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

�2The Higgs discovery 

CERN Courier
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Higgs boson can be produced in a variety of ways in the SM.   For the 125 GeV Higgs, the weak 
boson fusion cross section is next-to-largest. Higgs bosons also decay in a variety of ways offering 
many opportunities to detect them.

Higgs boson production
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Table 2: Best fit values and ±1s uncertainties for the parametrizations with per-production
mode and per-decay mode signal strength modifiers. The expected uncertainties are given in
brackets.

Production process Best fit value Uncertainty

stat. syst.

ggH 1.22 +0.14
�0.12

+0.08
�0.08

+0.12
�0.10

(+0.11
�0.11) (+0.07

�0.07) (+0.09
�0.08)

VBF 0.73 +0.30
�0.27

+0.24
�0.23

+0.17
�0.15

(+0.29
�0.27) (+0.24

�0.23) (+0.16
�0.15)

WH 2.18 +0.58
�0.55

+0.46
�0.45

+0.34
�0.32

(+0.53
�0.51) (+0.43

�0.42) (+0.30
�0.29)

ZH 0.87 +0.44
�0.42

+0.39
�0.38

+0.20
�0.18

(+0.43
�0.41) (+0.38

�0.37) (+0.19
�0.17)

ttH 1.18 +0.30
�0.27

+0.16
�0.16

+0.26
�0.21

(+0.28
�0.25) (+0.16

�0.15) (+0.23
�0.20)

Decay mode Best fit value Uncertainty

stat. syst.

H ! bb 1.12 +0.29
�0.29

+0.19
�0.18

+0.22
�0.22

(+0.28
�0.27) (+0.18

�0.18) (+0.21
�0.20)

H ! tt 1.02 +0.26
�0.24

+0.15
�0.15

+0.21
�0.19

(+0.24
�0.22) (+0.15

�0.14) (+0.19
�0.17)

H ! WW 1.28 +0.17
�0.16

+0.09
�0.09

+0.14
�0.13

(+0.14
�0.13) (+0.09

�0.09) (+0.11
�0.10)

H ! ZZ 1.06 +0.19
�0.17

+0.16
�0.15

+0.11
�0.08

(+0.18
�0.16) (+0.15

�0.14) (+0.10
�0.08)

H ! gg 1.20 +0.18
�0.14

+0.13
�0.11

+0.12
�0.09

(+0.14
�0.12) (+0.10

�0.10) (+0.09
�0.07)

H ! µµ 0.68 +1.25
�1.24

+1.24
�1.24

+0.13
�0.11

(+1.20
�1.17) (+1.18

�1.17) (+0.19
�0.03)

CMS, 13 TeV, 36 fb-1

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 and the best known couplings.  

Weak boson fusion cross sections are measured to about 20 percent; uncertainties are still dominated by 
statistics (note that the data set is still incomplete). 

Higgs boson properties are known but not quite 



Higgs boson production in weak boson fusion (WBF) is interesting because  

a) this process has a relatively large cross section; 

b) the cross section  depends on HWW and HZZ couplings that are fixed by Higgs quantum 
numbers and the SM renormalizabilty requirement;

c) the process is sensitive to HVV anomalous couplings; 

d) it provides useful signatures to study CP properties of                                                                     the 
a Higgs boson;

e) different Higgs boson decays can be studied.

�5Weak boson fusion
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We will focus on the QCD corrections to Higgs boson production in weak boson fusion; these 
corrections involve two distinct types of contributions:  

a) corrections to the same fermion line (factorizable);   

b) interactions between two fermion lines (non-factorizable).  

DIS-like, factorizable effects Non-factorizable corrections: 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 ( permille).

�6QCD corrections to weak boson fusion



The DIS-like contribution is called so for a good reason:  it can be directly mapped onto the DIS 
structure functions. 
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In case of WBF, where exchanges of electroweak gauge 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 up to a certain order in the perturbative expansion in QCD, the WBF 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  perturbative order through which DIS structure functions are known. 
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<latexit sha1_base64="F0ndkRFiHMACnNvAGHXwZHm71hQ=">AAAB6HicbZC7SwNBEMbnfMb4ilraLAbBKtzZaCMGbVImYB6QHGFvM5es2ds7dveEcATsbSwUsfWfsbfzv3HzKDTxg4Uf3zfDzkyQCK6N6347K6tr6xubua389s7u3n7h4LCh41QxrLNYxKoVUI2CS6wbbgS2EoU0CgQ2g+HtJG8+oNI8lndmlKAf0b7kIWfUWKtW6RaKbsmdiiyDN4fi9Wf+6hEAqt3CV6cXszRCaZigWrc9NzF+RpXhTOA430k1JpQNaR/bFiWNUPvZdNAxObVOj4Sxsk8aMnV/d2Q00noUBbYyomagF7OJ+V/WTk146WdcJqlByWYfhakgJiaTrUmPK2RGjCxQpridlbABVZQZe5u8PYK3uPIyNM5Lnlvyam6xfAMz5eAYTuAMPLiAMlSgCnVggPAEL/Dq3DvPzpvzPitdceY9R/BHzscPC4COlQ==</latexit><latexit sha1_base64="FAlAosIQa5DYsJs20oqD86uLjs4=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8UgWIVdG23EoE3KBMwFkiXMTs4mY2Znl5lZISx5AhsLRWz1YextxLdxcik08YeBj/8/hznnBAlnSrvut5VbWV1b38hv2lvbO7t7hf2DhopTSbFOYx7LVkAUciawrpnm2Eokkijg2AyGN5O8eY9SsVjc6lGCfkT6goWMEm2sWqVbKLoldypnGbw5FK8+7Mvk/cuudgufnV5M0wiFppwo1fbcRPsZkZpRjmO7kypMCB2SPrYNChKh8rPpoGPnxDg9J4yleUI7U/d3R0YipUZRYCojogdqMZuY/2XtVIcXfsZEkmoUdPZRmHJHx85ka6fHJFLNRwYIlczM6tABkYRqcxvbHMFbXHkZGmclzy15NbdYvoaZ8nAEx3AKHpxDGSpQhTpQQHiAJ3i27qxH68V6nZXmrHnPIfyR9fYD/QCQCQ==</latexit><latexit sha1_base64="FAlAosIQa5DYsJs20oqD86uLjs4=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8UgWIVdG23EoE3KBMwFkiXMTs4mY2Znl5lZISx5AhsLRWz1YextxLdxcik08YeBj/8/hznnBAlnSrvut5VbWV1b38hv2lvbO7t7hf2DhopTSbFOYx7LVkAUciawrpnm2Eokkijg2AyGN5O8eY9SsVjc6lGCfkT6goWMEm2sWqVbKLoldypnGbw5FK8+7Mvk/cuudgufnV5M0wiFppwo1fbcRPsZkZpRjmO7kypMCB2SPrYNChKh8rPpoGPnxDg9J4yleUI7U/d3R0YipUZRYCojogdqMZuY/2XtVIcXfsZEkmoUdPZRmHJHx85ka6fHJFLNRwYIlczM6tABkYRqcxvbHMFbXHkZGmclzy15NbdYvoaZ8nAEx3AKHpxDGSpQhTpQQHiAJ3i27qxH68V6nZXmrHnPIfyR9fYD/QCQCQ==</latexit><latexit sha1_base64="tDL0KQj7rKPwqwJH9dydiNL0U6A=">AAAB6HicbVA9TwJBEJ3DL8Qv1NJmIzGxInc2UhJtKCGRjwQuZG+Zg5W9vcvungm58AtsLDTG1p9k579xgSsUfMkkL+/NZGZekAiujet+O4Wt7Z3dveJ+6eDw6PikfHrW0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8H0fuF3n1BpHssHM0vQj+hY8pAzaqzUagzLFbfqLkE2iZeTCuRoDstfg1HM0gilYYJq3ffcxPgZVYYzgfPSINWYUDalY+xbKmmE2s+Wh87JlVVGJIyVLWnIUv09kdFI61kU2M6Imole9xbif14/NWHNz7hMUoOSrRaFqSAmJouvyYgrZEbMLKFMcXsrYROqKDM2m5INwVt/eZN0bqqeW/VabqV+l8dRhAu4hGvw4Bbq0IAmtIEBwjO8wpvz6Lw4787HqrXg5DPn8AfO5w+cOYzI</latexit>

p1
<latexit sha1_base64="Tw9NfDegvlkvJ+mqwAGhXNz3At4=">AAAB6nicbVDLSgNBEOyNrxhfUY96GAyCp7DrJR6DXjwmaB6QLGF20psMmZ1dZmaFsOQTvHhQxKsf4Xd48+anOHkcNLGgoajqprsrSATXxnW/nNza+sbmVn67sLO7t39QPDxq6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0M/VbD6g0j+W9GSfoR3QgecgZNVa6S3per1hyy+4MZJV4C1Kqnn7UvwGg1it+dvsxSyOUhgmqdcdzE+NnVBnOBE4K3VRjQtmIDrBjqaQRaj+bnToh51bpkzBWtqQhM/X3REYjrcdRYDsjaoZ62ZuK/3md1IRXfsZlkhqUbL4oTAUxMZn+TfpcITNibAllittbCRtSRZmx6RRsCN7yy6ukeVn23LJXt2lcwxx5OIEzuAAPKlCFW6hBAxgM4BGe4cURzpPz6rzNW3POYuYY/sB5/wEOOo/Z</latexit><latexit sha1_base64="G2nRI9RQJ7VPBa7CQ63Q+R8Mmtw=">AAAB6nicbVDLSgNBEOyNrxhfUY+KDAbBU9j1osegF48JmgckS5id9CZDZmeXmVkhhBw9evGgiFc/It/hzW/wJ5w8DppY0FBUddPdFSSCa+O6X05mZXVtfSO7mdva3tndy+8f1HScKoZVFotYNQKqUXCJVcONwEaikEaBwHrQv5n49QdUmsfy3gwS9CPalTzkjBor3SVtr50vuEV3CrJMvDkplI7Hle/Hk3G5nf9sdWKWRigNE1Trpucmxh9SZTgTOMq1Uo0JZX3axaalkkao/eH01BE5s0qHhLGyJQ2Zqr8nhjTSehAFtjOipqcXvYn4n9dMTXjlD7lMUoOSzRaFqSAmJpO/SYcrZEYMLKFMcXsrYT2qKDM2nZwNwVt8eZnULoqeW/QqNo1rmCELR3AK5+DBJZTgFspQBQZdeIIXeHWE8+y8Oe+z1owznzmEP3A+fgDscJE/</latexit><latexit sha1_base64="G2nRI9RQJ7VPBa7CQ63Q+R8Mmtw=">AAAB6nicbVDLSgNBEOyNrxhfUY+KDAbBU9j1osegF48JmgckS5id9CZDZmeXmVkhhBw9evGgiFc/It/hzW/wJ5w8DppY0FBUddPdFSSCa+O6X05mZXVtfSO7mdva3tndy+8f1HScKoZVFotYNQKqUXCJVcONwEaikEaBwHrQv5n49QdUmsfy3gwS9CPalTzkjBor3SVtr50vuEV3CrJMvDkplI7Hle/Hk3G5nf9sdWKWRigNE1Trpucmxh9SZTgTOMq1Uo0JZX3axaalkkao/eH01BE5s0qHhLGyJQ2Zqr8nhjTSehAFtjOipqcXvYn4n9dMTXjlD7lMUoOSzRaFqSAmJpO/SYcrZEYMLKFMcXsrYT2qKDM2nZwNwVt8eZnULoqeW/QqNo1rmCELR3AK5+DBJZTgFspQBQZdeIIXeHWE8+y8Oe+z1owznzmEP3A+fgDscJE/</latexit><latexit sha1_base64="ryv5hnunLTqOrMu35lbxOkeQS84=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmIzGxIns2WhJtLDEKksCF7C1zsGFv77K7Z0Iu/AQbC42x9RfZ+W9c4AoFXzLJy3szmZkXplIYS+m3V1pb39jcKm9Xdnb39g+qh0dtk2SaY4snMtGdkBmUQmHLCiuxk2pkcSjxMRzfzPzHJ9RGJOrBTlIMYjZUIhKcWSfdp32/X63ROp2DrBK/IDUo0OxXv3qDhGcxKsslM6br09QGOdNWcInTSi8zmDI+ZkPsOqpYjCbI56dOyZlTBiRKtCtlyVz9PZGz2JhJHLrOmNmRWfZm4n9eN7PRVZALlWYWFV8sijJJbEJmf5OB0MitnDjCuBbuVsJHTDNuXToVF4K//PIqaV/UfVr372itcV3EUYYTOIVz8OESGnALTWgBhyE8wyu8edJ78d69j0VryStmjuEPvM8f/jGNlA==</latexit>

p2
<latexit sha1_base64="I7LJoXSrIExqoEw2radUUTy0+3U=">AAAB6nicbVDLSgNBEOyNrxhfUY96GAyCp7Cbix6DXjwmaB6QLGF2MpsMmZ1dZnqFsOQTvHhQxKsf4Xd48+anOHkcNLGgoajqprsrSKQw6LpfTm5tfWNzK79d2Nnd2z8oHh41TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuDaiFjd4zjhfkQHSoSCUbTSXdKr9Iolt+zOQFaJtyCl6ulH/RsAar3iZ7cfszTiCpmkxnQ8N0E/oxoFk3xS6KaGJ5SN6IB3LFU04sbPZqdOyLlV+iSMtS2FZKb+nshoZMw4CmxnRHFolr2p+J/XSTG88jOhkhS5YvNFYSoJxmT6N+kLzRnKsSWUaWFvJWxINWVo0ynYELzll1dJs1L23LJXt2lcwxx5OIEzuAAPLqEKt1CDBjAYwCM8w4sjnSfn1Xmbt+acxcwx/IHz/gMPvo/a</latexit><latexit sha1_base64="G9q3t2DXlZ2TPiNKxCsmXrcDtfA=">AAAB6nicbVDLSgNBEOz1GeMr6lGRwSB4Cru56DHoxWOC5gHJEmYnnWTI7OwyMyuEJUePXjwo4tWPyHd48xv8CSePgyYWNBRV3XR3BbHg2rjul7Oyura+sZnZym7v7O7t5w4OazpKFMMqi0SkGgHVKLjEquFGYCNWSMNAYD0Y3Ez8+gMqzSN5b4Yx+iHtSd7ljBor3cXtYjuXdwvuFGSZeHOSL52MK9+Pp+NyO/fZ6kQsCVEaJqjWTc+NjZ9SZTgTOMq2Eo0xZQPaw6alkoao/XR66oicW6VDupGyJQ2Zqr8nUhpqPQwD2xlS09eL3kT8z2smpnvlp1zGiUHJZou6iSAmIpO/SYcrZEYMLaFMcXsrYX2qKDM2nawNwVt8eZnUigXPLXgVm8Y1zJCBYziDC/DgEkpwC2WoAoMePMELvDrCeXbenPdZ64oznzmCP3A+fgDt9JFA</latexit><latexit sha1_base64="G9q3t2DXlZ2TPiNKxCsmXrcDtfA=">AAAB6nicbVDLSgNBEOz1GeMr6lGRwSB4Cru56DHoxWOC5gHJEmYnnWTI7OwyMyuEJUePXjwo4tWPyHd48xv8CSePgyYWNBRV3XR3BbHg2rjul7Oyura+sZnZym7v7O7t5w4OazpKFMMqi0SkGgHVKLjEquFGYCNWSMNAYD0Y3Ez8+gMqzSN5b4Yx+iHtSd7ljBor3cXtYjuXdwvuFGSZeHOSL52MK9+Pp+NyO/fZ6kQsCVEaJqjWTc+NjZ9SZTgTOMq2Eo0xZQPaw6alkoao/XR66oicW6VDupGyJQ2Zqr8nUhpqPQwD2xlS09eL3kT8z2smpnvlp1zGiUHJZou6iSAmIpO/SYcrZEYMLaFMcXsrYX2qKDM2nawNwVt8eZnUigXPLXgVm8Y1zJCBYziDC/DgEkpwC2WoAoMePMELvDrCeXbenPdZ64oznzmCP3A+fgDt9JFA</latexit><latexit sha1_base64="T6W0IOR3snZl9Wh7noVdC7EaWmc=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0l60WPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmljc2t7p7xb2ds/ODxyj0/aJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8LJ7dzvPHFtRKIecZryIKYjJSLBKFrpIR3UB27Vq3kLkHXiF6QKBZoD96s/TFgWc4VMUmN6vpdikFONgkk+q/Qzw1PKJnTEe5YqGnMT5ItTZ+TCKkMSJdqWQrJQf0/kNDZmGoe2M6Y4NqveXPzP62UYXQe5UGmGXLHloiiTBBMy/5sMheYM5dQSyrSwtxI2ppoytOlUbAj+6svrpF2v+V7Nv/eqjZsijjKcwTlcgg9X0IA7aEILGIzgGV7hzZHOi/PufCxbS04xcwp/4Hz+AP+1jZU=</latexit>

q1
<latexit sha1_base64="+h0BdTCYa85T+WIFkxR9LzcUNek=">AAAB6nicbVC7TsNAEFyHVwivACUUJyIkqsimgTKChjIR5CElVnS+nJNTzmdzt0aKrHwCDQUI0fIRfAcdHZ/C5VFAwkgrjWZ2tbsTJFIYdN0vJ7eyura+kd8sbG3v7O4V9w8aJk4143UWy1i3Amq4FIrXUaDkrURzGgWSN4Ph9cRvPnBtRKzucJRwP6J9JULBKFrp9r7rdYslt+xOQZaJNyelyvFH7RsAqt3iZ6cXszTiCpmkxrQ9N0E/oxoFk3xc6KSGJ5QNaZ+3LVU04sbPpqeOyalVeiSMtS2FZKr+nshoZMwoCmxnRHFgFr2J+J/XTjG89DOhkhS5YrNFYSoJxmTyN+kJzRnKkSWUaWFvJWxANWVo0ynYELzFl5dJ47zsuWWvZtO4ghnycAQncAYeXEAFbqAKdWDQh0d4hhdHOk/Oq/M2a80585lD+APn/QcPwI/a</latexit><latexit sha1_base64="D7Ak9yHx+EHAFonSyjaj4ihGDdI=">AAAB6nicbVDLSgNBEOz1GeMr6lGRwSB4Crte9Bj04jFB84BkCbOTTjJkdnadmRXCkqNHLx4U8epH5Du8+Q3+hJPHQRMLGoqqbrq7glhwbVz3y1laXlldW89sZDe3tnd2c3v7VR0limGFRSJS9YBqFFxixXAjsB4rpGEgsBb0r8d+7QGV5pG8M4MY/ZB2Je9wRo2Vbu9bXiuXdwvuBGSReDOSLx6Nyt+Px6NSK/fZbEcsCVEaJqjWDc+NjZ9SZTgTOMw2E40xZX3axYalkoao/XRy6pCcWqVNOpGyJQ2ZqL8nUhpqPQgD2xlS09Pz3lj8z2skpnPpp1zGiUHJpos6iSAmIuO/SZsrZEYMLKFMcXsrYT2qKDM2nawNwZt/eZFUzwueW/DKNo0rmCIDh3ACZ+DBBRThBkpQAQZdeIIXeHWE8+y8Oe/T1iVnNnMAf+B8/ADt9pFA</latexit><latexit sha1_base64="D7Ak9yHx+EHAFonSyjaj4ihGDdI=">AAAB6nicbVDLSgNBEOz1GeMr6lGRwSB4Crte9Bj04jFB84BkCbOTTjJkdnadmRXCkqNHLx4U8epH5Du8+Q3+hJPHQRMLGoqqbrq7glhwbVz3y1laXlldW89sZDe3tnd2c3v7VR0limGFRSJS9YBqFFxixXAjsB4rpGEgsBb0r8d+7QGV5pG8M4MY/ZB2Je9wRo2Vbu9bXiuXdwvuBGSReDOSLx6Nyt+Px6NSK/fZbEcsCVEaJqjWDc+NjZ9SZTgTOMw2E40xZX3axYalkoao/XRy6pCcWqVNOpGyJQ2ZqL8nUhpqPQgD2xlS09Pz3lj8z2skpnPpp1zGiUHJpos6iSAmIuO/SZsrZEYMLKFMcXsrYT2qKDM2nawNwZt/eZFUzwueW/DKNo0rmCIDh3ACZ+DBBRThBkpQAQZdeIIXeHWE8+y8Oe/T1iVnNnMAf+B8/ADt9pFA</latexit><latexit sha1_base64="imo3cekYwzp28gYBJ+sCXOEYNHY=">AAAB6nicbVBNT8JAEJ3iF+IX6tHLRmLiibRe9Ej04hGjBRJoyHaZwobttu5uTUjDT/DiQWO8+ou8+W9coAcFXzLJy3szmZkXpoJr47rfTmltfWNzq7xd2dnd2z+oHh61dJIphj5LRKI6IdUouETfcCOwkyqkcSiwHY5vZn77CZXmiXwwkxSDmA4ljzijxkr3j32vX625dXcOskq8gtSgQLNf/eoNEpbFKA0TVOuu56YmyKkynAmcVnqZxpSyMR1i11JJY9RBPj91Ss6sMiBRomxJQ+bq74mcxlpP4tB2xtSM9LI3E//zupmJroKcyzQzKNliUZQJYhIy+5sMuEJmxMQSyhS3txI2oooyY9Op2BC85ZdXSeui7rl1786tNa6LOMpwAqdwDh5cQgNuoQk+MBjCM7zCmyOcF+fd+Vi0lpxi5hj+wPn8Af+3jZU=</latexit>

q2
<latexit sha1_base64="vCQ1u5nb87990ZJNwjVQzVUp7EY=">AAAB6nicbVC7TsNAEFzzDOEVoITiRIREFdlpoIygoUwEeUiJFZ0v6+SU89ncnZEiK59AQwFCtHwE30FHx6dweRSQMNJKo5ld7e4EieDauO6Xs7K6tr6xmdvKb+/s7u0XDg4bOk4VwzqLRaxaAdUouMS64UZgK1FIo0BgMxheT/zmAyrNY3lnRgn6Ee1LHnJGjZVu77vlbqHoltwpyDLx5qRYOfmofQNAtVv47PRilkYoDRNU67bnJsbPqDKcCRznO6nGhLIh7WPbUkkj1H42PXVMzqzSI2GsbElDpurviYxGWo+iwHZG1Az0ojcR//PaqQkv/YzLJDUo2WxRmApiYjL5m/S4QmbEyBLKFLe3EjagijJj08nbELzFl5dJo1zy3JJXs2lcwQw5OIZTOAcPLqACN1CFOjDowyM8w4sjnCfn1Xmbta4485kj+APn/QcRRI/b</latexit><latexit sha1_base64="D4JcdqQLlTzRpgx9XA9XjmpnkJg=">AAAB6nicbVC7SgNBFL0TXzG+opaKDAbBKuym0TJoY5mgeUCyhNnJbDJkdnadmRXCktLSxkIRWz8i32HnN/gTTh6FJh64cDjnXu69x48F18ZxvlBmZXVtfSO7mdva3tndy+8f1HWUKMpqNBKRavpEM8ElqxluBGvGipHQF6zhD64nfuOBKc0jeWeGMfNC0pM84JQYK93ed0qdfMEpOlPgZeLOSaF8PK5+P56MK538Z7sb0SRk0lBBtG65Tmy8lCjDqWCjXDvRLCZ0QHqsZakkIdNeOj11hM+s0sVBpGxJg6fq74mUhFoPQ992hsT09aI3Ef/zWokJLr2UyzgxTNLZoiAR2ER48jfucsWoEUNLCFXc3oppnyhCjU0nZ0NwF19eJvVS0XWKbtWmcQUzZOEITuEcXLiAMtxABWpAoQdP8AKvSKBn9IbeZ60ZNJ85hD9AHz/vepFB</latexit><latexit sha1_base64="D4JcdqQLlTzRpgx9XA9XjmpnkJg=">AAAB6nicbVC7SgNBFL0TXzG+opaKDAbBKuym0TJoY5mgeUCyhNnJbDJkdnadmRXCktLSxkIRWz8i32HnN/gTTh6FJh64cDjnXu69x48F18ZxvlBmZXVtfSO7mdva3tndy+8f1HWUKMpqNBKRavpEM8ElqxluBGvGipHQF6zhD64nfuOBKc0jeWeGMfNC0pM84JQYK93ed0qdfMEpOlPgZeLOSaF8PK5+P56MK538Z7sb0SRk0lBBtG65Tmy8lCjDqWCjXDvRLCZ0QHqsZakkIdNeOj11hM+s0sVBpGxJg6fq74mUhFoPQ992hsT09aI3Ef/zWokJLr2UyzgxTNLZoiAR2ER48jfucsWoEUNLCFXc3oppnyhCjU0nZ0NwF19eJvVS0XWKbtWmcQUzZOEITuEcXLiAMtxABWpAoQdP8AKvSKBn9IbeZ60ZNJ85hD9AHz/vepFB</latexit><latexit sha1_base64="m5RAGxqqikVZ3d1NHy37VajjDzE=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmIzGxInc0WhJtLDHKRwIXsrfswYa9vWN3zoRc+Ak2Fhpj6y+y89+4wBUKvmSSl/dmMjMvSKQw6LrfTmFjc2t7p7hb2ts/ODwqH5+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj27nffuLaiFg94jThfkSHSoSCUbTSw6Rf65crbtVdgKwTLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjks1IvNTyhbEyHvGupohE3frY4dUYurDIgYaxtKSQL9fdERiNjplFgOyOKI7PqzcX/vG6K4bWfCZWkyBVbLgpTSTAm87/JQGjOUE4toUwLeythI6opQ5tOyYbgrb68Tlq1qudWvXu3Ur/J4yjCGZzDJXhwBXW4gwY0gcEQnuEV3hzpvDjvzseyteDkM6fwB87nDwFKjZY=</latexit>

Wµ⌫(q
2
1 , q1 · p1)

<latexit sha1_base64="hDhe0MmoZB73Tf5KaWhiY9pJ8ug=">AAACCHicbVC7TsMwFL0pr1JeAUYGLApSkVCVdIGxgoWxSPQhNSVyXLe16jjBdpCqqCMLv8LCwENsiE9g40PYcR8DFI50r47OuVf2PUHMmdKO82ll5uYXFpeyy7mV1bX1DXtzq6aiRBJaJRGPZCPAinImaFUzzWkjlhSHAaf1oH828us3VCoWiUs9iGkrxF3BOoxgbSTf3q37qRcmnkiGhWvfvSodmY480o40in330LfzTtEZA/0l7pTky/tfz28AUPHtD68dkSSkQhOOlWq6TqxbKZaaEU6HOS9RNMakj7u0aajAIVWtdHzIEB0YpY06kTQlNBqrPzdSHCo1CAMzGWLdU7PeSPzPaya6c9JKmYgTTQWZPNRJONIRGqWC2kxSovnAEEwkM39FpIclJtpklzMhuLMn/yW1UtF1iu6FSeMUJsjCDuxBAVw4hjKcQwWqQOAW7uERnqw768F6sV4noxlrurMNv2C9fwNc1Zss</latexit><latexit sha1_base64="hl4Ust4+6g0jbu0bIbdftSZfrIA=">AAACCHicbVC7TsMwFHXKq7Q8AowMWBSkIqEq6QJjBQtjkehDakrkOE5r1XGC7VSqoo4s/AoLAw+xwh+w8SEw4z4GaDnSvTo6517Z93gxo1JZ1qeRWVhcWl7Jrubya+sbm+bWdl1GicCkhiMWiaaHJGGUk5qiipFmLAgKPUYaXu985Df6REga8Ss1iEk7RB1OA4qR0pJr7jXc1AkThyfD4o1rX5ePdYcO9iMFY9c+cs2CVbLGgPPEnpJC5eDr+b2f/6665ofjRzgJCVeYISlbthWrdoqEopiRYc5JJIkR7qEOaWnKUUhkOx0fMoSHWvFhEAldXMGx+nsjRaGUg9DTkyFSXTnrjcT/vFaigtN2SnmcKMLx5KEgYVBFcJQK9KkgWLGBJggLqv8KcRcJhJXOLqdDsGdPnif1csm2SvalTuMMTJAFu2AfFIENTkAFXIAqqAEMbsE9eARPxp3xYLwYr5PRjDHd2QF/YLz9AFV1nKY=</latexit><latexit sha1_base64="hl4Ust4+6g0jbu0bIbdftSZfrIA=">AAACCHicbVC7TsMwFHXKq7Q8AowMWBSkIqEq6QJjBQtjkehDakrkOE5r1XGC7VSqoo4s/AoLAw+xwh+w8SEw4z4GaDnSvTo6517Z93gxo1JZ1qeRWVhcWl7Jrubya+sbm+bWdl1GicCkhiMWiaaHJGGUk5qiipFmLAgKPUYaXu985Df6REga8Ss1iEk7RB1OA4qR0pJr7jXc1AkThyfD4o1rX5ePdYcO9iMFY9c+cs2CVbLGgPPEnpJC5eDr+b2f/6665ofjRzgJCVeYISlbthWrdoqEopiRYc5JJIkR7qEOaWnKUUhkOx0fMoSHWvFhEAldXMGx+nsjRaGUg9DTkyFSXTnrjcT/vFaigtN2SnmcKMLx5KEgYVBFcJQK9KkgWLGBJggLqv8KcRcJhJXOLqdDsGdPnif1csm2SvalTuMMTJAFu2AfFIENTkAFXIAqqAEMbsE9eARPxp3xYLwYr5PRjDHd2QF/YLz9AFV1nKY=</latexit><latexit sha1_base64="Y7J2d+HhBYFj23oFDwfZ5vbqrR4=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwqpSKiKu8BYwcJYJPqQmhA5jtNadZxgO0hV1JGFX2FhACFWPoGNv8FtM0DhSPfq6Jx7Zd8TpJwp7ThfVmlpeWV1rbxe2djc2t6xd/c6KskkoW2S8ET2AqwoZ4K2NdOc9lJJcRxw2g1Gl1O/e0+lYom40eOUejEeCBYxgrWRfPuw6+dunLkim9TufHTbODUduiRMNEx9dOLbVafuzAD/ElSQKijQ8u1PN0xIFlOhCcdK9ZGTai/HUjPC6aTiZoqmmIzwgPYNFTimystnh0zgsVFCGCXSlNBwpv7cyHGs1DgOzGSM9VAtelPxP6+f6ejcy5lIM00FmT8UZRzqBE5TgSGTlGg+NgQTycxfIRliiYk22VVMCGjx5L+k06gjp46unWrzooijDA7AEagBBM5AE1yBFmgDAh7AE3gBr9aj9Wy9We/z0ZJV7OyDX7A+vgGSZZhd</latexit>
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Within the structure functions approach, quite moderate QCD corrections to WBF were found ( ~3% at NLO, 
~1% at NNLO, ~0.1 % at N3LO.  However it is unclear to what extent these results  are relevant for physics of 
weak boson fusion. 

Indeed, the structure function approach involves integration over partons in the  final state and does not allow 
us to impose constraints on  QCD radiation. This is not ideal since WBF cuts are quite severe ( the WBF cross 
section after cuts is only about 20 percent of the cross section without the WBF 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  WBF 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 WBF cuts

�9Factorizable QCD corrections to weak boson fusion
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A fully differential NNLO QCD computation within the DIS-approximation has been performed using two 
different methods: projection-to-Born and antenna subtraction.    

It was observed that the QCD corrections to the total cross section with WBF cuts are larger,  by almost a 
factor of 3, than  the QCD corrections computed in the structure function approximation.  
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The NLO 3-jet calculation [1] and its POWHEG implementation [2] has been found to have a bug in its virtual terms.
Resolving this bug reduces the impact of the NNLO corrections and they are now of order 4% for the total cross section
(with VBF cuts) and up to 4%–7% in differential distributions. Updated results for the total cross section and differential
distributions are to be found in Table I and Fig. 1, respectively.

FIG. 1. From left to right, differential cross sections for the transverse momentum distributions for the two leading jets, pt;j1 and pt;j2 ,
for the Higgs boson, pt;H , and the distribution for the rapidity separation between the two leading jets, Δyj1;j2 .

TABLE I. Cross sections at LO, NLO, and NNLO for VBF Higgs production, fully inclusively and with VBF cuts. The quoted
uncertainties correspond to scale dependence, while statistical errors at NNLO are about 0.1% with VBF cuts and much smaller without.

σðno cutsÞ [pb] σðVBF cutsÞ [pb]

LO 4.032þ0.057
−0.069 0.957þ0.066

−0.059

NLO 3.929þ0.024
−0.023 0.876þ0.008

−0.018

NNLO 3.888þ0.016
−0.012 0.844þ0.008

−0.008

Published by the American Physical Society under the terms of the Creative Commons Attribution 3.0 License. Further distribution of
this work must maintain attribution to the author(s) and the published articles title, journal citation, and DOI.

PHYSICAL REVIEW LETTERS 120, 139901(E) (2018)

0031-9007=18=120(13)=139901(2) 139901-1 Published by the American Physical Society

Fiducial NNLO QCD cross sections



Relatively large (4-8 percent) NNLO QCD corrections appear in various kinematic distributions. These 
corrections are kinematic-dependent; they are not flat K-factors that can be obtained by re-weighting 
leading order distributions by corrections to the inclusive cross section.  POWHEG catches many of the 
NNLO QCD corrections to kinematic distributions quite decently. 
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(with VBF cuts) and up to 4%–7% in differential distributions. Updated results for the total cross section and differential
distributions are to be found in Table I and Fig. 1, respectively.

FIG. 1. From left to right, differential cross sections for the transverse momentum distributions for the two leading jets, pt;j1 and pt;j2 ,
for the Higgs boson, pt;H , and the distribution for the rapidity separation between the two leading jets, Δyj1;j2 .

