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• Constraints to anomalous dimensions


‣ Soft-collinear factorization - Kinematics


‣ Non-Abelian Exponentiation Theorem - Color 


‣ Two-particle collinear limits


‣ Small-mass limits
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• Results



Precise Theoretical Prediction
Resummation of             at leading power

Non-perturbative

Leading Power 
Resummation

Power corrections
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pT [GeV]
<latexit sha1_base64="YpMC8Fy80DBV5bGR2BkO/CUqXm8=">AAAB9HicbVBNTwIxEO3iF+IX6tFLIzHxRHaNiXojetAjJiyQwEq6ZRYa2u6m7WrIhv/hxYMar/4Yb/4bC+xBwZdM8vLeTGbmhQln2rjut1NYWV1b3yhulra2d3b3yvsHTR2nioJPYx6rdkg0cCbBN8xwaCcKiAg5tMLRzdRvPYLSLJYNM04gEGQgWcQoMVZ6SHqNTtZVAt9CcxL0yhW36s6Al4mXkwrKUe+Vv7r9mKYCpKGcaN3x3MQEGVGGUQ6TUjfVkBA6IgPoWCqJAB1ks6sn+MQqfRzFypY0eKb+nsiI0HosQtspiBnqRW8q/ud1UhNdBhmTSWpA0vmiKOXYxHgaAe4zBdTwsSWEKmZvxXRIFKHGBlWyIXiLLy8T/6x6VfXuzyu16zyNIjpCx+gUeegC1dAdqiMfUaTQM3pFb86T8+K8Ox/z1oKTzxyiP3A+fwB5spIK</latexit><latexit sha1_base64="YpMC8Fy80DBV5bGR2BkO/CUqXm8=">AAAB9HicbVBNTwIxEO3iF+IX6tFLIzHxRHaNiXojetAjJiyQwEq6ZRYa2u6m7WrIhv/hxYMar/4Yb/4bC+xBwZdM8vLeTGbmhQln2rjut1NYWV1b3yhulra2d3b3yvsHTR2nioJPYx6rdkg0cCbBN8xwaCcKiAg5tMLRzdRvPYLSLJYNM04gEGQgWcQoMVZ6SHqNTtZVAt9CcxL0yhW36s6Al4mXkwrKUe+Vv7r9mKYCpKGcaN3x3MQEGVGGUQ6TUjfVkBA6IgPoWCqJAB1ks6sn+MQqfRzFypY0eKb+nsiI0HosQtspiBnqRW8q/ud1UhNdBhmTSWpA0vmiKOXYxHgaAe4zBdTwsSWEKmZvxXRIFKHGBlWyIXiLLy8T/6x6VfXuzyu16zyNIjpCx+gUeegC1dAdqiMfUaTQM3pFb86T8+K8Ox/z1oKTzxyiP3A+fwB5spIK</latexit><latexit sha1_base64="YpMC8Fy80DBV5bGR2BkO/CUqXm8=">AAAB9HicbVBNTwIxEO3iF+IX6tFLIzHxRHaNiXojetAjJiyQwEq6ZRYa2u6m7WrIhv/hxYMar/4Yb/4bC+xBwZdM8vLeTGbmhQln2rjut1NYWV1b3yhulra2d3b3yvsHTR2nioJPYx6rdkg0cCbBN8xwaCcKiAg5tMLRzdRvPYLSLJYNM04gEGQgWcQoMVZ6SHqNTtZVAt9CcxL0yhW36s6Al4mXkwrKUe+Vv7r9mKYCpKGcaN3x3MQEGVGGUQ6TUjfVkBA6IgPoWCqJAB1ks6sn+MQqfRzFypY0eKb+nsiI0HosQtspiBnqRW8q/ud1UhNdBhmTSWpA0vmiKOXYxHgaAe4zBdTwsSWEKmZvxXRIFKHGBlWyIXiLLy8T/6x6VfXuzyu16zyNIjpCx+gUeegC1dAdqiMfUaTQM3pFb86T8+K8Ox/z1oKTzxyiP3A+fwB5spIK</latexit><latexit sha1_base64="YpMC8Fy80DBV5bGR2BkO/CUqXm8=">AAAB9HicbVBNTwIxEO3iF+IX6tFLIzHxRHaNiXojetAjJiyQwEq6ZRYa2u6m7WrIhv/hxYMar/4Yb/4bC+xBwZdM8vLeTGbmhQln2rjut1NYWV1b3yhulra2d3b3yvsHTR2nioJPYx6rdkg0cCbBN8xwaCcKiAg5tMLRzdRvPYLSLJYNM04gEGQgWcQoMVZ6SHqNTtZVAt9CcxL0yhW36s6Al4mXkwrKUe+Vv7r9mKYCpKGcaN3x3MQEGVGGUQ6TUjfVkBA6IgPoWCqJAB1ks6sn+MQqfRzFypY0eKb+nsiI0HosQtspiBnqRW8q/ud1UhNdBhmTSWpA0vmiKOXYxHgaAe4zBdTwsSWEKmZvxXRIFKHGBlWyIXiLLy8T/6x6VfXuzyu16zyNIjpCx+gUeegC1dAdqiMfUaTQM3pFb86T8+K8Ox/z1oKTzxyiP3A+fwB5spIK</latexit>

Becher, Neubert, Wilhelm  ’11

3

<latexit sha1_base64="zcNxwI3iVxuNPDL1dj167PR6tJY=">AAAB8nicdVDLSgMxFM3UV62vqks3wSLUzZjRjnZ2RTcuW7APaEvJpJk2NJMMSUYopZ/hxoUibv0ad/6N6UNQ0QMXDufcy733hAln2iD04WRWVtfWN7Kbua3tnd29/P5BQ8tUEVonkkvVCrGmnAlaN8xw2koUxXHIaTMc3cz85j1VmklxZ8YJ7cZ4IFjECDZWane4gMWkd3dWO+3lC8hFfuB7CCLXR15wMSNBUC75PvRcNEcBLFHt5d87fUnSmApDONa67aHEdCdYGUY4neY6qaYJJ iM8oG1LBY6p7k7mJ0/hiVX6MJLKljBwrn6fmOBY63Ec2s4Ym6H+7c3Ev7x2aqJyd8JEkhoqyGJRlHJoJJz9D/tMUWL42BJMFLO3QjLEChNjU8rZEL4+hf+TxrnrXbperVSoXC/jyIIjcAyKwANXoAJuQRXUAQESPIAn8OwY59F5cV4XrRlnOXMIfsB5+wQibJCG</latexit>

ln(pT /Q)

Fixed-order corrections
+

<latexit sha1_base64="0YwuxgIbh5QZT4hnp4cUJgVcTiM="></latexit>

d�

d⌦
=

Z
dxa fa/N1

(xa, µ)

Z
dxb fb/N2

(xb, µ)
d�̂ab!Z

d⌦
+O(⇤QCD/MZ)

PDF PDF Cross section 
at parton level



Resummation
<latexit sha1_base64="9CTNsZCMGPbD2LWD1rGIShNCMIc=">AAAB83icbVA9SwNBEJ3zM8avqKXNYhBiE+9E1EYI2lhYJJAvyB1hb7OXLNnbW3b3hBDyN2wsFLH1z9j5b9wkV2jig4HHezPMzAslZ9q47rezsrq2vrGZ28pv7+zu7RcODps6SRWhDZLwRLVDrClngjYMM5y2paI4DjlthcP7qd96okqzRNTNSNIgxn3BIkawsZL/eOtzUZLd+nntrFsoumV3BrRMvIwUIUO1W/jyewlJYyoM4VjrjudKE4yxMoxwOsn7qaYSkyHu046lAsdUB+PZzRN0apUeihJlSxg0U39PjHGs9SgObWeMzUAvelPxP6+TmugmGDMhU0MFmS+KUo5MgqYBoB5TlBg+sgQTxeytiAywwsTYmPI2BG/x5WXSvCh7V2Wvdlms3GVx5OAYTqAEHlxDBR6gCg0gIOEZXuHNSZ0X5935mLeuONnMEfyB8/kDecuQqw==</latexit>

L = ln(pT /Q)• For           , perturbative convergence is violated by 
<latexit sha1_base64="FzCMxGaROAaHGK0HdWxJR0YU+hw=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW2lpoQ9lsN+3SzSbuToQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/CEY3838hyeujYhVEycJ9yM6VCIUjKKVOkm/2ZOSNPrlilt15yCrxMtJBXLU++Wv3iBmacQVMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aqmjEjZ/N752SM6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjjZ0IlKXLFFovCVBKMyex5MhCaM5QTSyjTwt5K2IhqytBGVLIheMsvr5L2RdW7qnqNy0rtNo+jCCdwCufgwTXU4B7q0AIGEp7hFd6cR+fFeXc+Fq0FJ585hj9wPn8AdryPmA==</latexit>

pT ⌧ Q

• A good parameter for expansion is        , not 
<latexit sha1_base64="Rk8iV//9WiJrmd2i1R5FSulMkmk=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9E1DJoY2ER0XxAcoS9zVyyZG/v2N0TwpGfYGOhiK2/yM5/4ya5QqMPBh7vzTAzL0gE18Z1v5zC0vLK6lpxvbSxubW9U97da+o4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdD31W4+oNI/lgxkn6Ed0IHnIGTVWuvdObnvlilt1ZyB/iZeTCuSo98qf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9mp07IkVX6JIyVLWnITP05kdFI63EU2M6ImqFe9Kbif14nNeGln3GZpAYlmy8KU0FMTKZ/kz5XyIwYW0KZ4vZWwoZUUWZsOiUbgrf48l/SPK1651Xv7qxSu8rjKMIBHMIxeHABNbiBOjSAwQCe4AVeHeE8O2/O+7y14OQz+/ALzsc3gWuNSg==</latexit>

1/L
<latexit sha1_base64="0bj0+M0qDOW40oBqR2OuGBSePrg=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUCbbTbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWM7mZ+64kpzWP5aCYJ8yMcSB5yisZK7S6KZIg93StX3Ko7B1klXk4qkKPeK391+zFNIyYNFah1x3MT42eoDKeCTUvdVLME6QgHrGOpxIhpP5vfOyVnVumTMFa2pCFz9fdEhpHWkyiwnRGaoV72ZuJ/Xic14Y2fcZmkhkm6WBSmgpiYzJ4nfa4YNWJiCVLF7a2EDlEhNTaikg3BW355lTQvqt5V1Xu4rNRu8ziKcAKncA4eXEMN7qEODaAg4Ble4c0ZOy/Ou/OxaC04+cwx/IHz+QMa4JAE</latexit>↵s

• Large logs should be resummed to all orders in <latexit sha1_base64="0bj0+M0qDOW40oBqR2OuGBSePrg=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUCbbTbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWM7mZ+64kpzWP5aCYJ8yMcSB5yisZK7S6KZIg93StX3Ko7B1klXk4qkKPeK391+zFNIyYNFah1x3MT42eoDKeCTUvdVLME6QgHrGOpxIhpP5vfOyVnVumTMFa2pCFz9fdEhpHWkyiwnRGaoV72ZuJ/Xic14Y2fcZmkhkm6WBSmgpiYzJ4nfa4YNWJiCVLF7a2EDlEhNTaikg3BW355lTQvqt5V1Xu4rNRu8ziKcAKncA4eXEMN7qEODaAg4Ble4c0ZOy/Ou/OxaC04+cwx/IHz+QMa4JAE</latexit>↵s

