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Hadronization:
A Fragmentation
A Coalescence model

Heavy hadrons in AA collisions:
A N_, D spectra and ratio: RHIC and LHC

S Plumari et al. Eur Phys J C78, no.4, 348(2018

Heavy hadrons in small systems (pp @ 5.02 TeV).
A N/D?, = /DO Q_/DOv. Minissale, eal., Phys. Lett. B21, 136622(2021)
A I\b/Bo, Eb/BO ’ Qb/BO (new)V. Minissale et ahrXiv2405.19244hep-ph]

Multicharm production (new)v. minissate, et aiEur Phys. J. 84, no3, 228(2024)


https://arxiv.org/abs/2405.19244

Specific of Heavy Quarks

Recent reviews:

Mg, >> Aqcp

produced by pQCD process (out of equilibrium)
m., >>T,
negligible thermal production
To<< Tqap

Tiherm. = tO,GP >> rg,q

HQs experience the full QGP evolution

Carry informations about initial stages, more than light quarks
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Relativistic Boltzmann transport at finite n/s

Bulk evolution

p\li aufq,g (x, pj) +\M(x) aﬁM(X) agfq,g (x: p)j — 522 [fq,g]

~ J/
free-streaming field interaction collisions
g-3p20 n#0
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Heavy quark evolution 04f | = — THC med 5 GV :
r\] T nQ(dm) 6 ;\m\QH\Q 0.35;— m=0 SB J:
Describes the evolution of the one body 3 0'35_
distribution function f(x,p) 025 W :
0_2:_ s - | _:
It is valid to study the evolution of both bulk By -~ 'f’www ]
and Heavy quarks op M(DO b, 3 ]
0_1'....| L AR vl M .:

Possible to include f(x,p) out of equilibrium " e Geviim "

S. Plumari et al.,J.Phys.Conf.Ser. 981 012017 (2018).



Heavy flavour Hadronization

Fragmentation:

Microscopic
production from hard-scattering processes (PDF+pQCD).

Fragmentation functions: data parametrization, assumed “universal”

, o DLDO@@M)YO®h a, o G0o. aDb
Parton shower: String fragmentation(Lund model — PYTHIA)

+colour reconneCtiOn(interaction from different scattering)
Cluster decay (HERWIG)

Coalescence: recombination of partons in QGP close in phase space
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Have described first AA observations in light sector for the enhanced baryon/meson ratio and
elliptic flow splitting

_ L. Macroscopic
Statistical hadronization: _
Equilibrium + hadron-resonance gas + freeze-out temperature.

Production depends on hadron masses and degeneracy, and on system properties.




Catania Model: Coalescence +

Hadron Wigner .  «
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Wigner function width fixed by root-mean-square
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Catania Model: Coalescence +
Hadron Wigner(.j * 0

Statistical factorcolour-spin ¢ .
isospin unction
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Wigner function width fixed by root-mean-square

- - - charge radius from quark model
Wigner function — Wave function CAN. Hwang. EPJZ3. 585 (2002)

C. Albertus et al., NPA40, 333 (2004)
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Normalization  of C,(...) requiring that
P..,=1 at p:=0
Assuming gaussian wave function

. o The charm that does not coalesce undergo
) WA Q’@,,_ N ) fragmentation

only one width coming from d&,,(r),
constraint , P
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Catania Model: Coalescence +

Statistical factorcolour-spin
Isospin

QU Q¥
T @ Nte oy )-Q(wmo(mrﬁﬂmmrﬁﬁn

Thermal+flow for u,d,s (p; < 3 GeV)
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+quenched minijets for u,d,s (p; > 3 GeV)

Hadron Wigner
function

In AA collisions charm distribution from the
of D-meson to

studies of R,, and v,
determine the Space Diffusion coefficient:

parton simulations solving relativistic Boltzmann

transport equation

In pp collisions the charm distribution are the FONLL

distribution

. Coalescencelmulatlonln a fireball W|th |
' radial flow for light quarks — dimension:
' sethy experimentakonstraints ;




Catania Model: Coalescence +
isti aDi Hadron Wigner . © .
Statistical }‘Sg;%ricr;]olour Spin tunction o 0]
Qv () 0 o 16 (o Festo M Fesm ( ‘ )
Qn d (c) n N
Normalization  of C(...) requiring that P___=1 at p=0
The charm that does not coalesce undergo fragmentation
T e T Re
TOT = TOT
syl bl

0.01F




Catania Model:

32 z f 2 Df—)h (Z)
d ph ZE %drons

Parton Distribution Functlon
O

The distribution function is evaluated at the Fixed-Order plus Next-to-
Leading-Log (FONLL)

M. Cacciari, P. Nason, R. Vogt, PRL 95 (2005) 122001

In AA:bulk+charmevolution with Relativistic Transport Boltzmann Equation

We use the Peterson fragmentation function
C. Peterson, D. Schalatter, |. Schmitt, P.M. Zerwas PRD 27 (1983) 105

1
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Sligthly modified to reproduce tail of the A /D°
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Heavy flavour: Resonance decay

Meson Mass(MeV) | (J) Decay modes B.R.
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Resonances In our calculations we take into account
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AA @ RHIC & LHC

wave function widths b of baryon and mesons are the same at RHIC and LHC!

