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® Introduction

m Recent results for tt production cross-sections:
QO Inclusive and fiducial x-section in single lepton final state @8 TeV
O Differential x-section with N jets in single lepton final state @13 TeV

Q Differential x-section in all-hadronic boosted final state @13 TeV

m Conclusions
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Motivation

®m Top quark 1s a unique particle:

O Large mass (~ 172.5 GeV) m Coupling to the Higgs boson, @(1), may play a
special role in EWSB

O Only known quark to decay before hadronizing — access properties of bare quark
m LHC is a “top factory” — produce Pair of top quarks or Single top
N G(ta at 13 TeV: 832172 pb (NNLO + NNLL theory for m, = 172.5 GeV)
® Measurements of production cross-sections:
a Test of pQCD, constrain Parton Distribution Functions
O Differential x-sections can be more sensitive to BSM effects, e.g., p;()p spectrum

= Heavy BSM particles could decay to tt
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‘ Top quark pair production
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All hadronic final state: large BR and backgrounds
Can be used to probe highly boosted top quarks

Leptontjets: large BR, high pT isolated lepton

Dilepton: Small BR, very clean, two high pT leptons

¥ TR

"dileptons”

etjets 15%

"lepton+jets”
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Cross-section measurements

@ Can be inclusive or differential — in fiducial or total phase space, absolute or normalized

O Extract # of observed events, after subtracting background —

Correction due to selection efficiency

= Unfolding - Differential cross sections /

are obtained from the reconstruction-level distributions

calorimeter jet

by correcting for detector and reconstruction effects

0 Unfolding can be to parton or (stable) particle level =
Typically quarks in MC history (t, b) after ~ ~_ —mm————————=
QCD radiation but before Wb decay

parton jet

®  Fiducial cross-section:

O Pros: Less model dependence
m  Total cross-section:

O Correct fiducial cross-section by fiducial acceptance and branching fractions

O Pros: Easy interpretation
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Event topologies

Single lepton final state has = 4 jets
All-hadronic final state has = 6 jets

Extra jets can arise due to Initial or
Final state radiation

b-jets tagged with MVA techniques
W — ¢§ can be source of fake b-jets Low top pr High top pr

Objects used in analyses: W boost
Muons, Electrons, (b-) jets, MET
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Inclusive & fiducial £t cross-sections in ¢+jets
Submitted to EP[C _(arXiv 1712.06857)

m Dataset: L ~20.2 fb' @ 8 TeV

m Lepton (e or ) can come from leptonic tau decay

®m To reduce JES & b-tagging systematics - three disjoint signal regions:

O SRI: 24 jets, 1 b-tag — largest sample and backgrounds (W+jets is dominant)

O SR2:4 jets, 2 b-tags — background is expected to be small, unambiguous

matching of reco objects to top decay, hadronic W mass is sensitive to JES

O SR3: 24 jets, 2 2 b-tags — (excluding events from SR2). Contains tt events with

extra gluon radiation, sensitive to mis-ID of c-jet (from W — c3) as b-jet

O Each SR has a discriminating variable defined for the x-section result
70% b-tagging WP
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Discriminating variables for the three signal regions -

1) SR1 and SR3 — use a NN, that discriminates S from W+jet background (estimated
using Z+jets data)

2) SR2 — has unambiguous matching - use m(jj), where j is untagged jet
Ratio of single to double b-tag events: SR1/(SR2+SR3) is sensitive to b-tag efficiency

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

[ ATLAS Simulation \1s=8TeV |
" 4 jets 2 b-tags
0.02f

Simultaneous fit to the three signal regions:

Scale Factors for tt and W+jet components,

0.01F and NP for JES & b-tagging systematics

—tt global JES +4%

— it global JES -4%

%- ------------------- ] Other systematic uncertainties come from:
m(jj) [GeV]  Physics object modelling, Signal MC variations,

PDF variations ,Background modelling, Luminosity
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Differential tt cross sections in association

with jets - ¢+jets — submitied to JHEP (arXiv: 1802.06572)

