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QR TRIUMF Top quarks pair production

e Studying the top quark sector is a fundamental

component of the overall ATLAS research g@m—’— ! g%*— ! g%®< !
program I o< T 9D T Y P
- cross-section and properties measurements ) t -
 precision tests of the Standard Model >@< o WA
- a window to new physics if deviation found ! o b
e non-SM production: X — tt Theory NNLO+NNLL soft gluon resum.

(Czakon, Mitov; Top++ program)

* non-SM decay: t - Xb T T
e top plays an important role in several | ,,— s (13 Tev)
BSM theories (m=1725 GeV) PRL 110 (2013) 252004
- decay topologies are a background to several
BSM searches and other SM measurements

- important for ttH measurement

e The LHC is a top factory (large abundance):
- perform various differential cross-section measurements (do/dX)

* important to study QCD effects, PDF's, and Parton Showers
implementation in various Monte Carlo's for further tuning.
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@TRlUMF Cross-section measurements

 Several analyses performed and measurements reported today:
- at 8 TeV (full 20.3 fb-'dataset from 2012)
e do/dX of top, tt system, event-level kinematics
« do/dX of top p, in a highly boosted regime

- at 13 TeV: with 85 pb! & 3.2 fb! of 2015 data
 inclusive tt production
e tt+ W , and tf + Z production
o tf + jets , do/dX of additional jet multiplicity
e All analyses require basic ingredients: Al jts 4%
- electrons and muons
- jets
- missing E;

\ T+jets 15%

- Db-tagged jets

e dilepton channel (multi-leptons for tt+V):
- used for inclusive cross-sections

e |epton+jets channel;

- used for both inclusive & differential cross-sections
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QTRIUMF  ee, UM, e/M + jets inclusive (13 TeV)

N . N 6 _
* dilepton: same flavour opposite sign 8 O ariASProiminary + oA ]
leptons ee or uu; exactly 1 or 2 b-tagged B 10° \s— 13 TeV, 85 pb” =
. . . F e ingle top ]
jets; missing E. otk °° W Zets -
N(?é’ _ LO__ ee . 2 ee l C@g ee kag.(’(’ E Diboson B
= 17 €oresel1“€p (1-C)fe)+ N, 10°k Il \P & fakes
N = Lo €66, Cirerer + Ny & o
e _ i 1 i bkg
N = Log Eﬁreselzgﬁ (1 -G, GE )+ N, 10
e _ M o g bkg.pp
NQ = Loy Egreselcb E'g Eg * N2 ’

- simultaneous fit to obtain o,, and R
b-ta g g | n g efﬂ C | enc | es b-tagged jet multiplicity
 |epton+jets: one lepton and at least 4 jets

2 40eE | I T ]
: © © ATLASPreliminary * Data :
- 1 b-tagged jet B 15l \s=13Tev,85pp" [t
) ) . E W I Single top
- requirement on missing E. and/or MW 10tk B Z+jets
T T E Diboson
« i Il NP & fakes
- 0,.= (N-B)/(Efficiency*L) 10°
2
Channel | Cross-section measurement 10
ee 824 + 88 (stat) =91 (syst) = 82 (lumi) pb 10
L 683 £ 74 (stat) =76 (syst) = 68 (lumi) pb
ee and g combined 749 + 57 (stat) =79 (syst) =74 (lumi) pb
2 3
e+jets 775 = 17 (stat) = 123 (syst) + 85 (lumi) pb , o
ptjets 862 + 18 (stat) =93 (syst) =94 (lumi) pb b-tagged jet multiplicity
e+jets and p+jets combined | 817 = 13 (stat) + 103 (syst) + 88 (lumi) pb ATLAS-CONF-201 5_049
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-049/

2 TRIUMF o,/ o, ratio (13 TeV)

Measurements of o, and o, limited by large systematics

In the o,/o, ratio large cancellations occur:

- integrated luminosity & lepton ID
o, used is from dilepton (eu) channel (78 pb™)

Ratio compared to NNLO QCD predictions with different PDF's:
- provides constraints on gluon to sea-quark ratio in PDFs.