TABLE I. Cross sections at LO, NLO, and NNLO for VBF Higgs production, fully inclusively and with VBF cuts. The quoted
uncertainties correspond to scale dependence, while statistical errors at NNLO are about 0.1% with VBF cuts and much smaller without.

σðno cutsÞ [pb] σðVBF cutsÞ [pb]

LO 4.032þ0.057
−0.069 0.957þ0.066

−0.059

NLO 3.929þ0.024
−0.023 0.876þ0.008

−0.018

NNLO 3.888þ0.016
−0.012 0.844þ0.008

−0.008
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NNLO QCD kinematic distributions



As we already mentioned, thanks to the connection between WBF and DIS, it is possible to estimate N3LO 
corrections to WBF.   Indeed, since N3LO structure functions in QCD are known, one can integrate them to 
obtain N3LO corrections to inclusive WBF cross section. 

.

Moreover, although we do not (quite) know how to subtract real-emission singularities at N3LO QCD, the 
projection-to-Born method allows us to construct the fully differential N3LO cross section once the NNLO 
QCD corrections to single-jet production in DIS or WBF  are known.  Such calculation has been done and 
this implies that N3LO fully differential prediction for WBF is within reach. 

Karlberg, Dreyer

�12Towards N3LO QCD predictions for WBF

Gehrmann et al. 

An opportunity to make such  high-order predictions  for the WBF process is exciting and perhaps even 
useful (QCD dynamics of forward jets vs. parton showers).  However, it also forces us to think about other 
effects that are being neglected if we only focuse on factorizable, DIS-like contributions. 



These effects are:

1) non-factorizable gluon exchanges between incoming quark lines; 

2) t/u channel interferences (identical quarks); they contribute O(5%) at the inclusive level and O(0.5%) 
once the WBF cuts are applied; 

3) HV(jj) final state contribution to WBF final states; they are negligible  after WBF cuts; 

4) contribution of the “single-quark line  processes” to WBF; less than a permille ater the VBF cuts; 

.

�13Effects beyond the factorization (DIS) approximation 

The majority of these effects can be (and has been)  studied at lower-orders of perturbation theory and 
the above estimates are based on that;  this cannot be done for non-factorizable gluon exchanges as we 
explain below. The non-factorizable contribution is, in a way, a very unique unknown. 5

(a) (b) (c)

(d) (e) (f)

FIG. 5: NNLO contributions toWBF that contain only a single quark line. Shown are only
the diagrams with purely gluonic initial state. qg, q̄g, and qq̄ initial state contributions
are obtained from them by crossing the external quark and gluon legs. Notation is like
in Fig. 2.

III. CALCULATION

The Feynman diagrams were generated using FeynArts [21, 22], taking into account the
five light quark flavors, both in the initial and in the final state. In principle, the quark line
in Fig. 5 could also be the top quark (for the gg channel), but we expect this contribution
to be very small due to the large x values required for the incoming gluons and the reduced
available phase space.

The Feynman diagrams are evaluated using standard techniques. The amplitudes are
simplified with FormCalc [23] and the results in terms of Weyl-spinor chains and coefficients
containing the tensor one-loop integrals have been translated to C++ code for the numerical
evaluation. The one-loop integrals are reduced to a set of standard integrals numerically.
The 5-point integrals are written in terms of 4-point functions following Ref. [24], where a
method for a direct reduction is described that avoids leading inverse Gram determinants
and the associated numerical instabilities. The remaining tensor integrals are recursively
reduced to scalar integrals with the Passarino–Veltman algorithm [25] for non-exceptional
phase-space points. In the exceptional phase-space regions the reduction of the 3- and
4-point tensor integrals is performed using the methods of Ref. [26] which allow for a
numerically stable evaluation. The scalar integrals are calculated using the results of
Refs. [27, 28]. For the numerical evaluation of the one-loop integrals we use a library by
A. Denner implementing the methods of Refs. [24, 26].

The phase-space integration is performed with Monte Carlo techniques using the adaptive
multi-dimensional integration program Vegas [29].

The correctness of our results was checked on the one hand by confirming their gauge
invariance in the usual way, i.e. by replacing the external gluon polarization vector by
the incoming momentum. On the other hand, the major part of the diagrams was inde-
pendently calculated completely within FeynArts/FormCalc/LoopTools [21, 22, 23]. Of
course, complete agreement was found among the two calculations.
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(a) (b) (c)

FIG. 1: Leading order contributions to (a) weak boson fusion and (b) Higgs-Strahlung;
(c) is the crossed LO amplitude for WBF. The straight solid lines denote quarks
(u, d, c, s, b), the wiggle lines denote W or Z bosons, and the dashed line means a Higgs
boson.

11]. Thus, the next-to-next-to-leading order (NNLO) is the lowest order at which true color-
exchange diagrams can contribute significantly to the WBF signal. The interesting issue
is whether the jets produced by such a mechanism have similar kinematical distributions
as the typical WBF jets. In this case, the color exchange might lead to additional soft
radiation which could deteriorate the WBF signal.

Note that there is a process with the same final state H + 2jets that does not involve
weak gauge bosons: it is due to sub-processes like gg → Hgg, for example, where the
gluons couple to the Higgs boson via a top quark loop. Such terms are part of the NNLO

contribution to gluon fusion [12, 13, 14] and must be considered as background when
aiming for WBF. They were calculated at leading order (LO) in Ref. [15], where the full
top-mass dependence was taken into account. The NLO terms were evaluated in the
heavy-top limit [16].

The interference of this gluon fusion contribution to H + 2jets with the WBF signal at
NLO also leads to a net color exchange among the scattering partons and could diminish
the virtues of the actual WBF signal. However, due to peculiar cancellations, the overall
effect of these terms is negligibly small [17, 18].

The subject of this paper is the investigation and classification of color-exchange terms
arising as radiative corrections to the fusion of weak gauge bosons. We identify a gauge-
invariant, finite set of diagrams that shall allow us to provide an estimate of the size of
such terms and thus their influence on the extraction of the WBF signal from experimental
data.

The remainder of the paper is structured as follows: in Sect. II, we list the various NNLO

contributions to the WBF process, identifying the class of diagrams that is relevant for our
discussion, Sect. III describes technical aspects of the calculation, and Sect. IV contains
our results. The conclusions are presented in Sect. V.

II. CLASSIFICATION OF THE DIAGRAMS

Typically, WBF denotes the electro-weak contribution to the process pp → Hjj that does
not involve resonant weak gauge bosons. A tree-level example is shown in Fig. 1 (a). The
contribution involving resonant weak gauge bosons, Fig. 1 (b), is usually referred to as
Higgs-Strahlung. At tree-level, this distinction is theoretically well-defined. Experimen-
tally, the two contributions can be distinguished by appropriate cuts: for example, in the
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It may appear  that non-factorizable corrections contribute at next-to-leading order since the diagram 
below is definitely not zero. 

�14Non-factorizable contributions
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<latexit sha1_base64="F0ndkRFiHMACnNvAGHXwZHm71hQ=">AAAB6HicbZC7SwNBEMbnfMb4ilraLAbBKtzZaCMGbVImYB6QHGFvM5es2ds7dveEcATsbSwUsfWfsbfzv3HzKDTxg4Uf3zfDzkyQCK6N6347K6tr6xubua389s7u3n7h4LCh41QxrLNYxKoVUI2CS6wbbgS2EoU0CgQ2g+HtJG8+oNI8lndmlKAf0b7kIWfUWKtW6RaKbsmdiiyDN4fi9Wf+6hEAqt3CV6cXszRCaZigWrc9NzF+RpXhTOA430k1JpQNaR/bFiWNUPvZdNAxObVOj4Sxsk8aMnV/d2Q00noUBbYyomagF7OJ+V/WTk146WdcJqlByWYfhakgJiaTrUmPK2RGjCxQpridlbABVZQZe5u8PYK3uPIyNM5Lnlvyam6xfAMz5eAYTuAMPLiAMlSgCnVggPAEL/Dq3DvPzpvzPitdceY9R/BHzscPC4COlQ==</latexit><latexit sha1_base64="FAlAosIQa5DYsJs20oqD86uLjs4=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8UgWIVdG23EoE3KBMwFkiXMTs4mY2Znl5lZISx5AhsLRWz1YextxLdxcik08YeBj/8/hznnBAlnSrvut5VbWV1b38hv2lvbO7t7hf2DhopTSbFOYx7LVkAUciawrpnm2Eokkijg2AyGN5O8eY9SsVjc6lGCfkT6goWMEm2sWqVbKLoldypnGbw5FK8+7Mvk/cuudgufnV5M0wiFppwo1fbcRPsZkZpRjmO7kypMCB2SPrYNChKh8rPpoGPnxDg9J4yleUI7U/d3R0YipUZRYCojogdqMZuY/2XtVIcXfsZEkmoUdPZRmHJHx85ka6fHJFLNRwYIlczM6tABkYRqcxvbHMFbXHkZGmclzy15NbdYvoaZ8nAEx3AKHpxDGSpQhTpQQHiAJ3i27qxH68V6nZXmrHnPIfyR9fYD/QCQCQ==</latexit><latexit sha1_base64="FAlAosIQa5DYsJs20oqD86uLjs4=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8UgWIVdG23EoE3KBMwFkiXMTs4mY2Znl5lZISx5AhsLRWz1YextxLdxcik08YeBj/8/hznnBAlnSrvut5VbWV1b38hv2lvbO7t7hf2DhopTSbFOYx7LVkAUciawrpnm2Eokkijg2AyGN5O8eY9SsVjc6lGCfkT6goWMEm2sWqVbKLoldypnGbw5FK8+7Mvk/cuudgufnV5M0wiFppwo1fbcRPsZkZpRjmO7kypMCB2SPrYNChKh8rPpoGPnxDg9J4yleUI7U/d3R0YipUZRYCojogdqMZuY/2XtVIcXfsZEkmoUdPZRmHJHx85ka6fHJFLNRwYIlczM6tABkYRqcxvbHMFbXHkZGmclzy15NbdYvoaZ8nAEx3AKHpxDGSpQhTpQQHiAJ3i27qxH68V6nZXmrHnPIfyR9fYD/QCQCQ==</latexit><latexit sha1_base64="tDL0KQj7rKPwqwJH9dydiNL0U6A=">AAAB6HicbVA9TwJBEJ3DL8Qv1NJmIzGxInc2UhJtKCGRjwQuZG+Zg5W9vcvungm58AtsLDTG1p9k579xgSsUfMkkL+/NZGZekAiujet+O4Wt7Z3dveJ+6eDw6PikfHrW0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8H0fuF3n1BpHssHM0vQj+hY8pAzaqzUagzLFbfqLkE2iZeTCuRoDstfg1HM0gilYYJq3ffcxPgZVYYzgfPSINWYUDalY+xbKmmE2s+Wh87JlVVGJIyVLWnIUv09kdFI61kU2M6Imole9xbif14/NWHNz7hMUoOSrRaFqSAmJouvyYgrZEbMLKFMcXsrYROqKDM2m5INwVt/eZN0bqqeW/VabqV+l8dRhAu4hGvw4Bbq0IAmtIEBwjO8wpvz6Lw4787HqrXg5DPn8AfO5w+cOYzI</latexit>



However, this is not the case because of the color conservations…

�15Non-factorizable contributions

g
<latexit sha1_base64="6CZoLmchak7PeUGdbOiCR035cyo=">AAAB6HicbVDLSgNBEOyNrxhfUY96GAyCp7DrJR6DXjwmYB6QLGF20puMmZ1dZmaFsOQLvHhQxKtf4Xd48+anOHkcNLGgoajqprsrSATXxnW/nNza+sbmVn67sLO7t39QPDxq6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0M/VbD6g0j+WdGSfoR3QgecgZNVaqD3rFklt2ZyCrxFuQUvX0o/4NALVe8bPbj1kaoTRMUK07npsYP6PKcCZwUuimGhPKRnSAHUsljVD72ezQCTm3Sp+EsbIlDZmpvycyGmk9jgLbGVEz1MveVPzP66QmvPIzLpPUoGTzRWEqiInJ9GvS5wqZEWNLKFPc3krYkCrKjM2mYEPwll9eJc3LsueWvbpN4xrmyMMJnMEFeFCBKtxCDRrAAOERnuHFuXeenFfnbd6acxYzx/AHzvsP2y+PLA==</latexit><latexit sha1_base64="QYiVIz1HWeqSAcfYlxshn5OrYrE=">AAAB6HicbVDLSgNBEOyNrxhfUY+KDAbBU9j1osegF48JmAckS5iddJIxs7PLzKwQlhw9efGgiFe/It/hzW/wJ5w8DppY0FBUddPdFcSCa+O6X05mZXVtfSO7mdva3tndy+8f1HSUKIZVFolINQKqUXCJVcONwEaskIaBwHowuJn49QdUmkfyzgxj9EPak7zLGTVWqvTa+YJbdKcgy8Sbk0LpeFz5fjwZl9v5z1YnYkmI0jBBtW56bmz8lCrDmcBRrpVojCkb0B42LZU0RO2n00NH5MwqHdKNlC1pyFT9PZHSUOthGNjOkJq+XvQm4n9eMzHdKz/lMk4MSjZb1E0EMRGZfE06XCEzYmgJZYrbWwnrU0WZsdnkbAje4svLpHZR9NyiV7FpXMMMWTiCUzgHDy6hBLdQhiowQHiCF3h17p1n5815n7VmnPnMIfyB8/EDuXSQkg==</latexit><latexit sha1_base64="QYiVIz1HWeqSAcfYlxshn5OrYrE=">AAAB6HicbVDLSgNBEOyNrxhfUY+KDAbBU9j1osegF48JmAckS5iddJIxs7PLzKwQlhw9efGgiFe/It/hzW/wJ5w8DppY0FBUddPdFcSCa+O6X05mZXVtfSO7mdva3tndy+8f1HSUKIZVFolINQKqUXCJVcONwEaskIaBwHowuJn49QdUmkfyzgxj9EPak7zLGTVWqvTa+YJbdKcgy8Sbk0LpeFz5fjwZl9v5z1YnYkmI0jBBtW56bmz8lCrDmcBRrpVojCkb0B42LZU0RO2n00NH5MwqHdKNlC1pyFT9PZHSUOthGNjOkJq+XvQm4n9eMzHdKz/lMk4MSjZb1E0EMRGZfE06XCEzYmgJZYrbWwnrU0WZsdnkbAje4svLpHZR9NyiV7FpXMMMWTiCUzgHDy6hBLdQhiowQHiCF3h17p1n5815n7VmnPnMIfyB8/EDuXSQkg==</latexit><latexit sha1_base64="/PJ7Z1iFzXuG81L8a5C962ANKKY=">AAAB6HicbVBNT8JAEJ3iF+IX6tHLRmLiibRe9Ej04hESCyTQkO0yhZXtttndmpCGX+DFg8Z49Sd589+4QA8KvmSSl/dmMjMvTAXXxnW/ndLG5tb2Tnm3srd/cHhUPT5p6yRTDH2WiER1Q6pRcIm+4UZgN1VI41BgJ5zczf3OEyrNE/lgpikGMR1JHnFGjZVao0G15tbdBcg68QpSgwLNQfWrP0xYFqM0TFCte56bmiCnynAmcFbpZxpTyiZ0hD1LJY1RB/ni0Bm5sMqQRImyJQ1ZqL8nchprPY1D2xlTM9ar3lz8z+tlJroJci7TzKBky0VRJohJyPxrMuQKmRFTSyhT3N5K2JgqyozNpmJD8FZfXiftq7rn1r2WW2vcFnGU4QzO4RI8uIYG3EMTfGCA8Ayv8OY8Oi/Ou/OxbC05xcwp/IHz+QPLNYzn</latexit>

V
<latexit sha1_base64="VhmoshLrlAeH741qcsocHS+LHDE=">AAAB6HicbZC7SwNBEMbn4ivGV9TSZjEIVuHORhsxaGOZgHlAcoS9zVyyZm/v2N0TwhGwt7FQxNZ/xt7O/8bNo9DEDxZ+fN8MOzNBIrg2rvvt5FZW19Y38puFre2d3b3i/kFDx6liWGexiFUroBoFl1g33AhsJQppFAhsBsObSd58QKV5LO/MKEE/on3JQ86osVat0S2W3LI7FVkGbw6lq8/C5SMAVLvFr04vZmmE0jBBtW57bmL8jCrDmcBxoZNqTCgb0j62LUoaofaz6aBjcmKdHgljZZ80ZOr+7shopPUoCmxlRM1AL2YT87+snZrwws+4TFKDks0+ClNBTEwmW5MeV8iMGFmgTHE7K2EDqigz9jYFewRvceVlaJyVPbfs1dxS5RpmysMRHMMpeHAOFbiFKtSBAcITvMCrc+88O2/O+6w058x7DuGPnI8fILiOow==</latexit><latexit sha1_base64="Nxheu69uMqdDkPok5Y7OkJTNTNk=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2cjYZMzu7zMwKYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSATXxvO+naXlldW19dyGu7m1vbOb39uv6ThVDKssFrFqBFSj4BKrhhuBjUQhjQKB9WBwPc7r96g0j+WtGSbYjmhP8pAzaqxVqXXyBa/oTUQWwZ9B4fLDvUjev9xyJ//Z6sYsjVAaJqjWTd9LTDujynAmcOS2Uo0JZQPaw6ZFSSPU7Wwy6IgcW6dLwljZJw2ZuL87MhppPYwCWxlR09fz2dj8L2umJjxvZ1wmqUHJph+FqSAmJuOtSZcrZEYMLVCmuJ2VsD5VlBl7G9cewZ9feRFqp0XfK/oVr1C6gqlycAhHcAI+nEEJbqAMVWCA8ABP8OzcOY/Oi/M6LV1yZj0H8EfO2w8SR5AX</latexit><latexit sha1_base64="Nxheu69uMqdDkPok5Y7OkJTNTNk=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2cjYZMzu7zMwKYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSATXxvO+naXlldW19dyGu7m1vbOb39uv6ThVDKssFrFqBFSj4BKrhhuBjUQhjQKB9WBwPc7r96g0j+WtGSbYjmhP8pAzaqxVqXXyBa/oTUQWwZ9B4fLDvUjev9xyJ//Z6sYsjVAaJqjWTd9LTDujynAmcOS2Uo0JZQPaw6ZFSSPU7Wwy6IgcW6dLwljZJw2ZuL87MhppPYwCWxlR09fz2dj8L2umJjxvZ1wmqUHJph+FqSAmJuOtSZcrZEYMLVCmuJ2VsD5VlBl7G9cewZ9feRFqp0XfK/oVr1C6gqlycAhHcAI+nEEJbqAMVWCA8ABP8OzcOY/Oi/M6LV1yZj0H8EfO2w8SR5AX</latexit><latexit sha1_base64="bK4AoZpVsNJfGdmb/OozznVIG0w=">AAAB6HicbVBNT8JAEJ3iF+IX6tHLRmLiibRe9Ej04hESCyTQkO0yhZXtttndmpCGX+DFg8Z49Sd589+4QA8KvmSSl/dmMjMvTAXXxnW/ndLG5tb2Tnm3srd/cHhUPT5p6yRTDH2WiER1Q6pRcIm+4UZgN1VI41BgJ5zczf3OEyrNE/lgpikGMR1JHnFGjZVa7UG15tbdBcg68QpSgwLNQfWrP0xYFqM0TFCte56bmiCnynAmcFbpZxpTyiZ0hD1LJY1RB/ni0Bm5sMqQRImyJQ1ZqL8nchprPY1D2xlTM9ar3lz8z+tlJroJci7TzKBky0VRJohJyPxrMuQKmRFTSyhT3N5K2JgqyozNpmJD8FZfXiftq7rn1r2WW2vcFnGU4QzO4RI8uIYG3EMTfGCA8Ayv8OY8Oi/Ou/OxbC05xcwp/IHz+QOxcYzW</latexit>

V
<latexit sha1_base64="VhmoshLrlAeH741qcsocHS+LHDE=">AAAB6HicbZC7SwNBEMbn4ivGV9TSZjEIVuHORhsxaGOZgHlAcoS9zVyyZm/v2N0TwhGwt7FQxNZ/xt7O/8bNo9DEDxZ+fN8MOzNBIrg2rvvt5FZW19Y38puFre2d3b3i/kFDx6liWGexiFUroBoFl1g33AhsJQppFAhsBsObSd58QKV5LO/MKEE/on3JQ86osVat0S2W3LI7FVkGbw6lq8/C5SMAVLvFr04vZmmE0jBBtW57bmL8jCrDmcBxoZNqTCgb0j62LUoaofaz6aBjcmKdHgljZZ80ZOr+7shopPUoCmxlRM1AL2YT87+snZrwws+4TFKDks0+ClNBTEwmW5MeV8iMGFmgTHE7K2EDqigz9jYFewRvceVlaJyVPbfs1dxS5RpmysMRHMMpeHAOFbiFKtSBAcITvMCrc+88O2/O+6w058x7DuGPnI8fILiOow==</latexit><latexit sha1_base64="Nxheu69uMqdDkPok5Y7OkJTNTNk=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2cjYZMzu7zMwKYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSATXxvO+naXlldW19dyGu7m1vbOb39uv6ThVDKssFrFqBFSj4BKrhhuBjUQhjQKB9WBwPc7r96g0j+WtGSbYjmhP8pAzaqxVqXXyBa/oTUQWwZ9B4fLDvUjev9xyJ//Z6sYsjVAaJqjWTd9LTDujynAmcOS2Uo0JZQPaw6ZFSSPU7Wwy6IgcW6dLwljZJw2ZuL87MhppPYwCWxlR09fz2dj8L2umJjxvZ1wmqUHJph+FqSAmJuOtSZcrZEYMLVCmuJ2VsD5VlBl7G9cewZ9feRFqp0XfK/oVr1C6gqlycAhHcAI+nEEJbqAMVWCA8ABP8OzcOY/Oi/M6LV1yZj0H8EfO2w8SR5AX</latexit><latexit sha1_base64="Nxheu69uMqdDkPok5Y7OkJTNTNk=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2cjYZMzu7zMwKYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSATXxvO+naXlldW19dyGu7m1vbOb39uv6ThVDKssFrFqBFSj4BKrhhuBjUQhjQKB9WBwPc7r96g0j+WtGSbYjmhP8pAzaqxVqXXyBa/oTUQWwZ9B4fLDvUjev9xyJ//Z6sYsjVAaJqjWTd9LTDujynAmcOS2Uo0JZQPaw6ZFSSPU7Wwy6IgcW6dLwljZJw2ZuL87MhppPYwCWxlR09fz2dj8L2umJjxvZ1wmqUHJph+FqSAmJuOtSZcrZEYMLVCmuJ2VsD5VlBl7G9cewZ9feRFqp0XfK/oVr1C6gqlycAhHcAI+nEEJbqAMVWCA8ABP8OzcOY/Oi/M6LV1yZj0H8EfO2w8SR5AX</latexit><latexit sha1_base64="bK4AoZpVsNJfGdmb/OozznVIG0w=">AAAB6HicbVBNT8JAEJ3iF+IX6tHLRmLiibRe9Ej04hESCyTQkO0yhZXtttndmpCGX+DFg8Z49Sd589+4QA8KvmSSl/dmMjMvTAXXxnW/ndLG5tb2Tnm3srd/cHhUPT5p6yRTDH2WiER1Q6pRcIm+4UZgN1VI41BgJ5zczf3OEyrNE/lgpikGMR1JHnFGjZVa7UG15tbdBcg68QpSgwLNQfWrP0xYFqM0TFCte56bmiCnynAmcFbpZxpTyiZ0hD1LJY1RB/ni0Bm5sMqQRImyJQ1ZqL8nchprPY1D2xlTM9ar3lz8z+tlJroJci7TzKBky0VRJohJyPxrMuQKmRFTSyhT3N5K2JgqyozNpmJD8FZfXiftq7rn1r2WW2vcFnGU4QzO4RI8uIYG3EMTfGCA8Ayv8OY8Oi/Ou/OxbC05xcwp/IHz+QOxcYzW</latexit>

H
<latexit sha1_base64="F0ndkRFiHMACnNvAGHXwZHm71hQ=">AAAB6HicbZC7SwNBEMbnfMb4ilraLAbBKtzZaCMGbVImYB6QHGFvM5es2ds7dveEcATsbSwUsfWfsbfzv3HzKDTxg4Uf3zfDzkyQCK6N6347K6tr6xubua389s7u3n7h4LCh41QxrLNYxKoVUI2CS6wbbgS2EoU0CgQ2g+HtJG8+oNI8lndmlKAf0b7kIWfUWKtW6RaKbsmdiiyDN4fi9Wf+6hEAqt3CV6cXszRCaZigWrc9NzF+RpXhTOA430k1JpQNaR/bFiWNUPvZdNAxObVOj4Sxsk8aMnV/d2Q00noUBbYyomagF7OJ+V/WTk146WdcJqlByWYfhakgJiaTrUmPK2RGjCxQpridlbABVZQZe5u8PYK3uPIyNM5Lnlvyam6xfAMz5eAYTuAMPLiAMlSgCnVggPAEL/Dq3DvPzpvzPitdceY9R/BHzscPC4COlQ==</latexit><latexit sha1_base64="FAlAosIQa5DYsJs20oqD86uLjs4=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8UgWIVdG23EoE3KBMwFkiXMTs4mY2Znl5lZISx5AhsLRWz1YextxLdxcik08YeBj/8/hznnBAlnSrvut5VbWV1b38hv2lvbO7t7hf2DhopTSbFOYx7LVkAUciawrpnm2Eokkijg2AyGN5O8eY9SsVjc6lGCfkT6goWMEm2sWqVbKLoldypnGbw5FK8+7Mvk/cuudgufnV5M0wiFppwo1fbcRPsZkZpRjmO7kypMCB2SPrYNChKh8rPpoGPnxDg9J4yleUI7U/d3R0YipUZRYCojogdqMZuY/2XtVIcXfsZEkmoUdPZRmHJHx85ka6fHJFLNRwYIlczM6tABkYRqcxvbHMFbXHkZGmclzy15NbdYvoaZ8nAEx3AKHpxDGSpQhTpQQHiAJ3i27qxH68V6nZXmrHnPIfyR9fYD/QCQCQ==</latexit><latexit sha1_base64="FAlAosIQa5DYsJs20oqD86uLjs4=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8UgWIVdG23EoE3KBMwFkiXMTs4mY2Znl5lZISx5AhsLRWz1YextxLdxcik08YeBj/8/hznnBAlnSrvut5VbWV1b38hv2lvbO7t7hf2DhopTSbFOYx7LVkAUciawrpnm2Eokkijg2AyGN5O8eY9SsVjc6lGCfkT6goWMEm2sWqVbKLoldypnGbw5FK8+7Mvk/cuudgufnV5M0wiFppwo1fbcRPsZkZpRjmO7kypMCB2SPrYNChKh8rPpoGPnxDg9J4yleUI7U/d3R0YipUZRYCojogdqMZuY/2XtVIcXfsZEkmoUdPZRmHJHx85ka6fHJFLNRwYIlczM6tABkYRqcxvbHMFbXHkZGmclzy15NbdYvoaZ8nAEx3AKHpxDGSpQhTpQQHiAJ3i27qxH68V6nZXmrHnPIfyR9fYD/QCQCQ==</latexit><latexit sha1_base64="tDL0KQj7rKPwqwJH9dydiNL0U6A=">AAAB6HicbVA9TwJBEJ3DL8Qv1NJmIzGxInc2UhJtKCGRjwQuZG+Zg5W9vcvungm58AtsLDTG1p9k579xgSsUfMkkL+/NZGZekAiujet+O4Wt7Z3dveJ+6eDw6PikfHrW0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8H0fuF3n1BpHssHM0vQj+hY8pAzaqzUagzLFbfqLkE2iZeTCuRoDstfg1HM0gilYYJq3ffcxPgZVYYzgfPSINWYUDalY+xbKmmE2s+Wh87JlVVGJIyVLWnIUv09kdFI61kU2M6Imole9xbif14/NWHNz7hMUoOSrRaFqSAmJouvyYgrZEbMLKFMcXsrYROqKDM2m5INwVt/eZN0bqqeW/VabqV+l8dRhAu4hGvw4Bbq0IAmtIEBwjO8wpvz6Lw4787HqrXg5DPn8AfO5w+cOYzI</latexit>



However, this is not the case because of the color conservations… Although we illustrate this for virtual 
contributions, it is clear that this is the feature  of real-emission diagrams as well. 

Tr [T a] = 0
<latexit sha1_base64="XHU9wgdroi7XWMHL5CoQpD3RxxA=">AAACC3icbVC7SgNREJ31bXxFLQUZIoJV2LXRRhFsLBUSDWTXcPfmbnLx7oN7Z4WwpLfxA+z8AhsLRWz9ATv/xptHodEDA4dzZpiZE2ZKGnLdL2dqemZ2bn5hsbS0vLK6Vl7fuDRprrmo81SluhEyI5RMRJ0kKdHItGBxqMRVeHM68K9uhTYyTWrUy0QQs04iI8kZWalVrhS+jrGm++grERE2sXbNEH0tO13CAI/QbZV33Ko7BP4l3pjsnGw/PDwCwHmr/Om3U57HIiGumDFNz80oKJgmyZXol/zciIzxG9YRTUsTFgsTFMNf+rhrlTZGqbaVEA7VnxMFi43pxaHtjBl1zaQ3EP/zmjlFh0EhkywnkfDRoihXSCkOgsG21IKT6lnCuJb2VuRdphknG1/JhuBNvvyXXO5XPbfqXdg0jmGEBdiCCuyBBwdwAmdwDnXgcAdP8AKvzr3z7Lw576PWKWc8swm/4Hx8A4nbmvk=</latexit><latexit sha1_base64="XhH4pRgMCCuL2rYnbryKICpdsok=">AAACC3icbVDJSgNBEO1xjXGLehSkSBA8hRkvelECXjxGyAaZMfR0epImPQvdNUIYcvfiB+hHePGgiFd/wJt/Y2c5aOKDgsd7VVTV8xMpNNr2t7W0vLK6tp7byG9ube/sFvb2GzpOFeN1FstYtXyquRQRr6NAyVuJ4jT0JW/6g6ux37zjSos4quEw4V5Ie5EIBKNopE6hmLkqhJoagSt5gNCG2i0FcJXo9RE8uAC7UyjZZXsCWCTOjJQqR49jPFU7hS+3G7M05BEySbVuO3aCXkYVCib5KO+mmieUDWiPtw2NaMi1l01+GcGxUboQxMpUhDBRf09kNNR6GPqmM6TY1/PeWPzPa6cYnHuZiJIUecSmi4JUAsYwDga6QnGGcmgIZUqYW4H1qaIMTXx5E4Iz//IiaZyWHbvs3Jg0LskUOXJIiuSEOOSMVMg1qZI6YeSePJNX8mY9WC/Wu/UxbV2yZjMH5A+szx/nGJy+</latexit><latexit sha1_base64="XhH4pRgMCCuL2rYnbryKICpdsok=">AAACC3icbVDJSgNBEO1xjXGLehSkSBA8hRkvelECXjxGyAaZMfR0epImPQvdNUIYcvfiB+hHePGgiFd/wJt/Y2c5aOKDgsd7VVTV8xMpNNr2t7W0vLK6tp7byG9ube/sFvb2GzpOFeN1FstYtXyquRQRr6NAyVuJ4jT0JW/6g6ux37zjSos4quEw4V5Ie5EIBKNopE6hmLkqhJoagSt5gNCG2i0FcJXo9RE8uAC7UyjZZXsCWCTOjJQqR49jPFU7hS+3G7M05BEySbVuO3aCXkYVCib5KO+mmieUDWiPtw2NaMi1l01+GcGxUboQxMpUhDBRf09kNNR6GPqmM6TY1/PeWPzPa6cYnHuZiJIUecSmi4JUAsYwDga6QnGGcmgIZUqYW4H1qaIMTXx5E4Iz//IiaZyWHbvs3Jg0LskUOXJIiuSEOOSMVMg1qZI6YeSePJNX8mY9WC/Wu/UxbV2yZjMH5A+szx/nGJy+</latexit><latexit sha1_base64="wWAGekHaj+CBmuoffb3FUrkmiOo=">AAACC3icbVC7SgNBFJ2Nrxhfq5Y2lwTBKuzaaKMEbCwj5AXZNcxOZpMhsw9m7gphSW/jr9hYKGLrD9j5N04ehSYeuHA4517uvSdIpdDoON9WYW19Y3OruF3a2d3bP7APj1o6yRTjTZbIRHUCqrkUMW+iQMk7qeI0CiRvB6Obqd9+4EqLJG7gOOV+RAexCAWjaKSeXc49FUFDTcCTPEToQuOeAnhKDIYIPlyB07MrTtWZAVaJuyAVskC9Z395/YRlEY+RSap113VS9HOqUDDJJyUv0zylbEQHvGtoTCOu/Xz2ywROjdKHMFGmYoSZ+nsip5HW4ygwnRHFoV72puJ/XjfD8NLPRZxmyGM2XxRmEjCBaTDQF4ozlGNDKFPC3ApsSBVlaOIrmRDc5ZdXSeu86jpV986p1K4XcRTJCSmTM+KSC1Ijt6ROmoSRR/JMXsmb9WS9WO/Wx7y1YC1mjskfWJ8/lgmYyQ==</latexit>

