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Hadronization:
- Fragmentation
- Coalescence model
- Statistical Hadronization

Heavy hadrons in AA collisions:
- N\, , D spectra and ratio: RHIC and LHC

Heavy hadrons in small systems (pp @ 5.02 TeV):
- N\ /D°
. z./D° ,Q/D°

Multicharm production



Heavy flavour Hadronization

Microscopic approach:

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

ppéh_PDF(X 2)PDF(Xb’Q )®O-ab->qq®Dq—)h(Z,Q2>

Parton shower: String fragmentation(Lund model — PYTHIA)

+colour recon nection(interaction from different scattering)
Cluster decay (HERWIG)

Coalescence: recombination of partons in QGP close in phase space

dN arOn
Hd fnpldo ( )3 fq(xnp) fw(xlw-,xn;pp---:pn) 6(pT_Z,~piT)

Have descrlbed first AA observations in light sector for the enhanced
baryon/meson ratio and elliptic flow splitting
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Catania Model: + Fragmentation

B e R

Fragmentation funcnon “—' h adrons
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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+charm evolution with Relativistic

Transport Boltzmann Equation

We use the Peterson fragmentation function
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M. Lisovyi, et al. EPJ C76 (2016) no.7, 397

Charm fragmentation fractions

C. Peterson, D. Schalatter, I. Schmitt, P.M. Zerwas PRD 27 (1983) 105 ] ]
1 ( ) Charm Fragmentation Fraction (c->h)
Ds_p(2) x , 5 Measurement in e* p, e* e and old pp data
€ + +
(Ji-1- <] A: S
z 1-—z =, =0.1 -, =0.13
D pp pp

Sligthly modified to reproduce tail of the /\C/D0 \.
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Catania Model: Coalescence +

Statistical factor colour-
spin-isospin

dN Hadron __»"

d3p
——" W"'f ledcs
de

(27)

Thermal+flow for u,d,s (p. < 3 GeV)

%~exp (_ yT_pT.ﬁTiluq)
d”p, T

_T
/D’(r)—R/?’max

V:][Rzl'COSh(yZ),R(Tf):R (1+/jmax 7"f)

3

PbPb@5ATeV(0-10%): 7 =841 >V, =4500 fm
+guenched minijets for u,d,s (p; >3 GeV)

fq(xi’pi) fw(Xl,...

Hadron Wigner
function

 Xns Pyses Do) )8 (D=2, Dir)

In AA collisions charm distribution from the studies
of R,, and v, of D-meson to determine the Space

Diffusion coefficient:

parton simulations solving relativistic Boltzmann transport
equation

Coalescence simulation in _a_fireball with
. i radial flow for light quarks > dimension set
i by experimental constraints




Catania Model: Coalescence +

Statistical factor colour- Hadron Wigner
spin-isospin ; function
dN Hadron d Pi

dzp :‘?;_NL Epldgl (23_5)3 fq(x,-,P,-) fw<X1’°'°)Xn;p15°")pn) 6(pT_Zl piT)
T

C.-W. Hwang, EPJ C23, 585 (2002)

P r'. « r' C. Albertus et al., NPA 740, 333 (2004)
oy (r.q)=] d'r'e'" g, (r+—)¢, (r—=)
2 2 2Q,+m.Q 3 m5(Q,+Q,)+(m+m,)’Q
(r?) _3m,Q+my 2 52 42 M3\ 75 17, 3
¢ (1) meson wave function "2 (mpm,)? 2 (m,+m,+m,)’ 2
m.m m,+m,)m
. . . T P T S LA L
Assuming gaussian wave function m,+m, my+m,+m,
N,—-1 2
X Meson (r*),, o, G,
fo()=11A,exp(——2—p2c?) D*=1[cd] | 0184 0282 —
i=1 o, D*=[5c] | 0.083 0404 —
Baryon )., o o
only one width coming from ¢, (r), A a [udc] <0.25h 0251 0.424
constraint - 9»=1 Bt =[usc] | 0.2 0242 0.406
Q0 =[ssc] | -0.12 0.337 0.53



https://doi.org/10.1007/s100520200904
https://doi.org/10.1016/j.nuclphysa.2004.04.114

