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Quarks & Forces
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QCD & Symmetries
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 2-flavor light sector: chiral symmetry
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 DCSB: condensate vs dynamical breaking 



Higgs vs QCD masses
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 Nucleon mass decomposition

• dynamically generated via 

mainly gluon self-interaction

• Higgs (current quark) mass

 Heavy flavor hadrons: heavy quark symmetry  HQEF

• Hyperfine/spin ∝1/mQ

splitting small



At high temperatures …
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 Unique role and advantage of HQs enabled by its large lass



Heavy flavor transport as probes of QGP
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Outline  
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Lecture I: Open heavy flavor production in pp

 HQ interactions in QGP: pQCD vs T-matrix

 diffusion: Langevin vs Boltzmann  

 Hadronization: recombination vs fragmentation

 Phenomenology: RAA & v2 vs hadro-chemistry
 extracting Ds(2pT)

 pQCD production

 hadronization:empirical fragmentation functions 
 SHM approach

Lecture II: Open heavy flavor probes of QGP

Lecture III: Heavy quarkonium probes of QGP

 Vacuum bound states, potential models

 HQ potential: remnants of confining force

 Reaction rates, transport approaches

 open quantum approach to Υ states
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Lecture I 

Open heavy flavor production in pp collisions

 pQCD production

 hadronization:empirical fragmentation functions 
 SHM approach



Heavy quark production: pQCD

M. He    Heavy flavor lecture, Jul. 2023 9

• total cross sections in

pp collisions: pair creation

dominant at low root(s),

flavor excitation important,

gluon splitting comparable

at high root(s) 

• no non-perturbative 

effects contributing to the 

total cross section

Eur.Phys.J.C17,137-161(2000)

Norrbin and Sjostrand,

Eur.Phys.J.C17,137-161

(2000)

Combridge, NPB151

(1979) 429-456



b-bbar correlations @ Tevatron
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Norrbin and Sjostrand, 

Eur.Phys.J.C17,137-161 (2000)

• pair invariant mass distribution: 

gluon splitting ~ s-channel 

gluon exchange  σ~1/s 

suppressed at large s~Mbbbar

• pair creation & flavor excitation 

~ t-channel contributions 

• LO pair creation

~ opposite & compensating

pT  peaked at ΔpT=0

• gluon-splitting b-bbar

~ collinear  peaked 

at Δφ=0



Measurements of Q-Qbar cross sections

M. He    Heavy flavor lecture, Jul. 2023 11

Andronic et al.,

Eur.Phys.J.C

(2016) 76:107

ALICE, PRD105, L011103 (2022)

• ALICE, 7 TeV pp,  dσbbbar/dy~57 mub at y=0

[indirect measurements of HF muons]

• ALICE, 5.02 TeV pp, dσccbar/dy~1mb at y=0,

significantly higher than before  impact on 

modelling of charmonium transport in QGP

[direct measurement of all charm hadrons]

• LHCb, 7 TeV pp,  dσbbbar/dy~27 mub at y=2-2.5

[indirect measurements of HF muons]



Heavy quark fragmentation
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 From HQ to heavy hadron (pp): non-perturbative fragmentation

 Fragmentation functions, e.g. Peterson FF Peterson et al., PRD27,105 (1983)

with z=pH/pQ

• HQ large mass >>ΛQCD hadroniztion & production well separated  factorization



Heavy quark FF fitted to e+e-
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 In e+e- collisions, there’s no initial pdf. E.g. for  

• x=E(D*)/(root(s)/2)=2E(D*)/root(s)

• Parameterizing the FF at starting scale Mf=μ, then evolving the FF with DGLAP eq.

to Mf=Mz, such that it fits the e+e- data when convoluted with hard-scattering dσa/dz

Kniehl et al., Z.Phys.C677(1997); PRD71, 094013 (2005)



Heavy quark FF fitted to e+e- (continued)
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FFs universal from e+e- to pp?
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 phenomenological FF: constrained by e+e- & usually assumed universal 

• FF extracted from e+e- applied to pp: GM-VFNS scheme

D0-meson well reproduced but Λc much underestimated

• FF extracted from e+e-

applied to pp: FONLL 

scheme, D+/D0 reproduced

Kniehl et al., PRD101, 114021 (2020)



FFs universal from e+e- to pp?
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 phenomenological FF: constrained by e+e- & usually assumed universal 

• FF extracted from e+e- applied to pp: kT-factorization scheme

D-mesons well reproduced but Λc much underestimated

Maciula and Szczurek., PRD98, 014016 (2018)

• new production channel for Λc baryons in high-energy pp collisions ?



