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Heaviest particle in the SM

Interesting probe for new physics

Non-trivial issues in the modelling
and implementation in

Monte Carlo event generators
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Outline

General theory challenge: Precision

I will present two projects on top quark physics

Covering (among other topics):

▶ Top quark mass determination

▶ Monte Carlo modelling uncertainties

⋄ Hadronisation

⋄ Parton showers, recoil

▶ The top quark as a probe for new physics
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Top quark mass interpretation

from simulation of top-flavoured mesons

with Gennaro Corcella



Top quark mass

The top quark mass mt is a fundamental parameter of the SM

1205.6497

Precision determination important for e.g.:
▶ Electroweak precision tests
▶ Stability of electroweak vacuum
▶ Higgs inflation models
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Experimental measurements of the top mass

mt is a free parameter — Must be extracted from experiments

Average (PDG 2024):
mt = 172.57± 0.29 GeV

This value comes from direct measurements
i.e. extraction of the mass from the kinematics of tt̄ events

The mass extraction comes from
a comparison to parton shower
Monte Carlo event generators

This is often referred to as a
Monte Carlo mass mMC

t

1606.02179
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Theoretical top quark mass definitions

Well-defined theoretical definitions of the top mass:

▶ Pole mass, mpole
t

▶ Minimal-subtraction (MS) scheme mass, mt(mt)

▶ MSR mass, mMSR
t (R,µ), 0711.2079

Relation between pole and MS masses calculated up to four loops
(1502.01030):

mpole
t = mt(mt)

[
1 + 0.4244αs + 0.8345α2

s + 2.375α3
s + (8.615± 0.017)α4

s +O(α5
s)
]

Problem:
Active work on how to relate measured mMC

t to a well-defined theoretical
definition such as mpole

t
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https://arxiv.org/abs/0711.2079
https://arxiv.org/abs/1502.01030


Relation between mMC
t and mpole

t

General relation between Monte Carlo mass and pole mass:

mMC
t = mpole

t + δm︸︷︷︸
Possible

shift

± ∆m︸︷︷︸
Uncertainty

Two different views:

▶ δm ≃ 0 and mMC
t can be identified as the pole mass

∆m is a theoretical uncertainty ∼ O(ΛQCD)

(P. Nason) 1602.00443 and 1712.02796

▶ δm ̸= 0, i.e. mMC
t fundamentally different from mpole

t

δm ranges from 200 MeV to almost 1 GeV, ∆m still an uncertainty

(A. Hoang, I. Stewart, et al.) hep-ph/0703207, 0808.0222,
1608.01318, 1708.02586, 1807.06617

This study:
Effect of hadronisation systematics in Pythia and Herwig on ∆m
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Contribution to ∆m from hadronisation systematics

Idea:

Consider hadronisation of top quarks into top-flavoured mesons

(e.g. T+ = (td̄), T 0 = (tū), T− = (t̄d), etc.)

and then let them decay according to the spectator model

1. B-lepton invariant mass mBℓ

2. Find relation between mMC
t and mT by fitting mBℓ

3. Find relation between mT and mpole
t with HQET

4. Obtain estimate of ∆m from hadronisation systematics
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Decay of T -mesons due to the spectator model

Semi-leptonic decays of the T -mesons

t

q̄

b

q̄

W+

T B

ℓ+

ν

Spectator model decay:

T+(td̄) → (bd̄)ℓ+ν +X

where X is mainly gluon radiation from the b quark

xq = mq/mT
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Top pair production

e+e− → tt̄ with leptonic decays of the Ws and parton showers

t
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Hadrons
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Top-flavoured mesons

Hadronisation of the top quarks to fictitious top mesons (e.g. T+ = (td̄))

t
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Relating mT to mpole
t with HQET

Relating heavy-light meson masses to pole masses with
Heavy-Quark Effective Theory (HQET)

See e.g. introduction by M. Neubert (hep-ph/9610385)

The mass of a meson Q containing a heavy quark q can in general be
expanded as:

mQ = mq + Λ− ∆m2

2mq
+O

(
1

m2
q

)

where

▶ Λ comes from terms in the Lagrangian independent of mQ

▶ ∆m2 comes from O(1/mQ) terms in the effective HQET Lagrangian

∆m2 = λ1 − 2

[
J(J + 1)− 3

2

]
λ2(mq) = λ1 + nλ2(mq)

▶ J is the total meson spin
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https://arxiv.org/abs/hep-ph/9610385


Relating mT to mpole
t with HQET

Λ̄, λ1, and λ2 are scheme-dependent universal QCD parameters

Exploiting flavour-independence and subtracting mB and mT we get

mT = mt +mB −mb − λ1

(
1

2mt
− 1

2mb

)
− n

2

[
λ2(mt)

mt
− λ2(mb)

mb

]

which can be well approximated by

mT ≈ mt + Λ̄

where Λ̄ is the shift between T -meson and top-quark masses and reads

Λ̄ = mt +mB −mb +
1

2mb

[
λ1 + nλ2(mb)

]

We will use that n = +3 and the latest PDG values for mt, mb, and mB in
the pole mass scheme
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Relating mT to mpole
t with HQET

Generally we have
|λ1| ∼ λ2 ∼ Λ2

QCD ∼ 0.1 GeV2

But we want a precise determination

Jeong and Kim (hep-ph/9811475) gives

λ1 = −0.58± 0.23 GeV2 ,

while A. Nefediev (2404.11158) gives the relation

λ2(mb) ≈
mb

2
(mB∗ −mB) ≈ 0.1080± 0.0014 GeV

Hence, we find for Λ̄ an approximate value of

Λ̄ = 0.473± 0.064 GeV

which agrees with the value found in 2404.11158 of Λ̄ = 0.49± 0.08 GeV
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Implementation of T -mesons in Pythia

