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Who am I?

• Did my Bachelor’s and Master’s in this group with Jørgen 
on diffraction (soft QCD) with Pythia 8 and ALFA/ATLAS


• Just handed in my PhD at University of Sussex

I am interested in  
collider phenomenology


and the use and 
development of


Monte Carlo event 
generators



What’s the landscape?
Since 2012: 

“The Higgs has been found…  
now what’s next??”

for collider physics

A Higgs observing  
ATLAS for a change

No signs of 

new physics 
beyond the


Standard Model

Collider physics  
is going into 

a precision era



Precision

LHC Run 2: 
LHC Run 3:


HL-LHC:

Challenge for  
Theory/MC community: 

 
Need for ever  

increasing precision
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139 fb�1
Lepton colliders:  

FCC-ee

Large datasets:

Large reduction in experimental uncertainties:  
Electron/muon uncertainties: permille level 

JES: sub-percent level 
B-tagging uncertainty: sub-percent level 

And cool Machine Learning now



Next-To-Leading Order (NLO)

Tree level  
(Born / LO):

One-loop  
(Virtual):

Real emission:

Theoretical precision: Higher orders in the hard scattering matrix element

NLO necessary for most processes 
in particular Higgs production

Even NNLO can give sizable corrections

but 2-loop is highly non-trivial
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�NLO = �B + �R + �V



Divergences

UV divergences

Dim. reg.

Renormalisation

Finite

Infrared 
(soft/collinear) divergences

Cancellation (BN / KLN theorems)

Subtraction of dipoles (Catani-Seymour)

Finite 

in infrared (IR) safe observables
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The 1-Higgs-Singlet model
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Potential after EW symmetry breaking:

Mixing:

Add a real singlet scalar field

8 benchmark points:

Free parameters:
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Mh2 , ✓
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Mh1 = 125 GeV



Process of Interest

Higgs signal

QCD background
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pp (! {h1, h2}) ! tt̄+X at NLO



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
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QCD Background

Heavy scalar “signal”

Breit-Wigner lineshape
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Alternative to “Bump Hunting”?
Invariant mass spectrum
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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 lineshape

Interference

Gluon-PDF-enhanced

plateau <latexit sha1_base64="pKnNPnxZCI+xxrrNhHCDNWnuW1A=">AAACHXicbVDLSgMxFM34rPVVdekmWARFLDOlqMuiC7sRKtgqdNrhTpqxocnMkGSEMsyPuPFX3LhQxIUb8W9MH4JWD1w4Oedecu/xY86Utu1Pa2Z2bn5hMbeUX15ZXVsvbGw2VZRIQhsk4pG88UFRzkLa0ExzehNLCsLn9Nrvnw396zsqFYvCKz2IaVvAbcgCRkAbyStU3EACSZ0s3XN7oFOV4UN84aW1rFPe75TxwfcDu+cgBHi1TjnzCkW7ZI+A/xJnQopogrpXeHe7EUkEDTXhoFTLsWPdTkFqRjjN8m6iaAykD7e0ZWgIgqp2Orouw7tG6eIgkqZCjUfqz4kUhFID4ZtOAbqnpr2h+J/XSnRw0k5ZGCeahmT8UZBwrCM8jAp3maRE84EhQCQzu2LSAxOXNoHmTQjO9Ml/SbNcco5KlctKsXo6iSOHttEO2kMOOkZVVEN11EAE3aNH9IxerAfryXq13satM9ZkZgv9gvXxBToJoCA=</latexit>
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Alternative to “Bump Hunting”?
Invariant mass spectrum