�16Non-factorizable contributions

= 0
<latexit sha1_base64="jaHi2xBNwJ2axfQzKGoyJl1ahAg=">AAAB6XicbZDLSgMxFIbP1Fsdb1WXboJFcFUybnRTLLpxWcVeoB1KJs20oZnMkGSEMhR8ADcuFHHrw7h359uYdrrQ1h8CH/9/DjnnBIng2mD87RRWVtfWN4qb7tb2zu5eaf+gqeNUUdagsYhVOyCaCS5Zw3AjWDtRjESBYK1gdD3NWw9MaR7LezNOmB+RgeQhp8RY666Ke6UyruCZ0DJ4cyhffrrVRwCo90pf3X5M04hJQwXRuuPhxPgZUYZTwSZuN9UsIXREBqxjUZKIaT+bTTpBJ9bpozBW9kmDZu7vjoxEWo+jwFZGxAz1YjY1/8s6qQkv/IzLJDVM0vyjMBXIxGi6NupzxagRYwuEKm5nRXRIFKHGHse1R/AWV16G5lnFwxXvFpdrV5CrCEdwDKfgwTnU4Abq0AAKITzBC7w6I+fZeXPe89KCM+85hD9yPn4AaLWOxA==</latexit><latexit sha1_base64="3V9ZcuXg4Izl3ZVRE4VGa94dWLI=">AAAB6XicbZDLSgMxFIbP1Fsdb1WXboJFcFUybuymWHTjsoq9QDuUTJppQzOZIckIZegbuHGhiNs+jHs34tuYXhba+kPg4//PIeecIBFcG4y/ndza+sbmVn7b3dnd2z8oHB41dJwqyuo0FrFqBUQzwSWrG24EayWKkSgQrBkMb6Z585EpzWP5YEYJ8yPSlzzklBhr3Vdwt1DEJTwTWgVvAcWrD7eSTL7cWrfw2enFNI2YNFQQrdseToyfEWU4FWzsdlLNEkKHpM/aFiWJmPaz2aRjdGadHgpjZZ80aOb+7shIpPUoCmxlRMxAL2dT87+snZqw7GdcJqlhks4/ClOBTIyma6MeV4waMbJAqOJ2VkQHRBFq7HFcewRveeVVaFyUPFzy7nCxeg1z5eEETuEcPLiEKtxCDepAIYQneIFXZ+g8O2/O+7w05yx6juGPnMkPWkSQOA==</latexit><latexit sha1_base64="3V9ZcuXg4Izl3ZVRE4VGa94dWLI=">AAAB6XicbZDLSgMxFIbP1Fsdb1WXboJFcFUybuymWHTjsoq9QDuUTJppQzOZIckIZegbuHGhiNs+jHs34tuYXhba+kPg4//PIeecIBFcG4y/ndza+sbmVn7b3dnd2z8oHB41dJwqyuo0FrFqBUQzwSWrG24EayWKkSgQrBkMb6Z585EpzWP5YEYJ8yPSlzzklBhr3Vdwt1DEJTwTWgVvAcWrD7eSTL7cWrfw2enFNI2YNFQQrdseToyfEWU4FWzsdlLNEkKHpM/aFiWJmPaz2aRjdGadHgpjZZ80aOb+7shIpPUoCmxlRMxAL2dT87+snZqw7GdcJqlhks4/ClOBTIyma6MeV4waMbJAqOJ2VkQHRBFq7HFcewRveeVVaFyUPFzy7nCxeg1z5eEETuEcPLiEKtxCDepAIYQneIFXZ+g8O2/O+7w05yx6juGPnMkPWkSQOA==</latexit><latexit sha1_base64="n7V63R+TsgADfBMVGzSeLWWgf3M=">AAAB6XicbVA9SwNBEJ2LXzF+RS1tFoNgFfZstBGCNpZRzAckR9jb7CVL9vaO3TkhhPwDGwtFbP1Hdv4bN8kVmvhg4PHeDDPzwlRJi5R+e4W19Y3NreJ2aWd3b/+gfHjUtElmuGjwRCWmHTIrlNSigRKVaKdGsDhUohWObmd+60kYKxP9iONUBDEbaBlJztBJD9e0V67QKp2DrBI/JxXIUe+Vv7r9hGex0MgVs7bj0xSDCTMouRLTUjezImV8xAai46hmsbDBZH7plJw5pU+ixLjSSObq74kJi60dx6HrjBkO7bI3E//zOhlGV8FE6jRDofliUZQpggmZvU360giOauwI40a6WwkfMsM4unBKLgR/+eVV0ryo+rTq39NK7SaPowgncArn4MMl1OAO6tAADhE8wyu8eSPvxXv3PhatBS+fOYY/8D5/APlujPc=</latexit>

g
<latexit sha1_base64="6CZoLmchak7PeUGdbOiCR035cyo=">AAAB6HicbVDLSgNBEOyNrxhfUY96GAyCp7DrJR6DXjwmYB6QLGF20puMmZ1dZmaFsOQLvHhQxKtf4Xd48+anOHkcNLGgoajqprsrSATXxnW/nNza+sbmVn67sLO7t39QPDxq6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0M/VbD6g0j+WdGSfoR3QgecgZNVaqD3rFklt2ZyCrxFuQUvX0o/4NALVe8bPbj1kaoTRMUK07npsYP6PKcCZwUuimGhPKRnSAHUsljVD72ezQCTm3Sp+EsbIlDZmpvycyGmk9jgLbGVEz1MveVPzP66QmvPIzLpPUoGTzRWEqiInJ9GvS5wqZEWNLKFPc3krYkCrKjM2mYEPwll9eJc3LsueWvbpN4xrmyMMJnMEFeFCBKtxCDRrAAOERnuHFuXeenFfnbd6acxYzx/AHzvsP2y+PLA==</latexit><latexit sha1_base64="QYiVIz1HWeqSAcfYlxshn5OrYrE=">AAAB6HicbVDLSgNBEOyNrxhfUY+KDAbBU9j1osegF48JmAckS5iddJIxs7PLzKwQlhw9efGgiFe/It/hzW/wJ5w8DppY0FBUddPdFcSCa+O6X05mZXVtfSO7mdva3tndy+8f1HSUKIZVFolINQKqUXCJVcONwEaskIaBwHowuJn49QdUmkfyzgxj9EPak7zLGTVWqvTa+YJbdKcgy8Sbk0LpeFz5fjwZl9v5z1YnYkmI0jBBtW56bmz8lCrDmcBRrpVojCkb0B42LZU0RO2n00NH5MwqHdKNlC1pyFT9PZHSUOthGNjOkJq+XvQm4n9eMzHdKz/lMk4MSjZb1E0EMRGZfE06XCEzYmgJZYrbWwnrU0WZsdnkbAje4svLpHZR9NyiV7FpXMMMWTiCUzgHDy6hBLdQhiowQHiCF3h17p1n5815n7VmnPnMIfyB8/EDuXSQkg==</latexit><latexit sha1_base64="QYiVIz1HWeqSAcfYlxshn5OrYrE=">AAAB6HicbVDLSgNBEOyNrxhfUY+KDAbBU9j1osegF48JmAckS5iddJIxs7PLzKwQlhw9efGgiFe/It/hzW/wJ5w8DppY0FBUddPdFcSCa+O6X05mZXVtfSO7mdva3tndy+8f1HSUKIZVFolINQKqUXCJVcONwEaskIaBwHowuJn49QdUmkfyzgxj9EPak7zLGTVWqvTa+YJbdKcgy8Sbk0LpeFz5fjwZl9v5z1YnYkmI0jBBtW56bmz8lCrDmcBRrpVojCkb0B42LZU0RO2n00NH5MwqHdKNlC1pyFT9PZHSUOthGNjOkJq+XvQm4n9eMzHdKz/lMk4MSjZb1E0EMRGZfE06XCEzYmgJZYrbWwnrU0WZsdnkbAje4svLpHZR9NyiV7FpXMMMWTiCUzgHDy6hBLdQhiowQHiCF3h17p1n5815n7VmnPnMIfyB8/EDuXSQkg==</latexit><latexit sha1_base64="/PJ7Z1iFzXuG81L8a5C962ANKKY=">AAAB6HicbVBNT8JAEJ3iF+IX6tHLRmLiibRe9Ej04hESCyTQkO0yhZXtttndmpCGX+DFg8Z49Sd589+4QA8KvmSSl/dmMjMvTAXXxnW/ndLG5tb2Tnm3srd/cHhUPT5p6yRTDH2WiER1Q6pRcIm+4UZgN1VI41BgJ5zczf3OEyrNE/lgpikGMR1JHnFGjZVao0G15tbdBcg68QpSgwLNQfWrP0xYFqM0TFCte56bmiCnynAmcFbpZxpTyiZ0hD1LJY1RB/ni0Bm5sMqQRImyJQ1ZqL8nchprPY1D2xlTM9ar3lz8z+tlJroJci7TzKBky0VRJohJyPxrMuQKmRFTSyhT3N5K2JgqyozNpmJD8FZfXiftq7rn1r2WW2vcFnGU4QzO4RI8uIYG3EMTfGCA8Ayv8OY8Oi/Ou/OxbC05xcwp/IHz+QPLNYzn</latexit>

V
<latexit sha1_base64="VhmoshLrlAeH741qcsocHS+LHDE=">AAAB6HicbZC7SwNBEMbn4ivGV9TSZjEIVuHORhsxaGOZgHlAcoS9zVyyZm/v2N0TwhGwt7FQxNZ/xt7O/8bNo9DEDxZ+fN8MOzNBIrg2rvvt5FZW19Y38puFre2d3b3i/kFDx6liWGexiFUroBoFl1g33AhsJQppFAhsBsObSd58QKV5LO/MKEE/on3JQ86osVat0S2W3LI7FVkGbw6lq8/C5SMAVLvFr04vZmmE0jBBtW57bmL8jCrDmcBxoZNqTCgb0j62LUoaofaz6aBjcmKdHgljZZ80ZOr+7shopPUoCmxlRM1AL2YT87+snZrwws+4TFKDks0+ClNBTEwmW5MeV8iMGFmgTHE7K2EDqigz9jYFewRvceVlaJyVPbfs1dxS5RpmysMRHMMpeHAOFbiFKtSBAcITvMCrc+88O2/O+6w058x7DuGPnI8fILiOow==</latexit><latexit sha1_base64="Nxheu69uMqdDkPok5Y7OkJTNTNk=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2cjYZMzu7zMwKYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSATXxvO+naXlldW19dyGu7m1vbOb39uv6ThVDKssFrFqBFSj4BKrhhuBjUQhjQKB9WBwPc7r96g0j+WtGSbYjmhP8pAzaqxVqXXyBa/oTUQWwZ9B4fLDvUjev9xyJ//Z6sYsjVAaJqjWTd9LTDujynAmcOS2Uo0JZQPaw6ZFSSPU7Wwy6IgcW6dLwljZJw2ZuL87MhppPYwCWxlR09fz2dj8L2umJjxvZ1wmqUHJph+FqSAmJuOtSZcrZEYMLVCmuJ2VsD5VlBl7G9cewZ9feRFqp0XfK/oVr1C6gqlycAhHcAI+nEEJbqAMVWCA8ABP8OzcOY/Oi/M6LV1yZj0H8EfO2w8SR5AX</latexit><latexit sha1_base64="Nxheu69uMqdDkPok5Y7OkJTNTNk=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2cjYZMzu7zMwKYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSATXxvO+naXlldW19dyGu7m1vbOb39uv6ThVDKssFrFqBFSj4BKrhhuBjUQhjQKB9WBwPc7r96g0j+WtGSbYjmhP8pAzaqxVqXXyBa/oTUQWwZ9B4fLDvUjev9xyJ//Z6sYsjVAaJqjWTd9LTDujynAmcOS2Uo0JZQPaw6ZFSSPU7Wwy6IgcW6dLwljZJw2ZuL87MhppPYwCWxlR09fz2dj8L2umJjxvZ1wmqUHJph+FqSAmJuOtSZcrZEYMLVCmuJ2VsD5VlBl7G9cewZ9feRFqp0XfK/oVr1C6gqlycAhHcAI+nEEJbqAMVWCA8ABP8OzcOY/Oi/M6LV1yZj0H8EfO2w8SR5AX</latexit><latexit sha1_base64="bK4AoZpVsNJfGdmb/OozznVIG0w=">AAAB6HicbVBNT8JAEJ3iF+IX6tHLRmLiibRe9Ej04hESCyTQkO0yhZXtttndmpCGX+DFg8Z49Sd589+4QA8KvmSSl/dmMjMvTAXXxnW/ndLG5tb2Tnm3srd/cHhUPT5p6yRTDH2WiER1Q6pRcIm+4UZgN1VI41BgJ5zczf3OEyrNE/lgpikGMR1JHnFGjZVa7UG15tbdBcg68QpSgwLNQfWrP0xYFqM0TFCte56bmiCnynAmcFbpZxpTyiZ0hD1LJY1RB/ni0Bm5sMqQRImyJQ1ZqL8nchprPY1D2xlTM9ar3lz8z+tlJroJci7TzKBky0VRJohJyPxrMuQKmRFTSyhT3N5K2JgqyozNpmJD8FZfXiftq7rn1r2WW2vcFnGU4QzO4RI8uIYG3EMTfGCA8Ayv8OY8Oi/Ou/OxbC05xcwp/IHz+QOxcYzW</latexit>

V
<latexit sha1_base64="VhmoshLrlAeH741qcsocHS+LHDE=">AAAB6HicbZC7SwNBEMbn4ivGV9TSZjEIVuHORhsxaGOZgHlAcoS9zVyyZm/v2N0TwhGwt7FQxNZ/xt7O/8bNo9DEDxZ+fN8MOzNBIrg2rvvt5FZW19Y38puFre2d3b3i/kFDx6liWGexiFUroBoFl1g33AhsJQppFAhsBsObSd58QKV5LO/MKEE/on3JQ86osVat0S2W3LI7FVkGbw6lq8/C5SMAVLvFr04vZmmE0jBBtW57bmL8jCrDmcBxoZNqTCgb0j62LUoaofaz6aBjcmKdHgljZZ80ZOr+7shopPUoCmxlRM1AL2YT87+snZrwws+4TFKDks0+ClNBTEwmW5MeV8iMGFmgTHE7K2EDqigz9jYFewRvceVlaJyVPbfs1dxS5RpmysMRHMMpeHAOFbiFKtSBAcITvMCrc+88O2/O+6w058x7DuGPnI8fILiOow==</latexit><latexit sha1_base64="Nxheu69uMqdDkPok5Y7OkJTNTNk=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2cjYZMzu7zMwKYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSATXxvO+naXlldW19dyGu7m1vbOb39uv6ThVDKssFrFqBFSj4BKrhhuBjUQhjQKB9WBwPc7r96g0j+WtGSbYjmhP8pAzaqxVqXXyBa/oTUQWwZ9B4fLDvUjev9xyJ//Z6sYsjVAaJqjWTd9LTDujynAmcOS2Uo0JZQPaw6ZFSSPU7Wwy6IgcW6dLwljZJw2ZuL87MhppPYwCWxlR09fz2dj8L2umJjxvZ1wmqUHJph+FqSAmJuOtSZcrZEYMLVCmuJ2VsD5VlBl7G9cewZ9feRFqp0XfK/oVr1C6gqlycAhHcAI+nEEJbqAMVWCA8ABP8OzcOY/Oi/M6LV1yZj0H8EfO2w8SR5AX</latexit><latexit sha1_base64="Nxheu69uMqdDkPok5Y7OkJTNTNk=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2cjYZMzu7zMwKYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSATXxvO+naXlldW19dyGu7m1vbOb39uv6ThVDKssFrFqBFSj4BKrhhuBjUQhjQKB9WBwPc7r96g0j+WtGSbYjmhP8pAzaqxVqXXyBa/oTUQWwZ9B4fLDvUjev9xyJ//Z6sYsjVAaJqjWTd9LTDujynAmcOS2Uo0JZQPaw6ZFSSPU7Wwy6IgcW6dLwljZJw2ZuL87MhppPYwCWxlR09fz2dj8L2umJjxvZ1wmqUHJph+FqSAmJuOtSZcrZEYMLVCmuJ2VsD5VlBl7G9cewZ9feRFqp0XfK/oVr1C6gqlycAhHcAI+nEEJbqAMVWCA8ABP8OzcOY/Oi/M6LV1yZj0H8EfO2w8SR5AX</latexit><latexit sha1_base64="bK4AoZpVsNJfGdmb/OozznVIG0w=">AAAB6HicbVBNT8JAEJ3iF+IX6tHLRmLiibRe9Ej04hESCyTQkO0yhZXtttndmpCGX+DFg8Z49Sd589+4QA8KvmSSl/dmMjMvTAXXxnW/ndLG5tb2Tnm3srd/cHhUPT5p6yRTDH2WiER1Q6pRcIm+4UZgN1VI41BgJ5zczf3OEyrNE/lgpikGMR1JHnFGjZVa7UG15tbdBcg68QpSgwLNQfWrP0xYFqM0TFCte56bmiCnynAmcFbpZxpTyiZ0hD1LJY1RB/ni0Bm5sMqQRImyJQ1ZqL8nchprPY1D2xlTM9ar3lz8z+tlJroJci7TzKBky0VRJohJyPxrMuQKmRFTSyhT3N5K2JgqyozNpmJD8FZfXiftq7rn1r2WW2vcFnGU4QzO4RI8uIYG3EMTfGCA8Ayv8OY8Oi/Ou/OxbC05xcwp/IHz+QOxcYzW</latexit>

The color trace



At two loops, the situation changes.  If  the  two gluons exchanged between the quark lines are in the color-
singlet state, the non-factorizable contribution is non-vanishing.  However, it is color-suppressed relative to 
factorizable contributions. 
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<latexit sha1_base64="aEMQ6MfiFm/RhXz/rG9yYSZLPS8="></latexit><latexit sha1_base64="XV4vbUQPMDwgqBVkSuxWcSNicP8="></latexit><latexit sha1_base64="XV4vbUQPMDwgqBVkSuxWcSNicP8="></latexit><latexit sha1_base64="9jlJBDtX6WR6uVU0M5ZRmvPLrGk="></latexit>

These estimates suggest that  non-factorizable contributions are about  1%. However, it was also argued  that 
these contributions are  further suppressed  because because they are kinematically disfavoured. As we will 
see, this feature is quite subtle. 

�17Non-factorizable contributions

6= 0
<latexit sha1_base64="X1rhPW4q9Ri7vIASZEJVW9XNcx4=">AAAB7HicbVDLSgNBEOyNrxhfUY96GAyCp7DrJR5DvHiM4CaBZAmzk95kyOzsMjMrhCXf4MWDIl79Br/Dm3/j5HHQxIKGoqqb7q4wFVwb1/12ChubW9s7xd3S3v7B4VH5+KSlk0wx9FkiEtUJqUbBJfqGG4GdVCGNQ4HtcHw789uPqDRP5IOZpBjEdCh5xBk1VvJ7EonbL1fcqjsHWSfeklTq558NAgDNfvmrN0hYFqM0TFCtu56bmiCnynAmcFrqZRpTysZ0iF1LJY1RB/n82Cm5tMqARImyJQ2Zq78nchprPYlD2xlTM9Kr3kz8z+tmJroJci7TzKBki0VRJohJyOxzMuAKmRETSyhT3N5K2IgqyozNp2RD8FZfXiet66rnVr17m0YDFijCGVzAFXhQgzrcQRN8YMDhCV7g1ZHOs/PmvC9aC85y5hT+wPn4AQS2j50=</latexit><latexit sha1_base64="HXYM2HK8r5M0kaZzZNYx8XknXac=">AAAB7HicbVA9SwNBEJ2LXzFqjFpqsRgEq3Bno2WIjWUELwkkR9jbTJIle3vH7p4QjvwGGwtFbP0N/g47/4mFhZuPQhMfDDzem2FmXpgIro3rfjq5tfWNza38dmFnd6+4Xzo4bOg4VQx9FotYtUKqUXCJvuFGYCtRSKNQYDMcXU/95j0qzWN5Z8YJBhEdSN7njBor+R2JxO2Wym7FnYGsEm9BytWT95r7/VWsd0sfnV7M0gilYYJq3fbcxAQZVYYzgZNCJ9WYUDaiA2xbKmmEOshmx07ImVV6pB8rW9KQmfp7IqOR1uMotJ0RNUO97E3F/7x2avpXQcZlkhqUbL6onwpiYjL9nPS4QmbE2BLKFLe3EjakijJj8ynYELzll1dJ46LiuRXv1qZRgznycAyncA4eXEIVbqAOPjDg8ABP8OxI59F5cV7nrTlnMXMEf+C8/QDJ7pGv</latexit><latexit sha1_base64="HXYM2HK8r5M0kaZzZNYx8XknXac=">AAAB7HicbVA9SwNBEJ2LXzFqjFpqsRgEq3Bno2WIjWUELwkkR9jbTJIle3vH7p4QjvwGGwtFbP0N/g47/4mFhZuPQhMfDDzem2FmXpgIro3rfjq5tfWNza38dmFnd6+4Xzo4bOg4VQx9FotYtUKqUXCJvuFGYCtRSKNQYDMcXU/95j0qzWN5Z8YJBhEdSN7njBor+R2JxO2Wym7FnYGsEm9BytWT95r7/VWsd0sfnV7M0gilYYJq3fbcxAQZVYYzgZNCJ9WYUDaiA2xbKmmEOshmx07ImVV6pB8rW9KQmfp7IqOR1uMotJ0RNUO97E3F/7x2avpXQcZlkhqUbL6onwpiYjL9nPS4QmbE2BLKFLe3EjakijJj8ynYELzll1dJ46LiuRXv1qZRgznycAyncA4eXEIVbqAOPjDg8ABP8OxI59F5cV7nrTlnMXMEf+C8/QDJ7pGv</latexit><latexit sha1_base64="BqhG8PsaNbebf1SYYivtWClS7Gk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmIzGxIns2WhJtLDHxgAQuZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvyqQwltJvr7SxubW9U96t7O0fHB5Vj09aJs01x4CnMtWdiBmUQmFghZXYyTSyJJLYjsZ3c7/9hNqIVD3aSYZhwoZKxIIz66Sgp5DQfrVG63QBsk78gtSgQLNf/eoNUp4nqCyXzJiuTzMbTpm2gkucVXq5wYzxMRti11HFEjThdHHsjFw4ZUDiVLtSlizU3xNTlhgzSSLXmTA7MqveXPzP6+Y2vgmnQmW5RcWXi+JcEpuS+edkIDRyKyeOMK6Fu5XwEdOMW5dPxYXgr768TlpXdZ/W/Qdaa9wWcZThDM7hEny4hgbcQxMC4CDgGV7hzVPei/fufSxbS14xcwp/4H3+AAsCjic=</latexit>
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It is important to scrutinize these claims and to estimate the non-factorizable contributions in a convincing 
manner (we really do not have much experience with them). 

Since such corrections are a part  of a NNLO computation, understanding them  at a fully-differential level 
requires us to compute the double-virtual, real-virtual and double-real contributions. It is clear that the 
double-real and the real-virtual contributions can be managed since they are at most one-loop 
computations supplemented with NNLO subtraction schemes. 

The double-virtual non-factorizable corrections are a problem since they require a two-loop five-point 
function with internal (the Higgs) and external (the weak bosons) masses.  It is impossible to compute such 
complicated diagrams/amplitudes with the existing  technology. 

�18Non-factorizable contributions
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However, the weak boson fusion  kinematics is particular. 

Indeed,  we have two jets flying in the opposite directions with  relatively small transverse momenta and 
very high energies.  We also have rapidity gap between the jets and between the jets and the Higgs. In other 
words, jets are energetic and forward and all (jet and Higgs) transverse momenta are comparable and 
(fairly) small.  

Is it possible to construct an expansion of the virtual amplitudes taking into account the smallness of  
transverse momenta relative to energies  of projectiles?  

�19Non-factorizable contributions

g
<latexit sha1_base64="6CZoLmchak7PeUGdbOiCR035cyo=">AAAB6HicbVDLSgNBEOyNrxhfUY96GAyCp7DrJR6DXjwmYB6QLGF20puMmZ1dZmaFsOQLvHhQxKtf4Xd48+anOHkcNLGgoajqprsrSATXxnW/nNza+sbmVn67sLO7t39QPDxq6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0M/VbD6g0j+WdGSfoR3QgecgZNVaqD3rFklt2ZyCrxFuQUvX0o/4NALVe8bPbj1kaoTRMUK07npsYP6PKcCZwUuimGhPKRnSAHUsljVD72ezQCTm3Sp+EsbIlDZmpvycyGmk9jgLbGVEz1MveVPzP66QmvPIzLpPUoGTzRWEqiInJ9GvS5wqZEWNLKFPc3krYkCrKjM2mYEPwll9eJc3LsueWvbpN4xrmyMMJnMEFeFCBKtxCDRrAAOERnuHFuXeenFfnbd6acxYzx/AHzvsP2y+PLA==</latexit><latexit sha1_base64="QYiVIz1HWeqSAcfYlxshn5OrYrE=">AAAB6HicbVDLSgNBEOyNrxhfUY+KDAbBU9j1osegF48JmAckS5iddJIxs7PLzKwQlhw9efGgiFe/It/hzW/wJ5w8DppY0FBUddPdFcSCa+O6X05mZXVtfSO7mdva3tndy+8f1HSUKIZVFolINQKqUXCJVcONwEaskIaBwHowuJn49QdUmkfyzgxj9EPak7zLGTVWqvTa+YJbdKcgy8Sbk0LpeFz5fjwZl9v5z1YnYkmI0jBBtW56bmz8lCrDmcBRrpVojCkb0B42LZU0RO2n00NH5MwqHdKNlC1pyFT9PZHSUOthGNjOkJq+XvQm4n9eMzHdKz/lMk4MSjZb1E0EMRGZfE06XCEzYmgJZYrbWwnrU0WZsdnkbAje4svLpHZR9NyiV7FpXMMMWTiCUzgHDy6hBLdQhiowQHiCF3h17p1n5815n7VmnPnMIfyB8/EDuXSQkg==</latexit><latexit sha1_base64="QYiVIz1HWeqSAcfYlxshn5OrYrE=">AAAB6HicbVDLSgNBEOyNrxhfUY+KDAbBU9j1osegF48JmAckS5iddJIxs7PLzKwQlhw9efGgiFe/It/hzW/wJ5w8DppY0FBUddPdFcSCa+O6X05mZXVtfSO7mdva3tndy+8f1HSUKIZVFolINQKqUXCJVcONwEaskIaBwHowuJn49QdUmkfyzgxj9EPak7zLGTVWqvTa+YJbdKcgy8Sbk0LpeFz5fjwZl9v5z1YnYkmI0jBBtW56bmz8lCrDmcBRrpVojCkb0B42LZU0RO2n00NH5MwqHdKNlC1pyFT9PZHSUOthGNjOkJq+XvQm4n9eMzHdKz/lMk4MSjZb1E0EMRGZfE06XCEzYmgJZYrbWwnrU0WZsdnkbAje4svLpHZR9NyiV7FpXMMMWTiCUzgHDy6hBLdQhiowQHiCF3h17p1n5815n7VmnPnMIfyB8/EDuXSQkg==</latexit><latexit sha1_base64="/PJ7Z1iFzXuG81L8a5C962ANKKY=">AAAB6HicbVBNT8JAEJ3iF+IX6tHLRmLiibRe9Ej04hESCyTQkO0yhZXtttndmpCGX+DFg8Z49Sd589+4QA8KvmSSl/dmMjMvTAXXxnW/ndLG5tb2Tnm3srd/cHhUPT5p6yRTDH2WiER1Q6pRcIm+4UZgN1VI41BgJ5zczf3OEyrNE/lgpikGMR1JHnFGjZVao0G15tbdBcg68QpSgwLNQfWrP0xYFqM0TFCte56bmiCnynAmcFbpZxpTyiZ0hD1LJY1RB/ni0Bm5sMqQRImyJQ1ZqL8nchprPY1D2xlTM9ar3lz8z+tlJroJci7TzKBky0VRJohJyPxrMuQKmRFTSyhT3N5K2JgqyozNpmJD8FZfXiftq7rn1r2WW2vcFnGU4QzO4RI8uIYG3EMTfGCA8Ayv8OY8Oi/Ou/OxbC05xcwp/IHz+QPLNYzn</latexit>

V
<latexit sha1_base64="VhmoshLrlAeH741qcsocHS+LHDE=">AAAB6HicbZC7SwNBEMbn4ivGV9TSZjEIVuHORhsxaGOZgHlAcoS9zVyyZm/v2N0TwhGwt7FQxNZ/xt7O/8bNo9DEDxZ+fN8MOzNBIrg2rvvt5FZW19Y38puFre2d3b3i/kFDx6liWGexiFUroBoFl1g33AhsJQppFAhsBsObSd58QKV5LO/MKEE/on3JQ86osVat0S2W3LI7FVkGbw6lq8/C5SMAVLvFr04vZmmE0jBBtW57bmL8jCrDmcBxoZNqTCgb0j62LUoaofaz6aBjcmKdHgljZZ80ZOr+7shopPUoCmxlRM1AL2YT87+snZrwws+4TFKDks0+ClNBTEwmW5MeV8iMGFmgTHE7K2EDqigz9jYFewRvceVlaJyVPbfs1dxS5RpmysMRHMMpeHAOFbiFKtSBAcITvMCrc+88O2/O+6w058x7DuGPnI8fILiOow==</latexit><latexit sha1_base64="Nxheu69uMqdDkPok5Y7OkJTNTNk=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2cjYZMzu7zMwKYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSATXxvO+naXlldW19dyGu7m1vbOb39uv6ThVDKssFrFqBFSj4BKrhhuBjUQhjQKB9WBwPc7r96g0j+WtGSbYjmhP8pAzaqxVqXXyBa/oTUQWwZ9B4fLDvUjev9xyJ//Z6sYsjVAaJqjWTd9LTDujynAmcOS2Uo0JZQPaw6ZFSSPU7Wwy6IgcW6dLwljZJw2ZuL87MhppPYwCWxlR09fz2dj8L2umJjxvZ1wmqUHJph+FqSAmJuOtSZcrZEYMLVCmuJ2VsD5VlBl7G9cewZ9feRFqp0XfK/oVr1C6gqlycAhHcAI+nEEJbqAMVWCA8ABP8OzcOY/Oi/M6LV1yZj0H8EfO2w8SR5AX</latexit><latexit sha1_base64="Nxheu69uMqdDkPok5Y7OkJTNTNk=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2cjYZMzu7zMwKYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSATXxvO+naXlldW19dyGu7m1vbOb39uv6ThVDKssFrFqBFSj4BKrhhuBjUQhjQKB9WBwPc7r96g0j+WtGSbYjmhP8pAzaqxVqXXyBa/oTUQWwZ9B4fLDvUjev9xyJ//Z6sYsjVAaJqjWTd9LTDujynAmcOS2Uo0JZQPaw6ZFSSPU7Wwy6IgcW6dLwljZJw2ZuL87MhppPYwCWxlR09fz2dj8L2umJjxvZ1wmqUHJph+FqSAmJuOtSZcrZEYMLVCmuJ2VsD5VlBl7G9cewZ9feRFqp0XfK/oVr1C6gqlycAhHcAI+nEEJbqAMVWCA8ABP8OzcOY/Oi/M6LV1yZj0H8EfO2w8SR5AX</latexit><latexit sha1_base64="bK4AoZpVsNJfGdmb/OozznVIG0w=">AAAB6HicbVBNT8JAEJ3iF+IX6tHLRmLiibRe9Ej04hESCyTQkO0yhZXtttndmpCGX+DFg8Z49Sd589+4QA8KvmSSl/dmMjMvTAXXxnW/ndLG5tb2Tnm3srd/cHhUPT5p6yRTDH2WiER1Q6pRcIm+4UZgN1VI41BgJ5zczf3OEyrNE/lgpikGMR1JHnFGjZVa7UG15tbdBcg68QpSgwLNQfWrP0xYFqM0TFCte56bmiCnynAmcFbpZxpTyiZ0hD1LJY1RB/ni0Bm5sMqQRImyJQ1ZqL8nchprPY1D2xlTM9ar3lz8z+tlJroJci7TzKBky0VRJohJyPxrMuQKmRFTSyhT3N5K2JgqyozNpmJD8FZfXiftq7rn1r2WW2vcFnGU4QzO4RI8uIYG3EMTfGCA8Ayv8OY8Oi/Ou/OxbC05xcwp/IHz+QOxcYzW</latexit>