Implementation of the production and decay of the fictitious T -mesons
in Pythia 8.3

Uses the existing R-hadron interface but with modifications to allow for
spectator decay with a fixed mT

Similar results can be achieved with the parameter options:

RHadrons: allow = on
RHadrons: idStop = 6
RHadrons: mOffsetCloud = 0
RHadrons:mCollapse = 0
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Results

With Pythia 8.3 we simulate:

▶ standard tt̄ samples,

▶ T -meson samples,

for two different collider setups:

▶ current LHC setup, pp → tt̄, at
√
s = 13.6 TeV;

▶ a future lepton collider, e+e− → tt̄, at
√
s = 1 TeV.
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Results: mBℓ distributions
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Results: mBℓ distributions
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Results: mBℓ distributions
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Results: Mellin moments

pp collisions at
√
s = 13.6 TeV

Standard tt̄ samples
mPythia

t ⟨mBℓ⟩ ⟨m2
Bℓ⟩

[GeV] [GeV] [GeV2]
170.5 75.884(7) 6.633(1)× 103

171.0 76.164(7) 6.681(1)× 103

171.5 76.474(7) 6.735(1)× 103

172.0 76.745(7) 6.782(1)× 103

172.5 77.044(7) 6.833(1)× 103

173.0 77.324(7) 6.883(1)× 103

173.5 77.608(7) 6.932(1)× 103

174.0 77.907(7) 6.985(1)× 103

174.5 78.191(7) 7.034(1)× 103

175.0 78.466(7) 7.083(1)× 103

175.5 78.739(7) 7.132(1)× 103

176.0 79.017(7) 7.181(1)× 103

T -meson samples
mT ⟨mBℓ⟩ ⟨m2

Bℓ⟩
[GeV] [GeV] [GeV2]
170.5 75.496(9) 6.579(1)× 103

171.0 75.789(9) 6.630(1)× 103

171.5 76.084(9) 6.681(1)× 103

172.0 76.365(9) 6.730(1)× 103

172.5 76.644(9) 6.779(1)× 103

173.0 76.933(9) 6.828(1)× 103

173.5 77.199(9) 6.876(1)× 103

174.0 77.488(9) 6.926(1)× 103

174.5 77.770(9) 6.975(1)× 103

175.0 78.058(9) 7.026(1)× 103

175.5 78.318(9) 7.073(1)× 103

176.0 78.601(9) 7.122(1)× 103
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Results: Mellin moments

e+e− collisions at
√
s = 1 TeV

Standard tt̄ samples
mPythia

t ⟨mBℓ⟩ ⟨m2
Bℓ⟩

[GeV] [GeV] [GeV2]
170.5 75.935(7) 6.640(1)× 103

171.0 76.237(7) 6.692(1)× 103

171.5 76.515(7) 6.741(1)× 103

172.0 76.816(7) 6.792(1)× 103

172.5 77.098(7) 6.842(1)× 103

173.0 77.392(7) 6.893(1)× 103

173.5 77.682(7) 6.944(1)× 103

174.0 77.950(7) 6.991(1)× 103

174.5 78.240(7) 7.042(1)× 103

175.0 78.506(7) 7.089(1)× 103

175.5 78.786(7) 7.139(1)× 103

176.0 79.065(7) 7.189(1)× 103

T -meson samples
mT ⟨mBℓ⟩ ⟨m2

Bℓ⟩
[GeV] [GeV] [GeV2]
170.5 75.498(9) 6.580(1)× 103

171.0 75.775(9) 6.628(1)× 103

171.5 76.075(9) 6.680(1)× 103

172.0 76.371(9) 6.731(1)× 103

172.5 76.649(9) 6.779(1)× 103

173.0 76.936(9) 6.829(1)× 103

173.5 77.205(9) 6.877(1)× 103

174.0 77.506(9) 6.929(1)× 103

174.5 77.784(9) 6.978(1)× 103

175.0 78.043(9) 7.024(1)× 103

175.5 78.331(9) 7.075(1)× 103

176.0 78.606(9) 7.123(1)× 103
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Results: Fit to ⟨mBℓ⟩

Event-wise average value ⟨mBℓ⟩ for the standard tt̄ samples

Linear dependence on mPythia
t :

⟨mBℓ⟩standard ≃ a×mPythia
t + b

Compare to the T -meson sample for a fixed

mT = mpole
t + Λ̄

with mpole
t = 173 GeV and Λ̄ ≈ 0.473 GeV
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Results: Fit to ⟨mBℓ⟩
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√
s = 1 TeV
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T -meson sample

From the linear fit to ⟨mBℓ⟩ we see that mPythia
t −mpole

t ≈ −(200–300) MeV

consistent with ΛQCD
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Results: Fit to ⟨mBℓ⟩
Fit ⟨mBℓ⟩ = a×mPythia

t + b to the standard tt̄ samples

pp at
√
s = 13.6 TeV e+e− at

√
s = 1 TeV

a 0.571± 0.002 0.568± 0.002
b −21.51± 0.33 GeV −20.95± 0.40 GeV
δfit 0.011 GeV 0.014 GeV

Fit ⟨mBℓ⟩ = a′ ×mT + b′ to the T -meson samples

pp at
√
s = 13.6 TeV e+e− at

√
s = 1 TeV

a′ 0.563± 0.002 0.566± 0.002
b′ −20.53± 0.29 GeV −20.91± 0.37 GeV
δfit 0.010 GeV 0.013 GeV

The residual standard deviation of the fit

δfit =

√√√√ 1

N − 2

N∑

i=1

[
⟨mBℓ⟩i −

(
a×mPythia

t,i + b
)]2

,
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Results: Fit to ⟨mBℓ⟩
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We observe a constant shift in ⟨mBℓ⟩
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Results: Fit to ⟨mBℓ⟩
The slopes agree well within the errors, i.e. a ≈ a′

Re-performing the linear fits with fixed slopes, we get

mPythia
t ≈ mT − (0.708± 0.009) GeV (for pp collisions),

mPythia
t ≈ mT − (0.80± 0.01) GeV (for e+e− collisions).

