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The top quark -

* A unique particle I*, q
* Most massive elementary particle: m, = 175 GeV ¢ w* v, g
* Large coupling to Higgs boson & special role in EVWSB
+ Decays before hadronising, allowing study of bare quarks b

* An important probe for testing SM & BSM Physics
+ Test pOCD at NNLO precision (fixed-order)
» Constrain Parton Distribution Functions (PDFs)
+ Determine SM parameters (my, IVyl) and measure rare processes (tt+W, tt+2Z, tZ, etc.)
+ Constrain New Physics: Anomalous couplings, direct searches (tt resonances, W' - tb)
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A particle abundantly pr

oduced at the LHC
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Dominated by tt pairs productions
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Top-quark pair production

Overview of recent cross section measurements
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State of the art of tt cross section measurements

BERGISCHE
UNIVERSITAT

WUPPERTAL

* Many measurements performedby the ATLAS and CMS collaborations at v/s =7, 8 and 13 TeV

Inclusive tt cross section [pb]
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Up to now, an impressive agreement
between predictions and measurements
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State of the art of tt cross section

measurements %-‘fé BERGISCHE

UNIVERSITAT

Analysis channels

Dilepton P Lepton+jets
* Most precise results * Infinite statistics
* W, fake leptons, diboson, i : « Single top t-channel,
Z— 1t bakgrounds : 1 WHijets, Multi-jet backgrounds
* Limited constrains on E . Possibility to exploit multlple
modelling uncertainties ! : controlregions
: All-hadronic

* Significantly less precise
* Possibility to probe highly-boosted top quarIG

WUPPERTAL

Top-pair
branching ratios

“alljets™ 46%

ttjets 15%

Ltjets 15%

] . etjets 15% . ) .
"dileptons lepton+jets

Main systematic uncertainties

* Signal modelling (generators, QCD scales, radiation, hadronisation)
* Object efficiencies & calibrations (leptons, jets, flavourtagging)
* Backgroundestimates * Luminosity (2-3%)
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* Inclusive and fiducial tf cross section in [+jets events at /s = & TeV by ATLAS

arXiv:1712.06857 — submitted to EPJC « Maximum likelihood fit to

NN output & m(jj) distributions

T F T
(s =8 TeV [ ATLAS Simulation

> J ! > ] T T
3 [ ATLAS Simulation K (s=8TeV ] ) L ATLAS (s=8 TeV. 20.2 fo' ]
P [ 1 © o1sb 4 jets 2 b-tags mit b < r > 4 jets 1 b-tag T ]
a 0 i — W+Jets A] E T !‘ Aglobal JES +15 1 G>) 40000 - e Data . ]
2 T A ZtoW S A N '?)IObal JES -1o il i [ Single top [ ZtoW data
e MC stat. uncertainty & oif M C stat. uncertainty I Z+Jets [ Diboson ]
o 5 i A A 1 30000_‘ I Multijet //// Post-fit uncertainty 7
o 00sF 1 s i "I ] [ ]
S F ‘g 0.05[ # 7
& LA L - ] !
- | [
. 0 - 1 1 1 1 .
£ 05T T . : = -
5 |J_|—|__ 5 i
: ) & 0
O =T ——z66 300706500 - S = L ¢ 7 ,//' ' ' ' ]
y ; | O 1% e o Ty O Iy e
m(bij) [GeV] mi)[GeV]  OIX o8 //M/// G | | ]
0 0.2 0.4 0.6 0.8 1
L . . e o}
* Eventcategorization based on jet and b-tagged jet multiplicities NN
» WHjets background shape using data /+jets Results consistent with SM expectations

* Exploit W > qq decay to constrain JES Tinc(fF) = 2483 + 0.7 (stat.) + 13.4 (syst.) + 4.7 (lumi.) pb

=48.8 +0.1 )+£2.0 . .9 (lumi.) pb
NB: Similar CMS resultsin Phys. Rev. D 93 (2016)072004 ona(t?) = 48.8 £ 0.1 (stat.) +2.0(syst.) £ 0.9 (lumi.) p
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« Differential tt cross section in dilepton and |+]ets events at /s = 13 TeV by CMS
arXiv:1708.07638 —submitted to JHEP, CMS PAS TOP-17-002

35.8 b (13 TeV)
o 217 (18Tev) % = CMS  e/ju+jets o Data
IS - CMS ' [ '+ 'Data with stat+'syst§ © C _P ,’.e’;""’”a’y parton level g%/:t@ stat
8 . Parton level gtg\tNHEG pg | = 1E won i+ POWHEG P8
e - - P e + NNLO QCD+NLO EW
ofa 102 e MGSPBMLM] o oS | o L Pownea ey
» Measured as a function '°| o st | E"gfvﬁg[gﬁ’ﬂ ] © - e MG5 P8 [FxFx]
of several observables at I ! 1 10 e v
: 10°F ¢ E E wtd
particle level -
i ] C v
e Parton level results 4l ) | 0 e N
extrapolated to full phase - Dilepton channel N g |+jets channel
space using T > — : : ' ek bl
POWHEG +PYTHIA8 o 14 sty | : ' gl 14|
simulation o |8 cle i
| ® 1.2 —
£P :
]
General good agreement O B
with predictions 0 100 200 300 400 500 Rl S . . . . . .
pt [GeV] 0 100 200 300 400 500 600 700 800
T t) [GeV]
p.(t
NB: Similar ATLAS results in Confirm softer top-quark pr in data than in MC predictions both at particle and parton levels
Eur. Phys. J. C77 (2017) 299 — partially be explained by NNLO QCD+NLO EW calculations
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Differential cross section measurements L
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« Differential tt + jets cross section in [+jets events at /s = 13 TeV/ by ATLAS
arXiv:1802.06572 - submitted to JHE

