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Top quark pair production overview

tt production modes - LHC: ~ 8 Hz with £ = 103*cm™2s71 at /s = 13 TeV
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Top quark measurements

@ Top quark most massive known elementary particle

@ Interactions EM, strongly, weakly, Higgs (t — t + g/v/Z/H)
@ Cross section: test SM, probe BSM scenarios
°

Constrain input parameters to QCD predictions

v

Cross section methods and definitions

@ Fiducial (close to detector acceptance), full phase space extrapolation
@ Absolute or normalized to inclusive o;z

@ Parton level (unfolding): consider partons
(e.g. quarks before hadronisation)

@ Particle level: consider stable particles from
full ME+parton shower generators (w/ QCD+EWK FSR effects),
no simulation of pile-up or interaction w/ the detector
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Most recent cross section measurements w/
LHC pp collisions @ 13TeV

tt (two leptons channel: ee, e, pu)
e 0,7 used to determine top quark mass, ag, PDF

More CMS results

. fiducial phase space and differential

tt+heavy flavour jets (channels: ey and lepton+jets)
o Test QCD predictions _
o Background of ttH(H — bb), sensitive to relative contribution

More ATLAS results
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https://arxiv.org/abs/1812.10505
https://link.springer.com/article/10.1007%2FJHEP02%282019%29149
https://cds.cern.ch/record/2647989
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP/TT.html
https://arxiv.org/abs/1811.12113
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults

CMS - 35.9 fb~1 pp collisions at 13 TeV (2016)

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0m Pixel (100x150 ym) ~16m* ~66M channels
Overalllength ~ :28.7m Microstrips (80x180 ym) ~200m* ~9.6M channels
Magnetic field ~ :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 230 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m? ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PBWO, crystals

HADRON CALORIMETER (HCAL
Brass + Plastic scintillator ~7,000 channels
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Production cross section -

Event selection

@ > 2 leptons (e, u), use highest pr ones w/ opposite charge

@ Include 7 decaying leptonically
e b-tagging efficiency 41%, c-jets 2.2%, light-flavour 0.1%

v

Event classification by lepton and number of b-tagged jets

@ 4 categories: same-flavor (ee or pup) w/ 1 or 2 b-tagged jets

o 3 categories: e*uT w/ 1 or 2 b-tags or other cases (0 or > 3)

o
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https://arxiv.org/abs/1812.10505

Additional categorization: 0,1,2,> 3 non

@ Constrain systematic uncertainties due to modelling )
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Extrapolation to full phase space

Define acceptance Ay, Relative uncertaln_tles
include BR to leptons from template fit
Major contributions
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Final Results

Total (extrapolated) cross-section
o:z = 803 + 2(stat) £ 25(syst) = 20(/umi) pb. Tot unc: 4%
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https://arxiv.org/abs/1812.10505

tt differential cross section -

Event selection
@ Exactly 2 OS leptons (ete™, utpu~, e*u¥)
@ b-tagging efficiency ~ 79 — 87%, light-flavour ~ 10%
@ p7= > 40 GeV (pT* = — 3 pr considering all event particles)
@ Kinematic reconstruction algorithm (90% efficiency)
Selected final events (80.6% purity combined): 34890 ee, 150410 ey, 70346 1

|

Absolute cross section

do; X

dX = TAX for observable X, L integrated data luminosity

@ Use relation

@ Bin width AY optimised for purity and stability (both ~ 50%)

@ x;=signal events after background subtraction and corrections
for detector efficiencies and acceptance and bin migration (regularised unfolding)

|

Normalised cross section

@ Divide absolute by total cross-section
in same phase-space (sum over all bins of X variable)

@ Avoid dependence on total inclusive o;; used in MC normalisation 0
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https://link.springer.com/article/10.1007%2FJHEP02%282019%29149
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Sensitive to higher order QCD and EW correction in SM and BSM
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Parton level full phase space ptf, m,; (absolute)

