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Hadronisazion in heavy ion collisions

[ m

freeze out

hadrons -

gluons & quarks in eq.

gluons & quarks out of eq.
|

strong fields

<

incoming nuclei

Hadronization is relevant:

Hadronisation:
the mechanism by which quarks and gluons produced in hard
partonic scattering processes form the hadrons

No first-principle description of hadron formation

- Non-perturbative problem
- Necessary to resort to models

Hadronisation of the QGP medium at the pseudo-
critical temperature

Transition from a deconfined medium composed of quarks,
antiquarks and gluons to color-neutral hadronic matter

Hadronization (impossible to neglect)

how hadron are produced? Is it a universal process in e*e’, e'p, pp, pA and AA?
source of systematic uncertainty in final observable R,, and v,, v;,....
—> systematic uncertainty in extracting transport coefficients.
Crucial role in the interpretation of results of Polarization for light hadrons, open heavy

flavors, and quarkonia.

Impact in predictions for multi-charm production PbPb vs KrKr vs ArAr. Relevant for ALICE3



Hadronization: fragmentation and coalescence
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Hadronization: fragmentation and coalescence
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HF hadronization have stimulated new developments:

- PYHTIA beyond Leading Color (LC) - Color Reconnection (CR) in pp
- SHM applied to pp

- Coalescence+Fragmentation approach applied to pp

- Local color recombination: POWLANG in AA and in pp

- Inclusion of HF Coalescence+ Fragmentation in EPOS (pp &AA)



Hadronization schemes

o Independent fragmentation q->m K, p,A..

o String fragmentation (PYTHIA)
T. Sjostrand et al., JHEP 05 (2006), 026
C. Bierlich et al., SciPost Phys. Codeb. 2022 (2022), 8

o In medium hadronization with Cluster decay
A. Beraudo et al., EPJC82(2022) [AA]
A. Beraudo et al.,, PRD109(2024) [pp]
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o Coalescence/recombination
S. Plumari, V. Minissale et al, Eur. Phys. J. C78 no. 4, (2018) 348
S. Cao et al., Phys. Lett. B 807 (2020) 135561

Resonance Recombination model
L. Ravagli and R. Rapp, Phys. Lett. B 655, 126 (2007).
L. Ravagli, H. van Hees and R. Rapp, Phys. Rev. C 79, 064902 (2009).

For recent reviews of HF hadronization see:
J. Altmann, arXiv:2405.19137 [hep-ph]

o Statistical hadronization model (SHM) 1. Zhao, et al., PRC 109, no.5, 054912 {2024]

A. Andronic et al, JHEP 07 (2021) 035



PYTH | A T. Sjostrand et al., JHEP 05 (2006), 026
C. Bierlich et al., SciPost Phys. Codeb. 2022 (2022), 8

PYTHIA model hadronization from e+e- up to pp collisions recent extension

(Angantyr ) to study AA collisions (C. Bierlich et al., JHEP 10, 134 (2018)) high-p-. excitations and heavy quarks are

9 Go The string breaking is modelled <7Tmiq) produced by perturbative mechanisms

LA . .
& d via Schwinger mechanism for QCD ~e¢~\" &/ (partonic scattering processes and parton
% i Qo k is the string tension showers) and not by string breaking
® & '
bz g ¢ 220 Leading Color (Nc = =°): Prob. of Local Color neutralization > 0
. /.\@f\ @ only “dipole” string configurations are allowed
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— \“’(@” ~@® In Leading Color HF baryon only by [di-quark+HF] with HF

as string end point
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PYTHIA model hadronization from e+e- up to pp collisions recent extension

(Angantyr ) to study AA collisions (C. Bierlich et al., JHEP 10, 134 (2018))

LA ltmqnln,,ar,Xiy: 24 |05 19137 high-p; excitations and heavy quarks are
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Leading Color (Nc = <°): Prob. of Local Color neutralization - 0
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I Color-.... | In Leading Color HF baryon only by [di-quark+HF] with HF
Reconnection™ . . . .
] as string end point
£ (GeVIE) When string color reconnection is switched-on in pp
4 q . according to SU(3) counting:
- J. R. Christiansen and P. Z. Skands JHEP 08 (2015) 003
@ @ * Very large baryon Ac, 2c enhancement