Dataset: £ ~3.2 tb! @ 13 TeV

A previous analysis inclusive in # jets —
JHEP 11 (2017) (arXiv: 1708.00727)

Analysis uses 3 configurations:

O 4-jet exclusive (i.e., 0 additional jet)

O 5-jet exclusive (i.e., 1 additional jet)/'

0 6-jet inclusive (i.e., = 2 additional jets)

Additional jets from ISR or FSR

= useful for ttH and searches with high jet multiplicity

Analysis focusses on effect of gluon radiation on tt kinematics

Differential cross-sections as functions of kinematic variables:

rlep o 2 » Out-of-plane p, expected to be
t =~ ¢ had . P X< g r
dJ Pr (had)9 pT(tf)a

| _
Pout| =

2 - — iy o
p tlep x 3| more sensitive to direction of

gluon radiation
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Analysis details

m Particle level description:

O Lepton (e or M) can come from leptonic tau decay, but not from the decay of a hadron

O Dileptons where only one lepton satisfies fiducial selection are included in fiducial measurement

m At least two btagged jets — at the 77% efficiency working point

m  Pseudo-top algorithm used to reconstruct the leptonic top decay (for both particle-

and detector-level)

0 Neutrino p,, p, from MET, and p, determined from W-mass constraint
O The two b-tagged jets with the highest p,. are selected as coming from the top pair

O W is combined with b-jet closest to charged lepton to make leptonic top

@ Hadronic W is made with all remaining jets — choose jj pair closest to W mass

®  During unfolding, electron and muon channels are combined
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4-jet exclusive

5-jet exclusive

0-jet inclusive

Sample Yield Sample Yield Sample Yield
tt 6140075700  tt 3690075500  tt 254007700
W4jets 220011500 Wjets 8901690 Wtjets 5401990
Z+jets 8401050 Z+jets 3407530 Z+jets 1607700
Diboson 1401190 Diboson 1007150 Diboson 110127
Single top 3600i§,28 Single top 1730“:%;18 Single top 980f%(1)8
Multijet 330071509 Multijet 14607710 Multijet 02013200
tt VvV 103717 #V 13272 # vV 224170
Total prediction 71600“_“51388 Total prediction 41600“:?@88 Total prediction 28400fi388
Data 75768  Data 46243 Data 33582
Data/prediction 1.06 £0.07  Data/prediction 1.11 £0.11 Data/prediction 1.24+0.2
o A1 —
P .,
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NNLO+NNLL predictions " o= hicitets
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2) Multi-jet: from data using matrix method %0

40

30

3) W+jets: by using simulations & data-driven techniques 20
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Differential tt cross-sections of boosted top quarks
in all-hadronic final states - submitted to PRD (arXiv: 1801.02052)

Dataset: £ ~36.1 tb! @ 13 TeV
Events contain two large-R jets, with pT > 500 and 350 GeV

O Boosted regime — tt production at TeV scale

Low top pr High top py

Use rapidity of top quarks (in lab & CM frame) to study production

Other variables include mass, p, Hy, rapidity, Aq, p_ . of the tt system,

and cosO6™ (in the Collins-Soper frame)
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tt (all-hadronic) 3250 £ 470
tt (non-all-hadronic) 200 4 40
Single— tOp— quark 24 4 19 Uncertainties include stat. and syst., but not

modelling nor inclusive tt x-section contributions

tf—|— W / VA / H 33 + 10 Single top does not include the t-channel process —

Mult 1_] ot events 810 + 50 selection criteria disfavor this process
Prediction 4320 + 530 Multijet is estimated from data using a set of control
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120 .

