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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

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
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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 <2aTD <4.5 atTc — tkin =2.5-7.6 fm/c

JHEPO1 (2022) 174 arXiv:2110.09420
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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 <2xTD <4.5 atTc¢ — tkin =2.5-7.6 fm/c

IQCD: i
D from gradient flow on color-electric

two-point function 12
(leading order in 1/M expansion) 6 |
4 T?
27TD = X Tkin == -
k/T3 M -
first results in full QCD
for charm 1kin = 1 -2 fm/c 4
2
consistent picture: 0

thermalization in QGP
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L. Altenkort et al. arXiv: 2302.08501
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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)

a Development of

eXpeCt \J/lp SuppreSSion a-t Start of collision quark-gluon plasma Hadronization
low beam energies

(SPS, RHIC) -_

and {RHIC) A — > oF —> @D

E
energy fon co Cly

Jhp enhancement at high
energies (LHC)

£
{LHC) 3 e e (05 @
anergy % @P @~ @po
@0

E
5 00N 5 @
b
k.

® ap

J. Stachel, EMMI — Aspects of Criticality Il



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
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Charm cross section — nuclear effects

JHEPO1 (2022) 174 arXiv:2110.09420
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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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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
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charm cross section increases 20%
yield of charm baryons nearly doubles
mesons practically unaffected



Centrality dependence of charm fugacity gc at LHC energy

mid-rapidity
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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
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Systematics of hadron production in SHMc

A.Andronic et al., PLB 797 (2019) 134836
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Jp and statistical hadronization
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production in PbPb collisions at LHC consistent with deconfinement and
subsequent statistical hadronization within present uncertainties
main uncertainty: open charm cross section
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the multi-charm hierarchy

open and hidden charm hadrons, including exotic objects, such as X-states,

c-deuteron, c-triton, pentaquark, Qccc
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emergence of a unique pattern, due to gc" and mass hierarchy
perfect testing ground for deconfinement for LHC Runs3 and beyond
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Unique prediction of SHMc — open charm/charmonium

D%J/y

100

arXiv:2303.13361

T —
ALICE Preliminary i
Pb-Pb. {5,y = 5.02 TeV

Inclusive Jiy, |y| < 0.9, 0.15 <« p. < 15 GeVic
Prompt D°, |v| < 0.5, p >0

e Data —

50

B ] SHMc (A.Andronic et af)
m =
== ol
. ]
0-10% RO
Centrality

J. Stachel, EMMI — Aspects of Criticality Il

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

ALICE

DO: 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

— Jhp relative to DO falls into place
naturally



Beyond yields: transverse momentum distributions
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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 pseudo-critical 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%

| IvI<09 s could do simple blast wave fit to profile,
but

- at what p(r) to stop?

- and distribution much richer than a line

J. Stachel, EMMI — Aspects of Criticality Il

16



new 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. Valkl, arXiv: 2308.14821
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Jhp spectra

A. Andronic, P. Braun-Munzinger, J. Brunf3en, J. Crkovska, J. Stachel, V. Vislavicius, M. VOIkl, arXiv: 2308.14821
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- spectra harder by about 1 GeV, in hydro many fluid cells at large velocities not
accounted for by simple blast wave parametrization

- for central collisions somewhat too much flow — are charm quarks reaching the very
outer front of the expanding fireball?
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What about y(2S)?

arXiv:2210. 08893
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inclusive (2S)
- first measurement in PbPb
down to pt=0
- factor 2 suppressed relative to J/y

in SHMc excited state population
suppressed by Boltzmann factor
- data 1.8 o above SHMc for

most central bin

within stat. hadronization approach, an unexpected result
— little room to accommodate in a likely physical scenario
but: feeding from b is not subtracted in data, expected to be

substantial!

future opportunities:

- higher precision {(2S), also mid-y

- xc maybe only in ALICE3?
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deconfinement temperature
from charmonium spectrum
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P(2S) spectrum

A. Andronic, P. Braun-Munzinger, J. Brunf3en, J.
Crkovska, J. Stachel, V. Vislavicius, M. VolkI,
arXiv: 2308.14821
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first calculation of J/ip flow in SHMc plus hydro approach

A Andronlc P Braun Munzmger J. BrunBen J Crkovs{l;a J. Stachel V. Vislavicius, M. VoIkI arX|v 2308 14821

L S

L S 1 | [ LI ]

= = .Jf\u Pb- Pb ‘.'SNN—5 02 TeV 0-10% - - ““n_,_ 30-50% ]

