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HIGGS DISCOVERY 

 Higgs boson discovery structurally completed the Standard Model and launched an era of the detailed 
exploration of this new particle. 
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THE HIGGS PROPERTIES 

Higgs boson properties are in good agreement with the SM expectations.  Nevertheless, there is still room for O(10-20) 
percent deviations even in the largest cross sections. 
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HIGGS PRODUCTION IN WEAK BOSON FUSION

Higgs production in weak boson fusion is interesting as it has a relatively large cross section and because it is 
proportional  to tree-level HVV couplings, which are fixed by gauge symmetries,  it is  sensitive to HVV anomalous 
couplings and since it provides one of the best signatures to study CP properties of the Higgs boson.
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HIGGS PRODUCTION IN WEAK BOSON FUSION

We will focus on the QCD corrections to Higgs boson production in weak boson fusion; those corrections 
involve two distinct types of contributions:  

a) corrections to the same fermion line (DIS-like);   

b) interactions between two fermion lines.  

DIS-like effects Cross-talk between two fermion lines

There are other contributions to WBF that do not fit into this template: the interference of the two fermion lines (e.g. 
uu -> Huu) or interference of WBF and other contributions ( gg->H with two forward jets  or V*H production 
followed by the decay V* -> 2 jets ).  These contributions have been  computed at leading and sometimes at next-to-
leading order  in the strong coupling constant and were found to be small ( per mille).
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DIS-LIKE CONTRIBUTIONS

The DIS-like contribution is called so for a good reason: apart from clear differences  in the upper parts of these 
diagrams, their lower parts can be related to each other and to inclusive DIS structure functions. 
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DIS  STRUCTURE FUNCTIONS AND WEAK BOSON FUSION

In case of WBF, where exchanges of electroweak bosons contribute, also structure functions of the axial-vector current 
are needed. However, all DIS coefficient functions are currently known through N3LO and can be used to describe the 
WBF. 
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If the DIS structure functions are known in the perturbative expansion in QCD up to a certain order, the VBF cross 
section can be immediately computed through the same perturbative order as well.  In practice, this has been done  
through N3LO QCD, since this is the  order through which DIS structure functions are known. 
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<latexit sha1_base64="brrLC38/m3V6q0JnFtp5qm5Nvxo=">AAAB6nicbVDLSgNBEOyNrxhfUQ8evAwGwVPYzUVPEvDiMaJ5QLKE2UlvMmR2dp2ZFcKST/DiQRGvfpE3fyLf4ORx0MSChqKqm+6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCooeNUMayzWMSqFVCNgkusG24EthKFNAoENoPhzdRvPqHSPJYPZpSgH9G+5CFn1Fjp/rFb6RZLbtmdgawSb0FK1ZPJhABArVv86vRilkYoDRNU67bnJsbPqDKcCRwXOqnGhLIh7WPbUkkj1H42O3VMzq3SI2GsbElDZurviYxGWo+iwHZG1Az0sjcV//PaqQmv/IzLJDUo2XxRmApiYjL9m/S4QmbEyBLKFLe3EjagijJj0ynYELzll1dJo1L23LJ3Z9O4hjnycApncAEeXEIVbqEGdWDQh2d4hTdHOC/Ou/Mxb805i5lj+APn8wcj2o/l</latexit><latexit sha1_base64="FHkuNtcWx2r7Afsdm5TgdrIbB7c=">AAAB6nicbVC7SgNBFL0bXzE+ErWwsBkMglXYTaOFSMDGMqJ5QLKE2clsMmRmdp2ZFcKST7CxUMTWP/BP7PwA23yDk0ehiQcuHM65l3vvCWLOtHHdLyezsrq2vpHdzG1t7+zmC3v7dR0litAaiXikmgHWlDNJa4YZTpuxolgEnDaCwdXEbzxQpVkk78wwpr7APclCRrCx0u19p9wpFN2SOwVaJt6cFCuH43H+4uO72il8trsRSQSVhnCsdctzY+OnWBlGOB3l2ommMSYD3KMtSyUWVPvp9NQROrFKF4WRsiUNmqq/J1IstB6KwHYKbPp60ZuI/3mtxITnfspknBgqyWxRmHBkIjT5G3WZosTwoSWYKGZvRaSPFSbGppOzIXiLLy+TernkuSXvxqZxCTNk4QiO4RQ8OIMKXEMVakCgB4/wDC8Od56cV+dt1ppx5jMH8AfO+w99r5Go</latexit><latexit sha1_base64="FHkuNtcWx2r7Afsdm5TgdrIbB7c=">AAAB6nicbVC7SgNBFL0bXzE+ErWwsBkMglXYTaOFSMDGMqJ5QLKE2clsMmRmdp2ZFcKST7CxUMTWP/BP7PwA23yDk0ehiQcuHM65l3vvCWLOtHHdLyezsrq2vpHdzG1t7+zmC3v7dR0litAaiXikmgHWlDNJa4YZTpuxolgEnDaCwdXEbzxQpVkk78wwpr7APclCRrCx0u19p9wpFN2SOwVaJt6cFCuH43H+4uO72il8trsRSQSVhnCsdctzY+OnWBlGOB3l2ommMSYD3KMtSyUWVPvp9NQROrFKF4WRsiUNmqq/J1IstB6KwHYKbPp60ZuI/3mtxITnfspknBgqyWxRmHBkIjT5G3WZosTwoSWYKGZvRaSPFSbGppOzIXiLLy+TernkuSXvxqZxCTNk4QiO4RQ8OIMKXEMVakCgB4/wDC8Od56cV+dt1ppx5jMH8AfO+w99r5Go</latexit><latexit sha1_base64="AY6NzMDtfal3ZbESHEk2A1o+yFg=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe7SaCUBG8uI5gOSI+xt9pIle3uX3TkhHPkJNhaK2PqL7Pw3bpIrNPHBwOO9GWbmBYkUBl332ylsbG5t7xR3S3v7B4dH5eOTlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDv3209cGxGrR5wm3I/oUIlQMIpWepj0a/1yxa26C5B14uWkAjka/fJXbxCzNOIKmaTGdD03QT+jGgWTfFbqpYYnlI3pkHctVTTixs8Wp87IhVUGJIy1LYVkof6eyGhkzDQKbGdEcWRWvbn4n9dNMbz2M6GSFLliy0VhKgnGZP43GQjNGcqpJZRpYW8lbEQ1ZWjTKdkQvNWX10mrVvXcqnfvVuo3eRxFOINzuAQPrqAOd9CAJjAYwjO8wpsjnRfn3flYthacfOYU/sD5/AEAFo2S</latexit>
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A NEED FOR THE FULLY-DIFFERENTIAL NNLO QCD COMPUTATION

