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Introduction



Large Hadron Collider

A Current status: LHC Run 3 @ 13.6 TeV

A HL-LHC planned from 2030 to 2041

LHC/HL-LHC Plan (last update January 2025) here |

A,

LHC / HL-LHC Plan
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Key Physics Goals

The core physics topics at the LHC (colour-coded by directly-probed energy scales)

Standard-model
physics
(QCD & electroweak)

top-quark physics Higgs physics

100 MeV -4 TeV 170 GeV - O(TeV) 125 GeV - 500 GeV

flavour physics
(bottom & some charm)

direct new-particle

searches heavy-ion physics

100 MeV - 500 GeV

100 GeV - 8 TeV

Graphic borrowed from Gavin Salam - Amplitudes 2020

> > >

p >N

Understand better Standard Model
Establish structure of Higgs sector
Search for signs of new physics BSM

Direct searches
A Many proposals for New Physics
A No model of NP really stands out
A No obvious candidates to look for

Indirect searches
A New Physics as small corrections
to SM reactions

Precision SM measurements
A High Luminosity LHC

High Precision Theoretical
Predictions
A Top Quark & Higgs boson

Complementary



Key PhyS|CS Goals Pictorial representationofa p p tl event

as produced by an event generator

A A synergy between theory & experiment is key to foster SHERPA, JHEP 02(2009)007
discoveries at the HL-LHC

A Shed more light on Higgs -boson sector

A On theory side, path to precision runs through several
directions:

A Perturbative accuracy of amplitude calculations
A Numerical stability of integration & subtraction of IR

00000000
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divergencies 3 on- \‘ : ‘=i
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A Robust assessment of theoretical uncertainties

A Modelling of realistic final states in fiducial phase -space

regions
A Muti-particle final states, re s
A Precision & Accuracy Y ldentify which effects are

important & should be taken into account
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Top Quark Pair P roduction +X @

A More exclusive final states are produced @ LHC

LHC State of the art: NLO

Ve ~
A Interactions between top quarks and other SM particles W*gf et b
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A Only selected results forp p tb+ X will be discussed in
following slides

A Helac Nlo group delivered results for all these
processes& more

Main Focus:

A Modelling of realistic final states in
fiducial phase -space regions




TT Production with Realistic Final States

A Modelling of unstable particles

pp — bEe+u_VeDM at O(a’a?)

SVQMW
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TT Production with Realistic Final States

A Modelling of unstable particles

pp — bEe+u_VeDM at O(a’a?)

Double-
resonant
diagram
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TT Production with Realistic Final States

A Modelling of unstable particles

pp — bEe+u_VeDM at O(a’a?)
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Single-
resonant
diagram
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TT Production with Realistic Final States

A Modelling of unstable particles

pp — bEe+u_VeDM at O(a’a?)

/\ﬂ‘l
B"'I‘F'I\g.[

Non-
resonant
diagram
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TT Production with Realistic Final States

A Modelling of unstable particles a 2eeerter

L“%<;:
pp — bbe vy, at O(a?at) g/)<% .
el s BT

0
.
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v, .
L} .
........
------------

A NLO QCD correction
separately to production &

Narrow-width ) > b+ decays
Ty T, Ty approximation e E. .
mw . my o mp’ (NWA) De A Nonfactorizable NLO
— Fix intermediate corrections are missing
2.6% > 0.8% > 0.003%. state to be on-shell
) 0 _ A No cross-talk between
m | e production & decays
€ i
J < b A NLO spin correlations
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TT Production with Realistic Final States

A Modelling of unstable particles

> b
e‘i’
Ce
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pp — bB€+,LL_V€l7u at O(a’a?)

T
NP U e

D;:
o
b
Double resonant Single resonant Non resonant
Lo ¢
9 ,{: b+ 3 i b+ g > b+
L‘%,,<;: ie LH‘H.<;‘: f‘)e ;’;e
A ) 2/r
J < b 3 < b 9 < b
NWA Off-shell

A Full off -shell = DR + SR+ NR + interferences + Breit-Wigner propagators

A NWA = DR contributions & unstablet & W restricted to on-shell states
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TT Production with Realistic Final States

A NLO QCD corrections to stable pp B tt+X matched to parton-showers

—

Powheg -Box
A Decays via parton shower without any spin correlations MG5 aMC@NLO
A LO decays with approximate spin correlations Powheg Box + LO Decays
MG5 _aMC@NLO + MadSpin

A Double resonant contributions only

A Breit-Wigner propagators for 0& W . . .
g propag A Dominant contributions resumed