100F- =
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Leading large-I2 jet 70% b-tagging WP
“1tNb” means that the large-R jet is top-tagged and has N b-jets —

Data
Prediction
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Lead. subjet mass in lead. large-R jet [GeV]

based on pT-dependent requir€ments on two variables: jet mass, measured from clusters in the calorimeter,

and the N-subjettiness ratio T,, (= T,/ T,) - Use 50% top-tagging WP

LHCP 2018 Vivek Jain 17



> LU FLSURLELE ELALEL L BLELL LS RLALILELEY BLELELALE LRI
8 . ATLAS Signal region _
ht 5ol 5 =13 TeV. 36.1 b =
2] - ¢ Data 2015+2016 B
5 C [t (all-had) b
i = BT (non all-had) -
40— Wl Single top ]
- i+ W/Z/H ]
Ce [l Multijet 7]
30— [l Stat. Unc. —
C | |Stat. @ Det. Syst. Unc. ]
- Stat. @ Tot. Syst. Unc.
20— ]
10i5 . =
o2 1.5¢
a ?00 600 700 800 900 1000 1100 1200
P’ [GeV]
= T T 5
% - ATLAS + Data 3
[ - {s=13TeV,36.1 b POWHEG+Py8 ]
- ' L e POWHEG+H7
- 10k Fiducial phase space ..... MG5_aMC@NLO+Py8—|
_E S — Sherpa 2.2.1 3
g u Stat. Unc. .
o - Stat. @ Syst. Unc. N
g = =
¢
o' T
102 E
c : | | 1 :
iel o 1‘55
L.
& 05

Prediction
Data

- e e I B B
> - ATLAS * Data .
& 10 E=13Tev,36.1 10" ﬁgwﬁég"ﬁf =
iy = sssss + =]
S - Fiducial phase space ..... MGS5_aMC@NLO+Py8 7
- - -« Sherpa 2.2.1 -
-~ -2 Stat. Unc.
_g'z 10 = Stat. @ Syst. Unc. _EI
o= - i
= 10'35— =
104 —
Unfolded — 0 5 - j
10° =
c S B I I W -
g 3 1‘55 o =+ _E
% & ol ..,.""'"""‘—-—'-—-— T
bt 0.5E : . X . 4 o : .............. -
& 500 600 700 800 900 1000 1100 1200
P!’ [GeV]
T T T " 1 3 . . .
2F ATLAS . Data < Inclusive fiducial x-section:
1.8 s =13Tev,36.1 b — igﬁ:gg*ﬁf =
8F . ]
' o Fiducial phase space ..... MG5_aMC@NLO+Py8 1 Oﬁd =202+7+76 1b
e Sherpa 2.2.1 B L.
C Stat. Unc. = .
1.4F St e e, Theory prediction:
1.2 3 384 + 36 tb
- . .
0.8 3
06 3 Unfolding also done at parton
0.4 — . .
s 1 level in fiducial phase space
1.2 |
1: = -
0.8E :
0 05

18
Iy



‘ Conclusions

m LHC Run-land Run-2 provide high statistics studies of top

quark production characteristics

Q Probe high pT region via boosted topologies

® Inclusive cross-sections in good agreement with theory,

although some discrepancies in differential cross-sections

® Future promises to yield more interesting results

Q Data from 2017 and 2018 are being analyzed

LHCP 2018 Vivek Jain
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Delivered Luminosity [fb]
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ATLAS+CMS Preliminary

NNLO+NNLL PRL 110 (2013) 252004
" Myp = 172.5 GeV, o(M,) = 0.11850.001

scale uncertainty
scale ® PDF @ oy uncertainty

ATLAS, lepton+jets ———
arXiv:1712.06857, L, =20.21b"
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| l > l ]
I | M I 1
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I
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ATLAS Preliminary May 2017
Single top-quark production

t-channel
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Cross-section measurements

Detector level - Select events satisfying event and object selection criteria

Particle level - Jets constructed from stable particles, dressed leptons, etc.