Within the structure functions approach, quite moderate QCD corrections to WBF were found ( O(3%)@NLO, O(1%)@NNLO). 
However it is not clear if these numbers are really relevant for physics of weak boson fusion. 

The structure function approach involves integration over final state partons and does not allow us to impose constraints on   QCD 
radiation. This is not ideal since VBF cuts are quite severe ( the VBF cross section is only about 20 percent of the cross section 
without the VBF cuts) and involve forward tagging jets.  

 For this reason, it is important to perform  a fully differential computation (even within the DIS-approximation!) that accounts for 
the VBF cuts on the tagging jets. 

.

p
j1,2
? > 25 GeV, |yj1,2 | < 4.5,

�yj1,j2 = 4.5, mj1,j2 > 600 GeV,

yj1yj2 < 0, �R > 0.4

Typical VBF cuts
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A FULLY-DIFFERENTIAL NNLO COMPUTATION: A PROJECTION TO BORN

A fully differential NNLO QCD computation within the DIS-approximation can be performed without much ado: we know enough 
about “generic” NNLO subtractions by now. 

.However, historically, the NNLO QCD corrections to WBF in the DIS-approximation where computed using the so-called   
“projection-to-Born” method. The method is based on the observation that, for WBF in the factorization approximation, the Born 
kinematics follows uniquely from values of vector boson momenta since both incoming and outgoing quarks are on their mass 
shells.

Cacciari, Dreyer, Karlberg, Salam, Zanderighi

A NNLO QCD computation involves many different ingredients, such as leading order contribution for VBF+2 jets, a next-to-
leading order contribution for VBF + 1 jet and, of course, the NNLO contribution to VBF + 0 jets.  The first two contributions do not 
require a genuine NNLO computation whereas the last one does.   However, the VBF+0 jets must have a LO kinematics so that, at 
each q1, there is one unknown ``constant’’.   This constant, however, can be determined  if we know one quantity through NNLO, at 
fixed q1. 

