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Outline

Dijet production
- Cross-section factorization 
- TMD Soft Function 
- Rapidity divergencies 
- Consistency AD check

Heavy meson pair production
- Cross-section factorization 
- Soft Function AD up to three loops

Soft Collinear Effective Theory

https://arxiv.org/abs/2008.07531v2


Introduction

• Gluon transverse momentum dependent distributions (TMDs) are difficult to access 
due to the lack of clean processes where the factorization of the cross-section holds 
and incoming gluons constitute the dominant effect.
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Dijet Heavy-meson

• We  consider  two processes  which  are  presently  attracting  increasing attention

Dominguez, Xiao, Yuan, 2013
Boer, Brodsky, Mulders, Pisano, 2011

Zhang, 2017
Working in the Breit frame
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Soft Collinear Effective Theory
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• SCET is a QCD effective theory that 
separates soft and collinear modes 

• We can build an effective lagrangian with 
its effective Feynman rules 

• We achieve factorization through this 
effective theory

Iain Stewart Lecture Notes, 2013 (also on YouTube!)

Becher, Broggio, Ferroglia Lecture Notes, 2015
More on SCET

Small transverse momentum

Hard scale



Dijet production

• Sensitive of polarized and unpolarized TMDPDFs 

• Experimental observation should be possible in the future EIC 

• Jets here described have  and are found in the central rapidity 
region 

• Factorization within SCET

pT ∈ [2, 20] GeV
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Transverse momentum imbalance (small)

Total transverse momentum (hard scale)

<latexit sha1_base64="E4/iqH/PWXuzHAkG8DL6JYs5oLI=">AAAB/XicbVDLSgNBEOz1GeNr1ZteBoPgKeyqqBch6MVjhLwgu4TZSW8yZPbBzKwQlqA/oydRb/6EP+DfOIk5aGIdmuquGpiqIBVcacf5shYWl5ZXVgtrxfWNza1te2e3oZJMMqyzRCSyFVCFgsdY11wLbKUSaRQIbAaDm7HevEepeBLX9DBFP6K9mIecUW1OHXvfE8bcpeSKeKGkLJed2ihPzSh27JJTdiYg88SdkhJMUe3Yn143YVmEsWaCKtV2nVT7OZWaM4GjopcpTCkb0B62DY1phMrPJxlG5ChMJNF9JJP9tzenkVLDKDCeiOq+mtXGx/+0dqbDSz/ncZppjJmxGC3MBNEJGVdBulwi02JoCGWSm18S1qemBG0KG8d3Z8POk8ZJ2T0vn96dlSrX0yIKcACHcAwuXEAFbqEKdWDwCM/wBu/Wg/VkvVivP9YFa/pmD/7A+vgG0MaUwA==</latexit>

� =
rT
pT



Cross-section factorization
Dijet production
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d�

dxd⌘1d⌘2dpT drT

<latexit sha1_base64="EQ3Jt0dBGDKKlfFvQYhwoEqljpQ=">AAACHXicbVDLSsNAFJ3UV62vqks3g0VwVZJS8LEq6MJlhb6gKWEyuWmHTh7MTMQS8i36M7oq6k78Gyc1C229m3vuPefCPceNOZPKNL+M0tr6xuZWebuys7u3f1A9POrJKBEUujTikRi4RAJnIXQVUxwGsQASuBz67vQm5/sPICSLwo6axTAKyDhkPqNE6ZVTvbZ9QWjq2ZKNA1LJUu8RezYo4lhFb2Avdjp6cCPuyVmgWyoyp5M51ZpZNxeFV4FVgBoqqu1U57YX0SSAUFFOpBxaZqxGKRGKUQ5ZxU4kxIROyRiGGoYkADlKFx4zfOZHAqsJ4MX8W5uSQOZ/aU1A1EQuc/nyP26YKP9ylLIwThSEVEs05yccqwjnUWGPCaCKzzQgVDD9JaYTouNSOtCKtm8tm10FvUbdatav7pu11m0RRBmdoFN0jix0gVroDrVRF1H0jF7RO/ownowXY268/UhLRnFzjP6U8fkN3WKiYQ==</latexit>

(�⇤g)

