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Disclaimer
• This talk is not about any new result or super-detailed computation for some specific process. A 

basic knowledge of QFT and Standard Model (SM) will be enough 

• What this talk is about: 

        Overall review of the Electroweak (EW) sector of the SM  

        General discussion on aspects of EW SM (e.g. GBET, complex-mass scheme, input-schemes, …)  

        Higher-order EW corrections at high-energy  (focus of my Ph.D.) 

• I won’t adopt an historical approach (i.e. Fermi theory  IVB  EW) 

• See “References” slide for more details on the following topics…or just ask!

→ →



Framework: notation & conventions (i)
• Conventions: 

                 is a generic SM multiplet  

 
            All incoming particles, i.e.              process                                               

            Corresponding predictions for the physical process  
                  
                      

                  are obtained via crossing symmetries from  

 

                
             ’t Hooft–Feynman gauge : all propagators with scalar-like pole structure1
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Gauge-fixing and FP (ghost) terms won’t be covered in this talk, but have to be included for a fully quantized theory1



Review of EW Standard Model



The Electroweak Standard Model: gauge group
• EW Standard Model described by the                                    gauge symmetry group 

                    : weak isospin group, 3 generators  3 gauge fields 

    

                   : weak hypercharge group, 1 generator  1 gauge field 

→

→
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The Electroweak Standard Model: gauge group
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The Electroweak Standard Model (i)
• EW sector of SM is described by the classical Lagrangian  
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The Electroweak Standard Model (i)
• EW sector of SM is described by the classical Lagrangian  

 

                                     Yang-Mills 

• No mass terms are present at this stage as would violate the                                 gauge symmetry!  

• These are dynamically generated through Higgs mechanism and spontaneous breaking of gauge 
symmetry (in few slides) 
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The Electroweak Standard Model (i)
• The physical gauge fields are not         and        but rather a linear combination of them: 

• Rotation from the “interaction” to the “mass” basis:
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The Electroweak Standard Model (i)
• Rotation from the “interaction” to the “mass” basis: 

          

Kinetic terms                      propagators 

                                                                                     in ’t Hooft–Feynman gauge (            ) 

                                                                                                                General        gauge 
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The Electroweak Standard Model (i)
• Rotation from the “interaction” to the “mass” basis: 
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The Electroweak Standard Model (i)
• Rotation from the “interaction” to the “mass” basis: 
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The Electroweak Standard Model (ii)
• EW sector of SM is described by the classical Lagrangian  

 

                                                                             Fermions 

The covariant derivative contains kinetic terms and interactions with gauge fields
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No mass terms also for fermions as these 
would violate the                                  
gauge symmetry. Higgs mechanism 
needed also in this case!

<latexit sha1_base64="fDAfl/cNtUDkNrLNp2Eb0YefIoY="></latexit>

SU(2)L ⌦U(1)Y



The Electroweak Standard Model (ii)

• Kinetic terms: 
 

• Interaction terms: 
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The Electroweak Standard Model (iii)
• EW sector of SM is described by the classical Lagrangian  

 

                                                                                                             Higgs 

with potential  

  

and Higgs field
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Higgs mechanism (i)
• Higgs Lagrangian 

                                                                                                           

• Interactions with gauge fields are contained in the covariant derivative 

• For  and  the potential has the well know mexican-hat shape 

                                  

                           

                           

                               

μ2 < 0 λ > 0
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 The phase is not determined: the choice of a specific direction 
spontaneously breaks the symmetry (SSB)   gauge boson and 
fermion masses allowed!

⇒

 Minimum at

Vacuum expectation 
value (VEV) of the Higgs 

field 



Higgs mechanism (ii)
• Typically one chooses 

                              

and expands the Higgs field as an excitation around the minimum as 

                                                                          

• D.o.f. counting: 

Higgs boson: 1 real scalar  1 d.o.f. 

Goldstone bosons: 1 real scalar + 1 complex scalar  3 d.o.f.  

Gauge bosons: 4 massless vector fields = (4 x 2 =)  8 d.o.f.

→

→
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Higgs mechanism (iii)
• With this expansion the Higgs Lagrangian provides the following explicit terms 

Kinetic terms:
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Higgs mechanism (iii)
• With this expansion the Higgs Lagrangian provides the following explicit terms 

Kinetic terms: 

Mass terms:
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Higgs mechanism (iii)
• With this expansion the Higgs Lagrangian provides the following explicit terms 

Kinetic terms: 

Mass terms: 

Interaction terms:
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Higgs mechanism (iv)
• D.o.f. counting, again: 

Higgs boson: 1 real scalar  1 d.o.f. 

Goldstone bosons: 1 real scalar + 1 complex scalar/2 real scalars   3 d.o.f. 

Gauge bosons:  

→

→

Total: 15 d.o.f. ?!
1 massless vector field = (1 x 2)  2 d.o.f.

3 massive vector fields = (3 x 3)  9 d.o.f.
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• D.o.f. counting, again: 

Higgs boson: 1 real scalar  1 d.o.f. 

Goldstone bosons: 1 real scalar + 1 complex scalar/2 real scalars   3 d.o.f. 

Gauge bosons:  

• Goldstone boson are not physical d.o.f. and can be eliminated by suitable gauge transformation   

• The gauge in which goldstones are absent is known as Unitary gauge. In this case the Higgs field 
can be parametrised just as 

but vector bosons’ propagators get modified w.r.t. ’t Hooft–Feynman gauge 

→

→

→

Total: 15 d.o.f. ?!
1 massless vector field = (1 x 2)  2 d.o.f.

3 massive vector fields = (3 x 3)  9 d.o.f.
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Higgs mechanism (v)
• NOTE: the original                                symmetry is still there, but not manifest in      . 

However, a new symmetry is manifest in       : 

• In the Higgs mechanism this is ensured assuming               , which guarantees
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Goldstone Boson Equivalence Theorem (i)
• In Unitary gauge, unphysical goldstone bosons (1 d.o.f. each) are “eaten up” by massless 

gauge bosons (2 d.o.f. each)                  acquire mass (3 d.o.f. each) 

• This suggests a relation between longitudinally polarized gauge bosons and goldstone bosons 
holding at energy above the EW scale 

• In the high-energy regime : 

⇒

mV /E ≪ 1
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Goldstone Boson Equivalence Theorem (ii)
• Consider the process 

• By means of EW Ward identities one can show that 

with factors
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Goldstone Boson Equivalence Theorem (iii)
• Example 1.: one longitudinal gauge boson  

• Employing the GBET at LO we have 

which just mean 

                                    : 

                                    :
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Goldstone Boson Equivalence Theorem (iv)
• Example 2:                     
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Goldstone Boson Equivalence Theorem (v)
• Example 2:                      

• Remarkably easier than before: 

No -channel since              coupling is  

No complex Lorentz structure from trilinear  coupling  

 coupling

t

VVV

SSV
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Goldstone Boson Equivalence Theorem (vi)
Remark 

The GBET does not hold diagram by diagram, but only at the amplitude level ! 

Right-handed electrons: 

Left-handed electrons:
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The Electroweak Standard Model (v)
• EW sector of SM is described by the classical Lagrangian  

 

                                                                                                                       Yukawa 

• Yukawa coupling                :  3x3 matrices in generation space 

• After SSB                              ⇒
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LYuk =
X

 f=q,l

3X

i,j=1

 ̄fi,L
�
⌥ f

�ij
�̃ fi,R + h.c., �̃ = i

�
�†⌧2

�T
<latexit sha1_base64="Z2hQhAtlQglZbfTgHBpRZIPeUjg="></latexit>

LYuk =
X

 f=q,l

3X

i,j=1

 ̄fi,L
�
⌥ f

�ij
�̃ fi,R + h.c., �̃ = i

�
�†⌧2

�T

NB: ordinary Dirac mass terms            are not                           gauge invariant
<latexit sha1_base64="q/kO8RJGOuZ/eQtfWHBmrslvfV4=">AAACF3icbVC7TgJBFJ31ifhCLW0mEhMrsmsMWhJtLCzQyCNhCbk7XHDC7CMzd41ksx/gJ/gVtlrZGVtLC//FBSkQPNWZc87NnXu8SElDtv1lLSwuLa+s5tby6xubW9uFnd26CWMtsCZCFeqmBwaVDLBGkhQ2I43gewob3uBi5DfuURsZBrc0jLDtQz+QPSmAMqlTKLoeaO5GRnYSl/CBkqs0nX7epGmWskv2GHyeOBNSZBNUO4VvtxuK2MeAhAJjWo4dUTsBTVIoTPNubDACMYA+tjIagI+mnYyPSflhbIBCHqHmUvGxiNMTCfjGDH0vS/pAd2bWG4n/ea2YemftRAZRTBiI0SKSCseLjNAyawl5V2okgtHPkcuAC9BAhFpyECIT46y2fNaHM3v9PKkfl5xyqXx9UqycT5rJsX12wI6Yw05ZhV2yKqsxwR7ZM3thr9aT9Wa9Wx+/0QVrMrPH/sD6/AG+LqEY</latexit>

 ̄L R
<latexit sha1_base64="fDAfl/cNtUDkNrLNp2Eb0YefIoY="></latexit>

SU(2)L ⌦U(1)Y



The Electroweak Standard Model (vi)
• After SSB                               

• Can be diagonalised through unitary field transformation 

• This defines the mass basis for the SM and the Yukawa Lagrangian takes form 

• Consequences: 

           These matrices drop out in NC interactions due to unitarity 

              Two matrices remain in CC                                  

⇒
<latexit sha1_base64="Rot+htR4d3VyFH7O1U8MMIe0Wxg="></latexit>

m 
ij =

vp
2
⌥ij
 f

<latexit sha1_base64="6yhVAT98MqdeSmZoEqO7BUilpgY="></latexit>

 ̂f,L/R ⌘ Uf,L/R f,L/R

��� m 
ii =

vp
2

X

m,n

U im
f,L

�
⌥ f

�mn �
Uni
f,R

�† ⌘ vp
2
� fi

<latexit sha1_base64="CR1czIrRQEJ50+x1jDxo4zHa66Y="></latexit>

LYuk =
3X

 f=q,l

m f

¯̂ f,L ̂f,R + h.c. + LH� int.

CKM matrix:

PMNS matrix:

<latexit sha1_base64="oU8AzxH0A5p8ggUnlKwTpgRcwhg="></latexit>

VCKM = Uu,LU
†
d,L UPMNS = U⌫,LU

†
e,L

m⌫=0
= 1

<latexit sha1_base64="28+YwMMRNlSbPaAE+EY0WByw4i0="></latexit>

UPMNS = U⌫,LU
†
e,L

m⌫=0
=

Source of CP violation in whole SM



EW input parameters



• EW sector of SM has the following set of parameters 

    Before SSB                                                                        After SSB 
 
    gauge couplings                                                                       gauge couplings                                                    

    Higgs parameters                                                                     Masses 

    Yukawa couplings                                                                     CKM matrix 

• Not all of them are independent! 

• At tree-level: plenty of relations between input parameters 

• Higher-order corrections modify such relations which in general depend on all input parameters

EW input-parameters (i)

<latexit sha1_base64="i9W1HZ7GsezjlN7zRM5w3UP+Hjk="></latexit>

g, g0

µ,�

⌥ij
 f

<latexit sha1_base64="JgRcXfRPpi8RljuLgCTH27XX7+k="></latexit>

g, g0 or e, sw

mH ,mW ,mZ ,m 

VCKM

<latexit sha1_base64="JgRcXfRPpi8RljuLgCTH27XX7+k="></latexit>

g, g0 or e, sw

mH ,mW ,mZ ,m 

VCKM

<latexit sha1_base64="l3kVLCLVhQW8UWkdnS8iXFmA3T0=">AAACEHicbVC7TsNAEDyHVwivACUUJyIkqshGKNAgIWgog0QIIo6s9bGBE+eH7tY8ZLnhE/gKWqjoEC1/QMG/4BgXQJhiNZrZ1e6OHytpyLY/rMrY+MTkVHW6NjM7N79QX1w6MVGiBXZEpCJ96oNBJUPskCSFp7FGCHyFXf/qYOh3r1EbGYXHdBdjP4CLUA6kAMolr74qvNQlvKX0Jst23YEGkQZeN8vLWebVG3bTLsBHiVOSBivR9uqf7nkkkgBDEgqM6Tl2TP0UNEmhMKu5icEYxBVcYC+nIQRo+mnxRcbXEwMU8Rg1l4oXIv6cSCEw5i7w884A6NL89Ybif14vocFOP5VhnBCGYriIpMJikRFa5vEgP5caiWB4OXIZcgEaiFBLDkLkYpLnVcvzcP5+P0pONptOq9k62mrs7ZfJVNkKW2MbzGHbbI8dsjbrMMHu2SN7Ys/Wg/VivVpv360Vq5xZZr9gvX8BFWCeCw==</latexit>

cw =
mW

mZ

<latexit sha1_base64="JxuslQdSfy6XBXOB+LTjf1CBoZQ=">AAACC3icbVC7TgJBFJ31ifhatbCwmUhMrMguMWhjQrSxxEQeCRByd7jghNmHM3dJyGY/wa+w1crO2PoRFv6LC1IoeKqTc+7Nved4kZKGHOfTWlpeWV1bz23kN7e2d3btvf26CWMtsCZCFeqmBwaVDLBGkhQ2I43gewob3vB64jdGqI0MgzsaR9jxYRDIvhRAmdS1D/1u47Ld1yCS0SBN2uZBU1JK065dcIrOFHyRuDNSYDNUu/ZXuxeK2MeAhAJjWq4TUScBTVIoTPPt2GAEYggDbGU0AB9NJ5kGSPlJbIBCHqHmUvGpiL83EvCNGfteNukD3Zt5byL+57Vi6l90EhlEMWEgJodIKpweMkLLrBnkPamRCCafI5cBF6CBCLXkIEQmxllV+awPdz79IqmXim65WL49K1SuZs3k2BE7ZqfMZeeswm5YldWYYCl7Ys/sxXq0Xq036/1ndMma7RywP7A+vgGaOZuW</latexit>

mW =
vgp
2

<latexit sha1_base64="UaISXHWUZxOxE9LWkHUowTwetFY="></latexit>

, mZ =
v(g + g0)p

2
<latexit sha1_base64="Rot+htR4d3VyFH7O1U8MMIe0Wxg="></latexit>

m 
ij =

vp
2
⌥ij
 f

<latexit sha1_base64="i9W1HZ7GsezjlN7zRM5w3UP+Hjk="></latexit>

g, g0

µ,�

⌥ij
 f

<latexit sha1_base64="i9W1HZ7GsezjlN7zRM5w3UP+Hjk="></latexit>

g, g0

µ,�

⌥ij
 f

<latexit sha1_base64="hPRrsoOu/h2qyJDd7lMpHhtZkoA=">AAACE3icbVC7TsNAEDzzDOFloKTgRIREEQUbIaCMoEkZJEIQSWStLwucuLPN3RoJWSn5BL6CFio6RMsHUPAvOCFIEJhqdmZXuzthoqQlz3t3xsYnJqemCzPF2bn5hUV3afnExqkR2BCxis1pCBaVjLBBkhSeJgZBhwqb4dVh32/eoLEyjo7pNsGOhotInksBlEuBu6aDWrl9nUKX6yBrbp31yvy7bCdWBm7Jq3gD8L/EH5ISG6IeuB/tbixSjREJBda2fC+hTgaGpFDYK7ZTiwmIK7jAVk4j0Gg72eCRHt9ILVDMEzRcKj4Q8edEBtraWx3mnRro0o56ffE/r5XS+X4nk1GSEkaiv4ikwsEiK4zME0LelQaJoH85chlxAQaI0EgOQuRimkdWzPPwR7//S062K/5uZfdop1Q9GCZTYKtsnW0yn+2xKquxOmswwe7YA3tkT8698+y8OK9frWPOcGaF/YLz9glTC51j</latexit>mH , mW/Z , m 



• Only a defined set of input-parameters are independent and can be regarded as free 
parameters  crucial to guarantee gauge invariance and consistency in results! 

• Comparisons data vs theoretical predictions: only input-parameters of that calculation can be 
extracted from data 

• The input-parameter set should be chosen in a “phenomenological way”, i.e. precisely known 
parameters should be preferred (e.g. em. coupling) 

• The appropriate input-parameter set in general differs from one renormalisation scheme to 
another (in the following we assume on-shell scheme)

→

EW input-parameters (ii)



• On-shell (OS) scheme [Ross & Taylor 83749; 1979]:  

Renormalisation conditions fixed for on-shell external fields 

Renormalised parameters are the physical parameters to all orders in PT

On-shell renormalisation (i)

In SM: 
<latexit sha1_base64="WTMA1O2Dy1OXe7mVSUpBGbHZi7Y="></latexit>

mW , mZ , mf , mH , e, sw, Vij

<latexit sha1_base64="WTMA1O2Dy1OXe7mVSUpBGbHZi7Y="></latexit>

mW , mZ , mf , mH , e, sw, Vij

https://inspirehep.net/literature/83749


• On-shell (OS) scheme [Ross & Taylor 83749; 1979]:  

Renormalisation conditions fixed for on-shell external fields 

Renormalised parameters are the physical parameters to all orders in PT 

• Features: 

Parameters have clear physical meaning and can be directly measured in experiments 

True for most of particle masses but for light-quarks due to strong interactions; other schemes might be better 

Electric charge    derived from Thomson cross-section which is exact to all orders in PT

On-shell renormalisation (i)

In SM: 
<latexit sha1_base64="WTMA1O2Dy1OXe7mVSUpBGbHZi7Y="></latexit>

mW , mZ , mf , mH , e, sw, Vij

<latexit sha1_base64="voEDvUM85p3EFGjkXHyvVnkoyb0=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrIRCpQRNJSJRB5SYkXnyyaccj5bd3tIkZUvoIWKDtHyQRT8C7ZxAQlTjWZ2tbMTxFIYdN1Pp7S2vrG5Vd6u7Ozu7R9UD4+6JrKaQ4dHMtL9gBmQQkEHBUroxxpYGEjoBbPbzO89gjYiUvc4j8EP2VSJieAMU6kNo2rNrbs56CrxClIjBVqj6tdwHHEbgkIumTEDz43RT5hGwSUsKkNrIGZ8xqYwSKliIRg/yYMu6Jk1DCMag6ZC0lyE3xsJC42Zh0E6GTJ8MMteJv7nDSxOrv1EqNgiKJ4dQiEhP2S4FmkDQMdCAyLLkgMVinKmGSJoQRnnqWjTSippH97y96uke1H3GvVG+7LWvCmaKZMTckrOiUeuSJPckRbpEE6APJFn8uJY59V5c95/RktOsXNM/sD5+AZsfpF5</latexit>e

<latexit sha1_base64="WTMA1O2Dy1OXe7mVSUpBGbHZi7Y="></latexit>

mW , mZ , mf , mH , e, sw, Vij

https://inspirehep.net/literature/83749


• On-shell (OS) scheme [Ross & Taylor 83749; 1979]:  

Renormalisation conditions fixed for on-shell external fields 

Renormalised parameters are the physical parameters to all orders in PT 

• Features: 

Parameters have clear physical meaning and can be directly measured in experiments 

True for most of particle masses but for light-quarks due to strong interactions; other schemes might be better 

Electric charge    derived from Thomson cross-section which is exact to all orders in PT 

• Renormalisation of parameters  finite S-matrix but Green functions still divergent. Fields 
need to be renormalized too! 

