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Hadronization
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COLOR SUPER-
CONDUCTOR?

Net Baryon Density

* Once the system reaches the crossover region with
temperatures around the pseudo-critical temperature,
partons constituting the QGP undergo color-
neutralization into hadronic bound states

= a process generically denoted as hadronization.
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Question is... how much do we understand about hadronization in heavy-ion physics?
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Suitable probes, heavy flavour hadrons

e Heavy-quark (HQ) mass is much larger than the nonperturbative QCD scale — produced mainly iIn
initial hard scatterings (reasonably well described by perturbative QCD)

e Determination of HQ fragmentation functions can be carried out at next-to-leading order in the
production process within an HQ mass expansion using the methods of HQ effective theory (HQET)

e However, still what we measure...

dynamics of heavy quarks from their creation at the onset of a heavy-ion collision through their
evolution in the QCD medium until their detection as heavy hadrons

e We need a comprehensive description of the initial production of the heavy quarks, their interactions
with the QGP, hadronization, and the interactions of heavy hadrons in the hadronic phase — rather
complex to describe using first-principles QCD!
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Heavy flavour production in medium: what we see

Parton interaction
/— \ with the medium (Modified?)

D A ~ S
dN PbPb _ (M) R do | ® @ hadronization
d ‘ d
Pr Initial-state effects \ pATJ l‘\

“Vacuum”|parton spectra What we want to probe

constrain models with

. collisions
measurements from p-Pb collisions PP

dynamics in QGP: energy loss via radiative
(“gluon Bremsstrahlung”) and collisional processes

> color charge (Casimir factor)
» guark mass (dead-cone effect)
> path length and medium density
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Heavy flavour production in medium: hadronization

Parton interaction

~\ with the medium (Modified?)
é‘-c hadronization
@r
dp; T
Initial-state effects \_____/
“Vacuum” parton spectra
In-medium hadronization
\

. _"\""""""""_VanHeeseta|.,PRC73(2006)

FNY — In-medium string frag. .
1.5 L \‘\\ —— Indep. frag. (t’FOgNLg" uning) | — I Pb-Pb @ 2.76 TeV, 30-40% centr. class 7 034907

:»‘\ -—- Indep. frag. (Petergén, £=0.005) : 0 charm hadrons, lyl<] . Rapp et aI., NPA 979 (2018) 21

0 5 10 15

p, (GeV) _ p; (GeV)
Independent fragmentation
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Heavy flavour production in medium: hadronization

Parton interaction

e ~ with the medium \(Modified?)
D A C - .
d N d O hadronization
de de /
Initial-state effects \_ /

“Vacuum” parton spectra

e Fragmentation functions D(z) are phenomenological functions to parameterize the non-perturbative

parton-to-hadron transition
— Z = fraction of the parton momentum taken by the hadron h
— Do not specify the hadronisation mechanism

* Parametrized on data and assumed to be§‘universal” §

MinJung Kweon, Inha University, HIQCD2024 7



Fragmentation

Independent fragmentation of partons into hadrons is the to describe hadronization
(Pp, ete’)
do g do;
E — F - ®Dz‘—>H(Z) 2= Py/p

d> Py " d3p;

D(z) is quantity but it is considered to be universal and
such as ete- collisions.

eX. Peterson

e = m;/mg

Do m(z)

ex. In PYTHIA with a modified Lund string fragmentation function

1 (1 =2\ bm2
DQ—>H X 1_|_Tbm2QZ ( . ) eXp( . |

MinJung Kweon, Inha University, HIQCD2024




Question on the universality

> different observable definitions

Fragmentation Issues | | |
> different center of mass energies, thus different pert. components as well

— Direct shape comparison impossible!

