ments

op quarks measure




. Intoduction |

* The top quark is the heaviest known elementary particle described by SM

» The top quark has a mass close to the EW symmetry breaking scale, and in many
BSM models it is predicted to have a very large coupling to new resonances

 Due to its large mass, the predicted top quark lifetime (~ 5 x 10-2°s) implies that it
decays before forming hadrons

* The ATLAS and CMS experiments at the LHC have accumulated millions of top
guark events (~ 500 tt-pairs per minute), sustained by data from the LHCb experiment
in forward kinematic regions

 Large number of results produced by the ATLAS experiment, today will focus on a
selection of latest measurements concerning:

I.  top quark mass

li.  single top and top-pair cross-section (inclusive and differential)
lil.  top quark spin correlations

Iv. rare processes with top quarks (tt+X)

 Apologies if your preferred search is not included due to lack of time



Top quark production and decay

« Top quark pair production governed by strong
Interaction:

* The top quark decays almost 100% to a W-boson
and b-quark (V, ~ 1):

= final state topology is given W-boson decays:
W—Iv(~30%)/qq’ (~70% )



Top quark production and decay

« Top quark pair production governed by strong

. . Top Pair Branching Fractions
Interaction:

"alljets™ 46%

tHets 15%

u+jets 15%

c+jets 15% )
"dileptons™ "lepton+jets”

- Single top production proceeds via EW interaction:

Final states:

* Single-lepton: large statistics
and large background

* Dilepton: cleanest signature
but lower statistics

* The top quark decays almost 100% to a W-boson - All-hadronic: large uncert.

and b-quark (Vi ~ 1): due to multijet background
= final state topology is given W-boson decays:
W—Iv(~30%)/qq’ (~70% )




Experimental signatures: top and bottom as probes

* Very peculiar experimental signature I -
= jets and b-jets, charged leptons, MET (neutrino) .

» Algorithms built to identify b-jets
= b-hadron long lifetimes (e.g. 1.5ps for B?) can travel few
millimetres before they decay 7 - primary vertex
= pased on displaced vertex and jet shape information ‘ \
= multivariate discriminant used to discriminate '
b-, c- and light-jets

secondary
vertex

W+

* Boosted object tagging:



Experimental signatures: top and bottom as probes

» Very peculiar experimental signature

= jets and b-jets, charged leptons, MET (neutrino) \

- Algorithms built to identify b-jets Y -
= b-hadron long lifetimes (e.g. 1.5ps for BY) can travel few o verte
millimetres before they decay (7 primary vertex
= pased on displaced vertex and jet shape information ‘ \

= multivariate discriminant used to discriminate
b-, c- and light-jets

* Boosted object tagging:




Summary of tOp mass measurements

Summary of top mass measurements

ATLAS+CMS Preliminary

LHC lopWG

World comb. (Mar 2014) [2]

Mg, SUMMAry, Vs =7-13TeV

September 2018

ATLAS

EXPERIMENT

Latest combined ATLAS 2018 result;
CERN-EP-2018-238

Combinations per experiment ATLAS
Mg, + stat. + syst. (total)
CDF (2014) 173.16 £ 0.57 £ 0.74 (0.93)
DO (2016) HeH 17495+ 0.40 = 0.64 (0.75)
CMS (2016) 172.44 + 0.13 + 0.47 (0.48)
ATLAS (2018) 172.69 £ 0.25 £ 0.41 (0.48 £ 0.03)
----- ATLAS Combination .
[ stat. uncertainty — stat. uncena!my
total uncertainty — total uncertainty
1 I 1 1 Il | 1 1 1 1 ‘ 1 1 1 I 1 1 1 I 1 1
165 170 175 180 185
My, [GEV]

Relative precision of 0.28%

LI RN R R B S N B

ATLAS

T I T T T T I T T T T | T ]
----- m,, = 80.370 £ 0.019 GeV
Bl m,, = 172.69 +0.48 GeV |
----- m,=1251+02GeV ]

m,, [GeV]
3
(%]

80.45

stat total stat
total uncertainty Myp £ 10tal (stat + syst) ¥s  Ref,
LHC comb. (Sep 2013) LHctopwa 173.29 + 0.95(0.35 £ 0.88) 7 Tev [1)
World comb. (Mar 2014) 173.34 1 0.76 (0.36 + 0.67) 1967 TeV [2]
ATLAS, l+jets 172.33 £ 1.27 (0.75 + 1.02) 7 TeV (3]
ATLAS, dilepton 173.79 £ 1.41 (0.54 +1.30) 7 TeV [3)
ATLAS, all jets 1751+18(1.4£1.2) 7 TeV [4]
ATLAS, single top 1722+ 21 (0.7 £ 2.0) 8TeV [5]
ATLAS, dilepton 172.99 £ 0.85(0.41+ 0.74) 8TeV [6]
ATLAS, all jets 173.72+1.15(0.55 + 1.01) 8 TeV [7]
ATLAS, l+jets 172.08 £ 0.91 (0.38 £ 0.82) 8TeV [8]
ATLAS comb. (i?:t:";;) 172.51 + 0.50 (0.27 + 0.42) 748 TeV 8]
CMS, l+jets 173.49 + 1.06 (0.43 + 0.97) 7 TeV (9]
CMS, dilepton 172.50 £ 1,52 (0.43 + 1.46) 7 TeV [10]
CMS, all jets 173.49 £ 1.41 (0.69 + 1.23) 7 TeV [11]
CMS, l+jets 172.35 £ 0.51 (0.16 + 0.48) 8TeV [12]
CMS, dilepton 172.82£1.23(0.19 £ 1.22) 8TeV [12]
CMS, all jets 172.32 £ 0.64 (0.25 + 0.59) 8TeV [12]
CMS, single top 172.95 + 1.22 (0.77 + 0.95) 8TeV [13]
CMS comb. (Sep 2015) 172.44 +0.48 (0.13 + 0.47) 7+8TeV [12]
CMS, |+jets 172.25 + 0.63 (0.08 + 0.62) 13 TeV [14]
CMS, all jets 172.34 £ 0.79(0.20 + 0.76) 13 TeV [15]
B B i e :wi:fl
{:J, :‘,M’w‘ PAS TOP- :r' 008
1 | | L1 1 | 1 | 1| 11 | L1
165 170 175 180 185

