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Motivation — Accurate event generators

dσ ∼ L× dσH(Q)× PS(Q → µ)×MPI×Had(µ → Λ)× ...
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Shower & parton branching paradigms
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Sequences of emission scales and momentum fractions as Markov process.
Restore momentum conservation per emissions or at end of evolution.

no emission probabilityemission rate
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y K

Parton branchings
order in angle.

Dipole branchings order
in transverse momentum.

• Driven by QCD coherence
• Recoil global
• Links to analytic use of 

coherent branching

• Driven by large-N dipole 
pattern and colour flows

• Momentum conservation for 
each emission

• Advantageous for matching & 
mergingHerwig 7

Herwig 7, Pythia 8, Sherpa, PanScales, Deductor



QCD coherence & shower accuracy



QCD coherence & shower accuracy

Understand and decide on accuracy of (existing) parton shower algorithms,
take as a starting point for incremental improvements.

[Dasgupta, Dreyer, Hamilton, Monni, Salam et al. — JHEP 09 (2018) 033, …]
[Hoang, Plätzer, Samitz — JHEP 1810 (2018) 200] 
[Bewick, Ferrario, Richardson, Seymour — JHEP 04 (2020) 019]

NLO with matching
NLL with coherent branching

Issues in dipole showers
Issues in coherent branching

LL with dipole showers

H(αs)× exp (Lg1(αsL) + g2(αsL) + αsg3(αsL) + ...)
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LL NLL NNLL
αsL ∼ 1
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[Dasgupta, Dreyer, Hamilton, Monni, Salam —PRL 125 (2020) 5]
[Forshaw, Holguin, Plätzer – JHEP 09 (2020) 014 & EPC C81 (2021) 4]

✓

pin · pjn
pin · qn pjn · qn

�
T · pjn
T · qn

1

pjn · qn
+

T · pin
T · qn

1

pin · qn

✓

pin · pjn
pin · qn pjn · qn

�
T · pjn
T · qn

1

pjn · qn
+

T · pin
T · qn

1

pin · qn

picn picn zpicn + k⊥ +O(k2)

(1− z)picn

O(k⊥) unbalanced momentum
pīcn
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Another issue is the large-N limit: αsN
2
∼ 1
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A general starting point

dσ ∼ Tr
h

PS(Q → µ)dH(Q)PS
†(Q → µ)Had(µ → Λ)

i
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Amplitude evolution basics

hf |Ŝ|ii
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hi|Ŝ†|fi

<latexit sha1_base64="OhYQDlfngrtRnwnWw+lv9iBGHa0=">AAACDXicbVC7TsNAEDyHVwivACXNiYBEFdkoCEoEDWUQBJDiEK0va+eU89m6OyNFJj9Aw6/QUIAQLT0df8PFpOA10kqjmV3t7gSp4Nq47odTmpqemZ0rz1cWFpeWV6qraxc6yRTDFktEoq4C0Ci4xJbhRuBVqhDiQOBlMDge+5c3qDRP5LkZptiJIZI85AyMlbrVLV+AjARSfkv9Ppj8bHTt9yCKUNHb0FeF2a3W3LpbgP4l3oTUyATNbvXd7yUsi1EaJkDrtuemppODMpwJHFX8TGMKbAARti2VEKPu5MU3I7ptlR4NE2VLGlqo3ydyiLUexoHtjMH09W9vLP7ntTMTHnRyLtPMoGRfi8JMUJPQcTS0xxUyI4aWAFPc3kpZHxQwYwOs2BC83y//JRe7da9R3ztt1A6PJnGUyQbZJDvEI/vkkJyQJmkRRu7IA3kiz8698+i8OK9frSVnMrNOfsB5+wShBZvu</latexit>

piδ(o− of )dφf

<latexit sha1_base64="fEcyUNALK6KOmHg97Uq+GMbaKak=">AAACB3icbVDLSsNAFJ3UV62vqEtBBotQF5ZEKrosunFZwT6gCWEymbRDJ5lhZiKU0J0bf8WNC0Xc+gvu/BunbRZaPXDhcM693HtPKBhV2nG+rNLS8srqWnm9srG5tb1j7+51FM8kJm3MGZe9ECnCaErammpGekISlISMdMPR9dTv3hOpKE/v9FgQP0GDlMYUI22kwD4UAYVeRJhGNX7Kg/gk92QCo4knhjSIA7vq1J0Z4F/iFqQKCrQC+9OLOM4SkmrMkFJ91xHaz5HUFDMyqXiZIgLhERqQvqEpSojy89kfE3hslAjGXJpKNZypPydylCg1TkLTmSA9VIveVPzP62c6vvRzmopMkxTPF8UZg5rDaSgwopJgzcaGICypuRXiIZIIaxNdxYTgLr78l3TO6m6jfn7bqDavijjK4AAcgRpwwQVoghvQAm2AwQN4Ai/g1Xq0nq03633eWrKKmX3wC9bHNxpkmNc=</latexit>



Amplitude evolution basics

hf |Ŝ|ii

<latexit sha1_base64="HMUJ3pFc2gpXdCbkMIa/164j1Dg=">AAACBXicbVBNS8NAEN34WetX1KMeFovgqSRS0WPRi8eK9gOaUDbbTbt0swm7E6GkvXjxr3jxoIhX/4M3/43bNgdtfTDweG+GmXlBIrgGx/m2lpZXVtfWCxvFza3tnV17b7+h41RRVqexiFUrIJoJLlkdOAjWShQjUSBYMxhcT/zmA1Oax/IehgnzI9KTPOSUgJE69pEniOwJhsMR9voEsrsxHnFPTcWOXXLKzhR4kbg5KaEctY795XVjmkZMAhVE67brJOBnRAGngo2LXqpZQuiA9FjbUEkipv1s+sUYnxili8NYmZKAp+rviYxEWg+jwHRGBPp63puI/3ntFMJLP+MySYFJOlsUpgJDjCeR4C5XjIIYGkKo4uZWTPtEEQomuKIJwZ1/eZE0zspupXx+WylVr/I4CugQHaNT5KILVEU3qIbqiKJH9Ixe0Zv1ZL1Y79bHrHXJymcO0B9Ynz9TNZh6</latexit>

hi|Ŝ†|fi
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<latexit sha1_base64="9HanUuIrJ9J9qQNqITnC4IDlCs0=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRixehgv2AJJTNdtMu3eyG3YlQYn+GFw+KePXXePPfuG1z0NYHA4/3ZpiZF6WCG3Ddb6e0srq2vlHerGxt7+zuVfcP2kZlmrIWVULpbkQME1yyFnAQrJtqRpJIsE40upn6nUemDVfyAcYpCxMykDzmlICV/CDPA0oEvps89ao1t+7OgJeJV5AaKtDsVb+CvqJZwiRQQYzxPTeFMCcaOBVsUgkyw1JCR2TAfEslSZgJ89nJE3xilT6OlbYlAc/U3xM5SYwZJ5HtTAgMzaI3Ff/z/AziqzDnMs2ASTpfFGcCg8LT/3Gfa0ZBjC0hVHN7K6ZDogkFm1LFhuAtvrxM2md177x+cX9ea1wXcZTRETpGp8hDl6iBblETtRBFCj2jV/TmgPPivDsf89aSU8wcoj9wPn8AMWCRNA==</latexit>

