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ACTIVITIES OF THE GROUP

THREE MAIN AREAS:

= Normalisation for signal process pp — ttH/tH => Ongoing common project within the LHCHWG
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= Modelling of the fiducial phase-space regions for signal process pp — ttH/tH

= Modelling of SM background processes
* pp — ttbb & pp — ttjj & pp — ttcc = No observation yet in the pp — ttH — ttbb channel
* pp—tiyy
s pp—->tIWEpp — titZ



{ DISCLAIMER )

NOT A SUMMARY TALK OF THE STATE OF THE ART IN THIS FIELD
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The associated production of a Higgs boson with a top-antitop quark pair is a crucial process at the LHC
since it allows for a direct measurement of the top-quark Yukawa coupling. We present the computation of
the radiative corrections to this process at the next-to-next-to-leading order (NNLO) in QCD perturbation
theory. This is the very first computation for a 2 — 3 process with massive colored particles at this
perturbative order. We develop a soft Higgs boson approximation for loop amplitudes, which enables us to
reliably quantify the impact of the yet unknown two-loop contribution. At the center-of-mass energy
/s = 13 TeV, the NNLO corrections increase the next-to-leading order result for the total cross section by
about 4% and lead to a significant reduction of perturbative uncertainties.

DOL: 10.1103/PhysRevLett.130.111902

@ HL-LHC uncertainties are expected to reach 2% level
Exact 2-loop amplitudes for #tH production are still out of reach

This calculation relies on an approximation
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Associated top quark pair production with a heavy boson:
differential cross sections at NLO + NNLL accuracy
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Resummation of soft-gluon emission corrections done
based on SCET and direct QCD framework
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= Common Project = ttH: resummed predictions and residual uncertainties
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» Two calculations use technically very different frameworks
* Perturbative “full” theory (QCD)
 Effective theory (SCET)

= Both approaches rely on solving RG evolution equations, but differ in detail, organising various terms differently
* The two implemented resummation formulas agree at NNLL accuracy

= Beyond NNLL, different subsets of subleading terms which are included in the two calculations, lead to small numerical
differences

= dQCD & SCET predictions for the central values agree within a few permille

= NNLL resummation results in a reduction of the theoretical error due to scale variation as well as in improved stability
w.r.t. the central scale choice, compared to NNLO

* ONGOING PROJECT WITHIN THE LHCHWG
* Understanding the differences between uncertainty estimation in the two approaches
* Providing state-of-the-art theoretical predictions for ttH @ NNLO + NNLL
* Plus predictions for tH production in all channels @ NLO in QCD

LHCHWG, ttH meeting, 30.04.24 7
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= Central value of combined result taken as average of AQCD & SCET results for
HE= HR

* Combined uncertainties determined from envelope over dQCD & SCET scale

variation error bands

=  Effort on both sides to have similar treatment of the scale variations



NORMALISATION = FIDUCIAL PHASE~-SPACE REGIONS

= Higher order corrections for on-shell top quarks are important

= Give general idea about size of higher order effects & uncertainties

= Can not provide reliable description of top-quark decay products and radiation pattern
= Can not provide predictions in fiducial phase-space regions

= For more realistic studies we need top-quark decays & higher orders effects in top-quark decays



DIFFERENTIAL DISTRIBUTIONS IN FIDUCIAL REGIONS

= STANDARD FORTTH

«  NLO QCD matched to parton shower programs via POWHEG or aMC@NLO method with LO spin correlations

= ALSO AVAILABLE
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NLO QCD corrections to off-shell top-antitop
production with leptonic decays in association with a
Higgs boson at the LHC
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ABSTRACT: We compute the hadronic production of top-antitop pairs in association with
a Higgs boson at next-to-leading-order QCD, including the decay of the top and antitop
quark into bottom quarks and leptons. Our computation is based on full leading and
next-to-leading-order matrix elements for e*veu~7,bbH(j) and includes all non-resonant
contributions, off-shell effects and interferences. Numerical results for the integrated cross
section and several differential distributions are given for the LHC operating at 13 TeV
using a fixed and a dynamical factorization and renormalization scale. The use of the
dynamical instead of the fixed scale improves the perturbative stability in high-energy tails
of most distributions, while the integrated cross section is hardly affected differing by only
about one per cent and leading to almost the same K factor of about 1.17.