Miop [GeV]

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/
CombinedSummaryPlots/TOP/

Good agreement between ATLAS measurements
and indirect mass determinations by the EW fit

s 68/95% CL of m,, and m,,

y

80.4
80.35F -
80.3 :_ we 68/95% CL of Electroweak_:
e Fit w/o m,, and m,,, ]
- (Eur. Phys. J. C 78 (2018) 675) -
C 1 Il I Il 1 1 1 ‘ 1 Il I 1 1 1 1 ‘ 1 Il 1 1 | 1 ]
8025155170

175 180 185
rntop [G eV] 7


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/TOP/
https://arxiv.org/abs/1810.01772

Summary of inclusive top cross-section measurements

ATLAS

EXPERIMENT

* Top cross-section can constrain parameters such as top mass, ag and PDFs

 All measurement consistent with the SM prediction

T T T T T | T T T I | [ [ I [ [
eu, Vs=7 TeV, 4.6 fb’ ATLAS Preliminary

103" ) C ATLAS Preliminary ) Sep 2018 .
L o l+jets, Vs=7 TeV, 4.7 fo”’ May 2018 - Single top-quark production -
~ = ey, Vs=8TeV, 20.2fb" = t-channel -
| o ljets, Vs=8 TeV, 20.2 b 10°

s ey, Vs=13TeV,3.21fb"
v ee/pu*, Ys=13 TeV, 85 pb”

T IIIIIII|

" o2 NLO+NNLL QCD atm, - 1725 GeV.]

Inclusive tt cross section [pb]
Single top-quark cross-section [pb]

- v l+jets’, Y5=13 TeV, 85 pb” y % e — NLO'QCD atm - 1725 Gev
MSTW2008 NLO PDF
~ * Preliminary ] 10 ?’ s-channel ]
:/' § t-channel 4.59 fb™' PRD 90 (2014) 112006 otal -
- - F @ t-channel 20.2 fb™ ery c77 (2017) 531 stat 7
_ I t-channel 3.2 fb™ JHEP 04 (2017) 086 7
-1
EEE NNLOSNNLL (pp) 15 P Er Ot =
Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 -  twW 321" srep o1 eors) osa 3
L ¥ s-channel 95% CL limit 0.7 fb ™' ATLAS-CONF-2011-118 m
102 NNPDF3.0,m, = 172.5 GeV, a,(M,) = 0.118 £ 0.001 N C | | | I S_C‘hannel 20_|3 7 oL e | 7
| | ! | ! 1 1 ] 1 5 | | | | |

6 8 10 12 14 6 7 8 9 10 11 12 18

Vs [TeV] (s [TeV]
* Theory (NNLO+NNLL): ~ 5.5% precision » Measured total cross section

converted to CKM matrix element

. 10 -
ATLAS (ep channel): 4% precision at 7/8 TeV Vib, achieving 5% precision

* 7% precision at 13 TeV (lumi uncert.) - s-channel challenging @13 TeV

https://atlas.web.cern.ch/Atlas/GROUPS/PHY SICS/CombinedSummaryPlots/TOP/ 8



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/TOP/

Fiducial and differential cross-section measurements

ATLAS

EXPERIMENT

* Test global properties of top-quark pair events by measuring top quark observables

in both fiducial (particle) and full (parton) phase space

« Comparison of different generator setups and radiation tunes

* Precision limited by: data statistics, generator uncertainties,
jet energy scale and resolution

All truth events

Fiducial I‘i‘l g




Fiducial and differential cross-section measurements

ATLAS

EXPERIMENT

* Test global properties of top-quark pair events by measuring top quark observables
in both fiducial (particle) and full (parton) phase space

All truth events
Fiducial

« Comparison of different generator setups and radiation tunes

* Precision limited by: data statistics, generator uncertainties,
jet energy scale and resolution