© 15T T T T e e T

E E ® 4-jet exclusive HH Stat.+Syst. unc. 3

% + 14 = ATLAS ’ ¥V 5-jet exclusive —— Stat.+Syst. unc. T

8o E (5=13TeV, 321 3

E 1.3 E 4 6-jetinclusive 7/, stat.+Syst. unc. E

12 —

- é' 14490, 4957 3% _;
* Study the effectof OCD radiation 1k e e = | _
emission on top quark kinematic 09 E= > F AmLas ° D
. b I . I I / 0.8 E % 2 [0} - Fiducial phase-space PWG+PY6 hyypy=m, —
varia es at pal’tlc e leve E R o (s=13TeV, 3.2fb" — ' PWG+PY8h  =1.5m, -
. o7 = 2 ‘:g-'_10" = 6-jet inclusive o :n’fé:lgd:;f;'snr;+ 53
* Measured as function of several = % = U Ghepazan 7 3
observables at particle level 05 = éé1lo 20 30 40 5060 .1(|)0 200 300 400 1000 © B - ::::‘Sncst e 7
pred[Gev]  BT10°E A -
* In 3 exclusive jet configurations . - - - ;__,__]—.-—_‘—L"L_ ]
E 16 - ' ® 4-jet exclusive HH Stat.+Syst. unc. T i
§ ('B ’ N 22’?‘:?6\/’ 321" ¥ 5-jet exclusive == Stat.+Syst.unc. 10° N =
= - 4 6-jetinclusive 7/ Stat.+Syst. unc. | F E W 3
N /v . A A A T
t,had - . . C EM/ 1 < L t 7
prttin 4-jet copflg. L I R R - =

Underestimated by prediction at low 5 @6 = 1 3
value & overestimated at high values e e %i::::ss- 08 N ]
n [ 1§ o 120 ‘ e
te; i i 0.8 |— A | R NESSPEPPRPT PR =
p7 in 6-jet config. e 1 & BT TS E
. . L. B . 08 ey o
Disfavour several predlctlons O ) Ly ) T 20 30 4050 100 200 300
’ 6 7 8910 20 30 40 50 60 100 200 300 400 pﬂ' [GeV]
!

Pl [GeV]
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Lepton differential distributions
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© /s =8 TeV measurements in OS5 ey pairs with 2 jets events by ATLAS
Eur. Phys J. C 77 (2017) 804

< L L B B BN
® ATLAS 1
Q Vs =8TeV, 20.2 b
102 ® Data 2012 -
= E
[ i i k] £ — Powheg+PY6 3
* Cross section extracted bin-by-bin from ER . MC@NLOSHW
N = Lok Glad(1 - Cle+ NV, 5 - Mpgenii
i 1o i Ci(e)2 4 Nibke T 0%k =
N, = Loj;GoCile)™ + Ny, g g
Ggy - binned eff. & mig. corr. from MC : = :
g : b-tagging eff. extracted

» Measured as a function of several
observables at particle level

MC / data

50 100 150 200 250 300
Lepton P, [GeV]

m; extraction from sensitive kinematics Good agreements with SM predictions
fits to fixed-order NLO QCD predictions Dependence to lepton primproved using
mpele = 173.24 0.9 (stat) + 0.9 (syst) + 0.9 (th.) GeV HERAPDF and NNLO predictions
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Is=8TeV,20.2b"

0.9 -e- Powheg+PYs, Py ="
% Powheg+PY6 p_ NNLO
0.8« Powheg+PY8

ATLAS
\s=8TeV,20.2 b

1.1 S
—o—

0.9 - Powheg+PY6, HERAPDF 1.5
~B- Powheg+PY6 no spin corl.

s
1.0F ATLAS
(s=8TeV,2021b"

——
—o—
5"

0.9 = Alpgen+HW
= MC@NLO+HW
0.8 & amMc@NLO+HWs+

B0 700 750 200 250 _ 500
Lepton P, [GeV]

10




Probing boosted all-hadronic final states
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Low top High top
momentum

momentum _,

Challenges
* High-pt hadronic top-quark decay reconstruction boost
« Systematic uncertainties and modelling of boosted kinematics Resolved
. . . region Boosted ™
* Limited statistics compared to resolved analysis : tealon
. g
2m
T
b DT
S 5 ol ATLAS Prelimi 132 QCD -
* Distinguish boosted top-quark from QCD background 2. o.06 ATLAS Preliminary B
g - Simulation .
* Jet mass peaks near m, 2 0.5 5°°°°"z<"r;‘°°°c°" 3
. . < T & .
+ Using flavourtagging on boosted top quark 0.04F. —— mulijet E
+ Exploit large-R jet expected substructures 0035 :
i tt .
. . - TR 0.02- =
e.g. Using T3, ratio of 3- to 2-subjetiness, discriminating jets : 3
containing 3- and 2-prong sub-structures 0.01 =
%01 02 03 04 05 06 07 08 08 1
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Probing boosted all-hadronic final states
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« Differential cross-section using highly-boosted top quarks at /s = & TeV/ by CMS
CMS PAS TOP-16-018