V
<latexit sha1_base64="VhmoshLrlAeH741qcsocHS+LHDE=">AAAB6HicbZC7SwNBEMbn4ivGV9TSZjEIVuHORhsxaGOZgHlAcoS9zVyyZm/v2N0TwhGwt7FQxNZ/xt7O/8bNo9DEDxZ+fN8MOzNBIrg2rvvt5FZW19Y38puFre2d3b3i/kFDx6liWGexiFUroBoFl1g33AhsJQppFAhsBsObSd58QKV5LO/MKEE/on3JQ86osVat0S2W3LI7FVkGbw6lq8/C5SMAVLvFr04vZmmE0jBBtW57bmL8jCrDmcBxoZNqTCgb0j62LUoaofaz6aBjcmKdHgljZZ80ZOr+7shopPUoCmxlRM1AL2YT87+snZrwws+4TFKDks0+ClNBTEwmW5MeV8iMGFmgTHE7K2EDqigz9jYFewRvceVlaJyVPbfs1dxS5RpmysMRHMMpeHAOFbiFKtSBAcITvMCrc+88O2/O+6w058x7DuGPnI8fILiOow==</latexit><latexit sha1_base64="Nxheu69uMqdDkPok5Y7OkJTNTNk=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2cjYZMzu7zMwKYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSATXxvO+naXlldW19dyGu7m1vbOb39uv6ThVDKssFrFqBFSj4BKrhhuBjUQhjQKB9WBwPc7r96g0j+WtGSbYjmhP8pAzaqxVqXXyBa/oTUQWwZ9B4fLDvUjev9xyJ//Z6sYsjVAaJqjWTd9LTDujynAmcOS2Uo0JZQPaw6ZFSSPU7Wwy6IgcW6dLwljZJw2ZuL87MhppPYwCWxlR09fz2dj8L2umJjxvZ1wmqUHJph+FqSAmJuOtSZcrZEYMLVCmuJ2VsD5VlBl7G9cewZ9feRFqp0XfK/oVr1C6gqlycAhHcAI+nEEJbqAMVWCA8ABP8OzcOY/Oi/M6LV1yZj0H8EfO2w8SR5AX</latexit><latexit sha1_base64="Nxheu69uMqdDkPok5Y7OkJTNTNk=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2cjYZMzu7zMwKYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSATXxvO+naXlldW19dyGu7m1vbOb39uv6ThVDKssFrFqBFSj4BKrhhuBjUQhjQKB9WBwPc7r96g0j+WtGSbYjmhP8pAzaqxVqXXyBa/oTUQWwZ9B4fLDvUjev9xyJ//Z6sYsjVAaJqjWTd9LTDujynAmcOS2Uo0JZQPaw6ZFSSPU7Wwy6IgcW6dLwljZJw2ZuL87MhppPYwCWxlR09fz2dj8L2umJjxvZ1wmqUHJph+FqSAmJuOtSZcrZEYMLVCmuJ2VsD5VlBl7G9cewZ9feRFqp0XfK/oVr1C6gqlycAhHcAI+nEEJbqAMVWCA8ABP8OzcOY/Oi/M6LV1yZj0H8EfO2w8SR5AX</latexit><latexit sha1_base64="bK4AoZpVsNJfGdmb/OozznVIG0w=">AAAB6HicbVBNT8JAEJ3iF+IX6tHLRmLiibRe9Ej04hESCyTQkO0yhZXtttndmpCGX+DFg8Z49Sd589+4QA8KvmSSl/dmMjMvTAXXxnW/ndLG5tb2Tnm3srd/cHhUPT5p6yRTDH2WiER1Q6pRcIm+4UZgN1VI41BgJ5zczf3OEyrNE/lgpikGMR1JHnFGjZVa7UG15tbdBcg68QpSgwLNQfWrP0xYFqM0TFCte56bmiCnynAmcFbpZxpTyiZ0hD1LJY1RB/ni0Bm5sMqQRImyJQ1ZqL8nchprPY1D2xlTM9ar3lz8z+tlJroJci7TzKBky0VRJohJyPxrMuQKmRFTSyhT3N5K2JgqyozNpmJD8FZfXiftq7rn1r2WW2vcFnGU4QzO4RI8uIYG3EMTfGCA8Ayv8OY8Oi/Ou/OxbC05xcwp/IHz+QOxcYzW</latexit>

H
<latexit sha1_base64="F0ndkRFiHMACnNvAGHXwZHm71hQ=">AAAB6HicbZC7SwNBEMbnfMb4ilraLAbBKtzZaCMGbVImYB6QHGFvM5es2ds7dveEcATsbSwUsfWfsbfzv3HzKDTxg4Uf3zfDzkyQCK6N6347K6tr6xubua389s7u3n7h4LCh41QxrLNYxKoVUI2CS6wbbgS2EoU0CgQ2g+HtJG8+oNI8lndmlKAf0b7kIWfUWKtW6RaKbsmdiiyDN4fi9Wf+6hEAqt3CV6cXszRCaZigWrc9NzF+RpXhTOA430k1JpQNaR/bFiWNUPvZdNAxObVOj4Sxsk8aMnV/d2Q00noUBbYyomagF7OJ+V/WTk146WdcJqlByWYfhakgJiaTrUmPK2RGjCxQpridlbABVZQZe5u8PYK3uPIyNM5Lnlvyam6xfAMz5eAYTuAMPLiAMlSgCnVggPAEL/Dq3DvPzpvzPitdceY9R/BHzscPC4COlQ==</latexit><latexit sha1_base64="FAlAosIQa5DYsJs20oqD86uLjs4=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8UgWIVdG23EoE3KBMwFkiXMTs4mY2Znl5lZISx5AhsLRWz1YextxLdxcik08YeBj/8/hznnBAlnSrvut5VbWV1b38hv2lvbO7t7hf2DhopTSbFOYx7LVkAUciawrpnm2Eokkijg2AyGN5O8eY9SsVjc6lGCfkT6goWMEm2sWqVbKLoldypnGbw5FK8+7Mvk/cuudgufnV5M0wiFppwo1fbcRPsZkZpRjmO7kypMCB2SPrYNChKh8rPpoGPnxDg9J4yleUI7U/d3R0YipUZRYCojogdqMZuY/2XtVIcXfsZEkmoUdPZRmHJHx85ka6fHJFLNRwYIlczM6tABkYRqcxvbHMFbXHkZGmclzy15NbdYvoaZ8nAEx3AKHpxDGSpQhTpQQHiAJ3i27qxH68V6nZXmrHnPIfyR9fYD/QCQCQ==</latexit><latexit sha1_base64="FAlAosIQa5DYsJs20oqD86uLjs4=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8UgWIVdG23EoE3KBMwFkiXMTs4mY2Znl5lZISx5AhsLRWz1YextxLdxcik08YeBj/8/hznnBAlnSrvut5VbWV1b38hv2lvbO7t7hf2DhopTSbFOYx7LVkAUciawrpnm2Eokkijg2AyGN5O8eY9SsVjc6lGCfkT6goWMEm2sWqVbKLoldypnGbw5FK8+7Mvk/cuudgufnV5M0wiFppwo1fbcRPsZkZpRjmO7kypMCB2SPrYNChKh8rPpoGPnxDg9J4yleUI7U/d3R0YipUZRYCojogdqMZuY/2XtVIcXfsZEkmoUdPZRmHJHx85ka6fHJFLNRwYIlczM6tABkYRqcxvbHMFbXHkZGmclzy15NbdYvoaZ8nAEx3AKHpxDGSpQhTpQQHiAJ3i27qxH68V6nZXmrHnPIfyR9fYD/QCQCQ==</latexit><latexit sha1_base64="tDL0KQj7rKPwqwJH9dydiNL0U6A=">AAAB6HicbVA9TwJBEJ3DL8Qv1NJmIzGxInc2UhJtKCGRjwQuZG+Zg5W9vcvungm58AtsLDTG1p9k579xgSsUfMkkL+/NZGZekAiujet+O4Wt7Z3dveJ+6eDw6PikfHrW0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8H0fuF3n1BpHssHM0vQj+hY8pAzaqzUagzLFbfqLkE2iZeTCuRoDstfg1HM0gilYYJq3ffcxPgZVYYzgfPSINWYUDalY+xbKmmE2s+Wh87JlVVGJIyVLWnIUv09kdFI61kU2M6Imole9xbif14/NWHNz7hMUoOSrRaFqSAmJouvyYgrZEbMLKFMcXsrYROqKDM2m5INwVt/eZN0bqqeW/VabqV+l8dRhAu4hGvw4Bbq0IAmtIEBwjO8wpvz6Lw4787HqrXg5DPn8AfO5w+cOYzI</latexit>

g
<latexit sha1_base64="6CZoLmchak7PeUGdbOiCR035cyo=">AAAB6HicbVDLSgNBEOyNrxhfUY96GAyCp7DrJR6DXjwmYB6QLGF20puMmZ1dZmaFsOQLvHhQxKtf4Xd48+anOHkcNLGgoajqprsrSATXxnW/nNza+sbmVn67sLO7t39QPDxq6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0M/VbD6g0j+WdGSfoR3QgecgZNVaqD3rFklt2ZyCrxFuQUvX0o/4NALVe8bPbj1kaoTRMUK07npsYP6PKcCZwUuimGhPKRnSAHUsljVD72ezQCTm3Sp+EsbIlDZmpvycyGmk9jgLbGVEz1MveVPzP66QmvPIzLpPUoGTzRWEqiInJ9GvS5wqZEWNLKFPc3krYkCrKjM2mYEPwll9eJc3LsueWvbpN4xrmyMMJnMEFeFCBKtxCDRrAAOERnuHFuXeenFfnbd6acxYzx/AHzvsP2y+PLA==</latexit><latexit sha1_base64="QYiVIz1HWeqSAcfYlxshn5OrYrE=">AAAB6HicbVDLSgNBEOyNrxhfUY+KDAbBU9j1osegF48JmAckS5iddJIxs7PLzKwQlhw9efGgiFe/It/hzW/wJ5w8DppY0FBUddPdFcSCa+O6X05mZXVtfSO7mdva3tndy+8f1HSUKIZVFolINQKqUXCJVcONwEaskIaBwHowuJn49QdUmkfyzgxj9EPak7zLGTVWqvTa+YJbdKcgy8Sbk0LpeFz5fjwZl9v5z1YnYkmI0jBBtW56bmz8lCrDmcBRrpVojCkb0B42LZU0RO2n00NH5MwqHdKNlC1pyFT9PZHSUOthGNjOkJq+XvQm4n9eMzHdKz/lMk4MSjZb1E0EMRGZfE06XCEzYmgJZYrbWwnrU0WZsdnkbAje4svLpHZR9NyiV7FpXMMMWTiCUzgHDy6hBLdQhiowQHiCF3h17p1n5815n7VmnPnMIfyB8/EDuXSQkg==</latexit><latexit sha1_base64="QYiVIz1HWeqSAcfYlxshn5OrYrE=">AAAB6HicbVDLSgNBEOyNrxhfUY+KDAbBU9j1osegF48JmAckS5iddJIxs7PLzKwQlhw9efGgiFe/It/hzW/wJ5w8DppY0FBUddPdFcSCa+O6X05mZXVtfSO7mdva3tndy+8f1HSUKIZVFolINQKqUXCJVcONwEaskIaBwHowuJn49QdUmkfyzgxj9EPak7zLGTVWqvTa+YJbdKcgy8Sbk0LpeFz5fjwZl9v5z1YnYkmI0jBBtW56bmz8lCrDmcBRrpVojCkb0B42LZU0RO2n00NH5MwqHdKNlC1pyFT9PZHSUOthGNjOkJq+XvQm4n9eMzHdKz/lMk4MSjZb1E0EMRGZfE06XCEzYmgJZYrbWwnrU0WZsdnkbAje4svLpHZR9NyiV7FpXMMMWTiCUzgHDy6hBLdQhiowQHiCF3h17p1n5815n7VmnPnMIfyB8/EDuXSQkg==</latexit><latexit sha1_base64="/PJ7Z1iFzXuG81L8a5C962ANKKY=">AAAB6HicbVBNT8JAEJ3iF+IX6tHLRmLiibRe9Ej04hESCyTQkO0yhZXtttndmpCGX+DFg8Z49Sd589+4QA8KvmSSl/dmMjMvTAXXxnW/ndLG5tb2Tnm3srd/cHhUPT5p6yRTDH2WiER1Q6pRcIm+4UZgN1VI41BgJ5zczf3OEyrNE/lgpikGMR1JHnFGjZVao0G15tbdBcg68QpSgwLNQfWrP0xYFqM0TFCte56bmiCnynAmcFbpZxpTyiZ0hD1LJY1RB/ni0Bm5sMqQRImyJQ1ZqL8nchprPY1D2xlTM9ar3lz8z+tlJroJci7TzKBky0VRJohJyPxrMuQKmRFTSyhT3N5K2JgqyozNpmJD8FZfXiftq7rn1r2WW2vcFnGU4QzO4RI8uIYG3EMTfGCA8Ayv8OY8Oi/Ou/OxbC05xcwp/IHz+QPLNYzn</latexit>

pj1,j2? > 25 GeV, |yj1,j)2| < 4.5

|yj1 � yj2 | > 4.5, mj1j2 > 600 GeV
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The answer to this question is affirmative. In fact, the leading term in the required expansion is known as  
the high-energy scattering (Regge) limit.   

We will only need the abelian version of the Regge limit that was studied in the early days of physics at 
electron-positron colliders by many famous people. 

�20Non-factorizable contributions
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pj1,j2? > 25 GeV, |yj1,j)2| < 4.5

|yj1 � yj2 | > 4.5, mj1j2 > 600 GeV
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Sudakov, Lipatov, Gribov, Cheng, Wu, Chang, Ma

The bottom line: virtual gluons are ``soft’’. The leading high-energy asymptotic is obtained by employing 
the following approximations: 

1) use eikonal propagators for quark lines: 

2) use eikonal couplings of quarks to photons:

3) neglect longitudinal momenta components in photon propagators:   

1

2pk + i0
<latexit sha1_base64="JjJgIWssGgu4C/mjni/nIMLTjIY=">AAAB/nicbVBNS8NAEJ34WetXVDx5WSyCIJSkCHosevFYwX5AG8pmu2mX7m7C7kYoIeBf8eJBEa/+Dm/+G7dtDtr6YODx3gwz88KEM20879tZWV1b39gsbZW3d3b39t2Dw5aOU0Vok8Q8Vp0Qa8qZpE3DDKedRFEsQk7b4fh26rcfqdIslg9mktBA4KFkESPYWKnvHvcihUnm51kNJWiMLhBDXt53K17VmwEtE78gFSjQ6LtfvUFMUkGlIRxr3fW9xAQZVoYRTvNyL9U0wWSMh7RrqcSC6iCbnZ+jM6sMUBQrW9Kgmfp7IsNC64kIbafAZqQXvan4n9dNTXQdZEwmqaGSzBdFKUcmRtMs0IApSgyfWIKJYvZWREbY5mFsYmUbgr/48jJp1aq+V/XvLyv1myKOEpzAKZyDD1dQhztoQBMIZPAMr/DmPDkvzrvzMW9dcYqZI/gD5/MHvmuUBw==</latexit><latexit sha1_base64="JjJgIWssGgu4C/mjni/nIMLTjIY=">AAAB/nicbVBNS8NAEJ34WetXVDx5WSyCIJSkCHosevFYwX5AG8pmu2mX7m7C7kYoIeBf8eJBEa/+Dm/+G7dtDtr6YODx3gwz88KEM20879tZWV1b39gsbZW3d3b39t2Dw5aOU0Vok8Q8Vp0Qa8qZpE3DDKedRFEsQk7b4fh26rcfqdIslg9mktBA4KFkESPYWKnvHvcihUnm51kNJWiMLhBDXt53K17VmwEtE78gFSjQ6LtfvUFMUkGlIRxr3fW9xAQZVoYRTvNyL9U0wWSMh7RrqcSC6iCbnZ+jM6sMUBQrW9Kgmfp7IsNC64kIbafAZqQXvan4n9dNTXQdZEwmqaGSzBdFKUcmRtMs0IApSgyfWIKJYvZWREbY5mFsYmUbgr/48jJp1aq+V/XvLyv1myKOEpzAKZyDD1dQhztoQBMIZPAMr/DmPDkvzrvzMW9dcYqZI/gD5/MHvmuUBw==</latexit><latexit sha1_base64="JjJgIWssGgu4C/mjni/nIMLTjIY=">AAAB/nicbVBNS8NAEJ34WetXVDx5WSyCIJSkCHosevFYwX5AG8pmu2mX7m7C7kYoIeBf8eJBEa/+Dm/+G7dtDtr6YODx3gwz88KEM20879tZWV1b39gsbZW3d3b39t2Dw5aOU0Vok8Q8Vp0Qa8qZpE3DDKedRFEsQk7b4fh26rcfqdIslg9mktBA4KFkESPYWKnvHvcihUnm51kNJWiMLhBDXt53K17VmwEtE78gFSjQ6LtfvUFMUkGlIRxr3fW9xAQZVoYRTvNyL9U0wWSMh7RrqcSC6iCbnZ+jM6sMUBQrW9Kgmfp7IsNC64kIbafAZqQXvan4n9dNTXQdZEwmqaGSzBdFKUcmRtMs0IApSgyfWIKJYvZWREbY5mFsYmUbgr/48jJp1aq+V/XvLyv1myKOEpzAKZyDD1dQhztoQBMIZPAMr/DmPDkvzrvzMW9dcYqZI/gD5/MHvmuUBw==</latexit><latexit sha1_base64="JjJgIWssGgu4C/mjni/nIMLTjIY=">AAAB/nicbVBNS8NAEJ34WetXVDx5WSyCIJSkCHosevFYwX5AG8pmu2mX7m7C7kYoIeBf8eJBEa/+Dm/+G7dtDtr6YODx3gwz88KEM20879tZWV1b39gsbZW3d3b39t2Dw5aOU0Vok8Q8Vp0Qa8qZpE3DDKedRFEsQk7b4fh26rcfqdIslg9mktBA4KFkESPYWKnvHvcihUnm51kNJWiMLhBDXt53K17VmwEtE78gFSjQ6LtfvUFMUkGlIRxr3fW9xAQZVoYRTvNyL9U0wWSMh7RrqcSC6iCbnZ+jM6sMUBQrW9Kgmfp7IsNC64kIbafAZqQXvan4n9dNTXQdZEwmqaGSzBdFKUcmRtMs0IApSgyfWIKJYvZWREbY5mFsYmUbgr/48jJp1aq+V/XvLyv1myKOEpzAKZyDD1dQhztoQBMIZPAMr/DmPDkvzrvzMW9dcYqZI/gD5/MHvmuUBw==</latexit>

�2ie pµ
<latexit sha1_base64="QiZAFhjWIy4cLXAuDLcAz14LtXc=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgxbAbBAUvQS8eI5gHZJcwO+lNhszMLvMQQshvePGgiFd/xpt/4yTZgyYWNBRV3XR3xRln2vj+t1dYW9/Y3Cpul3Z29/YPyodHLZ1aRaFJU56qTkw0cCahaZjh0MkUEBFzaMeju5nffgKlWSofzTiDSJCBZAmjxDgpvKgxCG9w1guF7ZUrftWfA6+SICcVlKPRK3+F/ZRaAdJQTrTuBn5moglRhlEO01JoNWSEjsgAuo5KIkBHk/nNU3zmlD5OUuVKGjxXf09MiNB6LGLXKYgZ6mVvJv7nda1JrqMJk5k1IOliUWI5NimeBYD7TAE1fOwIoYq5WzEdEkWocTGVXAjB8surpFWrBn41eLis1G/zOIroBJ2icxSgK1RH96iBmoiiDD2jV/TmWe/Fe/c+Fq0FL585Rn/gff4A04SQ4w==</latexit><latexit sha1_base64="QiZAFhjWIy4cLXAuDLcAz14LtXc=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgxbAbBAUvQS8eI5gHZJcwO+lNhszMLvMQQshvePGgiFd/xpt/4yTZgyYWNBRV3XR3xRln2vj+t1dYW9/Y3Cpul3Z29/YPyodHLZ1aRaFJU56qTkw0cCahaZjh0MkUEBFzaMeju5nffgKlWSofzTiDSJCBZAmjxDgpvKgxCG9w1guF7ZUrftWfA6+SICcVlKPRK3+F/ZRaAdJQTrTuBn5moglRhlEO01JoNWSEjsgAuo5KIkBHk/nNU3zmlD5OUuVKGjxXf09MiNB6LGLXKYgZ6mVvJv7nda1JrqMJk5k1IOliUWI5NimeBYD7TAE1fOwIoYq5WzEdEkWocTGVXAjB8surpFWrBn41eLis1G/zOIroBJ2icxSgK1RH96iBmoiiDD2jV/TmWe/Fe/c+Fq0FL585Rn/gff4A04SQ4w==</latexit><latexit sha1_base64="QiZAFhjWIy4cLXAuDLcAz14LtXc=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgxbAbBAUvQS8eI5gHZJcwO+lNhszMLvMQQshvePGgiFd/xpt/4yTZgyYWNBRV3XR3xRln2vj+t1dYW9/Y3Cpul3Z29/YPyodHLZ1aRaFJU56qTkw0cCahaZjh0MkUEBFzaMeju5nffgKlWSofzTiDSJCBZAmjxDgpvKgxCG9w1guF7ZUrftWfA6+SICcVlKPRK3+F/ZRaAdJQTrTuBn5moglRhlEO01JoNWSEjsgAuo5KIkBHk/nNU3zmlD5OUuVKGjxXf09MiNB6LGLXKYgZ6mVvJv7nda1JrqMJk5k1IOliUWI5NimeBYD7TAE1fOwIoYq5WzEdEkWocTGVXAjB8surpFWrBn41eLis1G/zOIroBJ2icxSgK1RH96iBmoiiDD2jV/TmWe/Fe/c+Fq0FL585Rn/gff4A04SQ4w==</latexit><latexit sha1_base64="QiZAFhjWIy4cLXAuDLcAz14LtXc=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgxbAbBAUvQS8eI5gHZJcwO+lNhszMLvMQQshvePGgiFd/xpt/4yTZgyYWNBRV3XR3xRln2vj+t1dYW9/Y3Cpul3Z29/YPyodHLZ1aRaFJU56qTkw0cCahaZjh0MkUEBFzaMeju5nffgKlWSofzTiDSJCBZAmjxDgpvKgxCG9w1guF7ZUrftWfA6+SICcVlKPRK3+F/ZRaAdJQTrTuBn5moglRhlEO01JoNWSEjsgAuo5KIkBHk/nNU3zmlD5OUuVKGjxXf09MiNB6LGLXKYgZ6mVvJv7nda1JrqMJk5k1IOliUWI5NimeBYD7TAE1fOwIoYq5WzEdEkWocTGVXAjB8surpFWrBn41eLis1G/zOIroBJ2icxSgK1RH96iBmoiiDD2jV/TmWe/Fe/c+Fq0FL585Rn/gff4A04SQ4w==</latexit>

1

k2
! � 1

k2?<latexit sha1_base64="7/kA+pVEnSo19Us0cim9qpiMUdE=">AAACD3icbVDLSgMxFM3UV62vUZdugkVxY5kpgi6LblxWsA/ojEMmzbShmUxIMkIZ5g/c+CtuXCji1q07/8a0HVBbDwQO59zLzTmhYFRpx/mySkvLK6tr5fXKxubW9o69u9dWSSoxaeGEJbIbIkUY5aSlqWakKyRBcchIJxxdTfzOPZGKJvxWjwXxYzTgNKIYaSMF9rEXSYQzN89Gd/UcejqBpz9S4AkihTECu+rUnCngInELUgUFmoH96fUTnMaEa8yQUj3XEdrPkNQUM5JXvFQRgfAIDUjPUI5iovxsmieHR0bpwyiR5nENp+rvjQzFSo3j0EzGSA/VvDcR//N6qY4u/IxykWrC8exQlDJoUk/KgX0qCdZsbAjCkpq/QjxEpg1tKqyYEtz5yIukXa+5Ts29Oas2Los6yuAAHIIT4IJz0ADXoAlaAIMH8ARewKv1aD1bb9b7bLRkFTv74A+sj2+uoJxt</latexit><latexit sha1_base64="7/kA+pVEnSo19Us0cim9qpiMUdE=">AAACD3icbVDLSgMxFM3UV62vUZdugkVxY5kpgi6LblxWsA/ojEMmzbShmUxIMkIZ5g/c+CtuXCji1q07/8a0HVBbDwQO59zLzTmhYFRpx/mySkvLK6tr5fXKxubW9o69u9dWSSoxaeGEJbIbIkUY5aSlqWakKyRBcchIJxxdTfzOPZGKJvxWjwXxYzTgNKIYaSMF9rEXSYQzN89Gd/UcejqBpz9S4AkihTECu+rUnCngInELUgUFmoH96fUTnMaEa8yQUj3XEdrPkNQUM5JXvFQRgfAIDUjPUI5iovxsmieHR0bpwyiR5nENp+rvjQzFSo3j0EzGSA/VvDcR//N6qY4u/IxykWrC8exQlDJoUk/KgX0qCdZsbAjCkpq/QjxEpg1tKqyYEtz5yIukXa+5Ts29Oas2Los6yuAAHIIT4IJz0ADXoAlaAIMH8ARewKv1aD1bb9b7bLRkFTv74A+sj2+uoJxt</latexit><latexit sha1_base64="7/kA+pVEnSo19Us0cim9qpiMUdE=">AAACD3icbVDLSgMxFM3UV62vUZdugkVxY5kpgi6LblxWsA/ojEMmzbShmUxIMkIZ5g/c+CtuXCji1q07/8a0HVBbDwQO59zLzTmhYFRpx/mySkvLK6tr5fXKxubW9o69u9dWSSoxaeGEJbIbIkUY5aSlqWakKyRBcchIJxxdTfzOPZGKJvxWjwXxYzTgNKIYaSMF9rEXSYQzN89Gd/UcejqBpz9S4AkihTECu+rUnCngInELUgUFmoH96fUTnMaEa8yQUj3XEdrPkNQUM5JXvFQRgfAIDUjPUI5iovxsmieHR0bpwyiR5nENp+rvjQzFSo3j0EzGSA/VvDcR//N6qY4u/IxykWrC8exQlDJoUk/KgX0qCdZsbAjCkpq/QjxEpg1tKqyYEtz5yIukXa+5Ts29Oas2Los6yuAAHIIT4IJz0ADXoAlaAIMH8ARewKv1aD1bb9b7bLRkFTv74A+sj2+uoJxt</latexit><latexit sha1_base64="7/kA+pVEnSo19Us0cim9qpiMUdE=">AAACD3icbVDLSgMxFM3UV62vUZdugkVxY5kpgi6LblxWsA/ojEMmzbShmUxIMkIZ5g/c+CtuXCji1q07/8a0HVBbDwQO59zLzTmhYFRpx/mySkvLK6tr5fXKxubW9o69u9dWSSoxaeGEJbIbIkUY5aSlqWakKyRBcchIJxxdTfzOPZGKJvxWjwXxYzTgNKIYaSMF9rEXSYQzN89Gd/UcejqBpz9S4AkihTECu+rUnCngInELUgUFmoH96fUTnMaEa8yQUj3XEdrPkNQUM5JXvFQRgfAIDUjPUI5iovxsmieHR0bpwyiR5nENp+rvjQzFSo3j0EzGSA/VvDcR//N6qY4u/IxykWrC8exQlDJoUk/KgX0qCdZsbAjCkpq/QjxEpg1tKqyYEtz5yIukXa+5Ts29Oas2Los6yuAAHIIT4IJz0ADXoAlaAIMH8ARewKv1aD1bb9b7bLRkFTv74A+sj2+uoJxt</latexit>

k = ↵p1 + �p2 + k?
<latexit sha1_base64="cD1KomWrgTLqdHKDbi2vlHH9zy4=">AAACD3icbZDLSgMxFIYzXmu9jbp0EyyKIJSZIuhGKLpxWcFeoFOGTHrahmYyIckIZegbuPFV3LhQxK1bd76NmbYLbf0h8OU/55CcP5KcaeN5387S8srq2npho7i5tb2z6+7tN3SSKgp1mvBEtSKigTMBdcMMh5ZUQOKIQzMa3uT15gMozRJxb0YSOjHpC9ZjlBhrhe7JEF/hgHA5IFiGmT/GZziIwOS3iuVhGEhQMnRLXtmbCC+CP4MSmqkWul9BN6FpDMJQTrRu+540nYwowyiHcTFINUhCh6QPbYuCxKA72WSfMT62Thf3EmWPMHji/p7ISKz1KI5sZ0zMQM/XcvO/Wjs1vctOxoRMDQg6faiXcmwSnIeDu0wBNXxkgVDF7F8xHRBFqLERFm0I/vzKi9ColH2v7N+dl6rXszgK6BAdoVPkowtURbeohuqIokf0jF7Rm/PkvDjvzse0dcmZzRygP3I+fwBYXppV</latexit><latexit sha1_base64="cD1KomWrgTLqdHKDbi2vlHH9zy4=">AAACD3icbZDLSgMxFIYzXmu9jbp0EyyKIJSZIuhGKLpxWcFeoFOGTHrahmYyIckIZegbuPFV3LhQxK1bd76NmbYLbf0h8OU/55CcP5KcaeN5387S8srq2npho7i5tb2z6+7tN3SSKgp1mvBEtSKigTMBdcMMh5ZUQOKIQzMa3uT15gMozRJxb0YSOjHpC9ZjlBhrhe7JEF/hgHA5IFiGmT/GZziIwOS3iuVhGEhQMnRLXtmbCC+CP4MSmqkWul9BN6FpDMJQTrRu+540nYwowyiHcTFINUhCh6QPbYuCxKA72WSfMT62Thf3EmWPMHji/p7ISKz1KI5sZ0zMQM/XcvO/Wjs1vctOxoRMDQg6faiXcmwSnIeDu0wBNXxkgVDF7F8xHRBFqLERFm0I/vzKi9ColH2v7N+dl6rXszgK6BAdoVPkowtURbeohuqIokf0jF7Rm/PkvDjvzse0dcmZzRygP3I+fwBYXppV</latexit><latexit sha1_base64="cD1KomWrgTLqdHKDbi2vlHH9zy4=">AAACD3icbZDLSgMxFIYzXmu9jbp0EyyKIJSZIuhGKLpxWcFeoFOGTHrahmYyIckIZegbuPFV3LhQxK1bd76NmbYLbf0h8OU/55CcP5KcaeN5387S8srq2npho7i5tb2z6+7tN3SSKgp1mvBEtSKigTMBdcMMh5ZUQOKIQzMa3uT15gMozRJxb0YSOjHpC9ZjlBhrhe7JEF/hgHA5IFiGmT/GZziIwOS3iuVhGEhQMnRLXtmbCC+CP4MSmqkWul9BN6FpDMJQTrRu+540nYwowyiHcTFINUhCh6QPbYuCxKA72WSfMT62Thf3EmWPMHji/p7ISKz1KI5sZ0zMQM/XcvO/Wjs1vctOxoRMDQg6faiXcmwSnIeDu0wBNXxkgVDF7F8xHRBFqLERFm0I/vzKi9ColH2v7N+dl6rXszgK6BAdoVPkowtURbeohuqIokf0jF7Rm/PkvDjvzse0dcmZzRygP3I+fwBYXppV</latexit><latexit sha1_base64="cD1KomWrgTLqdHKDbi2vlHH9zy4=">AAACD3icbZDLSgMxFIYzXmu9jbp0EyyKIJSZIuhGKLpxWcFeoFOGTHrahmYyIckIZegbuPFV3LhQxK1bd76NmbYLbf0h8OU/55CcP5KcaeN5387S8srq2npho7i5tb2z6+7tN3SSKgp1mvBEtSKigTMBdcMMh5ZUQOKIQzMa3uT15gMozRJxb0YSOjHpC9ZjlBhrhe7JEF/hgHA5IFiGmT/GZziIwOS3iuVhGEhQMnRLXtmbCC+CP4MSmqkWul9BN6FpDMJQTrRu+540nYwowyiHcTFINUhCh6QPbYuCxKA72WSfMT62Thf3EmWPMHji/p7ISKz1KI5sZ0zMQM/XcvO/Wjs1vctOxoRMDQg6faiXcmwSnIeDu0wBNXxkgVDF7F8xHRBFqLERFm0I/vzKi9ColH2v7N+dl6rXszgK6BAdoVPkowtURbeohuqIokf0jF7Rm/PkvDjvzse0dcmZzRygP3I+fwBYXppV</latexit>

p1
<latexit sha1_base64="Tw9NfDegvlkvJ+mqwAGhXNz3At4=">AAAB6nicbVDLSgNBEOyNrxhfUY96GAyCp7DrJR6DXjwmaB6QLGF20psMmZ1dZmaFsOQTvHhQxKsf4Xd48+anOHkcNLGgoajqprsrSATXxnW/nNza+sbmVn67sLO7t39QPDxq6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0M/VbD6g0j+W9GSfoR3QgecgZNVa6S3per1hyy+4MZJV4C1Kqnn7UvwGg1it+dvsxSyOUhgmqdcdzE+NnVBnOBE4K3VRjQtmIDrBjqaQRaj+bnToh51bpkzBWtqQhM/X3REYjrcdRYDsjaoZ62ZuK/3md1IRXfsZlkhqUbL4oTAUxMZn+TfpcITNibAllittbCRtSRZmx6RRsCN7yy6ukeVn23LJXt2lcwxx5OIEzuAAPKlCFW6hBAxgM4BGe4cURzpPz6rzNW3POYuYY/sB5/wEOOo/Z</latexit><latexit sha1_base64="G2nRI9RQJ7VPBa7CQ63Q+R8Mmtw=">AAAB6nicbVDLSgNBEOyNrxhfUY+KDAbBU9j1osegF48JmgckS5id9CZDZmeXmVkhhBw9evGgiFc/It/hzW/wJ5w8DppY0FBUddPdFSSCa+O6X05mZXVtfSO7mdva3tndy+8f1HScKoZVFotYNQKqUXCJVcONwEaikEaBwHrQv5n49QdUmsfy3gwS9CPalTzkjBor3SVtr50vuEV3CrJMvDkplI7Hle/Hk3G5nf9sdWKWRigNE1Trpucmxh9SZTgTOMq1Uo0JZX3axaalkkao/eH01BE5s0qHhLGyJQ2Zqr8nhjTSehAFtjOipqcXvYn4n9dMTXjlD7lMUoOSzRaFqSAmJpO/SYcrZEYMLKFMcXsrYT2qKDM2nZwNwVt8eZnULoqeW/QqNo1rmCELR3AK5+DBJZTgFspQBQZdeIIXeHWE8+y8Oe+z1owznzmEP3A+fgDscJE/</latexit><latexit sha1_base64="G2nRI9RQJ7VPBa7CQ63Q+R8Mmtw=">AAAB6nicbVDLSgNBEOyNrxhfUY+KDAbBU9j1osegF48JmgckS5id9CZDZmeXmVkhhBw9evGgiFc/It/hzW/wJ5w8DppY0FBUddPdFSSCa+O6X05mZXVtfSO7mdva3tndy+8f1HScKoZVFotYNQKqUXCJVcONwEaikEaBwHrQv5n49QdUmsfy3gwS9CPalTzkjBor3SVtr50vuEV3CrJMvDkplI7Hle/Hk3G5nf9sdWKWRigNE1Trpucmxh9SZTgTOMq1Uo0JZX3axaalkkao/eH01BE5s0qHhLGyJQ2Zqr8nhjTSehAFtjOipqcXvYn4n9dMTXjlD7lMUoOSzRaFqSAmJpO/SYcrZEYMLKFMcXsrYT2qKDM2nZwNwVt8eZnULoqeW/QqNo1rmCELR3AK5+DBJZTgFspQBQZdeIIXeHWE8+y8Oe+z1owznzmEP3A+fgDscJE/</latexit><latexit sha1_base64="ryv5hnunLTqOrMu35lbxOkeQS84=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmIzGxIns2WhJtLDEKksCF7C1zsGFv77K7Z0Iu/AQbC42x9RfZ+W9c4AoFXzLJy3szmZkXplIYS+m3V1pb39jcKm9Xdnb39g+qh0dtk2SaY4snMtGdkBmUQmHLCiuxk2pkcSjxMRzfzPzHJ9RGJOrBTlIMYjZUIhKcWSfdp32/X63ROp2DrBK/IDUo0OxXv3qDhGcxKsslM6br09QGOdNWcInTSi8zmDI+ZkPsOqpYjCbI56dOyZlTBiRKtCtlyVz9PZGz2JhJHLrOmNmRWfZm4n9eN7PRVZALlWYWFV8sijJJbEJmf5OB0MitnDjCuBbuVsJHTDNuXToVF4K//PIqaV/UfVr372itcV3EUYYTOIVz8OESGnALTWgBhyE8wyu8edJ78d69j0VryStmjuEPvM8f/jGNlA==</latexit>