From the HQET result, mT ≈ mpole
t + Λ̄, with Λ̄ ≈ 0.473, we find that

mPythia
t −mpole

t = −0.24± 0.07 GeV (for pp collisions),

mPythia
t −mpole

t = −0.33± 0.07 GeV (for e+e− collisions).
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Results: χ2 fit of mBℓ shape

Compare shape of mBℓ distribution

χ2 =
∑

bins

(O − E)2

E

where we can consider the T -meson sample as observation and the
standard tt̄ samples as expectation

Pooled bin probability:

pi =
xi + yi
X + Y

Test statistics:

χ2 =

n∑

i=1

[
(xi − piX)2

piX
+

(yi − piY )2

piY

]

Range: mBℓ ∈ {5, 145} GeV
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Results: χ2 fit of mBℓ shape
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From the χ2 fit to mBℓ shape we see that mPythia
t −mpole

t ≈ 300 MeV
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Results: χ2 fit of mBℓ shape

Results from the χ2 fit

For pp collisions at LHC energy:

mPythia
t −mpole

t = 0.320± 0.015 GeV

For e+e− collisions at a future lepton collider:

mPythia
t −mpole

t = 0.280± 0.014 GeV

Similar size ∼ ΛQCD

But opposite sign compared to the ⟨mBℓ⟩ fit
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Results: χ2 fit of mBℓ shape
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Results: mBℓ distributions
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Results: xB distributions

Scaled B-hadron energy fraction:

xB ≡
(

1

1−m2
W /m2

t,T +m2
b/m

2
t,T

)
2 pB · pt,T

m2
t,T

for either the top quark t or top-flavoured meson T

In the top rest frame:

xB ≃ 2EB

mt,T

where we neglect terms of O(1/m2
t,T )

xB probes primarily the B fragmentation

Experimentally difficult
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Results: xB distributions
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Results: xB distributions
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Sensitivity to non-perturbative modelling

Monte Carlo event generators includes phenomenological models of
non-perturbative QCD effects which are not necessarily derived from
first principles

▶ Colour reconnection

▶ Recoil treatment in top decay

▶ Radiation from b quarks
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Recoil options in the showering of top decays

Dipole parton shower of top decay t → Wb+X

First emission, t → Wbg, controlled by matrix element corrections

Ambiguity on the 2nd gluon emission:
Different possible recoil strategies

t

b

g

W

Important for precise determination of mt

ATLAS analysis 2209.00583 sees an effect of ∼ 250 MeV
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Sensitivity to non-perturbative modelling
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Tiny effects of O(10 MeV) – except b radiation of course
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Summary and outlook

Summary:

▶ We have implemented T -mesons in Pythia with spectator decays

▶ T -meson masses can be related to mpole
t with HQET

▶ T -meson masses can be fitted to mMC
t

▶ We see an effect size of O(ΛQCD)

Outlook:

▶ Study T -mesons with Herwig 7.3.0 and compare to Pythia

▶ Study other observables, e.g. reconstructing b-jets

▶ Use MC implementation for searches of possible T -mesons
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Top Quark Pair Production and Decay:

Interference effects between loop-induced
Higgs-mediated amplitudes and QCD background

with Vishakha Lingadahally, Andrea Banfi, and Jonas Lindert



Process of interest

Top pair production in QCD and Higgs-mediated

pp (→ H) → tt̄

Probe for new physics, e.g. extensions of the Higgs sector
(heavy Higgs, pseudoscalar Higgs)

Alternative to “Bump Hunting”?
Invariant mass spectrum
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“Bump hunting”

Invariant mass spectrum:

Alternative to “Bump Hunting”?
Invariant mass spectrum
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(ŝ � M2
H)2 + M2

H�2
H

Alternative to “Bump Hunting”?
Invariant mass spectrum

tt̄

Alexander Lind Seminar, Università degli Studi di Milano 40 / 58



Alternative to “bump hunting”

Invariant mass spectrum:

Alternative to “Bump Hunting”?
Invariant mass spectrum

<latexit sha1_base64="ASjT2Yz2xOq/AqQ2C1DRg1v6y+8=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BL16EBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2bssV+qVUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6f7jNo=</latexit>

M

<latexit sha1_base64="nTzFEIsZDqdL6mJjUIIYcT2QVNs=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0VxVRIp6rLoxo1QwT6gCWUynbRDZyZhZiKUkD9w46+4caGIW7fu/BsnbRa19cCFwzn3cu89Qcyo0o7zY5VWVtfWN8qbla3tnd09e/+graJEYtLCEYtkN0CKMCpIS1PNSDeWBPGAkU4wvsn9ziORikbiQU9i4nM0FDSkGGkj9e1TL5QIpx5HeiR5Osigp+iQo2xeusv6dtWpOVPAZeIWpAoKNPv2tzeIcMKJ0JghpXquE2s/RVJTzEhW8RJFYoTHaEh6hgrEifLT6T8ZPDHKAIaRNCU0nKrzEyniSk14YDrzI9Wil4v/eb1Eh1d+SkWcaCLwbFGYMKgjmIcDB1QSrNnEEIQlNbdCPEImIG0irJgQ3MWXl0n7vOZe1Or39WrjuoijDI7AMTgDLrgEDXALmqAFMHgCL+ANvFvP1qv1YX3OWktWMXMI/sD6+gV7cp2U</latexit>

d�

dM
Continuum


QCD Background

Heavy scalar “signal”

