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Current group picture
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Group Members

§ Staff/postdocs
§ Jani Penttala (09/2023): joint with SURGE small-x collaboration 

§ Farid Salazar (10/21 – 11/23): joint with LBNL, next: research assistant 
professor at UW INT, now a faculty at Temple U. (01/2025)

§ Andrew Larkoski (09/22 – 09/23): next: associate editor at PRD

§ Graduate students:
§ Kyle Lee (closely worked with us, at LBNL, now at MIT)

§ John Terry (now a Director’s Postdoc Fellow at LANL)

§ Fanyi Zhao (graduated in 08/2023, next MIT, story)

§ Jared Reiten (graduated in 12/2023, now industry)

§ Luke Sellers (machine learning)

§ Diego Padilla (EIC theory and small-x physics)

§ Robert Kao (small-x physics)

§ Xoan Mayo Lopez (visited us, will join MIT CTP)
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https://physics.mit.edu/research/labs-centers/center-for-theoretical-physics/fanyi-zhao-award/


Group Members

§ Undergraduate students
§ Current: Congyue Zhang, Peter Nguyen, Curtis Zhou, Sofia Behzadi

§ Past: Rares Fota, Grace Garmire, Tejes Gaertner, Sky Shi, Miranda Li, Parth 
Bbatnagar, Philip Velie, Yuxuan Tee, Jesson Pulido, Amanda Wei
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TMD Handbook
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arXiv:2304.03302

Quark TMDs
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q h(x, b) = f1(x, b) + i✏µ⌫T bµs⌫Mf?1 (x, b)
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• There are eight TMD 
distributions in leading twist 

• TMD distributions provide a 
more detailed picture of the 
many body parton structure of 
the hadron 

• Interplay with the transverse 
momentum
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TMDs with polarization
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TMD factorization

§ Drell-Yan production
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TMD global analysis

§ Outline of a TMD global analysis [lattice input on initial TMD and CS 
kernel]               
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Fourier transform numerical heavy
Kang, Prokudin, Sato, Terry, 1906.05949
Implemented by ResBos 
[Joshua Isaacson, 2022] yes

Ansatz for TMDs at initial scale

Evolve TMDs to relevant scale 
with TMD evolution

Model ansatz for 
non-perturbative 

Collins-Soper kernel

calculate the cross 
section/asymmetry as well as χ2

no
χ2 minimum?

Fourier transform back to 
momentum space

<latexit sha1_base64="zgvRzC1kGUPr+wzO6SSqvvPJjN0="></latexit>

F (x, b, µ0, ⇣0)
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K(b, µ)



Unpolarized cross section

§ Hadron distribution in SIDIS
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John Terry
NSF graduate fellowship



Progress from polarized TMDs

§ Sivers function
§ Data: Jlab 12, HERMES, COMPASS, RHIC W boson
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Echevarria, Kang, Terry, JHEP (2021)
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Distorted distribution

§ Sivers correlation leads to a distortion in u/d quark distribution
§ Left or right shift
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RHIC data: update

§ Previously, some tension in fitting (2016) RHIC W/Z data (very large 
asymmetry), but consistent with 2021 preliminary data
§ Emphasizing the importance of the precision measurement
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OLD data

NEW data

Bury, Vladimirov, Prokudin Echevarria, Kang, Terry



Threshold logs

§ Threshold logs ln(1-x) arises
§ Handle it in Mellin space [becomes ln(N)]

§ Find out the usual rapidity log      , would become             
§ Check up to three loops

§ Suggests us to replace the usual zeta by zeta/N2 in the TMD evolution 
functions
§ This new evolution equation (the replacement) would lead to the joint resummation of 

both TMD logs and threshold logs

13

<latexit sha1_base64="PEnGe2GRElImr+InzKaJ5CFhx5A="></latexit>

ln ⇣
<latexit sha1_base64="+PSAHQ1u80qlkSfe7oxE5Jf6R94="></latexit>

ln
�
⇣/N̄2

�

Kang, Samanta, Shao, Zeng, 2211.08341, JHEP 2023



Many more processes

§ Standard processes: SIDIS, Drell-Yan, e+e-
§ One could combine unpolarized + polarized scattering data

§ Unpolarized cross section + spin asymmetry data to determine the Collins-Soper evolution 
kernel, further compare with the lattice data

§ In principle, one could further include jet production and hadron-in-jet
§ e.g. back-to-back dijet production for TMDPDFs 