• Also, a clever renormalisation of fields simplifies the renormalisation conditions for parameters

⇒

On-shell renormalisation (i)

In SM: 
<latexit sha1_base64="WTMA1O2Dy1OXe7mVSUpBGbHZi7Y="></latexit>

mW , mZ , mf , mH , e, sw, Vij

<latexit sha1_base64="WTMA1O2Dy1OXe7mVSUpBGbHZi7Y="></latexit>

mW , mZ , mf , mH , e, sw, Vij

<latexit sha1_base64="voEDvUM85p3EFGjkXHyvVnkoyb0=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrIRCpQRNJSJRB5SYkXnyyaccj5bd3tIkZUvoIWKDtHyQRT8C7ZxAQlTjWZ2tbMTxFIYdN1Pp7S2vrG5Vd6u7Ozu7R9UD4+6JrKaQ4dHMtL9gBmQQkEHBUroxxpYGEjoBbPbzO89gjYiUvc4j8EP2VSJieAMU6kNo2rNrbs56CrxClIjBVqj6tdwHHEbgkIumTEDz43RT5hGwSUsKkNrIGZ8xqYwSKliIRg/yYMu6Jk1DCMag6ZC0lyE3xsJC42Zh0E6GTJ8MMteJv7nDSxOrv1EqNgiKJ4dQiEhP2S4FmkDQMdCAyLLkgMVinKmGSJoQRnnqWjTSippH97y96uke1H3GvVG+7LWvCmaKZMTckrOiUeuSJPckRbpEE6APJFn8uJY59V5c95/RktOsXNM/sD5+AZsfpF5</latexit>e

https://inspirehep.net/literature/83749


• Most employed input-schemes 

        -scheme:                                                                                                          

      Appropriate for: 

        pure QED interactions 

        external on-shell photons  

        processes at  Q2 ≪ m2
Z

EW input schemes (iii)

Additional inputs: 
<latexit sha1_base64="/MakezrTglN8ZENX0wtlOc07QiE=">AAAB/3icbVC7TsNAEDzzDOEVoKQ5ESFRoMhGKFBG0KQMEnlIiWWdL5twyp1t7tZIkZWCr6CFig7R8ikU/Au2cQEJU41mdrWz40dSGLTtT2tpeWV1bb20Ud7c2t7Zreztd0wYaw5tHspQ93xmQIoA2ihQQi/SwJQvoetPrjO/+wDaiDC4xWkErmLjQIwEZ5hKrvKap1R5ySAyYuZVqnbNzkEXiVOQKinQ8ipfg2HIYwUBcsmM6Tt2hG7CNAouYVYexAYixidsDP2UBkyBcZM89Iwex4ZhSCPQVEiai/B7I2HKmKny00nF8M7Me5n4n9ePcXTpJiKIYoSAZ4dQSMgPGa5F2gbQodCAyLLkQEVAOdMMEbSgjPNUjNN6ymkfzvz3i6RzVnPqtfrNebVxVTRTIofkiJwQh1yQBmmSFmkTTu7JE3kmL9aj9Wq9We8/o0tWsXNA/sD6+AYffpZY</latexit>mH ,m 

<latexit sha1_base64="uBBqCJCcZ18ieLq5VN7vyp3NVdA=">AAAB/HicbVA9TwJBEN3DL8Qv1NJmIzHBhtwZg5ZEG0tM5CMCIXPLABv29i67cyaE4K+w1crO2PpfLPwvHieFgq96eW8m8+b5kZKWXPfTyaysrq1vZDdzW9s7u3v5/YO6DWMjsCZCFZqmDxaV1FgjSQqbkUEIfIUNf3Q98xsPaKwM9R2NI+wEMNCyLwVQIt23QUVDKLqnvJsvuCU3BV8m3pwU2BzVbv6r3QtFHKAmocDaludG1JmAISkUTnPt2GIEYgQDbCVUQ4C2M0kTT/lJbIFCHqHhUvFUxN8bEwisHQd+MhkADe2iNxP/81ox9S87E6mjmFCL2SGSCtNDVhiZVIG8Jw0SwSw5cqm5AANEaCQHIRIxTrrJJX14i98vk/pZySuXyrfnhcrVvJksO2LHrMg8dsEq7IZVWY0JptkTe2YvzqPz6rw57z+jGWe+c8j+wPn4Bt4flHE=</latexit>

↵(0)
<latexit sha1_base64="ZdPHXnGc++OKyCumiWqQN8/ck2w=">AAACC3icbVC7SgNREL0bXzG+Vi0sbC4GIYKEXRG1DNpYRjAPzIYwezOaS+4+uHdWkCWf4FfYamUntn6Ehf/ibkyhiacYDufMMDPHj5U05DifVmFufmFxqbhcWlldW9+wN7eaJkq0wIaIVKTbPhhUMsQGSVLYjjVC4Cts+cOL3G/dozYyCq/pIcZuAHehvJUCKJN69o6XeqDiAVScg0Me9Fp5ufFGPbvsVJ0x+CxxJ6TMJqj37C+vH4kkwJCEAmM6rhNTNwVNUigclbzEYAxiCHfYyWgIAZpuOn5gxPcTAxTxGDWXio9F/D2RQmDMQ+BnnQHQwEx7ufif10no9qybyjBOCEORLyKpcLzICC2zZJD3pUYiyC9HLkMuQAMRaslBiExMsqhKWR7u9PezpHlUdU+qJ1fH5dr5JJki22V7rMJcdspq7JLVWYMJNmJP7Jm9WI/Wq/Vmvf+0FqzJzDb7A+vjG2oamZU=</latexit>

{↵(0),mW ,mZ}
<latexit sha1_base64="jcHsnZCPcgryiRLeq2MG7WO3lzo=">AAACGXicbVC7TsNAEDyHd3gFKGlORJGoIhuhQIOEoKEEiUCkOIrWlw2ccraPuzUCWf4CPoGvoIWKDtFSUfAvOCYFJEw1mtm92ZtAK2nJdT+d0tT0zOzc/EJ5cWl5ZbWytn5h48QIbIpYxaYVgEUlI2ySJIUtbRDCQOFlMDge+pe3aKyMo3O619gJ4SqSfSmAcqlbqeGBb28Mpbu+lj7hHRVvpoFKMEt9UPoasqxbqbp1twCfJN6IVNkIp93Kl9+LRRJiREKBtW3P1dRJwZAUCrOyn1jUIAZwhe2cRhCi7aRFdMZriQWKuUbDpeKFiL83UgitvQ+DfDIEurbj3lD8z2sn1N/vpDLSCWEkhkEkFRZBVhiZ94S8Jw0SwfBy5DLiAgwQoZEchMjFJC+unPfhjf9+klzs1L1GvXG2Wz08GjUzzzbZFttmHttjh+yEnbImE+yBPbFn9uI8Oq/Om/P+M1pyRjsb7A+cj2+MGKIQ</latexit>

e =
p
4⇡↵

<latexit sha1_base64="U0jcOi5N0niVI0lcC5bE+yuIK3Y=">AAACGXicbVC7TsNAEDyHVwgvAyXNiSgSVWQjFGgiRdBQBok8pCRE58vGnHJ+6G4NRFa+gE/gK2ihokO0VBT8C3ZwERKmGs3sanfGCaXQaFlfRm5peWV1Lb9e2Njc2t4xd/eaOogUhwYPZKDaDtMghQ8NFCihHSpgniOh5YwuUr91B0qLwL/GcQg9j7m+GArOMJH6Zgmqru7HXYQHjO8nk6p70w2V8IDyGbVvFq2yNQVdJHZGiiRDvW9+dwcBjzzwkUumdce2QuzFTKHgEiaFbqQhZHzEXOgk1Gce6F48jTOhpUgzDGgIigpJpyLMbsTM03rsOcmkx/BWz3up+J/XiXB41ouFH0YIPk8PoZAwPaS5EklPQAdCASJLPwcqfMqZYoigBGWcJ2KUFFdI+rDn0y+S5nHZrpQrVyfF2nnWTJ4ckENyRGxySmrkktRJg3DySJ7JC3k1now34934+B3NGdnOPvkD4/MHYiuh9Q==</latexit>

e = gsw = g0cw



• Most employed input-schemes 

        -scheme:                                                                                                          

      Appropriate for: 

        pure QED interactions 

        external on-shell photons  

        processes at  Q2 ≪ m2
Z

EW input schemes (iii)

Additional inputs: 
<latexit sha1_base64="/MakezrTglN8ZENX0wtlOc07QiE=">AAAB/3icbVC7TsNAEDzzDOEVoKQ5ESFRoMhGKFBG0KQMEnlIiWWdL5twyp1t7tZIkZWCr6CFig7R8ikU/Au2cQEJU41mdrWz40dSGLTtT2tpeWV1bb20Ud7c2t7Zreztd0wYaw5tHspQ93xmQIoA2ihQQi/SwJQvoetPrjO/+wDaiDC4xWkErmLjQIwEZ5hKrvKap1R5ySAyYuZVqnbNzkEXiVOQKinQ8ipfg2HIYwUBcsmM6Tt2hG7CNAouYVYexAYixidsDP2UBkyBcZM89Iwex4ZhSCPQVEiai/B7I2HKmKny00nF8M7Me5n4n9ePcXTpJiKIYoSAZ4dQSMgPGa5F2gbQodCAyLLkQEVAOdMMEbSgjPNUjNN6ymkfzvz3i6RzVnPqtfrNebVxVTRTIofkiJwQh1yQBmmSFmkTTu7JE3kmL9aj9Wq9We8/o0tWsXNA/sD6+AYffpZY</latexit>mH ,m 

<latexit sha1_base64="uBBqCJCcZ18ieLq5VN7vyp3NVdA=">AAAB/HicbVA9TwJBEN3DL8Qv1NJmIzHBhtwZg5ZEG0tM5CMCIXPLABv29i67cyaE4K+w1crO2PpfLPwvHieFgq96eW8m8+b5kZKWXPfTyaysrq1vZDdzW9s7u3v5/YO6DWMjsCZCFZqmDxaV1FgjSQqbkUEIfIUNf3Q98xsPaKwM9R2NI+wEMNCyLwVQIt23QUVDKLqnvJsvuCU3BV8m3pwU2BzVbv6r3QtFHKAmocDaludG1JmAISkUTnPt2GIEYgQDbCVUQ4C2M0kTT/lJbIFCHqHhUvFUxN8bEwisHQd+MhkADe2iNxP/81ox9S87E6mjmFCL2SGSCtNDVhiZVIG8Jw0SwSw5cqm5AANEaCQHIRIxTrrJJX14i98vk/pZySuXyrfnhcrVvJksO2LHrMg8dsEq7IZVWY0JptkTe2YvzqPz6rw57z+jGWe+c8j+wPn4Bt4flHE=</latexit>

↵(0)
<latexit sha1_base64="ZdPHXnGc++OKyCumiWqQN8/ck2w=">AAACC3icbVC7SgNREL0bXzG+Vi0sbC4GIYKEXRG1DNpYRjAPzIYwezOaS+4+uHdWkCWf4FfYamUntn6Ehf/ibkyhiacYDufMMDPHj5U05DifVmFufmFxqbhcWlldW9+wN7eaJkq0wIaIVKTbPhhUMsQGSVLYjjVC4Cts+cOL3G/dozYyCq/pIcZuAHehvJUCKJN69o6XeqDiAVScg0Me9Fp5ufFGPbvsVJ0x+CxxJ6TMJqj37C+vH4kkwJCEAmM6rhNTNwVNUigclbzEYAxiCHfYyWgIAZpuOn5gxPcTAxTxGDWXio9F/D2RQmDMQ+BnnQHQwEx7ufif10no9qybyjBOCEORLyKpcLzICC2zZJD3pUYiyC9HLkMuQAMRaslBiExMsqhKWR7u9PezpHlUdU+qJ1fH5dr5JJki22V7rMJcdspq7JLVWYMJNmJP7Jm9WI/Wq/Vmvf+0FqzJzDb7A+vjG2oamZU=</latexit>

{↵(0),mW ,mZ}

For   large logs associated to the running of  
from  to   appear in the light fermion 

contribution to charge renormalisation

Q2 ≥ m2
Z α

Q2 = 0 Q2 ≥ m2
Z

<latexit sha1_base64="jcHsnZCPcgryiRLeq2MG7WO3lzo=">AAACGXicbVC7TsNAEDyHd3gFKGlORJGoIhuhQIOEoKEEiUCkOIrWlw2ccraPuzUCWf4CPoGvoIWKDtFSUfAvOCYFJEw1mtm92ZtAK2nJdT+d0tT0zOzc/EJ5cWl5ZbWytn5h48QIbIpYxaYVgEUlI2ySJIUtbRDCQOFlMDge+pe3aKyMo3O619gJ4SqSfSmAcqlbqeGBb28Mpbu+lj7hHRVvpoFKMEt9UPoasqxbqbp1twCfJN6IVNkIp93Kl9+LRRJiREKBtW3P1dRJwZAUCrOyn1jUIAZwhe2cRhCi7aRFdMZriQWKuUbDpeKFiL83UgitvQ+DfDIEurbj3lD8z2sn1N/vpDLSCWEkhkEkFRZBVhiZ94S8Jw0SwfBy5DLiAgwQoZEchMjFJC+unPfhjf9+klzs1L1GvXG2Wz08GjUzzzbZFttmHttjh+yEnbImE+yBPbFn9uI8Oq/Om/P+M1pyRjsb7A+cj2+MGKIQ</latexit>

e =
p
4⇡↵

<latexit sha1_base64="U0jcOi5N0niVI0lcC5bE+yuIK3Y=">AAACGXicbVC7TsNAEDyHVwgvAyXNiSgSVWQjFGgiRdBQBok8pCRE58vGnHJ+6G4NRFa+gE/gK2ihokO0VBT8C3ZwERKmGs3sanfGCaXQaFlfRm5peWV1Lb9e2Njc2t4xd/eaOogUhwYPZKDaDtMghQ8NFCihHSpgniOh5YwuUr91B0qLwL/GcQg9j7m+GArOMJH6Zgmqru7HXYQHjO8nk6p70w2V8IDyGbVvFq2yNQVdJHZGiiRDvW9+dwcBjzzwkUumdce2QuzFTKHgEiaFbqQhZHzEXOgk1Gce6F48jTOhpUgzDGgIigpJpyLMbsTM03rsOcmkx/BWz3up+J/XiXB41ouFH0YIPk8PoZAwPaS5EklPQAdCASJLPwcqfMqZYoigBGWcJ2KUFFdI+rDn0y+S5nHZrpQrVyfF2nnWTJ4ckENyRGxySmrkktRJg3DySJ7JC3k1now34934+B3NGdnOPvkD4/MHYiuh9Q==</latexit>

e = gsw = g0cw

• The hadronic contribution to is non-perturbative and is 
extracted from had. measurements + dispersion relations 

• In renormalised QED amplitudes  drops out due to Ward 
identities (but remains un-subtracted in full EW)

Δα(m2
Z) ≈ 6 %

e+e− →

Δα(m2
Z)

<latexit sha1_base64="4X1YrJhMvIlTE+hIrV/14qSAYa0="></latexit>
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• Most employed input-schemes 

        -scheme:    

           -scheme: 

Appropriate for: 

       Hard EW interactions at  

       All                terms are subtracted and no large logs from light-fermions contributions to                     
c       charge renormalisation appear. This cancellation takes place at each loop-order

Q2 ≥ m2
Z

EW input schemes (iii)

<latexit sha1_base64="jcHsnZCPcgryiRLeq2MG7WO3lzo=">AAACGXicbVC7TsNAEDyHd3gFKGlORJGoIhuhQIOEoKEEiUCkOIrWlw2ccraPuzUCWf4CPoGvoIWKDtFSUfAvOCYFJEw1mtm92ZtAK2nJdT+d0tT0zOzc/EJ5cWl5ZbWytn5h48QIbIpYxaYVgEUlI2ySJIUtbRDCQOFlMDge+pe3aKyMo3O619gJ4SqSfSmAcqlbqeGBb28Mpbu+lj7hHRVvpoFKMEt9UPoasqxbqbp1twCfJN6IVNkIp93Kl9+LRRJiREKBtW3P1dRJwZAUCrOyn1jUIAZwhe2cRhCi7aRFdMZriQWKuUbDpeKFiL83UgitvQ+DfDIEurbj3lD8z2sn1N/vpDLSCWEkhkEkFRZBVhiZ94S8Jw0SwfBy5DLiAgwQoZEchMjFJC+unPfhjf9+klzs1L1GvXG2Wz08GjUzzzbZFttmHttjh+yEnbImE+yBPbFn9uI8Oq/Om/P+M1pyRjsb7A+cj2+MGKIQ</latexit>

e =
p
4⇡↵

<latexit sha1_base64="U0jcOi5N0niVI0lcC5bE+yuIK3Y=">AAACGXicbVC7TsNAEDyHVwgvAyXNiSgSVWQjFGgiRdBQBok8pCRE58vGnHJ+6G4NRFa+gE/gK2ihokO0VBT8C3ZwERKmGs3sanfGCaXQaFlfRm5peWV1Lb9e2Njc2t4xd/eaOogUhwYPZKDaDtMghQ8NFCihHSpgniOh5YwuUr91B0qLwL/GcQg9j7m+GArOMJH6Zgmqru7HXYQHjO8nk6p70w2V8IDyGbVvFq2yNQVdJHZGiiRDvW9+dwcBjzzwkUumdce2QuzFTKHgEiaFbqQhZHzEXOgk1Gce6F48jTOhpUgzDGgIigpJpyLMbsTM03rsOcmkx/BWz3up+J/XiXB41ouFH0YIPk8PoZAwPaS5EklPQAdCASJLPwcqfMqZYoigBGWcJ2KUFFdI+rDn0y+S5nHZrpQrVyfF2nnWTJ4ckENyRGxySmrkktRJg3DySJ7JC3k1now34934+B3NGdnOPvkD4/MHYiuh9Q==</latexit>

e = gsw = g0cw

Additional inputs: 
<latexit sha1_base64="/MakezrTglN8ZENX0wtlOc07QiE=">AAAB/3icbVC7TsNAEDzzDOEVoKQ5ESFRoMhGKFBG0KQMEnlIiWWdL5twyp1t7tZIkZWCr6CFig7R8ikU/Au2cQEJU41mdrWz40dSGLTtT2tpeWV1bb20Ud7c2t7Zreztd0wYaw5tHspQ93xmQIoA2ihQQi/SwJQvoetPrjO/+wDaiDC4xWkErmLjQIwEZ5hKrvKap1R5ySAyYuZVqnbNzkEXiVOQKinQ8ipfg2HIYwUBcsmM6Tt2hG7CNAouYVYexAYixidsDP2UBkyBcZM89Iwex4ZhSCPQVEiai/B7I2HKmKny00nF8M7Me5n4n9ePcXTpJiKIYoSAZ4dQSMgPGa5F2gbQodCAyLLkQEVAOdMMEbSgjPNUjNN6ymkfzvz3i6RzVnPqtfrNebVxVTRTIofkiJwQh1yQBmmSFmkTTu7JE3kmL9aj9Wq9We8/o0tWsXNA/sD6+AYffpZY</latexit>mH ,m 

<latexit sha1_base64="uBBqCJCcZ18ieLq5VN7vyp3NVdA=">AAAB/HicbVA9TwJBEN3DL8Qv1NJmIzHBhtwZg5ZEG0tM5CMCIXPLABv29i67cyaE4K+w1crO2PpfLPwvHieFgq96eW8m8+b5kZKWXPfTyaysrq1vZDdzW9s7u3v5/YO6DWMjsCZCFZqmDxaV1FgjSQqbkUEIfIUNf3Q98xsPaKwM9R2NI+wEMNCyLwVQIt23QUVDKLqnvJsvuCU3BV8m3pwU2BzVbv6r3QtFHKAmocDaludG1JmAISkUTnPt2GIEYgQDbCVUQ4C2M0kTT/lJbIFCHqHhUvFUxN8bEwisHQd+MhkADe2iNxP/81ox9S87E6mjmFCL2SGSCtNDVhiZVIG8Jw0SwSw5cqm5AANEaCQHIRIxTrrJJX14i98vk/pZySuXyrfnhcrVvJksO2LHrMg8dsEq7IZVWY0JptkTe2YvzqPz6rw57z+jGWe+c8j+wPn4Bt4flHE=</latexit>

↵(0)
<latexit sha1_base64="ZdPHXnGc++OKyCumiWqQN8/ck2w=">AAACC3icbVC7SgNREL0bXzG+Vi0sbC4GIYKEXRG1DNpYRjAPzIYwezOaS+4+uHdWkCWf4FfYamUntn6Ehf/ibkyhiacYDufMMDPHj5U05DifVmFufmFxqbhcWlldW9+wN7eaJkq0wIaIVKTbPhhUMsQGSVLYjjVC4Cts+cOL3G/dozYyCq/pIcZuAHehvJUCKJN69o6XeqDiAVScg0Me9Fp5ufFGPbvsVJ0x+CxxJ6TMJqj37C+vH4kkwJCEAmM6rhNTNwVNUigclbzEYAxiCHfYyWgIAZpuOn5gxPcTAxTxGDWXio9F/D2RQmDMQ+BnnQHQwEx7ufif10no9qybyjBOCEORLyKpcLzICC2zZJD3pUYiyC9HLkMuQAMRaslBiExMsqhKWR7u9PezpHlUdU+qJ1fH5dr5JJki22V7rMJcdspq7JLVWYMJNmJP7Jm9WI/Wq/Vmvf+0FqzJzDb7A+vjG2oamZU=</latexit>

{↵(0),mW ,mZ}
<latexit sha1_base64="WUM7F65Yj4GiV9yGMiCFiOogEMk=">AAACDXicbVDLSgNBEJz1GeMr6km8DAZBQcKuSPQY9OIxgnlgNiy9Y6uDM7vLTK8QluAn+BVe9eRNvPoNHvwXd2MOvurQFFXddHeFiZKWXPfdmZicmp6ZLc2V5xcWl5YrK6ttG6dGYEvEKjbdECwqGWGLJCnsJgZBhwo74c1x4Xdu0VgZR2c0SLCv4SqSl1IA5VJQWfczH1RyDds6ON/Z5TroFOXcHwaVqltzR+B/iTcmVTZGM6h8+BexSDVGJBRY2/PchPoZGJJC4bDspxYTEDdwhb2cRqDR9rPRC0O+lVqgmCdouFR8JOL3iQy0tQMd5p0a6Nr+9grxP6+X0uVhP5NRkhJGolhEUuFokRVG5tkgv5AGiaC4HLmMuAADRGgkByFyMc3DKud5eL+//0vaezWvXquf7lcbR+NkSmyDbbJt5rED1mAnrMlaTLA79sAe2ZNz7zw7L87rV+uEM55ZYz/gvH0CSJGanw==</latexit>

{↵(mZ),mW ,mZ}
<latexit sha1_base64="WUM7F65Yj4GiV9yGMiCFiOogEMk=">AAACDXicbVDLSgNBEJz1GeMr6km8DAZBQcKuSPQY9OIxgnlgNiy9Y6uDM7vLTK8QluAn+BVe9eRNvPoNHvwXd2MOvurQFFXddHeFiZKWXPfdmZicmp6ZLc2V5xcWl5YrK6ttG6dGYEvEKjbdECwqGWGLJCnsJgZBhwo74c1x4Xdu0VgZR2c0SLCv4SqSl1IA5VJQWfczH1RyDds6ON/Z5TroFOXcHwaVqltzR+B/iTcmVTZGM6h8+BexSDVGJBRY2/PchPoZGJJC4bDspxYTEDdwhb2cRqDR9rPRC0O+lVqgmCdouFR8JOL3iQy0tQMd5p0a6Nr+9grxP6+X0uVhP5NRkhJGolhEUuFokRVG5tkgv5AGiaC4HLmMuAADRGgkByFyMc3DKud5eL+//0vaezWvXquf7lcbR+NkSmyDbbJt5rED1mAnrMlaTLA79sAe2ZNz7zw7L87rV+uEM55ZYz/gvH0CSJGanw==</latexit>

{↵(mZ),mW ,mZ}

The   scheme resums LL effects from the running of  α(m2
Z) α Removal of light-quark masses dependence 

<latexit sha1_base64="4X1YrJhMvIlTE+hIrV/14qSAYa0="></latexit>
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• Most employed input-schemes 

        -scheme:    

           -scheme: 

     -scheme:  

Appropriate for: 

  Hard EW interactions at  

  Beyond LO, it resums large logs from                and                enhanced terms from    
renormalisation of weak mixing angle  preferable to               if               factors appear at LO

Q2 ≥ m2
Z

→

EW input schemes (iii)