0.25 — - Core (MUSIC) - 025 / ~ 3

y — Core+Corona . - E

02 = [ Core+Corona+FD -4 02 = E

0.15 F ¢ ALICE 2.5<y<4 I N = E

- % ALICE |y|<0.9 OF E

0.1F 0.1F -

- 8 - ]

0.05 b od + } 0.05 -

- ¢ - _

U o U LT . | -

- F \ g

-0.05 :— 0.05 — \ E

—D‘I 2 | Ll _D 1 a T T | ' R Ll 1 |\ 3

0 2 4 "0 2 4 6 8 10 12 14

0 0.3 - T T T I T I T I T T | T T I T T T I T I D-B [ T T T | T T T | T T T I T T T I T T T I T T T I T T T I T -

= .Jhpr Pb- Pb \S=5.02 TeV, 0- mef . F 20.50%

0.25F — - Core (MUSIC) - 025F =

0.2 E — Core+Corona E - ]

T E [ Core+Corona+FD ] 0.2 3 E

0.15 & ¢ ALICE 25<y<4 1 015E =
0.1 f— ] 0.1 -
0.05 . 0.05 -
0= oF
-0.05F ] 0.05 :_
_D.AI E Lo 1 1 o | P P TR T ] ;

0 2 4 6 8 10 12 14 -0.1
P, (GeV/c)

- significant flow arises over large pt range, difficult for other models

- 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
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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
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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
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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
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szf‘dedy (normalized)
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A. Andronic, P. Braun-Munzinger, H. Brunf3en,
J. Crkovska, J. Stachel, V. Vislavicius, M. Volkl,
arXiv: 2308.14821
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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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Future opportunities: ¥c1(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
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—~ 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
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Close to DODO* threshold

- tetraquark or molecule?

- Is it formed like
(hyper)nuclei?

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

;:EI
LHCb 2109.01038 ' ; =
= F LHCb =3 : @ |
= OF o~ =2 I : -
= 50F J[ =R | i 1 mass =3874.75 + 0.11 MeV
= 0k Se W gy 11 width =48£2+0-14keV
= y o et Bl 1 d(m) =- 360 £ 40 keV
30 e R mpipo  [GeV/ 2]
r ——— Background -
- En't:iﬂ':' threshold . Tect —» DO DO mt
ED:_ ‘H’ ————  D*'D+* threshold * * * —: K
100 : E .
o HMHHM il ++H++ [
E.é? | |

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 xc1(3872) about 1% of J/p

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

""‘{"\J ITTTT T I TTTTI T I T TTT || T I T TTT
< 10t _ 3 because of powers of gc — strongly
= n = = . . . .
%|%“ - =t favored in collisions of heavy nuclei
=~ 10 = . " T
5? = 3
SEW; : 1 can be addressed by ALICE3
i (U = g " Qe e.g. Ecc'* recently discovered by LHCb
- - ] in pp collisions arxiv:1910.11316
10° 2 -
: : E
107 E
- . =4+ + g — ot
- B SHM (Andronic et al, JHEP 2021, 35) — e — Ac K~ 7m"n
10‘?5— § —=8—— pQCD SPS (Chen etal, JHEP 2011, 144) 3 A;ﬁ — pf{*”—
- —%— pQCD SPS (Phys. Rev. D 57, 4385) ] %10°
- 15 7 ~ T T o o m
10—8 Ll I Lol I Lol I [ B A -:._;f i :;; i
1 10 10° N ALICE 3 Study -
o [ pp PYTHIA I
Letter of intent ALICE3 arXiv: 2211.02491 265 - 2 8 ?eiya(fnz\g?efdzo ’
O -
: | |||| l’”‘n' ?"l
”'IMII,II |II Wd I||ﬂ| | l”
5.5 -— J
3.2 3.4 3.6 3.8 4 4.2
=i mass (GeV/c?)
Figure 35: Expected Z1." mass peak and background in pp collisions with %y = 18 b
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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
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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

