Heavy Quarks and Deconfinement in
Relativistic Nuclear Collisions

* introduction: charmonia and the phase diagram of strongly interacting matter
* relevance of LHC data on open and hidden charm for deconfinement
 future opportunities for Runs 3 and 4 and in particular, ALICE3

based on

- published data, mostly ALICE

- work of many years with A. Andronic, P. Braun-Munzinger, K. Redlich
- the ALICE3 LOI and scoping document
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Freeze-out points and the phase diagram
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P. Braun-Munzinger, A. Rustam

see talk PBM Thursday
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ov, J. Stachel arXiv:iZZ211.U881Y

hadron yields for Pb-Pb central
collisions from LHC down to RHIC,
SPS, AGS and even SIS energies
well described by a statistical
ensemble

- limiting temperature hadronic
system, reached for VSNN = 12 GeV

- Tcr at LHC in exact agreement
with the pseudo-critical temperature

Tpc from IQCD
A. Bazavov et al. PLB 795 (2019) 15
S. Borsanyi et al. PRL 125 (2020) 052001

- why chemical freeze-out very
close to Tpc? close to Tpc rate for
multi-particle reactions explodes

(critical opalescence)
P. Braun-Munzinger, J. Stachel, C. Wetterich
(2004)



Measure of deconfinement in IQCD
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rapid drop suggests: chiral cross over and deconfinement appear
In the same narrow temperature range
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also supported by light quark susceptibilities

Wuppertal-Budapest coll. 1507.04627 H.T. Ding et al., 1507.06637
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correlations between u and d disappear rapidly close to the pseudo-critical
temperature for the chiral phase transition
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Recent deconfinement line from IQCD
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static quark entropy So(T,us)
based on renorm. Polyakov
loop 163x8 lattice

deconfinement band close to chiral crossover band

- hadro-chemical freeze-out points closely follow chiral crossover line (see talk PBM)

also higher moments, i.e. charge fluctuation observables

- observables for deconfinement?
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Charmonia as probe of deconfinement

the original idea: Matsui and Satz, June 1986:

Phys. Lett. B 178 (1986) 416 - 3812 citations
Implant charmonia into the QGP and observe their modification, in terms of
suppressed production in nucleus-nucleus collisions with plasma formation
(Debye screening of QCD)

In the QGP, the screening length Apebye(T) decreases with increasing T
If ADebye(T) < rquarkonium the system becomes unbound

proposing a Debye screened potential
o «

V(r,T) = 1 —exp(—wp(T)r)) — —exp(—wp(T)r
(1,7 = gy (1= exp(=wn(T)r) = Jexp(—wn(T)n
scenario of sequential melting appears F. Karsch and H. Satz, Z.Physik C51 (1991) 209
as signature of deconfinement T/l " | xe | T | T
_ started immediate intense state Is | 2s | 1p | 1s | 2s
experimental search mass(GeV)| 3.1 | 3.7 | 3.5 | 9.4 [10.0
_ r (fm) 0.450.88|0.70(0.2310.51
and theoretical debate ... Tp/T. 117/ 1.0 | 1.0 |2.62|1.12
€D 1.92(1.12(1.1243.3|1.65
(GeV /fm?)
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Formation and Hadronization of heavy quarks

formation of ccbar: in hard initial scattering on time scale 1/2mc
with Mc = 1.3GeV — fccbar = 0.08 fm/c
- comparable or shorter than formation of a thermalized QGP
- significantly shorter than formation time of hadrons (1-several fm/c)

can consider deconfined quarm quarks as impurities inside the QGP

- thermal production at LHC energy still negligible
- annihilation of charm quarks in QGP negligible

J. Stachel, Krakow June 2026



Charm quark thermalization

LHC data: strong charmed hadron elliptic flow and energy loss (RAA) point to large
degree of charm quark thermalization in QGP

modeling in terms of heavy quark diffusion in hot and dense medium leads to
spatial diffusion coefficients: 1.5 <2nTDs <4.5 atTc — win =2.5-7.6 fm/c
ALICE JHEP 01 (2022) 174

D.Bollweg et al. arXiv:2506.11958

IQCD: mom. diff. coeff. ke m from gradient 19
flow on color-electric and -magnetic 2L Ds
two-point functions 10- =N s -
results in full QCD for almost physical quark A % o o e
masses 8 Zamm, :

o= kg + 3 0%)ns | S
spatial diff. coeff. from Einstein relation

4 2 T?
2 TDg o /T3 ?fll\)/[% X Tkin 31

for charm win =1 -2 fm/c

consistent picture:
thermalization in QGP
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Formation and Hadronization of heavy quarks

formation of ccbar: in hard initial scattering on time scale 1/2mc
withme¢=1.3GeV — {ccbar = 0.08 fm/c

- comparable or shorter than formation of a thermalized QGP

- significantly shorter than formation time of hadrons (1-several fm/c)
can consider deconfined quarm quarks as impurities inside the QGP
thermal production at LHC energy still negligible
annihilation of charm quarks in QGP negligible

there is strong experimental evidence that charm quarks thermalize inside the QGP
- supported by transport coefficients computed in lattice QCD

justifies application of statistical concept of hadronization of heavy quarks
and in particular also to quarkonia

minimal modification of standard statistical model: implant charm as impurity and
conserve number of initially produced charm quarks

RN

NCE: _gcvz + gcvznk + gcvznth

2 .
h’zoc 1 \ oc 2 T /

number density of thermal charm hadrons
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Hadronization of charm quarks

all charm quarks have to appear in charmed hadrons
at hadronization of QGP also J/y can form from deconfined quarks
in particular, if number of cc pairs is large (colliders) - NJay © Ncc2

(P. Braun-Munzinger and J. Stachel,Phys. Lett. B490 (2000) 196)
also applies to b-quarks and bottomonia
(A. Andronic, P. Braun-Munzinger, K. Redlich, J. Stachel NPA 789 (2007) 334)
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Jp production in PbPb collisions: LHC relative to RHIC

see talk Anton Andronic Tuesday
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Jp overpopulation due to hard production of charm and
statistical hadronization of deconfined quarks

A.Andronic et aI PLB 797 (2019) 134836
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Jp enhanced compared
to other M = 3 GeV
hadrons by factor gc2 =900
relative to purely thermal
yield

quantitative agreement
with hadronization of
deconfined thermalized
charm quarks
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JIp and statistical hadronization

arXiv: 2303.13361
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main uncertainty: open charm cross section
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What about y(2S)?
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future opportunities:
- higher precision y(2S), also mid-y
- xc only in ALICE3?

