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Introduction
• LHC and future colliders (will) explore the multi TeV energy scale range

✦ Search for New Physics (NP)
✦ Study of Higgs properties: EWSB, Higgs self-couplings, ….
✦ EW like QCD and QED, but BN/KLN not applicable                               Ciafaloni et al., hep-ph/0001142         

• Higher order corrections are mandatory in theoretical predictions to match the experimental accuracy: 
 minimum, but not anymore sufficient

• At this collider energy EW radiative corrections exhibit a logarithmic enhancement, known as Sudakov 
logarithms/mass-singularities

• For generic  EW correction, Sudakov logs are of the form              

NLO

NnLO
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• Properties of EW logarithmic corrections investigated at all orders via IREE

✦ LL + NLL (arbitrary process)                                                                

✦ NNLL (only NC massless 4-fermion processes)                            

• IREE approach:

✦ Virtual corrections described by generalized RGE in logarithmic approximation (LA) 
✦ Not mass-suppressed Born matrix elements

✦ On-shell external momenta                 and all        much larger than  masses

✦ EW splits in two regimes matched at   Resummed EW corrections factorize in
✦  Symmetric EW part, computed in , with unique cut-off parameter 

✦  EM part, computed in , contain divergences from gap between physical photon mass and ; will cancel with real radiation

W/Z

μ = M = mW ⟹

Q ≥ μ ≥ M : SU(2)L ⊗ U(1)Y M = mW,Z,γ

μ ≤ M : U(1)em mγ = M

EW Sudakov corrections: all orders 

Melles et al. hep-ph/0004056 , hep-ph/0012157 , hep-ph/
0102097 , hep-ph/0108221

Kühn et al. hep-ph/9912503 , hep-ph/0106298
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Chiu et al., 0806.1240
Fuhrer et al., 1011.1505

Denner & Rode, 2402.10503  
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• Properties of EW logarithmic corrections at fixed order investigated via explicit diagrammatic 
computations in LA

✦ One-loop (arbitrary process  DP algorithm)                                                                

✦ Two-loop                           

⇒

EW Sudakov corrections: fixed order

Denner & Pozzorini: hep-ph/0010201, hep-ph/0104127
Pozzorini, hep-ph/0201077

• EW Sudakov logarithms at one-loop implemented in
✦ ALPGEN (specific process): Chiesa et al, 1305.6837; 2013
✦ Sherpa (general process): Bothmann, Napoletano 2006.14635; 2020
✦ MadGraph (general process): Pagani, Zaro 2110.03714; 2021
✦ OpenLoops (general process + resonances): Lindert, L.M., 2312.07927; 2023

LL+NLL (fermionic process)
Denner et al., hep-ph/0608326 & hep-ph/0809.0800

LL+NLL a.d. (arbitrary process)
Denner et al., hep-ph/0301241

Factorization wrt Born ME at one- and two-
loop

<latexit sha1_base64="+yh7OP8zOolX2sPJ2BBuDjlt+ZI="></latexit>

M(2) ⇠
⇣ ↵

4⇡

⌘2
C2

ew


L4

2
+ (b+ lij)L

3

�
M0

<latexit sha1_base64="dxT3+6FHqzJSawveEqg4/bbII8U="></latexit>

M(1) ⇠
⇣ ↵

4⇡

⌘
Cew

⇥
�L2 + (a+ lij)L

⇤
M0

in agreement with IREE and 
its expansion at FO

https://arxiv.org/pdf/hep-ph/0010201
https://arxiv.org/pdf/hep-ph/0104127
https://arxiv.org/pdf/hep-ph/0201077
https://arxiv.org/abs/1305.6837
https://arxiv.org/abs/2006.14635
https://arxiv.org/abs/2110.03714
https://arxiv.org/abs/2312.07927
https://arxiv.org/pdf/hep-ph/0608326
https://arxiv.org/pdf/0809.0800
https://arxiv.org/pdf/hep-ph/0301241


One-loop mass singularities
• One-loop mass singularities originate from diagrams where a vector boson                                                                                                    

 couples to two different external legs

• Total contribution

•Diagrams are evaluated in the approximation of  being:

✦ Soft and collinear to  or DL:       

✦ Collinear to  or SL:           

V

V

i j →

i j →

Denner et al. hep-ph/0608326
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• Automated tools for full  EW corrections:                                                                                                                     
OpenLoops (OL),            Recola,               MadGraph5_aMC@NLO,         Sherpa,              MoCaNLO, …

• Why implementing Sudakov logarithms:
✦ Even if automated, full  EW corrections can be non-trivial in high multiplicity processes  
✦ EW Sudakov logs have nice properties: factorization w.r.t. Born amplitudes, leading contribution of radiative corrections

✦ Full NNLO/two-loop automation still out of reach. Sudakov approximation might help to access missing higher order terms and reduce 
theoretical uncertainty from missing higher order terms, but still not automated… up to now!