KEYWORDS: NLO Computations, Monte Carlo Simulations
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Higgs production in association with off-shell
top-antitop pairs at NLO EW and QCD at the LHC

Ansgar Denner,” Jean-Nicolas Lang,” Mathieu Pellen® and Sandro Uccirati®
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ABsTRACT: We present NLO electroweak corrections to Higgs production in association
with off-shell top-antitop quark pairs. The full process pp — e*ucu’D#bBH is considered,
and hence all interference, off-shell, and non-resonant contributions are taken into account.
The electroweak corrections turn out to be below one per cent for the integrated cross sec-
tion but can exceed 10% in certain phase-space regions. In addition to its phenomenological
relevance, the computation constitutes a major technical achievement as the full NLO vir-
tual corrections involving up to 9-point functions have been computed exactly. The results
of the full computation are supported by two calculations in the double-pole approximation.
These also allow to infer the effect of off-shell contributions and emphasise their importance
especially for the run II of the LHC. Finally, we present combined predictions featuring both
NLO electroweak and QCD corrections in a common set-up that will help the experimental
collaborations in their quest of precisely measuring the aforementioned process.

Keyworps: NLO Computations
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Production and decay of the Higgs boson in
association with top quarks

Daniel Stremmer and Malgorzata Worek

Institute for Theoretical Particle Physics and Cosmology, RWTH Aachen University,
Aachen D-52056, Germany

E-mail: daniel.stremmer@rwth-aachen.de, worek@physik.rwth-aachen.de

ABSTRACT: We report on the calculation of the next-lo-leading order QCD corrections to
Higgs boson production and decay in association with top quarks. We consider leptonic
decays of top quarks leading to the hadronic process pp — e vep vy bb H (H = X)
at the LHC with /s = 13 TeV. All resonant as well as non-resonant Feynman diagrams,
interferences and off-shell effects are included for the top quark and W gauge boson. Decays
of the Higgs boson, on the other hand, are included in the narrow-width approximation.
Specifically, we consider Higgs boson decays into bb, 7t7~, vy and ete ete™. Numerical
results are given at the integrated and differential fiducial level for various factorisation
and renormalisation scale choices and different PDF sets. We study the main theoretical
uncertainties that are associated with neglected higher order terms in the perturbative
expansion and with different parametrisations of the PDFs. Furthermore, we examine the
size of the off-shell effects by an explicit comparison to the calculation in the full narrow-
width approximation. Finally, the impact of the contributions induced by the bottom-quark
parton density is investigated.

KEYWORDS: NLO Computations, QCD Phenomenology
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PHYSICAL REVIEW LETTERS 121, 152002 (2018)

Probing the Quantum Interference between Singly and Doubly Resonant Top-Quark

Production in pp Collisions at \/s=13 TeV with the ATLAS Detector

M. Aaboud ef al.”
(ATLAS Collaboration)

® (Received 13 June 2018; revised manuscript received 6 August 2018; published 12 October 2018)

This Letter presents a normalized differential cross-section measurement in a fiducial phase-space region
where interference effects between top-quark pair production and associated production of a single top
quark with a W boson and a b-quark are significant. Events with exactly two leptons (ee, uu, or eu) and two
b-tagged jets that satisfy a multiparticle invariant mass requirement are selected from 36.1 fb~! of proton-
proton collision data taken at /s = 13 TeV with the ATLAS detector at the LHC in 2015 and 2016. The
results are compared with predictions from simulations using various strategies for the interference. The
standard prescriptions for interference modeling are significantly different from each other but are within
20 of the data. State-of-the-art predictions that naturally incorporate interference effects provide the best
description of the data in the measured region of phase space most sensitive to these effects. These results
provide an important constraint on interference models and will guide future model development and
tuning.