<latexit sha1_base64="uBBqCJCcZ18ieLq5VN7vyp3NVdA=">AAAB/HicbVA9TwJBEN3DL8Qv1NJmIzHBhtwZg5ZEG0tM5CMCIXPLABv29i67cyaE4K+w1crO2PpfLPwvHieFgq96eW8m8+b5kZKWXPfTyaysrq1vZDdzW9s7u3v5/YO6DWMjsCZCFZqmDxaV1FgjSQqbkUEIfIUNf3Q98xsPaKwM9R2NI+wEMNCyLwVQIt23QUVDKLqnvJsvuCU3BV8m3pwU2BzVbv6r3QtFHKAmocDaludG1JmAISkUTnPt2GIEYgQDbCVUQ4C2M0kTT/lJbIFCHqHhUvFUxN8bEwisHQd+MhkADe2iNxP/81ox9S87E6mjmFCL2SGSCtNDVhiZVIG8Jw0SwSw5cqm5AANEaCQHIRIxTrrJJX14i98vk/pZySuXyrfnhcrVvJksO2LHrMg8dsEq7IZVWY0JptkTe2YvzqPz6rw57z+jGWe+c8j+wPn4Bt4flHE=</latexit>

↵(0)
<latexit sha1_base64="ZdPHXnGc++OKyCumiWqQN8/ck2w=">AAACC3icbVC7SgNREL0bXzG+Vi0sbC4GIYKEXRG1DNpYRjAPzIYwezOaS+4+uHdWkCWf4FfYamUntn6Ehf/ibkyhiacYDufMMDPHj5U05DifVmFufmFxqbhcWlldW9+wN7eaJkq0wIaIVKTbPhhUMsQGSVLYjjVC4Cts+cOL3G/dozYyCq/pIcZuAHehvJUCKJN69o6XeqDiAVScg0Me9Fp5ufFGPbvsVJ0x+CxxJ6TMJqj37C+vH4kkwJCEAmM6rhNTNwVNUigclbzEYAxiCHfYyWgIAZpuOn5gxPcTAxTxGDWXio9F/D2RQmDMQ+BnnQHQwEx7ufif10no9qybyjBOCEORLyKpcLzICC2zZJD3pUYiyC9HLkMuQAMRaslBiExMsqhKWR7u9PezpHlUdU+qJ1fH5dr5JJki22V7rMJcdspq7JLVWYMJNmJP7Jm9WI/Wq/Vmvf+0FqzJzDb7A+vjG2oamZU=</latexit>

{↵(0),mW ,mZ}
<latexit sha1_base64="WUM7F65Yj4GiV9yGMiCFiOogEMk=">AAACDXicbVDLSgNBEJz1GeMr6km8DAZBQcKuSPQY9OIxgnlgNiy9Y6uDM7vLTK8QluAn+BVe9eRNvPoNHvwXd2MOvurQFFXddHeFiZKWXPfdmZicmp6ZLc2V5xcWl5YrK6ttG6dGYEvEKjbdECwqGWGLJCnsJgZBhwo74c1x4Xdu0VgZR2c0SLCv4SqSl1IA5VJQWfczH1RyDds6ON/Z5TroFOXcHwaVqltzR+B/iTcmVTZGM6h8+BexSDVGJBRY2/PchPoZGJJC4bDspxYTEDdwhb2cRqDR9rPRC0O+lVqgmCdouFR8JOL3iQy0tQMd5p0a6Nr+9grxP6+X0uVhP5NRkhJGolhEUuFokRVG5tkgv5AGiaC4HLmMuAADRGgkByFyMc3DKud5eL+//0vaezWvXquf7lcbR+NkSmyDbbJt5rED1mAnrMlaTLA79sAe2ZNz7zw7L87rV+uEM55ZYz/gvH0CSJGanw==</latexit>

{↵(mZ),mW ,mZ}
<latexit sha1_base64="WUM7F65Yj4GiV9yGMiCFiOogEMk=">AAACDXicbVDLSgNBEJz1GeMr6km8DAZBQcKuSPQY9OIxgnlgNiy9Y6uDM7vLTK8QluAn+BVe9eRNvPoNHvwXd2MOvurQFFXddHeFiZKWXPfdmZicmp6ZLc2V5xcWl5YrK6ttG6dGYEvEKjbdECwqGWGLJCnsJgZBhwo74c1x4Xdu0VgZR2c0SLCv4SqSl1IA5VJQWfczH1RyDds6ON/Z5TroFOXcHwaVqltzR+B/iTcmVTZGM6h8+BexSDVGJBRY2/PchPoZGJJC4bDspxYTEDdwhb2cRqDR9rPRC0O+lVqgmCdouFR8JOL3iQy0tQMd5p0a6Nr+9grxP6+X0uVhP5NRkhJGolhEUuFokRVG5tkgv5AGiaC4HLmMuAADRGgkByFyMc3DKud5eL+//0vaezWvXquf7lcbR+NkSmyDbbJt5rED1mAnrMlaTLA79sAe2ZNz7zw7L87rV+uEM55ZYz/gvH0CSJGanw==</latexit>

{↵(mZ),mW ,mZ}
<latexit sha1_base64="XL6qTsbjexgoTI+Ji/Y0fw48YuA=">AAACB3icbVC7TsNAEDyHVwgvQ0qaExESBYpshAJlBAWUQSIPEUfW+bIJp9zZ1t0aKbLyAXwFLVR0iJbPoOBfsEMKSJhiNZrZ1e5OEEth0HE+rcLS8srqWnG9tLG5tb1j7+61TJRoDk0eyUh3AmZAihCaKFBCJ9bAVCChHYwuc7/9ANqIKLzFcQw9xYahGAjOMJN8u+ylV76nkmOq/HZe7ryJb1ecqjMFXSTujFTIDA3f/vL6EU8UhMglM6brOjH2UqZRcAmTkpcYiBkfsSF0MxoyBaaXTo+f0MPEMIxoDJoKSaci/J5ImTJmrIKsUzG8N/NeLv7ndRMcnPdSEcYJQsjzRSgkTBcZrkWWCtC+0IDI8suBipByphkiaEEZ55mYZDGVsjzc+e8XSeuk6taqtZvTSv1ilkyR7JMDckRcckbq5Jo0SJNwMiZP5Jm8WI/Wq/Vmvf+0FqzZTJn8gfXxDS5DmG4=</latexit>

{Gµ,mW ,mZ}
<latexit sha1_base64="XL6qTsbjexgoTI+Ji/Y0fw48YuA=">AAACB3icbVC7TsNAEDyHVwgvQ0qaExESBYpshAJlBAWUQSIPEUfW+bIJp9zZ1t0aKbLyAXwFLVR0iJbPoOBfsEMKSJhiNZrZ1e5OEEth0HE+rcLS8srqWnG9tLG5tb1j7+61TJRoDk0eyUh3AmZAihCaKFBCJ9bAVCChHYwuc7/9ANqIKLzFcQw9xYahGAjOMJN8u+ylV76nkmOq/HZe7ryJb1ecqjMFXSTujFTIDA3f/vL6EU8UhMglM6brOjH2UqZRcAmTkpcYiBkfsSF0MxoyBaaXTo+f0MPEMIxoDJoKSaci/J5ImTJmrIKsUzG8N/NeLv7ndRMcnPdSEcYJQsjzRSgkTBcZrkWWCtC+0IDI8suBipByphkiaEEZ55mYZDGVsjzc+e8XSeuk6taqtZvTSv1ilkyR7JMDckRcckbq5Jo0SJNwMiZP5Jm8WI/Wq/Vmvf+0FqzZTJn8gfXxDS5DmG4=</latexit>

{Gµ,mW ,mZ}

Determined from muon decay  
in Fermi theory (low energy)

<latexit sha1_base64="owBFqjh5rqEXJJUo2i2a1U1MHKg="></latexit>

|M|2 =
���
8p
2
Gµ

���
2
=

���
g2

m2
W

���
2
, Gµ = 1.16637⇥ 10�5 GeV�2

Additional inputs: 
<latexit sha1_base64="/MakezrTglN8ZENX0wtlOc07QiE=">AAAB/3icbVC7TsNAEDzzDOEVoKQ5ESFRoMhGKFBG0KQMEnlIiWWdL5twyp1t7tZIkZWCr6CFig7R8ikU/Au2cQEJU41mdrWz40dSGLTtT2tpeWV1bb20Ud7c2t7Zreztd0wYaw5tHspQ93xmQIoA2ihQQi/SwJQvoetPrjO/+wDaiDC4xWkErmLjQIwEZ5hKrvKap1R5ySAyYuZVqnbNzkEXiVOQKinQ8ipfg2HIYwUBcsmM6Tt2hG7CNAouYVYexAYixidsDP2UBkyBcZM89Iwex4ZhSCPQVEiai/B7I2HKmKny00nF8M7Me5n4n9ePcXTpJiKIYoSAZ4dQSMgPGa5F2gbQodCAyLLkQEVAOdMMEbSgjPNUjNN6ymkfzvz3i6RzVnPqtfrNebVxVTRTIofkiJwQh1yQBmmSFmkTTu7JE3kmL9aj9Wq9We8/o0tWsXNA/sD6+AYffpZY</latexit>mH ,m 

<latexit sha1_base64="jcHsnZCPcgryiRLeq2MG7WO3lzo=">AAACGXicbVC7TsNAEDyHd3gFKGlORJGoIhuhQIOEoKEEiUCkOIrWlw2ccraPuzUCWf4CPoGvoIWKDtFSUfAvOCYFJEw1mtm92ZtAK2nJdT+d0tT0zOzc/EJ5cWl5ZbWytn5h48QIbIpYxaYVgEUlI2ySJIUtbRDCQOFlMDge+pe3aKyMo3O619gJ4SqSfSmAcqlbqeGBb28Mpbu+lj7hHRVvpoFKMEt9UPoasqxbqbp1twCfJN6IVNkIp93Kl9+LRRJiREKBtW3P1dRJwZAUCrOyn1jUIAZwhe2cRhCi7aRFdMZriQWKuUbDpeKFiL83UgitvQ+DfDIEurbj3lD8z2sn1N/vpDLSCWEkhkEkFRZBVhiZ94S8Jw0SwfBy5DLiAgwQoZEchMjFJC+unPfhjf9+klzs1L1GvXG2Wz08GjUzzzbZFttmHttjh+yEnbImE+yBPbFn9uI8Oq/Om/P+M1pyRjsb7A+cj2+MGKIQ</latexit>

e =
p
4⇡↵

<latexit sha1_base64="U0jcOi5N0niVI0lcC5bE+yuIK3Y=">AAACGXicbVC7TsNAEDyHVwgvAyXNiSgSVWQjFGgiRdBQBok8pCRE58vGnHJ+6G4NRFa+gE/gK2ihokO0VBT8C3ZwERKmGs3sanfGCaXQaFlfRm5peWV1Lb9e2Njc2t4xd/eaOogUhwYPZKDaDtMghQ8NFCihHSpgniOh5YwuUr91B0qLwL/GcQg9j7m+GArOMJH6Zgmqru7HXYQHjO8nk6p70w2V8IDyGbVvFq2yNQVdJHZGiiRDvW9+dwcBjzzwkUumdce2QuzFTKHgEiaFbqQhZHzEXOgk1Gce6F48jTOhpUgzDGgIigpJpyLMbsTM03rsOcmkx/BWz3up+J/XiXB41ouFH0YIPk8PoZAwPaS5EklPQAdCASJLPwcqfMqZYoigBGWcJ2KUFFdI+rDn0y+S5nHZrpQrVyfF2nnWTJ4ckENyRGxySmrkktRJg3DySJ7JC3k1now34934+B3NGdnOPvkD4/MHYiuh9Q==</latexit>

e = gsw = g0cw

<latexit sha1_base64="5LCcN/LYQ/2xZlNnKCVhkMURLzE=">AAAB/XicbVC7TsNAEDyHVwivACXNiQiJKtgRCpQRNJRBIg8pcazzZRNOubOtuzVSFEV8BS1UdIiWb6HgX7CNC0iYajSzq50dP5LCoG1/WoWV1bX1jeJmaWt7Z3evvH/QNmGsObR4KEPd9ZkBKQJooUAJ3UgDU76Ejj+5Tv3OA2gjwuAOpxG4io0DMRKcYSL1lIeD2pnyOoOaV67YVTsDXSZOTiokR9Mrf/WHIY8VBMglM6bn2BG6M6ZRcAnzUj82EDE+YWPoJTRgCow7yyLP6UlsGIY0Ak2FpJkIvzdmTBkzVX4yqRjem0UvFf/zejGOLt2ZCKIYIeDpIRQSskOGa5F0AXQoNCCyNDlQEVDONEMELSjjPBHjpJxS0oez+P0yadeqTr1avz2vNK7yZorkiByTU+KQC9IgN6RJWoSTkDyRZ/JiPVqv1pv1/jNasPKdQ/IH1sc3F1mVKg==</latexit>

m2
t/m

2
W

<latexit sha1_base64="owBFqjh5rqEXJJUo2i2a1U1MHKg="></latexit>

|M|2 =
���
8p
2
Gµ

���
2
=

���
g2

m2
W

���
2
, Gµ = 1.16637⇥ 10�5 GeV�2

<latexit sha1_base64="WUM7F65Yj4GiV9yGMiCFiOogEMk=">AAACDXicbVDLSgNBEJz1GeMr6km8DAZBQcKuSPQY9OIxgnlgNiy9Y6uDM7vLTK8QluAn+BVe9eRNvPoNHvwXd2MOvurQFFXddHeFiZKWXPfdmZicmp6ZLc2V5xcWl5YrK6ttG6dGYEvEKjbdECwqGWGLJCnsJgZBhwo74c1x4Xdu0VgZR2c0SLCv4SqSl1IA5VJQWfczH1RyDds6ON/Z5TroFOXcHwaVqltzR+B/iTcmVTZGM6h8+BexSDVGJBRY2/PchPoZGJJC4bDspxYTEDdwhb2cRqDR9rPRC0O+lVqgmCdouFR8JOL3iQy0tQMd5p0a6Nr+9grxP6+X0uVhP5NRkhJGolhEUuFokRVG5tkgv5AGiaC4HLmMuAADRGgkByFyMc3DKud5eL+//0vaezWvXquf7lcbR+NkSmyDbbJt5rED1mAnrMlaTLA79sAe2ZNz7zw7L87rV+uEM55ZYz/gvH0CSJGanw==</latexit>

{↵(mZ),mW ,mZ}
<latexit sha1_base64="Ee7nVyiFtW3vDDFrHUSVXa0/d0s=">AAACH3icbVDLTgJBEJzFF+Jr1aOXicQEY0J2jUGPRC8eMZFHAoTMDg1MmH1kplclm/0IP8Gv8Konb8YrB//F3ZUDgnWqVHWnussJpNBoWVMjt7K6tr6R3yxsbe/s7pn7Bw3th4pDnfvSVy2HaZDCgzoKlNAKFDDXkdB0xjep33wApYXv3eMkgK7Lhp4YCM4wkXrmme5FHYQnjB7jmHZGOmAcIqtsU+7GtMTn3NOeWbTKVga6TOwZKZIZaj3zu9P3eeiCh1wyrdu2FWA3YgoFlxAXOqGGJG/MhtBOqMdc0N0oeyqmJ6Fm6NMAFBWSZiLMb0TM1XriOsmky3CkF71U/M9rhzi46kbCC0IEj6dBKCRkQZorkbQFtC8UILL0cqDCo5wphghKUMZ5IoZJfYWkD3vx+2XSOC/blXLl7qJYvZ41kydH5JiUiE0uSZXckhqpE06eySt5I+/Gi/FhfBpfv6M5Y7ZzSP7AmP4AdVCjZQ==</latexit>

sw (cw)

<latexit sha1_base64="4X1YrJhMvIlTE+hIrV/14qSAYa0="></latexit>

�↵(Q2)light =
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X

f

Nf
CQ

2
f log

Q2

m2
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=
↵

3⇡

X
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2
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+�↵(m2
Z)light



• NB: adopting a different scheme w.r.t.          means that also the CT for electric charge 
renormalisation changes 

In             -scheme:  

In       -scheme:

EW input schemes (iii)
<latexit sha1_base64="uBBqCJCcZ18ieLq5VN7vyp3NVdA=">AAAB/HicbVA9TwJBEN3DL8Qv1NJmIzHBhtwZg5ZEG0tM5CMCIXPLABv29i67cyaE4K+w1crO2PpfLPwvHieFgq96eW8m8+b5kZKWXPfTyaysrq1vZDdzW9s7u3v5/YO6DWMjsCZCFZqmDxaV1FgjSQqbkUEIfIUNf3Q98xsPaKwM9R2NI+wEMNCyLwVQIt23QUVDKLqnvJsvuCU3BV8m3pwU2BzVbv6r3QtFHKAmocDaludG1JmAISkUTnPt2GIEYgQDbCVUQ4C2M0kTT/lJbIFCHqHhUvFUxN8bEwisHQd+MhkADe2iNxP/81ox9S87E6mjmFCL2SGSCtNDVhiZVIG8Jw0SwSw5cqm5AANEaCQHIRIxTrrJJX14i98vk/pZySuXyrfnhcrVvJksO2LHrMg8dsEq7IZVWY0JptkTe2YvzqPz6rw57z+jGWe+c8j+wPn4Bt4flHE=</latexit>

↵(0)

<latexit sha1_base64="WUM7F65Yj4GiV9yGMiCFiOogEMk=">AAACDXicbVDLSgNBEJz1GeMr6km8DAZBQcKuSPQY9OIxgnlgNiy9Y6uDM7vLTK8QluAn+BVe9eRNvPoNHvwXd2MOvurQFFXddHeFiZKWXPfdmZicmp6ZLc2V5xcWl5YrK6ttG6dGYEvEKjbdECwqGWGLJCnsJgZBhwo74c1x4Xdu0VgZR2c0SLCv4SqSl1IA5VJQWfczH1RyDds6ON/Z5TroFOXcHwaVqltzR+B/iTcmVTZGM6h8+BexSDVGJBRY2/PchPoZGJJC4bDspxYTEDdwhb2cRqDR9rPRC0O+lVqgmCdouFR8JOL3iQy0tQMd5p0a6Nr+9grxP6+X0uVhP5NRkhJGolhEUuFokRVG5tkgv5AGiaC4HLmMuAADRGgkByFyMc3DKud5eL+//0vaezWvXquf7lcbR+NkSmyDbbJt5rED1mAnrMlaTLA79sAe2ZNz7zw7L87rV+uEM55ZYz/gvH0CSJGanw==</latexit>

{↵(mZ),mW ,mZ}

<latexit sha1_base64="XL6qTsbjexgoTI+Ji/Y0fw48YuA=">AAACB3icbVC7TsNAEDyHVwgvQ0qaExESBYpshAJlBAWUQSIPEUfW+bIJp9zZ1t0aKbLyAXwFLVR0iJbPoOBfsEMKSJhiNZrZ1e5OEEth0HE+rcLS8srqWnG9tLG5tb1j7+61TJRoDk0eyUh3AmZAihCaKFBCJ9bAVCChHYwuc7/9ANqIKLzFcQw9xYahGAjOMJN8u+ylV76nkmOq/HZe7ryJb1ecqjMFXSTujFTIDA3f/vL6EU8UhMglM6brOjH2UqZRcAmTkpcYiBkfsSF0MxoyBaaXTo+f0MPEMIxoDJoKSaci/J5ImTJmrIKsUzG8N/NeLv7ndRMcnPdSEcYJQsjzRSgkTBcZrkWWCtC+0IDI8suBipByphkiaEEZ55mYZDGVsjzc+e8XSeuk6taqtZvTSv1ilkyR7JMDckRcckbq5Jo0SJNwMiZP5Jm8WI/Wq/Vmvf+0FqzZTJn8gfXxDS5DmG4=</latexit>

{Gµ,mW ,mZ}
<latexit sha1_base64="WknYnFHLKVZD3YCtOx4Ju56o84w="></latexit>

�Ze

���
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<latexit sha1_base64="VRdOSeG70fws5NwVYezdjz/A728="></latexit>
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Radiative corrections to muon decay



• Other schemes can be employed as, e.g., the       -scheme                          

• Mixed schemes are possible as well if we are consistent,                                                                       
i.e. all factors  are global factors to gauge invariant                                                                          
pieces of amplitude, e.g. 