•In OL: define helicity-dependent two-point vertex rules/pseudo-CT  any soft-collinear NLO 
topology “converted” into Born one via double pseudo-CT*

                                                                            

NLO

NLO

⟹

⟹

Implementation in OpenLoops

Buccioni et al, 1907.13071; 2019 Alwall et al, 1405.0301; 2014
Denner et al, 2602.19842; 2026Actis  et al, 1211.6316; 2012

Actis  et al, 1605.01090; 2016
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*up to 4 CTs are need at two-loop

Bothmann et al, 1905.09127; 2019
Bothmann et al, 2410.22148; 2024

https://arxiv.org/abs/1907.13071
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Two-loop mass singularities 
• LL+NLL mass singularities @ two-loop are obtained from one-loop diagrams yielding LL from soft 

and collinear regions of , by inserting:

✦ A second soft and/or collinear gauge boson, coupled to either an external leg or to 

       NB: EW Ward Identities induce cancellations  only                                                                                                                                                                     
a      three (out of eight) classes of topologies are required

✦ A self-energy sub diagram in the propagator of ,                                                                                               
yielding an additional NLL

V1

⇒

V1

Denner et al.                                                                  
hep-ph/0608326 & hep-ph/0809.0800

https://arxiv.org/pdf/hep-ph/0608326
https://arxiv.org/pdf/0809.0800


Mass singularities of UV origin
Additional (angular-independent!) NLL contributions from UV renormalisation

• At one-loop:

✦ PR: UV renormalisation of EW dimensionless parameters

✦ WF: yields to the factorized correction

• At two-loop: combination of one-loop LL with

✦ One-loop (dimensionless) PR:

✦ One-loop WF :

• Two-loop UV renormalisation, i.e.                      is at NNLL accuracy                                  neglected⇒
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Two-loop results: hadron level

 Lindert, L.M., In preparation

LO

NLOVI EW

NLL′
VI EW

nNLOMR EW

10−6

10−5

10−4

10−3

10−2

10−1

1

pp → W+ j @ 13 TeV, LO O(αSα)

d
σ

d
p T

,W
+

0.5

0.6

0.7

0.8

0.9

1

1.1

1
/

L
O

10 3
0.9

0.95

1

1.05

NNLO LL

NNLO NLL a.i.

NNLO NLL a.d.

NNLO LL + NLL

pT,W+ [GeV]

1
/

L
O

In  clear Sudakov behavior, i.e. :

• NLL’   in % level agreement with NLO
• LL  NLL: LL drives NNLO (positive)
Results consistent with +j predictions first 
presented in Lindert et al. 1705.04664

pT,W rij ∼ Q2 ∀{ij}
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>

V

In  LA is partially spoilt due to forward configs 
 large ratios of invariants 

• NLL’   not good approximation for NLO
• LL  NLL a.d.: NNLO is negative
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⟹ Q2 ∼ rij ≫ rkg :
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In  still Sudakov behavior :

• NLL’   in % level agreement with NLO
• LL  NLL: NNLO positive

pT,W rij ∼ Q2 ∀{ij}

VI VI
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NLO : 
exact one-loop EW 

VI NLL’ : 
one-loop EW in LA+
NNLL a.d.

VI

nNLO : 
exact one-loop EW + NNLO LL + NLL  

MR 

NNLO LL + NLL: 
two-loop EW @ NLL accuracy

In  LA still spoilt despite additional cuts:

• NLL’   not good approximation for NLO
• LL  NLL a.d.: NNLO is negative

mWj

VI VI
<

Additional cuts:   & |ηW | < 3 |yj | < 4.4



Two-loop results: hadron level
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For more on triboson processes see also

• TH: Stefan’s, Giovanni’s & Paolo's talks
• EXP: Trisha’s & Anke's talks
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NLO : 
exact one-loop EW 

VI NLL’ : 
one-loop EW in LA+
NNLL a.d.

VI

nNLO : 
exact one-loop EW + NNLO LL + NLL  

MR 

NNLO LL + NLL: 
two-loop EW @ NLL accuracy

In  LA is partially spoilt due to configs with two 
hard  and one soft; NNLO positive,  in tail 

pT,Z1

V ∼ 2 %

In  LA spoilt despite cut  for all mZZγ |ηV | < 3 V

https://agenda.infn.it/event/48435/contributions/289863/
https://agenda.infn.it/event/48435/contributions/289858/
https://agenda.infn.it/event/48435/contributions/289588/
https://agenda.infn.it/event/48435/contributions/289861/
https://agenda.infn.it/event/48435/contributions/289864/


Conclusion and outlook
• EW corrections at high energies dominated by Sudakov logarithms: enhancement in tail of 

distributions by  at one-loop and still  at two-loop

• Factorization of Sudakov logs allows for implementation via effective CT vertices in OL  loop 
corrections reduced to Born complexity, with % level agreement with exact NLO 

• Additional aspects of the implementation @ one-loop:
✦ Direct employment in Parton Shower Event Generators with OL interface
✦ Can be used together with differential QED radiation at NLO (both MR and DR are available)
✦ Support EW corrections for resonant processes 

• Extension of our algorithm @ two-loop will allow for the first time a simple and automated access 
to EW corrections beyond NLO, enabling a systematic reduction of theory uncertainties

• Outlook:
✦ Complete two-loop EW extension for a generic SM process (massive fermions, scalars) 
✦ Extend implementation to mixed QCD-EW corrections (see Federico’s talk)

𝒪(20 − 50%) 𝒪(5 − 10%)

⇒

https://agenda.infn.it/event/48435/contributions/289862/


Backup



Alternative approach to one-loop mass singularities
• Employ Eikonal approximation  for Factorizable diagrams, i.e. 

• Factorizable diagrams will therefore contain only soft-collinear singularities

• Generic EW Feynman rules as in Denner 0709.1075; 2007  

•  When contracted with external w.f.s. in computing one-loop amplitudes, it follows

   so that  

1
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Coll sketch
• Pure collinear singularities are extracted from type (iii) diagrams 

• Original integral

• In Sudakov parametrisation                                     , after  integration the integral reduces to

with                                                                       regulating the logarithmic singularity

y
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Coll sketch
• In Sudakov parametrisation                               

with                                                                      regulating the logarithmic singularity

• Since we restrict to logarithmic mass-singular contributions, all terms of order

can be neglected in 

• Collinear approximation 
                Substitute                                                    , i.e.            

                    Neglect all mass terms in

• Final result: 
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One-loop mass singularities
• One-loop mass singularities originate from diagrams where a vector boson  couples to one 

external line and to any other line of the diagrams, i.e.