* All three final states studied: MC simulations predict harder top p; than data

Single-lepton resolved Dillegton 7 All-hadronic boosted

> = T — : —_
= E T T © - ATLAS Fiducial phase-space v
§ " aes * e © [ 1s=13Tev, 321" N 2 [ ATLAS v Daa I
g F Vs=13Tev, 320" PWG+PYB =, ' T 102 7 o - St = & 107 f5=13TeV, 361 fo —— POWHEGHPyg =)
2 10= Resolved N ;xg:g:g :"amfz""’r;:fg' ol - —— Stat ® Syst. 3 |m = E e POWHEG+H7 3
E E  Fiducial phase-space AN huemp;;rrvs a s —— —_ E’mii &: + mm;i 3 o S F Fiducial phase space ..... MG5_aMC@NLO+Py8 7 X0
B L PWGHHT hy 15 m, < o e Sherpa 2.2.1 11T
[=} 1= Yamp % o 10° PowHEG Box + PYTHIA § = | el
E £ - pl&‘g +:+L+Ohﬂﬁm o I —— - aggPQMC@NLO + HERWIG++ E \'= 1 0_2 Stat. Une. 3
g'= """" :McgNLOIF\;g I I — MGS_aMC@NLO + Prins 1 () _g Stat. @ Syst. Unc. 3 8
Stat. unc. 4l | . .
Stat.+Syst. unc. -U 10 to p pT E \] b= -
= | | = 10° - N
= : ! —~ O
N o 1.5— — 1N [ N
S 2w S
g, o0 e e 10E .
Ho . E = 5 == - top pr -
28 = o =
a o - - & o5 =Ny g |~
- = g 15° ' | ; . = 10° =45
Sl = =y = © El(e)
¥ e 2 SR e L i —— =
al o : = ] Sl E ; w
BE 5] ] S et
8l " ==l | & osp = 30 o e +
=lo g L n n n hed E
Olg = o e
5'8 1&._'_;;;':'_‘-'4 3 0 200 400 600 800 e 1300 500 600 700 800 900 1000 1100 1200
& o8 E P, (1) [GeV] P! [Gev]
0 200 400 600 800 T

1000
p‘T-""*d [GeV]

« MC simulations predict harder top p; than data, NNLO agrees better
10


https://link.springer.com/article/10.1007/JHEP11(2017)191
https://link.springer.com/article/10.1140/epjc/s10052-017-4821-x
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.012003

Fiducial and differential cross-section measurements

ATLAS

EXPERIMENT

* Test global properties of top-quark pair events by measuring top quark observables

in both fiducial (particle) and full (parton) phase space

« Comparison of different generator setups and radiation tunes

* Precision limited by: data statistics, generator uncertainties,
jet energy scale and resolution

All truth events
Fiducial

» Single-lepton final state with additional jets (sensitive to gluon radiation):

—‘> ; ATLAS . Dara 3 —‘> r ATLAS Daxa b "'> 10 | ATLAS Da!a —
& 10l Fiducial phas PWG+PY6 hy,, m N & "°F Fiducial phas PWG+PY6 by, m = & E  Fiducial phas PWGHPY hyyp=my
o E |'_=13TV,3,2+b' — - PWG W*‘a amp=1-5 M, 5 E {s=13Te v,a,sz- — '+ PWG P“"a 3 N Cos= 13Tvasz' — ' - PWG+PY8 hdamv"m\
= C 4jetexclusive 777 PI‘JIVCG :’u'; o =1.5m, S [ sietexclusive o l‘;"g@mg Fv‘ 5m = B 1 sjetinclusive o ::5&:1;?.":‘;?5;4 5
= L - aMC@! ) | = = P < E P 3
£ E Sherpa 2.2.1 E £ — F Sherpa 2.2.1 : £ — o Sherpa 2.2.1 ]
__g.'_ = Stat. unc. E ‘:8- - Stat. unc. - ‘:8. 10 | Stat. unc. N
~ 4n Stat.+Syst. u _ = 10" Stat.+Syst. u = - E Stal.+Syst. unc. 3
w10 = = 3 = 3
N 3 e 3 5} 3
© c = ° m ° 7
102 _ 10° = _— = 10 = =
10’3;t0p Pr a 10°s tOP Pt - 100 tOp PT .
E £ 3 E . - E E
- I I } - = ! ! ! ! - I I I I -
5| 15E T T T = g| T T T 5| 1.5E5 T T T T
=lm = Elm o -
2|5 E 3 2% g8 E
&) = &J &3 z i
5 15t 5 L
Ble TE L TR STR L TR L LTELuTEL-TEL Ble B2
’?.,5 1E-..-"-ﬂ“'""'“ﬂ'J- ----- = Ble 'go
a E o a =
0.5 I P 05 1 1 t i
0 200 400 600 800 1000 0 300 300 600 800 1000
P [GeV] Pl [GeV]

« MC simulations predict harder top p; than data, NNLO agrees better

6ST (8T0C) OT d3HC
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https://link.springer.com/article/10.1007/JHEP10(2018)159

Fiducial and differential cross-section measurements

ATLAS

EXPERIMENT

* Test global properties of top-quark pair events by measuring top quark observables
in both fiducial (particle) and full (parton) phase space

All truth events
Fiducial

« Comparison of different generator setups and radiation tunes

* Precision limited by: data statistics, generator uncertainties,
jet energy scale and resolution

