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Overview



The Vincia parton shower



Parton Showers
• Essential part of Monte Carlo event generators


• Process-independent resummation framework 


• Fully differential


• Interface hard scattering (high scale)  
to hadronization (low scale)


• Many types with many  
differences



Factorization
Based on factorisation properties of Matrix Element  
in singular limits

1. Quasi-collinear limit
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Factorization
Based on factorisation properties of Matrix Element  
in singular limits

2. Soft limit
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Main Ingredients
1. Phase space factorisation

2. Ordering scale

3. Branching kernel

d�n+1 = d�n ⇥ d�ps
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Comes with a kinematic map

1. Momentum conservation


2. IR safety



Parton Showers
Branching kernel (real corrections)

Sudakov factor (virtual corrections)

p? ⇡ Qfac
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Parton shower is unitary:  
cancellation of real and virtual corrections

�inc
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Types of Showers
Dipole Antenna1
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- Vincia 
- Ariadne

- Pythia 
- Dire 
- Sherpa 
- Herwig 

• Collinear limit automatic


• Coherence through angular ordering 
or partial fractioning


• Distinct difference emitter vs. spectator

• Collinear limit automatic (some subtleties)


• Coherence automatic


• Emitters treated on equal footing



Vincia: Three ingredients
1. Phase space factorisation

2. Ordering scale: Ariadne

3. Branching kernel: Antenna functions
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⊥
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Vincia: Helicity showers
Evolution of intermediate helicity states
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Very important in EW sector

→ Separate antenna function for every configuration

Note: Not full spin correlations, only diagonal contributions



Electroweak Showering



Why EW Showers?

Christiansen, Sjostrand                              arXiv:1401.5238

Krauss, Petrov, Schoenherr, Spannowsky arXiv:1403.4788• Only vector boson emissions


• Full-fledged EW shower Chen, Han, Tweedie                                    arXiv:1611.00788

Existing implementations
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Just starting to become relevant

• (HL)-LHC


• Future colliders

ATLAS 1609.07045

• EW gauge bosons, tops, Higgs part of jets 

• Universal incorporation of EW virtual
/ log

✓
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Q2
EW

◆
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Electroweak Branching Kernels

pij,λij

pi,λi

pj,λj

M�ij ,�i,�j (pi, pj) =
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Transform to Vincia phase space



Longitudinal Polarisations
M�ij ,�i,�j (pi, pj) = ū�i(pi)(v + a�5)/✏�j

(pj)u�ij (pij)
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1. Insert spinor representations


2. Consider longitudinal polarisation


3. Do some Dirac algebra 
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Goldstone Bosons

✏µ0 (p) =
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Goldstone piece actually couples to Yukawa
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Possible to solve with Goldstone equivalence 
and suitable gauge choice

Spinor helicity formalism enables  
much simpler solution:

Yukawa couplings

Off-shellness



Goldstone Bosons
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Possible to solve with Goldstone equivalence 
and suitable gauge choice

Spinor helicity formalism enables 
much simpler solution:

Yukawa couplings

Off-shellness



Collinear Limits



Collinear Limits

Q̃2 = Q2 +m2
ij �

m2
i

z
�

m2
j

1� z

<latexit sha1_base64="05Jva6p7FydvmhLHzJ0VFndDruk="></latexit>

P (z) / Q̃2

Q4

1 + z2

1� z

<latexit sha1_base64="ckDeJjHa2A0cosfFa1kfh27BuBA="></latexit>

P (z) / Q̃2

Q4
(1� z)

