+Herwig++
[ === Powheg+Herwig? ] 0 5; =uam Powheg+Herwig7 B | == Powheg+Herwig7
’ L . L L] ‘ L
1000 3040 100 200 1000 30 40 100 200 1000
Sub-leading b-jet P, [GeV] Leading additional jet P, [GeV]

3040 400 200
Leading b-jet P, [GeV]

EPS-HEP, 5-12 July, K. Kawade 8 July 2017




EP] C77 (2017) 220

Gap fraction measurement

« (Gap fraction;
fraction of event with no jet activity above given p;
threshold and rapidity region

n(Qo) sum
fgap(QO) — N”O ’ fgap(qum) — M

Nr?
« Sensitive to hard emissions accompanying the top-pair
« Powheg+Pythia8 has slightly higher gap fractions

ATLAS
= Stat. Uncertainty Vs=13 TeV, 3.2 fb”’
Stat.+Syst. Uncertainty  veto region: |y| < 0.8
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tf + V (Z/W)@13 TeV EPJ C77 (2017) 40

H(CPM —C3M)
CoM = T3 — 2Q,sin?(Ow)

tt +7 : Sensitive to neutral current coupling between top and Z
BSM processes would change the tt +V cross-sections
Important background of searches for tt +Higgs, VLQ, SUSY

Sensitive to EFT operators that affect t-Z coupling
— EFT,; Effective Field theory

Process tt decay Boson decay Channel

NLO QCD Predictions

(u*=vb)(qgb) uEv SS dimuon

((Evb)((Fvb) (£ Trilepton Otw = 0.60 £ 0.08 Pb
L (i - i
({=vb)(qqb) (te Trilepton 0,77 0.84 + 0.09 pb

(0Evb)(£Fvb) ¢t Tetralepton
JHEP 06, 184 (2015)
JHEP 07, 079 (2014)
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EPJ C77 (2017) 40

Background estimation

« Main backgrounds

— SS dimuon;
Fake lepton = Estimate using Opposite Sign (OS)
dilepton Control Region (CR)

— Trilepton;
Fake lepton = Validated in Validation region (VR)
WZ diboson = using 3leptons WZ CR (no b-jet)

— Tetralepton;
ZZ diboson = using 4leptons ZZ CR

SRR AR AR RN RN RN R RRNRAR
| ATLAS epaazo1s Wiz

~s=13Tev,3.21b" [Wiw Bwz
L 2u-8S-VR Wz Hoter |

R R N RN
- ATLAS ® Data 2015

[ Vs=13Tev,321b"  Fakeleptons
| 4L-zz-CR

L L B B B LB 'E 30 T T T -

T
[ ATLAS e paaz01s [z ] [ - ATLAS e paa2015 [z
[ Vs=13Tev,3.21" [liw Bwz 1 M [ s=13Tev,32f" [Miw Bwz
I 3L-WZ-CR Wz Wother  — [ 3L-noZ-VR Nz Wother ]
[ Fake leptons Um':eriaint\rj [ Fake leptons Uncertainty |

Events / 20 GeV
Events /10 GeV
Events /10 GeV

Fake leptons 7~ Uncel rtainty |

0 0
0 20 40 60 80 100 120 140 160 180 200 50 60 70 80
E#liss [GeV] Third lepton P [GeV]
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EPJ C77 (2017) 40

Uncertainties and fit

« Major uncertainties
— Measurement limited by statistical uncertainty
— Fake lepton (ttW)
— Object reconstruction

« Inclusive cross-sections extracted using profiled
likelihood fit

— using 9 signal regions and 2 control regions

Uncertainty oriz (%) oiw (%)

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 42

Total systematic 11 22
Statistical 31 48

Total 32 53
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EPJ C77 (2017) 40

Results

B A TL A S *  ATLAS best fit

S 13TeV, 3217 o Arime e o
B ’ ATLAS 95% CL
£ NLO prediction
%S fIZ theory uncertainty
L% W theory uncertainty

I \ \ \ \ [ \
ATLAS e Dataz015 iz

fs=13TeV, 32 fb" Baw Bwz
Post-Fit fz Mother 7
Fake leptons %Uncertainty

ttZ cross section [pb]

2
Sy Hozs M-8 W2 532 > By Hogp Hogp Wopedlp 1| | \ \ \ | |
WZ‘CRQ'CR S ebqj 7b4] ebej oz-gb F-_ ?b F‘eb F‘ ?b F‘eb L1 1 L1l \1l5\ L1 2 L1 \2-5\ L1 3 111 I3l5I 111 4\ 11

A ) tTW cross section [pb]

Y Y
2 CRs 9 SRs

g7z = 0.9 £ 0.3 pb and
NLOQCD  oy7z = 0.84 £ 0.09pb ;7 = 0.60 £ 0.08 pb

Analysis ongoing with 2015+2016 data (36fb-1), STAY TUNE!
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— arXiv:1706.03046, submitted to JHEP
tt + y @8 TeV D

from top quarks from incoming partons from top decay products

tt + y measurements can probe the ty electroweak
coupling

Deviation from SM expectation could point to new physics
through anomalous dipole moments of the top quark