210025 T | T T T | T T T | T T T | T T T T 31006 T T T T T T | T T T T T T | T T T _5-_"'-' _IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_
= B 7 = C ] = r i
= i ] k= C ] 3  ALICE 3 study
= i ] o C . O Layoutvl, || <1.44
& o002 ALICE 3 study £ 005 ALICE 3 study - jo*L PYTHIA 8.2 Angantyr, Pb-Pb {5 - 5.52 Tev |
= ' Layoutvi, || < 1.44 B C Layout v1, | < 1.44 ] § . 3
C , . PYTHIAB2Angantyr 0.0ah PYTHIA 8.2 Angantyr | A ﬁ':'n:'w —_
00151 ~Primary 3 ! | Po-Po (Sun=5.52TeV TR PO—P 5, =552 TeV - | — Comlatedbackground 3
. -
i ¢t T e ] Pl SB=041 ‘ _
| _ i, - ] 10°E 3
L ~de C toy - 003~ % i £ Significance = 51.1
i M ] C ]
0_01__ ¢ ' - - -+ Correlated ]
- ; ¢ ] 0.02 - -
C : ] - N 107
0.005— — M 1 c
_ i 0.01 — C f
- - : ) l
. i 5 N M J |
0 OUI TR N T L PN o — ] |||||||||||||||||| |||
0.002 0.004 0.002 0.004 0.006 0.008 0.01 28 29 3 32 33 34 35 3 6 3.7
DCA,; deuteron (cm) Decay radius cm Invariant mass (GeV/c?)

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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Conclusions

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

extension of SHM to open and hidden charm sector possible, based on presence of
deconfined, thermalized charm quarks
- only experimental input needed: total charm production cross section

obtain parameterfree description of charmonium and open charm yields and
spectra as well as flow coefficients
caveats:
- still no measured total charm cross section in PbPb collisions
- puzzle of large enhancement of charmed baryons in pp compared to ee or ep
how about PbPb?
— answers will come with much increased luminosity sampled in LHC Run3/4

predictions for complete spectrum of multicharm and exotic charmed hadrons
- some answers in Run3/4, full exploitation with ALICE3
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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
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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, EMMI — Aspects of Criticality Il
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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, EMMI — Aspects of Criticality Il
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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 —-=—
| O 1800 —e— ]
5 - 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
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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
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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
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Measurement of charm production cross section

o A0 first measurement of
s ALICE Pb, y5,,,=5.02 TeV -
3 M0 P Vo © cross section down to
= 4200 ° 0
w3 E O — Knt pt =
IE_.PL 4':":":':_ and charge conjugats
w 3B00F
(= O<p_=1 GeVic
3 3600F P
[&]
3400F
FF . Kx ULS pairs
3000F o = LS bkg
2800F m— EvMix bkg
2600F TmckRﬂt bkg N
N N R N
M(Kz) (GeVic?)
40000 Event-mixing bkg subtracted %1[:-[:'[:'!:!— Side-band fit bkg subtracted
= [
< 8000f
2 6000
£ 4000
S 2000

95 1% 2

M(Kx) (GeVic?)

-2000F
—4000F
—6000F

=2
TTTTT

-
o
[#5]

—
o
[B%]

T

—
o

d’c/(dp_dy) (ub GeV' ¢)

!

PRC94(2016) 054908 arXiv:

1605.07569
E T T | T T | T T T | T TT | T T T | T T | T | LI E
- ALICE pp, (s=7 TeV :
A
: giis . :
B D°, |y[<0.5 .

—=— |nclusive

#
i

—=— Prompt

*

| +3.5% lumi, = 1.3% BR uncertainty not shown

0 2 4 6 8

10 12 14 16
pT(GeV/c)

very hard struggle to deal with (irreducible) combinatorial background, successful
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Charm cross section — nuclear effects

RHIC and LHC data strongly constrain nuclear

2204.09982
gluon pdf for 10-5 < x < 10-1 7
Prompt D° production at \"ENN=5.02 TeV LHC 6
2-2 SRR LR L LR LR LR LR R LR RERRLARRL) RLRRRLAN
2 E— D’ 3 5
E pT <10 GeV nCTEQ1 5rWHF [ E — b
1.8 F EPPS16,,1yp 3 3 X 4
LHCb data s : o ~
1.6 ¢ ALICE data © 3 o 31
14 3
- 21
g 1.2 00‘.“.‘ _é
o o | 11
- 7 - ]
E g% -'o’o s e
08 E .0.0Eoioio:o:ozozozo,o,o,,:, e _fo 0+ — — — —
> TR e e e
& 4GeV < pr<5GeV; vs=8160GeV
0.4 g_ g 120 4
0.2 E g
£ =)
[ [ AT UT RN TS VETHITE IRV TVRITE FEYRTUVEL FRTSTTRTN FVRTS VI FFTRVRTETI ENURTRTTI FAVETey o 100
-5 -4 -3 -2 -1 0 1 2 3 4 5 i
DO
YCmS u—% 80 A
aty=0 Rppb = 0.73 % 0.067 s T
—  SPbPb = 0.53 £ 0.097 oo E
supported by J/y yield in photoproduction
40 1 NCTEQ15WZ+SIH
nCTEQL5HQ
. . H  LHCb J/y data
in SHMc in the past we used 0.65 + 0.12 e
—4 -3 -2 -1 0 1 2 3 4
yCmE
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Duwentaster et al. new nCTEQ15HQ fit
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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

modelling in terms of heavy quark diffusion in hot and dense medium leads to
spatial diffusion coefficients 1.5 <2pTD <4.5 atTc — tkin =2.5-7.6 fm/c