A Collinear parton splitting or soft gluon

A Single & non-resonant contributions still missing as well as their .
emission

interference effects

A Connection to non-perturbative aspects

A Scale settings& theoretical uncertainties based on production -
A Hadronic final states

stage only

pp — bEeJﬂu_yerJ at O(a’a?)
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Part |

I Fixed -order predictions: NLO QCD
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How Good is NWA

Bevilacqua, Bi, Hartanto, Kraus, Worek , JHEP 08 (2020)043

MODELLING APPROACH a"© [ab] oNLO [ab)
(g
full off-shell (o = mq +muw/2) 106972725 | 193962 (%)
_ +30.5 (26%) +4.3(3%)
full off-shell (g = Hy/3) 115.1 750 5 (a0 | 1244577 (6%)
+27.5 (26% +6.3 (5%
NWA (po = my + mu/2) 10647505257 | 123075257
+30.4 (26%) +4.1(3%)
NWA (puo = Hr/3) 115.1 —92.4 (19%) t124.277..;,(6%) )
14.2 (11%
NWALOdecay (o = My + My /2) 127'0:3‘3%10%;
13.6 (10%
NWALOdecay (o = Hr/3) 130'7t13.2§10%g

g

Integrated level

A Full off -shell effects0.2%

A NLO QCD corrections to decays 3%-5%

off-shell / NWA
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Differential level

Ve

A Off-shell effects up to 60% - 70%

A Substantial differences betweenNWA & NWA LOdecay
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How Good is NWA

Bevilacqua, Hartanto, Kraus, Weber, Worek , JHEP 03 (2020)154 h r‘P ‘Q e T (’E—iﬁ
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Various Phase

101
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Weber, Worek , JHEP03(2020)154
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Dimensionful observables

A Sensitive to non-factorizable
top quark corrections

Ve

A Effectsupto50% 1T 6 0 %

A Specific phase space regions

A Kinematical edges
A High pregions
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Competing Effects P b’ b G

ATLAS, Phys. Rev. Lett. 121(2018)15,152002 Stremmer, Worek, JHEP 07 (2024)091 Bylund, Maltoni , Tsinikos, Vryonidou , Zhang, JHEP05(2016)052
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A Full off -shell effects relevant in high p tails & for kinematical edges

A Other relevant effects in the same phases p ac e r e W Budakov logarithms B SMEFT contributions
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do/pr(v) [fb/GeV]

Ratio to NWA s

Photon in Production & Decays

NP Q7 b

A Integrated levelfor y; 11 A®nRjy cuU A6

A Prod. Contribution at the level of 57%

A Decay contribution at the level of 43%
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Bevilacqua, Hartanto, Kraus, Weber, Worek , JHEP 03 (2020) 154
Stremmer, Worek, JHEP 08(2023)179
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P o b 1

A Integrated level for 1 j
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A Mixed contribution at the level of 44%

A Prod. contribution at the level of 40%

A Decay contribution is about half the size 16%

) Prod. ¢ Decay
NNPDF3.1  py= Ep/4

0 100 200 300 400 500 600

Proyy, [GEW

do’/’dA.ng2 [fb]

Ratio

¢ Full ¢ Mixed

0.08 ¢ Prod. + Decay
NNPDF3.1 o= Er/4

0.06

0.04

0.02

gk

1.0

0.5 |
‘_‘_|—0—

0'[}0 1 2 3 4 5

ARy,

A Different phase-space regions with various effects

App

te (" ) process cannot be described correctly by
standard NLO+PS predictions
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Part Il

I Fixed -order predictions: Complete NLO
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Complete NLO Corrections

LOl L02 LO3

QCD

EW

QCD

EW

QCD¥ EW

NLO4

NLO; NLO» NLO;3
o; [fb] Ratio to LO;
LO; O(a2a®) 55.604(8) T5>-30¢ 1.00
LO, O(otab) 0.18775(5) F20-1% +0.34%
LO; O(a%7) 0.26970(4) T15-3% +0.49%
NLO, O(a3ad) +3.44(5) +6.19%
NLO, O(a2ab) —0.1553(9) —0.28%
NLO; O(ala®) +0.2339(3) +0.42%
NLO4 O(ala®) +0.001595(8) +0.003%
LO 56.061(8) T332t 1.0082
NLOgqcp 59.05(5)F 5% 1.0620
NLOjprd 59.08(5) T15% 1.0626
1.6%
NLO 59.59(5) +1-6% 1.0717

da’/d}JT,g,1 [fb/GeV}

Ratio

Ratio to LO;