Parton level - Typically quarks in MC history (t, b) after QCD radiation but

before Wb decay

Unfolding - measured differential cross sections are obtained from the
reconstruction-level distributions by correcting for detector and reconstruction effects.
O Unfolding can be to particle or parton level

Fiducial cross-section:

O Extract # of observed events, after subtracting background - Correction due to selection efficiency
O Pros: Less model dependence - Cons: Harder to compare to fixed order calculations

Total cross-section:

O Correct fiducial cross-section by fiducial acceptance and branching fractions

O Pros: Easy interpretation — Cons: Significant model dependence

Differential cross-sections can be either fiducial or total, absolute or normalized
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Inclusive & fiducial tt cross-sections in

¢+]etS Submitred o EPJC (arXiv 1712.06857)

Variable Definition

mio The smallest invariant mass between jet pairs.

cos(0*)pj;  Cosine of the angle between the hadronic top-quark momentum and the beam direction
in the tt rest frame.

m({vb) Mass of the reconstructed semileptonically decaying top quark.
A Aplanarity. Inputs to NN
m(bj7) Mass of the reconstructed hadronically decaying top quark.
mel The smallest invariant mass between the charged lepton and a jet.
mo3 The second smallest invariant mass between jet pairs.
. . . 0.2F : ] e I ; : Vae 202" I ATLAS ' \s=8 TeV, 202 1" i
S [ ATLAS 15=8 TeV, 202 15" ] L ials = 2 brtags (excl. 4 s 2 btegey -+ ] ’_gﬁ;& b-tag e b FEtidnzeimenion. dphetteg)
e [ >4 jets 1 b-tag 1 I ] 0-15_ T ] i -t 1
- - 1 0.15F — ] r " 10.15F -
c [ —i D T = F ] L £77.. ;" ZoW data ] A - -ZtoW data i
g 01:5 E_' ! 1 - --ZioW data ] 0 1-: . T - B o ]
- ' --ZtoW data nE 01 1 g R i [ 1 0 ]
5 | A I S . |t . I N et ]
5 N S f b 3 F ' ]
§ 0.05_ "'--.__: T 1 0.05F o g i - 005 : —005_ ]
e | o e L !
i . , , ] 100 200 300 0 :
005 0 05 1 mslGevy 02 04 06 08 % 02 04 06 08 1
COS(G*);,;, NN o
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Source Smne (] 22w [%) > 30000 T T T T
Tinc Thid B -1
Statistical uncertainty 0.3 0.3 ) L ATLAS 1s=8 TeV! 20.21b
Physics object modelling (D r 24 jeIS 1 b_tag
Jet energy scale 1.1 1.1 o i / #Data
Jel energy resolution 0.1 0.1 [4V] Wit
Jet reconstruction cfficiency <0.1 <0.1 ~ 20000} mSingle top
E.’r." scale 0.1 0.1 E [1ZtoW data
E3™ resolution <0.1 <0.1 c BZ+Jets
Muon momentum scale <0.1 <0.1 )] []Diboson
Muon momentum resolution <0.1 <0.1 > [ EMultijet
Electron energy scale 0.1 0.1 L ) P tJf'l raint
Electron energy resolution <0.1 <0.1 1 0000 /;Post-tit uncertainty
Lepton identification 1.4 1.4 F
Lepton reconstruction 0.3 0.3 L
Lepton trigger 1.3 1.3 L
b-tagging efficiency 0.3 0.3 |
e-tageing efficiency 0.5 0.5
Mistag rate 0.3 0.3 0
. T T T T
Signal Monte Carlo modelling and parton distribution functions _'CE o 1 2 [ nmy ) ) ) ;
NLO mitehing 11 0.9 o O L 7 el et e Bl s o
Scale variations 2.2 1.0 Q. 0.8F /f///’ v \ . . \ ]
Parton shower 1.3 0.9 "
PDF 30 o1 0 100 200 300 400 501
Background normalisation for non-fitted backgrounds m(b _]_]) [GeV]
Single top 0.3 0.3
Z+ jets 0.2 0.2
Diboson 0.1 0.1 ) )
Background modelling Fiducial acceptance ~ 20%
ZtoW modelling, 1.1 1.1
Multijet 0.6 0.6
Luminosity 1.9 1.9
Total (syst.) 5.7 1.5
Total (syst.+stat.) 5.7 L5
-~

tt 0.98240.005 133390+ 630 64360+ 300 62380+ 280

1.08 £ 0.02 32150 £ 480 - -
1.41 £0.08 - 3370+ 190 2250 4
110204+ 660 3730+ 220 2590 £
3600 41700 410+ 200 270 &+
1300 £ 640 1354+ 65 1124+
10 300 £ 6900 1940 £ 970 10504+ 530