LL NLL NNLL

<latexit sha1_base64="huZERAeOzvucgc8mjcSOG0Han3M="></latexit>

�(pT ) ⇠

"
1 +

1X

n=1

⇣↵s

2⇡

⌘n
cn

#
exp [Lg1(↵sL) + g2(↵sL) + ↵sg3(↵sL) + · · · ] +O(pT /Q)

• Resummation can be achieved 
by renormalization-group (RG) 
evolution in SCET

<latexit sha1_base64="cA/YTIE0Djpt5mpJAsQJFWRlQyc=">AAACE3icbZBLSwMxEMez9VXra9Wjl2ARxEPZFVGPpV56rGgf0C4lm2bb0DyWJCuUpd/Bi1/FiwdFvHrx5rcxbVfU1oGQH/+ZYWb+YcyoNp736eSWlldW1/LrhY3Nre0dd3evoWWiMKljyaRqhUgTRgWpG2oYacWKIB4y0gyHV5N8844oTaW4NaOYBBz1BY0oRsZKXfeko2mfI2g/DqsdaSgnGt7Ab6r8UNcteiVvGnAR/AyKIIta1/3o9CROOBEGM6R12/diE6RIGYoZGRc6iSYxwkPUJ22LAtkxQTq9aQyPrNKDkVT2CQOn6u+OFHGtRzy0lRyZgZ7PTcT/cu3ERJdBSkWcGCLwbFCUMGgknBgEe1QRbNjIAsKK2l0hHiCFsLE2FqwJ/vzJi9A4LfnnJf/6rFiuZHbkwQE4BMfABxegDKqgBuoAg3vwCJ7Bi/PgPDmvztusNOdkPfvgTzjvX1Q8nS0=</latexit>

� ⇠ H ⌦ S ⌦B ⌦B

<latexit sha1_base64="63QpzcRM/X756mLlLqZpiKXP4ig="></latexit>

d

d lnµ
H =

✓
�cusp ln

Q

µ
+ �

H

◆
H

<latexit sha1_base64="+m+/W0StO3SkEapp1s/FxvLlkgA=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCp5KIqMeiFw8eKtgPaELYbDft0t0k7G6UEvtTvHhQxKu/xJv/xm2bg7Y+GHi8N8PMvDDlTGnH+bZKK6tr6xvlzcrW9s7unl3db6skk4S2SMIT2Q2xopzFtKWZ5rSbSopFyGknHF1P/c4DlYol8b0ep9QXeBCziBGsjRTYVQ/zdIgDhW6Rp5hAbmDXnLozA1ombkFqUKAZ2F9ePyGZoLEmHCvVc51U+zmWmhFOJxUvUzTFZIQHtGdojAVVfj47fYKOjdJHUSJNxRrN1N8TORZKjUVoOgXWQ7XoTcX/vF6mo0s/Z3GaaRqT+aIo40gnaJoD6jNJieZjQzCRzNyKyBBLTLRJq2JCcBdfXibt07p7XnfvzmqNqyKOMhzCEZyACxfQgBtoQgsIPMIzvMKb9WS9WO/Wx7y1ZBUzB/AH1ucP02WTEQ==</latexit>

↵sL ⇠ 1

<latexit sha1_base64="ETzmhVPPefSQAPejGCDlupnMESY=">AAACGnicbZDLSgMxFIYz9VbrrerSTbAILUKZKaIui25cuKjQG3TG4UyatqHJzJBkhDL0Odz4Km5cKOJO3Pg2ppeFth5I+Pj/c0jOH8ScKW3b31ZmZXVtfSO7mdva3tndy+8fNFWUSEIbJOKRbAegKGchbWimOW3HkoIIOG0Fw+uJ33qgUrEorOtRTD0B/ZD1GAFtJD/vuIr1BRRjv17ChgV2gccD8JWLiy6+va9gF58amN7Ed0p+vmCX7WnhZXDmUEDzqvn5T7cbkUTQUBMOSnUcO9ZeClIzwuk45yaKxkCG0KcdgyEIqrx0utoYnxili3uRNCfUeKr+nkhBKDUSgekUoAdq0ZuI/3mdRPcuvZSFcaJpSGYP9RKOdYQnOeEuk5RoPjIARDLzV0wGIIFok2bOhOAsrrwMzUrZOS87d2eF6tU8jiw6QseoiBx0garoBtVQAxH0iJ7RK3qznqwX6936mLVmrPnMIfpT1tcPiHedXw==</latexit>

�(pT ) ⇠ ↵s ( L2 + L + c1)

<latexit sha1_base64="Kt44eEnAQ0wrFh7XypR4bL3wvnI=">AAACHXicbVBNS8MwGE7n15xfVY9egkOYCKOdQz0OvXjYYYL7gLUraZZuYWlaklQYY3/Ei3/FiwdFPHgR/43Z2oNuPpDkyfO8L8n7+DGjUlnWt5FbWV1b38hvFra2d3b3zP2DlowSgUkTRywSHR9JwignTUUVI51YEBT6jLT90c3Mbz8QIWnE79U4Jm6IBpwGFCOlJc+swjMHOojFQ+TJXgWWHFjvVaEzk+u98/SopNf5jr3KqWcWrbI1B1wmdkaKIEPDMz+dfoSTkHCFGZKya1uxcidIKIoZmRacRJIY4REakK6mHIVEupP5dFN4opU+DCKhF1dwrv7umKBQynHo68oQqaFc9Gbif143UcGVO6E8ThThOH0oSBhUEZxFBftUEKzYWBOEBdV/hXiIBMJKB1rQIdiLIy+TVqVsX5Ttu2qxdp3FkQdH4BiUgA0uQQ3cggZoAgwewTN4BW/Gk/FivBsfaWnOyHoOwR8YXz8kCpxY</latexit>

+ ↵2
s( L

4 + L3 + L2 + L + c2)

<latexit sha1_base64="IPRFpJDJVO6leyw15kL286Up+Vg=">AAACH3icbVDLSgMxFM3UV62vUZdugkWoCGXG1uqy6MZFFxXsAzrTIZNJ29DMgyQjlKF/4sZfceNCEXHXvzHTzkJbD4R7cs69JPe4EaNCGsZMy62tb2xu5bcLO7t7+wf64VFbhDHHpIVDFvKuiwRhNCAtSSUj3YgT5LuMdNzxXep3nggXNAwe5SQito+GAR1QjKSSHL0GLyxoIRaNkCP6FViyYKNfg1YqN/pXi1LNrhVVsBdKce7oRaNszAFXiZmRIsjQdPRvywtx7JNAYoaE6JlGJO0EcUkxI9OCFQsSITxGQ9JTNEA+EXYy328Kz5TiwUHI1QkknKu/JxLkCzHxXdXpIzkSy14q/uf1Yjm4sRMaRLEkAV48NIgZlCFMw4Ie5QRLNlEEYU7VXyEeIY6wVJEWVAjm8sqrpH1ZNmtl86FarN9mceTBCTgFJWCCa1AH96AJWgCDZ/AK3sGH9qK9aZ/a16I1p2Uzx+APtNkPedadsQ==</latexit>

+ ↵3
s( L

6 + L5 + L4 + L3 + · · · )
<latexit sha1_base64="P/zirRplWlLwlcFIyidlYfBECZI=">AAACH3icbVDLSgMxFM3UV62vUZdugkWoCGVGattl0Y2LLirYB3SmQyaTtqGZB0lGKEP/xI2/4saFIuKuf2OmnYW2Hgj35Jx7Se5xI0aFNIy5ltvY3Nreye8W9vYPDo/045OOCGOOSRuHLOQ9FwnCaEDakkpGehEnyHcZ6bqTu9TvPhEuaBg8ymlEbB+NAjqkGEklOXoVXlnQQiwaI0cMKrBkweagDq1Ubg5qy1LNrjeqYC+U4tLRi0bZWACuEzMjRZCh5ejflhfi2CeBxAwJ0TeNSNoJ4pJiRmYFKxYkQniCRqSvaIB8Iuxksd8MXijFg8OQqxNIuFB/TyTIF2Lqu6rTR3IsVr1U/M/rx3JYtxMaRLEkAV4+NIwZlCFMw4Ie5QRLNlUEYU7VXyEeI46wVJEWVAjm6srrpHNdNqtl86FSbNxmceTBGTgHJWCCGmiAe9ACbYDBM3gF7+BDe9HetE/ta9ma07KZU/AH2vwHiEidug==</latexit>

+ ↵4
s( L

8 + L7 + L6 + L5 + · · · )

4

<latexit sha1_base64="vQO8vneE/h1KYVHxHHqNo6OYh5g=">AAACLHicdZBNS8MwGMfT+TbnW9Wjl+AQBGG0IupxuIvHCe4FtjLSNN3C0qQm6WCUfSAvfhVBPDjEq5/DbC2imz6Q5M/v/zwk+fsxo0o7ztQqrKyurW8UN0tb2zu7e/b+QVOJRGLSwIIJ2faRIoxy0tBUM9KOJUGRz0jLH9ZmfmtEpKKC3+txTLwI9TkNKUbaoJ5dg2ew+5CgwOzZMQqEVjn79jL4D+3ZZafizAsuCzcXZZBXvWe/dAOBk4hwjRlSquM6sfZSJDXFjExK3USRGOEh6pOOkRxFRHnp/LMTeGJIAEMhzeIazunPiRRFSo0j33RGSA/UojeDf3mdRIfXXkp5nGjCcXZRmDCoBZwlBwMqCdZsbATCkpq3QjxAEmFt8i2ZENzFLy+L5nnFvay4dxfl6k0eRxEcgWNwClxwBargFtRBA2DwCJ7BG5haT9ar9W59ZK0FK585BL/K+vwCe++l7w==</latexit>

+
... +

... +
...



5

Precision Collider Observables
E

<latexit sha1_base64="0J7swYsUilrEsL4ZQsZMzO/7EK8="></latexit>

⇤QCD

<latexit sha1_base64="why1IGW+ChX5ltyScgfy1V+SD9A="></latexit>pT

<latexit sha1_base64="ek4SCqkLDJxDgibiDLLLVFwXMOc="></latexit>pT,veto

<latexit sha1_base64="7QZxLbALr5gJ053i0lvZI4ZBgoc="></latexit>mW,Z,h

<latexit sha1_base64="VUaT+GdAII0E8tQqTJlsYVl+ecc="></latexit>mt

<latexit sha1_base64="b2ptLlzg2xDoKa/ikb/E4SKiQBg="></latexit>mJ

<latexit sha1_base64="Mcoo5BxtWvRw6rkTyyW3fbXKrfk="></latexit>mtt̄

• Multi scales are involved in measurements

‣ Fixed-order results are invalid due to large 
logarithms of scale ratios

‣ Large logs need to be resummed to all orders in  <latexit sha1_base64="IWLmvXvAryOJxDBNEsbLnaOVzTE="></latexit>↵s

‣ Renormalization-group evolutions are governed by 
anomalous dimensions

RGE

UV poles in low energy matrix elements

<latexit sha1_base64="McVNMzl+D+x436b23f+RVT/sjCI="></latexit>

� ⇠ H ⌦Ba/N ⌦Bb/N ⌦ S ⌦
Y

i

J

IR poles

Effective field theory is powerful for scale 
separation and factorization

In soft-collinear effective theory (SCET), IR poles of hard 
coefficients are in one-to-one correspondence to the UV 
poles of low-energy matrix elements. 
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IR Singularities of Form Factors
The IR singularities of quark/gluon form factor

<latexit sha1_base64="pjTLcF3ErFVXYxEHHnsniToAi+c="></latexit>

Z(✏, {p}, µ) = P exp

Z 1

µ

dµ0

µ0 �({p}, µ
0)

