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Top quarks: rich experimental programme
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-3 For top, this means:
~ 120M tt pairs

~ 30M single top

~ 120K ttZ, tZ

Focus of Run2 top physics
(and beyond):

= Ultimate precision measurements

= Properties and couplings
(tt and single top)

m L ow cross section frontier:
tt+X, t+X, tt+tt, tt+jets

= |nterpretations (SM and BSM)
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-3 For top, this means:
~ 120M tt pairs

~ 30M single top

~ 120K ttZ, tZ

Focus of Run2 top physics
(and beyond):

= Ultimate precision measurements

= Properties and couplings
(tt and single top)

m L ow cross section frontier:
tt+X, t+X, tt+tt, tt+jets

= |nterpretations (SM and BSM)

Many results presented at the workshop, too many to show here

Many new analyses from ATLAS and CMS over the last year

This talk: selection of most recent results
— apologies if | missed your favourite one...!

—

—S
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Modelling & tuning ...

Good modelling of data, well-defined & small uncertainties, high-accuracy predictions are essential

“What's the point of having a 1% stat uncertainty if you’re gonna
stick a 20% Parton shower uncertainty on it...” Jay, ranting in a pub

Current PS recommendations
ATLAS & CMS use same generators Systematic unc. CMS

ATLAS
(main: Powheg+Pythia)
ISR and FSR Independent p*® , y 5% scale variations with factor (2,0.5)
- Very good agreement with data, but
many regions with |arge UE Variation of CP5 / A14 tune
mismodellings CR Retuning UE with different CR models
- Different tunes/shower settings
9 b fragmentation Variations of Bowler-Lund r, parameter of fragm. function
- Difference in assessment of , : — : _
t i Fragmentation & Pythia 6 vs Herwig++ impact Pythia 8 vs Herwig 7
systemalics hadronization on jet energy response
Hadron decays Varying B semi-leptonic BF within PDG value uncertainties
Generator / Powheg vs MC@NLO Powheg vs MC@NLO
NLO matching scheme as cross-check as uncertainty
ME-PS matching Variation of h, that regulates first high-p, emission

Common CMS-ATLAS MC samples would help greatly in
understanding and comparing many of these uncertainties!

M. Aldaya 4 TOP2021, 17.09.2021


https://indico.cern.ch/event/1018454/timetable/?view=standard#10-top-quark-modelling-and-tun

Modelling & tuning

Towards first ever common ATLAS+CMS MC sample!

o Facilitate combinations &
comparisons

o Understand correlations

o v0.2 with more “physical”
settings in progress

o Ultimate goal:

o Real common sample
using identical events

o Common Pythia8 tuning
using ATLAS & CMS data

» Sharing of resources and

prescriptions for
nominal & systematics

Use as baseline prediction
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Inclusive tt cross sections

Luca Martinellt

Measured in all channels and at all energies, at unprecedented precision
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Inclusive tt cross sections

Luca Martinellt

YSFE Carlos Vico

Measured in all channels and at all energies, at unprecedented precision

Low-pileup pp runs
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Differential tt cross sections

High precision, most comprehensive set of measurements of single and

multidifferential tt distributions at 13 TeV

» Knowledge of tt production cross section improved
significantly in Run2

- New analysis techniques constraining systematic
uncertainties

- Larger samples allow exploring corners of phase
space (eg. boosted regime)

- Cross sections used to extract SM parameters
with high precision, and set limits on EFT

o All channels explored; parton, particle levels;
different phase spaces

» Results across different channels/experiments
are consistent

» Most measurements are well described by SM
predictions, in some cases challenging theory precision

- but many regions with large mismodelling
(in particular, 2D-differential distributions)

Johannes Erdmwann
Luca Martinellt
Poster Pebr Jacka
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» Challenge:

- improve modelling uncertainties, improve
predictions

- Compare ATLAS vs CMS vs theory and identify
trends, similarities, differences
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tt In the boosted regime ..o

» Measure tops at high p; using

optimized event selection &
reconstruction up to TeV range

low-pr top high-pr top
“resolved” W oot “boosted” - Re-cluster R = 0.4 jets
S with anti-kT R = 1
- 120 < mjet < 220 GeV
b

o ATLAS, l+jets: 1 large-R jet, pT > 355 GeV

o Jet energy scale calibrated using mt

o 1D and 2D differential cross sections as a function
of top, tt, and additional jets, particle level

pr (had. top)
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improves the agreement

* The modelling of the additional
radiation events is not good for
all the tested generators (matrix
elements with up to one
additional jet)

* Good agreement in shape 1
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tt in the boosted regime “=iowi

. . low-pr t
» Measure tops at high p; using Sresolvod”

optimized event selection &
reconstruction up to TeV range

-7 high-pr top
“boosted” - Re-cluster R = 0.4 jets

with anti-kTR =1
- 120 < mjet < 220 GeV

b h \\ °
\
o ATLAS, all+jets: 2 large-R jet, pT > 500, 350 GeV W
o Use Top-tagger calibrated on I+jets data
o 1D-3D differential cross sections, parton & particle level
ATLAS Preliminary — PWG+Py8 = asa.. MG5_aMC@NLO+Py8
— S Vs=13TeV, 139fb"  ----- PWG+H7.1.3 --.-- PWG+Py8 (more ISR)
‘ — - ° Bo d all-hadronic @ = ===== PWG+Pys8 (I ISR) [ Stat. @ Sys. Unc.
B e as Tvelmner PWG-+Py8 Fiducial parile lovel Stat. Unc, s
E T E ls=13TeV,139fb. MG5_aMC@NLO+Py8 I - - - - ’ '
o5~ | Boosted all-hadronic ceee-r PWG+H7.1.3 s 1.3F 0<p"[TeV]<O0.1 - 0.1 <p![TeV]<0.2
T|© Fiducial partlde level «===-- PWG+Py8 (more ISR) ()] T T
~p 10 -+---- PWG+PY8 (less ISR) -~
= wm Stat. @ Sys. Unc. 3
. Stat. Unc. O A
i - 1 2 3 4
> =
06 08 1 12 14 16 18 2
t,1
p, [TeV]
M. Aldaya 10 TOP2021, 17.09.2021


https://indico.cern.ch/event/1018454/timetable/?view=standard#sc-16-11-11-differential-ttbar
https://indico.cern.ch/event/1018454/timetable/?view=standard#17-precision-measurements-in-b

and in the full spectrum! ="

o Measure tops in the full kinematic

range using optimized event

selection & reconstruction up to TeV

range

o CMS, I+jets: for the 1st time, combined fit of

low-pr top
“resolved”

resolved and boosted event categories

o 1D and 2D differential cross sections of top,

tt and additional jets

137 b (13 TeV)
o=
> 10 E CMS e/u+jets e Data
8 E Parton level Syst. @ stat.
= = N i POWHEG P8 (CP5)
~ 10k . POWHEG H7 (CH3)
ol 107 F - i MG P8 (CP5)
Tla" = . i MATRIX
T 102 %
: TR
3L ° o
10°° E .o,
10 te
= * o
10° f .
L1 L1 AN B Lo |
o|ls 1.6F
Ol
alo
06 o o e |

p.(t)

|
1100 1600

[GeV]

high-pr top
“boosted”

137 b (13 TeV)

T llllllll I*IIIIIII T TTT

IIII[II

CMS

e/u+jets
Particle level

Data
Syst. @ stat.
Stat.