<latexit sha1_base64="It01ZRHbdBdO8+3q9R37fOvqNrg=">AAAB7XicdVDLSsNAFJ34rPVVdelmsAjVRZjWYJtdwY0rqWAf0MQymU7SoTNJmJkIJfQzdCXqzp/xB/wbp7WCip7VufecC+fcIOVMaYTeraXlldW19cJGcXNre2e3tLffUUkmCW2ThCeyF2BFOYtpWzPNaS+VFIuA024wvpjp3TsqFUviGz1JqS9wFLOQEazNyqt4ERYC357C6GRQKiPbbTRc5EBkOwg59ZohZ67rniNYtdEcZbBAa1B684YJyQSNNeFYqX4VpdrPsdSMcDotepmiKSZjHNG+oTEWVPn5PPMUHoeJhHpE4Xz+7s2xUGoiAuMRWI/Ub222/EvrZzps+DmL00zTmBiL0cKMQ53AWXU4ZJISzSeGYCKZSQnJCEtMtHlQ0dT/6gj/J52aXXVs99opN68WjyiAQ3AEKqAK6qAJLkELtAEBKXgAz+DFSqx769F6+rQuWYubA/AD1usH9MqOuQ==</latexit>

(�⇤f)

<latexit sha1_base64="BRs6xFTSQM8xIhentWfiUJ0yoSw=">AAAB7XicdVDLSsNAFJ34rPVVdelmsAjVRZjUYJtdwY0rqWAf0MQymU7aoTNJmJkIJfQzdCXqzp/xB/wbp7WCip7VufecC+fcMOVMaYTeraXlldW19cJGcXNre2e3tLffVkkmCW2RhCeyG2JFOYtpSzPNaTeVFIuQ0044vpjpnTsqFUviGz1JaSDwMGYRI1iblV/xh1gIfHsKo5N+qYxsr173kAuR7SLk1qqGnHmed46gY6M5ymCBZr/05g8Skgkaa8KxUj0HpTrIsdSMcDot+pmiKSZjPKQ9Q2MsqAryeeYpPI4SCfWIwvn83ZtjodREhMYjsB6p39ps+ZfWy3RUD3IWp5mmMTEWo0UZhzqBs+pwwCQlmk8MwUQykxKSEZaYaPOgoqn/1RH+T9pV23Ft79otN64WjyiAQ3AEKsABNdAAl6AJWoCAFDyAZ/BiJda99Wg9fVqXrMXNAfgB6/UD80uOuA==</latexit>

-  Bjorken variable 
-  jet pseudorapidity 
-  transverse momentum 
-  transverse momentum imbalance

x
ηi
pT
rT

We measure over

Hard Function Gluon TMDPDF

Soft Function Collinear-Soft & Jet function



TMD soft function
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Ŝ�f = Ŝ�g(n $ v2)

<latexit sha1_base64="AAqAO9ro7UWTtjTO1ogkISQalSU=">AAACIHicbVBNT9tAFFxDgRC+Ahy5rBohwSWyUSTggBSJHnqkagNIcWQ9L8/2il3b2n0GRVb+DPyZIiFVwKn9Nd2kObShc5qdmZXeTFwqacn3f3oLix+Wllcaq8219Y3Nrdb2zqUtKiOwLwpVmOsYLCqZY58kKbwuDYKOFV7Ft+cT/+oOjZVF/o1GJQ41pLlMpAByUtQ6CzMg/jWqwxS0Bp6M+Rmf09IxP8h5qDAhI9OMwJjint9FR4dRq+13/Cn4exLMSJvNcBG1nsObQlQacxIKrB0EfknDGgxJoXDcDCuLJYhbSHHgaA4a7bCe1hzz/aQwnDLk0/ff2Rq0tSMdu4wGyuy8NxH/5w0qSk6GtczLijAXLuK8pFKcCj5Zi99Ig4LUyBEQRrorucjAgCC3adPVD+bLvieXR52g2zn90m33Ps2GaLA99pEdsIAdsx77zC5Ynwn2yJ7YK3vzHrzv3g/v5U90wZv92WX/wPv1G/sUojQ=</latexit>

Sv(+1, ⇠) = P exp
⇥
� ig

Z +1

0
d� v ·A(�v + ⇠)

⇤

<latexit sha1_base64="meYKr7EcFcJEBoha8JxNYzkwoYw="></latexit>

S†
v̄(+1, ⇠) = P exp

⇥
ig

Z +1

0
d� v̄ ·A(�v̄ + ⇠)

⇤

<latexit sha1_base64="a3Y417xVrz5SiFzw14ZeSgd3cGU="></latexit>

Sn(+1, ⇠) = lim
�+!0

P exp
⇥
� ig

Z +1

0
d� n ·A(�n+ ⇠)e��+�

⇤

<latexit sha1_base64="X8BhLrQX1Zy0elRmabHiICg/MX8="></latexit>

Soft  

function

 Wilson  

lines  - regulator 

for rapidity div.

