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High Energy Nuclear Collisions
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Courtesy of James Mulligan, Hard Probe 2023

pp, ep, 𝛾p, ee

pA, eA, 𝛾A AA



Traditional approach for probing cold nuclei

3Courtesy of Petja Paakkinen, Quark Matter 2022

§ For probing properties of cold nuclei vs proton
§ Replacing proton PDFs with nuclear PDFs

§ Assuming evolution is the same, only change the PDFs at the initial scale



Very successful approach: nPDF global fits

4Courtesy of Petja Paakkinen, Quark Matter 2022



QCD factorization: collinear and TMD 

§ There are different types of QCD factorization, one should use 
them accordingly to include world data in different processes
§ Collinear factorization: process with ONE single hard scale

§ Single-inclusive hadron/jet in p+p collisions: pT is the hard scale

§ Inclusive deep inelastic scattering (DIS): Q is the hard scale
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The NNPDF4.0 global 
analysis of proton structure
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ATLAS Standard Model Plenary Meeting
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Another type: TMD factorization

§ Transverse-momentum dependent (TMD) factorization, used for 
more differential processes
§ TMD factorization: process with TWO momentum scales (Q, qT) with qT << Q

§ Semi-inclusive hadron production in e+p collisions (SIDIS): qT, Q

§ Drell-Yan production in p+p collisions: qT, Q
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TMD factorization in a nutshell

§ Drell-Yan in pp collisions: 
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TMD evolution: different from DGLAP

§ TMD evolution

§ Solution of the above TMD evolution

§ One also has to include non-perturbative contribution
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Collins-Soper kernel
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Using QCD factorization accordingly

§ Now we have two types of factorization, we should use them 
accordingly to extract the properties of cold nuclear matter 
consistently
§ For observables with two momentum scales: small pt distribution for SIDIS in 

e+A, Drell-Yan in p+A, we should use TMD factorization

§ For observables with one momentum scale: such as transverse-momentum 
broadening, we should use collinear factorization

§ These two approaches are also closely related to each other and thus could be 
used in a joint global fit in the future
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Examples: TMD factorization in e+A and p+A

§ SIDIS measurements in e+A: pt << Q, similar for Drell-Yan
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HERMES, 0704.3270

CLAS @JLab, 2109.09951



Nuclear TMDs

§ Following nuclear PDFs
§ Assuming same TMD factorization formalism, replacing proton TMDs with 

nuclear TMDs

§ Assuming same TMD evolution, only replacing the TMDs at the initial scale
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Intact since they are all from 
perturbative TMD evolution

• Change to nuclear PDFs (FFs): collinear dynamics
• Change non-perturbative Sudakov at initial scale: 

transverse dynamics

Alrashed, Anderle, Kang, Terry, Xing, PRL, 2022



Status

§ First work in this direction
§ Use nuclear PDFs from EPPS16 with CT14nlo, and nuclear FFs from LIKEn21 

(P. Zurita, 2101.01088)

§ Modify non-perturbative Sudakov
§ Particle production in e+p or p+p

§ Modification in e+A or p+A: due to parton multiple scattering

12

<latexit sha1_base64="306fECtiO/B0brFqJYTk4Yzk+lw="></latexit>

gq =
hk2T i|Q0

4
Under Gaussian approximation, gq is related to 
intrinsic momentum at the initial scale 

See similar work, e.g.
Jia, Wei, Xiao, Yuan, 1910.05290



Global fits of nuclear TMDs

§ Nuclear TMD PDFs and TMD FFs (no Jlab data yet)
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Alrashed, Anderle, Kang, Terry, Xing, PRL, 2022
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aN = 0.016± 0.003 GeV2

bN = 0.0097± 0.0007 GeV2



Extracted nuclear TMD PDFs and TMD FFs

§ Nuclear TMD PDFs and TMD FFs: 3D imaging of cold nuclear 
matter

14Alrashed, Anderle, Kang, Terry, Xing, PRL, 2022



Updated fit with Jlab data

§ Incorporate the collinear nuclear FFs into the fit by including 
CLAS@Jlab data
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Alrashed, Anderle, Kang, Terry, Xing, Zhang, 2312.09226
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Application: TMDs in p+A collisions