Catania Model: Coalescence +

Hadron Wigner
function

folx0p) (X0 X,5 Py 2,) D(Pr=2 Pir)

Statistical factor colour-
spin-isospin

dN d
Hadron __g»"",
dz %;(;,] J.;L@ H pi do i

p T i 1=

dSPi
(2x)
eNormalization of f,(...) requiring that P__,=1 at p=0

eThe charm that does not coalesce undergo fragmentation
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nght barvon to meson ratlo at RHIC & LHC
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Minissale, Scardina, Greco, Phys.Rev. C 92 (2015) 5,054904

coalescence naturally
predict a
baryon/meson
enhancement in the
region p,= 2-4GeV

with respect to pp
collisions

Lack of baryon yield in
the region p; =

5-7GeV



AA @ RHIC & LHC

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

Data from ALICE Coll. JHEP 09 (2012) 112
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the combined ratio is different because the coalescence over
fragmentation ratio at LHC is smaller than at RHIC

Therefore at LHC the larger contribution in particle production from
fragmentation leads to a final ratio that is smaller than at RHIC.
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Coalescence lower at LHC than

at RHIC
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STAR Coll., Phys.Rev.Lett. 124 (2020) 17, 172301

S. Plumari, V. Minissale et al., Eur. Phys. J. C78 no. 4, (2018) 348
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AA @ RHIC & LHC

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

Data from ALICE Coll. JHEP 09 (2012) 112
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Only Coalescence ratio is similar at both energies.

0 .
AC/D ratio
¥

Fragmentation ~ 0.1 at both energies.

the combined ratio is different because the coalescence over RHIC:
fragmentation ratio at LHC is smaller than at RHIC Au+Au@200 GeV

N LHC:
Pb+Pb@2.76 TeV
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Therefore at LHC the larger contribution in particle production from py (GeV) py (GeV)
fragmentation leads to a final ratio that is smaller than at RHIC. STAR Coll., Phys.Rev.Lett. 124 (2020) 17, 172301

10 S. Plumari, V. Minissale et al., Eur. Phys. J. C78 no. 4, (2018) 348


https://doi.org/10.1140/epjc/s10052-018-5828-7
https://link.springer.com/article/10.1007/JHEP09(2012)112
https://doi.org/10.1103/PhysRevLett.124.172301

AA @ RHIC & LHC

RHIC@200GeV
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STAR Coll., Phys.Rev.Lett. 124 (2020) 17, 172301
S. Plumari, V. Minissale et al., Eur. Phys. J. C78 no. 4, (2018) 348
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AA @ RHIC & LHC

wave function widths a, 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
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Baryons in Resonance Recombination Model (RRM)

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

STEP 1 o _ 0.0010 L _PbPb -:ENhIF 502TeV,0-20% (@) |
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q1(p1) + Ga(p2) > dq(p12) _ 0.0008 - |
The diquark spectrum in analogy to meson formation :
STEP 2 o p,=(0.0-1.0) GeV
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Baryons in Resonance Recombination Model (RRM)

The 3-body hadronization process in RRM are conducted in 2 steps
STEP 1

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

q1(p1) + da2(p2) = da(pz)
The diquark spectrum in analogy to meson formation

STEP 2

the diquark recombines with quark-3 into a baryon

dqgi(p12) + qs(ps) > B
The baryon spectrum in analogy to meson formation
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12

HF hadro-chemistry improved by
employing a large set of “missing”
HF baryon states not listed by
PDG, but predicted by the
relativistic-quark model

PDG: 5A.,32.,8 5,2 Q.
ROQM: 18 A,42 2,62 =, 34 Q.