• Differences between these schemes amount                                                                                                 
to 2-6%  scheme uncertainties  

• Scheme dependence reduced when                                                                                                   
including higher-order corrections

α

→

EW input schemes (iv)
<latexit sha1_base64="lH6eOw2EqNkN3OtRFphXCT4+gQk=">AAACI3icbVC7TsNAEDzzJrwClDQnIiQKFGyEgBJBASVIBBBxZK0vC5y4s527PR6y/Bl8Al9BCxUdoqHgX3BCCl5TjWZ2tTsTZ0pa8v13b2BwaHhkdGy8MjE5NT1TnZ07tqkzAhsiVak5jcGikgk2SJLC08wg6FjhSXy12/VPrtFYmSZHdJdhS8NFIs+lACqlqLpqozwkvKX8pijCTsdBm4f5XhRqt8J1dLbywy94VK35db8H/pcEfVJjfRxE1Y+wnQqnMSGhwNpm4GfUysGQFAqLSugsZiCu4AKbJU1Ao23lvWAFX3IWKOUZGi4V74n4fSMHbe2djstJDXRpf3td8T+v6eh8q5XLJHOEiegeIqmwd8gKI8vGkLelQSLofo5cJlyAASI0koMQpejKCitlH8Hv9H/J8Vo92KhvHK7Xtnf6zYyxBbbIllnANtk222cHrMEEu2eP7Ik9ew/ei/fqvX2NDnj9nXn2A97HJ7Fapa8=</latexit>

sw {Gµ,mZ , sw}
<latexit sha1_base64="lH6eOw2EqNkN3OtRFphXCT4+gQk=">AAACI3icbVC7TsNAEDzzJrwClDQnIiQKFGyEgBJBASVIBBBxZK0vC5y4s527PR6y/Bl8Al9BCxUdoqHgX3BCCl5TjWZ2tTsTZ0pa8v13b2BwaHhkdGy8MjE5NT1TnZ07tqkzAhsiVak5jcGikgk2SJLC08wg6FjhSXy12/VPrtFYmSZHdJdhS8NFIs+lACqlqLpqozwkvKX8pijCTsdBm4f5XhRqt8J1dLbywy94VK35db8H/pcEfVJjfRxE1Y+wnQqnMSGhwNpm4GfUysGQFAqLSugsZiCu4AKbJU1Ao23lvWAFX3IWKOUZGi4V74n4fSMHbe2djstJDXRpf3td8T+v6eh8q5XLJHOEiegeIqmwd8gKI8vGkLelQSLofo5cJlyAASI0koMQpejKCitlH8Hv9H/J8Vo92KhvHK7Xtnf6zYyxBbbIllnANtk222cHrMEEu2eP7Ik9ew/ei/fqvX2NDnj9nXn2A97HJ7Fapa8=</latexit>

sw {Gµ,mZ , sw}

<latexit sha1_base64="c3UXqwFbLSQBatm3eYR4XGPc/NY="></latexit>

<latexit sha1_base64="r1G2fbqu8lM9Z279YjMMrbs8ERg="></latexit>

↵(0) ↵
���
Gµ

<latexit sha1_base64="r1G2fbqu8lM9Z279YjMMrbs8ERg="></latexit>

↵(0) ↵
���
Gµ

[Dittmaier et al., 0911.2329; 2009]

https://arxiv.org/pdf/0911.2329


Unstable particles & complex-mass scheme



Unstable particles (i)
• EW gauge bosons are not stable particles  decays need to be taken into account for reliable 

theoretical predictions 

• Not a trivial task and it requires an appropriate treatment 

• Processes involving a massive s-channel propagator  

    diverge for                      

• Experimentally we observe a peak at the resonance value                      with a Breit-Wigner (BW) shape

⇒

<latexit sha1_base64="LBvvQdSz066YhBZiIr6FXgR+iy4="></latexit>

⇠ 1

p2 �M2
<latexit sha1_base64="VYfKbVzINCho8abBxPpEgTcyrzE="></latexit>

p2 ! M2

<latexit sha1_base64="VYfKbVzINCho8abBxPpEgTcyrzE="></latexit>

p2 ! M2

<latexit sha1_base64="s0TnPJt71mRInpFFjO05WQN4X2c=">AAAB83icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgTKChgYpkchDSqzofNmEU85n624PKbLyBbRQ0SFaPoiCf8E2LiBhqtHMrnZ2glgKg6776aysrq1vbJa2yts7u3v7lYPDjoms5tDmkYx0L2AGpFDQRoESerEGFgYSusH0JvO7j6CNiNQ9zmLwQzZRYiw4w1Rq3Q0rVbfm5qDLxCtIlRRoDitfg1HEbQgKuWTG9D03Rj9hGgWXMC8PrIGY8SmbQD+lioVg/CQPOqen1jCMaAyaCklzEX5vJCw0ZhYG6WTI8MEsepn4n9e3OL7yE6Fii6B4dgiFhPyQ4VqkDQAdCQ2ILEsOVCjKmWaIoAVlnKeiTSspp314i98vk855zavX6q2LauO6aKZEjskJOSMeuSQNckuapE04AfJEnsmLY51X5815/xldcYqdI/IHzsc3RxaRYQ==</latexit>

M

<latexit sha1_base64="yod1WMHH8oUQ1835QmcBS84Mirw=">AAACJ3icbVC5TsNAEF1zhnAFKGlWREhUkQ0oUEZQQBkkckixFY03Q1ixPrI7RkSWP4RP4CtooaJDUFDwJzghSFyvevPejGbm+bGShmz71Zqanpmdmy8sFBeXlldWS2vrTRMlWmBDRCrSbR8MKhligyQpbMcaIfAVtvyr45HfukZtZBSe0zBGL4B+KC+kAMqlbmnPNQNNqclcwhtKOyfY9DLuDhLocdfIfgBfxacf+17WLZXtij0G/0ucCSmzCerd0pvbi0QSYEhCgTEdx47JS0GTFAqzopsYjEFcQR87OQ0hQOOl4+cyvp0YoIjHqLlUfCzi94kUAmOGgZ93BkCX5rc3Ev/zOgldHHqpDOOEMBSjRSQVjhcZoWWeGvKe1EgEo8uRy5AL0ECEWnIQIheTPMZinofz+/u/pLlbcaqV6tl+uXY0SabANtkW22EOO2A1dsrqrMEEu2X37IE9WnfWk/VsvXy2TlmTmQ32A9b7B7owpzs=</latexit> p
s[
G
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<latexit sha1_base64="yod1WMHH8oUQ1835QmcBS84Mirw=">AAACJ3icbVC5TsNAEF1zhnAFKGlWREhUkQ0oUEZQQBkkckixFY03Q1ixPrI7RkSWP4RP4CtooaJDUFDwJzghSFyvevPejGbm+bGShmz71Zqanpmdmy8sFBeXlldWS2vrTRMlWmBDRCrSbR8MKhligyQpbMcaIfAVtvyr45HfukZtZBSe0zBGL4B+KC+kAMqlbmnPNQNNqclcwhtKOyfY9DLuDhLocdfIfgBfxacf+17WLZXtij0G/0ucCSmzCerd0pvbi0QSYEhCgTEdx47JS0GTFAqzopsYjEFcQR87OQ0hQOOl4+cyvp0YoIjHqLlUfCzi94kUAmOGgZ93BkCX5rc3Ev/zOgldHHqpDOOEMBSjRSQVjhcZoWWeGvKe1EgEo8uRy5AL0ECEWnIQIheTPMZinofz+/u/pLlbcaqV6tl+uXY0SabANtkW22EOO2A1dsrqrMEEu2X37IE9WnfWk/VsvXy2TlmTmQ32A9b7B7owpzs=</latexit> p
s[
G
eV

]
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b
]

<latexit sha1_base64="YKYBh4w7tReNvmGYb49HqyExF4A=">AAACDnicbVC7TsNAEDyHVwivAB00JyIkqshGCCgRFFAGiQQk24rWl0045fzgbo1AViQ+ga+ghYoO0fILFPwLdkgBCVONZna1OxMkShqy7U+rNDU9MztXnq8sLC4tr1RX11omTrXApohVrK8CMKhkhE2SpPAq0QhhoPAy6J8U/uUtaiPj6ILuE/RD6EWyKwVQLrWrG5650ZSZAfduUuh4hHeUuafY8gftas2u20PwSeKMSI2N0GhXv7xOLNIQIxIKjHEdOyE/A01SKBxUvNRgAqIPPXRzGkGIxs+GGQZ8OzVAMU9Qc6n4UMTfGxmExtyHQT4ZAl2bca8Q//PclLqHfiajJCWMRHGIpMLhISO0zMtB3pEaiaD4HLmMuAANRKglByFyMc3bquR9OOPpJ0lrt+7s1/fP92pHx6NmymyTbbEd5rADdsTOWIM1mWAP7Ik9sxfr0Xq13qz3n9GSNdpZZ39gfXwD3JCcyg==</latexit>p
s [GeV]

<latexit sha1_base64="YKYBh4w7tReNvmGYb49HqyExF4A=">AAACDnicbVC7TsNAEDyHVwivAB00JyIkqshGCCgRFFAGiQQk24rWl0045fzgbo1AViQ+ga+ghYoO0fILFPwLdkgBCVONZna1OxMkShqy7U+rNDU9MztXnq8sLC4tr1RX11omTrXApohVrK8CMKhkhE2SpPAq0QhhoPAy6J8U/uUtaiPj6ILuE/RD6EWyKwVQLrWrG5650ZSZAfduUuh4hHeUuafY8gftas2u20PwSeKMSI2N0GhXv7xOLNIQIxIKjHEdOyE/A01SKBxUvNRgAqIPPXRzGkGIxs+GGQZ8OzVAMU9Qc6n4UMTfGxmExtyHQT4ZAl2bca8Q//PclLqHfiajJCWMRHGIpMLhISO0zMtB3pEaiaD4HLmMuAANRKglByFyMc3bquR9OOPpJ0lrt+7s1/fP92pHx6NmymyTbbEd5rADdsTOWIM1mWAP7Ik9sxfr0Xq13qz3n9GSNdpZZ39gfXwD3JCcyg==</latexit>p
s [GeV]



Unstable particles (ii)

• First attempt: Dyson summation  all-order summation of 1-PI self energies 

• Steps (e.g. for gauge boson propagator):  

1. Consider the LO (bare) two-point function  

2. The physical two-point function is not           but rather 

3.                     defines the physical mass as

→

<latexit sha1_base64="mEk5CR2Dp8MQyRPLoNxtSliZgXw="></latexit>

G0(p) = p2 �M2

<latexit sha1_base64="HXROVfsn3Xjej8olU2Xlk111aJw="></latexit>

Re[⌃(p2)]

<latexit sha1_base64="Qx9TtqU6B1HhjGK0Vz7Psl13M+U="></latexit>

G0(p) = p2 �M2
0

<latexit sha1_base64="yc/saSvCnH329yefpVXh2EXY4h4="></latexit>

M2 = M2
0 � Re[⌃(p2)]

<latexit sha1_base64="0YJZlqfVvold6U0y9A0mbDVcedg="></latexit>

G�1(p) = G�1
0 (p) +G�1

0 (p)⌃(p2)G�1
0 (p) +G�1

0 (p)⌃(p2)G�1
0 (p)⌃(p2)G�1

0 (p) + ..
<latexit sha1_base64="0YJZlqfVvold6U0y9A0mbDVcedg="></latexit>

G�1(p) = G�1
0 (p) +G�1

0 (p)⌃(p2)G�1
0 (p) +G�1

0 (p)⌃(p2)G�1
0 (p)⌃(p2)G�1

0 (p) + ..
<latexit sha1_base64="0YJZlqfVvold6U0y9A0mbDVcedg="></latexit>

G�1(p) = G�1
0 (p) +G�1

0 (p)⌃(p2)G�1
0 (p) +G�1

0 (p)⌃(p2)G�1
0 (p)⌃(p2)G�1

0 (p) + ..
<latexit sha1_base64="0YJZlqfVvold6U0y9A0mbDVcedg="></latexit>

G�1(p) = G�1
0 (p) +G�1

0 (p)⌃(p2)G�1
0 (p) +G�1

0 (p)⌃(p2)G�1
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0 (p) + .. <latexit sha1_base64="Jh/DUj7+mrFito2wO1HgLaDRJbU="></latexit>...

<latexit sha1_base64="dqiMkBA1XpUK+G5ZbDXAHwqzdq4="></latexit>
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G0(p)� ⌃(p2)
<latexit sha1_base64="OYjUhkANjKYppoi+Ov+kqT4Jrg4=">AAAB83icbVDLSsNAFJ34rPVVdelmsAiCUBKR6rLoxmUL9gFtKJPpbR06mYSZO0IJ/QK3unInbv0gF/6LScxCW8/qcM693HNPEEth0HU/nZXVtfWNzdJWeXtnd2+/cnDYMZHVHNo8kpHuBcyAFAraKFBCL9bAwkBCN5jeZn73EbQRkbrHWQx+yCZKjAVnmEqt82Gl6tbcHHSZeAWpkgLNYeVrMIq4DUEhl8yYvufG6CdMo+AS5uWBNRAzPmUT6KdUsRCMn+RB5/TUGoYRjUFTIWkuwu+NhIXGzMIgnQwZPphFLxP/8/oWx9d+IlRsERTPDqGQkB8yXIu0AaAjoQGRZcmBCkU50wwRtKCM81S0aSXltA9v8ftl0rmoefVavXVZbdwUzZTIMTkhZ8QjV6RB7kiTtAknQJ7IM3lxrPPqvDnvP6MrTrFzRP7A+fgGEhiRPw==</latexit>

+



Unstable particles (iii)
• Steps (e.g. for gauge boson propagator): 

1. The imaginary part                     regulates the propagator for  

2. No need to compute any loop! By means of the Optical theorem one gets                                          
and the propagator is 

<latexit sha1_base64="/TnDzU/R9RFiJjZsZA0jz/CClWk="></latexit>

Im[⌃(p2)]
<latexit sha1_base64="VYfKbVzINCho8abBxPpEgTcyrzE="></latexit>

p2 ! M2

<latexit sha1_base64="lyfmN4N8yYdGNhc/kJkjONMSl3Y=">AAACFHicbVA9SwNBEN2LXzF+nVraLAZBEMNdELUULbQRFIwRckmYWydxye7dsTsnhCOtP8FfYauVndjaW/hfvMQUfr3q8d4MM++FiZKWPO/dKUxMTk3PFGdLc/MLi0vu8sqljVMjsCZiFZurECwqGWGNJCm8SgyCDhXWw97R0K/forEyji6on2BTQzeSHSmAcqnt8sBKzYOOAZH5gyxpVbdPW9UtGRyD1sBPB2237FW8Efhf4o9JmY1x1nY/gutYpBojEgqsbfheQs0MDEmhcFAKUosJiB50sZHTCDTaZjZKMuAbqQWKeYKGS8VHIn7fyEBb29dhPqmBbuxvbyj+5zVS6uw3MxklKWEkhodIKhwdssLIvCLk19IgEQw/Ry4jLsAAERrJQYhcTPPOSnkf/u/0f8llteLvVnbPd8oHh+NmimyNrbNN5rM9dsBO2BmrMcHu2AN7ZE/OvfPsvDivX6MFZ7yzyn7AefsE3WWdow==</latexit>

⇠ 1

p2 �M2 + i�M

Full width at half maximum

<latexit sha1_base64="lnuYrrfvWYTdt3NV/0+aOORvRLQ=">AAAB+HicbVA9TwJBEN3DL8Qv1NJmIzGxInfGoCXRQktM5COBC5lbBlzZvbvszpnghf9gq5WdsfXfWPhfPJBCwVe9vDeTefOCWElLrvvp5JaWV1bX8uuFjc2t7Z3i7l7DRokRWBeRikwrAItKhlgnSQpbsUHQgcJmMLyc+M0HNFZG4S2NYvQ1DELZlwIokxqdK9AausWSW3an4IvEm5ESm6HWLX51epFINIYkFFjb9tyY/BQMSaFwXOgkFmMQQxhgO6MhaLR+Ok075keJBYp4jIZLxaci/t5IQVs70kE2qYHu7Lw3Ef/z2gn1z/1UhnFCGIrJIZIKp4esMDKrAXlPGiSCSXLkMuQCDBChkRyEyMQk66WQ9eHNf79IGidlr1Ku3JyWqhezZvLsgB2yY+axM1Zl16zG6kywe/bEntmL8+i8Om/O+89ozpnt7LM/cD6+AQ2Rk4U=</latexit>

�

<latexit sha1_base64="s0TnPJt71mRInpFFjO05WQN4X2c=">AAAB83icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgTKChgYpkchDSqzofNmEU85n624PKbLyBbRQ0SFaPoiCf8E2LiBhqtHMrnZ2glgKg6776aysrq1vbJa2yts7u3v7lYPDjoms5tDmkYx0L2AGpFDQRoESerEGFgYSusH0JvO7j6CNiNQ9zmLwQzZRYiw4w1Rq3Q0rVbfm5qDLxCtIlRRoDitfg1HEbQgKuWTG9D03Rj9hGgWXMC8PrIGY8SmbQD+lioVg/CQPOqen1jCMaAyaCklzEX5vJCw0ZhYG6WTI8MEsepn4n9e3OL7yE6Fii6B4dgiFhPyQ4VqkDQAdCQ2ILEsOVCjKmWaIoAVlnKeiTSspp314i98vk855zavX6q2LauO6aKZEjskJOSMeuSQNckuapE04AfJEnsmLY51X5815/xldcYqdI/IHzsc3RxaRYQ==</latexit>

M

<latexit sha1_base64="yod1WMHH8oUQ1835QmcBS84Mirw=">AAACJ3icbVC5TsNAEF1zhnAFKGlWREhUkQ0oUEZQQBkkckixFY03Q1ixPrI7RkSWP4RP4CtooaJDUFDwJzghSFyvevPejGbm+bGShmz71Zqanpmdmy8sFBeXlldWS2vrTRMlWmBDRCrSbR8MKhligyQpbMcaIfAVtvyr45HfukZtZBSe0zBGL4B+KC+kAMqlbmnPNQNNqclcwhtKOyfY9DLuDhLocdfIfgBfxacf+17WLZXtij0G/0ucCSmzCerd0pvbi0QSYEhCgTEdx47JS0GTFAqzopsYjEFcQR87OQ0hQOOl4+cyvp0YoIjHqLlUfCzi94kUAmOGgZ93BkCX5rc3Ev/zOgldHHqpDOOEMBSjRSQVjhcZoWWeGvKe1EgEo8uRy5AL0ECEWnIQIheTPMZinofz+/u/pLlbcaqV6tl+uXY0SabANtkW22EOO2A1dsrqrMEEu2X37IE9WnfWk/VsvXy2TlmTmQ32A9b7B7owpzs=</latexit> p
s[
G
eV

]
�

[p
b
]

<latexit sha1_base64="yod1WMHH8oUQ1835QmcBS84Mirw=">AAACJ3icbVC5TsNAEF1zhnAFKGlWREhUkQ0oUEZQQBkkckixFY03Q1ixPrI7RkSWP4RP4CtooaJDUFDwJzghSFyvevPejGbm+bGShmz71Zqanpmdmy8sFBeXlldWS2vrTRMlWmBDRCrSbR8MKhligyQpbMcaIfAVtvyr45HfukZtZBSe0zBGL4B+KC+kAMqlbmnPNQNNqclcwhtKOyfY9DLuDhLocdfIfgBfxacf+17WLZXtij0G/0ucCSmzCerd0pvbi0QSYEhCgTEdx47JS0GTFAqzopsYjEFcQR87OQ0hQOOl4+cyvp0YoIjHqLlUfCzi94kUAmOGgZ93BkCX5rc3Ev/zOgldHHqpDOOEMBSjRSQVjhcZoWWeGvKe1EgEo8uRy5AL0ECEWnIQIheTPMZinofz+/u/pLlbcaqV6tl+uXY0SabANtkW22EOO2A1dsrqrMEEu2X37IE9WnfWk/VsvXy2TlmTmQ32A9b7B7owpzs=</latexit> p
s[
G
eV

]
�

[p
b
]

<latexit sha1_base64="YKYBh4w7tReNvmGYb49HqyExF4A=">AAACDnicbVC7TsNAEDyHVwivAB00JyIkqshGCCgRFFAGiQQk24rWl0045fzgbo1AViQ+ga+ghYoO0fILFPwLdkgBCVONZna1OxMkShqy7U+rNDU9MztXnq8sLC4tr1RX11omTrXApohVrK8CMKhkhE2SpPAq0QhhoPAy6J8U/uUtaiPj6ILuE/RD6EWyKwVQLrWrG5650ZSZAfduUuh4hHeUuafY8gftas2u20PwSeKMSI2N0GhXv7xOLNIQIxIKjHEdOyE/A01SKBxUvNRgAqIPPXRzGkGIxs+GGQZ8OzVAMU9Qc6n4UMTfGxmExtyHQT4ZAl2bca8Q//PclLqHfiajJCWMRHGIpMLhISO0zMtB3pEaiaD4HLmMuAANRKglByFyMc3bquR9OOPpJ0lrt+7s1/fP92pHx6NmymyTbbEd5rADdsTOWIM1mWAP7Ik9sxfr0Xq13qz3n9GSNdpZZ39gfXwD3JCcyg==</latexit>p
s [GeV]

<latexit sha1_base64="YKYBh4w7tReNvmGYb49HqyExF4A=">AAACDnicbVC7TsNAEDyHVwivAB00JyIkqshGCCgRFFAGiQQk24rWl0045fzgbo1AViQ+ga+ghYoO0fILFPwLdkgBCVONZna1OxMkShqy7U+rNDU9MztXnq8sLC4tr1RX11omTrXApohVrK8CMKhkhE2SpPAq0QhhoPAy6J8U/uUtaiPj6ILuE/RD6EWyKwVQLrWrG5650ZSZAfduUuh4hHeUuafY8gftas2u20PwSeKMSI2N0GhXv7xOLNIQIxIKjHEdOyE/A01SKBxUvNRgAqIPPXRzGkGIxs+GGQZ8OzVAMU9Qc6n4UMTfGxmExtyHQT4ZAl2bca8Q//PclLqHfiajJCWMRHGIpMLhISO0zMtB3pEaiaD4HLmMuAANRKglByFyMc3bquR9OOPpJ0lrt+7s1/fP92pHx6NmymyTbbEd5rADdsTOWIM1mWAP7Ik9sxfr0Xq13qz3n9GSNdpZZ39gfXwD3JCcyg==</latexit>p
s [GeV]

4.