ATLAS Preliminary
13 TeV, 78 - 85 pb™"

Tt

Rijz =

| data + total uncertainty
data * stat. uncertainty

|

A ABMi12LHC R
¥ CT10nnlo
|

[

NNPDF3.0

MMHT14nnlo68CL
(NNLO QCD |nner uncert PDF onIy)

AN
015 02 025 03 035 04 045 05

ATLAS-CONF-2015-049
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-049/

R TRIUMF eM, inclusive (13 TeV)

. . . bkg
e Opposite sign eu pair N = Loy €q2ep(1 =Cpep) + N5
e Events with exactly 1 or 2 b- Ny = Loy €ouCpep® + N2
tagged jets (N, and N,)
. . f2) e L I L LA B BN AL
e MISSING ET § 2000~ ATLAS Preliminary ® Data 2015 -
@ 1g000F- s =13TeV, 3.2 o (L Fowheg+PY 3
H H H - Z+i -
e Simultaneous fit to obtain o, and 16000 mm Zujets | =
b t . ff . ( | t 14000 — mm Mis-ID lepton -
-tagging efficiency (exploi B S T
R I R — Powheg+HW =
correlations) 10000 =  Powheg HWy
8000 — -- Powheg+PY radLo_:
re) ' L N L AL C o 3
S el e ATAser is=13Tey, 321" ATLAS Preliminary 6000 B
.§ | m ATLASey \s=8TeV, 20.3 b i 4000- _;
(&) L _ - -
3 | A ATLASeyu \s=7TeV, 4.6fb" i 2000 = =
8 L i 0; 9 —
o * Preliminary « 1.5F ' ' ' =
o - B @ »
e [m)] C
(0] L _ (\J 1 S ————————— S ——"
2 = :
=] 0.5 . .
[ L - 0 1
- = NNLO+NNLL (pp)
Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
1 02 s | | | I mmp I— .I -3 I, l (X,s :lnce Iﬂlﬂ Ie? ﬂCCOlr ing IO | | B
6 8 10 12 14 ATLAS-CONF-2016-005
Vs [TeV]

o7 = 803 £ 7 (stat) £ 27 (syst) £45 (lumi) £ 12 (beam) pb
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R TRIUMF tt + jets (13 TeV)

e Additional jet activity is sensitive to higher-

order QCD effects oz 12 ATLAS proimnary
o C add. ]etp > 25 GeV E
- source of uncertainty in precision 107
measurements such as g, or m, -
1 0_2 = (ihfgu?emﬁythi@ =
£ — - Powheg+Herwig++ 3

- tt +jets is a dominant background to

.= aMCANLO+Herwig++

BSM searches and Higgs studies (goL o ]
e Aim is to test NLO Monte Carlo models b T TO—-—
S 1
e Extra jet activity in the dilepton channel: =08 g
: : 0 1 2 3 4
- 2 opposite sign ee, U, or eu Number of additional jets
- 2 b-tagged jets| |, —————
o olz" 1 ATL;43§ I\jrggirghnary— ATLé? I\jrggﬂgtnary—i
- mISSIng ET —lo C T s add. jet p, > 25 GeV B add. jet p, 2 25 GeV E
. 1] 1l 3
« Unfolding to 107 107
pa rtiC|e jet _2: pp-channel ] _2: ep-channel .
) 7 107¢ = — Powheg+Pythiaé = 107¢ &= — Powheg+Pythiaé E
multiplicity T AMCANLO: Homige ] © T AVCANLO Herwige s ]
I ---.Powheg+Pythia8 I =---.Powheg+Pythia8
« Variousjetp cut | 1wt ®™ | oERT
14F et E 145 = | | | |
(>25,40,60, 80) g 1.21§——§‘a‘+Syst : |8 1.21'——§tat+Syst
g 8.2;— I 827
ATLAS-CONF-2015-065 g B
Number of additional jets Number of additional jets
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-065

