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Outline
- not an overview 

• HQ as a probe for QGP
• Initial state effects

➢nPDF, universal?
➢ Initial state dE/dx 

• HF hadroproduction  
➢Coalescence/recombination   
➢Non-universality of HQ FF

• New opportunities 
➢sPHENIX at RHIC
➢LHC
➢Future EIC
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Heavy Quark Probe for QGP

• Quark diffusion in QGP: v2
➢Flow, medium interactions 

• Quark energy loss in QGP: RAA
➢Collisional vs radiative 
➢Mass dependence 
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Beautiful but Over Simplified Picture
- challenges to connect observables with QGP parameters 
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Low pT: 
- Strong mass-dependence
- Diffusion 

High pT: 
- Weak mass-dependence
- Radiative dE/dx 

Mass effect at intermediate pT
Boris’s talk this week



HI Collisions: Interesting but also very Challenging 
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Initial State:  nPDF, dE/dx …. QGP formation 

Final State:  QGP, dE/dx, hadronization, final state interactions etc.



Hard Probes for HI Collisions - pQCD at High Energy
Very complex HI collisions could be simplified for hard-scattering processes, pQCD applicable
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&  CNM Effects + QGP 

DY, hadrons/HF, jets…

Critical to get CNM right: nPDF, initial/final state interactions; dynamic nuclear shadowing, Saturation at small-x …     



Let’s Re-exam the HQ Production and Hadroproduction…

Heavy quark pair produced in 
hard scattering 
•pQCD, (n)PDF 
•Initial state energy loss, multiple-
scattering etc.
•~small in pp
•~significant in  AA 

1
Open HF production 
•Energy loss in the final state interaction 
with nuclear medium  

•Coalescence in nuclear medium at low 
pT (what is “low”?)

•Expect independent fragmentation at 
high pT, universal FF?  

2
Heavy quarkonia
•Combination of heavy quark-antiquark 
pair produced in hard scatterings
•NRQCD
•CEM
•Jet fragmentation
•Color screening
•Recombination in AA  

3
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p p

Universal initial state 
effects? 

What if FF not universal? More complicated ?  



1. Nuclear Modification of Parton Distribution Functions (PDFs)

• Shadowing and anti-shadowing: At low parton momentum fraction x, the nuclear PDFs can be reduced 

(shadowing), while at slightly higher x, they can be enhanced (anti-shadowing).

• EMC effect: At intermediate to large x, modifications to the quark distributions in nuclei lead to the well-known 
EMC slope and depletion patterns.

2. Multiple Scattering (Cronin Effect)

• When high-energy partons traverse a nucleus, they undergo multiple soft scatterings, leading to an observed 

broadening of transverse momentum distributions (the “Cronin effect”).

• This effect helps disentangle initial-state from final-state modifications, since p+A systems are not expected to 
form a hot quark–gluon plasma but still exhibit momentum broadening due to cold matter interactions.

3. Initial vs Final-State Interactions

• Initial-state effects: Parton scattering and nuclear PDF modifications that happen before the hard scattering 

process.

• Final-state effects: Interactions that occur after the parton has scattered, such as energy loss in cold nuclear 
matter or absorption of quarkonia (e.g., charmonium, bottomonium) within the nucleus before hadronization is 

complete.

Quarkonium Suppression and Modification

• Studies of bound states of heavy quarks (e.g., J/\psi, \Upsilon families) in p+A collisions have revealed 

significant nuclear-dependent suppression patterns unrelated to the hot medium found in A+A collisions.

• These can arise from breakup of pre-resonant quark–antiquark pairs in the nucleus, as well as from 

modifications to gluon PDFs at small x.

Energy Dependence and Kinematic Reach

• Across different collision energies (from fixed-target to RHIC to LHC), the relevance of shadowing, saturation, 

and gluon-density effects changes, illustrating the complexity of nuclear effects as a function of energy and 
momentum fraction.

Key Findings and Our Understanding of the CNM Physics 

A challenge itself, nPDF: 

4/3/25 Ming Liu@High Energy Probes of Initial Stages 8



Initial State CNM Effects: What do we know? 