<latexit sha1_base64="AC0jNyg0DPVnM7j/KcyPEsI4nwk=">AAACEnicbVA7T8MwGHTKq5RXgJHFokKCpUqqChgrWBiLRB9SEyrHdVqrthPZDlIV5Tew8FdYGECIlYmNf4PTZoCWkyyf7r5P9l0QM6q043xbpZXVtfWN8mZla3tnd8/eP+ioKJGYtHHEItkLkCKMCtLWVDPSiyVBPGCkG0yuc7/7QKSikbjT05j4HI0EDSlG2kgD+8zjSI8lT4eZp+iII2guDr1QIpy6WeqNkU5Vdl/PBnbVqTkzwGXiFqQKCrQG9pc3jHDCidCYIaX6rhNrP0VSU8xIVvESRWKEJ2hE+oYKxIny01mkDJ4YZQjDSJojNJypvzdSxJWa8sBM5gHUopeL/3n9RIeXfkpFnGgi8PyhMGFQRzDvBw6pJFizqSEIS2r+CvEYmTa0abFiSnAXIy+TTr3mntcat41q86qoowyOwDE4BS64AE1wA1qgDTB4BM/gFbxZT9aL9W59zEdLVrFzCP7A+vwBYQmejg==</latexit>

d� ⇠ 1

ŝ2

<latexit sha1_base64="u8gOCW6EMGBXuY0aL/2G1SWS3RU="></latexit>
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H
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NLO QCD Corrections to Interference

LO

NLO



Non-Factorisable Corrections

HEFT

Expansion in:

<latexit sha1_base64="wcQqgbssM17qp5CyJqh2Z05us4M=">AAAB/XicbVDLSsNAFL3xWesrPnZugkVwVRIp6rLowm6ECvYBTSiT6aQdOjMJMxOhhuKvuHGhiFv/w51/47TNQlsP3MvhnHuZOydMGFXadb+tpeWV1bX1wkZxc2t7Z9fe22+qOJWYNHDMYtkOkSKMCtLQVDPSTiRBPGSkFQ6vJ37rgUhFY3GvRwkJOOoLGlGMtJG69qEfSYQz/wZxjrq1cXZrWtcuuWV3CmeReDkpQY561/7yezFOOREaM6RUx3MTHWRIaooZGRf9VJEE4SHqk46hAnGigmx6/dg5MUrPiWJpSmhnqv7eyBBXasRDM8mRHqh5byL+53VSHV0GGRVJqonAs4eilDk6diZROD0qCdZsZAjCkppbHTxAJg5tAiuaELz5Ly+S5lnZOy9X7iql6lUeRwGO4BhOwYMLqEIN6tAADI/wDK/wZj1ZL9a79TEbXbLynQP4A+vzB3bIlT4=</latexit>

�H

MH



HELAC+OpenLoops

Written in “Olde” Fortran

HELAC: Dipole subtraction


OpenLoops: Tree and loop amplitudes


Kaleu: Phase space generation


LHAPDF: PDF sets

Needed to develop a 
new NLO Monte Carlo  

event generator 
 

But no need to reinvent  
the wheel

Modified OpenLoops with:

• Interface to get colour correlated  
helicity amplitudes


• Form factor interface (next slide)


• BSM extensions



Form Factors

<latexit sha1_base64="ZbDcmcrSUjazIr6CaFHhWrddr8Y=">AAAB73icbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuimy4r2Ae0Q8mkd6ahmcyYZIRS+hNuXCji1t9x59+YtrPQ1gOBwzn3kntOkAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hobua3n1BpnsgHM07Rj2kkecgZNVbqRBHpmYTU++WKW3XnIKvEy0kFcjT65a/eIGFZjNIwQbXuem5q/AlVhjOB01Iv05hSNqIRdi2VNEbtT+b3TsmZVQYkTJR90pC5+ntjQmOtx3FgJ2NqhnrZm4n/ed3MhDf+hMs0MyjZ4qMwE8RGnIUnA66QGTG2hDLF7a2EDamizNiKSrYEbznyKmldVL2r6uX9ZaV2m9dRhBM4hXPw4BpqUIcGNIGBgGd4hTfn0Xlx3p2PxWjByXeO4Q+czx8pcY9o</latexit>