§  both unpolarized and polarized hadron distribution inside the jet
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Jets are useful tools for TMD physics
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§ Active study at the RHIC, LHC, and the future EIC

EIC
LHC



Jet charge at the EIC

§ To get started, we decide to 
first look at jet production at 
the EIC
§ e+p collisions: simpler
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§ Jet charge distribution of u 
and d jets
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§ Organize the cross section via jet charge bin
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Kang, Liu, Mantry, Shao, 20



Jet substructure

§ The jet charge example suggests
§ Looking into the constituents inside the jet could give you novel insights [jet 

substructure], help us achieve what is not possible otherwise

§ The inverse problem
§ 3D imaging of a proton: proton → quark/gluon distribution [parton distribution]
§ Hadronization: quark/gluon → hadron [fragmentation function]
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q Fragmentation functions would help us 

understand the elusive hadronization process

…
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<latexit sha1_base64="2gjnyIT1OeIroj03ZoVgw9Ps6+k=">AAACBXicdZDLSgMxFIYzXmu9jbrURbAIrkpS1La7ohuXFewF2qFk0kwbmskMSUYoQ1248VXcuFDEre/gzrcx01ZQ0QOBj/8/J8n5/VhwbRD6cBYWl5ZXVnNr+fWNza1td2e3qaNEUdagkYhU2yeaCS5Zw3AjWDtWjIS+YC1/dJH5rRumNI/ktRnHzAvJQPKAU2Ks1HMP0q4KYaDIIGTSTMXbIJE0g0nPLaAiQghjDDPA5TNkoVqtlHAF4syyVQDzqvfc924/okl2FRVE6w5GsfFSogyngk3y3USzmNARGbCORUlCpr10usUEHlmlD4NI2SMNnKrfJ1ISaj0OfdsZEjPUv71M/MvrJCaoeCmXcWKYpLOHgkRAE8EsEtjnilEjxhYIVdz+FdIhUYQaG1zehvC1KfwfmqUiPi2iq5NC7XweRw7sg0NwDDAogxq4BHXQABTcgQfwBJ6de+fReXFeZ60LznxmD/wo5+0TIGuZow==</latexit>

fragmentation function



Hadron distribution inside the jet

§ A theoretical framework has recently been developed 
§ Referred to as polarized jet fragmentation function

§ Imagine both the initiating quark/gluon and the hadron have general 
polarization, it will provide the most information on the hadronization process
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R

h

jet

j?

zh = phT /p
jet
T

<latexit sha1_base64="d1X1oH9aMFYoyPpqaT39b8OOEKw="></latexit>

j? : hadron transverse momentum

with respect to the jet

SA

<latexit sha1_base64="TQ/iYeWtFXUeQnCpt6a6e4bPFH4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KokU9Fj14rFS+wFtKJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WjmSToR3QoecgZNVZqNPo3/VLZrbhzkFXi5aQMOer90ldvELM0QmmYoFp3PTcxfkaV4UzgtNhLNSaUjekQu5ZKGqH2s/mpU3JulQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtO0YbgLb+8SlqXFa9aqT5Uy7XbPI4CnMIZXIAHV1CDe6hDExgM4Rle4c0Rzovz7nwsWtecfOYE/sD5/AHtyY2S</latexit>

pA

<latexit sha1_base64="fsSpurDh35zNhxq54dNyY8xWh9k=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeqF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh6R/3S9X3Ko7B1klXk4qkKPRL3/1BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOeddSRSNu/Gx+6pScWWVAwljbUkjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uwys/EypJkSu2WBSmkmBMZn+TgdCcoZxYQpkW9lbCRlRThjadkg3BW355lbQuql6tWruvVeo3eRxFOIFTOAcPLqEOd9CAJjAYwjO8wpsjnRfn3flYtBacfOYY/sD5/AEaBo2v</latexit>

pB/p`

<latexit sha1_base64="DFaLNmoSoOQhkeavspuxwMxBuJ8=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU02koMdSLx4r2FpsQ9hsJ+3SzSbsboRS+i+8eFDEq//Gm//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1KNgktsGW4EdlKFNA4FPoSjm5n/8IRK80Tem3GKfkwHkkecUWOlxzRoXKRBD4UIyhW36s5BVomXkwrkaAblr14/YVmM0jBBte56bmr8CVWGM4HTUi/TmFI2ogPsWippjNqfzC+ekjOr9EmUKFvSkLn6e2JCY63HcWg7Y2qGetmbif953cxE1/6EyzQzKNliUZQJYhIye5/0uUJmxNgSyhS3txI2pIoyY0Mq2RC85ZdXSfuy6tWqtbtapd7I4yjCCZzCOXhwBXW4hSa0gIGEZ3iFN0c7L86787FoLTj5zDH8gfP5Axm6kI0=</latexit>