J. Stachel, Krakow June 2026

see talk Anton Andronic Tuesday

inclusive (23)

- measurement in PbPb down to
pt=0

- factor 2 suppressed relative to JAy

in SHMc excited state population
suppressed by Boltzmann factor

- good agreement with data within
current uncertainties

deconfinement temperature

from charmonium spectrum
< 5 MeV accuracy for 10 % y(2S)
measurement

14



Prediction: the multi-charm hierarchy

dN/dy

open and hidden charm hadrons, including exotic objects, such as X-states,
c-deuteron, c-triton, pentaquark, Qccc

A. Andronic et al., JHEPO7 (2021) 035
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emergence of a unique pattern, due to gc" and mass hierarchy
perfect testing ground for deconfinement for LHC Runs3,4 and ALICE3
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Unique prediction of SHMc — open charm/charmonium

arXiv:2303.13361
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for the first time ratio of fully pt
integrated D° to JAp available from

ALICE

DY cubar, m=1.9 GeV, J=0

Jhp: ccbar, m=3.1 GeV, J =1

in SHMc yield ratio governed by
masses, degeneracy, strong feeding,
and gc

— J/y relative to DO falls into place
naturally, this is the normalization we
aimed for since 30 years to
demonstrate concept of
deconfinement with charmonia!
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Comparison of open charm hadrons to SHMc prediction
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Beyond yields: transverse momentum distributions

arXiv:2308.16125 JHEP 02 (2024) 066
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recent ALICE: separation of prompt
and non-prompt J/p down to 1.3

GeV/c

enhancement strongly rising towards
lower p: even beyond pp
(not even considering shadowing)
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Approach to spectra and v2: use Cooper-Frye freeze-out of

hydrodynamics codes directly

A. Andronic, P. Braun-Munzinger, J. Brunf3en, J. Crkovska,

J. Stachel, V. Vislavicius, M. VOolkl, arXiv: 2308.14821
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freeze-out hyper surface elements
at T=156.5 MeV from MUSIC
solid line: FluiduM
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resulting Jhp spectra including corona
contribution and feed-down from B
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Jhp spectra

A. Andronic, P. Braun-Munzinger, J. Brunf3en, J. Crkovska, J. Stachel, V. Vislavicius, M. VOlIKI,
JHEP (2024) arXiv: 2308.14821
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- spectra harder by about 1 GeV

- are charm quarks reaching the very outer front of the expanding fireball, i.e. fluid cells
with the largest velocities?

- future opportunity: measure source size by DD HBT correlations

J. Stachel, Krakow June 2026
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P(2S) spectrum

A. Andronic, P. Braun-Munzinger, J. Brunf3en, J. Crkovska, J.
Stachel, V. Vislavicius, M. Volkl, JHEP 2024, arXiv: 2308.14821
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Feasibility for c deuteron in ALICE3

Is c-deuteron bound and weakly decaying? discover or put limit
Cd - d+K-+m+ using Ac - p+ K-+ 1 with 6.3 % and
binding into d with coalescence model
arXiv: 2211.02491
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main combinatorial background from primary deuterons can be effectively suppressed
due to superb vertex resolution - significance 51

1 month PbPb collisions = 5.6 nb-1

abundance c: factor 350 less, significance factor 18 less, needs all of Run5+6 (factor 6)
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Thermalization of beauty?

JHEP arXiv: 2202.00815 PRL 126 (2021) 16 arXiv: 2005.11130
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strong reduction of Raa and significant v2, but both a factor 2 less pronounced
than for prompt DO — indication that beauty quarks thermalize only partly
only the thermalized fraction should hadronize statisticlly
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Bottomonia in SHMb assuming full thermalization
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ratios of 25/1S and 3S/1S completely consistent with data
over full centrality range for T = 156.5 MeV
no free parameter!
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Bottomonia in SHMb assuming full thermalization

PRL 120 (2018) 142301
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- assumption of fully thermalized b-quarks fails to reproduce
Y(1S) by factor 2-3 for central collisions
but: gb = 10° so Y is scaled up from thermal yield by 1018

- to come without any free parameter within a factor 2-3 is not a

minor feat

J. Stachel, Krakow June 2026
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Transport approach to beauty quarks in QGP

reaction rates obtained from IQCD constrained T-matrix approach with viscous hydro-

dynamics medium evolution
B. Wu and R. Rapp, Phys. Lett. B873 (2026) 140223

| T
9  ALICE, T(15) i @ ALICE. T(@5)
LU\ PbPb (5.02 TeV) R .4 PbPb (5.02 TeV) R
0_8; T(lS) 2o & Yy < 4.0 —— Regeneration - 0.8 T(QS) L= Yy < 4.0 —— Regeneration -
:J_ —— Total , i —— Total ]
<0.6F \ 1 =o6H -
o C ¢ § ALICE: pr <15 GeV, 25 <y <4 | g2 i i
04F IN_ 4 04f :
0.2F ] 0.2 —
ﬁ ] f r - i
1/ | | 1 | | | 1 | | | 1 | | 1 | |7 |/ 1 | | | L T i ! -+ " | ! 1 |7
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N part N part

in central collisions, regeneration component dominates bottomonium yields

J. Stachel, Krakow June 2026
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Bottomonia assuming partial thermalization
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- Y (3S)
P R TP S SRR N RS NN SR R
Pb-Pb |5, = 5.02 TeV, lyl <2.4 7| °
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. Andronic et al., arXiv: 2209.14562
C Pb-Pb |5, = 5.02 TeV, y=2.5-4
= ALICE ™ Y(1S)
— SHMb: 50% b therm. —|

Y (3S)

Pb-Pb |5, =5.02 TeV, y=2.5-4 7
= Y (1S)
e Y(2S) -
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ALICE
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200 250 300 350 400
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part

factor 2-3 reproduces
Y yields
l.e. 30-50 % thermalized

could be in line with open
beauty energy loss and
flow

more data are coming
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Conclusions

strong experimental evidence for charm quark thermalization in PbPb collisions at LHC
suggests statistical treatment of hadronization

yields of J/psi and several open charm hadrons described by SHMc, points to the presence
of deconfined, thermalized charm quarks
- only experimental input needed: total charm production cross section

obtain parameter free description of charmonium and open charm yields and spectra as well
as flow coefficients
- improved total charm cross section PbPb in Run3 coming

huge opportunities for the future:
- spectrum of charmonium states - deconfinement temperature
- complete spectrum of multicharm and exotic charmed hadrons
- more massive (anti-)(hyper-)nuclei
- access the beauty sector with similar precision
degree of equilibration?
- some answers in Run3/4, full exploitation with ALICE3

congratulation and all the best, dear Andrzej!
serdeczne gratulacje!