IQCD: 20.0p—
D from gradient flow on color-electric r D e el
tWO-pOInt funCtlon |l M — oo, quenched
(leading order in 1/M expansion) 15.0F e
I Altenkort et al. '21
47'(' T2 12.5}F
— R 8 M oo, 2+1 flavor
2w TD k /T3 > Tkin 3y PRELIMINARY
10.0F I (systematic errors missing)
quenched QCD, but tendency to go down in  7.5f
full QCD (preliminary, Altenkort QM2022) » h
J.UI™
2.5 x
consistent picture:. L. | N
thermalization in QGP U 50 15 2.0 2.5 3.0
R
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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
| |

~ 10 | | |
I - il
T = ALICE, pp, VS = 5.02 TeV I 1
= 0.8 I + B factories, e'e”, Vs = 10.5 GeV| _|
B +LEP, e'e”, Vs=m, | iy
-y HERA, ep, DIS I ]
0.6 |~ “4 ©HERA, ep, PHP | -
i | |
B I ]
0.4 — —|
gk -
i + |
I y .
0.2 % %] | |
i | i
| i‘ ,+,|¢ III I i

| \ | |

° D DI A} = D¢

experimental
situation needs to be
clarified

o
o r . i
2 o6l System: pp - pPb @ 5.02 TeV
I . ALICE @ 5.02 TeV, |n|<0.5 L -
M 0.6—
- T ALICE @ 7 TeV, [n[<0.5 - A , ALICEin-096<n<0.04
051 ®  JHEPos(2018)108 - PRL127(2021)202301
S CMS @ 5.02 TeV, [n|<1 05 u _
—_— ®  PLB803(2020)135328 C ° LHCbin2.5<mn<4
- LHCh @ 7 TeV, 20 <n <45 - JHEP02(2019)102
04 . H ® Nucl.Phys.B871(2013)1 0.4 :_ {
L 03— —m_ -H‘
L L 0.2f ]%L
0.2 g H C %
_I Il | L1 1 ‘ 11| | 111 ‘ 11| | 111 | 111 | 111 | 11 | O‘Ij L ‘ L ‘ | L ‘ 1 ‘ 1 | L ‘ L1 | L1l ‘ L1 |
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I18I 11 0
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JIy production in PbPb collisions: LHC relative to RHIC

0.8

Roaq— dNAA /dy
Ncoll dep/dy
s 1.4 ——
= g B B \'s,\=2.02 TeV (ALICE, 2.5<y<4.0, £8% syst.unc.) ]
e 19 - e \.'S—NN=O.2 TeV (PHENIX, 1.2<y<2.2, 9% syst.unc.);
h forward rapidity -

g i
06 ; ' !'!EEE'EIE'EIEE“E_‘

0.4 -
0.2F L B & @ .
O B | | | | | | | | | | | | | | | | | | I_
0 500 1000 1500 2000

AN, /dn | g

energy density -->

melting scenario not observed
rather: enhancement with increasing energy density!
(from RHIC to LHC and from forward to mid-rapidity)
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J/y and statistical hadronization

s 1.4 — 5 1.4 i p— ]
= ::‘: - Pb-Pb VSNN =502 TeV, |y| <09 1o g I Pb-Pb ‘IlSNN =502TeV, 25< y < 4.0 ]
o 1, ™ ALICE (£7% syst. unc.) |ﬂ - 1, W ALICE (8% syst. unc) N
0.8 [ﬂ . 0.8 » e E

i I L R i ChC1C

06 5 0.6 u Iil|§| e
0.4 - 0.4 -

0.2 :_ Statistical Hadronization Model _: - Statistical Hadronization Model i

“I" —do/dy = 0.579 mb i 021" do./dy = 0.363 mb p
[~ do . /dy £0.087 mb i [ e do_. /dy £ 0.055 mb i
%0750 100 150 200 250 300 350 400 0050 "700 150 200 250 300 350 400
Npa” Nparl