p2
<latexit sha1_base64="I7LJoXSrIExqoEw2radUUTy0+3U=">AAAB6nicbVDLSgNBEOyNrxhfUY96GAyCp7Cbix6DXjwmaB6QLGF2MpsMmZ1dZnqFsOQTvHhQxKsf4Xd48+anOHkcNLGgoajqprsrSKQw6LpfTm5tfWNzK79d2Nnd2z8oHh41TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuDaiFjd4zjhfkQHSoSCUbTSXdKr9Iolt+zOQFaJtyCl6ulH/RsAar3iZ7cfszTiCpmkxnQ8N0E/oxoFk3xS6KaGJ5SN6IB3LFU04sbPZqdOyLlV+iSMtS2FZKb+nshoZMw4CmxnRHFolr2p+J/XSTG88jOhkhS5YvNFYSoJxmT6N+kLzRnKsSWUaWFvJWxINWVo0ynYELzll1dJs1L23LJXt2lcwxx5OIEzuAAPLqEKt1CDBjAYwCM8w4sjnSfn1Xmbt+acxcwx/IHz/gMPvo/a</latexit><latexit sha1_base64="G9q3t2DXlZ2TPiNKxCsmXrcDtfA=">AAAB6nicbVDLSgNBEOz1GeMr6lGRwSB4Cru56DHoxWOC5gHJEmYnnWTI7OwyMyuEJUePXjwo4tWPyHd48xv8CSePgyYWNBRV3XR3BbHg2rjul7Oyura+sZnZym7v7O7t5w4OazpKFMMqi0SkGgHVKLjEquFGYCNWSMNAYD0Y3Ez8+gMqzSN5b4Yx+iHtSd7ljBor3cXtYjuXdwvuFGSZeHOSL52MK9+Pp+NyO/fZ6kQsCVEaJqjWTc+NjZ9SZTgTOMq2Eo0xZQPaw6alkoao/XR66oicW6VDupGyJQ2Zqr8nUhpqPQwD2xlS09eL3kT8z2smpnvlp1zGiUHJZou6iSAmIpO/SYcrZEYMLaFMcXsrYX2qKDM2nawNwVt8eZnUigXPLXgVm8Y1zJCBYziDC/DgEkpwC2WoAoMePMELvDrCeXbenPdZ64oznzmCP3A+fgDt9JFA</latexit><latexit sha1_base64="G9q3t2DXlZ2TPiNKxCsmXrcDtfA=">AAAB6nicbVDLSgNBEOz1GeMr6lGRwSB4Cru56DHoxWOC5gHJEmYnnWTI7OwyMyuEJUePXjwo4tWPyHd48xv8CSePgyYWNBRV3XR3BbHg2rjul7Oyura+sZnZym7v7O7t5w4OazpKFMMqi0SkGgHVKLjEquFGYCNWSMNAYD0Y3Ez8+gMqzSN5b4Yx+iHtSd7ljBor3cXtYjuXdwvuFGSZeHOSL52MK9+Pp+NyO/fZ6kQsCVEaJqjWTc+NjZ9SZTgTOMq2Eo0xZQPaw6alkoao/XR66oicW6VDupGyJQ2Zqr8nUhpqPQwD2xlS09eL3kT8z2smpnvlp1zGiUHJZou6iSAmIpO/SYcrZEYMLaFMcXsrYX2qKDM2nawNwVt8eZnUigXPLXgVm8Y1zJCBYziDC/DgEkpwC2WoAoMePMELvDrCeXbenPdZ64oznzmCP3A+fgDt9JFA</latexit><latexit sha1_base64="T6W0IOR3snZl9Wh7noVdC7EaWmc=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0l60WPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmljc2t7p7xb2ds/ODxyj0/aJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8LJ7dzvPHFtRKIecZryIKYjJSLBKFrpIR3UB27Vq3kLkHXiF6QKBZoD96s/TFgWc4VMUmN6vpdikFONgkk+q/Qzw1PKJnTEe5YqGnMT5ItTZ+TCKkMSJdqWQrJQf0/kNDZmGoe2M6Y4NqveXPzP62UYXQe5UGmGXLHloiiTBBMy/5sMheYM5dQSyrSwtxI2ppoytOlUbAj+6svrpF2v+V7Nv/eqjZsijjKcwTlcgg9X0IA7aEILGIzgGV7hzZHOi/PufCxbS04xcwp/4Hz+AP+1jZU=</latexit>



Since we only need the interference of the two-loop amplitude with the leading order amplitude, the  sum 
over colors makes the contribution abelian, i.e. QED-like. Abelianization, together with the eikonal 
approximation, makes the calculation quite simple.  Corrections receive an additional factor    .  

�21Non-factorizable contributions
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<latexit sha1_base64="aUN6UfrGJuoKG3zYcqhI9HhZGXY="></latexit><latexit sha1_base64="aUN6UfrGJuoKG3zYcqhI9HhZGXY="></latexit><latexit sha1_base64="aUN6UfrGJuoKG3zYcqhI9HhZGXY="></latexit><latexit sha1_base64="aUN6UfrGJuoKG3zYcqhI9HhZGXY="></latexit>

p1
<latexit sha1_base64="Tw9NfDegvlkvJ+mqwAGhXNz3At4=">AAAB6nicbVDLSgNBEOyNrxhfUY96GAyCp7DrJR6DXjwmaB6QLGF20psMmZ1dZmaFsOQTvHhQxKsf4Xd48+anOHkcNLGgoajqprsrSATXxnW/nNza+sbmVn67sLO7t39QPDxq6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0M/VbD6g0j+W9GSfoR3QgecgZNVa6S3per1hyy+4MZJV4C1Kqnn7UvwGg1it+dvsxSyOUhgmqdcdzE+NnVBnOBE4K3VRjQtmIDrBjqaQRaj+bnToh51bpkzBWtqQhM/X3REYjrcdRYDsjaoZ62ZuK/3md1IRXfsZlkhqUbL4oTAUxMZn+TfpcITNibAllittbCRtSRZmx6RRsCN7yy6ukeVn23LJXt2lcwxx5OIEzuAAPKlCFW6hBAxgM4BGe4cURzpPz6rzNW3POYuYY/sB5/wEOOo/Z</latexit><latexit sha1_base64="G2nRI9RQJ7VPBa7CQ63Q+R8Mmtw=">AAAB6nicbVDLSgNBEOyNrxhfUY+KDAbBU9j1osegF48JmgckS5id9CZDZmeXmVkhhBw9evGgiFc/It/hzW/wJ5w8DppY0FBUddPdFSSCa+O6X05mZXVtfSO7mdva3tndy+8f1HScKoZVFotYNQKqUXCJVcONwEaikEaBwHrQv5n49QdUmsfy3gwS9CPalTzkjBor3SVtr50vuEV3CrJMvDkplI7Hle/Hk3G5nf9sdWKWRigNE1Trpucmxh9SZTgTOMq1Uo0JZX3axaalkkao/eH01BE5s0qHhLGyJQ2Zqr8nhjTSehAFtjOipqcXvYn4n9dMTXjlD7lMUoOSzRaFqSAmJpO/SYcrZEYMLKFMcXsrYT2qKDM2nZwNwVt8eZnULoqeW/QqNo1rmCELR3AK5+DBJZTgFspQBQZdeIIXeHWE8+y8Oe+z1owznzmEP3A+fgDscJE/</latexit><latexit sha1_base64="G2nRI9RQJ7VPBa7CQ63Q+R8Mmtw=">AAAB6nicbVDLSgNBEOyNrxhfUY+KDAbBU9j1osegF48JmgckS5id9CZDZmeXmVkhhBw9evGgiFc/It/hzW/wJ5w8DppY0FBUddPdFSSCa+O6X05mZXVtfSO7mdva3tndy+8f1HScKoZVFotYNQKqUXCJVcONwEaikEaBwHrQv5n49QdUmsfy3gwS9CPalTzkjBor3SVtr50vuEV3CrJMvDkplI7Hle/Hk3G5nf9sdWKWRigNE1Trpucmxh9SZTgTOMq1Uo0JZX3axaalkkao/eH01BE5s0qHhLGyJQ2Zqr8nhjTSehAFtjOipqcXvYn4n9dMTXjlD7lMUoOSzRaFqSAmJpO/SYcrZEYMLKFMcXsrYT2qKDM2nZwNwVt8eZnULoqeW/QqNo1rmCELR3AK5+DBJZTgFspQBQZdeIIXeHWE8+y8Oe+z1owznzmEP3A+fgDscJE/</latexit><latexit sha1_base64="ryv5hnunLTqOrMu35lbxOkeQS84=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmIzGxIns2WhJtLDEKksCF7C1zsGFv77K7Z0Iu/AQbC42x9RfZ+W9c4AoFXzLJy3szmZkXplIYS+m3V1pb39jcKm9Xdnb39g+qh0dtk2SaY4snMtGdkBmUQmHLCiuxk2pkcSjxMRzfzPzHJ9RGJOrBTlIMYjZUIhKcWSfdp32/X63ROp2DrBK/IDUo0OxXv3qDhGcxKsslM6br09QGOdNWcInTSi8zmDI+ZkPsOqpYjCbI56dOyZlTBiRKtCtlyVz9PZGz2JhJHLrOmNmRWfZm4n9eN7PRVZALlWYWFV8sijJJbEJmf5OB0MitnDjCuBbuVsJHTDNuXToVF4K//PIqaV/UfVr372itcV3EUYYTOIVz8OESGnALTWgBhyE8wyu8edJ78d69j0VryStmjuEPvM8f/jGNlA==</latexit>

p2
<latexit sha1_base64="I7LJoXSrIExqoEw2radUUTy0+3U=">AAAB6nicbVDLSgNBEOyNrxhfUY96GAyCp7Cbix6DXjwmaB6QLGF2MpsMmZ1dZnqFsOQTvHhQxKsf4Xd48+anOHkcNLGgoajqprsrSKQw6LpfTm5tfWNzK79d2Nnd2z8oHh41TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuDaiFjd4zjhfkQHSoSCUbTSXdKr9Iolt+zOQFaJtyCl6ulH/RsAar3iZ7cfszTiCpmkxnQ8N0E/oxoFk3xS6KaGJ5SN6IB3LFU04sbPZqdOyLlV+iSMtS2FZKb+nshoZMw4CmxnRHFolr2p+J/XSTG88jOhkhS5YvNFYSoJxmT6N+kLzRnKsSWUaWFvJWxINWVo0ynYELzll1dJs1L23LJXt2lcwxx5OIEzuAAPLqEKt1CDBjAYwCM8w4sjnSfn1Xmbt+acxcwx/IHz/gMPvo/a</latexit><latexit sha1_base64="G9q3t2DXlZ2TPiNKxCsmXrcDtfA=">AAAB6nicbVDLSgNBEOz1GeMr6lGRwSB4Cru56DHoxWOC5gHJEmYnnWTI7OwyMyuEJUePXjwo4tWPyHd48xv8CSePgyYWNBRV3XR3BbHg2rjul7Oyura+sZnZym7v7O7t5w4OazpKFMMqi0SkGgHVKLjEquFGYCNWSMNAYD0Y3Ez8+gMqzSN5b4Yx+iHtSd7ljBor3cXtYjuXdwvuFGSZeHOSL52MK9+Pp+NyO/fZ6kQsCVEaJqjWTc+NjZ9SZTgTOMq2Eo0xZQPaw6alkoao/XR66oicW6VDupGyJQ2Zqr8nUhpqPQwD2xlS09eL3kT8z2smpnvlp1zGiUHJZou6iSAmIpO/SYcrZEYMLaFMcXsrYX2qKDM2nawNwVt8eZnUigXPLXgVm8Y1zJCBYziDC/DgEkpwC2WoAoMePMELvDrCeXbenPdZ64oznzmCP3A+fgDt9JFA</latexit><latexit sha1_base64="G9q3t2DXlZ2TPiNKxCsmXrcDtfA=">AAAB6nicbVDLSgNBEOz1GeMr6lGRwSB4Cru56DHoxWOC5gHJEmYnnWTI7OwyMyuEJUePXjwo4tWPyHd48xv8CSePgyYWNBRV3XR3BbHg2rjul7Oyura+sZnZym7v7O7t5w4OazpKFMMqi0SkGgHVKLjEquFGYCNWSMNAYD0Y3Ez8+gMqzSN5b4Yx+iHtSd7ljBor3cXtYjuXdwvuFGSZeHOSL52MK9+Pp+NyO/fZ6kQsCVEaJqjWTc+NjZ9SZTgTOMq2Eo0xZQPaw6alkoao/XR66oicW6VDupGyJQ2Zqr8nUhpqPQwD2xlS09eL3kT8z2smpnvlp1zGiUHJZou6iSAmIpO/SYcrZEYMLaFMcXsrYX2qKDM2nawNwVt8eZnUigXPLXgVm8Y1zJCBYziDC/DgEkpwC2WoAoMePMELvDrCeXbenPdZ64oznzmCP3A+fgDt9JFA</latexit><latexit sha1_base64="T6W0IOR3snZl9Wh7noVdC7EaWmc=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0l60WPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmljc2t7p7xb2ds/ODxyj0/aJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8LJ7dzvPHFtRKIecZryIKYjJSLBKFrpIR3UB27Vq3kLkHXiF6QKBZoD96s/TFgWc4VMUmN6vpdikFONgkk+q/Qzw1PKJnTEe5YqGnMT5ItTZ+TCKkMSJdqWQrJQf0/kNDZmGoe2M6Y4NqveXPzP62UYXQe5UGmGXLHloiiTBBMy/5sMheYM5dQSyrSwtxI2ppoytOlUbAj+6svrpF2v+V7Nv/eqjZsijjKcwTlcgg9X0IA7aEILGIzgGV7hzZHOi/PufCxbS04xcwp/4Hz+AP+1jZU=</latexit>

k = ↵p1 + �p2 + k?
<latexit sha1_base64="o1DZ4ZYBisO1Lmvi/ZV6n5Oa9TU=">AAACDXicbZA9SwNBEIbn4nf8ilpqsRgFQQh3abQRgjaWCsYEcuHY20ySJXt3y+6eEI78ARv/io2gIrb2dnb+FDcfhSa+sPDwzgyz84ZScG1c98vJzc0vLC4tr+RX19Y3Ngtb27c6SRXDKktEouoh1Sh4jFXDjcC6VEijUGAt7F0M67U7VJon8Y3pS2xGtBPzNmfUWCsoHPTIGfGpkF1KZOCRY+KHaIZcttwLfIlKBoWiW3JHIrPgTaBY2Xu+/gaAq6Dw6bcSlkYYGyao1g3PlaaZUWU4EzjI+6lGSVmPdrBhMaYR6mY2umZADq3TIu1E2RcbMnJ/T2Q00rofhbYzoqarp2tD879aIzXt02bGY5kajNl4UTsVxCRkGA1pcYXMiL4FyhS3fyWsSxVlxgaYtyF40yfPwm255Lkl79qmcQ5jLcMu7MMReHACFbiEK6gCg3t4hBd4dR6cJ+fNeR+35pzJzA78kfPxA4Wdm4o=</latexit><latexit sha1_base64="oMna6sEiOWewpl7sL9MAEdvJHLU=">AAACDXicbZC7SgNBFIZnvcZ4i1oqMhgFQQi7abQRgjaWCZgLZJdldnI2GTK7O8zMCiGktLHxVWyEKGJrb+cz+BJOLoUm/jDw8Z9zOHP+QHCmtG1/WQuLS8srq5m17PrG5tZ2bme3ppJUUqjShCeyERAFnMVQ1UxzaAgJJAo41IPu9ahevwOpWBLf6p4ALyLtmIWMEm0sP3fcxZfYJVx0CBa+g8+wG4AecdFw13cFSOHn8nbBHgvPgzOFfOlgWPm+PxyW/dyn20poGkGsKSdKNR1baK9PpGaUwyDrpgoEoV3ShqbBmESgvP74mgE+MU4Lh4k0L9Z47P6e6JNIqV4UmM6I6I6arY3M/2rNVIcXXp/FItUQ08miMOVYJ3gUDW4xCVTzngFCJTN/xbRDJKHaBJg1ITizJ89DrVhw7IJTMWlcoYkyaB8doVPkoHNUQjeojKqIogf0hF7Qq/VoPVtv1vukdcGazuyhP7I+fgBj4pzw</latexit><latexit sha1_base64="oMna6sEiOWewpl7sL9MAEdvJHLU=">AAACDXicbZC7SgNBFIZnvcZ4i1oqMhgFQQi7abQRgjaWCZgLZJdldnI2GTK7O8zMCiGktLHxVWyEKGJrb+cz+BJOLoUm/jDw8Z9zOHP+QHCmtG1/WQuLS8srq5m17PrG5tZ2bme3ppJUUqjShCeyERAFnMVQ1UxzaAgJJAo41IPu9ahevwOpWBLf6p4ALyLtmIWMEm0sP3fcxZfYJVx0CBa+g8+wG4AecdFw13cFSOHn8nbBHgvPgzOFfOlgWPm+PxyW/dyn20poGkGsKSdKNR1baK9PpGaUwyDrpgoEoV3ShqbBmESgvP74mgE+MU4Lh4k0L9Z47P6e6JNIqV4UmM6I6I6arY3M/2rNVIcXXp/FItUQ08miMOVYJ3gUDW4xCVTzngFCJTN/xbRDJKHaBJg1ITizJ89DrVhw7IJTMWlcoYkyaB8doVPkoHNUQjeojKqIogf0hF7Qq/VoPVtv1vukdcGazuyhP7I+fgBj4pzw</latexit><latexit sha1_base64="qTTqfQlnyOSMwqdL18015fpVt/E=">AAACDXicbZDLSsNAFIYn9VbrLerSzWAVBKEk3ehGKLpxWcFeoAlhMj1th06SYWYilNAXcOOruHGhiFv37nwbJ20W2vrDwMd/zuHM+UPBmdKO822VVlbX1jfKm5Wt7Z3dPXv/oK2SVFJo0YQnshsSBZzF0NJMc+gKCSQKOXTC8U1e7zyAVCyJ7/VEgB+RYcwGjBJtrMA+GeMr7BEuRgSLwMXn2AtB51w3PA48AVIEdtWpOTPhZXALqKJCzcD+8voJTSOINeVEqZ7rCO1nRGpGOUwrXqpAEDomQ+gZjEkEys9m10zxqXH6eJBI82KNZ+7viYxESk2i0HRGRI/UYi03/6v1Uj249DMWi1RDTOeLBinHOsF5NLjPJFDNJwYIlcz8FdMRkYRqE2DFhOAunrwM7XrNdWrunVNtXBdxlNEROkZnyEUXqIFuURO1EEWP6Bm9ojfryXqx3q2PeWvJKmYO0R9Znz91o5lF</latexit>

⇡
<latexit sha1_base64="fyjzOc13ct4ynofv9NUm9NvfBRc=">AAAB6nicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLGMaC6QLGF2cjYZMju7zMwKYQn4AjYWitj6LvZ2vo2TS6GJPwx8/P85zDknTAXXxvO+naXlldW19cKGu7m1vbNb3Nuv6yRTDGssEYlqhlSj4BJrhhuBzVQhjUOBjXBwPc4bD6g0T+S9GaYYxLQnecQZNda6a6e8Uyx5ZW8isgj+DEqXn+7FIwBUO8WvdjdhWYzSMEG1bvleaoKcKsOZwJHbzjSmlA1oD1sWJY1RB/lk1BE5tk6XRImyTxoycX935DTWehiHtjKmpq/ns7H5X9bKTHQe5FymmUHJph9FmSAmIeO9SZcrZEYMLVCmuJ2VsD5VlBl7HdcewZ9feRHqp2XfK/u3XqlyBVMV4BCO4AR8OIMK3EAVasCgB0/wAq+OcJ6dN+d9WrrkzHoO4I+cjx+9tY+W</latexit><latexit sha1_base64="KBd6dkRA+uHs+V6+aVl6Oms/4IY=">AAAB6nicbZDLSgMxFIbP1Fsdb1WXboJFcFVm3OhGLLpxWdFpC+1QMmmmDc1kQpIRytBHcONCEZf6Lu7diG9jello6w+Bj/8/h5xzIsmZNp737RSWlldW14rr7sbm1vZOaXevrtNMERqQlKeqGWFNORM0MMxw2pSK4iTitBENrsZ5454qzVJxZ4aShgnuCRYzgo21btuSdUplr+JNhBbBn0H54sM9l29fbq1T+mx3U5IlVBjCsdYt35MmzLEyjHA6ctuZphKTAe7RlkWBE6rDfDLqCB1Zp4viVNknDJq4vztynGg9TCJbmWDT1/PZ2Pwva2UmPgtzJmRmqCDTj+KMI5Oi8d6oyxQlhg8tYKKYnRWRPlaYGHsd1x7Bn195EeonFd+r+DdeuXoJUxXhAA7hGHw4hSpcQw0CINCDB3iCZ4c7j86L8zotLTiznn34I+f9B69EkQo=</latexit><latexit sha1_base64="KBd6dkRA+uHs+V6+aVl6Oms/4IY=">AAAB6nicbZDLSgMxFIbP1Fsdb1WXboJFcFVm3OhGLLpxWdFpC+1QMmmmDc1kQpIRytBHcONCEZf6Lu7diG9jello6w+Bj/8/h5xzIsmZNp737RSWlldW14rr7sbm1vZOaXevrtNMERqQlKeqGWFNORM0MMxw2pSK4iTitBENrsZ5454qzVJxZ4aShgnuCRYzgo21btuSdUplr+JNhBbBn0H54sM9l29fbq1T+mx3U5IlVBjCsdYt35MmzLEyjHA6ctuZphKTAe7RlkWBE6rDfDLqCB1Zp4viVNknDJq4vztynGg9TCJbmWDT1/PZ2Pwva2UmPgtzJmRmqCDTj+KMI5Oi8d6oyxQlhg8tYKKYnRWRPlaYGHsd1x7Bn195EeonFd+r+DdeuXoJUxXhAA7hGHw4hSpcQw0CINCDB3iCZ4c7j86L8zotLTiznn34I+f9B69EkQo=</latexit><latexit sha1_base64="srI/+mpt52+eVwv/VqdQA8gG3Ag=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmIzGxIns2WhJtLDEKksCF7C17sGFv77I7Z0Iu/AQbC42x9RfZ+W9c4AoFXzLJy3szmZkXpkpapPTbK62tb2xulbcrO7t7+wfVw6O2TTLDRYsnKjGdkFmhpBYtlKhEJzWCxaESj+H4ZuY/PgljZaIfcJKKIGZDLSPJGTrpvpfKfrVG63QOskr8gtSgQLNf/eoNEp7FQiNXzNquT1MMcmZQciWmlV5mRcr4mA1F11HNYmGDfH7qlJw5ZUCixLjSSObq74mcxdZO4tB1xgxHdtmbif953QyjqyCXOs1QaL5YFGWKYEJmf5OBNIKjmjjCuJHuVsJHzDCOLp2KC8FffnmVtC/qPq37d7TWuC7iKMMJnMI5+HAJDbiFJrSAwxCe4RXePOW9eO/ex6K15BUzx/AH3ucPTn2NyQ==</latexit>

p3
<latexit sha1_base64="pR5+ljf7NzNKv2B33yQmPXox0rE=">AAAB6nicbVDLSgNBEOyNrxhfUY96GAyCp7CrBz0GvXhM0DwgWcLsZDYZMju7zPQKYcknePGgiFc/wu/w5s1PcfI4aGJBQ1HVTXdXkEhh0HW/nNzK6tr6Rn6zsLW9s7tX3D9omDjVjNdZLGPdCqjhUiheR4GStxLNaRRI3gyGNxO/+cC1EbG6x1HC/Yj2lQgFo2ilu6R70S2W3LI7BVkm3pyUKscftW8AqHaLn51ezNKIK2SSGtP23AT9jGoUTPJxoZManlA2pH3etlTRiBs/m546JqdW6ZEw1rYUkqn6eyKjkTGjKLCdEcWBWfQm4n9eO8Xwys+ESlLkis0WhakkGJPJ36QnNGcoR5ZQpoW9lbAB1ZShTadgQ/AWX14mjfOy55a9mk3jGmbIwxGcwBl4cAkVuIUq1IFBHx7hGV4c6Tw5r87brDXnzGcO4Q+c9x8RQo/b</latexit><latexit sha1_base64="1GFtfpLazMuWkhl4ba/vTDTSd8c=">AAAB6nicbVDLSgNBEOz1GeMr6lGRwSB4Crt60GPQi8cEzQOSJcxOJsmQ2dllplcIS44evXhQxKsfke/w5jf4E04eB00saCiquunuCmIpDLrul7O0vLK6tp7ZyG5ube/s5vb2qyZKNOMVFslI1wNquBSKV1Cg5PVYcxoGkteC/s3Yrz1wbUSk7nEQcz+kXSU6glG00l3cumjl8m7BnYAsEm9G8sWjUfn78XhUauU+m+2IJSFXyCQ1puG5Mfop1SiY5MNsMzE8pqxPu7xhqaIhN346OXVITq3SJp1I21JIJurviZSGxgzCwHaGFHtm3huL/3mNBDtXfipUnCBXbLqok0iCERn/TdpCc4ZyYAllWthbCetRTRnadLI2BG/+5UVSPS94bsEr2zSuYYoMHMIJnIEHl1CEWyhBBRh04Qle4NWRzrPz5rxPW5ec2cwB/IHz8QPveJFB</latexit><latexit sha1_base64="1GFtfpLazMuWkhl4ba/vTDTSd8c=">AAAB6nicbVDLSgNBEOz1GeMr6lGRwSB4Crt60GPQi8cEzQOSJcxOJsmQ2dllplcIS44evXhQxKsfke/w5jf4E04eB00saCiquunuCmIpDLrul7O0vLK6tp7ZyG5ube/s5vb2qyZKNOMVFslI1wNquBSKV1Cg5PVYcxoGkteC/s3Yrz1wbUSk7nEQcz+kXSU6glG00l3cumjl8m7BnYAsEm9G8sWjUfn78XhUauU+m+2IJSFXyCQ1puG5Mfop1SiY5MNsMzE8pqxPu7xhqaIhN346OXVITq3SJp1I21JIJurviZSGxgzCwHaGFHtm3huL/3mNBDtXfipUnCBXbLqok0iCERn/TdpCc4ZyYAllWthbCetRTRnadLI2BG/+5UVSPS94bsEr2zSuYYoMHMIJnIEHl1CEWyhBBRh04Qle4NWRzrPz5rxPW5ec2cwB/IHz8QPveJFB</latexit><latexit sha1_base64="yrIsjGOVV5t1e2B2ZcAbxXbBTR8=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0n0oMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZemEph0PO+ndLa+sbmVnm7srO7t3/gHh61TJJpxpsskYnuhNRwKRRvokDJO6nmNA4lb4fj25nffuLaiEQ94iTlQUyHSkSCUbTSQ9q/7LtVr+bNQVaJX5AqFGj03a/eIGFZzBUySY3p+l6KQU41Cib5tNLLDE8pG9Mh71qqaMxNkM9PnZIzqwxIlGhbCslc/T2R09iYSRzazpjiyCx7M/E/r5thdB3kQqUZcsUWi6JMEkzI7G8yEJozlBNLKNPC3krYiGrK0KZTsSH4yy+vktZFzfdq/r1Xrd8UcZThBE7hHHy4gjrcQQOawGAIz/AKb450Xpx352PRWnKKmWP4A+fzBwFIjZY=</latexit>

p4
<latexit sha1_base64="x+0v5mI2wRZrtRK3Vuzqvp4fHjg=">AAAB6nicbVDLSgNBEOyNrxhfUY96GAyCp7Argh6DXjwmaB6QLGF2MpsMmZ1dZnqFsOQTvHhQxKsf4Xd48+anOHkcNLGgoajqprsrSKQw6LpfTm5ldW19I79Z2Nre2d0r7h80TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbDm4nffODaiFjd4yjhfkT7SoSCUbTSXdK96BZLbtmdgiwTb05KleOP2jcAVLvFz04vZmnEFTJJjWl7boJ+RjUKJvm40EkNTygb0j5vW6poxI2fTU8dk1Or9EgYa1sKyVT9PZHRyJhRFNjOiOLALHoT8T+vnWJ45WdCJSlyxWaLwlQSjMnkb9ITmjOUI0so08LeStiAasrQplOwIXiLLy+TxnnZc8tezaZxDTPk4QhO4Aw8uIQK3EIV6sCgD4/wDC+OdJ6cV+dt1ppz5jOH8AfO+w8Sxo/c</latexit><latexit sha1_base64="OOavC2e6augqbA47gfeC2L0Ba2A=">AAAB6nicbVDLSgNBEOz1GeMr6lGRwSB4Crsi6DHoxWOC5gHJEmYnk2TI7Owy0yuEJUePXjwo4tWPyHd48xv8CSePgyYWNBRV3XR3BbEUBl33y1laXlldW89sZDe3tnd2c3v7VRMlmvEKi2Sk6wE1XArFKyhQ8nqsOQ0DyWtB/2bs1x64NiJS9ziIuR/SrhIdwSha6S5uXbRyebfgTkAWiTcj+eLRqPz9eDwqtXKfzXbEkpArZJIa0/DcGP2UahRM8mG2mRgeU9anXd6wVNGQGz+dnDokp1Zpk06kbSkkE/X3REpDYwZhYDtDij0z743F/7xGgp0rPxUqTpArNl3USSTBiIz/Jm2hOUM5sIQyLeythPWopgxtOlkbgjf/8iKpnhc8t+CVbRrXMEUGDuEEzsCDSyjCLZSgAgy68AQv8OpI59l5c96nrUvObOYA/sD5+AHw/JFC</latexit><latexit sha1_base64="OOavC2e6augqbA47gfeC2L0Ba2A=">AAAB6nicbVDLSgNBEOz1GeMr6lGRwSB4Crsi6DHoxWOC5gHJEmYnk2TI7Owy0yuEJUePXjwo4tWPyHd48xv8CSePgyYWNBRV3XR3BbEUBl33y1laXlldW89sZDe3tnd2c3v7VRMlmvEKi2Sk6wE1XArFKyhQ8nqsOQ0DyWtB/2bs1x64NiJS9ziIuR/SrhIdwSha6S5uXbRyebfgTkAWiTcj+eLRqPz9eDwqtXKfzXbEkpArZJIa0/DcGP2UahRM8mG2mRgeU9anXd6wVNGQGz+dnDokp1Zpk06kbSkkE/X3REpDYwZhYDtDij0z743F/7xGgp0rPxUqTpArNl3USSTBiIz/Jm2hOUM5sIQyLeythPWopgxtOlkbgjf/8iKpnhc8t+CVbRrXMEUGDuEEzsCDSyjCLZSgAgy68AQv8OpI59l5c96nrUvObOYA/sD5+AHw/JFC</latexit><latexit sha1_base64="TgxkHnJY9c7s6nC573F+SdZznnk=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpIe1f9t2qV/PmIKvEL0gVCjT67ldvkLAs5gqZpMZ0fS/FIKcaBZN8WullhqeUjemQdy1VNOYmyOenTsmZVQYkSrQthWSu/p7IaWzMJA5tZ0xxZJa9mfif180wug5yodIMuWKLRVEmCSZk9jcZCM0ZyokllGlhbyVsRDVlaNOp2BD85ZdXSeui5ns1/96r1m+KOMpwAqdwDj5cQR3uoAFNYDCEZ3iFN0c6L86787FoLTnFzDH8gfP5AwLMjZc=</latexit>