δ

 - incoming beam direction 

 - jet 1 direction 

 - jet 2 direction

n

v1

v2

Echevarría, Scimemi, Vladimirov, 2016

The Soft Function describes the interaction through soft gluons between 
initial and final hadronic states



Rapidity divergencies
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Z 1

0
dt t�1

<latexit sha1_base64="Yj4chR2Qre4LGCZiKcjvHk5Xkiw=">AAAB9nicbZC9TsMwFIUdfkv5C3RksaiQWKgSVAnYKlgYi0R/pCatHNdprTpOZN8goqivAhMCNh6EF+BtcEsGaDnT53uOpXtPkAiuwXG+rJXVtfWNzdJWeXtnd2/fPjhs6zhVlLVoLGLVDYhmgkvWAg6CdRPFSBQI1gkmNzO/88CU5rG8hyxhfkRGkoecEjCjgV3xuISB03fxEDwM/fzMnQ7sqlNz5sLL4BZQRYWaA/vTG8Y0jZgEKojWPddJwM+JAk4Fm5a9VLOE0AkZsZ5BSSKm/Xy+/BSfhLHCMGZ4/v6dzUmkdRYFJhMRGOtFbzb8z+ulEF76OZdJCkxSEzFemAoMMZ51gIdcMQoiM0Co4mZLTMdEEQqmqbI53108dhna5zW3Xru6q1cb10URJXSEjtEpctEFaqBb1EQtRFGGntEbercerSfrxXr9ia5YxZ8K+iPr4xv8YpFr</latexit>

Collinear  matrix  element  and  SF  are  plagued  with  unregularized and uncanceled 
divergences.  They show up perturbatively through integrals of the form 

These divergencies are also known as light-cone singularities and appear due to the 
fact that Wilson lines are defined along light-like trajectories 

-regulator regulates both IR and rapidity divergenciesδ

Rapidity divergencies should cancel between the TMDs and SF

<latexit sha1_base64="zJYwKxevAoRTAZN2+LplMsTfvVc=">AAACBXicbVDLSsNAFL3xWesr6tLN0CIIYkmqqBuh6MZlBfuAJpTJdNIOnTyYmQghZK0/oytRd/6AP+DfOK1ZaOtZDOfecy7MOV7MmVSW9WUsLC4tr6yW1srrG5tb2+bObltGiSC0RSIeia6HJeUspC3FFKfdWFAceJx2vPH1RO/cUyFZFN6pNKZugIch8xnBSq/6ZiVFl8jxBSaZnWf13OFhMY77R7l+jvO+WbVq1hRontgFqUKBZt/8dAYRSQIaKsKxlD3bipWbYaEY4TQvO4mkMSZjPKQ9TUMcUOlm0yw5OvAjgdSIoun825vhQMo08LQnwGokZ7XJ8j+tlyj/ws1YGCeKhkRbtOYnHKkITSpBAyYoUTzVBBPB9C8RGWHdgdLFlXV8ezbsPGnXa/ZZ7eT2tNq4KooowT5U4BBsOIcG3EATWkDgEZ7hDd6NB+PJeDFef6wLRnGzB39gfHwDt3WYBw==</latexit>

y =
1

2
ln

k+
k�

Rapidity



TMD soft function
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<latexit sha1_base64="dbYHWCVYA+ClM0CAD0Ft7/u6cvE="></latexit>

Ab =
(v1 · v2)

2 (v1 · b̂) (v2 · b̂)
= � ŝ

4 p2T c2b
with… - channel(γ*g)