19.7 o' (8 TeV)
ELLLALAS AL

| = A
> F |C|S| | L L L L L L 1|97| 'bl (?T?V:) E 10 CMé s Data |
[] - CM 4 E . Phys. Rev. D 94 072002 3
0} 30_—P,e,,m,.na,y 2 b-tagged jets « Data ] 8 F Preliminary o Povyvheg+Pylhia6 3
o C p, > 500 GeV .& ] e 2 AP Madgraph+Pythia6 ]
S b E o [T — — MC@NLO-Herwigt §
. . ~ C T} i = P L — Phys. Rev. Lett. 116 082003
* Selecting 2 large R=0.8 C/A jets @ C Multijet ] SR v — _lS_tat.Ildncgﬂaei:\t; =
. c r I ° F T [ Total Uncertainty 3
Wlth pT>4OO GeV LCI|>J) E E - .:.:.-f%:.-. ]
* lop-tagging using jet- - E 10 -
substructure observables, large-R - 3 = e —---~+—;--- mrremeneeed
jet mass and b-tagged sub-jets = ] - " :
— C ] 102 P
* tt yield extracted using binned - ] g2 ' E
likelihood fitof Leading jet mass - E Q1ek -
_ 15} -
- = 0.8 e I e g S o e i S P S I e I e ]
. . P [ T T T T T 8 0.6~ -
Inclusive cross section $40 150 160 170 180 190 200 210 220 230 240 250 0 o4
(forJetS with pT>500 GeV Jets) Leading Jet Mass (GeV) 800 00 700 800 900 7000 1100 1200

leading top quark p_ [GeV]
o(tt) = 404 = 23 (stat.) = 140 (syst.) fb
Results in agreementwith NLO+PS simulation calculations

with large experimental uncertainties
NB: Similar CMS resultsat v/s = 13 TeV in Top-16-013
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Probing boosted all-hadronic final states Y oo
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+ Similar measurements at /s = 13 TeV/ by ATLAS L L L L B DL L R A
. . ATLAS Il Stat. Unc.
arXiv:1801.02052 — submitted to PRD s=13TeV, 36.1 b [0 Stat. ® Det. Syst. Unc.
Stat. ® Det. ® Mod. Syst. Unc.
':__| T 'A'fL;é TTTTTTTTTT }D;t;i TrTTTTTTTTT ' Nominal (Th. Stat. ® Scale ® PDF Unc.)
> i : ] N . POWHEG+Pythia8
8 107" Vs =13 TeV, 36.1 fb” ngggg+ﬁ¥8 —- : hdamp=1.5m‘w,l\-l';\lPE¥lE SanNLO. Ald
= E . o e + E
. o S - Fiducial phase space ..... MG5_aMC@NLO+Py8 ] L Remaweror o
* Selecting? large R=1.0 anti-kt jets o e Sherpa 22.1 1 . POWHEG+Pythia8
: =, 2| tat. Unc. ] ! Ngamp=1.5My, . MMHT2014, A14
with pr>500 (350) GeV = 1072 E 5
,DT . ( ) _g = Stat. @ Syst. Unc. 3 i POWHEG+Pythia8
* Jop-tagging using only jet- s - ’ § =16y CTI14, A4
substructure and Large-R jet mass = 10° = o POWHEG:PyinaS .
* lterative Bayesian unfolding to - ] [ Alemaie SRFSA (Th St Uno)
) ‘m POWHEG+Pythia8 (less IFSR)
parth/e-le vel observables 107 = = Panp=15M, . =2 11.=2, NNPDF 3.0 NLO, A14v3cDo
E ‘j n POWHEG+Pythia8 (more IFSR)
7 H ?\,END:S.O% s pF=0.5 uR=0.5. NNPDF 3.0 NLO, A14v3cUp
10° — : Nreraive WERS (1 St ine)
S T B POWHEG-+Herwig7
5 1.5F i ] H Ngamp=1.5M,,, , NNPDF 3.0 NLO, H7UE
. L o P S S R——— : g .
Measured particle-level fiducial xs 38 . ;W e : RO, nm— L LO+Fythia
o(tt) = 292 + 7 (stat.) =76 (syst.) b - 500 600 700 800 900 1000 1100 1200 - Sherpa 2.2.1
pl,‘l [GeV] E NNPDF 3.0 NNLO
T :
Generally good agreement between measured diff. cross-sections & predictions i A AN A W

200 300 400 500 600 700 800

(good pr modelling at parton-level and particle-level) ) 00 .
Inclusive fiducial cross-section [fb]
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* Motivations
+ Access to top-quark EW coupling -test of pQCD - Important background for BSM searches

* /s =13 TeV measurements by CMS EFT Interpretation
arXiv:1711.02547 — submitted to JHEP CMS 35.9 fb~1 (13 TeV)
— e T T T T T T T T T T T4
Q 2.2j - i
* ttW: Same sign dilepton channel . 7 4| 2 + ttV theory [1] 1
P ttZ: 3 or 4 lepton channels S20- + 2D best fit :
* 3OOCM$ ————— 3‘5,9‘ft‘)'1(‘13‘Te‘V) > ?Ms E— 3‘5,9‘ﬂ?“(‘13‘Te‘V7) 6" I 68% CL 7]
T | eData MW [fiZ [mNonprompt 2 +Data | iz mHW t(H)X s 95% CL ]
o - WWZ  t({H)X mRare @Charge mis-ID | 100; BEWZ @ Rare [ Nonprompt 7 I ° _ ]
Controlregion | Signal region " L 1'6; X I:%est let — E
200[- 1 4 £ i EuwlIN S ]
L | 4 2 Lar / ! p
I L i i
L - AT B
1.2+ ooyl T
50~ = i i 1
} 1 1.0F l!",)( / /! ]
e, i “F i’.:_—;/"j 1
0.8] _‘¥7’ .
85 90 95 100 00 02 04 0% 08 10 12

M) [GeV] Oitw Lpb]

Simultaneousfit of ttW and ttZ consisted with ~30 sub-channel 1D fits . .