|M}

<latexit sha1_base64="fd36fRyUJHcIHtb/pYoMZJOiaPo=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRixehgv2AJpTNdtMu3eyG3YlQYn6GFw+KePXXePPfuG1z0NYHA4/3ZpiZFyaCG3Ddb6e0srq2vlHerGxt7+zuVfcP2kalmrIWVULpbkgME1yyFnAQrJtoRuJQsE44vpn6nUemDVfyASYJC2IylDzilICVek+ZT4nAd7mf96s1t+7OgJeJV5AaKtDsV7/8gaJpzCRQQYzpeW4CQUY0cCpYXvFTwxJCx2TIepZKEjMTZLOTc3xilQGOlLYlAc/U3xMZiY2ZxKHtjAmMzKI3Ff/zeilEV0HGZZICk3S+KEoFBoWn/+MB14yCmFhCqOb2VkxHRBMKNqWKDcFbfHmZtM/q3nn94v681rgu4iijI3SMTpGHLlED3aImaiGKFHpGr+jNAefFeXc+5q0lp5g5RH/gfP4ANKKRNg==</latexit>

Correlation function of field operators.

External wave functions.



Amplitude evolution basics

hf |Ŝ|ii

<latexit sha1_base64="HMUJ3pFc2gpXdCbkMIa/164j1Dg=">AAACBXicbVBNS8NAEN34WetX1KMeFovgqSRS0WPRi8eK9gOaUDbbTbt0swm7E6GkvXjxr3jxoIhX/4M3/43bNgdtfTDweG+GmXlBIrgGx/m2lpZXVtfWCxvFza3tnV17b7+h41RRVqexiFUrIJoJLlkdOAjWShQjUSBYMxhcT/zmA1Oax/IehgnzI9KTPOSUgJE69pEniOwJhsMR9voEsrsxHnFPTcWOXXLKzhR4kbg5KaEctY795XVjmkZMAhVE67brJOBnRAGngo2LXqpZQuiA9FjbUEkipv1s+sUYnxili8NYmZKAp+rviYxEWg+jwHRGBPp63puI/3ntFMJLP+MySYFJOlsUpgJDjCeR4C5XjIIYGkKo4uZWTPtEEQomuKIJwZ1/eZE0zspupXx+WylVr/I4CugQHaNT5KILVEU3qIbqiKJH9Ixe0Zv1ZL1Y79bHrHXJymcO0B9Ynz9TNZh6</latexit>

hi|Ŝ†|fi

<latexit sha1_base64="OhYQDlfngrtRnwnWw+lv9iBGHa0=">AAACDXicbVC7TsNAEDyHVwivACXNiYBEFdkoCEoEDWUQBJDiEK0va+eU89m6OyNFJj9Aw6/QUIAQLT0df8PFpOA10kqjmV3t7gSp4Nq47odTmpqemZ0rz1cWFpeWV6qraxc6yRTDFktEoq4C0Ci4xJbhRuBVqhDiQOBlMDge+5c3qDRP5LkZptiJIZI85AyMlbrVLV+AjARSfkv9Ppj8bHTt9yCKUNHb0FeF2a3W3LpbgP4l3oTUyATNbvXd7yUsi1EaJkDrtuemppODMpwJHFX8TGMKbAARti2VEKPu5MU3I7ptlR4NE2VLGlqo3ydyiLUexoHtjMH09W9vLP7ntTMTHnRyLtPMoGRfi8JMUJPQcTS0xxUyI4aWAFPc3kpZHxQwYwOs2BC83y//JRe7da9R3ztt1A6PJnGUyQbZJDvEI/vkkJyQJmkRRu7IA3kiz8698+i8OK9frSVnMrNOfsB5+wShBZvu</latexit>

piδ(o− of )dφf

<latexit sha1_base64="fEcyUNALK6KOmHg97Uq+GMbaKak=">AAACB3icbVDLSsNAFJ3UV62vqEtBBotQF5ZEKrosunFZwT6gCWEymbRDJ5lhZiKU0J0bf8WNC0Xc+gvu/BunbRZaPXDhcM693HtPKBhV2nG+rNLS8srqWnm9srG5tb1j7+51FM8kJm3MGZe9ECnCaErammpGekISlISMdMPR9dTv3hOpKE/v9FgQP0GDlMYUI22kwD4UAYVeRJhGNX7Kg/gk92QCo4knhjSIA7vq1J0Z4F/iFqQKCrQC+9OLOM4SkmrMkFJ91xHaz5HUFDMyqXiZIgLhERqQvqEpSojy89kfE3hslAjGXJpKNZypPydylCg1TkLTmSA9VIveVPzP62c6vvRzmopMkxTPF8UZg5rDaSgwopJgzcaGICypuRXiIZIIaxNdxYTgLr78l3TO6m6jfn7bqDavijjK4AAcgRpwwQVoghvQAm2AwQN4Ai/g1Xq0nq03633eWrKKmX3wC9bHNxpkmNc=</latexit>

|i, f}

<latexit sha1_base64="jnoX26w8XwORKKn494Ah2Paje+0=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBg5Rdqeix6MVjBfsB7VKyabaNzSZLkhXKuv/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMC2LOtHHdb6ewsrq2vlHcLG1t7+zulfcPWlomitAmkVyqToA15UzQpmGG006sKI4CTtvB+Gbqtx+p0kyKezOJqR/hoWAhI9hYqfXEzsJe1i9X3Ko7A1omXk4qkKPRL3/1BpIkERWGcKx113Nj46dYGUY4zUq9RNMYkzEe0q6lAkdU++ns2gydWGWAQqlsCYNm6u+JFEdaT6LAdkbYjPSiNxX/87qJCa/8lIk4MVSQ+aIw4chINH0dDZiixPCJJZgoZm9FZIQVJsYGVLIheIsvL5PWedWrVS/uapX6dR5HEY7gGE7Bg0uowy00oAkEHuAZXuHNkc6L8+58zFsLTj5zCH/gfP4AcrGPDg==</latexit>

{i, f |

<latexit sha1_base64="uEy0DFaRXEO+EtjNy2NjFoNe7gY=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBg5Rdqeix6MVjBfsB7VKyabaNzSZLkhXK2v/gxYMiXv0/3vw3pts9aOuDgcd7M8zMC2LOtHHdb6ewsrq2vlHcLG1t7+zulfcPWlomitAmkVyqToA15UzQpmGG006sKI4CTtvB+Gbmtx+p0kyKezOJqR/hoWAhI9hYqdVL2Vn41C9X3KqbAS0TLycVyNHol796A0mSiApDONa667mx8VOsDCOcTku9RNMYkzEe0q6lAkdU+2l27RSdWGWAQqlsCYMy9fdEiiOtJ1FgOyNsRnrRm4n/ed3EhFd+ykScGCrIfFGYcGQkmr2OBkxRYvjEEkwUs7ciMsIKE2MDKtkQvMWXl0nrvOrVqhd3tUr9Oo+jCEdwDKfgwSXU4RYa0AQCD/AMr/DmSOfFeXc+5q0FJ585hD9wPn8Ab56PDA==</latexit>

