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Introduction g Z?gnm»(

e Top quarks produced at high energies g T —>—t g S
o “Small” coupling strength - allows precise A :igéi‘
theory predictions R -

e Top quarks are produced abundantly at the LHC

o High statistics analyses all-hadronic 46%

T+jets 15%

Energy asymmetry in ttbar+jet events
Charge asymmetry in ttbar events
Colour reconnection measurement

Measurement of b-fragmentation in ttbar events Hjets 15%

e+jets 15% .
dlleptonlc lepton-+jets

Top-quark spin and polarisation measurements presented today by Miriam




Energy asymmetry in ttbar+jet

Eur. Phys.).C82 (2022) 374



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2019-28/

Energy asymmetry - introduction
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e Asymmetry between the energies of top and anti-top <
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Using the optimised cross-section

Measured in ttj rest-frame

Angle between the jet and z-axis

Asymmetry increases with increased jet p_.
LO effect due to the presence of the extra jet
Sensitive to new physics
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Energy asymmetry - measurement § =iz S
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e Oneisolated electron or muon (27 GeV) o 20005_ ® E

o Large-Rjet (delta R =1.0), 350 GeV, top-tagged with DNN ' F B E

e Small-R (delta R = 0.4) close to the lepton e e —

e Associated jet, 100 GeV, isolated from top-candidates g5 4 _OOEEE

e Atleast one small-R b-tag LRI e
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e MET and MWT cuts - to suppress fake leptons top-quark energy [GeV]
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Strategy £ 4000 ] E
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e Unfold optimised differential distribution to particle level ~ 2000 E

e Extract the asymmetry from the unfolded distribution 10085_ E
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antitop-quark energy [GeV]
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Energy asymmetry-unfolding —— ————+————

AE; |AE; | AEs | AEy | AE, | AE; | AEs | AEy | AE, | AE; | AE3 | AEy

e Using three regions, each with four delta energy bins 0<0; < /4 w4 < 8; <35 oL By 2
e Using Fully Bayesian Unfolding to unfold to truth level - see the talk from Barbora

o  Systematic uncertainties included in the likelihood

o Using MCMC sampling for marginalisation
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e Statistically dominated, dominant systematics from ttbar modelling and JER

e In agreement with the SM prediction from Madgraph




Energy asymmetry - EFT interpretation

ATLAS - A
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Charge asymmetry in ttbar

Submitted to JHEP
See the YSF talk from Barbora!



https://arxiv.org/abs/2208.12095

Charge asymmetry ttbar - introduction

Central-forward asymmetry at LHC
o Proton-proton collider

Pure NLO effect
Sensitive to new physics effects

AlT — N(Aly:zl > 0) = N(Aly:z| < 0)
C 7 N(Aly:i] > 0) + N(Alys7| < 0)

do/dy

(@)

Predicted inclusive asymmetry: 0.6% - Phys. Rev. D 98, 014003 (2018)
o Calculated at NNLO (QCD) with NLO EW corrections

e Increased asymmetry in differential bins



https://arxiv.org/abs/1711.03945

Charge asymmetry ttbar - measurement

e Lepton+tjets resolved, lepton+jets boosted <107

[Te) " L B DL I L B BN

S 350 ]

o One lepton, 28 GeV s ™t ATLAS L e j
_ 5 annf s=13TeV, 139 fb Wajets ]

o Atleast one b-tagged small-R jet, 25 GeV £ 300F e/ +jets (pre-marg.)  mmm Singletop
. . > - resolved 1b-excl. B Z+VVHV+H

o Atleast 4 jets (resolved), large-R jet (boosted) >350 GeV * 250 . o Uorainty
o Kinematic reconstruction ; ]

m  Permutational BDT
e Dilepton
o Two leptons, 25(28) GeV
At least two small-R jets, 25 GeV
Z boson veto
At least one b-tagged jet
Kinematic reconstruction using Neutrino Weighting
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Charge asymmetry ttbar - EFT
g y ry A vs. NNLO QCD + NLO EW
| Differential m,
| —ateat Tesia
e SMEFT framework —  —A? « Best-fit value
e Sensitive to blind directions from energy asymmetry Co I =
T T T 7 T 18 | o gt
= |ATLAS Ca =
% 4/Vs =13TeV, 139fb?! Con [ T
cht - NPT
£ | — Ag68%CL o | .
©F o Ag 95% CL o L s
[ tu B
————————— ¢ e
C?q - :.,’:..
0 C?Du [ Heess ‘_._.’::
c, r - °—°—_._ ............
o, [ TE
) / C:d = feeses —.—-—""‘
Co I -
Ch [
Al —— AF68%CL ol b e
L Ag95°/°CL T @ lIIIllllllIilllllllllllllllllllllllllllll
. . | . - 2 -1 0 1 2 3 4 5 6
—4 ) 0 2 4

CIA?[TeV?