<latexit sha1_base64="UbV0k6+XI6CXheuIrvSGVHTTe7I="></latexit>

P (z) / m2

Q4

<latexit sha1_base64="VMUI+RWbUlETEv0ey5eLczmfpXc=">AAACGnicbVC7TsMwFHXKq5RXgBEGiwqpLFVSFcFYwcLYSvQhtWnlOE5r1U4i20EqURa+gw9ghU9gQ6wsfAG/gdtmoC1HsnR0zr26PseNGJXKsr6N3Nr6xuZWfruws7u3f2AeHrVkGAtMmjhkoei4SBJGA9JUVDHSiQRB3GWk7Y5vp377gQhJw+BeTSLicDQMqE8xUloamKf10uMF7EUijFQIe75AOOH9Spo0+tV0YBatsjUDXCV2RoogQ31g/vS8EMecBAozJGXXtiLlJEgoihlJC71YkgjhMRqSrqYB4kQ6ySxFCs+14kE/FPoFCs7UvxsJ4lJOuKsnOVIjuexNxf+8bqz8ayehQRQrEuD5IT9mUAeeVgI9KghWbKIJwoLqv0I8QroJpYtbuCJ1qBHx0oJuxl7uYZW0KmW7Wr5sVIu1m6yjPDgBZ6AEbHAFauAO1EETYPAEXsAreDOejXfjw/icj+aMbOcYLMD4+gUWwaDH</latexit>



The Electroweak Shower
•                 branchings (all FSR + ffV ISR)O(1000)

<latexit sha1_base64="ZVcQl9Bvwxfdv81CVC/QmmFO/fo=">AAACD3icbVBLTsMwFHTKr5RfCks2FhVS2VQOKoJlBRt2FIl+pDaqHMdprTpOZDugKuohOABbOAI7xJYjcAKugdNmQVtGsjSaeU9vPF7MmdIIfVuFtfWNza3idmlnd2//wC4ftlWUSEJbJOKR7HpYUc4EbWmmOe3GkuLQ47TjjW8yv/NIpWKReNCTmLohHgoWMIK1kQZ2uR9iPSKYp3fTqoMQOhvYFVRDM8BV4uSkAnI0B/ZP349IElKhCcdK9RwUazfFUjPC6bTUTxSNMRnjIe0ZKnBIlZvOok/hqVF8GETSPKHhTP27keJQqUnomcksqFr2MvE/r5fo4MpNmYgTTQWZHwoSDnUEsx6gzyQlmk8MwUQykxWSEZaYaNPWwhVlPjWi/rRkmnGWe1gl7fOaU69d3Ncrjeu8oyI4BiegChxwCRrgFjRBCxDwBF7AK3iznq1368P6nI8WrHznCCzA+voF3HWbxQ==</latexit>

p2? =
(sij +m2

i +m2
j �m2

I)(sjk +m2
j )

sIK

<latexit sha1_base64="PKCF6wgBtA91pvC4Hvyai4vWOYU="></latexit>

• Ordering scale

• As similar as possible to the QCD shower
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Novel features in the 

Electroweak Sector



Resonance Matching
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Matched

 b W→t 
• Large scales:  

EW shower offers best description

• Small scales: 

Breit-Wigner distribution

Branchings like t ! bW

<latexit sha1_base64="0Sry9IyCWpRsPgW70bMyzYTZILU=">AAAB+nicbVBNSwMxEM3Wr1q/tnr0EiyCp7Irih6LXjxWsB/QLiWbZtvQbLIks5ay9qd48aCIV3+JN/+NabsHbX0w8Hhvhpl5YSK4Ac/7dgpr6xubW8Xt0s7u3v6BWz5sGpVqyhpUCaXbITFMcMkawEGwdqIZiUPBWuHodua3Hpk2XMkHmCQsiMlA8ohTAlbquWXAXc0HQyBaqzEOcavnVryqNwdeJX5OKihHved+dfuKpjGTQAUxpuN7CQQZ0cCpYNNSNzUsIXREBqxjqSQxM0E2P32KT63Sx5HStiTgufp7IiOxMZM4tJ0xgaFZ9mbif14nheg6yLhMUmCSLhZFqcCg8CwH3OeaURATSwjV3N6K6ZBoQsGmVbIh+Msvr5LmedW/qF7eX1RqN3kcRXSMTtAZ8tEVqqE7VEcNRNEYPaNX9OY8OS/Ou/OxaC04+cwR+gPn8weSHJOP</latexit>