q1
<latexit sha1_base64="uhsAR7JvVjdrcfcjGXb+pXfV1CU=">AAAB6nicbVDLSgNBEOyNrxhfUQ8evAwGwVPY9aInCXjxGNE8IFnC7GQ2GTI7u5npFcKST/DiQRGvfpE3fyLf4ORx0MSChqKqm+6uIJHCoOt+O7m19Y3Nrfx2YWd3b/+geHhUN3GqGa+xWMa6GVDDpVC8hgIlbyaa0yiQvBEMbqd+44lrI2L1iKOE+xHtKREKRtFKD8OO1ymW3LI7A1kl3oKUKieTCQGAaqf41e7GLI24QiapMS3PTdDPqEbBJB8X2qnhCWUD2uMtSxWNuPGz2aljcm6VLgljbUshmam/JzIaGTOKAtsZUeybZW8q/ue1Ugyv/UyoJEWu2HxRmEqCMZn+TbpCc4ZyZAllWthbCetTTRnadAo2BG/55VVSvyx7btm7t2ncwBx5OIUzuAAPrqACd1CFGjDowTO8wpsjnRfn3fmYt+acxcwx/IHz+QMiVo/k</latexit><latexit sha1_base64="nTujf7HLCBmamGLSS+qlJl6uGDo=">AAAB6nicbVC7SgNBFL3rM8ZHohYWNoNBsAq7NlqIBGwsI5oHJEuYndwkQ2Zn15lZISz5BBsLRWz9A//Ezg+wzTc4eRSaeODC4Zx7ufeeIBZcG9f9cpaWV1bX1jMb2c2t7Z1cfnevqqNEMaywSESqHlCNgkusGG4E1mOFNAwE1oL+1divPaDSPJJ3ZhCjH9Ku5B3OqLHS7X3La+ULbtGdgCwSb0YKpYPRKHfx8V1u5T+b7YglIUrDBNW64bmx8VOqDGcCh9lmojGmrE+72LBU0hC1n05OHZJjq7RJJ1K2pCET9fdESkOtB2FgO0NqenreG4v/eY3EdM79lMs4MSjZdFEnEcREZPw3aXOFzIiBJZQpbm8lrEcVZcamk7UhePMvL5LqadFzi96NTeMSpsjAIRzBCXhwBiW4hjJUgEEXHuEZXhzhPDmvztu0dcmZzezDHzjvP3wrkac=</latexit><latexit sha1_base64="nTujf7HLCBmamGLSS+qlJl6uGDo=">AAAB6nicbVC7SgNBFL3rM8ZHohYWNoNBsAq7NlqIBGwsI5oHJEuYndwkQ2Zn15lZISz5BBsLRWz9A//Ezg+wzTc4eRSaeODC4Zx7ufeeIBZcG9f9cpaWV1bX1jMb2c2t7Z1cfnevqqNEMaywSESqHlCNgkusGG4E1mOFNAwE1oL+1divPaDSPJJ3ZhCjH9Ku5B3OqLHS7X3La+ULbtGdgCwSb0YKpYPRKHfx8V1u5T+b7YglIUrDBNW64bmx8VOqDGcCh9lmojGmrE+72LBU0hC1n05OHZJjq7RJJ1K2pCET9fdESkOtB2FgO0NqenreG4v/eY3EdM79lMs4MSjZdFEnEcREZPw3aXOFzIiBJZQpbm8lrEcVZcamk7UhePMvL5LqadFzi96NTeMSpsjAIRzBCXhwBiW4hjJUgEEXHuEZXhzhPDmvztu0dcmZzezDHzjvP3wrkac=</latexit><latexit sha1_base64="5ne8hxn3upt1ZXUNs1OglkHxZ1M=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m86EkKXjxWtB/QhrLZTtqlm03c3Qgl9Cd48aCIV3+RN/+N2zQHbX0w8Hhvhpl5QSK4Nq777ZTW1jc2t8rblZ3dvf2D6uFRW8epYthisYhVN6AaBZfYMtwI7CYKaRQI7ASTm7nfeUKleSwfzDRBP6IjyUPOqLHS/ePAG1Rrbt3NQVaJV5AaFGgOql/9YczSCKVhgmrd89zE+BlVhjOBs0o/1ZhQNqEj7FkqaYTaz/JTZ+TMKkMSxsqWNCRXf09kNNJ6GgW2M6JmrJe9ufif10tNeOVnXCapQckWi8JUEBOT+d9kyBUyI6aWUKa4vZWwMVWUGZtOxYbgLb+8StoXdc+te3durXFdxFGGEziFc/DgEhpwC01oAYMRPMMrvDnCeXHenY9Fa8kpZo7hD5zPH/6DjZE=</latexit>