Finite result

<latexit sha1_base64="BMyt+HHlExxPC+SResIMJPw8NaY=">AAACJHicbVBNS8MwGE7n15xfU49egkPYQEZbFL0Im148TnAfsJaSZukWlqYlSQej9O/on5knUfHibzGbE3XzPT1fgTyPHzMqlWm+G7mV1bX1jfxmYWt7Z3evuH/QklEiMGniiEWi4yNJGOWkqahipBMLgkKfkbY/vJn67RERkkb8Xo1j4oaoz2lAMVJa8or1usfhFXQCgXAKyyPPgg7uRQqOPLuSpbZzCsvwR+WwMuP2N69kXrFkVs3ZwWVgzUEJzK/hFSdOL8JJSLjCDEnZtcxYuSkSimJGsoKTSBIjPER90tWQo5BIN51VzeBJEAmoBgTO+O9sikIpx6GvMyFSA7noTcX/vG6igks3pTxOFOFYR7QXJAyqCE4Xgz0qCFZsrAHCgupfQjxAei+ldy3o+tZi2WXQsqvWedW8OyvVrudD5MEROAZlYIELUAO3oAGaAINH8ARewZvxYEyMZ+PlK5oz5m8OwZ8zPj4Bv2mgdg==</latexit>

An =
(v1 · v2)

2 (v1 · n)(v2 · n)

a
<latexit sha1_base64="Cs5ISNb6qocs4Y1oUH+3jxOCIXM=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbFU0mqoMeCF49V7Ae0oUy2m3bpZhN2N0Ip/QdePCji1X/kzX/jps1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2MbzO//cSU5rF8NJOE+REOJQ85RWOlByz1yxW36s5BVomXkwrkaPTLX71BTNOISUMFat313MT4U1SGU8FmpV6qWYJ0jEPWtVRixLQ/nV86I2dWGZAwVrakIXP198QUI60nUWA7IzQjvexl4n9eNzXhjT/lMkkNk3SxKEwFMTHJ3iYDrhg1YmIJUsXtrYSOUCE1NpwsBG/55VXSqlW9y2rt/qpSP8/jKMIJnMIFeHANdbiDBjSBQgjP8Apvzth5cd6dj0VrwclnjuEPnM8f8KyM4Q==</latexit>

a0
<latexit sha1_base64="9xzhvr+EfaAOrwrroWpZW8zKQro=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYPBxCrtR0GPAi8eI5gHJEmYns8mQ2dllplcIIZ/gxYMiXv0ib/6Ns8keNLGgoajqprsrSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGt5nfeuLaiFg94jjhfkQHSoSCUbTSAz0v9kplt+LOQJaJl5My5Kj3Sl/dfszSiCtkkhrT8dwE/QnVKJjk02I3NTyhbEQHvGOpohE3/mR26pScWqVPwljbUkhm6u+JCY2MGUeB7YwoDs2il4n/eZ0Uwxt/IlSSIldsvihMJcGYZH+TvtCcoRxbQpkW9lbChlRThjadLARv8eVl0qxWvMtK9f6qXDvL4yjAMZzABXhwDTW4gzo0gMEAnuEV3hzpvDjvzse8dcXJZ47gD5zPH1FFjRI=</latexit>

(+1)v1
<latexit sha1_base64="5L0b+klcp0vJLHe+Fr09Y2a6v7Y=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEoFaEkVdBjwYvHCvYD2hA22027dLMJu5NCDf0lXjwo4tWf4s1/47bNQasPBh7vzTAzL0gE1+A4X1ZhbX1jc6u4XdrZ3dsv2weHbR2nirIWjUWsugHRTHDJWsBBsG6iGIkCwTrB+HbudyZMaR7LB5gmzIvIUPKQUwJG8u1y9aLPZQjTcz+b+O7MtytOzVkA/yVuTiooR9O3P/uDmKYRk0AF0brnOgl4GVHAqWCzUj/VLCF0TIasZ6gkEdNetjh8hk+NMsBhrExJwAv150RGIq2nUWA6IwIjverNxf+8XgrhjZdxmaTAJF0uClOBIcbzFPCAK0ZBTA0hVHFzK6YjoggFk1XJhOCuvvyXtOs197JWv7+qNM7yOIroGJ2gKnLRNWqgO9RELURRip7QC3q1Hq1n6816X7YWrHzmCP2C9fEN7cGSiA==</latexit>