POWHEG P8 (CP5)
POWHEG H7 (CH3)

MG P8 (CP5)

POWHEG P8 (T4)

=6

Additional jets

o Generally good agreement with MC predictions

o Softer top pT in data wrt MC, better described by
NNLO calculation (MATRIX)

o Jet observables and multiplicities more difficult
to describe
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and in the full spectrum! ="

o Measure tops in the full kinematic !f:‘;"s'gfvt:g, . EL%E&L top
range using optimized event W _boost =~
selection & reconstruction up to TeV
range .

o CMS, I+jets: for the 1st time, combined fit of
resolved and boosted event categories

» 1D and 2D differential cross sections of top,  » Inclusive o, = sum of all bins of differential cross section

tt and additional jets 200 137 b (13 TeV)
-1 o) C
— _ 137 b (13 TeV) g - CMS e/yu+iets % Data
> 10 _E CMS e/utjets o Data 8 080 - Parton level Top++ (NNLO+NNLL QCD)
0] - Parton level Syst. @ stat. + - MATRIX
1 B Stat. 2 L (NNLO QCD)
8 B i POWHEG P8 (CP5) o -
=~ [ .. POWHEG H7 (CH3) 260 -
8:—1_10 E - i MG P8 (CP5) -
8 102 “u 1 MATRK 240 [ 1 l l {
SRR 1 SERREE
_ B o.* =
10° e, 220 | { I I ] ] I l I
- o o+ :
104 E . o, -
& 200 —
10-5 L i -
_6165__1""'”1‘“"""‘ ‘ e AN I O Y
o ST 3 1S S SEEESEEETE =&
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Inclusive cross-section [pb]

Single top production

_ ATLAS+CMS Preliminary
| LHCIopWG

~ Single top-quark production
| November 2018

t-channel %
- i 7
tW
s-channel

ATLAS t-channel

PRD90(2014) 112006, EPJC 77(2017)531,
JHEP 04 (2017)086

CMS t-channel

JHEP 12 (2012)035, JHEP 06 (2014) 090,
PLB 772(2017)752

ATLAS tW

PLB 716(2012) 142, JHEP01(2016)064,
JHEP01(2018)063

CMS tW

PRL110(2013)022003, PRL 112(2014) 231802,
JHEP10(2018)117

LHC combination, tW

ATLAS-CONF-2016-023, CMS-PAS-TOP-15-019

ATLAS s-channel
ATLAS-CONF-2011-118 95% CL,
PLB 756(2016) 228

CMS s-channel

JHEP09 (2016)027 95%CL
748 TeV combined fit 95% CL

NNLO pia 736201458

scale uncertainty

NLO + NNLL rross 2011091503,
PRD82 (2010)054018, PRD 81(2010) 054028
tW: tt contribution removed

scale @ PDF @ o, uncertainty

NLO npps205(2010) 10, cPc191(2015)74
HR= pf "\w

CT10nlo, MSTW2008nio, NNPDF2.3nlo

tW: p; veto for  removal=60GeV and  =65GeV

scale uncertainty

Victor Rodriquez

YSF Dunhcan Leggak

YSF Alejandro Soto

Run2: single top cross section
as high as ttat 8 TeV

Measured all production modes
(s-channel not yet at 13 TeV)

MVA techniques needed to
enhance sensitivity to the signal

Ramping up to era in precision
- Differential cross sections
- Properties

scale ® PDF & o uncertainty %
1 | | | Mygy= 172.5GeV g
7 8 13 s [TeV]
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Victor Rodriquez

Slngle tOp prOdUCthn YSF Dumcan Leggat

YSF Alejandro Soto

tW also measured in I+jets

ATLAS+CMS Preliminary September 2021 ATLAS+CMS Preliminary September 2021
LHC top WG LHCtopWG 13 TeV
I t t { e —t— 1
Data 2012, {s=8 TeV, m =172.5 GeV 8 TeV total stat Run 2, Vs =13 TeV, m =172.5 GeV total stat
NLO+NNLL (PRD 82 (2010) 054018) :  NLO+NNLL (PRD 82 (2010) 054018)
scale ® PDF @ o, uncertainty scale @ PDF @ og uncertainty
o,y * (stat.) = (syst.) = (lumi.) o,y * (stat.) = (syst.) = (lumi.)
ATLAS, dilepton, L_=20.3 fo” 23.0+13%2511 pb :
JHEP 01 (2016) 064 : CooTRenT ATLAS, L, =32 b e 94:10%s2pb
1 : JHEP 01 (2018) 063 H ST
CMS, dilepton, Lim= 12.2 fb 234+19+50+06pb
PRL 112 (2014) 231802 :
: =35.9 fb™
ATLAS+CMS, dilepton CMS e, L, = 35910 63.1+ 1.8 + 6.4 2.1 pb
» Arep i 231 +1.1x3.3 +0.8pb JHEP 10 (2018) 117
JHEP 05 (2019) 088

ATLAS, l+jets, Lim= 20.2 b
EPJC 81 (2021) 720

CMS l+jets, L_=36 fo™

26+1+7+1pb (27%)

arXiv:2109.01706
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Single top differentially =5

o Wealth of differential measurements in different production and decay modes

o Overall good agreement with MC predictions

x _l LI l L I L I T I L l L ] L l L [ T l TT17T
5 c,,D, - ATLAS Preliminary o ggta Une 11
o C B Stat. Unc. .
O 0.9 (s-13Tev, 139" Stat.+Sys. Unc. -
b C Powheg-Box+Pythia8 ] tW'ChanneI, CMS and ATLAS
—Io C e Protos+Pythia8 a1
0'8: — —  MG5_aMC@NLO+Pythia8 - R
a -.== Powheg-Box+Herwig7 . = ”"I”"I'”'l"”I””?5V.E?f'b'](1'3”e'\/) 'L—0008””""'I””'””l””"”"””'””I””'””
0.7~ - = -e-Data > VOUS— AtrLas -
- R 3 0.009E g'\cs — [ Uncertainty 8 B 1 ¢ Data ) T
E ] = 0.008F Frefiminary — tW Powheg DR + Pythia8 = - (s=13TeV,36.11b Total uncertainty .
06 M Somm - = 2 —tW Powheg DS + Pythia8 8 i —— Powheg+Pythia6 (DR) ]
L = 0.007F ~ -~IW aMC@NLO DR + Pythia8 S 0006 ]
0.58 — & 0.0065 = B - -
- - — : ---- : ---- b - -
T — E 0.005- = e S 0.004f —
b o s e Q o -
t-channel, ATLAS : £ 0.004F = I ]
0.3 & 0.003F- | 0.002 .
Angular observables to :l Ll l Ll l L1l l Ll l Ll I Ll 1 1Ll I 111 l 111 l L1l : 0-002:_ i [ : :
. . L} E ' ' ' ' ' ' ' ' = —+—‘ —o 4
measure polarization St12kmy 0.001 , | .
= - 0] ST EPRPPE AR BRI BRI PR S e - - . . - : v cee
and anomalous 8 % 2.2 2: —— Powheg+Pythia6 (DR) ------- Powheg+Pythia6 (DS) J
= a E C 3
. S 1. o 155 E
couplings 1 08060402 0 02 04 06 08 1 < ;3%;__ : . Elg - :
cos 0,. — . . E — o - J_m -
x & Qo100 150 200 250 300 350 4oc > 18 E
> RS B LN RN AR RN RS RN RN RRRE ™ LS B IS IR IR B B SR LN RN m(ei,'uz,j)(Gev) - -
@ o 1.4 05— @@ ee———= —
% 8 1‘2~—fTLAS Preliminary bt glaat: i - 8 2 - ATLAS PreliminaryI e glaatta. - ] C ]
.8 [ Vs=13TeVv, 139" — Stat.+Sys. Unc. i 8 - Vs=13TeV,139fb Stat.+Sys. Unc. 4 2F T T T r r T T asar-
. | Powheg-Box+Pythia8 S 1-2__ ———— Powheg-Box+Pythia8 ] r —— aMC@NLO+Herwig++ -~ Powheg+Herwig++
o |} I+ e Protos+Pythia8 i B | L e Protos+Pythia8 d 1.5E =
L MGS5_aMC@NLO+Pythia8 _| b MGS5_aMC@NLO+Pythia8 o|s E .
L -- Powheg-Box+Herwig7 - 1__ - Powheg-Box+Herwig7 -] g 8 1: e 3
e d i IR ] E E
L ; 0.8 — 0.5 ey
[ ‘ ] C ] 0 100 200 300 400 500 600 700 800 900 1000
0.6~ - 0.6 o m(¢¢b) [GeV]
- -1 : _ i . . "
0.4 1 o4 . o Challenge: difficult to compare between experiments:
§ R i ; E different binning, phase space
2 - ]
0 SERE NN AR NE NETE R FREE SR T N N SR 1 ! oL ] =
g £ T T T T T T T T E % X
a8 12F R 30
S 1 re————— = T
E 3 o
g o8} ‘&
1 08060402 0 0204 06 08 1 -1 08060402 0 02 04 06 08 1
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Top+X production