* not that relevant for D, similar to coalescence+fragmentation
Local reconnection - string energy minimization - smaller

4 q invariant mass and breaking of long y correlation
. . CR
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ALICE
@ pp,\s=13TeV
O pp,\s=7TeV

i O p-Pb, sy, =5.02 TeV | * Very large baryon Ac, 2c enhancement
1 Pb-Pb,\s,, =276 TeV . . .
i —— PYTHIA + color ropes ] * not that relevant for D, similar to coalescence+fragmentation
------- HERWIG7 . . e o . o
A I PYTHIAS Monash Local reconnection - string energy minimization - smaller
100 N oo PYTHIAS Monash NooR | invariant mass and breaking of long y correlation
10 102 10° - :
Rope hadronization has been proposed to describe strangeness
(AN /dm), o

enhancement - increase string tension in densely packed

S. Acharya et al. [ALICE coll.] EPIC 80, no.8, 693 (2020) environments - to higher strange-hadron production.
C.Bierlich, EP] Web Conf. 171 (2018), 14003



Coalescence approach in phase space

Parton
Statistical factor colour- Distribution . .
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Coalescence approach in phase space for HQ
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Resonance Recombination Model (RRM)

L m(p) [ dPpdpa
fu(Z,p) = T / 2n);

The 3-body hadronization process in RRM are conducted in 2 steps

1 :quark-1 and quark-2 recombine into a diquark,

ql(pl) + q2(p2) - da(p12)
2: the diquark recombines with quark-3 into a baryon

dgl(p12) + g3(p3) > B
> p1d® pod®ps Yaq
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Recomb. according not to a w.f. but to a Breit-Wigner cross section
(still a closeness in phase space constrained by I, ; ~ 100-300 MeV):
— Assumed a set of additional RQMc-baryons [as in SHM]

-Increased set of baryons for the A_production:
PDG: 58,308 5¢; 2Lk
RQM: 18 A¢,42 %.,62 =, 34 Q.

— Similar effects to coalescence on R,, and v2 of D & Ac
Local phase-space recombination with strong: Space-Momentum-Correlation

dN/Zrprdpydy

L. Ravagli and R. Rapp, PLB 655, 126 (2007).
L. Ravagli, et al.,, PRC 79, 064902 (2009).
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Resonance Recombination Model (RRM)

L. Ravagli and R. Rapp, PLB 655, 126 (2007).
L. Ravagli, et al.,, PRC 79, 064902 (2009).
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The 3-body hadronization process in RRM are conducted in 2 steps

1 :quark-1 and quark-2 recombine into a diquark,

ql(pl) + q2(p2) - da(p12)
2: the diquark recombines with quark-3 into a baryon
dgl(p12) + g3(p3) > B
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Recomb. according not to a w.f. but to a Breit-Wigner cross section
(still a closeness in phase space costrained by 'M-B ~ 100-300 MeV):
— Assumed a set of additional RQMc-baryons [as in SHM]

-Increased set of baryons for the A_production:
PDG: 58,308 5¢; 2Lk
RQM: 18 A¢,42 %.,62 =, 34 Q.

—> Similar effects to coalescence on R,, and v2 of D & Ac
Local phase-space recombination with strong: Space-Momentum-Correlation
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POWLANG Local Color Neutralization jbsisiintissioeon

A. Beraudo et al., PRD109(2024) [pp]

HQ hadronization in the presence of a reservoir of lighter thermal particles:

Recombination of the HQ with light antiquark or diquarks:

Color-singlet clusters with low invariant mass M (M<4 GeV) are assumed to
undergo an isotropic 2-body decay in their local rest-frame.

Heavier clusters are instead fragmented as Lund strings.

o Recombination with light diquarks = enhances yields of charmed baryons.

o The local color neutralization - strong space-momentum correlation -

Specific of the approach:

- Existence of thermal flowing diquarks

- Very strong impact on v,(p;) from ¢ - D, Ac
- Large /), production already in pp

enhancement of the collective flow of the final charmed hadrons

Dense medium (pp &AA) = local color statistical neutralization,
qualitatively similar to PYTHIA with local CR - smaller M
qualitatively similar to Coalescence/Resonance Recombination
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POWLANG Local Color Neutralization jbsisiintissioeon

A. Beraudo et al., PRD109(2024) [pp]

HQ hadronization in the presence of a reservoir of lighter thermal particles:

Recombination of the HQ with light antiquark or diquarks:
* Color-singlet clusters with low invariant mass M (M<4 GeV) are assumed to
undergo an isotropic 2-body decay in their local rest-frame.