�

<latexit sha1_base64="x9T6YL0p7Y80IHICmSgdjVHM630="></latexit>

|M({s}, µ)i = lim
✏!0

Z�1(✏, {s}, µ)|M(✏, {s})iRenormalization

Renormalization-group equation (RGE) gives

anomalous dimension

With
<latexit sha1_base64="2rfR7KZlgMk+8+uApl4Zqxt6L5A="></latexit>

�(µ) = �CRi�cusp(↵s) ln
µ2

�s12
+ 2�i(↵s)

<latexit sha1_base64="AbjU2JyJnPOIatA7sHnT5KJ6v9A=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0Vx1SZF1I1QLYjLKn1BE8NkOmmHTh6dmRRKyB+48VfcuFDErVt3/o3Tx0JbD1w4nHMv997jRowKaRjfWmZpeWV1Lbue29jc2t7Rd/caIow5JnUcspC3XCQIowGpSyoZaUWcIN9lpOn2K2O/OSRc0DCoyVFEbB91A+pRjKSSHP244iT3Dk0tMojpMLFcD9ZSJxkUu+lDCV5CZd8Ur1JHzxsFYwK4SMwZyYMZqo7+ZXVCHPskkJghIdqmEUk7QVxSzEias2JBIoT7qEvaigbIJ8JOJv+k8EgpHeiFXFUg4UT9PZEgX4iR76pOH8memPfG4n9eO5behZ3QIIolCfB0kRczKEM4Dgd2KCdYspEiCHOqboW4hzjCUkWYUyGY8y8vkkapYJ4VzLvTfPl6FkcWHIBDcAJMcA7K4BZUQR1g8AiewSt40560F+1d+5i2ZrTZzD74A+3zB4+Rm7I=</latexit>

CRi ⌘ T2
q/g = CF/A

<latexit sha1_base64="9iqNu16euR1Cgwjnmud66Cl/eB8=">AAACBnicbVBNS8NAEN34WetX1KMIi0Wol5KIqMeiBz1WsB/QxDDZbtulu0nY3Qgl9OTFv+LFgyJe/Q3e/Ddu2xy09cHA470ZZuaFCWdKO863tbC4tLyyWlgrrm9sbm3bO7sNFaeS0DqJeSxbISjKWUTrmmlOW4mkIEJOm+Hgauw3H6hULI7u9DChvoBexLqMgDZSYB941yAEBJknBSapSkb3rOwBT/oQqOPALjkVZwI8T9yclFCOWmB/eZ2YpIJGmnBQqu06ifYzkJoRTkdFL1U0ATKAHm0bGoGgys8mb4zwkVE6uBtLU5HGE/X3RAZCqaEITacA3Vez3lj8z2ununvhZyxKUk0jMl3UTTnWMR5ngjtMUqL50BAgkplbMemDBKJNckUTgjv78jxpnFTcs4p7e1qqXuZxFNA+OkRl5KJzVEU3qIbqiKBH9Ixe0Zv1ZL1Y79bHtHXBymf20B9Ynz/0A5jL</latexit>

�i
cusp(↵s) has Casimir scaling:

<latexit sha1_base64="7qOoYjFIYjVjBg/urnI9xwe3ZfM="></latexit>

�q
cusp(↵s)

CF
=

�g
cusp(↵s)

CA

violated at 4 loops 
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Can we predict IR singularities of amplitudes with 3, 4, 5, … partons ?

But new structures arise at three loops and beyond !  

<latexit sha1_base64="SdWZD4Co6Dslqv0d5xZvQ0ODcCQ="></latexit>

�({p}, µ) =
X

(i,j)

Ti ·Tj

2
�cusp(↵s) ln

µ2

�sij
+
X

i

�i(↵s)

Dipole formula of anomalous dimensions can describe the IR 
singularities of multi-leg scattering “almost” correctly

Dipole Structure of IR Singularities

<latexit sha1_base64="HbCMqM/v3AX33Aor7aGSJX2wDvI=">AAACAnicbZDLSsNAFIYnXmu9RV2Jm8EiuCpJEXUjFN24rGAv0IQwmUzaaSeZYWYilFDc+CpuXCji1qdw59s4bbPQ1h8GPv5zDmfOHwpGlXacb2tpeWV1bb20Ud7c2t7Ztff2W4pnEpMm5ozLTogUYTQlTU01Ix0hCUpCRtrh8GZSbz8QqShP7/VIED9BvZTGFCNtrMA+VEFOB+MrTySwBkVAPRxxbWAQ2BWn6kwFF8EtoAIKNQL7y4s4zhKSasyQUl3XEdrPkdQUMzIue5kiAuEh6pGuwRQlRPn59IQxPDFOBGMuzUs1nLq/J3KUKDVKQtOZIN1X87WJ+V+tm+n40s9pKjJNUjxbFGcMag4necCISoI1GxlAWFLzV4j7SCKsTWplE4I7f/IitGpV97zq3p1V6tdFHCVwBI7BKXDBBaiDW9AATYDBI3gGr+DNerJerHfrY9a6ZBUzB+CPrM8fYaKWxw==</latexit>

sij = ±2pi · pj

universal
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Soft-Collinear Factorization

J

SH

<latexit sha1_base64="EyX4yRLBE1Lkg8KojF4LseamiIo="></latexit>

S({�}, ✏)
Y

i

J(L2
i , ✏)|M({s}, ✏)iOff-Shell Green’s function  =

UV renormalized

free of IR poles

J

For n-jet amplitudes:

cusp angles

<latexit sha1_base64="Awku5xuUg6f4ZRRICJ1GOkmEdv8="></latexit>

ln
µ2

�p2i

<latexit sha1_base64="2gnnb12gRAOTZExlHsYL3vzfyE4="></latexit>

�ij = ln
(�sij) µ2

(�p2i )(�p2j )

<latexit sha1_base64="cobP9uMOhf2O2sa1sx5uHIZ1Nnk="></latexit>

sij = ±2pi · pj

Hard

Collinear

Soft

E

<latexit sha1_base64="VwA9tgpjutssWTQGzsvY1hfMe84=">AAACC3icdVDLSgMxFM34rPU11qWbYBFcDZnWvnZFNy4r2Af0MWTSTBuazAxJRiyln+AvuNW9O3HrR7j1S0wfghU9cOFwzr3ce48fc6Y0Qh/W2vrG5tZ2aie9u7d/cGgfZRoqSiShdRLxSLZ8rChnIa1rpjltxZJi4XPa9EdXM795R6ViUXirxzHtCjwIWcAI1kby7ExHJB7p5TqKCQhjj/Vynp1FDioWKnkEkVNAbqlSMQShYjmfg64hM2TBEjXP/uz0I5IIGmrCsVJtF8W6O8FSM8LpNN1JFI0xGeEBbRsaYkFVdzK/fQrPjNKHQSRNhRrO1Z8TEyyUGgvfdAqsh+q3NxP/8tqJDsrdCQvjRNOQLBYFCYc6grMgYJ9JSjQfG4KJZOZWSIZYYqJNXCtbfDFNm1C+P4f/k0bOcYuOe3ORrV4u40mBE3AKzoELSqAKrkEN1AEB9+ARPIFn68F6sV6tt0XrmrWcOQYrsN6/AMeDmpE=</latexit>

µ2
c ⇠ p2i

<latexit sha1_base64="v4T0ifCY3g+/83bX27ddk3p1HyY="></latexit>

µ2
s ⇠

p2i p
2
j

sij

<latexit sha1_base64="XEjDnb0erLr+/B2dZZOm9yI+yw4=">AAACEnicdZDLSgMxFIYzXmu9jboSN8EiuCqTIr3sim5cVrAX6NQhk8m0scnMkGSEUoov4Su41b07cesLuPVJzLQVrOiBwMf/n8PJ+f2EM6Ud58NaWl5ZXVvPbeQ3t7Z3du29/ZaKU0lok8Q8lh0fK8pZRJuaaU47iaRY+Jy2/eFF5rfvqFQsjq71KKE9gfsRCxnB2kiefeiK1BvclFzFBISJx1wSxNrArWcXnKLjOAghmAGqlB0DtVq1hKoQZZapAphXw7M/3SAmqaCRJhwr1UVOontjLDUjnE7ybqpogskQ92nXYIQFVb3x9IQJPDFKAMNYmhdpOFV/ToyxUGokfNMpsB6o314m/uV1Ux1We2MWJammEZktClMOdQyzPGDAJCWajwxgIpn5KyQDLDHRJrWFLb6Y5E0o35fD/6FVKqJyEV2dFern83hy4Agcg1OAQAXUwSVogCYg4B48gifwbD1YL9ar9TZrXbLmMwdgoaz3L1pwnZg=</latexit>

µ2
h ⇠ pi · pj

Matrix in color space
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Soft-Collinear Factorization
RG invariance implies:

<latexit sha1_base64="1sSoeQWsE1wQaAvVBLXZOtg5CGk="></latexit>

�({s}, µ) = �s({�}, µ) +
nX

i=1

�i
c(Li, µ)1

Becher, Hill, Lange, Neubert, ‘03

<latexit sha1_base64="QtC27EtOYPGGjheXD166X8KHUnk="></latexit>

�i
c = ��i

cusp ln
µ2

�p2i
+ �i

c
Collinear:

<latexit sha1_base64="kLfcyLwSnsMVRKWDiTWYnznfCUY="></latexit>

�({s}) =
X

(i,j)

Ti ·Tj

2
�cusp ln

µ2

�sij
+

X

i

�iHard:

<latexit sha1_base64="Frrg4aIfrqKteeTYH1uiJwXoYjo=">AAAB7XicdVBNSwMxEM3Wr1q/qh69BIvgxWV3W9t6K3rxWMG2QruWbJptY7PJkmSFsvQ/ePGgiFf/jzf/jdm2goo+GHi8N8PMvCBmVGnH+bByS8srq2v59cLG5tb2TnF3r61EIjFpYcGEvAmQIoxy0tJUM3ITS4KigJFOML7I/M49kYoKfq0nMfEjNOQ0pBhpI7VP4j699frFkmOf1aveqQcd23FqXrmaEa9W8crQNUqGElig2S++9wYCJxHhGjOkVNd1Yu2nSGqKGZkWeokiMcJjNCRdQzmKiPLT2bVTeGSUAQyFNMU1nKnfJ1IUKTWJAtMZIT1Sv71M/MvrJjqs+ynlcaIJx/NFYcKgFjB7HQ6oJFiziSEIS2puhXiEJMLaBFQwIXx9Cv8nbc92q7Z7VSk1zhdx5MEBOATHwAU10ACXoAlaAIM78ACewLMlrEfrxXqdt+asxcw++AHr7RNKQI71</latexit>

�p2i

The cancellation of collinear scales in                 gives

<latexit sha1_base64="rAmxJOEZmtLz6CWkypyDZaGSa94="></latexit>

�s({�}) ⇠
X

(i,j)

Ti ·Tj

2
�cusp ln

µ2(�sij)

(�p2i )(�p2j )
+ · · ·

<latexit sha1_base64="4fkkwsRAPtYbZhXpYhqspzcFadA=">AAAB8XicdVDLSgNBEJyNrxhfUY9eBoPgaZmNSUxuQS8eI5gHJiHMTibJmNnZZaZXCEv+wosHRbz6N978GycPQUULGoqqbrq7/EgKA4R8OKmV1bX1jfRmZmt7Z3cvu3/QMGGsGa+zUIa65VPDpVC8DgIkb0Wa08CXvOmPL2d+855rI0J1A5OIdwM6VGIgGAUr3XZ8DrSXiLtpL5sjbqVCCl4FE7dISL5csoSc5cvFIvZcMkcOLVHrZd87/ZDFAVfAJDWm7ZEIugnVIJjk00wnNjyibEyHvG2pogE33WR+8RSfWKWPB6G2pQDP1e8TCQ2MmQS+7QwojMxvbyb+5bVjGJS7iVBRDFyxxaJBLDGEePY+7gvNGciJJZRpYW/FbEQ1ZWBDytgQvj7F/5NG3vVKrnddyFUvlnGk0RE6RqfIQ+eoiq5QDdURQwo9oCf07Bjn0XlxXhetKWc5c4h+wHn7BEKpkVI=</latexit>