NB: Similar ATLAS results in
o(pp — ttW) = 0.777012 (stat) 1313 (syst)pb o (pp — ttZ) = 0.9913% (stat) *O12 (syst) pb Eur. Phys. J. C77 (2017)40
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Inclusive tt cross-section /s = 5TeV ARy o
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+ Complementary data measured by CMS, offering a reference for future Pb-Pb and p-Pb measurements

+ e.g. Lower gluon-gluon initiated tt event fraction compared to higher energy samples

arXiv:1711.03143 —submitted to JHEP

. . . . 27.4pb™ (5.02 TeV
* [+jets analysis: Fit to 4R non-b-tagged jets 2 soFoms X S’ata‘ ov) z [ cmsnnLo MC Method
. . C L = —_ r
in samples with 0, 1, 2 b-tags O fl+>2jets it g u2 = 10° GeV?
e Dilept | - Counti " T =W+jets £ 12 ") HERADIS + CMS W*
ilepton analyses: Counting measurements wl B QChmutiie 3 | Hema IS owsw
- - iy £ |
(eD %, 2 Slat & g
o r . g Sta umi L
z 5
20 5
l+jets 68.9+65+61=1.6pb  13% % 0.8
10}
eu+jets 77 £19+4 =2 pb 25% . 107 1072 0"
ptjets 59+29+11+1pb 52% 4A(j§) X
in (s 1 : :
Combined  69.5+6.1+56%1.6pb  12% mn Moderate constraint on gluon PDF at high x
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Studying top-quark production in p-Pb collisions

* Motivations

* Precise probe of nuclear gluon density at high virtualities Q* = mf
* Provides information on nuclear parton distribution functions (nPDF)

+ Study parton energy loss using top quarks in QGP

* First observation of top quark production in proton-nucleus collisions by CMS

Phys. Rev. Lett. 119, 242001 (2017)

pPb (174 nb™, {5, = 8.16 TeV)

35~ CMS

Events

30~
* Considering differentevent categories
with 0, 1, > 2 b-tagged jets

* tt cross section extracted from comb.
unbinnedmax. likelihood fitof m, ,
(with jj’ the di-jet pairs from W decay)

100

Hets _
0" = 44 + 3 (stat) = 8 (syst) nb, Combined fit
ae.“’e's 56 + 4 (stat) == 13 (syst) nb, >

150 200 250 300 350 400

et/ut + >4j (>2b)
t+ Data
B tt correct
tt wrong
B background

Myep [GEV]

0y = 45 = 8 (total) nb
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pp, 19.6 fb™, (s=8 TeV) CT10 CMS
o (8.16 TeV) NNLO+NNLL Top++
D: led by A - NNLO NNLL
ata scaled by NNLwNNLL(g TeV) CT14
I+jets EPJC 77 (2017) 15 NNLO+NNLL Top++
e JHEP 1608 (2016) 029 .,ligig
pPb, 174 nb™, (s,,=8.16 TeV) CT10+EPS09 (Top++)
NLO MCFM NNLO e TOP
CT14+EPPS16
I+jets —od—t NLO MCFM ) ncosu (TOP+)
pjets —3—1
e+Jets Exp. unc.: stat stat®@syst
—f3—
Th. unc.: pdf pdf@scales
1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1
0 20 40 60 80 100
o [nb]
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Further top-quark properties measurements

Decay width, mass, charge asymmetry combination
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+ First direct measurement at /s = 8 leV/ by ATLAS
arXiv:1709.04207 - submitted to JHEP

31.27\ T I 71T ‘ TTTT 71T rTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ 1T \7
@ FrT T s = [ ATLAS [s=8TeV,202fb" ]
S - ?T’-Af \S/'m“'atf't‘))_? “r-orGev | | ]
Lﬁ 5000; S.=t8 e> ’225;2 —I=1.33 GeV? 1 1? ° 7]
- kHesls =ebrags --T,=30GeV 1 7 ]
. : 4000[— Ml>1 ] i ]
* Avoid assumptions on top decay - ] 0.8 =
branching ratios 3000 = i ]
* Width extractingusing |+jets events - . 0.6/ -
2000F 3 - :
* tt pairs reconstructedusing - ] i i
kinematic likelihood fit method 1000 - 0.4~ 7]
» Template method using I sensitive T e - ]
observables : my;, AR (jp,Jj;) 2 1.05F: | TR 021 .
[0 | TR .. o L ¢ Data B

m 1 T e T e, . .
ST e - — Quadratic Fit -

095l oo 0
0 20 40 60 80 1 00 1 20 1 40 1 60 1 80 200 | 11 ‘ L1l ‘ 111 ‘ L1l ‘ 1111 ‘ 1111 ‘ 1111 ‘ 111

Ny

5 1.6 1.7 1.8 19 2 2.1 2.2
I, [GeV]

Y
-

m,, [GeV]
In good agreementwith NNLO prediction of 1.322
— but less precise than indirect measurements — Assuming m; = 172.5 GeV
I, = 1.76 + 0.33 (stat.) tg_gg (syst.) GeV = 1-76i8'§2 GeV (m; change by +0.5 GeV leading up to 0.2 GeV shift on width)

NB: Similar CMS resultsin CMS-PAS-TOP-16-019
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Top-quark mass measurements
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+ Some recent measurements with lepton+jets final states at /s = 8/ 13 TeV by ATLAS and CMS
ATLAS-CONF-2017-071, CMS PAS TOP-17-007
CMS Preliminary 35.9 fb" (13 TeV)