• Decades of fixed target and collider experiments
➢pA  (or small systems)
➢eA

• nPDF
➢Universal or process dependent?
➢Small-x gluons

• Energy loss and multiple scattering
➢(In)coherent scatterings 
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Cold-Nuclear Matter, and QGP
AA collisions:
Nuclear modification RAA 
dominated by final state 
interactions with QGP

High energy “pA” collisions:
Nuclear modification factor RpA, 
- many contributing factors 

Drell-Yan in p+A: the simplest hard process
- nPDF modification
- Initial state interactions

𝑑2𝜎

𝑑𝑥𝑏𝑑𝑥𝑡

=
4𝜋𝛼2

9𝑥𝑏𝑥𝑡
෍ 𝑒2 [𝑞𝑏 𝑥𝑏 ത𝑞𝑡 𝑥𝑡 + ത𝑞𝑏 𝑥𝑏 𝑞𝑡 𝑥𝑡 ]

Very rich physics from CNM already! 
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Cold Nuclear Matter Multiple Scattering
Parton multiple scattering, lose energy energy due to medium-
induced gluon bremsstrahlung, as well as elastic energy loss, 
effectively shift in “xa” 

Additional experimental observables:
1. Event track multiplicity in the relevant phase space, enhanced 

multiplicity around hard prob (J/Psi for e.g.)
2. Distinguish from general multi-parton interactions in pp, pA , high 

multiplicity in other phase space
3. pT broadening vs A

I. Vitev, et al., Phys. Rev. D74 (2006) 054010

Z. B. Kang, I. Vitev, H. X. Xing, Phys. Lett. B718 (2012) 482

Parton multiple scattering in medium 

4/3/25 Ming Liu@High Energy Probes of Initial Stages 11



Probe Initial State Energy Loss, E906@FNAL 

Nuclear modification factor: I. Vitev et al Nuclei targets: 

p+p, p+d, p+C, p+Fe and p+W

C/D Fe/D W/D
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120Gev proton



Recent Drell-Yan CNM Studies  
arXiv: 1810.05120, Arleo, Naïm, Platchkov

E906 preliminary data E866 DY

Interplay of initial state dE/dx and nPDF/shadowing
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Parton Energy Loss in p+A Collisions 
- initial vs final state 

Initial-state E-loss is large and much larger than final-state in cold 

nucleus, p + A

- In Drell-Yan, we don’t have final-state interactions

- In SIDIS, we don’t have large initial-state interactions

Ideal case: infinite volume

Initial state E loss:
- DY process

Final state E loss:
- SIDIS, CNM, QGP
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CNM Effects on Particle Production
- from fixed target to collider 

- isospin effect, Cronin effect, cold nuclear matter energy loss and 

resumed QCD power corrections to the leading twist results.

Z. B. Kang, I. Vitev, H. X. Xing, Phys. Lett. B718 (2012) 482

Predictions for LHC 

4/3/25 Ming Liu@High Energy Probes of Initial Stages 15



CNM Effects on DY and J/Psi Production:
- from fixed target to collider 
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No simple x2 scaling => other CNM effects important, such as dE/dx  



CNM Effects on Hadron Production in “pA”:
- initial and final state effects

Initial state dE/dx and XF scaling ? 

4/3/25 Ming Liu@High Energy Probes of Initial Stages 17



LHCb: p+Pb prompt D0 RpA
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- Suppression in the forward rapidity (FW)
- Enhancement in the backward rapidity (BW)

FW

BW



LHC RpA vs xexp: strong “shadowing” at small-x
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Nuclear PDF and Beyond 

nPDF: (anti)shadowing,  intrinsic or process dependent? 

are there universal components in nPDF? How can we test them experimentally? 
- Nuclear mass < sum of nucleon mass 

-> The Big question: origin of hadron mass

Additional new observables:
Process dependence: J/Psi or open charm vs Drell-Yan 
- EIC, strong final state effects, + nPDF
- pA, initial state effects in DY, + nPDF
- pA, initial + final effects in Charm, +nPDF

1. Event local multiplity (activity) in the relevant phase space, enhanced multiplicity around J/Psi
2. Distinguish from general multi-parton interactions in pp, pA , high multiplicity in other phase space
3. pT broadening vs A
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Dynamic Nuclear Shadowing
Power suppressed resumed coherent final state scattering of the 
struck parton leads to the suppression of the cross section in the 
small-x regio (Qiu, Vitev), effective change in x_b: 