J. Stachel, Krakow June 2026 ‘
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backup

J. Stachel, Krakow June 2026
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Measure for chiral symmetry restoration in IQCD

order parameter: chiral condensate, its susceptibility peaks at Tc

\ T O*InZ
— Tdlm 7 - _
(P) = vV om XTv V. Om?
300 , ___A.Bazavov et al. PLB795 (2019)
=L T E T 15 T T - T
- - X AE\'IT — ]_6 b
200 19
200 + — 3 -
| i . D 6 =
- - i L <
lz)ﬂ - 3 - . & &
' P . o .
100 . u o 5
- | | I
H()
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J. Stachel, Krakow June 2026

most recent results on pseudo-
critical temperature for chiral
phase transition

HotQCD Coll. PLB 795 (2019) 15
(comparing diff. measures)
Tpc = 156.5 +- 1.5 MeV
Wuppertal-Budapest Coll.
PRL 125 (2020) 052001
Tpc =158.0 +- 0.6 MeV



comparison of open cham hadrons to SHMc prediction

i 3 gl Pb-Pb [5,=5.02 TeV 0-10%, ly I<05 |
- s | e Data, ALICE -
o + ]

o F SHMc (enh. c-baryons) J

= 6 do, _ /dy = 0.68+0.10 mb
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Analysis of yields of produced hadronic species in
statistical model — grand canonical

partiction function Z(T,V) contains sum over the full hadronic mass spectrum and
is fully calculable in QCD
for each hadron species | the grand canonical statistical operator is:
Vg [~
;| it £ exp(—(E; — o)/ T))

2T 0
leading to particle de?lgl’u:es}:\]/v _ _Z dln 7, _ g /oo p2dp

Z Vioop  2m* )y exp((E; —p)/T)+1
for every conserved quantum number there is a chemical potential:

pi = ppBi + psSi + pr, I

IIIZi =

but can use conservation laws to constrain V| ug, 7, fit at each energy

= provides values
for T and v

use full hadronic mass spectrum from the PDG to compute 'primordial yields' and
feeding from strong decays

J. Stachel, Krakow June 2026



Production of hadrons and (anti-)nuclei at LHC

1 free parameter' temperature T A. Andronic, P. Braun-Munzinger, K. Redlich, J. Stachel, Nature

T=156.5 % 1.5 MeV _ —— A R

Y— c
o 10° ;_‘f Pb-Pb \s,,=2.76 TeV, 0-10% centrality
agreement over 9 orders of e S Sata ALICE ;
. . c 2L Tt ew ’ =
magnl_tude with QCD o = 10°¢ . P A o particles e
statistical operator prediction 2 1ok -:: N = antiparticles _
- strong decays need to be 0 s S E
( J y S L 0 "o Statistical Hadronization -
added) o O ;
[c F “am - total (after decays) I
> 10 3 .,d‘ ----- primordial (thermal) 3
107 ¢ 4
- matter and antimatter are 10_35_ E
formed in equal portions at LHC "'*.Cjue 3|
- even large very fragile 10 | Tag .
hypernuclei follow the same oL 7} DetaModel l ]
systematics S I UT T R L Hl .. *He :
10°E 0t RN b
10_?5, lK'K’KE::le In AR laln'ﬁl’dalHeHeH_ﬁl‘He% L ,E
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J. Stachel, Krakow June 2026 33



Relevant time scales

formation of ccbar: in hard initial scattering on time scale 1/2m.
with mec =1.3 GeV -> +tccbar = 0.08 fm/c

typical hadron formation time: thadron order 1 fm/c

(Blaizot/Ollitrault 1989  Hufner, lvanov, Kopeliovich, and Tarasov 2000)
W. Brooks, QMO09: description of recent JLAB and HERMES hadron
production data in color dipole model - > time scale 5 fm/c

comparable to or longer than QGP formation time:
taep= 1 fm/c at SPS, < 0.5 fm/c at RHIC, = 0.1 fm/c at LHC

at LHC even color octet state not formed before QGP (H.Satz 2006)
78 = 1//2mcAqcp ~ 0.25 fm

collision time:  teoll = 2R/Yem  at RHIC 0.1 fm/c, at LHC <5 10-3 fm/c

J. Stachel, Krakow June 2026
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Time scales continued

0.05 fm 0.25 fm
hard | pre-resonance resonance
Tee = 1/2m tg=1/{2m ¢ A gcd

ccbar pairs are formed at collision time scale tcoll = Ttccbar

collision time scale comparable to plasma formation time scale and hadron
formation time scale at FAIR and SPS  tcoll = Tccbar = TQGP = Thadron

but at RHIC and much more pronounced at LHC there is the following
hierarchy: tcoll = Tccbar << TQGP << Thadron

expect that cold nuclear matter absorption effects decrease from SPS to
RHIC and are totally irrelevant at LHC

J. Stachel, Krakow June 2026
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Results on Debye screening from lattice QCD

- after a decade of debate, now some agreement how to extract effective
heavy quark potential

- starting from: color singlet free energy - general consensus: potential has
real and imaginary part

TUMQCD arXiv:1804.10600

EF'ls(r, T) [(Blev] I I I T 11 I I I I IE
- at LHC all quarkonia 0 ;
should be Debye i
screened -1 r )
- considering formation Z
time of hadrons, they 2t -
should not form at high ; \_
T at all 3| g - i
g 260
= 320
= 500
4+ @ 800 .
& 1200 —-=—
m 1800 —o—
5[ K 2200 —=— ;
) _Eﬁ | | | | | | I N | | | | lr‘-I[flr'rll]l |
0.01 0.02 0.03 0.06 0.1 0.2 0.3 0.6 1.0