Fragmentation Function (FF):
provides information about the energy fraction which is transfered from quark

to a given meson (the larger m¢ the harder the fragmentation function) R R AR AR R RIS AR :

0.6 BELLE D**>D° B
- 0/0,= 0.253 % -

Fit to BELLE data

Questions to be answered: Xor _
o | | o4 (Cacciari, Nason, Oleari)
> what's the proper parametrization of non-perturbative frag. function? . |
~ _
e Peterson: f(z) oc 1/[z(1 — I — (132))2] o
e Kartvelishvili: f(z) o 2%(1 — 2) A
0.0-
e Lund symmetric: f(z) o 2(1 — z)“exp(—b?) vo e e %R R Al
bm? : -
o Bowler: f(z) o Zl+71°bm (1 —2)*exp(—=—1) > Fitted parametrization:  f(z) oc 6(1 — ) + Nz,b(l — x)%%?
& D is fragmentat|on functlon unlversal7 >~ ALEPH: a= 2.44+1.2, b=13.945.7, c=5.9+1.7
;f\‘ (| e. are FF portable from ete” to ep and pp7)
b e RN AR i i > CLEO/BELLE: a= 1.840.2, b=11.340.6, c=2.46+0.07
Zuzana Rurikova Charm Fragmentation Function._ > ‘ . . . .
: Fits not in agreement! Does universality of I'l',, not hold?
Zuzana Rurikova Charm Fragmentation Function — June 7, 2006
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Hadronization in medium

e Phase space at the hadronization is filled with partons
— Single parton description may not be valid anymore

— No need to create qq pairs via splitting / string breaking
— Partons that are “close” to each other in phase space (position and momentum) can simply recombine

iInto hadrons

o © © o00° 9 102 o~
0 3 OQ-::, 0 0O J 100 >
() :O O“. . . 100 8

o © % < .9’.""000 © © 1077 VA
o O 8 OO-' Q- P O O i D

O @  “:or T O % | 107 3T|&

. OQ.O o 10_3 &

o Greco et al., PRL 90 (2003) 202302 & S -

Fries et al., PRL 90 (2003) 202303
Hwa, Yang, PRC 67 (2003) 034902

e Recombination vs. fragmentation:

— Competing mechanisms
— Recombination naturallv enhances barvon/meson ratios at intermediate P1
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Hadronization in vacuum

Initial-state effects \____/

®

“Vacuum” parton spectra

“Naive expectation: ratios of particle-species yields
independent from collision system”

Surprises: A\¢/D0 ~0.5 not only in AA but even in pp
— strong enhancement wrt ete-

MinJung Kweon, Inha University, HIQCD2024

hadronization
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Hadronization in vacuum

D
dp; dp;

LHCb

Initial-state effects \____/ hadronization
“Vacuum” parton spectra
E%a
O<~Q

O

“Naive expectation: ratios of particle-species yields
independent from collision system”

Surprises: A\¢/D0 ~0.5 not only in AA but even in pp
— strong enhancement wrt ete-

N\o/B0 — Similar trend in charm and beauty sectors!

MinJung Kweon, Inha University, HIQCD2024
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Way of heavy-flavour hadronization, also in small systems?

- Fragmentation
— production from hard-scattering processes (PDF+pQCD)
— fragmentation functions: data parametrization, assumed universal

0,5 =PDF(x,,Q")PDF(x,,Q°)®0,,,,.9D,_,,(z,Q°)

ab=qq

Parton shower: String fragmentation (Lund model - PYTHIA) + color reconnection (interaction from different scattering),
Cluster decay (HERWIG)

Support need of abandoning independent

e Coalescence: hadronisation of different MPI
— recombination of partons in QGP close in phase space A hadronic environment matters
dN ., f . 3p. | | | - |
_Tadron ~do, —— X, Di) fwlXysees X, PysesPy) OlPr— ) Dir)
ip, 9 Dlp 2] fo(xi,p:) filX PissPn) O(Pr Z,PT,

Have described first AA observations in light sector for the enhanced baryon/meson ratio and elliptic flow splitting

- Statistical hadronization
— equilibrium + hadron-resonance gas + freeze-out temperature
— production depends on hadron masses and degeneracy, and on system properties require total charm cross section

MinJung Kweon, Inha University, HIQCD2024 13



Charm baryon vs. meson production

CDD 1 4 B | | I I | | | l | I | | | l l I | N
™ E s = 5.02 TeV -
S 12F ) ° -
- * ALICE, pp, ly| < 0.5 i
1= = CMS, pp,lyl<1.0 | e Strong pt dependence in charm sector
08 - | e Enhancement compared to the

measurement in ete- and e-p collisions

e Similar to the light flavor sector?