Λc
+/D0 @ 5 TeV pp collisions
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ALICE, PRL 127, 202301(2021)

ALICE, PRC 104, 054905(2021)

 PYTHIA8: Color-reconnection

with junctions frag. into baryons

 Catania: c-q(-q) coalescence 

in a small QGP fireball 

Bierlich et al. ’15

Minissale et al. ’21

 Statistical hadronization in q-rich

environment  (unlike e+e-) 

MH & Rapp ’19

e+e-

x5

• augmented by “missing” charm-baryons 

assuming relative chemical equilibrium



Σc/D
0 & Ξc/D

0 
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 Σc/D
0 x10 enhanced despite 

more massive spin-1 diquark

 Ξc/D
0 ratio underestimated by 

all models

ALICE, PRL 128, 012001(2022) ALICE, PRL 127, 272001(2021)

x10



Statistical Hadronization of HQs  
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 Statistical hadronization model

P. B.-Munzinger et al., nucl-th/0304013

F. Becattini, 0901.3643

• Thermodynamic equilibrium = filling accessible

phase space uniformly 

• High-energy collisions  clusters/fireballs

at hadronization collectively equivalent

global cluster (EGC): colorless & endowed

with conserved Abelian charges

• Occurring at a critical energy density [microscopic

canonical ensemble]  replaced by a      

hadronization temperature TH~160-170 MeV

• SHM applies also to elementary collisions vs heavy-ion collisions (where multiparton 

scatterings leading to kinetic thermalization) 
F. Becattini, Eur. Phys. J. C (2008) 56: 493–510



Hadrons born into equilibrium?! 
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• Hadron thermodynamic state is not reached by dynamical equilibration among

constituents (partons or hadrons),

but rather a generic fingerprint of hadronization or a feature of QCD vacuum



Grand-canonical SHM in HIC
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 CG-SHM: charges are not exactly conserved but only on 

average by fugacities/chemical potentials  

A. Andronic et al., Nature, 561, 321 (2018)
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Augmented SHM for charm-hadrons in pp

• Here, strong feeddowns of excited states all included: BR=100% 

to ΛC
+ for all ΛC & ΣC even above DN (2805 MeV)  threshold

• Strangeness supp.  γs=0.6 & charm fugacity γc=1

 PDG: 5 ΛC (I=0) ,3 ΣC (I=1),8 ΞC (I=1/2),2 ΩC (I=0) missing baryons?!

RQM: 18 extra ΛC , 42 extra ΣC, 62 extra ΞC, 34 extra ΩC up to    

3.5 GeV supported by lattice PRD 84 (2011) 014025; PoS LAT. 2014    

(2015) 084; PLB 737 (2014) 210

 Grand-canonical SHM density TH=170 MeV

MH, Rapp, PLB795

(2019) 117–121 
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Fragmentation & decay simulations

• FONLL fragmentation of charm quarks into all kinds of charm-

hadrons: relative weight <-->SHM thermal densities

• Decay simulations of all excited states to ground states

D0, D+, Ds
+, ΛC

+, ΞC & ΩC
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Results:  charm-mesons

• both PDG & RQM work for 

charm-mesons

• but with different fitted charm

dσ/dy=0.855 vs 1.0 mb
MH, Rapp, PLB795 (2019) 117–121 
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Results:  charm-baryons

• ΛC
+ favors RQM with dσ/dy=1.0 mb: low pT enhancement from 

feeddowns of RQM augmented baryons

• uncertainty band: BR=50%-100% to ground state ΛC
+ for ΛC’s & 

ΣC’s above DN (2805 MeV) threshold

ALICE: PRL127 (2021) 20, 202301
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Results:  charm-baryons (cont.)

• Σc(2455)/D0 can also be accounted for within uncertainties

• But Ξc
0/D0 much underestimated, although already twice as 

large as PYTHIA8(CR) ~ 0.001



Charm-hadron fractions in 5 TeV pp 
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ALICE, PRD 105, L011103 (2022)

 charm quark fragmentation is non-universal from e+e- to pp

 charm content shuffled from meson (D0) to baryon (Λc) sector

 full charm-hadrons measured, dσcc/dy~1.16 mb at mid-y

 significant impact on charmonia production in HIC
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Λc
+/D0 : dNch/dη dependence

• Significant enhancement with increasing charged-particle multiplicity

• Might be straightforwardly consistent with statistical coalescence:

ΛC
+~cqq, D0~cq  ΛC

+/D0 ~ q ~ dnch/dη
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Canonical-ensemble SHM

 Canonical partition function conserving charge     

where      

 Hadron mean number chemical factor 

characterizing canonical 

suppression for charged 

hadron with 

• Pair creation energy-expensive: 

once a baryon created, simultaneous 

creation of an antibaryon is required

to fulfill baryon-number conservation 

Y. Chen and MH, PLB 815 (2021) 136144 
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Chemical factors: canonical suppression

