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Introduction
• In the energy range above the EW scale (                 ), Sudakov logs represent the leading 

contribution of EW radiative corrections 

• Sudakov logarithms from  EW corrections 
   
                                                                       
 

• At   
              
                       Double logs:                             
                                                
        
                         Single logs:                         
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Introduction
• Significant enhancement of tails of kinematic distributions up to several tens percent
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Framework: notation & conventions
•               process 

 
 
with not mass suppressed Born matrix-element, i.e 

• DP algorithm based on logarithmic approximation (LA):  
 
             Hierarchy scales 
 
 
 
             At one-loop keep only double and singular logarithmic corrections 
 
 
  
                  neglecting constant              and mass suppressed                        contributions 
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Double Logs (DL)
• DL originate from triangle diagrams where two external legs 

exchange a soft and collinear (SC) gauge boson V 
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Double Logs (DL)
• DL originate from triangle diagrams where two external legs 

exchange a soft and collinear (SC) gauge boson V 

• In the Eikonal approximation, the loop integral reduces to 
the scalar three-point function , which factorises  
 
 
    
 
 
with
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Double Logs (DL)
• DL originate from triangle diagrams where two external legs 

exchange a soft and collinear (SC) gauge boson V 

• In the Eikonal approximation, the loop integral reduces to 
the scalar three-point function , which factorises  
 
 
    
 
 
with 

• Consequence of  factorisation: DL are universal, i.e. process independent 
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Double Logs: LSC, SSC, S-SSC
• DL can be split into 

 
               Leading Soft-Collinear (LSC): angular independent, single sum over external legs 
 
 
 
 
 
         Subleading Soft-Collinear (SSC) and Sub-SSC: angular dependent, double sum over external legs 
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Single Logs (SL)
• SL have a triple origin 
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Single Logs (SL): PR
• SL have a triple origin 

 
              PR: renormalisation of EW dimensionless parameters  
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• SL have a triple origin 
 
              PR: renormalisation of EW dimensionless parameters  
 
 
 
 
                
        WF: wave-function renormalisation of external fields                      
                    
 
 
 
                    yields to the factorised correction 
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• SL have a triple origin 
 
              PR: renormalisation of EW dimensionless parameters  
 
 
 
 
                
        WF: wave-function renormalisation of external fields                      
                    
 
 
 
                    yields to the factorised correction 
 

Single Logs (SL): PR & WFR
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Single Logs (SL): Coll
• SL have a triple origin 

 
              Coll: external leg emission of a collinear gauge boson 
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Single Logs (SL): Coll
• SL have a triple origin 

 
              Coll: external leg emission of a collinear gauge boson 
 
 
                    Its evaluation in Eikonal approximation leads to the factorised contribution 
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Single Logs (SL): Coll
• SL have a triple origin 

 
              Coll: external leg emission of a collinear gauge boson 
 
 
                    Its evaluation in Eikonal approximation leads to the factorised contribution 
 
 
 
 
 
 
 
 

        C: Full gauge-invariant SL correction associated to external fields: 
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Implementation in OpenLoops: why
• NLO EW corrections have been almost fully automated nowadays 
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Implementation in OpenLoops: why
• NLO EW corrections have been almost fully automated nowadays 

• EW Sudakov logarithms at one-loop already implemented in 
            ALPGEN: Chiesa et al, 1305.6837; 2013                                            
            Sherpa: Bothmann, Napoletano 2006.14635; 2020 

            MadGraph: Pagani, Zaro 2110.03714; 2021 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Implementation in OpenLoops: why
• NLO EW corrections have been almost fully automated nowadays 

• EW Sudakov logarithms at one-loop already implemented in 
            ALPGEN: Chiesa et al, 1305.6837; 2013                                            
            Sherpa: Bothmann, Napoletano 2006.14635; 2020 

            MadGraph: Pagani, Zaro 2110.03714; 2021 
 
However: 
          Even if automated, one-loop computations can be very complicated (e.g. high multiplicity processes)   
          No NNLO/two-loop level automation available  
          EW Sudakov logs have nice properties: factorisation, being the leading contribution of radiative corrections 
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Implementation in OpenLoops: why
• NLO EW corrections have been almost fully automated nowadays 

• EW Sudakov logarithms at one-loop already implemented in 
            ALPGEN: Chiesa et al, 1305.6837; 2013                                            
            Sherpa: Bothmann, Napoletano 2006.14635; 2020 

            MadGraph: Pagani, Zaro 2110.03714; 2021 
 
However: 
          Even if automated, one-loop computations can be very complicated (e.g. high multiplicity processes)   
          No NNLO/two-loop level automation available  
          EW Sudakov logs have nice properties: factorisation, being the leading contribution of radiative corrections 

• OpenLoops (OL): automated tool for the calculation of tree and one-loop amplitudes [Buccioni et 
al, 1907.13071; 2019]  

• Goal of the implementation: evaluate NLO EW Sudakov corrections via tree amplitudes (w/o loop 
computations) and make them available to any MC with OL interface 
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Implementation in OpenLoops: how
•  Representation of Denner-Pozzorini algorithm via effective CT vertices  

 
 
 
 
 
 
reducing one-loop amplitudes to tree-level ones via double CT insertions
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Implementation in OpenLoops: how
•  Representation of Denner-Pozzorini algorithm via effective CT vertices  

 
 
 
 
 
 
reducing one-loop amplitudes to tree-level ones via double CT insertions 
 
Eg.: Drell-Yann 
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Results: 
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<latexit sha1_base64="p6R6STlDzGEj3phFf3G26EsfEv0=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BL3qLYB6SLGF2MkmGzM4uM71iWPIVXjwo4tXP8ebfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMYXU/95iPXRkTqHscx90M6UKIvGEUrPXSQP2HauJ10iyW37M5AlomXkRJkqHWLX51exJKQK2SSGtP23Bj9lGoUTPJJoZMYHlM2ogPetlTRkBs/nR08ISdW6ZF+pG0pJDP190RKQ2PGYWA7Q4pDs+hNxf+8doL9Sz8VKk6QKzZf1E8kwYhMvyc9oTlDObaEMi3srYQNqaYMbUYFG4K3+PIyaZyVvfNy5a5Sql5lceThCI7hFDy4gCrcQA3qwCCEZ3iFN0c7L8678zFvzTnZzCH8gfP5AwzgkJU=</latexit>

VI

<latexit sha1_base64="ZTtv/qy++u47dUgWgOepjFByJrs=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BETxGMA9JljA7mSRDZmeXmV4xLPkKLx4U8ernePNvnCR70MSChqKqm+6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMrqd+85FrIyJ1j+OY+yEdKNEXjKKVHjrInzC9aU66xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzg6ekBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+pZ8KFSfIFZsv6ieSYESm35Oe0JyhHFtCmRb2VsKGVFOGNqOCDcFbfHmZNM7K3nm5clcpVa+yOPJwBMdwCh5cQBVuoQZ1YBDCM7zCm6OdF+fd+Zi35pxs5hD+wPn8AQhAkJI=</latexit>

EW

<latexit sha1_base64="ZTtv/qy++u47dUgWgOepjFByJrs=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BETxGMA9JljA7mSRDZmeXmV4xLPkKLx4U8ernePNvnCR70MSChqKqm+6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMrqd+85FrIyJ1j+OY+yEdKNEXjKKVHjrInzC9aU66xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzg6ekBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+pZ8KFSfIFZsv6ieSYESm35Oe0JyhHFtCmRb2VsKGVFOGNqOCDcFbfHmZNM7K3nm5clcpVa+yOPJwBMdwCh5cQBVuoQZ1YBDCM7zCm6OdF+fd+Zi35pxs5hD+wPn8AQhAkJI=</latexit>

EW

<latexit sha1_base64="ZTtv/qy++u47dUgWgOepjFByJrs=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BETxGMA9JljA7mSRDZmeXmV4xLPkKLx4U8ernePNvnCR70MSChqKqm+6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMrqd+85FrIyJ1j+OY+yEdKNEXjKKVHjrInzC9aU66xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzg6ekBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+pZ8KFSfIFZsv6ieSYESm35Oe0JyhHFtCmRb2VsKGVFOGNqOCDcFbfHmZNM7K3nm5clcpVa+yOPJwBMdwCh5cQBVuoQZ1YBDCM7zCm6OdF+fd+Zi35pxs5hD+wPn8AQhAkJI=</latexit>