(+1)v2
<latexit sha1_base64="HMCHsKi1qqC1lBYRWXYS1eFByDE=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEoFaEkVdBjwYvHCvYD2hA22027dLMJu5tCDf0lXjwo4tWf4s1/47bNQasPBh7vzTAzL0g4U9pxvqzC2vrG5lZxu7Szu7dftg8O2ypOJaEtEvNYdgOsKGeCtjTTnHYTSXEUcNoJxrdzvzOhUrFYPOhpQr0IDwULGcHaSL5drl70mQj19NzPJn595tsVp+YsgP4SNycVyNH07c/+ICZpRIUmHCvVc51EexmWmhFOZ6V+qmiCyRgPac9QgSOqvGxx+AydGmWAwliaEhot1J8TGY6UmkaB6YywHqlVby7+5/VSHd54GRNJqqkgy0VhypGO0TwFNGCSEs2nhmAimbkVkRGWmGiTVcmE4K6+/Je06zX3sla/v6o0zvI4inAMJ1AFF66hAXfQhBYQSOEJXuDVerSerTfrfdlasPKZI/gF6+Mb70aSiQ==</latexit>

(�1)n
<latexit sha1_base64="wh9xQ4YbXfsMR5a5b1uktB+SN+g=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69BItSD5akCnosePFYwX5AG8pmu2mXbjZxd1Ioob/DiwdFvPpjvPlv3LY5aOuDgcd7M8zM82PBNTrOt5VbW9/Y3MpvF3Z29/YPiodHTR0lirIGjUSk2j7RTHDJGshRsHasGAl9wVr+6G7mt8ZMaR7JR5zEzAvJQPKAU4JG8sqXXS4DnFz0UjntFUtOxZnDXiVuRkqQod4rfnX7EU1CJpEKonXHdWL0UqKQU8GmhW6iWUzoiAxYx1BJQqa9dH701D4zSt8OImVKoj1Xf0+kJNR6EvqmMyQ41MveTPzP6yQY3Hopl3GCTNLFoiARNkb2LAG7zxWjKCaGEKq4udWmQ6IIRZNTwYTgLr+8SprVintVqT5cl2rnWRx5OIFTKIMLN1CDe6hDAyg8wTO8wps1tl6sd+tj0Zqzsplj+APr8wc/JpGt</latexit>

(a) (b) (c) (d)

+ virtual diagrams  

            at one-loop order…



Consistency check
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Dijet-production

<latexit sha1_base64="3u7X1KqJsLGEpsH4DucVBjwpoOA=">AAACFnicbVBNS8MwAE39nPOr6tFLcAgTZLR+oBdh6EGPE9wHrKWkabqFJW1JUmGU/g/9M3oSFTx49d+YbRV0813y8t4L5D0/YVQqy/oy5uYXFpeWSyvl1bX1jU1za7sl41Rg0sQxi0XHR5IwGpGmooqRTiII4j4jbX9wNfLb90RIGkd3apgQl6NeREOKkdKSZx47oUA4C/IscFjk8DSH11V9HMALCJ0e4hx5E8E5/HE8s2LVrDHgLLELUgEFGp754QQxTjmJFGZIyq5tJcrNkFAUM5KXnVSSBOEB6pGuphHiRLrZuFwO98NYQNUncHz/nc0Ql3LIfZ3hSPXltDcS//O6qQrP3YxGSapIhHVEe2HKoIrhaCMYUEGwYkNNEBZU/xLiPtI7Kb1kWde3p8vOktZRzT6tWbcnlfplMUQJ7II9UAU2OAN1cAMaoAkweATP4A28Gw/Gk/FivE6ic0bxZgf8gfH5Den8nSs=</latexit>

d

d lnµ
G(µ) = �G(µ)G(µ)

<latexit sha1_base64="pAUL7yS7SMcetDCBrzJ9bbK+lug="></latexit>

(�⇤g)-channel �H�g + �S�g + �Fg + 2�Jf + �C1 + �C2 + �↵ = 0
<latexit sha1_base64="xr3VWdpnrHNtcC3V4r5Eu7L+rac="></latexit>

(�⇤f)-channel �H�f + �S�f + �Ff + �Jf + �Jg + �Cf + �Cg + �↵ = 0

The sum of all anomalous dimensions should cancel for each channel

<latexit sha1_base64="EezpNV0JwP9nFBCqvWrjWuGfZ/I="></latexit>

(vf ) = �(vf̄ ) = �(vg) = i⇡ sign(cb)

They cancel !!!