Z ! qq̄

<latexit sha1_base64="LudrldcGq/hisVTyWmAeSyaZbzw=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL4tF8FQSqeix6MVjBfuBbSib7aZdutmkuxOlhHrxr3jxoIhX/4U3/43bNgdtfTDweG+GmXl+LLgGx/m2ckvLK6tr+fXCxubW9o69u1fXUaIoq9FIRKrpE80El6wGHARrxoqR0Bes4Q+uJn7jninNI3kLo5h5IelJHnBKwEgd++AOtxXv9YEoFT3gIW77RKXDMe7YRafkTIEXiZuRIspQ7dhf7W5Ek5BJoIJo3XKdGLyUKOBUsHGhnWgWEzogPdYyVJKQaS+dfjDGx0bp4iBSpiTgqfp7IiWh1qPQN50hgb6e9ybif14rgeDCS7mME2CSzhYFicAQ4UkcuMsVoyBGhhCquLkV0z5RhIIJrWBCcOdfXiT105JbLp3dlIuVyyyOPDpER+gEuegcVdA1qqIaougRPaNX9GY9WS/Wu/Uxa81Z2cw++gPr8wfn4ZaN</latexit>

, etc.

๏Matching:
• Sample mass from Breit-Wigner  

upon production

• Suppress shower by factor

• Decay when shower hits off-shellness scale

Q4

(Q2 +Q2
EW)2

<latexit sha1_base64="DOsL24Xpii02jG+NgD8yfyxZLFc="></latexit>

BW(Q2) / m0�(m)

Q4 +m2
0�(m)2

<latexit sha1_base64="iNTABeiKRj26KsOqi3c+mF5tymM="></latexit>



Neutral Boson Interference
Interference between          and�, ZT

<latexit sha1_base64="LuycDPs/6ciDVKr+psW8rG7eTVA=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRbBg5Rdqeix6MVjhX7hdinZNNuGJtklyQpl6c/w4kERr/4ab/4b03YP2vpg4PHeDDPzwoQzbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TRWiLxDxW3RBrypmkLcMMp91EUSxCTjvh+G7md56o0iyWTTNJaCDwULKIEWys5PeGWAh8gR77zX654lbdOdAq8XJSgRyNfvmrN4hJKqg0hGOtfc9NTJBhZRjhdFrqpZommIzxkPqWSiyoDrL5yVN0ZpUBimJlSxo0V39PZFhoPRGh7RTYjPSyNxP/8/zURDdBxmSSGirJYlGUcmRiNPsfDZiixPCJJZgoZm9FZIQVJsamVLIheMsvr5L2ZdWrVa8eapX6bR5HEU7gFM7Bg2uowz00oAUEYniGV3hzjPPivDsfi9aCk88cwx84nz9bTJCo</latexit>

h, ZL

<latexit sha1_base64="GqFS8bnR4Hx7JseV9QJxFskocQA=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgIeFOErQM2lhYRDAfmBxhb7OXrNnbPXb3hHDkP9hYKGLr/7Hz37hJrtDEBwOP92aYmRfEnGnjut9ObmV1bX0jv1nY2t7Z3SvuHzS1TBShDSK5VO0Aa8qZoA3DDKftWFEcBZy2gtH11G89UaWZFPdmHFM/wgPBQkawsVJzeIYeere9YsktuzOgZeJlpAQZ6r3iV7cvSRJRYQjHWnc8NzZ+ipVhhNNJoZtoGmMywgPasVTgiGo/nV07QSdW6aNQKlvCoJn6eyLFkdbjKLCdETZDvehNxf+8TmLCSz9lIk4MFWS+KEw4MhJNX0d9pigxfGwJJorZWxEZYoWJsQEVbAje4svLpHle9irl6l2lVLvK4sjDERzDKXhwATW4gTo0gMAjPMMrvDnSeXHenY95a87JZg7hD5zPH4w1jnc=</latexit>