* Heavier clusters are instead fragmented as Lund strings.

o Recombination with light diquarks - enhances yields of charmed baryons.
o The local color neutralization - strong space-momentum correlation - Specific of the approach:

enhancement of the collective flow of the final charmed hadrons - Existence of thermal flowing diquarks
Dense medium (pp &AA) - local color statistical neutralization, - Very strong impact on v,(p;) from ¢ = D, Ac
qualitatively similar to PYTHIA with local CR - smaller M - Large J; production already in pp
qualitatively similar to Coalescence/Resonance Recombination
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Statistical hadronization model (SHM)

o K KK ¢ p P A % 0T d1d 3He%iH A “He ‘Fe

Multiplicities of light-flavour hadrons well described by

. . : . o 10° helel 11 0 i bbb b -
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- B | dody = 579 +87 b (normalised to 0, PDG) ] S. Acharya et al [ALICE coll] EPJ C 84 (2024) no.8, 813.
6 do /dy = 680 pb (normalised to D° enh. c-baryons) —
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‘é R S = SHARE: G. Torrieri et al., Comput. Phys. Commun. 175 (2006) 635,
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Light flavour (u,d,s) from p, pA, AA



Light baryon-to-meson production in AA

Catania: Boltzmann+Istantaneus Coal.+Fragm. S. Acharya et al. [ALICE coll], EPJ C 84 (2024) no.8, 813.

V. Minissale et al., PRC 92 (2015) 054904 g 1-_Pb—Fl>b“_‘l . T o I g 4 . . . EEaraTen

CoLBT: linear Boltzmann+hydro bulk+Coal+Fragm. % 08 il o S e T 'g > e %

W. Zhao, et al. PRL 128 (2022) 022302 % 06 = 2.5Ei gD E i
0.4

EPOS: core (viscous hydro) + statistical
hadronization + hadronic cascade.

®  TEPb-Pb, 5, =5.02TeV  10-20% 1 & 4
VISHNU: viscous hydro-> Cooper-Frye -> UrQMD kos > 1%
C. Shenet al., Comput. Phys. Commun. 199 (2016) 61 2 06 ﬁ 4 =
T 04 v 3
* high-pT region (>8-10 GeV/c), particle yield ratios in 0.0 % E
Pb—Pb collisions match those in pp collisions, OE L ESmmm— oE
fragmentation dominates hadron formation. & FPoPb fsy-502Tev  4050% 1 & 4F
: k osf s VISHNU 12 3'2
* low-pT (<2 GeV/c), spectra are well described by = F S, —-EPOS34 1 e,:
hydrodynamic  models, consistent with an 2& 0'65_ Fo 0\ T oot E >
equilibrium evolution of the system. 04r B 1.5
- 1
0.2
* Intermediate-pT region provides insight into hadron N A 0'8 )
formation mechanisms, models with recombination o 2 4 6 8 10 12 0

capturs key data features.



* color ropes in PYTHIA (enhanced tension color flux tubes) good
description of strangeness enhancement in high-multiplicity pp
collisions (10% accuracy), but fails to accurately describe the p/m.

* SHM describe the relative increase in strangeness. Thermal FIST
(canonical statistical model) describes most particle ratios up to

20% deviation.

Why does the proton-to-pion ratio show smaller dependence on

multiplicity in LHC collisions?
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Light baryon-to-meson production from pp to AA
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Event-by-event production of multistrange hadrons
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Measurement of both correlation and normalized second-order cumulants in - ALICE, {5, = 5.02 TeV, |n] < 0.8 i
provides strong discriminative power against different model predictions. -+, 1-08" top tp—Pb tPL-Pb i
. _y i 1.04¢ : 551:& gg’éaihégﬁe, PP HIJING Pb—Pb l
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* SHM (Canonical Ensemble) Thermal-FIST: The strangeness saturation 0.94/ _
parameter y, is included to account for incomplete strangeness 600 B
equilibration at low multiplicities. SHM successfully describes both R NS ST DS WA

the normalized second-order cumulant and correlation (p,-y«)