EW
′ 



Results: 
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<latexit sha1_base64="fLWMk5QPPZqvQDcZkBioS4T/N4o=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCIJYZKeqy6MZlBfvAdiyZNNOGZjIhyQh1GPwVNy4Ucet/uPNvzLSz0NYDCYdz7uXee3zBqNKO820VFhaXlleKq6W19Y3NLXt7p6miWGLSwBGLZNtHijDKSUNTzUhbSIJCn5GWP7rK/NYDkYpG/FaPBfFCNOA0oBhpI/XsPSFgV0ewdZ8cp9l/ksK7nl12Ks4EcJ64OSmDHPWe/dXtRzgOCdeYIaU6riO0lyCpKWYkLXVjRQTCIzQgHUM5Conyksn2KTw0Sh8GkTSPazhRf3ckKFRqHPqmMkR6qGa9TPzP68Q6uPASykWsCcfTQUHMoDk3iwL2qSRYs7EhCEtqdoV4iCTC2gRWMiG4syfPk+ZpxT2rVG+q5dplHkcR7IMDcARccA5q4BrUQQNg8AiewSt4s56sF+vd+piWFqy8Zxf8gfX5A8b6lCc=</latexit>
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<latexit sha1_base64="fLWMk5QPPZqvQDcZkBioS4T/N4o=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCIJYZKeqy6MZlBfvAdiyZNNOGZjIhyQh1GPwVNy4Ucet/uPNvzLSz0NYDCYdz7uXee3zBqNKO820VFhaXlleKq6W19Y3NLXt7p6miWGLSwBGLZNtHijDKSUNTzUhbSIJCn5GWP7rK/NYDkYpG/FaPBfFCNOA0oBhpI/XsPSFgV0ewdZ8cp9l/ksK7nl12Ks4EcJ64OSmDHPWe/dXtRzgOCdeYIaU6riO0lyCpKWYkLXVjRQTCIzQgHUM5Conyksn2KTw0Sh8GkTSPazhRf3ckKFRqHPqmMkR6qGa9TPzP68Q6uPASykWsCcfTQUHMoDk3iwL2qSRYs7EhCEtqdoV4iCTC2gRWMiG4syfPk+ZpxT2rVG+q5dplHkcR7IMDcARccA5q4BrUQQNg8AiewSt4s56sF+vd+piWFqy8Zxf8gfX5A8b6lCc=</latexit>

pp ! W+W�Z

<latexit sha1_base64="N9ieDaG71P7nePhRtMZhR/N3tvM="></latexit>

µ2 = s ⇠ (pk + pl)
2 � m2

t
,M2

H
> M2

Z,W
� m2

f � �2
<latexit sha1_base64="N9ieDaG71P7nePhRtMZhR/N3tvM="></latexit>

µ2 = s ⇠ (pk + pl)
2 � m2

t
,M2

H
> M2

Z,W
� m2

f � �2
<latexit sha1_base64="OzWgppl24APuwQsB90T/usWcp+w="></latexit>

µ2 = s ⇠ (pk + pl)
2 � m2

t
,M2

H
> M2

Z,W � m2

f � �2, 8 k, l

<latexit sha1_base64="jJz++hDUPoP5cDKL4Qplo2tnliE="></latexit>
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<latexit sha1_base64="jJz++hDUPoP5cDKL4Qplo2tnliE="></latexit>
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SSC and S-SSC become very sizeable for PS 

regions where Sudakov condition  

 

is violated, with hierarchy among invariants 
<latexit sha1_base64="dMx/MgrZRMZUlfcXPPB6713jJrE="></latexit>

s ⇠ (pk + pl)
2 � (pk0 + pl0)

2 � M2
Z,W
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<latexit sha1_base64="fLWMk5QPPZqvQDcZkBioS4T/N4o=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCIJYZKeqy6MZlBfvAdiyZNNOGZjIhyQh1GPwVNy4Ucet/uPNvzLSz0NYDCYdz7uXee3zBqNKO820VFhaXlleKq6W19Y3NLXt7p6miWGLSwBGLZNtHijDKSUNTzUhbSIJCn5GWP7rK/NYDkYpG/FaPBfFCNOA0oBhpI/XsPSFgV0ewdZ8cp9l/ksK7nl12Ks4EcJ64OSmDHPWe/dXtRzgOCdeYIaU6riO0lyCpKWYkLXVjRQTCIzQgHUM5Conyksn2KTw0Sh8GkTSPazhRf3ckKFRqHPqmMkR6qGa9TPzP68Q6uPASykWsCcfTQUHMoDk3iwL2qSRYs7EhCEtqdoV4iCTC2gRWMiG4syfPk+ZpxT2rVG+q5dplHkcR7IMDcARccA5q4BrUQQNg8AiewSt4s56sF+vd+piWFqy8Zxf8gfX5A8b6lCc=</latexit>

pp ! W+W�Z
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<latexit sha1_base64="p6R6STlDzGEj3phFf3G26EsfEv0=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BL3qLYB6SLGF2MkmGzM4uM71iWPIVXjwo4tXP8ebfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMYXU/95iPXRkTqHscx90M6UKIvGEUrPXSQP2HauJ10iyW37M5AlomXkRJkqHWLX51exJKQK2SSGtP23Bj9lGoUTPJJoZMYHlM2ogPetlTRkBs/nR08ISdW6ZF+pG0pJDP190RKQ2PGYWA7Q4pDs+hNxf+8doL9Sz8VKk6QKzZf1E8kwYhMvyc9oTlDObaEMi3srYQNqaYMbUYFG4K3+PIyaZyVvfNy5a5Sql5lceThCI7hFDy4gCrcQA3qwCCEZ3iFN0c7L8678zFvzTnZzCH8gfP5AwzgkJU=</latexit>

VI

<latexit sha1_base64="p6R6STlDzGEj3phFf3G26EsfEv0=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BL3qLYB6SLGF2MkmGzM4uM71iWPIVXjwo4tXP8ebfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMYXU/95iPXRkTqHscx90M6UKIvGEUrPXSQP2HauJ10iyW37M5AlomXkRJkqHWLX51exJKQK2SSGtP23Bj9lGoUTPJJoZMYHlM2ogPetlTRkBs/nR08ISdW6ZF+pG0pJDP190RKQ2PGYWA7Q4pDs+hNxf+8doL9Sz8VKk6QKzZf1E8kwYhMvyc9oTlDObaEMi3srYQNqaYMbUYFG4K3+PIyaZyVvfNy5a5Sql5lceThCI7hFDy4gCrcQA3qwCCEZ3iFN0c7L8678zFvzTnZzCH8gfP5AwzgkJU=</latexit>

VI

<latexit sha1_base64="ZTtv/qy++u47dUgWgOepjFByJrs=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BETxGMA9JljA7mSRDZmeXmV4xLPkKLx4U8ernePNvnCR70MSChqKqm+6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMrqd+85FrIyJ1j+OY+yEdKNEXjKKVHjrInzC9aU66xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzg6ekBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+pZ8KFSfIFZsv6ieSYESm35Oe0JyhHFtCmRb2VsKGVFOGNqOCDcFbfHmZNM7K3nm5clcpVa+yOPJwBMdwCh5cQBVuoQZ1YBDCM7zCm6OdF+fd+Zi35pxs5hD+wPn8AQhAkJI=</latexit>

EW

<latexit sha1_base64="ZTtv/qy++u47dUgWgOepjFByJrs=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BETxGMA9JljA7mSRDZmeXmV4xLPkKLx4U8ernePNvnCR70MSChqKqm+6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMrqd+85FrIyJ1j+OY+yEdKNEXjKKVHjrInzC9aU66xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzg6ekBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+pZ8KFSfIFZsv6ieSYESm35Oe0JyhHFtCmRb2VsKGVFOGNqOCDcFbfHmZNM7K3nm5clcpVa+yOPJwBMdwCh5cQBVuoQZ1YBDCM7zCm6OdF+fd+Zi35pxs5hD+wPn8AQhAkJI=</latexit>

EW

<latexit sha1_base64="ZTtv/qy++u47dUgWgOepjFByJrs=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BETxGMA9JljA7mSRDZmeXmV4xLPkKLx4U8ernePNvnCR70MSChqKqm+6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMrqd+85FrIyJ1j+OY+yEdKNEXjKKVHjrInzC9aU66xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzg6ekBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+pZ8KFSfIFZsv6ieSYESm35Oe0JyhHFtCmRb2VsKGVFOGNqOCDcFbfHmZNM7K3nm5clcpVa+yOPJwBMdwCh5cQBVuoQZ1YBDCM7zCm6OdF+fd+Zi35pxs5hD+wPn8AQhAkJI=</latexit>

EW
′ 

<latexit sha1_base64="ZTtv/qy++u47dUgWgOepjFByJrs=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BETxGMA9JljA7mSRDZmeXmV4xLPkKLx4U8ernePNvnCR70MSChqKqm+6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMrqd+85FrIyJ1j+OY+yEdKNEXjKKVHjrInzC9aU66xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzg6ekBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+pZ8KFSfIFZsv6ieSYESm35Oe0JyhHFtCmRb2VsKGVFOGNqOCDcFbfHmZNM7K3nm5clcpVa+yOPJwBMdwCh5cQBVuoQZ1YBDCM7zCm6OdF+fd+Zi35pxs5hD+wPn8AQhAkJI=</latexit>

EW

<latexit sha1_base64="ZTtv/qy++u47dUgWgOepjFByJrs=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BETxGMA9JljA7mSRDZmeXmV4xLPkKLx4U8ernePNvnCR70MSChqKqm+6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMrqd+85FrIyJ1j+OY+yEdKNEXjKKVHjrInzC9aU66xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzg6ekBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+pZ8KFSfIFZsv6ieSYESm35Oe0JyhHFtCmRb2VsKGVFOGNqOCDcFbfHmZNM7K3nm5clcpVa+yOPJwBMdwCh5cQBVuoQZ1YBDCM7zCm6OdF+fd+Zi35pxs5hD+wPn8AQhAkJI=</latexit>

EW

<latexit sha1_base64="ZTtv/qy++u47dUgWgOepjFByJrs=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BETxGMA9JljA7mSRDZmeXmV4xLPkKLx4U8ernePNvnCR70MSChqKqm+6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMrqd+85FrIyJ1j+OY+yEdKNEXjKKVHjrInzC9aU66xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzg6ekBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+pZ8KFSfIFZsv6ieSYESm35Oe0JyhHFtCmRb2VsKGVFOGNqOCDcFbfHmZNM7K3nm5clcpVa+yOPJwBMdwCh5cQBVuoQZ1YBDCM7zCm6OdF+fd+Zi35pxs5hD+wPn8AQhAkJI=</latexit>

EW
′ 



Results: 
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<latexit sha1_base64="fLWMk5QPPZqvQDcZkBioS4T/N4o=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCIJYZKeqy6MZlBfvAdiyZNNOGZjIhyQh1GPwVNy4Ucet/uPNvzLSz0NYDCYdz7uXee3zBqNKO820VFhaXlleKq6W19Y3NLXt7p6miWGLSwBGLZNtHijDKSUNTzUhbSIJCn5GWP7rK/NYDkYpG/FaPBfFCNOA0oBhpI/XsPSFgV0ewdZ8cp9l/ksK7nl12Ks4EcJ64OSmDHPWe/dXtRzgOCdeYIaU6riO0lyCpKWYkLXVjRQTCIzQgHUM5Conyksn2KTw0Sh8GkTSPazhRf3ckKFRqHPqmMkR6qGa9TPzP68Q6uPASykWsCcfTQUHMoDk3iwL2qSRYs7EhCEtqdoV4iCTC2gRWMiG4syfPk+ZpxT2rVG+q5dplHkcR7IMDcARccA5q4BrUQQNg8AiewSt4s56sF+vd+piWFqy8Zxf8gfX5A8b6lCc=</latexit>

pp ! W+W�Z

However, no full control on S-SSC term! 