pin = x1P
<latexit sha1_base64="JSz9i88iCJCUD/Xj5xwGb47itZ8=">AAAB+3icbVDLSgMxFL3js9ZXrQsXboJFcFVm3OhGKbhxWcE+oB2GTJppQ5PMkGSkZZhfceNCEbf+iDt/ot9g+lho64HA4ZxzuTcnTDjTxnW/nbX1jc2t7cJOcXdv/+CwdFRu6jhVhDZIzGPVDrGmnEnaMMxw2k4UxSLktBUO76Z+64kqzWL5aMYJ9QXuSxYxgo2VglI5CbKuEojJHN2gUeChelCquFV3BrRKvAWp1E4mEwQANv/V7cUkFVQawrHWHc9NjJ9hZRjhNC92U00TTIa4TzuWSiyo9rPZ7Tk6t0oPRbGyTxo0U39PZFhoPRahTQpsBnrZm4r/eZ3URNd+xmSSGirJfFGUcmRiNC0C9ZiixPCxJZgoZm9FZIAVJsbWVbQleMtfXiXNy6rnVr0H28YtzFGAUziDC/DgCmpwD3VoAIERPMMrvDm58+K8Ox/z6JqzmDmGP3A+fwBzi5WY</latexit><latexit sha1_base64="3Pqbt3fAJw4Tdp6xNJAZerQaYGM=">AAAB+3icbVC7SgNBFL3rM8ZHYiwsbAaDYBV2bbRQCdhYRjAPSJZldjKbDJmdXWZmJWHZX7GxUMRO/BE7P8A23+DkUWjigYHDOedy7xw/5kxp2/6yVlbX1jc2c1v57Z3dvUJxv9RQUSIJrZOIR7LlY0U5E7Sumea0FUuKQ5/Tpj+4mfjNByoVi8S9HsXUDXFPsIARrI3kFUuxl3ZkiJjI0BUaeg6qecWyXbGnQMvEmZNy9XA8Lly+f5v8Z6cbkSSkQhOOlWo7dqzdFEvNCKdZvpMoGmMywD3aNlTgkCo3nd6eoROjdFEQSfOERlP190SKQ6VGoW+SIdZ9tehNxP+8dqKDCzdlIk40FWS2KEg40hGaFIG6TFKi+cgQTCQztyLSxxITberKmxKcxS8vk8ZZxbErzp1p4xpmyMERHMMpOHAOVbiFGtSBwBAe4RlerMx6sl6tt1l0xZrPHMAfWB8/zWCXWw==</latexit><latexit sha1_base64="3Pqbt3fAJw4Tdp6xNJAZerQaYGM=">AAAB+3icbVC7SgNBFL3rM8ZHYiwsbAaDYBV2bbRQCdhYRjAPSJZldjKbDJmdXWZmJWHZX7GxUMRO/BE7P8A23+DkUWjigYHDOedy7xw/5kxp2/6yVlbX1jc2c1v57Z3dvUJxv9RQUSIJrZOIR7LlY0U5E7Sumea0FUuKQ5/Tpj+4mfjNByoVi8S9HsXUDXFPsIARrI3kFUuxl3ZkiJjI0BUaeg6qecWyXbGnQMvEmZNy9XA8Lly+f5v8Z6cbkSSkQhOOlWo7dqzdFEvNCKdZvpMoGmMywD3aNlTgkCo3nd6eoROjdFEQSfOERlP190SKQ6VGoW+SIdZ9tehNxP+8dqKDCzdlIk40FWS2KEg40hGaFIG6TFKi+cgQTCQztyLSxxITberKmxKcxS8vk8ZZxbErzp1p4xpmyMERHMMpOHAOVbiFGtSBwBAe4RlerMx6sl6tt1l0xZrPHMAfWB8/zWCXWw==</latexit><latexit sha1_base64="0q2uGVJVaHwq3p02BqdbAlS7WUw=">AAAB+3icbVDLSgMxFL1TX7W+al26CRbBVZlxoxul4MZlBfuAdhgyaaYNTTJDkpGWYX7FjQtF3Poj7vwb03YW2nogcDjnXO7NCRPOtHHdb6e0sbm1vVPereztHxweVY9rHR2nitA2iXmseiHWlDNJ24YZTnuJoliEnHbDyd3c7z5RpVksH80sob7AI8kiRrCxUlCtJUE2UAIxmaMbNA081AqqdbfhLoDWiVeQOhSw+a/BMCapoNIQjrXue25i/AwrwwineWWQappgMsEj2rdUYkG1ny1uz9G5VYYoipV90qCF+nsiw0LrmQhtUmAz1qveXPzP66cmuvYzJpPUUEmWi6KUIxOjeRFoyBQlhs8swUQxeysiY6wwMbauii3BW/3yOulcNjy34T249eZtUUcZTuEMLsCDK2jCPbSgDQSm8Ayv8Obkzovz7nwsoyWnmDmBP3A+fwBPx5NF</latexit>

