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* Introduction

* Cross section measurements

— Dilepton channel
* ey, ee/un
— Lepton + jets channel

— Measurements of tt+bb, tt+V
— All jets channel

Latest measurements from 7, 8 and 13 TeV data are presented
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uction

Measurement of the ttbar cross-section is

important:

* Test of the SM QCD predictions

* Help constraining the PDFs, especially

gluon

* Improve modeling and parameters in MC

generator

* Main background to Higgs (in particular
ttH) and many other new physics searches

* May also provide indirect evidence for

BSM physics

NNLO+NNLL cross sections with m, = 172.5 GeV
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@ 7 TeV: 177.31+436_ , (scale) £ 9.02 (PDF+a) *>4 ; . (mass)

@ 8 TeV: 252.89 %639 ;. (scale) + 11.67 (PDF+a) *7->8 , .5 (mass)

Dominated by gluon fusion at LHC

§

Nl

N'

t

LHC Top X-Section working group
https://twiki.cern.ch/twiki/bin/

@ 13 TeV: 831.76 *1977__, (scale) + 35.06 (PDF+a,) *2318 _ , (mass) \1ew/LHCPhysics/LHCTopWG
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ttbar decay signatures

ttbar decay channels

W decay defines the 1,7 Y MET
final state: 2 12l
e’ o=
Br(t=>bW) = 100% _ : ERCAR:
. b-jet S ¥
in SM . - =S|0|3
. b-Jet O 5| ®
8 |s|E
Focus on the latest . v
measurements d,““’t o | E tau+jets
ileptons £ muon+jets
N .
electron+jets
e'|lu'lt| ud cS

lepton + jets all hadronic
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eu+jets@ 7 & 8TeV

CMS: JHEP 08 (2016) 029

x10°

* Small BR, but cleanest and most precise channel

e Event Selection:

- Exactly 1e and 1y, isolated, opposite sign

— No minimum requirements on jets and b-tagged

jets in CMS

= Categories in N b-tagged jet and additional
non-tagged N-jets
— Requirement of 1 or 2 b-tagged jets in ATLAS

ATLAS:

Eur.Phys.). C74 (2014) 3109
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eM + jEtS @ 7 & 8 Tev Eur.Phys.J. C74 (2014) 3109

ATLAS Measurement Background Estimation
Vs =TTeV Vs = 8TeV
Simultaneous measurement of ttbar x- Event counts Ny N Ni N
section and b-tagging efficiency Data 3527 2073 21666 11739
B bkg Wt single top 326+36 53+14 2050+210 360+ 120
N1 = Lo eu2e(l — Cpep) + N, Dibosons 1945 05+0.1 120+ 30 3+1
_ i ) bkg Z(— 71 — ep)+jets 2842 18+05 210+ 5 T+1
Ny = Loé€uCprey” + N, Misidentified leptons 27+13  15+8  210£66 95429

Total background 40040 7016 2590 £230 460+ 130

* g, euselection efficiency

* ¢,: combined probability to reco and b- * Use SFs from Z>ee & Z> uu events to
tag a jet within the fiducial volume scale Z+HF events
* G, = ¢&y,/¢,”: tagging correlation factor * Fake leptons: Measured from data
— represents change in tagging using SS leptons (OS/SS ratio from MC)

efficiency if one jet is already tagged

Inclusive cross-section:
7TeV:o0,=182.9 + 3.1 (stat) + 4.2 (syst) 8TeV:0,=242.4+ 1.7 (stat) £ 5.5 (syst)
+ 3.6 (lumi) + 3.3 (beam) pb + 7.5 (lumi) + 4.2 (beam) pb

€,: 0.557 £ 0.009 (7 TeV) and 0.540 + 0.006 (8 TeV) - consistent with simulation
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eu+jets @7 &8TeV

Eur.Phys.J. C74 (2014) 3109

ATLAS Measurement

Background Estimation

Vs =TTeV Vs = 8TeV
Simultaneous measurement of ttbar x- Event counts Ny N Ni N
section and b-tagging efficiency Data 3527 2073 21666 11739
bkg Wt single top 326+36 53+14 2050210 360+ 120
N1 = Loieq2e(l - Cpep) + N Dibosons 19+5 05+0.1 120+30 3+1
_ i ) bkg Z(— 7 — ep)+jets 282 1.8+0.5 210 £5 T+1
Ny = Log€uCper” + N, Misidentified leptons 27 +13 1548  210+66 95+ 29
Total background 400+40 T70+16 2590 +£230 460+ 130

* g, euselection efficiency

* ¢,: combined probability to reco and b-
tag a jet within the fiducial volume
* C, =¢,,/€,% tagging correlation factor
— represents change in tagging
efficiency if one jet is already tagged

Fiducial cross-section:

Use SFs from Z—2>ee & Z-> uu events to
scale Z+HF events

Fake leptons: Measured from data
using SS leptons (OS/SS ratio from MC)

(Uncertainties: stat, syst, lumi, beam)

J/s =8 TeV (pb)

ps (GeV) In¢| W12 Js=17TeV (pb)

>25 <25 Yes 2.615 £ 0.044 + 0.056 + 0.052 + 0.047
>25 <25 No 2.305 4 0.039 & 0.049 + 0.046 + 0.041
>30 <2.4 Yes 2.029 4 0.034 + 0.043 + 0.040 + 0.036
>30 <24 No 1.817 £0.031 £ 0.039 + 0.036 + 0.033