- tt + additional heavy-flavour jets bejet
st
= - T = ' ‘
2 102 ATLAS Preliminary ey channel 7 - ATLAS Preliminary lepton-+jets channel ,
e {5=13 TeV, 36.1 fb"! >3 biets O, Vs=13 TeV, 36.1 b’ z6,240 | FOOOOEROR . JO0000DDN
G TIEHTHT O ey | é s H1072F
’g % o -Q%'_ 0 —_— gslvfr,hsml:‘ymiaﬂ
o g0’ P g | A
(q\] . ‘_bz B Syst. b-Jet
o — g::\?hegmythias 10° - Stat 3
O(ID | MG5_aMC@NLO+Pythiag
1074 -~ Powheg+Herwig7 E . -
§ _om ‘ vl * MC predictions where
: L 1 45 ae .
L gg 2 additional b-jets are
Z =5 0.8 .
o) Ot — Sv— dominantly produced by
U . 1.5t - Powheg+Pythia8 (RadHi) ~ --- Powheg+Pythia8 (Radlo) | g
& : 9z the parton shower predict
< . ! 0.5 — Powheg:Pythja8 (fbb (4FS)—Powheg+F'vThii3‘ ]
|:I 150 gemazzrt PowHel+Pyihia (7bb (4FS)] o 15 . Sherpa22 1T <" shepaz2 b l4Fs) | tOO feW eve ntS
[ = = Sherpa 2. T T T T T o . L]
S gz
. 0.5r ) ) ~— PowHel+Pythia8 {Ibb (5FST) @ DIQO'S_--- PowHel+Pythja8 (fbb (4FS) — PowHel+Pythia8 (fbb (SFS)-
S8eq T ] 2854 ' ‘
L ] sle _
o | o gl 18
%@ o= 0.9] — MGS_aMC@NLO-Pythiag S . %g o= 0.9 — MG5_aMC@NLO-Fythias s 3
200 300400 1000 2000 40 10° 2102 10° 2x¢10° 12
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https://cds.cern.ch/record/2628772

Fiducial and differential cross-section measurements

ATLAS

EXPERIMENT

* Test global properties of top-quark pair events by measuring top quark observables
in both fiducial (particle) and full (parton) phase space

All truth events
Fiducial

« Comparison of different generator setups and radiation tunes

* Precision limited by: data statistics, generator uncertainties,
jet energy scale and resolution

* Differential cross-section in single top production

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

—'% " ATLAS ¢ Daa S | oamwas ¢ Daa 1
g 0.01— Vs=13TeV, 36.1 ib" Total uncertainty % 0.01— {5 =13 TeV, 36.1 fb’' Total uncertainty =
) I —— Powheg+Pythiaé (DR) | o B — Powheg+Pythiaé (DR)
2 3
© 2 — § o005 -
g{) 4 — = 4
oy i - 4
3 . - i L * Most of the MC models
O ............................................... It I L 1 L ! L L .
N powheg,,p;,,hiaﬁ'(nsfz 2;_— Rowheg+Pythia6 (DR) ------ Powheg-+Pythia6 (DS) ShOW falr ag I‘eement,
= . 1.5 =
= B — z however there are more
o ek eI events with high-pT final-
& = T T T T T T T T s — i = -
L 2§—aMC@NLO+Herw1g++ e PowhegeHerwigr+ 3 1:E—éff‘”“)*”e""ig++ - PowhegrHerwig: 3 State ObJeCtS than Several
150 = ols E_ __‘ .
2 = | B ; of the MC models predict
055 = osf . " 3
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https://epjc.epj.org/articles/epjc/abs/2018/03/10052_2018_Article_5649/10052_2018_Article_5649.html

Top quark pair spin correlation @
ATLAS

EXPERIMENT

« SM predicts top quark and anti-quark spins to be ATLAS-CONF-2018-027
correlated in tt-pairs . T
35 | ATLAS Preliminary
. . . . g 4-VS=13TeV, 36.1 b~
*Spin information is carried by the top quark decay = VY v
. . . = | — Powheg Pythia8
products, particularly accessible in charged Tl o poweg Harwi? i
S| | === aMC@NLO Pythias
|eptOnS < [ e Sherpa
% 1 0'_ ----- Powheg Pythia6 ]
-6 ~ PowPy8 rad. down
« Measure L!nfo!deo_l |Ad| = |Ad|(e,u) differential ol i
cross section in dileptonic channel [
06; ................ I I ‘ | I I i
* Extract the fraction of SM-like spin correlation fgy  z, L2 2 e
at parton level: S| —

| I
0.2 0.4 0.6 0.8
Particle-level Ad(/*, ! )/n[rad/n]

ni = fsMm - Rspin + (1= fsm) - Mnospin

. . Region Jsm Significance (incl. theory uncertainties)
« Measure the azimuthal opening angle as a P T Y T ¥ AT
function of the invariant mass of the tt-SyStem: e m camca  rosossom as (137
- - - my; > 800 GeV 22418423 0.41 ([].40)
Spln Correlatlon INCreases | inclusive 1,250 £ 0,026 & 0.063 3.70 (3.20) |

« None of the studied MC generators is able to
reproduce the data within uncertainties
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https://cds.cern.ch/record/2628770?ln=en

Production of rare phenomena with top quarks

« With increasing energy and integrated luminosity, the ability to study rare SM
phenomena becomes possible

Standard Model Total Production Cross Section Measurements stawus: Juiy 2018

=y 500 b
Q 10“%%&;-1 ATLAS Preliminary i
— Theory
L = Run 1,2 v/5=7,8,13 TeV
10° LHC pp V5=7 TeV i
- : BBl Data 45— 46fb! E
S [ = ]
— 10° £ O LHC pp v5=8 TeV -
8 E 'n'_ﬁ_o BB a2 202-2031" 3
({) 10* F LHC pp 5= 13 TaV .
2 : BBl Data 32-798%! ]
5 UF o E
C 102 - = o0 o ]
2 g T res B e
g - el - B S o o .
© 10! 3 o 201 oy 3
o - VBF . E
-t Bz
VH I
o ol - -E
i _HI = 1
L [¥d 5
&
107 g E
PP W Z tt t WW  H Wt WZ ZZ t &tW tiZ tZj
t-chan s-chan