M. He, R. Rapp, Phys. Rev. Lett. 124 (2020) no.4, 042301



Coalescence : LBT

S. Cao, K. Sun, S. Li, S. Liu, W. Xing, G. Qin, and C. Ko, PLB 807 (2020) 135561.
F. Liu, W. Xing, X. Wu, G. Qin, S. Cao, and X. Wang, EPJC 82 (2022) 4, 350.

15

fn(ph) = f [Hdpifi(pa }” ({pi})d(pn — Zpa

i 1 I — 1 —
The quark wave functions in the meson is assumed to static medium — Eﬁ“l
be those of a harmonic oscillator potential T=160 MeV ++= D,
The Wigner functions for mesons are in the s and p- = &
wave states swaves | s+ p waves
(2y/70)” o E =,
Ws = gy, — € : o5 [N\
(2v70)°2 5 5 oo S Q"
H"]J — gthﬂ k~e ER \. N\
01F 'y T
: i N
The oscillator frequency is fixed to impose that ., @) - N W)
the total coalescence probability for zero- e l 0 > D
momentum charm quark is equal to 1 when s and P (GeV) P (GeV)

p states are included.




Coalescence : LBT

S. Cao, K. Sun, S. Li, S. Liu, W. Xing, G. Qin, and C. Ko, PLB 807 (2020) 135561.

F. Liu, W. Xing, X. Wu, G. Qin, S. Cao, and X. Wang, EPJC 82 (2022) 4, 350.
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Braun-Munzinger, Stachel, PLB 490 (2000) 196

Statistical Thermal Model (SHM) + charm(SHMc) U S St
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Statistical Thermal Model (SHM) + charm(SHMc)

Braun-Munzinger, Stachel, PLB 490 (2000) 196
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Braun-Munzinger, Stachel, PLB 490 (2000) 196
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Heavy flavour Hadronization

Fragmentation: production from hard-scattering processes

(PDF+pQCD).

Fragmentation functions: data parametrization, assumed “universal”

0,,5,=PDF (x,,Q°)PDF (x,,Q°)®0,,,,,©D,,(2,Q%

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

system
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Heavy flavour Hadronization

pad

Fragmentation: production from hard-scattering processes = hadrons
(PDF+pQCD). O b <_a.o

Fragmentation functions: data parametrization, assumed “universal” d

ALICE, PRL 127 202301 (2021)
ALICE, PRC 104 054905 (2021)
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Things get more complicated after experimental
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(c—=>h) depends on collision - - ]
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Small systems: Coalescence in pp?

What if:
e Assuming QGP formation also in pp?

e What coalescence+fragmentation predicts in
this case?

V. Minissale, S. Plumari, V. Greco, Physics Letters B 821 (2021) 136622
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p+p @ 5 TeV

- Tpp=2 fm/C
- Bo=0.4

- R=2.5fm
- V~30 fm3

»Thermal Distribution (pT< 2 GeV)

dN, _gyTmy
d’r.d’p; (27)

. YT(mT_pT'BT)
T

*Minijet Distribution (pt> 2 GeV)

NO QUENCHING

FONLL Distribution

wave function widths

op of baryon and

mesons kept the same from AA to pp
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Small systems: Coalescence in pp?

He-Rapp, Phys.Lett.B 795 (2019) 117-121
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ALICE preliminary

Thermal yields to compute the
charmed hadron-chemistry

Transverse-momentum spectra
calculated with fragmentation of c-
guark spectrum from FONLL

PDG: do®C/dy=0.855 mb; RQM: d %/dy=1.0 mf

Statistical hadronization for charm hadrons:

- chemical equilibrium with different charm-hadron species

1

di 2
n.= gmi THK2

T,

-Increased set of baryons for the A_production:

PDG: 5A.,32.,8 E;,2 Q.

