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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:                         
 

NnLO

NLO
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• Without clear signs of NP as resonances, small deviations in tails of kinematic distributions are under scrutiny


• NLO EW corrections and their Sudakov approximation are crucial as they can provide several tens % effects in tails 

[Pagani, Zaro 2110.03714; 2021][Bothmann, Napoletano 2006.14635; 2020] [Chiesa et al. 1305.6837; 2013]

<latexit sha1_base64="Q+VnITE6YCHFA3Bl8nMmpQISoq0=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7IO2Q8mkmTZtJhOSjFCG/oUbF4q49W/c+Tdm2llo64HA4Zx7yT0nkJxp47rfTmFtfWNzq7hd2tnd2z8oHx41dZwoQhsk5rFqB1hTzgRtGGY4bUtFcRRw2gomd5nfeqJKs1g8mqmkfoSHgoWMYGOljpQ9E6POeFzqlytu1Z0DrRIvJxXIUe+Xv3qDmCQRFYZwrHXXc6XxU6wMI5zOSr1EU4nJBA9p11KBI6r9dH7xDJ1ZZYDCWNknDJqrvzdSHGk9jQI7GWEz0steJv7ndRMT3vgpEzIxVJDFR2HCkU2ZxUcDpigxfGoJJorZWxEZYYWJsSVlJXjLkVdJ86LqXVUvHy4rtdu8jiKcwCmcgwfXUIN7qEMDCAh4hld4c7Tz4rw7H4vRgpPvHMMfOJ8/0eyQXg==</latexit>

pp ! Zjj

<latexit sha1_base64="FBznH6hzEhJdXBav6P+1muMxy9U=">AAACDXicbVDJSgNBEO1xjXGLevTSGAUPEmYkqMegBz1GyIbJEHo6laRJz0J3jRiG+QEv/ooXD4p49e7Nv7GzHDTxQcHjvSqq6nmRFBpt+9taWFxaXlnNrGXXNza3tnM7uzUdxopDlYcyVA2PaZAigCoKlNCIFDDfk1D3Blcjv34PSoswqOAwAtdnvUB0BWdopHbuMGonlZO7lLb6OmIcErvgUO6ntNlCeMDkGmqp287l7YI9Bp0nzpTkyRTldu6r1Ql57EOAXDKtm44doZswhYJLSLOtWIPZNmA9aBoaMB+0m4y/SemRUTq0GypTAdKx+nsiYb7WQ98znT7Dvp71RuJ/XjPG7oWbiCCKEQI+WdSNJcWQjqKhHaGAoxwawrgS5lbK+0wxjibArAnBmX15ntROC85ZoXhbzJcup3FkyD45IMfEIeekRG5ImVQJJ4/kmbySN+vJerHerY9J64I1ndkjf2B9/gBKe5sX</latexit>

pT,Z [GeV]

Introduction

https://arxiv.org/abs/2110.03714
https://arxiv.org/abs/2006.14635
https://arxiv.org/abs/1305.6837


Framework: notation & conventions
•  Convention: all incoming particles, i.e.             process 

 

• DP algorithm based on logarithmic approximation (LA):  
 
         Hierarchy scales 

 
 
             Not mass-suppressed Born matrix element, i.e.  

 
             At one-loop keep only leading and universal double & single 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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• 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  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Double Logs (DL)

NB: external longitudinal gauge bosons require GBET1



• 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 (DL)

NB: external longitudinal gauge bosons require GBET1



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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[Denner and Pozzorini 0010201; 2001]
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DL originate when two 
external legs 
exchange a soft and 
collinear (SC) gauge 
boson V

LA:
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Formally not part of LA and 
omitted in original DP, but 
needed for reliable estimates 
as firstly pointed out in 
[Pagani, Zaro 2110.03714; 
2021]

https://arxiv.org/abs/hep-ph/0010201
https://arxiv.org/abs/2110.03714


Single Logs (SL)
• SL have a triple origin 

 
               
 
 
 
 
            
                    
 
 
 
 
 
 



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

 
              PR: UV renormalisation of EW dimensionless parameters  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Renormalisation of masses 
and couplings with mass 
dimensions brings only mass-
suppressed corrections



• SL have a triple origin 
 
              PR: UV renormalisation of EW dimensionless parameters  
 
 
 
 
                