Breit-Wigner lineshapeGluon-PDF-enhanced


plateau

<latexit sha1_base64="cn7M7ERTw+VKDQG1aeIKPhNRvt4=">AAACKHicbVDLSgMxFM34rPVVdekmWIQKUmZKUXcW3bgRWrAP6LRDJs20ocnMkGTEMvRz3PgrbkQU6dYvMdOZhbYeCDn33HuTe48bMiqVac6MldW19Y3N3FZ+e2d3b79wcNiSQSQwaeKABaLjIkkY9UlTUcVIJxQEcZeRtju+TfLtRyIkDfwHNQlJj6OhTz2KkdKSU7i2JR1yBPXFoecMS0+Odd7oV86yoJIGtn5DQZsjNcKIxffTVOlXnELRLJtzwGViZaQIMtSdwrs9CHDEia8wQ1J2LTNUvRgJRTEj07wdSRIiPEZD0tXUR5zIXjxfdApPtTKAXiD08RWcq787YsSlnHBXVyajysVcIv6X60bKu+rF1A8jRXycfuRFDKoAJq7BARUEKzbRBGFB9awQj5BAWGlv89oEa3HlZdKqlK2LcrVRLdZuMjty4BicgBKwwCWogTtQB02AwTN4BR/g03gx3owvY5aWrhhZzxH4A+P7B2YSpGY=</latexit>

� ⇠ fg(x1, Q
2)fg(x2, Q

2)|M|2

<latexit sha1_base64="pKnNPnxZCI+xxrrNhHCDNWnuW1A=">AAACHXicbVDLSgMxFM34rPVVdekmWARFLDOlqMuiC7sRKtgqdNrhTpqxocnMkGSEMsyPuPFX3LhQxIUb8W9MH4JWD1w4Oedecu/xY86Utu1Pa2Z2bn5hMbeUX15ZXVsvbGw2VZRIQhsk4pG88UFRzkLa0ExzehNLCsLn9Nrvnw396zsqFYvCKz2IaVvAbcgCRkAbyStU3EACSZ0s3XN7oFOV4UN84aW1rFPe75TxwfcDu+cgBHi1TjnzCkW7ZI+A/xJnQopogrpXeHe7EUkEDTXhoFTLsWPdTkFqRjjN8m6iaAykD7e0ZWgIgqp2Orouw7tG6eIgkqZCjUfqz4kUhFID4ZtOAbqnpr2h+J/XSnRw0k5ZGCeahmT8UZBwrCM8jAp3maRE84EhQCQzu2LSAxOXNoHmTQjO9Ml/SbNcco5KlctKsXo6iSOHttEO2kMOOkZVVEN11EAE3aNH9IxerAfryXq13satM9ZkZgv9gvXxBToJoCA=</latexit>

1
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Alternative to “bump hunting”

Invariant mass spectrum:

Alternative to “Bump Hunting”?
Invariant mass spectrum
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Alternative to “bump hunting”

Invariant mass spectrum:

Alternative to “Bump Hunting”?
Invariant mass spectrum
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NLO QCD corrections to the interference
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Non-factorisable corrections

Non-factorisable two-loop virtual corrections
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Non-factorisable corrections

IR divergent non-factorisable real contribution
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Non-factorisable corrections

However, in the soft limit:
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Form factors for gg → H

Coupling of a Higgs doublet to two on-shell gluons

Vµν,ab(q1, q2) =
αs

4πv
F δab ((q1 · q2) gµν − qν1 q

µ
2 )

Form factor F can be represented as a series expansion in powers of αs

F = F1 +
αs

2π
F2 +O(α2

s)

Davies, Herren, Steinhauser [1911.10214]

The one-loop form factor is

F1 = −
∑

q

2

τ2q

[
τq +

1

4
(1− τq) ln

2 xq

]

Harlander, Kant [hep-ph/0509189]

F1:

<latexit sha1_base64="bPQDY4rBivAbhHxAbxtkegCxy4c="></latexit>

g

g

H F2:

<latexit sha1_base64="eH8uClas9h344r15A/s7oC0OsYU="></latexit>

g

g

H

Alexander Lind Seminar, Università degli Studi di Milano 48 / 58

https://arxiv.org/abs/1911.10214
https://arxiv.org/abs/hep-ph/0509189


Form factors for gg → H

The two-loop form factor is

F2 =

(
4πµ2

R

−2(q1 · q2)− i0

)ϵ
1

Γ(1− ϵ)

{
−
(
CA

ϵ2
+

β0
ϵ

+ β0 ln

(
2(q1 · q2)

µ2
R

))
F1

+2
∑

q

[
CF

(
F2l,a
1/2 (xq) +

4

3
F2l,b
1/2 (xq)

)
+ CAG2l

1/2(xq)

]}

Aglietti, Bonciani, Degrassi, Vicini [hep-ph/0611266]
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Results: Integrated cross sections

NLO predictions with stable tops

QCD background: |MQCD|2

Higgs signal: |Mh1 |2 + |Mh2 |2 + 2Re
(
M∗

h1
Mh2

)

Higgs–QCD interference: 2Re
((
M∗

h1
+M∗

h2

)
MQCD

)

pp (→ {h1}) → tt̄+X in the SM

QCD background Higgs signal Higgs-QCD Interference
σQCD

NLO [pb] KQCD σHiggs
NLO [pb] KHiggs σinterf

NLO [pb] K interf

675.23(4) 1.5965(1) 0.030971(3) 1.6512(2) −1.4625(1) 2.0101(2)

