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Parton shower overview



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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Parton Shower Accuracy
Dasgupta, Dreyer, Hamilton, Monni, Salam, Soyez 2002.11114
Nagy, Soper 2011.04773
Forshaw, Holguin, Platzer 2003.06400

• Formal NLL accuracy

• Inclusion of higher-order branching kernels

Hoche, Krauss, Prestel 1705.00982
Li, Skands 1611.00013

Requirement for NNLL

• Subleading colour effects
Hamilton, Medves, Salam, Scyboz, Soyez 2011.10054
Nagy, Soper 1501.00778
Platzer, Sjodahl, Thoren 1808.00332
Forshaw, Holguin, Platzer 1905.08686
Isaacson, Prestel 1806.10102

1/N2
c ⇠ 10%
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• Electroweak corrections

Chen, Han, Tweedie arXiv:1611.00788

Christiansen, Sjostrand arXiv:1401.5238
Krauss, Petrov, Schoenherr, Spannowsky arXiv:1403.4788

Kleiss, RV 2002.09248

↵/↵s ⇠ 10%
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Karlberg, Salam, Scyboz, RV 1611.00013
• Spin correlations

Richardson, Webster 1807.01955

Rest of the talk



Vincia: Three ingredients
1. Phase space factorisation

2. Ordering scale: Ariadne

3. Branching kernel: Antenna functions
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16⇡2
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IK ,m2
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K) dsij dsjk

d'
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Side note: Spin interference
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Vincia’s solution: Evolution of intermediate helicity states
• Should capture leading effects

• Needs separate branching kernels for every spin configuration

• In QCD, spin interference effects only lead to azimuthal modulation
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2
?,i) = exp
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Integrates out of the Sudakov→

Azimuthal integral

• In EW, spin influences the rate of emissions
Does not integrate out of the Sudakov→

W

Z

f f ′

f ′



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 0 1 2 3 4
EW branchings
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• Real corrections: EW gauge bosons, tops, Higgs part of jets 

• Virtual corrections: Universal incorporation of Sudakov logs ↵

⇡
ln2

�
s/Q2

EW

�
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Applications
• (HL)-LHC

• Future colliders

• DM spectra

ATLAS 1609.07045

Bauer, Rodd, Webber 2007.15001

→ Results later



Electroweak Branching Kernels

pij,λij

pi,λi

pj,λj

M�ij ,�i,�j (pi, pj) =

<latexit sha1_base64="UMf0lwNEypyGv3ZvsNjn+qvKnC8="></latexit>

xi =
sij + sik +m2

i

m2
IK

xj =
sij + sjk +m2

j

m2
IK

<latexit sha1_base64="z+I42K2vOlSKuq0Va5qRd7lTJEk="></latexit>

Q2 = sij +m2
i +m2

j �m2
ij

<latexit sha1_base64="PGtpEMCYBADkaQf35oATDADfxos=">AAACJXicbVDLSsNAFJ3UV62vqEs3g0UUxJKUim6EohuXLdgHtGmYTCbttJMHMxOhhH6C3+EHuNVPcCeCK5f+hpM2C9t6YLiHc+7lzj1OxKiQhvGl5VZW19Y38puFre2d3T19/6Apwphj0sAhC3nbQYIwGpCGpJKRdsQJ8h1GWs7oLvVbj4QLGgYPchwRy0f9gHoUI6kkWz+t98rwBgo7ocMJPIe+TZWQ1qGqF6qmRq9s60WjZEwBl4mZkSLIULP1n64b4tgngcQMCdExjUhaCeKSYkYmhW4sSITwCPVJR9EA+URYyfSgCTxRigu9kKsXSDhV/04kyBdi7Duq00dyIBa9VPzP68TSu7YSGkSxJAGeLfJiBmUI03SgSznBko0VQZhT9VeIB4gjLFWGc1uEOmpA3ElBJWMu5rBMmuWSWSld1ivF6m2WUR4cgWNwBkxwBargHtRAA2DwBF7AK3jTnrV37UP7nLXmtGzmEMxB+/4F68qjAg==</latexit>

pij

pi

pj

Use spinor-helicity formalism

a�ij ,�i,�j (sij , sjk) =

" ����
1

Q2
M�ij ,�i,�j (pi, pj)

����
2
#z!xi

(1�z)!xj

<latexit sha1_base64="5TU5n+zV3hSF2rnEIo5IH48wSvc="></latexit>

Transform to Vincia phase space



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

(pj)u�ij (pij)

<latexit sha1_base64="puWjUPdIT+jNNDeM6vVPpUmgud4="></latexit>

pij,λij

pi,λi

pj,λj

1. Insert spinor representations


2. Consider longitudinal polarisation


3. Do some Dirac algebra 

Q2
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drops out Unitarity violation ???