        WF: wave-function renormalisation of external fields                      
                    
 
 
 
                    yields to the factorised correction 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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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• SL have a triple origin 
 
              Coll: external leg emission of a collinear gauge boson 
 
 
                    Its evaluation in Collinear approximation leads to the factorised contribution 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• SL have a triple origin 
 
              Coll: external leg emission of a collinear gauge boson 
 
 
                    Its evaluation in Collinear approximation leads to the factorised contribution 
 
 
 
 
 
 
 
 

        C: Full gauge-invariant SL correction associated to external fields: 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• 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  times faster) and make them available to any MC with OL 
interface 

→ 20 − 30

Implementation in OpenLoops: why

https://arxiv.org/abs/1305.6837
https://arxiv.org/abs/2006.14635
https://arxiv.org/abs/2110.03714
https://arxiv.org/abs/1907.13071
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NLL EW: [Accomando et al, 0409247; 2004]


Full NLO EW: [Bierweiler et al, 1305.5402; 2013]


Full NLO: [Baglio et al, 1307.4331; 2016]


NNLO QCD+NLO EW: [Grazzini et al, 1912.00068; 2020]


NLO EW vs NLL EW: [Bothmann et al, 2111.13453; 2021]
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SSC and SSSC become very 

sizeable for PS regions where 

Sudakov condition 


 