3.448 £ 0.025 £ 0.069 + 0.107 £ 0.059
3.036 £ 0.022 £ 0.061 £+ 0.094 £ 0.052
2.662 £ 0.019 £ 0.054 £+ 0.083 £ 0.046
2.380 £0.017 £ 0.048 = 0.074 £ 0.041




eu+jets@ 7 & 8TeV

CMS Measurement JHEP 08 (2016) 029
o : : Lali Number of ey events
S.lmultaneous 7 & 8 TeV binned likelihood source S TeV S ToV
fit DY 2 +3+3 173 £ 25 + 26
— N b-tagged jet and additional non- Non W/Z 51+5+15 146 +£10+44
K . Single top quark (tW) 204 +3 +61 1034 +3 + 314
ta'wgged N-jets categories | vV 2140 ot 1l
— Fit to the softest non-tagged jet p; Y 12+143 84+1+26
distribution in each Category Total background 296+ 6+ 63 1472 + 27 4+ 319
«  Maior uncertainties: luminositv. trigger tt dilepton signal 5008 £ 15+ 188 24440 + 44 +956
J ' Y, trigg Data 1970 25441
and lepton Id. efficiency etc..
* Uncertainties correlated between 7 & 8
TeV data 2 b-tagged jets categories

2 b-tagged jets  19.7 fb” (8 TeV)
>3 add. jet CMS

1 add. jet 2 add. jet

¢ data

. signal
D background 1

§ MC syst+stat
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eu+jets@ 7 & 8TeV

CMS Results JHEP 08 (2016) 029

Fiducial Cross Section:
defined with events containing an e pair,
with p; >20and |n| <2.4.

o = 3.03 = 0.04(stat) £ 908, (syst) £ 0:07(lumi) pb at 7 TeV (3.5%)
0 =4.23 £ 0.02(stat) £ %11, 4 (syst) £ 0:11(lumi) pb at 8 TeV (3.6%)

Full Cross Section:
0 =173.6 £ 2.1(stat) £ 4>, (syst) £ 3.8(lum) pb at 7 TeV (3.6%)
O =244.9 + 1.4(stat) £ 53 . . (syst) £ 6.4(lum) pb at 8 TeV (3.7%)

Ratio between 7 & 8 TeV results:
Ri=1.41+0.06 (in agreement with |+jets channel, later slides)

Arun Nayak



eu + b-tagged jets @13 TeV

ATLAS:Phys. Lett. B761 (2016) 136, CMS:arXiv:1611.04040

(Submitted o Eur.Ph Jq%zoooof_"Ar'LAé""""" e Damz0ts | 3
ubmitted to Eur. sJ.C) @ s -1 [ 1T Powheg+PY
ATLAS: V4 T to000E- 18 13 TeV, 3.2 b = -
L 160005_ £ Diboson =
e Similar strategy as the run-1 measurements 14000 £~ - e Dl
] ) 12000ﬁ -+ aMC@NLO+HW++—
* Exactly one isolated, OS, eu pair 10000 = e i =
8000 f_ Powheg+PY radLo_f
e Count number of events in 1 or 2 b-tag bins 6000 * =
* Simultaneous measurement of x-section and - E
b-tagging efficiency o g — . . =
g . [ Stat. Uncert. 3
o x10° 2.2 (13 TeV) QO B
£ ,,LCMS et + > 2 jets - Data ast . : ;
SO )  t
L B8 Non W/Z
VV + itV
-tweo CMS:
Iyt > et
e Simple counting experiment

Arun Nayak
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>=2 jets

>=1 b-tagged jets
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eu + b-tagged jets @13 TeV

ATLAS:Phys. Lett. B761 (2016) 136 CMS:arXiv:1611.04040 (Submitted to Eur.Phys.J.CE) _ _
vent Yield in ATLAS

e Background estimation similar in

both exots Event counts Ny Ny
S |' Data 11958 7069
DY MC !ored|ct|on normalized to Single top 1140 = 100 221 < 68
Z-peak in data ]
s M A from d . Diboson 34 + 11 1+0
S5 leptons (05/ss ratio from Mg 2 7T ewjets | 37418 21
AWV and dib o MG Misidentified leptons 164 + 65 116 £ 55
 FHV ang gIboson from Total background 1370 + 120 340 + 88
Event Yield in CMS
Number of ATLAS Results:

Source ¢ j' events O, = 818 + 8 (stat) + 27 (syst) + 19 (lumi) + 12

Drell-Yan 46 =547 (beam) pb

Non-W /Z leptons 101 £8 + 30 _

Single top quark 464 + 6 + 145 €, = 9.559 + (').004'1 (stat). + 0.003 (syst) -

VV 154+2+5 consistent with simulation (0.549)

AV 31+ 1+ 10 O’ttﬁd =11.32 + 0.10 (stat) £ 0.29 (syst) + 0.26

Total background 657 + 11 + 148 (lumi) £ 0.17 (beam) pb

tt signal 10197 £+ 14 + 445

Data 10368 CMS Result:

Arun Nayak Oy = 792 8(stat) T 37(syst) T 21(|um|) pb 11



eu + jets (5.02 TeV)

CMS-PAS-TOP-16-015

e Similar approach as measurement at 13 TeV

e >=2 jets, No b-tagging requirements

* Dominated by statistical uncertainties (25%)

Source

Number of events

eil,ﬁ (stat. unc. only)

Drell-Yan
Non W/Z
tW
WV

1.61+0.4

1.0+:0.9
0.89 +-0.02
0.41 £0.02

Total background

3.94+0.8

Signal (tt —e u)

17.0+£0.2

Data

24

O, = 82 * 20(stat) * 5(syst) + 10(lumi) pb

Arun Nayak
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energy uncertainty: 1.42 pb
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Dilepton: ee, uu channel @ 13 TeV

ATLAS-CONF-2015-049

E ATLAS Preliminary ¢ Data
D 10°E Vs=13TeV, 85 pb” E]g oo ]
. 4 - ingle top
* Measurement using 85 pbof early Run 2 data otk ° Wziets
e Similar strategy as the eu analysis - B e s ]

* Event Selection:
— A pair of isolated, OS, same-flavour leptons
- E/Miss>30 GeV
— Veto events around Z mass window (+/- 10 GeV) 1