Additional new observables:
1. Event multiplity in the relevant phase space, lack of multiplicity 

around J/Psi
2. Distinguish from general multi-parton interactions in pp, pA , high 

multiplicity in other phase space
3. pT broadening vs A, and other “non-coherent” final state 

interactions

J. W. Qiu, I. Vitev, Phys. Rev. Lett. 93 (2004) 262301

- Process dependent as it involves the final state interactions, not significant in DY like process
- Different from “intrinsic” nuclear PDF modification, (anti)shadowing effects
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Gluon Saturation in Small-x

• Difficulty to access in fixed target p+A 
• Very forward rapidity in collider preferred to access small-x 

with large Q2 in p+A, LHCb, ALICE, STAR-FW… 
• High energy EIC would be an ideal place

Additional new observables:
1. Event multiplicity in the relevant phase space, around J/Psi
2. Distinguish from parton incoherent multiple in pp, pA , high 

multiplicity in other phase space
3. Strong A-dependance of Q_S
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CGC meets High-Twist 

https://arxiv.org/pdf/2406.01684, 
Yu Fu, Zhong-Bo Kang, Farid Salazer, Xin-Nian Wang and Hongxi Xing

We perform a detailed calculation and analysis of direct photon 
production in proton-nucleus scattering as a concrete example to 
establish the matching between HT and CGC up to twist-4, including 
initial- and final-state interactions, as well as their interferences. 

Coherent multiple parton scattering in pA : two theoretical frameworks 
1. Color Glass Condensate (CGC) effective theory 
2. Collinear factorization at high-twist. Experimental study over a wide range of 

kinematic to test our understanding! 

- Forward@LHC vs EIC
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https://arxiv.org/pdf/2406.01684


Final State CNM Effects in pA 

• Experimental observables
➢Event multiplicity dependence 
➢Medium size, small vs large systems 

• QGP effects
➢Color screening
➢Energy loss 

• Hadronization 
➢Coalescence/recombination  
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The BIG Challenging Piece – Hadronization
• Experimentally we measure hadrons, not quarks 

• Hadronization matters to interpret data
• HQ FF assumed universal until recently (~2018)

SLD, PRL vol 84, no. 19 (2000)

e+e- ->Z0 -> b bar

B

Bbar

A good approximation at high energy e+e-:
- Independent fragmentation in vacuum
- Universal FF

4/3/25 Ming Liu@High Energy Probes of Initial Stages 25



Data: Charm Hadronization in e+e- and ep

• FF seems “Universal” ZEUS, JHEP 1309 (2013) 058

Recent LHC and RHIC HF precision data:
- Breakdown of the “Universality of HQ FF” in 

hadroproduction at “low pT”  
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Heavy Quark Hadronization in p+p 
- Break down of the universality of HQ FF at “low pT”  
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𝑓Λ
𝑏

𝑓𝐵
𝑑

  vs pT

Baryon – Meson ratio vs pT:

- Multiparton interactions (MPI)
- Final state interactions with nuclear medium 
modifies b-quark hadronization 
    Most significant at pT ~<20 GeV 

b

Hb



Multiplicity Dependence of Baryon/Meson Ratio in p+p 
– MPI and FSI Important  

• Strong enhancement of baryon 
production vs event multiplicty  
➢Default PYTHIA significantly 

underestimate data
• With MPI and color reconnections 

PYTHIA agrees better with data

Clear evidence of short hadronization 
time scale in p+p collisions , <~ 1fm 
- Strong consequence on heavy-hadron 

data interpretation in HI collisions
- Local or long-range correlation?  
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Hc



Charm Quarks: pp vs AA 

AA

pp
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Strangeness enhancement?



Beauty Production and Event Multiplicity in p+p
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Strong coalescence effects: baryon vs meson



More Details: Event Multiplicity Dependence  
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RpA and Event Multiplicity
- Strangeness enhancement in charm hadron
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Bottom Quarks: pp and AA 
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Hints of Bs enhancement in AA?



J/ψ Yields vs Event (Local vs Global) Multiplicity in pp
- sensitive to underlying event activities, MPI etc. 

FVTXN

z
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RED     = Tracklets 𝑵𝒄𝒉
𝑵  ( 1.2 < 𝜼 < 2.4)

Green = J/ψ (1.2 < y < 2.2)
Blue    =  J/ψ (-2.2 < y < -1.2)

J/ψ -> 𝝁+ + 𝝁− J/ψ -> 𝝁+ +𝝁− 

𝑵𝒄𝒉
𝑵  

PHENIX, arXiv:2409.03728  



Intrinsic Charm inside the Proton?
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Need to properly treat the final state effects, 
coalescence/recombination etc. 
- D0(c, ubar), D0bar (cbar,u) 



pp

HQ Hadronization at “high pT” in pp and AA
- mostly follows pQCD and FF
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AA



HF in AA Collisions at low pT 
– more complicated !