�ijCusp angles

<latexit sha1_base64="JVq0mCVSoPkQaJVpg3UByRAVt3A=">AAACFXicbVDLSgMxFM3UV62vUZdugkUQlDIjoi6LLnRZwT6gMw6ZNNOGJpkhyQhlmJ9w46+4caGIW8Gdf2M67UJbDwQO55zLzT1hwqjSjvNtlRYWl5ZXyquVtfWNzS17e6el4lRi0sQxi2UnRIowKkhTU81IJ5EE8ZCRdji8GvvtByIVjcWdHiXE56gvaEQx0kYK7OPMCyPoXSPOUR4oeAQ9lfIgo/lEC/C94UXIzQO76tScAnCeuFNSBVM0AvvL68U45URozJBSXddJtJ8hqSlmJK94qSIJwkPUJ11DBeJE+VlxVQ4PjNKDUSzNExoW6u+JDHGlRjw0SY70QM16Y/E/r5vq6MLPqEhSTQSeLIpSBnUMxxXBHpUEazYyBGFJzV8hHiCJsDZFVkwJ7uzJ86R1UnPPau7tabV+Oa2jDPbAPjgELjgHdXADGqAJMHgEz+AVvFlP1ov1bn1MoiVrOrML/sD6/AEGBJ6/</latexit>

�s +
X

i

�i
c1

No 
<latexit sha1_base64="i1OocxD91gBPdFtt5/CiuptoUew=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0jS2tZb0YvHCqYV2lg22227dLMJuxuhlP4GLx4U8eoP8ua/cdNWUNEHA4/3ZpiZFyacKe04H1ZuZXVtfSO/Wdja3tndK+4ftFScSkJ9EvNY3oZYUc4E9TXTnN4mkuIo5LQdji8zv31PpWKxuNGThAYRHgo2YARrI/lJj915vWLJsc/rVe/MQ47tODWvXM2IV6t4ZeQaJUMJlmj2iu/dfkzSiApNOFaq4zqJDqZYakY4nRW6qaIJJmM8pB1DBY6oCqbzY2foxCh9NIilKaHRXP0+McWRUpMoNJ0R1iP128vEv7xOqgf1YMpEkmoqyGLRIOVIxyj7HPWZpETziSGYSGZuRWSEJSba5FMwIXx9iv4nLc92q7Z7XSk1LpZx5OEIjuEUXKhBA66gCT4QYPAAT/BsCevRerFeF605azlzCD9gvX0C4DCOvg==</latexit>

p2i
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Non-Abelian Exponentiation Theorem

A = A0 exp · · ·

Abelian:

non-Abelian: Frenkel & Taylor, ’84  Gatheral, ’83

A = A0 exp · · ·

color connected

Fully connected

not contribute to exponent

maximally non-abelian 

part of color

• UV poles of soft matrix elements can be written as exponentials of simpler 
quantities, which only receive contribution from color connected webs
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Non-Abelian Exponentiation Theorem

Figure from Gardi, Smillie, White, 1304.7040

• Generalize to multi-leg scattering amplitudes

1

2 3

4

A B C D

1

2 3

4

<latexit sha1_base64="4W3ZLpLz+fN8t2HQ2BCDfdHVCP4="></latexit>

S = exp

2

4
X

W

X

D,D0

F (D)R(W )
DD0C(D0)

3

5

Gardi et al. ’09-’14

• An example of web : <latexit sha1_base64="qtBViQDekW/ZPESCrL2C68fSnyk=">AAACBHicbVDLSgMxFM3UV62vqks3wSJUKGVSRF0W3bisYB/QDiWTZtrQJDMmGaEMs/UX3Orenbj1P9z6JabtLGzrgQuHc+7lXI4fcaaN6347ubX1jc2t/HZhZ3dv/6B4eNTSYawIbZKQh6rjY005k7RpmOG0EymKhc9p2x/fTv32E1WahfLBTCLqCTyULGAEGyt57X5SRhVUqVVq52m/WHKr7gxwlaCMlECGRr/40xuEJBZUGsKx1l3kRsZLsDKMcJoWerGmESZjPKRdSyUWVHvJ7OkUnlllAINQ2ZEGztS/FwkWWk+EbzcFNiO97E3F/7xubIJrL2Eyig2VZB4UxByaEE4bgAOmKDF8YgkmitlfIRlhhYmxPS2k+CIt2FLQcgWrpFWrossqur8o1W+yevLgBJyCMkDgCtTBHWiAJiDgEbyAV/DmPDvvzofzOV/NOdnNMViA8/ULWaSW8Q==</latexit>

W(1,1,2,2)

<latexit sha1_base64="s8Epn9YyAE7Ak+00GjNAH6W/3CE="></latexit>

R(1,1,2,2) =
1

6

2

666664

2 2 �2 �2

2 2 �2 �2

�1 �1 1 1

�1 �1 1 1

3

777775

kinematic conventional color

Mixing matrix as a 
projection operator

<latexit sha1_base64="969F2otg967DNnfHBEE1HP+/4mM="></latexit> X

D,D0

F (D)R(W )
DD0C(D0) =

1

6
(�2FA � 2FB + FC + FD)

⇥ fabdf bceT c
1T

a
2 T

d
3 T

e
4

Color connectedobtained by replica trick
Gardi, Laenen, Stavenga, White ’10
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Construct Soft Anomalous Dimensions
• Kinematic dependences

‣ Cusp angles - depend on collinear scales


‣ Conformal cross ratios - independent on collinear scales

<latexit sha1_base64="kxeus0kIoGZJskJQ5ZgO4h0O9Bc="></latexit>

�ij = Li + Lj � ln
µ2

�sij

<latexit sha1_base64="Y5VbQzVX+TVYVKJJoZ7j/406Olk="></latexit>

�Ij = Lj � ln
mIµ

�sIj

<latexit sha1_base64="kgDOA4/OOhtIeBgFelEm6eZJcvA="></latexit>

�IJ = cosh�1

✓
�sIJ

2mImJ

◆

<latexit sha1_base64="mgPa0VnNUpGpcUcxjUKT7BiI6EA="></latexit>

rijI ⌘ v2I (ni · nj)

2 (vI · ni)(vI · nj)

Purely massless:

One massive:

Gardi, Magnea ’09
Becher, Neubert ’09

ZLL, Schalch ’22

<latexit sha1_base64="cobP9uMOhf2O2sa1sx5uHIZ1Nnk="></latexit>

sij = ±2pi · pj
<latexit sha1_base64="Ymg9H46KorukXD0DxFWDnfj1T+k=">AAACAXicdVDLSgMxFM3UV62vUTeCm2AR3Fgy1dZ2IRTduHBRwT6gU4dMmmlDMw+SjFCGuvFX3LhQxK1/4c6/MdNWUNEDl3s4516Se9yIM6kQ+jAyc/MLi0vZ5dzK6tr6hrm51ZRhLAhtkJCHou1iSTkLaEMxxWk7EhT7Lqctd3ie+q1bKiQLg2s1imjXx/2AeYxgpSXH3Ll02KntCUwS249viuPkMHKY7o6ZRwVULlVRFaJCCVmVCUGoXCkeQUuTFHkwQ90x3+1eSGKfBopwLGXHQpHqJlgoRjgd5+xY0giTIe7TjqYB9qnsJpMLxnBfKz3ohUJXoOBE/b6RYF/Kke/qSR+rgfztpeJfXidWXqWbsCCKFQ3I9CEv5lCFMI0D9pigRPGRJpgIpv8KyQDrOJQOLadD+LoU/k+axYJVLlhXx/na2SyOLNgFe+AAWOAE1MAFqIMGIOAOPIAn8GzcG4/Gi/E6Hc0Ys51t8APG2ydqcZbk</latexit>

Li =
µ2

�p2i

<latexit sha1_base64="WE3Gtd2F+U1l3Gr/fNEZZcFMk9Y=">AAACJnicbZDLSsNAFIYn9VbrLerSTbAI7cKSiKibQtGNywr2Ak0Ik+mknXYyCTMToYQ8jRtfxY2Liog7H8VJmoW2Hhj4+f5zOHN+L6JESNP80kpr6xubW+Xtys7u3v6BfnjUFWHMEe6gkIa870GBKWG4I4mkuB9xDAOP4p43vcv83hPmgoTsUc4i7ARwxIhPEJQKuXrT9rCEbkImU5o2bcpsn0OU1M5FxtJ6LpRVTws2LdgkY65eNRtmXsaqsApRBUW1XX1uD0MUB5hJRKEQA8uMpJNALgmiOK3YscARRFM4wgMlGQywcJL8zNQ4U2Ro+CFXj0kjp78nEhgIMQs81RlAORbLXgb/8wax9G+chLAolpihxSI/poYMjSwzY0g4RpLOlICIE/VXA42hykmqZCsqBGv55FXRvWhYVw3r4bLaui3iKIMTcApqwALXoAXuQRt0AALP4BXMwbv2or1pH9rnorWkFTPH4E9p3z+lEaXb</latexit>

�ijkl = ln
(�sij)(�skl)

(�sik)(�sjl)

<latexit sha1_base64="kPkYIb0pFf/d6FAlgBXH9NHmbzo="></latexit>

Yvi(x) = P exp

✓
�igs

Z 1

0
dt vi ·Aa

s(x+ tvi) T
a

◆
is invariant

<latexit sha1_base64="KFdVUfYTU5V/R/kJJ8JWE9OIMRI=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgQkoioi6LblxWsA9oQriZTtuhk0mYmRRCqL/ixoUibv0Qd/6N0zYLbT0wcOace7n3njDhTGnH+bZKa+sbm1vl7crO7t7+gX141FZxKgltkZjHshuCopwJ2tJMc9pNJIUo5LQTju9mfmdCpWKxeNRZQv0IhoINGAFtpMCuTgKGPR1jD3gyAu/c/AO75tSdOfAqcQtSQwWagf3l9WOSRlRowkGpnusk2s9BakY4nVa8VNEEyBiGtGeogIgqP58vP8WnRunjQSzNExrP1d8dOURKZVFoKiPQI7XszcT/vF6qBzd+zkSSairIYtAg5dgcO0sC95mkRPPMECCSmV0xGYEEok1eFROCu3zyKmlf1N2ruvtwWWvcFnGU0TE6QWfIRdeoge5RE7UQQRl6Rq/ozXqyXqx362NRWrKKnir6A+vzB/UjlFQ=</latexit>vi ! ↵ vi
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Construct Soft Anomalous Dimensions
• Color