{M|

<latexit sha1_base64="9HanUuIrJ9J9qQNqITnC4IDlCs0=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRixehgv2AJJTNdtMu3eyG3YlQYn+GFw+KePXXePPfuG1z0NYHA4/3ZpiZF6WCG3Ddb6e0srq2vlHerGxt7+zuVfcP2kZlmrIWVULpbkQME1yyFnAQrJtqRpJIsE40upn6nUemDVfyAcYpCxMykDzmlICV/CDPA0oEvps89ao1t+7OgJeJV5AaKtDsVb+CvqJZwiRQQYzxPTeFMCcaOBVsUgkyw1JCR2TAfEslSZgJ89nJE3xilT6OlbYlAc/U3xM5SYwZJ5HtTAgMzaI3Ff/z/AziqzDnMs2ASTpfFGcCg8LT/3Gfa0ZBjC0hVHN7K6ZDogkFm1LFhuAtvrxM2md177x+cX9ea1wXcZTRETpGp8hDl6iBblETtRBFCj2jV/TmgPPivDsf89aSU8wcoj9wPn8AMWCRNA==</latexit>

|M}

<latexit sha1_base64="fd36fRyUJHcIHtb/pYoMZJOiaPo=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRixehgv2AJpTNdtMu3eyG3YlQYn6GFw+KePXXePPfuG1z0NYHA4/3ZpiZFyaCG3Ddb6e0srq2vlHerGxt7+zuVfcP2kalmrIWVULpbkgME1yyFnAQrJtoRuJQsE44vpn6nUemDVfyASYJC2IylDzilICVek+ZT4nAd7mf96s1t+7OgJeJV5AaKtDsV7/8gaJpzCRQQYzpeW4CQUY0cCpYXvFTwxJCx2TIepZKEjMTZLOTc3xilQGOlLYlAc/U3xMZiY2ZxKHtjAmMzKI3Ff/zeilEV0HGZZICk3S+KEoFBoWn/+MB14yCmFhCqOb2VkxHRBMKNqWKDcFbfHmZtM/q3nn94v681rgu4iijI3SMTpGHLlED3aImaiGKFHpGr+jNAefFeXc+5q0lp5g5RH/gfP4ANKKRNg==</latexit>

Correlation function of field operators.

External wave functions.

Tr

|i, f}

<latexit sha1_base64="jnoX26w8XwORKKn494Ah2Paje+0=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBg5Rdqeix6MVjBfsB7VKyabaNzSZLkhXKuv/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMC2LOtHHdb6ewsrq2vlHcLG1t7+zulfcPWlomitAmkVyqToA15UzQpmGG006sKI4CTtvB+Gbqtx+p0kyKezOJqR/hoWAhI9hYqfXEzsJe1i9X3Ko7A1omXk4qkKPRL3/1BpIkERWGcKx113Nj46dYGUY4zUq9RNMYkzEe0q6lAkdU++ns2gydWGWAQqlsCYNm6u+JFEdaT6LAdkbYjPSiNxX/87qJCa/8lIk4MVSQ+aIw4chINH0dDZiixPCJJZgoZm9FZIQVJsYGVLIheIsvL5PWedWrVS/uapX6dR5HEY7gGE7Bg0uowy00oAkEHuAZXuHNkc6L8+58zFsLTj5zCH/gfP4AcrGPDg==</latexit>

{i, f |

<latexit sha1_base64="uEy0DFaRXEO+EtjNy2NjFoNe7gY=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBg5Rdqeix6MVjBfsB7VKyabaNzSZLkhXK2v/gxYMiXv0/3vw3pts9aOuDgcd7M8zMC2LOtHHdb6ewsrq2vlHcLG1t7+zulfcPWlomitAmkVyqToA15UzQpmGG006sKI4CTtvB+Gbmtx+p0kyKezOJqR/hoWAhI9hYqdVL2Vn41C9X3KqbAS0TLycVyNHol796A0mSiApDONa667mx8VOsDCOcTku9RNMYkzEe0q6lAkdU+2l27RSdWGWAQqlsCYMy9fdEiiOtJ1FgOyNsRnrRm4n/ed3EhFd+ykScGCrIfFGYcGQkmr2OBkxRYvjEEkwUs7ciMsIKE2MDKtkQvMWXl0nrvOrVqhd3tUr9Oo+jCEdwDKfgwSXU4RYa0AQCD/AMr/DmSOfFeXc+5q0FJ585hD9wPn8Ab56PDA==</latexit>

{M|

<latexit sha1_base64="9HanUuIrJ9J9qQNqITnC4IDlCs0=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRixehgv2AJJTNdtMu3eyG3YlQYn+GFw+KePXXePPfuG1z0NYHA4/3ZpiZF6WCG3Ddb6e0srq2vlHerGxt7+zuVfcP2kZlmrIWVULpbkQME1yyFnAQrJtqRpJIsE40upn6nUemDVfyAcYpCxMykDzmlICV/CDPA0oEvps89ao1t+7OgJeJV5AaKtDsVb+CvqJZwiRQQYzxPTeFMCcaOBVsUgkyw1JCR2TAfEslSZgJ89nJE3xilT6OlbYlAc/U3xM5SYwZJ5HtTAgMzaI3Ff/z/AziqzDnMs2ASTpfFGcCg8LT/3Gfa0ZBjC0hVHN7K6ZDogkFm1LFhuAtvrxM2md177x+cX9ea1wXcZTRETpGp8hDl6iBblETtRBFCj2jV/TmgPPivDsf89aSU8wcoj9wPn8AMWCRNA==</latexit>

|M}

<latexit sha1_base64="fd36fRyUJHcIHtb/pYoMZJOiaPo=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRixehgv2AJpTNdtMu3eyG3YlQYn6GFw+KePXXePPfuG1z0NYHA4/3ZpiZFyaCG3Ddb6e0srq2vlHerGxt7+zuVfcP2kalmrIWVULpbkgME1yyFnAQrJtoRuJQsE44vpn6nUemDVfyASYJC2IylDzilICVek+ZT4nAd7mf96s1t+7OgJeJV5AaKtDsV7/8gaJpzCRQQYzpeW4CQUY0cCpYXvFTwxJCx2TIepZKEjMTZLOTc3xilQGOlLYlAc/U3xMZiY2ZxKHtjAmMzKI3Ff/zeilEV0HGZZICk3S+KEoFBoWn/+MB14yCmFhCqOb2VkxHRBMKNqWKDcFbfHmZtM/q3nn94v681rgu4iijI3SMTpGHLlED3aImaiGKFHpGr+jNAefFeXc+5q0lp5g5RH/gfP4ANKKRNg==</latexit>

Cross section density operator.

Measurement projector.