production in PbPb collisions at LHC consistent with deconfinement and
subsequent statistical hadronization within present uncertainties
main uncertainty: open charm cross section
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charmonium at LHC: peaks at mid-y and
strong enhancement at low transverse momentum

nuclear modification factor: Raa (p1) VA )
. AA\FT) —
<Ncoll>dep/dPT

E L L | L | LI | I L L I LI I LI I LI I LI I- ﬁ =TT I T 11 t T —T I =TT I TT—T I - g I s | I_
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® ||<0.9 (preliminary) ] ' & ALICE, 2.5< y=d4 0-20% (preliminary) ]
12 # 2 Scy<d PLB766(2017)212 . 5 & ALICE, | y|<039 (preliminary) .

' ' 1 1. ® CMS, | y|<2.4 (EPJC 78 (2018) 509)
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: E L & |
04 | -1 04 E 3 ]
z | eet—— r
02 - 0.2 w: .
{]-llllllllll Lo e s e T e S R D:uuuuluuuufu pi e e il e g s le s e s bl ]

0 S0 100 150 200 250 300 350 400 0 5 10 15 20 25 30 35 40

(N ! P (GeVic)
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the multi-charm hierarchy

open and hidden charm hadrons, including exotic objects, such as X-states,

c-deuteron, c-triton, pentaquark, Qccc

dN/dy

10 Oo° Pb-Pb |/s,,=5.02 TeV 0-10% 13
ST D R E
_I B D; g |}F|{[}.5 i,
i & E
107 oo &
X
107°F $ = 3
X(2900) * 5% 3
e T %fl}ﬁmz}

107 F fhec
ni Q]
10 fptmzzi}
1075 SHMc, T, =156.5 MeV 1
F do, /dy=0.532 + 0.096 mb o ;

1D_E TN TN TN TN [N TN TN TN TN [N TN N TN N NN TN TN SN NN NN SN N TN N NN TN NN SO SO N NN SO TN S |
15 2 25 3 35 4 45 5
Mass (GeV)

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

10, . Pb-Pb |[5,,=5.02 TeV 0-10%*

n ‘\ \

i ". ™, ™,
1l N\ ly|<0.5 ]

\_ 30

10 'E
107%¢
107 3
107 E N

107 F SHMc, T, =156.5 MeV
- do_. /dy=0.532 + 0.096 mb

_E T T I N |

10 25 3 35 4 45 5
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15 2

emergence of a unique pattern, due to gc" and mass hierarchy
perfect testing ground for deconfinement for LHC Runs3 and beyond
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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

Flf"'\ 10_1 E T T T T | T T T T T
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= a2l i ly|<0.9
HF10° g
% il . Jhy
% 0 . ‘\ -==Core
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= 107 g~ RSN
o :l. - .
© [~ ~A,
-.! \‘"l. -
10 N
[ Statistical hadronization model o T Ty
~dofh / dy x shad. = 0.532 + 0.096 mb
107 A O U R R S S
0 5 10

P, (GeV)

- 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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JIy spectra from SHMc and parametrization of hydro
freeze-out hypersurface

T
Y — .
S < Q

w o LN

d°N / dydp_ (GeV™)

JY
<
i

107°

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

Stachel, PLB 797 (2019) 134836 arXiv:1902.09200

=] 1 1 L] L] I L] L] L] L] I =
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W% Centr. 0-20% .
b ly|<0.9
= * =
i’ - J/\l! E
d ' --=-Core -
- - " -
‘ S, N --+= Corona
é' RN :\ §
| \ -
- Al 's_' -
- ‘\ > - -
\‘ - “."
L Statistical hadronization model ' T
'chf:’ / dy x shad. = 0.532 + 0.096 mb. -
1 1 [l [l I [l ‘\ [l [l [l I
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(GeV)

d?N" fdydp.