5.
<latexit sha1_base64="Jx+dvnnM8vf6nBpMB1/Gk53ZJao="></latexit>

Im[⌃(p2)] = i�M
<latexit sha1_base64="Jx+dvnnM8vf6nBpMB1/Gk53ZJao="></latexit>

Im[⌃(p2)] = i�M



Unstable particles (iii)
• Steps (e.g. for gauge boson propagator): 

1. The imaginary part                     regulates the propagator for  

2. No need to compute any loop! By means of the Optical theorem one gets                                          
and the propagator is  

• Way to infer a new particle
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The complex-mass scheme (i)
• However: Dyson summation mixes different orders in PT and spoils gauge invariance if applied 

carelessly 

• Proposal: complex-mass scheme (CMS) [Denner et al. 9904472; 1999] 

• In the CMS all masses of unstable particles are consistently taken as complex quantities and 
defined as the location of the poles in  the complex plane: 

• Parameters defined through masses are redefined as well, e.g. the weak mixing angle and 
Fermi constant
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The complex-mass scheme (ii)
• Consequences: 

1. Gauge invariance automatically preserved if complex masses are introduced everywhere 

in the Lagrangian 

2. Masses modified just by analytic continuation  Ward/Taylor-Slavnov ids. are still valid 

3. Spurious terms induced in CMS (as in weak mixing angle) are always                                 

beyond the calculation at hand 

4. Scheme generalized for NLO EW corrections (on-shell ren. + CMS Denner et al. 0605312) 

Real bare masses squared are split into complex renormalized masses and mass counterterms (and similarly 

for fields) 

Renormalisation condition fixed as usual but for complex masses:

⇒
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The complex-mass scheme (iii)
• Consequences: 

1. Gauge invariance automatically preserved if complex masses are introduced everywhere 

in the Lagrangian 

2. Masses modified just by analytic continuation  Ward/Taylor-Slavnov ids. are still valid 

3. Spurious terms induced in CMS (as in weak mixing angle) are always                                 

beyond the calculation at hand 

4. Scheme generalized for NLO EW corrections (on-shell ren. + CMS Denner et al. 0605312) 

5. Violation of unitarity in CMS? Cutkosky equations no longer valid and unitarity cannot be 

proved order by order. However:   

Unitarity-violating terms are always one order higher w.r.t. the order od the calculation 

Violation never enhanced due to exact preservation of Ward/Taylor-Slavnov identities 

Unstable particle not external states  only S-matrix connecting stable external states must be unitary 

⇒

→

<latexit sha1_base64="wPZG13siDQ32d4H18E/df+OA6t4=">AAACIXicbVC7TsNAEDzzDOFloKQ5ESFBQbARAsoICugIEglIcRStjwVOubOtuzUSsvIVfAJfQQsVHaJDiH/BDi54TTWa2dXOTpgoacnz3pyR0bHxicnKVHV6ZnZu3l1YbNs4NQJbIlaxOQ/BopIRtkiSwvPEIOhQ4VnYPyj8sxs0VsbRKd0m2NVwFclLKYByqeduBBroWoDKjgdrwSFoDZt6PbBS8x8OqOQa1ntuzat7Q/C/xC9JjZVo9tyP4CIWqcaIhAJrO76XUDcDQ1IoHFSD1GICog9X2MlpBBptNxu+NeCrqQWKeYKGS8WHIn7fyEBbe6vDfLKIan97hfif10npcq+byShJCSNRHCKpcHjICiPzvpBfSINEUCRHLiMuwAARGslBiFxM8wKreR/+7+//kvZW3d+p75xs1xr7ZTMVtsxW2Brz2S5rsCPWZC0m2B17YI/sybl3np0X5/VrdMQpd5bYDzjvnwZyo5s=</latexit>

O(�/m) ⇠ O(↵)

https://arxiv.org/abs/hep-ph/0605312


Not always so “weak” corrections



Not always so “weak” corrections (i)
• Higher order EW corrections are expected to be always much smaller than corresponding 

QCD ones. Naively:                  ,                     NLO EW  NNLO QCD⇒ ∼
<latexit sha1_base64="y9Ihf6jf8Y4uzCKHsjvqbcnH/FE=">AAACDXicbVC7TgMxEPSFVwivA0oai4BEFd2hCCgjaCiDRB5SLop8ziax4ntg7yGiU36Ahl+hoQAhWno6/gYnuQISRrI8mtldr8ePpdDoON9Wbml5ZXUtv17Y2Nza3rF39+o6ShSHGo9kpJo+0yBFCDUUKKEZK2CBL6HhD68mfuMelBZReIujGNoB64eiJzhDI3XsIw/hAadzUl8mME49JuMBG1NPiwDuqFNy3I5dNNcUdJG4GSmSDNWO/eV1I54EECKXTOuW68TYTplCwSWMC16iIWZ8yPrQMjRkAeh2Ot1iTI+N0qW9SJkTIp2qvztSFmg9CnxTGTAc6HlvIv7ntRLsXbRTEcYJQshnD/USSTGik2hoVyjgKEeGMK6E2ZXyAVOMowmwYEJw57+8SOqnJfesVL4pFyuXWRx5ckAOyQlxyTmpkGtSJTXCySN5Jq/kzXqyXqx362NWmrOynn3yB9bnD4lbm9A=</latexit>

↵ ' 0.01
<latexit sha1_base64="TrnZ8TH5kDoVyvOK7LJx55WaYg4=">AAACF3icbVBNS8NAEN34bf2KevSyWARPIRFR8SR68VjRVqEJZbOdtoubD3cnYgn5F178K148KOJVb/4btzEHrT4YeLw3szvzwlQKja77aU1MTk3PzM7N1xYWl5ZX7NW1lk4yxaHJE5moq5BpkCKGJgqUcJUqYFEo4TK8Phn5l7egtEjiCxymEESsH4ue4AyN1LEdH+EOy3dyBd0i95lMB6yTl3p+XhQF9bWI4Ia6jnfYseuu45agf4lXkTqp0OjYH3434VkEMXLJtG57bopBzhQKLqGo+ZmGlPFr1oe2oTGLQAd5uU9Bt4zSpb1EmYqRlurPiZxFWg+j0HRGDAd63BuJ/3ntDHsHQS7iNEOI+fdHvUxSTOgoJNoVCjjKoSGMK2F2pXzAFONooqyZELzxk/+S1o7j7Tm7Z7v1o+MqjjmyQTbJNvHIPjkip6RBmoSTe/JInsmL9WA9Wa/W23frhFXNrJNfsN6/AE1HoJQ=</latexit>

↵S ' 0.1 :



Not always so “weak” corrections (i)
• Higher order EW corrections are expected to be always much smaller than corresponding 

QCD ones. Naively:                  ,                     NLO EW  NNLO QCD 

• NLO EW not always at the (sub)-percent level: systematic enhancements are possible 

Photon emissions (e.g. collinear FSR)

⇒ ∼
<latexit sha1_base64="y9Ihf6jf8Y4uzCKHsjvqbcnH/FE=">AAACDXicbVC7TgMxEPSFVwivA0oai4BEFd2hCCgjaCiDRB5SLop8ziax4ntg7yGiU36Ahl+hoQAhWno6/gYnuQISRrI8mtldr8ePpdDoON9Wbml5ZXUtv17Y2Nza3rF39+o6ShSHGo9kpJo+0yBFCDUUKKEZK2CBL6HhD68mfuMelBZReIujGNoB64eiJzhDI3XsIw/hAadzUl8mME49JuMBG1NPiwDuqFNy3I5dNNcUdJG4GSmSDNWO/eV1I54EECKXTOuW68TYTplCwSWMC16iIWZ8yPrQMjRkAeh2Ot1iTI+N0qW9SJkTIp2qvztSFmg9CnxTGTAc6HlvIv7ntRLsXbRTEcYJQshnD/USSTGik2hoVyjgKEeGMK6E2ZXyAVOMowmwYEJw57+8SOqnJfesVL4pFyuXWRx5ckAOyQlxyTmpkGtSJTXCySN5Jq/kzXqyXqx362NWmrOynn3yB9bnD4lbm9A=</latexit>

↵ ' 0.01
<latexit sha1_base64="TrnZ8TH5kDoVyvOK7LJx55WaYg4=">AAACF3icbVBNS8NAEN34bf2KevSyWARPIRFR8SR68VjRVqEJZbOdtoubD3cnYgn5F178K148KOJVb/4btzEHrT4YeLw3szvzwlQKja77aU1MTk3PzM7N1xYWl5ZX7NW1lk4yxaHJE5moq5BpkCKGJgqUcJUqYFEo4TK8Phn5l7egtEjiCxymEESsH4ue4AyN1LEdH+EOy3dyBd0i95lMB6yTl3p+XhQF9bWI4Ia6jnfYseuu45agf4lXkTqp0OjYH3434VkEMXLJtG57bopBzhQKLqGo+ZmGlPFr1oe2oTGLQAd5uU9Bt4zSpb1EmYqRlurPiZxFWg+j0HRGDAd63BuJ/3ntDHsHQS7iNEOI+fdHvUxSTOgoJNoVCjjKoSGMK2F2pXzAFONooqyZELzxk/+S1o7j7Tm7Z7v1o+MqjjmyQTbJNvHIPjkip6RBmoSTe/JInsmL9WA9Wa/W23frhFXNrJNfsN6/AE1HoJQ=</latexit>

↵S ' 0.1 :

[Dittmaier et al., 0911.2329; 2009]

Large logs…

<latexit sha1_base64="vS/uxR5bKHq72zIwYhsMwBYApSQ="></latexit>
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KLN theorem assures mass-singular  
FSR effects cancel only if fully inclusive
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• At LL the effect is universal  factorisation→
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https://arxiv.org/pdf/0911.2329


Not always so “weak” corrections (ii)
• Higher order EW corrections are expected to be always much smaller than corresponding 

QCD ones. Naively:                  ,                     NLO EW  NNLO QCD 

• NLO EW not always at the (sub)-percent level: systematic enhancements are possible 

Photon emissions (e.g. ISR from radiative return)

⇒ ∼
<latexit sha1_base64="y9Ihf6jf8Y4uzCKHsjvqbcnH/FE=">AAACDXicbVC7TgMxEPSFVwivA0oai4BEFd2hCCgjaCiDRB5SLop8ziax4ntg7yGiU36Ahl+hoQAhWno6/gYnuQISRrI8mtldr8ePpdDoON9Wbml5ZXUtv17Y2Nza3rF39+o6ShSHGo9kpJo+0yBFCDUUKKEZK2CBL6HhD68mfuMelBZReIujGNoB64eiJzhDI3XsIw/hAadzUl8mME49JuMBG1NPiwDuqFNy3I5dNNcUdJG4GSmSDNWO/eV1I54EECKXTOuW68TYTplCwSWMC16iIWZ8yPrQMjRkAeh2Ot1iTI+N0qW9SJkTIp2qvztSFmg9CnxTGTAc6HlvIv7ntRLsXbRTEcYJQshnD/USSTGik2hoVyjgKEeGMK6E2ZXyAVOMowmwYEJw57+8SOqnJfesVL4pFyuXWRx5ckAOyQlxyTmpkGtSJTXCySN5Jq/kzXqyXqx362NWmrOynn3yB9bnD4lbm9A=</latexit>

↵ ' 0.01
<latexit sha1_base64="TrnZ8TH5kDoVyvOK7LJx55WaYg4=">AAACF3icbVBNS8NAEN34bf2KevSyWARPIRFR8SR68VjRVqEJZbOdtoubD3cnYgn5F178K148KOJVb/4btzEHrT4YeLw3szvzwlQKja77aU1MTk3PzM7N1xYWl5ZX7NW1lk4yxaHJE5moq5BpkCKGJgqUcJUqYFEo4TK8Phn5l7egtEjiCxymEESsH4ue4AyN1LEdH+EOy3dyBd0i95lMB6yTl3p+XhQF9bWI4Ia6jnfYseuu45agf4lXkTqp0OjYH3434VkEMXLJtG57bopBzhQKLqGo+ZmGlPFr1oe2oTGLQAd5uU9Bt4zSpb1EmYqRlurPiZxFWg+j0HRGDAd63BuJ/3ntDHsHQS7iNEOI+fdHvUxSTOgoJNoVCjjKoSGMK2F2pXzAFONooqyZELzxk/+S1o7j7Tm7Z7v1o+MqjjmyQTbJNvHIPjkip6RBmoSTe/JInsmL9WA9Wa/W23frhFXNrJNfsN6/AE1HoJQ=</latexit>

↵S ' 0.1 :

[Dittmaier et al., 0203120; 2002]

• Above the Z- boson resonance, ISR 
induces very large positive correction 
(can exceed 100% in relative size)

• Radiative return can be smeared by cuts 
on minimal value of final state (dashed 
grey), preventing “too hard” ISR.                  
On the left:  

• On the left: LO Xs for                           
and corresponding photonic + QCD 
corrections (solid red)                         

<latexit sha1_base64="BlQ4Q+s4mD7tBOCG4q4tfjvHoxE=">AAACC3icbVC7SgNBFJ2NrxhfqxYWNoNBEMSwKxItgzaWEcwDsjHcndzEIbMPZu4KIeQT/ApbrezE1o+w8F/cjSk08RTD4Zx7OXOPHytpyHE+rdzC4tLySn61sLa+sbllb+/UTZRogTURqUg3fTCoZIg1kqSwGWuEwFfY8AdXmd94QG1kFN7SMMZ2AP1Q9qQASqWOvecFyd0xz94TjyLuc88Hzf2OXXRKzgR8nrhTUmRTVDv2l9eNRBJgSEKBMS3Xiak9Ak1SKBwXvMRgDGIAfWylNIQATXs0OWDMDxMDaXiMmkvFJyL+3hhBYMww8NPJAOjezHqZ+J/XSqh30R7JME4IQ5EFkVQ4CTJCy7QZ5F2pkQiynyOXIReggQi15CBEKiZpVYW0D3f2+nlSPy255VL55qxYuZw2k2f77IAdMZedswq7ZlVWY4KN2RN7Zi/Wo/VqvVnvP6M5a7qzy/7A+vgGtr6ZxQ==</latexit>

µ+µ� ! bb̄

<latexit sha1_base64="1uA7XHdcze98qoGNJdK0Xh/nm6w=">AAACGnicbVC7TsNAEDzzJrwClDQnIhAURDZCQEERQQENEkgkIMVWtL5swinnR+7WiMjKH/AJfAUtVHSIloaCf8EJLnhNNZrZ1e6MHytpyLbfrZHRsfGJyanpwszs3PxCcXGpZqJEC6yKSEX6ygeDSoZYJUkKr2KNEPgKL/3O0cC/vEFtZBReUC9GL4B2KFtSAGVSo7jumq6m1PS3Tjd81wfN/c0Dx3a7CTS5S3hL6THW+o1iyS7bQ/C/xMlJieU4axQ/3GYkkgBDEgqMqTt2TF4KmqRQ2C+4icEYRAfaWM9oCAEaLx3m6fO1xABFPEbNpeJDEb9vpBAY0wv8bDIAuja/vYH4n1dPqLXvpTKME8JQDA6RVDg8ZISWWVHIm1IjEQw+Ry5DLkADEWrJQYhMTLLmClkfzu/0f0ltu+zslnfPd0qVw7yZKbbCVtkGc9geq7ATdsaqTLA79sAe2ZN1bz1bL9br1+iIle8ssx+w3j4B+tugZw==</latexit>p
s�M(bb̄) < 10 GeV

https://arxiv.org/pdf/hep-ph/0203120


Not always so “weak” corrections (iii)
• Higher order EW corrections are expected to be always much smaller than corresponding 

QCD ones. Naively:                  ,                     NLO EW  NNLO QCD 

• NLO EW not always at the (sub)-percent level: systematic enhancements are possible 

Radiative corrections enhanced by large mass ratios 

⇒ ∼
<latexit sha1_base64="y9Ihf6jf8Y4uzCKHsjvqbcnH/FE=">AAACDXicbVC7TgMxEPSFVwivA0oai4BEFd2hCCgjaCiDRB5SLop8ziax4ntg7yGiU36Ahl+hoQAhWno6/gYnuQISRrI8mtldr8ePpdDoON9Wbml5ZXUtv17Y2Nza3rF39+o6ShSHGo9kpJo+0yBFCDUUKKEZK2CBL6HhD68mfuMelBZReIujGNoB64eiJzhDI3XsIw/hAadzUl8mME49JuMBG1NPiwDuqFNy3I5dNNcUdJG4GSmSDNWO/eV1I54EECKXTOuW68TYTplCwSWMC16iIWZ8yPrQMjRkAeh2Ot1iTI+N0qW9SJkTIp2qvztSFmg9CnxTGTAc6HlvIv7ntRLsXbRTEcYJQshnD/USSTGik2hoVyjgKEeGMK6E2ZXyAVOMowmwYEJw57+8SOqnJfesVL4pFyuXWRx5ckAOyQlxyTmpkGtSJTXCySN5Jq/kzXqyXqx362NWmrOynn3yB9bnD4lbm9A=</latexit>

↵ ' 0.01
<latexit sha1_base64="TrnZ8TH5kDoVyvOK7LJx55WaYg4=">AAACF3icbVBNS8NAEN34bf2KevSyWARPIRFR8SR68VjRVqEJZbOdtoubD3cnYgn5F178K148KOJVb/4btzEHrT4YeLw3szvzwlQKja77aU1MTk3PzM7N1xYWl5ZX7NW1lk4yxaHJE5moq5BpkCKGJgqUcJUqYFEo4TK8Phn5l7egtEjiCxymEESsH4ue4AyN1LEdH+EOy3dyBd0i95lMB6yTl3p+XhQF9bWI4Ia6jnfYseuu45agf4lXkTqp0OjYH3434VkEMXLJtG57bopBzhQKLqGo+ZmGlPFr1oe2oTGLQAd5uU9Bt4zSpb1EmYqRlurPiZxFWg+j0HRGDAd63BuJ/3ntDHsHQS7iNEOI+fdHvUxSTOgoJNoVCjjKoSGMK2F2pXzAFONooqyZELzxk/+S1o7j7Tm7Z7v1o+MqjjmyQTbJNvHIPjkip6RBmoSTe/JInsmL9WA9Wa/W23frhFXNrJNfsN6/AE1HoJQ=</latexit>

↵S ' 0.1 :

Running of electromagnetic coupling

Corrections to  parameterρ
<latexit sha1_base64="q90mvKKBXosA9Hq3sjv2BqnYlpM=">AAACHHicbVC7TsNAEDzzJrwClDQnIiSqyI5QoImEoKEEiRBEHKz1ZRNO3NnW3ZqHLP8Cn8BX0EJFh2iRKPgXnJCC11SjmV3tzoSJkpZc990ZG5+YnJqemS3NzS8sLpWXV05snBqBTRGr2JyGYFHJCJskSeFpYhB0qLAVXu4P/NYVGivj6JhuE+xo6EeyJwVQIQXlTd9cxA2/Z0BkOmid1/JMnNeCzCe8oew6z3VwVogNLyhX3Ko7BP9LvBGpsBEOg/KH341FqjEiocDatucm1MnAkBQK85KfWkxAXEIf2wWNQKPtZMNEOd9ILVDMEzRcKj4U8ftGBtraWx0Wkxrowv72BuJ/Xjul3k4nk1GSEkZicIikwuEhK4wsqkLelQaJYPA5chlxAQaI0EgOQhRiWnRXKvrwfqf/S05qVa9erR9tVXb3Rs3MsDW2zjaZx7bZLjtgh6zJBLtjD+yRPTn3zrPz4rx+jY45o51V9gPO2ydFOKJG</latexit>
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Beyond LO:
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<latexit sha1_base64="SSrqxxRO9FYCj4h6I6tL2e6pNy0="></latexit>
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Renormalisation at zero momentum transfer: 
In fermions-loop the relevant scale is set by 

Light fermions
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<latexit sha1_base64="mivUczo/I8zj9KN02x4i22Rz4Xw=">AAAB9XicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgTKChjII8pASKzpfNuGUu7N1twZFVj6BFio6RMv3UPAv2MYFJEw1mtnVzk4QSWHRdT+dpeWV1bX10kZ5c2t7Z7eyt9+2YWw4tHgoQ9MNmAUpNLRQoIRuZICpQEInmFxlfucBjBWhvsNpBL5iYy1GgjNMpVs1GA0qVbfm5qCLxCtIlRRoDipf/WHIYwUauWTW9jw3Qj9hBgWXMCv3YwsR4xM2hl5KNVNg/SSPOqPHsWUY0ggMFZLmIvzeSJiydqqCdFIxvLfzXib+5/ViHF34idBRjKB5dgiFhPyQ5UakHQAdCgOILEsOVGjKmWGIYARlnKdinJZSTvvw5r9fJO3Tmlev1W/Oqo3LopkSOSRH5IR45Jw0yDVpkhbhZEyeyDN5cR6dV+fNef8ZXXKKnQPyB87HN/cpklo=</latexit>mf

<latexit sha1_base64="Qa4LqCVl+JDMTlHrT0y9Iv/eiPU="></latexit>
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LL in        are universal and can 
be summed to all orders by

<latexit sha1_base64="sEvE/nhs682ongRJOluiREhjSo4=">AAACAHicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgTICCsogkYcUm2h92SSnnB+6WyNFVhq+ghYqOkTLn1DwLzjBBSRMNZrZ1c6OHytpyLY/raXlldW19cJGcXNre2e3tLffNFGiBTZEpCLd9sGgkiE2SJLCdqwRAl9hyx9dTf3WA2ojo/COxjF6AQxC2ZcCKJPu3WtUBNwFFQ+Bd0tlu2LPwBeJk5Myy1Hvlr7cXiSSAEMSCozpOHZMXgqapFA4KbqJwRjECAbYyWgIARovnaWe8OPEAEU8Rs2l4jMRf2+kEBgzDvxsMgAamnlvKv7ndRLqX3ipDOOEMBTTQyQVzg4ZoWVWB/Ke1EgE0+TIZcgFaCBCLTkIkYlJ1k8x68OZ/36RNE8rTrVSvT0r1y7zZgrskB2xE+awc1ZjN6zOGkwwzZ7YM3uxHq1X6816/xldsvKdA/YH1sc3dpaWfg==</latexit>
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Not always so “weak” corrections (iv)
• Higher order EW corrections are expected to be always much smaller than corresponding 

QCD ones. Naively:                  ,                     NLO EW  NNLO QCD 

• NLO EW not always at the (sub)-percent level: systematic enhancements are possible 

High-energy regime: Sudakov enhancement

⇒ ∼
<latexit sha1_base64="y9Ihf6jf8Y4uzCKHsjvqbcnH/FE=">AAACDXicbVC7TgMxEPSFVwivA0oai4BEFd2hCCgjaCiDRB5SLop8ziax4ntg7yGiU36Ahl+hoQAhWno6/gYnuQISRrI8mtldr8ePpdDoON9Wbml5ZXUtv17Y2Nza3rF39+o6ShSHGo9kpJo+0yBFCDUUKKEZK2CBL6HhD68mfuMelBZReIujGNoB64eiJzhDI3XsIw/hAadzUl8mME49JuMBG1NPiwDuqFNy3I5dNNcUdJG4GSmSDNWO/eV1I54EECKXTOuW68TYTplCwSWMC16iIWZ8yPrQMjRkAeh2Ot1iTI+N0qW9SJkTIp2qvztSFmg9CnxTGTAc6HlvIv7ntRLsXbRTEcYJQshnD/USSTGik2hoVyjgKEeGMK6E2ZXyAVOMowmwYEJw57+8SOqnJfesVL4pFyuXWRx5ckAOyQlxyTmpkGtSJTXCySN5Jq/kzXqyXqx362NWmrOynn3yB9bnD4lbm9A=</latexit>
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<latexit sha1_base64="TrnZ8TH5kDoVyvOK7LJx55WaYg4=">AAACF3icbVBNS8NAEN34bf2KevSyWARPIRFR8SR68VjRVqEJZbOdtoubD3cnYgn5F178K148KOJVb/4btzEHrT4YeLw3szvzwlQKja77aU1MTk3PzM7N1xYWl5ZX7NW1lk4yxaHJE5moq5BpkCKGJgqUcJUqYFEo4TK8Phn5l7egtEjiCxymEESsH4ue4AyN1LEdH+EOy3dyBd0i95lMB6yTl3p+XhQF9bWI4Ia6jnfYseuu45agf4lXkTqp0OjYH3434VkEMXLJtG57bopBzhQKLqGo+ZmGlPFr1oe2oTGLQAd5uU9Bt4zSpb1EmYqRlurPiZxFWg+j0HRGDAd63BuJ/3ntDHsHQS7iNEOI+fdHvUxSTOgoJNoVCjjKoSGMK2F2pXzAFONooqyZELzxk/+S1o7j7Tm7Z7v1o+MqjjmyQTbJNvHIPjkip6RBmoSTe/JInsmL9WA9Wa/W23frhFXNrJNfsN6/AE1HoJQ=</latexit>