Measurement performed in the lepton+jets final state
— Enrich photons radiated from a top quark (AR,,>0.7)

See also poster TE-14

EPS-HEP, 5-12 July, K. Kawade 8 July 2017 13




arXiv:1706.03046, submitted to JHEP
Result

~\w> g

« The fiducial inclusive cross-section is extracted by a
combined fit of signal and background templates
p+'s°; sum of the p; of all tracks around the y (R=0.2)

« In good agreement with NLO prediction*
Post-fit| I

I I I I I I I I I I I I | I I I I X
ATLAS e Data = NLO prediction based on S 1 5 1 i 24 tb
IS =8TeV 202 fb" . ffy 3 PRD 83 (2011) 074013

. e—y Fakes i i
Single lepton channel |

geer [ Prompt y Bkg ] : stat total
Hadronic Fakes — i

%/ Uncertainty i

2

>
)
o
~
8
c
o
>
L

.
o
)

Vs=8TeV 20.2fb"

_ o]
This work i

Vs=7TeV 459 fb"
PRD 91 (2015) 072007

-4E:::\“‘\"'I"‘\“‘\“‘\“‘I"‘I"‘\“‘j

L1 \\\‘\\\‘\\\lll\lll\‘\\\: :
“ 2 4 6 8 10 12 14 16 18 20 T T

iso 0.5 1 15 &
GeV fid/ ~SM
P3° [GeV] Gt'f_{/GﬁY

o = 139 + 7 (stat.) + 17 (syst.) fb = 139 + 18 fb,

8 July 2017

Data/Pred.
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lefe rentlal CrOSS- SECtIO arXiv:1706.03046, submitted to JHEP

« Particle level differential cross-sections wrt
photon p;r and |n| are also measured

These results also agree with the theoretical
predictions at NLO

ATLAS
(s=8TeV,202fb" -
Single lepton channel

S N R R
—ATLAS £4NLO Pred.

~Vs=8TeV,20.2fb" § Data(Stat)
iSingIe lepton channel ¢ Data (Stat. +3y3ti

/ dn| [fo / unit]

==NLO Pred. : il
' Data (Stat) . T THERERE BRI
¢ Data (Stat.+Syst.)
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joN
©
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o)

©
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sl
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150 o000 280 300
Photonp [GeV]

Data/Pred.

Data/Pred.

0 02040608 ‘I 12141618 2 22
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Summary

« High centre-of-mass energy and luminosity at the LHC
allows for precision measurements of top-quark pairs with
additional final state particles

This talk covered

« tt + additional jets @13 TeV
— Test of pQCD and SM
e tt+ Z/W @13 TeV, tt + y@8 TeV
— sensitive to most of the leading EFT operators
— can probe the top electroweak coupling
— Measurement limited by statistical uncertainty

In general, good agreement with SM observed

Thank you.
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tt + jets; Systematic uncertainties

pr threshold = 25 GeV pr threshold = 60 GeV

Sources Relative uncertainty in [%] in additional Sources Relative uncertainty in [%] in additional
jets multiplicity jets multiplicity

0 I >4 0 | >3

Data statistics 2.1 2.7 : 9.0 Data statistics 1.5 3.0
JES/JER 5.0 1.8 JES/JER 0.9 2.3
b-tagging . 0.2 : 2.0 b-tagging 0.2 0.6
ISR/FSR modelling 0.4 . . 6.0 ISR/FSR modelling 0.2 1.2
Signal modelling 1.9 2.0 . , Signal modelling 0.7 1.6
Other 1.4 0.9 : : 5.0 Other 0.8 0.8
Total 6.0 Total 2.0

Sources Relative uncertainty irlleading additional jet pTIGeV] in [%]

25-40 40-60 60-85 85-110 110-150

Data statistics 3.8 6.0 6.0 8.0 8.0
JES/JER 2.9 3.3 2.1 2.7 3.8
b-tagging 0.3 0.2 0.6 0.4 0.6
ISR/FSR modelling 0.6 1.6 1.4 0.7 2.4
Signal modelling 4.0 3.6 10.0 8.0
Other . 2.8 1.8 34 2.4
Total . 8.0 8.0 13.0 12.0
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tt + V; 3L/4L selections