‣ Only color connected 


‣ Symmetrization with external legs
<latexit sha1_base64="kUQeNel0+7AmRaMX1vBgmKQvf00=">AAACJnicbZDLSgMxFIYz9VbrbdSN4CZYBFdlRkRdFt24rNAb9DJk0kwbm2SGJKOUYXwaF270UdyJuPMt3Jq2I9jWHwIf/zmHk/P7EaNKO86nlVtaXlldy68XNja3tnfs3b26CmOJSQ2HLJRNHynCqCA1TTUjzUgSxH1GGv7welxv3BOpaCiqehSRDkd9QQOKkTaWZx8kbZ/DaurRLoK/fNdFBc8uOiVnIrgIbgZFkKni2d/tXohjToTGDCnVcp1IdxIkNcWMpIV2rEiE8BD1ScugQJyoTjK5IIXHxunBIJTmCQ0n7t+JBHGlRtw3nRzpgZqvjc3/aq1YB5edhIoo1kTg6aIgZlCHcBwH7FFJsGYjAwhLav4K8QBJhLUJbWaLz2duSHjMNJXhQ2qScudzWYT6ack9L7m3Z8XyVZZZHhyCI3ACXHAByuAGVEANYPAInsALeLWerTfr3fqYtuasbGYfzMj6+gEegaYc</latexit>

T a
i T

a
j

Sum over all the permutations of i,j,k,…

<latexit sha1_base64="e+QEJEX23eV3dnOlnhjU8LTKnYc="></latexit>

Tijkl ⌘ fadef bce
�
T a
i T

b
j T

c
kT

d
l

�
+

<latexit sha1_base64="/P41Ik6DoljH+p3uUmIBuFO3l7M="></latexit>

Tijk ⌘ ifabc
�
T a
i T

b
j T

c
k

�
+

<latexit sha1_base64="6cwQEkOQBRTa6Al64gBJSegN2AE="></latexit>

[T a
i ,T

b
i ] = ifabcT c

iapply

color dipole

<latexit sha1_base64="kUQeNel0+7AmRaMX1vBgmKQvf00=">AAACJnicbZDLSgMxFIYz9VbrbdSN4CZYBFdlRkRdFt24rNAb9DJk0kwbm2SGJKOUYXwaF270UdyJuPMt3Jq2I9jWHwIf/zmHk/P7EaNKO86nlVtaXlldy68XNja3tnfs3b26CmOJSQ2HLJRNHynCqCA1TTUjzUgSxH1GGv7welxv3BOpaCiqehSRDkd9QQOKkTaWZx8kbZ/DaurRLoK/fNdFBc8uOiVnIrgIbgZFkKni2d/tXohjToTGDCnVcp1IdxIkNcWMpIV2rEiE8BD1ScugQJyoTjK5IIXHxunBIJTmCQ0n7t+JBHGlRtw3nRzpgZqvjc3/aq1YB5edhIoo1kTg6aIgZlCHcBwH7FFJsGYjAwhLav4K8QBJhLUJbWaLz2duSHjMNJXhQ2qScudzWYT6ack9L7m3Z8XyVZZZHhyCI3ACXHAByuAGVEANYPAInsALeLWerTfr3fqYtuasbGYfzMj6+gEegaYc</latexit>

T a
i T

a
j

<latexit sha1_base64="HSX5hkDjvyd9xk6yurMXMVN8oAA=">AAACEnicbZDLSgMxFIYz9VbrbdSlm2ARdFNmRNRl0Y3LCr1BOx2SNNPGZjJDkhHKMM/gxldx40IRt67c+Tam7Qja+kPg4z/ncHJ+HHOmtON8WYWl5ZXVteJ6aWNza3vH3t1rqiiRhDZIxCPZxkhRzgRtaKY5bceSohBz2sKj60m9dU+lYpGo63FMvRANBAsYQdpYvn3Cgl6KMMnSLg5gPeshn/0g9u9+kPgj3y47FWcquAhuDmWQq+bbn91+RJKQCk04UqrjOrH2UiQ1I5xmpW6iaIzICA1ox6BAIVVeOj0pg0fG6cMgkuYJDafu74kUhUqNQ2w6Q6SHar42Mf+rdRIdXHopE3GiqSCzRUHCoY7gJB/YZ5ISzccGEJHM/BWSIZKIaJNiyYTgzp+8CM3TintecW/PytWrPI4iOACH4Bi44AJUwQ2ogQYg4AE8gRfwaj1az9ab9T5rLVj5zD74I+vjG1R/neE=</latexit>

ifabcTa
iT

b
jT

c
k

<latexit sha1_base64="/KywTpxq1au+/1jxVZcRW7vp95A=">AAACI3icbZDLSgMxFIYzXmu9VV26CRbBVZkRUXFVdOOyQm/QzgyZzJk2NnMhyQhlmHdx46u4caEUNy58F9MbaOuBkI//P4fk/F7CmVSm+WWsrK6tb2wWtorbO7t7+6WDw6aMU0GhQWMei7ZHJHAWQUMxxaGdCCChx6HlDe7GfusJhGRxVFfDBOyQ9CIWMEqUltzSTeBkxINcX9SHPOt6Aa7nLnPIHB8db44Dh86RO75bKpsVc1J4GawZlNGsam5p1PVjmoYQKcqJlB3LTJSdEaEY5ZAXu6mEhNAB6UFHY0RCkHY22THHp1rxcRALfSKFJ+rviYyEUg5DT3eGRPXlojcW//M6qQqu7YxFSaogotOHgpRjFeNxYNhnAqjiQw2ECqb/immfCEKVjrWoQ7AWV16G5nnFuqxYDxfl6u0sjgI6RifoDFnoClXRPaqhBqLoGb2id/RhvBhvxsj4nLauGLOZI/SnjO8fIJqlKQ==</latexit>

fabef cdeTa
iT

b
jT

c
kT

d
l

Becher, Neubert ’09

<latexit sha1_base64="p4dBpDA/ZB1nmoYOxS94CdpT604="></latexit>

ifadff bcgfefgTa
iT

b
jT

c
kT

d
l T

e
m
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Construct Soft Anomalous Dimensions
• Only linearly depends on cusp angles due to RG invariance

Except for conformal cross ratios

• Symmetry properties 
<latexit sha1_base64="10JpB5MX7JJH2jZ+qQxX1WLEqY8="></latexit>

Tijkl = Tjilk = �Tikjl = �Tljki = Tklij

<latexit sha1_base64="t7dmX9Dm5wVZgMrd+6Ok9JGdmf4="></latexit>

Tiklj + Tiljk + Tijkl = 0

• Jacobi identity

<latexit sha1_base64="bSJyVvFcnoUCtRMGLwZBF19D3ok="></latexit>

@�s

@Li
= �@�c

@Li
1 = �i

cusp1

also for 
<latexit sha1_base64="r6No6V3FXN4NrY4JqorWdlz/Yrc=">AAACGXicbVA9T8MwEHX4LOWrwMhiUSExVQlCwFjBwlgk+iG1UeW4Tmtqx8G+gKoov4OBBX4KG2Jl4pew4rYZaMuTTnp6705394JYcAOu++0sLa+srq0XNoqbW9s7u6W9/YZRiaasTpVQuhUQwwSPWB04CNaKNSMyEKwZDK/HfvORacNVdAejmPmS9CMeckrASn4nYEC6Kb8fiqzYLZXdijsBXiReTsooR61b+un0FE0ki4AKYkzbc2PwU6KBU8GyYicxLCZ0SPqsbWlEJDN+Ojk6w8dW6eFQaVsR4In6dyIl0piRDGynJDAw895Y/M9rJxBe+imP4gRYRKeLwkRgUHicAO5xzSiIkSWEam5vxXRANKFgc5rZEsiZH1KZCOBaPWU2KW8+l0XSOK145xXv9qxcvcozK6BDdIROkIcuUBXdoBqqI4oe0DN6RW/Oi/PufDif09YlJ585QDNwvn4BIaSiGQ==</latexit>

�ijkl

only two of twenty-four are linearly independent

No terms like 
<latexit sha1_base64="KU3ukWw6mJ+UNh6HlemR0ceDySg=">AAACDXicdVC7SgNBFJ2Nrxhfq5Y2g1GwkLAbJSZd0MYygnlAsi6zk0kyZvbBzF0hLPkBG3/FxkIRW3s7/8bZJEIUPTBw7jn3cuceLxJcgWV9GpmFxaXllexqbm19Y3PL3N5pqDCWlNVpKELZ8ohiggesDhwEa0WSEd8TrOkNL1K/ecek4mFwDaOIOT7pB7zHKQEtueZBx2NA3ITfjm+Kxx08V56kJe2GoFwzbxUsjVIJp8QuW7YmlUq5WKxge2JZVh7NUHPNj043pLHPAqCCKNW2rQichEjgVLBxrhMrFhE6JH3W1jQgPlNOMrlmjA+10sW9UOoXAJ6o8xMJ8ZUa+Z7u9AkM1G8vFf/y2jH0yk7CgygGFtDpol4sMIQ4jQZ3uWQUxEgTQiXXf8V0QCShoAPM6RC+L8X/k0axYJcK9tVpvno+iyOL9tA+OkI2OkNVdIlqqI4oukeP6Bm9GA/Gk/FqvE1bM8ZsZhf9gPH+BffFm4Q=</latexit>

�2
ij , �3

ij , · · ·
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Construct Soft Anomalous Dimensions
• When kinematic functions hit color structures

‣ Tripole correlations                   and                    vanish
<latexit sha1_base64="5IXFOYWjac/daqDFflHOfk5x/+c=">AAACJHicbZDLSgMxFIYz9VbrbdSlm2ARXEiZEVGXRTcuK/QG7XRI0kwbm8wMSUYow7yED+EzuNW1O3HhRvBNTC+Kbf0h8PGfczgnP445U9pxPqzc0vLK6lp+vbCxubW9Y+/u1VWUSEJrJOKRbGKkKGchrWmmOW3GkiKBOW3gwfWo3rinUrEorOphTD2BeiELGEHaWL59wmDQSREmWdrGAlYzn3UQ/OG7Dv7lQYf4dtEpOWPBRXCnUARTVXz7q92NSCJoqAlHSrVcJ9ZeiqRmhNOs0E4UjREZoB5tGQyRoMpLx7/K4JFxujCIpHmhhmP370SKhFJDgU2nQLqv5msj879aK9HBpZeyME40DclkUZBwqCM4igh2maRE86EBRCQzt0LSRxIRbYKc2YJFZjJx5xNYhPppyT0vubdnxfLVNJ08OACH4Bi44AKUwQ2ogBog4AE8gWfwYj1ar9ab9T5pzVnTmX0wI+vzGyd+pQo=</latexit>

ifabcT a
i T

b
j T

c
k

<latexit sha1_base64="NfhT5RTQ+D0IwMwRfa7Wg0rW838=">AAACJHicbZDLSgMxFIYzXmu9jbp0EyyCCykzIuqy6EZ3FXqDtlOSNNPGJjNDkhHKMC/hQ/gMbnXtTly4EXwT03YU2/pD4OM/53BOfhxxprTjfFgLi0vLK6u5tfz6xubWtr2zW1NhLAmtkpCHsoGRopwFtKqZ5rQRSYoE5rSOB1ejev2eSsXCoKKHEW0L1AuYzwjSxurYxwz6XoIwSZMWFrCSdm48BH/4zsO/PPBIxy44RWcsOA9uBgWQqdyxv1rdkMSCBppwpFTTdSLdTpDUjHCa5luxohEiA9SjTYMBElS1k/GvUnhonC70Q2leoOHY/TuRIKHUUGDTKZDuq9nayPyv1oy1f9FOWBDFmgZkssiPOdQhHEUEu0xSovnQACKSmVsh6SOJiDZBTm3BIjWZuLMJzEPtpOieFd3b00LpMksnB/bBATgCLjgHJXANyqAKCHgAT+AZvFiP1qv1Zr1PWhesbGYPTMn6/Abxz6Tq</latexit>

ifabcT a
I T

b
j T

c
k

impossible to construct an anti-symmetric kinematic functions 

Becher, Neubert, ‘09

Explain only dipole structures for two-loop massless amplitudes !!!