J. Stachel, Krakow June 2026
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Relevant time scales

formation of ccbar: in hard initial scattering on time scale 1/2m¢
with mc = 1.3 GeV -> tccbar = 0.08 fm/c

typical hadron formation time: thadron order 1 fm/c

(Blaizot/Ollitrault 1989  Hufner, lvanov, Kopeliovich, and Tarasov 2000)
W. Brooks, QMO09: description of recent JLAB and HERMES hadron
production data in color dipole model - > time scale 5 fm/c

comparable to or longer than QGP formation time:
tacp= 1 fm/c at SPS, < 0.5 fm/c at RHIC, = 0.1 fm/c at LHC

at LHC even color octet state not formed before QGP (H.Satz 2006)
78 = 1/y/2mcAqcp ~ 0.25 fm

collision time:  teonl = 2R/Yem  at RHIC 0.1 fm/c, at LHC <5 10-3 fm/c

J. Stachel, Krakow June 2026
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Time scales continued

0.05 fm 0.25 fm
hard | pre-resonance resonance
Tee = 1/2m tg=1/{2m ¢ A gcd

ccbar pairs are formed at collision time scale tcoll = []ccbar

collision time scale comparable to plasma formation time scale and hadron
formation time scale at FAIR and SPS  tcoll = [Jccbar = [JQGP = [Jhadron

but at RHIC and much more pronounced at LHC there is the following
hierarchy: tcoll = [Jecbar < [JQGP << [Jhadron

expect that cold nuclear matter absorption effects decrease from SPS to
RHIC and are totally irrelevant at LHC

J. Stachel, Krakow June 2026
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Statistical hadronization model for charm (SHMc) including

canonical thermodynamics

- the charm balance equation determines the fugacity gc
1 1
Nee = 59¢V Z n* + g2V Z ni" + 593‘/ Z nj;
h hk

i J
/ oc,1 h’hc oc,2

open charm cross section

- balance equation with canonical suppression needs to be solved numerically to obtain gc

N — N [a(N:) N, defining: g Dpi Y nfh
WNee = ZI:ZI oc,ox ID(NE'?) + he g: oc,1 — 290 . n;
=1,

oc,1

1
Noca = 5 vy np
h;acc?‘Z

VTR ng Z n}}h

7
hhc

J. Stachel, Krakow June 2026
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status charm cross section measurements
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Modified charm fragmentation at the LHC

arXiv:2405.14571 EPJ C84 (2024) 1286

—~1.0 i | | | | | | ]
-? | oALICE, pp, Vs = 5.02 TeV | 1
0.8  =ALICE p-Pb, |sy,=502TeV } | fragmentation into charmed baryons
:S.« i + B factories, e'e”, Vs = 10.5 GeV | ] strongly enhanced in
-yt LEP, e'e”, {s=m;, | - pp, pPb and PbPb collisions
0.6 %+ «HERA, ep, DIS ] compared to e*e” and ep
- oHERA, ep, PHP | -
0.4 5" } y
I + } "
N ¥ |
0.2 i LN (@ \EI_
i S Et-:} :
| | | |

D° D* D A; = Jwy D™
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Charm hadron yields with modified charm resonance

spectrum

recently a lot of speculation about possibly incomplete charm baryon spectrum
to test impact, tripled statistical weights of excited charm baryons

A. Andronic et al., JHEPO7 (2021) 035

S, 8t ]
© — Pb-Pb \v"S_NN=5.02 TeV 0-10% lyl<0.5 1
H o -
< 7 SHMC, T=156.5 MeV ]

L= |
6 L ™ dUCE /dy=0.532 = 0.096 mb, PDG ]
:._. 0 do - /dy=0.63 mb, enh. c-baryons i
5F .
4t .
3f . .
I — - T
I ——
2r S .
i —i—
1t ;
I O ]
C == ]
0 I I - I | I . — o
D° D° Dp* D A = Jw y(28)

J. Stachel, Krakow June 2026

charm cross section increases 20%
yield of charm baryons nearly doubles
mesons practically unaffected
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Charm cross section — nuclear effects

JHEPO1 (2022) 174 arXiv:2110.09420

N rrri I LILILILI I LI I LI I rrri I . .
T O10F  acE sompto?3  1Irst DO measurement in central PbPb down to pt=0
(] 3
S Pb-Pb, {5 =502 TeV ]
- T4 Polem=S®TY L aN/dy = 6.819 40457 (star) T9912 (syst) + 0.054 (BR)
'g ] . . .
S 10 W Centrality 0-10% i assume fragmentation like in SHMc — charm cross
5 ™ oemm | section
© 102 0\. m pp-reference x ( Taa );
?% ® o £3.2% T,, syst. unc. 3
& ]
10 %3) - dNeebar/dy = 13.7 + 2.1
e —e— correspondingto gc = 31.4 + 4.8
10 ° 5 —
o [ [ [ [
10°° ° —®—4 use this as new basis for PbPb predictions from SHMc

8.8% larger than our estimate from pp and nuclear effects
uncertainty reduced by 15%

<0

<0

+ 0.8% BR syst. unc. not shown
10—8IIIIIIIIIIIIIIIIIIIIIIIII

0 10 20 30 40 50
P, (GeV/c)

outlook to LHC Run3/4: with upgraded ALICE detector and 50 kHz PbPb
collisions — precision measurement of all singly charmed hadrons down
to pt=0
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Centrality dependence of charm fugacity gc at LHC energy

mid-rapidity

O

@)
32~ SHM, T=156.5 MeV, do__ /dy=0.53 mb

30
28
26

Pb-Pb \/s,=5.02 TeV

24
22
20
18
16

0O 50 100 150 200 250 300 350 400
Npart

J. Stachel, Krakow June 2026



Charm cross section — nuclear effects

RHIC and LHC data strongly constrain nuclear

gluon pdf for 10-5 < x < 10-1

Duwentaster et al. new nCTEQ15HQ fit
, 2204.09982
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supported by J/y yield in photoproduction

in SHMc in the past we used 0.65 + 0.12
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Charm cross section pp collisions

fragmentation into Lc factor 4 increased vs e*e-

can be reproduced by
- some PYTHIA tunes with CR or
- statistical model by about doubling the charmed
baryon states as predicted by RQM or IQCD
and using T = 170 MeV
but at LHC among many newly discovered
states only 7 charmed baryons

compilations: Sandor Lokos for Honex(037o_mb

PRD105 (2022) L011103
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Charm quark thermalization