Top Quark Production Cross Section Measurements

Very low production cross
sections O(fb)

Former rare processes (eg. ttZ)
are now reaching precision
regime in Run2

Rarer processes (eg. tZq)
becoming available

Challenging measurements
with complex final states

o Vert complex analyses,
exploit MVA techniques

Differential measurements,
reinterpretation of results
(EFT and other models)
start to appear

Tinmolthee Thevenaux—Pelzer

Joscha Knolle

Andre] Saibel

Status: May 2021

Q' -
ATLAS Preliminar
& y *‘ Theory
N 10% E Run 1,2 /s =5,7,8,13 TeV E
u LHC pp Vs =5 TeV
BB Data 02571
#JOL Jo.
102 - L ' LHC PP V§=7Tev =
C v on BBl Data 45-4610!
A LHC pp Vs =8 TeV
10! . BB Data 202-203f _
i - LHC pp V5 =13 TeV
Bl a2 32-139f!
1 | m] ] E
- A o | ]
B
= - I
A
107 5 . & E
+HF =
1072 ¢ =
tt t twW t | ttW ttZ ttH tty tZj 4t
t-chan s-chan fid. ¢+jets

Good agreement with SM calculations, small discrepancies (eg, ttW and 4top)
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ttV cross sections s

» Probing top-electroweak couplings, which can be modified by BSM effects

o Multiple analysis regions defined with different flavour tagging requirements, lepton flavour, basic kinematics

ATLAS+CMS Preliminary —
HCopWG Vs = 13 TeV, September 2021
: oy, =059’ (scale) = 0.01(PDF) pb : o, =0.86"¢(scale) = 0.02(PDF) pb : O, X 20 = 0.038" ) gos(tot)pb x 20 o4, = 0.7 0.14(tot) pb
:  Eur. Phys. J. C 80 (2020) 428 :  Eur. Phys. J. C 80 (2020) 428 :  JHEP 10 (2018) 158 = Madgraph5 + aMC@NLO
:  NLO(QCD+EW)+NNLL :  NLO(QCD+EW)+NNLL : NLOQCD : NLOQCD : L :
] ( ) ) ( ) ] : o Slight tension in ttW, consistently
Omeas. * (Stat.) = (syst.) o : observed also in ttH (multilepton)
0.87:2 0,132 0.14 pb L — . — ATLAS, L =36.110" and 4top analyses in
W ; C o Phys. Rev. D 99 (2019) 072009 both ATLAS and CMS
0.77 1017 To1apb L . . CMS, L_=35.9 b’
: JHEP 08 (2018) 011 —> need to improve theoretical
: ATLAS. L =139 f" and experimental understanding
0.99+ 0.05+ 0.08 pb P ————y L =
’[TZ : Eur. Phys. JITHC 81 (2021) 737
2 _ -1
0.95+ 0.05= 0.06 pb : ——e—— CMS, L =77.51b
: JHEP 03 (2020) 056
- : PR
tiy+tWy  0040=0001 *%2pbx 20 e ATLAS, L, = 139 6", Vis
: JHEP 09 (2020) 049
- : P
tty 0.80+ 0.01= 0.05 pb F—to—| CMS, L =137fb", Vis2
: arXiv:2107.01508
| | | | | | | | | | | | | | | | | | | | | | | | | | | | |
0 0.2 0.4 0.6 0.8 1 1.2 1.4

0, [pb]

o Systematic uncertainties start to dominate for some processes
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[fo]

do

ttV cross sections

» Probing top-electroweak couplings, which can be modified by BSM effects

YSE Dominilke Babal

Joscha Knolle

o Multiple analysis regions defined with different flavour tagging requirements, lepton flavour, basic kinematics

o Many differential measurements appearing: parton and particle level, fiducial and full phase space,
comparing data to various MC and theory calculations

o Used to set constraints on EFT and/or measure properties

ttZ, particle level

i I
| ATLAS

¢ Data 1
o - B --=- MG5.aMc@NLO + Pythia8
= 1.00Vs=13TeV, 139fo~" ~-= MG5.aMc@NLO + Herwig7
© - 4l SR combination @~ - Sherpa NLO inclusive 1
I 4£ === Sherpa NLO multi-leg
0.75+ N _
M MM] jets
0.50 B l:'.-_'.-_'.-' '_-.'_::M'.q N
[ ]
0.25- _

I

+

|

Stat.

Stat. & Syst.

X

I
>5

Particle-level Nigs

do/dpt(Z) [fo/GeV]

Pred. / Data

CMS 7751 (13 TeV)

6L ¢ Data _'

I I - aMC@NLO |

4;_ ;\:}g N : == NLO+NNLL 1

L . ttZ, parton level |

2:‘ bobes  pr(Z) ‘
g -

0 160 260 360 460 500

p1(2) [GeV]

Theory/MC Pred./Data

0.4

tty+tWy, particle level

-~ ATLAS
[ Vs =13TeV, 139 fb”
~ Normalised cross-section

[
@
=

Ad(L,2)

® Unfolded data
tty +tWy (MG5_aMC+Pythia8)
- - - tty+tWy (MG5_aMC+Herwig7)
4 Theory NLO
[ stat.
Stat @ Syst.

Ar_llnllllllllllll

o Still statistics limited, general good agreement with predictions, especially NLO calculations
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e Dileptons: 21, 1y,

|

<2

tty production in CMS

> 1-bjet

o Fitto pT(y) per lepton flavour

measured cross section:

174.4 + 2.5 (stat) & 6.1 (syst) fb

o Fit in m(3j) bins by flavour and jet “¢

in agreement with NLO ~ =3:8%

prediction: 153 4= 25fb
MG5_aMC@NLO+Pythia8

l+jets: 11, 1y, = 3-jet, = 2-bjets

multiplicity, plus CR pT(y) bins

measured cross section:

800 £ 7 (stat) + 46 (syst) fb

in agreement with NL

MG5_aMC@NLO+Pythia8

0O +5.8%
prediction: 773 £ 135fb

A

138 fb '(13Tev)

CMS Preliminary

Events

~

Fiducial cross section [fb]

Pred. / data
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o
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Joscha Knolle
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tZq cross sections s

W-Z triboson coupling

top—Z coupling
t : o First ever tZq differential cross sections !
W 7 w L g eS8 R (18 TeV)
W o CMS Preliminary i Measurement _:
q . .- q % ' Jlr %2 aMC@NLO, 4FS ]