• Column at given V: CF progressively smaller for hadrons containing

more charges (S, B, BS, BSS)

• Row: CF increases with volume, tending to the common residual    

canonical charm supp. (canonical B/S supp. diminishing )

• Relative CF: ΛC
+/D0 & Ds/D

0 increases with volume toward unity     

pp mid-rapidity neutral (Q,B,S,C)=(0,0,0,0)
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CE-SHM densities with feeddowns

• Row: density of each charm-hadron increases with volume  

• ΛC
+/D0 & Ds/D

0: marked system-size dependence: a ~40% 

reduction from V=200 (~GCE-SHM) to V=10 fm3 

pp mid-rapidity neutral (Q,B,S,C)=(0,0,0,0)
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Fragmentation & decay: pT-dependent ratios

• Splitting of ΛC
+/D0 between dNch/dη=3.9 vs 44.0 roughly reproduced,

due to additional canonical baryon supp. on charm-baryons, which    

becomes stronger toward smaller system-size

• Similar splitting of Ds
+/D0 by additional canonical strangeness supp.

Y. Chen and MH, PLB 815 (2021) 136144 



Augmented SHM for bottom-hadrons in pp
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 Relativistic quark model (RQM): Q-light diquark bound states

Ebert et al., PRD 84 (2011) 014025 “Missing” bottom baryons:       

PDG: 5 B,   4 Bs,   3 Λb,   2 Σb,   4 Ξb,   1 Ωb

RQM: 25 B, 20 Bs, 30 Λb, 46 Σb, 75 Ξb, 42 Ωb

Λb

Σb

Ξb

Ωb

Ebert et al., PRD 84 (2011) 014025



PDG vs RQM heavy baryons (ΛQ & ΣQ)
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Strong decay systematics: BR’s estimation
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 Counting all possible diagrams once above the threshold

• Probability of producing a q-qbar pair ∝ exp(-2m/TH)

 exp(-2mq/TH) : exp(-2ms/TH) = 1 : 1/3 [mq~8, ms~100 MeV]

 diagrams involving s-sbar counted as 1/3

• E.g. BR(B-*B-+π0)=1/(1+1+1/3)=43%

BR(B-*B0bar+π-)=1/(1+1+1/3)=43%

BR(B-*B0
sbar+π0)=1/3/(1+1+1/3)=14%



Strong decay systematics: BR’s estimation
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 Counting all possible diagrams once above the mass threshold

• E.g. BR(Λb
0*
Σb+ π-

Λb
0 +2π)=3/(3+2+2*1/3+1/3)=54%

BR(Λb
0*
B- + p) =1/(3+2+1/3+2*1/3)=16%

BR(Λb
0*
Ξb + K) =2/3/(3+2+1/3+2*1/3)=11%

BR(Λb
0*
B0

sbar + Λ) =1/3/(3+2+1/3+2*1/3)=6%

• Results comparable to (limited) results computed in 3P0 model
Ferretti et al., PRD 97114020 (2018); Yu et al., 2206.08128
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Augmented SHM for bottom hadrons in pp

• strangeness supp.  γs=0.6 

bottom fugacity γb=1

 Grand-canonical SHM densities 
 Weakly decaying b-hadrons 

(ground states)

• RQM vs PDG: Λb & Ξb fraction both enhanced by ~50% 

• RQM fα very comparable to p-pbar data by Tevatron

HFLAG,Eur. Phys. J. C (2021) 81:226

MH & Rapp,

arXiv:2209.13419



Fit of pT-spectra & cross sections
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 FONLL b-quark spectrum + FF                            in to all states

(weight ∝ density) + decay simulations  ground states pT-spectra

• B++B- data equally well described by RQM & PDG, but ~10% smaller

dσbbar/dy for PDG 

• The decrease is due to reduction of bottom content in the baryon sector

MH & Rapp, arXiv:2209.13419



Bottom hadro-chemistry: ratios 
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• B0
sbar/B- & Λb

0/B- almost 

unchanged from 7 to 13 TeV

• PDG-only curves far off; 

RQM states needed

• fΛb/fd in pp significantly larger 

than e+e- MH & Rapp, arXiv:2209.13419



Summary: HQ hadronization in pp
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• More intuitively, high-energy pp, pp-bar provide a quark-rich environment conducive 

to (statistical) recombination of HQ with light quarks, especially to the formation of 

heavy baryons,  VS e+e- with less phase space  

• Baryon/meson ratio significantly enhanced in hadronic (pp, pp-bar) than e+e-

 shuffling of charm/bottom content from meson to baryon sector

 universaility assumption of HQ fragmentation is not true

• Statistical hadronization of HQs in hadronic collisions works well 

 heavy hadron fragmentation fractions & ratios well explained, especially for 

bottom for the first time, by augmenting PDG states with many more “missing”

states/baryons predicted by RQM/lattice QCD      



Back-up
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The following are back-up pages