Co2 (TeVIN)?




Charge asymmetry ttbar - lepton asymmetry

e Based on rapidity of charged leptons
o Only dilepton channel
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Measurement of colour reconnection in ttbar events

Available soon
See the YSF talk from Shayma



Colour reconnection - introduction

Important phenomenon for MC generators
Not simulated from first principles

\b

@)

(@)

@)

O

MC: leading-colour approximation

Different colour reconnection models p

m  Mechanism for re-assigning colour connections between partons

m Less energy to create particles
e Larger energy of particles
e Different particle multiplicities
Pythia, Herwig and Sherpa have different models

Models need to be constrained from data

Top quarks

(@)

Current models include CR before top decays

Short lifetime -> top quarks can interact with final
state colour fields

E.g. top mass uncertainty from CR: 0.2-0.4 (8 TeV |+jets)

Typical hadronization scale

Top decay


https://arxiv.org/abs/1810.01772

Colour reconnection - measurement
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(s=13 TeV, 139 fb*

T
ATLAS Preliminary
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o 2108
Colour reconnection - backgrounds 5 |...
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e Standard event-based backgrounds estimated £ e,
e Track-based backgrounds
o Pile-up and sec. vertex subtracted stochastically
e Correction to pileup simulation
o Based on impact parameter comparison in MC and data b
: : . g @
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Colour reconnection - results 1
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[

Sherpa predicts softer spectrum and more low multiplicities than seen in data

o Sherpa CR model assumes no colour reconnection



Colour reconnectlon results 2
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e (RO model agrees better, none of the models describe data perfectly
e Important to check Underlying Event modelling simultaneously with CR models



Measurement of b-fragmentation in ttbar events
Phys. Rev.D 106 (2022) 032008



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.032008

b-fragmentation - introduction

e Important for many processes
o E.g. top mass using soft muons
e Db-jets provide clear experimental signature - identified
via secondary vertices

b-jet

e Using ttbar emu events to measure b-fragmentation ietime .+ 3 “J‘:r't':fw
o Cannot access quarks - using b-hadrons primary
o Only charged particles/tracks used for b-jets e
o Lepton p_as a proxy for top quark p, da st

prompt tracks

m [nitial energy not known, unlike in LEP
e Different observables sensitive to b-fragmentation

h - — h
a P PoPe 2P
T.b — h ALp = =
Pliw PSP PT+ Py
e Unfolding to stable particle (tracks) level

o Using FBU
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b-fragmentation - results
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b-fragmentation - results 2
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Summary

e Large LHC dataset allows to measure top-quarks properties precisely
e Energy and asymmetry measurements in ttbar
o  Still statistically limited!
m  Run 3 dataset can significantly improve the precision
o EFT interpretations
e Colour reconnection and b-fragmentation
o Help with better understanding of the MC generators
o Possibility to improve future hadronisation models
m Crucial for improving modelling uncertainties that limit many measurements

Check the YSF talks about charge asymmetry and colour reconnection later today!
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Charge asymmetry ttbar
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Charge asymmetry ttbar
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Colour reconnection

x107
F T T

! {5=13 TeV, 139 fb! |

T
| ATLAS Pre|iminary:
OS ey, 2 or 3 jets)

[
| |
a4l e ' ' 7
| Normalised : N, [20,40) : n., [60,80) : Nep = 80 |
<2
@ ¢ [ ' PPBCRO A
|

>

O

=

= '
(=]

o ]
=}

N

‘W PPSCR1
{ PPSCR2 |

ddsidn,dzx, p_ [1/GeV]




b-fragmentation

Generator configuration z,crl,‘b p-value zL , p-value | p p-value p-value
PowHEG+PyTHIAS Al14 0.24 0.85 0.19 0.98
PowHEG+PyTHIAS Al14 aFSR 0.139 0.09 0.33 0.28 0.98
PowHEG+PyYTHIAS Al14 a/FSR 0.111 0.04 0.32 0.07 0.98
PowHEG+PYTHIAS Al14 rg = 1.05 0.09 0.48 0.28 0.98
aMC@NLO+PyTHIA8 A14 0.29 0.92 0.21 0.98
PowHEG +PyTHIA8 Monash 0.13 0.57 0.32 0.97
PowHEG+PyYTHIA8 Monash Peterson 0.01 0.02 0.10 0.96
PowHeEG+HERWIG 7.0.4 0.16 0.46 0.11 0.98
PowHEG+HERWIG 7.1.3 0.23 0.71 0.16 0.96
SHERPA 2.2.1 0.08 0.42 0.53 0.01
SHERPA 2.2.8 (Z + bb tune) 0.0005 0.005 0.19 0.48
SHERPA 2.2.8 0.10 0.47 0.11 0.61
SHERPA 2.2.10 0.07 0.53 0.07 0.40