�SA<latexit sha1_base64="gOjjGqEF8WNOjXwddPXEijVlWdo=">AAAB8nicbZDLSsNAFIYn9VbjrerSTWgRXJVExcuu6sZlRdMW0hAm00k7dDITZiZCCV37BG5cKOLGhU/jzvfwAZykRdT6w8DH/5/DnHPChBKpbPvDKM3NLywulZfNldW19Y3K5lZL8lQg7CJOueiEUGJKGHYVURR3EoFhHFLcDocXed6+xUISzm7UKMF+DPuMRARBpS3P7CYDEmTXwdk4qNTsul3ImgVnCrVGNYruPt3XZlB57/Y4SmPMFKJQSs+xE+VnUCiCKB6b3VTiBKIh7GNPI4Mxln5WjDy2drXTsyIu9GPKKtyfHRmMpRzFoa6MoRrIv1lu/pd5qYpO/IywJFWYoclHUUotxa18f6tHBEaKjjRAJIie1UIDKCBS+kpmcYTTXEffK89Ca7/uHNQPr5xa4xxMVAY7oAr2gAOOQQNcgiZwAQIc3INH8GQo48F4Nl4mpSVj2rMNfsl4+wKr/JS0</latexit>

jet
<latexit sha1_base64="pdBkAQSoRPKY6N5G5YnH89ZdodM=">AAAB8XicbZDLSsNAFIYn9VbrrepSkWARXJVExcuu6MZlC/aCbSmT6Wk7djIJMydiCV36Bm5cKOLWF+hzuPMZfAmTtIhafxj4+P9zmHOO4wuu0bI+jNTM7Nz8Qnoxs7S8srqWXd+oaC9QDMrME56qOVSD4BLKyFFAzVdAXUdA1elfxHn1FpTmnrzCgQ9Nl3Yl73BGMbKuGwh3GN4ADlvZnJW3EpnTYE8gV9gelT7vd0bFVva90fZY4IJEJqjWddvysRlShZwJGGYagQafsj7tQj1CSV3QzTCZeGjuRU7b7HgqehLNxP3ZEVJX64HrRJUuxZ7+m8Xmf1k9wM5pM+TSDxAkG3/UCYSJnhmvb7a5AoZiEAFlikezmqxHFWUYHSmTHOEs1vH3ytNQOcjbh/mjkp0rnJOx0mSL7JJ9YpMTUiCXpEjKhBFJHsgTeTa08Wi8GK/j0pQx6dkkv2S8fQEyEZUa</latexit>

h
<latexit sha1_base64="o0PnW9Qu0oHR+bO/AIAJRGge31A=">AAAB6HicbZDLSsNAFIZPvNZ4q7p0M1gEVyVR8bIQi25ctmAv0IYymU7bsZNJmJkIJfQJ3LhQxK0+jHs34ts4SYuo9YeBj/8/hznn+BFnSjvOpzUzOze/sJhbspdXVtfW8xubNRXGktAqCXkoGz5WlDNBq5ppThuRpDjwOa37g8s0r99SqVgorvUwol6Ae4J1GcHaWJV+O19wik4mNA3uBArnb/ZZ9Pphl9v591YnJHFAhSYcK9V0nUh7CZaaEU5HditWNMJkgHu0aVDggCovyQYdoV3jdFA3lOYJjTL3Z0eCA6WGgW8qA6z76m+Wmv9lzVh3T7yEiSjWVJDxR92YIx2idGvUYZISzYcGMJHMzIpIH0tMtLmNnR3hNNXR98rTUNsvugfFw4pbKF3AWDnYhh3YAxeOoQRXUIYqEKBwBw/waN1Y99aT9TwunbEmPVvwS9bLF0b5kGI=</latexit>