|
<latexit sha1_base64="vvNRkAyn0kk6nZuS8Gq4s9/PF1I=">AAAB6HicbVDLSgNBEOyNrxhfUY9ehgRBEMKuFz0GvXhMwDwgWcLspDcZMzu7zMwKYc0XePGgiDfxk7z5N04eB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3Uz91gMqzWN5Z8YJ+hEdSB5yRo2V6o+9YtmtuDOQVeItSLla6p5/AECtV/zq9mOWRigNE1Trjucmxs+oMpwJnBS6qcaEshEdYMdSSSPUfjY7dEJOrdInYaxsSUNm6u+JjEZaj6PAdkbUDPWyNxX/8zqpCa/8jMskNSjZfFGYCmJiMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdgQvOWXV0nzouK5Fa9u07iGOfJwAiU4Aw8uoQq3UIMGMEB4ghd4de6dZ+fNeZ+35pzFzDH8gfP5A/2IjoU=</latexit><latexit sha1_base64="pLqrNSjFtUAZOYcOV86ba5Glrgo=">AAAB6HicbVDLSgNBEOz1GeMr6tHLkCAIQtj1osegF48JmAckS5iddJIxs7PLzKywrPkCLx4i4tVP8pa/cfI4aGJBQ1HVTXdXEAuujetOnY3Nre2d3dxefv/g8Oi4cHLa0FGiGNZZJCLVCqhGwSXWDTcCW7FCGgYCm8HofuY3n1FpHslHk8boh3QgeZ8zaqxUe+kWSm7ZnYOsE29JSpVi52oyraTVbuG704tYEqI0TFCt254bGz+jynAmcJzvJBpjykZ0gG1LJQ1R+9n80DG5sEqP9CNlSxoyV39PZDTUOg0D2xlSM9Sr3kz8z2snpn/rZ1zGiUHJFov6iSAmIrOvSY8rZEakllCmuL2VsCFVlBmbTd6G4K2+vE4a12XPLXs1m8YdLJCDcyjCJXhwAxV4gCrUgQHCK0zg3Xly3pwP53PRuuEsZ87gD5yvHwcBkAs=</latexit><latexit sha1_base64="pLqrNSjFtUAZOYcOV86ba5Glrgo=">AAAB6HicbVDLSgNBEOz1GeMr6tHLkCAIQtj1osegF48JmAckS5iddJIxs7PLzKywrPkCLx4i4tVP8pa/cfI4aGJBQ1HVTXdXEAuujetOnY3Nre2d3dxefv/g8Oi4cHLa0FGiGNZZJCLVCqhGwSXWDTcCW7FCGgYCm8HofuY3n1FpHslHk8boh3QgeZ8zaqxUe+kWSm7ZnYOsE29JSpVi52oyraTVbuG704tYEqI0TFCt254bGz+jynAmcJzvJBpjykZ0gG1LJQ1R+9n80DG5sEqP9CNlSxoyV39PZDTUOg0D2xlSM9Sr3kz8z2snpn/rZ1zGiUHJFov6iSAmIrOvSY8rZEakllCmuL2VsCFVlBmbTd6G4K2+vE4a12XPLXs1m8YdLJCDcyjCJXhwAxV4gCrUgQHCK0zg3Xly3pwP53PRuuEsZ87gD5yvHwcBkAs=</latexit><latexit sha1_base64="4xmbLRTmnKpcJlXMyaKjhXHfOHU=">AAAB6HicbVA9TwJBEJ3DL8Qv1NJmIzGxInc2UhJtLCGRjwQuZG+Zg5W9vcvungk5+QU2Fhpj60+y89+4wBUKvmSSl/dmMjMvSATXxnW/ncLG5tb2TnG3tLd/cHhUPj5p6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByO/c7j6g0j+W9mSboR3QkecgZNVZqPg3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNWHNz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/WabqV+k8dRhDM4h0vw4BrqcAcNaAEDhGd4hTfnwXlx3p2PZWvByWdO4Q+czx/rCYz8</latexit>

|
<latexit sha1_base64="vvNRkAyn0kk6nZuS8Gq4s9/PF1I=">AAAB6HicbVDLSgNBEOyNrxhfUY9ehgRBEMKuFz0GvXhMwDwgWcLspDcZMzu7zMwKYc0XePGgiDfxk7z5N04eB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3Uz91gMqzWN5Z8YJ+hEdSB5yRo2V6o+9YtmtuDOQVeItSLla6p5/AECtV/zq9mOWRigNE1Trjucmxs+oMpwJnBS6qcaEshEdYMdSSSPUfjY7dEJOrdInYaxsSUNm6u+JjEZaj6PAdkbUDPWyNxX/8zqpCa/8jMskNSjZfFGYCmJiMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdgQvOWXV0nzouK5Fa9u07iGOfJwAiU4Aw8uoQq3UIMGMEB4ghd4de6dZ+fNeZ+35pzFzDH8gfP5A/2IjoU=</latexit><latexit sha1_base64="pLqrNSjFtUAZOYcOV86ba5Glrgo=">AAAB6HicbVDLSgNBEOz1GeMr6tHLkCAIQtj1osegF48JmAckS5iddJIxs7PLzKywrPkCLx4i4tVP8pa/cfI4aGJBQ1HVTXdXEAuujetOnY3Nre2d3dxefv/g8Oi4cHLa0FGiGNZZJCLVCqhGwSXWDTcCW7FCGgYCm8HofuY3n1FpHslHk8boh3QgeZ8zaqxUe+kWSm7ZnYOsE29JSpVi52oyraTVbuG704tYEqI0TFCt254bGz+jynAmcJzvJBpjykZ0gG1LJQ1R+9n80DG5sEqP9CNlSxoyV39PZDTUOg0D2xlSM9Sr3kz8z2snpn/rZ1zGiUHJFov6iSAmIrOvSY8rZEakllCmuL2VsCFVlBmbTd6G4K2+vE4a12XPLXs1m8YdLJCDcyjCJXhwAxV4gCrUgQHCK0zg3Xly3pwP53PRuuEsZ87gD5yvHwcBkAs=</latexit><latexit sha1_base64="pLqrNSjFtUAZOYcOV86ba5Glrgo=">AAAB6HicbVDLSgNBEOz1GeMr6tHLkCAIQtj1osegF48JmAckS5iddJIxs7PLzKywrPkCLx4i4tVP8pa/cfI4aGJBQ1HVTXdXEAuujetOnY3Nre2d3dxefv/g8Oi4cHLa0FGiGNZZJCLVCqhGwSXWDTcCW7FCGgYCm8HofuY3n1FpHslHk8boh3QgeZ8zaqxUe+kWSm7ZnYOsE29JSpVi52oyraTVbuG704tYEqI0TFCt254bGz+jynAmcJzvJBpjykZ0gG1LJQ1R+9n80DG5sEqP9CNlSxoyV39PZDTUOg0D2xlSM9Sr3kz8z2snpn/rZ1zGiUHJFov6iSAmIrOvSY8rZEakllCmuL2VsCFVlBmbTd6G4K2+vE4a12XPLXs1m8YdLJCDcyjCJXhwAxV4gCrUgQHCK0zg3Xly3pwP53PRuuEsZ87gD5yvHwcBkAs=</latexit><latexit sha1_base64="4xmbLRTmnKpcJlXMyaKjhXHfOHU=">AAAB6HicbVA9TwJBEJ3DL8Qv1NJmIzGxInc2UhJtLCGRjwQuZG+Zg5W9vcvungk5+QU2Fhpj60+y89+4wBUKvmSSl/dmMjMvSATXxnW/ncLG5tb2TnG3tLd/cHhUPj5p6zhVDFssFrHqBlSj4BJbhhuB3UQhjQKBnWByO/c7j6g0j+W9mSboR3QkecgZNVZqPg3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNWHNz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/WabqV+k8dRhDM4h0vw4BrqcAcNaAEDhGd4hTfnwXlx3p2PZWvByWdO4Q+czx/rCYz8</latexit>

k
<latexit sha1_base64="EYJYK1pE2YmzSY1OLEiCs4296P4=">AAAB6HicbZC7SwNBEMbn4ivGV9TSZjEIVuHORhsxaGOZgHlAcoS9zVyyZm/v2N0TwhGwt7FQxNZ/xt7O/8bNo9DEDxZ+fN8MOzNBIrg2rvvt5FZW19Y38puFre2d3b3i/kFDx6liWGexiFUroBoFl1g33AhsJQppFAhsBsObSd58QKV5LO/MKEE/on3JQ86osVZt2C2W3LI7FVkGbw6lq8/C5SMAVLvFr04vZmmE0jBBtW57bmL8jCrDmcBxoZNqTCgb0j62LUoaofaz6aBjcmKdHgljZZ80ZOr+7shopPUoCmxlRM1AL2YT87+snZrwws+4TFKDks0+ClNBTEwmW5MeV8iMGFmgTHE7K2EDqigz9jYFewRvceVlaJyVPbfs1dxS5RpmysMRHMMpeHAOFbiFKtSBAcITvMCrc+88O2/O+6w058x7DuGPnI8fQIyOuA==</latexit><latexit sha1_base64="MvRi8uPEb6GtjqL9vEH9UHxecmw=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2cjYZMzu7zMwKYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSATXxvO+naXlldW19dyGu7m1vbOb39uv6ThVDKssFrFqBFSj4BKrhhuBjUQhjQKB9WBwPc7r96g0j+WtGSbYjmhP8pAzaqxVGXTyBa/oTUQWwZ9B4fLDvUjev9xyJ//Z6sYsjVAaJqjWTd9LTDujynAmcOS2Uo0JZQPaw6ZFSSPU7Wwy6IgcW6dLwljZJw2ZuL87MhppPYwCWxlR09fz2dj8L2umJjxvZ1wmqUHJph+FqSAmJuOtSZcrZEYMLVCmuJ2VsD5VlBl7G9cewZ9feRFqp0XfK/oVr1C6gqlycAhHcAI+nEEJbqAMVWCA8ABP8OzcOY/Oi/M6LV1yZj0H8EfO2w8yG5As</latexit><latexit sha1_base64="MvRi8uPEb6GtjqL9vEH9UHxecmw=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2cjYZMzu7zMwKYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSATXxvO+naXlldW19dyGu7m1vbOb39uv6ThVDKssFrFqBFSj4BKrhhuBjUQhjQKB9WBwPc7r96g0j+WtGSbYjmhP8pAzaqxVGXTyBa/oTUQWwZ9B4fLDvUjev9xyJ//Z6sYsjVAaJqjWTd9LTDujynAmcOS2Uo0JZQPaw6ZFSSPU7Wwy6IgcW6dLwljZJw2ZuL87MhppPYwCWxlR09fz2dj8L2umJjxvZ1wmqUHJph+FqSAmJuOtSZcrZEYMLVCmuJ2VsD5VlBl7G9cewZ9feRFqp0XfK/oVr1C6gqlycAhHcAI+nEEJbqAMVWCA8ABP8OzcOY/Oi/M6LV1yZj0H8EfO2w8yG5As</latexit><latexit sha1_base64="q0U8WJsfXpGwpJA+fG4Cnsyiny0=">AAAB6HicbVBNT8JAEJ3iF+IX6tHLRmLiibRe9Ej04hESCyTQkO0yhZXtttndmpCGX+DFg8Z49Sd589+4QA8KvmSSl/dmMjMvTAXXxnW/ndLG5tb2Tnm3srd/cHhUPT5p6yRTDH2WiER1Q6pRcIm+4UZgN1VI41BgJ5zczf3OEyrNE/lgpikGMR1JHnFGjZVak0G15tbdBcg68QpSgwLNQfWrP0xYFqM0TFCte56bmiCnynAmcFbpZxpTyiZ0hD1LJY1RB/ni0Bm5sMqQRImyJQ1ZqL8nchprPY1D2xlTM9ar3lz8z+tlJroJci7TzKBky0VRJohJyPxrMuQKmRFTSyhT3N5K2JgqyozNpmJD8FZfXiftq7rn1r2WW2vcFnGU4QzO4RI8uIYG3EMTfGCA8Ayv8OY8Oi/Ou/OxbC05xcwp/IHz+QPRRYzr</latexit>

p1 + k
<latexit sha1_base64="NzUgfltMunQMKVuoBoeKWj0QJV0=">AAAB7HicbVDLSgNBEOz1GeMr6lEPg0EQhLDrRY9BLx4TcJNAsoTZSW8yZHZ2mZkVwpJv8OJBEa9+g9/hzZuf4uRx0MSChqKqm+6uMBVcG9f9clZW19Y3Ngtbxe2d3b390sFhQyeZYuizRCSqFVKNgkv0DTcCW6lCGocCm+HwduI3H1Bpnsh7M0oxiGlf8ogzaqzkp13vYtgtld2KOwVZJt6clKsnH/VvAKh1S5+dXsKyGKVhgmrd9tzUBDlVhjOB42In05hSNqR9bFsqaYw6yKfHjsmZVXokSpQtachU/T2R01jrURzazpiagV70JuJ/Xjsz0XWQc5lmBiWbLYoyQUxCJp+THlfIjBhZQpni9lbCBlRRZmw+RRuCt/jyMmlcVjy34tVtGjcwQwGO4RTOwYMrqMId1MAHBhwe4RleHOk8Oa/O26x1xZnPHMEfOO8/PZ6Qgw==</latexit><latexit sha1_base64="mXGibunE1q0jXQHbPKspaObqWRY=">AAAB7HicbVDLSgNBEOyNrxhfUY+KDAZBEMKOFz0GvXhMwE0CyRJmJ7PJkNnZZWZWCEuOnr14UMSr35Dv8OY3+BNOHgdNLGgoqrrp7goSwbVx3S8nt7K6tr6R3yxsbe/s7hX3D+o6ThVlHo1FrJoB0UxwyTzDjWDNRDESBYI1gsHtxG88MKV5LO/NMGF+RHqSh5wSYyUv6eCLQadYcsvuFGiZ4DkpVY7Hte/Hk3G1U/xsd2OaRkwaKojWLewmxs+IMpwKNiq0U80SQgekx1qWShIx7WfTY0fozCpdFMbKljRoqv6eyEik9TAKbGdETF8vehPxP6+VmvDaz7hMUsMknS0KU4FMjCafoy5XjBoxtIRQxe2tiPaJItTYfAo2BLz48jKpX5axW8Y1m8YNzJCHIziFc8BwBRW4gyp4QIHDE7zAqyOdZ+fNeZ+15pz5zCH8gfPxAxvjkek=</latexit><latexit sha1_base64="mXGibunE1q0jXQHbPKspaObqWRY=">AAAB7HicbVDLSgNBEOyNrxhfUY+KDAZBEMKOFz0GvXhMwE0CyRJmJ7PJkNnZZWZWCEuOnr14UMSr35Dv8OY3+BNOHgdNLGgoqrrp7goSwbVx3S8nt7K6tr6R3yxsbe/s7hX3D+o6ThVlHo1FrJoB0UxwyTzDjWDNRDESBYI1gsHtxG88MKV5LO/NMGF+RHqSh5wSYyUv6eCLQadYcsvuFGiZ4DkpVY7Hte/Hk3G1U/xsd2OaRkwaKojWLewmxs+IMpwKNiq0U80SQgekx1qWShIx7WfTY0fozCpdFMbKljRoqv6eyEik9TAKbGdETF8vehPxP6+VmvDaz7hMUsMknS0KU4FMjCafoy5XjBoxtIRQxe2tiPaJItTYfAo2BLz48jKpX5axW8Y1m8YNzJCHIziFc8BwBRW4gyp4QIHDE7zAqyOdZ+fNeZ+15pz5zCH8gfPxAxvjkek=</latexit><latexit sha1_base64="BZZ8XbvXg5Ir2Xok7hC3Rpn8tK8=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBEEripR6LXjxWMG2hDWWznbRLN5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32yltbG5t75R3K3v7B4dH1eOTtk4yxdBniUhUN6QaBZfoG24EdlOFNA4FdsLJ3dzvPKHSPJGPZppiENOR5BFn1FjJTwfe1WRQrbl1dwGyTryC1KBAa1D96g8TlsUoDRNU657npibIqTKcCZxV+pnGlLIJHWHPUklj1EG+OHZGLqwyJFGibElDFurviZzGWk/j0HbG1Iz1qjcX//N6mYlugpzLNDMo2XJRlAliEjL/nAy5QmbE1BLKFLe3EjamijJj86nYELzVl9dJ+7ruuXXvwa01b4s4ynAG53AJHjSgCffQAh8YcHiGV3hzpPPivDsfy9aSU8ycwh84nz8tpI4+</latexit>
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A very similar computation can be done for the two-loop amplitude.  Upon integrating over longitudinal 
loop momenta fractions, we obtain the following results for the one- and two-loop eikonal amplitudes.  
The results are infra-red divergent;  we introduce the gluon mass to regulate these divergences. Note that 
the one-loop amplitude is pure imaginary.
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FIG. 1. The Feynman diagrams for the Higgs boson pro-
duction in VBF: (a) the Born amplitude, (b, c) the one-loop
nonfactorizable QCD corrections. The solid, dashed, wavy
and loopy lines stay for quark, Higgs, vector boson and gluon
fields, respectively.
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, respectively. Then in the eikonal approximation a

gauge boson coupling to the quark line with momentum
p1 (p2) is obtained by replacing the corresponding cur-
rent jµ with its light-cone component j� (j+) while the
quark propagators are replaced as follows
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where �
± are the light-cone components of the Dirac �-

matrices.
In the VBF process Higgs bosons are produced at

central rapidities so that they are well-separated from
the tagging jets. This ensures that momentum transfers
q3 = p3�p1 and q4 = p4�p2 mostly have transverse com-
ponents q3,4 while their light-cone component are sup-
pressed by p3,4,?/

p
s. Thus, the Higgs boson emission

does not spoil the applicability of the eikonal approxima-
tion.

We continue with the discussion of the nonfactoriz-
able QCD corrections. In the one-loop approximation
the relevant diagrams are shown in Fig. 1(b,c). Since
electroweak vector bosons do not carry color, the one-
loop contribution to the cross section vanishes at NLO
by color conservation. Nevertheless, the square of the
one-loop amplitude contributes to the NNLO cross sec-
tion along with the generic two-loop nonfactorizable cor-
rections. In both cases the two gluons connecting the
di↵erent quark lines must be in a color-singlet configura-
tion. Thus we can compute the corrections by replacing
gluons by abelian gauge bosons with the e↵ective cou-

pling ↵̃s =
⇣
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↵s, where Nc = 3 and the prefactor

arises from averaging over colors. Considering the sum
of the planar and non-planar diagrams in Figs. 1(b,c),
we find that the eikonal quark propagators add up to
1/(2k± + i✏) � c.c. = �i⇡�(k±). Hence, when the two
diagrams are combined, the virtual quark propagators
are replaced by �(k+) and �(k�) and the light-cone dy-
namics decouples. Thus the computation of the nonfac-
torizable one-loop contribution is reduced to the analysis
of the e↵ective Feynman diagram shown in Fig. 2(a) in
the two-dimensional transversal space. In the eikonal ap-
proximation QCD corrections are diagonal in the chiral
basis. This implies that (for a given type of electroweak
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FIG. 2. One- and two-loop transversal space Feynman dia-
grams.

gauge bosons that fuse into the Higgs) the Born ampli-
tude M

(0) factors out. Hence, the expression for the
one-loop amplitude can be written as follows
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where MV = MZ,W is an electroweak boson mass.
We note that the function �

(1) is ultraviolet-finite but
infrared-divergent. To regulate the infrared divergence,
we introduced an auxiliary gluon mass �. Moreover, the
function �

(1) is explicitly real, so that the entire one-
loop correction is imaginary. This is yet another reason,
in addition to color conservation, that leads to vanishing
interference between the one-loop amplitude computed
in the eikonal approximation and the leading order am-
plitude.
At two loops the structure of the corrections is simi-

lar. In the color-singlet configuration the gluon vertices
commute and the factorization property of the eikonal
approximation [15] can be applied. As a result the sum
over all the permutations of the gluon and vector-boson
vertices reduces to the e↵ective transversal space diagram
in Fig. 2(b) [12]. The corresponding expression for the
amplitude reads
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Squaring the sum of tree-, one- and two-loop contribu-
tions to the scattering amplitude, we obtain the NNLO
QCD correction to the cross section due to nonfactoriz-
able contributions
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the two-dimensional transversal space. In the eikonal ap-
proximation QCD corrections are diagonal in the chiral
basis. This implies that (for a given type of electroweak
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where MV = MZ,W is an electroweak boson mass.
We note that the function �

(1) is ultraviolet-finite but
infrared-divergent. To regulate the infrared divergence,
we introduced an auxiliary gluon mass �. Moreover, the
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(1) is explicitly real, so that the entire one-
loop correction is imaginary. This is yet another reason,
in addition to color conservation, that leads to vanishing
interference between the one-loop amplitude computed
in the eikonal approximation and the leading order am-
plitude.
At two loops the structure of the corrections is simi-

lar. In the color-singlet configuration the gluon vertices
commute and the factorization property of the eikonal
approximation [15] can be applied. As a result the sum
over all the permutations of the gluon and vector-boson
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Squaring the sum of tree-, one- and two-loop contribu-
tions to the scattering amplitude, we obtain the NNLO
QCD correction to the cross section due to nonfactoriz-
able contributions
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FIG. 1. The Feynman diagrams for the Higgs boson pro-
duction in VBF: (a) the Born amplitude, (b, c) the one-loop
nonfactorizable QCD corrections. The solid, dashed, wavy
and loopy lines stay for quark, Higgs, vector boson and gluon
fields, respectively.
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torizable one-loop contribution is reduced to the analysis
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V
<latexit sha1_base64="jeMwJIAfIH5wQY0VOz5aebs6Ogk=">AAAB6HicbZC7SgNBFIbPxluMt6ilzWAQrMKujekM2FgmYi6QLGF2cjYZMzu7zMwKYckT2FgoYutTWPkQdr6Nk0uhiT8MfPz/Ocw5J0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdD3NWw+oNI/lnRkn6Ed0IHnIGTXWqjd7xZJbdmciq+AtoHT1+XELVrVe8avbj1kaoTRMUK07npsYP6PKcCZwUuimGhPKRnSAHYuSRqj9bDbohJxZp0/CWNknDZm5vzsyGmk9jgJbGVEz1MvZ1Pwv66QmrPgZl0lqULL5R2EqiInJdGvS5wqZEWMLlCluZyVsSBVlxt6mYI/gLa+8Cs2LsueWvbpbqlZgrjycwCmcgweXUIUbqEEDGCA8wjO8OPfOk/PqvM1Lc86i5xj+yHn/AWz8jtM=</latexit><latexit sha1_base64="HipNPgbF4aVR7dXDpZx2UZ7XBwk=">AAAB6HicbZC7SgNBFIbPeo3xFrUUZDAIVmHXxnQGbCwTMBdIQpidnE3GzM4uM7NCWFJa2VgoYutTpPIh7HwGX8LJpdDEHwY+/v8c5pzjx4Jr47pfzsrq2vrGZmYru72zu7efOzis6ShRDKssEpFq+FSj4BKrhhuBjVghDX2BdX9wPcnr96g0j+StGcbYDmlP8oAzaqxVqXVyebfgTkWWwZtD/upjXPl+OBmXO7nPVjdiSYjSMEG1bnpubNopVYYzgaNsK9EYUzagPWxalDRE3U6ng47ImXW6JIiUfdKQqfu7I6Wh1sPQt5UhNX29mE3M/7JmYoJiO+UyTgxKNvsoSAQxEZlsTbpcITNiaIEyxe2shPWposzY22TtEbzFlZehdlHw3IJXcfOlIsyUgWM4hXPw4BJKcANlqAIDhEd4hhfnznlyXp23WemKM+85gj9y3n8AdveRGA==</latexit><latexit sha1_base64="HipNPgbF4aVR7dXDpZx2UZ7XBwk=">AAAB6HicbZC7SgNBFIbPeo3xFrUUZDAIVmHXxnQGbCwTMBdIQpidnE3GzM4uM7NCWFJa2VgoYutTpPIh7HwGX8LJpdDEHwY+/v8c5pzjx4Jr47pfzsrq2vrGZmYru72zu7efOzis6ShRDKssEpFq+FSj4BKrhhuBjVghDX2BdX9wPcnr96g0j+StGcbYDmlP8oAzaqxVqXVyebfgTkWWwZtD/upjXPl+OBmXO7nPVjdiSYjSMEG1bnpubNopVYYzgaNsK9EYUzagPWxalDRE3U6ng47ImXW6JIiUfdKQqfu7I6Wh1sPQt5UhNX29mE3M/7JmYoJiO+UyTgxKNvsoSAQxEZlsTbpcITNiaIEyxe2shPWposzY22TtEbzFlZehdlHw3IJXcfOlIsyUgWM4hXPw4BJKcANlqAIDhEd4hhfnznlyXp23WemKM+85gj9y3n8AdveRGA==</latexit><latexit sha1_base64="zL9nTe2SeuoENJgChU31ykL5Urw=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0m82GPBi8cW7Ae0oWy2k3btZhN2N0II/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O6Wt7Z3dvfJ+5eDw6PikenrW1XGqGHZYLGLVD6hGwSV2DDcC+4lCGgUCe8HsbuH3nlBpHssHkyXoR3QiecgZNVZqd0fVmlt3lyCbxCtIDQq0RtWv4ThmaYTSMEG1HnhuYvycKsOZwHllmGpMKJvRCQ4slTRC7efLQ+fkyipjEsbKljRkqf6eyGmkdRYFtjOiZqrXvYX4nzdITdjwcy6T1KBkq0VhKoiJyeJrMuYKmRGZJZQpbm8lbEoVZcZmU7EheOsvb5LuTd1z617brTUbRRxluIBLuAYPbqEJ99CCDjBAeIZXeHMenRfn3flYtZacYuYc/sD5/AGub4zM</latexit>

H
<latexit sha1_base64="zS9STDaKCv5fqT7zm7O4zWS+7iw=">AAAB6HicbZC7SgNBFIbPeo3xFrW0GQyCVdi1MZ0Bm5SJmAskS5idnE3GzM4uM7NCWPIENhaK2PoUVj6EnW/j5FJo4g8DH/9/DnPOCRLBtXHdb2dtfWNzazu3k9/d2z84LBwdN3WcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwupnmrQdUmsfyzowT9CM6kDzkjBpr1au9QtEtuTORVfAWULz+/LgFq1qv8NXtxyyNUBomqNYdz02Mn1FlOBM4yXdTjQllIzrAjkVJI9R+Nht0Qs6t0ydhrOyThszc3x0ZjbQeR4GtjKgZ6uVsav6XdVITlv2MyyQ1KNn8ozAVxMRkujXpc4XMiLEFyhS3sxI2pIoyY2+Tt0fwlldeheZlyXNLXt0tVsowVw5O4QwuwIMrqEAVatAABgiP8Awvzr3z5Lw6b/PSNWfRcwJ/5Lz/AFfEjsU=</latexit><latexit sha1_base64="3TeNdNRxzvYsiTBV6aR9OzuHTnw=">AAAB6HicbZC7SgNBFIbPxluMt6ilIItBsAq7NqYzYJMyAXOBZAmzk7PJmNnZZWZWCEtKKxsLRWx9ilQ+hJ3P4Es4uRSa+MPAx/+fw5xz/JgzpR3ny8qsrW9sbmW3czu7e/sH+cOjhooSSbFOIx7Jlk8Uciawrpnm2IolktDn2PSHN9O8eY9SsUjc6lGMXkj6ggWMEm2sWqWbLzhFZyZ7FdwFFK4/JrXvh9NJtZv/7PQimoQoNOVEqbbrxNpLidSMchznOonCmNAh6WPboCAhKi+dDTq2z43Ts4NImie0PXN/d6QkVGoU+qYyJHqglrOp+V/WTnRQ8lIm4kSjoPOPgoTbOrKnW9s9JpFqPjJAqGRmVpsOiCRUm9vkzBHc5ZVXoXFZdJ2iW3MK5RLMlYUTOIMLcOEKylCBKtSBAsIjPMOLdWc9Wa/W27w0Yy16juGPrPcfYb+RCg==</latexit><latexit sha1_base64="3TeNdNRxzvYsiTBV6aR9OzuHTnw=">AAAB6HicbZC7SgNBFIbPxluMt6ilIItBsAq7NqYzYJMyAXOBZAmzk7PJmNnZZWZWCEtKKxsLRWx9ilQ+hJ3P4Es4uRSa+MPAx/+fw5xz/JgzpR3ny8qsrW9sbmW3czu7e/sH+cOjhooSSbFOIx7Jlk8Uciawrpnm2IolktDn2PSHN9O8eY9SsUjc6lGMXkj6ggWMEm2sWqWbLzhFZyZ7FdwFFK4/JrXvh9NJtZv/7PQimoQoNOVEqbbrxNpLidSMchznOonCmNAh6WPboCAhKi+dDTq2z43Ts4NImie0PXN/d6QkVGoU+qYyJHqglrOp+V/WTnRQ8lIm4kSjoPOPgoTbOrKnW9s9JpFqPjJAqGRmVpsOiCRUm9vkzBHc5ZVXoXFZdJ2iW3MK5RLMlYUTOIMLcOEKylCBKtSBAsIjPMOLdWc9Wa/W27w0Yy16juGPrPcfYb+RCg==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="icgNUDarn+W5srs1pbIRVT/NG0U=">AAAB3XicbZBLSwMxFIXv1FetVatbN8EiuCozbnQpuOmyBfuAtpRMeqeNzWSG5I5Qhv4CNy4U8W+589+YPhbaeiDwcU5C7j1hqqQl3//2Cju7e/sHxcPSUfn45LRyVm7bJDMCWyJRiemG3KKSGlskSWE3NcjjUGEnnD4s8s4zGisT/UizFAcxH2sZScHJWc36sFL1a/5SbBuCNVRhrcaw8tUfJSKLUZNQ3Npe4Kc0yLkhKRTOS/3MYsrFlI+x51DzGO0gXw46Z1fOGbEoMe5oYkv394ucx9bO4tDdjDlN7Ga2MP/LehlFd4Nc6jQj1GL1UZQpRglbbM1G0qAgNXPAhZFuViYm3HBBrpuSKyHYXHkb2je1wK8FTR+KcAGXcA0B3MI91KEBLRCA8AJv8O49ea/ex6qugrfu7Rz+yPv8AYrji3k=</latexit><latexit sha1_base64="icgNUDarn+W5srs1pbIRVT/NG0U=">AAAB3XicbZBLSwMxFIXv1FetVatbN8EiuCozbnQpuOmyBfuAtpRMeqeNzWSG5I5Qhv4CNy4U8W+589+YPhbaeiDwcU5C7j1hqqQl3//2Cju7e/sHxcPSUfn45LRyVm7bJDMCWyJRiemG3KKSGlskSWE3NcjjUGEnnD4s8s4zGisT/UizFAcxH2sZScHJWc36sFL1a/5SbBuCNVRhrcaw8tUfJSKLUZNQ3Npe4Kc0yLkhKRTOS/3MYsrFlI+x51DzGO0gXw46Z1fOGbEoMe5oYkv394ucx9bO4tDdjDlN7Ga2MP/LehlFd4Nc6jQj1GL1UZQpRglbbM1G0qAgNXPAhZFuViYm3HBBrpuSKyHYXHkb2je1wK8FTR+KcAGXcA0B3MI91KEBLRCA8AJv8O49ea/ex6qugrfu7Rz+yPv8AYrji3k=</latexit><latexit sha1_base64="BThfhihYpZeC8GystfhPzq4YUYg=">AAAB6HicbVA9TwJBEJ3DL8Qv1NJmIzGxInc2UpLYUEIiHwlcyN4yByt7e5fdPRJy4RfYWGiMrT/Jzn/jAlco+JJJXt6bycy8IBFcG9f9dgo7u3v7B8XD0tHxyelZ+fyio+NUMWyzWMSqF1CNgktsG24E9hKFNAoEdoPpw9LvzlBpHstHM0/Qj+hY8pAzaqzUagzLFbfqrkC2iZeTCuRoDstfg1HM0gilYYJq3ffcxPgZVYYzgYvSINWYUDalY+xbKmmE2s9Why7IjVVGJIyVLWnISv09kdFI63kU2M6Imone9Jbif14/NWHNz7hMUoOSrReFqSAmJsuvyYgrZEbMLaFMcXsrYROqKDM2m5INwdt8eZt07qqeW/VabqVey+MowhVcwy14cA91aEAT2sAA4Rle4c15cl6cd+dj3Vpw8plL+APn8weZN4y+</latexit><latexit sha1_base64="BThfhihYpZeC8GystfhPzq4YUYg=">AAAB6HicbVA9TwJBEJ3DL8Qv1NJmIzGxInc2UpLYUEIiHwlcyN4yByt7e5fdPRJy4RfYWGiMrT/Jzn/jAlco+JJJXt6bycy8IBFcG9f9dgo7u3v7B8XD0tHxyelZ+fyio+NUMWyzWMSqF1CNgktsG24E9hKFNAoEdoPpw9LvzlBpHstHM0/Qj+hY8pAzaqzUagzLFbfqrkC2iZeTCuRoDstfg1HM0gilYYJq3ffcxPgZVYYzgYvSINWYUDalY+xbKmmE2s9Why7IjVVGJIyVLWnISv09kdFI63kU2M6Imone9Jbif14/NWHNz7hMUoOSrReFqSAmJsuvyYgrZEbMLaFMcXsrYROqKDM2m5INwdt8eZt07qqeW/VabqVey+MowhVcwy14cA91aEAT2sAA4Rle4c15cl6cd+dj3Vpw8plL+APn8weZN4y+</latexit><latexit sha1_base64="3TeNdNRxzvYsiTBV6aR9OzuHTnw=">AAAB6HicbZC7SgNBFIbPxluMt6ilIItBsAq7NqYzYJMyAXOBZAmzk7PJmNnZZWZWCEtKKxsLRWx9ilQ+hJ3P4Es4uRSa+MPAx/+fw5xz/JgzpR3ny8qsrW9sbmW3czu7e/sH+cOjhooSSbFOIx7Jlk8Uciawrpnm2IolktDn2PSHN9O8eY9SsUjc6lGMXkj6ggWMEm2sWqWbLzhFZyZ7FdwFFK4/JrXvh9NJtZv/7PQimoQoNOVEqbbrxNpLidSMchznOonCmNAh6WPboCAhKi+dDTq2z43Ts4NImie0PXN/d6QkVGoU+qYyJHqglrOp+V/WTnRQ8lIm4kSjoPOPgoTbOrKnW9s9JpFqPjJAqGRmVpsOiCRUm9vkzBHc5ZVXoXFZdJ2iW3MK5RLMlYUTOIMLcOEKylCBKtSBAsIjPMOLdWc9Wa/W27w0Yy16juGPrPcfYb+RCg==</latexit><latexit sha1_base64="3TeNdNRxzvYsiTBV6aR9OzuHTnw=">AAAB6HicbZC7SgNBFIbPxluMt6ilIItBsAq7NqYzYJMyAXOBZAmzk7PJmNnZZWZWCEtKKxsLRWx9ilQ+hJ3P4Es4uRSa+MPAx/+fw5xz/JgzpR3ny8qsrW9sbmW3czu7e/sH+cOjhooSSbFOIx7Jlk8Uciawrpnm2IolktDn2PSHN9O8eY9SsUjc6lGMXkj6ggWMEm2sWqWbLzhFZyZ7FdwFFK4/JrXvh9NJtZv/7PQimoQoNOVEqbbrxNpLidSMchznOonCmNAh6WPboCAhKi+dDTq2z43Ts4NImie0PXN/d6QkVGoU+qYyJHqglrOp+V/WTnRQ8lIm4kSjoPOPgoTbOrKnW9s9JpFqPjJAqGRmVpsOiCRUm9vkzBHc5ZVXoXFZdJ2iW3MK5RLMlYUTOIMLcOEKylCBKtSBAsIjPMOLdWc9Wa/W27w0Yy16juGPrPcfYb+RCg==</latexit><latexit sha1_base64="3TeNdNRxzvYsiTBV6aR9OzuHTnw=">AAAB6HicbZC7SgNBFIbPxluMt6ilIItBsAq7NqYzYJMyAXOBZAmzk7PJmNnZZWZWCEtKKxsLRWx9ilQ+hJ3P4Es4uRSa+MPAx/+fw5xz/JgzpR3ny8qsrW9sbmW3czu7e/sH+cOjhooSSbFOIx7Jlk8Uciawrpnm2IolktDn2PSHN9O8eY9SsUjc6lGMXkj6ggWMEm2sWqWbLzhFZyZ7FdwFFK4/JrXvh9NJtZv/7PQimoQoNOVEqbbrxNpLidSMchznOonCmNAh6WPboCAhKi+dDTq2z43Ts4NImie0PXN/d6QkVGoU+qYyJHqglrOp+V/WTnRQ8lIm4kSjoPOPgoTbOrKnW9s9JpFqPjJAqGRmVpsOiCRUm9vkzBHc5ZVXoXFZdJ2iW3MK5RLMlYUTOIMLcOEKylCBKtSBAsIjPMOLdWc9Wa/W27w0Yy16juGPrPcfYb+RCg==</latexit><latexit sha1_base64="3TeNdNRxzvYsiTBV6aR9OzuHTnw=">AAAB6HicbZC7SgNBFIbPxluMt6ilIItBsAq7NqYzYJMyAXOBZAmzk7PJmNnZZWZWCEtKKxsLRWx9ilQ+hJ3P4Es4uRSa+MPAx/+fw5xz/JgzpR3ny8qsrW9sbmW3czu7e/sH+cOjhooSSbFOIx7Jlk8Uciawrpnm2IolktDn2PSHN9O8eY9SsUjc6lGMXkj6ggWMEm2sWqWbLzhFZyZ7FdwFFK4/JrXvh9NJtZv/7PQimoQoNOVEqbbrxNpLidSMchznOonCmNAh6WPboCAhKi+dDTq2z43Ts4NImie0PXN/d6QkVGoU+qYyJHqglrOp+V/WTnRQ8lIm4kSjoPOPgoTbOrKnW9s9JpFqPjJAqGRmVpsOiCRUm9vkzBHc5ZVXoXFZdJ2iW3MK5RLMlYUTOIMLcOEKylCBKtSBAsIjPMOLdWc9Wa/W27w0Yy16juGPrPcfYb+RCg==</latexit><latexit sha1_base64="BThfhihYpZeC8GystfhPzq4YUYg=">AAAB6HicbVA9TwJBEJ3DL8Qv1NJmIzGxInc2UpLYUEIiHwlcyN4yByt7e5fdPRJy4RfYWGiMrT/Jzn/jAlco+JJJXt6bycy8IBFcG9f9dgo7u3v7B8XD0tHxyelZ+fyio+NUMWyzWMSqF1CNgktsG24E9hKFNAoEdoPpw9LvzlBpHstHM0/Qj+hY8pAzaqzUagzLFbfqrkC2iZeTCuRoDstfg1HM0gilYYJq3ffcxPgZVYYzgYvSINWYUDalY+xbKmmE2s9Why7IjVVGJIyVLWnISv09kdFI63kU2M6Imone9Jbif14/NWHNz7hMUoOSrReFqSAmJsuvyYgrZEbMLaFMcXsrYROqKDM2m5INwdt8eZt07qqeW/VabqVey+MowhVcwy14cA91aEAT2sAA4Rle4c15cl6cd+dj3Vpw8plL+APn8weZN4y+</latexit>