Top quark

ATLAS

EXPERIMENT
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Production of rare phenomena with top quarks

« With increasing energy and integrated luminosity, the ability to study rare SM
phenomena becomes possible

Standard Model Total Production Cross Section Measurements stawus: Juiy 2018

]

3 1011 S%rbé ..
aQ 80 b1 ATLAS Preliminary o
R eory
S Run 1,2 v5=7,813 TeV tt+V (W/2)
6 L LHC pp V3= 7 TV i
10° E 8 5
- E BBl Data 45— 46fb!
@) - o ]
=T 3 o LHC pp V5=8 TeV .
8 F 'n'_ﬁ_o B a2 2022031 E
({) 10 F LHC pp v5=13 TeV =
% 2 BBl Data 32-798%! ]
5 U ) Tt
F ] +V
c 102 - o o ]
2 AT e B e
g - e - B o o 1
© 10! 3 o 201 oy 3
o C VEBF . : _
— H B I i q t
(ol 1 F o I L] n_
_HI - | ] t
[¥d ! 5
0 E tt+tt
PP W Z tt t ww H Wit WZ ZZ t ttW ttZ tZj "
t-chan s-chan

Top quark + X

16



Top quark pair + vector boson Ji%e)
ATLAS

EXPERIMENT

. Measurement of tt+Z and tt+W cross-section at 13 TeV ATLAS-CONF-2018-047
using a dataset of 36.1 fb-! pp events

= direct probe of weak coupling to top quark
= Important background in many searches with

multilepton final states (SUSY, tt+H,..) Process  ifdecay  Bosondecay  Channel
W (£=vb)(ggb) Fv SS dilepton
. . (Evb)({Fvb) Fv Trilepton
* Events are selected in channels with two same- or —— s .
. . 7 (ggb)(qgb) £t OS dilepton
opposite-sign, three or four leptons (electrons or (C=vb)qqb) 7 Trilepton
. .. . (Evb)(£¥vh e Tetral
muons) and each channel is further divided into (D) S
multiple regions S
%10 ATLASIPrel|m|n,:~1ry'T ] Qat;‘ ] ItlfWI’ o
= Vs=13TeV,36.1 o mmtiZ m Wz
w (posl fit) W Other - ttH
10 ‘ . = g:l?egfegltgis 7 lYJ+n)éertai nty

s B

1.%

Data / Pred.

'i
—!
»
q
-}
-
,.;;

+
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-
b
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-
§*
-
=
\

427
je-
o 1
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-047/

Top quark pair + vector boson Ji%e)

ATLAS

EXPERIMENT

ATLAS-CONF-2018-047

 Measurement of tt+Z and tt+W cross-section at 13 TeV
using a dataset of 36.1 fb-! pp events

= direct probe of weak coupling to top quark

= Important background in many searches with
multilepton final states (SUSY, tt+H,..)

T T T T T T T
ATLAS Preliminary e Data mtiz
f5=13TeV,36.1 10" g7z Wz
(post-fit)

0 Other Il Fake Leptons
7 Uncertainty

* Events are selected in channels with two same- or
opposite-sign, three or four leptons (electrons or !
muons) and each channel is further divided into
multiple regions

/ Pred.

%//7‘/;‘///////////;7/7[///7‘/////+‘///%/,»7/799/ R

-

Data

""rs.q,b 45*81:_% 4”-*0.;,6 QL‘DR&) 4"?2.09

* Yielding significance of ttW: 4.30 (3.40) observed 3 1o ATLAS primnary - x s
(expected) and ttZ > 50, with dominant systematic A - musosncL ]
uncertainties: modelling, sample statistics O - T Mopeaser
= 12+ —

* Interpretations of the inclusive cross section i
measurement in terms of EFT, constrain operators ol ]
which modify ttZ vertex 00 ]
0.4 0.6 0.8 1 1.2 1.4 1.6

ttW cross section [pb]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-047/

Top quark pair + photon fiéSe)

ATLAS

EXPERIMENT

ATLAS-CONF-2018-048

* Measurement of tt+y inclusive and differential cross-
section at 13 TeV using a dataset of 36.1 fb-1 pp events

= direct probe of EM coupling of the top quark *A

= NO attempt to separate but reduce the contribution ‘ T
of photons being radiated from top quark decays ‘

g - b -
* Events are selected in single-lepton and dilepton M

channels, and exactly one photon W

» Tag-and-probe method are used to correct the number
of fake photons predicted by MC samples

- ATLAS Preliminary * Data Wy
5001 5-13Tev, 36.1 fo' MHadiake  Wlefake
[ Single-lepton [JFaketepton [y

L [T other prompt 7 Uncertainty

Events / 0.01

« Hadronic fake background via ABCD method inverting
Isolation/identification criteria

[ Post-it

* Object-level and event-level neural networks improve
the separation and sensitivity

. 0F - E
0.75 3 3

0O 01 02 03 04 05 06 07 08 09 1
Event-level discriminator
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https://cds.cern.ch/record/2639675

Top quark pair + photon fiéSe)

ATLAS
. Mgasurement of ttfy inclusive and differential cross- ATLAS-CONE-2018-048
section at 13 TeV using a dataset of 36.1 fb-1 pp events
= direct probe of EM coupling of the top quark PP ————

Normalised cross-section MG5_aMC + Pythia (A14 Up)