‣                                     and                                  

are allowed starting at two-loop order

<latexit sha1_base64="PjAGrpyEA+cyZjaiBShjN5VBvHo="></latexit>

ifabcT a
I T

b
JT

c
k F

✓
�IJ , ln

vI · pk
vJ · pk

◆
<latexit sha1_base64="xyDR73/t7TcjgESnuJOp97dSjaQ="></latexit>

ifabcT a
I T

b
JT

c
K F (�IJ ,�IK ,�JK)

‣ Kinematic functions correspond to        and        are odd functions
<latexit sha1_base64="AGtHT597LqqIUBDqUl5AciFdzUM=">AAACB3icbVDLSsNAFL3xWeujUZduBovgqiQi6rLoxmWFvqANYTKdtmMnkzAzEUrIB/gNbnXtTtz6GS79EydtFrb1wIXDOfdyLieIOVPacb6ttfWNza3t0k55d2//oGIfHrVVlEhCWyTikewGWFHOBG1ppjntxpLiMOC0E0zucr/zRKVikWjqaUy9EI8EGzKCtZF8u5L2Ceaomfkpe5zwzLerTs2ZAa0StyBVKNDw7Z/+ICJJSIUmHCvVc51YeymWmhFOs3I/UTTGZIJHtGeowCFVXjp7PENnRhmgYSTNCI1m6t+LFIdKTcPAbIZYj9Wyl4v/eb1ED2+8lIk40VSQedAw4UhHKG8BDZikRPOpIZhIZn5FZIwlJtp0tZAShHkn7nIDq6R9UXOvau7DZbV+W7RTghM4hXNw4RrqcA8NaAGBBF7gFd6sZ+vd+rA+56trVnFzDAuwvn4B39yZ1g==</latexit>

Tijkl
<latexit sha1_base64="o7SetxR4cv2mqFb8nuALvIyl3b0=">AAACB3icbVDLSsNAFJ3UV62PRl26GSyCq5KIqMuiG91V6AvaECbTSTt2ZhJmJkIJ+QC/wa2u3YlbP8Olf+KkzcK2HrhwOOdezuUEMaNKO863VVpb39jcKm9Xdnb39qv2wWFHRYnEpI0jFslegBRhVJC2ppqRXiwJ4gEj3WBym/vdJyIVjURLT2PicTQSNKQYaSP5djUdYMRgK/NT+ji5z3y75tSdGeAqcQtSAwWavv0zGEY44URozJBSfdeJtZciqSlmJKsMEkVihCdoRPqGCsSJ8tLZ4xk8NcoQhpE0IzScqX8vUsSVmvLAbHKkx2rZy8X/vH6iw2svpSJONBF4HhQmDOoI5i3AIZUEazY1BGFJza8Qj5FEWJuuFlICnnfiLjewSjrndfey7j5c1Bo3RTtlcAxOwBlwwRVogDvQBG2AQQJewCt4s56td+vD+pyvlqzi5ggswPr6BaigmbM=</latexit>

TijkI

Ferroglia, Neubert, Pecjak, Yang, ’09
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Construct Soft Anomalous Dimensions

• Color conservation:
<latexit sha1_base64="V1JDq06R1Jm9vv8WbkTe0plKlYE=">AAACNXicbZDLSsNAFIYnXmu9RV26GSyiIJRERN0IRTd2V6E3aEKYTCft0JkkzEyUEvoIPo0LN/ogLtyJW5dunaZBbOsPAz/fOYcz5/djRqWyrDdjYXFpeWW1sFZc39jc2jZ3dpsySgQmDRyxSLR9JAmjIWkoqhhpx4Ig7jPS8gc343rrnghJo7CuhjFxOeqFNKAYKY0888iRCfcoTB2fw/pIuxOYoeovqsIraHlmySpbmeC8sXNTArlqnvntdCOccBIqzJCUHduKlZsioShmZFR0EklihAeoRzrahogT6abZQSN4qEkXBpHQL1Qwo38nUsSlHHJfd3Kk+nK2Nob/1TqJCi7dlIZxokiIJ4uChEEVwXE6sEsFwYoNtUFYUP1XiPtIIKx0hlNbfD51Q8oTpqiIHkY6KXs2l3nTPC3b52X77qxUuc4zK4B9cACOgQ0uQAXcghpoAAwewRN4Aa/Gs/FufBifk9YFI5/ZA1Myvn4ANFqrEw==</latexit>X

i

Ti +
X

I

TI = 0

massless massive

in the color-space formalism 
Catani, Seymour, ‘96

• Non-dipole building blocks up to three loops (only one massive parton)
<latexit sha1_base64="lVqgSqDDw23L+hSLgnxwfWn9XBs="></latexit>

Tiijj�ij , Tiijj , TjjII�Ij , TjjII , Tiijk�ij , Tiijk�jk , Tiijk , TijII�ij ,

<latexit sha1_base64="cAk1rlPN3DLrZhYB0s/4R2pvSR0="></latexit>

TijII�Ii , TiijI�ij , TiijI�Ii , TiijI�Ij , Tijkl�ij , TijkI�ij , TijkI�Ij ,
<latexit sha1_base64="+qZpd84MWOOXxm3nwOX/voTi50k="></latexit>

TijII F̄ [A]
h2 (rijI) , TiijI F̄ [B]

h2 (rijI) , TijkI F̄h3(rijI , rikI , rjkI) , Tijkl F̄4(�ijkl,�ijkl � 2�ilkj)

Symmetry property of        has been taken into consideration
<latexit sha1_base64="AGtHT597LqqIUBDqUl5AciFdzUM=">AAACB3icbVDLSsNAFL3xWeujUZduBovgqiQi6rLoxmWFvqANYTKdtmMnkzAzEUrIB/gNbnXtTtz6GS79EydtFrb1wIXDOfdyLieIOVPacb6ttfWNza3t0k55d2//oGIfHrVVlEhCWyTikewGWFHOBG1ppjntxpLiMOC0E0zucr/zRKVikWjqaUy9EI8EGzKCtZF8u5L2Ceaomfkpe5zwzLerTs2ZAa0StyBVKNDw7Z/+ICJJSIUmHCvVc51YeymWmhFOs3I/UTTGZIJHtGeowCFVXjp7PENnRhmgYSTNCI1m6t+LFIdKTcPAbIZYj9Wyl4v/eb1ED2+8lIk40VSQedAw4UhHKG8BDZikRPOpIZhIZn5FZIwlJtp0tZAShHkn7nIDq6R9UXOvau7DZbV+W7RTghM4hXNw4RrqcA8NaAGBBF7gFd6sZ+vd+rA+56trVnFzDAuwvn4B39yZ1g==</latexit>

Tijkl

<latexit sha1_base64="A5UiWtdyDp1ceVd3NRWI4fBso/k="></latexit>

TijII =
1

2
(TjjiI + TiijI)�

1

2

X

k 6=i,j

(TijkI + TjikI)�
1

2

X

J 6=I

(TijIJ + TjiIJ)

leads to

and a few more similar relations, which help to reduce the building blocks.

<latexit sha1_base64="nhbXrS2SXPab4sUYaeCJW7GLbkY="></latexit>X

(i,j)

Ti · Tj +
X

I,j

TI · Tj = �
X

j

T 2
j = �

X

j

CRj

not linear independent, so vanish 

Casimir invariants
<latexit sha1_base64="wKsMSmgn1PK0RdMfn8ETMcckntU="></latexit>

i 6= j
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Construct Soft Anomalous Dimensions
<latexit sha1_base64="J4P3OBT8QcKa2zpipt9WCnNTlj4="></latexit>

�̄(3)
s =

X

(i,j)

Ti · Tj

2
(�ij f̄1 + h̄1) +

X

I,j

TI · Tj

✓
f̄1 +

C2
A

8
f̄2

◆
�Ij + h̄2

�
+

X

i

c̄i +
X

I

c̄I

+
X

(i,j)

Tiijj
�
�ij f̄3 + h̄3

�
+

X

I,j

TIIjj
�
�Ij f̄4 + h̄4

�
+

X

(i,j,k)

Tiijk
�
�jk f̄5 + h̄5

�
+
X

I

X

(i,j)

TiijI �Ij f̄6

+
X

I

X

(i,j)

TijII
⇥
�ij f̄7 + F̄h2(rijI)

⇤
+

X

(i,j,k,l)

Tijkl
⇥
�ijkl f̄8 + F̄4(�ijkI ,�ijkl � 2�ilkj)

⇤

+
X

I

X

(i,j,k)

TijkI F̄h3(rijI , rikI , rjkI) + · · · .

<latexit sha1_base64="oRysHqYutr9EZpKsg0yytA0y+Mo="></latexit>

@�̄(3)
s

@Li
=CRi

✓
C2

A

4
f̄5 � f̄1

◆
+

C2
A

8

X

I

TI · Ti(f̄2 + 2f̄5 � 2f̄7) + 2
X

j 6=i

Tiijj(f̄3 � f̄5) +
X

I

TiiII(f̄4 � 2f̄7)

+
X

I

X

j 6=i

TjjiI(f̄6 � 2f̄5) + · · ·

• The detailed derivation is given by

<latexit sha1_base64="48pojoXa5ZLeap1GtvHB02iAoRg="></latexit>

f̄4 = 2f̄7 = f̄2 + 2f̄3 , f̄5 = f̄3 , f̄6 = 2f̄3

Using constraint from soft-collinear factorization

We have
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General Structure of Anomalous Dimension

<latexit sha1_base64="CgJkUxDmn5h5RAfpBOS3NjPBDMk="></latexit>

�
�
{p}, {m}, µ

�
=
X

(i,j)

Ti · Tj

2
�cusp(↵s) ln

µ2

�sij
+

X

i

�i(↵s)1

+
X

I,j

TI · Tj �cusp(↵s) ln
mIµ

�sIj
�

X

(I,J)

TI · TJ

2
�cusp(�IJ ,↵s) +

X

I

�I(↵s)1

+ f(↵s)
X

(i,j,k)

Tiijk +
X

(i,j,k,l)

Tijkl F4(�ijkl,�ijkl � 2�ilkj ,↵s)

+
X

I

X

(i,j)

TijII Fh2(rijI ,↵s) +
X

I

X

(i,j,k)

TijkI Fh3(rijI , rikI , rjkI ,↵s)

+ [non-dipole contributions involving two or more massive partons]

+O(↵4
s)

Gardi, Magnea, 0901.1091
Becher, Neubert, 0901.0722, 0903.1126

Becher, Neubert

0904.1021

Almelid, Duhr, Gardi

1507.00047

up to two loops

ZLL, Schalch

2207.02864

General formula of anomalous dimensions up to three loops

Starting at 3L

<latexit sha1_base64="PjAGrpyEA+cyZjaiBShjN5VBvHo="></latexit>

ifabcT a
I T

b
JT

c
k F

✓
�IJ , ln

vI · pk
vJ · pk

◆
<latexit sha1_base64="xyDR73/t7TcjgESnuJOp97dSjaQ="></latexit>

ifabcT a
I T

b
JT

c
K F (�IJ ,�IK ,�JK)

Ferroglia, Neubert, Pecjak, Yang, ’09
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General Structure of Anomalous Dimension
Massless anomalous dimensions up to four loops