Sh

<latexit sha1_base64="jrDYGJ0EuJXG9RGxLjL0krf/jEs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF4+V2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKzeZgPChX3Kq7AFknXk4qkKMxKH/1hzFLI66QSWpMz3MT9DOqUTDJZ6V+anhC2YSOeM9SRSNu/Gxx6oxcWGVIwljbUkgW6u+JjEbGTKPAdkYUx2bVm4v/eb0Uwxs/EypJkSu2XBSmkmBM5n+TodCcoZxaQpkW9lbCxlRThjadkg3BW315nbSvql6tWnuoVeq3eRxFOINzuAQPrqEO99CAFjAYwTO8wpsjnRfn3flYthacfOYU/sD5/AEo9I25</latexit>

zJ

<latexit sha1_base64="MpZsu57jNfdSVplhK3x+ktubTfw=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4KokU9Fj0Ip4q2A9IQ9lsN+3SzW7YnYg19Gd48aCIV3+NN/+NmzYHbX0w8Hhvhpl5YSK4Adf9dlZW19Y3Nktb5e2d3b39ysFh26hUU9aiSijdDYlhgkvWAg6CdRPNSBwK1gnH17nfeWDacCXvYZKwICZDySNOCVjJ7wF7hOxp2r8t9ytVt+bOgJeJV5AqKtDsV756A0XTmEmgghjje24CQUY0cCrYtNxLDUsIHZMh8y2VJGYmyGYnT/GpVQY4UtqWBDxTf09kJDZmEoe2MyYwMoteLv7n+SlEl0HGZZICk3S+KEoFBoXz//GAa0ZBTCwhVHN7K6YjogkFm1Iegrf48jJpn9e8eq1+V682roo4SugYnaAz5KEL1EA3qIlaiCKFntErenPAeXHenY9564pTzByhP3A+fwA2E5E1</latexit>

xJ

<latexit sha1_base64="DAKpGr4/ko36AAPO3SCYPRC5lBc=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4KokU9Fj0Ip4q2A9IQ9lsN+3SzW7YnUhL6M/w4kERr/4ab/4bN20O2vpg4PHeDDPzwkRwA6777aytb2xubZd2yrt7+weHlaPjtlGppqxFlVC6GxLDBJesBRwE6yaakTgUrBOOb3O/88S04Uo+wjRhQUyGkkecErCS3wM2gWwy69+X+5WqW3PnwKvEK0gVFWj2K1+9gaJpzCRQQYzxPTeBICMaOBVsVu6lhiWEjsmQ+ZZKEjMTZPOTZ/jcKgMcKW1LAp6rvycyEhszjUPbGRMYmWUvF//z/BSi6yDjMkmBSbpYFKUCg8L5/3jANaMgppYQqrm9FdMR0YSCTSkPwVt+eZW0L2tevVZ/qFcbN0UcJXSKztAF8tAVaqA71EQtRJFCz+gVvTngvDjvzseidc0pZk7QHzifPzMDkTM=</latexit>

yJ

<latexit sha1_base64="2Z3Vgf/4WBLfzPC4mhOPCN0unKg=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkoMeiF/FUwX5AG8pmu2mXbnbD7kQMoT/DiwdFvPprvPlv3LQ5aOuDgcd7M8zMC2LBDbjut1NaW9/Y3CpvV3Z29/YPqodHHaMSTVmbKqF0LyCGCS5ZGzgI1os1I1EgWDeY3uR+95Fpw5V8gDRmfkTGkoecErBSfwDsCbJ0NryrDKs1t+7OgVeJV5AaKtAaVr8GI0WTiEmgghjT99wY/Ixo4FSwWWWQGBYTOiVj1rdUkogZP5ufPMNnVhnhUGlbEvBc/T2RkciYNApsZ0RgYpa9XPzP6ycQXvkZl3ECTNLFojARGBTO/8cjrhkFkVpCqOb2VkwnRBMKNqU8BG/55VXSuah7jXrjvlFrXhdxlNEJOkXnyEOXqIluUQu1EUUKPaNX9OaA8+K8Ox+L1pJTzByjP3A+fwA0i5E0</latexit>