DOI: 10.1103/PhysRevLett.121.152002

Model All bins ~ minimax > 160 GeV
PowHEG-Box ft + tW (DR) 0.71 0.40
PowHEG-Box 1t + tW (DS) 0.77 0.56
MG5_aMC f + tW (DR) 0.14 0.17
MGS5_aMC ¢t + tW (DR2) 0.02 0.08
POWHEG-Box £tvf~vbb 0.92 0.95

)

o0”

[1/GeV]

minimax

bl

©

m

1
G4

Model/Data

% . 5

b 8 b g 000——— b
: et t et b oy,
w+ " g b WA Ve W~ -
3 Dy w- vy 1 Z, et
- X I Hno b ! wr Ve
¢ b g b g C00%——<— b
B T T T T I T T T T I T T T T I T T T I i
“ .
ol e | Data, stat. uncertainty |
10 g [_]Full uncertainty =
- w * Powheg+Pythia8 I'vIvbb 3
i e % Powheg+Pythia8 tt+tW (DR) 7
P - ¢ Powheg+Pythia8 tt+tW (DS)
107 ¥ MG5_aMC+Pythia8 tt+tW (DR)
- ¥ 4 MG5_aMC+Pythia8 ff+tW (DR2) J
i o ]
%
1074 ’A'.i' " =
C o x -
el Lary =L $1 ]
N ATLAS ¢ Y 1
5| Vs=13TeV, 36.1 fb" i S
107 pp — ITbb+X E
— A ]
1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 1 1 I
2r r—_
1 E_| ...... *»*“ﬁﬁv eca il "l ....... " .............. #v ................ I_E
e ‘*&%“f‘ ‘) ¢ 2 3,‘ §
C A !
0 L N L s
0 100 200 300 400

rnminimax [GeV]

11



STANDARD FOR TTH

DIFFERENTIAL DISTRIBUTIONS IN FIDUCIAL REGIONS

«  NLO QCD matched to parton shower programs via POWHEG or aMC@NLO method with LO spin correlations

ALSO AVAILABLE
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Abstract We discuss the role of matrix element corrections
(MEC) to parton showers in the context of MC@NLO-type
matchings for processes that feature unstable resonances,
where MEC are liable to result in double-counting issues, and
are thus generally not employed. By working with PYTHIAS,
we show that disabling all MEC is actually unnecessary in
computations based on the narrow-width approximation, and
we propose alternative MEC settings which, while still avoid-
ing double counting, allow one to include hard-recoil effects
in the simulations of resonance decays. We illustrate our
findings by considering #7 production at the LHC, and by
comparing MadGraph5-aMC@NLO predictions with those
of POWHEG- BOX and standalone PYTHIAS.

1 Introduction

The exclusive simulation of processes that feature heavy
unstable particles, such as the top, W, Z, and Higgs in the
Standard Model, is complicated for a variety of reasons. Con-
ceptually, the most straightforward approach is to choose a
(set of) decay channel(s) for the unstable particle(s) and com-
pute the process where the initial and final states only include
light partons and the products of such decay channels. For
example, in the case of ¢7 production, one may focus on a
dilepton channel, and thus simulate (in hadronic collisions)!

pp —> blivibe;v;, 1)
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Matrix element corrections in top quark decays for the ¢t W=
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2 Present Address Axis Communications, Lund, Sweden

Received: 28 February 2024 / Accepted: 29 March 2024 / Published online: 22 April 2024

© The Author(s) 2024

Abstract We present a method that allows enabling matrix
element corrections (MECs) in PYTHIA8 with MC@NLO
matching, without incurring double counting. MECs are an
interesting feature that may contribute to the accuracy of the-
oretical predictions, alongside matching and merging. We
directly compare our method to a specific choice of set-
tings in PYTHIAS, which can remove double-counting for
MECs in certain processes. We show results by taking the
ttW process as an example. This choice allows us to study
the impact of decay MECs in the 2SS¢ and 3¢ final states.
We find that jet-related observables receive these corrections
unevenly throughout the phase space. They can contribute up
to £6% in certain regions.

thus potentially improving the baseline performance of par-
ton showers. In the absence of higher-order perturbative cal-
culations, MECs are a computationally efficient way that
may enhance the accuracy of theoretical predictions and
are therefore of phenomenological interest. In PYTHIA8
MEC s are turned on by default, unless one is interested in
MC@NLO [11,12] style matching. In this case, according
to the official recommendation of the latest Pythia manual,
all MEC functionalities must be turned off by the user to
avoid potential double-counting. This is unfortunate, since
MECs can e.g. correct resonance decays and promote them to
approximate NLO QCD accuracy, which should give a better
description of the radiation pattern of jet-related observables.
The first goal of this paper, is to present a general method that