> r
a’ -
G o1
8
~ 0.08] AT - aMC@NLO, 5FS
o CMS: 3l events, binned in jet/btag multiplicities T ook 77 P -6t
- A FS_1.8%
»n — T 138fb (13TeV) IQMISI !Dlrlelllrlnllnlalr}lll T T T ]1[318 tbll ](:IISI-II-lelVI) '8 0,04;—‘ pz’ _
‘..é‘ 4005—CMS Preliminary ¢ Data -th —E o : e '. Measurement ‘ E/ ............... E
o asof 1Pe23es i = | izq(nclusive) | Ples " i 3£ * oo e
St mX EiOX O B Ese - m T
— 300 [ ]Multiboson 7 Uncertainty — < ' | : Toial _ b Loty n ce | . ! 1 1 |
i) 7 ] N | .................. c 0:) 155 \
QC) - + : ole - Z
3 E 2 | wzqen ' N
2 BDT score - 5 ¥ 82 |
2 = = |} &\ o5 .
= . g | 0 50 100 150 200 250 300 350 400
3 2 @ ?Zq 5) . : Parton level m(3¢) [GeV]
= | . e 138167(13TeV)
> C . 7
) ——————— — . ' ' ' l ' . |.|6 e e s o 0o OO ORI . . I ....................................................................... 8 0007LCMS Prellmlnaly i Measurement _:
8 15E [ Stat. uncertainty { g B (th (p)) | . E, . g %aMC@NLO 4Fs 3
3 $ i ¢ .3 E T - = ]
D\‘; O;;W LI i e ; [ e ¥ _ g tZq (¢7) I| | = 0.0065— (t) - aMC@NLO, 5FS —E
S % 080604202 0 02 04 06 08 1 S AP N S I T I I g 0.005¢ pirs = 78.3% =
Event BDT discriminant 0 02 04 06 08 1 12 14 16 18 8 oodE T U] pe-805% E
_ o _ Observed / Predicted - { g E
cross section definition: t£¢~q with m(¢¢) > 30 GeV = 0003 o
] 0.002f~ T :
measured cross section:  87.9 772 (stat) T72 (syst) fb  £11% E | | e
. . . £ [ ' g
in agreement with NLO 5FS predlctlon: 94 + 3fb g ]
= o -
g F t 4 Fo
- — — . a|d os =
cross section definition: t¢*¢~q with m(¢¢) > 30 GeV S S O
-1): . Particle level pr(t) [GeV
° ATLAS (139 0"): measured cross section: | 97 + 13 (stat) == 7 (syst) fb | 149 arlicle level prfl) [GeV]

in agreement with NLO prediction: 102 J_rg fb  mes_amcenLo
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4top production

Very rare, not (quite) yet observed:
o(4top) ~ 12 fb-1 (NLO+EW)

Sensitive to BSM, direct access to top-Higgs Yukawa coupling

0000000} > t

A

A
e

Y
~

A
o~

Tinmolthee Thevenaux—Pelzer

9 t
0000000 y—>—¢
t
A ; t
___H__< t t
t
A
0000000 -—<—+¢ 9 ¢

o ATLAS: many event categories defined by lepton charge and multiplicity, number of jets and btags

'-. S I mrrrrTruTT ] rrrrrTrTrTrToTThT I TrrvrToTTT ] LI
° . ATLAS +Data i it -
£ 10' Vs=13TeV, 139" [JtW Wiz -
S [ SR W+ []Q mis-id -
w " Post-Fit @ Mat. Conv. @HF e Z
10°L HLow mHFp -

2 [l Others [ttt E

N 21SS/3I Uncertainty ]

ATLAS+CMS Preliminary
LHCtopWG

P o, =12.072 (scale) fb

" JHEP 02 (2018) 031
NLO QCD+EW

ATLAS, 2LSS/3L, 139 fb™
EPJC 80 (2020) 1085

ATLAS, 1L/2LOS, 139 fb™

Run 2, Vs = 13 TeV, September 2021

tot. stat.
O xtot. (stat.xsyst)

Obs. (Exp.) Sig.

24*(5"°)fb 4.3 (24)o

arXiv:2106.11683

——— 267,(8"°)fo 1.9(1.0)c

3 ATLAS, comb., 139 fb" \
o arXiv:2106.11683 2423(47;)fb  4.7(28)0
PR EPEFEPE EPEPETE EEErE EPEPEE PEPETE BT BN B CMS, 2LSS/3L, 137 fb-1 .5
98 06 04 02 0 02 04 06 08 1 EPJG 80 (2020) 75 : 12,628 1b 2.6 (2.7)c
BDT score
anifi - CMS, 1L/2LOS, 35.8 fb’ .
— observed (.expectefj) S|gn|f|car!ce_ : 4.7.(2:6) o THER 11 (2019, 080 _— 02 fp 0.0 (0.4)0
— result consistent with SM prediction within 2.0 ¢ :
l 1 1 1 I 1 1 1 I 1 1 1 I | 1 1 l 1 1 1
0 20 40 60 80 100
0g [fb]
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Thomas Skevenson

Top properties e o Hooarth

Intrinsic properties:

= Mass

= Charge
= Lifetime
= Width

Decays:

@ » Various decay channels

= SM & BSM
* Couplings W, Z, y & H
= Spin correlations

..

from M. Worek
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Top mass

Fundamental parameter in the SM, not an observable: scheme-dependent

Direct measurements mMC 4—Pp my Indirect measurements

e measuring mMC using reconstructed decay products e extract m:in well defined renormalisation scheme
= very high experimental precision (pole, MS, ...)

— ~0.5 GeV ® measuring cross section with direct sensitivity to my

» relies on details of MC simulation » either inclusive or differential
Reference

ATI;AS-Q»CMS Preliminary My, summary, Vs =7-13 TeV  September 2021
LHCtopWG
....... Workd comb, (Mar 2014) 2 e Reference

B stat _ fotal stat B ATLAS+CMS Preliminary Myp from cross-section measurements
e ‘°:' (”:’e":';':a) m,, = total (sﬁ:l = syst) ) s Ret. LHClopwG Sep 2019