x

<latexit sha1_base64="qt4o6cXFMptE+aIX3nJAFlDDbZE=">AAAB73icbVBNS8NAEN34WetX1aOXxSJ4KokU9Fj04rGC/YA2lM120i7dbOLuRFpC/4QXD4p49e9489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR03TZxqDg0ey1i3A2ZACgUNFCihnWhgUSChFYxuZ37rCbQRsXrASQJ+xAZKhIIztFK7izDGbDztlcpuxZ2DrhIvJ2WSo94rfXX7MU8jUMglM6bjuQn6GdMouIRpsZsaSBgfsQF0LFUsAuNn83un9NwqfRrG2pZCOld/T2QsMmYSBbYzYjg0y95M/M/rpBhe+5lQSYqg+GJRmEqKMZ09T/tCA0c5sYRxLeytlA+ZZhxtREUbgrf88ippXla8aqV6Xy3XbvI4CuSUnJEL4pErUiN3pE4ahBNJnskreXMenRfn3flYtK45+cwJ+QPn8wepApBi</latexit>

y

<latexit sha1_base64="yROZwmE8+zxU+27vIONWJwVaqvU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48V7Ae0oWy2m3bpZhN3J2IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GNzO//ci1EbG6x0nC/YgOlQgFo2ilTg/5E2aTab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5vVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/8TKgkRa7YYlGYSoIxmT1PBkJzhnJiCWVa2FsJG1FNGdqISjYEb/nlVdK6qHq1au2uVqlf53EU4QRO4Rw8uIQ63EIDmsBAwjO8wpvz4Lw4787HorXg5DPH8AfO5w+qh5Bj</latexit>

z

<latexit sha1_base64="W+TNK2M6NF1BZDNyl6nbBlVxvG0=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KokU9Fj04rGC/YA2lM120y7dbOLuRKyhf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR9dRvPXBtRKzucJxwP6IDJULBKFqp3UX+iNnTpFcquxV3BrJMvJyUIUe9V/rq9mOWRlwhk9SYjucm6GdUo2CST4rd1PCEshEd8I6likbc+Nns3gk5tUqfhLG2pZDM1N8TGY2MGUeB7YwoDs2iNxX/8zophpd+JlSSIldsvihMJcGYTJ8nfaE5Qzm2hDIt7K2EDammDG1ERRuCt/jyMmmeV7xqpXpbLdeu8jgKcAwncAYeXEANbqAODWAg4Rle4c25d16cd+dj3rri5DNH8AfO5w+sDJBk</latexit>

�̂Sh

<latexit sha1_base64="MV5cx/Pg1hWKCAkcU4w6WN5D6YU=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkoMeiF48V7Qc0IWy2m2bpZhN2N4US+k+8eFDEq//Em//GbZuDtj4YeLw3w8y8MONMacf5tiobm1vbO9Xd2t7+weGRfXzSVWkuCe2QlKeyH2JFORO0o5nmtJ9JipOQ0144vpv7vQmViqXiSU8z6id4JFjECNZGCmzbi7EuvCxms6B4DOJZYNedhrMAWiduSepQoh3YX94wJXlChSYcKzVwnUz7BZaaEU5nNS9XNMNkjEd0YKjACVV+sbh8hi6MMkRRKk0JjRbq74kCJ0pNk9B0JljHatWbi/95g1xHN37BRJZrKshyUZRzpFM0jwENmaRE86khmEhmbkUkxhITbcKqmRDc1ZfXSfeq4TYbzYdmvXVbxlGFMziHS3DhGlpwD23oAIEJPMMrvFmF9WK9Wx/L1opVzpzCH1ifPw+Vk/E=</latexit>

�̂h

<latexit sha1_base64="pS1iGr4hOLxAf81n3HjD73fQask=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS0GPRi8cK9gPaWDbbTbN0swm7E6WE/A8vHhTx6n/x5r9x2+agrQ8GHu/NMDPPTwTX6DjfVmltfWNzq7xd2dnd2z+oHh51dJwqyto0FrHq+UQzwSVrI0fBeoliJPIF6/qTm5nffWRK81je4zRhXkTGkgecEjTSwyAkmA2SkOfDLMyH1ZpTd+awV4lbkBoUaA2rX4NRTNOISaSCaN13nQS9jCjkVLC8Mkg1SwidkDHrGypJxLSXza/O7TOjjOwgVqYk2nP190RGIq2nkW86I4KhXvZm4n9eP8Xgysu4TFJkki4WBamwMbZnEdgjrhhFMTWEUMXNrTYNiSIUTVAVE4K7/PIq6VzU3Ua9cdeoNa+LOMpwAqdwDi5cQhNuoQVtoKDgGV7hzXqyXqx362PRWrKKmWP4A+vzBzQWkvo=</latexit>

Sh?