%‘ 2:|;||6;|tla ||||||||| I ||||||||| I |||||||| :
[ © Powheg v2 P M2T4 ]
ATLAS (8Te\/) % L B L L Idicltlallijétél T 3 (-% ] 52 ; M%“éaﬁ’cv@NLO[Fxe] P8 M2T4
....Teco ,.reco preco T ATLAS Prelimina * ] 1 4 .S A MG5aMC@NLO [MLM] P8 M1 ]
 3-Dtemplate method: mig, %, myy“°, Rpg o 1200 {58 TeV. 20.2fb"ry S Bestfitbackgound —| £, | - Powheg v2 H++ EESC, no ME cor. ]
* Kinematic fit for jet-parton assignment 2 - —— Bestfit 1 £ ]
« m;, JSF & bJSF extracted simultaneously ~ 2 1000|- I Uncertainty a1 Lt ]
. . . . w B i
from unbinnedmax. likelihood fit to data 800l B
Mwp = 172.08 = 0.39 (stat) = 0.82 (syst) GeV - .
600~ —
CMS (13 TeV) 4001~ B
s ldeogram method: (mgg,°, my; ) 2D fit 200k =
* In situ JSF extraction & Kinematic fit for - .
. . | 0 L Lnnsnndnnnallnnnol oo nlf
Jet-parton assignment _ . 0"330 140 150 160 170 180 190 200
* Measure as function of several kinematics re00 100 200 300 400
Miop [GeV] pt,had [GeV]
_ T
M = 172.25 + 0.08 (stat+JSF) = 0.22(syst) GeV = Latest ATLAS combination
Miop = 172.51 % 0.50 GeV (29%) No indications of kinematical bias
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A combination at /s = 7/8TeV Y oo

arXiv:1709.05327 - submitted to JHEP

gressesennaseas TR PP R o , _ TLASIONS
. In pp collisions: asymmetry appears :  LHC
: central-forward asymmetr :
: as a y y E . t = QCD NLO (+ EW NLO), Phys. Hev.D§6_(2012) 034026 e
: NAIYI>0 _ pAlyl<o i % T S 0 0 071, iR o o018 g stat total
H — E °
Cc NAlYI>0 4 yAly[<o :
with Alyl = lytl o |yt| , , ATLAS 7 TeV, lepton+ets 0.006 + 0.010 + 0.005
-Q IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII l. -3 -2 -1 o 1 2 3 JHEP 02 [2914) 107'
Ly=4.71
y f , , ,
CMS 7 TeV, lepton+jets " 0.004+0.010+ 0.011
E:?iﬁb‘s 717 (2012) 129,
* Inputs extracted from fully reconstructed tt system in |+ jets channel ATLASSCIS 7 ToV 0.005.5 0,007 1 0.006
. . . LHCtopWG
* ATLAS: |4y| correctedto parton levelusingFully Bayesian Unfolding (FBU) »
+ CMS: |4y| distribution unfolded to parton level with template fits (8TeV) or
regularised matrix inversion (7TeV) ?TLZ/:JSS ?b Jov, lepionsiets H_.._ L 10,0090+ 0.0044 £ 0.0025
« Combination with Best Linear Unbiased Estimate - Bl.LJE method CMS 8 TeV, eptonsjets et | 0089+ 0,000+ 00033
. . . L,=19.6fb" ' i
+ Coarser model (7TeV) or detailed systematic mapping (8TeV) g
ﬂlélt\c?;\?vn(gs 8 Tev H—o—+ 0.0055 + 0.0023 = 0.0025
II|IIII||III|IIII§|IIII|IIII|II
Significant precision improvement with respect to individual measurements -0.02 -001 O 0.01 0.02 0.03

AC
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A combination at /s = 7/8TeV Y oo

arXiv:1709.05327 - submitted to JHEP

* Interpretation + Differential A combination at /s = 81eV
0.08 T T T T Il T T Il T I T T T T I T T T T I T T T T 3 . .
- ATLAS +CMS ] * Main challenge: treatment of bin correlations
006l - for each uncertainty source
- 4 T T T T [ T T T [ T T T [ T T T [ T r 1 - - 17 1 T 1 T T T T ]
L i 0.15 [ ATLAS+CMS Lepton+jets Vs =8 TeV 7 | ATLAS+CMS Lepton+jets Vs =8 TeV i
0.04- 7 © & ATLAS ] 01~ 7 AtlAsscms |
- - LHClopWG
o L ] - & oms ] b e SM (QCD NLO + EW NLO) 1
- ] 0.1 @ ATLAS:CMs J - —— SM (QCD NNLO + EW NLO) .
< 0.02+ ). - - P - | --- Light colour-octet |
021 e ATLAS + CMSVs =8TeV | C ] 0.05— Heavy colour-octet
L SM— L. LHCopwG | < 00501 I 1 <L T
oF Tovatron datafrom = I H ! b i kit P
- PRD 87 (2013) 092002; E B ] of |
o PRD 90 (2014) 072011 B o | i
r L Models from 1 - "ﬂ R - E
-0.02+ o .0 PRD 84 (2011) 115013;— B 7 L 4
L ap - o JHEP 09 (2011) 097 C H ] i i
1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 ]
-0.05~ , .,k 005, 1 1T
0 0.1 0.2 A 0.3 0.4 0.5 400 600 800 1000 1200 400 600 800 1000 1200
FB m; (GeV) m; (GeV)
Uniquely restrict phase space of In agreement with SM NLO/NNLO calculations
possible new physics phenomena — compatible with zero asymmetry
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Studying colour flow in tt events Y oo

* Measurements by ATLAS, exploring |+jets events at /s = 13TV
ATLAS-CONF-2017-069

—
J<> 400 - ATLAS Preliminary

» Colour connections affectthe energy distribution between & inside jets Ef(f s VS = 13TeV. 36,110 Data
© .

° Statistical Unc.