= 001 hiice jepmsozTevm<os

« PYTHIA 8 and Rope Hadronization: qualitatively predict negative = " tpp tp-Pb tPb-Pb i
correlations and second-order cumulant smaller than one, but ©
overestimate it in low- and high-multiplicity regions. —0.01
How does the picture change at higher p- where fragmentation is —0.02

expected to be the dominant hadronization mechanism? 004

How could higher-order cumulants reveal deviations from the .04, 5 PYTHIA Monash. pp N

thermal baseline? Missing calculation of coal.+fragm. approach i P THIA Agant bl St PYTHIA Angantyr. Pb_Pb ]

_0.05- TheFIST CE SHM, V. = 3 dV/dy |

A systematic study including p, m, Q, ¢ ... can give more information L e e e e e S IR S

. . 10 10? 10°
about hadronization S. Acharya et al. [ALICE coll.], arXiv:2405.19890 (AN _ /dn)



Light flavour hadron v,(p;) in AA

Catania: Boltzmann+Istantaneus Coal.+Fragm.
V. Minissale et al., PRC 92 (2015) 054904

CoLBT: linear Boltzmann+hydro bulk+Coal+Fragm.
W. Zhao, et al. PRL 128 (2022) 022302

EPOS: core (viscous hydro) + statistical

hadronization + hadronic cascade.
K. Werner et al., PRC 89 (2014) 064903

VISHNU: viscous hydro-> Cooper-Frye -> UrQMD
C. Shenet al., Comput. Phys. Commun. 199 (2016) 61

EPOS3: hadronic cascade stage (UrQMD), are crucial
for descrption of v,(p;). EPOS3 successfully reproduces
mass-ordering up to p; = 2-3 GeV.

Model with recombination and fragmentation (Catania
and ColLBT ), describe v,(p;) over a broad p; range,
from hydro like behavior at low p; to fragmentation at

high p.

CoLBT simulations that exclude the coalescence
process underestimate v,(p;) for p; > 4 GeV.
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S. Acharya et al. [ALICE coll], EPJ C 84 (2024) no.8, 813.
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Impact of Quark Coalescence on v,(p;) in pA and pp

* Low p;(p;<3GeV):

Y. Wang et al., arXiv:2401.00913

. - . p
ALICE VO0A 0-20%

* Mass ordering hydro behaviour dominant ,s
-> Coal+fragm and only Fragm scenario good

description of data

* Intermediate p; (3< p; < 6 GeV):

* Hydro+Coal+Fragm: successfully description of 010

baryon/meson grouping and splitting

0.05F

* Hydro+Fragm: mass ordering -> not enough to 0-00

reproduce splitting effects

Would PYHTIA-CR predict finite v2 of m,k,p in pp?

String shoving?

More details in:

W. Zhao et al., PRL 125, no.7, 072301 (2020)

Y. Wang et al., arXiv:2401.00913
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Heavy flavour (c,b) from p, pA, AA



do/dprdy (ub/GeV)

Grand canonical SHM + Frag. In pp

M. He, R. Rapp, PLB795(2019) [charm]
M. He, R. Rapp, PRL131(2023) [bottom]
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vs p; a fragmentation function is exploited
0.2
=c/DO still lack yields
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Grand canonlcal SHM + Frag. In pp
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* Very good Ac /D vs data [TH=170 MeV, flavor hierarchy?!]

-Increased set of baryons for the A_production:

* RQM Resonances not yet seen in e+e-, €-p ppG: 5A., 3%, 8 Ec, 2 Qc

ROQM: 18 A,42 X, 62 =c, 34 Qc

* For the yield assumes a thermal distribution, but for comparing data
vs p; a fragmentation function is exploited

e =c/DO still lack yields
* Extended to bottom in pp: an explanation of Ab/BO evolution

* from e+e-to pp Canonical Suppression
[but assuming V., with linear evolution with N,/

corr

M. He, R. Rapp, PLB795(2019) [charm]
M. He, R. Rapp, PRL131(2023) [bottom]
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Small systems: Coalescence in pp? (Charm hadrons)
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Error band correspond to <r’> uncertainty in quark model

-Damping of rise-and-fall behaviour in A_/ DP ratio:

-Comparison with AA: Coal. contribution smaller w.r.t. Fragm.