Amplitude evolution basics

hf |Ŝ|ii

<latexit sha1_base64="HMUJ3pFc2gpXdCbkMIa/164j1Dg=">AAACBXicbVBNS8NAEN34WetX1KMeFovgqSRS0WPRi8eK9gOaUDbbTbt0swm7E6GkvXjxr3jxoIhX/4M3/43bNgdtfTDweG+GmXlBIrgGx/m2lpZXVtfWCxvFza3tnV17b7+h41RRVqexiFUrIJoJLlkdOAjWShQjUSBYMxhcT/zmA1Oax/IehgnzI9KTPOSUgJE69pEniOwJhsMR9voEsrsxHnFPTcWOXXLKzhR4kbg5KaEctY795XVjmkZMAhVE67brJOBnRAGngo2LXqpZQuiA9FjbUEkipv1s+sUYnxili8NYmZKAp+rviYxEWg+jwHRGBPp63puI/3ntFMJLP+MySYFJOlsUpgJDjCeR4C5XjIIYGkKo4uZWTPtEEQomuKIJwZ1/eZE0zspupXx+WylVr/I4CugQHaNT5KILVEU3qIbqiKJH9Ixe0Zv1ZL1Y79bHrHXJymcO0B9Ynz9TNZh6</latexit>

hi|Ŝ†|fi

<latexit sha1_base64="OhYQDlfngrtRnwnWw+lv9iBGHa0=">AAACDXicbVC7TsNAEDyHVwivACXNiYBEFdkoCEoEDWUQBJDiEK0va+eU89m6OyNFJj9Aw6/QUIAQLT0df8PFpOA10kqjmV3t7gSp4Nq47odTmpqemZ0rz1cWFpeWV6qraxc6yRTDFktEoq4C0Ci4xJbhRuBVqhDiQOBlMDge+5c3qDRP5LkZptiJIZI85AyMlbrVLV+AjARSfkv9Ppj8bHTt9yCKUNHb0FeF2a3W3LpbgP4l3oTUyATNbvXd7yUsi1EaJkDrtuemppODMpwJHFX8TGMKbAARti2VEKPu5MU3I7ptlR4NE2VLGlqo3ydyiLUexoHtjMH09W9vLP7ntTMTHnRyLtPMoGRfi8JMUJPQcTS0xxUyI4aWAFPc3kpZHxQwYwOs2BC83y//JRe7da9R3ztt1A6PJnGUyQbZJDvEI/vkkJyQJmkRRu7IA3kiz8698+i8OK9frSVnMrNOfsB5+wShBZvu</latexit>

piδ(o− of )dφf

<latexit sha1_base64="fEcyUNALK6KOmHg97Uq+GMbaKak=">AAACB3icbVDLSsNAFJ3UV62vqEtBBotQF5ZEKrosunFZwT6gCWEymbRDJ5lhZiKU0J0bf8WNC0Xc+gvu/BunbRZaPXDhcM693HtPKBhV2nG+rNLS8srqWnm9srG5tb1j7+51FM8kJm3MGZe9ECnCaErammpGekISlISMdMPR9dTv3hOpKE/v9FgQP0GDlMYUI22kwD4UAYVeRJhGNX7Kg/gk92QCo4knhjSIA7vq1J0Z4F/iFqQKCrQC+9OLOM4SkmrMkFJ91xHaz5HUFDMyqXiZIgLhERqQvqEpSojy89kfE3hslAjGXJpKNZypPydylCg1TkLTmSA9VIveVPzP62c6vvRzmopMkxTPF8UZg5rDaSgwopJgzcaGICypuRXiIZIIaxNdxYTgLr78l3TO6m6jfn7bqDavijjK4AAcgRpwwQVoghvQAm2AwQN4Ai/g1Xq0nq03633eWrKKmX3wC9bHNxpkmNc=</latexit>

|i, f}

<latexit sha1_base64="jnoX26w8XwORKKn494Ah2Paje+0=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBg5Rdqeix6MVjBfsB7VKyabaNzSZLkhXKuv/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMC2LOtHHdb6ewsrq2vlHcLG1t7+zulfcPWlomitAmkVyqToA15UzQpmGG006sKI4CTtvB+Gbqtx+p0kyKezOJqR/hoWAhI9hYqfXEzsJe1i9X3Ko7A1omXk4qkKPRL3/1BpIkERWGcKx113Nj46dYGUY4zUq9RNMYkzEe0q6lAkdU++ns2gydWGWAQqlsCYNm6u+JFEdaT6LAdkbYjPSiNxX/87qJCa/8lIk4MVSQ+aIw4chINH0dDZiixPCJJZgoZm9FZIQVJsYGVLIheIsvL5PWedWrVS/uapX6dR5HEY7gGE7Bg0uowy00oAkEHuAZXuHNkc6L8+58zFsLTj5zCH/gfP4AcrGPDg==</latexit>

{i, f |

<latexit sha1_base64="uEy0DFaRXEO+EtjNy2NjFoNe7gY=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBg5Rdqeix6MVjBfsB7VKyabaNzSZLkhXK2v/gxYMiXv0/3vw3pts9aOuDgcd7M8zMC2LOtHHdb6ewsrq2vlHcLG1t7+zulfcPWlomitAmkVyqToA15UzQpmGG006sKI4CTtvB+Gbmtx+p0kyKezOJqR/hoWAhI9hYqdVL2Vn41C9X3KqbAS0TLycVyNHol796A0mSiApDONa667mx8VOsDCOcTku9RNMYkzEe0q6lAkdU+2l27RSdWGWAQqlsCYMy9fdEiiOtJ1FgOyNsRnrRm4n/ed3EhFd+ykScGCrIfFGYcGQkmr2OBkxRYvjEEkwUs7ciMsIKE2MDKtkQvMWXl0nrvOrVqhd3tUr9Oo+jCEdwDKfgwSXU4RYa0AQCD/AMr/DmSOfFeXc+5q0FJ585hD9wPn8Ab56PDA==</latexit>

{M|

<latexit sha1_base64="9HanUuIrJ9J9qQNqITnC4IDlCs0=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRixehgv2AJJTNdtMu3eyG3YlQYn+GFw+KePXXePPfuG1z0NYHA4/3ZpiZF6WCG3Ddb6e0srq2vlHerGxt7+zuVfcP2kZlmrIWVULpbkQME1yyFnAQrJtqRpJIsE40upn6nUemDVfyAcYpCxMykDzmlICV/CDPA0oEvps89ao1t+7OgJeJV5AaKtDsVb+CvqJZwiRQQYzxPTeFMCcaOBVsUgkyw1JCR2TAfEslSZgJ89nJE3xilT6OlbYlAc/U3xM5SYwZJ5HtTAgMzaI3Ff/z/AziqzDnMs2ASTpfFGcCg8LT/3Gfa0ZBjC0hVHN7K6ZDogkFm1LFhuAtvrxM2md177x+cX9ea1wXcZTRETpGp8hDl6iBblETtRBFCj2jV/TmgPPivDsf89aSU8wcoj9wPn8AMWCRNA==</latexit>

|M}

<latexit sha1_base64="fd36fRyUJHcIHtb/pYoMZJOiaPo=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRixehgv2AJpTNdtMu3eyG3YlQYn6GFw+KePXXePPfuG1z0NYHA4/3ZpiZFyaCG3Ddb6e0srq2vlHerGxt7+zuVfcP2kalmrIWVULpbkgME1yyFnAQrJtoRuJQsE44vpn6nUemDVfyASYJC2IylDzilICVek+ZT4nAd7mf96s1t+7OgJeJV5AaKtDsV7/8gaJpzCRQQYzpeW4CQUY0cCpYXvFTwxJCx2TIepZKEjMTZLOTc3xilQGOlLYlAc/U3xMZiY2ZxKHtjAmMzKI3Ff/zeilEV0HGZZICk3S+KEoFBoWn/+MB14yCmFhCqOb2VkxHRBMKNqWKDcFbfHmZtM/q3nn94v681rgu4iijI3SMTpGHLlED3aImaiGKFHpGr+jNAefFeXc+5q0lp5g5RH/gfP4ANKKRNg==</latexit>

Correlation function of field operators.