12
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«  NLO QCD matched to parton shower programs via POWHEG or aMC@NLO method with LO spin correlations
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Improving NLO QCD event generators with high-energy EW

corrections
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Abstract In this work we present a new method for the
combination of electroweak (EW) corrections at high ener-
gies, the so-called EW Sudakov logarithms (EWSL), and
next-to-leading-order QCD predictions matched to parton-
shower simulations (NLO+PS). Our approach is based on
a reweighting procedure of NLO+PS events. In particular,
both events with and without an extra hard emission from
matrix elements are consistently reweighted via the inclu-
sion of the corresponding EWSL contribution. We describe
the technical details and the implementation in the MAD-
GRAPH5_AMC@NLO framework. Via a completely auto-
mated procedure, events at this level of accuracy can be
obtained for a vast class of hadroproduction processes. As
a byproduct we provide results for phenomenologically rel-
evant physical distributions from top-quark pair and Higgs
boson associated production (17 H) and from the associated
production of three Z gauge bosons (ZZZ).

420 Stable.Z = i v v niw s s s e e e e

422 Z—>ete decays .. ...........

5 Conclusion and outlook . . . . ... .........
Appendix A: The DP algorithm in MADGRAPHS _

AMC@NLEOD s swsmsmamns a5 s sy w5

A.l Amplitudelevel . . . ... ... ... ......

A2Cross-sectionlevel . . . . .. v v i v i s
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1 Introduction

After the first two runs of the Large Hadron Collider (LHC),
our knowledge of the fundamental interactions of elementary
particles has tremendously improved. Above all, the Higgs
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CP structure of the top-quark Yukawa interaction:
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ABSTRACT: Since its discovery at the Large Hadron Collider in 2012 the Higgs boson has
arguably become the most famous of the Standard Model particles and many measurements
have been performed in order to assess its properties. Among others, these include mea-
surements of the Higgs boson’s CP state which is predicted to be CP-even. Even though
a pure CP-odd state has been ruled out, a possible admixture of a CP-odd Higgs state
has yet to be excluded. In this work we present predictions for the associated production
of a leptonically decaying top quark pair and a stable Higgs boson pp — e*ve ™7, bb H
with possible mixing between CP-even and CP-odd states at NLO in QCD for the LHC
with /s = 13 TeV. Finite top-quark and gauge-boson width effects as well as all double-,
single- and non-resonant Feynman diagrams including their interference effects are taken
into account. We compare the behaviour of the CP-even, -odd and -mixed scenarios for
the integrated fiducial cross-sections as well as several key differential distributions. In
addition, we show that both NLO corrections and off-shell effects play an important role
even at the level of integrated fiducial cross-sections and that these are further enhanced
in differential distributions. Even though we focus here on the Standard Model Higgs
boson, the calculations could be straightforwardly applied to models that have an extended
Higgs-boson sector and predict the existence of CP-odd Higgs-like particles, such as the
two-Higgs-doublet model.

KEYWORDS: Anomalous Higgs Couplings, Higgs Properties, Higher-Order Perturbative
Calculations, Top Quark
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YUKAWA COUPLING

e acp = 0 corresponds to the CP-even case,

e acp = m/2 corresponds to the CP-odd case,

e acp = m/4 corresponds to the CP-mixed case.
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OFF-SHELL VERSUS ON-SHELL PREDICTIONS

= STANDARD FOR TTH: NLO QCD matched to parton shower programs via POWHEG or aMC@NLO method with LO
spin correlations

» Comparisons with NWA & full off-shell results
* Assess extent to which parton shower effects can reproduce all contributions required at NLO QCD
+ Identify regions of phase space & observables sensitive to parton shower effects
+ Identify regions of phase space & observables sensitive to full off-shell effects

DR or DS

= Study effects of matrix element corrections for t¢tH
= Study interference effects for ttH = |Moy + My + Mg + Mo |* versus (Mo |? + [Mism|? + (Mg |?