 ϵ ⟶ μ

δ ⟶ ζ



Heavy-meson pair production

• Experimentally more challenging 

• Observation of charmed mesons could be possible

12

dijet LO process:

heavy meson pair at LO:

(�⇤g)
<latexit sha1_base64="J8coPN5hkT51PA5EvkXIytYySMA=">AAAB83icbVBNSwMxEM3Wr1q/qh69BItSPZTdKuix4MVjBfsB3bXMptltaJJdkqxQSv+GFw+KePXPePPfmLZ70OqDgcd7M8zMC1POtHHdL6ewsrq2vlHcLG1t7+zulfcP2jrJFKEtkvBEdUPQlDNJW4YZTrupoiBCTjvh6Gbmdx6p0iyR92ac0kBALFnECBgr+VU/BiHg4RzHZ/1yxa25c+C/xMtJBeVo9suf/iAhmaDSEA5a9zw3NcEElGGE02nJzzRNgYwgpj1LJQiqg8n85ik+scoAR4myJQ2eqz8nJiC0HovQdgowQ73szcT/vF5moutgwmSaGSrJYlGUcWwSPAsAD5iixPCxJUAUs7diMgQFxNiYSjYEb/nlv6Rdr3kXtfrdZaVxmsdRREfoGFWRh65QA92iJmohglL0hF7Qq5M5z86b875oLTj5zCH6BefjG4NckJk=</latexit>

(�⇤f)
<latexit sha1_base64="hxhjwwKSLwfAqWdYud89cC8OwLk=">AAAB83icbVBNSwMxEM3Wr1q/qh69BItSPZTdKuix4MVjBfsB3bXMptk2NMkuSVYoS/+GFw+KePXPePPfmLZ70OqDgcd7M8zMCxPOtHHdL6ewsrq2vlHcLG1t7+zulfcP2jpOFaEtEvNYdUPQlDNJW4YZTruJoiBCTjvh+Gbmdx6p0iyW92aS0EDAULKIETBW8qv+EISAh3McnfXLFbfmzoH/Ei8nFZSj2S9/+oOYpIJKQzho3fPcxAQZKMMIp9OSn2qaABnDkPYslSCoDrL5zVN8YpUBjmJlSxo8V39OZCC0nojQdgowI73szcT/vF5qousgYzJJDZVksShKOTYxngWAB0xRYvjEEiCK2VsxGYECYmxMJRuCt/zyX9Ku17yLWv3ustI4zeMooiN0jKrIQ1eogW5RE7UQQQl6Qi/o1UmdZ+fNeV+0Fpx85hD9gvPxDYHXkJg=</latexit>

+ + . . . 

+ . . . 

pµ1
<latexit sha1_base64="tGojqvU+NYcCLWarxz1q7RgcSio=">AAAB8HicdVBNSwMxEJ2tX7V+VT16CRbF07JbRT0WvHisYD+kXUs2zbahSXZJskJZ+iu8eFDEqz/Hm//GtF1Biz4YeLw3w8y8MOFMG8/7dApLyyura8X10sbm1vZOeXevqeNUEdogMY9VO8SaciZpwzDDaTtRFIuQ01Y4upr6rQeqNIvlrRknNBB4IFnECDZWukt6/n3WFemkV654rjcD8tzzBeLnVgVy1Hvlj24/Jqmg0hCOte74XmKCDCvDCKeTUjfVNMFkhAe0Y6nEguogmx08QUdW6aMoVrakQTP150SGhdZjEdpOgc1QL3pT8S+vk5roMsiYTFJDJZkvilKOTIym36M+U5QYPrYEE8XsrYgMscLE2IxKNoTvT9H/pFl1/VO3enNWqR3ncRThAA7hBHy4gBpcQx0aQEDAIzzDi6OcJ+fVeZu3Fpx8Zh9+wXn/AtvnkFw=</latexit>