Data taken from ALICE coll. JHEP 04 (2018) 108
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V. Minissale et al., Phys.Lett.B 821 (2021) 136622

- Coalescence does not affect significantly D° but is dominant for baryons A_and =
- More abundant the coalescence contribution for B even in pp, Minissale et al., 2405.19244



Possible role of diquarks in AA and pp?
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- Catania-coal & SHM-RQM/QCM natural good description of X ./D%and A. € X
- PYTHIA-CR too many X, = A/D°; associated to a suppression of junction diquark /=7 (set ~ e*e for
string di-quark). Removing it = Agreeement to data of A. € 2.

It goes in the direction of simply recombine according to SU(3) ~ simple colaescence



Possible role of diquarks in AA and pp?

Coal. Approaches (Catania, LBT, EPOS4HQ... RR-TAMU) T CATANA

= V,(A)> v,(DP) at pT> 2 GeV

because A_ gets flow from 2 light quarks, D° from 1+fragm. 0.06}

POWLANG assume diquark hydrodynamical flow and
A =(qq)+c = v,(A)~ v,(D?) at intermediate pT

H. Yun et al.,PLB 851, 138569 (2024)

Q
~

[ Catania+ [gs] diquark (mpgs) =580 MeV, T,= 181 MeV, Tx =181 MeV)
23 Catania+ [gs] diquark (mpgs) = 580 MeV, T, =165 MeV, Ty =181 MeV)

0.61 Catania (coal.+fragm.)
+ ALICE

A
c 0 op, VS =5.02 TeV, |y|<0.5
c
2 0.4
g = /O
203 /D
-
o
2 0.2 BB
m

Q
=

©
o

pr (GeV/c)

0.08} POWLANG HTL
POWLANG IQCD

PbPb@5.02TeV 30-50%

1.5 2 25 3 35 4 a5 5
pt (GeV)

The (us) and (ds) diquarks are more compact and exhibit stronger
binding energy than (ud) diquarks.
— enhanced production of =zc and D particles in high-energy pp -
enhancement in =c/D0O

Similar enhancements expected in pPb or PbPb collisions?
Possible impact in the strangeness enhancement for light flavour K, A?
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HF baryon/meson in pp: rapidity dependence

Altmann et al., 2405.19137 [hep-ph]
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- Again Need CR in PYTHIAa seems too strong at forward (no rapldlty dependence)
- EPOS4HQ+coal close to data (rapidity dependence?). At y=0 Catania results
- SHM +RQM about close, less the pT shape (Frag.-Function)

Coal./Fragm. ratio in pp larger for B than D


https://arxiv.org/abs/2405.19244

HF baryon/meson in pp: rapidity dependence

Altmann et al., 2405.19137 [hep-ph]
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- Again Need CR in PYTHIAa seems too strong at forward (no rapidity dependence)
- EPOS4HQ+coal close to data (rapidity dependence?). At y=0 Catania results
SHM +RQM about close, less the pT shape (Frag.-Function)
Coal./Fragm. ratio in pp larger for B than D
PYTHIA 8 does not predict rapidity-dependence a discrepancy with LHCb measurements at forward rapidity.
Coalescence affect the rapidity dependence of the baryon-to-meson ratio of charm or beauty hadrons?
Do the coal.+fragm. model also describe measurements at forward rapidity? Dominance of fragm.?



Strangeness in pp for HF sector

Taken from talk ALICE - Faggin,(SQM2024) 4 Tue 11:00

+ 1 TTT I 7T l B R I FTET I TTT I Tl I TTT ] =T l 1T I TTT I TTT l TTT OD ! ! ' l ' ! ' ] ! l ' l ' ! ' ] ' ! L
o - L uly - <
» £ ALICE Preliminary ~FNEW - ALICE = Data .
Q0.9 pp, Vs =13.6 TeV, [y[<0.5  © Dae L . - BR unc. i
. PYTHIA 8 R REET ui" 04 - pp. Ys=5.02TeV PYTHIA 8 Monash2013"
08057 ™, Meidsh = A PYTHIAB Mode 2
- CR.- Mode 0 ] L lyl<0.5 == PYTHIA8 Mode 0 -
e . - = PYTHIA 8 Mode 3 .
- CR-Mode 2 O 3- e o g -
0.6 ] . s _
5 -l Wis Honos ] . Tk Jal //////// Catania (coal.+fragm.) -
0.5 w - - SN SHM+ROM -
g f = 029, B
o.3:ﬂ = -y, -
L Catania . i "o i
025 pr p's gn'os KK e POWLANG B (0 ) | g $ —
- andchargeconj ... HTL . \ gRETE"T o Yy, -
015" BR unc. (not shown): 2% OO E &: s ARl
:l 11 I L1l | ! | I L1 I 111 | R R | I 11 I | - | L1 | L1 I 111 I 11 l_ — - ——— x
% 24 6 8 10 12 14 16 18 20 22 24 pesgusspueqenapeaqeanyenqescperqeer) '