<latexit sha1_base64="e9cGXwjFsM3BI7RYS0Ck61S5z40=">AAACF3icbVDLSgMxFM3UV62vqks3wSK0IGVGiroRii50WcE+oKklk2ba0CQzJBmhDPMXbvwVNy4Ucas7/8b0sdDWAxcO59yb3Hv8iDNtXPfbySwtr6yuZddzG5tb2zv53b2GDmNFaJ2EPFQtH2vKmaR1wwynrUhRLHxOm/7wauw3H6jSLJR3ZhTRjsB9yQJGsLFSN19OkB9AdI2FwOl9UqyU0iJKUCx7VI3fTKIUpcdIxCUELyDq5gtu2Z0ALhJvRgpghlo3/4V6IYkFlYZwrHXbcyPTSbAyjHCa5lCsaYTJEPdp21KJBdWdZHJXCo+s0oNBqGxJAyfq74kEC61HwredApuBnvfG4n9eOzbBeSdhMooNlWT6URBzaEI4Dgn2mKLE8JElmChmd4VkgBUmxkaZsyF48ycvksZJ2Tste7eVQvVyFkcWHIBDUAQeOANVcANqoA4IeATP4BW8OU/Oi/PufExbM85sZh/8gfP5A7Ebnv0=</latexit>

�(4)({p}, µ) =

<latexit sha1_base64="iMYykpguqo+QI1rQo78OZ8RwzV8="></latexit>

da1···an
R = TrR (Ta1 · · ·Tan)+

Violate Casimir 
scaling

Boels, Huber, Yang, ’17

Symmetric Tensors:

Becher & Neubert, ’19
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Two-Particle Collinear Limit

<latexit sha1_base64="7XYR4tJY0mAIP4dRDs9tCOf8+YQ="></latexit>

|M({p1, p2, p3, . . . , pn}, ✏)i ' Sp({p1, p2})|M({pa, p3, . . . , pn}, ✏)i

Berends, Giele, ’89 ,Bern, Chalmers, ’95 

Kosower, ’99, Mangano, Parke, ’05• When particle 1 and 2 become collinear

n-particle scattering (n-1)-particle scatteringSplitting function

<latexit sha1_base64="BTPB8adVRpcbjEzUS6GCniqIeV4="></latexit>

lim
!!�1

F4(!,!,↵s) =
f(↵s)

2
, Fh2(0,↵s) = 3f(↵s) , Fh3(0, r, r,↵s) = 2f(↵s)

<latexit sha1_base64="oGV6gfIryOGZtdIFSBCuQaVN0q4="></latexit>

�Sp({p1, p2}, µ) =� ({p1, p2, . . . , pn}, {m}, µ)� � ({pa, . . . , pn}, {m}, µ)leads to

must be independent of color generators for particles other than 1 and 2, so

Almelid, Duhr, Gardi, ’15

1

2

1

2

a a

ZLL, Schalch, ‘22

<latexit sha1_base64="d7Y1w/vWuYXbGmTxT1yZ4trtPZU="></latexit>

Ta = T1 + T2
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Two-Particle Collinear Limit

Almelid, Duhr, Gardi, ’15

ZLL, Schalch, ‘22

<latexit sha1_base64="J2vBqMO44rpo2yyiBuPBWBVtLBE="></latexit>

�Sp({p1, p2}, µ) =� ({p1, p2, . . . , pn}, {m}, µ)� � ({pa, . . . , pn}, {m}, µ)

=�cusp(↵s)


T1 · T2

✓
ln

µ2

�s12
+ ln[z(1� z)]

◆
+ CR1 ln z + CR2 ln(1� z)

�

+
⇥
�1(↵s) + �2(↵s)� �a(↵s)

⇤
1

+
h
f(↵s) + 4F4(!ij ,!ij ,↵s)

i✓
�C2

A

4
T1 · T2 � 2T1122

◆

+ 4
X

i 6=1,2

T12ii
h
f(↵s)� 2F4(!ij ,!ij ,↵s)

i

+ 2
X

I

T12II
h
Fh2(0,↵s)� f(↵s)� 4F4(!ij ,!ij ,↵s)

i

+ 2
X

I

X

i 6=1,2

(T12iI + T21iI)
h
Fh3(0, r1iI , r1iI ,↵s)� 4F4(!ij ,!ij ,↵s)

i

+ · · ·

<latexit sha1_base64="BGBe20h98ilYf7qrW3coNZFRXXM="></latexit>

i,j 6=1,2X

(i,j)

T12ij = �C2
A

8
T1 · T2 � T1122 �

X

i 6=1,2

T12ii �
X

I

T12II �
i 6=1,2X

I,i

(T12iI + T12Ii)�
X

(I,J)

T12IJ

• The detailed derivation is given by

where we have used the relation:

<latexit sha1_base64="d7Y1w/vWuYXbGmTxT1yZ4trtPZU="></latexit>

Ta = T1 + T2
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Small-Mass Limit

J

J

J

Mitov, Moch, ‘06 

Becher, Melnikov, ‘07

• When masses of external legs are much smaller than the hard scales

<latexit sha1_base64="iTI/qIstJB94F/T8/mvoY63601c="></latexit>

lim
m!0

|M({p}, {m}, ✏)i '
Y

I

JI({m}, ✏)S({m, ✏})|M({p}, {0}, ✏)i

purely massless amplitude

Heavy quark loops

collinear singularities 
regularized by masses

<latexit sha1_base64="yBgTYRBZioC2Ux0vNrnNgY8IyMY="></latexit>

�({p}, {m ! 0}, µ)� �({p}, {0}, µ) =
X

I


CRI�cusp(↵s) ln

µ

mI
+ �Q � �q

�

There is no color exchange between different external legs, so
<latexit sha1_base64="pEqhXgUynEViz4zkNpQjZCEuRLg="></latexit>

Fh2(0,↵s) = 3f(↵s) , lim
v2
I!0

Fh3(rijI , rikI , rjkI ,↵s) = 2f(↵s) + 4F4(�ijkI ,�ijkI � 2�kjiI ,↵s)

ZLL, Schalch, ‘22
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Small-Mass Limit
• In small-mass limit

<latexit sha1_base64="pEqhXgUynEViz4zkNpQjZCEuRLg="></latexit>

Fh2(0,↵s) = 3f(↵s) , lim
v2
I!0

Fh3(rijI , rikI , rjkI ,↵s) = 2f(↵s) + 4F4(�ijkI ,�ijkI � 2�kjiI ,↵s)

ZLL, Schalch, ‘22

<latexit sha1_base64="duYMJhcyERLTD84+c2z4SsOW6ls="></latexit>

lim
m!0

�IJ = lim
m!0

cosh�1

✓
�sIJ

2mImJ

◆
' ln

µ

mI
+ ln

µ

mJ
� ln

µ2

�sIJ

<latexit sha1_base64="YhdhECAqBPu82a9cv14Wgx4cvmc="></latexit>

�({p}, {m ! 0}, µ)��({p}, {0}, µ) =
X

I,i

TI · Ti ln
mI

µ
+

X

(I,J)

TI · TJ ln
mI

µ
+
X

I

�
�Q � �q

�

+
X

I

X

(i,j)

h
TijIIFh2(0,↵s)� (TijII + TiiIj + TjjiI) f(↵s)

i

+
X

I

X

(i,j,k)

TijkI

lim
v2
I!0

Fh3(rijI , rikI , rjkI ,↵s)� 4F4(�ijkI ,�ijkI � 2�kjiI ,↵s)

�

<latexit sha1_base64="A5UiWtdyDp1ceVd3NRWI4fBso/k="></latexit>

TijII =
1

2
(TjjiI + TiijI)�

1

2

X

k 6=i,j

(TijkI + TjikI)�
1

2

X

J 6=I

(TijIJ + TjiIJ)

we have

using
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State of Art of Anomalous Dimensions
• Four-loop        and        

• Three-loop non-dipole terms 

<latexit sha1_base64="haEvUDFT30Gs1uHjpsvNjl4Pcys="></latexit>�cusp
<latexit sha1_base64="Z0cjmjqvD0aCVSjcg/ixaxNKXNQ="></latexit>

�q/g

Henn, Smirnov, Smirnov, Steinhauser, ’16; + Lee, ’16;

Lee, Smirnov, Smirnov, Steinhauser, ’17,’19; 

von Manteuffel, Schabinger, ’19, + Panzer ’20, + Agarwal ’21;

Davies, Vogt, Ruijl, Ueda, Vermaseren, ’16; 

Moch, Ruijl, Ueda, Vermaseren, Vogt, ’17, ‘18

Grozin, ’18; Henn, Peraro, Stahlhofen, Wasser, ’19; 

Henn, Korchemsky, Mistlberger, ’19;

Brüser, Grozin, Henn, Stahlhofen, ’19; 

Brüser, Dlapa, Henn, Yan, ‘20

<latexit sha1_base64="TjZwM4n9uuNY8q2jsQNnmW2O3OA="></latexit>

�Q• Three-loop           and        
<latexit sha1_base64="WYvgHBXAHFzpSVM+H1TG4qDbUh0="></latexit>

�cusp(�)

Grozin, Henn, Korchemsky, Marquard, ’14,’15
Brüser, ZLL, Stahlhofen, ’19

Almelid, Duhr, Gardi, ’15; + McLeod, White, ’17
ZLL, Stahlhofen, ’20

<latexit sha1_base64="AFn2AgARhkXZiLpUlrWDDRU6VBQ="></latexit>

only for f

<latexit sha1_base64="17Ui3IOJjkgpSNLLsvOuLLs2FJI="></latexit>

splitting functions for �cusp

<latexit sha1_base64="Xnzrrycf3ZzGT4rsGEkHTsGfrLU="></latexit>

Wilson loop for �cusp

<latexit sha1_base64="T6wD1M83mwrulnIw+B+//B58Wc8="></latexit>

angle-dependent �cusp(�)

<latexit sha1_base64="PkYq+wpgpWNRkQWwk37JqcAcnWs="></latexit>

�cusp and �q/g are complete

<latexit sha1_base64="/f4tHp9G0QGJ4Z1Mo3M8gFK8fqQ="></latexit>

massless form factors

<latexit sha1_base64="cQ55D6zb5DJSsOAw+g35KxaZcGY="></latexit>

still incomplete at 4 loops

<latexit sha1_base64="PuQ3Nhf6E0VFekLCD+u/9Lr2UsI="></latexit>

�cusp(�) and �Qare complete at 3 loops
<latexit sha1_base64="GTEsjwMBR/7qUhuo5Pwa+Q1/IBg="></latexit>

only for �Q

<latexit sha1_base64="yvyorZCN1bjsxY4lGPP1VzPFiHY="></latexit>

f and F4
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Calculation of Tripole Correlation
• We calculate three-loop tripole correlation

<latexit sha1_base64="C27vg93ST3viL/7jDonFgzNrABU="></latexit>

Fh2(r,↵s) =
⇣↵s

4⇡

⌘3
Fh2(r) +O(↵4

s)

n1

n2 v

<latexit sha1_base64="ucJbIDic3EgZ/ngej+ExBb0Syuo="></latexit>

with r =
v2(n1 · n2)

2(v · n1)(v · n2)

• Regularization of IR poles

‣ Configuration space with exponential regulators

‣ Momentum space with off-shellness
<latexit sha1_base64="gSTf6iShfpQNXJHx/PKg9KuZwX0="></latexit>

1

n · k ! 1

n · k + �

<latexit sha1_base64="WdTm5eBBdKDG3oHDe0jN1cvLKZo="></latexit>

1

v · k ! 1

v · k + �0

Gardi, ’13;

Almelid, Duhr, Gardi, ’15

Ferroglia, Neubert, Pecjak, Yang, ’09

<latexit sha1_base64="IUCGhlZeeNvDfkj/Vl4t2lQZhkM="></latexit>

igs

Z 1

0
dt ni ·A(tni) ! igs

Z 1

0
dt e�iwt

p
n2
i�i0ni ·A(tni)

Calculation in Feynman gauge and Mellin-Barnes representation
<latexit sha1_base64="bD1vJZuH6k5KfwytC7PR6CLwqbE="></latexit>

(ni · nj)/
q

n2
in

2
j ! 1Perform asymptotic expansion                       

Gauge invariance is not guaranteed !
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IR Regulator
One-particle inclusive 

W/H±

t

• In SCET, low-energy matrix elements are 
free of IR poles

Construct a soft function at cross section level

<latexit sha1_base64="zyc6jyfqSvJFIUVa4rcm7oxdtPE="></latexit>

�(pp ! tW ) ⇠ fa/N ⌦ fb/N ⌦Hab!tW ⌦ S

Soft function has applications in phenomenology, e.g. 

describe the soft-gluon effect near threshold in      associated production
<latexit sha1_base64="3+sn8InpOrUba00WPDKPKT7KxS0="></latexit>

tW

• Several advantages 

‣    is the only dimensionful variable, does NOT increase complexity of integrals


‣ Gauge invariance is preserved, calculation can be in general covariant gauge


‣ Calculation in momentum space, IBP and differential equation (DE) can be used

<latexit sha1_base64="P0mQLG/5ClTJJWOSAZI74JmWF6E="></latexit>!