Arising also  
from box diagrams 

<latexit sha1_base64="rr9r32sGH1V/ylPv7Odc64E64i8="></latexit>
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<latexit sha1_base64="ZTtv/qy++u47dUgWgOepjFByJrs=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BETxGMA9JljA7mSRDZmeXmV4xLPkKLx4U8ernePNvnCR70MSChqKqm+6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMrqd+85FrIyJ1j+OY+yEdKNEXjKKVHjrInzC9aU66xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzg6ekBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+pZ8KFSfIFZsv6ieSYESm35Oe0JyhHFtCmRb2VsKGVFOGNqOCDcFbfHmZNM7K3nm5clcpVa+yOPJwBMdwCh5cQBVuoQZ1YBDCM7zCm6OdF+fd+Zi35pxs5hD+wPn8AQhAkJI=</latexit>
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Implementation in OpenLoops: resonances
• DP algorithm: 

 
                 At                     , NLO EW radiative corrections are DL and SL 
 
                 These corrections are universal, i.e. are associated to external states only 
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Implementation in OpenLoops: resonances
• DP algorithm: 

 
                 At                     , NLO EW radiative corrections are DL and SL 
 
                 These corrections are universal, i.e. are associated to external states only 

• Consequence: algorithm not suitable for processes dominated by resonant configurations
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Implementation in OpenLoops: resonances
• DP algorithm: 

 
                 At                     , NLO EW radiative corrections are DL and SL 
 
                 These corrections are universal, i.e. are associated to external states only 

• Consequence: algorithm not suitable for processes dominated by resonant configurations 

• E.g.: partonic channel of                                                     
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Implementation in OpenLoops: resonances
• DP algorithm: 

 
                 At                     , NLO EW radiative corrections are DL and SL 
 
                 These corrections are universal, i.e. are associated to external states only 

• Consequence: algorithm not suitable for processes dominated by resonant configurations 

• E.g.: partonic channel of                                                     
 
 
                                                                         LSC, C:  
 
 

                                                                                                 SSC, S-SSC: 
 
                                                                         PR:                     CTs for                    vertices
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Implementation in OpenLoops: resonances
• E.g.: partonic channel of                                                    

 
                                                                         LSC, C:  
 
 

                                                                                                 SSC, S-SSC: 
 
                                                                         PR:                     CTs for                    vertices 

• In the kinematic region where the     boson is nearly on shell 
 
                                                                         LSC, C:  
 
 

                                                                                                 SSC, S-SSC: 
 
                                                                         PR:                     CT for           vertex
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pp ! Zj ! l̄lj
<latexit sha1_base64="F5FYKI9kVg5TqO6Ehmil7j83KlY="></latexit>

q

q̄

g

Z
l

l̄

<latexit sha1_base64="/l8i5MjPLSdohLs0q/Xs1oX93Kk="></latexit>

�LSC,C
kk , k 2 {q, q̄, l, l̄}

<latexit sha1_base64="Cd55l/jW4/VZwDln07+A1lU6mMs="></latexit>

Zq̄q, Zl̄l

<latexit sha1_base64="Rq+UOaSq3Ht9n1KX22AuHESYl1k="></latexit>

�(S-)SSCkl , k 6= l and k, l 2 {q, q̄, l, l̄}

<latexit sha1_base64="lE8o+Ey92l3dYHIOi4YdfG7Ync0="></latexit> q

q̄

g

Z

<latexit sha1_base64="IQK2R98cHjXS7ffaxd09cV+kwaM="></latexit>

�(S-)SSCkl , k 6= l and k, l 2 {q, q̄, Z}

<latexit sha1_base64="oIKwR+Txs1e+P7yWy9qUBSsj4Pw="></latexit>

Zq̄q

<latexit sha1_base64="N8+Mu1Nj1g9oLFcJpqiOmpBoEqk="></latexit>

�LSC,C
kk , k 2 {q, q̄, Z}

<latexit sha1_base64="Cd55l/jW4/VZwDln07+A1lU6mMs="></latexit>

Zq̄q, Zl̄l



Implementation in OpenLoops: resonances
• Solution: evaluation of Sudakov corrections associated to both     and           with different 

weights
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<latexit sha1_base64="N8+Mu1Nj1g9oLFcJpqiOmpBoEqk="></latexit>

�LSC,C
kk , k 2 {q, q̄, Z}

<latexit sha1_base64="r0tD0S5PgBtESEl5YpNnsMebyXA="></latexit>

{l, l̄}
<latexit sha1_base64="pvLGxb6XcVlzXAXv1YMQPw0muYM=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9OKxgv2AdlmyabYNzSZrkhXK0j/hxYMiXv073vw3pu0etPXBwOO9GWbmhQln2rjut1NYW9/Y3Cpul3Z29/YPyodHbS1TRWiLSC5VN8SaciZoyzDDaTdRFMchp51wfDvzO09UaSbFg5kk1I/xULCIEWys1G0GrDoO2HlQrrg1dw60SrycVCBHMyh/9QeSpDEVhnCsdc9zE+NnWBlGOJ2W+qmmCSZjPKQ9SwWOqfaz+b1TdGaVAYqksiUMmqu/JzIcaz2JQ9sZYzPSy95M/M/rpSa69jMmktRQQRaLopQjI9HseTRgihLDJ5Zgopi9FZERVpgYG1HJhuAtv7xK2hc177JWv69XGjd5HEU4gVOoggdX0IA7aEILCHB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8ATPnj28=</latexit>

Pi(ki)
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<latexit sha1_base64="N8+Mu1Nj1g9oLFcJpqiOmpBoEqk="></latexit>

�LSC,C
kk , k 2 {q, q̄, Z}

<latexit sha1_base64="r0tD0S5PgBtESEl5YpNnsMebyXA="></latexit>

{l, l̄}
<latexit sha1_base64="pvLGxb6XcVlzXAXv1YMQPw0muYM=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9OKxgv2AdlmyabYNzSZrkhXK0j/hxYMiXv073vw3pu0etPXBwOO9GWbmhQln2rjut1NYW9/Y3Cpul3Z29/YPyodHbS1TRWiLSC5VN8SaciZoyzDDaTdRFMchp51wfDvzO09UaSbFg5kk1I/xULCIEWys1G0GrDoO2HlQrrg1dw60SrycVCBHMyh/9QeSpDEVhnCsdc9zE+NnWBlGOJ2W+qmmCSZjPKQ9SwWOqfaz+b1TdGaVAYqksiUMmqu/JzIcaz2JQ9sZYzPSy95M/M/rpSa69jMmktRQQRaLopQjI9HseTRgihLDJ5Zgopi9FZERVpgYG1HJhuAtv7xK2hc177JWv69XGjd5HEU4gVOoggdX0IA7aEILCHB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8ATPnj28=</latexit>

Pi(ki)

<latexit sha1_base64="baeWIzSpML9/2Kz7KelPJVjTt5k="></latexit>2

6666666664

Zq

q̄

l

l̄
+

Zq

q̄

l

l̄

3

7777777775

⇥ P{l,l̄}(k) = 1� PZ(k)

<latexit sha1_base64="My/fQBwk+vSyISAr8w5eZSXNDoo="></latexit>

Zq

q̄

l

l̄
⇥ PZ(k)
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<latexit sha1_base64="N8+Mu1Nj1g9oLFcJpqiOmpBoEqk="></latexit>

�LSC,C
kk , k 2 {q, q̄, Z}

<latexit sha1_base64="r0tD0S5PgBtESEl5YpNnsMebyXA="></latexit>

{l, l̄}
<latexit sha1_base64="pvLGxb6XcVlzXAXv1YMQPw0muYM=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9OKxgv2AdlmyabYNzSZrkhXK0j/hxYMiXv073vw3pu0etPXBwOO9GWbmhQln2rjut1NYW9/Y3Cpul3Z29/YPyodHbS1TRWiLSC5VN8SaciZoyzDDaTdRFMchp51wfDvzO09UaSbFg5kk1I/xULCIEWys1G0GrDoO2HlQrrg1dw60SrycVCBHMyh/9QeSpDEVhnCsdc9zE+NnWBlGOJ2W+qmmCSZjPKQ9SwWOqfaz+b1TdGaVAYqksiUMmqu/JzIcaz2JQ9sZYzPSy95M/M/rpSa69jMmktRQQRaLopQjI9HseTRgihLDJ5Zgopi9FZERVpgYG1HJhuAtv7xK2hc177JWv69XGjd5HEU4gVOoggdX0IA7aEILCHB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8ATPnj28=</latexit>