() 0 2 = 6 8 10

- Catania Coalesc.+Frag. quite ok, but it is large the fragmentation contribution
- POWLANG/LCN too high, but the approach has only recombination also for mesons

- PYTHIA-CR seems to have a lack of strangeness [see also =c]
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Advantages of implementing coal. in EPOS4: 1.0f e ALCE 1 04 e ALCE

. . . . I = CMS ] b — EPOS4HQ |

- Full dynamical realistic dynamics from ep, pp to AA 0.8 + EPOS4HQ : + ~ — Pure EPOS4;
L — — Pure 1

J. Zhao et al., PRD 109, no.5, 054011 (2024) 204
J. Zhao et al., PRC 110, no.2, 024909 (2024) =
difference in coal. wrt Catania: Assume RQM states like in SHM
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Multi-charm in PbPb - KrKr — ArAr -OO



Statistical Thermal Model (SHM) + charm({(SHMc)

Braun Munzmger Stachel PLB 490 (2000) 196

grand canonical partition function

_ Vg
Inz=-- J_ p'dpIn[1+ exp(- (E~@)/T)] |

Eqmllbrlum + hadron-resonance gas + freeze-out temperature.
Production depends on hadron masses and degeneracy, and on system properties.

Charm hadrons according to thermal weights

the total charm content of the fireball is fixed by the measured open charm cross section.

Nd[ chv(z nth+n/\ )+gc (Z nth+nth)
pPQCD production N¢anti-c = 9 6> gc= 30 1 (charm fugauty)

Andronic et al.,
JHEP 07 (2021) 035

SHM(c yields+blast wave
->p, spectra
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Statistical Thermal Model (SHM) + charm({(SHMc)

grand canonical partition function

Vg
Inz=-- J £ pdpin[L+ exp(- (E{E)IT)]

Eqmllbrlum + hadron-resonance gas + freeze-out temperature.

chemical potential <>
conservation quantum numbers
NB, Ns, Nc)

Yield per spin d.o.f.
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Yelds in PbPb: coalescence vs SHM 10—

V. Minissale, S. Plumari, Y. Sun and V. Greco, Eur. Phys. J. C 84, no.3, 228 (2024) EESE E?E;b E
"""""""""""""""""" charm OO
10"} o & Pb Pb 5.02 TeV 0-10% |y|<0.5{ 10’ chem thermel - ——
D' m )
10%} % : E'—c {10° z
om O o
2 0 z
-1 c o Q‘C -1 =
10 . ﬁ Iy 10
> _
©107%} o {107
Z N\
10_3 3 QCC E 10_3 ° i PT [geV] °
1074k o {11074 We employ same volume in SHM
I f - cee A. Andronic JHEP (2021) 035
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100 e 10 Rmax (fm) 52 7.65 10.1 14.1
1.5 2 2.5 3 3.5 4 4.5 5 (i) . 5 62 q
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— upper limit: charm thermal distribution

0 =0 0 .
—> lower limit: PbPb distribution with widths 2¢,=¢, )¢ ,widths from quark model
, 0 —
rescaled as standard Harm. Oscill. ( ® from Q¢ ) =o' Q¢ widths obtained rescaling with harm. oscillator



Yelds in PbPb: coalescence

V. Minissale, S. Plumari, Y. Sun and V. Greco, Eur. Phys. J. C 84, no.3, 228 (2024)

D° and A, determine the yield, the radius
variation is compensated by the constraint on

the charm hadronization

A £ 50% in the radius of Q

CCC

induces a change in the yield by about 1 order of

magnitude

V(l‘1 , T2, r3) = Z VCC(rI" rj)‘

i<j

Solve the 3-body problem by a 1-body in higher dimensions

o
Vee(ri,rj) = ——— + orijl,

|rijl

hyperspherical coordinates method

2me \ dr2  rdr

W(r.p) = / doye Yy (r+ ’2—') v (r— !)