-—
(=]
L

10°

S
b

update to A. Andronic et al. 1902.09200

2.5<y<4

V5 = 5.02 TeV

Centrality 0-10 %
de, /dy = 0.363 + 0.055 mb;
Corona (min, defautt) '

O Uncertainty

TS

p, (GeV)
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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.
> L I BN B BN LR BB B
-g_l— in|=0, 0-10% ]
g 1072 dN/dp._ _
© — J/¥ MUSIC (T=156) 3
---- Corona i
10k — Core+Corona (MUSIC) _|
10* 3
10 3
I 'l I L l L l il L L I L 1 I L 1 L

0 2 4 6 8 10 12 14
‘_’-\ 10_15 L] I L] L] L] L] I E
S S Pb-Pb {5 = 5 TeV 3
8 N2 Centr. 0-20% .
vl—1 02 =-" N Iy1<0.9 -
o E' N Jhy 3
o i] s ]
2 i _ K ---Core 7

~ 2 T --.= Corona

=Z 107 g “oa N =
Y] = + =
© o ToN, ]
J:I ‘\... '™, T
10_4 E_ \\ ............ _E
[ Statistical hadronization model “. """"""" "
'dogg / dy x shad. = 0.532 + 0.096 mb. 5

10_5 L 1 L L I 1 ‘\I L L I
0 5 10
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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

1/Ne, P N/dydp_ (Bklpys)y

Model/Data

—
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o
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)
i

S
&

=
b

[\

—

Martin Voelkl (Heidelberg) et al, to be publ
SIS BLELELES SN NN ML LA A B |

ALICE E
e .. Pb—Pb, 0-10%, \Syy = 5.02 TeV §
lusive J/y, |y| < 0.9 -
= 3
E
= @ Data =_= E_
i Transport (R.Rapp et al.) ]
EE (] Transport (P.Zhuang et al.)
Z SHMc (A.Andronic et al.)
E...l...l.!.l...l...!...l..l
Q 2 4 6 8 10 12 14
N p. (GeV/C)
N T i
miEa o b b - EEE CEXERLLL bbbt Skl -
— e e R = =
0 5 10 18
p_ (GeV/c)
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a first look at J/y v2 in this approach

03 Martin Voelkl (Heidelberg) et al, to be publ.
" Weight v of thermalized J/p with core > FE T oot ]
f . 025 =
fraction for full v, estimate : dN/dp, .

o _ 02F — J¥ MUSIC (T=156)
" No intuitive explanation why : —=- Core+Corona (MUSIC) 3

thermalized v. changes sign at high : # ALICE
pr, but core fraction is almost 0 there

_ 005 .]. ‘ ! 3

" v, based on reaction plane of event 05+ ] l ]

L - I ]

" For semiperipheral events, smooth 0.05F \ ‘_

peak, while data shows flat plateau P T DU DT VI

" Rise and pr-extent of v, reproduced, o 0.3 e -

suggesting that v, out to 9 GeV/c T sk E

could be due to thermalized 02k I MUSIC (ket56) ]

contribution 0 155_ —=— Core+Corona ( USIC)_E

E * ALICE ]

" Same approach can also be used for 0.1F =

v3, but relevant plane needs to be 0.05F F

extracted from initial spatial anisotropy of |

instead 005k E
_015 1 | | ] ] | |
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Polarization of J/y relative to event plane

e 0.6+ IaqXIiv:‘2|2C|)4.ll(l)1‘7l
< T F ]
0.5F ALICE, Pb-Pb |sy, = 5.02 TeV E
0.4 - Inclusive J/ly — p'u-, 25 <y <4 E
03} ]
0.2} ﬁ ]
0.1F —$— i ]
oF _$_

0.1k -

- ¢ 0-20% ]
021 4 30-50% Event plane
_0.3 B 1 1 | | 1 1 1 ‘ 1 | | | | 1 1 | 1 | 1 | 1 1 | ]
0 2 4 6 8 10 12

P; (GeV/c)
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clear signal observed by ALICE,
increase towards lower pt

reaching 3.9 s

makes early effect due to magnetic
field unlikely

link to vorticity and spin-orbit coupl.?
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charm fugacities and canonical suppression factors

different collision systems:

35

30

25

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

AR
[Sri=5.02 TeV, 0-10% J
- SHMg, T =156.5 MeV -
i do, /dy=0532 + 0.096 mb |
;/ A C=1
lyl<0 5 B C=2
® C=3
F. o0 ArAt Kr-Kr  ¥eXe PbPb 3
2 25 3 35 4 45 5 55 6 65
NG
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(1] LB L B L L B L BB BLELRLEL N B
r 'Ifs_hmzﬁ.OE TeV, 0-10% SHMc, T =156.5 MaV ]
35 __dch Jdy=0.334 + 0.053 mb ]
[ y=254 ]
30 —
251 ]
F ]
20 L .\\RH\'V"—--- J
L . — J
L \\m.___--—— ]
15 S .
.00 .,  Acar,,  KEKr,  Yexe FPORD,
2 25 3 35 4 45 5 55 6 65
Aﬂs
s 'F E
z; L i
e [ ]
a
Q_ - -
=
0 L 4
©
2
S107' / E
e I /;;;; [5=5-02 TeV, 0-10% J
O /1 SHMc, T_ =156.5 MeV |
I i/ do_ /dy=0.334 £ 0.053 mb |
/y =
L/ S
/ =254 =
/ Y e C=3
10 00 | ArAr KrKr XeXe  PbPb
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blast wave parametrization of transverse momentum spectrum

d2N 2J +1
_ do, o F(
2mprdpTdy (2m)3 / oup 1 (p)

