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The statistical (thermal) model
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grand canonical partition function for specie (hadron) i :

1HZZ' —

i /O " +p2dpn[l + exp(—(E; — i)/T)]

g; = (2J; + 1) spin degeneracy factor; T temperature;

E; = \/p2 + mz2 total energy; (+) for fermions () for bosons

pi = ppB; + prlsi + 1nsS; + ucC; chemical potentials

{1t ensure conservation (on average) of quantum numbers, fixed by
“initial conditions”

i) isospin: ;i nils/ > By = IE /NI NIt~ g

Lot Ng)t isospin and baryon number of the system (=0 at high energies)
i) strangeness: » . n;S; =0

iii) charm: > . n,;C; = 0.



Thermal fit — LHC, Pb—Pb, 0-10%
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matter and antimatter produced in
equal amounts

Top = 156.6 £ 1.7 MeV
1y = 0.7+ 3.8 MeV
Vay—1 = 4175 + 380 fm?

X*/Ngr = 16.7/19
S-matrix treatment

remarkably, loosely-bound objects

are also well described
( 2H with 25% B.R.))

hadronization as bags of quarks
and gluons?



The phase diagram of QCD
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see refs. in Nature 561 (2018) 321

points: independent analyses of same data — "model/code uncert.” are small


http://arxiv.org/abs/1710.09425

SHM for charm (SHMc)
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pQCD production, "throw in": Nz = 9.6 — g. = 30.1 (I;/Iy = 0.974)
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LHC, central collisions 2 10°kes Pb-Pb {s\=2.76 TeV j

c 102; ~~~~~~ .ls central collisions ?
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- full thermalization of ¢, ¢ o a3 O 3

" - " - e _15 "!l E_

(" mobility” in V~4000 fm?) > 10 3 Iy ;

. 102 ' .

- fU” CO|OI’ SCI’eenlng 10_3; Data (|y|<0.5),ALICE . ;

(Matsui-Satz) = e particles “3He 3,

10%E = antiparticles ."!!A E

Braun-Munzinger, Stachel, PLB 490 (2000) 196 - " :

107 e Statistical Hadronization (T =156.5 MeV) a3

10°8 - total (+decays; +initial charm) He 1

Model predicts all charm = - primordial (thermal) | | | *

Mass (GeV)

T, Ki, KV from charm included in the thermal fit
(0.7%, 2.9%, 3.1% for T'=156.5 MeV) PLB 797 (2019) 134836


https://arxiv.org/abs/nucl-th/0007059
https://arXiv.org/abs/1901.09200

SHMc: method and inputs
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Braun-Munzinger, Stachel, PLB 490 (2000) 196, NPA 690 (2001) 119

e Thermal model calculation (grand canonical) 7', p: — ng?

o N = 5gcV (3 nth +nll) + g2V (2 nll + nil)

e N,z << 1 —Canonical (Cleymans, Redlich, Suhonen, Z. Phys. C51 (1991) 137):

Gorenstein, Kostyuk, Stocker, Greiner, PLB 509 (2001) 277

| th
Nggr — %chgf;h(chgg> + ggNgg — g¢ (charm fugacity)
Io(geN§E)

Outcome: ND = gcvn%lll/jo NJ/ZD — ggvn?]h/w

Inputs: T', up,  Vay=1(= (cheffp/dy)/n’é%), N (exp. or pQCD)

Assumed minimal volume for QGP: V&é’};zQOO fm3


https://arxiv.org/abs/nucl-th/0007059
https://arxiv.org/abs/nucl-th/0012064
https://arxiv.org/abs/nucl-th/0010148

High hopes for charmonium at the LHC
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this is a generic prediction of SHM ...was confirmed by data


https://arXiv.org/abs/nucl-th/0701079

Charmonium data at RHIC and the LHC
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Full charm predictions for the LHC

A. Andronic
3 10F o ]
S VPl Pb-Pb |/s,=5.02 TeV 0-10% 3
Z E .D‘D ' + ]
T 1l p: o lyl<0.5 1
1071 _ o, @ ]
107 X(2900) ;‘;15;0 s 3
¥ #% 1)(3872)
107° ¢ ¢ Qo
| ole
107* & ; .
- P,(4320)
1078 SHMc, T, =156.5 MeV
" do_ /dy=0.532 + 0.096 mb o« :
—6 T T T T T T T |
095 2 25 3 35 4 45 5
Mass (GeV)

We do have predictions for different collision systems and  ranges (+30-50%)



Full charm predictions for the LHC
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Charm-hadron spectrum as in PDG: 55 c-mesons, 74 c-baryons (part.+antipart.)



