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A first project…

with Andrea Banfi, Jonas Lindert, Nikolas Kauer, and Ryan Wood

Higgs interference effects 
in top pair production 

at NLO QCD
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Process of Interest

Higgs signal

QCD background

<latexit sha1_base64="WNdgDfAgCspxRExT0TCwePcjRXU=">AAACF3icbVDLSgMxFM3UV62vqks3F4tQUYaZUlRwU3TjsoJ9QKeUTJq2oZkHyR2hDP0LN/6KGxeKuNWdf2P6WGj1QMLhnHtJzvFjKTQ6zpeVWVpeWV3Lruc2Nre2d/K7e3UdJYrxGotkpJo+1VyKkNdQoOTNWHEa+JI3/OH1xG/cc6VFFN7hKObtgPZD0ROMopE6eTuOwbuEIngYgZfCoOOemqsE3hiOpyKC51OV4hhOoNnJFxzbmQL+EndOCmSOaif/6XUjlgQ8RCap1i3XibGdUoWCST7OeYnmMWVD2uctQ0MacN1Op7nGcGSULvQiZU6IMFV/bqQ00HoU+GYyoDjQi95E/M9rJdi7aKcijBPkIZs91EskTOKakqArFGcoR4ZQpoT5K7ABVZShqTJnSnAXI/8l9ZLtntnl23KhcjWvI0sOyCEpEpeckwq5IVVSI4w8kCfyQl6tR+vZerPeZ6MZa76zT37B+vgGEZWcJw==</latexit>

pp (! {h1, h2}) ! tt̄+X at NLO
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The 1-Higgs-Singlet model

<latexit sha1_base64="sa6Ck48xdlLmo3RQTEFnLg5z5+I="></latexit>
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Potential after EW symmetry breaking:

Mixing:

Add a real singlet scalar field

8 benchmark points:

Free parameters:
<latexit sha1_base64="yaYw9XaVTwcmO+90n+7t2LrVD0U=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEIHqQkpajHohcvQgX7AW0Im+2mXbrZhN2JUEN/iRcPinj1p3jz37htc9DWBwOP92aYmRckgmtwnG+rsLa+sblV3C7t7O7tl+2Dw7aOU0VZi8YiVt2AaCa4ZC3gIFg3UYxEgWCdYHwz8zuPTGkeyweYJMyLyFDykFMCRvLt8p2fjfza9Bz3YcSA+HbFqTpz4FXi5qSCcjR9+6s/iGkaMQlUEK17rpOAlxEFnAo2LfVTzRJCx2TIeoZKEjHtZfPDp/jUKAMcxsqUBDxXf09kJNJ6EgWmMyIw0sveTPzP66UQXnkZl0kKTNLFojAVGGI8SwEPuGIUxMQQQhU3t2I6IopQMFmVTAju8surpF2ruhfV+n290rjO4yiiY3SCzpCLLlED3aImaiGKUvSMXtGb9WS9WO/Wx6K1YOUzR+gPrM8f81eSpQ==</latexit>

Mh2 , ✓

<latexit sha1_base64="uIjdtoXpVsQzHuMUN0kX5KIscOo=">AAACAnicbVDJSgNBEO2JW4xb1JN4aQyCpzAT4nIRgh70IkQwCyRh6OlUkiY9C901YhiCF3/FiwdFvPoV3vwbO8tBEx8UPN6roqqeF0mh0ba/rdTC4tLySno1s7a+sbmV3d6p6jBWHCo8lKGqe0yDFAFUUKCEeqSA+Z6Emte/HPm1e1BahMEdDiJo+awbiI7gDI3kZvdu3KTnOkN6Tp3CMW0iPGBCr6A6dLM5O2+PQeeJMyU5MkXZzX412yGPfQiQS6Z1w7EjbCVMoeAShplmrCFivM+60DA0YD7oVjJ+YUgPjdKmnVCZCpCO1d8TCfO1Hvie6fQZ9vSsNxL/8xoxds5aiQiiGCHgk0WdWFIM6SgP2hYKOMqBIYwrYW6lvMcU42hSy5gQnNmX50m1kHdO8sXbYq50MY0jTfbJATkiDjklJXJNyqRCOHkkz+SVvFlP1ov1bn1MWlPWdGaX/IH1+QO0IpW6</latexit>