0 1 2 3
b-tagged jet multiplicity

Extract o, and b-tagging efficiencies

_.g 106 I o I I .

i i i i ; : o ATLAS Preliminary ® Data E

simultaneously using a maximum likelihood fit E (b faovarev asp | M ;
W [ Single top

10* T Z+jets ]

. Diboson E

o.(ee): 824 + 88 (stat) + 91 (syst) + 82 (lumi) pb 1 NP & fahos

Oxluu): 683 + 74 (stat) + 76 (syst) + 68 (lumi) pb
ox(ee+un): 749 + 57 (stat) + 79 (syst) + 74 (lumi) pb

0 1 2 3

Arun Nayak ) o 13
b-tagged jet multiplicity



/+jets @ 8 TeV

ATLAS Analysis

Events / 0.25

Data / Expectation

Event Selection

E,™ss > 30 GeV
m;" >30 GeV

x10%
L ATLAS

det=203fb4

257 | pata  W¥23Jets s =8 TeV
Lt V+Jets  [lMultijet
20} M Single Top Dibosons

Events / 0.05

| ] |

e/u+ 23 jets; > 1 b-tagged jet

Phys. Rev. D 91, 112013 (2015)

Analysis Strategy:

Determine the number of events using a template

fit to a likelihood discriminant, constructed as

product of PDFs of two kinematic variables:
Lepton n, Transformed Aplanarity

0 02 04 06 0.8 194

_ x10° _ x10
S 70 ATLAS _ 4 S [ ATLAS _ 4
s I 18 L ipaa evsiets fraaman £60- s pata  He3ets Juraman
300 4 paa Wo2djets d M Larel? | i 60 v+lets I Multijet & fO v+lets  EMultijet
Ot videts  EMultijet 503_.Single Top Dibosons 50 [l Single Top Dibosons
25;.Single Top  Dibosons E : E Y
20? 402 40E
15% 305 30;
10? 20% 20;
5_ o 10- 10/
; e Eo r
0 - r
1.2 c 0= c 0
) 3.2 A, E12 »
08/ g g . /
0 02 04 06 08 1§ 1//////////////////////// § 1?%/////7///////////%//4%////%//////
4 e 50.87 A 50.8f
A [
02 04 06 08 1
LHD
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/+jets @ 8 TeV ATLAS Results

Phys. Rev. D 91, 112013 (2015)
Measured Inclusive x-sections:
e+jets : o7 = 256 = 2(stat.) =+ 25(syst.) = 7(lumi.) + 4(beam) pb,
p+jets : o7 = 260 + 1(stat.) *33(syst.) + 8(lumi.) + 4(beam) pb,
C+jets : o7 = 258 + 1(stat.) T35(syst.) + 8(lumi.) + 4(beam) pb,

Measured Fiducial x-sections:
e+jets : 0' - = 11.3 £ 0.1(stat.) = 1.0(syst.) =0.3(lumi.) + 0.2(beam) pb,

u+jets : = 11.5 £ 0.1(stat.) + 1.0(syst.) £ 0.3(lumi.) + 0.2(beam) pb,
C+jets : o = 22.8 + 0.1(stat.) T3 (syst.) = 0.7(lumi.) + 0.4(beam) pb,

Arun Nayak



(+jets @ 7 & 8 TeV

CMS Analysis Strategy:

0
ArunNayak — @Te\y/ /7 TeV : 1.43 + 0.04 (stat) + 0.07 (syst) + 0.05 (lumi)

1 isolated high-p; e/u, 2 4 jets, > 1 b-tagged jet

Fit to M,

Cross check: fit to M, (three-jet combination

with the highest p;)

e/u+jets channels combined using the BLUE

method

QCD background shape from data
Major syst: JES, modeling, Q2 scale

Analysis  Generator ~ Channel 0 at /s = 8TeV
p+jets 2289 +34+13.7+£6.0pb
My, MADGRAPH e+jets 2346 £39+152+6.2pb
Combined 228.5 +3.8+13.7 £ 6.0pb
My, POWHEG Combined 237.1+£39+14.2+6.2pb
p+jets 2287 £2.6 £19.0+6.0pb
M3 MADGRAPH  e+jets 2258+244+19.1£59pb
Combined 227.1£25+19.1+6.0pb
M3 POWHEG Combined 238.4 +2.8 +20.0 +6.2pb
Analysis  Generator =~ Channel 0 at /s = 7TeV
p+jets 157.7 £55+13.2+3.4pb
My, MADGRAPH e+jets 165.8 6.5 £12.8 3.6 pb
Combined 161.7 £6.0 +12.0+ 3.6 pb

arXiv:1602.09024

19.6 b (8TeV)
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I
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/+jets @ 13 TeV

ATLAS Analysis:

Results with 85 pb of early Run 2 data

Event selection

* leorpu

e >4jets, 21 b-tagged jets
* e+jets: E;M5 > 40 GeV or m;¥ > 50 GeV

o ptjets: E;™ss + m W > 60 GeV

Cross section measured using simple counting events

o, = 817=13 (stat) + 103 (syst) + 88 (lumi) pb

Arun Nayak

ATLAS-CONF-2015-049
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/+jets @ 13 TeV

CMS Analysis Strategy CMS-PAS-TOP-16-006
* Analysis with 2015 data

Select events with only 1 lepton and at least 1 jet

Categorize events based on number of jets and b-tagged jets

Low jet/b-tag categories are used to constrain backgrounds while high
jet/b-tag are fitted to extract the signal

* QCD background estimated from data

[2]

5100000000

2 CMS Preliminary 2.3 pb™ (13 TeV) ® Oaa 8 w v

B Cw [ Jov
10000000 [ ] mutijets (data) [ B

1000000

100000

10000

1000

100
1.2
1

Ratio

1j,0t 1j,1t 2j,0t 2,1t 2j,2t 3j,0t 3j,1t 3j,2t 4j,0t 4,1t 4,2t
Arun Nayak Event category