Ansatz from Hespel, Maltoni, Vryonidou, [1606.04149]:

σinterf
NLO =

√
KHiggs ·KQCD σinterf

LO

This ansatz yields K interf
estimate =

√
KHiggs ·KQCD = 1.62 vs. ours K interf = 2.01
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Results: Integrated cross sections

Same story for our considered BSM model

pp (→ {h1, h2}) → tt̄+X in the 1HSM

Higgs signal Higgs–QCD interference
Mh2 [GeV] σHiggs

NLO [pb] KHiggs σinterf
NLO [pb] K interf

θ1

700 0.029108(2) 1.6234(2) −1.388(8) 1.99(2)

1000 0.027334(2) 1.6459(2) −1.3924(2) 2.0151(2)

1500 0.029932(3) 1.6745(2) −1.4369(2) 2.0194(2)

3000 0.030933(3) 1.6661(2) −1.4781(2) 2.0414(2)

θ2

700 0.027231(2) 1.5689(2) −1.186(8) 1.88(2)

1000 0.020114(2) 1.6442(2) −1.21053(9) 1.9867(2)

1500 0.026519(2) 1.6617(2) −1.34853(9) 1.9958(2)

3000 0.029772(2) 1.6452(2) −1.4365(2) 2.0097(2)
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Results: Differential Distributions

Mtt̄ distribution for benchmark points with θ = θ1
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Results: Differential distributions

Mtt̄ distribution for benchmark points with θ = θ2
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Results: Differential distributions

Peak/dip structure in
the BSM scenarios

Higgs/QCD−1
vs. Mtt̄

Grey bands: Invariant
mass windows
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Results: Differential distributions

NLO vs. LO

Zoomed in at the
invariant mass
windows

Estimation of
theoretical
uncertainties:
▶ 7-point scale

variation
▶ 20–30%
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Top decays

Can consider the full 2 → 6 top decay amplitudes

pp (→ {h1, h2}) → tt̄ → W+W−bb̄ → ℓ̄νℓ′ν̄ ′bb̄

with spin correlations in the double pole approximation

g

g

h1, h2

t
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<latexit sha1_base64="8MnfIwlMXhfiVy3H3Ce9qcRTHCQ=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lU1IOHghePFawtpCFstpt26WY37E6EEvIzvHhQxKu/xpv/xm2bg7Y+GHi8N8PMvCgV3IDrfjuVldW19Y3qZm1re2d3r75/8GhUpinrUCWU7kXEMMEl6wAHwXqpZiSJBOtG49up331i2nAlH2CSsiAhQ8ljTglYyU/DvC+zMGdFEdYbbtOdAS8TryQNVKId1r/6A0WzhEmgghjje24KQU40cCpYUetnhqWEjsmQ+ZZKkjAT5LOTC3xilQGOlbYlAc/U3xM5SYyZJJHtTAiMzKI3Ff/z/Azi6yDnMs2ASTpfFGcCg8LT//GAa0ZBTCwhVHN7K6YjogkFm1LNhuAtvrxMHs+a3mXz/P6i0bop46iiI3SMTpGHrlAL3aE26iCKFHpGr+jNAefFeXc+5q0Vp5w5RH/gfP4A8A2RrA==</latexit>p⌫e

<latexit sha1_base64="+TdW5FM6jVC8mH2/4KrO+GbMv2g=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1IOHghePFYwttKFstpt26WYTdidCCf0NXjwo4tUf5M1/47bNQVsfDDzem2FmXphKYdB1v53Syura+kZ5s7K1vbO7V90/eDRJphn3WSIT3Q6p4VIo7qNAydup5jQOJW+Fo9up33ri2ohEPeA45UFMB0pEglG0kp/28nDSq9bcujsDWSZeQWpQoNmrfnX7CctirpBJakzHc1MMcqpRMMknlW5meErZiA54x1JFY26CfHbshJxYpU+iRNtSSGbq74mcxsaM49B2xhSHZtGbiv95nQyj6yAXKs2QKzZfFGWSYEKmn5O+0JyhHFtCmRb2VsKGVFOGNp+KDcFbfHmZPJ7Vvcv6+f1FrXFTxFGGIziGU/DgChpwB03wgYGAZ3iFN0c5L8678zFvLTnFzCH8gfP5Aw9Yjtc=</latexit>pb

<latexit sha1_base64="R4/aVs1hwOJ+kq39xFcoufGQcdc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQq6sFDwYvHCtYW0lA22227dLMbdidCCfkZXjwo4tVf481/47bNQVsfDDzem2FmXpQIbtDzvp3Syura+kZ5s7K1vbO7V90/eDQq1ZS1qBJKdyJimOCStZCjYJ1EMxJHgrWj8e3Ubz8xbbiSDzhJWBiToeQDTglaKUh6WTciOovyvFeteXVvBneZ+AWpQYFmr/rV7SuaxkwiFcSYwPcSDDOikVPB8ko3NSwhdEyGLLBUkpiZMJudnLsnVum7A6VtSXRn6u+JjMTGTOLIdsYER2bRm4r/eUGKg+sw4zJJkUk6XzRIhYvKnf7v9rlmFMXEEkI1t7e6dEQ0oWhTqtgQ/MWXl8njWd2/rJ/fX9QaN0UcZTiCYzgFH66gAXfQhBZQUPAMr/DmoPPivDsf89aSU8wcwh84nz/XZ5Gc</latexit>pb̄