- no attempt to separate but reduce the contribution ¥

Single lepton MGS5_aMC + Pythiag (A14 Down)

of photons being radiated from top quark decays = Shean £
* Events are selected in single-lepton and dilepton e E

channels, and exactly one photon s 15p :

» Tag-and-probe method are used to correct the number
of fake photons predicted by MC samples

0.5E S E

Other/Nom, ~ Pred./Dat
[,

. . : . p_ () [GeV]
« Hadronic fake background via ABCD method inverting
isolation/identification criteria ATLAS Preliminary =

V5=13TeV, 36.1 b ! Theory

 Object-level and event-level neural networks improve o o o o o
the separation and sensitivity - ., i
- Normalised differential crosssections are measured as | « I i s
a function of the photon kinematics e e S
* All measurements are in agreement with NLO e Ja oo
predictions |
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e ____“topquarks Jigg

ATLAS

EXPERIMENT

« SM four-top-quarks (tttt) cross-section ~9.2 fb (NLO in QCD)
* Powerful probe for many signatures of BSM physics Fully hadronic

20.9 %

multi-lepton
10.3 %

» Can be studied in a variety of final states, given
by the decays of each W-boson (t — WD)

dilepton (SS)
9.6 %

single lepton dilepton (OS)
40.0 % 19.2 %
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4 tops in SS dilepton/trilepton events

ATLAS

EXPERIMENT

* SM four-top-quarks (tttt) cross-section ~9.2 fb (NLO in QCD) CERN-EP-2018-171
* Powerful probe for many signatures of BSM physics fully hadronic

20.9 %

multi-lepton
10.3 %

» Can be studied in a variety of final states, given
by the decays of each W-boson (t — WD)

dilepton (SS)

9.6 %
single lepton dilepton (OS)
. . . ) ] 40.0 % 19.2 %
« Cut & count in 6 (8) validation (signal) regions
with selection on MET, HT, number of leptons, jets
and b-jets: achieve very low SM background
E E ATL‘AS T T T T T 1_._ E;ata E
T FEE=13Tev.86.1 10" — E:k:;r;o;:n‘::pt =
. 2 F sS dilepton / trilepton p -
- Data-driven backgrounds: T 2o viasop SinalRegons K

- . v
Dibosons

| Rl

I Other bkg
..... TT 1TeV (44 fb)
sannn [T CI {40 ib)

v Fake/non-prompt e/u backgrounds
estimated using a matrix method

v Charge mis-ID backgrounds (for SS BT VR v
dilepton events) estimated via rate I S ot 4
measured In data B S"?ft;ef SR?A?/ 893‘;2!_1893‘;2/ SR";\?I SR?i;sr Sgef;eusﬁa‘;&f

» SM four-top-quark production cross-section
upper limit obtained (expected) of 69 (29) fb
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4 tops In single lepton / OS dilepton events

ATLAS
Search for four-top-quark production in 1L/ 20SL CERN-EP-2018-174
final states: small signal on top of large tt+jets bkg  eDmn  WATEM)  Offsjes Gamarven
fs=13TeV,36.1 fb" OtF+ HV  [JNon-t? /- Uncertainty
Single Lepton Dilepton

28),24b,>1J

Probe extreme regions: go to up to 10 jets, up to 4 210j,24b.22J)
b-jets and up to 2 large-R jets Z

MC simulation not expected to model well the high
multiplicity regions: data-driven tt+jets

Simultqneous flt to !_IThad in 20 Signal regions USing ‘a 1000 2000 3000 O 500 7000 7500 2000 2500
data-driven estimation of tt+jets | Hr(Gevl ] Hr™ [GeV]

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

Ys=13TeV, 36.1 fo"
{77 (SM)

Results combined with ATLAS SS dilepton /
trilepton search: excess of events over the SM
background prediction observed with a
significance of 2.8o0 (1.00).

Single lep. / OS dilep.

SS dilep. / trilep.

== Expected * 1o
--- Expected + 2¢

Combined —— Observed

Assuming no signal, obs. (exp.) 95% CL upper |
limit of 5.3 (2.1) times SM expectation T ncimtons
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Conclusions H

» Top quark: a laboratory for precisely testing theory predictions and perform high-
precision measurements, and a window into BSM physics

* ATLAS has a broad program using top/b-quarks with many public results:
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults

* Challenging and rare decay modes are exploited:

= measurements using all possible top-quark pair final states

= dedicated resolved/boosted channels

= jet substructure and jet reclustering

= event categorisation/background rejection using MVAs

= combination of searches and various interpretations of the results

* Looking forward to new results using full Run 2 data thanks to LHC great performance

* Muchas gracias por su atencion!
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Summary of tOp mass measurements

ATLAS

EXPERIMENT

CERN-EP-2018-238

Compatibility evaluations

7 TeV

rntup

8 TeV

Migp

dilepton
op

|+jets
op

all jets
op

ATLAS (2018)

————— ATLAS Combination

I stat. uncertainty
total uncertainty

1 1

H=e=H  174.08 £ 0.56 £ 0.80 (0.98 £ 0.05)

ATLAS

mg, * stat. = syst. (total)
173.20+0.46 £ 0.76 (0.89 £ 0.04)

172.68 £ 0.26 £ 0.48 (0.54 £ 0.04)
172.98 £ 0.39 £ 0.74 (0.84 £ 0.04)

17213 £0.37 £0.61 (0.71+ 0.04)

172.69 £ 0.25 £0.41 (0.48 £ 0.03)