W+ jets 1 b-tag

W+ jets > 2 b-tags
Single top —
Z+ jets —
Diboson —
Multijet —

130
160
130

54

191700 £7200 739001100 68660+ 650

Total sum —

Total observed — 192 686 72978 70120 ’




After performing a binned maximume-likelihood fit to the NN discriminant distributions and the m( )
distribution, and estimating the total uncertainty, the inclusive 77 cross-section is measured to be:

Oinc(17) = 248.3 £ 0.7 (stat.) + 13.4 (syst.) = 4.7 (lumi.) pb

assuming a top-quark mass of myp, = 172.5 GeV.

The fiducial cross-section measured in the fiducial volume defined in Sect. 4.2 with acceptance Afg = 19.6%
is:

o1a(rf) = 48.8 £ 0.1 (stat.) = 2.0 (syst.) = 0.9 (lumi.) pb.

The dependence of the inclusive ¢7 cross-section measurement on the assumed value of i, is mainly due
to acceptance effects and can be expressed by the function:

o (Myop) = 047 (172.5GeV) + py - Anyop + p2 - Amtzop ,

with Aoy = mep—172.5 GeV. The parameters p; = —=2.07+0.07 pb/GeV and p, = 0.07+£0.02 pb/Ge\f2
are determined using dedicated signal samples with different m,, values, where signal template distribu-
tions are obtained from the alternative samples and the fit to data is repeated.
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‘ Differential tt cross sections 1n association

with jets - ¢+jets — submited to JHEP (arXiv: 1802.06572)

Physics process Generator PDF set for Parton shower Tune Cross section
hard process normalisation
tt signal PowHEG-Box v2 CT10 PyTHIA 6.428 Perugia2012 NNLO +NNLL
tt PS syst. PowHnEG-Box v2 CTEQ6L1 Herwict++ 2.7.1 UE-EE-5 NNLO +NNLL
tt ME syst. MadGraph5_ CT10 Herwic++ 2.7.1 UE-EE-5 NLO
aMCQ@QNLO
tt rad. syst. Powneag-Box v2 CT10 PyTHiA 6.428 'radHi/Lo’ NNLO +NNLL
Single top: t-channel PownEG-Box v1 CT10f4 PyTHIA 6.428 Perugia2012 NLO
Single top: s-channel PowHEG-Box v2 CT10 PyTHIA 6.428 Perugia2012 NLO
Single top: Wt-channel PowHEG-Box v2 CT10 PyTHIA 6.428 Perugia2012 NLO +NNLL
t+W/Z/WW MadGraph5_ NNPDF2.3LO PvyTHiA 8.186 Al4 NLO
aMCQNLO
W(— Lv)+ jets SHERPA 2.1.1 CT10 SHERPA SHERPA NNLO
Z(— €0)+ jets SHERPA 2.1.1 CT10 SHERPA SHERPA NNLO
WW WZ,ZZ SHERPA 2.1.1 CT10 SHERPA SHERPA NLO
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Unfolding procedure

The unfolding step uses a migration matrix (M) derived from simulated ¢7 events which maps the binned
particle-level events to the binned reconstruction-level events. The probability for particle-level events
to be reconstructed in the same bin is therefore represented by the elements on the diagonal, and the
off-diagonal elements describe the fraction of particle-level events that migrate into other bins. Therefore,
the elements of each row add up to unity (within rounding). The number of bins is optimised for maximum
information extraction under stable unfolding conditions. This is achieved by requiring that closure and
stress tests are satisfied without introducing any bias. The unfolding is performed using four iterations to
balance the unfolding stability with respect to the previous iteration (below 0.1%) and the growth of the
statistical uncertainty. The effect of varying the number of iterations by one was found to be negligible.
Finally, the efficiency € is defined as the ratio of the number of matched events to the number of events
passing the particle-level selection. This factor corrects for the inefficiency of the reconstruction.