Mh1 = 125 GeV
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NLO QCD

Gap in current event generator landscape: Loop-induced x tree interference at NLO

NLO necessary for most processes — in particular Higgs production

Even NNLO can give sizable corrections but 2-loop is highly non-trivial

Infrared (soft/collinear) divergences  
Subtraction of dipoles 


(Catani-Seymour)

<latexit sha1_base64="yLrQij3E0N2tXi4SiyIiEhPip/g="></latexit>
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Interference effects also very important — and has large K-factors!



NLO QCD Corrections to Interference

LO

NLO 
 

Virtual 
Contributions
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Non-Factorisable Corrections
IR divergent non-factorisable real contribution

IR divergent non-factorisable virtual contribution
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Non-Factorisable Corrections

<latexit sha1_base64="dCRF0Ok5DXv2spXztV6+C35E+9Q=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgQcKuBPUiBHPxGME8ILuE2clsMmT24UxvIIR8hxcPinj1Y7z5N06SPWhiQUNR1U13l59IodG2v63c2vrG5lZ+u7Czu7d/UDw8auo4VYw3WCxj1fap5lJEvIECJW8nitPQl7zlD2szvzXiSos4esRxwr2Q9iMRCEbRSN4tqRH3grgoQq67xZJdtucgq8TJSAky1LvFL7cXszTkETJJte44doLehCoUTPJpwU01Tygb0j7vGBpRs8SbzI+ekjOj9EgQK1MRkrn6e2JCQ63HoW86Q4oDvezNxP+8TorBjTcRUZIij9hiUZBKgjGZJUB6QnGGcmwIZUqYWwkbUEUZmpwKJgRn+eVV0rwsO1flykOlVL3L4sjDCZzCOThwDVW4hzo0gMETPMMrvFkj68V6tz4WrTkrmzmGP7A+fwDqYJDr</latexit>

= C ⇥

However, in the soft limit:

Singular term

Reweighting:

<latexit sha1_base64="2DfdF1l21+C75cp/xOVABOCQskw=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9FxE2/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxW1S/xsfu2UnFllQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMNrPxMqSZErtlgUppJgTGavk4HQnKGcWEKZFvZWwkZUU4Y2oJINwVt+eZW0LqreZbV2X6vUb/I4inACp3AOHlxBHe6gAU1g8AjP8ApvTuy8OO/Ox6K14OQzx/AHzucPuRmPPQ==</latexit>⇥
<latexit sha1_base64="jgYelFKmCSVaJ96xb70kr61coOo="></latexit>
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HELAC+OpenLoops
Kaleu: Phase space generation 

HELAC: Dipole subtraction 

OpenLoops: Tree and loop amplitudes

Need to develop our 
own NLO Monte Carlo  

framework 
 

But no need to reinvent  
the wheel

Modified OpenLoops with:

• Form factor interface for 
 
 
 

• BSM extensions


• Interface to get colour correlated helicity amplitudes:
<latexit sha1_base64="/uFRGZQ9UUIxkpjNJbT0xjpOzRI=">AAACOHicbVDLSgMxFM3UV62vqks3wSK4KjNS1GWpGzdiBfuATil30rQNTTJDkhHKMJ/lxs9wJ25cKOLWLzCddqGtFwKHc869ufcEEWfauO6Lk1tZXVvfyG8WtrZ3dveK+wdNHcaK0AYJeajaAWjKmaQNwwyn7UhREAGnrWB8NdVbD1RpFsp7M4loV8BQsgEjYCzVK976AsxIiaSf+poNBfSSWootFNjnIIec4sxBgCc36Uy088wyqzJ3r1hyy25WeBl4c1BC86r3is9+PySxoNIQDlp3PDcy3QSUYYTTtODHmkZAxjCkHQslCKq7SXZ4ik8s08eDUNknDc7Y3x0JCK0nIrDO6bp6UZuS/2md2AwuuwmTUWyoJLOPBjHHJsTTFHGfKUoMn1gARDG7KyYjUECMzbpgQ/AWT14GzbOyd16u3FVK1do8jjw6QsfoFHnoAlXRNaqjBiLoEb2id/ThPDlvzqfzNbPmnHnPIfpTzvcPFvCuXw==</latexit>