gg ! H

<latexit sha1_base64="kCmWdRMDZFrn2ncgU3ZcaRLwFA8=">AAACrHicbVHbbtQwEHXCrV0u3cIjLxarSuWBJVkqKA9IVZEKL0gFddtKmzSaOJNdq86ltrNiZflr+Cp+gy/AyQZEW0Ya6fgcz3h8Jq0FVzoIfnr+nbv37j/Y2Bw8fPT4ydZw++mpqhrJcMoqUcnzFBQKXuJUcy3wvJYIRSrwLL382OpnS5SKV+WJXtUYFzAvec4ZaEclwx9RAXrBQJgvln6gUdfRHFUSlf4kEUtLo1wCMxGIeg GJsuYNjWpOl/bP5W/VCsShaNAe/aUwc3KGQsOFgdRhgbmmu/QqCV1O6PzCREUTlY2lrxxhQuuI9uTwxHaiK5J8vtD0ZTIcBeOgC3obhD0YkT6Ok+GvKKtYU2CpmQClZmFQ69iA1JwJtIOoUVgDu4Q5zhwsoUAVm250S3cck9G8ki5LTTv23woDhVKrwn1qp7VO3dRa8n/arNH5fmx4WTcaS7Z+KG8E1RVtN0MzLpFpsXIAmORuVsoW4LzXbn/XOmVLXqt+6u/rsQfOpPCmJbfB6WQcvh3vfd0bHRz2dm2Q5+QF2SUheUcOyGdyTKaEeZvea2/fe++P/RN/5sfrq77X1zwj18LPfwPuM9RR</latexit>

M =
↵s

3⇡v
F �ab (q1q2g

µ⌫ � q⌫1 q
µ
2 )

Gluon-fusion Higgs production:

<latexit sha1_base64="E/DkYK9bIc0o5wp5APXQ4Rurcco="></latexit>

F = F1 +
↵s

⇡
F2 +O(↵2

s)

<latexit sha1_base64="LCbRWvG1tkHsVXMzrSvaHg5ZXcQ="></latexit>

F2 =
1

2
F1


Re (H) +

CA

2
⇡2

�
CA

2
ln2

✓
m2

H

µ2
R
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Heavy Higgs Propagator
Cascaded decays:

Exact scalar propagator: Breit-Wigner approximation:Optical Theorem

On-shell approx.

Circular dependence on

decay width

For one benchmark point:



Results
Integrated cross-sections

SM

1HSM



Results
700 GeV 1 TeV



Results
1.5 TeV 3 TeV



Results

Significance

Consider mass windows 

around dips

Observed dip structures around

heavy resonance mass


when considering the 1HSM



Scale Uncertainties

QCD bg: 12% h2-QCD: 27—42%



Generalisation
The code be generalised to work for any loop-induced process

Double Higgs production

Effective field theories
<latexit sha1_base64="qVplbwQelXi6nrrczOC2J6fa62E="></latexit>

g

g

W

W

dim-6 dim-8



Top Decays

arXiv:2112:?????   with A. Banfi, N. Kauer, J. Lindert, and R. Wood

We want to consider the full 2 to 6 top decay amplitudes

with spin correlations


in the double pole approximation

NWA:



Top Decays

arXiv:2112:?????   with A. Banfi, N. Kauer, J. Lindert, and R. Wood

Dipole subtraction for intermediate emitters



A second project…
<latexit sha1_base64="PNKssoWiZt8yg0+uJLDhugzM05Y=">AAAB9XicbVBNT8JAEN3iF+IX6tFLIzHxRFpi1CPRC0dM5COBSrbLFFa222Z3qpKG/+HFg8Z49b9489+4QA8KvmSSl/dmMjPPjwXX6DjfVm5ldW19I79Z2Nre2d0r7h80dZQoBg0WiUi1fapBcAkN5CigHSugoS+g5Y+up37rAZTmkbzFcQxeSAeSB5xRNNJdF+EJNUtr7j3gpFcsOWVnBnuZuBkpkQz1XvGr249YEoJEJqjWHdeJ0UupQs4ETArdRENM2YgOoGOopCFoL51dPbFPjNK3g0iZkmjP1N8TKQ21Hoe+6QwpDvWiNxX/8zoJBpdeymWcIEg2XxQkwsbInkZg97kChmJsCGWKm1ttNqSKMjRBFUwI7uLLy6RZKbvn5bObSql6lcWRJ0fkmJwSl1yQKqmROmkQRhR5Jq/kzXq0Xqx362PemrOymUPyB9bnD8+nkrg=</latexit>