Λc
+/D0 enhancement surprise
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 a factor ~5 enhancement w.r.t. e+e- at low pT, much underestimated

by FFs tuned to e+e-

 decreasing toward high pT, trend similar to Λ/K and p/pi



Flavor dependence: charm vs bottom
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nonprompt D ( B) RAA ,  ALICE:2202.00815 nonprompt-to-prompt D-meson RAA ratio 

insignificant    

bottom shadowing

due to flow bump

in prompt D

less radiotive e-loss

of bottom than charm

b weaker suppr. 

 x3 mass: b-quark longer thermalization time at low pT than charm

less flow added to b from recombination with u/d/s 

 high pT>15 GeV: b-quark less radiative e-loss stronger “dead cone” 



Charm hadro-chemistry: Ds/D
0

M. He    Heavy flavor lecture, Jul. 2023 44

• low pT: enhancement due to charm recombination in a strangeness-equilibrated QGP

reproduced by Cantania & PHSD; overestimated by TAMU in both pp and PbPb

• high pT: tending to pp value as fragmentation takes over

ALICE, PLB827(2022)136986 

• flow bump due to recombination with flowing s-quark heavier than u/d, 

predicted by TAMU (RRM w/ SMCs) & SHMc (hydro blastwave spectrum) 

flow bump 

tend to pp



X(3872) production in HIC
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 inner structure: compact tetraquark vs loosely bound molecule

coalescence model

• Nmolecule > Ntetraquark by x10 or 100, yet no 

account of hadron phase reactions πX <-->DD*

to be better constrained

coalescence within     

AMPT zhang et al. ’21Cho et al. ’11

transport model 
Wu et al. ’21

• Ntetraquark > Nmolecule by x2, molecule 

regenerated in late hadronic phase, 

tetraquark chem. freezeout at Tc



Charm quark recombination probability
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 No. of mesons/baryons formed from a single c-quark of rest frame pc* 

 Renormalizing                            by a common factor ~4 for all charmed

mesons/baryons such that 

 charm conservation consistently built  in, in an (e-by-e) way without    

spoiling the relative chemical equilibrium realized by RRM



Space-momentum correlations: light-q
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 hydro: a manifestation of SMCs

longitudinal boost invariance: y- η transverse SMCs pT▪vT

 hydro-q: low (high) pT more concentrated in center (boundary)



SMCs: Langevin charm quarks
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 Langevin-c: low (high) pT more populated in central (outer)

 SMCs usually neglected in ICMs: uniformly distributed 

independent of pT



RRM equilibrium mapping
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 Event-by-event Langevin-RRM simulation with very large trans. coeffi.

& with SMCs properly incorporated

 kinetic & chemical equil. mapping  

 Observables come out as RRM predictions with realistic T-matrix coeffi.



Direct D0 & Λc
+ production via RRM
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 Including SMCs makes spectra harder & enhances the Λc
+/D0

• Fast-moving c-quarks [pT~ 3-4 GeV] moving to outer part of fireball find 

higher-density of harder [pT~ 0.6-0.9 GeV] light quarks for recombination

• An effect entering squared for the recombination production of Λc
+

 larger enhancement for  Λc
+
 Λc

+/D0 ratio enhanced!

T-matrix coeffi.

K=12

SMCs
SMCs



D0, Ds
+ & Λc

+ suppression & elliptic flow
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 Final D0, Ds
+ & Λc

+, including feeddowns from all RQM baryons  

• T-matrix coefficient*K-factor(=1.6), to compensate for radiative e-loss;

uncertainty: BR=50-100% to Λc
+ for ΛC’s & ΣC’s above DN (2805 MeV)

• Hadronic phase diffusion also included: seamlessly connected to 

hadronization (RRM+frag), increasing D-meson v2 by ~15%



Charm-hadron ratios: Λc
+/D0 & Ds

+/D0
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 Λc
+/D0 : low pT approaching RRM equil. limit = SHM pp; 

intermediate pT enhancement from RRM with SMCs;     

high pT fragmentation tending to pp value 

 Ds
+/D0 enhancement: recombination of charm in a strangeness-

equilibrated QGP



Hadronization: SHMc
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 SHMc: open-charm statistical 

hadronization at Tc

 yields enhanced by gc
α ~30α than pure thermal 

strong signal of deconfinement

 multicharm baryons α=1,2,3 emerging pattern 

 SHMc yields + blast wavepT spectra

PDG-only baryons

Andronic, PBM et al. 2104.12754

low pT near fully 

thermalized

Λc/D
0~0.2

stronger flow 

on baryons

α=0

1

2

3