ROQM: 18 A.,42 2,62 E., 34 Q.
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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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Reduction of rise-and-fall behaviour in /\c/ D° ratio:

-Confronting with AA: Coal. contribution smaller w.r.t. Fragm.
-FONLL distribution flatter w/o evolution trough QGP

-Volume size effect

ALICE, Phys.Rev.Lett. 127 (2021) 20, 202301

ALICE,CERN-EP-2022-261, arXiv:2211.14032 (sub. to PRC)

new low prpoint

o 1 2 3 4 5 6
pr [GeV]

Error band correspond to <r>> uncertainty in quark model

Other models:

He-Rapp, Phys.Lett.B 795 (2019) 117-121: Increase=2 to
A production: SHM with resonance not present in PDG

PYTHIAS + color reconnection Nock

CR with SU(3) weights and string s, @ g
length minimization

New CR
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Small systems: Coalescence in pp?
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Assuming additional PDG resonances with

J=3/2 and decay to Q_additional to Q°(2770)
Q°(3000),2°(3005),Q°(3065),Q°(3090), Q7 (3120)
supply an idea of how these states may affect
the ratio

Error band correspond to <r2 > uncertainty in =——=%

quark model
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New measurements of heavy hadrons at ALICE:

- EC/D0 ratio, same order of AC/DO: 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
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grand canonical partition functlon : & i
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-2 | i

chemlcal potential €3 conservation quantum numbers (Ng, Ns, N¢) 10 X(2900) #%( ser) ]

Equilibrium + hadron-resonance gas + freeze-out temperature. 107} ;

Production depends on hadron masses and degeneracy, and on system properties. i §]

charm hadrons according to thermal weights 1071 ¥o,4320) |

pPQCD production N¢antic = 9.6 = g = 30.1 (charm fugacity) 105 SHMc, T, =156.5 Mev

| do, /dy 0.579 + 0.087 mb ! :
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Yields in PbPb from coalescence vs SHM

0 —~0 0 .
2,2, , widths from quark model

11 0 ' ' — 1. 4 = » 82, widths obtained rescaling with harm. oscillator
10 F OBJD“L using SHM parameters: 410 1 m-m (m,+m,)m
] 17752 1 2 3
> 1© Volume = 5000 fm? ; O, =7 u, = s Uy=
100 i % t3 o Temperature =0.155 MeV [ 1,10 ' Hi @ m;+m, m;+m,+m,
S o N =15 with 6 =0.63 mb |3
z 06 ¢ - = ' .. L
11 ¥Og 1, ~=1 | = upper limit: charm thermal distribution Q
107} ¢ 0 {10 . N L ccc
j Q. ® ] —> lower limit: PbPb distribution with widths .
> of 1. ._o | rescaled as standard Harm. Oscill. ( o from €2, )
D107} . {10 ne
= ; & ' —> box upper limit: o_. o =15+ <r>=0.5fm
o 3] cc l. =3 2 in Tsinghua PLB746 (2015) [Solution of Schoedinger eq. under V(r)]
107°F PbPb 110
[ : D0 and /\C determlne 101 Pb-Pb @ 5.02 TeV 0-10% |y|<0.5
Tomd Qo 410~* the majority of the S
: yield, the radius — —= o
10_5 'SHM+corona; doz/dy=0.532 mb, PDG +e— 105 variation ted b thls
ESHM; do,.-/dy=0.63 mb, enh. c-baryons @ compensated by tne :
[ cC . constraint on the ~ SHM/Tsinghua-yield x10*
6 Lcoalescence+fragmentation < _g charm hadronization € |l
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Mass (GeV) .
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Yields scallng with A

Scaling of SHM (for A>40)

diT\'TAA (hz} _ dA‘TPbe (h?,) i (at3)/3 fcan (0:', A)
' 208 fean(c, Pb)

dy dy

4 scalmg N (N /V)é ' ' '
107°F - SHM _:
: coalescence
- —o— coal. ArAr-KrKr-OO
w/PbPb distribution
10™F -:
>‘ [
Q 020 prrrree e
Z [+2]
-O E 015
_6 | G‘Q -
10 £ o010 ]
%U 0.05
10—7 . 0,00 e 1[GV] ;
o or [Ge ]
i OO Ar—Ar ) Kr—Kr Pbe
25335 A1/54 5553 e