is violated, with hierarchy among 

invariants

<latexit sha1_base64="jJz++hDUPoP5cDKL4Qplo2tnliE="></latexit>

�SSC, V
kk0ll0 ⇠ ↵

4⇡
IV I V̄ log

✓
s

M2
V

◆

| {z }
/ lSL,V

log

✓
|rkl|
s

◆

| {z }
/ lSSC, V

, �S-SSC, V
kk0ll0 ⇠ ↵

4⇡
IV I V̄ log2

✓
|rkl|
s

◆

| {z }
/ lS-SSC

<latexit sha1_base64="jJz++hDUPoP5cDKL4Qplo2tnliE="></latexit>

�SSC, V
kk0ll0 ⇠ ↵

4⇡
IV I V̄ log

✓
s

M2
V

◆

| {z }
/ lSL,V

log

✓
|rkl|
s

◆

| {z }
/ lSSC, V

, �S-SSC, V
kk0ll0 ⇠ ↵

4⇡
IV I V̄ log2

✓
|rkl|
s

◆

| {z }
/ lS-SSC

<latexit sha1_base64="wOOpPqZYAzFmx6hwD709kE+2NSY="></latexit>

µ2 = s ⇠ rkl ⌘ (pk + pl)
2 � m2

t
,M2

H
> M2

Z,W
� m2

f � �2, 8k, l
<latexit sha1_base64="wOOpPqZYAzFmx6hwD709kE+2NSY="></latexit>

µ2 = s ⇠ rkl ⌘ (pk + pl)
2 � m2

t
,M2

H
> M2

Z,W
� m2

f � �2, 8k, l
<latexit sha1_base64="wOOpPqZYAzFmx6hwD709kE+2NSY="></latexit>

µ2 = s ⇠ rkl ⌘ (pk + pl)
2 � m2

t
,M2

H
> M2

Z,W
� m2

f � �2, 8k, l

<latexit sha1_base64="wOOpPqZYAzFmx6hwD709kE+2NSY="></latexit>

µ2 = s ⇠ rkl ⌘ (pk + pl)
2 � m2

t
,M2

H
> M2

Z,W
� m2

f � �2, 8k, l
<latexit sha1_base64="wOOpPqZYAzFmx6hwD709kE+2NSY="></latexit>

µ2 = s ⇠ rkl ⌘ (pk + pl)
2 � m2

t
,M2

H
> M2

Z,W
� m2

f � �2, 8k, l
<latexit sha1_base64="V04PiLicOsvmL6rufSl+hsKIRkY=">AAACC3icbVC7TsMwFHV4lvIKMLJYrVCLkKqkqoCxgoWxSPQhNSFyXCe16jywnUpVlJ2FX2FhACFWfoCNv8FpO0DLkSwfn3Ovru9xY0aFNIxvbWV1bX1js7BV3N7Z3dvXDw47Iko4Jm0csYj3XCQIoyFpSyoZ6cWcoMBlpOuOrnO/OyZc0Ci8k5OY2AHyQ+pRjKSSHL3EnXRUYZXMIg8JHVfj/JmdqUtpp/d1y/cdvWzUjCngMjHnpAzmaDn6lzWIcBKQUGKGhOibRiztFHFJMSNZ0UoEiREeIZ/0FQ1RQISdTnfJ4IlSBtCLuDqhhFP1d0eKAiEmgasqAySHYtHLxf+8fiK9SzulYZxIEuLZIC9hUEYwDwYOKCdYsokiCHOq/grxEHGEpYqvqEIwF1deJp16zTyvNW4b5ebVPI4COAYlUAUmuABNcANaoA0weATP4BW8aU/ai/aufcxKV7R5zxH4A+3zBwKOmmU=</latexit>

rk0l0 ⌘ (pk0 + pl0)
2 �



LO
NLLVI EW
NLL′

VI EW
NLOVI EW

10−5

10−4

10−3

10−2

10−1

1

pp → ZZ @ 13 TeV

d
σ

d
y

Z
1

[p
b

/
G

eV
]

0.4

0.6

0.8

1

1.2

1.4

1.6

1
/

L
O

-4 -2 0 2 4

0.4

0.6

0.8

1

1.2

1.4

1.6

LSC
SSC
SSSC

C
PR

yZ1
[GeV]

1
/

L
O

Results: 
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pp ! ZZ

Two important considerations come 
from the rapidity distribution:


The inclusion of SSSC allows for a 
better Sudakov approximation, in 

particular for 


For very forward configurations, i.e. 
outside the central region , 

SSC and SSSC rapidly grow  


|yZ | < 3

|yZ | < 3
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Results: 
Pseudo-rapidity cut  


avoids very forward configurations 
which introduce large ratios of 

invariants; done in any realistic analysis

|ηZ | < 3

Again, the inclusion of SSSC

provides better predictions. 


However, no full control on it!

(Non-universal) SSSC-like terms arise 

also from LA of 4-point functions 
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NLL’�NLLThe difference                        estimates             
 effects beyond LA𝒪(α)



Results: 
|ηW | < 3|ηW | < 3 LO
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pp ! W+W�

However, LT and TL are several orders of 
magnitude smaller than both TT and LL.

Here LT and TL polarisation 
configurations are mass-suppressed 

while mixed TT and LL are not.


Within this setup, Sudakov 
approximation can be directly employed 

for these observables

 

NLL EW: [Accomando et al, 0409247; 2004] 


Full NLO EW: [Bierweile et al, 1208.3147; 2012] 


Full NLO: [Baglio et al, 1307.4331; 2016]


Mixed NLO QCD - EW: [Bräuer et al, 2005.12128; 2020]


NNLO QCD+NLO EW: [Grazzini et al, 1912.00068; 2020] 

https://arxiv.org/pdf/hep-ph/0409247.pdf
https://arxiv.org/pdf/1208.3147.pdf
https://arxiv.org/pdf/1307.4331.pdf
https://arxiv.org/pdf/2005.12128.pdf
https://arxiv.org/pdf/1912.00068.pdf


Results: 
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•                          are important backgrounds in Higgs analyses and/or BSM searches, but also for tests of EWSB


• Algorithm easily applicable to high multiplicity processes 
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pp ! tt̄+X
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pp ! tt̄W+j
Multijet merging @ NLO: [Frederix & Tsinikos, 2108.07826; 2021]


NNLO QCD to : [Buonocore et al, 2306.16311; 2023]


NLO EW vs NLL EW: [Lindert & L.M., 2312.07927; 2023]
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https://arxiv.org/abs/2108.07826
https://arxiv.org/abs/2306.16311
https://arxiv.org/abs/2312.07927


Results: 
NLO QCD: [Bredenstein et al, 0905.0110; 2009]


Status: [CMS collaboration, 2309.144422; 2023]

NLO EW never computed before and expected to be small. We explicitly checked and verified it, observing   ∼ 6 − 7 % @ pT ≈ 1 TeV
Still a preliminary analysis!  A more detailed study of NLO EW corrections will follow 
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pp ! tt̄bb̄

https://arxiv.org/abs/0905.0110v2
https://arxiv.org/pdf/2309.14442.pdf


Conclusions and outlook
• 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 agreement


• Additional aspects of the implementation: 
                 Model independent (applicable to both SM and BSM scenarios) 