Sensitive to higher order terms in Might reduce gluon PDF uncert
perturbative calculations Sensitive to BSM tt resonances
CMS 35 9 fb (13 TEV) CMS 35.9 fbt (13 TeV)
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Parton level Aly|(t,t), particle level Njes (normalized)

Sensitive to higher order terms in

Allow extraction of charge . .
perturbative calculations

asymmetries

CMS 35.9 fb (13 TeV)
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Particle level leading p%, A¢(¢,f) (absolute)

Lepton kinematic observables

CMS 35.9 fb? (13 TeV)
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ematic uncertainties sources (normalised p%

35.9 b (13 TeV) " CMS 35.9 b (13 TeV)
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Multi differential cross sections -

1/o doidp_(t) [GeV"]

Ratio

Double differential of pr(t) in y(t) bins

CMS Preliminary 35.9 fb™ (13 TeV)
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Data softer than predictions (POW-PYT worst, POW-HER well)
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https://cds.cern.ch/record/2647989

Multi differential cross sections -

Double differential of An(t,t) in M(tt) bins

CMS Preliminary 35.9 fb™ (13 TeV)
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https://cds.cern.ch/record/2647989

Multi differential cross sections -

Double differential of p(t) in M(tt) bins

CMS Preliminary 35.9 fb™ (13 TeV)
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https://cds.cern.ch/record/2647989

Multi differential cross sections -

Triple differential of y(tt) in bins of M(tt) and N extra jets
CMS Prehmmary 359fb (13 TeV)
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Only POW+PYT satisfactory. POW-+HER too high for Nje; > 1.
FXFX-PYT worst at N, = 1.

19/57
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Multi differential cross sections -

1CMS Preliminary 35.9 fb* (13 TeV)
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According to p-values, no prediction able to describe all distributions.
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https://cds.cern.ch/record/2647989

ATLAS - 36.1 fb~1 pp collisions at 13 TeV (2015/2016)
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Tile calorimeters

LAr hadronic end-cap and
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Pixel detector \

LAr electromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation fracker
Semiconductor tracker
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tth, ttbb fiducial and differential cross sections -

b 8 DO0000

;;g wvvw<[;
t

000000

Single lepton triggers 2015 (2016)
@ pr(e) > 24(26) GeV or pr(u) > 20(26) GeV

@ Complemented w/ higher pr, loosening isolation

Baseline event selection

@ ep channel

@ exactly one e and one p, pr > 27 GeV, opposite charge
@ > 2 jets, > 2 b-jets among them (77% eff working point)

@ /+jets channel:

@ exactly one lepton (e or ), pr > 27 GeV
@ >5 jets, > 2 b-jets among them (60% eff working point)



https://arxiv.org/abs/1811.12113

Backgrounds

Prompt leptons: estimated from MC simulations

@ Single top: 3% contribution of event yields (smaller in 4b-jets)
@ Drell-Yan, Z/~v*: scaled to data
o WHjets: < 2% (> 3b-tagged jets)

non-prompt (b or c-hadrons) and
fake leptons (y conv, u from 7/K, e from mis-id jet)

@ Dilepton: combined data-driven and MC simulation

@ /+jets: matrix-method

23757



vs prediction after baseline selection
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@ > 2b-tagged jets events underestimated

@ correct c—jets and light jets prediction w/ data-driven scale factors
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b-tag discriminants and impact of scale factors
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E ATLAS
Vs=13 TeV, 36.1 fb™
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(+jets differential cross section and uncertainties (H})
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Fiducial cross section

ofid — / do’ dX = ZNunfold

dX L
ep [fb] lepton + jets [fb]
> 3b > 4b > 54,>3b > 6j,> 4b
181 27 2450 359
Measured + 5 (stat) £ 3 (stat) + 40 (stat) £ 11 (stat)
+ 24 (syst) £ 7 (syst) + 690 (syst) £ 61 (syst)
X (X = H,V) MC 4 2 80 28
Measured — ttX 177 25 2370 331
SHERPA 2.2 ttbb (4FS) - 103 £ 30 17.3+4.2 1600 £ 530 270+ 70
POWHEG+HPYTHIA 8 t1bb (4FS) 104 16.5 1520 260
POowWHEL+PyTHIA 8 ttbb (5FS) 152 18.7 1360 290
PowHEL+PYTHIA 8 ¢tbb (4FS) 105 18.2 1690 300