NLOprq = LO1 + LO2 + LO3 + NLO; + NLO3 rq + NLO3 rg + NLOy pra

{ LO ¢ NLOQCD 4 LO ¢ NLOqgen
10-1 t NLO 4 NLOpd = 10! { NLO 4 NLO,q
NNPDF3.1 po= Ep/4 3 NNPDF3.1 pg = Ep/4
= 1072
10~* =
10 57
5 107
104 [ ) L
L] 103 —
1.4 1.50
1.2 o 1.25
1.0 ;; 1.00
0.8 0.75
0.6 0.50
$LO; +LO; 4 NLO, 4 NLO; 4 NLO; S 020 41O, $LOs §NLO, $NLOs 4 NLO,
I—I_,__,_,_.—'— —
0.0 8 ﬁ
g 00
—0.1 Hﬁk\ll & H
' 0 100 200 300 400 500 600 0 100 200 300 400 500 600
pr [GeV] PTob, [GeV]
Stremmer, Worek, JHEP 07 (2024)091
A EW Sudakov logarithms in NLO , leads to reduction in tails of up to
10% compared to NLO o¢p result
A Accidental cancellations between NLO , & NLO ; B Should be
considered together
A NLO ,4 approximation models complete NLO result very well
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Part Il

i Parton -shower based predictions:
NLO + PS
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Parton

Ve

A Transverse momentum of opposite-sign lepton

-Shower Based Predictions
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Various Theoretical Predictions

A Fullpp B tt+X versus ppb tt+X + pp B tWb+X B Coherent sum versus incoherent sumb Comparison
of various approaches important:

A Full off -shell = DR + SR+ NR + interferences + Breit-Wigner propagators
A NWA = DR restricts unstablet & W to on-shell states
A Parton-shower based predictions = pp B tt+X production @ NLO + decays within parton shower or
decays @ LO + approximate spin correlations
V Spin correlations important to probe new physics scenarios

A Understand various theoretical approaches important as they can impact:

A IR-safe (integrated) cross sections: Normalisation

A IR-safe (differential) cross section distributions: Shape of distributions

A SM parameter extraction: m, & @

A SM observables: Top Charge Asymmetry

A BSM exclusion limits: pp B tt + Dark Matter with backgrounds pp B tt & ppB ttZ (ZB ')
A New Physics Modelling: pp 5 ttH with anomalous couplings B pp B ttH in SMEFT

A Systematic uncertainties: Subtraction ofpp B tWb from pp B it

A Matching to parton showers: Resonant aware matching when NLO decays are included
25



A Proper Modelling of Top -Quark Production & Decay
Essential
A Already now in presence of inclusive cuts

Kegihdd

LHC / HL-LHC Plan

HiLUm Y A NLO QCD corrections tof) rP 000 &
| A Full -off-shell predictions:

V & O RO ' gafh o /BT Q
A NWA Results: & QfQio o

A Important

A Corrections to production & decays important
corsmucron A Complete off-shell effects important
V kinematical edges & high pt

A Same phasespace regions are also sensitive to
V Subleading higher-order corrections
V New Physics effects
A Photon emissions must be properly included at all stages
A Matching to parton showers 6 To be used in addition to
accurate matrix -element predictions, not instead of them

A Even More Important for
A Exclusive cuts & HL-LHC
A New Physics searches& Exclusion limits
A SM parameter extraction
A SM observables

26
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Application |I: BSM Exclusion Limits