—— stat. uncertainty
— total uncertainty
1 1

Uncertainty mn,‘ﬂ; [GeV] | Ami [GN] [ Armuog [GeV]
Signal Monte Carlo generator 16+ 0.17
Pownec-Box - MC@NLO (Hemwic) | | —0.161 £ 0.168
Hadronization 015 = 0,10
Powrmec+Pyma - Pownec+Heranc | | +H0 146 + 0008
Initial- and final-state QCI radiation 008 +0.11
kez= VFSE - more VFSE +0.086 | —0.075 | +0.080 £0.111
Underlying event 008 = 0.15
P2012 - P2012 samHa | | —0.080 + 0.153
Colour reconnection 019+ .15
P2012 - P2012 LoCR | | +0.191 £0.154
Background normalization 0% = 0,040
L+jets norm. +L007 —015 | #0001 = 0000
Wiets norm. —0.017 —0061 | —0L061 < 0000
Fake lepton norm. +0.046 + (LD
W /X +jets shape 11 = 0,040
Wijets HFD AL —0.070 | —0L070 + 0000
Wjeis HE —.003 —08T | —0L0ET < 0000
Jet reconstruction efficiency 02 + 001
nominal - .23% drop | | +0.022 + 0.013
Jet vertex fraction 009 + 001
+0.077 | ~0.112 [ 0.095 £ 0.009
Leptons 16 + 0.01
Electron energy scale +0LI25 —(.006 [ +0L016 + 0.006
Electron energy resclution —.152 —0.145 | —0.152 £ 0013
Muon resolution (muon spectromeer) +0.027 + (LN
Muon resolution (inner detector) +0.023 + (L0
Muon scale —0.013 +0015 | 0014 < 0U000
Lepton wigger SF —(L003 —0003 [ —0L003 + 0.0
Lepton identification SF +0.003 0011 | +0.008 + 0.00]
Lepton reconstruction SF +0.003 —(00E [ +0.005 £ 0.0
Missing transverse mnmnnmm[};{.ﬁ""r 005 £+ 0.0]
ET** (resolution soft term) +L003 0012 | #0012 = 00018
EF* (scak soft term) +L054 —0.039 | #0047 + 0009

1 ‘ 1 1 ‘ 1
165 170

1 ‘ 1 1 | 1 1 | 1
175 180 185

Miop [GeV]
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4 tops In single lepton / OS dilepton events

ATLAS

EXPERIMENT

- Data-driven tt+jets

v assume .probability of b-tagging a jet in tt.+jets g
event is independent of number of extra jets .
v extract effective b-tagging efficiencies from it (TN souce
low Nj, reweight the data and predict tt+jets in . o
signal regions with same Nj/NJ, but larger Nb | A
v" correction factor C for each considered bin =
v" full set of syst. uncert. by repeating the
procedure on MC simulated events with syst.
variations applied
£ %0F arias Smustion s -
a C Vs=13TeV,36.1 o [Eti+ets (BT0T) ]
o5 Single Lepton 77 Uncertainty ]
- 210j,24b,22J 1
b-tags 4 Single Lepton 20: Pre-Fit /////
_ 1 I 1 r
>4b — — 15f
3 .S | | :
b -2 g -validation - -signal-- "%
58 b
2b : | |
0J i source source > 5 12 /
1] : : ~  Jets Q :
22)7 5; 6 7 8 9 =10j i %///?W 7
mass-tagged “%0 " s0 1000 1500 2000 2500 3000
RCLR jets H™ [GeV]

27



4 tops in SS dilepton/trilepton events

ATLAS

EXPERIMENT

*  Excess info: More than half of the excess is observed in events CERN-EP-2018-171
with two muons, three b-tagged jets and HT around 700 GeV.

2] F T T 3
‘E' 35—_ — Data . = : T T T T T T T T T T T T T T T T T T T T :
,_%) E ?TLA?I. v i gike/non-‘pr?énpt 3 8 25‘_ATLAS E:Ii:lnon-prompt .
3 SHstI;;lpngnsizzzgl L — 3 P - SS dilepton / trilepton — ]
251 - - . A 3 2 o0 A
E S ons ] 5 £ SR3b2| L OR SR3b3|_L [ mosons ]
20 S, Oirer big = - s - i E
E Total bkg unc. E C . ?t?elrbikg ]
15— - - otal bkg unc. .
u / 3 10:— —:
s = | E WA .
QAL W, ) E -
1 ) 3 4 5 0 LTI i
500 1000 1500 2000 2500
N
0 H; [GeV]
Region name  N; N, N, Lepton charges Kinematic criteria
VR1b2¢ >1 1 2 ++ or —— 400 < Hr < 2400 GeV or EF™ < 40 GeV @ 1 T T 5 =
SR152¢ >1 1 2 4tor——  Hp>1000 GeV and EX'™ > 180 GeV g 20 aATLas > Pateron-prompt 3
w 18;@ =13 TeV, 36.1 fb Charge mis-ID
VR2b2¢ >2 2 2 ++or —— Hr > 400 GeV ) 16 SS dilepton / trilepton gﬁ 3
SR2b2( >2 2 2 4+4or——  Hp>1200 GeV and EZ™ > 40 GeV  4F SR3b21_L OR SR3b31_L — 3
E Dibosons J
VR3b2¢ >3 >3 2 ++4 or —— 400 < Ht < 1400 GeV or EX™® < 40 GeV 12 - gtfher o =
SR3b2¢_L >7 >3 2 +4 or —— 500 < Hp < 1200 GeV and EF™ > 40 GeV 10F- - bkfum_ 4
SR3b2¢ >3 >3 2 ++ or —— Hep > 1200 GeV and EX™ > 100 GeV - =
VR1b3¢ >1 1 3 any 400 < Hr < 2000 GeV or EX™ < 40 GeV - p E
SR1b3¢ >1 1 3 any Hy > 1000 GeV and ET™° > 140 GeV = //%Z ////////// | =
VR2b3¢ >2 2 3 any 400 < Hy < 2400 GeV or B < 40 GeV — /A A
SR2b3¢ >2 2 3 any Hp > 1200 GeV and E&™ > 100 GeV 0 1 2 3 4
N
VR3b3¢ >3 >3 3 any Hp > 400 GeV !
SR3b3¢_L >5 >3 3 any 500 < Hy < 1000 GeV and EF'*° > 40 GeV
SR3b3¢ >3 >3 3 any Hp > 1000 GeV and Ef™ > 40 GeV
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Top quark pair spin correlation @