Shower approximationPhysical contribution

+

<latexit sha1_base64="3DnS3vImeIO9jz1IyYjxDR65oEU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXInoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse5XyVb1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3QdjLc=</latexit>

2

<latexit sha1_base64="KABtTuE2bHd1XLi8DfYY+6Pgzgs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYJRo9ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9IvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia88adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyVy1fNaql2m0WRx7O4BwuwYNrqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AH65jL4=</latexit>

• Complicated solution: Evolve density matrices

w =

<latexit sha1_base64="9EksubjQUKTLwZsYb69m8SFoIZg=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9mVFr0IRS8eK9gPaJeSTbNtaJJdkqxSlv4FLx4U8eof8ua/MdvuQVsfDDzem2FmXhBzpo3rfjuFtfWNza3idmlnd2//oHx41NZRoghtkYhHqhtgTTmTtGWY4bQbK4pFwGknmNxmfueRKs0i+WCmMfUFHkkWMoJNJj2hazQoV9yqOwdaJV5OKpCjOSh/9YcRSQSVhnCsdc9zY+OnWBlGOJ2V+ommMSYTPKI9SyUWVPvp/NYZOrPKEIWRsiUNmqu/J1IstJ6KwHYKbMZ62cvE/7xeYsIrP2UyTgyVZLEoTDgyEcoeR0OmKDF8agkmitlbERljhYmx8ZRsCN7yy6ukfVH1atX6fa3SuMnjKMIJnMI5eHAJDbiDJrSAwBie4RXeHOG8OO/Ox6K14OQzx/AHzucPFXONng==</latexit>

• Simple solution: Apply event weight

→

→

Very computationally expensive

Does not get Sudakov right

γ ZT
γ

2

<latexit sha1_base64="KABtTuE2bHd1XLi8DfYY+6Pgzgs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYJRo9ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9IvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia88adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyVy1fNaql2m0WRx7O4BwuwYNrqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AH65jL4=</latexit>

2

<latexit sha1_base64="KABtTuE2bHd1XLi8DfYY+6Pgzgs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYJRo9ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9IvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia88adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyVy1fNaql2m0WRx7O4BwuwYNrqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AH65jL4=</latexit>

ZT

2

<latexit sha1_base64="KABtTuE2bHd1XLi8DfYY+6Pgzgs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYJRo9ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9IvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia88adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyVy1fNaql2m0WRx7O4BwuwYNrqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AH65jL4=</latexit>

2

<latexit sha1_base64="KABtTuE2bHd1XLi8DfYY+6Pgzgs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYJRo9ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9IvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia88adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyVy1fNaql2m0WRx7O4BwuwYNrqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AH65jL4=</latexit>

⇥

<latexit sha1_base64="DFN4sfNhBNG+B7awRb3y/Saos6c=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9FxE2/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxW1S/xsfu2UnFllQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMNrPxMqSZErtlgUppJgTGavk4HQnKGcWEKZFvZWwkZUU4Y2oJINwVt+eZW0LqperXp5X6vUb/I4inACp3AOHlxBHe6gAU1g8AjP8ApvTuy8OO/Ox6K14OQzx/AHzucPuMOPPA==</latexit>

⇥

<latexit sha1_base64="DFN4sfNhBNG+B7awRb3y/Saos6c=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9FxE2/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxW1S/xsfu2UnFllQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMNrPxMqSZErtlgUppJgTGavk4HQnKGcWEKZFvZWwkZUU4Y2oJINwVt+eZW0LqperXp5X6vUb/I4inACp3AOHlxBHe6gAU1g8AjP8ApvTuy8OO/Ox6K14OQzx/AHzucPuMOPPA==</latexit>