SHMc: system dependence (central, 0-10%)
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Strong canonical suppression for light systems (for multi-charm hadrons)



SHMc: system dependence (central, 0-10%)
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SHMc: pr dependence
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full hydrodynamic flow (MUSIC(3+1)D, IP-Glasma; parametrized via blast-wave
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SHMc: pr dependence
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Ratios to DV
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Modified charm-hadron spectrum
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...ad-hoc: tripled the excited charm-baryon states, enhanced do¢:/dy by 19%
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IF charm thermalizes (fully) at lower energies

A. Andronic 17
= 022 1 ...SHMc is easy to be extended to
S, 0.2f | 4 lower energies
ﬁ 0_18:— ¢ 1 AA, Braun-Munzinger, Redlich, Stachel,

N - i

S o0w.F L | Ol_ PLB 659 (2008) 149
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S 0.4 PP ot "gxg"T'—_ |

S p12f ? | - .litmus test: ¢<QS) (+v2, RAA)

U - . .
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o [ - ]

© 0.08f 1 SPS

b= g 1 Braun-Munzinger, Stachel, PLB 490 (2000) 196

T 0981 pp-pp ]

m 0.04:_ _——I::ZZ:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: _: . . .
0.02F B i f<-3r D, stat. hadronlzatlon. s a

N R R simpler act, may be at work in pp
10 10° 10° 10° and in eTe™

| Sn (G8V) 1B 678 (2000) 350

The measurement in Pb—Pb at LHC is a central goal for Run 3,4 (YR, WG5 HL-LHC)


https://arxiv.org/abs/0708.1488
https://arxiv.org/abs/nucl-th/0007059
https://arxiv.org/abs/0904.1368
https://arxiv.org/abs/1812.06772

J /v production relative to charm
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100 x (dN,,, /dy) / (dN,, /dy)
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0.2

18

...an observable with similar features as R 4 4

..........

-
[ —— LHC (do_/dy=639pb) -
e RHIC (do_ /dy=63.1 pb) a
-~ SPS (do, /dy=5.7 ub) :
L T IR R N T N R
50 100 150 200 250 300 350
N

part

NPA 789 (2007) 334

(see also: Satz, Adv.HEP 2013 (2013) 242918)

e similar values at RHIC and SPS

...with differences in fine details
...determined by canonical sup-
pression of open charm

e enhancement-like at LHC

can. suppr. lifted, quadratic term
dominant


https://arxiv.org/abs/nucl-th/0611023
https://arxiv.org/abs/1303.3493

A word on beauty (at the LHC)
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Beauty is expected (data: scarce) to be less thermalized compared to charm

The beauty-hadron spectrum is less well known (PDG: 48 b-mes, 46 b-bar total)

S’E 0_25 _‘:1' L 1T 11 T 11 | L | L | L | T 17T T T 11 I_

g _:I'. _|

< it Pb-Pb |5, = 5.02 TeV -
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0154 % —

0.1 :_ ‘\\ \*\\\ |:|:| _:

0.05 :— \""""""'~---.--.----'ff.'.'.'.'.'_'_'_'_'_'_'_'_'_'_'_-_-_-_-_-_-_- ----- —:

ALICE, . BR uncertainties: Y(1S) = 2.0%, Y(2S) = 8.8% -

|||||||||||||||||||||||||||||||||||||||||
PLB 822 (2021) 136579 O™ "c0™ 400" 450 200 250 300 350 400

part

Color screening may not destroy all T mesons in QGP

Uncertainty band determined by nuclear-corona


https://arxiv.org/abs/2011.05758

The limiting case: full beauty thermalization
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Summary / Conclusions
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In the (our) statistical hadronization model:

e The hadronization is a rapid process in which all quark flavors take part
concurrently

e All charmonium and open charm states are generated exclusively at
hadronization (chemical freeze-out) ...full color screening
The model is very successful in reproducting the J/v and open charm data

A handle for hadronization T" with a mass scale well above T’

" The competition”:
the kinetic model, continuous J/1 destruction and (re)generation in QGP

(only up to 2/3 of the J/1) yield (LHC, central collisions) originates from deconfined ¢ and ¢ quarks)

Discriminating the two pictures implies providing an answer to fundamental
questions related to the fate of hadrons in a hot deconfined medium.

A precision (£10%) measurement of do.:/dy in Pb-Pb (Au-Au) collisions needed for a stringent test
(within reach with the upgraded detectors at the LHC and RHIC)



Summary / Conclusions

A. Andronic

In the (our)statistical hadronization model:

e The hadronization is a rapid process in which all quark flavors take part
concurrently

e Beauty may be only partially (~50%7) thermalized
e " states may not be fully destroyed by color screening in QGP

— consequently, our predictions in the beauty sector are upper limits

22




Extra slides
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J/v production at SPS and SHMc
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0.6

0.4 -

0.2

- ——  SHM, do,/dy=5.7 ub (2x pQCD)-

Vs, =17.3 GeV
NA5Q data

[J 2004 (norm.)
® 1998
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100

150
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N

part
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NPA 789 (2007) 334

Trend determined by canonical
suppression of open charm

Model uncertainties large (do.z/dy)

...constraining the model needs
a good measurement of do.¢/dy


https://arxiv.org/abs/nucl-th/0611023

Charm chemistry at lower energies
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AA, Braun-Munzinger, Redlich, Stachel, JPG 37 (2010) 094014