/\c+ @ 04

0.2

— 4 i ALICE, pp, pPb, PRC 107 (2023) 064901
DO :..e._l_.e.: .a.'h.d..e.b.é.().l.liéi(.).h.s.;: .O::I.Z. ......................................... : ALlCE, pp, JHEP 12 (2023) 086
oL—v v v v e L CMS, pp, PbPb, JHEP 01 (2024) 128
10 20 30 40
Baryon-to-meson ratio (pp) P (GeV/c)
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Charm vs. light baryon-to-meson ratio

ALICE, Phys. Lett. B 829 (2022) 137065

mli!".lllﬂll-llllIIIIIIIIIIIIII

g

Baryon-to-meson ratio

0.2
0.1

TTTT[T T

Charm, Strangeness =

: 1 I I 1 I 1 1 1 1 I 1 I I 1 I 1 1 1 I I 1 1 1 1 :: 1 1 1 1 I | 1 1 | I 1 1 | 1 I 1 | 1 1 I 1 1 1 1
OQ?ALICE N ltiplicity cl E ltiplicity cl pp
= op, S = 13 TeV,/ N multiplicity classes E Py Multiplicity classes
o (AN Similar shift  (dNg/dn
- 3.1 AL 1D r —-} —8— 4.4 ,+ /0
—— 37.8 3 B

= 38 A+ R) /2K
—— 32.5 S

IﬁvlullllllllIIIIIIIIIIIIIIIIIIIII

L1l |||= Ll
T

Low mult.
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15 20 5 10 15 20
p. (GeV/c) p. (GeV/c)

e Charm baryons/meson like for strangeness!
e Hint at a common mechanism for light- and charm-baryon formation

in hadronic collisions at LHC energies.
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Role of strangeness in heavy-quark hadronization

€ Eur Phys. ]. C 80 (2020) 693

T porrrn ! Pt A
F _0eoiios: pHdO i [H] i [ﬁj@
B ot e Ks
S 10 ey :
_Z; . -S.;w;:‘:ili,_J;N;b il 0 g [D][D]:
g A+A (X2)
= _
IS b U@ -
'-g @ ool (x6)
[ A
R AR K T
1072 g <§>M[H] QO +Q" (x16)

- -

ALICE

® pp \s=13TeV

O pp,\s=7TeV

O p-Pb, |5y =5.02TeV
O Pb-Pb,\s,, =2.76 TeV

—— PYTHIAS8 + color ropes
------ HERWIG7
----------- PYTHIA8 Monash

3| JUPTE PYTHIA8 Monash, NoCR
{10 Sanll g SN —

1 Illllll 1 | lllllll

10

10° 10°
(dN_/dn)
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Inl< 0.5

e Strangeness enhancement: yield-ratio between
(multi)strange hadrons and pion larger in heavy-ion collisions

than minimum-bias pp collisions

e Smooth increase vs. event multiplicity, without a clear

collision-system dependence

e What do we learn from strange D-meson production about

heavy-quark hadronization

= evolve vs. event multiplicity?

= sensitive to QGP-induced effects (e.g. strangeness

enhancement, coalescence, E-loss, flow, ...)?
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Dst+: strange charm meson

€ Phys.Lett.B 829 (2022) 137065

o O 5 —_l T T T I T T T T l T T T T I T T | T I 1 1 | l———_ 1 I I i || I I | || || 1 I I 1 H | I I 1 1 l——l
- r AU{QE I 05 T PYTHIA 8.243 Y. Chen and M. He -
= | PR s IS TRV, iy <b. + = Monash 7 CE-SH model - O up
O o4 N, multiplicity classes — [ CR-BLC Mode 0 N O down
- (dN_/dn): ALICE; PYTHIA; SH model T B CR-BLC Mode 2 - ® charm
L —B— 3.1; 2.9; 3.1 4 CR-BLC Mode 3 — D + O
wat ——  378. 406 378 + # s strange
0.2 — g