H1jet

arXiv:2011.04694 [hep-ph]

h1jet.hepforge.org

with Andrea Banfi

H1

https://arxiv.org/abs/2011.04694
http://h1jet.hepforge.org


A fast and easy-to-use tool to compute transverse 
momentum distributions 

Motivation

Loops:

SM top + BSM top partner



and              but can be extended

The Method

1-dimensional integration done using  
adaptive Gaussian quadrature super fast

Written in Fortran 95, interfaced with CHAPLIN and HOPPET

<latexit sha1_base64="j3Z+eQ7F7fYJfO0BklsdTWK3DkY=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsyUoi6LblxWsA9oh5JJ77ShmcyQZIQy9CPcuFDErd/jzr8xbWehrQcCh3PuJfecIBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1FipUyN9ExNvUK64VXcBsk68nFQgR3NQ/uoPY5ZGKA0TVOue5ybGz6gynAmclfqpxoSyCR1hz1JJI9R+tjh3Ri6sMiRhrOyThizU3xsZjbSeRoGdjKgZ61VvLv7n9VIT3vgZl0lqULLlR2EqiI04z06GXCEzYmoJZYrbWwkbU0WZsQ2VbAneauR10q5Vvatq/aFeadzmdRThDM7hEjy4hgbcQxNawGACz/AKb07ivDjvzsdytODkO6fwB87nD/EIjqs=</latexit>

2 ! 1
<latexit sha1_base64="uQx0bFwQAr7oqZ9XYoAuv2vDw4A=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsyUoi6LblxWsA9oh5JJ77ShmcyQZIQy9CPcuFDErd/jzr8xbWehrQcCh3PuJfecIBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1FipUyN9E5PaoFxxq+4CZJ14OalAjuag/NUfxiyNUBomqNY9z02Mn1FlOBM4K/VTjQllEzrCnqWSRqj9bHHujFxYZUjCWNknDVmovzcyGmk9jQI7GVEz1qveXPzP66UmvPEzLpPUoGTLj8JUEBtxnp0MuUJmxNQSyhS3txI2pooyYxsq2RK81cjrpF2relfV+kO90rjN6yjCGZzDJXhwDQ24hya0gMEEnuEV3pzEeXHenY/laMHJd07hD5zPH/KMjqw=</latexit>

2 ! 2

<latexit sha1_base64="kESmUA1vMGK2BPUFK9ydJuJvg/8="></latexit>

ŝ =

✓
pT cosh ⌘ +

q
m2

X + p2T cosh2 ⌘

◆2

<latexit sha1_base64="8Ootf7unRxkhJPSphrh9eWxHJyc=">AAACEHicbVDJSgNBEO2JW4xb1KOXxiB6SZiRoF6EoBePCmaBTAw9nUrSpGexu0YIw3yCF3/FiwdFvHr05t/YmeTg9qDg8V4VVfW8SAqNtv1p5ebmFxaX8suFldW19Y3i5lZDh7HiUOehDFXLYxqkCKCOAiW0IgXM9yQ0vdH5xG/egdIiDK5xHEHHZ4NA9AVnaKRucd8dMkwwpae0TKPuNYWbpOwCstTVtwqTzNZp2i2W7Iqdgf4lzoyUyAyX3eKH2wt57EOAXDKt244dYSdhCgWXkBbcWEPE+IgNoG1owHzQnSR7KKV7RunRfqhMBUgz9ftEwnytx75nOn2GQ/3bm4j/ee0Y+yedRARRjBDw6aJ+LCmGdJIO7QkFHOXYEMaVMLdSPmSKcTQZFkwIzu+X/5LGYcU5qlSvqqXa2SyOPNkhu+SAOOSY1MgFuSR1wsk9eSTP5MV6sJ6sV+tt2pqzZjPb5Aes9y95OZzs</latexit>