pfin
<latexit sha1_base64="TFSC/6Pc57R6D/aNdcUwZG22AUI=">AAAB8nicbVDLSgNBEOz1GeMr6sGDl8EgeAq7XvQkAS8eI5gHJEuYncwmQ2Zml5leISz5DC8eFPHq13jzJ/INTh4HTSxoKKq66e6KUiks+v63t7a+sbm1Xdgp7u7tHxyWjo4bNskM43WWyMS0Imq5FJrXUaDkrdRwqiLJm9Hwbuo3n7ixItGPOEp5qGhfi1gwik5qp928YxSJhR53S2W/4s9AVkmwIOXq6WRCAKDWLX11egnLFNfIJLW2Hfgphjk1KJjk42InszylbEj7vO2oporbMJ+dPCYXTumRODGuNJKZ+nsip8rakYpcp6I4sMveVPzPa2cY34S50GmGXLP5ojiTBBMy/Z/0hOEM5cgRyoxwtxI2oIYydCkVXQjB8surpHFVCfxK8ODSuIU5CnAG53AJAVxDFe6hBnVgkMAzvMKbh96L9+59zFvXvMXMCfyB9/kDeTGTkg==</latexit><latexit sha1_base64="DqrRy+PjIbaAN9NdaY8Jd2+T7wA=">AAAB8nicbVC7SgNBFL0bXzE+ErWwsBkMglXYtdFCJGBjGcEkQrKE2clsMmQey8ysEJZ8ho2FIrZ2/omdH2Cbb3DyKDTxwIXDOfdy7z1Rwpmxvv/l5VZW19Y38puFre2d3WJpb79hVKoJrRPFlb6PsKGcSVq3zHJ6n2iKRcRpMxpcT/zmA9WGKXlnhwkNBe5JFjOCrZNaSSdra4FiJkedUtmv+FOgZRLMSbl6OB4XLz++a53SZ7urSCqotIRjY1qBn9gww9oywumo0E4NTTAZ4B5tOSqxoCbMpieP0IlTuihW2pW0aKr+nsiwMGYoItcpsO2bRW8i/ue1UhtfhBmTSWqpJLNFccqRVWjyP+oyTYnlQ0cw0czdikgfa0ysS6ngQggWX14mjbNK4FeCW5fGFcyQhyM4hlMI4ByqcAM1qAMBBY/wDC+e9Z68V+9t1prz5jMH8Afe+w/TBpVV</latexit><latexit sha1_base64="DqrRy+PjIbaAN9NdaY8Jd2+T7wA=">AAAB8nicbVC7SgNBFL0bXzE+ErWwsBkMglXYtdFCJGBjGcEkQrKE2clsMmQey8ysEJZ8ho2FIrZ2/omdH2Cbb3DyKDTxwIXDOfdy7z1Rwpmxvv/l5VZW19Y38puFre2d3WJpb79hVKoJrRPFlb6PsKGcSVq3zHJ6n2iKRcRpMxpcT/zmA9WGKXlnhwkNBe5JFjOCrZNaSSdra4FiJkedUtmv+FOgZRLMSbl6OB4XLz++a53SZ7urSCqotIRjY1qBn9gww9oywumo0E4NTTAZ4B5tOSqxoCbMpieP0IlTuihW2pW0aKr+nsiwMGYoItcpsO2bRW8i/ue1UhtfhBmTSWqpJLNFccqRVWjyP+oyTYnlQ0cw0czdikgfa0ysS6ngQggWX14mjbNK4FeCW5fGFcyQhyM4hlMI4ByqcAM1qAMBBY/wDC+e9Z68V+9t1prz5jMH8Afe+w/TBpVV</latexit><latexit sha1_base64="yc+mVKeRcH0KC13XRgFHM2jVtyM=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5stJKAjWUE8wHJEfY2e8mS3b1jd04IR36GjYUitv4aO/+Nm+QKTXww8Hhvhpl5USqFRd//9kobm1vbO+Xdyt7+weFR9fikbZPMMN5iiUxMN6KWS6F5CwVK3k0NpyqSvBNN7uZ+54kbKxL9iNOUh4qOtIgFo+ikXjrI+0aRWOjZoFrz6/4CZJ0EBalBgeag+tUfJixTXCOT1Npe4KcY5tSgYJLPKv3M8pSyCR3xnqOaKm7DfHHyjFw4ZUjixLjSSBbq74mcKmunKnKdiuLYrnpz8T+vl2F8E+ZCpxlyzZaL4kwSTMj8fzIUhjOUU0coM8LdStiYGsrQpVRxIQSrL6+T9lU98OvBg19r3BZxlOEMzuESAriGBtxDE1rAIIFneIU3D70X7937WLaWvGLmFP7A+/wBVW2RPw==</latexit>

q1 : (x1P � q1)
2 = 0 ) x1 =

q21
2q1P

<latexit sha1_base64="9aZm5e9oDNiMsp8xd+XcDix4Ces="></latexit><latexit sha1_base64="KqJrAUW218BFo5+kKGjhuN7pnyY="></latexit><latexit sha1_base64="KqJrAUW218BFo5+kKGjhuN7pnyY="></latexit><latexit sha1_base64="5Mb2vajgBcozaKbwkRA0j/YrIkw="></latexit>

pin = x1P pfin = x1P � q1
<latexit sha1_base64="bDLS09ghts6OLYXoXbenNJPykbc=">AAACHnicbVDLSgMxFL1TX7W+Rl24cBMsghvLjCAKohTcuKxgH9CWIZNm2tBMZkwyYhn6JW78FTcuFBFc6U/0G0wfi9p6QriHc+4lucePOVPacX6szMLi0vJKdjW3tr6xuWVv71RUlEhCyyTikaz5WFHOBC1rpjmtxZLi0Oe06nevh371gUrFInGnezFthrgtWMAI1kby7NPYSxsyREz00SV69FxUalyMD5pYwZSHjtG9qZ6ddwrOCGieuBOSL+4NBggASp791WhFJAmp0IRjpequE+tmiqVmhNN+rpEoGmPSxW1aN1TgkKpmOlqvjw6N0kJBJM0VGo3U6YkUh0r1Qt90hlh31Kw3FP/z6okOzpspE3GiqSDjh4KEIx2hYVaoxSQlmvcMwUQy81dEOlhiok2iOROCO7vyPKmcFFyn4N6aNK5gjCzswwEcgQtnUIQbKEEZCDzBC7zBu/VsvVof1ue4NWNNZnbhD6zvX87qoVQ=</latexit><latexit sha1_base64="A7NU8xQiLvNLPJUMR4xKdxpW0qw="></latexit><latexit sha1_base64="A7NU8xQiLvNLPJUMR4xKdxpW0qw="></latexit><latexit sha1_base64="zV9D7iCEKv0Glp+GVupFOxoI/kA=">AAACHnicbVDLSgMxFL3js9bXqEs3wSK4scwIoiBKwY3LCvYB7TBk0kwbmsmMSUYsQ7/Ejb/ixoUigiv9G9N2FrX1hHAP59xLck+QcKa04/xYC4tLyyurhbXi+sbm1ra9s1tXcSoJrZGYx7IZYEU5E7Smmea0mUiKo4DTRtC/HvmNByoVi8WdHiTUi3BXsJARrI3k26eJn7VlhJgYokv06Luo2r6YHJRb4ZSHjtG9qb5dcsrOGGieuDkpQY6qb3+1OzFJIyo04Viplusk2suw1IxwOiy2U0UTTPq4S1uGChxR5WXj9Ybo0CgdFMbSXKHRWJ2eyHCk1CAKTGeEdU/NeiPxP6+V6vDcy5hIUk0FmTwUphzpGI2yQh0mKdF8YAgmkpm/ItLDEhNtEi2aENzZledJ/aTsOmX31ilVrvI4CrAPB3AELpxBBW6gCjUg8AQv8Abv1rP1an1Yn5PWBSuf2YM/sL5/AasmnwE=</latexit>