LHC data: strong charmed hadron elliptic flow and energy loss (RAA) point to large
degree of charm quark thermalization in QGP
modeling in terms of heavy quark diffusion in hot and dense medium leads to

spatial diffusion coefficients 1.5 <2xTDs<4.5 atTc — tkin =2.5-7.6 fm/c

JHEPO1 (2022) 174 arXiv:2110.09420

TIIIIl

1

IllIIT'i T T

T LI

s 035F

TAMU

T T 171 T 1

o ALICE 1 3 S MC@sHQ+EPOS2

B 3 ¢ ; - LIDO e LBT :

1.4f BE-Fb; S =002 TEY: 030F ~_PHSD  --- POWLANG-HTL -

E Centrality 0-10% : DAB-MOD LGR E

12k o, Prompt D°, D, D** average — 025 ... Catania 3

e ¥l <05 1 : ]

8 . 0.20 -

I [ o /' &

: 0.15F o Y -

: — ot = _. .._ -\ - ._:.

: N\ 0.00 .

2t 4 -0.05 _ e

I . Centrality 30-50%, ly| < 0.8 @ :

E 1 ] _0-1 0 1 1 1 1 | 11 1 I L 1 _-
410" 1 2 34567 10 20 30 1 2 3 4 5678910 20 30

P; (GeV/c) P, (GeV/c)

J. Stachel, Krakow June 2026

47



Reconstruction of Jp in PbPb collisions at LHC

Jhp - e*e- or utu- with 6%

most challenging: central PbPb collisions

50 ALICE EPJC73 arXiv:1305.1467 in spite of formidable combinatorial background
“© Pb*"b%Pb’le’lb;gw |Syy = 2.76 TeV (true electrons, not from J/ip decay but e.g. D-
S 0 y|<9. ..
> 700 L _ or B-mesons) resonance well visible
= - —e— Opposite sign electron pairs
- ! N, = 265 + 40
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collisions — excellent signal to background

very good understanding of line shape 92 .
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Beyond yields: transverse momentum distributions

<
<
C

2

1 | 1 1 1 1

ALICE
Pb—Pb, |5, =5.02 TeV
Inclusive J/y

® 0-10%, Iyl <0.9

arXiv:2303.13361
L

enhancement strongly rising towards
lower pt
for mid-rapidity even beyond pp

(not even considering shadowing)
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Beyond yields: transverse momentum distributions

assume thermalization of charm quarks in QGP, charm quarks follow collective flow
use hydro velocity profile at pseudocritical temperature from MUSIC (3+1) D

tuned to light flavor observables

A. Andronic, P. Braun-Munzinger, M. Koehler, K. Redlich,
J. Stachel PLB 797 (2019) 134836 arX|v 1901 09200

. 1 IP- Glasma + MUSIC (3+1)
| Centrality 0-10%
lyl <0.9

0.5

d2N R
oc rdr
prdprdy fﬂ {

mt cosh p [P sinh p
7 "N

mr cosh p sinh
—prsinh p KO(TT'L) I (PT ) ,0)}

mT cosh p K| (

p = atanh(B5(r/R)")

‘blast wave parametrization’ of spectral shape with T = 156.5 MeV and
parameters from MUSIC: n = 0.85 and Bmax = 1 = 0.62
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Jhp spectra from SHMc and parametrization of hydro freeze-

out hypersurface

A. Andronic, P. Braun-Munzinger, M. Koehler, K. Redlich,
J. Stachel, PLB 797 (2019) 134836 arXiv:1901.09200
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- at low and intermediate p: very good
description of data

- beyond 5 GeV there is additional source
beyond statistical hadronization
e.g. nonthermalized component
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new approach to spectra: use Cooper-Frye freeze-out of MUSIC at
156.5 MeV directly instead of blast wave parameterization

Martin Voelkl (Heidelberg) et al, to be publ.
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Jly yield MUSIC normalized to SHMc yield
corona unchanged

significantly harder spectrum to earlier approach
major influence of thermal contribution out to 9

GeV/c
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first calculation of J/ip flow in SHMc plus hydro approach

3] 03 I |

A Andronlc P Braun Munzmger J. BrunBen J Crkovs{l;a J. Stachel V. Vislavicius, M. VoIkI arX|v 2308 14821
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- significant flow arises over large pt range, difficult for other models

P, (GeV/c)

- for semi central collisions magnitude of flow over predicted
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Spectra of D mesons and Ac baryons

for open heavy flavor hadrons strong contribution from resonance decays

- include all known charm hadron states as of PDG2020 in SHMc

- compute decay spectra with FastReso: 76 2-body and 10 3-body decays
(A. Mazeliauskas, S. Floerchinger, E. Grossi, D. Teaney, EPJ C79 (2019) 284)

A.Andronic, P.Braun-Munzinger, M.Kohler, A.Mazeliauskas,
K.Redlich, JS,V.Vislavicius JHEP 07 (2021) 035

E ﬁ _I I I | 1 I 1 I I I I | I I I | I I I | I I 1 I 1 1 1 i
E | T, =156.5 MeV 1
© A ]
E 5 B, =062

T n=0.85

DII-
-

GIII'IIIIIII'III|III|III|III
2 4 6 8 10 12 14

p, (GeV)

J. Stachel, Krakow June 2026

54



Optimally matched blast wave parameters

instead of inserting dozens of charmed hadrons into MUSIC, resort to blast wave
parametrization again

but now we have advantage to be able to compare to ‘true’ hydro J/p spectrum

- blastwave parameters modeled such that mean py of hydrodynamics is matched

%__5_||||||||||||||||||||||||||||||||||||||||||||||||_ "6“10_15—II||III|III IJlll,l IPbIPbIII_ISJ]EITVIC:'lID/I_E
> [ Pb-Pb,\5,=5.02 TeV, 0-10% . T F ¥, Po-Pb, ys,,=5.02 TeV, 0-10% 3
3 NN ) _ . - - — Core MUSIC (T _=156)
[ —— MUSIC, 1/y u"dx, weighted ] S . Core FluiduM (T =156)
o I power law x erf fit y ] Q 102 Core blast wave -
L - © = —C
[ — - blast wave, <By> matched /| - > F B Bzﬂj,z
3 | ] =
i | ] o10° E
2l | -
[ . 10 F -
1= ] -
C ] 10°F \
00 1 F L1 1 | L1 1 | L1 1 I L1 1 I L | | I | L1 1 .
P 0 2 4 6 8 10 12 14

p, (GeV/c)

with Bmax = 0.76 good matching can be achieved
(red vs blue curves for core)
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Open charm spectra — examples D°? and Ac