+

<latexit sha1_base64="3DnS3vImeIO9jz1IyYjxDR65oEU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXInoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse5XyVb1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3QdjLc=</latexit>

γ ZT

γ

2

<latexit sha1_base64="KABtTuE2bHd1XLi8DfYY+6Pgzgs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYJRo9ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9IvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia88adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyVy1fNaql2m0WRx7O4BwuwYNrqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AH65jL4=</latexit>

2

<latexit sha1_base64="KABtTuE2bHd1XLi8DfYY+6Pgzgs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYJRo9ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9IvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia88adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyVy1fNaql2m0WRx7O4BwuwYNrqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AH65jL4=</latexit>

ZT

2

<latexit sha1_base64="KABtTuE2bHd1XLi8DfYY+6Pgzgs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYJRo9ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9IvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia88adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyVy1fNaql2m0WRx7O4BwuwYNrqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AH65jL4=</latexit>

2

<latexit sha1_base64="KABtTuE2bHd1XLi8DfYY+6Pgzgs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYJRo9ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9IvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia88adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyVy1fNaql2m0WRx7O4BwuwYNrqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AH65jL4=</latexit>

⇥

<latexit sha1_base64="DFN4sfNhBNG+B7awRb3y/Saos6c=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9FxE2/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxW1S/xsfu2UnFllQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMNrPxMqSZErtlgUppJgTGavk4HQnKGcWEKZFvZWwkZUU4Y2oJINwVt+eZW0LqperXp5X6vUb/I4inACp3AOHlxBHe6gAU1g8AjP8ApvTuy8OO/Ox6K14OQzx/AHzucPuMOPPA==</latexit>

⇥

<latexit sha1_base64="DFN4sfNhBNG+B7awRb3y/Saos6c=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9FxE2/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxW1S/xsfu2UnFllQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMNrPxMqSZErtlgUppJgTGavk4HQnKGcWEKZFvZWwkZUU4Y2oJINwVt+eZW0LqperXp5X6vUb/I4inACp3AOHlxBHe6gAU1g8AjP8ApvTuy8OO/Ox6K14OQzx/AHzucPuMOPPA==</latexit>

+

<latexit sha1_base64="3DnS3vImeIO9jz1IyYjxDR65oEU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXInoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse5XyVb1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3QdjLc=</latexit>

γ ZT

γ ZT

2

<latexit sha1_base64="KABtTuE2bHd1XLi8DfYY+6Pgzgs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYJRo9ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9IvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia88adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyVy1fNaql2m0WRx7O4BwuwYNrqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AH65jL4=</latexit>

⇥

<latexit sha1_base64="DFN4sfNhBNG+B7awRb3y/Saos6c=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9FxE2/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxW1S/xsfu2UnFllQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMNrPxMqSZErtlgUppJgTGavk4HQnKGcWEKZFvZWwkZUU4Y2oJINwVt+eZW0LqperXp5X6vUb/I4inACp3AOHlxBHe6gAU1g8AjP8ApvTuy8OO/Ox6K14OQzx/AHzucPuMOPPA==</latexit>

⇥

<latexit sha1_base64="DFN4sfNhBNG+B7awRb3y/Saos6c=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9FxE2/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxW1S/xsfu2UnFllQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMNrPxMqSZErtlgUppJgTGavk4HQnKGcWEKZFvZWwkZUU4Y2oJINwVt+eZW0LqperXp5X6vUb/I4inACp3AOHlxBHe6gAU1g8AjP8ApvTuy8OO/Ox6K14OQzx/AHzucPuMOPPA==</latexit>

+

<latexit sha1_base64="3DnS3vImeIO9jz1IyYjxDR65oEU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXInoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse5XyVb1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3QdjLc=</latexit>