2 TRIUMF tt + W/Z (13 TeV)

. % 10° - ATLIA Plreliminarly Data I.nz I —
 Important for top EW coupling, BSM §E s - Wiz 3
searches and ttH measurement o Mover 1 Fa prs

7/ Uncertainty

(irreducible background)

 Several decay topologies with different _—
signal & background compositions 1 -
H -

-
o
I%
<

Process tt decay Boson decay Channel _ 10" :
7 +ub)(qqb +y SS dimuon Eos E
W ((Eiub) 212%12) o Trilepton ;o %M///W/W/%/%//%‘//é//é/%/ 7z /%%/)F’%é
ttZ (£Fvb)(qqb) e Trilepton R 122 022, 2 by 2263 M0z 4SSk o7 0r 0k
(£*b)(£Fvb) I Tetralepton
. . . g - ATLAS Prelir7|1inary -4-Data I Wiz
- selection: multi-leptons, jets, S mamee =z me |
b-tagged jets, and missing E. E Mo et
C ////M//// 7 Uncertainty E
e tt+Z: 8 signal and 2 control regions (fit) ﬁ 1
 tt+W: 2 signal and 2 control regions (fit)

&

Measurements:
04z =09+03pb ; oyw=14=+08pb

1= | —

15 E -

BLLsss58 555505554405 5505555555555 T /%//////W////

05 E

NLO QCD calculation: o E
0ii7 =0.76 = 0.08 pb : oy = 0.57 % 0.06 ph

Data / Pred.

Lz, o Uozz o oy, 2% 2”_88

ATLAS-CONF-2016-003
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-003/

R TRIUMF lepton+jets, do/dX (8 TeV)

e |Important to understand and simulate top or tt system kinematics
properly (a background to many searches)

 Variables chosen to be sensitive to ISR/FSR effects, choice of PDF's
and higher order corrections.

e Results are compared to several Monte Carlo's ArXiv 1511.04716
e Most MC's predict a harder top p, a higher values

 Using recent sets of PDF's improves the modeling.

TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT TT T T TT T T e 1 -8 T T T T | T T T T T T T T | T T T T | T T T T
> 11 1 T 1 T T T = F L ]
8 c ATLAS Full phase-space g ] 6:— ATLAS Fiducial phase-space_:
- - \s=8TeV, 203" |, paa S Cp 18=8TeV, 20317, pap :

— = = - — PWG+PY6 h,, =m, ]

2, 1o E mgim E;‘:‘;ﬁ: > 4= T PWGHPYS hyroermy .

o L MC@NLO+HW AUET2 S MC@NLO+HW AUET2 -

° B —— MadGraph+PY6 P2011C ot e —— MadGraph+PY8 P2011C

& e PWG+HW86 AUET2 o e, ZWG+HW6 AUET2 E

= £ [ Stat. unc. K = tat. unc. ]

= Stat.+Syst. unc. Qﬁ C Stat.+Syst. unc. 7

C - O.Sj —

10° 065 =

i 0.4F -

41 F ]

10°E 0.2~ ]

I T TR N ST SR ST P S - - .
5 : - - : . S| 14f
s 12 . : 3 B|S 1.2
5 © 1 TLTiTLE l o a =
2la q 8 1k

al o8 J al o8t ‘

100 200 300 400 500 0 0.5 1 1.5 2 2_.5
P [GeV] Iy

R. Tafirout Top quark pair production measurements with ATLAS, Phenomenology 2016, Pittsburgh USA 9


https://arxiv.org/abs/1511.04716

@TrRIUMF |epton+jets, boosted tops (8TeV)

p,>300 GeV, selected as a large
jet (anti-k_, R=1.0) using 102
substructure techniques
(hadronically decaying top).
° do-/dptT measured |n fIdUCIaI 300400 500 600 76Po .S(IJO .960 1(.)'00 17001200
) article top-jet candidate P, [GeV]
particle-level and full phase space