pµ2
<latexit sha1_base64="ZTWNniBWanf5aeqn0rGMTiqUh0U=">AAAB8HicdVBNSwMxEJ2tX7V+VT16CRbF07JbRT0WvHisYD+kXUs2zbahSXZJskJZ+iu8eFDEqz/Hm//GtF1Biz4YeLw3w8y8MOFMG8/7dApLyyura8X10sbm1vZOeXevqeNUEdogMY9VO8SaciZpwzDDaTtRFIuQ01Y4upr6rQeqNIvlrRknNBB4IFnECDZWukt61fusK9JJr1zxXG8G5LnnC8TPrQrkqPfKH91+TFJBpSEca93xvcQEGVaGEU4npW6qaYLJCA9ox1KJBdVBNjt4go6s0kdRrGxJg2bqz4kMC63HIrSdApuhXvSm4l9eJzXRZZAxmaSGSjJfFKUcmRhNv0d9pigxfGwJJorZWxEZYoWJsRmVbAjfn6L/SbPq+qdu9easUjvO4yjCARzCCfhwATW4hjo0gICAR3iGF0c5T86r8zZvLTj5zD78gvP+Bd1xkF0=</latexit>

qµ =
Qp
2
(nµ � n̄µ) = (0, 0, 0, Q)

<latexit sha1_base64="7+faBURMonmc9B3AUsQjfCH/RUI="></latexit>

kµ =
⇠p
2x

Qn̄µ =
⇠

2x
(Q, 0, 0,�Q)

<latexit sha1_base64="xn1t+/hv2JPZ1N8LvPoygrkyK8E="></latexit>

`+ h ! `
0 +H + H̄ +X

<latexit sha1_base64="GJ/pp488rNrC1RKQXhtR7V++6so=">AAACBXicbVBLS8NAGNzUV62vqEcvS4sPKJRECuqt6KXHCvYBTSib7Zd26ebB7kYooWf9M3oS9eYf8A/4b9zUHLR1TvPNzMLOeDFnUlnWl1FYWV1b3yhulra2d3b3zP2DjowSQaFNIx6JnkckcBZCWzHFoRcLIIHHoetNbjK/ew9Csii8U9MY3ICMQuYzSpSWBmbZAc5xFY9PHBVhnF2nVdzUiuMRkTZn1d7ArFg1aw68TOycVFCO1sD8dIYRTQIIFeVEyr5txcpNiVCMcpiVnERCTOiEjKCvaUgCkG467zLDx34ksBoDnt+/sykJpJwGns4ERI3lopeJ/3n9RPmXbsrCOFEQUh3Rnp9wrAtnk+AhE0AVn2pCqGD6l5iOiSBU6eFKur69WHaZdM5rdr12dVuvNK7zIYroCJXRGbLRBWqgJmqhNqLoET2jN/RuPBhPxovx+hMtGPmbQ/QHxsc3MQ6Vww==</latexit>

Arratia, Furletova, Hobbs, Olness, Nguyen et al. 2020

Li, Liu, Vitev, 2020

Chudakov, Higinbotham, Hyde, Furletov, Furletova, Nguyen, 2016
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-  Bjorken variable 
- ,  heavy meson pseudorapidity 
-  transverse momentum 
-  transverse momentum imbalance

x
ηH ηH̄
pT
rT

We measure over

<latexit sha1_base64="y/asoZNX1Jcl+QBycsa5J+cyjOM=">AAACCXicbVC7TsMwFHXKq5RXgJHFogIxoCpBIBgrWDoWqS+pCZHjOq1VJ45sB6lK8wXwMzAhYGPlB/gbnJIBWs7i43vOle45fsyoVJb1ZZSWlldW18rrlY3Nre0dc3evI3kiMGljzrjo+UgSRiPSVlQx0osFQaHPSNcf3+R6954ISXnUUpOYuCEaRjSgGCk98szjqeNzNpCTUD+pyLwWnEKHMRh7rbu0cer4SMBG5plVq2bNABeJXZAqKND0zE9nwHESkkhhhqTs21as3BQJRTEjWcVJJIkRHqMh6WsaoZBIN53lyeBRwAVUIwJn/9/eFIUyv1V7QqRGcl7Lh/9p/UQFV25KozhRJMLaorUgYVBxmNcCB1QQrNhEE4QF1VdCPEICYaXLq+j49nzYRdI5q9kXNev2vFq/LooogwNwCE6ADS5BHTRAE7QBBo/gGbyBd+PBeDJejNcfa8kodvbBHxgf3yi1meI=</latexit>