- Q~ - =
A~ ONANNN
R
A Y

0.1

llllIlllvll
llllIlll

1 L L 1 I 1 1 L L l L L L L l L L L L l 1 L 1 L 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 L 1 I 1 1 1 1

5 10 15 20 5 10 15 20
P (GeV/c) p. (GeV/c)

e D:;+/D0 ratio are independent of pr
e No strong multiplicity dependency

e Comparable with measurement at ete- and e-p collisions
MinJung Kweon, Inha University, HIQCD2024 17



What about strangeness charm baryon?

05— . - ——— :
() - : i - -
e O.45§AL|%% 'fée_rl('an\)”ﬁryo ; +- PYTHIA 8.243 - '
v gab T n ] 4% £ —— Monash You are charm baryon!
[x] " E N, multiplicity classes F [ CR-BLC Mode 0 E
0.35F (dN/dm): ALICE; PYTHIA + [ CR-BLC Mode 2 =
: - 341-45;, 341-45 E CR-BLC Mode 3 2
0.25F + = O down
=5 m = = ® charm
0.2F + -
: E__E_ =5 - @ strange
0.15E + =
0.1 _$_ 2k E
= +
005 :'._-—-\*‘i%& g - -+
0 10
P (GeV/ce)

e Strong pr dependence

e Enhancement compared to the measurement in ete- and e-p collisions

MinJung Kweon, Inha University, HIQCD2024 18



Charm baryon production in pp at a glance

JHEP 12 (2023) 086

[ I I I I I I I I I I I I I I I | I I I I | ] 9 B T | T | T T L | L | L |
- 1 B ALICE -
- ALICE 4 = L BRunc. yl <0.5 -
- lyl < 0.5 S 05 B
- (s =13 TeV e T =o/D° -
N p. p_>1GeVic . = I + pp, {s=5.02 TeV i
- O pi <1 GeV/c (this paper) 1 2 . B._pp, Vs =13 TeV _
0.6 = + oo, (527 TeV 1 8 0.47 “=/D°pp, Vs = 13 TeV -
i B pp, Vs=5.02TeV . = LR > 4 GeV/c i
0.5 I — M i O 3% p_ <4 GeV/c (this paper)._
i* _+_ - 0.3 -
0.4 Eﬂ_ - I -
0.3 ﬂ - 0.2 o —
- ¢i¥ : i ﬁh i
0.2 - - — i _
- O - 0.1~ _E|_ $ :@: —
0.1 ' = i _
OO - I I | I I | L1 1 | | L1 1 | | L1 1 | | | . O i L 1 | | L 1| | L1 | | L 1 | | L 1 1 | L1 | | L 1 1 i
0 ) 10 15 20 25 0 2 4 6 8 10 12 14
P, (GeV/c) P, (GeV/e)

Significantly larger fraction of charm quarks hadronising to baryons is found compared to ete-, ep collisions.
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Charm-quark fragmentation fraction

O 1 | | | | 3 T T T T T 17 [ e ey
<~ " ALICE, pp lyl <0.5 ] = i : I
!  w(5=13TeV _ 2 L ALICE H ol §
= 0.8 = {s=5.02TeV — _= [ ¢PHENIX _~ 7 Used the sum of the
I L _ = - < STAR 1 pr-integrated cross
r +B facto+r|e_s, e'e’, V\s=10.5 GeV . o I | sections of DY, D+,
0.6_30 + LEP, e'e’, V\s=m, _ Re i ] .
3 e HERA, ep, DIS . Dst, J/P, Act , =c9, =c*
- o HERA, ep, photoproduction i 10° + —
0.4 f# s x 3 larger - : :
5 e — o _
X ’ l i ]
u Cﬁ _ ] 1
0.2+ *ql'. " — FONLL
: o [ - 10 L NNLO -
B | |#m (a ; - :I I A | | 111 I| | | 111 I| : JHEP 12 (2023) 086
O DO D 4 D"' A"‘ 1‘?. ,, 10_ 1 10
Lottt LSswix 7 larger: ~1% in e+e’) I's (TeV)
A ———— ———