                 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 for preservation of PT 

                 Dressing NLL EW Sudakov logs with QCD loops, i.e. mixed QCD-EW corrections 
                 Suitable for NNLO/two-loop extension 



Backup



Implementation in OpenLoops: DL & C

•  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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•  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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Implementation in OpenLoops: DL & C



• Effective CT vertices are suitable for evaluation of soft-collinear and collinear Sudakov 
corrections 
 
 
 
 
 

Implementation in OpenLoops: PR



• 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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Implementation in OpenLoops: PR



• 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

<latexit sha1_base64="3xSubFB2+NmX3MyDUl6BGrSsOvE="></latexit>

V 0

q0

q
l

l0

V 0

q0

q
l

l0

V 00V 0

q0

q
l

l0

<latexit sha1_base64="qqMZz255reYvguuzi3Jn1F26QH8="></latexit>

�WFM'i1 ...'in =
X

k

X

k0

�WF
kk0 M

'i1 ...'i0
k
...'in

0 , �WF
kk0 =

1

2
�Zkk0

Implementation in OpenLoops: PR



Single Logs: PR
• Generic two-point function 

  <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"]



• Generic two-point function 
 
 

• In LA                                          four possible hierarchy of masses

<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"]

<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 
 

<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"]

<latexit sha1_base64="t4i+i6HXETCktWMSV48izfGUpvM="></latexit>

p2B0
0 (p,m0,m1)

LA
=

1

2
log

m2
1�i

m2
i

=
1

2
log

p2

�2
,

p2B0
1

�
p2,m0,m1

�
+

1

2
p2B0

0 (p,m0,m1)
LA
= �1

4
log

m2
0

m2
1

<latexit sha1_base64="8bskOQekoXDeBvuvvVVi/faQ9d4="></latexit>

B0 (p,m0,m1)
LA
= log

µ2

M2
,

B1

�
p2,m0,m1

� LA
= �1

2
log

µ2

M2
,

1

p2
B00

�
p2,m0,m1

� LA
=

3m2
0 + 3m2

1 � p2

12p2
log

µ2

M2
,

1

p2
gµ⌫Bµ⌫

�
p2,m0,m1

� LA
=

m2
0 +m2

1

p2
log

µ2

M2

Single Logs: PR



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

                                                    
 
 
 
 

<latexit sha1_base64="Oa6WbhaoFkYaUc9adcH6KGKqtd4=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkoioh6LXrwIFewHNCFstpt26WYTdydCDf0lXjwo4tWf4s1/47bNQVsfDDzem2FmXpgKrsFxvq3Syura+kZ5s7K1vbNbtff22zrJFGUtmohEdUOimeCStYCDYN1UMRKHgnXC0fXU7zwypXki72GcMj8mA8kjTgkYKbCrnn5QkOuJNxjg26AT2DWn7syAl4lbkBoq0AzsL6+f0CxmEqggWvdcJwU/Jwo4FWxS8TLNUkJHZMB6hkoSM+3ns8Mn+NgofRwlypQEPFN/T+Qk1noch6YzJjDUi95U/M/rZRBd+jmXaQZM0vmiKBMYEjxNAfe5YhTE2BBCFTe3YjokilAwWVVMCO7iy8ukfVp3z+tnd2e1xlURRxkdoiN0glx0gRroBjVRC1GUoWf0it6sJ+vFerc+5q0lq5g5QH9gff4AwVaTKA==</latexit>p
s � MW

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

<latexit sha1_base64="Oa6WbhaoFkYaUc9adcH6KGKqtd4=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkoioh6LXrwIFewHNCFstpt26WYTdydCDf0lXjwo4tWf4s1/47bNQVsfDDzem2FmXpgKrsFxvq3Syura+kZ5s7K1vbNbtff22zrJFGUtmohEdUOimeCStYCDYN1UMRKHgnXC0fXU7zwypXki72GcMj8mA8kjTgkYKbCrnn5QkOuJNxjg26AT2DWn7syAl4lbkBoq0AzsL6+f0CxmEqggWvdcJwU/Jwo4FWxS8TLNUkJHZMB6hkoSM+3ns8Mn+NgofRwlypQEPFN/T+Qk1noch6YzJjDUi95U/M/rZRBd+jmXaQZM0vmiKBMYEjxNAfe5YhTE2BBCFTe3YjokilAwWVVMCO7iy8ukfVp3z+tnd2e1xlURRxkdoiN0glx0gRroBjVRC1GUoWf0it6sJ+vFerc+5q0lq5g5QH9gff4AwVaTKA==</latexit>p
s � MW