28 /57



Systematic uncertainties

Source Fiducial cross-section phase space
ep lepton + jets
> 3b > 4b >5j,>23b  >6j,>4b
unc. (%] unc. [%] unc. [%]  unc. [%]
Data statistics 2.7 9.0 1.7 3.0
Luminosity 2.1 2.1 2.3 2.3
Jet 2.6 4.3 3.6 7.2
b-tagging 4.5 5.2 17 8.6
Lepton 0.9 0.8 0.8 0.9
Pile-up 2.1 3.5 1.6 1.3
tte fit variation 5.9 11 - -
Non-tt bkg 0.8 2.0 1.7 1.8
Detector+background total syst. 8.5 14 18 12
Parton shower 9.0 6.5 12 6.3
Generator 0.2 18 16 8.7
ISR/FSR 40 3.9 6.2 2.9
PDF 0.6 0.4 0.3 0.1
tV/ttH 0.7 1.4 2.2 0.3
MC sample statistics 1.8 5.3 1.2 4.3
tt modelling total syst. 10 20 21 12
Total syst. 13 24 28 17
Total 13 26 28 17
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Measured fiducial vs predictions

lepton+jets ( = 3b)

lepton+jets ( = 4b)

|
_ATLAS =
V5 =13TeV, 36.1fb"! u

- 1

u Data-tiX(X=H,V) @ .l
e/J( =3b)r _.-% Stat. uncert. . r -_l_
| | Total uncert. | |
Sherpa 2.2 tibb (4FS) '
[ Powheg+Pythia8 tibb (4FS) W [
eu(=4b)+ '..'—I’ PowHel+Pythia8 ttbb (5FS) W .-
|} PowHel+Pythia8 ttbb (4FS) M | |
10’ 10° 10° 1t 05 10 15
Oiq [fb] Pred./(Data - ttX)

Accepted by JHEP!
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Summary of last results with 36 fb=! at 13 TeV

tt production cross section in dilepton events (CMS)

o+ = 803 £ 2(stat) £ 25(syst) £ 20(/umi) pb
oif = 83275 (scale) & 35(PDF + as) pb
@ Agreement w/ expectations from SM calculation at NNLO

A

tt differential cross section in dilepton events (CMS)

@ As function of kinematic observables of t quarks and decay products,
tt and # jets, at particle and parton levels

@ Significant disagreement observed between data and predictions
for several observables

@ Multi-differential: no MC describe well all distributions

.

tt+heavy flavours fiducial and differential cross section (ATLAS)

@ Performed in ep and lepton+jets events at particle level w/ 3 or 4 b-jets

@ Measured inclusive fiducial exceeds tZhb predictions at NLO
but are compatible within total uncertainties (smaller than predictions)

@ Good agreement observed in differential measurements a1 /5



http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP/index.html
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults

Some feynman diagrams from DO experiment webpage
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https://www-d0.fnal.gov/Run2Physics/top/top_public_web_pages/top_feynman_diagrams.html

Previous measurements - tt production cross section

ATLAS (ep w/ b-tagged jets in pp)

@ /s =7TeV (4.6fb~1)
0.7 = 182.9 + 3.1(stat) + 4.2(syst) £ 3.6(lumi) =+ 3.3(beam) pb
e /s =8 TeV (20.2fb~1)
o7 = 242.9 + 1.7(stat) £ 5.5(syst) £ 5.1(lumi) £ 4.2(beam) pb
e /s =13 TeV (3.2fb71)
o7 = 818 £ 8(stat) & 27(syst) £ 19(lumi) £ 12(beam) pb