γ ZT



Bosonic Interference

100 200 300 400 500 600 700 800 900 1000
 [GeV]γZ/M

8−10

7−10

6−10

5−10

4−10

]
-1

 [G
eV

γ
Z/

/d
M

σ
 d

to
t

σ
1/

+e-e
νν

-W+W

X (Interference)- e→
T

/Zγ- e→-e

100 200 300 400 500 600 700 800 900 1000
 [GeV]γZ/M

8−10

7−10

6−10

5−10

4−10

]
-1

 [G
eV

γ
Z/

/d
M

σ
 d

to
t

σ
1/

+e-e
νν

-W+W

X (No interference)- e→
T

/Zγ- e→-e



Bosonic Interference

100 200 300 400 500 600 700 800 900 1000
 [GeV]γZ/M

8−10

7−10

6−10

5−10

4−10

]
-1

 [G
eV

γ
Z/

/d
M

σ
 d

to
t

σ
1/

+e-e
νν

-W+W

X (Interference)+ e→
T

/Zγ+ e→+e

100 200 300 400 500 600 700 800 900 1000
 [GeV]γZ/M

8−10

7−10

6−10

5−10

4−10

]
-1

 [G
eV

γ
Z/

/d
M

σ
 d

to
t

σ
1/

+e-e
νν

-W+W

X (No interference)+ e→
T

/Zγ+ e→+e



Overlap Veto
2x EW

1x QCD 1x EW

2x QCD

Last emission QCD? dLastij < min
�
dEW
ij

�
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Last emission EW? dLastij < min
⇣
dQCD
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Accept 
Branching

dij = min
�
k2T,i, k

2
T,j

� �ij

R
+m2

i +m2
j �m2

<latexit sha1_base64="evrVvE69N8CKiX3OLGF/+ZEv86k="></latexit>

Double counting problem

Veto procedure
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Overlap Veto
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Bloch-Nordsieck Violations
BN / KLN Theorems: Real and virtual singularities cancel

Requirement: Summing over gauge indices

W radiation in the initial state:  
PDFs are not isospin symmetric
→ Incomplete cancellation

Effects not large at LHC, but will be significant at higher energies

No straightforward solution in shower language

vs.



Conclusions
• Universal EW radiative corrections relevant at (HL)-LHC and future colliders


• EW sector offers rich physics, with lots of different collinear branchings


• Many features unique to the EW sector 
- Matching to resonance decays 
- Neutral boson interference 
- Overlap between hard scatterings 
- Bloch-Nordsieck violations


• EW shower will be publicly available as part of the Vincia shower 
Will be included in Pythia 8.3 out of the box
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Spinor-Helicity formalism

✏µ±(p) = ± 1p
2

1

2p·k ū⌥(k)/p�
µu±(k)

<latexit sha1_base64="XTqSs1cwMITSz5zdjqyWQEAbkyg="></latexit>

✏µ0 (p) =
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pµ � m2

p·kk
µ

◆
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Fermion Gauge boson

u±(p) =
1p
2p·k

(/p+m)u⌥(k)

<latexit sha1_base64="vM3/nyLtvjxvgZ6qBuOeaOlwvVQ="></latexit>

v±(p) =
1p
2p·k

(/p�m)u⌥(k)

<latexit sha1_base64="3rcnGL6Vb/ds6CWcq9qYsg0COkM="></latexit>

helicity for massive fermionsk !