Variable

30-7Z-1b4j

3¢-Z-2b3j

30-7-2b4j

3¢-noZ-2b

Leading leptons pr
Other leptons’ pt
Sum of leptons’ charges

OSSF [mpy — mz|

Hjets

~25 GeV
=20 GeV
+1
<10 GeV
>4

>25 GeV
>20 GeV
+1

<10 GeV
3

>2

~25GeV
=20 GeV
+1
<10 GeV
>4
>2

>25 GeV
>20 GeV
+1

>10 GeV
>2 and <4

>2

M p-jets 1

: miss
Region Z» leptons mz, —mz]| Et

4¢-DF-1b et — —
4¢-DE-2b et uT — — —

>10 GeV >40 GeV
<10 GeV >80 GeV

{>10GeV — }

4¢-SF-1b

>25GeV {

eteF utpuT

4¢-SE-2b eteT, utuT

<10 GeV >40 GeV
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tt + V; Fit

Pre-fit impact on u:
_|0,=+A0 0,=-A0
Post-fit impact on u:
I 6,=+AB 6,=-A0
—e— Nuis. Param. Pull

Fakes MM: jet flavour (2uSS)
Fakes MM: statistics

JVT scale factor

b-tag. eigenvar. 1

Fakes MM: charge flip
Luminosity

b-tag. eigenvar. 2

ttW Pythia8 tune

ttZ x-section (QCD scale)
c-tag. eigenvar. 1

Other normalisation

WZ normalisation factor
light-tag. eigenvar. 1
Pile-up reweighting

ttH x-section (QCD scale)

An

-04-03-02-01 0 01 02 03 04

| W measurement

ATLAS
{s=13TeV, 3.2fb"

e s
—= ;
e

_:._

—
——
-~
-
.-
1
-

=

.

] '
IlIlIIIIlILIII[IlJIIIJI

'
IIIIJIIIIIIII

215 105 0 05 1

15 2
(6-0.)/A0

Pre-fit impact on u:
[ 10,=+A0
Post-fit impact on u:
W 6,=+AB 6,=-A0
—e— Nuis. Param. Pull

JVT scale factor

WZ theory norm. (31Z22b4j)
JES NPScenario1 NP1

tZ x-section

b-tag. eigenvar. 1
Luminosity

Fakes MM: charge flip
WtZ x-section

Fakes MM: statistics

WZ theory norm. (3122b3))
Pile-up reweighting
Electron ID efficiency

ttZ Pythia8 tune

ttZ MC generator
light-tag. eigenvar. 1

-2 -15-1-05 0 05 1

An

0,=-A0  08-0.06-0.04-0.02 0 0.02 0.04 0.06 0.08

I‘\IIlIIIlIIII\III
ttZ measurement

ATLAS

Is=13TeV,3.2fb"

] ' '
IlIlIIIIlILIII[IlIIIIJIlIIIIIIJIIIIIIII

15 2
(6-6,)/A8

None of the uncertainties are found to be significantly constrained or pulled
from their initial values
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tt + y; Systematic uncertainties

Source Relative uncertainty [%]

Hadron-fake template 6.3
e — vy fake 6.3
Jet energy scale 4.9
Wy+jets 4.0
Zy+ijets 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

Range tty Hadronic e—vy Wry+jets  Zy+jets Multijet+y Diboson+y Data
fake fake

Total 1060 + 130 102090 710+90 160 +40 73 +32 16 +6 5124 3072

15 < pr <25 GeV 280 + 40 360 £40 24035 47+13 23+10 44 +£23 1.3+0.7 966
25 < pt <40 GeV 300 + 34 233+£26 1717 37+10 22 +10 38+24 1.8+0.9 783
40 < pt < 60 GeV 220 £ 40 20621 111+£30 28+8 136 1.6+19 0.5+03 589
60 < pt < 100 GeV 160 + 40 16+ 16 10040 24+7 10x5 34x21 1.0+0.6 420
100 < pT <300 GeV 150 £ 25 7110 50+£20 23+7 4+2 0.8=1.0 03+0.2 298

Il < 0.25 246 + 34 121 +21  93+24 18x6 9x4 52+1.8 1.0+£0.6 497
0.25 < |yl < 0.55 260 + 40 13020 11629 29+8 11+x6 0.0+0.4 1.5+08 552
0.55 <nl < 0.90 180 + 40 198 £27 15040 319 167 40+ 1.8 04+0.2 578
090 < |yl < 1.37 200 + 40 233 £33 169+50 3510 17=+8 57=+2.1 1.0+ 0.5 663
1.37 < || < 2.37 150 + 40 344 £33 200+12 48+13 19+9 5425 14 +£0.7 782
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tt + y; Template

p1's°; the sum of the transverse momenta of all tracks within a cone with
an opening angle around the photon of 0.2 rad

LI I I LI | | LI LI I 1 | | LI I | 1 | I LI | 1 | | LI I
ATLAS — Prompt y Template; Simulation
/s=8TeV,20.2fb"  — gy Fake Template; Data

— Hadronic Fake Template; Data
vy 7/ 7/ Uncertainty

rr s,
vzs7s

|

LLLLLLLLLLLLLLLLLLLLLLLLLLLLLL,
(4448488 s s sdesdesdesdesds

8777777777777

2 4 6 8 10 12 14 16 18 20
p° [GeV]

o
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