comb. (Sep LHClopWG 173.29 = 0.95 (0.35 = 0.88] 7TeV [1) = tot (stat = syst + theo) Ref.
World comb. (Mar 2014) 173.34 = 0.76 (0.36 = 0.67) 1.96-7 TeV [2] | NV tota‘ stat i
ATLAS, l+jets 17233 = 1.27 (0.75 = 1.02) 7TV (3] / 2 / .
ATLAS, dilepton 173.79 = 1.41 (0.54 = 1.30) 7Tev (3] - e oftt) inclusive, NNLO+NNLL s
ATLAS, all jets 1751218 (142 1.2) 7TeV 4] ATLAS, 748 TeV —e— 1729 5§ 1
ATLAS, single top 1722+21(07£2.0) 8TeV [5) v ;J ! . 1738 +1.7
ATLAS, dilepton 172.99 + 0.85 (0.41=0.74) 8TeV [6] f - CMS, 748 TeV ;11.89 +1.2 “
ATLAS, all jets 173.72 = 1.15 (0.55 = 1.01) 8TeV [7) VS . CMS, 13 TeV [ — 169.9 57 (0115 55) 3]
_ATLAS, l+jets 172.08 = 0.91 (0.39 = 0.82) 8TeV [8] . ‘ +2.0
ATLAS comb. (Oct 2018) 78 TeV ] v ATLAS, 13 Tev 1734 5 x
ATLAS, leptonic invariant mass (*) 174.48 = 0.78 (0.40 = 0.67) 13 TeV (9] [ ¢ o(tt+1j) differential, NLO
CMS, H:iets 173.49 = 1.06 (0.43 = 0.97) 7 TeV [10] N ATLAS, 7 TeV } 1 1737 +22.13 (1 5+1.4 46150 (5]
CMS, dilepton 172.50 = 1.52 (0.43 = 1.46) 7TeV [11] - \ \ +45 +25 436
CMS, all jets 173.49 = 1.41 (0.69 = 1.23) 7TeV [12] \ ~ \ CMS, 8 TeV e 169.9 57 (1.1 37 S6) 6]
CMS, l+jets 172.35 + 0.51 (0.16 = 0.48) 8TeV [13] N +12 +0.7
CMS, dilepton 172.82 £ 1.23 (0.19 = 1.22) 8 TeV [13] ‘ ATI_‘AS' 8 TeV f 1 171.1 19 (0.4 £ 0.9 -03) iy
CMS, all jets 172.32 = 0.64 (0.25 = 0.59) 8 TeV [13] | oftt) n-differential, NLO
CMS, single top 172.95£1.22 (0.77 £ 0.95) 8TeV [14] ATLAS, n=1, 8 TeV i 1732 +16(09+08=+1.2) s
CMS comb. (Sep 2015) 172.44 + 0.48 (0.13 = 0.47) 748 ToV [13] ' ’ (t ) )
CMS, l+jets 172.25 = 0.63 (0.08 = 0.62) 13TeV [15] CMS, n=3,13TeV bod 1709+ 0.8 | 9]
CMS, dilepton 172.33 £ 0.70 (0.14 = 0.69) 13 TeV [16)
CMS, all jets 172.34 = 0.73 (0.20 = 0.70) 13 TeV [17) Myop from top quark decay [1)EPJC 74 (2014) 3108 [5] JHEP 10 (2015) 121 19) anXh:1904,05237 {2019)
CMS, single top 18:077(032:070)  13Tev CMS, 7+8 TeV comb. [10] e,
NF-2013-10 7] HEP 08 61T, 13]PRD 83 ATLAS, 7+8 TeV comb. [1 1] i:;iis coﬂjen}':c-n ’5553:2??201??&:4 o=
'Preliminary ‘f Ll 1 1 Ll 1 1 Ll 1 1 ll_lllllllllllllllllllll
b % : 155 160 165 170 175 180 185 190
N BRI B T My, [GeV]
165 170 175 180 185

mMC = mP* + Ay, O(1GeV)

SM parameters from top quark measurements at LHC with ATLAS and CMS

Sebastian Wuchterl (DESY)
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Top mass

Fundamental parameter in the SM, not an observable: scheme-dependent

Direct measurements mMC 4—Pp my Indirect measurements

® measuring mMC using reconstructed decay products
= very high experimental precision

— ~0.5 GeV New techniques and complementary phase spaces may have
: : : : different systematics
» relies on details of MC simulation y
Reference o CMS: myp from t-channel in |+jets (e/l + 2jets of which 1 bjet)
ATLAS+CMS Preliminary My, summary, Vs =7-13 TeV  September 2021 . . .
Liciophc - o BDT used to increase signal purity
------- World comb. (Mar 2014) [2] ‘
o stat total stat
o (S0 201 el CMS-PAS-TOP-19-009 4 g o' |
. LHClopWG 173.29 = 0.95 (0.35 = 0.88) 7TV [t - - -19- -
mfl::mlf.s(ﬁaﬂ:)?‘l) ” 173.34 = 0.76 :o.as * o.e7; 1;s-\; ielv 2 x10° 35.91b (13 TeV)
ATLAS, I+ets 172.33 = 1.27 (0.75 = 1.02) 7Tev (3] o " . '. L Lo 2 1 + 77 V 45°
ATLAS, al s merrstaes S [ cms Preiminary 1 Mp=172.13 £0. GeV (0.45%)
ATLAS, single top 1722221 (07220) 8TV 5] - I, 201T ¢ Data (QCD subtracted)
ATLAS, dilepton 172.99 = 0.85 (0.41= 0.74) 8 TeV [6] 12 - -
ATLAS, all jets 173.72 £ 1.15 (0.55 = 1.01) 8TeV [7] = 4k .t ch. i
ATLAS, l+jets 172.08+091(039=0.82)  87TeV [g] g’ .
ATLAS comb. (Oct 2018) 17269 = 0.48 (0.25 = 0. 748 TeV (8] T, L D ff tW sch 4 . I '
ATLAS, | ic invari g 174.48 = 0.78 (0.40 = 0.67, 13 TeV [9) ' ‘ ’ . . s . b
s mesimo.on e ) B ets W 1 first time sub-GeV precision |
CMS, dilepton 172.50 = 1.52 (0.43 = 1.46) 7TeV [11) P ) | { . . l
e e Ry [Jsat+poieasyst | | In single top phase space |
CMS, dilepton 172.82 £ 1.23 (0.19 = 1.22) 8oV [13] L4 T
CMS, all jets 172.32 = 0.64 (0.25 = 0.59) 8 TeV [13] ¢
CMS, single top 172.95 = 1.22 (0.77 = 0.95) 8 TeV [14] 24 .
CMS comb. (Sep 2015) 172.44 = 0.48 (0.13 = 0.47) 748 TV [13] - ¢ ® top and an‘“-top mass aISO
CMS, l+jets - 172.25 = 0.63 (0.08 = 0.62) 13 TeV [15] Py d t |
CMS, dilepton 172.33 £ 0.70 (0.14 = 0.69) 13 TeV [16]
j 1723420730020 - 0.70) 42 Toy [17] ﬁ' measure Se ara e
CMS, single top 172.13 = 0.7 (0.32 = 0.70) 13 T:‘/ (18] L e S . p . y
e— T N— PP, I I S (test CPT invariance)
* Preliminary “1 ?I SLO 81 ..m.i.. .'. ....._...., 'uvv./va\-
N BRI B T T I AT A oL@ el é D 5i5 i
165 170 175 180 185 | nm

Mo [GeV]
mMC = mP* + Ay, O(1GeV)

1
® /e
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Johannes Erdwmwanin

YS+ Javier Aym‘isi,

Top mass

Fundamental parameter in the SM, not an observable: scheme-dependent

Direct measurements mMc ¢—p m Indirect measurements
ATLAS MC study towards understanding better the ambiguities between mMC and m
o Better understood in the boosted regime ATL-PHYS-PUB-2021-034

0_1—— ATLAS Simulation Preliminary
_ pp — tt, XCone R=1.0 jets

- Soft-drop (z,,4=0.01, =2)

| 750 GeV < p_ < 1000 GeV

 Interpretation of mMc obtained by comparing MC distributions
with calculations within well-defined theoretical framework —
pole mass or MSR mass schemes

- MSR mass, similar to the MS mass, depends on a scale
- Setting the scale to 1 GeV: mMsr(1 GeV)=m,pole

= Powheg + Pythia8

----- NLL prediction, MSR mass

©
o
(%2}

L B B

= NLL prediction, pole mass |
|:| Theory Unc.