Pi(ki)

<latexit sha1_base64="baeWIzSpML9/2Kz7KelPJVjTt5k="></latexit>2

6666666664

Zq

q̄

l

l̄
+

Zq

q̄

l

l̄

3

7777777775

⇥ P{l,l̄}(k) = 1� PZ(k)

<latexit sha1_base64="NtBSpr+63HFsk5l/FlgrUNAU/Bc="></latexit>

PXi(ki) =

����
µ2
Xi

�M2
Xi

�2
Xi

(k2i � µ2
Xi

)2 + µ2
Xi

���� =
(
1 if k2i ! M2

Xi

0 if k2i ! 1

<latexit sha1_base64="My/fQBwk+vSyISAr8w5eZSXNDoo="></latexit>

Zq

q̄

l

l̄
⇥ PZ(k)



Results: 
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<latexit sha1_base64="50u44oxZ79Uy6R2vafCm2w1QLPw=">AAAB+XicbVBNS8NAEN3Urxq/oh69LBZBEEsiRT0WvXisYD+gjWWznbRrN5uwuymU0H/ixYMiXv0n3vw3btsctPXBwOO9GWbmBQlnSrvut1VYWV1b3yhu2lvbO7t7zv5BQ8WppFCnMY9lKyAKOBNQ10xzaCUSSBRwaAbD26nfHIFULBYPepyAH5G+YCGjRBup6zh2knR0jOHxzNQ5fuo6JbfszoCXiZeTEspR6zpfnV5M0wiEppwo1fbcRPsZkZpRDhO7kypICB2SPrQNFSQC5Wezyyf4xCg9HMbSlNB4pv6eyEik1DgKTGdE9EAtelPxP6+d6vDaz5hIUg2CzheFKcfm1WkMuMckUM3HhhAqmbkV0wGRhGoTlm1C8BZfXiaNi7J3Wa7cV0rVmzyOIjpCx+gUeegKVdEdqqE6omiEntErerMy68V6tz7mrQUrnzlEf2B9/gBIT5Il</latexit>

pp ! e+e�j
<latexit sha1_base64="4etgOfOXka42dBU7BKZTs6BJaSA="></latexit>

200 GeV  me+e�  500 GeV
<latexit sha1_base64="/ujL6+tEE+fz4+DJdj3dSlMwMIM="></latexit>

75 GeV  me+e�  107 GeV

• External insertions approach (as well Sudakov corrections to the hard process only) fail in reproducing the full  prediction for               range “capturing” the resonance  

• Issue naturally solved with internal insertions technique via projectors 

• Automatic recover of standard algorithm when far from the resonance

NLOVI
<latexit sha1_base64="/ujL6+tEE+fz4+DJdj3dSlMwMIM="></latexit>

75 GeV  me+e�  107 GeV
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<latexit sha1_base64="ZTtv/qy++u47dUgWgOepjFByJrs=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BETxGMA9JljA7mSRDZmeXmV4xLPkKLx4U8ernePNvnCR70MSChqKqm+6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMrqd+85FrIyJ1j+OY+yEdKNEXjKKVHjrInzC9aU66xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzg6ekBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+pZ8KFSfIFZsv6ieSYESm35Oe0JyhHFtCmRb2VsKGVFOGNqOCDcFbfHmZNM7K3nm5clcpVa+yOPJwBMdwCh5cQBVuoQZ1YBDCM7zCm6OdF+fd+Zi35pxs5hD+wPn8AQhAkJI=</latexit>

EW

<latexit sha1_base64="ZTtv/qy++u47dUgWgOepjFByJrs=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BETxGMA9JljA7mSRDZmeXmV4xLPkKLx4U8ernePNvnCR70MSChqKqm+6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMrqd+85FrIyJ1j+OY+yEdKNEXjKKVHjrInzC9aU66xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzg6ekBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+pZ8KFSfIFZsv6ieSYESm35Oe0JyhHFtCmRb2VsKGVFOGNqOCDcFbfHmZNM7K3nm5clcpVa+yOPJwBMdwCh5cQBVuoQZ1YBDCM7zCm6OdF+fd+Zi35pxs5hD+wPn8AQhAkJI=</latexit>

EW

<latexit sha1_base64="ZTtv/qy++u47dUgWgOepjFByJrs=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BETxGMA9JljA7mSRDZmeXmV4xLPkKLx4U8ernePNvnCR70MSChqKqm+6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMrqd+85FrIyJ1j+OY+yEdKNEXjKKVHjrInzC9aU66xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzg6ekBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+pZ8KFSfIFZsv6ieSYESm35Oe0JyhHFtCmRb2VsKGVFOGNqOCDcFbfHmZNM7K3nm5clcpVa+yOPJwBMdwCh5cQBVuoQZ1YBDCM7zCm6OdF+fd+Zi35pxs5hD+wPn8AQhAkJI=</latexit>

EW
′ 

<latexit sha1_base64="ZTtv/qy++u47dUgWgOepjFByJrs=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BETxGMA9JljA7mSRDZmeXmV4xLPkKLx4U8ernePNvnCR70MSChqKqm+6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMrqd+85FrIyJ1j+OY+yEdKNEXjKKVHjrInzC9aU66xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzg6ekBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+pZ8KFSfIFZsv6ieSYESm35Oe0JyhHFtCmRb2VsKGVFOGNqOCDcFbfHmZNM7K3nm5clcpVa+yOPJwBMdwCh5cQBVuoQZ1YBDCM7zCm6OdF+fd+Zi35pxs5hD+wPn8AQhAkJI=</latexit>

EW′ 

<latexit sha1_base64="ZTtv/qy++u47dUgWgOepjFByJrs=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BETxGMA9JljA7mSRDZmeXmV4xLPkKLx4U8ernePNvnCR70MSChqKqm+6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMrqd+85FrIyJ1j+OY+yEdKNEXjKKVHjrInzC9aU66xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzg6ekBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+pZ8KFSfIFZsv6ieSYESm35Oe0JyhHFtCmRb2VsKGVFOGNqOCDcFbfHmZNM7K3nm5clcpVa+yOPJwBMdwCh5cQBVuoQZ1YBDCM7zCm6OdF+fd+Zi35pxs5hD+wPn8AQhAkJI=</latexit>

EW

<latexit sha1_base64="ZTtv/qy++u47dUgWgOepjFByJrs=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BETxGMA9JljA7mSRDZmeXmV4xLPkKLx4U8ernePNvnCR70MSChqKqm+6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMrqd+85FrIyJ1j+OY+yEdKNEXjKKVHjrInzC9aU66xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzg6ekBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+pZ8KFSfIFZsv6ieSYESm35Oe0JyhHFtCmRb2VsKGVFOGNqOCDcFbfHmZNM7K3nm5clcpVa+yOPJwBMdwCh5cQBVuoQZ1YBDCM7zCm6OdF+fd+Zi35pxs5hD+wPn8AQhAkJI=</latexit>

EW

<latexit sha1_base64="ZTtv/qy++u47dUgWgOepjFByJrs=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BETxGMA9JljA7mSRDZmeXmV4xLPkKLx4U8ernePNvnCR70MSChqKqm+6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMrqd+85FrIyJ1j+OY+yEdKNEXjKKVHjrInzC9aU66xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzg6ekBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+pZ8KFSfIFZsv6ieSYESm35Oe0JyhHFtCmRb2VsKGVFOGNqOCDcFbfHmZNM7K3nm5clcpVa+yOPJwBMdwCh5cQBVuoQZ1YBDCM7zCm6OdF+fd+Zi35pxs5hD+wPn8AQhAkJI=</latexit>

EW
′ 

<latexit sha1_base64="ZTtv/qy++u47dUgWgOepjFByJrs=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BETxGMA9JljA7mSRDZmeXmV4xLPkKLx4U8ernePNvnCR70MSChqKqm+6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMrqd+85FrIyJ1j+OY+yEdKNEXjKKVHjrInzC9aU66xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzg6ekBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+pZ8KFSfIFZsv6ieSYESm35Oe0JyhHFtCmRb2VsKGVFOGNqOCDcFbfHmZNM7K3nm5clcpVa+yOPJwBMdwCh5cQBVuoQZ1YBDCM7zCm6OdF+fd+Zi35pxs5hD+wPn8AQhAkJI=</latexit>

EW′ 



Conclusions and outlook
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• In the EW sector, radiative corrections at high energies are dominated by Sudakov logarithms which 
significantly enhance tails of kinematic distributions ( > 10%) 

• Exploiting the universality of Sudakov logs we developed an effective CT vertex approach for the 
DP algorithm and implemented it in OpenLoops 
 
 
 
  
Reduction of one-loop EW corrections to a tree-level problem with percent level of accuracy 

• Additional aspects of the implementation: 
                 Model independent 

                 Direct employment in PS Event Generators with OL interface 

                 Can be used together with differential QED radiation at NLO (both mass and dim reg are available) 

                 Support EW corrections for resonant processes 

• Outlook: 
                 Resummation of logarithms to preserve perturbation theory 
                 Suitable for NNLO/two-loop extension 



Backup
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Implementation in OpenLoops: how
• Effective CT vertices are suitable for evaluation of soft-collinear and collinear Sudakov 

corrections 
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Implementation in OpenLoops: how
• Effective CT vertices are suitable for evaluation of soft-collinear and collinear Sudakov 

corrections 

• Single logs coming from PR contributions can be evaluated via generation of standard UV 
counterterms, e.g. 
 