|rT | ⌧ pH,H̄

T
Region sensitive to TMD 

We have a new scale

Fickinger, Fleming, Kim, Mereghetti, 2016

<latexit sha1_base64="B92cOEG4dy/z+j1OxxE3Vr1mjkE=">AAAB5HicbZDNTgIxFIXv4B/iH+rSTSMxcUVmjESXRDcuIcpPAhPSKXegoZ2ZtB0TMuENdGXUnU/kC/g2FpyFgmf19Z7T5J4bJIJr47pfTmFtfWNzq7hd2tnd2z8oHx61dZwqhi0Wi1h1A6pR8AhbhhuB3UQhlYHATjC5nfudR1Sax9GDmSboSzqKeMgZNXZ0LwfNQbniVt2FyCp4OVQgV2NQ/uwPY5ZKjAwTVOue5ybGz6gynAmclfqpxoSyCR1hz2JEJWo/W6w6I2dhrIgZI1m8f2czKrWeysBmJDVjvezNh/95vdSE137GoyQ1GDEbsV6YCmJiMm9MhlwhM2JqgTLF7ZaEjamizNi7lGx9b7nsKrQvql6t6jYvK/Wb/BBFOIFTOAcPrqAOd9CAFjAYwTO8wbsTOk/Oi/P6Ey04+Z9j+CPn4xsd1otO</latexit>mQ

Heavy Quark Jet Function 
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This sum is known up to three-loops…

<latexit sha1_base64="FMm+tDMv9mcXutI8UM2hZNPG4xE=">AAACDnicbVDLTttAFB3zTMOjgS67GREhISFFNhTBBgnRTZdBbUik2FjXk5tkxIxtzVwjRZb/AX4GVlXbXRf8QP+mk5AFr7M6c84Z6Z6T5Epa8v1/3sLi0vLKau1DfW19Y/NjY2v70maFEdgRmcpMLwGLSqbYIUkKe7lB0InCbnL9dep3b9BYmaU/aJJjpGGUyqEUQE6KG/vhABUBD0egNVyV/cOoisvvcfkk8FFV8VMeqkFGNm40/ZY/A39LgjlpsjnaceMxHGSi0JiSUGBtP/BzikowJIXCqh4WFnMQ1zDCvqMpaLRROStV8d1hZjiNkc/ez7MlaGsnOnEZDTS2r72p+J7XL2h4EpUyzQvCVLiI84aF4pTx6TZ8IA0KUhNHQBjpruRiDAYEuQXrrn7wuuxbcnnQCo5a/sWX5tn5fIga+8x22B4L2DE7Y99Ym3WYYHfsgf1mf7xb79776f16ii548z+f2At4f/8D/iWb/g==</latexit>

��[3]
S�g

= . . .

Soft function 

anomalous dimension

They cancel !!!

We can use this consistency relation to extend the SF AD up to three loops

This let us - Check future perturbative calculations of the SF 
- Compute its evolution kernel up to three loops

<latexit sha1_base64="im0TGebqVflmoWfAuz8qb70dkDw=">AAAB7XicbZDNSgMxFIUz/tb6V3XpJlgEV2WmiroRim7EVQX7A51S7qR32tBkZkgyQhn6GLoSdefL+AK+jWmdhbae1Zd7TuCeGySCa+O6X87S8srq2npho7i5tb2zW9rbb+o4VQwbLBaxagegUfAIG4Ybge1EIchAYCsY3Uz91iMqzePowYwT7EoYRDzkDIwd+Ve0Sv0BSAm9u16p7FbcmegieDmUSa56r/Tp92OWSowME6B1x3MT081AGc4ETop+qjEBNoIBdixGIFF3s9nOE3ocxoqaIdLZ+3c2A6n1WAY2I8EM9bw3Hf7ndVITXnYzHiWpwYjZiPXCVFAT02l12ucKmRFjC8AUt1tSNgQFzNgDFW19b77sIjSrFe+8cnp/Vq5d54cokENyRE6IRy5IjdySOmkQRhLyTN7IuxM7T86L8/oTXXLyPwfkj5yPb13IjkY=</latexit>

= 2�J



Conclusion

• We give a general idea of how factorization works and the role of universal functions 

• We have established factorization for the dijet and heavy meson production 

• Both cases can be potentially observed in the future EIC 

• We have been able to compute the new TMD Soft Function up to NLO and its 
anomalous dimension up to three-loops 

• The presence of the new SF makes the gluon TMDPDF extraction non-trivial 

• Future: Phenomenology (SOON!)
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Thank you for listening!