2

1 d 5d
[ ( ————)+v(r)]<p(r)=E<p(r)

W(r, p,0) = % / d®ye= 19 (rf) ¢* (ry) ,

P(r) (tm)
—
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Assessment of some of open issues

- Measurement of correlations, second-order and high order cumulants of Strange, multi-strange
and charmed hadrons provides strong discriminative power against different model.

- Rapidity evolution of light and heavy flavor baryon/meson, v, (p;) [most work at y~0]
- Polarization possible new window for further tests of coalescence and fragmentation

- Extension to bottom + reduced data error bars, will show similar agreement?
A,/BY, E,/B°, Q,/BO further constraint to the hadronization mechanism

- Coal./Fragm. dominance of coal. in Ac? a probe large v,(D) /v,(/Ac) vs pT

- di-quark role in =c/DO ? need smaller error at low pT
System size scan of =_/D°, Q2 /D° further constraint to the hadronization mechanism?
hydro flowing diquarks? v,(Ac) - v,(D) at intermediate pT

-  PDG/RQM resonances ...

- Multicharm baryon production (ALICE3): Qccc yield large sensitivity to charm kinetic equilibration and its
wave function width






Polarization

Recombination Fragmentation

B 00
low p; ) high p; Hadronization underlying the interpretation for
1-p,-P, |<3  chargedmeson _1+p8P; 1 light hadrons, open HF and quarkonia
p00=m= 1 p00_3_—ﬂf)qz>—
a "4 > 3 netral mesons

S. Acharya et al. [ALICE co/l ] PRL 125 (2020) no.1, 012301
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Small systems: Coalescence in pp? (Bottom hadrons)

Data from A. M. Sirunyan et al. (CMS), PRL 119, 152301 (2017).

V. Mm/ssale et al. arXiv:2405.19244 [hep ph]
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Pcoal of bottom is flatter than Pcoal of charm
-> Coal. greater impact on bottom hadron production

B meson production at pT < 5 GeV mainly from Coal
Ab production mainly from Coal. for pT < 10 GeV


https://arxiv.org/abs/2405.19244

Small systems: Coalescence in pp? (Bottom hadrons)

V. Minissale et al, arXiv:2405.19244 [hep-ph]

1.5 T 1 T 1 T 1 T T T T T T T T T T T T
R . 1 0 I . .
1.4}only fragm. /B Error band correspond to <r?> uncertainty in quark model
| B%B) ) R o .
- D/B, AJ A, E./E, QJQ, provide information about
i hadronization and f(c)/f(b)
I = 0 - Scaling if only coal. is assumed
Q _ b
©
m i 90 T |_ T T T T T ’\I T T T T T T T T
i DYBP coal +fragm. == ||/ \ c/b T
i 8ok AJAy coal.+fragm. —— ¥\ DYRB° coal —
i =J=, coal. \ A A coal —_
70} Q./Qy coal. — 1 \ Z/Z,, coal 1

Q.J/Q, coal —

D°/B° coal +fragm. —— |
AJAy coal +fragm. — —

0.0 0.0
0123456789101 2345678910 123456738910
Pt (GeV) pt (GeV) Pt (GeV)

Ratio

Coal gives enhancement of Baryon/meson ratio



https://arxiv.org/abs/2405.19244

Yelds in PbPb: coalescence vs SHM

V. Minissale, S. Plumari, Y. Sun and V. Greco, Eur. Phys. J. C 84, no.3, 228 (2024)
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— upper limit: charm thermal distribution

— lower limit: PbPb distribution with widths
rescaled as standard Harm. Oscill. ( ® from Qg )
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Small systems

Traditional view:
e QGP in Pb+Pb

[ ] ‘ [ ] M °
* no QGP in p+p (“baseline”) Fragmentation:
SUPErSONIC for p+p, Vs=5.02TeV, 0-1%  superSONIC for p+Pb, ys=5.02TeV, 0-5%  superSONIC for Pb+Pb, V5=5.02 TeV, 0:-5% production from ha rd-scattering processes
IR NN Y (PDF+pQCD).
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