\s=8TeV,203fb"

- : > B o =

« New physics could distort top p, S P, Fiducialphase-space E
spectrum. g e = At

g F - POWHEGHERWIG -

* Highly boosted regime with top ol _
= ATLAS 3

Pred. / Data

parton-level (unfolding procedure 3 °Mmpp
from reconstructed objects) 2 [ T FOWHEGIPVTHIA GTIOm ™ ]
= = /e A POWHEG+PYTHIA HERAPDF+hy, =0 3
° Normalized to NNLO+NNLL gﬁ E mlvv o POWHEG+PYTHIAHEF!APDF+hdamp=m‘OPE
1= — —§
e LO and NLO MC predictions " amias — -
generally harder than data at tor e 03w -
higher p, N -
§ 1,51 T T VAOVVAOV _____________ — O
Phys. Rev. D 93 (2016), 032009 E O[T
300 400 500 600 700 800 900 1000 1100 1200
Top quark P, [GeV]
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http://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.032009

QR TRIUMF Conclusion

Various tt inclusive production cross-sections have been measured
by ATLAS:

- reaching high precision, effectively challenging the best
theoretical calculations at NNLO+NNLL

- provides a robust test of the Standard Model.

Differential cross-section measurements provides a framework to
study Monte Carlo generators and machinery

- helps improve modeling with better tuning.
- important for BSM physics searches

Initial measurements of tt+W/Z at 13 TeV in agreement with the
Standard Model predictions.

For more interesting top quarks results, see ATLAS twiki page:
- https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults
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R TRIUMF

EXTRA / BACKUP MATERIAL
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R TRIUMF

Uncertainties (1), 13 TeV

ee, M inclusive e/u + jets inclusive o, o, ratio
Uncertainty Aoilog (%) Uncertainty Ao/ o7 (%) Uncertainty (%) | Ozoee Ozopy i | Rz
Data statistics 76 Data statistics 15 Data statistics 0.5 0.5 6.0 | 6.0
= - it NLO modelling - - 22| 22
1t NLO modelling 26 m NLO H}Dd?]]‘“g 0.6 tf hadronisation - - 45 | 45
it hadronisation 7.9 11 hadronisation 4.1 Initial/final state radiation - - 1.2 | 1.2
Initial/final state radiation 1.5 Initial/final state radiation 1.9 Parton distribution functions (:7, Wt) - - 1.4 | 14
PDF 3.7 PDF 0.7 Single-top modelling - - 0.5 | 05
Single-top W1 cross-section 0.6 Single top cross-section 0.3 Single-top/sr interference - - 0.1 | 0.1
Single-top interference <0.05 Diboson cross-sections 0.2 Single-top W1 cross-section - - 0.5 | 05
Diboson cross-section 0.4 Z-+jets cross-section L0 gil;oson modelling ) i g [1] g {l]
. : W+jets modelling 1.0 } ) ) )
Z+jets — vr modelling 0.1 El ) - 1 luti 01 Electron energy scale/resolution 0.2 - 0.2 | 0.1
Electron enerev scal 03 ectron energy scale/resolution : Ce i 3 N
oy scale . Electron identificati 21 Electron identification 3.8 32 | 1.3
Electron energy resolution 0.2 ectron ] en ], cation ' Electron charge identification 0.8 - - 0.4
Electron identification 3.6 Electron 15:3]at10n 0.4 Electron isolation 1.0 - 1.1 1.2
Electron trigger 0.2 E}ectmn trigger g? Muon momentum scale/resolution - 0.1 0.1 | 0.0
. . uon momentum scale/resolution ] identi i -
Electron isolation 1.0 ' ) ' / Muon identification 0.9 05 | 01
Muon identification 0.2 Muon isolation - 05 L1 | L1
Muon momentum scale 0.1 . . )
. Muon isolation 0.3 Lepton trigger 0.5 1.1 0.8 | 07
Muon momentum resolution 1.1 M . " :