Cruz-Martinez, Glover,  Gehrmann, Huss
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FULLY-DIFFERENTIAL NNLO COMPUTATION: PROJECTION TO BORN 

.

The following picture and  formula illustrate the projection-to-Born method. It is important that this method can be easily extended 
to one order higher in perturbative QCD provided, of course, that NNLO QCD corrections to VBF+jet production are known.

q1 : (x1P � q1)
2 = 0 ) x1 =

q21
2q1 · P

) pin = x1P, pfin = q1 � x1P
<latexit sha1_base64="1JdB+oPFMmoKVoBEFlzVMEMsMto="></latexit><latexit sha1_base64="kTxbdJWu+tp+WZ+Qe0RGQ+CBwSo="></latexit><latexit sha1_base64="kTxbdJWu+tp+WZ+Qe0RGQ+CBwSo="></latexit><latexit sha1_base64="9KanYtyx45E5iHtJIGDyKjYUD2U="></latexit> 2

(a) Born VBF process

two loop

passed to analysis
projected momentum,

original momentum,

H

W,Z

W,Z

+

double−real counterevent

one−loop single−real counterevent

integrated over

double real

one−loop single real

+ −

+ −

(b) NNLO "inclusive" part (from structure function method) (c) NNLO "exclusive" part (from VBF H+3j@NLO)

projected double real

projected one−loop single real

+ +

FIG. 1: (a) Illustration of the Born VBFH process. (b) NNLO corrections to the upper sector of the VBF process, from the
“inclusive” part of our calculation. (c) Corresponding “exclusive” part. The double-real and one-loop single-real counterevents
in the exclusive part cancel the projected double-real and one-loop single-real contributions in the inclusive part. In the
“projected” and “counterevent” contributions, the dashed lines corresponds to the full set of parton momenta that are integrated
over (for the structure functions, this integral is implicit in the derivation of the coe�cient functions), while the solid lines
correspond to the partons that are left over after projection to Born-like kinematics and then passed to the analysis. The
projection does not change the direction of initial partons and so the corresponding incoming dashed lines are implicit.

quark ! quark + V , then it is straightforward to show
that knowledge of the vector-boson momentum q1 (q2)
uniquely determines the momenta of both the incoming
and outgoing (on-shell) quarks,

pin,i = xiPi, pout,i = xiPi � qi . (1)

We exploit this feature in order to assemble a full cal-
culation from two separate ingredients. For the first one,
the “inclusive” ingredient, we remain within the struc-
ture function approach, and for each set of q1 and q2 use
Eq. (1) to assign VBF Born-like kinematics to the up-
per and lower sectors. This is represented in Fig. 1b
(showing, for brevity, just the upper sector): for the
two-loop contribution, the Born kinematics that we as-
sign corresponds to that of the actual diagrams; for the
tree-level double-real and one-loop single-real diagrams,
it corresponds to a projection from the true kinematics
(2 ! H + n for n = 3, 4) down to the Born kinemat-
ics (2 ! H + 2). The projected momenta are used to
obtain the “inclusive” contribution to di↵erential cross
sections. Note that the Higgs momentum is una↵ected
by the projection.