For coalescence, in an homogeneous
density background in equilibrium at fixed
T, discarding flow and wave functions
effects the expected scaling is:

N c N Cc-1
VI=| =N |~
with NCOCAM?énd VoA AN C+3
— the scaling corresponds to d_ A 3
y

like in SHM w/o canonical suppression

- If the p,-distribution does not change we obtain the scaling expected
—> There is an effect due to different charm distributions. In Ar-Ar it reduces Q__by =1.3 factor, in O-O it is 1.7
— the cube of the distribution gives an idea of this difference, but Wigner function mitigate the effect

—A larger production of coalescence w.r.t. SHM for small systems:

- Lack of canonical suppression!

- e-b-e fluctuations can enhance production? <N >><N>
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Specific of Heavy Quarks

> Mep>>Ngep
produced by pQCD process (out of equilibrium)
> Mgy >> T,
negligible thermal production
Ttherm. = TQGP >> Tg,q

HQs experience the full QGP evolution
Carry informations about initial stages, more than light quarks
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Recent reviews:

1) X.Dong, V. Greco Prog. Part. Nucl. Phys. 104 (2019)
2) A.Andronic Eur.Phys.).C 76 (2016) 3, 107
3) F.Prino, R.Rapp, J.Phys.G 43 (2016) 9, 093002
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Figure credits:
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Elliptic flow of light particles LHC @2.76TeV

ALICE 10-20% 2.76TeV ALICE 20-30% 2.76TeV
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¢ meson: intermediate behaviour between meson and baryon
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Elliptic flow of heavy particles
v, 30-50% PbPb 5 TeV
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splitting as in light sector: A.coalescence dominant vs fragmentation
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Heavy flavour: Resonance decay

34

Meson Mass(MeV) | (J) Decay modes B.R.
D* =dc 1869 > (0)

DO = iic 1865 Lo

Dt = sc 2011 0(0)

Resonances

D™ 2010 Y Dnt DX 68%,32%
D™ 2007 Iy Dp°x% D% 62%38%
D+ 2112 0() DX 100%
Baryon

AY = udc 2286 0(3)

= = usc 2467 Ldy

20 = dsc 2470 Idy

Q0 = ssc 2695 0(%)

Resonances

AY 2595 0  Afzta 100%
AY 2625 02) Atzta 100%
=+ 2455 1G) Afz 100%
=t 2520 1) Az 100%
B+ 2578 Ly =y 100%
= 2645 Y'éy =ta, 100%
= 2790 & = 100%
= 2815 13 =a, 100%
Qo 2770 03) Q, 100%

In our calculations we take

into

account hadronic channels including
the ground states + first excited states

\.

fStatisticaI factor suppression for resonances N
[(2J+1)(2 I+]—)]H my. " —(m,.—my)IT
[(2J+1)(21+1)], | m,
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RHIC: results

I I T I TTTTTT I

100F >
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b ———=- charm
C N coalescence

=— — fragmentation
coal + fragm

RHIC: Au+Au@200GeV
lyl<1 (0-10)%

-1 2
@npp " dN/dp, dy (GeV ™)
S,
T

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

4 5
Py (GeV)

Data from STAR Coll. PRL 113 (2014) no.14, 142301

8% of produced total heavy hadrons
A fragmentation is even more smaller, coalescence gives

the dominant contribution

For D° coalescence and fragmentation comparable at 2 GeV
fragmentation fraction for D*_ are small and less than about
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AA @ RHIC & LHC

wave function widths a, of baryon and mesons are the same at RHIC and LHC!
Data from: STAR Coll. PRL 113, 142301 (2014) ALICE C0|| JHEP 09 (2012) 112
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of e < — — fragmentation 3 1008 N e C0al + fragm 3
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PN NN 10 Coalescence lower at LHC than at RHIC
L10°F \\ N 3 F 3
> N 107k .
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R > Twp N main contribution:
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RHIC: Baryon/meson |