 
 
 
 
 
 
 
setting all the WFRCs to zero
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<latexit sha1_base64="3xSubFB2+NmX3MyDUl6BGrSsOvE="></latexit>
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Implementation in OpenLoops: how
• Effective CT vertices are suitable for evaluation of soft-collinear and collinear Sudakov 

corrections 

• Single logs coming from PR contributions can be evaluated via generation of standard UV 
counterterms, e.g. 
 
 
 
 
 
 
 
 
setting all the WFRCs to zero 

• Alternative way: set          to zero and evaluate WF + PR via standard UV counterterms

42

<latexit sha1_base64="3xSubFB2+NmX3MyDUl6BGrSsOvE="></latexit>
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<latexit sha1_base64="qqMZz255reYvguuzi3Jn1F26QH8="></latexit>
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Single Logs: PR
• Generic two-point function 
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<latexit sha1_base64="uCGe4eS3jCub3oU32cRVWc9/06c="></latexit>

p
m0

m1

p

<latexit sha1_base64="ALzWa6qT3ha/VSQO0M05zsxV9mQ="></latexit>

i

(4⇡)2
B{0,µ,µ⌫} (p,m0,m1) := µ4�D

Z
dDq

(2⇡)D
{1, qµ, qµq⌫}

(q2 �m2
0 + i") [(q + p)2 �m2

1 + i"]



Single Logs: PR
• Generic two-point function 

 
 

• In LA                                          four possible hierarchy of masses

44

<latexit sha1_base64="uCGe4eS3jCub3oU32cRVWc9/06c="></latexit>

p
m0

m1

p

<latexit sha1_base64="ALzWa6qT3ha/VSQO0M05zsxV9mQ="></latexit>

i

(4⇡)2
B{0,µ,µ⌫} (p,m0,m1) := µ4�D

Z
dDq
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<latexit sha1_base64="PzUG98rb7fq/n5yCNsSWOYS29Rs="></latexit>

(a) m2
i ⌧ p2 and p2 �m2

1�i ⌧ p2 for i = 0 or i = 1,

(b) not (a) and m2
i ⇧ p2 for i = 0, 1,

(c) m2
0 = m2

1 � p2

(d) m2
i � p2 ⇧ m2

1�i for i = 0 or i = 1

<latexit sha1_base64="1prsvhqOYQ4UXfgo8NDrCn9EnYk="></latexit>

µ2 = s � p2,m2
0,m

2
1 )



Single Logs: PR
• Generic two-point function 

 

• Results for two point functions and their derivatives 
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<latexit sha1_base64="uCGe4eS3jCub3oU32cRVWc9/06c="></latexit>

p
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p

<latexit sha1_base64="ALzWa6qT3ha/VSQO0M05zsxV9mQ="></latexit>

i

(4⇡)2
B{0,µ,µ⌫} (p,m0,m1) := µ4�D
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<latexit sha1_base64="t4i+i6HXETCktWMSV48izfGUpvM="></latexit>
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<latexit sha1_base64="8bskOQekoXDeBvuvvVVi/faQ9d4="></latexit>
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Implementation in OpenLoops: projectors
• Explicit expression of the projectors for unstable particles  
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<latexit sha1_base64="EliS56mgAYLOl9EyElPpiCeCWMs=">AAACJ3icbVHLTgIxFO3gC1ERdOlmIpi4kcwQo25MiG5cYpRHAhPSKR1oaDuT9o4JTvgEt/oNfo07o0v/xAKzEPAmTU7Oube959SPONPgON9WZm19Y3Mru53b2d3L7xeKB00dxorQBgl5qNo+1pQzSRvAgNN2pCgWPqctf3Q71VtPVGkWykcYR9QTeCBZwAgGQz2U2+VeoeRUnFnZq8BNQQmlVe8VrXy3H5JYUAmEY607rhOBl2AFjHA6yXVjTSNMRnhAOwZKLKj2ktmuE/vEMH07CJU5EuwZ+3ciwULrsfBNp8Aw1MvalPxP68QQXHkJk1EMVJL5Q0HMbQjtqXG7zxQlwMcGYKKY2dUmQ6wwARPPwk0kFBGGa7dizHsJsNHzWUDHUmC54M04kmD+YWISdJfzWgXNasW9qJzfV0u1mzTLLDpCx+gUuegS1dAdqqMGImiAXtArerPerQ/r0/qat2asdOYQLZT18wvLPKTg</latexit>

X

<latexit sha1_base64="NtBSpr+63HFsk5l/FlgrUNAU/Bc="></latexit>

PXi(ki) =

����
µ2
Xi

�M2
Xi

�2
Xi

(k2i � µ2
Xi

)2 + µ2
Xi

���� =
(
1 if k2i ! M2

Xi

0 if k2i ! 1



Implementation in OpenLoops: projectors
• Explicit expression of the projectors for unstable particles  

 
 
 
 
 

• Unitarity is violated  but it can be restored: 
 
       Evaluation of                   for a given psp 

 
       Generation of random number                                                                                                   
 
       Choice 
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<latexit sha1_base64="nSaMmz2VIKaJrpvqKJZPxizelwE="></latexit>

0  a  1

<latexit sha1_base64="EliS56mgAYLOl9EyElPpiCeCWMs=">AAACJ3icbVHLTgIxFO3gC1ERdOlmIpi4kcwQo25MiG5cYpRHAhPSKR1oaDuT9o4JTvgEt/oNfo07o0v/xAKzEPAmTU7Oube959SPONPgON9WZm19Y3Mru53b2d3L7xeKB00dxorQBgl5qNo+1pQzSRvAgNN2pCgWPqctf3Q71VtPVGkWykcYR9QTeCBZwAgGQz2U2+VeoeRUnFnZq8BNQQmlVe8VrXy3H5JYUAmEY607rhOBl2AFjHA6yXVjTSNMRnhAOwZKLKj2ktmuE/vEMH07CJU5EuwZ+3ciwULrsfBNp8Aw1MvalPxP68QQXHkJk1EMVJL5Q0HMbQjtqXG7zxQlwMcGYKKY2dUmQ6wwARPPwk0kFBGGa7dizHsJsNHzWUDHUmC54M04kmD+YWISdJfzWgXNasW9qJzfV0u1mzTLLDpCx+gUuegS1dAdqqMGImiAXtArerPerQ/r0/qat2asdOYQLZT18wvLPKTg</latexit>

X

<latexit sha1_base64="NtBSpr+63HFsk5l/FlgrUNAU/Bc="></latexit>

PXi(ki) =

����
µ2
Xi

�M2
Xi

�2
Xi

(k2i � µ2
Xi

)2 + µ2
Xi

���� =
(
1 if k2i ! M2

Xi

0 if k2i ! 1

<latexit sha1_base64="VuC+I7goBnSeav0qQ+FXwGJ+Mrs="></latexit>

PXi =

(
1 if PXi � a

0 if PXi  a

<latexit sha1_base64="+yK63U1KewhFw8xoxnnpLbafsK0="></latexit>

PXi(ki)



Additional results



Results: 
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<latexit sha1_base64="GaPIgtocxWjOjG76elP+WgOizMY=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRZBEMquFPVY9OKxgv3AdinZNNvGZrMxyRbK0t/hxYMiXv0x3vw3ZtsetPXBwOO9GWbmBZIzbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4TRWidxDxWrQBrypmgdcMMpy2pKI4CTpvB8CbzmyOqNIvFvRlL6ke4L1jICDZW8qVEHROjB3SGHgvdYsktu1OgZeLNSQnmqHWLX51eTJKICkM41rrtudL4KVaGEU4nhU6iqcRkiPu0banAEdV+Oj16gk6s0kNhrGwJg6bq74kUR1qPo8B2RtgM9KKXif957cSEV37KhEwMFWS2KEw4sn9mCaAeU5QYPrYEE8XsrYgMsMLE2JyyELzFl5dJ47zsXZQrd5VS9XoeRx6O4BhOwYNLqMIt1KAOBJ7gGV7hzRk5L8678zFrzTnzmUP4A+fzB3qmkJ0=</latexit>
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<latexit sha1_base64="ZTtv/qy++u47dUgWgOepjFByJrs=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BETxGMA9JljA7mSRDZmeXmV4xLPkKLx4U8ernePNvnCR70MSChqKqm+6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMrqd+85FrIyJ1j+OY+yEdKNEXjKKVHjrInzC9aU66xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzg6ekBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+pZ8KFSfIFZsv6ieSYESm35Oe0JyhHFtCmRb2VsKGVFOGNqOCDcFbfHmZNM7K3nm5clcpVa+yOPJwBMdwCh5cQBVuoQZ1YBDCM7zCm6OdF+fd+Zi35pxs5hD+wPn8AQhAkJI=</latexit>

EW

<latexit sha1_base64="ZTtv/qy++u47dUgWgOepjFByJrs=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BETxGMA9JljA7mSRDZmeXmV4xLPkKLx4U8ernePNvnCR70MSChqKqm+6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMrqd+85FrIyJ1j+OY+yEdKNEXjKKVHjrInzC9aU66xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzg6ekBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+pZ8KFSfIFZsv6ieSYESm35Oe0JyhHFtCmRb2VsKGVFOGNqOCDcFbfHmZNM7K3nm5clcpVa+yOPJwBMdwCh5cQBVuoQZ1YBDCM7zCm6OdF+fd+Zi35pxs5hD+wPn8AQhAkJI=</latexit>