<latexit sha1_base64="mD/rdaIbI97DTX35Kvn11ORt2BI=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQq6sFDwYvHCtYW0lA22227dLMbdidCCfkZXjwo4tVf481/47bNQVsfDDzem2FmXpQIbtDzvp3Syura+kZ5s7K1vbO7V90/eDQq1ZS1qBJKdyJimOCStZCjYJ1EMxJHgrWj8e3Ubz8xbbiSDzhJWBiToeQDTglaKUh6WTciOsM871VrXt2bwV0mfkFqUKDZq351+4qmMZNIBTEm8L0Ew4xo5FSwvNJNDUsIHZMhCyyVJGYmzGYn5+6JVfruQGlbEt2Z+nsiI7ExkziynTHBkVn0puJ/XpDi4DrMuExSZJLOFw1S4aJyp/+7fa4ZRTGxhFDN7a0uHRFNKNqUKjYEf/HlZfJ4Vvcv6+f3F7XGTRFHGY7gGE7BhytowB00oQUUFDzDK7w56Lw4787HvLXkFDOH8AfO5w/y05Gu</latexit>pt̄

<latexit sha1_base64="qZLF04gooRAemAPWxV+LE8WERlo=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJS7AInkqioh48FLx4rGA/oAlhs5m0SzebsLtRSgj4V7x4UMSrv8Ob/8Ztm4O2Phh4vDfDzLwgZVQq2/42KkvLK6tr1fXaxubW9o65u9eRSSYItEnCEtELsARGObQVVQx6qQAcBwy6wehm4ncfQEia8Hs1TsGL8YDTiBKstOSbB+4jDUFRFkKeFn7u8syHwjfrdsOewlokTknqqETLN7/cMCFZDFwRhqXsO3aqvBwLRQmDouZmElJMRngAfU05jkF6+fT8wjrWSmhFidDFlTVVf0/kOJZyHAe6M8ZqKOe9ifif189UdOXllKeZAk5mi6KMWSqxJllYIRVAFBtrgomg+laLDLHAROnEajoEZ/7lRdI5bTgXjbO783rzuoyjig7RETpBDrpETXSLWqiNCMrRM3pFb8aT8WK8Gx+z1opRzuyjPzA+fwBOVJZY</latexit>ep⌫e

<latexit sha1_base64="ZSWCBsXoLDhXKDPdEckYtFta7FE=">AAACAHicbVBNS8NAEN3Ur1q/oh48eAkWwVNJVNSDh4IXjxXsBzQhbDaTdulmE3Y3Sgm5+Fe8eFDEqz/Dm//GbZuDtj4YeLw3w8y8IGVUKtv+NipLyyura9X12sbm1vaOubvXkUkmCLRJwhLRC7AERjm0FVUMeqkAHAcMusHoZuJ3H0BImvB7NU7Bi/GA04gSrLTkmwfuIw1BURZCnhZ+7vLMd+Os8M263bCnsBaJU5I6KtHyzS83TEgWA1eEYSn7jp0qL8dCUcKgqLmZhBSTER5AX1OOY5BePn2gsI61ElpRInRxZU3V3xM5jqUcx4HujLEaynlvIv7n9TMVXXk55WmmgJPZoihjlkqsSRpWSAUQxcaaYCKovtUiQywwUTqzmg7BmX95kXROG85F4+zuvN68LuOookN0hE6Qgy5RE92iFmojggr0jF7Rm/FkvBjvxsestWKUM/voD4zPH/OLl0U=</latexit>ep⌫µ

<latexit sha1_base64="S4/o2jSxUFozZ4IVpON5yxQgBv4=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwVBIV9eCh4MVjBfsBbQibzbRdutmE3Y2lxPwULx4U8eov8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq2V1bX1jc3SVnl7Z3dv364ctFScSgpNGvNYdgKigDMBTc00h04igUQBh3Ywup367UeQisXiQU8S8CIyEKzPKNFG8u1Kb8xC0IyHkCW5n0Hu21Wn5syAl4lbkCoq0PDtr14Y0zQCoSknSnVdJ9FeRqRmlENe7qUKEkJHZABdQwWJQHnZ7PQcnxglxP1YmhIaz9TfExmJlJpEgemMiB6qRW8q/ud1U92/9jImklSDoPNF/ZRjHeNpDjhkEqjmE0MIlczciumQSEK1SatsQnAXX14mrbOae1k7v7+o1m+KOEroCB2jU+SiK1RHd6iBmoiiMXpGr+jNerJerHfrY966YhUzh+gPrM8fJxKUkg==</latexit>epe

<latexit sha1_base64="IRxF/PetFKFm5YDAgUWVCnhJXsc=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU0lU1IOHghePFewHNCFsNtN26WYTdjdKCPGvePGgiFd/iDf/jds2B219MPB4b4aZeUHCqFS2/W1UVlbX1jeqm7Wt7Z3dPXP/oCvjVBDokJjFoh9gCYxy6CiqGPQTATgKGPSCyc3U7z2AkDTm9ypLwIvwiNMhJVhpyTfr7iMNQVEWQp4Ufu5GaeGbDbtpz2AtE6ckDVSi7ZtfbhiTNAKuCMNSDhw7UV6OhaKEQVFzUwkJJhM8goGmHEcgvXx2fGEdayW0hrHQxZU1U39P5DiSMosC3RlhNZaL3lT8zxukanjl5ZQnqQJO5ouGKbNUbE2TsEIqgCiWaYKJoPpWi4yxwETpvGo6BGfx5WXSPW06F82zu/NG67qMo4oO0RE6QQ66RC10i9qogwjK0DN6RW/Gk/FivBsf89aKUc7U0R8Ynz/I/ZV/</latexit>epµ