External wave functions.

Tr

|i, f}

<latexit sha1_base64="jnoX26w8XwORKKn494Ah2Paje+0=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBg5Rdqeix6MVjBfsB7VKyabaNzSZLkhXKuv/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMC2LOtHHdb6ewsrq2vlHcLG1t7+zulfcPWlomitAmkVyqToA15UzQpmGG006sKI4CTtvB+Gbqtx+p0kyKezOJqR/hoWAhI9hYqfXEzsJe1i9X3Ko7A1omXk4qkKPRL3/1BpIkERWGcKx113Nj46dYGUY4zUq9RNMYkzEe0q6lAkdU++ns2gydWGWAQqlsCYNm6u+JFEdaT6LAdkbYjPSiNxX/87qJCa/8lIk4MVSQ+aIw4chINH0dDZiixPCJJZgoZm9FZIQVJsYGVLIheIsvL5PWedWrVS/uapX6dR5HEY7gGE7Bg0uowy00oAkEHuAZXuHNkc6L8+58zFsLTj5zCH/gfP4AcrGPDg==</latexit>

{i, f |

<latexit sha1_base64="uEy0DFaRXEO+EtjNy2NjFoNe7gY=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBg5Rdqeix6MVjBfsB7VKyabaNzSZLkhXK2v/gxYMiXv0/3vw3pts9aOuDgcd7M8zMC2LOtHHdb6ewsrq2vlHcLG1t7+zulfcPWlomitAmkVyqToA15UzQpmGG006sKI4CTtvB+Gbmtx+p0kyKezOJqR/hoWAhI9hYqdVL2Vn41C9X3KqbAS0TLycVyNHol796A0mSiApDONa667mx8VOsDCOcTku9RNMYkzEe0q6lAkdU+2l27RSdWGWAQqlsCYMy9fdEiiOtJ1FgOyNsRnrRm4n/ed3EhFd+ykScGCrIfFGYcGQkmr2OBkxRYvjEEkwUs7ciMsIKE2MDKtkQvMWXl0nrvOrVqhd3tUr9Oo+jCEdwDKfgwSXU4RYa0AQCD/AMr/DmSOfFeXc+5q0FJ585hD9wPn8Ab56PDA==</latexit>

{M|

<latexit sha1_base64="9HanUuIrJ9J9qQNqITnC4IDlCs0=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRixehgv2AJJTNdtMu3eyG3YlQYn+GFw+KePXXePPfuG1z0NYHA4/3ZpiZF6WCG3Ddb6e0srq2vlHerGxt7+zuVfcP2kZlmrIWVULpbkQME1yyFnAQrJtqRpJIsE40upn6nUemDVfyAcYpCxMykDzmlICV/CDPA0oEvps89ao1t+7OgJeJV5AaKtDsVb+CvqJZwiRQQYzxPTeFMCcaOBVsUgkyw1JCR2TAfEslSZgJ89nJE3xilT6OlbYlAc/U3xM5SYwZJ5HtTAgMzaI3Ff/z/AziqzDnMs2ASTpfFGcCg8LT/3Gfa0ZBjC0hVHN7K6ZDogkFm1LFhuAtvrxM2md177x+cX9ea1wXcZTRETpGp8hDl6iBblETtRBFCj2jV/TmgPPivDsf89aSU8wcoj9wPn8AMWCRNA==</latexit>

|M}

<latexit sha1_base64="fd36fRyUJHcIHtb/pYoMZJOiaPo=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRixehgv2AJpTNdtMu3eyG3YlQYn6GFw+KePXXePPfuG1z0NYHA4/3ZpiZFyaCG3Ddb6e0srq2vlHerGxt7+zuVfcP2kalmrIWVULpbkgME1yyFnAQrJtoRuJQsE44vpn6nUemDVfyASYJC2IylDzilICVek+ZT4nAd7mf96s1t+7OgJeJV5AaKtDsV7/8gaJpzCRQQYzpeW4CQUY0cCpYXvFTwxJCx2TIepZKEjMTZLOTc3xilQGOlLYlAc/U3xMZiY2ZxKHtjAmMzKI3Ff/zeilEV0HGZZICk3S+KEoFBoWn/+MB14yCmFhCqOb2VkxHRBMKNqWKDcFbfHmZtM/q3nn94v681rgu4iijI3SMTpGHLlED3aImaiGKFHpGr+jNAefFeXc+5q0lp5g5RH/gfP4ANKKRNg==</latexit>

Cross section density operator.

Measurement projector.

|M} ! |Mi

<latexit sha1_base64="s5iRNbtwqAZ18PVvTlIeMQWgkLA=">AAACCHicbVDLSgMxFM34rPU16tKFwSK4KjNS0WXRjRuhgn1AZyh30kwbmskMSUYoY5du/BU3LhRx6ye4829M2wG19UDg5Jx7Sc4JEs6Udpwva2FxaXlltbBWXN/Y3Nq2d3YbKk4loXUS81i2AlCUM0HrmmlOW4mkEAWcNoPB5dhv3lGpWCxu9TChfgQ9wUJGQBupYx/cZx4Bjq9H3sjTMf65ShA9Tjt2ySk7E+B54uakhHLUOvan141JGlGhCQel2q6TaD8DqRnhdFT0UkUTIAPo0bahAiKq/GwSZISPjNLFYSzNERpP1N8bGURKDaPATEag+2rWG4v/ee1Uh+d+xkSSairI9KEw5dgkHreCu0xSovnQECCSmb9i0gcJRJvuiqYEdzbyPGmclN1K+fSmUqpe5HUU0D46RMfIRWeoiq5QDdURQQ/oCb2gV+vRerberPfp6IKV7+yhP7A+vgHA6ZnQ</latexit>

Unless stated otherwise:



Amplitude evolution basics

hf |Ŝ|ii

<latexit sha1_base64="HMUJ3pFc2gpXdCbkMIa/164j1Dg=">AAACBXicbVBNS8NAEN34WetX1KMeFovgqSRS0WPRi8eK9gOaUDbbTbt0swm7E6GkvXjxr3jxoIhX/4M3/43bNgdtfTDweG+GmXlBIrgGx/m2lpZXVtfWCxvFza3tnV17b7+h41RRVqexiFUrIJoJLlkdOAjWShQjUSBYMxhcT/zmA1Oax/IehgnzI9KTPOSUgJE69pEniOwJhsMR9voEsrsxHnFPTcWOXXLKzhR4kbg5KaEctY795XVjmkZMAhVE67brJOBnRAGngo2LXqpZQuiA9FjbUEkipv1s+sUYnxili8NYmZKAp+rviYxEWg+jwHRGBPp63puI/3ntFMJLP+MySYFJOlsUpgJDjCeR4C5XjIIYGkKo4uZWTPtEEQomuKIJwZ1/eZE0zspupXx+WylVr/I4CugQHaNT5KILVEU3qIbqiKJH9Ixe0Zv1ZL1Y79bHrHXJymcO0B9Ynz9TNZh6</latexit>

hi|Ŝ†|fi

<latexit sha1_base64="OhYQDlfngrtRnwnWw+lv9iBGHa0=">AAACDXicbVC7TsNAEDyHVwivACXNiYBEFdkoCEoEDWUQBJDiEK0va+eU89m6OyNFJj9Aw6/QUIAQLT0df8PFpOA10kqjmV3t7gSp4Nq47odTmpqemZ0rz1cWFpeWV6qraxc6yRTDFktEoq4C0Ci4xJbhRuBVqhDiQOBlMDge+5c3qDRP5LkZptiJIZI85AyMlbrVLV+AjARSfkv9Ppj8bHTt9yCKUNHb0FeF2a3W3LpbgP4l3oTUyATNbvXd7yUsi1EaJkDrtuemppODMpwJHFX8TGMKbAARti2VEKPu5MU3I7ptlR4NE2VLGlqo3ydyiLUexoHtjMH09W9vLP7ntTMTHnRyLtPMoGRfi8JMUJPQcTS0xxUyI4aWAFPc3kpZHxQwYwOs2BC83y//JRe7da9R3ztt1A6PJnGUyQbZJDvEI/vkkJyQJmkRRu7IA3kiz8698+i8OK9frSVnMrNOfsB5+wShBZvu</latexit>

piδ(o− of )dφf

<latexit sha1_base64="fEcyUNALK6KOmHg97Uq+GMbaKak=">AAACB3icbVDLSsNAFJ3UV62vqEtBBotQF5ZEKrosunFZwT6gCWEymbRDJ5lhZiKU0J0bf8WNC0Xc+gvu/BunbRZaPXDhcM693HtPKBhV2nG+rNLS8srqWnm9srG5tb1j7+51FM8kJm3MGZe9ECnCaErammpGekISlISMdMPR9dTv3hOpKE/v9FgQP0GDlMYUI22kwD4UAYVeRJhGNX7Kg/gk92QCo4knhjSIA7vq1J0Z4F/iFqQKCrQC+9OLOM4SkmrMkFJ91xHaz5HUFDMyqXiZIgLhERqQvqEpSojy89kfE3hslAjGXJpKNZypPydylCg1TkLTmSA9VIveVPzP62c6vvRzmopMkxTPF8UZg5rDaSgwopJgzcaGICypuRXiIZIIaxNdxYTgLr78l3TO6m6jfn7bqDavijjK4AAcgRpwwQVoghvQAm2AwQN4Ai/g1Xq0nq03633eWrKKmX3wC9bHNxpkmNc=</latexit>

|i, f}

<latexit sha1_base64="jnoX26w8XwORKKn494Ah2Paje+0=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBg5Rdqeix6MVjBfsB7VKyabaNzSZLkhXKuv/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMC2LOtHHdb6ewsrq2vlHcLG1t7+zulfcPWlomitAmkVyqToA15UzQpmGG006sKI4CTtvB+Gbqtx+p0kyKezOJqR/hoWAhI9hYqfXEzsJe1i9X3Ko7A1omXk4qkKPRL3/1BpIkERWGcKx113Nj46dYGUY4zUq9RNMYkzEe0q6lAkdU++ns2gydWGWAQqlsCYNm6u+JFEdaT6LAdkbYjPSiNxX/87qJCa/8lIk4MVSQ+aIw4chINH0dDZiixPCJJZgoZm9FZIQVJsYGVLIheIsvL5PWedWrVS/uapX6dR5HEY7gGE7Bg0uowy00oAkEHuAZXuHNkc6L8+58zFsLTj5zCH/gfP4AcrGPDg==</latexit>

{i, f |

<latexit sha1_base64="uEy0DFaRXEO+EtjNy2NjFoNe7gY=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBg5Rdqeix6MVjBfsB7VKyabaNzSZLkhXK2v/gxYMiXv0/3vw3pts9aOuDgcd7M8zMC2LOtHHdb6ewsrq2vlHcLG1t7+zulfcPWlomitAmkVyqToA15UzQpmGG006sKI4CTtvB+Gbmtx+p0kyKezOJqR/hoWAhI9hYqdVL2Vn41C9X3KqbAS0TLycVyNHol796A0mSiApDONa667mx8VOsDCOcTku9RNMYkzEe0q6lAkdU+2l27RSdWGWAQqlsCYMy9fdEiiOtJ1FgOyNsRnrRm4n/ed3EhFd+ykScGCrIfFGYcGQkmr2OBkxRYvjEEkwUs7ciMsIKE2MDKtkQvMWXl0nrvOrVqhd3tUr9Oo+jCEdwDKfgwSXU4RYa0AQCD/AMr/DmSOfFeXc+5q0FJ585hD9wPn8Ab56PDA==</latexit>

{M|

<latexit sha1_base64="9HanUuIrJ9J9qQNqITnC4IDlCs0=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRixehgv2AJJTNdtMu3eyG3YlQYn+GFw+KePXXePPfuG1z0NYHA4/3ZpiZF6WCG3Ddb6e0srq2vlHerGxt7+zuVfcP2kZlmrIWVULpbkQME1yyFnAQrJtqRpJIsE40upn6nUemDVfyAcYpCxMykDzmlICV/CDPA0oEvps89ao1t+7OgJeJV5AaKtDsVb+CvqJZwiRQQYzxPTeFMCcaOBVsUgkyw1JCR2TAfEslSZgJ89nJE3xilT6OlbYlAc/U3xM5SYwZJ5HtTAgMzaI3Ff/z/AziqzDnMs2ASTpfFGcCg8LT/3Gfa0ZBjC0hVHN7K6ZDogkFm1LFhuAtvrxM2md177x+cX9ea1wXcZTRETpGp8hDl6iBblETtRBFCj2jV/TmgPPivDsf89aSU8wcoj9wPn8AMWCRNA==</latexit>

|M}

<latexit sha1_base64="fd36fRyUJHcIHtb/pYoMZJOiaPo=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRixehgv2AJpTNdtMu3eyG3YlQYn6GFw+KePXXePPfuG1z0NYHA4/3ZpiZFyaCG3Ddb6e0srq2vlHerGxt7+zuVfcP2kalmrIWVULpbkgME1yyFnAQrJtoRuJQsE44vpn6nUemDVfyASYJC2IylDzilICVek+ZT4nAd7mf96s1t+7OgJeJV5AaKtDsV7/8gaJpzCRQQYzpeW4CQUY0cCpYXvFTwxJCx2TIepZKEjMTZLOTc3xilQGOlLYlAc/U3xMZiY2ZxKHtjAmMzKI3Ff/zeilEV0HGZZICk3S+KEoFBoWn/+MB14yCmFhCqOb2VkxHRBMKNqWKDcFbfHmZtM/q3nn94v681rgu4iijI3SMTpGHLlED3aImaiGKFHpGr+jNAefFeXc+5q0lp5g5RH/gfP4ANKKRNg==</latexit>

Correlation function of field operators.