↵S ' 0.1 :
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[Lindert & L.M., 2312.07927; 2023]

At                     1-loop EW show a logarithmic enhancement 
and are typically (but not always) universal
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EW corrections at high energy



• 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 (DL):                             
                                                
        
                         Single logs (SL):                       
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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 ten % effects in tails 

•  Still relevant at 2-loop:                                at
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• DP algorithm based on Logarithmic approximation (LA):  

            On-shell external momenta                 and all       much larger than  masses  

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

 
            At one-loop keep only leading and universal DL and SL corrections 
 
 
  
                  neglecting constant              and mass suppressed                        contributions 

W/Z
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Origin of DL and SL in a nutshell (i)
• DL originate from triangle diagrams where 

two external legs exchange a soft and 
collinear (SC) gauge boson V 
 
 
                                                        
              
             

• DL usually split into: 

        LSC (angular independent): 

          SSC (angular dependent): 

         Sub-SSC (angular dependent):  
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• DL originate from triangle diagrams where 
two external legs exchange a soft and 
collinear (SC) gauge boson V 
 
 
                                                        
              
             

• DL usually split into: 

        LSC (angular independent): 

          SSC (angular dependent): 

         Sub-SSC (angular dependent):  

• SL have a triple origin: 

        PR: UV renormalisation of EW dimensionless parameters 

                                                     

        WF: wave-function renormalisation of external fields           
              
   
            
           
        Coll: external leg emission of a collinear gauge boson 
  

• C=WF+Coll: Full gauge-invariant SL associated to external fields
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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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NLL = standard LA prediction

NLL  = LA prediction + SSSC′ 

OpenLoops + Sherpa

https://arxiv.org/pdf/1912.00068.pdf
https://arxiv.org/pdf/2111.13453.pdf
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SSC and SSSC become very large for PS 

regions where LA condition is violated, 

with hierarchy among invariants

EW corrections at high energy (iv)
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[Lindert & L.M., 2312.07927; 2023]

E.g. in a  process in CM:2 → 2
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|ηZ| < 3|ηZ| < 3 LO
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Pseudo-rapidity cut   
avoids pathological very forward 

configurations which violate LA; such cuts are 
anyway applied in any realistic analysis

|ηZ | < 3

Again, the inclusion of SSSC 
provides more accurate predictions.  

However, no full control on it as there are 
non-universal SSSC-like terms arising from 

high-energy expansion of 4-point functions. 
These angular contributions cannot be reliably 

controlled in LA   

EW corrections at high energy (v)

[Lindert & L.M., 2312.07927; 2023]

https://arxiv.org/abs/2312.07927


NLO QCD: [Bredenstein et al, 0807.1248; 2008] 

NLO QCD to : [Buccioni et al, 1907.13624; 2019] 

Status: [CMS collaboration, 2309.144422; 2023]

tt̄bb̄j

• 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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EW corrections at high energy (vii)

[Lindert & L.M., 2312.07927; 2023]
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Conclusions
• EW sector of SM rich of phenomenological non-trivial aspects: 

Equivalence between longitudinal gauge bosons and goldstones at high energy 

Input-schemes choice  scheme uncertainties  

Decays of gauge bosons, mandatory in             computations  CMS  

Enhanced higher order corrections: 

1. ISR/FSR 

2. Large mass ratios (corrections to  parameter & running of ) 

3. Sudakov logs at high energy  

• Renovated interest: to match experimental accuracy, NLO EW corrections are mandatory. In view 
precision studies in high-energy experiments also NNLO EW will be required  highly non-trivial!  

• My outlook: automation of NNLO EW corrections in Sudakov approximation 

→

→

ρ α

→
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Goldstone Boson Equivalence Theorem (iv)
• Example 2:                     
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EW standard candles at LHC
Precision EW:

Drell-Yan

Diboson

V+jets

CC DY distributions (    ) are 
fundamental for precise extraction of 

Emiss, pT, MT
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QCD:   [Camarda et al, 2103.04974; 2021],  [Neumann et al, 2207.07056; 2022]  

EW:  [Bauer et al, 0405191; 2004], NNLO Sudakov approx. [Jantzen et al, 0509157; 2008] 

NNLO QCD x EW:  [Armadillo et al, 2201.01754; 2022], [Armadillo et al, 2405.00612; 2024]
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Triboson

Rare processes

NC DY: large Xs and clean experimental 
signature. Used for different purposes: 

Detector calibration 
PDFs constraining 
One of main irreducible backgrounds 
to NP searches at LHC in high-tail 
distributions 

DY, a.k.a. production of a high-transverse-
momentum lepton pair in hadronic collisions.  

It features large Xs and clean experimental 
signature. 
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EW standard candles at LHC
Precision EW:

Drell-Yan

Diboson

V+jets

CC DY distributions (    ) are 
fundamental for precise extraction of  
boson mass and width; studied for 
PDFs constraining as well

Emiss, pT, MT
W

Higgs sector
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NNLO QCD x EW:  [Armadillo et al, 2201.01754; 2022], [Armadillo et al, 2405.00612; 2024]
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Triboson

Rare processes

NC DY: used for different purposes: 
Detector calibration 
PDFs constraining 
One of main irreducible backgrounds 
to NP searches at LHC in high-tail 
distributions 

DY, a.k.a. production of a high-transverse-
momentum lepton pair in hadronic collisions.  

It features large Xs and clean experimental 
signature. 

https://arxiv.org/abs/2103.04974
https://arxiv.org/abs/2207.07056
https://arxiv.org/abs/hep-ph/0405191
https://arxiv.org/abs/hep-ph/0509157
https://arxiv.org/abs/2201.01754
https://arxiv.org/pdf/2405.00612


EW standard candles at LHC
Precision EW:

Drell-Yan

Diboson

V+jets

• Sensitivity to many PDFs: 

 in WW/WZ 

 in WW 

 in WZ 

 in WW/ZZ

gg

γγ

ūd/ud̄

q̄q

• Sensible to trilinear gauge                    
boson coupling 

 in WZ 

 in WW

ZWW

γWW/ZWW

<latexit sha1_base64="/kxn0wft2wDwqX2fWOdy6BVypLw="></latexit>

W

W

W

�

�
<latexit sha1_base64="fJrSlIo8dWHwVtC3Ej+anoHiU9Y="></latexit>

W

Wg

g

<latexit sha1_base64="ti+YLPpqqc8fmi+c1u+AEOT6htc="></latexit>

Z

Zg

g

<latexit sha1_base64="Xo1Um511SiORVjWN41caNZ7z4z0="></latexit>

W

W

<latexit sha1_base64="3uCtV3DIdwBllmR4gBn2fMa6VIk="></latexit>

Z

Z

<latexit sha1_base64="4U4feoQSY7ZV2Oj9vJ/4FJJ4t2c="></latexit>

W

W

�, Z

<latexit sha1_base64="MCVyy4KDVAxwXpCloFkcX6xAoQA="></latexit>

W

Z

W

<latexit sha1_base64="5D/VuAFLhdeTR49sWsj8T1RDjBA="></latexit>

Z

W

Refs. in Sec. 4.2.2 from                     
[Lindert & L.M., 2312.07927; 2023]

Higgs sector
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Rare processes

https://arxiv.org/abs/2312.07927


EW standard candles at LHC
Precision EW:

Drell-Yan

Diboson

V+jets

Higgs sector Other
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HHH

• Ubiquitous at the LHC 
• Large production rate + clean signature from charged leptons pair 
• Stringent tests of pQCD and constraints on PDFs 
• Background for studies on Higgs and New Physics searches                         

via ET,miss

NNLO QCD +  EW:  [Lindert et al, 1705.04664; 2017] 

N LO QCD:  [Chen et al, 2203.01565; 2024]

NLO
3

Top sector
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https://arxiv.org/pdf/1705.04664
https://arxiv.org/pdf/2203.01565


EW standard candles at LHC
Precision EW:

Drell-Yan

Diboson

V+jets

Top sector
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W (+jet) H(+jet)

• Top quark:  
only quark to decay before hadronisation  direct 
access to its properties 
largely produced at LHC: mainly top-pair production in 
gluon fusion 

• Backgrounds in many Higgs analyses and/or BSM searches 
• Laboratory for testing EWSB

→
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tV

Th. status:  
QCD: for tV, tt and ttV see Sec. 1 from [Broggio et al, 1907.04343; 2021] 
EW: see Sec. 4.2.4 from [Lindert & L.M., 2312.07927; 2023]
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:<latexit sha1_base64="w5eI31IloF4Q/QL1iuXLIu03H+Q=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIIRdkegx6MVjBPOAbAi9k04cMvvITK8QQsBP8Cu86smbePUXPPgv7iY5aGKdqqu66e7yIiUN2faXlVlaXlldy67nNja3tnfyu3s1E8ZaYFWEKtQNDwwqGWCVJClsRBrB9xTWvf516tcfUBsZBnc0jLDlQy+QXSmAEqmdPyDXA83JHQxi6HDi05Kf8kY7X7CL9gR8kTgzUmAzVNr5b7cTitjHgIQCY5qOHVFrBJqkUDjOubHBCEQfethMaAA+mtZo8sOYH8cGKOQRai4Vn4j4e2IEvjFD30s6faB7M++l4n9eM6buZWskgygmDES6iKTCySIjtEzCQd6RGokgvRy5DLgADUSoJQchEjFO0soleTjz3y+S2lnRKRVLt+eF8tUsmSw7ZEfshDnsgpXZDauwKhPskT2zF/ZqPVlv1rv1MW3NWLOZffYH1ucP5Dia7A==</latexit>

tt̄ tt̄+X

<latexit sha1_base64="w5eI31IloF4Q/QL1iuXLIu03H+Q=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIIRdkegx6MVjBPOAbAi9k04cMvvITK8QQsBP8Cu86smbePUXPPgv7iY5aGKdqqu66e7yIiUN2faXlVlaXlldy67nNja3tnfyu3s1E8ZaYFWEKtQNDwwqGWCVJClsRBrB9xTWvf516tcfUBsZBnc0jLDlQy+QXSmAEqmdPyDXA83JHQxi6HDi05Kf8kY7X7CL9gR8kTgzUmAzVNr5b7cTitjHgIQCY5qOHVFrBJqkUDjOubHBCEQfethMaAA+mtZo8sOYH8cGKOQRai4Vn4j4e2IEvjFD30s6faB7M++l4n9eM6buZWskgygmDES6iKTCySIjtEzCQd6RGokgvRy5DLgADUSoJQchEjFO0soleTjz3y+S2lnRKRVLt+eF8tUsmSw7ZEfshDnsgpXZDauwKhPskT2zF/ZqPVlv1rv1MW3NWLOZffYH1ucP5Dia7A==</latexit>

tt̄ tt̄+X

<latexit sha1_base64="JVf33QJutDofHZ6PlUB1Aapv53Y="></latexit>

tV

<latexit sha1_base64="g7vqZ1BZoqcBreT+1fTXcfrKyBw="></latexit>

t

W

t

g

b

Higgs sector

<latexit sha1_base64="mUxAiDftZhuhVykFX9UO+MoxOYs=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrIRCpQRNC6DIA8psaLzZRNOOZ+tuzUosvIJtFDRIVq+h4J/wTYuIGGq0cyudnb8SAqDtv1plVZW19Y3ypuVre2d3b3q/kHHhLHm0OahDHXPZwakUNBGgRJ6kQYW+BK6/vQ687sPoI0I1R3OIvACNlFiLDjDVLp1XXdYrdl1OwddJk5BaqRAa1j9GoxCHgegkEtmTN+xI/QSplFwCfPKIDYQMT5lE+inVLEAjJfkUef0JDYMQxqBpkLSXITfGwkLjJkFfjoZMLw3i14m/uf1YxxfeolQUYygeHYIhYT8kOFapB0AHQkNiCxLDlQoyplmiKAFZZynYpyWUkn7cBa/Xyads7rTqDduzmvNq6KZMjkix+SUOOSCNIlLWqRNOJmQJ/JMXqxH69V6s95/RktWsXNI/sD6+AZqgpIA</latexit>

HHH

<latexit sha1_base64="mUxAiDftZhuhVykFX9UO+MoxOYs=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrIRCpQRNC6DIA8psaLzZRNOOZ+tuzUosvIJtFDRIVq+h4J/wTYuIGGq0cyudnb8SAqDtv1plVZW19Y3ypuVre2d3b3q/kHHhLHm0OahDHXPZwakUNBGgRJ6kQYW+BK6/vQ687sPoI0I1R3OIvACNlFiLDjDVLp1XXdYrdl1OwddJk5BaqRAa1j9GoxCHgegkEtmTN+xI/QSplFwCfPKIDYQMT5lE+inVLEAjJfkUef0JDYMQxqBpkLSXITfGwkLjJkFfjoZMLw3i14m/uf1YxxfeolQUYygeHYIhYT8kOFapB0AHQkNiCxLDlQoyplmiKAFZZynYpyWUkn7cBa/Xyads7rTqDduzmvNq6KZMjkix+SUOOSCNIlLWqRNOJmQJ/JMXqxH69V6s95/RktWsXNI/sD6+AZqgpIA</latexit>

HHH VBS VBF

Triboson

Rare processes

https://arxiv.org/pdf/1907.04343
https://arxiv.org/abs/2312.07927


EW standard candles at LHC
Higgs sector

<latexit sha1_base64="mUxAiDftZhuhVykFX9UO+MoxOYs=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrIRCpQRNC6DIA8psaLzZRNOOZ+tuzUosvIJtFDRIVq+h4J/wTYuIGGq0cyudnb8SAqDtv1plVZW19Y3ypuVre2d3b3q/kHHhLHm0OahDHXPZwakUNBGgRJ6kQYW+BK6/vQ687sPoI0I1R3OIvACNlFiLDjDVLp1XXdYrdl1OwddJk5BaqRAa1j9GoxCHgegkEtmTN+xI/QSplFwCfPKIDYQMT5lE+inVLEAjJfkUef0JDYMQxqBpkLSXITfGwkLjJkFfjoZMLw3i14m/uf1YxxfeolQUYygeHYIhYT8kOFapB0AHQkNiCxLDlQoyplmiKAFZZynYpyWUkn7cBa/Xyads7rTqDduzmvNq6KZMjkix+SUOOSCNIlLWqRNOJmQJ/JMXqxH69V6s95/RktWsXNI/sD6+AZqgpIA</latexit>

HHH

<latexit sha1_base64="mUxAiDftZhuhVykFX9UO+MoxOYs=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrIRCpQRNC6DIA8psaLzZRNOOZ+tuzUosvIJtFDRIVq+h4J/wTYuIGGq0cyudnb8SAqDtv1plVZW19Y3ypuVre2d3b3q/kHHhLHm0OahDHXPZwakUNBGgRJ6kQYW+BK6/vQ687sPoI0I1R3OIvACNlFiLDjDVLp1XXdYrdl1OwddJk5BaqRAa1j9GoxCHgegkEtmTN+xI/QSplFwCfPKIDYQMT5lE+inVLEAjJfkUef0JDYMQxqBpkLSXITfGwkLjJkFfjoZMLw3i14m/uf1YxxfeolQUYygeHYIhYT8kOFapB0AHQkNiCxLDlQoyplmiKAFZZynYpyWUkn7cBa/Xyads7rTqDduzmvNq6KZMjkix+SUOOSCNIlLWqRNOJmQJ/JMXqxH69V6s95/RktWsXNI/sD6+AZqgpIA</latexit>

HHH

• Sensitivity to Higgs triple and quartic self couplings  and 
VEV 

• HHH production rate very low at LHC but NP effects can 
enhance it  

• Sensitivity to top and bottom quark couplings

λ

Top sector

<latexit sha1_base64="w5eI31IloF4Q/QL1iuXLIu03H+Q=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIIRdkegx6MVjBPOAbAi9k04cMvvITK8QQsBP8Cu86smbePUXPPgv7iY5aGKdqqu66e7yIiUN2faXlVlaXlldy67nNja3tnfyu3s1E8ZaYFWEKtQNDwwqGWCVJClsRBrB9xTWvf516tcfUBsZBnc0jLDlQy+QXSmAEqmdPyDXA83JHQxi6HDi05Kf8kY7X7CL9gR8kTgzUmAzVNr5b7cTitjHgIQCY5qOHVFrBJqkUDjOubHBCEQfethMaAA+mtZo8sOYH8cGKOQRai4Vn4j4e2IEvjFD30s6faB7M++l4n9eM6buZWskgygmDES6iKTCySIjtEzCQd6RGokgvRy5DLgADUSoJQchEjFO0soleTjz3y+S2lnRKRVLt+eF8tUsmSw7ZEfshDnsgpXZDauwKhPskT2zF/ZqPVlv1rv1MW3NWLOZffYH1ucP5Dia7A==</latexit>

tt̄ tt̄+X
<latexit sha1_base64="w5eI31IloF4Q/QL1iuXLIu03H+Q=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIIRdkegx6MVjBPOAbAi9k04cMvvITK8QQsBP8Cu86smbePUXPPgv7iY5aGKdqqu66e7yIiUN2faXlVlaXlldy67nNja3tnfyu3s1E8ZaYFWEKtQNDwwqGWCVJClsRBrB9xTWvf516tcfUBsZBnc0jLDlQy+QXSmAEqmdPyDXA83JHQxi6HDi05Kf8kY7X7CL9gR8kTgzUmAzVNr5b7cTitjHgIQCY5qOHVFrBJqkUDjOubHBCEQfethMaAA+mtZo8sOYH8cGKOQRai4Vn4j4e2IEvjFD30s6faB7M++l4n9eM6buZWskgygmDES6iKTCySIjtEzCQd6RGokgvRy5DLgADUSoJQchEjFO0soleTjz3y+S2lnRKRVLt+eF8tUsmSw7ZEfshDnsgpXZDauwKhPskT2zF/ZqPVlv1rv1MW3NWLOZffYH1ucP5Dia7A==</latexit>

tt̄ tt̄+X

<latexit sha1_base64="49zq4ueNg5WlhzqHpabL8qtJOF4=">AAACGHicbVC7TsNAEDzzDOFloKQ5EZBASJGNUKCMoEkJEiFIiRWtLwscnB+5WyMiKz/AJ/AVtFDRIVo6Cv4FJ7gghKlGM7vanfFjJQ05zqc1MTk1PTNbmCvOLywuLdsrq+cmSrTAuohUpC98MKhkiHWSpPAi1giBr7Dh3x4P/MYdaiOj8Ix6MXoBXIXyUgqgTGrbm43t3RbhPaU3SP0d3up2E+jw2ojatktO2RmCjxM3JyWW46Rtf7U6kUgCDEkoMKbpOjF5KWiSQmG/2EoMxiBu4QqbGQ0hQOOlwzR9vpUYoIjHqLlUfCji740UAmN6gZ9NBkDX5q83EP/zmgldHnqpDOOEMBSDQyQVDg8ZoWVWE/KO1EgEg8+Ry5AL0ECEWnIQIhOTrLdi1of7N/04Od8ru5Vy5XS/VD3KmymwdbbBtpnLDliV1dgJqzPBHtgTe2Yv1qP1ar1Z7z+jE1a+s8ZGYH18A4t9n6o=</latexit>

W (+jet) H(+jet)

<latexit sha1_base64="JVf33QJutDofHZ6PlUB1Aapv53Y="></latexit>

tV

Precision EW:

Drell-Yan

Diboson

V+jets
VBS VBF

Triboson

Rare processes

<latexit sha1_base64="g31B4e4MdEA/tyesZzUArvvrIj8="></latexit>

H

H

t/bt/b

t/b

t/b

H

H

t/b

t/b

t/b

<latexit sha1_base64="1KwcuSeKL8bk1KPaz/A5HEwdBxg="></latexit>

H

H

HH

t/b

t/b

t/b

t/b

t/b

H

H

Ht/b

t/b

t/b

H

H

H

t/b

t/b

t/b

<latexit sha1_base64="LHPQlU9gNpRKSHLYZkx/IOiDrg4="></latexit>

�3 = �4 = m
2
H
/2v2 = �SM HHH : �3v

HHHH : �4/4

<latexit sha1_base64="LHPQlU9gNpRKSHLYZkx/IOiDrg4="></latexit>

�3 = �4 = m
2
H
/2v2 = �SM HHH : �3v

HHHH : �4/4

HH: NLO EW [Bi et al, 2311.16963; 2024], N LO  QCD [Bi et al, 1912.13001; 2020]  

HHH: NNLO  QCD [de Florian et al, 1912.02760; 2020]

3
HTL

HTL

https://arxiv.org/abs/2311.16963
https://arxiv.org/abs/1912.13001
https://arxiv.org/abs/1912.02760


EW standard candles at LHC

VBS

• VBS: direct access to EW quartic gauge coupling + 
interplay with trilinear gauge couplings (e.g. in VBF) 

• VBF and VBS: window to SSB through off-shell Higgs

VBF

VBS: 

VBF:

<latexit sha1_base64="85tMy5TAiYKymfBwy50KBazAJXk="></latexit>

W

W

W

W

<latexit sha1_base64="0dcwdw5NltFDPyYGXDXzsag8Kro="></latexit>

�,ZW

W

W

W

<latexit sha1_base64="FD8oatMrnbPZJVJr5ag+ua7QoqA="></latexit>

H
W

W

W

W

<latexit sha1_base64="Q9iEf6FMwq6CmqTv9D2YqGxX+j8="></latexit>

W

W

W

W

H

Triboson

Rare processesTop sector

<latexit sha1_base64="w5eI31IloF4Q/QL1iuXLIu03H+Q=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIIRdkegx6MVjBPOAbAi9k04cMvvITK8QQsBP8Cu86smbePUXPPgv7iY5aGKdqqu66e7yIiUN2faXlVlaXlldy67nNja3tnfyu3s1E8ZaYFWEKtQNDwwqGWCVJClsRBrB9xTWvf516tcfUBsZBnc0jLDlQy+QXSmAEqmdPyDXA83JHQxi6HDi05Kf8kY7X7CL9gR8kTgzUmAzVNr5b7cTitjHgIQCY5qOHVFrBJqkUDjOubHBCEQfethMaAA+mtZo8sOYH8cGKOQRai4Vn4j4e2IEvjFD30s6faB7M++l4n9eM6buZWskgygmDES6iKTCySIjtEzCQd6RGokgvRy5DLgADUSoJQchEjFO0soleTjz3y+S2lnRKRVLt+eF8tUsmSw7ZEfshDnsgpXZDauwKhPskT2zF/ZqPVlv1rv1MW3NWLOZffYH1ucP5Dia7A==</latexit>

tt̄ tt̄+X
<latexit sha1_base64="w5eI31IloF4Q/QL1iuXLIu03H+Q=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIIRdkegx6MVjBPOAbAi9k04cMvvITK8QQsBP8Cu86smbePUXPPgv7iY5aGKdqqu66e7yIiUN2faXlVlaXlldy67nNja3tnfyu3s1E8ZaYFWEKtQNDwwqGWCVJClsRBrB9xTWvf516tcfUBsZBnc0jLDlQy+QXSmAEqmdPyDXA83JHQxi6HDi05Kf8kY7X7CL9gR8kTgzUmAzVNr5b7cTitjHgIQCY5qOHVFrBJqkUDjOubHBCEQfethMaAA+mtZo8sOYH8cGKOQRai4Vn4j4e2IEvjFD30s6faB7M++l4n9eM6buZWskgygmDES6iKTCySIjtEzCQd6RGokgvRy5DLgADUSoJQchEjFO0soleTjz3y+S2lnRKRVLt+eF8tUsmSw7ZEfshDnsgpXZDauwKhPskT2zF/ZqPVlv1rv1MW3NWLOZffYH1ucP5Dia7A==</latexit>

tt̄ tt̄+X

<latexit sha1_base64="49zq4ueNg5WlhzqHpabL8qtJOF4=">AAACGHicbVC7TsNAEDzzDOFloKQ5EZBASJGNUKCMoEkJEiFIiRWtLwscnB+5WyMiKz/AJ/AVtFDRIVo6Cv4FJ7gghKlGM7vanfFjJQ05zqc1MTk1PTNbmCvOLywuLdsrq+cmSrTAuohUpC98MKhkiHWSpPAi1giBr7Dh3x4P/MYdaiOj8Ix6MXoBXIXyUgqgTGrbm43t3RbhPaU3SP0d3up2E+jw2ojatktO2RmCjxM3JyWW46Rtf7U6kUgCDEkoMKbpOjF5KWiSQmG/2EoMxiBu4QqbGQ0hQOOlwzR9vpUYoIjHqLlUfCji740UAmN6gZ9NBkDX5q83EP/zmgldHnqpDOOEMBSDQyQVDg8ZoWVWE/KO1EgEg8+Ry5AL0ECEWnIQIhOTrLdi1of7N/04Od8ru5Vy5XS/VD3KmymwdbbBtpnLDliV1dgJqzPBHtgTe2Yv1qP1ar1Z7z+jE1a+s8ZGYH18A4t9n6o=</latexit>

W (+jet) H(+jet)

<latexit sha1_base64="JVf33QJutDofHZ6PlUB1Aapv53Y="></latexit>

tV

Precision EW:

Drell-Yan

Diboson

V+jets

Higgs sector

<latexit sha1_base64="mUxAiDftZhuhVykFX9UO+MoxOYs=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrIRCpQRNC6DIA8psaLzZRNOOZ+tuzUosvIJtFDRIVq+h4J/wTYuIGGq0cyudnb8SAqDtv1plVZW19Y3ypuVre2d3b3q/kHHhLHm0OahDHXPZwakUNBGgRJ6kQYW+BK6/vQ687sPoI0I1R3OIvACNlFiLDjDVLp1XXdYrdl1OwddJk5BaqRAa1j9GoxCHgegkEtmTN+xI/QSplFwCfPKIDYQMT5lE+inVLEAjJfkUef0JDYMQxqBpkLSXITfGwkLjJkFfjoZMLw3i14m/uf1YxxfeolQUYygeHYIhYT8kOFapB0AHQkNiCxLDlQoyplmiKAFZZynYpyWUkn7cBa/Xyads7rTqDduzmvNq6KZMjkix+SUOOSCNIlLWqRNOJmQJ/JMXqxH69V6s95/RktWsXNI/sD6+AZqgpIA</latexit>

HHH

<latexit sha1_base64="mUxAiDftZhuhVykFX9UO+MoxOYs=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrIRCpQRNC6DIA8psaLzZRNOOZ+tuzUosvIJtFDRIVq+h4J/wTYuIGGq0cyudnb8SAqDtv1plVZW19Y3ypuVre2d3b3q/kHHhLHm0OahDHXPZwakUNBGgRJ6kQYW+BK6/vQ687sPoI0I1R3OIvACNlFiLDjDVLp1XXdYrdl1OwddJk5BaqRAa1j9GoxCHgegkEtmTN+xI/QSplFwCfPKIDYQMT5lE+inVLEAjJfkUef0JDYMQxqBpkLSXITfGwkLjJkFfjoZMLw3i14m/uf1YxxfeolQUYygeHYIhYT8kOFapB0AHQkNiCxLDlQoyplmiKAFZZynYpyWUkn7cBa/Xyads7rTqDduzmvNq6KZMjkix+SUOOSCNIlLWqRNOJmQJ/JMXqxH69V6s95/RktWsXNI/sD6+AZqgpIA</latexit>

HHH

VBS: NLO QCD and NLO EW see refs. in Sec. 3 in [Franzosi et al, 2106.01393; 2022]  

VBF: NLO QCD, see refs. 49-55 in [Rauch, 1610.08420; 2016]  

VBF-H: NLO EW [Ciccolini et al, 0707.0381; 2007], NNLO QCD [Bolzoni et al, 1109.3717; 2012]  

https://arxiv.org/abs/2106.01393
https://arxiv.org/abs/1610.08420
https://arxiv.org/abs/0707.0381
https://arxiv.org/abs/1109.3717


EW standard candles at LHC
Rare processes

VBS VBF

Triboson

Table from [Celada et al, 2407.09600; 2024].            
Corresponding th. status: see refs. in Sec. 4.2.3 from 
[Lindert & L.M., 2312.07927; 2023]

Also triboson processes grant 

• direct access to EW quartic gauge coupling + 
interplay with trilinear gauge couplings (e.g. in VBF) 

• VBF and VBS: window to SSB through off-shell Higgs

<latexit sha1_base64="RadLURe3TInjKIuoggMg8WYiHiM="></latexit>

W

W

�, Z/W
�, Z/W

<latexit sha1_base64="jC0n9tlGT+2oAVp/daZ7PD91kuY="></latexit>

W

W

�, Z/W
�, Z/W

<latexit sha1_base64="BKcDmLRibMzG+Ixb/ztERGuUWwo="></latexit>

Z/W

Z/W

Z/W
Z/W<latexit sha1_base64="alhte6Z6vJdCelw5JYCFI3hZPro=">AAACRXicbVFNSwMxEM36Weu3Hr0Ei+DFZVdEvQiilx4VrAp1kdk41dAkuySzQl36C7zqb/I3+CO8iVfN1h6sOqfHe28yMy9prqSjKHoNxsYnJqemazP12bn5hcWl5ZVzlxVWYEtkKrOXKThU0mCLJCm8zC2CThVepN3jSr+4R+tkZs6ol2Oi4dbIjhRAnjptXi81ojAaFP8L4iFosGGdXC8H4dVNJgqNhoQC59pxlFNSgiUpFPbrV4XDHEQXbrHtoQGNLikHm/b5RuGAMp6j5VLxAYk/O0rQzvV06p0a6M791iryP61dUGc/KaXJC0IjqkEkFQ4GOWGljwD5jbRIBNXmyKXhAiwQoZUchPBk4TOpj7wqMp0DHcShDyIpSXYftjrYMxrMyJ3+OkP+R0bJyt6vb/iE4995/gXn22G8G+6e7jQOj4ZZ19gaW2ebLGZ77JA12QlrMcGQPbIn9hy8BG/Be/DxbR0Lhj2rbKSCzy/ujLDt</latexit>

H

Top sector

<latexit sha1_base64="w5eI31IloF4Q/QL1iuXLIu03H+Q=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIIRdkegx6MVjBPOAbAi9k04cMvvITK8QQsBP8Cu86smbePUXPPgv7iY5aGKdqqu66e7yIiUN2faXlVlaXlldy67nNja3tnfyu3s1E8ZaYFWEKtQNDwwqGWCVJClsRBrB9xTWvf516tcfUBsZBnc0jLDlQy+QXSmAEqmdPyDXA83JHQxi6HDi05Kf8kY7X7CL9gR8kTgzUmAzVNr5b7cTitjHgIQCY5qOHVFrBJqkUDjOubHBCEQfethMaAA+mtZo8sOYH8cGKOQRai4Vn4j4e2IEvjFD30s6faB7M++l4n9eM6buZWskgygmDES6iKTCySIjtEzCQd6RGokgvRy5DLgADUSoJQchEjFO0soleTjz3y+S2lnRKRVLt+eF8tUsmSw7ZEfshDnsgpXZDauwKhPskT2zF/ZqPVlv1rv1MW3NWLOZffYH1ucP5Dia7A==</latexit>

tt̄ tt̄+X
<latexit sha1_base64="w5eI31IloF4Q/QL1iuXLIu03H+Q=">AAACDnicbVDLSgNBEJyNrxhfUW96GQyCIIRdkegx6MVjBPOAbAi9k04cMvvITK8QQsBP8Cu86smbePUXPPgv7iY5aGKdqqu66e7yIiUN2faXlVlaXlldy67nNja3tnfyu3s1E8ZaYFWEKtQNDwwqGWCVJClsRBrB9xTWvf516tcfUBsZBnc0jLDlQy+QXSmAEqmdPyDXA83JHQxi6HDi05Kf8kY7X7CL9gR8kTgzUmAzVNr5b7cTitjHgIQCY5qOHVFrBJqkUDjOubHBCEQfethMaAA+mtZo8sOYH8cGKOQRai4Vn4j4e2IEvjFD30s6faB7M++l4n9eM6buZWskgygmDES6iKTCySIjtEzCQd6RGokgvRy5DLgADUSoJQchEjFO0soleTjz3y+S2lnRKRVLt+eF8tUsmSw7ZEfshDnsgpXZDauwKhPskT2zF/ZqPVlv1rv1MW3NWLOZffYH1ucP5Dia7A==</latexit>

tt̄ tt̄+X

<latexit sha1_base64="49zq4ueNg5WlhzqHpabL8qtJOF4=">AAACGHicbVC7TsNAEDzzDOFloKQ5EZBASJGNUKCMoEkJEiFIiRWtLwscnB+5WyMiKz/AJ/AVtFDRIVo6Cv4FJ7gghKlGM7vanfFjJQ05zqc1MTk1PTNbmCvOLywuLdsrq+cmSrTAuohUpC98MKhkiHWSpPAi1giBr7Dh3x4P/MYdaiOj8Ix6MXoBXIXyUgqgTGrbm43t3RbhPaU3SP0d3up2E+jw2ojatktO2RmCjxM3JyWW46Rtf7U6kUgCDEkoMKbpOjF5KWiSQmG/2EoMxiBu4QqbGQ0hQOOlwzR9vpUYoIjHqLlUfCji740UAmN6gZ9NBkDX5q83EP/zmgldHnqpDOOEMBSDQyQVDg8ZoWVWE/KO1EgEg8+Ry5AL0ECEWnIQIhOTrLdi1of7N/04Od8ru5Vy5XS/VD3KmymwdbbBtpnLDliV1dgJqzPBHtgTe2Yv1qP1ar1Z7z+jE1a+s8ZGYH18A4t9n6o=</latexit>

W (+jet) H(+jet)

<latexit sha1_base64="JVf33QJutDofHZ6PlUB1Aapv53Y="></latexit>

tV

Precision EW:

Drell-Yan

Diboson

V+jets

Higgs sector

<latexit sha1_base64="mUxAiDftZhuhVykFX9UO+MoxOYs=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrIRCpQRNC6DIA8psaLzZRNOOZ+tuzUosvIJtFDRIVq+h4J/wTYuIGGq0cyudnb8SAqDtv1plVZW19Y3ypuVre2d3b3q/kHHhLHm0OahDHXPZwakUNBGgRJ6kQYW+BK6/vQ687sPoI0I1R3OIvACNlFiLDjDVLp1XXdYrdl1OwddJk5BaqRAa1j9GoxCHgegkEtmTN+xI/QSplFwCfPKIDYQMT5lE+inVLEAjJfkUef0JDYMQxqBpkLSXITfGwkLjJkFfjoZMLw3i14m/uf1YxxfeolQUYygeHYIhYT8kOFapB0AHQkNiCxLDlQoyplmiKAFZZynYpyWUkn7cBa/Xyads7rTqDduzmvNq6KZMjkix+SUOOSCNIlLWqRNOJmQJ/JMXqxH69V6s95/RktWsXNI/sD6+AZqgpIA</latexit>

HHH

<latexit sha1_base64="mUxAiDftZhuhVykFX9UO+MoxOYs=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrIRCpQRNC6DIA8psaLzZRNOOZ+tuzUosvIJtFDRIVq+h4J/wTYuIGGq0cyudnb8SAqDtv1plVZW19Y3ypuVre2d3b3q/kHHhLHm0OahDHXPZwakUNBGgRJ6kQYW+BK6/vQ687sPoI0I1R3OIvACNlFiLDjDVLp1XXdYrdl1OwddJk5BaqRAa1j9GoxCHgegkEtmTN+xI/QSplFwCfPKIDYQMT5lE+inVLEAjJfkUef0JDYMQxqBpkLSXITfGwkLjJkFfjoZMLw3i14m/uf1YxxfeolQUYygeHYIhYT8kOFapB0AHQkNiCxLDlQoyplmiKAFZZynYpyWUkn7cBa/Xyads7rTqDduzmvNq6KZMjkix+SUOOSCNIlLWqRNOJmQJ/JMXqxH69V6s95/RktWsXNI/sD6+AZqgpIA</latexit>

HHH

https://arxiv.org/pdf/2407.09600
https://arxiv.org/abs/2312.07927


• Higher order corrections: perturbation theory with expansion parameters                   and                                                                                       
 
 

• At NLO: 
 
 
 
where, e.g. 
 
 
 
 

<latexit sha1_base64="y9Ihf6jf8Y4uzCKHsjvqbcnH/FE=">AAACDXicbVC7TgMxEPSFVwivA0oai4BEFd2hCCgjaCiDRB5SLop8ziax4ntg7yGiU36Ahl+hoQAhWno6/gYnuQISRrI8mtldr8ePpdDoON9Wbml5ZXUtv17Y2Nza3rF39+o6ShSHGo9kpJo+0yBFCDUUKKEZK2CBL6HhD68mfuMelBZReIujGNoB64eiJzhDI3XsIw/hAadzUl8mME49JuMBG1NPiwDuqFNy3I5dNNcUdJG4GSmSDNWO/eV1I54EECKXTOuW68TYTplCwSWMC16iIWZ8yPrQMjRkAeh2Ot1iTI+N0qW9SJkTIp2qvztSFmg9CnxTGTAc6HlvIv7ntRLsXbRTEcYJQshnD/USSTGik2hoVyjgKEeGMK6E2ZXyAVOMowmwYEJw57+8SOqnJfesVL4pFyuXWRx5ckAOyQlxyTmpkGtSJTXCySN5Jq/kzXqyXqx362NWmrOynn3yB9bnD4lbm9A=</latexit>

↵ ' 0.01

<latexit sha1_base64="KIoYWMTs4KYjXlT/NvrXBxn3uJI="></latexit>

�|NLO =
1

2s

Z
d�n

2

64|MLO|2| {z }
B

+2Re
�
MLOM⇤

NLO,V

 
| {z }

V

3

75+
1

2s

Z
d�n+1 |MNLO,R|2| {z }

R

<latexit sha1_base64="TrnZ8TH5kDoVyvOK7LJx55WaYg4=">AAACF3icbVBNS8NAEN34bf2KevSyWARPIRFR8SR68VjRVqEJZbOdtoubD3cnYgn5F178K148KOJVb/4btzEHrT4YeLw3szvzwlQKja77aU1MTk3PzM7N1xYWl5ZX7NW1lk4yxaHJE5moq5BpkCKGJgqUcJUqYFEo4TK8Phn5l7egtEjiCxymEESsH4ue4AyN1LEdH+EOy3dyBd0i95lMB6yTl3p+XhQF9bWI4Ia6jnfYseuu45agf4lXkTqp0OjYH3434VkEMXLJtG57bopBzhQKLqGo+ZmGlPFr1oe2oTGLQAd5uU9Bt4zSpb1EmYqRlurPiZxFWg+j0HRGDAd63BuJ/3ntDHsHQS7iNEOI+fdHvUxSTOgoJNoVCjjKoSGMK2F2pXzAFONooqyZELzxk/+S1o7j7Tm7Z7v1o+MqjjmyQTbJNvHIPjkip6RBmoSTe/JInsmL9WA9Wa/W23frhFXNrJNfsN6/AE1HoJQ=</latexit>

↵S ' 0.1 :

Higher order corrections (i)

<latexit sha1_base64="KWsvBwRZ+iXuSaR1rEh0Rba+xdU="></latexit>

d� = d�LO + ↵S d�NLO QCD + ↵EWd�NLO EW

+ ↵2

S
d�NNLO QCD + ↵2

EW
d�NNLO EW + ↵S↵EWd�NNLO QCDxEW + ...

<latexit sha1_base64="KWsvBwRZ+iXuSaR1rEh0Rba+xdU="></latexit>

d� = d�LO + ↵S d�NLO QCD + ↵EWd�NLO EW

+ ↵2

S
d�NNLO QCD + ↵2

EW
d�NNLO EW + ↵S↵EWd�NNLO QCDxEW + ...

<latexit sha1_base64="m6t6Hez97xi7joxXPWTsMJsGfZU=">AAACT3icdZA7SwNBFIVn4yuJr6ilzWAQBCHsiqiNINpYiA8wRkhCuDu5iYOzD2buirLsj/MnWFpY22plJ+6uW2iipzqc7w73znFDJQ3Z9rNVmpicmp4pV6qzc/MLi7Wl5SsTRFpgUwQq0NcuGFTSxyZJUngdagTPVdhyb48y3rpDbWTgX9JDiF0Phr4cSAGURr1au0N4T3E/4R0jhx704u/g5CxJ+Cb/h55m+H+aY77fq9Xthp2LjxunMHVW6LxXe+n0AxF56JNQYEzbsUPqxqBJCoVJtRMZDEHcwhDbqfXBQ9ON8xISvh4ZoICHqLlUPA/x54sYPGMePDed9IBuzCjLwr9YO6LBXjeWfhgR+iJbRFJhvsgILdN2kfelRiLILkcufS5AAxFqyUGINIzSuqtpH87o78fN1VbD2WnsXGzXDw6LZspsla2xDeawXXbAjtk5azLBHtkre2Pv1pP1YX2WitGSVZgV9kulyhd+u7YH</latexit>

d�LO + d�NLO + d�NNLO =

<latexit sha1_base64="ekdYwb1siRCvL9mTN+dO/ScfxXY="></latexit>

MB = MNLO,V = MNLO,R =

| {z }
in all combinations

<latexit sha1_base64="KIoYWMTs4KYjXlT/NvrXBxn3uJI=">AAAD4nicjVNbb9MwFHYbLqPALvDIi7VqEtqgaioEvEwa5WUPXLqKdpPqrHIcp7UaO8F2kIrrP8Ab4pV/wi/h3+CkQbTdQBwp0jnfufk75yTMEqZ0u/2zVvdu3Lx1e+tO4+69+9s7u3sPhirNJaEDkiapvAixogkTdKCZTuhFJinmYULPw9nrwn/+iUrFUvFBzzMacDwRLGYEaweN92o/oBMU0gkThn7MS/jQNpBiE44XY4M41l PJzbs37609RrHExPjWdKCyEDGhYQRRb8rGRliU0FiPUC4iKkMXR02JLMoSBCfmrf1TryiHJJtM9eLSdKzzdC08Wk3uQJRmVGKdSoE5NX267IDMXwvCaz3F05/A39bQ2ktzWPVGReNhZQRH/6J35Nv/pLber7/Js28bBy54qrIlS8It7MJVGw7huvuVtY1yT1REK1sa7zbbrXYp8KriV0oTVNJz695GUUpyToUmCVZq5LczHRgsNSMJdWvPFXV9Z3hCR04t5q4CU56ZhQcOiWCcSve5yZToaobBXKk5D11kwV1t+grwOt8o1/HLwDCR5ZoKsmwU5wnUKSxuFkZMUqKTuVMwkcy9FZIpdmvQ7rLXKpGUZ1gf+y1HPjCazT4/jelccCzWuDlGQrtfqJigvzmvq8qw0/Kft56ddZon3WqWW+AR2AePgQ9egBNwCnpgAEh9v35aP6v3vcj74n31vi1D67Uq5yFYE+/7L7AFTD0=</latexit>