• These diagrams can be classified into three groups

V

Type (i):   coupled to two different external linesV Type (ii): external leg self-energy

Type (iii) :  coupled to one internal and one 
external line

V

Give rise to mass singularities from region of 
integration where  is soft and /or collinear  to 

one of the external legs
V

Omitted, as we express - matrix elements 
in term of truncated Green functions and 

on-shell renormalized fields

S

Denner et al. hep-ph/0608326

https://arxiv.org/pdf/hep-ph/0608326


• From type (i) diagrams is possible to extract mass-singularities which factorize w.r.t. corresponding 
Born subdiagram. These are known as Factorizable (F) contributions

Denner et al.:hep-ph/0010201, hep-ph/0104127, hep-ph/0608326 

One-loop mass singularities: F vs NF

Diagrams are evaluated in the approximation of                           
being:

• soft and collinear            LL + NLL a.d.

• collinear             NLL a.i.

V

∝ L2 + 2lijL + l2
ij

∝ L

 : a.d. NNLL term formally not part of LA.  
Needed for reliable estimates as first pointed out in 

Pagani, Zaro 2110.03714; 2021.
In our implementation it can be either excluded 
(NLL) or included (NLL’) as a tool to estimate 

uncertainties beyond LA

l2
ij

https://arxiv.org/pdf/hep-ph/0010201
https://arxiv.org/pdf/hep-ph/0104127
https://arxiv.org/pdf/hep-ph/0608326
https://arxiv.org/abs/2110.03714


• From type (i) diagrams is possible to extract mass-singularities which factorize w.r.t. corresponding 
Born subdiagram. These are known as Factorizable (F) contributions 

• The remaining one-loop mass singularities are obtained by subtracting type (i) and (ii) diagrams 
from the original set. These are referred to as Non-Factorizable (NF)

• Collinear Ward Identities make all NF diagrams to vanish  Factorizable contributions contain 
all one-loop mass singularities of soft and/or collinear origin

⟹

Denner et al.:hep-ph/0010201, hep-ph/0104127, hep-ph/0608326 

One-loop mass singularities: F vs NF

Diagrams are evaluated in the approximation of                           
being:

• soft and collinear            LL + NLL a.d.

• collinear             NLL a.i.

V

∝ L2 + 2lijL + l2
ij

∝ L

https://arxiv.org/pdf/hep-ph/0010201
https://arxiv.org/pdf/hep-ph/0104127
https://arxiv.org/pdf/hep-ph/0608326


Two-loop mass singularities 
• Also two-loop mass singularities can be split into Factorizable and Non-Factorizable

✦ F:  9 topologies sub-split into

✤ Diags related to two external lines 

✤ Diags related to three external lines 

✤ Diags related to four external lines 

• EW Ward Identities induce cancellations  only                                                                                                                
three classes of topologies are required

• Two-loop NF vanish due to collinear Ward Identities: F contain all two-loop NLL mass singularities

⇒

Denner et al.                                                                  
hep-ph/0608326 & hep-ph/0809.0800

https://arxiv.org/pdf/hep-ph/0608326
https://arxiv.org/pdf/0809.0800


Two-loop mass singularities: final factorization
• Combining one- and two-loop corrections at NLL accuracy 

with
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• Symmetric EW part, where all gauge 

bosons masses are set to ssss 
• EM part, resulting from the mass gap 

between photon and W boson masses. 
As such, it contains divergences and 

depends on the scheme used to 
regularize them

•           dependent part, due to difference 
between         and         . Absent in IREE 

predictions

•Divergences in EM part cancel when combining virtual and real corrections. The symmetric EW part has large but finite 
logs which do not vanish when real  and  are included as a consequence of BN/KLN violation in EW theoryZ W

NB:

<latexit sha1_base64="MremHGDgsdVOpfFCXQBLyfUm89c="></latexit>

�Gem
2 =

NLL
=

1

2

nX

i=1

Q2
i

h
b(1)e

�
�J(✏, 0;µ2

R)��J(✏, 0;m2
W )

�
+ b(1)QED�J(✏, 0;m2

W )
i
,

�J(✏, 0;µ2
R)��J(✏, 0;m2

W )
NLL
� lµR

✓
�2✏�2 + ✏�1(lµR � 2L) + lµRL� 1

3
l2µR

◆

�J(✏, 0;m2
W )

NLL
� 3

2
✏�3 + 2L✏�2 + L2✏�1

<latexit sha1_base64="L6PSRZRRolnL+++r4ui3gi0/6kw="></latexit>

Gsew
2

NLL
=

1

2

nX

i=1

"
b(1)1

c2w

✓
Yi

2

◆2

+
b(1)2

s2w
Ci

#
J(✏,mW ;µ2

R), J(✏,mW ;µ2
R)

NLL
� 1

3
L3 � lµRL

2

<latexit sha1_base64="iLksZmEbImx3Nnnh4gTZrDy+MRQ="></latexit>

F sew
1

NLL
= �1

2

nX

i=1
j=1,j 6=i

X

V

I V̄i IVj I(✏,mW ;�rij), I(✏,mW ;�rij)
NLL
� �L2 + (3� 2lij)L

<latexit sha1_base64="thfysu83mR8+xNoH39CuhJc2N1g="></latexit>

�F em
1

NLL
= �1

2

nX

i=1
j=1,j 6=i

IAi IAj �I(✏, 0;�rij), �I(✏, 0;�rij)
NLL
� L2 � (3� 2lij)(✏

�1 + L)� 2✏�2

<latexit sha1_base64="zWt+pjZQoedPBOQ5PDN8UfAQnQM="></latexit>

�FZ
1

NLL
= �1

2

nX

i=1
j=1,j 6=i

IZi IZj �I(✏,mZ ;�rij), �I(✏,mZ ;�rij)
NLL
� 2L log(m2

Z/m
2
W )