<latexit sha1_base64="RS9ybw2G2Ikrkae3Yvss+AHK4Vc=">AAACAHicbVC7TsMwFHV4lvIKMDCwWFRITFWCKsFYwcJYBH1ITRQ5jtNadezIdpCqKAu/wsIAQqx8Bht/g9NmgJYjWT46517de0+YMqq043xbK6tr6xubta369s7u3r59cNhTIpOYdLFgQg5CpAijnHQ11YwMUklQEjLSDyc3pd9/JFJRwR/0NCV+gkacxhQjbaTAPvZCwSI1TcyX3xdBPvZSItMisBtO05kBLhO3Ig1QoRPYX14kcJYQrjFDSg1dJ9V+jqSmmJGi7mWKpAhP0IgMDeUoIcrPZwcU8MwoEYyFNI9rOFN/d+QoUeWOpjJBeqwWvVL8zxtmOr7yc8rTTBOO54PijEEtYJkGjKgkWLOpIQhLanaFeIwkwtpkVjchuIsnL5PeRdNtNVt3rUb7uoqjBk7AKTgHLrgEbXALOqALMCjAM3gFb9aT9WK9Wx/z0hWr6jkCf2B9/gDxj5dI</latexit>

j?

<latexit sha1_base64="R6rG05HWmdXACM+5sHH9aVu/CGo=">AAAB/3icbVDNS8MwHE3n15xfVcGLl+AQPI1WBnocevE4wX3AWkqaZltcmoYkFUbtwX/FiwdFvPpvePO/Md160M0HIY/3fj/y8kLBqNKO821VVlbX1jeqm7Wt7Z3dPXv/oKuSVGLSwQlLZD9EijDKSUdTzUhfSILikJFeOLku/N4DkYom/E5PBfFjNOJ0SDHSRgrsIy9MWKSmsbmy+zzIPEGkyAO77jScGeAycUtSByXagf3lRQlOY8I1ZkipgesI7WdIaooZyWteqohAeIJGZGAoRzFRfjbLn8NTo0RwmEhzuIYz9fdGhmJVRDSTMdJjtegV4n/eINXDSz+jXKSacDx/aJgyqBNYlAEjKgnWbGoIwpKarBCPkURYm8pqpgR38cvLpHvecJuN5m2z3roq66iCY3ACzoALLkAL3IA26AAMHsEzeAVv1pP1Yr1bH/PRilXuHII/sD5/AElFlu0=</latexit>

ST

<latexit sha1_base64="VYhKseuvPbgIFYnpL6gXUNvLPI8=">AAAB+3icbVDNS8MwHE3n15xfdR69BIfgabQy0OPQi8eJ+4KtlDRNt7A0KUkqjtJ/xYsHRbz6j3jzvzHdetDNByGP934/8vKChFGlHefbqmxsbm3vVHdre/sHh0f2cb2vRCox6WHBhBwGSBFGOelpqhkZJpKgOGBkEMxuC3/wSKSignf1PCFejCacRhQjbSTfro8DwUI1j82VPeR+1s19u+E0nQXgOnFL0gAlOr79NQ4FTmPCNWZIqZHrJNrLkNQUM5LXxqkiCcIzNCEjQzmKifKyRfYcnhslhJGQ5nANF+rvjQzFqohnJmOkp2rVK8T/vFGqo2svozxJNeF4+VCUMqgFLIqAIZUEazY3BGFJTVaIp0girE1dNVOCu/rlddK/bLqtZuu+1WjflHVUwSk4AxfABVegDe5AB/QABk/gGbyCNyu3Xqx362M5WrHKnRPwB9bnD8qnlO8=</latexit>

Kang, Lee, Zhao, 20
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quark



Dijet production: cross section

§ Take into account soft gluon radiation, and thus include TMD 
evolution

§ It seems to be working well with experimental data
§ TMD factorization breaking is small?!