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                                                     
 
 
 
 

<latexit sha1_base64="Oa6WbhaoFkYaUc9adcH6KGKqtd4=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkoioh6LXrwIFewHNCFstpt26WYTdydCDf0lXjwo4tWf4s1/47bNQVsfDDzem2FmXpgKrsFxvq3Syura+kZ5s7K1vbNbtff22zrJFGUtmohEdUOimeCStYCDYN1UMRKHgnXC0fXU7zwypXki72GcMj8mA8kjTgkYKbCrnn5QkOuJNxjg26AT2DWn7syAl4lbkBoq0AzsL6+f0CxmEqggWvdcJwU/Jwo4FWxS8TLNUkJHZMB6hkoSM+3ns8Mn+NgofRwlypQEPFN/T+Qk1noch6YzJjDUi95U/M/rZRBd+jmXaQZM0vmiKBMYEjxNAfe5YhTE2BBCFTe3YjokilAwWVVMCO7iy8ukfVp3z+tnd2e1xlURRxkdoiN0glx0gRroBjVRC1GUoWf0it6sJ+vFerc+5q0lq5g5QH9gff4AwVaTKA==</latexit>p
s � MW

<latexit sha1_base64="5sfZFfEbg1vJ1CsqiA4RySRNnvU=">AAAB/nicbVDLSsNAFL2pr1pfUXHlJlgEVyWRoi6LblxWsA9sQplMp+20k8kwMxFKKPgrblwo4tbvcOffOGmz0NYDMxzOuZd77wkFo0q77rdVWFldW98obpa2tnd29+z9g6aKE4lJA8cslu0QKcIoJw1NNSNtIQmKQkZa4fgm81uPRCoa83s9ESSI0IDTPsVIG6lrHwnh69h5GGW/HyKZsikbde2yW3FncJaJl5My5Kh37S+/F+MkIlxjhpTqeK7QQYqkppiRaclPFBEIj9GAdAzlKCIqSGfrT51To/ScfizN49qZqb87UhQpNYlCUxkhPVSLXib+53US3b8KUspFognH80H9hDnm1CwLp0clwZpNDEFYUrOrg4dIIqxNYiUTgrd48jJpnle8i0r1rlquXedxFOEYTuAMPLiEGtxCHRqAIYVneIU368l6sd6tj3lpwcp7DuEPrM8fQ+aVsw==</latexit>

pp ! Zj ! l̄lj

<latexit sha1_base64="F5FYKI9kVg5TqO6Ehmil7j83KlY="></latexit>

q

q̄

g

Z
l

l̄
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• 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

<latexit sha1_base64="Oa6WbhaoFkYaUc9adcH6KGKqtd4=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkoioh6LXrwIFewHNCFstpt26WYTdydCDf0lXjwo4tWf4s1/47bNQVsfDDzem2FmXpgKrsFxvq3Syura+kZ5s7K1vbNbtff22zrJFGUtmohEdUOimeCStYCDYN1UMRKHgnXC0fXU7zwypXki72GcMj8mA8kjTgkYKbCrnn5QkOuJNxjg26AT2DWn7syAl4lbkBoq0AzsL6+f0CxmEqggWvdcJwU/Jwo4FWxS8TLNUkJHZMB6hkoSM+3ns8Mn+NgofRwlypQEPFN/T+Qk1noch6YzJjDUi95U/M/rZRBd+jmXaQZM0vmiKBMYEjxNAfe5YhTE2BBCFTe3YjokilAwWVVMCO7iy8ukfVp3z+tnd2e1xlURRxkdoiN0glx0gRroBjVRC1GUoWf0it6sJ+vFerc+5q0lq5g5QH9gff4AwVaTKA==</latexit>p
s � MW