<latexit sha1_base64="MremHGDgsdVOpfFCXQBLyfUm89c="></latexit>

�Gem
2 =

NLL
=

1

2

nX

i=1

Q2
i

h
b(1)e

�
�J(✏, 0;µ2

R)��J(✏, 0;m2
W )

�
+ b(1)QED�J(✏, 0;m2

W )
i
,

�J(✏, 0;µ2
R)��J(✏, 0;m2

W )
NLL
� lµR

✓
�2✏�2 + ✏�1(lµR � 2L) + lµRL� 1

3
l2µR

◆

�J(✏, 0;m2
W )

NLL
� 3

2
✏�3 + 2L✏�2 + L2✏�1

<latexit sha1_base64="MremHGDgsdVOpfFCXQBLyfUm89c="></latexit>

�Gem
2 =

NLL
=

1

2

nX

i=1

Q2
i

h
b(1)e

�
�J(✏, 0;µ2

R)��J(✏, 0;m2
W )

�
+ b(1)QED�J(✏, 0;m2

W )
i
,

�J(✏, 0;µ2
R)��J(✏, 0;m2

W )
NLL
� lµR

✓
�2✏�2 + ✏�1(lµR � 2L) + lµRL� 1

3
l2µR

◆

�J(✏, 0;m2
W )

NLL
� 3

2
✏�3 + 2L✏�2 + L2✏�1

<latexit sha1_base64="LhVjCbYLiLzraAKmsOwATnEVLvI=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrIRCpQRNJRBkIdIrOh82YRT7s7W3RoUWfkEWqjoEC3fQ8G/4BgXkDDVaGZXOztBJIVF1/10CkvLK6trxfXSxubW9k55d69lw9hwaPJQhqYTMAtSaGiiQAmdyABTgYR2ML6c+e0HMFaE+hYnEfiKjbQYCs4wlW5U/65frrhVNwNdJF5OKiRHo1/+6g1CHivQyCWztuu5EfoJMyi4hGmpF1uIGB+zEXRTqpkC6ydZ1Ck9ii3DkEZgqJA0E+H3RsKUtRMVpJOK4b2d92bif143xuG5nwgdxQiazw6hkJAdstyItAOgA2EAkc2SAxWacmYYIhhBGeepGKellNI+vPnvF0nrpOrVqrXr00r9Im+mSA7IITkmHjkjdXJFGqRJOBmRJ/JMXpxH59V5c95/RgtOvrNP/sD5+AbkdZJO</latexit>mZ
<latexit sha1_base64="PfIJAeRoD889nGX64j1Fu9KPEwE=">AAAB9XicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgTKChjII8pASKzpfNuGUu7N1twZFVj6BFio6RMv3UPAv2MYFJEw1mtnVzk4QSWHRdT+dpeWV1bX10kZ5c2t7Z7eyt9+2YWw4tHgoQ9MNmAUpNLRQoIRuZICpQEInmFxlfucBjBWhvsNpBL5iYy1GgjNMpVs16AwqVbfm5qCLxCtIlRRoDipf/WHIYwUauWTW9jw3Qj9hBgWXMCv3YwsR4xM2hl5KNVNg/SSPOqPHsWUY0ggMFZLmIvzeSJiydqqCdFIxvLfzXib+5/ViHF34idBRjKB5dgiFhPyQ5UakHQAdCgOILEsOVGjKmWGIYARlnKdinJZSTvvw5r9fJO3Tmlev1W/Oqo3LopkSOSRH5IR45Jw0yDVpkhbhZEyeyDN5cR6dV+fNef8ZXXKKnQPyB87HN9/Ikks=</latexit>mW

<latexit sha1_base64="LhVjCbYLiLzraAKmsOwATnEVLvI=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrIRCpQRNJRBkIdIrOh82YRT7s7W3RoUWfkEWqjoEC3fQ8G/4BgXkDDVaGZXOztBJIVF1/10CkvLK6trxfXSxubW9k55d69lw9hwaPJQhqYTMAtSaGiiQAmdyABTgYR2ML6c+e0HMFaE+hYnEfiKjbQYCs4wlW5U/65frrhVNwNdJF5OKiRHo1/+6g1CHivQyCWztuu5EfoJMyi4hGmpF1uIGB+zEXRTqpkC6ydZ1Ck9ii3DkEZgqJA0E+H3RsKUtRMVpJOK4b2d92bif143xuG5nwgdxQiazw6hkJAdstyItAOgA2EAkc2SAxWacmYYIhhBGeepGKellNI+vPnvF0nrpOrVqrXr00r9Im+mSA7IITkmHjkjdXJFGqRJOBmRJ/JMXpxH59V5c95/RgtOvrNP/sD5+AbkdZJO</latexit>mZ

<latexit sha1_base64="PfIJAeRoD889nGX64j1Fu9KPEwE=">AAAB9XicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgTKChjII8pASKzpfNuGUu7N1twZFVj6BFio6RMv3UPAv2MYFJEw1mtnVzk4QSWHRdT+dpeWV1bX10kZ5c2t7Z7eyt9+2YWw4tHgoQ9MNmAUpNLRQoIRuZICpQEInmFxlfucBjBWhvsNpBL5iYy1GgjNMpVs16AwqVbfm5qCLxCtIlRRoDipf/WHIYwUauWTW9jw3Qj9hBgWXMCv3YwsR4xM2hl5KNVNg/SSPOqPHsWUY0ggMFZLmIvzeSJiydqqCdFIxvLfzXib+5/ViHF34idBRjKB5dgiFhPyQ5UakHQAdCgOILEsOVGjKmWGIYARlnKdinJZSTvvw5r9fJO3Tmlev1W/Oqo3LopkSOSRH5IR45Jw0yDVpkhbhZEyeyDN5cR6dV+fNef8ZXXKKnQPyB87HN9/Ikks=</latexit>mW