€+Jets @ 13 TeV CMS Results

Simultaneous binned likelihood fit CMS-PAS-TOP-16-006

* Fitto M,, or min(M,,)
* Shape fit to all categories

Oy = 834.6 + 2.5(stat) + 22.8(syst) + 22.5(lumi)

PP2000F— — p @ B - A
S C  CMS Preliminary 2.3 pb™ (13 TeV) = 8000— CMS Preliminary 2.3 pb™ (13 TeV)
- 21t t - 4j2t t
LﬁZOOOO: 1 events @ Data Biw WiV D C et events @ Data R [ [
18000 [[Multiboson [JW [Joy 7000:_ [Multiboson [T]W oy
- [t [ IMultijets (data) [lt-ch - it [ IMultijets (data) [llt-ch
16000— 6000—
14000/ 5000
12000F— -
C 4000—
10000— -
8000 30001
6000 2000
4000 -
- 1000
2000 -
- g 1 2 .........
g 1=
8 0.80 """ 50 55 0 566 555 500
0 50 100 150 200 250 300 .
Mass(lepton,b) [GeV] min Mass(lepton,b) [GeV]
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tt+bb @ 8 TeV

Comparison with NLO QCD calculations
Irreducible bkg. for tt +H(bb)

Measurements for fiducial cross section of ttbar with

1 or 2 b-tagged jets

Measure ratio (tt+bb)/(tt+jj ): Cancellation of
uncertainties

ATLAS: EPJC (2016)76:11

2 " ET T ATLAS $ Data [E1Simgle top 3
Q C Is=8TeV, 20.3 fo [  W+ets 7
L 105 ‘ [Z+jets -

Dt []Diboson

Bt

<
o
R0
—r
Y
=
1]
UJI

11,25j,22b —

IIIIII| Ll

vvvvvvvvvvvvvvv

. 102
Event Selection:
— Both dilepton and lepton+jets channels 10 E
_ . . . . -o- 1.4_ —
Signal extraction by fit to the b-tagging MVA R T
discriminant % 0. g & SRR
. . A 0.6 ) , , =
— A cross checked cut-based analysis with very 2 3 4 5
. . . n. .
tight criteria for tt+2b measurement oets
ttbb 1tb Lepton-plus- tth eu R
[fb] jets [fb] [fb] (%)
Observed (cut-based) 18.2 235457 | 9304704240 | 48410 *13 | 1.20 £0.33 £0.28

(fit-based) 12.4 +3.3 +3.6

Arun Nayak
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tt+b b @ 8 TeV CMS: PLB 746 (2015) 132

* Comparison with NLO QCD calculations
* Irreducible bkg. for tt +H(bb)

* Measure ratio (tt+bb)/(tt+jj ): large cancellation of
uncertainties

— Selection: dilepton events with 4 jets with p; > 30
GeV, 2 b-tagged jets

- Signal extraction by fit to the measured b-tagging 12

algorithm discriminators % z
— Corrected to particle level g O T 3 s

Number of b-tagged jets

— Dominant syst. unc.: b-efficiency, mistag rate etc..
Phase Space (PS) Tani; [PP] Oy [pb] Oivp/ O
Visible PS (particle)
Jet pr > 20GeV/c 0.029 4+ 0.003 £ 0.008 1.28 £0.03 = 0.15 0.022 £ 0.003 £ 0.005
Full PS (parton)

Jet pr > 20GeV/c 1.11 £ 0.11 = 0.31 521 +£1.0 6.8 0.021 £ 0.003 £ 0.005
Jet pt > 40GeV/c 0.36 = 0.08 £ 0.10 16.1+0.7x21 0.022 = 0.004 £ 0.005

NLO calculation
Jet pt > 40GeV/c 0.23 4 0.05 21.04+£29 0.011 &= 0.003

Arun Nayak
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tt+bb @ 13 TeV

CMS-PAS-TOP-16-010

Similar to run-1 analysis

* Comparison with NLO QCD calculations
* Irreducible bkg. for tt +H(bb)

* Measure ratio (tt+bb)/(tt+jj ): large cancellation of
uncertainties

— Selection: dilepton events with 4 jets with p; >
30 GeV, 2 b-tagged jets

— Signal extraction by fit to the measured b-
tagging algorithm discriminators

— Corrected to particle level
— Dominant syst. unc.: b-efficiency, mistag rate
etc..
Phase Space Tinp [PP] Ot [pb] Tiivg/ Ot
Measurement
Visible 0.085 +0.012 £ 0.029 3.5+0.1+0.7 0.024 + 0.003 + 0.007
Full 39+06+13 176 £54+33  0.022 + 0.003 + 0.006
Simulation (POWHEG)
Visible 0.070 £ 0.009 51+£0.5 0.014 + 0.001
Full 32+04 257 + 26 0.012 £ 0.001
Arun Nayak

CMS Preliminary 2.3 fo (13 TeV)

= WEttbb @t @Single t
E |Jr bb LF Singl
. Sy [Jttbj [t others @DYJets
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]
% 02 04 06 08 1
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]
0.6 02 04 06 08 1

b jet discriminator

CMS Preliminary 2.3 fo (13 TeV)

[Jtibj [tt others IDYJets 1

- Fourth jet [ticc m@ttv + Data

P

b jet discriminator
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0./0, @ 13 TeV

O1f ATLAS-CONF-2015-049

The ratio is defined as: Rs/z =
05 (0'Z—>ee + 0-Z—>,u,u)

Cancellation of systematics: e.g. lumi and lepton related uncertainties

1 I LI I I I LI LI I LI I I I LI LI I I LI I | L I I I I LI L I I I
ATLAS Preliminary
Measurement using 78 13 TeV, 78 - 85 pb"
pbfor o, and 85 pb
for o, | data = total uncertainty
| data = stat. uncertainty
0,/0, =0.445 + 0.027
—+—A——
(stat) £ 0.028 (syst) A ABMi2LHC
Y CT10nnlo | BEEE
B NNPDF3.0 —~+ il
® MMHT14nnlo68CL +—@—+
(NNLO QCD, inner uncert.: PDF only)
| I 1 1 1 1 I | 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 | 1 I 1 1 1 1 I 1 1 1 1 I 1 1