CMS (ep w/ b-tagged jets in pp)
e /s=17TeV (5b~1)
o = 173.6 £ 2.1(stat) T3 5o(syst) + 3.8(lumi) pb

e /s =8 TeV (19.7fb71)
0F = 244.9 + 1.4(stat) 83 (syst) £ 6.4(lumi) pb
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https://arxiv.org/abs/1406.5375
https://doi.org/10.1140/epjc/s10052-016-4501-2
https://www.sciencedirect.com/science/article/pii/S0370269317307967
https://link.springer.com/article/10.1007%2FJHEP08%282016%29029
https://link.springer.com/article/10.1007%2FJHEP08%282016%29029

Previous measurements (pp) - tt+heavy-jets cross section

ATLAS

@ /¢ w/ > 3b-tagged jets (4.7fb~! at \/s =7 TeV)
OtiyrHF /O tipjer = 6.2 = 1.1(stat) £ 1.8(syst)
@ ey and (+jets w/ > 1b-tagged jets (20.3fb~! at /s = 8 TeV)
O tE(0+jets)+>1p = 950 & 70(stat)f§gg(syst)fb
O tt(ep)+>16 = 50 = 10(stat)ﬂg(syst)fb

CMS
e ttb, ttbb - dilepton (19.7fb=! at /5 = 8 TeV)
o //+ 2 jets (19.6fb! at /s = 8 TeV)
b/ 0 et = 0.022 £ 0.003(stat) & 0.005(syst)
o ((+ 2 jets (2.3fb~! at \/s = 8 TeV)
04ipp/ 0z = 0.022 £ 0.003(stat) & 0.006(syst)
o755 = 4.0 £ 0.6(stat) &= 1.3(syst)pb
o7 = 184 £ 6(stat) &= 33(syst)pb
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.072012
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-015-3852-4
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-016-4105-x
https://www.sciencedirect.com/science/article/pii/S0370269315003263?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269317309358?via%3Dihub

Event simulation

tt (CMS)

e POWHEG (v.2), NLO (QCD) ME level, hqamp = 1.58m; = 272.72 GeV
o PYTHIA (v.8.219) w/ CUETP8M2T4 tune for PS and hadronisation
o HERWIG++ (v.2.7.1) w/ EE5C tune for PS and hadronisation

@ MadGRAPH5_aMC@NLO (v.2.2.2) up to 2 extra partons at ME (NLO)

o MADSPIN used for top quarks decays
o PYTHIA for PS and hadronisation w/ [FxFx| prescription

Backgrounds (CMS)

o DY, tW: POWHEG (v.2) w/ NNPDF3.0 PDF,
PYTHIA (v.8.202) w/ CUETP8M2T4 tune

o W-jets: MadGRAPH5 aMC@NLO (v.2.2.2) w/ NNPDF3.0 PDF,
PYTHIA (v.8.202) w/ CUETP8M1 tune

o WW, WZ, ZZ: PYTHIA (v.8.2) w/ NNPDF2.3 PDF and CUETP8M1
tune

e
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Common object selection - CMS

Single lepton and dilepton triggers

@ pr(e) > 27 GeV or pr(p) > 24 GeV
@ ee: pr(e) > 23(12) GeV, pp: pr(p) > 17(8) GeV
@ ep: pr(e) > 23, pr(p) > 8 GeV or pr(p) > 23, pr(e) > 12 GeV

Particle-flow (PF) algorithm

@ Combine information from various detectors

@ Identify each individual particle

@ Leading (subleading) leptons: pr > 25(20) GeV, || < 2.4
@ Reject e in 1.44 < |n| < 1.57

@ Relative Isolation 22220‘3(0'4) pr/p") < 6(15)%

@ Reject m,z < 20 GeV, 76 < my; < 106 GeV

Jets and b-tagging
@ anti-k; clustering AR = 0.4 radius
@ Calibrated (pr,n), in situ correction, pileup offset
@ pr >30GeV, |n| <24