1 1 % 3 e e LEDE) 3 v
4 ¥ . . . . O O ) 1 b
A BSM Y Kinematical edges & high p; regions nre o wy W W w Wy Q (€1 1V I
L — _ _ grooooy o b 470000 Y > b grooo00 »
A 00 Ov B Top quark backgrounds: 000Q 00w . WV"“%< v W% W
KS/YPS<X e e’ n/vavvv<VT
¢:(H\<H_ | ‘\,J\l"\< ) ~
Ve .. (3 o (A} - \ W._ f_jl“ E r— I_}I "1,;_
A Observable Y U 5 QU QN 9 BT —3 9T — 3 9 BT )
Before & after applying additional cuts
B Process: ttZ 273 LOofr-shen NLOwwa
Process Order Scale Ouncut [fb]  ocut [fb]  Ocut/Cuncut Events for L = 300 fb—! 1075 1 NLOoff - shen "] NLOnwa, Lodec
LO Hr/4 1061 0 0.0% 0
LO Er/4 984 0 0.0% 0
tf NWA LO m, 854 0 0.0% 0
NLO Hr/4 1097 0 0.0% 0
NLO, LO dec  Hy/4 1271 0 0.0% 0
LO Hr/3 0.1223 0.0130  11% a7
LO Er/3 0.1052 0.0116  11% 42
ttZ NWA LO my +mz/2 0.1094 0.0134 12% 48
NLO Hr/3 0.1226 0.0130  11% 47
NLO, LO dec  Hr/3 0.1364 0.0140  10% 50
LO Hr/4 1067 0.0144  0.0013% 17
. LO Er/4 989 0.0131  0.0013% 16 10-6
f Offshell 5 me 861 0.0150  0.0017% 18
NLO Hr /4 1101 0.0156  0.0014% 19 15
LO Hr/3 0.1262 0.0135 11% 49 S %1 01 o ety - — :—;_.'_:
. LO Er/3 0.1042 00115  11% 41 o i = R, [ T r
ttZ Offshell -y my +mz/2 0.1135 00140  12% 50 2Sos| |-~ L TE TN R
NLO Hr/3 0.1269 00134  11% 48 &9 ———
= i
0.0
0 100 300 400 500 600 700

A After cuts 25% of events come from 00
A

NLO smaller uncertainties w.r.t LO, NLO + LO decays

MT?.t [GEV]

Hermann, Worek, Eur. Phys. J. C81(2021) 11, 1029

28



Application |I: BSM Exclusion Limits

A Comparison of signal strength exclusion limits
Hermann, Worek, Eur. Phys. J. C81(2021)11,1029
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Application II;: Yukawa Coupling f

P Q' ™ awo

oop Offoshell NWA ififf-sizﬂ A Higgs characterisation framework
oo (] 2.0813(2) 00 o) 20888(2) T ) —0.37%
0 (SM)  oypo [fb] 2.466(2) 000 ) 2475 g —0.36%
CP-even ONLOLoge. D] — 2592(1&8:225&2:;%
K =onwo/oro 1.21 1.21 (LOdec: 1.27) Y
. % , % n t . .
oL0 [f] L1930 0000 o) LISSI) 0o 0.06% Lo = —Us—— (K4 cos(acp) + ik g4 sin(acp )vys) ¥ H,
/4 oo (] 1465(2) 0o tisy 14520 00etine  0-89% \/§
ONLOou. D] — 1517(1) 000 e CP-even CP-odd
K= UNLO/ULO 1.23 1.23 (LOdec: 128)
oro [fb] 0.38277(6)’:8;(1,3};*;’52;‘@ 0.33148(3)’:8;(1,;2;2531@ 13.4% r B 1 PN wrw—+\ g
/2 ool 050183 0NSRETS 043012 mR0NS  143% HVV = RHVV \ 9 JHZZ 24 JHWW Wy !
CP-odd  ONLOuour [PB]  — 0.4433(2) 5 0o (110
IC = UNLO/ULO 1.31 1.30 (LOdec: 1.34)
Coupling choices: I - ¢fcQll - pQ o)
A Off-shell effects @ integrated fiducial level: Ensure consistency with current experimental bounds (ggF, VBF)
A Small for CP-evenand Higgs boson Artoisenet et al., JHEP 11(2013 043

A Large effects for CP-oddHiggs boson

Hermann, Stremmer, Worek, JHEP 09 (2022 138

Maltoni et al., Eur. Phys. J. C74(2014 1, 2710
Demartin et al. , Eur. Phys. J. C74(2014) 9, 3065
Demartin et al., Eur. Phys. J. C75(2015 6, 267
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Application Il: Yukawa Coupling

1072 ¢t acp=0 <
%' ¢ acp=m/4 ~ &
V) t acp=m/2 & =
£ 1072 8 <
S s 8
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3107 5 2
Tl e} <
_8 _
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§ 3 Shape comparison T 10.0 3 4.5
CE=F. Lo 75 293.0 /hl—'_rJ‘
£ — — 2% 5.0 ©
§ i 2 )5 E21s
13 = o0 = 93
~3l.2 Off -shell effects — | — 1'5
510 et gglﬂth—f:— 220,
=508 T Z¢£0.5 =P T
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' Mn,t [GeV] M(be+)min [GeV]
A CP-even ] . e
A CP-mixed A Off-shell effects @ differential fiducial level:
A CP-odd A Large effects on size and shape forCP-odd Higgs boson
A Only small effects for CP-even and CP-mixed
Hermann, Worek, Eur. Phys. J. C81 (2020 11, 1029 A Reason: SR contributions tWHb production
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Application Il: Yukawa Coupling