. 2J —+ 1 "'max eq 87— eq
= oy /(; dr r(r)r [Kl (pr,u") 9 Ky (pr,w )}

e , ptu” mrou”
) - s (22 6, (222

e , pru” mru”
K3 (pr,u") = 4mpr (pT;r ) Ko ( ; )

rrrryrrrryrrrryrrrT T T T T T T T T T T T T T T T T T T T T T T T T T T ] ‘r\ 6'

8 14— =const. A S ' Pb-Pb, (5,5, = 5.02 TeV, 0109@
S b=\ 1 © 5 D% ly1<0.5 =
o 1.3F © J 1 S ~. = ALICE data ]

=1+ | B(r) . -4 : =
n 1 o ]
1.2 -1 © .
: 1 >3 E
1.1 — E 5 E
- 1 & .
1k m E
: : 1 -
IR T T P T T P T T Y . 0 .
0 010203 040506070809 1 008 T 45 2 58 3 35 4
I Fiax p, (GeV)
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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, EMMI — Aspects of Criticality Il
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Spectra of D mesons and Ac baryons

Full'Thermal

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)

6 - Undate to A Andronic. P Braun:Munzinger, M Kohler, AMazeliayskas. K Rediich, JS.V.Vislavicius JHEP 07 (2021) 035
- Ty=1s65MeV 5 L Pb-Pb, 5 = 5.02 TeV, 0-10% 3
5l Box=062 1 @ TE£ D' ly <05 E
n=0.85 %* - .

S0 E =

T F 3

102 = =

© = -

107 = =

= 10_4 = =
1 = =« JHEP 01 (2022) 174 5
105 L_[JSHMc + FastReso + corona ]

G_Illllll||||||||||||||||||||_ ElllllII|III|III|III|III|III|\\\:_F
2 4 6 8 10 12 14 2 4 6 8 10 12 14 16

P, (GeV) P, (GeV)

thermal part of DO spectrum well reproduced by SHMc + hydro flow + decays
as for charmonia, there is need for another source at higher pt

J. Stachel, EMMI — Aspects of Criticality Il
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Ratios of charm hadron to D0 spectra

A. Andronic, P. Braun-Munzinger, J. Stachel, M. Koehler, A. Mazeliauskas,
K Redllch V VIS|aVICIUS JHEPO? (2021) 035 arX|v 2104 12754

T T
Pb f = 5. 02 TEV 0 10%

H%i t
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(191

h

——
I
|IIII|IIII|IIII IIII|IIII|IIII|IIII|I

=]
rok
e
fop
foe
—
oF
—_
roF
—_
Nz
d_
@ L
D L
=

= DD’ |y |<05 =

0.2E & JHEP 01 (2022) 174 = DD’ |y | < 0.5
0'1;_|:|SHI\\.r1lc + FastHeso+ corona _;_ = JHEP 01 (2022) 174 3
21-4;.I==D=i===1 I...===I===I===I_E;:i:::i:::i:::i::;i:::i:::i:::i;
& E  DYD%|y|<05 T AJDC Iy | <05 .
T 125 u phys. Lett. B 827 (2022) 136986 = | = arXiv:2112.08156 [nucl-ex]
1E = ' -
!
0.6 - =
0.41 — #y\ﬁf =
02F — 3
L L1 L L L1 L L L 6 PRI B L1 L1 L1 L L1 6

T

©
o)
©
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o

Charm-hadron spectrum: PDG

excellent agreement for D mesons considering there are no free parameters,
but too low for Ac
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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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X(3872)

- 2003 -

- 2013 -

porticle daota group

J. Stachel, EMMI

— Aspects of Criticality Il

example: X(3872)

B* > K@ 7w JIY

Q.D M =3872.0+0.6+0.5 MeV

e L E

CMS Ys=7 TeV
L=48f"