] Ad = b — ~|2 300 Total Unc.
» Jetpull: Apr weighted 0=0= 9 L ) —+ Powheg+Pythia8
dial t of the jet 1T 50 —— Powheg+Pythia6

radial moment ot the je 200 ~= aMC@NLO+Pythia8
—— Powheg+Herwig7
150 == -+ Sherpa

PUH=> M&n

ic7 Pt

Different colour model tested

—_
—_

Legend
Pull Vector P,

Jet Connection Vector
Pull Angle (J; w.r.t. Jo)

Constituent of Jy
(size weighted by pr)
\

Prediction
Unfolded
o
Sw o
©oo=0
I
| L
’ \|( - +
* [ an
|

—_

v

> 0 0005 001 0015 002
Ay=y—y, Charged particle |P (j}") |

Colour Singlet q Colour Octet

Observed data favourlarger values
(i.e. wider jets)

e.g. 6 ~ 0 exhibits 2 colourconnectedjets
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Single top-quark production
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* Many measurements performedby the ATLAS and CMS collaborations at v/s =7, 8 and 13 TeV

- ATLAS+CMS Preliminary B ATLAS t-channel ]

PRD 90(2014)112006, ERJC 77 (2017)531, =
- LHCtopWG JHEP 04 (2017)086 |
- ® CMS t-channel

JHEP T2(2012) 035, JHEP 06 (2014) 090,

- Single top-quark production PrerrEeom T .
November 2017 O ATLAStW
- PLB 716(2012) 142, JHEP 01(2016)064, -
arXiv:1612.07231
o W
t-channel PRL 110(2013)022003, PRL 112(2014)231802,

PAS-TOP-17-018

*  LHC combination, tW
ATLAS-CONF-2016-023, CMS-PAS-TOP-15-019

—h

o
N
I

A ATLAS s-channel

Inclusive cross-section [pb]

i O . i Here as well, predictions impressively
¥ CMS s-channel .
i y W « Tia 16V combined st oL } In agreement measurements

=== NNLO piB 735 2014)58

scale uncertainty
_ === NLO+NNLL prD83(2011)091503,
PRD82(2010)054018, PRD 81(2010) 054028

S'Ch an nel tw: T contribution removed

scale @ PDF © a, uncertainty

10

e NLO NPPS205(2010) 10, CPC191(2015) 74
wEn=m,

N CT10nlo, MSTW2008nlo, NNPDF2 3nlo

tW: p? veto for f removal = 60GeV and j = 65 GeV

B - scale uncertainty .

scale ® PDF @ a, uncertainty

[e10} jBls

1 | | | M= 172.5GeV

7 8 13 Vs [TeV]
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* Recent inclusive measurement /s = 13 TeV by CMS in di-lepton (e*u) final state
CMS PAS TOP-17-018

x10° 359f" (s=13Tev x10° 35.9fb", (s =13 TeV
CMS + T ¢+ Data € [ CMS
Preliminary en RIN Wiz § = Preliminary ¢+ Data tw
L i Hlon- w [ T 1 Non-W/Z tt
* Eventcategorization t - et +1j1b ] [ i
10— by VV+tV
* BDT used to separate tW : i Postfit Prefit
: T P % Uncertainty L Qgi uncertainty uncertainty
signal from tt background hkseel - — Prefit Data/MC
I . 5
* Max. likelihood fitto BDT R e een e

output or pr(j) distributions to
extract tW signal strength

o1A4F ol
g L. @ . OOOEIOE =
g 1P . o . J RS ( % % 1 SSaa o 2 ) S IR Qe R ¥
© o6t 0.t
© (00 (1,0) (1,1) (2,0) 2,1 (2,2) (28,20 o1 2 3 4 5 6 7 8 9 10
(Number of jets, number of b-tagged jets) 1j1b BDT output bin

Measured cross section consistent with SM expectations
0= 63.1 £1.8 (stat.) £ 6.0 (syst.) = 2.1 (lumi.) pb
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* Challenges o )
* Difficult accurate estimates of rates & kinematics at higher a; order 3 ATLAS ¢ Data 1
; t ; = 0.01— {s=13TeV, 36.1 fb" Total uncertainty ~ —
* Interferences with tt production s | —— Powheg+Pythiaé (DR) -
A
o . T | 1
« First differential measurement ever at /s = 13 TeV by ATLAS 3 1
E - -
arXiv:1712.01602 — submitted to EPJC § 0.005- + -
"_. T LI I T 1 T I T 1 T I T T T I T 1 T I T T T -
© 9000F ATLAS + Data i
£ 8000 - -1 w |
2 s=13TeV, 36.1 b —H — —
Lﬁ 7000F 1j1b Z+jets : ‘ e ‘ ‘ ‘ ‘ ‘
6000 Others 25_— Howheg+Pythia6 (DR) -+ Powheg+Pythia6 (DS)
5000 . o sE =
4000 B8 f ke : -
o 3000 E — -
* InaZl+ 1b-jet fiducial phase space 2000 05F =
* BDT to separate tW from tt 1000 2F SOOI E
i E—— aMC@NLO+Herwig++ -~ Powheg+Herwig++ ]
. T T T I T T T I T T T I T T T I T T I T T T ] -_ ;
* Measured as function of several § 1.5¢ 2 Total syst. unc. 4 88 158 :
observables at particle-level, 3 77 /,”‘ Ullibzz 7 77 % ala 1p — -
normalized with fiducial cross section 68 (ggbaws vl it Loy (] s =
06 04 02 4 06 ]
0 50 100 150 200 250 800 350 400
BDT response m(Z1b) [GeV]

In good agreementwith prediction from several MC event generators
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* Motivations
* Ability to study rare single top quark production with increase of LHC energy and integrated luminosity
* pp — tZq process allows to probe tZ and WIVZ couplings

« /s =13 TeV measurements by ATLAS and CMS, exploring tri-lepton final states

arXiv:1710.03659, arXiv:1712.02825 — both submitted to PLB 35.9 b (13 TeV)