<latexit sha1_base64="hGr7ej3w+fW8TqHLCIhFbkXMgw8="></latexit>

L = log

✓
Q2

m2
W

◆
, lij = log

✓
|rij |
Q2

◆

Denner et al.                                                                  
hep-ph/0608326 & hep-ph/0809.0800

https://arxiv.org/pdf/hep-ph/0608326
https://arxiv.org/pdf/0809.0800


• DP algorithm in a nutshell:

✦ At                    ,  NLO EW radiative corrections are

✦ These corrections are universal, i.e. are associated to external legs only

• Not suitable for processes involving the two-body decay of an unstable particle               as in the 
resonant region                           LA is violated→

Implementation in OpenLoops: resonances
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• DP algorithm in a nutshell:

✦ At                    ,  NLO EW radiative corrections are

✦ These corrections are universal, i.e. are associated to external legs only

• Not suitable for processes involving the two-body decay of an unstable particle               as in the 
resonant region                           LA is violated

• A possible solution is the strategy adopted within Madspin [1212.3460] and via the HDH handler in 
Sherpa [1905.09127]:

✦ Employ NWA to generate the hard scattering process including the associated  EW corrections, then adding the decay             

✦ LO off-shell effects and spin correlations can be retained via subsequent Breit-Wigner smearing

→

𝒪(α)

Implementation in OpenLoops: resonances
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Implementation in OpenLoops: resonances
• Our approach: evaluation of Sudakov logarithms associated to both     and           with different 

weights
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<latexit sha1_base64="5CmSBTxnx3JE8RiZiAm4v8dKhlI=">AAACDnicbVDLSsNAFJ34rPUVdelmsBTqwpKIVJdFEVy4qGAf0LRlMpm2Q2cmYWYilJAvcOOvuHGhiFvX7vwbkzQLbT1w4XDOvXPnHjdgVGnL+jaWlldW19YLG8XNre2dXXNvv6X8UGLSxD7zZcdFijAqSFNTzUgnkARxl5G2O7lK/fYDkYr64l5PA9LjaCTokGKkE2lgliuOohzyvoDX/cg7ETGMnOzZSBIvjm7jGB4XB2bJqloZ4CKxc1ICORoD88vxfBxyIjRmSKmubQW6FyGpKWYkLjqhIgHCEzQi3YQKxInqRdneGJYTxYNDXyYlNMzU3xMR4kpNuZt0cqTHat5Lxf+8bqiHF72IiiDURODZomHIoPZhmg30qCRYs2lCEJY0+SvEYyQR1kmCaQj2/MmLpHVatWvV2t1ZqX6Zx1EAh+AIVIANzkEd3IAGaAIMHsEzeAVvxpPxYrwbH7PWJSOfOQB/YHz+AOKwm2U=</latexit>

(⇠ mnEd�nL)
<latexit sha1_base64="5CmSBTxnx3JE8RiZiAm4v8dKhlI=">AAACDnicbVDLSsNAFJ34rPUVdelmsBTqwpKIVJdFEVy4qGAf0LRlMpm2Q2cmYWYilJAvcOOvuHGhiFvX7vwbkzQLbT1w4XDOvXPnHjdgVGnL+jaWlldW19YLG8XNre2dXXNvv6X8UGLSxD7zZcdFijAqSFNTzUgnkARxl5G2O7lK/fYDkYr64l5PA9LjaCTokGKkE2lgliuOohzyvoDX/cg7ETGMnOzZSBIvjm7jGB4XB2bJqloZ4CKxc1ICORoD88vxfBxyIjRmSKmubQW6FyGpKWYkLjqhIgHCEzQi3YQKxInqRdneGJYTxYNDXyYlNMzU3xMR4kpNuZt0cqTHat5Lxf+8bqiHF72IiiDURODZomHIoPZhmg30qCRYs2lCEJY0+SvEYyQR1kmCaQj2/MmLpHVatWvV2t1ZqX6Zx1EAh+AIVIANzkEd3IAGaAIMHsEzeAVvxpPxYrwbH7PWJSOfOQB/YHz+AOKwm2U=</latexit>

(⇠ mnEd�nL)

<latexit sha1_base64="vi+az+vwPUugNIeaI/Q41q1mqZU="></latexit>2
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⇥ P{l,l̄}(k) = 1� PZ(k)

<latexit sha1_base64="/Zc25t9urga4NaGGO91SY/fADDE="></latexit>

Zq

q̄

l

l̄ ⇥ PZ(k)

NB: also the internal effective two-point 
counterterm vertices are helicity- dependent 
and project on the helicity of the 
combined          current of the external states

<latexit sha1_base64="Q6VTwNUwqMzkdZ54XrC6TQAwCr0=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4kJKIVI9FLx4r2A9oQtlst+3azSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8MJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6SGS6F4AwVK3k40p1EoeSsc3U791hPXRsTqAccJDyI6UKIvGEUrtfxMnD/6k26p7FbcGcgy8XJShhz1bunL78UsjbhCJqkxHc9NMMioRsEknxT91PCEshEd8I6likbcBNns3Ak5tUqP9GNtSyGZqb8nMhoZM45C2xlRHJpFbyr+53VS7F8HmVBJilyx+aJ+KgnGZPo76QnNGcqxJZRpYW8lbEg1ZWgTKtoQvMWXl0nzouJVK9X7y3LtJo+jAMdwAmfgwRXU4A7q0AAGI3iGV3hzEufFeXc+5q0rTj5zBH/gfP4AKs+Peg==</latexit>