0.15 0.2 0.25 0.3 0.35 04 045 0.5
OEOt [ ot
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All jEtS @ 8 TeV CMS Results

Eur. Phys. J. C76 (2016) 128

CMS 18.4 b (8 TeV)
* Large BR (¥46%), very large bkg. > 5OOf T MM
(QCD multijet) 0] - [Signal

. .. . AN 400¢f 4 baceb 4

e Events selected using multijet trigger > : KIMC une.

e Signature: 2 6 jets, > 2 b-tagged jets § 300/ -
L i

> _CIMlsl T T T T T T T T T T T 1|8-4| fbl-1 (|8 -Ire\llz 200: —
[ L ® Data L
(5 250 [JSignal 7] i

oV i 0Qch 7 100 —

~ C RMC unc. - i .

& 200f _

c i sitigltioigie Lo

G>) = 0.(5) ___________________ LTI LI ________
8 40 50 60 70 80 90 100 110 120
Fifth jet P, (GeV)
e Reconstruction of ttbar system
* Unbinned maximum likelihood fit to m, to
= extract signal and background normalizations
§ 150 200 250 300

me® (GeV) Oy = 275.6 + 6.1(stat) + 37.8(syst) + 7.2(lumi) pb
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All jEtS @ 13 TeV CMS Results

CMS-PAS-TOP-16-013

Similar strategy as 8 TeV:

Unbinned maximum likelihood fit to m,

— T H T T ' T T T T I
- cs |
800F Préliminary

Events / 5 GeV
\l
S
[

2.53 " (13 TeV)
e Data E
[]Signal
[1QCD
Fit Unc.

% Il | | “ v “ |
= 200 300
Reconstructed top mass (GeV)
Arun Nayak

2.53 b (13 TeV)

_IIIIIIIII L T T T 1 T 1T 17T 177

. - CM . .
S 500:_ /?re/irer:’inary Dgiagt:al _:
) i 1QCD

g 400} EJFit Unc.

>

L

§ 2 25 3 35 4 45

O, = 834 £ 25(stat) *118_ ,(syst) £ 23(lumi) pb

Measurement also performed in boosted regime:

7400 O, = 727 £ 46(stat) * 11>, ,(syst) £ 8(lumi) pb
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e The cross section can be altered due to

presence of new physics beyond SM

* Final states with either two or more
leptons

e Further categories to enhance signal

* Inclusive cross sections are extracted
using likelihood fits to signal and
control regions

ATLAS Channels @ 8 TeV

Process tt decay Boson decay Channel Z -t
(¢*vb)(qgb) ARY OS dilepton no
- (€Xvb)(€¥vb) qq OS dilepton no
(€*vb)(qgb) {*y SS dilepton no
(€*vb)(£¥vb) {*y Trilepton no
(€Xvb)(€¥vb) qq OS dilepton no
77 (ggb)(ggb) A OS dilepton yes
(¢*vb)(qgb) e Trilepton yes
(€*vb)(€*vb) AR Tetralepton yes

Arun Nayak

|

CMS Channels @ 8 & 13 TeV
ttW : SS dilepton

ttZ : Trilepton, Tetralepton

ATLAS Channels @ 13 TeV
ttW : SS di-muon, Trilepton
ttZ : Trilepton, Tetralepton
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ttW, ttZ @ 8 TeV

ATLAS. JHEP 11 (2015) 172 — 600_| L B T L L B B T
’ £ TATLAS % ATLAS Best Fit ]
) - S Z_\ 6 Tev. 203 —— ATLAS 68% CL ]
€ ATLAS 50 [ B 500s=8TeV, 203 10BN ... ATLAS 95% CL 7
s 10°Eys = 8 TeV, 20.3 b CR 2LOS [ i 4L 3 C S ]
e [ 5F % NLO prediction
< ® Data  \\Total unc. L (7] - - . B
L2 10 [Top  [WCharge misiD i 2 400k | UZ Theory uncertainty
» W I Fake leptons [ 5] C I ttW Theory uncertainty |
€ [ Rare SM [Jtiz 41 N L ]
21 m:z Wew ! = o B ]
RN soo- A T -
10 C .
2
10 200[§ .
100 ) -
L L 0 . e N -V\;a-(;g-r;ph57aMC@NLO calculation ]
Y74 z noZ noZ z z z noZ DF DF DF SF SF 0 TR R I AR RS A BT RN
Ob 1-2b 12b 2b b  2b+ 2b+ 2b+ Ob 1b  2b+ 1b  2b+ 0 100 200 300 400 500 600
3 3 4 3 4 54 5+ 4+ 3 4jr 23] )
ttW cross section [fb]
CMS: EPJC 74 (2014) 3060 ATLAS: o, = 369 (+100, -91) fb, o, = 176 (+58, -52) fb
8 19.5 b (8 TeV) 19.5 o™ (8 TeV)
o | [ ] | 19.5 flb (8 TeV) 2 C T T T 1 S I |%/ T T L I L,
= - Observed ] o 18~ CMS - Observed a = L CMS / _
Q - ] or O« 1 = N * 2-D best fit ]
i1 @ tw wr fiz 1 e
H 50 Oz ~ 16 H iw 4 7 500 / —68%contour
B wz ] C [ Irreducible 7 - — 95% contour 1
. B - -top- B T —1-D best fit B
[ Irreducible ] 14 [ Non-top-quark ] /—‘ > ]
40 B Vismeasured charge—| N I Misidentified lepton | 400— / =Dzt 1o _
o — Backgrounds g C —1-DttWt1c 7
[ Misidentified lepton | 12k ) 9 — / 222 HTZ theor
— Backgrounds - 7~ BG uncertainty ] ~ it y a
722 BG uncertaint i F ] 300__ “4 tW theory 7
30 A4 uncertainty . 10 -
] 8 -
] g 200
] 4 - 100
10 o _]
////// : 2
0 1 1 1 1 I 1 1 1 1 /r / 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 Il 1 1 |
0 0 0 100 200 300 400 500 600
Total p'u* eyt e'et uw  ew ee Total (up)p (np)e (ee)u (ee)e Saw [fb]
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CMS: o, = 200 *89_ (stat) *0,, (syst) fb, oy, = 170 "9, (stat) £70 (syst) fb



tW, ttZ @ 13 TeV

ATLAS:arXiv:1609.01599 (Submitted to EPJC)