T

107"

&N /dydp_ (GeV'c)

1072

1073
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107°

104

10°

Pb-Pb, |5, = 5.02 TeV, 0-10%
D% |y |<0.5
m ALICE
[]SHMc + FastReso + corona

IIIIII| T IIIIIII| T IIIIIII| T IIIII|T| T 1T

1 1 1 1 1 1 1 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1 | 1 1 1 |
2 4 6 8 10 12 14 1€
Pb-Pb, \'s, =5.02 TeV, 0-10%
A, ly|<05
= ALICE
[ )SHMc + FastReso + corona

enhanced charmed
baryon spectrum

v e Loy v by v o oy oy e e e e e by |
2 4 6 8 10 12 14 16

P, (GeV/e)
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Ratio

A. Andronic, P. Braun-Munzinger, J. Brunf3en,
J. Crkovska, J. Stachel, V. Vislavicius, M. Volkl,
arXiv: 2308.14821

14 Pb-Pb, |5, = 5.02 TeV, 0-10%
C AJD% |y 1< 0.5
12 s ALICE
N [] SHMc + FastReso + corona
1=
0.8
0.6
0.2
: 1 1 1 1 1 1 1 | 1 1 1 |
0 1416
p, (GeVic)

very good description of low and intermediate pt
data
maximum in ratio arises naturally from expansion
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Charm quark spatial distribution at hadronization

A. Andronic, P. Braun-Munzinger, H. Brunf3en,
J. Crkovska, J. Stachel, V. Vislavicius, M. Volkl,

arXiv: 2308.14821
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10°°
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1 | T T T
J/y FluiduM Core
standard result
no early time contributions
compact charm geometry _|
D’ Blast Wave Core
—— standard result
----- no early time contributions ]
— - compact charm geometry

S
\®]

b
o
(8]

=

J. Stachel, Krakow June 2026

—
A}
N

strong indication that charm quarks are
largely thermalized in terms of momenta

but since thermalization takes time, spatial
distribution could lag behind front of
expanding fireball

no experimental input
production of charm quarks very compact
(Ncolr)

test: cut off outermost 1 fm in spatial
distribution (dashed line)
- this goes in direction of matching exp. data
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Polarization of J/y relative to event plane

S — IaqXIiv:‘2|2C|)4.ll(l)1‘7l
0.5 ALICE, Pb-Pb |5, =5.02 TeV :
04; Inclusive J/y — pufu-, 25 <y <4 E

0.3 =
0.2} :ﬁ: . clear signal observed by ALICE,
0.1 —H']— ; increase towards lower pt
ol d i reaching 3.9 s
01k E makes early effect due to magnetic
02 4 cvnpone | T01d uniikely
_0.3"7 oo o VR PEne link to vorticity and spin-orbit coupl.?
0 2 4 6 8 10 12
P; (GeV/c)
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charm fugacities and canonical suppression factors

different collision systems:

35
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20

15

2 25 3 35 4 45

—

Canonical suppression
==

g

l||5NN=5_02 TeV, 0-10% SHMc, T, =156.5 MgV ]
do,_ /dy=0.532 + 0.096 mb

Iyl<0.5

LO0 A

o KEHL, Yexe , POED, | ]

5 55 6 65
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AR
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blast wave parametrization of transverse momentum spectrum

d2N 2J +1
_ do, o F(
2mprdpTdy (2m)3 / oup 1 (p)
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mid-rapidity yields for Pb-Pb collisions

Particle | dN/dy core (SHMc) dN/dy corona dN/dy total
0-10%
DY 6.40 £+ 0.95 0.409 + 0.034 6.81 + 0.95
D+ 2.84 1+ 0.42 0.181 £ 0.026 3.02 = 0.42
D*t 1251 +£0.37 0.166 +0.049—0.022 2.67 £ 0.37
DY 2.29 + 0.34 0.076 +0.025—0.016 2.36 + 0.34
At 1.39 = 0.21 0.260 £ 0.029 1.64 = 0.21
= 0.280 £+ 0.041 0.093 + 0.036 0.373 = 0.055

J/y  |0.122 +0.038—0.033 (5.2540.38)-1073  0.127 +0.038—0.033
»(28) |(3.43 +1.1-0.9)-103  (7.87+£0.57)-10~%  (4.22 +1.1—0.9)-103

30-50%
DY 0.876 £ 0.131 0.202 £+ 0.017 1.08 = 0.132
D+ 0.388 & 0.058 0.090 + 0.013 0.477 = 0.059
D** 0.343 £ 0.051 0.082 4+0.024—0.011 0.425 +0.057—0.052
D} 0.313 = 0.047 0.038 +0.012—-0.008 0.350 4 0.048
A} 0.190 = 0.028 0.128 £ 0.014 0.317 = 0.032
=) 0.038 & 0.006 0.046 + 0.018 0.084 + 0.019

J/ | (1.17 +0.32—0.28)-102  (2.59+0.19)-103  (1.43 +0.32—0.28)-102
¥(28) |(3.28 +0.90—0.79)-10%  (3.90+0.28)-10~*  (7.17 +0.94—0.84)-10*
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system size dependence of yields

Eh“ 10 Ey5,=5.02 TeV, 0-10% SHMc, T, =156.5 MeV Eh“ 10 £ 5, =5.02 TeV, 0-10% SHMc, T, =156.5 Me
2 q Lo /dy=0532:£0.096 mb 2 4 do/dy=0.334 £ 0,058 mb
10—1 = / E 10—1 = 5
0% g ERRLA E
107 g 71 107 E
104 7 10— E
10°F ERLE VI
10°F 1  10°F "Ee
g ; g 0Q 3
-7 _7 . C
10 EE Iyl<0.5 EE 10 EE y=254 v '41(23) EE
10°E.00, AcAr | KeKi  XeXe PbPb 10°E.00, AcAr | KK XeXe PbPb
2 25 3 35 4 45 5 55 6 65 2 25 3 35 4 45 5 55 6 6.5
3 3

}_L
}—L

due to different charm quark content different canonical suppression
for multicharm very light collision systems not favored