Normalized events / 500 MeV

mMSR(1 GeV)
mMC = mP' & Ayc O(1GeV)

o

o

=
|

| | | 11 | I 1 | | I 1 11 | | | | 1

mMC = mMSR(1 Gev) + 80133 Mer 002

1 I ) | I | T I L1 1 | l N I

165 170 175 180 185 190
Large-R jet mass [GeV]

o CMS measurement of miop from boosted jet mass (mjet) observable:
m, = 172.6 £ 0.4 (stat) = 1.6 (exp) £ 1.5 (model) £ 1.0 (theo) GeV

Sebastian Wuchterl (DESY) SM parameters from top quark measurements at LHC with ATLAS and CMS
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Johannes Erdmwania

Top asymmetries

L] [ [} [l top.
Top-pair angular asymmetries may indicate anikiop
BSM top production interfering with SM / A
» NLO effect, can be enhanced by BSM physics ! W
€ 5000—ATLAS Preliminary [t fiducial finonid. 3
L% 4000 E_gf:—1rr?a1-§i\rll,ariggtif:n .Background MC Stat+Syst_E
m Usually charge asymmetry measured as rapidity 30005_ VL F
asymmetry 2000}~ ‘ I\ N
: 10005 ° ° -
m Here: measure energy asymmetry in boosted o8
- - - . 1'2_....
tt +jet (single lepton) 2 "R MAIIHDT _
o I e o o e o © o o o
.. . . [1 7] AERAMARMMAARESHAEERE TSRS g
m 0;: angle of additional jet to z-axis B ' '
e gl SEEELTEE 8 Sueoen
m AE = E; — E: energy difference NN IR IR
0s=6< /4 w4 < 6, <3/5n 3/57 < 0, =m
m Top quark charge from lepton - -
Pq g P o f_\TLAS Preliminary — MadGraphs aMC@NLO
. . = - (s=13 TeV, 139 fb”' —4— Data (stat only) :
m Define asymmetry: = 2r i Dateptet ooyt ]
Ar — o(0;|AE>0)—0o(6;| AE<O) < o_ ]
E = 5(6;|AE>0)+0(6,|AE<O) : :
m Statistical uncertainty dominates -2 | -
: I ]
—4r- T .
_6:_ 1 : | l _:
0 /4 /2 3n/4 v
6, [rad]
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Griulia Negro

YSF Brent Yates

b-f rag m e ntat I O n I n tt Sebastian Wuchkerl

. ‘C;S" :IIII{II\l|IIIIIIIIIIIIIIIIIIIIIII\|l[|ll|l|l||lll:

Fundamental test of pQCD and parton shower formalism % ss= — paa -~

B 2 - Pow+Py8 rg = 0.855 3R = 0.127 e

i : _ Yl ks E == Pow+Her 7.1.3 +_:

o —> important for many high-precision measurements, $ sC - Sherpa22.10 + E

eg. top mass E dileptons -

2 —  ATLAS Preliminary E

. _ _ j s Vs=13TeV,36fb :—t—__r_ 3

o Current determination relies on LEP ~E S | s

measurements at the Z pole B = pTT[ $ E

0.5 Tjet | ..., 3

. . E | Py g lon o on o m ’ -

° AtLHC: use jet observables O STTTTTITITSTTITITTIT o bt bt o frn b 5

s 13 Data

o ATLAS: inclusive track-based observables = };'?E | R oo
=R .ﬁ!“—-‘ —

» Unfold to particle level, compare to generators and tunes ~ §¢s= L. [ i Eg

8:gz_lllllllIIlllllllllllllllllllllllf|ll|l||l|l[|llé

0 01 02 03 04 05 06 07 08 09 1

O,

(13 TeV) T.b

o CMS: use charm mesons (DO, J/psi) CMS Preliminary 35.9 1

reconstructed inside b-quark jets by charged 3 T (Wl i wwos | Lund-Bowler model

particles to measure the b-fragmentation S ool |[Jeeizo6b f(z) = (1 —Z)aexp(—%)

parameter rp € [ | —Pytias z ?
004 dileptons &

» First time at LHC: - I+jets

0.03—

r, = 0.858 £ 0.037 (stat) = 0.031 (syst).

0.02

0.01—

o Data in agreement with models
tuned on LEP data % 02 0.4 0.6 0.8 1
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Single top polarization in ATLAS ., ....

S S
U > >

Measurement of polarization observables is . Top-quark rest frame
W sensitive to BSM effects in the Wtb vertex
b > > t

o First measurement of the full polarization vector ! 'l ll i

via angular distributions of leptons for both tops and antitops

costi:

cosw

o Q variable: divide phase space
In 8 regions depending on the

X', y’, z’ angles constructed using
spectator jet in the top rest-frame

direction and sign of the polarization 3D space divided into 8 octants
24 | | | | | | | |
£ ..
g : ATLAS Prellmlnary ‘ Qata Dt-ChanneI : P ’ 1 .5 1T 7T l 1T 177 ] L l L LI L
Wosnoof Vs =13 TeV, 139 fb"  [lItt, tW, s-ch [ W+jets  — X 3 .
[ Signal Region [JZ+jets, VV M others ] - ATLAS Preliminary ]
" top quark B Multijet /7 Uncertainty 7 . Vs=13TeV, 139 fb™ i
20000 — Post-Fit ] 1— —]
15000} - - .
- ] 0.5 — 7
10000k ] i top quark ]
B 0 = - » ¥ ]
- top antiquark .
_ -0.5— n
B i i
S " +best Fit i
g ] -1 [ 68% CL stat. only —
0.96 | 68% CL stat.+syst. i
A I o L ¥ Powheg-Box+Pythia8 |
* _1 i | - l 11 1 1 l L1 1 1 l L1 1 1 I Lt 1 1 l L1 1 1 |

'—q.S -1 -0.5 0 0.5 1 1.5
P,=—-002+020 P,=—0.007+0.051 P,=0.91+0.10
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More anomalous couplings mers s

o CMS: Probing CP with asymmetries based on 4 T-odd observables using I+jets tt events

" 1e =4jets (2bjets ) 137fb” (13 TeV) 0. = Q.o = = I 1lep. = 4jets (2bjets) 137fb" (13 TeV)
. M DL A ll N " AR IR IR I B 3 — fe b,p;,pf’p.l u fp b . p f p '] — C | | |
S 10 CMS =\?Vt;;?;s=tsflzgler>:onic =t\§V semileptonic O, = Q,¢(P,p, — pj, ] YxQ (_) - _)—J) . (_) X _)) é 0.8 - CMS A Agpin eHets v Algpinutjets =
‘% 10¢ - Preliminary —+ Data [ |Stat. @ Syst. . Syst. 6 €\ Pp — Ph> Pe> Pj, ¢ IZ) I:; p _z; p _Ji % . = Preliminary ® Al inleptonsiets 8TeV) 4 Al in leptonsjets
@0 Ga=2 O12=q - (pp— PP, 4Py, P5) < (P, — Pp). (P X Pp); E 06 B
10° 014 = €(P,py + P, Pss Pj) & Pr+ 75 Prx 7’),'1) o 04 —
R < - ]
10 0.2— { o
o g N(O; > 0) — N(O, < 0) o4y S S SR i
O 15 ACP(Oi) = - ® { + + ]
2k e N(O; > 0) + N(O; < 0) 02f =
(=] - = -0.4— —
05 OSSOSO _— C n
= SETTT — 73 e Noevidence for CP violating effects -
s F e T Y 08F =
7] - (d, =-3)/(d,=0) 3 r I
e wwe-s 3 e Uncertsreduced by factor 3wrt 8 TeV .
- 08 06 04 02 0 02 04 06 08 o) 0 0 o)
03 / m‘ [GeV] 3 6 12 14

Production

o CMS: Search for lepton flavour violation

o Targeting eptu, eptc interactions

- CMS Preliminary 137 b (13 TeV)
:g VT 1 I Others
P2 Stat. ® -lt_thvm tc) x 10 -1
£ 10° e O Ve (o) . CMS Preliminary 137 b (13 TeV)
TR S 6f 95% CL EXCLUDED REGION.
X C Obs. | Exp. | CLFV
10* : 5:_ ................... SNUTOUNE RSSO SO —_— aeees | Vector E
= F —_— senen | Scalar [
C e Tensor [
10° I 4_‘ | | i
g2 :
102 35... ................................... —
25..\\ T T _:
5 ———r g ]
o 12F - ‘... ‘-.. ]
T N NN 1'{}\ IS A E E
g 08: i ey | el Rk 1 1 - :|A A&ALJ \"Pn LNy T ||||:
06 04 02 0 02 04 06 08 % ~"01 02 03 04 05 0.6
BDT discriminant B(t— epu ) x 10
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FCNC searches

Flavour Changing Neutral Currents are highly suppressed in SM

—> enhancement is clear sign of BSM physics

o CMS: search for t-H(yy) FCNC in
production and decay

CMS Preliminary 137 b (13 TeV)

vvvvv LN B L B B ) B L B

120 - H—=>yy All Categories -
[ m, =125.38 GeV S/(S+B) weighted
100 |~ BF(t — Hu) = 0.031% ¢+ Data s
I — S+B model (exp.) |

soplil (e B component ]
o ]

[]*20 .