@ Hadronised b-quarks identified w/ secondary vertex algorithms
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Template fit to b-tags multiplicity in dilepton categories

vis
tt

@ Constraint to the lepton identification efficiencies

Visible tt cross section o

@ Constraint to the b-jet selection efficiency
@ Signal and background templates from simulation

@ Accessible detector fiducial volume phase space

v

Poisson Likelihood function

. ~ . .
@ Nuisance parameters: A = (A1, ..., Ay) from systematic uncertainties
X

vis
tt >’
e 7(\j): penalty term for \; nominal value deviation (gaussian prior)

L=T1 S T )
i g

CMS Production cross section - arXiv:1812.10505

o v =si(o )+ ok b,'(V’C: expected events in bin i. n;: observed
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https://arxiv.org/abs/1812.10505

Final Results

Visible cross-section
oV = 25.61 4 0.05(stat) & 0.75(syst) =+ 0.64(/umi) pb. Tot unc: 3.8%

Total (extrapolated) cross-section
0.z = 803 &£ 2(stat) £ 25(syst) = 20(/umi) pb. Tot unc: 4%

Theoretical cross-section (NNLO+NNLL)

oth = 832733 (scale) + 35(PDF + ag) pb. Tot unc: T£3%

Total (event counting) cross-section
o7 = 804 £ 2(stat) & 31(syst) £ 20(/umi) pb. Tot unc: 4.6%

Submitted to Eur. Phys. J. C
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Data vs MC (normalised measurements p-values)

CMS 35.9 fb* (13 TeV)
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Multi differential cross sections -

Triple differential of y(tt) in bins of M(tt) and N extra jets

CMS Preliminary 35.9 fb (13 TeV)
o T . — — T — — T ——
g 0.2} 300<M(t) 1 400<M(tf) 500<M(tf) 300<M(tf) 400<M(tf) 500<M(tf) {,Da[a, dof=23
2 <400GeV <500GeV <1500GeV <400GeV <500GeV <US00GeV | ot vemaa
= — + , X&=
_8 Nje(:0 Nje(:O Nje!:O NJez>O N1e1>0 N1e1>o X
o 0.15f --- POW+HER, X2=31
- = FXFX+PYT, x2=34
= N
0.1} N pow+pyT unc.
0.05f
°
} } | | | | ! | | | | |
o 14
5 124
@ 1=
0.8
0.6

2
y(td)
Good description by all MC models when splitting between 0 or more jets
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https://cds.cern.ch/record/2647989

Flavour composition of additional jets in tt events

Binned maximum-likelihood fit w/ Poisson likelihood

e Events reco w/ > 3b-jets (77% WP):
50% w/ 3 b-jets at particle level
the rest w/ > 1c- or light- mis-id jet

@ Large uncertainties on mis-tag rates
@ Use template fits to estimate ttc, tt+light
@ Discriminate using b-tagging efficiency bins defined by WPs

4

Expected events and Scale factors

@ ey channel: oszffb + o (N, + Ntt/) + Ny

tfc non—tf
ap = 1.37 £ 0.06, aey = 1.05 £ 0.04 (stat only)
@ /+jets channel: abNttb +acNE + a/Nttl + Nk

ttc non—tt

ap =1.11+£0.02, ac = 1.59 £+ 0.06, ay = 0.962 £ 0.003 (stat only)

v

tt+heavy flavour jets fiducial and differential cross-sections st


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2017-12/

+jets differential cross section (mp,s,, p7,,,, ARbb,)

N
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tt-+heavy flavour jets fiducial and differential cross-sections
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2017-12/

Relative systematic uncertainties (th and exp)

I Parton shower
0.8 - Generator
—— QCD radiation
0.6 JESIJER
----- b-tagging
-+-- tic fit variation
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ATLAS

lepton+jets channel
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° H}%ad: Parton shower modelling dominant