J. Stachel, Krakow June 2026
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Unique prediction of SHMc — open charm/charmonium

arXiv:2303.13361

(@)
0 0.04 - ALICE i
= [ Pb-Pb, Sy, =5.02 TeV ]
= - Inclusive Jiy, Iyl <0.9, 0.15< p_< 15 GeV/c :
0.03 " Prompt D°, lyl < 0.5, p. >0 k
e Data i
) SHMc (A.Andronic et al.) ]
0.02 N -
[ Le] :
: S :
0.01+ | N

0-10% 30-50%

Centrality

J. Stachel,

Krakow June 2026

for the first time ratio of fully pt
integrated D° to JAp available from

ALICE

DY cubar, m=1.9 GeV, J=0

Jhp: ccbar, m=3.1 GeV, J =1

in SHMc yield ratio governed by
masses, degeneracy, strong feeding,
and gc

— JAp relative to DO falls into place
naturally, this is the normalization we
aimed for since 30 years to
demonstrate concept of
deconfinement with charmonia!
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Ratios of charm hadron to D0 spectra

A. Andronic, P. Braun-Munzinger, J. Stachel, M. Koehler, A. Mazeliauskas,
K. Redlich, V. Vislavicius, JHEPO7 (2021) 035, arXiv:2104.12754
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Charm-hadron spectrum: enhanced c-baryons (tripled excited states)
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J. Stachel,

X(3872)

- 2003 -

- 2013 -

porticle daota group

Krakow June 2026

example: X(3872)

B > KETID
Q.D M =3872.0+0.6+0.5 MeV

e L E

CMS Ys=7 TeV
L=48f"

+data
=total fit
---background
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- 1 35001
= + - :
1500 _I I N T [N TN Y TN TN N TN TN TN N N TN TN TN Y NN T T N 1 30 -
3.75 38 385 39 3.95 4 %975 38 3.85
m(J/y ') [GeV]
X (3872) I€(JPC) =0ta++)

Mass m = 3871.69 £ 0.17 MeV
mx(3872) — m_,’,u_, — 775 + 4 MeV

M x(3872) — My(25)
Full width ' < 1.2 MeV, CL = 90%

39 395 4
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JIpsi and hyper-triton described with the same flow
parameters in the statistical hadronization model

= I ' ' ' ' |
'> 1 Statistical Hadronisation Model
(o)) 10 3 do®? / dy x shad. = (0.532 + 0.096) M=
O 3 ® ALICE data i
@) i & » Jy -ee, lyl<0.9 1
vl_ = (preliminary) i
S " ALICE data
=107 5 —u SH s 3He+, 1y 1<0.5 E
E ] Vsun =276 TeV, Centrality 0-10% ]
< I * :
"o
10° F .
L Pb-Pb, s, = 5.02 TeV . :
- Centrality 0-20 % i
1 0_4 ) ' : ' ' |
0 5 10
p. (GeVic)

binding energies:
J/ipsi 600 MeV
hypertriton 2.2 MeV
Lambda S.E. 0.2 Me\

from review: hypernuclei and other loosely bound objects produced in nuclear

collisions at the LHC,
pbm and Benjamin Doenigus,
J. stachel, Rekely RRY224987 (2019) 144, arXiv:1809.04681
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from pp to Pb-Pb collisions:
smooth evolution with system size

LT B8] LN TR S E S A | : ERFLUNEL LR LA

% i g B
& N0 8 On @ 5 w0 gy P (46)

=~ |
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8 |Loonteembein £ ® 8 8 ERGIC

D10 E =
_g- = : B0 D 0 000Dm,,, :
E% i v 'T-H fﬂ'ﬂ”#ﬂmm ]

1072

ALICE Preliminary
ﬁ+ ALICE ® pp. \s=13TeV

: O pp, \s=7TeV 00 Pb-Pb, |\ s, =502TeV |

O p-Pb,\s,,=5.02TeV W Xe-Xe,\s,, =5.44 TeV

10—3 Lol Lol b0 1l L vl
10 102 10° 10*

(dN_ /dm)

||05

universal hadronization can be described with few parameters in addition to T and uB
transition from canonical to grand-canonical thermodynamics
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highly significant D° and Ac¢ will allow correlation studies

T T T
+0<lyl<1

T T T
ALICE 3 study

' 00 u,"_‘l 240
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ALICES: excellent performance in
azimuthal correlations

also HBT correlations or net charm
fluctuations will be possible
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Multi-charmed baryons

""‘{"\J ITTTT T I TTTTI T I T TTT || T I T TTT
< 0CE _ 3 because of powers of gc — strongly
= n = = . . . .
%|%“ - =t favored in collisions of heavy nuclei
=~ 10 = . " T
5? = 3
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i (U = e " S E e.g. Ecc™* recently discovered by LHCb
- - ] in pp collisions arxiv:1910.11316
10° 2 -
: : E
10° ~
- . =4+ + g — ot
- B SHM (Andronic et al, JHEP 2021, 35) — e — Ac K~ 7m"n
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Figure 35: Expected Z." mass peak and background in pp collisions with %y = 18 fb™!

J. Stachel, Krakow June 2026 69



the power of strangeness tracking in ALICE3

Particle Mass (GeV/c) cT (um) Decay Channel Branching Ratio (%)
QF 3.746 50 (assumed) QO +x+ 5.0 (assumed)
Qo 2.695 80 Q +xt 5.0 (assumed)
=t 3.621 76 EF4nt 5.0 (assumed)
O 2.468 137 = +42nt (2.86 £1.27)
Oy 2.468 137 p+K +xt (6.24+3.0)1073
3.‘ 10_1 :_II TT | TTTT | TTTT | TTTT | TTTT | TTTT TTTT TTTT TTTT TT II_:
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i Pb-Pb 0-100% PYTHIA Angantyr ] B bm = 3510 _
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Dependence of Qccc production yields on system size
for a run time of 10°% s

arXiv: 2211.02491 0-0 Ar-Ar Kr-Kr Xe-Xe Pb-Pb

Tinel (10%) mb 140 260 420 580 800

Tan(0—10%) mb~! 0.63 2.36 6.80 13.0 24.3

L(cm™2s71) 45-101  2.4.10% 1.7-10%° 3.0-10%  3.8-107%
doe/dy = 0.53 mb

dNg,../dy 838-107% 1.29.10°6 1.23.107° 417-1075 1.25.1074

Qeee Yield 5.3-10°  8.05-10° 8.78 - 10° 7.26-10°  3.80-10°
do/dy = 0.63 mb

dNg,.. /dy 1.44-1077 2.33.10°6 2.14-.107° 7.03-10~° 2.07-10~*

Qe Yield 9.2-10° 1.45 - 109 1.53-109 1.22-10  6.29-10°

current estimates for luminosities for LHC for lighter nuclei somewhat less optimistic
— optimum for Xe-Xe with 3.9-6.5 10° Qccc per year