S/(S+B) Weighted Events / GeV

s L b L L Ly
130 140 150 160 170 180

PN BT RT W
100 110 120

m,, (GeV)

B(t — Hu) 1.9 x107* (3.1 x 1074)

B(t—Hc) 73x107%(5.1x107%)

» Search also for t-H(bb) FCNC in
production and decay, less stringent

Thomas Stevenson

September 2021

Each limit assumes that
all other processes are zero

ATLAS+CMS Preliminary 95%CL upper limits <@ ATLAS <—@ CMS
LHCtopWG

[1] JHEP 05 (2019) 123

[3] PLB 800 (2019) 135082 (LH only)
[5] EPJC 76 (2016) 55

[7] JHEP 07 (2018) 176

[9] JHEP 07 (2017) 003

Theory predictions - SM 2HDM(FV) []2HDM(FC)
from arXiv:1311.2028 [JMSSM []JRPV RS
HE O E R R EE RS s mE e s s . _ " -

[2] CMS-PAS-TOP-20-007
[4] JHEP 04 (2016) 035
[6] JHEP 02 (2017) 028
[8] CMS-PAS-TOP-17-017
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FCNC searches

Flavour Changing Neutral Currents are highly suppressed in SM
—> enhancement is clear sign of BSM physics

o ATLAS: search for t-Z FCNC in
production and decay

w

ulc z

alc 8 ¢

L L L LN NN NLALELE BLELELE NLELELE BLALEL
- ATLAS Preliminary ¢ Data
L {s=13TeV, 139 fb” WZHWZ | VV4LF
C SR1 VW+HF Wtz ]
1201~ D,>-0.6 W Fake lep. [ Other bkg. ]
_ Post-Fit Bkg. uncertainty ]
100~ - - - FCNC (c)tZ x 50 -
FCNC tt(cZ) x 50 b

140

Events/0.18

0.75 +

Data / Bkg.

02 04 06 08 1
D.

096 —04 02 0

Observable Vertex Coupling Observed Expected
B(t— Zg)[107°]  1Zu LH 6.2 49'%]
B(t — Zg)[107°]  1Zu RH 6.6 5147
B(t— Zg)[107°]  1Zc LH 13 1153
B(t— Zg)[107°]  1Zc RH 12 10%3

Thomas Stevenson

ATLAS+CMS Preliminary 95%CL upper limits <@ ATLAS <—@ CMS

HHclopwa {;} :nggg ((:311 s)) 11 322082 (LH only) [2] CMS-PAS-TOP-20-007
[4] JHEP 04 (2016) 035
September 2021 [SIEPJC 76 (2016) 55 [6] JHEP 02 (2017) 028
[71 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) [TJ2HDM(FC)
from arXiv:1311.2028 [JMSSM [JRPV [CJRS
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Effective Field Theory e s

m So far no evidence of BSM physics at the LHC N
m Direct detection might be out of range at A > E ¢
— Expand SM: Legr = Lsm + D %(9,’ SM
(here: dim-6 expansion, dim-5 and dim-7 would violate lepton/baryon numbers)

m Wilson coefficients ¢; modify the SM vertices EFT

mY

— Deviations visible in SM precision measurements Inspired by K Mimas E

m Model independent

m In the top sector, EFT effects can be observed in various final states:
tt, ttZ, tty, ttH, tZq, ...

m Two ways of using EFT:

1. Re-parametrization of cross section measurements Plenty of results already
available, more to come !

2. Dedicated EFT measurements
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EFT in tt and t-channel

Thomas Skevenson
Dennis Schwarz

o Boosted tt cross section in I+jets (ATLAS): parametrize bin content as a function of Cig and Ciq®

< T T 1 =
8 ATLAS Preliminary  * D@ ]
B 10_1 Vs=13 TeV, 139 o' T PWG+PY8 --- PWG+PY8 (nnlo rw.) -
& Boosted — PWG+H7 === PWG+H7 (nnlo rw.) E
QE Fiducial ph — MCatNLO+PY8 === MCatNLO+PY8 (nnlo rw.)
SQ.'_ 10—2 iductal phase-space Stat. unc. Stat.+Syst. unc. —
© = =
5" - .

© -3
10 =

10°
E, | | | =
c 1.3F —
= =
O = e |
Sl 1F =
e E .
o 07 :_ ..................... : : :
500 1000 1500

pmphad [GeV]

o Single top polarization (ATLAS): use angular observable
sensitive to new physics in Wtb vertex

T | T T T T T T T | T
e Data

-Z‘ [ T T T
ol "?F ATLAS Preliminary Stat. + Sys. Unc g
|0 B estfit =~
© 1 Vs=13TeV,139fb" - SM prediction -
.'U o G = 0.7 g
—b osEr®ercy T itw = T ".“.“.".“.“.".":-'_;
- P
© —
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% 1 f ] e Tt tes
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o CMS: First dedicated EFT analysis exploiting ML techniques
o Target ttZ, tZq, tWZ signals

tZq and ttZ EFT limits s s

o Consider events with 3/4 leptons, divided into signal and control (WZ/ZZ) regions

o MVAs trained to separate SM processes, and SM from EFT scenarios

Data

SM+EFT

138 b (13 TeV)
C s
D 10°k CMS “unc. tData lizg  wzlliz 4
~~ C .
g E SRz ipx  wz fBvvv) fixy NPL
g
w 102

]
o 1 H‘ﬁH///0//-///’/////A/////}/////*////*////////////{////q
o
05 PP PP ITTTTTOL POy -4
(C, /A2, c /A2, c3 AZ) [TeVZ] ]
= 1.5_-—(05051) (1,1,3) —tiz - - Total pred. j_
==
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NN-5D-tiZ output

/0cTOBER

2021
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Events / bin

Pred.

SM

108
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wz iz _
NPL A
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SRZa [ix ‘wz fvvv) Bxy

HlUl/-////*//////}///////+’//////}/////////////// /1144 //ﬁ

e 4, ........ —

_(c /A2 c /A?, c:3 A2) [TeV2] g

?_(0 5,0.5,1) —(1,1,3) —tZq- - Total pred. ‘
ST T T Ty S x o XIIL
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NN-5D-tZq output

m 5 operators considered:

Oth Oth O;Qv

q < < q b W
b t t Y t

;Q ' O(,Ot

e

m Training for single operators and simultaneously (5D)

138 fb (13 TeV)
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TOP EFT picture emerging

CMS Preliminary

September 2021

EFT from top quark production Vs=13TeV
o uark - vector boson operator
Ci /A2 (Top) q son op oS MFV basis adopted from arXiv:1802.07237
— marginalized — individual Dimension 6 operators ( A =1 TeV)

6['] : 5 S : JHEP 03 (2020) 056 775"
tZ : 0.1x arXiv:2107.01508 (Sub. to JHEP) 137 fo"
: —— JHEP 03 (2020) 056 7751
0.1x 2 arXiv:2107.01508 (Sub. to JHEP) 137 fb
sz : ' : JHEP 03 (2021) 095 4151b"

0.1 :
6( 1x arXiv:2107.13896 (Sub. to JHEP) 138 fo"'
Cow ; JHEP 03 (2021) 095 415"
Eur.Phys.J. C79 (2019), 886 359"
6w p—— JHEP 03 (2021) 095 415"

t :