EW

<latexit sha1_base64="ZTtv/qy++u47dUgWgOepjFByJrs=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BETxGMA9JljA7mSRDZmeXmV4xLPkKLx4U8ernePNvnCR70MSChqKqm+6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMrqd+85FrIyJ1j+OY+yEdKNEXjKKVHjrInzC9aU66xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzg6ekBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+pZ8KFSfIFZsv6ieSYESm35Oe0JyhHFtCmRb2VsKGVFOGNqOCDcFbfHmZNM7K3nm5clcpVa+yOPJwBMdwCh5cQBVuoQZ1YBDCM7zCm6OdF+fd+Zi35pxs5hD+wPn8AQhAkJI=</latexit>

EW
′ 
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Results: 
<latexit sha1_base64="GaPIgtocxWjOjG76elP+WgOizMY=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRZBEMquFPVY9OKxgv3AdinZNNvGZrMxyRbK0t/hxYMiXv0x3vw3ZtsetPXBwOO9GWbmBZIzbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4TRWidxDxWrQBrypmgdcMMpy2pKI4CTpvB8CbzmyOqNIvFvRlL6ke4L1jICDZW8qVEHROjB3SGHgvdYsktu1OgZeLNSQnmqHWLX51eTJKICkM41rrtudL4KVaGEU4nhU6iqcRkiPu0banAEdV+Oj16gk6s0kNhrGwJg6bq74kUR1qPo8B2RtgM9KKXif957cSEV37KhEwMFWS2KEw4sn9mCaAeU5QYPrYEE8XsrYgMsMLE2JyyELzFl5dJ47zsXZQrd5VS9XoeRx6O4BhOwYNLqMIt1KAOBJ7gGV7hzRk5L8678zFrzTnzmUP4A+fzB3qmkJ0=</latexit>

pp ! Z + j

LO
NLLSud EW DR
NLLSud′ EW DR
NLOVI EW

10−4

10−3

10−2

10−1

1

pp → Zj @ 13 TeV

d
σ

d
m

Z
j
[p

b
/

G
eV

]
10 3

0.2

0.4
0.6

0.8

1

1.2

1.4

mZj[GeV]
1

/
L

O

LO
LO+LSC
LO+SSC
LO+SSSC
LO+C
LO+PR

10−4

10−3

10−2

10−1

1

pp → Zj @ 13 TeV

d
σ

d
m

Z
j
[p

b
/

G
eV

]

10 3
0.2

0.4
0.6

0.8

1

1.2

1.4

mZj[GeV]

1
/

L
O

<latexit sha1_base64="ZTtv/qy++u47dUgWgOepjFByJrs=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BETxGMA9JljA7mSRDZmeXmV4xLPkKLx4U8ernePNvnCR70MSChqKqm+6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMrqd+85FrIyJ1j+OY+yEdKNEXjKKVHjrInzC9aU66xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzg6ekBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+pZ8KFSfIFZsv6ieSYESm35Oe0JyhHFtCmRb2VsKGVFOGNqOCDcFbfHmZNM7K3nm5clcpVa+yOPJwBMdwCh5cQBVuoQZ1YBDCM7zCm6OdF+fd+Zi35pxs5hD+wPn8AQhAkJI=</latexit>

EW

<latexit sha1_base64="ZTtv/qy++u47dUgWgOepjFByJrs=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BETxGMA9JljA7mSRDZmeXmV4xLPkKLx4U8ernePNvnCR70MSChqKqm+6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMrqd+85FrIyJ1j+OY+yEdKNEXjKKVHjrInzC9aU66xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzg6ekBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+pZ8KFSfIFZsv6ieSYESm35Oe0JyhHFtCmRb2VsKGVFOGNqOCDcFbfHmZNM7K3nm5clcpVa+yOPJwBMdwCh5cQBVuoQZ1YBDCM7zCm6OdF+fd+Zi35pxs5hD+wPn8AQhAkJI=</latexit>

EW

<latexit sha1_base64="ZTtv/qy++u47dUgWgOepjFByJrs=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BETxGMA9JljA7mSRDZmeXmV4xLPkKLx4U8ernePNvnCR70MSChqKqm+6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMrqd+85FrIyJ1j+OY+yEdKNEXjKKVHjrInzC9aU66xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzg6ekBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+pZ8KFSfIFZsv6ieSYESm35Oe0JyhHFtCmRb2VsKGVFOGNqOCDcFbfHmZNM7K3nm5clcpVa+yOPJwBMdwCh5cQBVuoQZ1YBDCM7zCm6OdF+fd+Zi35pxs5hD+wPn8AQhAkJI=</latexit>

EW
′ 



Results: 
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<latexit sha1_base64="FOk9yJOrdl+xY6khy3brklZgcts=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Adth5JJM21sJhOSjFCG/oUbF4q49W/c+Tdm2llo64HA4Zx7yT0nkJxp47rfTmFtfWNzq7hd2tnd2z8oHx61dJwoQpsk5rHqBFhTzgRtGmY47UhFcRRw2g4mt5nffqJKs1g8mKmkfoRHgoWMYGOlrpR9E6Nu97E0KFfcqjsHWiVeTiqQozEof/WHMUkiKgzhWOue50rjp1gZRjidlfqJphKTCR7RnqUCR1T76fziGTqzyhCFsbJPGDRXf2+kONJ6GgV2MsJmrJe9TPzP6yUmvPZTJmRiqCCLj8KEI5syi4+GTFFi+NQSTBSztyIyxgoTY0vKSvCWI6+S1kXVu6zW7muV+k1eRxFO4BTOwYMrqMMdNKAJBAQ8wyu8Odp5cd6dj8Vowcl3juEPnM8fuYyQTg==</latexit>
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<latexit sha1_base64="ZTtv/qy++u47dUgWgOepjFByJrs=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BETxGMA9JljA7mSRDZmeXmV4xLPkKLx4U8ernePNvnCR70MSChqKqm+6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMrqd+85FrIyJ1j+OY+yEdKNEXjKKVHjrInzC9aU66xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzg6ekBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+pZ8KFSfIFZsv6ieSYESm35Oe0JyhHFtCmRb2VsKGVFOGNqOCDcFbfHmZNM7K3nm5clcpVa+yOPJwBMdwCh5cQBVuoQZ1YBDCM7zCm6OdF+fd+Zi35pxs5hD+wPn8AQhAkJI=</latexit>

EW

<latexit sha1_base64="ZTtv/qy++u47dUgWgOepjFByJrs=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BETxGMA9JljA7mSRDZmeXmV4xLPkKLx4U8ernePNvnCR70MSChqKqm+6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMrqd+85FrIyJ1j+OY+yEdKNEXjKKVHjrInzC9aU66xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzg6ekBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+pZ8KFSfIFZsv6ieSYESm35Oe0JyhHFtCmRb2VsKGVFOGNqOCDcFbfHmZNM7K3nm5clcpVa+yOPJwBMdwCh5cQBVuoQZ1YBDCM7zCm6OdF+fd+Zi35pxs5hD+wPn8AQhAkJI=</latexit>

EW

<latexit sha1_base64="ZTtv/qy++u47dUgWgOepjFByJrs=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BETxGMA9JljA7mSRDZmeXmV4xLPkKLx4U8ernePNvnCR70MSChqKqm+6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMrqd+85FrIyJ1j+OY+yEdKNEXjKKVHjrInzC9aU66xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzg6ekBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+pZ8KFSfIFZsv6ieSYESm35Oe0JyhHFtCmRb2VsKGVFOGNqOCDcFbfHmZNM7K3nm5clcpVa+yOPJwBMdwCh5cQBVuoQZ1YBDCM7zCm6OdF+fd+Zi35pxs5hD+wPn8AQhAkJI=</latexit>

EW
′ 
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Results: 
<latexit sha1_base64="FOk9yJOrdl+xY6khy3brklZgcts=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Adth5JJM21sJhOSjFCG/oUbF4q49W/c+Tdm2llo64HA4Zx7yT0nkJxp47rfTmFtfWNzq7hd2tnd2z8oHx61dJwoQpsk5rHqBFhTzgRtGmY47UhFcRRw2g4mt5nffqJKs1g8mKmkfoRHgoWMYGOlrpR9E6Nu97E0KFfcqjsHWiVeTiqQozEof/WHMUkiKgzhWOue50rjp1gZRjidlfqJphKTCR7RnqUCR1T76fziGTqzyhCFsbJPGDRXf2+kONJ6GgV2MsJmrJe9TPzP6yUmvPZTJmRiqCCLj8KEI5syi4+GTFFi+NQSTBSztyIyxgoTY0vKSvCWI6+S1kXVu6zW7muV+k1eRxFO4BTOwYMrqMMdNKAJBAQ8wyu8Odp5cd6dj8Vowcl3juEPnM8fuYyQTg==</latexit>
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<latexit sha1_base64="ZTtv/qy++u47dUgWgOepjFByJrs=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BETxGMA9JljA7mSRDZmeXmV4xLPkKLx4U8ernePNvnCR70MSChqKqm+6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMrqd+85FrIyJ1j+OY+yEdKNEXjKKVHjrInzC9aU66xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzg6ekBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+pZ8KFSfIFZsv6ieSYESm35Oe0JyhHFtCmRb2VsKGVFOGNqOCDcFbfHmZNM7K3nm5clcpVa+yOPJwBMdwCh5cQBVuoQZ1YBDCM7zCm6OdF+fd+Zi35pxs5hD+wPn8AQhAkJI=</latexit>