Data from: STAR Coll. PRL 113, 142301 (2014), ALICE Coll. JHEP 09 (2012) 112
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AA @ RHIC & LHC wave function widths' b of baryon and mesons are the same at RHIC and LHC!

Data from ALICE Coll. JHEP 09 (2012) 112
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AA @ RHIC & LHC wave function widths' b of baryon and mesons are the same at RHIC and LHC!

Results for 0-10% in PbPb @5.02TeV:
Consistent with the trend shown at RHIC and LHC @2.76TeV

Available data at low p; - differences recombination vs SHM STAR Coll. Phys.Rev Lett. 124 (2020) 17 172301
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Baryon to meson ratio at RHIC & LHC
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Heavy flavour Hadronization

Fragmentation: \c{: hadrons
production from hard-scattering processes (PDF+pQCD). C
Fragmentation functions: data parametrization, assumed “universal” O b a O
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Heavy flavour Hadronization

Fragmentation:
production from hard-scattering processes (PDF+pQCD).
Fragmentation functions: data parametrization, assumed “universal”

, o DLDO@@M)YO®h a, o G0o. aDb

Things get more complicated after
experimental evidence in pp@5TeV:

(c—>h) depends on
collision system...and QGP presente

No more Universality?

Baryon/meson ratio is underestimated, and no p;
dependence

~~

c @{: hadrons
0" 80

ALICE, PRL 127 202301 (2021)
ALICE, PRC 104 054905 (2021)

o T T T T I T T T T I T T T T I T T T T I T T T
O -
= 14-ALICE sy =5:02 TeV, |y| < 0.5
< ¢t §
1.2 op —
1:— | A Preliminary _:
- | 4 PRL 127 (2021) 202301 ]
0.8f | Pb-Pb (arXiv:2112.08156)
- = 0-10% -
0.6] .} o 30-50% —
o :
C M- ]
0.2k ]
> ________________________________________________________
B | 1 | | ]
0 5 10 15 20
p.. (GeV/c)



Small systems: Coalescence in pp?

Common consensus of possible presence of QGP in smaller system.

What if:
s Assuming QGP formation also in pp?

s What coalescence+fragmentation predicts in this case?
Data from:

S. Acharya et al. (ALICE), Eur. Phys/9.388(2019
ALICE ColPhys.Rev.Let1 27 (2021 20, 202301- Phys.Rev.004(2021) 5, 054905
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18 V. Minissale, S. Plumari, V. Greco, Physics Letters B 821 (2021) 136622
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wave fuction widths u of baryon and
mesons kept the same from AA to pp
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Small systems: Coalescence in pp?

V. Minissale, S. Plumari, V. Greco, Physics Letters B 821 (2021) 136622
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Small systems: Coalescence in pp? Reduction of rise-and-fall behaviour in A_/ DO ratio:

-Confronting with AA: Coal. contribution smaller w.r.t. Fragm.
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Small systems: Coalescence in pp?
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New measurements of heavy hadrons at ALICE:

- =./D°ratio, same order of A/D°: coalescence gives enhancement

- very large Q_/D° ratio, our model does not get the big enhancement

Uncertainties bands
coming from the
Branching Ratio error
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ALICE Coll. JHEP 10 (2021) 159
ALICE Coll. arXiv:2205.13993

V. Minissale, S. Plumari, V. Greco,
Physics Letters B 821 (2021) 136622
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Small systems: Coalescence in pp for bottom hadron? V. Minissaleet al, arXiv240519244
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Small systems: Coalescence in pp for bottom hadron? V Minissaleetal, arxiv240519244
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Yields in PbPb from coalescence vs SHM

10° Uinitial charm
charm PbPb —
V. Minissale, S. Plumari, Y. Sun and V. Greco, Eur Phys. J. 84, no3, 228(2024) 1 charm Kk —
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Widths and system size effects on multicharmed hadrons