0.1 .
X 01x ; arXiv:2107.13896 (Sub. to JHEP)  13g o'

~1] : s
Cqa 0.1x 5 Phys.Rev. D100 (2019), 072002 359 fb"
0.1x : Eur.Phys.J. C79 (2019), 886 3591
& 0.1 X e Phys.Rev. D100 (2019), 072002 3591fb"
G : gy m— JHEP 03 (2021) 095 415"
Cs —_— Eur.Phys.J. C79 (2019), 886 35.9 fb"
Cw 0.1x: : Eur.Phys.J. C79 (2019), 886 359 fb"
CuG : 0.1x : : : Eur.Phys.J. C79 (2019), 886 35.9 fb”

l | | | | ! 1 | | | | | | | 1 I | | | | l
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95% CL limit [TeV
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ATLAS Preliminary  Top EFT Summary
\s=13 TeV September 2021

A=1TeV
— 68% CL — A
-+ 95% CL — AZ4A*

Cow [1] o

th [1] - —— 18

Cow [2]

CtB [2] ---------------

Cot [2] coerrereren T

Cf:z) [2] gt HI T -

CoB1
[1] Single top polarisation, ATLAS-CONF-2021-027
[2] ttZ cross section, Phys. Rev. D 99 (2019) 072009
[3] tt diff. cross section (l+jets), ATLAS-CONF-2021-031
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o Challenges and opportunities:

o Transition to NLO where possible

o More global approaches to capture experimental correlations, EFT at particle level and ML to boost sensitivities

» Joint effort by experiment and theory —> LHC EFT WG, LHCtopWG
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LHC Run3 and HL%L\HC

LSt EYETS 13 - 14 Tev IAEAS 14 TeV
13 TeV — energy
_ Diodes Consolidation
splice consolidation cryolimit LIU Installation ) . -
7 TeV 8 TeV button collimators interaction o inner triplet . Hlt' :]Ht(.:
R2E project regions Civil Eng. P1-P5 radiation limit instailation
2011 2012 2014 2016 2018 2019 2020 2021 2023 2024 2026 2027 ‘IIIIIIM
$ to 7.5 x nominal Lumi
ATLAS - CMS - —
experiment upgrade phase 1 ATLAS - CMS "
beam pipes . . . . HL upgrade
nominal Lumi 2 x nominal LU&I ALICE - LHCb | 2 x nominal Lumi
75% nominal Lumi |/_ upgrade
luminosity, AL R o
AS

ﬁ Preparation for Run3 is in full swing. Beam commissioning starts on 8 March 2022 \
- Full intensity only expected in Summer 2022

- Current integrated luminosity estimate (2022-2024): ~ 160-200 fb-1

- Magnet training target lowered from 7 TeV to 6.8 TeV to reduce risks —> final word expected soon

- Also planned: ion run (Pb-Pb or p-Pb), oxigen run (O-O, p-O)

K - Experiments are commissioning detectors and software J

» LH-LHC is already taking shape, experiments working on necessary upgrade for the detectors

- Expect improved momentum resolution, larger eta acceptance, timimg capabilities
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Top at HL-LHC

» Very forward top (LHCDb): access to high-x PDF,
essential to understand potential signs for new

HL-LHC

¢ 14 TeV — not a bump-hunt machine
e 3-4 ab-1

e 140-200 Pileup

Huge yield (in terms of approx. top units)
e 3B ttbar events

e 300M tW

¢ 30M s-channel

e 3M ttV

e 30k 4 top

Unprecedented challenges for
detectors and reconstruction

¢ Radiation

e Occupancy

e Particle density

o ttgamma

’\? 60 T T T T T T T T T T
e ATLAS Simulation Preliminary

£ sof. 5= 14TeV.3ab"vs. (5= 13 TeV, 36 1"

g Dilepotn, normalised
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o 4top: improvement up to ~11% possible,

constraints on 4-fermion operators

T

I
B it

TLAS Simulation Preliminary
=14 TeV, 3000 fb ' [Ctv
[fake
M i+

Uncertainty

Jan Kieseler

o FCNC: expect improvements
by ~1 order of magnitude

t—=Hc
t—=Hu
t—=yc
t—=yu
t—gc
t—=gu
t—=Zc

t—=Zu

ATLAS+CMS Preliminary 95%CL upper limits <@ ATLAS <@ CMS

LHCtopWG [1) JHEP 05 (2019) 123 2] CMS-PAS-TOP-20-007

(4] JHEP 04 (2016) 035
(6] JHEP 02 (2017) 028

(3] PLB 800 (2019) 135082 (LH only)
(5] EPJC 76 (2016) 55

(7] JHEP 07 (2018) 176 (8] CMS-PAS-TOP-17-017
[9] JHEP 07 (2017) 003

Theory predictions -SM 2HDM(FV) [CJ2HDM(FC)
from arXiv:1311.2028 [CJMSSM DRPV ORs

September 2021

Each limit assumes that
all other processes are zero
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o Exploit multi-process analyses
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Top at HL-LHC: challenges

@)l Go further up the Systematics Wall: techniques @

Jan Kieseler

CMS

nepr-»

» Beating systematics for

precision measurements ¢ Unfolding with in-situ constraints / uncertainty marginalisation
will be a must

@ (g Techniques to Keep an Eye on § o

. « Pok or")l 01/14/21 By Stephanie Melchor
+ Remevinganyprio e repuarisain cutAPorrcore (SN
A Fu rth er I m prove m ent O n +Poltingwk www«:r\?fm i J 8 The ATLAS collaboration has begun to
analysis techniques and -L’“L"";ZT’ “;ﬂ,mm.,m,u,.,w : publis elhood fnctins, normation
\ y that will allow researchers to better
t I P . // \ MMW understand and use their experiment's data
OO S ""L&r& NQLLLS& ot TR 68 in future analyses.

. e We are on a good path, let’s keep climbin
» Ensure constraints are goocp P g

physically meaningful: e Use differentiable programming to find optimal analysis working
points
o Understand unce rtainty » Code written using differentiable programming tools allows optimising free
] parameters automatically with powerful gradient descent methods
Correlatlons, mOdel » Optimise not only for best Signal/Background but also to find best classifier

to constrain systematics [1,2]

ImpaCt Of StatIStICa| » Direct simulation based inference [3]

fluctuations » These also offer direct access for multi-process optimisations

— possibly Clara’s talk

[11 Inferno .[2] Neos, [3] Cranmer et al. and therein

e Dire need of a paradigm change from by-eye optimisations of many, many
parameters, e.g. working points, cuts, ... reconstruction algorithms to
differentiable implementations that allow to use modern optimisation tools
» Really find an optimum: end-to-end optimisation
» More time for new developments/analysis, less maintenance work
» Chance to solve computing challenges too
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Closing comments

» Very successful second virtual Top Quark Workshop, many interesting discussions
> Very well attended: ~160 people connected
> Huge thanks to all poster and talk presenters for the excellent quality

> Huge thanks to the organizers for the great workshop

o Top physics experimental programme at the LHC is thriving

> Many new ATLAS and CMS results with full Run2 data
— expect a lot more to come!

o Interpretations of measurements are in full swing

- SM parameters, EFT, BSM, generator tuning...

o Run3 is about to start, HL-LHC is around the corner

» Many exciting proposals for top physics at future colliders

» Let’s discuss at TOP2022 (hopefully in person again...!)
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e At sample including all off-shell effects (i.e. double, single and non-resonant @ ; a E
contributions):
e improves description of the off-shell phase space (currently modelled by tt+tW)
for searches
 provides a theoretically more solid definition of the top quark mass
 one of the best MC setups for ¢f but currently implemented only for different
flavour leptons processes — difficult to use directly in comparisons with data
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