External wave functions.

Tr

|i, f}

<latexit sha1_base64="jnoX26w8XwORKKn494Ah2Paje+0=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBg5Rdqeix6MVjBfsB7VKyabaNzSZLkhXKuv/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMC2LOtHHdb6ewsrq2vlHcLG1t7+zulfcPWlomitAmkVyqToA15UzQpmGG006sKI4CTtvB+Gbqtx+p0kyKezOJqR/hoWAhI9hYqfXEzsJe1i9X3Ko7A1omXk4qkKPRL3/1BpIkERWGcKx113Nj46dYGUY4zUq9RNMYkzEe0q6lAkdU++ns2gydWGWAQqlsCYNm6u+JFEdaT6LAdkbYjPSiNxX/87qJCa/8lIk4MVSQ+aIw4chINH0dDZiixPCJJZgoZm9FZIQVJsYGVLIheIsvL5PWedWrVS/uapX6dR5HEY7gGE7Bg0uowy00oAkEHuAZXuHNkc6L8+58zFsLTj5zCH/gfP4AcrGPDg==</latexit>

{i, f |

<latexit sha1_base64="uEy0DFaRXEO+EtjNy2NjFoNe7gY=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBg5Rdqeix6MVjBfsB7VKyabaNzSZLkhXK2v/gxYMiXv0/3vw3pts9aOuDgcd7M8zMC2LOtHHdb6ewsrq2vlHcLG1t7+zulfcPWlomitAmkVyqToA15UzQpmGG006sKI4CTtvB+Gbmtx+p0kyKezOJqR/hoWAhI9hYqdVL2Vn41C9X3KqbAS0TLycVyNHol796A0mSiApDONa667mx8VOsDCOcTku9RNMYkzEe0q6lAkdU+2l27RSdWGWAQqlsCYMy9fdEiiOtJ1FgOyNsRnrRm4n/ed3EhFd+ykScGCrIfFGYcGQkmr2OBkxRYvjEEkwUs7ciMsIKE2MDKtkQvMWXl0nrvOrVqhd3tUr9Oo+jCEdwDKfgwSXU4RYa0AQCD/AMr/DmSOfFeXc+5q0FJ585hD9wPn8Ab56PDA==</latexit>

{M|

<latexit sha1_base64="9HanUuIrJ9J9qQNqITnC4IDlCs0=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRixehgv2AJJTNdtMu3eyG3YlQYn+GFw+KePXXePPfuG1z0NYHA4/3ZpiZF6WCG3Ddb6e0srq2vlHerGxt7+zuVfcP2kZlmrIWVULpbkQME1yyFnAQrJtqRpJIsE40upn6nUemDVfyAcYpCxMykDzmlICV/CDPA0oEvps89ao1t+7OgJeJV5AaKtDsVb+CvqJZwiRQQYzxPTeFMCcaOBVsUgkyw1JCR2TAfEslSZgJ89nJE3xilT6OlbYlAc/U3xM5SYwZJ5HtTAgMzaI3Ff/z/AziqzDnMs2ASTpfFGcCg8LT/3Gfa0ZBjC0hVHN7K6ZDogkFm1LFhuAtvrxM2md177x+cX9ea1wXcZTRETpGp8hDl6iBblETtRBFCj2jV/TmgPPivDsf89aSU8wcoj9wPn8AMWCRNA==</latexit>

|M}

<latexit sha1_base64="fd36fRyUJHcIHtb/pYoMZJOiaPo=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0WPRixehgv2AJpTNdtMu3eyG3YlQYn6GFw+KePXXePPfuG1z0NYHA4/3ZpiZFyaCG3Ddb6e0srq2vlHerGxt7+zuVfcP2kalmrIWVULpbkgME1yyFnAQrJtoRuJQsE44vpn6nUemDVfyASYJC2IylDzilICVek+ZT4nAd7mf96s1t+7OgJeJV5AaKtDsV7/8gaJpzCRQQYzpeW4CQUY0cCpYXvFTwxJCx2TIepZKEjMTZLOTc3xilQGOlLYlAc/U3xMZiY2ZxKHtjAmMzKI3Ff/zeilEV0HGZZICk3S+KEoFBoWn/+MB14yCmFhCqOb2VkxHRBMKNqWKDcFbfHmZtM/q3nn94v681rgu4iijI3SMTpGHLlED3aImaiGKFHpGr+jNAefFeXc+5q0lp5g5RH/gfP4ANKKRNg==</latexit>

Cross section density operator.

Measurement projector.

|M} ! |Mi

<latexit sha1_base64="s5iRNbtwqAZ18PVvTlIeMQWgkLA=">AAACCHicbVDLSgMxFM34rPU16tKFwSK4KjNS0WXRjRuhgn1AZyh30kwbmskMSUYoY5du/BU3LhRx6ye4829M2wG19UDg5Jx7Sc4JEs6Udpwva2FxaXlltbBWXN/Y3Nq2d3YbKk4loXUS81i2AlCUM0HrmmlOW4mkEAWcNoPB5dhv3lGpWCxu9TChfgQ9wUJGQBupYx/cZx4Bjq9H3sjTMf65ShA9Tjt2ySk7E+B54uakhHLUOvan141JGlGhCQel2q6TaD8DqRnhdFT0UkUTIAPo0bahAiKq/GwSZISPjNLFYSzNERpP1N8bGURKDaPATEag+2rWG4v/ee1Uh+d+xkSSairI9KEw5dgkHreCu0xSovnQECCSmb9i0gcJRJvuiqYEdzbyPGmclN1K+fSmUqpe5HUU0D46RMfIRWeoiq5QDdURQQ/oCb2gV+vRerberPfp6IKV7+yhP7A+vgHA6ZnQ</latexit>

Unless stated otherwise:

LIE I It elite

init init ejecta

|ai

<latexit sha1_base64="9kFNg9pWLNpvHv7WBOOOtTSBKhY=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cK9kPaUCbbTbt0swm7G6HE/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVlDVoLGLVDlAzwSVrGG4EayeKYRQI1gpGN1O/9ciU5rG8N+OE+REOJA85RWOlhyfsKpQDwXrlilt1ZyDLxMtJBXLUe+Wvbj+macSkoQK17nhuYvwMleFUsEmpm2qWIB3hgHUslRgx7WezgyfkxCp9EsbKljRkpv6eyDDSehwFtjNCM9SL3lT8z+ukJrzyMy6T1DBJ54vCVBATk+n3pM8Vo0aMLUGquL2V0CEqpMZmVLIheIsvL5PmWdU7r17cnVdq13kcRTiCYzgFDy6hBrdQhwZQiOAZXuHNUc6L8+58zFsLTj5zCH/gfP4AA2uQjg==</latexit>

|bi

<latexit sha1_base64="JXcfBIdXxu0ys6OYypqf8jFyhAs=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cK9kPaUDbbSbt0swm7G6HE/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0M/Vbj6g0j+W9GSfoR3QgecgZNVZ6eAq6isqBwF654lbdGcgy8XJSgRz1Xvmr249ZGqE0TFCtO56bGD+jynAmcFLqphoTykZ0gB1LJY1Q+9ns4Ak5sUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzyMy6T1KBk80VhKoiJyfR70ucKmRFjSyhT3N5K2JAqyozNqGRD8BZfXibNs6p3Xr24O6/UrvM4inAEx3AKHlxCDW6hDg1gEMEzvMKbo5wX5935mLcWnHzmEP7A+fwBBPaQjw==</latexit>



Amplitude evolution basics

Tr

[Angeles, De Angelis, Forshaw, Plätzer, Seymour – JHEP 05 (2018) 044]
[Forshaw, Holguin, Plätzer – JHEP 1908 (2019) 145]

Γ1 Γ
†
0D1D2 D

†
2D

†
1H

|Mi hM|

A0

b

2

1

aa

2

1

b

Markovian algorithm at the amplitude level:
Iterate gluon exchanges and emission.

Different histories in amplitude and conjugate 
amplitude needed to include interference.

amplitude conjugate amplitude

An(q) =

Z Q

q

dk

k
Pe−

R
k

q
dk0

k0
Γ(k0)

Dn(k) An−1(k) D
†
n(k) Pe

−

R
k

q
dk0

k0
Γ

†(k0)

<latexit sha1_base64="I0+NrqY6NzIpgFntqpSNA+260h0="></latexit>



Tracking colour charge

Decompose amplitudes in flow of colour charge.

1

2

3
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1

2
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1̄

2̄
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|123i |213i |312i h123|123i h123|213i h123|312i

Tr [An] =
X

σ,τ

Aτσhσ|τi

<latexit sha1_base64="8P5i/GXvJzrsnBKY1uAcuytm7VU="></latexit>

N
3

<latexit sha1_base64="uHmbL+bNE+HrcA3iqsMy72c0v98=">AAACFXicbVBLS8NAGNzUV62vqEcvwSJ4KCFJW+2x6MWTVLAPSGPZbDft0s2D3Y1QQv6EF/+KFw+KeBW8+W/cphG0dWBhmJlv99txI0q4MIwvpbCyura+UdwsbW3v7O6p+wcdHsYM4TYKach6LuSYkgC3BREU9yKGoe9S3HUnlzO/e48ZJ2FwK6YRdnw4CohHEBRSGqiVpJ9dYrOR6ySGbmSoGHrVaDRqVUnOTMuy6un1XTUdqOWfhLZMzJyUQY7WQP3sD0MU+zgQiELObdOIhJNAJgiiOC31Y44jiCZwhG1JA+hj7iTZQql2IpWh5oVMnkBomfp7IoE+51PflUkfijFf9Gbif54dC6/hJCSIYoEDNH/Ii6kmQm1WkTYkDCNBp5JAxIjcVUNjyCASssiSLMFc/PIy6Vi6WdPrN7Vy8yKvowiOwDE4BSY4B01wBVqgDRB4AE/gBbwqj8qz8qa8z6MFJZ85BH+gfHwDlFCapg==</latexit>

N
2
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Tracking colour charge
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[Plätzer – EPJ C 74 (2014) 2907] — diagrams from [Ruffa, MSc thesis 2020]
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summing towers of terms enhanced by αSN
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Simulations
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CVolver solves evolution equations in colour flow space
[De Angelis, Forshaw, Plätzer — PRL 126 (2021) 11]

[Plätzer – EPJ C 74 (2014) 2907] 
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Agrees with [Hatta et al. — Nucl.Phys.B 962 (2021) 115273] using equivalent Langevin formulation.
Much more to come … thanks to Patrick Kirchgaesser, first and foremost.



Would subleading-N matter?
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[Gieseke, Kirchgaesser, Plätzer – EPJ C 78 (2018) 99]
[Gieseke, Kirchgaesser, Plätzer, Siodmok – JHEP 11 (2018) 149]

Approach colour reconnection from colour 
evolution: perturbative component?
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Constructing amplitude evolution

Tr

Consider factorisation to a partonic cross section, supplied by a very 
general measurement operator including possible projections onto 
colour singlet systems. Somehow needs to happen for hadronziation, 
but other observables fit, as well.

�[U] =
X
n

Z
↵n
0 Tr [Mn(Q; p1, ..., pn)Un(Q; p1, ..., pn)] d�(Q)

nY
i=1

(4⇡µ2)✏[dpi]�̃(pi)

Rely on factorisation properties of 
amplitudes to isolate divergent 
contributions. 

Physical cross section finite: resort to 
RGE methodology.
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[Plätzer — arXiv:2204.06956]
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U as colour space operator also seen in
double parton distributions

[Plätzer — arXiv:2204.06956]



Factorisation of amplitudes
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Redefinitions of “bare” operators
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(4⇡µ2)✏[dpi]�̃(pi)Path to a finite cross section: renormalisation & subtractions.
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Hard & soft evolution

We can now obtain the evolution equations we asked for:
⌘
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Coupled system of evolution equations: For each resolution we have chosen, we get one.
Directions of evolution are different in scale and multiplicity.
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soft evolution ~ hadronization model

dressing of hard process ~ parton shower

𝛼s corrections to tower of logarithms present in A

[Plätzer — arXiv:2204.06956]
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Choosing energy and angular cutoffs 
essentially gives us the “gaps between 
jets” algorithms (with similar choices 
for real emission).

[Angeles, De Angelis, Forshaw, Plätzer, Seymour – JHEP 05 (2018) 044]
[De Angelis, Forshaw, Plätzer — PRL 126 (2021) 11] — also see Becher et al. in the large-N limit.
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Evolving a hadronization model
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Evolution equation for a 
hadronization model!

Features which relate to the high-
energy dynamics of the Herwig 
cluster model.
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Shower Parton Splitter Fission Decay

[Plätzer — arXiv:2204.06956]



Summary

Amplitude evolution:

• A theoretical framework to build parton shower and resummation algorithms.
• A numerical method in its own right to address QM interference beyond the large-N limit.

Open questions beyond state-of-the-art answered:

• How would hadronization and other infrared unsafe observables fit into this framework?
• How would we rigorously construct the evolution beyond the leading order?

Vital input for the construction of better parton shower algorithms and to put constraints on showers 
and hadronization models where we have no data available, specifically SIDM models.

Much more in progress: hard-collinear contributions, first steps to electroweak evolution …
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