STAR, Phys.Rev.Lett. 124 (2020) 17, 172301

lO_I LI I LI I LI I LI I LI I LI I LI I LI I 1 I_ . .
e Blast Wave model o  STAR(10-80)% ] Compared tq light baryon/mgson ratio
i coalescence: coalescence I the /\C/DO ratio has a Iarger width
[~ = " Blast Wave forp <1 GeV coal+fragm 1
i —  fragmentation (ﬂatte I’)
e
g L More flatter - should coalescence
OQU F ] extend to higher pt? Indication also in
< . i :
T~ : light sector
/_’* T NN -, — V. Minissale, F. Scardina, V. Greco PRC 92,054904 (2015)
{ : Cho, Sun, Ko et al.,PRC 101 (2020) 2, 024909
~
OIE ™ i E Needed data at low p
T e T
-I L1 1 I L1 1 1 I L 1 1 I L 1 1 I 1 Iﬁlﬁlﬁ Iﬁ H_|_|:
0 | 2 3 4 5 6 7 8
pr (GeV)

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



Coalescence : Duke

Y. Xu, S. Cao, M. Nahrgang, W. Ke, G. Qin, J. Auvinen, and S. Bass, Nucl.Part.Phys.Proc. 276 (2016) 225.
S. Cao, G. Qin, and S. Bass, PRC92, 024907 (2015).

Instant I del Hadron Wigner functions are
nstantaneous coalescence modae averaged over the position space
Mesons

Wiv g r 13 d;)’ dj\?l d.-'?\'rg VV(—:‘ B ) S( B B B ) W (qQ) g (gﬁg)g e—qﬁoﬁ (17’: E2l3111pfm _ Elcmpgcm
= a~pra- p: — T (P11, P2)o(PAr — 1 — P M — M ——7; € - cm cm
Bpar / P1 }2(13})1 Bpy M P1,P2)0(PM — P1 — P2 T Ef™ + By
/ Baryons e R2VA)'(0102)° 202 g20 N
. . . . Ie (41,92) = 9B 72 e
— il )1 A )2 P33 . f 1f )2f )3 Fempem _ phem zem
d*pp DTS Bp) By By B P! 0= =
— — — — 1 2
X0(Ppar — P1 — P2 — P3)- 7 = B+ p5™) — (BF™ + Bf™)ps™
k - EICI'H + EQcm + E_fm )
1.0 _—— —_— 165 MeV ~0c - . = . . .
N LS o LAk 0] ] ori = 1/{/1kio Harmonic oscillator
. ) _omim (my +ma)ms  relation

y M2 = .
mi + ms mi+ ma + ms

These two parameters are obtained by requiring
the coalescence probability through all possible
hadronization channels to be unity for a zero
momentum heavy quark.
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) 1.4 L] I L I L] I L
Coalescence : Duke [ — ]
; : ‘ 1.2F = = » » N0 shadowing, frag. only —
Y. Xu, S. Cao., M. Nahrgang, W. Ke, G. Qin, J. Auvinen, and S. Bas: [ Dmeson | 0 chadowing, frag +recomb. |-
S. Cao, G. Qin, and S. Bass, PRC92, 024907 (2015). 1.0 0-7.5% = — - with shadowing. frag. only =
o\ e With shadowing, frag.+recomb.|
Instantaneous coalescence model _ 08}
of 0.6 -
Mesons I T
r AT AT B
WiV g 3 3 @lVy ANy - _ _, y
= d )1(11 )9 : D1, P2 0 DA — P1 — P2 0.4
P / nd pagg g far (P P2)0 (P — P = P2) [
0.2
¢ Baryons 0.0
3 :/Q’.- p1d’pad’ps B B B! B (P1, P2, P3) 1.4 . . . . . . .
aspB asp1 avpz2 a°p3 - m ALICE Dmesons 8 <p_ < 16 GeV
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i — Calculation for D mesons
k — =— (Calculation for B mesons
. T ' T . : 1.0 = ==« Calculation for non-prompt J/ys —
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] \ \_ === 205MeV~09lc ]
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I \ _
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Small systems: Coalescence in pp?