Widthseffectson production
D? and N.determine the yield, the radius variation is

compensated by the constraint on the charm hadronization

V. Minissale, S. Plumari, Y. Sun and V. Greco, Eur Phys. J. 84, n03, 228(2024)
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Ratlos of Py dlstrlbutlon Q,cc in PbPb/KrKr/ArAr/O0O

28— 16F ] V. Minissale, S. Plumari, Y. Sun and V. Greco, Eur Phys. J. 84, no.3, 228 (2024
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Implications and pments: 07 —
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Conclusions

A Charm hadronization in AA:
Coalescence+fragmentation gives enhancement of L_ production at intermediate momentum region:
¥ ] O Dpforff Do'OQw

A In p+passuminga medium

Charm

Coal.+fragm. good description of heavy baryon/meson ratio (closer to L /D°, X_/D° W./D°data)
Bottom:

V' B,B, good agreement with exp. data.

V Coal.+fragm. Enhancement of L

V Predictions for L, /B°, X, /B° W,/B°

V D/B, L. L, X./X,provide information about hadronization and f(c)/f(b)

A Multicharm hadrons: - role of non-equilibrium distribution function

-in accord with SHM predictions
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RHIC: results

S.Plumarj V. Minissale et al., Eur. PhysCBno.4, (2018 348
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2 GeV
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RHIC: Baryon/meson

STAR, Phys.Rev.Lett. 124 (2020) 17,

172301

WP T Ty Compared to light baryon/meson ratio
[ = Blast Wave modl O STAR(0-30)% 1 the A /DO ratio has a larger width
i coalescence: coalescence C
"= = " Blast Wave for p_<1 GeV coal+fragm 1 (flatter)

= fragmentation

More flatter - should coalescence
1 1 extend to higher pt? Indication also in

light sector

:'_ ) 1 V. Minissale, F. Scardina, V. Greco PRC 92,054904
_ pr—~ ~ e~ 1 (2015)

/-" T = mee = =] Cho, Sun, Ko et al.,PRC 101 (2020) 2, 024909
ks i

0o .
A CID ratio

0.1_—\ ~. - Needed data at low p;




Multicharm production Pb-Pb, Kr-Kr, Ar-Ar, O-O
V. Minissale, S. Plumari, Y. Sun and V. Greco, Eur. Phys. J. C 84, n0.3, 228 (2024)

Baryon

ELTT =dec,uce 3621 5 (%)

QF.. = sce 3679  0(5)

QI F = cec 4761 0 (g)

Resonances

E,:f 36485 (g) LT xg.s like S.Choand S.H. Lee, PRO1(2020
Pece 3765 0 (5) 1.23x 9.5 from RA Bricerllolet al.’, PRE5(2012)

Strenqgths of the approach

- Does not rely on distribution in equilibrium for charm
Y useful for small AA down to pp collisions ang.at3-4 GeV

- Provide g; dependence of spectra and their ratiog;vs

0, (GeV) cfp_k(GeV] o, (fm) o, (fm)
. : . Z, 0.262 0.438 0.751 0.450
Wldth'S from harmonic oscillator Q 0.345 0.557 0.572 0.354
rescaling and from<r> of = 0.317 0.573 0.622 0.344
Tsingua approach Qo= 0.522 0.522 0.566 0.566
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Elliptic Flow — Quark Number Scaling

Fourier expansion of the azimuthal distribution

flo,pr) =1+2 Z v, (pr) cosne

momentum anisotropy in the transverse piane n=2  Elliptic flow

Assumption

coalescence brings to Partonic A aredimeidens

elliptic flow | A Dirac delta for

VzM(pT) 2V2q(pT/2) / Wigner function

Vo5 (Py o (P1/3) Hadronic A isotropic radial flow
elliptic flow | & not including

resonance effect




Transport approaches
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The new data - determine D(T) more properly, P, (GeVie) T

i.e. p—>0 where it is defined and computed in IQCD
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2018-2019
Several Collab. in joint activities:
- EMMI-RRTF:
R. Rapp et al.,
- HQ-JETS:
S. Cao et al.,Phys. Rev. C 99 (2019)
-Y. Xu et al., Phys. Rev. C99 (2019)

Nucl. Phys. A 979 (2018)



Transport coefficient
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Different hadronization models can affect
the extraction of the charm quark diffusion coefficient

2018-2019

Several Collab. in joint activities:

- EMMI-RRTF: R. Rapp et al., Nucl. Phys. A 979 (2018)
- HQ-JETS: S. Cao et al.,Phys. Rev. C99 (2019)

-Y. Xu et al., Phys. Rev. C 99 (2019)
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