NB: uncertainties from oz are large

There are non-monotonic ratios (J/1/D), determined by canonical suppression


https://arxiv.org/abs/1812.4441

SHM and charmonium production at the LHC
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de‘/i/dy
%: L | | | | ] ANAA /dy
= 2b do, /dy (mb) 1.28 .
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S E (“proxy” for R4 4)
T 15 1 e"enhancement” at the LHC
z 0 0.89 g dir\2
z 125 T E Ny~ (NGZT)?
\E N 0.64 E
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Nogy  (2008) 054001

this was for /sy = 5.5 TeV ... but is a generic prediction of the model


https://arXiv.org/abs/0711.0974
https://arXiv.org/abs/0711.0974

The charm production cross section at the LHC
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o LHCb pr < 8GeV/c, 2.0 <y < 4.5
pp 5 TeV, JHEP 06 (2017) 147

o(cc) = 1193 + 3(stat) + 67(syst) + 58(frag) ub, — d(%ycc = 0477+ 0.036 mb
pp 7 TeV, NPB 871 (2013) 1
o(cc) = 1419 + 12(stat) £ 116(syst) + 65(frag) ub

Ae/D" = 0.140 & 0.045

e ALICE, |y| < 0.5, ppr > 0GeV/c
pp 5 TeV, arXiv:2105.06335, arXiv:2102.13601 :

e = 1.165 & 0.04(stat) £ 0.065(syst) " (a5 (extr) + 0.043(BR) + 0.042(RS) + 0.024(lumi) mb

A./D% = 0.51 £ 0.06

pp 7 TeV, JHEP 04 (2018) 108
%cc — 1.347 + 0.097(stat) & 0.104(syst) T 12 (FF) 4+ 0.011(BR) % .044(RS) & 0.047(lumi) mb
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http://arxiv.org/abs/1610.02230
http://arxiv.org/abs/1302.2864
http://arxiv.org/abs/2105.06335
http://arxiv.org/abs/2102.13601
http://arxiv.org/abs/1712.09581

Data in comparison to FONLL
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...pr-integrated (pr > 0); FONLL web interface
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http://www.lpthe.jussieu.fr/~cacciari/fonll/fonllform.html
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R, pp and shadowing
A. Andronic
Prompt D° production at Vsyn=5.02 TeV LHC Weighted nPDFs (90% CL)Z
2.2 T T Kusina et al, PRD 104 (2021) 014010
24 P <10 GeV NCTEQ15 e =~ .
18 A — Data: LHCb, JHEP 10 (2017) 090
16 L LHCbdata == 1 ALICE: 0.960 + 0.086, JHEP 12 (2019) 092
1.4 y=0:
o 1.2 7
& B R,py =0.7340.067 (10)
08 | I = Spypp = 0.53 £ 0.097
0.6 | i~ _
oal 8 in SHMc (earlier value):
4 F DI'T-
0.2 — 2 Spppp = 0.65 £+ 0.12
0, ; assumed shadowing in Pb—Pb
0
Yoms Spury = Rypp(—y) - Bypy(y)

= d9¢ — (1,532 4 0.096 mb for y=0 (Pb-Pb at \/Sy ¥ = 5.02 TeV, SHMc)

dy
0.334 & 0.053 for y=2.5-4



http://arXiv.org/abs/2012.11462
http://arXiv.org/abs/1707.02750
http://arXiv.org/abs/1906.03425

A fresh ALICE shadowing in Pb-Pb
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Nuclear modification factor

- Sy = 5.02 TeV
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p—Pb, 0-100% Pb-Pb, 30-50%
-0.96 < y < 0.04 ly| < 0.5

ALICE, arXiv:2110.09420

Pb-Pb, 0-10%
y| < 0.5
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0-10%

Data (stat+sys):
Spppp = 0.69 £ 0.11

nCTEQ15,r (1 0):
S sy, = 0.47 4 0.09

(centrality-dependent)


http://arXiv.org/abs/2110.09420

Another argument for large shadowing in Pb-Pb
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A. Andronic
g 14 ALPICE Pl;)+Pb —} Pb+Pb+J/y |5y, =5.02 TeV
> qpl @ ALICE coherent Jiy
> | - --- Impulse approximation
B L .- STARLIGHT _
8 [ ersmsioi) J/4) photoproduction
10— === LTA (GKZ) A :
-~ - IMBG (GM)
| — - IPsat (LM)
gl— — + BGK (LS)
L ---- GG-HS (CCK)
- — - b-BK (BCCM)
6_
: g - do /dy(data)
Al . POPb ™ do /dy(Imp.approz.)
ol o Spppp = 0.42 £0.04
o ~ —4
o i o i W i o b (xB] ~ (0.3 —1.4)-1077)
4 ) -2 = 0 1

ALICE, EPJC 81 (2021) 712

Impulse approximation: STARLIGHT, no nuclear effects except coherence
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