Our second, “exclusive”, ingredient starts from the
NLO fully di↵erential calculation of vector-boson fusion
Higgs production with three jets [16, 17], as obtained in
a factorised approximation, i.e. where there is no cross-
talk between upper and lower sectors.2 Thus each par-
ton can be uniquely assigned to one of the upper or lower
sectors and the two vector-boson momenta can be unam-
biguously determined. For each event in a Monte Carlo
integration over phase space, with weight w, we add a

2 The NLO calculation without this approximation is given in
Ref. [18].

counterevent, with weight �w, to which we assign pro-
jected Born VBF kinematics based on the vector-boson
momenta and Eq. (1). This is illustrated in Fig. 1c.
From the original events, we thus obtain the full mo-
mentum structure for tree-level double-real and one-loop
single-real contributions. Meanwhile, after integration
over phase space, the counterevents exactly cancel the
projected tree-level double-real and one-loop single-real
contributions from the inclusive part of the calculation.
Thus the sum of the inclusive and exclusive parts gives
the complete di↵erential NNLO VBFH result.3

For the implementation of the inclusive part of the cal-
culation, we have taken the phase space from POWHEG’s
Higgs plus two-jet VBF calculation [20], while the matrix
element has been coded with structure functions evalu-
ated using parametrised versions [21, 22] of the NNLO
DIS coe�cient functions [23–25] integrated with HOPPET
v1.1.5 [26]. We have tested our implementation against
the results of one of the codes used in Ref. [9, 10] and
found agreement, both for the structure functions and the
final cross sections. We have also checked that switching
to the exact DIS coe�cient functions has a negligible im-
pact. A further successful comparison of the evaluation of
structure functions was made against APFEL v.2.4.1[27].

For the exclusive part of the calculation, as a starting
point we took the NLO (i.e. fixed-order, but not parton-
shower) part of the POWHEG H+3-jet VBF code [17], it-
self based on the calculation of Ref. [16], with tree-level
matrix elements from MadGraph 4 [28]. This code al-
ready uses a factorised approximation for the matrix ele-
ment, however for a given phase-space point it sums over

3 Our approach can be contrasted with the di↵erential NNLO
structure-function type calculation for single-top production [19]
in that we do not need any fully di↵erential ingredients at NNLO.

Cacciari, Dreyer, Karlberg, Salam, Zanderighi

d�NNLO

VBF
|q1 = w({p})d�VBF+1j

�VBF+1j

� w({p})d�B

�B

+ C(q1)
d�B

�B
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Z
d�NNLO

VBF
|q1 = W (q2

1
, P q1) ! C(q1)
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BEYOND NNLO QCD FOR  VBF

The importance of the  projection-to-Born method derives from the fact that it can be easily generalised to N3LO.  To this end, we 
need to compute the NNLO QCD corrections to VBF+1 jet and supplement it with the projection-to-Born prescription. The N3LO 
QCD results for VBF in the structure function approximation are already available and can be used directly to compute the 
unknown “constant”.

.A calculation of NNLO QCD corrections to VBF + 1 jet will be performed using the so-called 
nested soft-collinear subtraction scheme which should contain an analytic integration of the 
subtraction counter-terms  constructed from universal soft- and collinear limits of matrix 
elements.

M. Delto, R. Röntsch, F. Caola, H. Frellesvig

Kalberg, Dryer

We have integrated all the double-unresolved subtraction terms that may appear in any 
NNLO computation, including the double-eikonal  function and the triple-collinear splitting 
functions for both initial and final state. 

We have analytic formulas for integrated counter-terms  for processes with initial-initial (color singlet production) and 
final-final (color singlet decay) and we are working on the initial-final (DIS-like) contributions.  We believe that — once 
these building blocks are available — we will be able to put them together in a relatively straightforward fashion. 

� =

Z
[d�R � d�CT] +

Z
d�CT
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BEYOND NNLO QCD FOR  VBF

A few examples  that illustrate the simplicity  of the integrated double-soft and triple-collinear  subtraction terms

.

M. Delto, F. Caola, H. Frellesvig
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(62)

Here, s = sin δ, c = cos δ and δ = θ/ 2 is half the angle between the three-
momenta of the hard radiators i and j . The Clausen functions are defined
as

Cin(z) =
(Lin(eiz ) + Lin(e! iz ))

2
, Sin(z) =

(Lin(eiz ) ! Lin(e! iz ))

2i
, (63)

and Ga1,a2,...,am(x) are the standard Goncharov polylogarithms. We have

checked these analytic results by computing the functions SS(gg,qq̄)
ij numerically

18

s = sin �, c = cos �,

pi pj = 2Ei Ej sin2 �
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+

(
8z2 − 8z + 4

)
Li3(1− z) +

(
14z2 − 18z + 9

)
Li3(z),

and

R̃NA
reg =

1

ϵ

(
−6π2z3 − 67z3 + 3π2z2 + 81z2 − 3π2z − 27z + 13

9z

+
(
2z2 − 2z + 1

)
ln(1− z) ln(2) +

(
2z2 − 2z + 1

)
ln(1− z) ln(z)

−
(
2z2 + 2z + 1

)
ln(1 + z) ln(z) + (4z + 1) ln(z) ln(2) +

4− 31z3 + 24z2 + 3z

6z
ln(2)

+
6z + 1

2
ln2(z) +

12z + 1

2
ln(z)−

(
2z2 + 2z + 1

)
Li2(−z) +

(
2z2 − 2z + 1

)
Li2(z)

)

+

((
8z2 + 8z + 4

) (
ln(1− z) + ln(2)

)
+
(
2z2 − 6z + 1

)
ln(z)

)
Li2(−z)

+

((
−8z2 + 8z − 4

)
ln(1− z)− 8(z − 3)z ln(2)− 4z ln(z)

)
Li2(z) (7.7)

+
44z3 + 48z2 + 15z + 8

3z
Li2(−z) +

−22z3 + 96z2 − 3z + 20

3z
Li2(z)

−

(
18z2 − 2z + 9

)
Li3(1− z) +

(
10z2 + 26z + 5

)
Li3(−z)

+

(
4z2 + 4z + 2

)(
3Li3

(
z

1 + z

)
+ Li3(1− z2)

)
+

(
32z + 4

)
Li3(z).