2 I I I T T I T

© ATLAS e Datazo1s [tz =

w _ =
Vs=13TeV,3.21b" Wiw Bwz .
Post-Fit Hzz Mother 7

Fake leptons % Uncertainty

| IIIIIII| | IIIIIII|

#tZ cross section [pb]

| |
SL"WZ~Z§9'ZZ~C%‘SS L‘Zgb‘sz,‘Z I 4/4‘2‘%%4"70 322"8"‘ ,‘EL-S/; EZL-D/:_ ;ZL-D/:_ 2
CMS: CMS-PAS-TOP-16-017
CMS Preliminary  12.9 fo'(13 TeV)

_&400 | | T | | | | o)
GCJ i .nonprompt .charge mis-ID .ﬁx wz 12200
Lﬁ : .rare .ﬁw —+—data % uncertainties © 2000
300 1800
v 1600
1400
1200

11 Il | | I | Il | — I ) — Il

Total U™ ptet etet WU pe ee

1000
800
600
400

200 /
%~ '2(|)0' ' '4c|)o' ' %

3.2 fblof 2015 data

L e B B
T ATLAS *  ATLAS best fit
L B —— ATLAS 68% CL
2.5—\s=13 Tev, 3.2fb" ... ATLAS 95% CL —

4 NLO prediction
S 17 theory uncertainty |
=== ttW theory uncertainty —_|

1.5

I

Y

0.5

I\II||,,V’III.'|TT1‘I-,LIIII|III
F e R

oO
[=}

#tW cross section [pb]

12.9 fb1 of 2016 data

ATLAS Results:
Oy, =0.9%0.3pb
Oqyw = 1.5+0.8 pb

CMS Results:

Oy, = 0.7 016 (stat)
+0.14O.12 (Syst) pb

Oy = 0.98 1023 (stat)

+0.22_0.18 (SySt) pb

~

CMS Preliminary
T T 7T L I LR

I|III|III|III|III|III|III|II

129" (13 TeV
T T I T T T | T T T

& 2-D best fit
— 68% contour
— 95% contour
— 1-D best fit
=1Dttz+1o
=1DttW+1oc
W\ tTZ theory
4 ftW theory

I|IIII]II|III|III|IIl|III|II

Signal Significance:
ttW: 3.90 (obs) /
2.60 (exp)

ttZ :4.60 (obs) /
5.80 (exp)

IIIIIIlI

IlIIlIIlIIlIIIlIIIlIIII_
800 1000 1200 1400 1600 1800 28
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ty @7&8TeV i o

* The cross section is sensitive to new physics

- e.g. composite top-quarks or excited top-quark

production
* Analysis performed in ttbar semileptonic deacay
channel

E . ATLAS Muon channel i
* Require presence of an isolated photon candidate o "0 \s_71ev, |Ldt-a50 16" b B
. : . : . . ~ - i ’
* Fiducial cross section measured in semileptonic decayz L s
h | L%’ 1001~ @@ Other bck. |
channe B S Uncertainty ]
— Measured relative to ttbar production x-section 50— -

ATLAS Results:

o

...........................

Oy, x BR = 63 £ 8 (stat) *7_; (syst) £ 1 (lumi) g 2z N
per lepton flavour S a0 w0 80 100 120 740
CMS Results: Photon E; [GeV]
Category R 0&37 (fb) Tty X B (fb)
e+ets (5.7 £1.8) x 10~% 139 +£45 582 & 187 R = Oy,,/O
Hjets (47£13)x107* 115432 453 + 124 - (5.2+1.1)x 10
Combination (52+1.1) x 1074 127 +£27 515+ 108

Theory - - 592 + 71(scale) + 30(PDF) 29




Summary

Summary of ATLAS & CMS Measurements

ATLAS+CMS Preliminary LHCfOpWG G, ; summary, Vs=8TeV May 2016

NNLO+NNLL PRL 110 (2013) 252004
total stat

m,,, = 172.5 GeV, o, (M,) = 0.118+0.001
scale uncertainty
scale ® PDF @ o uncertainty

ATLAS, lepton+jets
PRD 91 (2015) 112013, L,

int
CMS, lepton+jets
arXiv:1602.09024, L, =19.6 fb”

CMS, lepton+t,
PLB 739 (2014)23, L, =19.6fb"

=203 "

—#—— 260+ 12+ 8pb
—to— i 2285+ 3.8+ 13.7+6.0 pb

——fot— 257+3+24+7pb

ATLAS, dilepton ey i 242.4+17+55+75pb
EPJ C74 (2014)3109, L, =20.3fb"
CMS, dilepton (ee, up, ) | : 239.0+2.1£11.3£62pb

JHEP 02 (2014) 024, L, =53f"

LHC combined ep (Sep 2014)
ATLAS-CONF-2014-053, CMS-PAS TOP-14-016,

2415 +14 £5.7 +6.2pb

Ly =5.3-20.3fb" f

CMS, dilepton ep o 2449+1.4"52+6.4pb
arXiv:1603.02303, L, =19.7 b ’