Pick up momenta of all soft emissions

IR poles are regularized by the low-energy measurement

<latexit sha1_base64="XqVXx/RhikEPOMXIV8g96ZELYk8="></latexit>

S(!) = h0|Y †
n1
Y †
n2
Y †
v �(! � v · p̂)Yv Yn1Yn2 |0i
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Phase Space to Loop Integration

k

k

k k

k

i gsn
µ
1T

a
1

i gsn
µ
2T

a
2

−i
n1 · k+ i0

−i
n2 · k+ i0

−i
n1 · k+ i0

−i
n2 · k+ i0

−i
v· k+ω

a, µ

a, µ a, µ

a, µ

• Soft function is defined at cross section level

Standard procedure is to compute VVR + VRR + RRR

Can we find a compact way?

• Transform phase-space integrations to loop integrals

V: virtual,  R: real

ZLL, Stahlhofen, ’20

<latexit sha1_base64="XqVXx/RhikEPOMXIV8g96ZELYk8="></latexit>

S(!) = h0|Y †
n1
Y †
n2
Y †
v �(! � v · p̂)Yv Yn1Yn2 |0i

<latexit sha1_base64="inbluDocM7oUtKRE4YDu6WqjtCc="></latexit>

Y †
v �(! + iv · @)Yv = �(! + iv ·D)

<latexit sha1_base64="vEYirR03d7wD3k7FOfz3+9IKKRA="></latexit>

S(!) = Re


Disc!h0|Y †

n1
Y †
n2

1

! + iv ·D Yn1Yn2 |0i
�

<latexit sha1_base64="UqWpsEQaeJBD+6lW+JVPCbjxzzI="></latexit>

Yni = Pexp

✓
igs

Z 0

�1
dt ni ·Aa(x+ tni)T

a
i

◆

<latexit sha1_base64="0+xcPNPECqv3RumruGVE2NEUGwk="></latexit>

�(x) =
1

2⇡i

✓
1

x� i0
� 1

x+ i0

◆

Imaginary part from branch cut in                       cancels between left-right mirror diagrams
<latexit sha1_base64="NTiLlqkdrXphsdb+7rzZWDbeq3Y="></latexit>

(�n1 · n2 � i0)�n✏

Forward scattering

reverse unitarity
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Calculation

1. Using QGRAF to generate diagrams, 976 in total

2. Perform partial fraction, the integrals are mapped onto 30 topologies

3. IBP reduction by FIRE6 and Kira, there are 173 master integrals (MIs)


4. Using CANONICA and DlogBasis, convert DE to a canonical form


5. Determine boundary conditions at 

n1

n2

v

n1

n2

v

• Only consider the diagrams contribute to  
<latexit sha1_base64="hmCPRfOOfWTTL26Aut6+/SVyA2U="></latexit>

Fh2(r)

Replica trick for evaluating diagrammatic contribution to the exponent is compatible

<latexit sha1_base64="KsGU/3xUkWWzwSu8xMG9rbwWt8E="></latexit>

r = 1
<latexit sha1_base64="ReloPz616fvDNLW5M4I86jkc/Tk="></latexit>

(vµ = nµ
1 + nµ

2 )

Nogueira, ‘93

Smirnov, Chuharev, ‘19 Usovitsch et al., ‘20

Meyer, ‘17 Henn, Mistlberger, Smirnov, Wasser, ‘20 Henn, ‘13
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Solve the DEs

• Validity of the calculation

✓ Gauge parameter    cancels out

✓ GHPLs drop out, because there is no heavy quark pair threshold

✓ All the poles from       to       cancels out

• Symbol alphabet is
<latexit sha1_base64="O4Oj7Q8sb9n4yXE/hx1HwPZOItI="></latexit>

{r, r � 1, r � 2, (r � 1)
p
r,
p
r(r � 1)}

• Solve the DEs order-by-order in    in terms of GPL and GHPL<latexit sha1_base64="4FCjFLjOdN6PMKh31hn4xOBrFtw="></latexit>✏

<latexit sha1_base64="TH9WVUWgXQnQRN9p8As9tQQgRwk="></latexit>

u =
p
r � 1

<latexit sha1_base64="wObSjDAuABV1WSWa+BgdsEI3vxE="></latexit>

G(a1, . . . , an;x) =

Z x

0

dt

t� a1
G(a2, . . . , an; t)

<latexit sha1_base64="RdiPUxbS7eqctZThyMS1IGrO7X4="></latexit>

G(�⇢,~a;x) =

Z x

0

dtp
t(t+ 4)

G(~a; t)

GPL

GHPL Aglietti, Bonciani, ’04

<latexit sha1_base64="pe8gbx3tJWAg5U6T1s9kh1OZVJ8="></latexit>

⇠

<latexit sha1_base64="HgFu3Oju3X2dYHnE4+FVZfhKMzs="></latexit>

1/✏5
<latexit sha1_base64="Q1M6copDh6Iu1c5MtNz0luAEze8="></latexit>

1/✏

rationalized by 
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Result
<latexit sha1_base64="Qn80E1gOunRGk2fVmGzBanxC/i8="></latexit>

Fh2(r) =128
h
H�1,0,0,0 (r̂) +H�1,1,0,0 (r̂) +H1,�1,0,0 (r̂)�H1,0,0,0 (r̂)

i

+ 128 (⇣2 + ⇣3)
h
H1,0 (r̂)�H�1,0 (r̂)

i
+ 96 (⇣3 + ⇣4)

h
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i
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h
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i
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h
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<latexit sha1_base64="3uWUA6K4R5JALjGi/mybru34WNo="></latexit>

r̂ =
p
r• Three-loop tripole correlation can be simplified as

‣ HPLs are sufficient to describe the result

‣ Returns to    in massless case when 
<latexit sha1_base64="XgrmWGyv+7eQsQs4gV/eUI8duTE="></latexit>

f
<latexit sha1_base64="78+Lb3cm+hf2hRPSRBFe+gt/B8o="></latexit>

r ! 0

‣ Does NOT have a uniform transcendental 
weight          , unlike    and 

<latexit sha1_base64="+y5JYZx/xbx9BN/LNvP2m4ELcI4="></latexit>

F4

weight 4

<latexit sha1_base64="HNcVZvDaQ0Le+6jCmZ3DBOEXS0g="></latexit>

2L� 1

n1

n2 v<latexit sha1_base64="XgrmWGyv+7eQsQs4gV/eUI8duTE="></latexit>

f
Gardi, Harley, Lodin, Palusa, 
Smillie, White, Yeomans, ‘21

Boomerang webs
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Summary & Outlook
• Complete the general structure of three-loop anomalous 

dimensions for QCD amplitudes with a massive and an arbitrary 
number of external legs


• Obtain the relations in two-particle collinear and small-mass 
limits


• Calculate the contribution from the tripole correlation between 
one massive and two massless legs


• Wish list

Henn, Milloy, Yan, ‘23



Thanks for your attention!
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Replica Trick
<latexit sha1_base64="kQHp0hbvARbUcwKv1RrhA+k8oTc="></latexit>

lnS = lim
N!0

SN � 1

N

<latexit sha1_base64="KUHUkep4887GApXUwJIHAZobSA0="></latexit>

Diagram replica color multiplicity Diagram replica color multiplicity

A
i = j C(A) N

D
i = j C(D) N

i > j C(E) N(N � 1)/2 i > j C(E) N(N � 1)/2

i < j C(F ) N(N � 1)/2 i < j C(F ) N(N � 1)/2

B
i = j C(B) N

E
i = j C(E) N

i > j C(F ) N(N � 1)/2 i > j C(E) N(N � 1)/2

i < j C(E) N(N � 1)/2 i < j C(F ) N(N � 1)/2

C
i = j C(C) N

F
i = j C(F ) N

i > j C(F ) N(N � 1)/2 i > j C(F ) N(N � 1)/2

i < j C(E) N(N � 1)/2 i < j C(E) N(N � 1)/2

Gardi, Laenen, Stavenga, White ’10
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C

E F

D

B

• Soft exponent can be extracted from

Then consider a theory with N non-interacting copies of gauge fields

with

<latexit sha1_base64="XeQt9X36gy1+Il8sT1IhnCrf4a4="></latexit>
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replica ordering operator

<latexit sha1_base64="WJfggeZRcaEhbBbmp5fdjJNPTDE="></latexit>
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4i
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Z
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Boundary Conditions of the MIs
• The scale dependence of integrals is trivial at boundary


‣ Mellin-Barnes representation + PSLQ


‣ Sector decomposition 

<latexit sha1_base64="KsGU/3xUkWWzwSu8xMG9rbwWt8E="></latexit>

r = 1

Difficult to compute 3-loop 
integrals analytically

‣ Dimensional Recurrence Relations (DRR) is adopted 

<latexit sha1_base64="fNLc9HqoJlTVbC6E21/hZgbi8Ew="></latexit>X

j

c̃j(d)Gj(d)
IBP

MIs

Related to a set of finite integrals

<latexit sha1_base64="5YXL35yE7j2OcTgsIbNKcSxJIu8="></latexit>X

j

cj(d)Fj(d)
<latexit sha1_base64="Vf0GppkXr0mdpXBK4KgPDdcNJmI="></latexit>

Gi(d+ 2)
DRR

evaluated by HyperInt
<latexit sha1_base64="HLhTKAroBe/A2yaExsa+eFAxszg="></latexit>

Fi(d = n� 2✏) with n = 4, 6, 8, . . .

von Manteuffel, Panzer, Schabinger, ’14 ’15

increase the dimension to D=6
increase the power of propagators

decrease IR poles
decrease UV poles

Each MI can be expressed by a linear combination of finite integrals

Panzer, ’15

LiteRed
Lee, ’12



35

Backup

Figure from Arnesen, Kundu, Stewart, 0508214

• Eikonal    prescriptions for incoming/outgoing quarks and anti-quarks
<latexit sha1_base64="W7+8mqSswCvojV5j6bthmIPzIeA="></latexit>
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Y+(x) = P̄ exp


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Phase Space to Loop Integration
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• Soft function is defined at cross section level

• Transform phase-space integrations to loop integrals
ZLL, Stahlhofen, ’20
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Result

‣ Does             have an imaginary part?
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= �e�ij��Ii��Ij in full kinematic region
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0 < rijI < 1
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r̂ =
p
r• Three-loop tripole correlation can be simplified as