Hermann, Worek, Eur. Phys. J. C81(2021) 11, 1029

= Scalar LO seees Scalar NLO
- == Pseudoscalar LO — = Pseudoscalar NLO

102 |

101 |

10°

OTuncut [fb]

10714
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1073
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A Cross section forf) /P ¢ © ° 7 ... with scalar &
pseudoscalar mediators depending on the mass @

Production of pseudoscalar in association with top quarks
Is suppressed compared to scalar for masses belowD 200
GeVif the two couplings I - I - p

Haisch, Pani, Polesello, JHEP 02 (2017 131

This difference can be understood when looking at 0© 0
‘Oro fragmentation functions

k2 - [4(1 —
ﬁ%HH@F=@%Z (maﬂ+mm(é%ﬂ

- 3 ()]

Dawson, Reina, Phys. Rev. D57(1998)5851

cwmomentum fraction that Higgs boson carries
Scalar fragmentation function has additional pj ®

Enhanced production of soft scalar compared to
pseudoscalars

32



Application Il  |: Top Charge Asymmetry

Searching for more precise observables
Bevilacqua, Bi, Hartanto, Kraus, Nasufi, Worek, Eur. Phys. J. C81(2021) 7,675

+ g L, o I
Al = J:)}n Ulim , o'g:in = fG(iAIyI)Gbin do A Asymmetry larger than for n rP 0o
Obin T Obin A Top quark momenta must be reconstructed
Alyl| — ) A Scale setting not important 6 Fixed & dynamical scale
[yl = lyel — Iyl choice gives similar results
A Top-quark modelling important
E HELAC-NLO : not expanded Ml
- z?[:'(’i iH"C;‘;;gV o expanded —— ‘ .
: 5 ttW OFF-SHELL FuLL NWA NWALOdecay
S | : po = Hr /3
= 3 g SR EERRRRRE t +1.19 (50%) +1.23 (64%) +0.55 (49%)
o : + T - * : Ac,y [%} 2'36(8)—0.77 (33%) 1'93(5)—0.72 (37%) 1'11(3)—0.53 (48%)
oW oom . 3 +0.38 (14%) +0.45(20%) +0.24 (11%)
; . o ; Az,emp,y [%] 2'66(10)—0.34(13%) 2'20(5)—0.31(14%) 2'08(5)—0.40(19%)
______ U S . ttWt|  OFF-SHELL FuLL NWA NWALOdecay
; ; . po = me + mw /2
OFF-SHELL FULL NWA NWALodeca t +1.06 (51%) +1.00(60%) +0.66 (77%)
g Ac,y [ %] 2'09(8)—0.70 (33%) 1'68(4)—0.67(40%) 0'86(3)—0.43(50%)
+0.39 (15%) +0.38(17%) +0.46 (24%)
i Ai,ewp,y [70] 2'62(10)—0.34(13%) 2'19(4)—0.34(16%) 1'94(5)—0.32(16%)

A © chargeasymmetry @ NLO for rj P oow
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NLO QCD Corrections & Scale Setting

Stremmer, Worek, JHEP 02 (2022)196
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AP Q™ @O

A Fixed scale choice
A Perturbative instabilities in ~ TeV regions
A LO & NLO uncertainties band do not overlap
A Scale uncertainties @GN LO larger than @ LO
A For some scale choices NLO results negative

A Dynamical scale choice
A Stabilizes tails
A NLO u ncertainties bands within LO ones

Hr = pr b, + P16y + P et + D1, + PT,miss + PT,H

W=

mq = 1/m?2 + pi.

Hdyn = (mT,t mp ¢ mr, H)

fipie = iy + % — 936 GeV
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PDF Uncertainties

Bevilacqua, Hartanto, Kraus, Nasufi, Worek, JHEP 08(2022)060
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A PDF uncertainties for CT18 & MMHT 14 similar
A Factor of 2 larger than PDF uncertainties for NNPDF 3.1
A PDF uncertainties smaller than scale variati@ But are not constant over the

phase space and can re&6®o for largepy
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Comparisons with LHC Data
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A NLO QCD full off -shell predictions for 6o B Didepton Channel

Bevilacqua, Bi, Hartanto, Kraus, Lupattelli , Worek, JHEP 08 (2021) 008 &hys.Rev.D 107(2023)1,014028

ATLAS Collaboration, JHEP01(2025)068
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