ATLAS

EXPERIMENT

ATLAS-CONF-2018-027

C TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT |I TTT TTTT
S ]
B 18- ATLAS Preliminary Inclusive ]
o F .
@ L (5=13TeV,36.110" -
B 14F B
o i ]
o B
B 12 -2
N) = g
= C g ]
= T = -
S ecpeead™ '
ol -
= D.Bj_'_l_l_ — Powheg o
= — Powheg (C=0)
B ==« MCFM (nlo) 3
0.6~ ¢ Data ]
- === Fit result .
D _I 111 | L1111 | L1111 | 1111 | 1111 | 1111 | 1111 | 1111 |I 111 | 111 I_
40 010203 040506070809 1
Parton level A¢(I*,)/x [rad/x]
Generator inclusive  m;; < 450 GeV 450 < m;; < 550 GeV 550 < my; < 800 GeV  m,; > 800 GeV
fsm values
PowHEG + PyTHIA 8 1.25 1.11 1.17 1.60 2.19
PowHEG + PYTHIAS (2.0 up., 2.0 ug) 1.29 1.14 1.21 1.70 1.70
PowHEG + PyTHIA 8 (0.5 up, 0.5 ug) 1.18 1.09 1.11 1.40 1.30
PowHEG + PyTH1A 8 (PDF variations) 1.26 1.12 1.24 1.69 2.19
PowHEG + PyTHIA 8 RadLo tune 1.29 1.14 1.21 1.40 1.70
PownEG + HErRWIGT 1.32 1.16 1.23 1.70 1.70
MapGraruS_aMC@NLO + PyTHia8 1.20 1.06 1.17 1.40 0.70
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Top quark pair + vector boson Ji%e)

. - ATLAS
. 1 5) (! 1 1 ATLAS-CONF-2018-047
Lo = £+ 1 000 + 4 Yol + 0 ().
k k
Operator Expression
ol
3 : ~
0L | i%(¢'D,9) 0y Q)
I . = = 2
OQE'J()Q t%(ngD::Qﬁ)(Qy'uQ) Trori = OSM + omss IC;V ,)O'I.(l) * TV IC% v 40;.(!.2),
Op | 146 D)y T G/
Orw Vigw(Qot !t )&W;v
O:B }"rgY(Q_(prf)épr

Table 10: The expected and observed 68% and 95% confidence intervals that include the value 0, on C; /A” for the

EFT coefhicients Cq%, C(;g, Cy:- Cip and Cyw. The measurement is sensitive only to the difference ng - C(fhl(i)'
All results are given in units of 1 /TeVz. Previous 95% confidence level constraints as summarized in Ref. [6] are

quoted in the last column.

Coefhicient Expected limits Observed limits Previous constraints
at 68% and 95 % CL  at 68% and 95 % CL.  at95 % CL
(Chpy = Cho)/ A | 2.1, 191, [-4.6,37] [-1.0,27],[-3.4,43] [-3.4,7.5]

Cop | N [-3.8,2.8],[-23.5.0] [-2.0,3.6],[-27,5.7] [-2.0,5.7]
Ci/ N [-8.3,8.6], [-12, 13]  [-11, 10], [-15, 15] [-16, 43]
Cow |\? [-2.8,2.8],[-4.0,4.1] [-2.2,2.5],[-3.6.3.8] [-0.15,1.9]
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Flavor-changing neutral currents (FCNC) are forbidden at tree level and strongly
suppressed at higher order in SM, ex.

t - Hq,(q =u,c)

Large enhancements in branching ratio are possible in some beyond Standard
Model (SM) scenarios, B(t = Hc)~0.1% (~1071° in SM)

t—Hc
t—Hu
t—yc
t—yu
t—gc
t—gu
t—>Zc

t—Zu

ATLAS+CMS Preliminary 95%cCL upper limits €«—@ ATLAS <—@ CMS
LHCtopWG [1] ATLAS-CONF-2018-049 [2] JHEP 02 (2017) 079
[3] JHEP 06 (2018) 102 [4] JHEP 04 (2016) 035
September 2018 [5] EPJC 76 (2016) 55 [6] JHEP 02 (2017) 028
[7]1 JHEP 07 (2018) 176 [8] CMS-PAS-TOP-17-017
Each limit assumes that [9] JHEP 07 (2017) 003
all other processes are zero Theory predictions == SM 2HDM(FV) MZHDM(FC)
from arXiv:1311.2028 CImssm]rev Blrs
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