J. Stachel, Krakow June 2026



Future opportunities: yc1(3872)

A. Andronic, P. Braun-Munzinger, M. Koehler, K. Redlich,

o4 J. Stachel, PLB 797 (2019) 134836 arXiv:1901.09200
Y:—"N | | | | | | | | I I | | | | 1 I 1 1 1 | |
S Statistical Hadronisation Model
8 " do™/dy x shad. = 0.532 + 0.096 mb
< 10 BR(X(3872) — Jiym't) = 0.1
D_I_
S 10°
© = =
—~ n -
% 107 F E
X - .
T 10°F E
= Pb-Pb, |5 = 5.02 TeV ;
10°F 0-20% E
_ 20-40% | | -
10 I I I 1 I I 1 1 1 1 I
1070 5 10 15

X(3872) p_ (GeV)

note: dramatic enhancement at low pt predicted

CMS addresses only very high pt part
l.e. the tip of the iceberg

J. Stachel, Krakow June 2026

Close to DODO* threshold

- tetraquark or molecule?

- Is it formed like
(hyper)nuclei?

- decay Iinto Jhp m+m-
- doable in Run3/4?
- more likely ALICE3
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What about Tcc* recently discovered by LHCb

;:HI
LHCb 2109.01038 ' : =
c%: 10— ' ' | ' S N S ;' . y ﬂ
= F LHCb =3 : @ |
= 9F o 2% | g |
= 50F J[ =R | i 1 mass =3874.75 + 0.11 MeV
= sof Se W gy 11 width =48£2+0-14keV
= y o det Beedd ) d(m) =- 360 £ 40 keV
30 e R mpipo  [GeV/ 2]
- ———  Background .
: En't:iﬂ':' threshold ] Tect — DO DO gt
ED:_ ‘H’ ————  D*'D+* threshold * * * —: K
106 i E .
s l\+ HH +++H++++ t ++ : H ++Hﬁ A T
387 |

Do +
. D° 1]
3.38 3 89 3 9 +
Mpopom+ [GE\' /c?] p\‘P\ .

- if statistical hadronization is universal, it's production cross section
will fall on the 2 charm quark line at the measured mass,
practically identical to %c1(3872) about 1% of J/y

- definitely no preformed state at charm production, two ¢ quarks

J. Stachel, Krakow June 2026



Beauty in transport approach in strongly coupled QGP

B Wu R. Rapp Phys Lett 8873 (2026) 140223

1.0 L ERREREREE i ! CII\/IS,‘T(IIS)‘ ]_— 1.0 SRR § CMS T(2S) E 1 0 J anordlal ‘_—
i PbPb (5.02TeV) T ATLAS,T(1S) ] ’ PbPb (5.02TeV) T ATLAS, T(25) ] ’ PbPb (5.02 TeV) — Regeneration 7
[ —— Primordial ] —— Primordial ] — Total ]
0'8’ T(lS) |y| <03 gegene(:ation E 0.8 T(QS) |y| =04 — ;egene(riat:on E 0.8 T(?)S) 'y| <09 I owms, T(3S)t
L Total ] ; Total ] H ]
20.6¢ oMs: pr <30Gev <24 | 06 CMS: pr <30GeV Jyl <24 | Z0.6[ CMS: pr < 30GeV [y] < 2.4 ]
B L ATLAS: pr < 15GeV |y| < 1.5 1 e L1 ATLAS: pr < 15GeV |y| < 1.5 1 = ]
0.4 n 0.4 7 0.4 n
0.2F ~—— - 02F N 4 02F\ ]
0 0: P TR N AN TR S ST HN S SR S S A 777|77| L: 0.0 ’ L I\I e 1 | TT_\: 0 0: L \\ ort—— [ ey r—— v*r:
-0 100 200 300 400 -0 100 200 300 400 -0 100 200 300 400
Npart Npart 1\7135“t
O'G_Lrl rs.’w AR R @Icrlv['sl"r‘(ﬁg)u_ 0.30 | T @ ATLAS T(QS)
C 1 rimordi: N
0.5 :_ ( ) Regeneration fH  ATLAS, T(IS) 0.25 __Pbpb (5 02 TGV) |y| < 0 9 S CMS, T(29) _:
c Total i ] I (25’) —— Primordial
0.4 - —— Regeneration ]
= E Total ]
<t .
=03 :T[ ]
0.2 /\/ %
0.1F =
Pbe (5 O2TeV) |y| < 0 9 ] — ]
L L il 1 PO T O i P
0050w %0 10 15 20 25 0
pr (GeV) pr (GeV)

for all but most peripheral collisions ‘regeneration’ component dominates

up to pt = 10 GeV/c
next: precision measurement of dN/dy of bottomonia

J. Stachel, Krakow June 2026
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Opportunities hadronization into nuclei

elucidate mechanism of formation of nuclei:
SHM for QGP hadronizing into compact multiquark states <« coalescence

Expected significance

10

ALICE Upgrade projection '
Pb-Pb, \syy = 5.5 TeV (0-10%), B=0.5T i
_ %ﬁ - He + 1
B.R. = 25% ()
AH > He+
B.R. = 50% (%)

B.R. = 32% (%)
(*) theoretical

==

L | I I B | | Lol
107 107" 1 10

ALICE3: 4AHe and SAHe

Min. bias integrated luminosity (nb™)

(anti-)(hyper-)nuclei ALICE Run3/4 - 10nb™’
3He, 3AHe, 4He as function of centrality

(source size)

spectrum 4He

4AH and 4AHe 50 level in reach
>-hyper-nuclei: search for 3xH

exotic QCD bound states: hexaquark

SAHe not yet discovered (m about as expected Qccc)

A = 6 should become accessible 6Li and 6He (lightest halo nucleus)

IS hadronization governed by mass and quantum numbers only?

J. Stachel, Erice 2021
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