• Charm-quark pair yield ~ Ncol
• Same per nucleon pair

• Enhancement in AA at low pT 
~<15GeV 

• FSI important 

• Models with fragmentation and 
coalescence agree with data 
better

4/3/25 Ming Liu@High Energy Probes of Initial Stages 37



Quarkonium in Heavy Ion
- color screening?
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https://link.springer.com/chapter/10.1007/978-3-030-79489-7_2/figures/1

S. Digal et al. / Physics Letters B 514 (2001) 57–62 

Matsui & Satz, Phys. Lett. B178 (1986)
- first quantitative predictions

Binding energy ~ O(102) MeV ~ QGP Temperatures 



Grandchamp, Rapp, Brown
PRL 92, 212301 (2004)

PRL 98, 232301 (2007)

• Larger gluon density at RHIC expected to 

give stronger suppression than SPS

➢ Larger charm production at RHIC gives 

higher probability of regeneration, <c-

cbar> ~20 in central Au+Au at top 

energy

• Forward rapidity lower than mid due to 

smaller open-charm density there for 

recombination

• Sensitive to open-charm production
➢ Expect inherited flow from open charm;

➢ Expect regeneration would be HUGE at the 

LHC! Confirmed many years later!

Suprises from the first J/Psi Measurements in Au+Au at RHIC(2007)
- New phenomena, regeneration compensating for screening!
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Need to go beyond a simple “color screening” model,
- check other observables/effects: flow, particle ratios etc.



J/ψ Nuclear Modification: RHIC vs LHC
Further confirmed the coalescence of charm and anticharm

quarks leads to J/ψ regeneration at LHC

4/3/25 Ming Liu@High Energy Probes of Initial Stages 40

Stronger regeneration 
effect at LHC!



New Opportunity at RHIC
- sPHENIX: 2023-2025

• Open HF jet in sPHENIX in AuAu
➢Beauty jets – unique 1-1 matching of b-hadron 

with jets
➢Charm jets  - multiple N-1 matching of c-hadron 

with jet
➢J/Psi jets   

• Quarkonia in sPHENIX 
➢Charm – multiple ~20 <c-cbar> in central AuAu

• J/Psi : strong coalescence  
➢Beauty – single <b-bbar> in central AuAu

• Upsilon: no coalescence 
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Looking ahead at EIC

Opportunities:
• Disentangle the interplay between nuclear structure and 

fundamental QCD processes.
• Vary beam energy, nuclear species, and collision geometry
• Detailed measurements of parton distribution modifications, 

final-state energy loss, and heavy-flavor dynamics across diverse 
kinematic regimes 

Complementary data to pA collisions 

Goals:
• Build a comprehensive picture of how partons behave in cold nuclear 

environments

• Testing QCD at its most fundamental level
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Summary and Outlook

• Good progress toward understanding QGP 
formation and evolution

• Aim for a precision quantitative QCD 
description of the QGP and CNM  

• Future precision measurements & multi-
scale probes
➢Jets, HF, photons etc. 
➢sPHENIX & STAR at RHIC, LHC

• EIC and beyond 
• CNM
• Nucleon structure and more

Experiment/Theory collaboration is a must!
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CNM
QGP



Backup slides
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From Quarks to Hadrons in QGP
- Critical to understand the hadronization process 

• Hadron production strongly affected by the QCD environment
• Non-perturbative process important at low pT, coalescence etc. 
• Strong multiplicity dependence observed in p+p, pA and AA … @RHIC and LHC
• Study the breakdown of pQCD factorization at low pT …

• High precision measurements of HF meson and baryons in sPHENIX
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Clear pT dependence observed: e+e- vs pp



Precision “Flow” Measurements of B-hadron and b-Jets
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Many factors affect the HF hadron production:
- Heavy quark energy loss in QGP
- Heavy  b-quark diffusion in QGP 
- Heavy quark hadronization in QGP 

STAR:   D0 v2 mT scaling observed 

b-jet flow,  pQCD:
- Energy loss induced v2?



HQ Diffusion in QGP 

• Model calculations
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Shuang Li and Jinfeng Liao, Eur. Phys. J. C (2020) 80: 671

Classical Brownian motion:



HQ Flow
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