EW

<latexit sha1_base64="ZTtv/qy++u47dUgWgOepjFByJrs=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BETxGMA9JljA7mSRDZmeXmV4xLPkKLx4U8ernePNvnCR70MSChqKqm+6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMrqd+85FrIyJ1j+OY+yEdKNEXjKKVHjrInzC9aU66xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzg6ekBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+pZ8KFSfIFZsv6ieSYESm35Oe0JyhHFtCmRb2VsKGVFOGNqOCDcFbfHmZNM7K3nm5clcpVa+yOPJwBMdwCh5cQBVuoQZ1YBDCM7zCm6OdF+fd+Zi35pxs5hD+wPn8AQhAkJI=</latexit>

EW

<latexit sha1_base64="ZTtv/qy++u47dUgWgOepjFByJrs=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BETxGMA9JljA7mSRDZmeXmV4xLPkKLx4U8ernePNvnCR70MSChqKqm+6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMrqd+85FrIyJ1j+OY+yEdKNEXjKKVHjrInzC9aU66xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzg6ekBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+pZ8KFSfIFZsv6ieSYESm35Oe0JyhHFtCmRb2VsKGVFOGNqOCDcFbfHmZNM7K3nm5clcpVa+yOPJwBMdwCh5cQBVuoQZ1YBDCM7zCm6OdF+fd+Zi35pxs5hD+wPn8AQhAkJI=</latexit>

EW
′ 



Results: 

53

<latexit sha1_base64="3OdQjqLV3w1rCi3hqhZq1ZBCXEM=">AAAB73icbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Adth5JJM21oJhOTjFCG/oQbF4q49Xfc+Tem01lo64HA4Zx7yT0nkJxp47rfTmFtfWNzq7hd2tnd2z8oHx61dJwoQpsk5rHqBFhTzgRtGmY47UhFcRRw2g4mt3O//USVZrF4MFNJ/QiPBAsZwcZKHSn7Jkbd7qBccatuBrRKvJxUIEdjUP7qD2OSRFQYwrHWPc+Vxk+xMoxwOiv1E00lJhM8oj1LBY6o9tPs3hk6s8oQhbGyTxiUqb83UhxpPY0COxlhM9bL3lz8z+slJrz2UyZkYqggi4/ChCObcR4eDZmixPCpJZgoZm9FZIwVJsZWVLIleMuRV0nroupdVmv3tUr9Jq+jCCdwCufgwRXU4Q4a0AQCHJ7hFd6cR+fFeXc+FqMFJ985hj9wPn8AuXePxg==</latexit>

pp ! ZZ

LO
LO+LSC
LO+SSC
LO+SSSC
LO+C
LO+PR

10−5

10−4

10−3

10−2

10−1

pp → ZZ @ 13 TeV

d
σ

d
m

Z
Z
[p

b
/

G
eV

]

10 3
0

0.5

1

1.5

2

mZZ [GeV]

1
/

L
O

LO
NLLSud EW DR
NLLSud′ EW DR
NLOVI EW

10−5

10−4

10−3

10−2

10−1

pp → ZZ @ 13 TeV

d
σ

d
m

Z
Z
[p

b
/

G
eV

]
10 3

0

0.5

1

1.5

2

mZZ [GeV]
1

/
L

O

<latexit sha1_base64="ZTtv/qy++u47dUgWgOepjFByJrs=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BETxGMA9JljA7mSRDZmeXmV4xLPkKLx4U8ernePNvnCR70MSChqKqm+6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMrqd+85FrIyJ1j+OY+yEdKNEXjKKVHjrInzC9aU66xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzg6ekBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+pZ8KFSfIFZsv6ieSYESm35Oe0JyhHFtCmRb2VsKGVFOGNqOCDcFbfHmZNM7K3nm5clcpVa+yOPJwBMdwCh5cQBVuoQZ1YBDCM7zCm6OdF+fd+Zi35pxs5hD+wPn8AQhAkJI=</latexit>

EW

<latexit sha1_base64="ZTtv/qy++u47dUgWgOepjFByJrs=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BETxGMA9JljA7mSRDZmeXmV4xLPkKLx4U8ernePNvnCR70MSChqKqm+6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMrqd+85FrIyJ1j+OY+yEdKNEXjKKVHjrInzC9aU66xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzg6ekBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+pZ8KFSfIFZsv6ieSYESm35Oe0JyhHFtCmRb2VsKGVFOGNqOCDcFbfHmZNM7K3nm5clcpVa+yOPJwBMdwCh5cQBVuoQZ1YBDCM7zCm6OdF+fd+Zi35pxs5hD+wPn8AQhAkJI=</latexit>

EW

<latexit sha1_base64="ZTtv/qy++u47dUgWgOepjFByJrs=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BETxGMA9JljA7mSRDZmeXmV4xLPkKLx4U8ernePNvnCR70MSChqKqm+6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMrqd+85FrIyJ1j+OY+yEdKNEXjKKVHjrInzC9aU66xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzg6ekBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+pZ8KFSfIFZsv6ieSYESm35Oe0JyhHFtCmRb2VsKGVFOGNqOCDcFbfHmZNM7K3nm5clcpVa+yOPJwBMdwCh5cQBVuoQZ1YBDCM7zCm6OdF+fd+Zi35pxs5hD+wPn8AQhAkJI=</latexit>

EW
′ 



Results: 

54

<latexit sha1_base64="3OdQjqLV3w1rCi3hqhZq1ZBCXEM=">AAAB73icbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Adth5JJM21oJhOTjFCG/oQbF4q49Xfc+Tem01lo64HA4Zx7yT0nkJxp47rfTmFtfWNzq7hd2tnd2z8oHx61dJwoQpsk5rHqBFhTzgRtGmY47UhFcRRw2g4mt3O//USVZrF4MFNJ/QiPBAsZwcZKHSn7Jkbd7qBccatuBrRKvJxUIEdjUP7qD2OSRFQYwrHWPc+Vxk+xMoxwOiv1E00lJhM8oj1LBY6o9tPs3hk6s8oQhbGyTxiUqb83UhxpPY0COxlhM9bL3lz8z+slJrz2UyZkYqggi4/ChCObcR4eDZmixPCpJZgoZm9FZIwVJsZWVLIleMuRV0nroupdVmv3tUr9Jq+jCCdwCufgwRXU4Q4a0AQCHJ7hFd6cR+fFeXc+FqMFJ985hj9wPn8AuXePxg==</latexit>

pp ! ZZ

LO
LO+LSC
LO+SSC
LO+SSSC
LO+C
LO+PR

10−7

10−6

10−5

10−4

10−3

10−2

pp → ZZ @ 13 TeV

d
σ

d
p

T
[p

b
/

G
eV

]

10 2 10 3

0

0.5

1

1.5

pT,Z1
[GeV]

1
/

L
O

LO
NLLSud EW DR
NLLSud′ EW DR
NLOVI EW

10−7

10−6

10−5

10−4

10−3

10−2

pp → ZZ @ 13 TeV

d
σ

d
p

T
[p

b
/

G
eV

]
10 2 10 3

0

0.5

1

1.5

pT,Z1
[GeV]

1
/

L
O

<latexit sha1_base64="ZTtv/qy++u47dUgWgOepjFByJrs=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BETxGMA9JljA7mSRDZmeXmV4xLPkKLx4U8ernePNvnCR70MSChqKqm+6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMrqd+85FrIyJ1j+OY+yEdKNEXjKKVHjrInzC9aU66xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzg6ekBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+pZ8KFSfIFZsv6ieSYESm35Oe0JyhHFtCmRb2VsKGVFOGNqOCDcFbfHmZNM7K3nm5clcpVa+yOPJwBMdwCh5cQBVuoQZ1YBDCM7zCm6OdF+fd+Zi35pxs5hD+wPn8AQhAkJI=</latexit>

EW

<latexit sha1_base64="ZTtv/qy++u47dUgWgOepjFByJrs=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BETxGMA9JljA7mSRDZmeXmV4xLPkKLx4U8ernePNvnCR70MSChqKqm+6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMrqd+85FrIyJ1j+OY+yEdKNEXjKKVHjrInzC9aU66xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzg6ekBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+pZ8KFSfIFZsv6ieSYESm35Oe0JyhHFtCmRb2VsKGVFOGNqOCDcFbfHmZNM7K3nm5clcpVa+yOPJwBMdwCh5cQBVuoQZ1YBDCM7zCm6OdF+fd+Zi35pxs5hD+wPn8AQhAkJI=</latexit>

EW

<latexit sha1_base64="ZTtv/qy++u47dUgWgOepjFByJrs=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BETxGMA9JljA7mSRDZmeXmV4xLPkKLx4U8ernePNvnCR70MSChqKqm+6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMrqd+85FrIyJ1j+OY+yEdKNEXjKKVHjrInzC9aU66xZJbdmcgy8TLSAky1LrFr04vYknIFTJJjWl7box+SjUKJvmk0EkMjykb0QFvW6poyI2fzg6ekBOr9Eg/0rYUkpn6eyKloTHjMLCdIcWhWfSm4n9eO8H+pZ8KFSfIFZsv6ieSYESm35Oe0JyhHFtCmRb2VsKGVFOGNqOCDcFbfHmZNM7K3nm5clcpVa+yOPJwBMdwCh5cQBVuoQZ1YBDCM7zCm6OdF+fd+Zi35pxs5hD+wPn8AQhAkJI=</latexit>

EW
′ 



Results: 