The unfolding procedure for an observable X at particle level is summarised by the following expression
for the absolute differential cross section:

d(Tﬁd - -
J J J
dxi L AX | el Z M match facc | (NFECO Nbg)
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4-jet exclusive 5-jet, exclusive 6-jet inclusive
x?/NDF  p-value | x?/NDF  p-value | x?/NDF  p-value
POWHEG+PYTHIAG 23.4/17 0.14 14.1/17 0.66 14.8/17 0.61
POWHEG+PYTHIAG (radHi) 23.4/17  0.14 14.9/17  0.60 15.9/17  0.53
Pownec+PyTiia6 (radLo) 25.6/17 0.08 16.5/17 0.49 16.5/17 0.49
PowHECH+PYTHIAS (hgamp = 1) 22.7/17 0.16 16.9/17 0.46 18.3/17 0.37
POWHEG+PYTHIAS (Agamp = 1.5m;) 20.4/17  0.25 15.6/17  0.56 18.8/17  0.34
POWHEG+PYTHIAS (radHi) (hgamp = 3m4) 17.8/17  0.40 16.3/17  0.50 19.3/17  0.31
PowHEGH+PYTHIAS8 (radLo) (hdamp = 1.5 ) 21.1/17 0.22 17.8/17 0.40 17.5/17 0.42
POWHEG+HERWIGT 16.6/17 0.48 12.1/17 0.80 12.8/17 0.75
PowHEG+HERWIG++ 19.1/17 0.33 20.7/17 0.24 28.1/17 0.04
MADGRAPH5_aMCQNLO+HERWIG++ 16.3/17 0.50 11.5/17 0.83 23.9/17 0.12
MADGRAPH5_ aMC@NLO+PYTHIAS (Ht/2) 20.3/17 0.26 21.9/17 0.19 22.5/17 0.17
MADGRAPHS aMC@QNLO+PYTHIAS (y/m2 + p2) | 20.7/17  0.24 18.1/17  0.38 28.5/17  0.04
SHERPA 2.2.1 21.8/17 0.19 20.0/17 0.28 17.5/17 0.42

Comparison of the measured fiducial phase space normalised differential cross sections as a function of th’had and the

predictions from several MC generators in different n-jet configurations. For each prediction a X* and a p-value are
calculated using the covariance matrix of the measured spectrum. The number of degrees of freedom (NDF) is equal to

the number of bins in the distribution minus one.
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Differential tt cross-sections of boosted top quarks

in all-hadronic final states - submitted to PRD (arXiv: 1801.02052)
Dataset: £ ~36.1 tb"! @ 13 TeV

Events contain two large-R jets, with pT > 500 and 350 GeV

O Boosted regime — tt production in TeV scale range - many theory uncertainties

Use rapidity variables (in lab and CM frame) to study production

Q y*=(y" - y")/2, —y*, y* = e?¥" (non-SM processes tend to peak at low ¥ )
» y*isin the tt CM frame, whereas y*'® are in the lab frame

a y" = (y"' +y“*)/2 measures the longitudinal movement in the lab frame and is

sensitive to PDFs

Other variables include mass, p, H, rapidity, Acp, p,, Of the tt system,

and cos6™ (in the Collins-Soper frame)
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Source Percentage
Large-R jet energy scale 5.9
Large- R jet mass calibration 1.4
Large-R jet top-tagging 12
Small-R jets 0.3
Pileup 0.6
Flavor tagging 8.3
Background 0.9
Luminosity 2.0
Monte Carlo statistical uncertainty 0.9
Alternative hard-scattering model 11
Alternative parton-shower model 14
[SR/FSR + scale 1.1
Total systematic uncertainty 24
Data statistical uncertainty 2.3
Total uncertainty 24
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