<latexit sha1_base64="c5sEYdKC/l9EJMX3MVEP132F+Mc=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwVBIV9eCh4MVjBfsBbQibzbRdutmE3Y2lxPwULx4U8eov8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq2V1bX1jc3SVnl7Z3dv364ctFScSgpNGvNYdgKigDMBTc00h04igUQBh3Ywup367UeQisXiQU8S8CIyEKzPKNFG8u1Kb8xC0IyHkCW5nwW5b1edmjMDXiZuQaqoQMO3v3phTNMIhKacKNV1nUR7GZGaUQ55uZcqSAgdkQF0DRUkAuVls9NzfGKUEPdjaUpoPFN/T2QkUmoSBaYzInqoFr2p+J/XTXX/2suYSFINgs4X9VOOdYynOeCQSaCaTwwhVDJzK6ZDIgnVJq2yCcFdfHmZtM5q7mXt/P6iWr8p4iihI3SMTpGLrlAd3aEGaiKKxugZvaI368l6sd6tj3nrilXMHKI/sD5/ACKDlI8=</latexit>epb

<latexit sha1_base64="RnTvlsQBMitVVSvaPW2H79PbxVg=">AAAB+nicbVBNS8NAEN34WetXqkcvwSJ4KomKevBQ8OKxgv2ANoTNZtou3XywO7GUmJ/ixYMiXv0l3vw3btsctPXBwOO9GWbm+YngCm3721hZXVvf2Cxtlbd3dvf2zcpBS8WpZNBksYhlx6cKBI+giRwFdBIJNPQFtP3R7dRvP4JUPI4ecJKAG9JBxPucUdSSZ1Z6Yx4AchFAluRehrlnVu2aPYO1TJyCVEmBhmd+9YKYpSFEyARVquvYCboZlciZgLzcSxUklI3oALqaRjQE5Waz03PrRCuB1Y+lrgitmfp7IqOhUpPQ150hxaFa9Kbif143xf61m/EoSREiNl/UT4WFsTXNwQq4BIZiogllkutbLTakkjLUaZV1CM7iy8ukdVZzLmvn9xfV+k0RR4kckWNyShxyRerkjjRIkzAyJs/klbwZT8aL8W58zFtXjGLmkPyB8fkDPd2UoQ==</latexit>ept

<latexit sha1_base64="mxxnggQ+rMkwHK19sW1MgqqSx08=">AAACAHicbVA9SwNBEN2LXzF+nVpY2BwGwSrcqaiFRcDGMoL5gCSEvb1JsmRv79idU8JxjX/FxkIRW3+Gnf/GTXKFJj4YeLw3w8w8PxZco+t+W4Wl5ZXVteJ6aWNza3vH3t1r6ChRDOosEpFq+VSD4BLqyFFAK1ZAQ19A0x/dTPzmAyjNI3mP4xi6IR1I3ueMopF69kHnkQeAXASQxlkv7fhUpZhlPbvsVtwpnEXi5aRMctR69lcniFgSgkQmqNZtz42xm1KFnAnISp1EQ0zZiA6gbaikIehuOn0gc46NEjj9SJmS6EzV3xMpDbUeh77pDCkO9bw3Ef/z2gn2r7opl3GCINlsUT8RDkbOJA0n4AoYirEhlClubnXYkCrK0GRWMiF48y8vksZpxbuonN2dl6vXeRxFckiOyAnxyCWpkltSI3XCSEaeySt5s56sF+vd+pi1Fqx8Zp/8gfX5AyWxl2Y=</latexit>ept̄

<latexit sha1_base64="imsUUVNSR/vguPgwuJVVDdi7jFQ=">AAACAHicbVBNS8NAEN3Ur1q/oh48eAkWwVNJVNSDh4IXjxXsBzQhbDaTdulmE3Y3Sgm5+Fe8eFDEqz/Dm//GbZuDtj4YeLw3w8y8IGVUKtv+NipLyyura9X12sbm1vaOubvXkUkmCLRJwhLRC7AERjm0FVUMeqkAHAcMusHoZuJ3H0BImvB7NU7Bi/GA04gSrLTkmwfuIw1BURZCnhZ+7gZY5EFR+GbdbthTWIvEKUkdlWj55pcbJiSLgSvCsJR9x06Vl2OhKGFQ1NxMQorJCA+grynHMUgvnz5QWMdaCa0oEbq4sqbq74kcx1KO40B3xlgN5bw3Ef/z+pmKrryc8jRTwMlsUZQxSyXWJA0rpAKIYmNNMBFU32qRIRaYKJ1ZTYfgzL+8SDqnDeeicXZ3Xm9el3FU0SE6QifIQZeoiW5RC7URQQV6Rq/ozXgyXox342PWWjHKmX30B8bnDwpFl1Q=</latexit>epb̄

<latexit sha1_base64="8ZsUSJtCktTre9VnlYuQ5D2XmQw=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5U1MIiYGMZ0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRrdTv/XEtRGxesRxwv2IDpQIBaNopYekh71yxa26M5Bl4uWkAjnqvfJXtx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IiVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbz2M6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWXl0nzrOpdVs/vLyq1mzyOIhzBMZyCB1dQgzuoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4AZdqN3Q==</latexit>pt

<latexit sha1_base64="w9IoAH4EAseaYiisAB0X6hiARf0=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5U1MIiYGMZ0XxAcoS9zVyyZG/v2N0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpAIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Hbqt55QaR7LRzNO0I/oQPKQM2qs9JD0Br1yxa26M5Bl4uWkAjnqvfJXtx+zNEJpmKBadzw3MX5GleFM4KTUTTUmlI3oADuWShqh9rPZqRNyYpU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjtZ1wmqUHJ5ovCVBATk+nfpM8VMiPGllCmuL2VsCFVlBmbTsmG4C2+vEyaZ1Xvsnp+f1Gp3eRxFOEIjuEUPLiCGtxBHRrAYADP8ApvjnBenHfnY95acPKZQ/gD5/MHUiaN0A==</latexit>pg