» Matching of ttH with off-shell effects to parton shower programs using resonant aware matching

= Phenomenological studies for t##H with EW Sudakov logarithms & comparisons with exact NLO EW accuracy predictions

= Study impact of full off-shell effects & higher order corrections in top-quark decays on Y; in ttH/tH
+ Also at the differential cross-section level
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ACKGROUND PROCESSES

Many new results in the literature for pp — ttbb & pp — ttjj &
pp — ttyy & pp - ttW & pp — ttZ

POSSIBLE TOPICS:

* Modelling studies on pp — ttbb =+ Five-flavour (FxFx
merging scheme for pp — tt + jets production with up to 2
jets at NLO accuracy with the increased efficiency in
selecting events with b-jets) versus four-flavour
predictions

* Modelling studies on pp — ttW =+ Sherpa versus FxFx,
studying matrix element corrections

* Inclusion of off-shell effects, especially singly-resonant
contribution that are still largely ignored in analyses

* Studies on pp — ttcc

+ Study on disentangling bottom jets from top-quark decays
from other b-jets in pp — ttH — ttbb & pp — ttbb

No concrete plans for common projects within the LHCHWG
yet = Please contact us !

arXiv:2403.14419v1 [hep-ph] 21 Mar 2024

Five-flavour scheme predictions for ¢tbb at
next-to-leading order accuracy

Rikkert Frederix!* and Tetiana Moskalets®?t

Division of Particle and Nuclear Physics, Department of Physics, Lund University, Box 118,
SE-221 00 Lund, Sweden

2Institut of Physics, Freiburg University, Hermann-Herder Str. 3a, 79104 Freiburg, Germany

3Department of Physics, Southern Methodist University, PO Box 750399 Dallas TX 75275,
United States of America

March 22, 2024

Abstract

‘We compute top quark pair production in association with a bottom quark pair
at the LHC within the five-flavour scheme, employing the FxFx merging scheme
for tf + jets production with up to 2 jets at NLO accuracy. To enhance the selec-
tion efficiency for the events with b-jets within the inclusive five-flavour sample, we
augment the generation probability of bottom quark flavours in the short-distance
event generation. Our analysis reveals significant differences from NLO predictions
within the four-flavour scheme.

1 Introduction

Top quark pair production in association with a bottom quark pair (¢£bb) is pivotal for
probing the fundamental interactions of the Standard Model and extracting crucial infor-
mation about its properties [1-4]. At the Large Hadron Collider (LHC), ¢tbb production
serves as a significant background process across various high-energy physics phenomena,
profoundly impacting the precise determination of the top quark Yukawa coupling from
experimental data. Specifically, ¢bb production represents a notable background in sce-
narios involving the associated production of the Higgs boson with a top quark pair [5-9],
followed by the Higgs decay into bottom quarks, as well as in the production of four-top
quark final states [10,11].

In the simulation of the tZbb process, there are two primary theoretical frameworks: the
four-flavour scheme (4FS) and the five-flavour scheme (5FS). The 4FS approach treats
bottom quarks as massive particles, decoupled from the Parton Density Functions (PDFs)
and renormalised on-shell. While, in principle straightforward to apply at fixed order [12—
16], challenges arise due to the large mass difference between the top and bottom quarks.

*rikkert.frederix@fysik.lu.se
ftetiana.moskalets@cern.ch
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Demartin, Maier, Maltoni, Mawatari, Zaro ‘17
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TR

(A2t) (A1) (Aot)

DS (diagram subtraction):
Aiwslbs = 1AL + Axl* — Cas,

Local subtraction term C,, by definition must cancel
exactly the resonant matrix element |A,;|* when the
kinematics is exactly on top of the resonant pole

Gauge invariant

Decrease quickly away from the resonant region

b w

Squared matrix element for producing tW~b

| Aswpl? = | A1 + Ax|?
= | A1;;|* + 2Re (A, A%) + | Az,

DR1 (without interference):
2
Arws pri = A1l

DR?2 (with interference):

Aswslbrs = [A1]* + 2Re(A;,A%).

DR schemes based on removing contributions all over
the phase space

They are not gauge invariant
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