{i, j}



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

 
 

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

X

<latexit sha1_base64="SEGOVRSv95MQx8OFUDgzhv1WiCI="></latexit>
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<latexit sha1_base64="5CmSBTxnx3JE8RiZiAm4v8dKhlI=">AAACDnicbVDLSsNAFJ34rPUVdelmsBTqwpKIVJdFEVy4qGAf0LRlMpm2Q2cmYWYilJAvcOOvuHGhiFvX7vwbkzQLbT1w4XDOvXPnHjdgVGnL+jaWlldW19YLG8XNre2dXXNvv6X8UGLSxD7zZcdFijAqSFNTzUgnkARxl5G2O7lK/fYDkYr64l5PA9LjaCTokGKkE2lgliuOohzyvoDX/cg7ETGMnOzZSBIvjm7jGB4XB2bJqloZ4CKxc1ICORoD88vxfBxyIjRmSKmubQW6FyGpKWYkLjqhIgHCEzQi3YQKxInqRdneGJYTxYNDXyYlNMzU3xMR4kpNuZt0cqTHat5Lxf+8bqiHF72IiiDURODZomHIoPZhmg30qCRYs2lCEJY0+SvEYyQR1kmCaQj2/MmLpHVatWvV2t1ZqX6Zx1EAh+AIVIANzkEd3IAGaAIMHsEzeAVvxpPxYrwbH7PWJSOfOQB/YHz+AOKwm2U=</latexit>

(⇠ mnEd�nL)



• Explicit expression of the projectors for unstable particles  
 
 
 
 

•                is a technical parameter which determines the resonance region; it should be chosen of 
order 10 to capture the entire resonance enhancement of the off-shell amplitude  

Implementation in OpenLoops: projectors

<latexit sha1_base64="SEGOVRSv95MQx8OFUDgzhv1WiCI="></latexit>
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<latexit sha1_base64="5CmSBTxnx3JE8RiZiAm4v8dKhlI=">AAACDnicbVDLSsNAFJ34rPUVdelmsBTqwpKIVJdFEVy4qGAf0LRlMpm2Q2cmYWYilJAvcOOvuHGhiFvX7vwbkzQLbT1w4XDOvXPnHjdgVGnL+jaWlldW19YLG8XNre2dXXNvv6X8UGLSxD7zZcdFijAqSFNTzUgnkARxl5G2O7lK/fYDkYr64l5PA9LjaCTokGKkE2lgliuOohzyvoDX/cg7ETGMnOzZSBIvjm7jGB4XB2bJqloZ4CKxc1ICORoD88vxfBxyIjRmSKmubQW6FyGpKWYkLjqhIgHCEzQi3YQKxInqRdneGJYTxYNDXyYlNMzU3xMR4kpNuZt0cqTHat5Lxf+8bqiHF72IiiDURODZomHIoPZhmg30qCRYs2lCEJY0+SvEYyQR1kmCaQj2/MmLpHVatWvV2t1ZqX6Zx1EAh+AIVIANzkEd3IAGaAIMHsEzeAVvxpPxYrwbH7PWJSOfOQB/YHz+AOKwm2U=</latexit>

(⇠ mnEd�nL)

<latexit sha1_base64="nSh21KuBfHMuGJe33wRMAOR0b1I=">AAAB+3icbVDLSsNAFJ34rPUV69JNsAiuSiJSXRbduKxgH9CGMJnetEMnD2ZutCXkV9y4UMStP+LOv3HaZqGtBy4czrl35t7jJ4IrtO1vY219Y3Nru7RT3t3bPzg0jyptFaeSQYvFIpZdnyoQPIIWchTQTSTQ0BfQ8ce3M7/zCFLxOHrAaQJuSIcRDzijqCXPrDx5WR9hgpkExaiAPPfMql2z57BWiVOQKinQ9Myv/iBmaQgRMkGV6jl2gm5GJXKmHyz3UwUJZWM6hJ6mEQ1Budl899w608rACmKpK0Jrrv6eyGio1DT0dWdIcaSWvZn4n9dLMbh2Mx4lKULEFh8FqbAwtmZBWAMugaGYakKZ5HpXi42opAx1XGUdgrN88ippX9Sceq1+f1lt3BRxlMgJOSXnxCFXpEHuSJO0CCMT8kxeyZuRGy/Gu/GxaF0ziplj8gfG5w8q5JUw</latexit>wrescale

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

X



• Explicit expression of the projectors for unstable particles  
 
 
 
 

•                is a technical parameter which determines the resonance region; it should be chosen of 
order 10 to capture the entire resonance enhancement of the off-shell amplitude 

• The direct employment of projectors would violate unitarity but this can be prevented as 
follows: 
 
       Evaluation of                   for a given psp 
 
       Generation of random number                                                                                                   
 
       Choice 

<latexit sha1_base64="nSaMmz2VIKaJrpvqKJZPxizelwE="></latexit>

0  a  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)