§ Compare with other observables e.g. back-to-back dijet production 
in p+A collisions at the LHC
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Gao, Kang, Shao, Terry, Zhang, 
2306.09317, JHEP 2023

For dijet at p+p collisions, see also
Kang, Lee, Shao, Terry,  JHEP 2021



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
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Energy-Energy Correlator

§ In the back-to-back region, EEC follows a TMD factorization
§ EEC jet function is closely related to TMD FFs

§ Transverse EEC (TEEC) for Z+hadron production in p+p and p+A
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Kang, Lee, Penttala, Zhao, Zhou, 2410.02747



Nuclear modification in TEEC

§ Relationship between TEEC jet function and TMD FFs

19



TEEC and nuclear modification

§ Compare with other observables e.g. back-to-back dijet production 
in p+A collisions at the LHC
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TEEC in small x regime at EIC

§ Lepton-hadron TEEC in e+A collisions
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Kang, Penttala, Zhao, Zhou, 2311.17142, PRD 

Marquet, Xiao, Yuan, PLB 09



EEC in the collinear limit

§ EEC for particles in jets
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ALICE measurements 



EEC in the collinear limit

§ In order to describe the nuclear modification, one needs a model 
to describe the entire angular region (both small and large) 

§ The perturbative region follows a collinear factorization

§ The non-perturbative region could take some insights from TMD physics
§ Non-perturbative hadronization
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Dixon, Moult, Zhu, 1905.01310



EEC in p+p: description of the data

§ EEC in p+p collisions
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Barata, Kang, Lopez, Penttala, 2411.11782



EEC in p+A collisions

§ In the small angular region: transverse momentum broadening 
(TMB) for the pair due to multiple scattering

§ TMB for the pair: 

§ In the large angular region: medium-induced contribution to the 
EEC jet function from induced splitting in medium

§ Jet quenching parameter in cold nuclear matter: 

§ Medium length L ~ 3 fm

25

<latexit sha1_base64="P4ZL4edmRHbx5gDgJD1pQ+b3Osg="></latexit>

dJmed

dRL
=

↵s

⇡RL

Z 1

0
dzz(1� z)Pmed(z, pT , RL)

<latexit sha1_base64="o7Or9J+vXO1Ak2CGD63fbrUlgNM=">AAACEnicbVC7TsMwFHV4lvIKMLJYVEiwlKTiNVYwwFgk+pCaUDmu01q1k2A7iCoKv8DCr7AwgBArExt/g5tmgJYjXen4nHvle48XMSqVZX0bM7Nz8wuLhaXi8srq2rq5sdmQYSwwqeOQhaLlIUkYDUhdUcVIKxIEcY+Rpjc4H/nNOyIkDYNrNYyIy1EvoD7FSGmpY+47faSS29RBUSTCe2iVrQpMHMHhwwVppDeVg+zh87RjlrSZAU4TOyclkKPWMb+cbohjTgKFGZKybVuRchMkFMWMpEUnliRCeIB6pK1pgDiRbpKdlMJdrXShHwpdgYKZ+nsiQVzKIfd0J0eqLye9kfif146Vf+omNIhiRQI8/siPGVQhHOUDu1QQrNhQE4QF1btC3EcCYaVTLOoQ7MmTp0mjUraPy0dXh6XqWR5HAWyDHbAHbHACquAS1EAdYPAInsEreDOejBfj3fgYt84Y+cwW+APj8wfop5z/</latexit>

q̂ ⇡ 0.02 GeV2/fm

Ru, Kang, Wang, Xing, Zhang, 
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EEC in p+A collisions

§ Reasonably describe the nuclear modification observed in ALICE 
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Barata, Kang, Lopez, Penttala, 2411.11782



Summary

§ Nuclear PDFs and nuclear FFs have played important roles in 
quantifying parton dynamics and modification in nuclei

§ New paradigm: with new tools available, one could start to 
perform 3D imaging in nuclei via more advanced factorization 
formalism such as TMD factorization

§ Through the relationship between TMDs and EEC, one could study 
TEEC in p+A collisions in the back-to-back region where a TMD 
factorization for TEEC can be applied

§ Exciting new opportunities in the collinear limit of the EEC for 
particles inside jets: the community starts to measure and 
understand the nontrivial nuclear modifications 

§ Looking forward to the bright future
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