<latexit sha1_base64="riLElsJ1LYyQ6ulhuVeqxLrKPms=">AAACCXicbVBLSgNBEO2Jvxh/UZduGoPgKsyIosugG5cRzAeSIfT01CRNerrH7h4lDDmBB3CrR3Anbj2FJ/AadpJZmMQHBY/3qqiqFyScaeO6305hZXVtfaO4Wdra3tndK+8fNLVMFYUGlVyqdkA0cCagYZjh0E4UkDjg0AqGNxO/9QhKMynuzSgBPyZ9wSJGibGSP8RdxfoDQ5SST71yxa26U+Bl4uWkgnLUe+WfbihpGoMwlBOtO56bGD8jyjDKYVzqphoSQoekDx1LBYlB+9n06DE+sUqII6lsCYOn6t+JjMRaj+LAdsbEDPSiNxH/8zqpia78jIkkNSDobFGUcmwkniSAQ6aAGj6yhFDF7K2YDogi1Nic5rZo+9QAwnHJJuMt5rBMmmdV77x6cXdeqV3nGRXRETpGp8hDl6iGblEdNRBFD+gFvaI359l5dz6cz1lrwclnDtEcnK9fHyKbDQ==</latexit>

k !

<latexit sha1_base64="riLElsJ1LYyQ6ulhuVeqxLrKPms=">AAACCXicbVBLSgNBEO2Jvxh/UZduGoPgKsyIosugG5cRzAeSIfT01CRNerrH7h4lDDmBB3CrR3Anbj2FJ/AadpJZmMQHBY/3qqiqFyScaeO6305hZXVtfaO4Wdra3tndK+8fNLVMFYUGlVyqdkA0cCagYZjh0E4UkDjg0AqGNxO/9QhKMynuzSgBPyZ9wSJGibGSP8RdxfoDQ5SST71yxa26U+Bl4uWkgnLUe+WfbihpGoMwlBOtO56bGD8jyjDKYVzqphoSQoekDx1LBYlB+9n06DE+sUqII6lsCYOn6t+JjMRaj+LAdsbEDPSiNxH/8zqpia78jIkkNSDobFGUcmwkniSAQ6aAGj6yhFDF7K2YDogi1Nic5rZo+9QAwnHJJuMt5rBMmmdV77x6cXdeqV3nGRXRETpGp8hDl6iGblEdNRBFD+gFvaI359l5dz6cz1lrwclnDtEcnK9fHyKbDQ==</latexit>

gauge choice

Purely transverse & longitudinalSpin points in direction of motion

k = (1,�~ep)

<latexit sha1_base64="TFT1fT4Qbr0uXspXFzedW/S87Mc=">AAACEXicbVBLSgNBEO2Jvxh/o1m6aQxCBA0zEtGNEHTjMoL5QDKEnp6apEnPh+6eQBhyCg/gVo/gTtx6Ak/gNewkszCJDwoe71VRVc+NOZPKsr6N3Nr6xuZWfruws7u3f2AeHjVllAgKDRrxSLRdIoGzEBqKKQ7tWAAJXA4td3g/9VsjEJJF4ZMax+AEpB8yn1GitNQzi0N8i8v2Ob7ojoCmMOnFZz2zZFWsGfAqsTNSQhnqPfOn60U0CSBUlBMpO7YVKyclQjHKYVLoJhJiQoekDx1NQxKAdNLZ8RN8qhUP+5HQFSo8U/9OpCSQchy4ujMgaiCXvan4n9dJlH/jpCyMEwUhnS/yE45VhKdJYI8JoIqPNSFUMH0rpgMiCFU6r4UtUj81AG9S0MnYyzmskuZlxa5Wrh6rpdpdllEeHaMTVEY2ukY19IDqqIEoGqMX9IrejGfj3fgwPuetOSObKaIFGF+/SK+b8w==</latexit>



Resonance Matching

p2⊥

b W+

q q̄′

t

p2⊥,bW

p2⊥,qq̄′

b q q̄′

Hard system Resonance system Resonance system

p2⊥,t

p2⊥,W

Pythia

Vincia

• Narrow width approximation


• Decay showers after hard system

• Decays part of hard system


• Natural treatment of finite  
width effects



Recoiler Selection
In QCD recoiler determined 
by colour structure

1

2

3

4

Color
Ordering

In EW no such guidance exists

Gluon splitting: recoiler ambiguous Probabilistic choice to avoid 
back reaction effects