+data
=total fit
---background

NS NN RN S|

2 [pmwsrme T ] 35500 el diems
= CMS E=7Tev | =
| uw L=21%f% h u
< 3000 - ) - S5000 by
o |- —total fi . o
E | e ] S T P |
8 2500 J 84s00r
[3] - - 3] -
= B o o
B - 1 B 4000
o B 10 < < 13.5 GeV T [4+] = 18 < =< 30 GeV
S2000F < 4 O -
- 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
m(J/w ') [GeV]

22
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Opportunities hadronization into nuclei

elucitate 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+
.=50% (%)

T T T
o
Py

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

==

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

ALICE3: 4.He and SLHe

Min. bias integrated luminosity (nb™)

(anti-)(hyper-)nuclei ALICE Run3/4 - 10nb-"
3He, 3LHe, 4He as function of centrality

(source size)

spectrum 4He

4.H and 4LHe 5s level in reach
S-hyper-nuclei: search for 3sH

exotic QCD bound states: hexaquark

SLHe not yet discovered (m about as expected Wece)

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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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, PICLARBYSo#RRRit(4019) 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)

=~ |
20 0

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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Thermalization of beauty?

{ LI | arXIV (aV] LI I LI I LINLILIL] I LIILILILI I I IIRII_I I]-IZIIGI (12Il0l2|]I-)l I I6
| N [ i

v [ ALICE, Pb— o Z‘FLOO?&N V] 04F ALICE -
: 0-10%, M<O5 ] - —-b(—>c)—e ]
15 ¢ non- prompt D _ [ MC@sHQ+EPOS2 (20-40%) 4
Tt 441 ¢ promptD’ 1 0.3 — PHSD -

= - = Elliptic Blast Wave -

B - _ mm LIDO i
e e et~ - 021 <08 ]
[ ] : ]

C | - 0.1 E*:I './——-l/“—_'_
0.5F ! - : —
B 7 O e —

i 7 [ 30-50% Pb-Pb, {5, = 5.02TeV 1

= open markelrs: [ extrapolated pp reference | - | | | | | | | | i

1 10 pT(GeV/c) o 1 2 3 4 5 6 7 8

P, (GeV/c)

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

_ _ PRL 120 (2018) 14230 16— PLB 822 (2021)

- 107 —>"EE -] . PHL36 5.02 TeV, y=2.5-4

Y . _I; L\ Pb Pb Sy, = 5.02TeV, [y <24 ] ' L \\ 5],9 eV, y=
[ | \\ o . Y(2S) ] ] = \\ {25} ]
121 _  SHMb:100%bthem-|  12[| . " SHMb: 100% b therm:_
| e S~ (35) : | ", T~—x(3s) -
0.8 T - _: 0.8 . _:
0.6 e 7
0.4 ., 4 o4 N LI | 2
ey m R m] C D A & § 5
0.2 S 0.2 @a .
B e T ] - "t
%0750 100 50 200 250 300 350 400 %50 100 150 200 250 300 350 400
Npan Npart

- indeed, assumption of fully thermalized b-quarks fails to
reproduce Y(1S) by factor 2-3 for central collisions
but: gb = 109 so Y is scaled up from thermal yield by 1018
- S0, to come without any free parameter within a factor 2-3
is not a minor feat

J. Stachel, EMMI — Aspects of Criticality Il
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Bottomonia assuming partial thermalization

1.6 <
"D}g C Pb-Pb 5, =502 TeV, |y < 2.4 | L~
141 =Y (1S) J
Eo e Y(25)

LZT_} SHMb: 50% b therm.
i o Y (3S) _f
0.8 [0 \_ -
04ff | B R =
02— \\ .. il _:
n Do .I .... . - :__;_
1.6 <
Eﬁ C Ph-Pb [Syy=5.02TeV, |y| < 2.4 1 1<
1.4 =Y (1S) ]
- e Y(25)
T2 SHMb: 30% b therm.
i Y(3S)

0.8

0.6

0.4

J. Stachel, EMMI — Aspects of Criticality Il

Pb-Pb |/s,, = 5.02 TeV, y=2.5-4 ]
mY(1S)
° Y(29)
SHMb: 50% b therm. —|

ALICE

Y(3S)

Pb-Pb |5, = 5.02 TeV, y=2.5-4
mY(1S) J
e Y(2S)
SHMb: 30% b therm.

Y(3S)

ALICE

o

50

100 150 200 250 300 350 400
Npart

factor 2-3 reproduces
Y yields

could be in line with open
beauty energy loss and
flow
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