Results for other integrated triple-collinear counter-terms are of a similar complexity. They

can be found in an ancillary file provided with this paper.

7.2 Final state radiation

In this section we present the results for the integrated triple-collinear counter-terms rele-

vant for two partonic channels, q∗ → ggq and q∗ → q̄q′q̄′. Following Ref. [25], we split the

three-quark triple-collinear splitting function into two contributions

Pq̄1q2q3 = Pq̄′1q
′

2q3
+ P id

q̄1q2q3 , (7.8)

that allow a description of final states with both identical and different quark flavors. We

present the corresponding contributions separately.

To present the results, we define

Iqab
TC = [αs]

2E−4ϵRqab, (7.9)

and obtain

Rqgg = CACF

{
1

ϵ

[
−

1015

108
+

19ζ3
8

+
π2

8
+

11

2
ln2(2)−

11

4
ln(2) +

1

3
π2 ln(2)

]

+

[
−

2281

48
− 2Li4(1/2) +

25ζ3
24

−
13

4
ζ3 ln(2)−

119π2

144
+

173π4

480
−

ln4(2)
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R̃ = C2
F R̃

A
reg + CFCAR̃

NA
reg
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EFFECTS BEYOND THE DIS-LIKE CONTRIBUTIONS

Pushing the computation of the  DIS-like contributions to N3LO should be accompanied by the study of smaller effects that could 
have been neglected previously.  An interesting contribution is that of non-factorizable corrections where different quark lines talk 
to each other.  
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EFFECTS BEYOND THE DIS-LIKE CONTRIBUTIONS

Pushing the computation of the  DIS-like contributions to N3LO should be accompanied by the study of smaller effects that have 
been neglected previously.  An interesting contribution is that of non-factorizable corrections where different quark lines talk to 
each other.   This contribution vanishes exactly at NLO QCD because of color conservation…..

Tr [ Ta] = 0
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EFFECTS BEYOND THE DIS-LIKE CONTRIBUTIONS

Pushing the computation of the  DIS-like contributions to N3LO should be accompanied by the study of smaller effects that have 
been neglected previously.  An interesting contribution is that of non-factorizable corrections where different quark lines talk to 
each other.   This contribution vanishes exactly at NLO QCD because of color conservation but it does appear at NNLO where it is 
color-suppressed. 
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These simple  estimates suggest that the non-factorizable contributions are about 1%. However, at this point we do not 
know much beyond that. 
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EFFECTS BEYOND THE DIS-LIKE CONTRIBUTIONS

For example, we do not know how these  non-factorizable contributions depend on kinematics. In particular, are there logarithms 
of vector boson masses or ratios of Mandelstam variables? Since we are in the forward limit, these parameters have a clear 
hierarchy and it is interesting to understand if there is an enhancement as the result.
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It is clear that an  explicit computation of a two-loop 5-point function with two different masses is too complex a problem. Can 
one make use of the small parameters to calculate  the scattering amplitude in the kinematic limit relevant for  WBF?  

What are the methodological issues that need to be addressed (for example, reductions to master integrals won’t go through if 
used in a conventional  way) ?
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EFFECTS BEYOND THE DIS-LIKE CONTRIBUTIONS

Another possible way to better understand these contributions is to perform a real NNLO-like computation ignoring the finite part 
of the NNLO two-loop amplitude.  An example at NLO QED (color conservation arises when the sum over electric charges of 
incoming “partons” is performed).  Important observation is that only soft divergencies can appear in such contributions.
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The real emission process

The virtual amplitude follows from the Catani formula
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no collinear divergences left in this combination

Initial-initial and final-final state interactions lead to 
non-cancelling contributions proportional to pi2.
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SUMMARY

The goal of the project A1c is to push the description of weak boson fusion to N3LO in perturbative QCD and do it in 
such a way that results remain  fully differential in the kinematics of final state QCD radiation.  We plan to do that  
using the combination of the projection-to-Born method and modern methods for NNLO QCD computations. 

Simultaneously, we would like to explore and better understand non-factorizable corrections to WBF.  These corrections 
start  to contribute at two loops and are color-suppressed. The two-loop amplitude receives contributions from the five-
point functions  with two internal and one external massive lines.  It is very likely that new ideas and significant 
methodological improvements will be needed to enable better understanding of these non-factorizable corrections. 
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