Implementation in OpenLoops: projectors

<latexit sha1_base64="SEGOVRSv95MQx8OFUDgzhv1WiCI="></latexit>

PXi(ki) =

����
µ2
Xi

�m2
Xi

w2
rescale�

2
Xi

(k2i �m2
Xi

+ imXiwrescale�Xi)
2 + µ2

Xi

���� =
(
1 if k2i ! M2

Xi

0 if k2i ! 1

<latexit sha1_base64="5CmSBTxnx3JE8RiZiAm4v8dKhlI=">AAACDnicbVDLSsNAFJ34rPUVdelmsBTqwpKIVJdFEVy4qGAf0LRlMpm2Q2cmYWYilJAvcOOvuHGhiFvX7vwbkzQLbT1w4XDOvXPnHjdgVGnL+jaWlldW19YLG8XNre2dXXNvv6X8UGLSxD7zZcdFijAqSFNTzUgnkARxl5G2O7lK/fYDkYr64l5PA9LjaCTokGKkE2lgliuOohzyvoDX/cg7ETGMnOzZSBIvjm7jGB4XB2bJqloZ4CKxc1ICORoD88vxfBxyIjRmSKmubQW6FyGpKWYkLjqhIgHCEzQi3YQKxInqRdneGJYTxYNDXyYlNMzU3xMR4kpNuZt0cqTHat5Lxf+8bqiHF72IiiDURODZomHIoPZhmg30qCRYs2lCEJY0+SvEYyQR1kmCaQj2/MmLpHVatWvV2t1ZqX6Zx1EAh+AIVIANzkEd3IAGaAIMHsEzeAVvxpPxYrwbH7PWJSOfOQB/YHz+AOKwm2U=</latexit>

(⇠ mnEd�nL)

<latexit sha1_base64="nSh21KuBfHMuGJe33wRMAOR0b1I=">AAAB+3icbVDLSsNAFJ34rPUV69JNsAiuSiJSXRbduKxgH9CGMJnetEMnD2ZutCXkV9y4UMStP+LOv3HaZqGtBy4czrl35t7jJ4IrtO1vY219Y3Nru7RT3t3bPzg0jyptFaeSQYvFIpZdnyoQPIIWchTQTSTQ0BfQ8ce3M7/zCFLxOHrAaQJuSIcRDzijqCXPrDx5WR9hgpkExaiAPPfMql2z57BWiVOQKinQ9Myv/iBmaQgRMkGV6jl2gm5GJXKmHyz3UwUJZWM6hJ6mEQ1Budl899w608rACmKpK0Jrrv6eyGio1DT0dWdIcaSWvZn4n9dLMbh2Mx4lKULEFh8FqbAwtmZBWAMugaGYakKZ5HpXi42opAx1XGUdgrN88ippX9Sceq1+f1lt3BRxlMgJOSXnxCFXpEHuSJO0CCMT8kxeyZuRGy/Gu/GxaF0ziplj8gfG5w8q5JUw</latexit>wrescale

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

X



Results: 
<latexit sha1_base64="50u44oxZ79Uy6R2vafCm2w1QLPw=">AAAB+XicbVBNS8NAEN3Urxq/oh69LBZBEEsiRT0WvXisYD+gjWWznbRrN5uwuymU0H/ixYMiXv0n3vw3btsctPXBwOO9GWbmBQlnSrvut1VYWV1b3yhu2lvbO7t7zv5BQ8WppFCnMY9lKyAKOBNQ10xzaCUSSBRwaAbD26nfHIFULBYPepyAH5G+YCGjRBup6zh2knR0jOHxzNQ5fuo6JbfszoCXiZeTEspR6zpfnV5M0wiEppwo1fbcRPsZkZpRDhO7kypICB2SPrQNFSQC5Wezyyf4xCg9HMbSlNB4pv6eyEik1DgKTGdE9EAtelPxP6+d6vDaz5hIUg2CzheFKcfm1WkMuMckUM3HhhAqmbkV0wGRhGoTlm1C8BZfXiaNi7J3Wa7cV0rVmzyOIjpCx+gUeegKVdEdqqE6omiEntErerMy68V6tz7mrQUrnzlEf2B9/gBIT5Il</latexit>
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Issue naturally solved with internal insertions 
controlled by projectors

Automatic recover of standard algorithm when 
far from the resonance

The standard implementation based on external 
insertions fails in reproducing the full NLO 

prediction for the               range capturing the 
resonance

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

75 GeV  me+e�  107 GeV

NB: all           and           predictions are evaluated 
in MR with                 for QED contributions. 
However, consistency of                      with:
•                             in their respective on-shell 
phase spaces
•                                 in the off-shell phase space                               

<latexit sha1_base64="qoF7WMcgJTLO1qxWm0A+zccDHrw="></latexit>
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<latexit sha1_base64="oY9FdiP/j3+iy6Faeay/PuB7x3Y=">AAACNHicfVDLSgNBEJyNrxhfUY9eBoPgxbArop5E9CIYfGE0kI1hdtJJhsw+mOlVw5KP8uKHeBHBgyJe/QYnMaAmYsFAUVVNT5cXSaHRtp+s1Mjo2PhEejIzNT0zO5edX7jQYaw4FHkoQ1XymAYpAiiiQAmlSAHzPQmXXmu/619eg9IiDM6xHUHFZ41A1AVnaKRq9tBFuMXkqFDoXLmREj7QNfqt0R36X+C4Q90z0WgiUyq8qWZzdt7ugQ4Tp09ypI+TavbBrYU89iFALpnWZceOsJIwhYJL6GTcWEPEeIs1oGxowHzQlaR3dIeuGKVG66EyL0DaU39OJMzXuu17JukzbOpBryv+5ZVjrG9XEhFEMULAvxbVY0kxpN0GaU0o4CjbhjCuhPkr5U2mGEfTc8aU4AyePEwu1vPOZn7zdCO3u9evI02WyDJZJQ7ZIrvkgJyQIuHkjjySF/Jq3VvP1pv1/hVNWf2ZRfIL1scnXiarTg==</latexit>