H
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Non-factorizable contributions
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
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4N2
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Color projection has been taken;  this one-loop contribution 
is meant to be used in the NNLO contribution only.
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Non-factorizable contributions

Transversal space 2d effective theory

+ →

One-loop leading-power amplitude (purely imaginary)

M
(1) = iα̃sχ

(1)
M

(0)

χ(1) =
1

π

∫

d2k

k2 + λ2
×

q2
3 +M2

V

(k − q3)
2 +M2

V

q2
4 +M2

V

(k + q4)
2 +M2

V

,

Infrared divergence: χ(1) = − ln

(

λ2

M2
V

)

+ f(1)(q3, q4,M
2
V )

➥ Glauber phase: e−iα̃s lnλ
2
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Two-loop amplitude

Two-loop leading-power amplitude

M
(2) = −

α̃2
s

2!
χ(2)

M
(0)

Infrared divergence structure

χ(2) = ln2
(

λ2

M2
V

)

− 2 ln

(

λ2

M2
V

)

f(1)(q3, q4,M
2
V ) + f(2)(q3, q4,M

2
V )

f (i) are finite one-dimensional integrals
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The infrared-red divergences that appear in non-factorizable contributions exponentiate into a 
Coulomb (Glauber) phase and cancel on their own, without any reference to real emission 
contributions.  

M = M0 e
�i↵̃s ln �2

M2
V


1 + i↵̃sf

(1) � ↵̃2
s

2
f (2) + ...

�
.
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The final result is given by the sum of the one-loop amplitude squared and the interference of the two-
loop and tree amplitudes.  In this combination, the dependence on the gluon mass (i.e. the infra-red 
divergence) cancels out.  Hence, we obtain a physical result that can be studied independently of real 
emissions. 
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(a) (b) (c)

FIG. 1. The Feynman diagrams for the Higgs boson pro-
duction in VBF: (a) the Born amplitude, (b, c) the one-loop
nonfactorizable QCD corrections. The solid, dashed, wavy
and loopy lines stay for quark, Higgs, vector boson and gluon
fields, respectively.

p
+

2
, respectively. Then in the eikonal approximation a

gauge boson coupling to the quark line with momentum
p1 (p2) is obtained by replacing the corresponding cur-
rent jµ with its light-cone component j� (j+) while the
quark propagators are replaced as follows

1

/p
1,2

+ /k + i✏
!

�
±

2k± + i✏
, (1)

where �
± are the light-cone components of the Dirac �-

matrices.
In the VBF process Higgs bosons are produced at

central rapidities so that they are well-separated from
the tagging jets. This ensures that momentum transfers
q3 = p3�p1 and q4 = p4�p2 mostly have transverse com-
ponents q3,4 while their light-cone component are sup-
pressed by p3,4,?/

p
s. Thus, the Higgs boson emission

does not spoil the applicability of the eikonal approxima-
tion.

We continue with the discussion of the nonfactoriz-
able QCD corrections. In the one-loop approximation
the relevant diagrams are shown in Fig. 1(b,c). Since
electroweak vector bosons do not carry color, the one-
loop contribution to the cross section vanishes at NLO
by color conservation. Nevertheless, the square of the
one-loop amplitude contributes to the NNLO cross sec-
tion along with the generic two-loop nonfactorizable cor-
rections. In both cases the two gluons connecting the
di↵erent quark lines must be in a color-singlet configura-
tion. Thus we can compute the corrections by replacing
gluons by abelian gauge bosons with the e↵ective cou-

pling ↵̃s =
⇣

N
2
c
�1

4N2
c

⌘1/2
↵s, where Nc = 3 and the prefactor

arises from averaging over colors. Considering the sum
of the planar and non-planar diagrams in Figs. 1(b,c),
we find that the eikonal quark propagators add up to
1/(2k± + i✏) � c.c. = �i⇡�(k±). Hence, when the two
diagrams are combined, the virtual quark propagators
are replaced by �(k+) and �(k�) and the light-cone dy-
namics decouples. Thus the computation of the nonfac-
torizable one-loop contribution is reduced to the analysis
of the e↵ective Feynman diagram shown in Fig. 2(a) in
the two-dimensional transversal space. In the eikonal ap-
proximation QCD corrections are diagonal in the chiral
basis. This implies that (for a given type of electroweak

(a) (b)

FIG. 2. One- and two-loop transversal space Feynman dia-
grams.

gauge bosons that fuse into the Higgs) the Born ampli-
tude M

(0) factors out. Hence, the expression for the
one-loop amplitude can be written as follows

M
(1) = i↵̃s�

(1)(q3, q4)M
(0)

, (2)

with
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4
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(k + q4)
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2

V

,

(3)

where MV = MZ,W is an electroweak boson mass.
We note that the function �

(1) is ultraviolet-finite but
infrared-divergent. To regulate the infrared divergence,
we introduced an auxiliary gluon mass �. Moreover, the
function �

(1) is explicitly real, so that the entire one-
loop correction is imaginary. This is yet another reason,
in addition to color conservation, that leads to vanishing
interference between the one-loop amplitude computed
in the eikonal approximation and the leading order am-
plitude.
At two loops the structure of the corrections is simi-

lar. In the color-singlet configuration the gluon vertices
commute and the factorization property of the eikonal
approximation [15] can be applied. As a result the sum
over all the permutations of the gluon and vector-boson
vertices reduces to the e↵ective transversal space diagram
in Fig. 2(b) [12]. The corresponding expression for the
amplitude reads

M
(2) = �

↵̃
2
s

2!
�
(2)(q3, q4)M

(0)
, (4)

where 1/2! factor results from the symmetrization of two
identical gluons and
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(5)

Squaring the sum of tree-, one- and two-loop contribu-
tions to the scattering amplitude, we obtain the NNLO
QCD correction to the cross section due to nonfactoriz-
able contributions

d�NNLO

nf
=

✓
N

2
c
� 1

4N2
c

◆
↵
2

s
�nf d�

LO
. (6)

3

In Eq.(6) d�LO is the leading-order di↵erential cross sec-
tion for VBF and

�nf(q3, q4) =
h
�
(1)(q3, q4)

i2
� �

(2)(q3, q4) (7)

is the nonfactorizable correction.
The nonfactorizable correction has peculiar properties.

It is independent of the vector boson couplings to quarks
and to the Higgs boson; these couplings are accommo-
dated in the leading order cross section in Eq. (6). In
the large-Nc limit the color factor in Eq. (6) remains
finite while for the factorizable corrections it grows as
N

2
c
providing the color suppression of the nonfactorizable

contribution. Finally, the two terms in Eq. (7) are sep-
arately infrared divergent. These divergences, however,
are not related to the usual (nonfactorizable) real soft
gluon emissions that, in fact, are suppressed as p?/

p
s

and, therefore, do not contribute to the VBF cross sec-
tion at leading power. The infra-red divergencies in non-
factorizable corrections originate from the exchange of
static Glauber gluons [16] propagating in the transversal
space. It is well known that when abelian gauge bosons
are exchanged, the amplitudes acquire a factor ei� where
� is the infrared-divergent Glauber phase � = �↵̃s ln�2

[12]. This phase factor disappears in the cross section,
which means that the infrared-divergent parts of the first
and the second term in Eq. (7) must cancel each other.

To show this cancellation explicitly, we consider the
� ! 0 limit, extract the infrared singularities from the
two functions �(1,2) and write them as follows
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The functions f (1),(2) read
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where we used the notations

r1 = q2

3
x+ q2

4
(1� x)� q2

H
x(1� x) ,

r2 = q2

H
x(1� x) +M

2

V
,
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�i = q2

i
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In Eq.(10) q
H

= �q4 � q3 is the Higgs boson transverse
momentum. This result can be obtained by using the
Feynman parameter representation for one- and two-loop
two-dimensional triangle diagrams corresponding to the
functions �(1) and �

(2) respectively.
We note that it should be possible to compute the two

functions analytically.1 However, the one-dimensional in-
tegral representations in Eqs. (9,10) are perfectly suitable
for the numerical evaluation of the nonfactorizable cor-
rections so that we decided not to pursue the analytic
calculation further.
Using representations Eq. (8) in Eq. (7), we obtain the

finite result

�nf(q3, q4) = [f (1)(q3, q4)]
2
� f

(2)(q3, q4) , (11)

for the two-loop nonfactorizable correction to the VBF
cross section. It can be used for the numerical evaluation
of the correction factor for values of the transverse mo-
menta that are much smaller than the energy of the two
colliding partons.
It is instructive to compute the function �nf in a few

limiting cases. The simplest case is when all the trans-
verse momenta are small compared to the vector boson
mass |q3,4| ⌧ MV . In this limit r1 = 0, r2 = M

2

V
and we

find

lim
q3,4!0

�nf = 1�
⇡
2

3
. (12)

Another interesting case is when the Higgs boson mo-
mentum is small q2

H
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2

V
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3,4
. In this limit r1 = q2
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and we obtain
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(13)

with x = M
2

V
/q2

3
. In the opposite limit when the trans-

verse momentum q3 of one of the tagging jets is small
compared to q4 ⇡ q

H
the result reads

lim
q3!0

�nf = ln2
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+ 2Li2
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1 + x

◆
�
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2

3
. (14)

The coe�cient of the quadratic logarithm in Eq. (13)
can be read o↵ from the infrared divergences of the one-
and two-loop massless amplitudes at zero Higgs boson
momentum. We have verified this coe�cient by exact
evaluation of the scattering amplitudes in dimensional

1 It is well-known that in the two-dimensional space-time three-
point functions can be described by linear combinations of two-
point functions. The one-loop case is explicitly discussed in
Ref. [17].
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where we used the notations
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V
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In Eq.(10) q
H

= �q4 � q3 is the Higgs boson transverse
momentum. This result can be obtained by using the
Feynman parameter representation for one- and two-loop
two-dimensional triangle diagrams corresponding to the
functions �(1) and �

(2) respectively.
We note that it should be possible to compute the two

functions analytically.1 However, the one-dimensional in-
tegral representations in Eqs. (9,10) are perfectly suitable
for the numerical evaluation of the nonfactorizable cor-
rections so that we decided not to pursue the analytic
calculation further.
Using representations Eq. (8) in Eq. (7), we obtain the

finite result

�nf(q3, q4) = [f (1)(q3, q4)]
2
� f

(2)(q3, q4) , (11)

for the two-loop nonfactorizable correction to the VBF
cross section. It can be used for the numerical evaluation
of the correction factor for values of the transverse mo-
menta that are much smaller than the energy of the two
colliding partons.
It is instructive to compute the function �nf in a few

limiting cases. The simplest case is when all the trans-
verse momenta are small compared to the vector boson
mass |q3,4| ⌧ MV . In this limit r1 = 0, r2 = M

2

V
and we

find
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�nf = 1�
⇡
2

3
. (12)

Another interesting case is when the Higgs boson mo-
mentum is small q2

H
⌧ M

2

V
, q2

3,4
. In this limit r1 = q2
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and we obtain
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(13)

with x = M
2

V
/q2

3
. In the opposite limit when the trans-

verse momentum q3 of one of the tagging jets is small
compared to q4 ⇡ q

H
the result reads

lim
q3!0

�nf = ln2
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1 + x

x
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+ 2Li2

✓
1

1 + x

◆
�

⇡
2

3
. (14)

The coe�cient of the quadratic logarithm in Eq. (13)
can be read o↵ from the infrared divergences of the one-
and two-loop massless amplitudes at zero Higgs boson
momentum. We have verified this coe�cient by exact
evaluation of the scattering amplitudes in dimensional

1 It is well-known that in the two-dimensional space-time three-
point functions can be described by linear combinations of two-
point functions. The one-loop case is explicitly discussed in
Ref. [17].
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<latexit sha1_base64="ogtgHBIquQMKfL7zzd2T9Ntire4=">AAAB6HicbVA9SwNBEJ2LXzF+RVPaLIaAVbizMWXAxjIB8wHJEfY2c8mavb1jd08IRzo7GwtFbP1Jdnb+FDcfhSY+GHi8N8PMvCARXBvX/XJyW9s7u3v5/cLB4dHxSfH0rK3jVDFssVjEqhtQjYJLbBluBHYThTQKBHaCyc3c7zyg0jyWd2aaoB/RkeQhZ9RYqTkaFMtu1V2AbBJvRcr1UuXxGwAag+JnfxizNEJpmKBa9zw3MX5GleFM4KzQTzUmlE3oCHuWShqh9rPFoTNSscqQhLGyJQ1ZqL8nMhppPY0C2xlRM9br3lz8z+ulJqz5GZdJalCy5aIwFcTEZP41GXKFzIipJZQpbm8lbEwVZcZmU7AheOsvb5L2VdVzq17TplGDJfJwDhdwCR5cQx1uoQEtYIDwBC/w6tw7z86b875szTmrmRL8gfPxA0oHjrk=</latexit><latexit sha1_base64="gzIFhCzavbO7+SRbmh0vst3UZc4=">AAAB6HicbVC7SgNBFL3rM8ZXNKXNYAhYhV0bUwZsLBMwD0hCmJ3cTcbMzi4zs0JY0tnZWChi68f4AXb6AX6BH+DkUWjigQuHc+7l3nv8WHBtXPfDWVvf2Nzazuxkd/f2Dw5zR8cNHSWKYZ1FIlItn2oUXGLdcCOwFSukoS+w6Y8up37zFpXmkbw24xi7IR1IHnBGjZVqg16u4JbcGcgq8RakUMkX777fvj6rvdx7px+xJERpmKBatz03Nt2UKsOZwEm2k2iMKRvRAbYtlTRE3U1nh05I0Sp9EkTKljRkpv6eSGmo9Tj0bWdIzVAve1PxP6+dmKDcTbmME4OSzRcFiSAmItOvSZ8rZEaMLaFMcXsrYUOqKDM2m6wNwVt+eZU0zkueW/JqNo0yzJGBEziFM/DgAipwBVWoAwOEe3iEJ+fGeXCenZd565qzmMnDHzivP8QEkVM=</latexit><latexit sha1_base64="gzIFhCzavbO7+SRbmh0vst3UZc4=">AAAB6HicbVC7SgNBFL3rM8ZXNKXNYAhYhV0bUwZsLBMwD0hCmJ3cTcbMzi4zs0JY0tnZWChi68f4AXb6AX6BH+DkUWjigQuHc+7l3nv8WHBtXPfDWVvf2Nzazuxkd/f2Dw5zR8cNHSWKYZ1FIlItn2oUXGLdcCOwFSukoS+w6Y8up37zFpXmkbw24xi7IR1IHnBGjZVqg16u4JbcGcgq8RakUMkX777fvj6rvdx7px+xJERpmKBatz03Nt2UKsOZwEm2k2iMKRvRAbYtlTRE3U1nh05I0Sp9EkTKljRkpv6eSGmo9Tj0bWdIzVAve1PxP6+dmKDcTbmME4OSzRcFiSAmItOvSZ8rZEaMLaFMcXsrYUOqKDM2m6wNwVt+eZU0zkueW/JqNo0yzJGBEziFM/DgAipwBVWoAwOEe3iEJ+fGeXCenZd565qzmMnDHzivP8QEkVM=</latexit><latexit sha1_base64="8y7XGO6fEPm6kc9KHNE+blO21UU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0m82GPBi8cW7Ae0oWy2k3btZhN2N0II/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O6Wt7Z3dvfJ+5eDw6PikenrW1XGqGHZYLGLVD6hGwSV2DDcC+4lCGgUCe8HsbuH3nlBpHssHkyXoR3QiecgZNVZqT0bVmlt3lyCbxCtIDQq0RtWv4ThmaYTSMEG1HnhuYvycKsOZwHllmGpMKJvRCQ4slTRC7efLQ+fkyipjEsbKljRkqf6eyGmkdRYFtjOiZqrXvYX4nzdITdjwcy6T1KBkq0VhKoiJyeJrMuYKmRGZJZQpbm8lbEoVZcZmU7EheOsvb5LuTd1z617brTUbRRxluIBLuAYPbqEJ99CCDjBAeIZXeHMenRfn3flYtZacYuYc/sD5/AHIM4zd</latexit>

g
<latexit sha1_base64="ogtgHBIquQMKfL7zzd2T9Ntire4=">AAAB6HicbVA9SwNBEJ2LXzF+RVPaLIaAVbizMWXAxjIB8wHJEfY2c8mavb1jd08IRzo7GwtFbP1Jdnb+FDcfhSY+GHi8N8PMvCARXBvX/XJyW9s7u3v5/cLB4dHxSfH0rK3jVDFssVjEqhtQjYJLbBluBHYThTQKBHaCyc3c7zyg0jyWd2aaoB/RkeQhZ9RYqTkaFMtu1V2AbBJvRcr1UuXxGwAag+JnfxizNEJpmKBa9zw3MX5GleFM4KzQTzUmlE3oCHuWShqh9rPFoTNSscqQhLGyJQ1ZqL8nMhppPY0C2xlRM9br3lz8z+ulJqz5GZdJalCy5aIwFcTEZP41GXKFzIipJZQpbm8lbEwVZcZmU7AheOsvb5L2VdVzq17TplGDJfJwDhdwCR5cQx1uoQEtYIDwBC/w6tw7z86b875szTmrmRL8gfPxA0oHjrk=</latexit><latexit sha1_base64="gzIFhCzavbO7+SRbmh0vst3UZc4=">AAAB6HicbVC7SgNBFL3rM8ZXNKXNYAhYhV0bUwZsLBMwD0hCmJ3cTcbMzi4zs0JY0tnZWChi68f4AXb6AX6BH+DkUWjigQuHc+7l3nv8WHBtXPfDWVvf2Nzazuxkd/f2Dw5zR8cNHSWKYZ1FIlItn2oUXGLdcCOwFSukoS+w6Y8up37zFpXmkbw24xi7IR1IHnBGjZVqg16u4JbcGcgq8RakUMkX777fvj6rvdx7px+xJERpmKBatz03Nt2UKsOZwEm2k2iMKRvRAbYtlTRE3U1nh05I0Sp9EkTKljRkpv6eSGmo9Tj0bWdIzVAve1PxP6+dmKDcTbmME4OSzRcFiSAmItOvSZ8rZEaMLaFMcXsrYUOqKDM2m6wNwVt+eZU0zkueW/JqNo0yzJGBEziFM/DgAipwBVWoAwOEe3iEJ+fGeXCenZd565qzmMnDHzivP8QEkVM=</latexit><latexit sha1_base64="gzIFhCzavbO7+SRbmh0vst3UZc4=">AAAB6HicbVC7SgNBFL3rM8ZXNKXNYAhYhV0bUwZsLBMwD0hCmJ3cTcbMzi4zs0JY0tnZWChi68f4AXb6AX6BH+DkUWjigQuHc+7l3nv8WHBtXPfDWVvf2Nzazuxkd/f2Dw5zR8cNHSWKYZ1FIlItn2oUXGLdcCOwFSukoS+w6Y8up37zFpXmkbw24xi7IR1IHnBGjZVqg16u4JbcGcgq8RakUMkX777fvj6rvdx7px+xJERpmKBatz03Nt2UKsOZwEm2k2iMKRvRAbYtlTRE3U1nh05I0Sp9EkTKljRkpv6eSGmo9Tj0bWdIzVAve1PxP6+dmKDcTbmME4OSzRcFiSAmItOvSZ8rZEaMLaFMcXsrYUOqKDM2m6wNwVt+eZU0zkueW/JqNo0yzJGBEziFM/DgAipwBVWoAwOEe3iEJ+fGeXCenZd565qzmMnDHzivP8QEkVM=</latexit><latexit sha1_base64="8y7XGO6fEPm6kc9KHNE+blO21UU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0m82GPBi8cW7Ae0oWy2k3btZhN2N0II/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O6Wt7Z3dvfJ+5eDw6PikenrW1XGqGHZYLGLVD6hGwSV2DDcC+4lCGgUCe8HsbuH3nlBpHssHkyXoR3QiecgZNVZqT0bVmlt3lyCbxCtIDQq0RtWv4ThmaYTSMEG1HnhuYvycKsOZwHllmGpMKJvRCQ4slTRC7efLQ+fkyipjEsbKljRkqf6eyGmkdRYFtjOiZqrXvYX4nzdITdjwcy6T1KBkq0VhKoiJyeJrMuYKmRGZJZQpbm8lbEoVZcZmU7EheOsvb5LuTd1z617brTUbRRxluIBLuAYPbqEJ99CCDjBAeIZXeHMenRfn3flYtZacYuYc/sD5/AHIM4zd</latexit>

g
<latexit sha1_base64="ogtgHBIquQMKfL7zzd2T9Ntire4=">AAAB6HicbVA9SwNBEJ2LXzF+RVPaLIaAVbizMWXAxjIB8wHJEfY2c8mavb1jd08IRzo7GwtFbP1Jdnb+FDcfhSY+GHi8N8PMvCARXBvX/XJyW9s7u3v5/cLB4dHxSfH0rK3jVDFssVjEqhtQjYJLbBluBHYThTQKBHaCyc3c7zyg0jyWd2aaoB/RkeQhZ9RYqTkaFMtu1V2AbBJvRcr1UuXxGwAag+JnfxizNEJpmKBa9zw3MX5GleFM4KzQTzUmlE3oCHuWShqh9rPFoTNSscqQhLGyJQ1ZqL8nMhppPY0C2xlRM9br3lz8z+ulJqz5GZdJalCy5aIwFcTEZP41GXKFzIipJZQpbm8lbEwVZcZmU7AheOsvb5L2VdVzq17TplGDJfJwDhdwCR5cQx1uoQEtYIDwBC/w6tw7z86b875szTmrmRL8gfPxA0oHjrk=</latexit><latexit sha1_base64="gzIFhCzavbO7+SRbmh0vst3UZc4=">AAAB6HicbVC7SgNBFL3rM8ZXNKXNYAhYhV0bUwZsLBMwD0hCmJ3cTcbMzi4zs0JY0tnZWChi68f4AXb6AX6BH+DkUWjigQuHc+7l3nv8WHBtXPfDWVvf2Nzazuxkd/f2Dw5zR8cNHSWKYZ1FIlItn2oUXGLdcCOwFSukoS+w6Y8up37zFpXmkbw24xi7IR1IHnBGjZVqg16u4JbcGcgq8RakUMkX777fvj6rvdx7px+xJERpmKBatz03Nt2UKsOZwEm2k2iMKRvRAbYtlTRE3U1nh05I0Sp9EkTKljRkpv6eSGmo9Tj0bWdIzVAve1PxP6+dmKDcTbmME4OSzRcFiSAmItOvSZ8rZEaMLaFMcXsrYUOqKDM2m6wNwVt+eZU0zkueW/JqNo0yzJGBEziFM/DgAipwBVWoAwOEe3iEJ+fGeXCenZd565qzmMnDHzivP8QEkVM=</latexit><latexit sha1_base64="gzIFhCzavbO7+SRbmh0vst3UZc4=">AAAB6HicbVC7SgNBFL3rM8ZXNKXNYAhYhV0bUwZsLBMwD0hCmJ3cTcbMzi4zs0JY0tnZWChi68f4AXb6AX6BH+DkUWjigQuHc+7l3nv8WHBtXPfDWVvf2Nzazuxkd/f2Dw5zR8cNHSWKYZ1FIlItn2oUXGLdcCOwFSukoS+w6Y8up37zFpXmkbw24xi7IR1IHnBGjZVqg16u4JbcGcgq8RakUMkX777fvj6rvdx7px+xJERpmKBatz03Nt2UKsOZwEm2k2iMKRvRAbYtlTRE3U1nh05I0Sp9EkTKljRkpv6eSGmo9Tj0bWdIzVAve1PxP6+dmKDcTbmME4OSzRcFiSAmItOvSZ8rZEaMLaFMcXsrYUOqKDM2m6wNwVt+eZU0zkueW/JqNo0yzJGBEziFM/DgAipwBVWoAwOEe3iEJ+fGeXCenZd565qzmMnDHzivP8QEkVM=</latexit><latexit sha1_base64="8y7XGO6fEPm6kc9KHNE+blO21UU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0m82GPBi8cW7Ae0oWy2k3btZhN2N0II/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O6Wt7Z3dvfJ+5eDw6PikenrW1XGqGHZYLGLVD6hGwSV2DDcC+4lCGgUCe8HsbuH3nlBpHssHkyXoR3QiecgZNVZqT0bVmlt3lyCbxCtIDQq0RtWv4ThmaYTSMEG1HnhuYvycKsOZwHllmGpMKJvRCQ4slTRC7efLQ+fkyipjEsbKljRkqf6eyGmkdRYFtjOiZqrXvYX4nzdITdjwcy6T1KBkq0VhKoiJyeJrMuYKmRGZJZQpbm8lbEoVZcZmU7EheOsvb5LuTd1z617brTUbRRxluIBLuAYPbqEJ99CCDjBAeIZXeHMenRfn3flYtZacYuYc/sD5/AHIM4zd</latexit>

Non-factorizable contributions
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Non-factorizable contributions

It is instructive to consider some limits, where analytic computations simplify. 

1) The forward limit:                                                        ;   Negative corrections.