19

Kang, Lee, Shao, Terry, JHEP 2021, Gao, Kang, Shao, Terry, Zhang, JHEP 2023

PA

<latexit sha1_base64="xOlYzvbG2Zrdx28HyAFOT7FuJpc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6qXjxWMG2hDWWznbZLN5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjpo5TxdBnsYhVO6QaBZfoG24EthOFNAoFtsLx3cxvPaHSPJaPZpJgENGh5APOqLGS3+hlN9NeueJW3TnIKvFyUoEcjV75q9uPWRqhNExQrTuem5ggo8pwJnBa6qYaE8rGdIgdSyWNUAfZ/NgpObNKnwxiZUsaMld/T2Q00noShbYzomakl72Z+J/XSc3gKsi4TFKDki0WDVJBTExmn5M+V8iMmFhCmeL2VsJGVFFmbD4lG4K3/PIqaV5UvVr1+qFWqd/mcRThBE7hHDy4hDrcQwN8YMDhGV7hzZHOi/PufCxaC04+cwx/4Hz+AK82jqA=</latexit>

PB

<latexit sha1_base64="6kFMM6Bhsalm+a/lUSPiKiIiKLg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN5KvXisYNpCG8pmO22XbjZhdyOU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmhYng2rjut1PY2Nza3inulvb2Dw6PyscnLR2niqHPYhGrTkg1Ci7RN9wI7CQKaRQKbIeTu7nffkKleSwfzTTBIKIjyYecUWMlv9nPGrN+ueJW3QXIOvFyUoEczX75qzeIWRqhNExQrbuem5ggo8pwJnBW6qUaE8omdIRdSyWNUAfZ4tgZubDKgAxjZUsaslB/T2Q00noahbYzomasV725+J/XTc3wJsi4TFKDki0XDVNBTEzmn5MBV8iMmFpCmeL2VsLGVFFmbD4lG4K3+vI6aV1VvVr19qFWqTfyOIpwBudwCR5cQx3uoQk+MODwDK/w5kjnxXl3PpatBSefOYU/cD5/ALC7jqE=</latexit>
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What about p+A collisions

20

§ TMD PDFs get modified in nuclear matter
§ Modified the non-perturbative collinear PDFs [nuclear PDFs]

§ Modified the non-perturbative Sudakov facor [SNP]
<latexit sha1_base64="9bqYoindPjGR+yWZ1e32qe5LRA4="></latexit>
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Alrashed, Anderle, Kang, Terry, Xing, PRL 2022
Alrashed, Kang, Terry, Xing, Zhang, include Jlab 
data



Dijet production in p+A collisions

21

§ The modification describes the LHC data well

Gao, Kang, Shao, Terry, Zhang, JHEP 2023



Joint theory and exp studies

§ Study QCD dynamics via jets at the EIC

22

Arratia, Kang, Prokudin, Ringer, 20



Neutrio-tagged jets at EIC

§ Neutrino-tagged jets at the EIC

23

Arratia, Kang, Paul, Prokudin, Ringer, Zhao, 2023



Jet fragmentation function at LHC

§ LHCb measurement Z-tagged jet production in pp collisions

24

LHCb, 2208.11691



Comparison with Z-tagged jets

25

§ Hadrons inside the jets

Kang, Xing, Zhao, Zhou, to appear



Nuclear modification of jet fragmentation

§ Distribution of hadron in jets: back-to-back Z+jet production in 
p+A collisions

26



Energy Energy Correlator

§ Two types
§ Global EEC 

§ One of the earliest infrared safe event shape observables

§ Measure energy correlation as a function of the opening angle between pairs of 
particles

§ Local EEC
§ In-jet EEC: measure energy correlations for particles inside the jet

27



Azimuthal angle dependence of the EEC

§ Azimuthal angle dependence of EEC would allow us to probe TMD 
structure
§ Azimuthal dependence is in the original paper, but forgotten afterwards

28

Kang, Lee, Shao, Zhao, 2310.15159



Azimuthal angle dependence of the EEC

§ EEC in DIS now can probe all unpolarized and polarized TMDs

29

Kang, Lee, Shao, Zhao, 2310.15159



Azimuthal angle dependence of the EEC

§ EEC in DIS now can probe all unpolarized and polarized TMDs

30

Kang, Lee, Shao, Zhao, 2310.15159



EEC in back-to-back region

§ EEC in back-to-back regime

31

Kang, Penttala, Zhang, 2024



EEC in the collinear regime

§ EEC in collinear regime

32

Barata, Kang, Lopez, Penttala, 2024



EEC in the collinear and back-to-back regime

§ Related but not the same
§ EEC integrated over z and sum over all hadrons

§ Their non-perturbative contribution can be similar

33
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Summary

§ We had significantly enjoyed being part of the California EIC 
consortium

§ We have enjoyed working on joint experiment and theory EIC work

§ We look forward to the continued collaborations in the coming 
years
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