CMS, all jets it oy

]
EPJ C76 (2016) 128, L, =18.4fb" 2756+6.1+37.8+7.2 pb

NNPDF3.0 JHEP 04 (2015) 040
| J MMHT14 EPJC75(2015) 5
: CT14 PRD 93 (2016) 033006

ABM12 PRD 89 (2015) 054028
[oM,) =0.113]

Effect of LHC beam
energy uncertainty: 4.2 pb
(not included in the figure)

Ot (stat) £ (syst) + (lumi)

Arun Nayak

ATLAS+CMS Preliminary LHCIOpWG G,; summary, Vs =13 TeV Aug 2016

NNLO+NNLL PRL 110 (2013) 252004
"""" m,, =172.5 GeV, o (M ) = 0.118+0.001

scale uncertainty

scale ® PDF @ ag uncertainty

total stat
Gt (stat) £ (syst) £ (lumi)

ATLAS, dilepton ey e 818+8+27 +19 pb

arXiv:1606.02699, L, = 3.2 fo!

ATLAS, dilepton ee/ pp *

749+ 57 £ 79+ 74 pb
ATLAS-CONF-2015-049, L, =85 pb”" P

ATLAS, |+jets *
ATLAS-CONF-2015-049, Li"l =85pb”

— @i 817+13+103+88pb

CMS, dilepton ep

746 + 58 + 53 + 36 pb
PRL 116 (2016) 052002, L, =43 pb™!, 50 ns

oS, diepton e o 793+ 8+38+21pb

CMS-PAS-TOP-16-005, L = 2.2 o, 25 ns

CMS, l+jets * |—H 835+ 3+23+23pb

CMS-PAS TOP-16-006, L, =2.3 fb™

CMS, all-jets *
CMS-PAS TOP-16-013, L, =253 fo”!

—te+— 834+25:118+23pb

NNPDF3.0 JHEP 04 (2015) 040
MMHT14 EPJC75 (2015) 5

* Preliminary
CT14 PRD 93 (2016) 033006
Effect of LHC beam
energy uncertainty: 12 pb
(not included in the figure)

ABM12 PRD 89 (2015) 054028
[o,(M) =0.113)

IIIII|III|III|III|III|III|

200 400 600 800 1000 1200 1400

o, [pb]
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Summary

E‘ I I 1 I I 1 | I I 1 I ) I I | I 1 I I I 1 | I I 1
— Tevatron combined 1.96 TeV (L < 8.8 fb” .. ]
& z CMS ep* 5.02 TeV (L = 26 pb(1) ) ATLAS+CMS Prellmmary Aug 2016
c ~ m ATLASen7TeV (L=461b") B
o e CMSen7TeV (L=5fb") LHClopWG
= 3| _ m ATLASeu8TeV (L=2031b")
O 10°F o cMSeusTev(L=19.71") -
o — v LHC combined ep 8 TeV (L = 5.3-20.3 fo™) -
w ~ m ATLASeu13TeV (L=321") -
7)) ~ v CMSep*13TeV (L=22fb" u
7] ~ 4o ATLAS ee/up* 13 TeV (L=85pb’™ - — 7
o — O ATLAS I+jets* 13 TeV (L=85pb™) ! -
o | & CMSl+jets* 13 TeV (L=2.3fb") - i |
et O CMS all-jets* 13 TeV (L = 2.53 fb™) 900F N
o 5 * Preliminary i
= 10°F : =
) — 800 4 3
= : i .
&) - [ -
£ n 700r 1 -
n == NNLO+NNLL (pp) i _
E——— NNLO+NNLL (pp) o .
10 = Gzakon, Fiedler, Mitov, PRL 110 (2013) 252004 13 Vs[TeV] _|
— NNPDF3.0, m = 172.5 GeV, o (M,) = 0.118 + 0.001 -
| I | | | | | | 1 | | | 1 | | 1 | | | | | ]
2 4 6 8 10 12 14
s [TeV]

Good agreement with SM predictions
More precision expected at 13 TeV with 2016 data
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Uncertainties (eu, 7 & 8 TeV) VS

Uncertainty [%]

Source Uncertainty [%] io.urce 71T;V SE;V
rigger : .
7TeV | 8TeV Leﬁfon ID/isolation | 1.4 15
. 3. 3. Lepton energy scale 0.1 0.1
Total (Vlb) :t 6 :t 7 ]etpenergy scf?lle 0.7 0.9
QZ scale (extrapol.) ngg ig.l". ]ejt energy resolution | 0.1 0.1
g : Single top 0.9 0.6
ME/PS matching (extrapol.) | +{1 +03 DY 1.2 1.2
tf other 1 1
Top pr (extrapol.) +03 +03 4V 8.0 3.1
0.2 0.2 Diboson 0.2 0.6
PDF (extrapol.) = =4 Waiots 00 00
Total +28 | £37 QCD 0.0 | 00
— — B-tag 0.5 0.5
Mistag 0.2 0.1
Pileup 0.3 0.3
Q? scale 0.3 0.3
ME/PS matching 0.2 0.1
MG+PY — PH+PY 0.2 0.4
Hadronization (JES) 0.6 0.8
Top pr 0.3 0.3
Color reconnection 0.1 0.0
Underlying event 0.0 0.1
PDF 0.2 0.7
Arun Nayak Luminosity 2.2 2.6
Statistical 1.2 0.6




Uncertainties (eu, 7 & 8 TeV)