) ) . uon trigger 1.2 Jet energy scale - - 0.3 | 03
Muon 1d.em1ﬁcahon 0.8 E!piss scale/resolution 0.4 Jet energy resolution _ _ 0.1 | 01
Muon trigger 0.6 Jet energy scale 0 b-tagging - - 0.3 |03
Muon isolation 1.0 Jet energy resolution 0.6 Misidentified leptons - - 14 | 14
Jet energy scale 1.2 b-tagging 4.1 Pileup modelling 0.9 0.9 - 0.9
Jet energy resolution 0.2 NP & fakes 18 Z acceptance L5 L5 - L5
b-tagging efficiency 0.8 A : . NE Z backgrounds 0.1 0.1 - 0.1
Missing transverse momentum 0.3 nalysis systematics -1 Analysis systematics | 44 23 67| 63

' g 1
NP & fakes L5 Integrated luminosity 5 Integrated luminosity | 90 90 100] 10
Analysis systematics 11 Total uncertainty f:i Total uncertainty | 100 93 135| 88
Integrated luminosity 10
Total uncertainty 16
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2 TRIUMF Uncertainties (1l1), 13 TeV

ft + jets
] () additional | additional | 2 additional | 3 additional | 4 additional
ft+ W/Z Sources jets [%] jet [T] jets [%] jets [Te] jets [Te]

ee channel
Uncertainty Tz Ohw Statistics 26 3.1 43 80 138
Signal modelling 50 1.2 1.0 17.6 41.0
Luminosity 6.4% 7.0% Tets 60 X 54 0.1 304
. Other 1.6 28 5.1 6.6 144

. : a7 o

RECGnhtmctf:d ﬂhj'ﬂﬂﬁ ?.D e ?.3 i Total 9.0 9.4 12.8 779 348

Backgrounds from simulation  5.5% 3.7% pp channel
. . ., Statistics 22 28 472 7.0 114
Fake leptons and charge misID  3.9%  21% Signal modelling 53 o8 73 78 303
i ] Jets T4 51 10.9 283 348
Total systematic 129 24% Other 0 35 12 13 1.0

ep channel
. ar . Statistics 15 I8 28 46 77
Total 34%  56% Signal modelling 63 73 5 730 378
Jets 6.7 3.9 11.3 222 21.5
Other 0.3 1.4 1.3 33 9.5
Total 9.3 8.6 12.7 31.8 41.1
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R TRIUMF

I+jets, boosted tops (8 TeV)

Observed & Expected (1)

etjets [i+jets e-mu, inclusive (13 TeV)
TS WOLW SR ot L
ilepton
W +jets 935 4+ 54 226 + 50 Data 11958 7069
Single top 133 4+ 22 134 + 29 Single top 1160 &£ 120 224 470
Multijet 91 + 17 3+1 Dibosons 34 £+ 12 1+0
gﬂgets g;l i g 1184 ffo Z(— 77 — ep)+jets | 37+16 2+1
ibosons .. .
PreTiotior 1600 £ 1703930 £ 410 Misidentified leptons 165 & 65 116 4 55
Data 4145 3603 Total background 1390 4 140 343 £+ 89
t+W/Z (13 TeV)

Region t+ X Bosons Fake leptons  Total bkg. | ttw ttZ Data
30-WZ-CR 0.51+0.13 26.94+2.5 1.6+1.7 29.04+3.0 0.017 £ 0.005 0.71£0.08 33
40-77-CR. | 0.007 £0.006 37.9+2.5 3.14+0.9 41.0+2.7 < 0.001 0.031 £ 0.006 40