NLL
0 �NLL > NLL

0 �NLO )<latexit sha1_base64="A/GHdesxgmAyIaNG4yPUs4SpodM=">AAACAXicbVDLSgMxFM3UV62vUTeCm2AR3VhmpKjLohsXRSrYB7RDyaSZNjTzILkjlmHc+CtuXCji1r9w59+YtoNo9cCFk3PuJfceNxJcgWV9Grm5+YXFpfxyYWV1bX3D3NxqqDCWlNVpKELZcoliggesDhwEa0WSEd8VrOkOL8Z+85ZJxcPgBkYRc3zSD7jHKQEtdc2dDrA7SK6q1YMUH+HvV9o1i1bJmgD/JXZGiihDrWt+dHohjX0WABVEqbZtReAkRAKngqWFTqxYROiQ9Flb04D4TDnJ5IIU72ulh71Q6goAT9SfEwnxlRr5ru70CQzUrDcW//PaMXhnTsKDKAYW0OlHXiwwhHgcB+5xySiIkSaESq53xXRAJKGgQyvoEOzZk/+SxnHJPimVr8vFynkWRx7toj10iGx0iiroEtVQHVF0jx7RM3oxHown49V4m7bmjGxmG/2C8f4FX/CWNg==</latexit>

NLL’�NLL
<latexit sha1_base64="E/HEgsoorYIAg77tBJP2h90r1Po=">AAAB8nicbVDLSsNAFJ3UV62vqks3wSK4KolIdSMU3bisYB+QhjKZTNqh8wgzN0IJ/Qw3LhRx69e482+ctllo64GBwznnMveeKOXMgOd9O6W19Y3NrfJ2ZWd3b/+genjUMSrThLaJ4kr3ImwoZ5K2gQGnvVRTLCJOu9H4buZ3n6g2TMlHmKQ0FHgoWcIIBisFfW6jMb4Rg+6gWvPq3hzuKvELUkMFWoPqVz9WJBNUAuHYmMD3UghzrIERTqeVfmZoiskYD2lgqcSCmjCfrzx1z6wSu4nS9klw5+rviRwLYyYiskmBYWSWvZn4nxdkkFyHOZNpBlSSxUdJxl1Q7ux+N2aaEuATSzDRzO7qkhHWmIBtqWJL8JdPXiWdi7rfqDceLmvN26KOMjpBp+gc+egKNdE9aqE2IkihZ/SK3hxwXpx352MRLTnFzDH6A+fzB/alkRA=</latexit>

� = mW
<latexit sha1_base64="qoF7WMcgJTLO1qxWm0A+zccDHrw="></latexit>
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NLO EW: Denner et al, 1011.6674

NLO QCD+EW: Kallweit et al, 1511.08692

https://arxiv.org/abs/1011.6674
https://arxiv.org/abs/1511.08692
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Internal insertions work accurately also for processes 
with more unstable particles: 

• Resonant configuration correctly captured in

• Overlapping on-shell and off-shell effects properly 
interpolated in 
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Additional results



Two-loop results: amplitude level

Two-loop LL partially compensate one-loop LL!

 Lindert, L.M., In preparation

At multi TeV colliders two-loop 
EW corrections still important!

Little deviation at  TeV 
due to difference in  and  boson’s 

masses in propagator of Born 
subdiagram

s ∼ 1 − 2
W Z

Analytic results firstly presented  in 
Denner et al. hep-ph/0608326 

https://arxiv.org/pdf/hep-ph/0608326


Two-loop results: amplitude level

 Lindert, L.M., In preparation

Two-loop LL partially compensate one-loop LL!
No deviation: with  all right-handed 

fields there is no  in Born 
subdiagram 

W



Two-loop results: amplitude level

 Lindert, L.M., In preparation

Analytic results firstly presented in:

• : Kühn  et al. hep-ph/0703283 

• : Kühn  et al. hep-ph/0408308

Wj

Zj

Exponentiation of LL still valid but:

• : “naive” exponentiation  

• : no “naive” exponentiation due to 
 mixing in Born sub-

amplitude. “Naive” exponentiation 
is restored in the unbroken phase 

Wj

Zj
A − Z
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pp ! ZZ
Full NLO EW: Bierweiler et al, 1305.5402

Full NLO: Baglio et al, 1307.4331

NNLO QCD+NLO EW: Grazzini et al, 1912.00068

NLO EW vs NLL EW: Bothmann et al, 2111.13453
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Results: 
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SSC and SSSC become very 
sizeable for PS regions where       

LA condition 
 

is violated, with hierarchy among 
invariants
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Results: 
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pp ! ZZ

Two considerations 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
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Results: 
Pseudo-rapidity cut  

avoids pathological forward configurations 
which violate LA

|ηZ | < 3

Inclusion of SSSC leads to more accurate 
predictions, but there is no full control on it. 
Non-universal SSSC-like terms arising from 
high-energy expansion of 4-point functions. 

These angular contributions cannot be reliably 
controlled in LA   

Looking at differences between           
         and          opens two scenarios:

•                                                             SSSC is a 
reliable estimate of sub-sub-leading angular 
terms beyond LA

• If           is unknown: SSSC might be 
interpreted as a conservative estimate of 
uncertainties of LA
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Results: 
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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 LA of 4-point 
functions



• 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

Amplitude-level validation:        scan
<latexit sha1_base64="0Qg30O+dy6QGquxMesGG17C8yXs=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbt0s0l3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGdzO/9cS1EbF6xEnC/YgOlAgFo2ildteMNWZm2itX3Ko7B1klXk4qkKPeK391+zFLI66QSWpMx3MT9DOqUTDJp6VuanhC2YgOeMdSRSNu/Gx+75ScWaVPwljbUkjm6u+JjEbGTKLAdkYUh2bZm4n/eZ0Uwxs/EypJkSu2WBSmkmBMZs+TvtCcoZxYQpkW9lbChlRThjaikg3BW355lTQvqt5V9fLhslK7zeMowgmcwjl4cA01uIc6NICBhGd4hTdn7Lw4787HorXg5DPH8AfO5w+pw5Bk</latexit>p
s

NB: non mass-suppressed configurations scale like 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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Amplitude-level validation:        scan
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