<latexit sha1_base64="5sfZFfEbg1vJ1CsqiA4RySRNnvU=">AAAB/nicbVDLSsNAFL2pr1pfUXHlJlgEVyWRoi6LblxWsA9sQplMp+20k8kwMxFKKPgrblwo4tbvcOffOGmz0NYDMxzOuZd77wkFo0q77rdVWFldW98obpa2tnd29+z9g6aKE4lJA8cslu0QKcIoJw1NNSNtIQmKQkZa4fgm81uPRCoa83s9ESSI0IDTPsVIG6lrHwnh69h5GGW/HyKZsikbde2yW3FncJaJl5My5Kh37S+/F+MkIlxjhpTqeK7QQYqkppiRaclPFBEIj9GAdAzlKCIqSGfrT51To/ScfizN49qZqb87UhQpNYlCUxkhPVSLXib+53US3b8KUspFognH80H9hDnm1CwLp0clwZpNDEFYUrOrg4dIIqxNYiUTgrd48jJpnle8i0r1rlquXedxFOEYTuAMPLiEGtxCHRqAIYVneIU368l6sd6tj3lpwcp7DuEPrM8fQ+aVsw==</latexit>

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}

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

<latexit sha1_base64="5sfZFfEbg1vJ1CsqiA4RySRNnvU=">AAAB/nicbVDLSsNAFL2pr1pfUXHlJlgEVyWRoi6LblxWsA9sQplMp+20k8kwMxFKKPgrblwo4tbvcOffOGmz0NYDMxzOuZd77wkFo0q77rdVWFldW98obpa2tnd29+z9g6aKE4lJA8cslu0QKcIoJw1NNSNtIQmKQkZa4fgm81uPRCoa83s9ESSI0IDTPsVIG6lrHwnh69h5GGW/HyKZsikbde2yW3FncJaJl5My5Kh37S+/F+MkIlxjhpTqeK7QQYqkppiRaclPFBEIj9GAdAzlKCIqSGfrT51To/ScfizN49qZqb87UhQpNYlCUxkhPVSLXib+53US3b8KUspFognH80H9hDnm1CwLp0clwZpNDEFYUrOrg4dIIqxNYiUTgrd48jJpnle8i0r1rlquXedxFOEYTuAMPLiEGtxCHRqAIYVneIU368l6sd6tj3lpwcp7DuEPrM8fQ+aVsw==</latexit>

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

<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)

Implementation in OpenLoops: resonances



• Solution: evaluation of Sudakov corrections associated to both     and           with different 
weights

<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)

Implementation in OpenLoops: resonances



Implementation in OpenLoops: resonances

• Solution: evaluation of Sudakov corrections associated to both     and           with different 
weights

<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: 
<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
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External insertions approach fails in reproducing 
the full NLO prediction for the             range         

“capturing” the resonance

Issue naturally solved with internal insertions 
controlled by projectors

Automatic recover of standard algorithm when 
far from the resonance



Implementation in OpenLoops: projectors

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



Additional results
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Small but sizeable contribution to the 
LO coming from TT. In the tails


:  


 : 

pT,W1
∼ 5 %

pT,W2
∼ 15 %

Here TT and LL polarisation 
configurations are mass-suppressed 

while mixed LT and TL are not 

Within this setup, Sudakov 
approximation cannot be directly 
employed for these observables


 

NLO QCD: [Mao et al, 0903.2885; 2009] 


Full NLO: [Alwall et al, 1405.0301; 2014] 


NLO QCD PS: [Baglio, 1609.05907; 2016]

https://arxiv.org/pdf/0903.2885.pdf
https://arxiv.org/pdf/1405.0301.pdf
https://arxiv.org/pdf/1609.05907.pdf
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Too big contribution to the LO coming 
from the mass-suppressed TT fraction, 

around 30 − 40 %

Significantly higher energies are 
required to further suppress TT and 
apply the Sudakov approximation 


Less appealing solution: systematically 
derive and implement all mass-

suppressed corrections
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The inclusion of SSSC

provides better predictions, but 

there is no full control on it!

(Non-universal) SSSC-like terms 

arise 

also from box diagrams 
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Results: 
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• In Sudakov approximation: keep only double and singular logarithmic corrections


    neglecting constant               and mass suppressed                          terms


•  In the high energy limit and for non mass-suppressed  matrix elements we expect                                                                                                                    2
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Amplitude-level validation:        and  scansθ
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•In the high energy limit and for non mass-suppressed matrix elements we expect


• Inclusion of the phase in DL from the LA of , i.e.


                                                                                                              


is crucial in  processes with : without phase                                                    shows a logarithmic dependence. This has been firstly noticed in 
[Pagani, Zaro 2110.03714; 2021]
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