V. Minissale, S. Plumari, V. Greco, Physics Letters B 821 (2021) 136622

Reduction of rise-and-fall behaviour in Ac/ D° ratio:

e R R R B nC I A A AR -Confronting with AA: Coal. contribution smaller w.r.t. Fragm.
‘. L :
08 oAby LR TTeV, 24y -FONLL distribution flatter w/o evolution trough QGP

0.7

BX3 Ac;’DO coal +fragm. .
-- Ac;’D0 fragm 7

— DD’ coal.+fragm. - . .
Ryt e ] The increase of A_production in pp have effect on R,, of A _

-Volume size effect
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https://doi.org/10.1016/j.physletb.2021.136622

| Elliptic Flow — Quark Number Scaling

Fourier expansion of the azimuthal distribution

flo,pr) =1+2 Z@m) cos g
n=1

momentum anisotropy in the transverse plane

coalescence brings to

Partonic
elliptic flow

Hadronic
elliptic flow

n=2 Elliptic flow

Assumption

one dimensional

Dirac delta for Wigner
function

isotropic radial flow

not including resonance
effect




Transport approaches

Fokker-Planck (T<<m, soft scattering)

Sif o=@ P DYV o]

Background:Hydro/transport expanding bulk

Drag coeff Momentum diffusion coeff.

-Fluctuation dissipation theorem

-Spatial diffusion coefficient
a measure of thermalization time

(x*)—(x)=6D;,t

Boltzmann kinetic transport

p"0.fo(x,p)=Clf..f, fol

Collision integral

1 d3P2 d3p1'
C[fq’fg’fo]_2E1J. 2E2(2n)3f 2E,'(27)°
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Transport approaches
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The new data - determine D (T) more properly, 2018-2019
i.e. p>0 where it is defined and computed in IQCD Several Collab. in joint activities:
| ‘ Catania ‘ Duke ‘ Frankfurt(PHSD) | LBL ‘ Nantes TAMU ‘ - EMMI-RRTF:
Tnitial HQ (p) FONLL | FONLL »OCD pQCD | FONLL R. Rapp et al., Nucl. Phys. A 979 (2018)
Initial HOQ (x) binarv coll. | binarvy coll. binary coll, binary coll. binary coll.
Initial QGP Glauber | Trento Lund EPOS - HQ-JETS:
QCP Boltzm. Vishmm Joltzm. Vishim EPOS | 2d ideal hvdro
e o ! o ! R S. Cao et al.,Phys. Rev. C 99 (2019)
partons ITEES m=il m(T}) m=10 m=0 m=fl ’
[ormation time QGP | 0.3 /e | 0.6 /e |0 ._E'r ['111,.-".{: {early coll.) | 0.6 hw/e (0.3 hmfe) 0.4 /e -Y. Xu et al.’ Phys Rev. C 99 (20 19)
interactions in hetween | HQ-glasma no HQ-preformed plasma no no
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Transport coefficient

Z. Citron et al., CERN Yellow Rep. Monogr. 7 (2019) 1159

Ads/CFT

D-Meson|[TAMU| = = = =
D-Meson[Ozvenchuketal] = = =
QPM(Catania)-BM s——

LO pQCD c,=0.4

Fragmentatios

Coalescence+Fragmentation $552552

1QCD [Bancrejee ct al.]
IQCD [Kaczamarek(2014)]
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Different hadronization models can affect
the extraction of the charm quark diffusion coefficient
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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. C 99 (2019)

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



Multicharm production Pb-Pb, Kr-Kr, Ar-Ar, 0-O

Baryon

ELTT =dec,uce 3621 4 (%)

Q.. = sce 3679 0 (g)

QFF = cec 4761 0(5)

Resonances

oy 3648 - (3) 1.71xg.s
ce 2 !