d�B ⇠ hMB |MBi
<latexit sha1_base64="yySytSuRnFiMF5hCd/JhgXiK3Ds="></latexit>

Dij,k ⇠ hMB |
Tk ·Tij

T2
ij

Vij,k|MBi

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

gg ! H

Code:

<latexit sha1_base64="E/DkYK9bIc0o5wp5APXQ4Rurcco="></latexit>
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<latexit sha1_base64="LCbRWvG1tkHsVXMzrSvaHg5ZXcQ="></latexit>
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Results
Integrated cross-sections

SM

1HSM
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Results
700 GeV 1 TeV
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Results
1.5 TeV 3 TeV
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Results

Significance

Consider mass windows 

around dips

Observed dip structures around

heavy resonance mass


when considering the 1HSM
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Generalisation
The code be generalised to work for any loop-induced process

Double Higgs production

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

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

• This is loop-induced x tree-level at LO and has a 
complicated structure at NLO 

• This required a specially built Monte Carlo — which can 
now be used for other loop-induced processes
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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

15/20

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

p
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<latexit sha1_base64="imFHXlJ7z6YrtQIG43cE680BrCE=">AAACD3icbVDJSgNBEO1xjXGLevTSGBQvhhkJ6kUIevEYIRtkYujpVJImPYvdNUIY5g+8+CtePCji1as3/8bOctDEBwWP96qoqudFUmi07W9rYXFpeWU1s5Zd39jc2s7t7NZ0GCsOVR7KUDU8pkGKAKooUEIjUsB8T0LdG1yP/PoDKC3CoILDCFo+6wWiKzhDI7VzR26fYRKn9JKe0KhdoXCXuIAsdfW9wmTs6jRt5/J2wR6DzhNnSvJkinI79+V2Qh77ECCXTOumY0fYSphCwSWkWTfWEDE+YD1oGhowH3QrGf+T0kOjdGg3VKYCpGP190TCfK2Hvmc6fYZ9PeuNxP+8Zozdi1YigihGCPhkUTeWFEM6Cod2hAKOcmgI40qYWynvM8U4mgizJgRn9uV5UjstOGeF4m0xX7qaxpEh++SAHBOHnJMSuSFlUiWcPJJn8krerCfrxXq3PiatC9Z0Zo/8gfX5Awe1nLY=</latexit>
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<latexit sha1_base64="LRfAN7uCBrg7ft2l9MRxtXAJJwY="></latexit>
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<latexit sha1_base64="Lu4XG5NaSBPjb28diQ6zz5o4Xhg=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1VwY0lKUTdC0Y0boUJf0NQwmU7aoZNJnJmIJeQH3Pgrblwo4ta9O//GaZuFth64cDjnXu69x4sYlcqyvo3cwuLS8kp+tbC2vrG5ZW7vNGUYC0waOGShaHtIEkY5aSiqGGlHgqDAY6TlDS/HfuueCElDXlejiHQD1OfUpxgpLbnmwYN7Dc+h4wuEE3kcuO3bcpqUYeTWoSPvhEpkmrpm0SpZE8B5YmekCDLUXPPL6YU4DghXmCEpO7YVqW6ChKKYkbTgxJJECA9Rn3Q05SggsptMvknhoVZ60A+FLq7gRP09kaBAylHg6c4AqYGc9cbif14nVv5ZN6E8ihXheLrIjxlUIRxHA3tUEKzYSBOEBdW3QjxAOhilAyzoEOzZl+dJs1yyT0qVm0qxepHFkQd7YB8cARucgiq4AjXQABg8gmfwCt6MJ+PFeDc+pq05I5vZBX9gfP4ATdWbHw==</latexit>
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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
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h1jet.hepforge.org/online19/20

http://h1jet.hepforge.org/online
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