<latexit sha1_base64="mD/rdaIbI97DTX35Kvn11ORt2BI=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQq6sFDwYvHCtYW0lA22227dLMbdidCCfkZXjwo4tVf481/47bNQVsfDDzem2FmXpQIbtDzvp3Syura+kZ5s7K1vbO7V90/eDQq1ZS1qBJKdyJimOCStZCjYJ1EMxJHgrWj8e3Ubz8xbbiSDzhJWBiToeQDTglaKUh6WTciOsM871VrXt2bwV0mfkFqUKDZq351+4qmMZNIBTEm8L0Ew4xo5FSwvNJNDUsIHZMhCyyVJGYmzGYn5+6JVfruQGlbEt2Z+nsiI7ExkziynTHBkVn0puJ/XpDi4DrMuExSZJLOFw1S4aJyp/+7fa4ZRTGxhFDN7a0uHRFNKNqUKjYEf/HlZfJ4Vvcv6+f3F7XGTRFHGY7gGE7BhytowB00oQUUFDzDK7w56Lw4787HvLXkFDOH8AfO5w/y05Gu</latexit>pt̄

<latexit sha1_base64="RnTvlsQBMitVVSvaPW2H79PbxVg=">AAAB+nicbVBNS8NAEN34WetXqkcvwSJ4KomKevBQ8OKxgv2ANoTNZtou3XywO7GUmJ/ixYMiXv0l3vw3btsctPXBwOO9GWbm+YngCm3721hZXVvf2Cxtlbd3dvf2zcpBS8WpZNBksYhlx6cKBI+giRwFdBIJNPQFtP3R7dRvP4JUPI4ecJKAG9JBxPucUdSSZ1Z6Yx4AchFAluRehrlnVu2aPYO1TJyCVEmBhmd+9YKYpSFEyARVquvYCboZlciZgLzcSxUklI3oALqaRjQE5Waz03PrRCuB1Y+lrgitmfp7IqOhUpPQ150hxaFa9Kbif143xf61m/EoSREiNl/UT4WFsTXNwQq4BIZiogllkutbLTakkjLUaZV1CM7iy8ukdVZzLmvn9xfV+k0RR4kckWNyShxyRerkjjRIkzAyJs/klbwZT8aL8W58zFtXjGLmkPyB8fkDPd2UoQ==</latexit>ept

<latexit sha1_base64="mxxnggQ+rMkwHK19sW1MgqqSx08=">AAACAHicbVA9SwNBEN2LXzF+nVpY2BwGwSrcqaiFRcDGMoL5gCSEvb1JsmRv79idU8JxjX/FxkIRW3+Gnf/GTXKFJj4YeLw3w8w8PxZco+t+W4Wl5ZXVteJ6aWNza3vH3t1r6ChRDOosEpFq+VSD4BLqyFFAK1ZAQ19A0x/dTPzmAyjNI3mP4xi6IR1I3ueMopF69kHnkQeAXASQxlkv7fhUpZhlPbvsVtwpnEXi5aRMctR69lcniFgSgkQmqNZtz42xm1KFnAnISp1EQ0zZiA6gbaikIehuOn0gc46NEjj9SJmS6EzV3xMpDbUeh77pDCkO9bw3Ef/z2gn2r7opl3GCINlsUT8RDkbOJA0n4AoYirEhlClubnXYkCrK0GRWMiF48y8vksZpxbuonN2dl6vXeRxFckiOyAnxyCWpkltSI3XCSEaeySt5s56sF+vd+pi1Fqx8Zp/8gfX5AyWxl2Y=</latexit>ept̄

<latexit sha1_base64="ru9cb2wUIoqb+QIoXjvF75hhPis="></latexit>

Boost
decay products ���������

<latexit sha1_base64="pYC6VbXJffVWKpRHpcgeH9YEXLI="></latexit>

Reconstruct
momenta of
top quarks�������!

<latexit sha1_base64="KDMmrfbX7m8LFNujTXxcDF+OSZU="></latexit>???y
<latexit sha1_base64="zDoLnqWLmnGfLi5puy/icMVcokY="></latexit>

Catani-Seymour
mapping of
top momenta

Bevilacqua, Hartanto, Kraus, Weber, Worek [1912.09999]
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https://arxiv.org/abs/1912.09999


Top decays

POWHEG+OpenLoops

Alioli, Moch, Uwer (1110.5251)

Spin Correlation
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MADGRAPH5, no spin corr.

MADGRAPH5, with spin corr. (Full decay chain)

POWHEG+OL, no spin corr.

POWHEG+OL, with spin corr.

Di!erential cross section of pp →↑ H →↑ tt +Decays at LO in a function of M(ω+, ω→)

• The SM signal at LO has been validated against
MadGraph5 aMC@NLO at the di!erential level.

• Currently working on producing results at NLO in 1HSM as
well as with A.

• Would love to receive inputs regarding observables that are of
special experimental interest!

21 / 24

The SM signal at LO has been validated against MadGraph5 aMC@NLO
at the differential level

Alexander Lind Seminar, Università degli Studi di Milano 57 / 58

https://arxiv.org/pdf/1110.5251


Summary and outlook

Summary:

▶ We have studied the interference of a heavy Higgs with the
continuum QCD background at NLO QCD

▶ The interference is loop-induced × tree-level at LO, and has a
complicated structure at NLO

▶ This has required a specially built Monte Carlo – which can be now
be used for other loop-induced processes
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Thank you very much
for your attention! :)