E ""I'A:.'rl'-IA's'"|'"'|""|""|"'.'|6a'té|""|""5 (\! LI e e | S s
8% {s=13TeV, 36.1 fo" - :?th 3 2 CMS ]
£ . + ] .
a0 [ Z+jets . “g 2bjets 7]
Diboson ] g .
B (TV+HTH+WZ I
30 N Uncertainty  —
. E
.
g . . 10 SN \\\\*
* Max. likelihood fit to extract tZq signal o SIS .
strength on MIVA discriminants y
) ) I I I @
* Observed (expected) sig. of extracted signal 3 @\i\\\\\\}\\\\\\\;\\\\\\\@mg&\\\\ ks SS E
ATLAS: 4.20 (5.40) vs. CMS:3.70 (3.10) e
00 01 02 03 04 05 06 07 08 09 1
Om BDT output
Measured cross-sections —  ¢(tZq)= 600 170 (stat.) =140 (syst.) fb o(tl*lI=q)=123 fgi(sfat-)jg (syst.)fo
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* LHC Runland Il provided high statistics top-quark data

. Many precision measurements performed

*  Recent measurements confirm good agreements with SM expectations
* Probing new kinematic regimes (e.g. in highly-boosted top quark final states)
*  Rare production modes now accessible with the increased LHC energy (e.g. t2)
*  Improving precisions (e.g. via ATLAS+CMS combinations)

«  Better understanding of detector effects and physics modelling
«  Largest experimental uncertainties from jet calibration and b-jet energy scales
«  Largest modelling uncertainties from Parton shower and hadronisation
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State of the art of tt cross section measurements
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* Many measurements performed by the ATLAS and CMS collaborations at /s =7, 8 and 13 TeV

Vs =7 TeV Vs =8TeV Vs =13 TeV

Citopua Pretiminary o summary, 1§ =7 TeV Nov 2017 ATLAS+CMS Preliminary ATLAS+CMS Preliminary
NNLO+NNLL PRL 110 (2013) 252004 LHCIop WG o,z summary, Vs =8 TeV Nov 2017 LHCtopWG o,; summary, s = 13 TeV Nov 2017
"""" My, = 1725 GeV, a,(M,) = 0.118+0.001 ... NNLO+NNLL PRL 110 (2013) 252004 .. NNLO4NNLL PRL 110 (2013) 252004
scale uncertainty ) ot ot Mgy = 172.5 GeV, (M) = 0.118:0.001 m'_'_"_'_‘a‘ o My, = 1725 GeV, o (M) = 0.118:0.001 S
scale ® PDF @ ag uncertainty scale uncertainty X scale uncertainty ’
o = (stat) + (syst) + (lumi) scale ® PDF ® o uncertainty o,; % (stat) & (syst) + (lumi) scale ® PDF ® o uncertainty ¢ % (stat) £ (syst) = (lumi)
ATLAS, I+jets Lo o] 179+4+9+7pb L,=071b ATLAS, Iepton+jets .
ATLAS, diepton (*) L 178671 “pb L7 ATLAS-CONF-2017-054, L, = 20.2 fb" i 24830713447 pb l:,:',;"g?lzdo?;at:sn fu_a ot st 818+£8+27£19pb
ATLAS, all jets (") 7 +18 +78 + 6 pb CMS, lepton+jets " » by =5
ATLAS combined it 17732 £ 7pb EPJC;7 2017) 15.L.. = 19.6 1" * 228.5+3.8+13.7 £ 6.0 pb " N
. (2017) 15,Lyy, = 19 ATLAS, dilepton ee/upn 749+ 57 + 79+ 74 pb
CMS, I+jets () o 164 +3+12+ 7 pb . S +57 +79+ 74 pl
' ATLAS, 1, +ets ——t—i— 239+4+28+5pb ATLAS-CONF-2015-049, L =85pb™!
CMS, dilepton (*) —to— 1704 +16 +8pb PRD 95 (2017) 072003, L, = 20.2 " sEEet nt
CMS, <, 1 (1) — 149 +24 £ 26 + 9 pb cMS. | " e
‘ , lepton+r, ——tot—— 257+£3+24+7pb ATLAS, l+jets b—mt— 817+ 13+103+88pb
" —_— £20+40+ h t3+24+ +13+ +
OMS, alljets (') / 196 £20.£40.£ 8 pb PLB 739 (2014) 23, L, =19.61b" P ATLAS-CONF-2015-049, L, =85 pb”" P
CMS combined o] 166+ 2 £11£8pb ATLAS. dilepion o i
LHC combined (Sep 2012) LHCIOpWG = 173+ 2+ 8 £6pb g P! H ] 2429+17+55+5.1pb oMs. di
EPJ C74 (2014) 3109, EPJ C76 (2016) 642, MS, dilepton ep 746 + 58 + 53 + 36 pb
ATLAS, l4jets, b->Xuv ——i 165217 £3pb Ly =2021" PRL 116 (2016) 052002, L =43 pb”, 50 ns
ATLAS, diepton ey, -tag N Hak 18293315 423600 CMS, dilepton (ee, uy, ep) 230.0+2.1+ 11.3+ 6.2 pb )
ATLAS, dilepton ey, N_-EF [ 1812428757 £33pb JHEP 02 (2014) 024, L, =5.3fb" CMS, dilepton ep. : o 815+ 9+ 38+ 19 pb
ATLAS, 7, +ets ———+——————1194 : 18 £ 46 pb LHC combined ey (Sep 2014) 14+ N EPJC 77 (2017)172, L =2.21b", 25 ns
ATLAS, all jets P e LHCIOpW, L, =53 203 1" " 2415 £1.4 +5.7 6.2 pb . "
ATLAS, 7+ e 183£9+23+3pb ATLAS-CONF-2014-053, CMS-PAS TOP-14-016 CMS, I+jets , 41 888+ 2+26+20pb
CMS, I+jets ] 1617 £6.0 £ 12.0 £ 3.6 pb L, CMS, dilepton e .63 arXiv:1701.06228, L, =22 10"
CMS, dilepton e HeH 173.6+21°55+38pb L 501 JHEP 08 (2012) 029, tm =19.7 10" 2449414 53 B.4pb CMS, all *
cMms, | ———— 143+ 14 +22+3pb : , all-jets —te—
cms, - ts ——t——t— 152 : 12 fsz fa pb tiit CMS, all jets I——H—O—j_ CMS-PAS Tlop-w-ms L =253t" 834254118+ 23 pb
" Thag*1e! z12+32:3p EPJ C76 (2016) 128, L, =18.41b" 275.6+6.1+37.8+ 7.2 pb S
cMS, alljet: —t——— 1391026 £3pb
all jets p L3510 NNPDF3.0 JHEP 04 (2015) 040 NNPDF3.0 JHEP 04 (2015) 040
() Superseded by resuls shown below the line
NNPDF3.0 JHEP 04 (2015) 040 I MMHT14 py c75 (2015) 5 < brliminary | I MMHT14 EPJC 75 (2015) 5
gl:}:TM EPJ C75 (2015) 5 CT14 PRD 93 (2016) 033006 CT14 PRD 93 (2016) 033006
PRD 93 (2016) 033006 H N H
ABM12 PRD 89 (2015) 054028 ABM12 PRD 89 (2015) 054028 ABM12 PRD 89 (2015) 054028
: - ° [a ™ )=o.113] : [a (m J:O.HS]
[os(M) =0.113] sM, M.
e b bovc b b b b b Lol b b b b Clo b b b b by o |l
50 100 150 200 250 300 350 100 150 200 250 300 350 400 200 400 600 800 1000 1200 1400
o, [pb] o [Pb] o, [Pb]
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Summary of ATLAS & CMS direct m,,, measurements
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ATLAS+CMS Preliminary My, sSummary, s = 7-13 TeV September 2017
LHCtopWG