2)  The forward Higgs production:

q3,4 ! 0
<latexit sha1_base64="eKLZ3qoobyKg4lUZ4aNBz/ghLmo=">AAAB/nicbVDLSsNAFL3xWesrKq7cDBbBhZREC7osunFZwT6gCWEynbRDJw9nJkIJAX/FjQtF3Pod7vwbJ20W2nrgwuGce7n3Hj/hTCrL+jaWlldW19YrG9XNre2dXXNvvyPjVBDaJjGPRc/HknIW0bZiitNeIigOfU67/vim8LuPVEgWR/dqklA3xMOIBYxgpSXPPMwcP0DoIfeyi7NGjhwVI6vqmTWrbk2BFoldkhqUaHnmlzOISRrSSBGOpezbVqLcDAvFCKd51UklTTAZ4yHtaxrhkEo3m56foxOtDFAQC12RQlP190SGQyknoa87Q6xGct4rxP+8fqqCKzdjUZIqGpHZoiDlSP9YZIEGTFCi+EQTTATTtyIywgITpRMrQrDnX14knfO6bdXtu0ateV3GUYEjOIZTsOESmnALLWgDgQye4RXejCfjxXg3PmatS0Y5cwB/YHz+AJWDk+0=</latexit><latexit sha1_base64="eKLZ3qoobyKg4lUZ4aNBz/ghLmo=">AAAB/nicbVDLSsNAFL3xWesrKq7cDBbBhZREC7osunFZwT6gCWEynbRDJw9nJkIJAX/FjQtF3Pod7vwbJ20W2nrgwuGce7n3Hj/hTCrL+jaWlldW19YrG9XNre2dXXNvvyPjVBDaJjGPRc/HknIW0bZiitNeIigOfU67/vim8LuPVEgWR/dqklA3xMOIBYxgpSXPPMwcP0DoIfeyi7NGjhwVI6vqmTWrbk2BFoldkhqUaHnmlzOISRrSSBGOpezbVqLcDAvFCKd51UklTTAZ4yHtaxrhkEo3m56foxOtDFAQC12RQlP190SGQyknoa87Q6xGct4rxP+8fqqCKzdjUZIqGpHZoiDlSP9YZIEGTFCi+EQTTATTtyIywgITpRMrQrDnX14knfO6bdXtu0ateV3GUYEjOIZTsOESmnALLWgDgQye4RXejCfjxXg3PmatS0Y5cwB/YHz+AJWDk+0=</latexit><latexit sha1_base64="eKLZ3qoobyKg4lUZ4aNBz/ghLmo=">AAAB/nicbVDLSsNAFL3xWesrKq7cDBbBhZREC7osunFZwT6gCWEynbRDJw9nJkIJAX/FjQtF3Pod7vwbJ20W2nrgwuGce7n3Hj/hTCrL+jaWlldW19YrG9XNre2dXXNvvyPjVBDaJjGPRc/HknIW0bZiitNeIigOfU67/vim8LuPVEgWR/dqklA3xMOIBYxgpSXPPMwcP0DoIfeyi7NGjhwVI6vqmTWrbk2BFoldkhqUaHnmlzOISRrSSBGOpezbVqLcDAvFCKd51UklTTAZ4yHtaxrhkEo3m56foxOtDFAQC12RQlP190SGQyknoa87Q6xGct4rxP+8fqqCKzdjUZIqGpHZoiDlSP9YZIEGTFCi+EQTTATTtyIywgITpRMrQrDnX14knfO6bdXtu0ateV3GUYEjOIZTsOESmnALLWgDgQye4RXejCfjxXg3PmatS0Y5cwB/YHz+AJWDk+0=</latexit><latexit sha1_base64="eKLZ3qoobyKg4lUZ4aNBz/ghLmo=">AAAB/nicbVDLSsNAFL3xWesrKq7cDBbBhZREC7osunFZwT6gCWEynbRDJw9nJkIJAX/FjQtF3Pod7vwbJ20W2nrgwuGce7n3Hj/hTCrL+jaWlldW19YrG9XNre2dXXNvvyPjVBDaJjGPRc/HknIW0bZiitNeIigOfU67/vim8LuPVEgWR/dqklA3xMOIBYxgpSXPPMwcP0DoIfeyi7NGjhwVI6vqmTWrbk2BFoldkhqUaHnmlzOISRrSSBGOpezbVqLcDAvFCKd51UklTTAZ4yHtaxrhkEo3m56foxOtDFAQC12RQlP190SGQyknoa87Q6xGct4rxP+8fqqCKzdjUZIqGpHZoiDlSP9YZIEGTFCi+EQTTATTtyIywgITpRMrQrDnX14knfO6bdXtu0ateV3GUYEjOIZTsOESmnALLWgDgQye4RXejCfjxXg3PmatS0Y5cwB/YHz+AJWDk+0=</latexit>

�nf = 1� ⇡2

3
<latexit sha1_base64="ACsfa83kobDz1jnrpb8pHmDS2CM=">AAACDXicbVDLSsNAFJ34rPUVdelmsApuLEkVdCMU3bisYB/QxDCZTtqhM5MwMxFKyA+48VfcuFDErXt3/o2TtgttPXDhcM693HtPmDCqtON8WwuLS8srq6W18vrG5ta2vbPbUnEqMWnimMWyEyJFGBWkqalmpJNIgnjISDscXhd++4FIRWNxp0cJ8TnqCxpRjLSRAvvQwwMaZJ7kUEQ5vIQuPIFeJBHOvITe1/LsNC8HdsWpOmPAeeJOSQVM0QjsL68X45QToTFDSnVdJ9F+hqSmmJG87KWKJAgPUZ90DRWIE+Vn429yeGSUHoxiaUpoOFZ/T2SIKzXioenkSA/UrFeI/3ndVEcXfkZFkmoi8GRRlDKoY1hEA3tUEqzZyBCEJTW3QjxAJgptAixCcGdfnietWtV1qu7tWaV+NY2jBPbBATgGLjgHdXADGqAJMHgEz+AVvFlP1ov1bn1MWhes6cwe+APr8wfsp5ou</latexit><latexit sha1_base64="ACsfa83kobDz1jnrpb8pHmDS2CM=">AAACDXicbVDLSsNAFJ34rPUVdelmsApuLEkVdCMU3bisYB/QxDCZTtqhM5MwMxFKyA+48VfcuFDErXt3/o2TtgttPXDhcM693HtPmDCqtON8WwuLS8srq6W18vrG5ta2vbPbUnEqMWnimMWyEyJFGBWkqalmpJNIgnjISDscXhd++4FIRWNxp0cJ8TnqCxpRjLSRAvvQwwMaZJ7kUEQ5vIQuPIFeJBHOvITe1/LsNC8HdsWpOmPAeeJOSQVM0QjsL68X45QToTFDSnVdJ9F+hqSmmJG87KWKJAgPUZ90DRWIE+Vn429yeGSUHoxiaUpoOFZ/T2SIKzXioenkSA/UrFeI/3ndVEcXfkZFkmoi8GRRlDKoY1hEA3tUEqzZyBCEJTW3QjxAJgptAixCcGdfnietWtV1qu7tWaV+NY2jBPbBATgGLjgHdXADGqAJMHgEz+AVvFlP1ov1bn1MWhes6cwe+APr8wfsp5ou</latexit><latexit sha1_base64="ACsfa83kobDz1jnrpb8pHmDS2CM=">AAACDXicbVDLSsNAFJ34rPUVdelmsApuLEkVdCMU3bisYB/QxDCZTtqhM5MwMxFKyA+48VfcuFDErXt3/o2TtgttPXDhcM693HtPmDCqtON8WwuLS8srq6W18vrG5ta2vbPbUnEqMWnimMWyEyJFGBWkqalmpJNIgnjISDscXhd++4FIRWNxp0cJ8TnqCxpRjLSRAvvQwwMaZJ7kUEQ5vIQuPIFeJBHOvITe1/LsNC8HdsWpOmPAeeJOSQVM0QjsL68X45QToTFDSnVdJ9F+hqSmmJG87KWKJAgPUZ90DRWIE+Vn429yeGSUHoxiaUpoOFZ/T2SIKzXioenkSA/UrFeI/3ndVEcXfkZFkmoi8GRRlDKoY1hEA3tUEqzZyBCEJTW3QjxAJgptAixCcGdfnietWtV1qu7tWaV+NY2jBPbBATgGLjgHdXADGqAJMHgEz+AVvFlP1ov1bn1MWhes6cwe+APr8wfsp5ou</latexit><latexit sha1_base64="ACsfa83kobDz1jnrpb8pHmDS2CM=">AAACDXicbVDLSsNAFJ34rPUVdelmsApuLEkVdCMU3bisYB/QxDCZTtqhM5MwMxFKyA+48VfcuFDErXt3/o2TtgttPXDhcM693HtPmDCqtON8WwuLS8srq6W18vrG5ta2vbPbUnEqMWnimMWyEyJFGBWkqalmpJNIgnjISDscXhd++4FIRWNxp0cJ8TnqCxpRjLSRAvvQwwMaZJ7kUEQ5vIQuPIFeJBHOvITe1/LsNC8HdsWpOmPAeeJOSQVM0QjsL68X45QToTFDSnVdJ9F+hqSmmJG87KWKJAgPUZ90DRWIE+Vn429yeGSUHoxiaUpoOFZ/T2SIKzXioenkSA/UrFeI/3ndVEcXfkZFkmoi8GRRlDKoY1hEA3tUEqzZyBCEJTW3QjxAJgptAixCcGdfnietWtV1qu7tWaV+NY2jBPbBATgGLjgHdXADGqAJMHgEz+AVvFlP1ov1bn1MWhes6cwe+APr8wfsp5ou</latexit>

qH ! 0
<latexit sha1_base64="AkUqJ6BDNX8hiP6WPHyJ6xDmgwk=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRS48V7Ac0IWy2m3bpZhN3N4US+k+8eFDEq//Em//GTZuDtj4YeLw3w8y8MOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2JFORO0o5nmtJ9KiuOQ0144uS/83pRKxRLxqGcp9WM8EixiBGsjBbade2GEnuZBC3k6QU4tsOtOw1kArRO3JHUo0Q7sL2+YkCymQhOOlRq4Tqr9HEvNCKfzmpcpmmIywSM6MFTgmCo/X1w+RxdGGaIokaaERgv190SOY6VmcWg6Y6zHatUrxP+8QaajWz9nIs00FWS5KMo4Mj8WMaAhk5RoPjMEE8nMrYiMscREm7CKENzVl9dJ96rhOg334brevCvjqMIZnMMluHADTWhBGzpAYArP8ApvVm69WO/Wx7K1YpUzp/AH1ucPpdySWA==</latexit><latexit sha1_base64="AkUqJ6BDNX8hiP6WPHyJ6xDmgwk=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRS48V7Ac0IWy2m3bpZhN3N4US+k+8eFDEq//Em//GTZuDtj4YeLw3w8y8MOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2JFORO0o5nmtJ9KiuOQ0144uS/83pRKxRLxqGcp9WM8EixiBGsjBbade2GEnuZBC3k6QU4tsOtOw1kArRO3JHUo0Q7sL2+YkCymQhOOlRq4Tqr9HEvNCKfzmpcpmmIywSM6MFTgmCo/X1w+RxdGGaIokaaERgv190SOY6VmcWg6Y6zHatUrxP+8QaajWz9nIs00FWS5KMo4Mj8WMaAhk5RoPjMEE8nMrYiMscREm7CKENzVl9dJ96rhOg334brevCvjqMIZnMMluHADTWhBGzpAYArP8ApvVm69WO/Wx7K1YpUzp/AH1ucPpdySWA==</latexit><latexit sha1_base64="AkUqJ6BDNX8hiP6WPHyJ6xDmgwk=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRS48V7Ac0IWy2m3bpZhN3N4US+k+8eFDEq//Em//GTZuDtj4YeLw3w8y8MOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2JFORO0o5nmtJ9KiuOQ0144uS/83pRKxRLxqGcp9WM8EixiBGsjBbade2GEnuZBC3k6QU4tsOtOw1kArRO3JHUo0Q7sL2+YkCymQhOOlRq4Tqr9HEvNCKfzmpcpmmIywSM6MFTgmCo/X1w+RxdGGaIokaaERgv190SOY6VmcWg6Y6zHatUrxP+8QaajWz9nIs00FWS5KMo4Mj8WMaAhk5RoPjMEE8nMrYiMscREm7CKENzVl9dJ96rhOg334brevCvjqMIZnMMluHADTWhBGzpAYArP8ApvVm69WO/Wx7K1YpUzp/AH1ucPpdySWA==</latexit><latexit sha1_base64="AkUqJ6BDNX8hiP6WPHyJ6xDmgwk=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRS48V7Ac0IWy2m3bpZhN3N4US+k+8eFDEq//Em//GTZuDtj4YeLw3w8y8MOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2JFORO0o5nmtJ9KiuOQ0144uS/83pRKxRLxqGcp9WM8EixiBGsjBbade2GEnuZBC3k6QU4tsOtOw1kArRO3JHUo0Q7sL2+YkCymQhOOlRq4Tqr9HEvNCKfzmpcpmmIywSM6MFTgmCo/X1w+RxdGGaIokaaERgv190SOY6VmcWg6Y6zHatUrxP+8QaajWz9nIs00FWS5KMo4Mj8WMaAhk5RoPjMEE8nMrYiMscREm7CKENzVl9dJ96rhOg334brevCvjqMIZnMMluHADTWhBGzpAYArP8ApvVm69WO/Wx7K1YpUzp/AH1ucPpdySWA==</latexit>
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Enhanced positive corrections at small x (large jet transverse momentum).

From these considerations, it can be expected that the non-factorizable corrections  significantly 
change over the phase space.  This expectation is confirmed by results of  numerical simulation. 

It is also useful to emphasize that, although non-factorizable corrections appear at NNLO, there 
is currently no information about their renormalization scale dependence. 

Finally, these effects are not treated by a parton shower, even approximately, since the 
contribution that we have computed is fully independent of the real emission. 
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Numerics: Jets

transverse momentum distribution rapidity distribution
(2nd jet) (1st jet)

A. Penin, U of A RADCOR 2019 – p. 16/19

Numerics: Jets

transverse momentum distribution rapidity distribution
(2nd jet) (1st jet)

A. Penin, U of A RADCOR 2019 – p. 16/19

Kinematic distirbutions: non-factorizable corrections

Percent level non-factorizable effects; corrections to transverse momentum distribution of a second 
jet change from negative  to positive.
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Numerics: Higgs

transverse momentum distribution rapidity distribution

A. Penin, U of A RADCOR 2019 – p. 17/19

Numerics: Higgs

transverse momentum distribution rapidity distribution

A. Penin, U of A RADCOR 2019 – p. 17/19

Kinematic distirbutions: non-factorizable corrections

Corrections to the Higgs boson transverse momentum and rapidity distributions are much less volatile… 
Both are about half a percent.  The non-factorizable corrections to the cross section with WBF cuts are 
quite similar. 
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Non-factorizable corrections beyond eikonal approximation

Eikonal approximation (forward scattering)  gives us the Coulomb phase; that is why the infra-red 
singularities cancel on their own. Because of the difference between a gluon and a two weak  bosons fusing 
into the Higgs boson, the result is different from zero. 

Other effects, e.g.  real emissions, require going beyond the forward scattering limit.  

lim
p5,p6!0

|M(1q, 2Q, 3q, 4Q)|2nf = (N2
c � 1)Eiknf(p5)Eiknf(p6) A2

0(1, 2, 3, 4)
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Eik(p) =
X

i2[1,3];j2[2,4]

�ij
pipj

(pip)(pjp)
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�ij =

⇢
1 i, j both incoming or outgoing
�1 otherwise
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<latexit sha1_base64="x+0v5mI2wRZrtRK3Vuzqvp4fHjg=">AAAB6nicbVDLSgNBEOyNrxhfUY96GAyCp7Argh6DXjwmaB6QLGF2MpsMmZ1dZnqFsOQTvHhQxKsf4Xd48+anOHkcNLGgoajqprsrSKQw6LpfTm5ldW19I79Z2Nre2d0r7h80TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbDm4nffODaiFjd4yjhfkT7SoSCUbTSXdK96BZLbtmdgiwTb05KleOP2jcAVLvFz04vZmnEFTJJjWl7boJ+RjUKJvm40EkNTygb0j5vW6poxI2fTU8dk1Or9EgYa1sKyVT9PZHRyJhRFNjOiOLALHoT8T+vnWJ45WdCJSlyxWaLwlQSjMnkb9ITmjOUI0so08LeStiAasrQplOwIXiLLy+TxnnZc8tezaZxDTPk4QhO4Aw8uIQK3EIV6sCgD4/wDC+OdJ6cV+dt1ppz5jOH8AfO+w8Sxo/c</latexit><latexit sha1_base64="OOavC2e6augqbA47gfeC2L0Ba2A=">AAAB6nicbVDLSgNBEOz1GeMr6lGRwSB4Crsi6DHoxWOC5gHJEmYnk2TI7Owy0yuEJUePXjwo4tWPyHd48xv8CSePgyYWNBRV3XR3BbEUBl33y1laXlldW89sZDe3tnd2c3v7VRMlmvEKi2Sk6wE1XArFKyhQ8nqsOQ0DyWtB/2bs1x64NiJS9ziIuR/SrhIdwSha6S5uXbRyebfgTkAWiTcj+eLRqPz9eDwqtXKfzXbEkpArZJIa0/DcGP2UahRM8mG2mRgeU9anXd6wVNGQGz+dnDokp1Zpk06kbSkkE/X3REpDYwZhYDtDij0z743F/7xGgp0rPxUqTpArNl3USSTBiIz/Jm2hOUM5sIQyLeythPWopgxtOlkbgjf/8iKpnhc8t+CVbRrXMEUGDuEEzsCDSyjCLZSgAgy68AQv8OpI59l5c96nrUvObOYA/sD5+AHw/JFC</latexit><latexit sha1_base64="OOavC2e6augqbA47gfeC2L0Ba2A=">AAAB6nicbVDLSgNBEOz1GeMr6lGRwSB4Crsi6DHoxWOC5gHJEmYnk2TI7Owy0yuEJUePXjwo4tWPyHd48xv8CSePgyYWNBRV3XR3BbEUBl33y1laXlldW89sZDe3tnd2c3v7VRMlmvEKi2Sk6wE1XArFKyhQ8nqsOQ0DyWtB/2bs1x64NiJS9ziIuR/SrhIdwSha6S5uXbRyebfgTkAWiTcj+eLRqPz9eDwqtXKfzXbEkpArZJIa0/DcGP2UahRM8mG2mRgeU9anXd6wVNGQGz+dnDokp1Zpk06kbSkkE/X3REpDYwZhYDtDij0z743F/7xGgp0rPxUqTpArNl3USSTBiIz/Jm2hOUM5sIQyLeythPWopgxtOlkbgjf/8iKpnhc8t+CVbRrXMEUGDuEEzsCDSyjCLZSgAgy68AQv8OpI59l5c96nrUvObOYA/sD5+AHw/JFC</latexit><latexit sha1_base64="TgxkHnJY9c7s6nC573F+SdZznnk=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpIe1f9t2qV/PmIKvEL0gVCjT67ldvkLAs5gqZpMZ0fS/FIKcaBZN8WullhqeUjemQdy1VNOYmyOenTsmZVQYkSrQthWSu/p7IaWzMJA5tZ0xxZJa9mfif180wug5yodIMuWKLRVEmCSZk9jcZCM0ZyokllGlhbyVsRDVlaNOp2BD85ZdXSeui5ns1/96r1m+KOMpwAqdwDj5cQR3uoAFNYDCEZ3iFN0c6L86787FoLTnFzDH8gfP5AwLMjZc=</latexit>

p5
<latexit sha1_base64="NEfoWjO8/7IPHZXm80zTkYUvDPE=">AAAB6nicbVDLSgNBEOyNrxhfUY96GAyCp7AriB6DXjwmaB6QLGF2MpsMmZ1dZnqFsOQTvHhQxKsf4Xd48+anOHkcNLGgoajqprsrSKQw6LpfTm5ldW19I79Z2Nre2d0r7h80TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbDm4nffODaiFjd4yjhfkT7SoSCUbTSXdK96BZLbtmdgiwTb05KleOP2jcAVLvFz04vZmnEFTJJjWl7boJ+RjUKJvm40EkNTygb0j5vW6poxI2fTU8dk1Or9EgYa1sKyVT9PZHRyJhRFNjOiOLALHoT8T+vnWJ45WdCJSlyxWaLwlQSjMnkb9ITmjOUI0so08LeStiAasrQplOwIXiLLy+TxnnZc8tezaZxDTPk4QhO4Aw8uIQK3EIV6sCgD4/wDC+OdJ6cV+dt1ppz5jOH8AfO+w8USo/d</latexit><latexit sha1_base64="AtlVTJF6HkH/QZtKTS0E7qZ7jTc=">AAAB6nicbVDLSgNBEOz1GeMr6lGRwSB4CruC6DHoxWOC5gHJEmYnk2TI7Owy0yuEJUePXjwo4tWPyHd48xv8CSePgyYWNBRV3XR3BbEUBl33y1laXlldW89sZDe3tnd2c3v7VRMlmvEKi2Sk6wE1XArFKyhQ8nqsOQ0DyWtB/2bs1x64NiJS9ziIuR/SrhIdwSha6S5uXbRyebfgTkAWiTcj+eLRqPz9eDwqtXKfzXbEkpArZJIa0/DcGP2UahRM8mG2mRgeU9anXd6wVNGQGz+dnDokp1Zpk06kbSkkE/X3REpDYwZhYDtDij0z743F/7xGgp0rPxUqTpArNl3USSTBiIz/Jm2hOUM5sIQyLeythPWopgxtOlkbgjf/8iKpnhc8t+CVbRrXMEUGDuEEzsCDSyjCLZSgAgy68AQv8OpI59l5c96nrUvObOYA/sD5+AHygJFD</latexit><latexit sha1_base64="AtlVTJF6HkH/QZtKTS0E7qZ7jTc=">AAAB6nicbVDLSgNBEOz1GeMr6lGRwSB4CruC6DHoxWOC5gHJEmYnk2TI7Owy0yuEJUePXjwo4tWPyHd48xv8CSePgyYWNBRV3XR3BbEUBl33y1laXlldW89sZDe3tnd2c3v7VRMlmvEKi2Sk6wE1XArFKyhQ8nqsOQ0DyWtB/2bs1x64NiJS9ziIuR/SrhIdwSha6S5uXbRyebfgTkAWiTcj+eLRqPz9eDwqtXKfzXbEkpArZJIa0/DcGP2UahRM8mG2mRgeU9anXd6wVNGQGz+dnDokp1Zpk06kbSkkE/X3REpDYwZhYDtDij0z743F/7xGgp0rPxUqTpArNl3USSTBiIz/Jm2hOUM5sIQyLeythPWopgxtOlkbgjf/8iKpnhc8t+CVbRrXMEUGDuEEzsCDSyjCLZSgAgy68AQv8OpI59l5c96nrUvObOYA/sD5+AHygJFD</latexit><latexit sha1_base64="LGbchjXj7FAx2S8pEa01nyN1rlw=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0kE0WPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpIe1f9t2qV/PmIKvEL0gVCjT67ldvkLAs5gqZpMZ0fS/FIKcaBZN8WullhqeUjemQdy1VNOYmyOenTsmZVQYkSrQthWSu/p7IaWzMJA5tZ0xxZJa9mfif180wug5yodIMuWKLRVEmCSZk9jcZCM0ZyokllGlhbyVsRDVlaNOp2BD85ZdXSeui5ns1/96r1m+KOMpwAqdwDj5cQR3uoAFNYDCEZ3iFN0c6L86787FoLTnFzDH8gfP5AwRQjZg=</latexit> p6

<latexit sha1_base64="xSIBr1Ni4Qdyj8xdW39kXvxsMGY=">AAAB6nicbVDLSgNBEOyNrxhfUY96GAyCp7DrQT0GvXhM0DwgWcLsZDYZMju7zPQKYcknePGgiFc/wu/w5s1PcfI4aGJBQ1HVTXdXkEhh0HW/nNzK6tr6Rn6zsLW9s7tX3D9omDjVjNdZLGPdCqjhUiheR4GStxLNaRRI3gyGNxO/+cC1EbG6x1HC/Yj2lQgFo2ilu6R70S2W3LI7BVkm3pyUKscftW8AqHaLn51ezNKIK2SSGtP23AT9jGoUTPJxoZManlA2pH3etlTRiBs/m546JqdW6ZEw1rYUkqn6eyKjkTGjKLCdEcWBWfQm4n9eO8Xwys+ESlLkis0WhakkGJPJ36QnNGcoR5ZQpoW9lbAB1ZShTadgQ/AWX14mjfOy55a9mk3jGmbIwxGcwBl4cAkVuIUq1IFBHx7hGV4c6Tw5r87brDXnzGcO4Q+c9x8Vzo/e</latexit><latexit sha1_base64="B1nx4h2Os5k0xAaw1MJ9fe5jD3M=">AAAB6nicbVDLSgNBEOz1GeMr6lGRwSB4Crse1GPQi8cEzQOSJcxOJsmQ2dllplcIS44evXhQxKsfke/w5jf4E04eB00saCiquunuCmIpDLrul7O0vLK6tp7ZyG5ube/s5vb2qyZKNOMVFslI1wNquBSKV1Cg5PVYcxoGkteC/s3Yrz1wbUSk7nEQcz+kXSU6glG00l3cumjl8m7BnYAsEm9G8sWjUfn78XhUauU+m+2IJSFXyCQ1puG5Mfop1SiY5MNsMzE8pqxPu7xhqaIhN346OXVITq3SJp1I21JIJurviZSGxgzCwHaGFHtm3huL/3mNBDtXfipUnCBXbLqok0iCERn/TdpCc4ZyYAllWthbCetRTRnadLI2BG/+5UVSPS94bsEr2zSuYYoMHMIJnIEHl1CEWyhBBRh04Qle4NWRzrPz5rxPW5ec2cwB/IHz8QP0BJFE</latexit><latexit sha1_base64="B1nx4h2Os5k0xAaw1MJ9fe5jD3M=">AAAB6nicbVDLSgNBEOz1GeMr6lGRwSB4Crse1GPQi8cEzQOSJcxOJsmQ2dllplcIS44evXhQxKsfke/w5jf4E04eB00saCiquunuCmIpDLrul7O0vLK6tp7ZyG5ube/s5vb2qyZKNOMVFslI1wNquBSKV1Cg5PVYcxoGkteC/s3Yrz1wbUSk7nEQcz+kXSU6glG00l3cumjl8m7BnYAsEm9G8sWjUfn78XhUauU+m+2IJSFXyCQ1puG5Mfop1SiY5MNsMzE8pqxPu7xhqaIhN346OXVITq3SJp1I21JIJurviZSGxgzCwHaGFHtm3huL/3mNBDtXfipUnCBXbLqok0iCERn/TdpCc4ZyYAllWthbCetRTRnadLI2BG/+5UVSPS94bsEr2zSuYYoMHMIJnIEHl1CEWyhBBRh04Qle4NWRzrPz5rxPW5ec2cwB/IHz8QP0BJFE</latexit><latexit sha1_base64="TI+3bdRpF6BPATcXxYsHIIcBE+s=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0k8qMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZemEph0PO+ndLa+sbmVnm7srO7t3/gHh61TJJpxpsskYnuhNRwKRRvokDJO6nmNA4lb4fj25nffuLaiEQ94iTlQUyHSkSCUbTSQ9q/7LtVr+bNQVaJX5AqFGj03a/eIGFZzBUySY3p+l6KQU41Cib5tNLLDE8pG9Mh71qqaMxNkM9PnZIzqwxIlGhbCslc/T2R09iYSRzazpjiyCx7M/E/r5thdB3kQqUZcsUWi6JMEkzI7G8yEJozlBNLKNPC3krYiGrK0KZTsSH4yy+vktZFzfdq/r1Xrd8UcZThBE7hHHy4gjrcQQOawGAIz/AKb450Xpx352PRWnKKmWP4A+fzBwXUjZk=</latexit>



Non-factorizable corrections to Higgs boson production in weak boson fusion  

1) appear at next-to-next-to-leading order for the first time; 

2) are color-suppressed but       - enhanced;  their origin is related to the Coulomb phase;  

3) are not part of effects simulated by parton showers;  

4) can reach a percent level in kinematic distributions and are strongly kinematic-dependent;  change the WBF cross 
section by -0.5 percent; 

5) appear to be equally if not more important than factorizable N3LO corrections. 

�29

⇡
<latexit sha1_base64="fyjzOc13ct4ynofv9NUm9NvfBRc=">AAAB6nicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLGMaC6QLGF2cjYZMju7zMwKYQn4AjYWitj6LvZ2vo2TS6GJPwx8/P85zDknTAXXxvO+naXlldW19cKGu7m1vbNb3Nuv6yRTDGssEYlqhlSj4BJrhhuBzVQhjUOBjXBwPc4bD6g0T+S9GaYYxLQnecQZNda6a6e8Uyx5ZW8isgj+DEqXn+7FIwBUO8WvdjdhWYzSMEG1bvleaoKcKsOZwJHbzjSmlA1oD1sWJY1RB/lk1BE5tk6XRImyTxoycX935DTWehiHtjKmpq/ns7H5X9bKTHQe5FymmUHJph9FmSAmIeO9SZcrZEYMLVCmuJ2VsD5VlBl7HdcewZ9feRHqp2XfK/u3XqlyBVMV4BCO4AR8OIMK3EAVasCgB0/wAq+OcJ6dN+d9WrrkzHoO4I+cjx+9tY+W</latexit><latexit sha1_base64="KBd6dkRA+uHs+V6+aVl6Oms/4IY=">AAAB6nicbZDLSgMxFIbP1Fsdb1WXboJFcFVm3OhGLLpxWdFpC+1QMmmmDc1kQpIRytBHcONCEZf6Lu7diG9jello6w+Bj/8/h5xzIsmZNp737RSWlldW14rr7sbm1vZOaXevrtNMERqQlKeqGWFNORM0MMxw2pSK4iTitBENrsZ5454qzVJxZ4aShgnuCRYzgo21btuSdUplr+JNhBbBn0H54sM9l29fbq1T+mx3U5IlVBjCsdYt35MmzLEyjHA6ctuZphKTAe7RlkWBE6rDfDLqCB1Zp4viVNknDJq4vztynGg9TCJbmWDT1/PZ2Pwva2UmPgtzJmRmqCDTj+KMI5Oi8d6oyxQlhg8tYKKYnRWRPlaYGHsd1x7Bn195EeonFd+r+DdeuXoJUxXhAA7hGHw4hSpcQw0CINCDB3iCZ4c7j86L8zotLTiznn34I+f9B69EkQo=</latexit><latexit sha1_base64="KBd6dkRA+uHs+V6+aVl6Oms/4IY=">AAAB6nicbZDLSgMxFIbP1Fsdb1WXboJFcFVm3OhGLLpxWdFpC+1QMmmmDc1kQpIRytBHcONCEZf6Lu7diG9jello6w+Bj/8/h5xzIsmZNp737RSWlldW14rr7sbm1vZOaXevrtNMERqQlKeqGWFNORM0MMxw2pSK4iTitBENrsZ5454qzVJxZ4aShgnuCRYzgo21btuSdUplr+JNhBbBn0H54sM9l29fbq1T+mx3U5IlVBjCsdYt35MmzLEyjHA6ctuZphKTAe7RlkWBE6rDfDLqCB1Zp4viVNknDJq4vztynGg9TCJbmWDT1/PZ2Pwva2UmPgtzJmRmqCDTj+KMI5Oi8d6oyxQlhg8tYKKYnRWRPlaYGHsd1x7Bn195EeonFd+r+DdeuXoJUxXhAA7hGHw4hSpcQw0CINCDB3iCZ4c7j86L8zotLTiznn34I+f9B69EkQo=</latexit><latexit sha1_base64="srI/+mpt52+eVwv/VqdQA8gG3Ag=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmIzGxIns2WhJtLDEKksCF7C17sGFv77I7Z0Iu/AQbC42x9RfZ+W9c4AoFXzLJy3szmZkXpkpapPTbK62tb2xulbcrO7t7+wfVw6O2TTLDRYsnKjGdkFmhpBYtlKhEJzWCxaESj+H4ZuY/PgljZaIfcJKKIGZDLSPJGTrpvpfKfrVG63QOskr8gtSgQLNf/eoNEp7FQiNXzNquT1MMcmZQciWmlV5mRcr4mA1F11HNYmGDfH7qlJw5ZUCixLjSSObq74mcxdZO4tB1xgxHdtmbif953QyjqyCXOs1QaL5YFGWKYEJmf5OBNIKjmjjCuJHuVsJHzDCOLp2KC8FffnmVtC/qPq37d7TWuC7iKMMJnMI5+HAJDbiFJrSAwxCe4RXePOW9eO/ex6K15BUzx/AH3ucPTn2NyQ==</latexit>

Summary

H
<latexit sha1_base64="F0ndkRFiHMACnNvAGHXwZHm71hQ=">AAAB6HicbZC7SwNBEMbnfMb4ilraLAbBKtzZaCMGbVImYB6QHGFvM5es2ds7dveEcATsbSwUsfWfsbfzv3HzKDTxg4Uf3zfDzkyQCK6N6347K6tr6xubua389s7u3n7h4LCh41QxrLNYxKoVUI2CS6wbbgS2EoU0CgQ2g+HtJG8+oNI8lndmlKAf0b7kIWfUWKtW6RaKbsmdiiyDN4fi9Wf+6hEAqt3CV6cXszRCaZigWrc9NzF+RpXhTOA430k1JpQNaR/bFiWNUPvZdNAxObVOj4Sxsk8aMnV/d2Q00noUBbYyomagF7OJ+V/WTk146WdcJqlByWYfhakgJiaTrUmPK2RGjCxQpridlbABVZQZe5u8PYK3uPIyNM5Lnlvyam6xfAMz5eAYTuAMPLiAMlSgCnVggPAEL/Dq3DvPzpvzPitdceY9R/BHzscPC4COlQ==</latexit><latexit sha1_base64="FAlAosIQa5DYsJs20oqD86uLjs4=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8UgWIVdG23EoE3KBMwFkiXMTs4mY2Znl5lZISx5AhsLRWz1YextxLdxcik08YeBj/8/hznnBAlnSrvut5VbWV1b38hv2lvbO7t7hf2DhopTSbFOYx7LVkAUciawrpnm2Eokkijg2AyGN5O8eY9SsVjc6lGCfkT6goWMEm2sWqVbKLoldypnGbw5FK8+7Mvk/cuudgufnV5M0wiFppwo1fbcRPsZkZpRjmO7kypMCB2SPrYNChKh8rPpoGPnxDg9J4yleUI7U/d3R0YipUZRYCojogdqMZuY/2XtVIcXfsZEkmoUdPZRmHJHx85ka6fHJFLNRwYIlczM6tABkYRqcxvbHMFbXHkZGmclzy15NbdYvoaZ8nAEx3AKHpxDGSpQhTpQQHiAJ3i27qxH68V6nZXmrHnPIfyR9fYD/QCQCQ==</latexit><latexit sha1_base64="FAlAosIQa5DYsJs20oqD86uLjs4=">AAAB6HicbZC7SgNBFIbPxltcb1FLm8UgWIVdG23EoE3KBMwFkiXMTs4mY2Znl5lZISx5AhsLRWz1YextxLdxcik08YeBj/8/hznnBAlnSrvut5VbWV1b38hv2lvbO7t7hf2DhopTSbFOYx7LVkAUciawrpnm2Eokkijg2AyGN5O8eY9SsVjc6lGCfkT6goWMEm2sWqVbKLoldypnGbw5FK8+7Mvk/cuudgufnV5M0wiFppwo1fbcRPsZkZpRjmO7kypMCB2SPrYNChKh8rPpoGPnxDg9J4yleUI7U/d3R0YipUZRYCojogdqMZuY/2XtVIcXfsZEkmoUdPZRmHJHx85ka6fHJFLNRwYIlczM6tABkYRqcxvbHMFbXHkZGmclzy15NbdYvoaZ8nAEx3AKHpxDGSpQhTpQQHiAJ3i27qxH68V6nZXmrHnPIfyR9fYD/QCQCQ==</latexit><latexit sha1_base64="tDL0KQj7rKPwqwJH9dydiNL0U6A=">AAAB6HicbVA9TwJBEJ3DL8Qv1NJmIzGxInc2UhJtKCGRjwQuZG+Zg5W9vcvungm58AtsLDTG1p9k579xgSsUfMkkL+/NZGZekAiujet+O4Wt7Z3dveJ+6eDw6PikfHrW0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8H0fuF3n1BpHssHM0vQj+hY8pAzaqzUagzLFbfqLkE2iZeTCuRoDstfg1HM0gilYYJq3ffcxPgZVYYzgfPSINWYUDalY+xbKmmE2s+Wh87JlVVGJIyVLWnIUv09kdFI61kU2M6Imole9xbif14/NWHNz7hMUoOSrRaFqSAmJouvyYgrZEbMLKFMcXsrYROqKDM2m5INwVt/eZN0bqqeW/VabqV+l8dRhAu4hGvw4Bbq0IAmtIEBwjO8wpvz6Lw4787HqrXg5DPn8AfO5w+cOYzI</latexit>

V
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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
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(a) Born VBF process

two loop
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H

W,Z
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+

double−real counterevent

one−loop single−real counterevent
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+ −

+ −

(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.
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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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