10% of total charm cross section (conS|dered negligible in e+e’)
—W
2.c.0: Larger feed-down to Ac* (40%, 17% in e+e’)
‘j—w

Normalized by the sum of the pr-integrated cross sections of DO, D+, Ds+, J/U, Act , =c0, =c*

Conclusion: baryon enhancement at the LHC with respect to e+e- collisions is caused by different
hadronisation mechanisms at play in the parton-rich environment produced in pp collisions

MinJung Kweon, Inha University, HIQCD2024 20



How about in Pb-Pb?

Physics Letters B 839 (2023) 137796

[= AL IAE e s o¥U)2-2: Pb-Pb at |\ s,,=2.76 TeV, lyl<0.5
~ 1.4 ALICE Sy = 5.02 TeV, |y| < 0.5 < 2F P At o= 0 TE YIS
<L . < —&— 0-5%
1 o= — —i— 20-40 %
- o i —¥— 40-60 %
~ . —4— 60-80 %
1= —s— (0-10% Pb-Pb — —e— 80-90 %
- & o RN_EN° _ i —+— ppat\s=7TeV, lyl<0.5
0.8 30-50% Pb-Pb — —a— pp at\s=0.9TeV, lyl<0.75
- —— PP ’ systematic uncertainty
0.6 — A
: ® : N n
0.4 | I — ; i
" H—4 - +
0.2_— EI - +'|' ’-I- i é
- — | | ] l l | l l l | | | |
- T/ R - ST, E— 0 S 10@ S
V/c
p. (GeV/e) pT( evic)

e Ratio increases from pp to mid-central and central Pb-Pb at intermediate pr

* Trend qualitatively similar to what is observed for A/Ks? ratios

MinJung Kweon, Inha University, HIQCD2024




Where does the pt differential enhancement come from?

pr-integrated and to pt> 0 extrapolated Ac.*/DO ratios 04 ALICEpp, 1s=13Tev -
0.35 —
o I 1T T I I T 111 I I T 11 I I |E 03 E_ _E
© 5 ALICE yl<0.5° : i B R 4G g
+ O N o ) 0.25F % @ —
<'1.8F e pp, Vs=13TeV —stat. = SHMc - X - —
1 6 Y Pp, Vs =5.02 TeV syst. * Catania 1§ < °FE - -5
- A p-Pb, s =5.02 TeV extr. = TAMU - 015 st —— VoM :
— — - |nl<O. -
1.4 4 Pb-pPb, |5, = 5.02 TeV Y total & PYTHIA 8- 0.1F- eyet, uncor. —A— Ny g
1.2 0 Au-Au, sy, = 200 GeV E 0,055 ¥ Ny :
e STAR, PRL 124 (2020) 172301 E - e . -
- - 10
0.8F 0 -
Y ; < S <chh/d 77>|n| <05
T : el o . ¢ % g . e Modified mechanism of hadronization in all hadronic
0'4;_ 1 collision systems with respect to charm fragmentation
0.2p B tuned on et+e- and e-p measurements?
B | | I I I | | | [ 1 1 111 | | | [ 1 1 111 | | | I—
1 10 102 10° e Due to different pt redistribution for baryons and
(AN /dm) 0

mesons rather than multiplicity dependence iIn
hadronization process itself?

Physics Letters B 839 (2023) 137796
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Moving to beauty sector

Non-prompt A% / non-prompt D’

A

—

—h

O

O

O

O

Phys. Rev. D 108, 112003 (2023)