2u-SS 1.00£0.19 0.14+£0.06 1.7£15 294+1.5 2.28+0.34 0.65£0.07 9
30-7-2b4j 1.06 +0.25 0.5+0.4 0.14+0.6 1.74+0.8 0.061 £0.013 5.14+0.5 8
3(-Z-1b4j 1.23+£0.26 3.4+2.2 2.0+1.7 6.6 £2.8 0.037£0.010 4.0£04 7
30-7-2b3j 0.64£+0.23 0.25£0.18 0.1+£04 1.0£0.5 0.082+£0.015 1.75+£0.20 4
3(-n0Z-2b 0.95+0.15 0.18+£0.09 3.6+2.2 4.7+2.2 1.55+0.24 1.354+0.16 10

4¢-SF-1b | 0.198 +0.035 0.224+0.08 0.112£0.032 0.53£0.09 < 0.001 0.59+0.05 1

4¢-SF-2b | 0.130+0.035 0.114+0.05 0.0563£0.016 0.29£0.07 < 0.001 0.57+0.05 1

4¢-DF-1b 0.21£0.04 0.022£0.011 0.105£0.027 0.34+0.05 < 0.001 0.67£0.05 2

4¢-DF-2b 0.15£0.05 < 0.001 0.055+0.017 0.20£0.05 < 0.001 0.58 £ 0.05 1
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R TRIUMF

Observed & Expected (Il)

e-e,mu-mu inclusive (13 TeV)

I+jets, inclusive (13 TeV)

Sample | N N5 | N NE§H Sample | e + jets i+ jets
tt 84 + 12 49 + 18 100 =13 58 £21 tt 2800 £ 400 2620 + 340
Z(— {f)+jets 99+23 0.6 +0.7 IB+6 25+2.0 W+jets 340 + 100 230 = 60
Z(— 17— fbvvwv)tjets | 0.14 £ 0.11 < 0.01 0.11+0.12 0.02 £0.05 Single top 192 = 34 180 + 30
Diboson 0504 002+0.06 | 08+x06 0.07+0.08 Z+jets 71 +£35 45 +22
NP & fakes 24+05 1.L1+04 | 027+023 0.08+0.16 Dibosons 0+£5 10+£5
Single top 8.7+1.6 1.8 +0.9 103+£1.6 20+£09 Fakes 200 +£70 130 £ 60
Total background 21628 34=+18 | 29430 46=18 Total background | 820+ 130 600 + 100
Total expected 105+ 12 52+ 18 129 + 14 62 +21 Total expected 3600 £ 500 3220 + 350
Observed 103 59 108 65 Observed 3439 3314
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R TRIUMF

Processes established at 8
TeV; significantly lower
production cross-sections
than at 13 TeV.

Multi-leptons selections
- 2 leptons: SS, OS,
- 3 leptons

@

t-tbar + W/Z (8 TeV)

ttZ cross section [fb]

600

T T |
LAS % ATLAS Best Fit
; — ATLAS 68% CL
500[\s=8TeV, 20.3 NN ATLAS 95% OL

400

300

Illlllllllll‘l—l\ll_

200

100

4+ NLO prediction*
I ttZ Theory uncertainty
I (W Theory uncertainty

* Madgraph5_aMC@NLO calculation

OO

100

600

300 400 500

J H E P 1 1 (20 1 5), 1 72 ttW cross section [fb]
6 3 i
£ 10° éCLéqTiv nspt CRE 2LOS{® 3L3 ¢ 4L ]
% ° Dal; .\\\Tolal unc. 5 N ]
- 1 W Top [ Charge misID i 1
%) v [l Fake leptons L i
‘g [ Rare sM [Jtiz 4k .
& [

Wz Wiw

noZ z z y/4 z noZ noZ z
1-2b  2b 2b Ob 1-2b 1-2b 2b
3j 3j 4 3j 4j 5j+ 5+

ee en
2b+ 2pby+ 2b+

noZ
2b+ 2b+ 2b+

2-3]

DF
Ob

DF
1b

DF
2b+

SF SF
b 2b+
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