Q.. 3765 0 (g) 1.23 x g.5

Strengths of the approach:

- Does not rely on distribution in equilibrium for charm
- useful for small AA down to pp collisions and at p;> 3-4 GeV

- Provide a p; dependence of spectra and their ratios vs p;

Widths from harmonic oscillator
rescaling and from<r> of Tsingua
approach

like S.Cho and S.H. Lee, PRC101 (2020)
from R.A. Briceno et al., PRD 86(2012)

o

0, (GeV) O'IJ.,(GQV] o, (fm) o, (fm)
= 0.262 0.438 0.751 0.450
Q 0.345 0.557 0.572 0.354
= 0.317 0.573 0.622 0.344
Vo= 0.522 0.522 0.566 0.566




Charm distribution in PbPb-KrKr-ArAr-OO from transport approach

i charm
102 3 mitial charm
S i
9 10'F
> i
8 L
= 10
o 3
g ]
=z, [
2
NZ 10 3
o -
3
10 " F
F PbPb
10_45— | | | | | | | | | _E
01 2 3 456 7 8 910
pr [GeV]
| (06! | ArAr | KrKr | PbPb
Ry(fm) 2.76 3.75 49 6.5
R, (fm) | 52 | 7.65 | 10.1 | 14.1
(fm) 4 5 6.2 8
Prnax 0.55 | 0.6 0.64 0.7
Vi i<0s(fm*) | 345 | 920 | 2000 | 5000
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109

107"

—_
<
\V)

1/N, d®N/dp;?
S
w

—_
9
SN

107°

initial charm
charm PbPb
charm KrKr
charm ArAr
charm OO
charm thermal

Normalized to same #charm

Volume scales with A, now we employ the same value of SHM

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

Shadowing on charm included as a K =0.65 factor [no p, dependence]
#charm= 15 (PbPb), 4.35 (KrKr), 1.5(ArAr), 0.4(00)




Multi-charm production vs A-A: Yields

101.-IIIIIIII‘--—I—!|DO-. = Q
100 /'/ "o —cc e
By _/:- """" - — upper limit: thermal distribution
10°F 0 PRt ; —> lower limit: PbPb distribution with
102}~ R * 5 widths scaled as standard Harm. Oscill. ( ®
of Do, S from Z.,€2.)
>‘10 ‘_ —cc ",’l .
g 10—4:r ce -5 m o . . L. .
5 e = D" SHM . = Compatible yields within the two scenarios
10_5 = AC SHM - w.r.t. SHM
- = Z, SHM
1078 = Qg SHM .
107k ks » Different trends with A3 increasing the
number of constituent charm quarks
1078k Lack of canonical suppression but...
" 0-0 Ar-Ar Kr-Kr Pb-Pb
T eI e
A1/3
O-0 Ar — Ar Kr—Kr Pb— Pb
DY 0.156 0.543 1.564 5.343
A, 0.0732 0.301 0.835 3.0123
ELTT ] 3-121x107° | 1.9-66x10"* [ 0.78—26x 1072 | 4—-12.5x 1073
Qeee 122-292x107% | 25-263x1077 | 1.5—-149%x107% | 0.12—1.01 x 1074
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Ratios of p, distribution of 2

in PbPb/KrKr/ArA

CCC

caveat: in O-O no N_and V scaling with fixed
distribution (multipl. factor)

The Q__ p, distribution, with only

coalescence, in the intermediate region
decreases faster in larger systems.

140
120k charm

’ normalized with factor N,
1.00F

040 TP Ph/KrKr

PbPb/ArAr ——
020PHPp/O0 ——
PbPb/00

0 ] 5 )
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3.00

280
260
240F

Ratio

QCCC

normalized with factor Nc(NcIV)Z-

HPbPb/KrKr
PbPb/ArAr —H&—
PbPb/OO0  —&—

KriKr/ArAr

I 7 & & 10

5
pr[GeV]

> |t can be a meter of non-equilibrium.

Translation of feature of charm spectra at low p_

into higher momentum region.

> More sensitive for multicharm respect to D

mesons

Both effects of light quarks and fragmentation

and AC.
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