�|NLO =
1

2s

Z
d�n

2

64|MLO|2| {z }
B

+2Re
�
MLOM⇤

NLO,V

 
| {z }

V

3

75+
1

2s

Z
d�n+1 |MNLO,R|2| {z }

R



• Virtual (a.k.a. loop) corrections: emission and reabsorption of virtual particle  same initial 
and final states 

• Integration over the momentum of the unobserved particle  in general UV and IR divergent 

• E.g.: triangle diagram  

has the following loop-integral 

 

⇒

⇒

Higher order corrections (ii)

<latexit sha1_base64="dM0fREIKFQqtM7Em27idI7wDHNs="></latexit>

⇠ ↵EW

Z
d4k

(2⇡)4
�↵ i(/k � /p2 +m)

(k � p2)2 �m2 � i0
�µ i(/k + /p1 +m)

(k + p1)2 �m2 � i0
�↵

�i

k2 � i0

<latexit sha1_base64="ekdYwb1siRCvL9mTN+dO/ScfxXY="></latexit>

MB = MNLO,V = MNLO,R =

| {z }
in all combinations

<latexit sha1_base64="ugman4hTlH+zQWAl1Hxv+3SNvX8=">AAACJ3icbVDLSgNBEJz1bXxFPXoZDIJgDLsq0aPoxaOCUSEJS++ko0Nmd8eZXiEEP8RP8Cu86smb6MGDf+IkLr7rVFNVTU9XpJW05Psv3tDwyOjY+MRkYWp6ZnauOL9wYtPMCKyJVKXmLAKLSiZYI0kKz7RBiCOFp1Fnv++fXqGxMk2OqauxGcN5IttSADkpLG7qMCg3Li8zaHEdbpR5zjtfbM1FPh/rLhQWS37FH4D/JUFOSizHYVh8bbRSkcWYkFBgbT3wNTV7YEgKhdeFRmZRg+jAOdYdTSBG2+wNjrvmK5kFSrlGw6XiAxG/T/QgtrYbRy4ZA13Y315f/M+rZ9TeafZkojPCRPQXkVQ4WGSFka415C1pkAj6P0cuEy7AABEayUEIJ2auxoLrI/h9/V9yslEJqpXq0VZpdy9vZoItsWW2ygK2zXbZATtkNSbYDbtj9+zBu/UevSfv+SM65OUzi+wHvLd3gxukGA==</latexit>

p1, p2, k, k + p1 k � p2

<latexit sha1_base64="ugman4hTlH+zQWAl1Hxv+3SNvX8=">AAACJ3icbVDLSgNBEJz1bXxFPXoZDIJgDLsq0aPoxaOCUSEJS++ko0Nmd8eZXiEEP8RP8Cu86smb6MGDf+IkLr7rVFNVTU9XpJW05Psv3tDwyOjY+MRkYWp6ZnauOL9wYtPMCKyJVKXmLAKLSiZYI0kKz7RBiCOFp1Fnv++fXqGxMk2OqauxGcN5IttSADkpLG7qMCg3Li8zaHEdbpR5zjtfbM1FPh/rLhQWS37FH4D/JUFOSizHYVh8bbRSkcWYkFBgbT3wNTV7YEgKhdeFRmZRg+jAOdYdTSBG2+wNjrvmK5kFSrlGw6XiAxG/T/QgtrYbRy4ZA13Y315f/M+rZ9TeafZkojPCRPQXkVQ4WGSFka415C1pkAj6P0cuEy7AABEayUEIJ2auxoLrI/h9/V9yslEJqpXq0VZpdy9vZoItsWW2ygK2zXbZATtkNSbYDbtj9+zBu/UevSfv+SM65OUzi+wHvLd3gxukGA==</latexit>

p1, p2, k, k + p1 k � p2

<latexit sha1_base64="ugman4hTlH+zQWAl1Hxv+3SNvX8=">AAACJ3icbVDLSgNBEJz1bXxFPXoZDIJgDLsq0aPoxaOCUSEJS++ko0Nmd8eZXiEEP8RP8Cu86smb6MGDf+IkLr7rVFNVTU9XpJW05Psv3tDwyOjY+MRkYWp6ZnauOL9wYtPMCKyJVKXmLAKLSiZYI0kKz7RBiCOFp1Fnv++fXqGxMk2OqauxGcN5IttSADkpLG7qMCg3Li8zaHEdbpR5zjtfbM1FPh/rLhQWS37FH4D/JUFOSizHYVh8bbRSkcWYkFBgbT3wNTV7YEgKhdeFRmZRg+jAOdYdTSBG2+wNjrvmK5kFSrlGw6XiAxG/T/QgtrYbRy4ZA13Y315f/M+rZ9TeafZkojPCRPQXkVQ4WGSFka415C1pkAj6P0cuEy7AABEayUEIJ2auxoLrI/h9/V9yslEJqpXq0VZpdy9vZoItsWW2ygK2zXbZATtkNSbYDbtj9+zBu/UevSfv+SM65OUzi+wHvLd3gxukGA==</latexit>

p1, p2, k, k + p1 k � p2

<latexit sha1_base64="ugman4hTlH+zQWAl1Hxv+3SNvX8=">AAACJ3icbVDLSgNBEJz1bXxFPXoZDIJgDLsq0aPoxaOCUSEJS++ko0Nmd8eZXiEEP8RP8Cu86smb6MGDf+IkLr7rVFNVTU9XpJW05Psv3tDwyOjY+MRkYWp6ZnauOL9wYtPMCKyJVKXmLAKLSiZYI0kKz7RBiCOFp1Fnv++fXqGxMk2OqauxGcN5IttSADkpLG7qMCg3Li8zaHEdbpR5zjtfbM1FPh/rLhQWS37FH4D/JUFOSizHYVh8bbRSkcWYkFBgbT3wNTV7YEgKhdeFRmZRg+jAOdYdTSBG2+wNjrvmK5kFSrlGw6XiAxG/T/QgtrYbRy4ZA13Y315f/M+rZ9TeafZkojPCRPQXkVQ4WGSFka415C1pkAj6P0cuEy7AABEayUEIJ2auxoLrI/h9/V9yslEJqpXq0VZpdy9vZoItsWW2ygK2zXbZATtkNSbYDbtj9+zBu/UevSfv+SM65OUzi+wHvLd3gxukGA==</latexit>

p1, p2, k, k + p1 k � p2
<latexit sha1_base64="ugman4hTlH+zQWAl1Hxv+3SNvX8=">AAACJ3icbVDLSgNBEJz1bXxFPXoZDIJgDLsq0aPoxaOCUSEJS++ko0Nmd8eZXiEEP8RP8Cu86smb6MGDf+IkLr7rVFNVTU9XpJW05Psv3tDwyOjY+MRkYWp6ZnauOL9wYtPMCKyJVKXmLAKLSiZYI0kKz7RBiCOFp1Fnv++fXqGxMk2OqauxGcN5IttSADkpLG7qMCg3Li8zaHEdbpR5zjtfbM1FPh/rLhQWS37FH4D/JUFOSizHYVh8bbRSkcWYkFBgbT3wNTV7YEgKhdeFRmZRg+jAOdYdTSBG2+wNjrvmK5kFSrlGw6XiAxG/T/QgtrYbRy4ZA13Y315f/M+rZ9TeafZkojPCRPQXkVQ4WGSFka415C1pkAj6P0cuEy7AABEayUEIJ2auxoLrI/h9/V9yslEJqpXq0VZpdy9vZoItsWW2ygK2zXbZATtkNSbYDbtj9+zBu/UevSfv+SM65OUzi+wHvLd3gxukGA==</latexit>

p1, p2, k, k + p1 k � p2



• E.g.: triangle diagram  

has the following loop-integral 

UV divergent: for                it behaves like 

IR divergent: 

Higher order corrections (iii)

<latexit sha1_base64="dM0fREIKFQqtM7Em27idI7wDHNs="></latexit>

⇠ ↵EW

Z
d4k

(2⇡)4
�↵ i(/k � /p2 +m)

(k � p2)2 �m2 � i0
�µ i(/k + /p1 +m)

(k + p1)2 �m2 � i0
�↵

�i

k2 � i0

<latexit sha1_base64="g+P3pWyu9YAdI7hp6NCraRrKloI="></latexit>

k ! 1
<latexit sha1_base64="BN+eh1fbIGAYlnVrFDr1qQgDNUY="></latexit>(
k ! 0 ) soft divergence

k / p1/2 if m = 0 ) collinear divergence

<latexit sha1_base64="BN+eh1fbIGAYlnVrFDr1qQgDNUY="></latexit>(
k ! 0 ) soft divergence

k / p1/2 if m = 0 ) collinear divergence

<latexit sha1_base64="hAQGKc4wvxNshNHTin2BPM+E7J4=">AAAB+HicbVC7TsNAEFzzDOEVoKQ5ESFRRTZCgTKChjJI5CElVnS+bMKR80N3a6Rg5R9ooaJDtPwNBf+CbVxAwlSjmV3t7HiRkoZs+9NaWl5ZXVsvbZQ3t7Z3dit7+20TxlpgS4Qq1F2PG1QywBZJUtiNNHLfU9jxJleZ33lAbWQY3NI0Qtfn40COpOCUSu2+CsdsMqhU7Zqdgy0SpyBVKNAcVL76w1DEPgYkFDem59gRuQnXJIXCWbkfG4y4mPAx9lIacB+Nm+RpZ+w4NpxCFqFmUrFcxN8bCfeNmfpeOulzujPzXib+5/ViGl24iQyimDAQ2SGSCvNDRmiZ1oBsKDUS8Sw5MhkwwTUnQi0ZFyIV47SXctqHM//9Immf1px6rX5zVm1cFs2U4BCO4AQcOIcGXEMTWiDgHp7gGV6sR+vVerPef0aXrGLnAP7A+vgG652Tbw==</latexit>

log k

<latexit sha1_base64="ekdYwb1siRCvL9mTN+dO/ScfxXY="></latexit>

MB = MNLO,V = MNLO,R =

| {z }
in all combinations

<latexit sha1_base64="ugman4hTlH+zQWAl1Hxv+3SNvX8=">AAACJ3icbVDLSgNBEJz1bXxFPXoZDIJgDLsq0aPoxaOCUSEJS++ko0Nmd8eZXiEEP8RP8Cu86smb6MGDf+IkLr7rVFNVTU9XpJW05Psv3tDwyOjY+MRkYWp6ZnauOL9wYtPMCKyJVKXmLAKLSiZYI0kKz7RBiCOFp1Fnv++fXqGxMk2OqauxGcN5IttSADkpLG7qMCg3Li8zaHEdbpR5zjtfbM1FPh/rLhQWS37FH4D/JUFOSizHYVh8bbRSkcWYkFBgbT3wNTV7YEgKhdeFRmZRg+jAOdYdTSBG2+wNjrvmK5kFSrlGw6XiAxG/T/QgtrYbRy4ZA13Y315f/M+rZ9TeafZkojPCRPQXkVQ4WGSFka415C1pkAj6P0cuEy7AABEayUEIJ2auxoLrI/h9/V9yslEJqpXq0VZpdy9vZoItsWW2ygK2zXbZATtkNSbYDbtj9+zBu/UevSfv+SM65OUzi+wHvLd3gxukGA==</latexit>

p1, p2, k, k + p1 k � p2

<latexit sha1_base64="ugman4hTlH+zQWAl1Hxv+3SNvX8=">AAACJ3icbVDLSgNBEJz1bXxFPXoZDIJgDLsq0aPoxaOCUSEJS++ko0Nmd8eZXiEEP8RP8Cu86smb6MGDf+IkLr7rVFNVTU9XpJW05Psv3tDwyOjY+MRkYWp6ZnauOL9wYtPMCKyJVKXmLAKLSiZYI0kKz7RBiCOFp1Fnv++fXqGxMk2OqauxGcN5IttSADkpLG7qMCg3Li8zaHEdbpR5zjtfbM1FPh/rLhQWS37FH4D/JUFOSizHYVh8bbRSkcWYkFBgbT3wNTV7YEgKhdeFRmZRg+jAOdYdTSBG2+wNjrvmK5kFSrlGw6XiAxG/T/QgtrYbRy4ZA13Y315f/M+rZ9TeafZkojPCRPQXkVQ4WGSFka415C1pkAj6P0cuEy7AABEayUEIJ2auxoLrI/h9/V9yslEJqpXq0VZpdy9vZoItsWW2ygK2zXbZATtkNSbYDbtj9+zBu/UevSfv+SM65OUzi+wHvLd3gxukGA==</latexit>

p1, p2, k, k + p1 k � p2

<latexit sha1_base64="ugman4hTlH+zQWAl1Hxv+3SNvX8=">AAACJ3icbVDLSgNBEJz1bXxFPXoZDIJgDLsq0aPoxaOCUSEJS++ko0Nmd8eZXiEEP8RP8Cu86smb6MGDf+IkLr7rVFNVTU9XpJW05Psv3tDwyOjY+MRkYWp6ZnauOL9wYtPMCKyJVKXmLAKLSiZYI0kKz7RBiCOFp1Fnv++fXqGxMk2OqauxGcN5IttSADkpLG7qMCg3Li8zaHEdbpR5zjtfbM1FPh/rLhQWS37FH4D/JUFOSizHYVh8bbRSkcWYkFBgbT3wNTV7YEgKhdeFRmZRg+jAOdYdTSBG2+wNjrvmK5kFSrlGw6XiAxG/T/QgtrYbRy4ZA13Y315f/M+rZ9TeafZkojPCRPQXkVQ4WGSFka415C1pkAj6P0cuEy7AABEayUEIJ2auxoLrI/h9/V9yslEJqpXq0VZpdy9vZoItsWW2ygK2zXbZATtkNSbYDbtj9+zBu/UevSfv+SM65OUzi+wHvLd3gxukGA==</latexit>
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• IR singularities appear also in real corrections 

• In the soft limit              the amplitude factories w.r.t. the LO one as 

and exposes the IR divergence

Higher order corrections (iv)
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• However, the KLN theorem assures that for any physical observable the IR singularities 
appearing in virtual and real corrections cancel against each other  

• Note that this does not take place at the amplitude level but only after integration of the 
respective (and different) phase spaces  

NB: this is a general sketch, technicalities related to hadronic initial states are not discussed here

Higher order corrections (v)
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• UV singularities are removed through renormalisation 

• This is a two-step procedure: 

Regularisation: UV divergences are identified and expressed in terms of a regulator                                  

Renormalisation: UV divergences are removed by a subtraction scheme, which redefines 
the parameters of the theory 

• Typically  

Higher order corrections (vi)

Dimensional regularisation

The regulator is an ad-hoc parameter,  
observables must not depend on it 

On-shell / MS / MS scheme



• Example: OS renormalisation for transverse       boson

On-shell renormalisation (ii)
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Relations between bare and renormalised quantities through counterterms (CT)

Counterterms are fixed by imposing renormalisation conditions

from which it follows the relation
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• Example: OS renormalisation for transverse       boson

On-shell renormalisation (ii)
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 Renormalised mass = physical mass, i.e. pole of the corresponding propagator/ zero of 2-point function projected                    
.   into physical states (polarization vectors/spinors)



• Example: OS renormalisation for transverse       boson

On-shell renormalisation (iii)
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 Field counterterms (FRCs): close to its pole each propagator corresponds to its LO expression with                        
.  With this condition OS particles do not mix and propagators have residue one:
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Double Logs

• 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

NB: external longitudinal gauge bosons require GBET1
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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  
 
 
    
 
 
with 

• Consequence of  factorisation: DL are universal, i.e. process independent 
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Double Logs

NB: external longitudinal gauge bosons require GBET1
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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 (SSSC): 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

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]
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DL sketch
• General form of EW Feynman rules as in [Denner 0709.1075; 2007]  

    where     contains the Lorentz structure of the vertex (e.g., in         :                                     )  

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

   so that 
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• SL have a triple origin 
 
              PR: UV renormalisation of EW dimensionless parameters  
 
 
 
 
                
        WF: wave-function renormalisation of external fields                      
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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 
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Coll sketch
• Original integral 

• In Sudakov parametrisation                                 , after  integration the integral reduces to 

with                                                               regulating the logarithmic singularity
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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  
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• Generic two-point function 
 
 

• In LA                                          four possible hierarchy of masses
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• 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



Additional results



Results: 
LO
NLLVI EW
NLL′

VI EW
NLOVI EW

10−3

10−2

10−1

1

pp → Zj @ 13 TeV

d
σ

d
m

Z
j
[p

b
/

G
eV

]

0.4

0.6

0.8

1

1.2

1.4

1.6

1
/

L
O

10 3

0.4

0.6

0.8

1

1.2

1.4

1.6

LSC
SSC
SSSC

C
PR

mZj[GeV]
1

/
L

O

LO
NLLVI EW
NLL′

VI EW
NLOVI EW

10−7

10−6

10−5

10−4

10−3

10−2

10−1

1

10 1

pp → Zj @ 13 TeV

d
σ

d
p T

,Z
[p

b
/

G
eV

]

0.4

0.6

0.8

1

1.2

1.4

1.6

1
/

L
O

10 2 10 3

0.4

0.6

0.8

1

1.2

1.4

1.6

LSC
SSC
SSSC

C
PR

pT,Z [GeV]

1
/

L
O

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

pp ! Z + j
<latexit sha1_base64="GaPIgtocxWjOjG76elP+WgOizMY=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRZBEMquFPVY9OKxgv3AdinZNNvGZrMxyRbK0t/hxYMiXv0x3vw3ZtsetPXBwOO9GWbmBZIzbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4TRWidxDxWrQBrypmgdcMMpy2pKI4CTpvB8CbzmyOqNIvFvRlL6ke4L1jICDZW8qVEHROjB3SGHgvdYsktu1OgZeLNSQnmqHWLX51eTJKICkM41rrtudL4KVaGEU4nhU6iqcRkiPu0banAEdV+Oj16gk6s0kNhrGwJg6bq74kUR1qPo8B2RtgM9KKXif957cSEV37KhEwMFWS2KEw4sn9mCaAeU5QYPrYEE8XsrYgMsMLE2JyyELzFl5dJ47zsXZQrd5VS9XoeRx6O4BhOwYNLqMIt1KAOBJ7gGV7hzRk5L8678zFrzTnzmUP4A+fzB3qmkJ0=</latexit>

pp ! Z + j



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: 
<latexit sha1_base64="fFVQmkco2rPn1Dw6NfFkvqqJdEc=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIqS6LblxWsA/aDiWTZtrQTCYkGaEM/Qs3LhRx69+482/MtLPQ1gOBwzn3kntOIDnTxnW/ncLG5tb2TnG3tLd/cHhUPj5p6zhRhLZIzGPVDbCmnAnaMsxw2pWK4ijgtBNM7zK/80SVZrF4NDNJ/QiPBQsZwcZKPSnRwMSo1ysNyxW36i6A1omXkwrkaA7LX4NRTJKICkM41rrvudL4KVaGEU7npUGiqcRkise0b6nAEdV+urh4ji6sMkJhrOwTBi3U3xspjrSeRYGdjLCZ6FUvE//z+okJb/yUCZkYKsjyozDhyIbM4qMRU5QYPrMEE8XsrYhMsMLE2JKyErzVyOukfVX16tXaQ63SuM3rKMIZnMMleHANDbiHJrSAgIBneIU3RzsvzrvzsRwtOPnOKfyB8/kDR8eQBA==</latexit>

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

|yZ | < 3

LO
NLLVI EW
NLL′

VI EW
NLOVI EW

10−6

10−5

10−4

10−3

10−2

10−1

pp → ZZ @ 13 TeV

d
σ

d
m

Z
Z
[p

b
/

G
eV

]

0

0.5

1

1.5

2

1
/

L
O

10 3
0

0.5

1

1.5

2

LSC
SSC
SSSC

C
PR

mZZ [GeV]

1
/

L
O



Results: 
|ηW | < 3|ηW | < 3 LO

NLLVI EW
NLL′

VI EW
NLOVI EW

10−6

10−5

10−4

10−3

10−2

10−1

pp → W+W− @ 13 TeV

d
σ

d
m

W
+

W
−
[p

b
/

G
eV

]

0

0.5

1

1.5

2

1
/

L
O

0

0.5

1

1.5

2

LSC
SSC
SSSC

C
PR
YUK

1
/

L
O

10 3
-1

-0.5

0

0.5

1

1.5

2

LO
LO GBET

LT+TL
LL
TT

mW+W− [GeV]

1
/

L
O

G
B

E
T

LO
NLLVI EW
NLL′

VI EW
NLOVI EW

10−7

10−6

10−5

10−4

10−3

10−2

10−1

pp → W+W− @ 13 TeV

d
σ

d
p

T
,W

1
[p

b
/

G
eV

]

0

0.5

1

1.5

2

1
/

L
O

0

0.5

1

1.5

2

LSC
SSC
SSSC

C
PR
YUK

1
/

L
O

10 2 10 3
-1

-0.5

0

0.5

1

1.5

2

LO
LO GBET

LT+TL
LL
TT

pT,W1
[GeV]

1
/

L
O

G
B

E
T

<latexit sha1_base64="kgQIAxd6klJuehGFTSLZWHUahF8=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIglgSKeqx6MVjBfsBbSyb7aZdukmW3Y1QQ3+JFw+KePWnePPfuGlz0NYHA4/3ZpiZ5wvOlHacb6uwsrq2vlHcLG1t7+yW7b39looTSWiTxDyWHR8ryllEm5ppTjtCUhz6nLb98U3mtx+pVCyO7vVEUC/Ew4gFjGBtpL5dFgL1dIzaD6emzkp9u+JUnRnQMnFzUoEcjb791RvEJAlppAnHSnVdR2gvxVIzwum01EsUFZiM8ZB2DY1wSJWXzg6fomOjDFAQS1ORRjP190SKQ6UmoW86Q6xHatHLxP+8bqKDKy9lkUg0jch8UZBwZD7NUkADJinRfGIIJpKZWxEZYYmJNlllIbiLLy+T1nnVvajW7mqV+nUeRxEO4QhOwIVLqMMtNKAJBBJ4hld4s56sF+vd+pi3Fqx85gD+wPr8AVTqkZU=</latexit>

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
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pp ! W
+
W

�
H

Small but sizeable contribution to the 
LO coming from TT. In the tail 

:   

 : 

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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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

Amplitude-level validation:        scan
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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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