55

<latexit sha1_base64="50u44oxZ79Uy6R2vafCm2w1QLPw=">AAAB+XicbVBNS8NAEN3Urxq/oh69LBZBEEsiRT0WvXisYD+gjWWznbRrN5uwuymU0H/ixYMiXv0n3vw3btsctPXBwOO9GWbmBQlnSrvut1VYWV1b3yhu2lvbO7t7zv5BQ8WppFCnMY9lKyAKOBNQ10xzaCUSSBRwaAbD26nfHIFULBYPepyAH5G+YCGjRBup6zh2knR0jOHxzNQ5fuo6JbfszoCXiZeTEspR6zpfnV5M0wiEppwo1fbcRPsZkZpRDhO7kypICB2SPrQNFSQC5Wezyyf4xCg9HMbSlNB4pv6eyEik1DgKTGdE9EAtelPxP6+d6vDaz5hIUg2CzheFKcfm1WkMuMckUM3HhhAqmbkV0wGRhGoTlm1C8BZfXiaNi7J3Wa7cV0rVmzyOIjpCx+gUeegKVdEdqqE6omiEntErerMy68V6tz7mrQUrnzlEf2B9/gBIT5Il</latexit>

pp ! e+e�j
<latexit sha1_base64="50u44oxZ79Uy6R2vafCm2w1QLPw=">AAAB+XicbVBNS8NAEN3Urxq/oh69LBZBEEsiRT0WvXisYD+gjWWznbRrN5uwuymU0H/ixYMiXv0n3vw3btsctPXBwOO9GWbmBQlnSrvut1VYWV1b3yhu2lvbO7t7zv5BQ8WppFCnMY9lKyAKOBNQ10xzaCUSSBRwaAbD26nfHIFULBYPepyAH5G+YCGjRBup6zh2knR0jOHxzNQ5fuo6JbfszoCXiZeTEspR6zpfnV5M0wiEppwo1fbcRPsZkZpRDhO7kypICB2SPrQNFSQC5Wezyyf4xCg9HMbSlNB4pv6eyEik1DgKTGdE9EAtelPxP6+d6vDaz5hIUg2CzheFKcfm1WkMuMckUM3HhhAqmbkV0wGRhGoTlm1C8BZfXiaNi7J3Wa7cV0rVmzyOIjpCx+gUeegKVdEdqqE6omiEntErerMy68V6tz7mrQUrnzlEf2B9/gBIT5Il</latexit>

pp ! e+e�j
<latexit sha1_base64="/ujL6+tEE+fz4+DJdj3dSlMwMIM="></latexit>

75 GeV  me+e�  107 GeV

LO

LO+LSC

LO+SSC

LO+SSSC

LO+C

LO+PR

10−5

10−4

10−3

10−2

10−1

1

10 1

pp → e+e− j @ 13 TeV Int+Ext

d
σ

d
p

T

10 2 10 3
0.2

0.4
0.6

0.8

1

1.2

1.4

pTll
[GeV]

1
/

L
O

LO

LO+LSC

LO+SSC

LO+SSSC

LO+C

LO+PR

10−5

10−4

10−3

10−2

10−1

1

10 1
pp → e+e− j @ 13 TeV Ext

d
σ

d
p

T
10 2 10 3

0.2

0.4
0.6

0.8

1

1.2

1.4

pTll
[GeV]

1
/

L
O



Results: 

56

<latexit sha1_base64="50u44oxZ79Uy6R2vafCm2w1QLPw=">AAAB+XicbVBNS8NAEN3Urxq/oh69LBZBEEsiRT0WvXisYD+gjWWznbRrN5uwuymU0H/ixYMiXv0n3vw3btsctPXBwOO9GWbmBQlnSrvut1VYWV1b3yhu2lvbO7t7zv5BQ8WppFCnMY9lKyAKOBNQ10xzaCUSSBRwaAbD26nfHIFULBYPepyAH5G+YCGjRBup6zh2knR0jOHxzNQ5fuo6JbfszoCXiZeTEspR6zpfnV5M0wiEppwo1fbcRPsZkZpRDhO7kypICB2SPrQNFSQC5Wezyyf4xCg9HMbSlNB4pv6eyEik1DgKTGdE9EAtelPxP6+d6vDaz5hIUg2CzheFKcfm1WkMuMckUM3HhhAqmbkV0wGRhGoTlm1C8BZfXiaNi7J3Wa7cV0rVmzyOIjpCx+gUeegKVdEdqqE6omiEntErerMy68V6tz7mrQUrnzlEf2B9/gBIT5Il</latexit>

pp ! e+e�j
<latexit sha1_base64="50u44oxZ79Uy6R2vafCm2w1QLPw=">AAAB+XicbVBNS8NAEN3Urxq/oh69LBZBEEsiRT0WvXisYD+gjWWznbRrN5uwuymU0H/ixYMiXv0n3vw3btsctPXBwOO9GWbmBQlnSrvut1VYWV1b3yhu2lvbO7t7zv5BQ8WppFCnMY9lKyAKOBNQ10xzaCUSSBRwaAbD26nfHIFULBYPepyAH5G+YCGjRBup6zh2knR0jOHxzNQ5fuo6JbfszoCXiZeTEspR6zpfnV5M0wiEppwo1fbcRPsZkZpRDhO7kypICB2SPrQNFSQC5Wezyyf4xCg9HMbSlNB4pv6eyEik1DgKTGdE9EAtelPxP6+d6vDaz5hIUg2CzheFKcfm1WkMuMckUM3HhhAqmbkV0wGRhGoTlm1C8BZfXiaNi7J3Wa7cV0rVmzyOIjpCx+gUeegKVdEdqqE6omiEntErerMy68V6tz7mrQUrnzlEf2B9/gBIT5Il</latexit>

pp ! e+e�j
<latexit sha1_base64="/ujL6+tEE+fz4+DJdj3dSlMwMIM="></latexit>

75 GeV  me+e�  107 GeV

LO

LO+LSC

LO+SSC

LO+SSSC

LO+C

LO+PR

10−5

10−4

10−3

10−2

10−1

1

10 1

pp → e+e− j @ 13 TeV Int+Ext

d
σ

d
p

T

10 2 10 3
0.2

0.4
0.6

0.8

1

1.2

1.4

pTll
[GeV]

1
/

L
O

LO

LO+LSC

LO+SSC

LO+SSSC

LO+C

LO+PR

10−5

10−4

10−3

10−2

10−1

1

10 1
pp → Zj @ 13 TeV

d
σ

d
p

T
10 2 10 3

0.2

0.4
0.6

0.8

1

1.2

1.4

pTll
[GeV]

1
/

L
O



Results: 

57

<latexit sha1_base64="50u44oxZ79Uy6R2vafCm2w1QLPw=">AAAB+XicbVBNS8NAEN3Urxq/oh69LBZBEEsiRT0WvXisYD+gjWWznbRrN5uwuymU0H/ixYMiXv0n3vw3btsctPXBwOO9GWbmBQlnSrvut1VYWV1b3yhu2lvbO7t7zv5BQ8WppFCnMY9lKyAKOBNQ10xzaCUSSBRwaAbD26nfHIFULBYPepyAH5G+YCGjRBup6zh2knR0jOHxzNQ5fuo6JbfszoCXiZeTEspR6zpfnV5M0wiEppwo1fbcRPsZkZpRDhO7kypICB2SPrQNFSQC5Wezyyf4xCg9HMbSlNB4pv6eyEik1DgKTGdE9EAtelPxP6+d6vDaz5hIUg2CzheFKcfm1WkMuMckUM3HhhAqmbkV0wGRhGoTlm1C8BZfXiaNi7J3Wa7cV0rVmzyOIjpCx+gUeegKVdEdqqE6omiEntErerMy68V6tz7mrQUrnzlEf2B9/gBIT5Il</latexit>

pp ! e+e�j
<latexit sha1_base64="50u44oxZ79Uy6R2vafCm2w1QLPw=">AAAB+XicbVBNS8NAEN3Urxq/oh69LBZBEEsiRT0WvXisYD+gjWWznbRrN5uwuymU0H/ixYMiXv0n3vw3btsctPXBwOO9GWbmBQlnSrvut1VYWV1b3yhu2lvbO7t7zv5BQ8WppFCnMY9lKyAKOBNQ10xzaCUSSBRwaAbD26nfHIFULBYPepyAH5G+YCGjRBup6zh2knR0jOHxzNQ5fuo6JbfszoCXiZeTEspR6zpfnV5M0wiEppwo1fbcRPsZkZpRDhO7kypICB2SPrQNFSQC5Wezyyf4xCg9HMbSlNB4pv6eyEik1DgKTGdE9EAtelPxP6+d6vDaz5hIUg2CzheFKcfm1WkMuMckUM3HhhAqmbkV0wGRhGoTlm1C8BZfXiaNi7J3Wa7cV0rVmzyOIjpCx+gUeegKVdEdqqE6omiEntErerMy68V6tz7mrQUrnzlEf2B9/gBIT5Il</latexit>

pp ! e+e�j
<latexit sha1_base64="4etgOfOXka42dBU7BKZTs6BJaSA="></latexit>

200 GeV  me+e�  500 GeV

LO

LO+LSC

LO+SSC

LO+SSSC

LO+C

LO+PR

10−9

10−8

10−7

10−6

10−5

10−4

10−3

pp → e+e− j @ 13 TeV Int+Ext

d
σ

d
p

T

10 2 10 3
0.2

0.4
0.6

0.8

1

1.2

1.4

pTll
[GeV]

1
/

L
O

LO

LO+LSC

LO+SSC

LO+SSSC

LO+C

LO+PR

10−9

10−8

10−7

10−6

10−5

10−4

10−3

pp → e+e− j @ 13 TeV Ext

d
σ

d
p

T
10 2 10 3

0.2

0.4
0.6

0.8

1

1.2

1.4

pTll
[GeV]

1
/

L
O