100 2x

10°
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e Low Hr region: QCD radiation scale (softer jet contribution)

tt+heavy flavour jets fiducial and differential cross-sections
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2017-12/

tt differential cross section -

Event selection

@ Exactly 2 OS leptons (ete™, utpu~, eFu¥)

o Particle level: my; > 20 GeV, do not include 7 decaying leptonically
@ > 2 jets, at least one b-tagged (particle level: > 2b-jets)

o b-tagging efficiency ~ 79 — 87%, light-flavour ~ 10%
@ p7= > 40 GeV (pT™ = — 3 pr considering all event particles)

Kinematic reconstruction algorithm (90% efficiency)

miss

@ Assume only neutrinos contribute to pT
@ my =80.4 GeV, m: = 172.5 GeV

@ Parton level: p% after QCD radiation, before decay

Smearing: randomly varying energies and directions within resolution

@ Take ¥ momenta solution yielding smallest m,z

@ Chosen solution w/ most b-tagged jets
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https://link.springer.com/article/10.1007%2FJHEP02%282019%29149

Differential cross section extraction

Selected final events

@ 34890 ee, 150410 ey, 70346 L

@ Combines all three channels to reduce statistical uncertainties

@ Estimated signal contribution to data is 80.6%

v
Absolute cross section

doj _ X

dX T LaX

@ Determined for X observable via relation

@ L[ integrated data luminosity. AY bin width
o Bin width optimised for purity and stability (both ~ 50%)

@ x;=signal events after background subtraction and corrections
for detector efficiencies and acceptance and bin migration (regularised unfolding)

v
Normalised cross section

@ Obtained dividing absolute by total cross-section
in same phase-space (sum over all bins of X variable)

@ Avoid dependence on total inclusive o,z used in MC normalisation

N
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Parton level p%- (absolute and normalized)

Sensitive to higher order QCD and EW correction in SM and BSM

CMS 35.9 fb™ (13 TeV)
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Parton level p%- (absolute and normalized)

[pb/GeV]
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Parton level leading p% (absolute and normalized)

Suppress effects of ISR, FSR
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Parton level full phase space p%—f (absolute and normalized)

Sensitive to higher order terms in perturbative calculations
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Parton level m;; (absolute and normalized)

Potential to reduce gluon PDF uncertainties
at large fractions of p longitudinal momentum carried by gluon
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Particle level leading p% (absolute and normalized)

Lepton kinematic observables
@ Test modelling of top quark decays

@ Test spin correlations
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Particle level A¢(¢, ¢) (absolute and normalized)

Constrain chromomagnetic dipole moment in EFT framework
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Particle level Ny (absolute and normalized)

Sensitive to higher order terms in perturbative calculations
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Particle level leading p2 (absolute and normalized)

b-jet kinematic observables
@ Test modelling of top quark decays

@ Test parton shower hadronisation modelling
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Object Selection ATLAS -

@ > 2 tracks with p7 > 0.4 GeV @ anti-k; calo clustering AR = 0.4

@ Largest |p7|? sum associated Calibrated (prt,n), in-situ correction

o
@ Quality tracks impact params: dp, zo @ pr >25GeV, |7 <25
o

> 60 GeV, <24 JVT al
bttt R
®! Consistent M5 anlID goodlqualley

track match @ Multivariate MV2c10
@ Medium quality, pt > 25 GeV, |n| < 2.5 @ Working points: 85%, 77%, 70%, 60%
@ Track pr dependent isolation efficiencies for pt > 20 GeV

2 _slecon 2B ol DO e
@ Track and calorimeter quality and Overlap removal

match criteria,

@ e rejected if share track w/ p

@ Tight, pr > 25 GeV, |n] < 2.47 @ Rejected AR = 0.2 closest jet with e
@ Exclude 1.37 < [n| < 1.52 @ e rejected if any remaining jet

@ Jet overlap removal AR < 0.2 within AR = 0.4

@ Track and energy pr dependent @ Remove jet within AR = 0.4 of p

isolation if < 3 tracks else remove p 56 /57
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https://arxiv.org/abs/1811.12113