Arun Nayak

NG 7TeV 8TeV
Uncertainty (inclusive o,;) A€epfeeny  ACs|Cy  Avui/0i  A€epfeeny ACs/Cy  Aoui/oi
(%) (%) (%) (%) (%) (%)
Data statistics 1.69 0.71
tt modelling 0.71 -0.72 1.43 0.65 —0.57 1.22
Parton distribution functions 1.03 - 1.04 1.12 - 1.13
QCD scale choice 0.30 - 0.30 0.30 - 0.30
Single-top m_odelling - - 0.34 - - 0.42
Single-top/tt interference - - 0.22 - - 0.15
Single-top Wt cross-section - - 0.72 - - 0.69
Diboson modelling - - 0.12 - - 0.13
Diboson cross-sections - - 0.03 - - 0.03
Z+jets extrapolation - - 0.05 - - 0.02
Electron energy scale/resolution 0.19 —0.00 0.22 0.46 0.02 0.51
Electron identification 0.12 0.00 0.13 0.36 0.00 0.41
Muon momentum scale/resolution 0.12 0.00 0.14 0.01 0.01 0.02
Muon identification 0.27 0.00 0.30 0.38 0.00 0.42
Lepton isolation 0.74 - 0.74 0.37 - 0.37
Lepton trigger 0.15 —-0.02 0.19 0.15 0.00 0.16
Jet energy scale 0.22 0.06 0.27 047 0.07 0.52
Jet energy resolution —0.16 0.08 0.30 —0.36 0.05 0.51
Jet reconstruction/vertex fraction 0.00 0.00 0.06 0.01 0.01 0.03
b-tagging - 0.18 0.41 - 0.14 0.40
Misidentified leptons - - 0.41 - - 0.34
Analysis systematics (0.) 1.56 0.75 227 1.66 0.59 2.26
Integrated luminosity - - 1.98 - - 3.10
LHC beam energy - - 1.79 - - 1.72
Total uncertainty (o,¢) 1.56 0.75 3.89 1.66 0.59 427
Uncertainty (fiducial o5 Abep € ACs/Cs A (058 Aecpfeen AC:/Cy  Avui/ou
% % (%) % % (%)
tt modelling 0.84 -0.72 1.56 0.74 —0.57 1.31
Parton distribution functions 0.35 - 0.38 0.23 - 0.28
QCD scale choice 0.00 - 0.00 0.00 - 0.00
Other uncertainties (as above) 0.88 0.21 1.40 1.00 0.17 1.50
Analysis systematics (o} 1.27 0.75 2.13 1.27 0.59 2.01
Total uncertainty (o) 1.27 0.75 3.81 1.27 0.59 4.14

ATLAS
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Uncertainty eu + jets (5.02 TeV) [CMS-PAS-TOP-16-015]

Source Aog (pb) Ao/ 0w (%)
Electron efficiencies 1.1 1.4
Muon efficiencies 24 3.0
Jet energy scale 1.1 1.3
Jet energy resolution 0.05 0.06
QCD scales of tt signal (PS) 1.0 1.2
QCD scales of tt signal (ME) 0.2 0.2
Hadronization model of tt signal 1.0 1.2
PDF 0.4 0.5
MC statistics 1.2 1.4
t W background 1.1 1.3
WYV background 0.5 0.6
DY background 2.1 2.6
Non W /Z background 1.9 2.3
Total systematic

(w/o luminosity) 4.6 5.6
Integrated luminosity 9.8 12
Statistical uncertainty 20 24

Arun Nayak Total 23 28




Uncertainties

(eu, 13TeV)

ATLAS

Arun Nayak

Uncertainty (inclusive oyz) | Aecp/een [T] ACy/Cy %] Aoyi/ow %]
Data statistics | 0.9
tt NLO modelling 0.7 —0.1 0.8
tt hadronisation -24 0.4 2.8
Initial- and final-state radiation -0.3 0.1 0.4
tt heavy-flavour production - 0.4 0.4
Parton distribution functions 0.5 - 0.5
Single-top modelling - - 0.3
Single-top/tt interference - - 0.6
Single-top Wt cross-section - - 0.5
Diboson modelling - - 0.1
Diboson cross-sections - - 0.0
Z+jets extrapolation - - 0.2
Electron energy scale/resolution 0.2 0.0 0.2
Electron identification 0.3 0.0 0.3
Electron isolation 0.4 - 0.4
Muon momentum scale /resolution -0.0 0.0 0.0
Muon identification 0.4 0.0 0.4
Muon isolation 0.2 - 0.3
Lepton trigger 0.1 0.0 0.2
Jet energy scale 0.3 0.1 0.3
Jet energy resolution -0.1 0.0 0.2
b-tagging - 0.1 0.3
Misidentified leptons - - 0.6
Analysis systematics 2.7 0.6 3.3
Integrated luminosity - - 2.3
LHC beam energy - - 1.5
Total uncertainty | 2.7 0.6 4.4
Uncertainty (fiducial ofid | AGep/Gep [%]  ACy/Cy (%] Acfid /olid [%]
tt NLO modelling 0.5 —-0.1 0.6
tt hadronisation -1.6 0.4 1.9
Parton distribution functions 0.1 - 0.1
Other uncertainties (as above) 0.8 0.4 1.5
Analysis systematics (agd | 1.8 0.6 2.5
Total uncertainty (ofid) | 1.8 0.6 3.9

tt
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Uncertainties

Source Aoz (pb) Aoy /og (%)
Experimental
Trigger efficiencies 9.7 1.2
Lepton efficiencies 18.3 2.3
Lepton energy scale <1 <0.1
Jet energy scale 16.9 2.1
Jet energy resolution 0.8 0.1
b tagging 10.6 1.3
Mistagging <1 <0.1
Pileup 1.4 0.2
Modeling
ur and pR scales <1 <0.1
tt NLO generator 16.8 2.1
tt hadronization 5.9 0.7
Parton shower scale 6.3 0.8
PDF 4.8 0.6
Background
Single top quark 11.8 1.5
\A% <1 <0.1
Drell-Yan <1 <0.1
Non-W /Z leptons 2.5 0.3
ttV <1 <0.1
Total systematic 36.8 4.6
(no integrated luminosity)
Integrated luminosity 214 2.7
Statistical 8.3 1.0
Total 43.4 55