"""" World Comb. Mar 2014, [7]

] stat total stat

total uncertainty My, + total (stat + syst) s Ref.

ATLAS, l+jets (*) 172.31+ 1.55 (0.75 + 1.35) 7TeV [1]
ATLAS, dilepton (*) 173.09 £ 1.63 (0.64 + 1.50) 7TeV [2]
CMS, I+jets 173.49 £ 1.06 (0.43 £ 0.97) 7TeV [3]
CMS, dilepton 172.50 + 1.52 (0.43 £ 1.46) 7TeV [4]
CMS, all jets 173.49 £ 1.41 (0.69 + 1.23) 7TeV [5]

LHC comb. (Sep 2013) LHctopwa
World comb. (Mar 2014)
ATLAS, I+jets

ATLAS, dilepton

ATLAS, all jets

ATLAS, single top

ATLAS, dilepton

ATLAS, all jets

ATLAS, I+jets

173.29 + 0.95 (0.35 + 0.88) 7 TeV [6]
173.34 + 0.76 (0.36 + 0.67) 1.96-7 TeV [7]
172.33 £1.27 (0.75 + 1.02) 7 TeV [8]
173.79 £ 1.41 (0.54 £ 1.30) 7TeV [8]
175.1+£1.8(1.4£1.2) 7TeV [9]
172.2+2.1 (0.7 £ 2.0) 8 TeV [10]
172.99 + 0.85 (0.41+ 0.74) 8TeV [11]
173.72 £ 1.15 (0.55 + 1.01) 8 TeV [12]
172.08 + 0.91 (0.38 + 0.82) 8 TeV [13]

ATLAS comb. |+?Zt:?;;.) 172.51 + 0.50 (0.27 + 0.42) 748 TeV (18]
CMS, I+jets 172.35 £ 0.51 (0.16 + 0.48) 8 TeV [14]
CMS, dilepton 172.82 £1.23 (0.19 £ 1.22) 8 TeV [14]
CMS, all jets 172.32 £ 0.64 (0.25 + 0.59) 8 TeV [14]

CMS, single top
CMS comb. (Sep 2015)
CMS, I+jets

172.95 + 1.22 (0.77 £ 0.95) 8 TeV [15]
172.44 +0.48 (0.13 £ 0.47) 7+8 TeV [14]
172.25 £ 0.63 (0.08 + 0.62) 13 TeV [16]

[1] ATLAS-CONF-2013-046 [7] arXiv:1403.4427 [13] ATLAS-CONF-2017-071
[2] ATLAS-CONF-2013-077 [8] Eur.Phys.J.C75 (2015) 330 [14] Phys.Rev.Dg3 (2016) 072004
[3] JHEP 12 (2012) 105 [9] Eur.Phys.J.C75 (2015) 158 [15] EPJC 77 (2017) 354

(*) Superseded by results [4] Eur.Phys.J.C72 (2012) 2202 [10] ATLAS-CONF-2014-055 [16] CMS-PAS-TOP-17-007
i [5] Eur.Phys.J.C74 (2014) 2758 [11] Phys.Lett.B761 (2016) 350
shown below the line [6] ATLAS-CONF-2013-102 [12] arXiv:1702.07546
| | | | | | | | | | | | | | | | | | | | | | |

Mygp [GeV]
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Top-quark production at the LHC
(including properties, but not searches)

The top quark is the heaviest known fundamental particle. As it is the only quark that decays before it
hadronizes, it gives us the unique opportunity to probe the properties of bare quarks at the Large
Hadron Collider. This talk will present highlights of a few recent precision measurements of the top
quark using 13 TeV and 8 TeV collision data: top-quark pair and single top production cross sections,
including differential distributions and production in association with bosons, will be presented
alongside top quark properties measurements. These measurements, including results using boosted
top quarks, probe our understanding of top quark production in the TeV regime. Measurements of the
top quark mass are also presented.
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