M+,+,0(pi, pj) /
1

mj

⇣
(Q2 +m2

ij)/pij �m2
i /pij

⌘
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Goldstone Bosons

✏µ0 (p) =
1

m

✓
pµ � m2

p·kk
µ

◆

<latexit sha1_base64="dUb7y776bOdqfxzWtfnM4JSsspw="></latexit>

pij,λij

pi,λi

pj, 0

pij,λij

pi,λi

pj, 0

Goldstone piece actually couples to Yukawa

=
1

mj

⇣
(Q2 +m2

ij)/pi �m2
i /pij

⌘
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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

✏µ0 (p) =
1

m

✓
pµ � m2

p·kk
µ

◆
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pij,λij

pi,λi

pj, 0

pij,λij

pi,λi

pj, 0

Goldstone piece actually couples to Yukawa

=
1

mj

⇣
(Q2 +m2

ij)/pi �m2
i /pij

⌘
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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
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P (z) / Q̃2

Q4
(1� z)
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P (z) / m2

Q4
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The Electroweak Shower
                types of branchings (all FSR + ffV ISR)O(1000)
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Results: Virtual Sudakov logs
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Results: DM decay spectra
Bauer, Rodd, Webber 2007.15001
Comparison with analytic results
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Novel features in the  
Electroweak Sector



Resonance Matching

• Large scales:  
EW shower offers best description


• Small scales: 
Breit-Wigner distribution

Branchings like t ! bW
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Z ! qq̄
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, etc.

๏Matching:
• Sample mass from Breit-Wigner  

upon production

• Suppress shower by factor

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>
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• Decay when shower hits off-shellness scale



Neutral Boson Interference
Interference between          and�, ZT
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h, ZL
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Shower approximationPhysical contribution

+
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• Complicated solution: Evolve density matrices

w =
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• Simple solution: Apply event weight

→

→

Very computationally expensive

Does not get Sudakov right

γ ZT
γ

2
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⇥

<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
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Overlap Veto
2x EW

1x QCD 1x EW

2x QCD

Last emission QCD? dLastij < min
�
dEW
ij

�

<latexit sha1_base64="hx+LDzOiq6qPgB76+lPIg/ikiSA=">AAACI3icbVC7SgNBFJ31GeMramkzGARtwq5EFLEQRbCwUDBGyMYwO7mbjM7OLjN3xbDsv9j4KzYWSrCx8F+cxBS+DgwczjmXO/cEiRQGXffdGRufmJyaLswUZ+fmFxZLS8uXJk41hxqPZayvAmZACgU1FCjhKtHAokBCPbg9Gvj1O9BGxOoCewk0I9ZRIhScoZVapb12KxM3+XXmI9xjdsoM5jndp34klC8hxI2fgeN6nvtadLq42SqV3Yo7BP1LvBEpkxHOWqW+3455GoFCLpkxDc9NsJkxjYJLyIt+aiBh/JZ1oGGpYhGYZja8MafrVmnTMNb2KaRD9ftExiJjelFgkxHDrvntDcT/vEaK4W4zEypJERT/WhSmkmJMB4XRttDAUfYsYVwL+1fKu0wzjrbWoi3B+33yX3K5VfGqle3zavngcFRHgaySNbJBPLJDDsgJOSM1wskDeSIv5NV5dJ6dvvP2FR1zRjMr5Aecj0+MPKYP</latexit>

Last emission EW? dLastij < min
⇣
dQCD
ij

⌘

<latexit sha1_base64="38Ms+e3UrXbHF7SyrpWf1cj4xe8=">AAACJHicbVC7SgNBFJ31GeMramkzGARtwq5EFLQQY2FhoWBUyMYwO7mbjM7OLjN3xbDsx9j4KzYWPrCw8VucxBS+DgwczjmXO/cEiRQGXffdGRkdG5+YLEwVp2dm5+ZLC4tnJk41hzqPZawvAmZACgV1FCjhItHAokDCeXBd6/vnN6CNiNUp9hJoRqyjRCg4Qyu1SjvtViau8svMR7jF7IgZzHO6S/1IKF9CiGs/Aye1gzz3teh0cb1VKrsVdwD6l3hDUiZDHLdKL3475mkECrlkxjQ8N8FmxjQKLiEv+qmBhPFr1oGGpYpFYJrZ4MicrlqlTcNY26eQDtTvExmLjOlFgU1GDLvmt9cX//MaKYbbzUyoJEVQ/GtRmEqKMe03RttCA0fZs4RxLexfKe8yzTjaXou2BO/3yX/J2UbFq1Y2T6rlvf1hHQWyTFbIGvHIFtkjh+SY1Aknd+SBPJFn5955dF6dt6/oiDOcWSI/4Hx8AiJLplU=</latexit>

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



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


• EW sector offers rich physics above the EW scale


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


• Many other features yet to implement 
- Treatment of soft & spin interference 
- Bloch-Nordsieck violations


• EW shower is available in Pythia 8.304 (released last week)



Backup



Bloch-Nordsieck Violations
BN / KLN Theorems: Real and virtual IR 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.



Spinor-Helicity formalism

✏µ±(p) = ± 1p
2

1

2p·k ū⌥(k)/p�
µu±(k)

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

✏µ0 (p) =
1

m

✓
pµ � m2

p·kk
µ

◆

<latexit sha1_base64="dUb7y776bOdqfxzWtfnM4JSsspw="></latexit>

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