t̂ = �pT e
�⌘

p
ŝ

<latexit sha1_base64="imFHXlJ7z6YrtQIG43cE680BrCE=">AAACD3icbVDJSgNBEO1xjXGLevTSGBQvhhkJ6kUIevEYIRtkYujpVJImPYvdNUIY5g+8+CtePCji1as3/8bOctDEBwWP96qoqudFUmi07W9rYXFpeWU1s5Zd39jc2s7t7NZ0GCsOVR7KUDU8pkGKAKooUEIjUsB8T0LdG1yP/PoDKC3CoILDCFo+6wWiKzhDI7VzR26fYRKn9JKe0KhdoXCXuIAsdfW9wmTs6jRt5/J2wR6DzhNnSvJkinI79+V2Qh77ECCXTOumY0fYSphCwSWkWTfWEDE+YD1oGhowH3QrGf+T0kOjdGg3VKYCpGP190TCfK2Hvmc6fYZ9PeuNxP+8Zozdi1YigihGCPhkUTeWFEM6Cod2hAKOcmgI40qYWynvM8U4mgizJgRn9uV5UjstOGeF4m0xX7qaxpEh++SAHBOHnJMSuSFlUiWcPJJn8krerCfrxXq3PiatC9Z0Zo/8gfX5Awe1nLY=</latexit>

û = �pT e
⌘
p
ŝ

<latexit sha1_base64="LRfAN7uCBrg7ft2l9MRxtXAJJwY="></latexit>

⌘M = ln

✓
xM +

q
x2
M � 1

◆

<latexit sha1_base64="Lu4XG5NaSBPjb28diQ6zz5o4Xhg=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1VwY0lKUTdC0Y0boUJf0NQwmU7aoZNJnJmIJeQH3Pgrblwo4ta9O//GaZuFth64cDjnXu69x4sYlcqyvo3cwuLS8kp+tbC2vrG5ZW7vNGUYC0waOGShaHtIEkY5aSiqGGlHgqDAY6TlDS/HfuueCElDXlejiHQD1OfUpxgpLbnmwYN7Dc+h4wuEE3kcuO3bcpqUYeTWoSPvhEpkmrpm0SpZE8B5YmekCDLUXPPL6YU4DghXmCEpO7YVqW6ChKKYkbTgxJJECA9Rn3Q05SggsptMvknhoVZ60A+FLq7gRP09kaBAylHg6c4AqYGc9cbif14nVv5ZN6E8ihXheLrIjxlUIRxHA3tUEKzYSBOEBdW3QjxAOhilAyzoEOzZl+dJs1yyT0qVm0qxepHFkQd7YB8cARucgiq4AjXQABg8gmfwCt6MJ+PFeDc+pq05I5vZBX9gfP4ATdWbHw==</latexit>

xM =
s�m2

X

2pT
p
s



Built-In Models

Provided user-interface allows for 

a custom process given a user-provided amplitude

<latexit sha1_base64="GitCik4R9vllHsNxkz32Itc2EMo=">AAACHnicbZDLSsNAFIYnXmu9RV26GSxCBSlJqZdl0Y0boYK9QFPLZDpth04uzJwIJeRJ3PgqblwoIrjSt3GaRtDWAwMf/38OZ87vhoIrsKwvY2FxaXllNbeWX9/Y3No2d3YbKogkZXUaiEC2XKKY4D6rAwfBWqFkxHMFa7qjy4nfvGdS8cC/hXHIOh4Z+LzPKQEtdc0TR7uAHY/AkBIRXydFZ0ggVskxTgF+IEqOcNp8V8Zds2CVrLTwPNgZFFBWta754fQCGnnMByqIUm3bCqETEwmcCpbknUixkNARGbC2Rp94THXi9LwEH2qlh/uB1M8HnKq/J2LiKTX2XN05OUPNehPxP68dQf+8E3M/jID5dLqoHwkMAZ5khXtcMgpirIFQyfVfMR0SSSjoRPM6BHv25HlolEv2aalyUylUL7I4cmgfHaAistEZqqIrVEN1RNEDekIv6NV4NJ6NN+N92rpgZDN76E8Zn98BFKJj</latexit>

|M(ŝ, t̂, û)|2



A live demonstration…

h1jet.hepforge.org/online

http://h1jet.hepforge.org/online


Thank you for listening!