-4_AL|CE op, Vs = 13 TeV Iyl <0.5-
_2'_ FONLL + PYTHIA8 Decayer ® Data |
i 5 ) _

B f(b%Ab)LHCb’ BR(HbeAC-l_X)PYTHIAS |
0 | Al < B +B"+BJ+Al —
- A; < B’+B'+B, -

i . _
6 =
4__ l i __
| Pyt
20 =
: | I - | | | | | I N | | | | :
5x107" 1 2 3456 10 20 30
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1-4_AL|CE op, Vs = 13 TeV Iyl <0.5-
_ Data .
1.2~ o non-prompt -
- = prompt j
1.0~  TAMU + PYTHIA 8 decayer —
. — non-prompt i
0.8:— prompt _:
p & |
0.6 7
0.4 —
i * _
0.21 —
i =B |

B | I I | | | | | L 1 1 1 | | I_
5x107" 1 2 3 456 10 20 30
p. (GeV/e)

O.SR v L ' ' | J I T ‘l_ | T T l ]
A pp Vs =13 TeV .
075 6 2<y<45 -
) ¢ 2< <) -
0.6F mn PYTHIAS —
- pPb ys,, =8.16 TeV :
05; ‘_ b 25<y<35 4
- ) 35<y<-25
0.4F }H{ i -
0.3F 1 .’M‘ ~s, N3O
0.2 EI!I!I nuummmlmumum% gy lumu&”’g‘em—z
0.1F ==SHM+RQM *'* EPOS4HQ+coal =
O - 1 ' T -
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FONNL calculations based on using fragmentation fraction from e+e- and f(b— Av%)/f(b—B) LHCb measurement
Non-prompt Ac+ largely from the beauty baryons: good to investigate beauty baryon hadronization via non-prompt Ac*
e =

Note: should consider different decay kinematics

— slightly modify pt dependence
e

e e

MinJung Kweon, Inha University, HIQCD2024

Similar trend to the charm measurement!
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Beauty-quark fragmentation

fraction

Phys. Rev. D 108, 112003 (2023)

Table 2: pr-integrated A7 /D" production ratio measured at midrapidity (|y| < 0.5) in pp collisions at /s = 13 TeV

and in e"e~ collisions at LEP [68] for prompt and non-prompt production.

PP

ete-

ALICE

LEP average [68]

prompt Al /DY 0.49 -

non-prompt A7 /DY | 0.47 -

-0.06(stat) 4 0.04(syst) "o

-0.02(stat) o (syst) 003 (syst) [60]

(extrap)

Significantly higher than that measured in ete-

MinJung Kweon, Inha University, HIQCD2024

0.105 -

-0.013

0.124 -

-0.016
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Baryon to meson ratios of different flavors

Phys. Rev D 108 112003 (2023)
UL I I

ol4F = - T _
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c1.2F ALICE, lyl <0.5 T — non-prompt A’/D° -
Q [« non-prompt A}/D° T --A%B°+B") .
c1.0- = prompt A, o/D° T prompt A D’ -
T AKS pp I AKS :
20.8_— + p/at
o =
E.‘ |
0.6
o [ _Eﬂ

0.4+ . '

- B
02—** |ll"-““ﬂhﬂi :
o
ﬂli*ltl-l-lr """" s Tt T e R

of. 4 T e e
= [ LHCb, 20<y <45 CLR-BLC 2 T
—1.2 o AY(B%+B") 1 E
2
510:_ —— —]
20.8f -
0.5
Q :
0.6] -
QT

0.4 -

O
\S)

1 2 3 456

10 20 30 1 2 345 10 20 30
p. (GeV/ce) p_ (GeV/c)
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e All the measurements for beauty, charm, and strange
hadrons show a similar trend as a function of pr and
are compatible within the uncertainties

— Similar baryon-formation mechanism among light,
strange, charm and beauty hadrons?

non-prompt A, /DO
' = prompt A¢/D”
v A/KY
N

Note: for LHCDb, different normalization & should consider decay
kinematics (for the other case)
* These three tunes are characterized by different constraints on

the time dilation and causality o5



OK, how do we explain? HF baryon enhancement impact...

e Heavy-flavour hadronization stimulated the model developments
- PYTHIA with Color Reconnection (CR) beyond Leading Color (LC) in pp
- Catania: Coalescence+Fragmentation approach applied to pp
- Local color recombination: POWLANG in AA and in pp
- Inclusion of heavy-flavour Coalescence+Fragmentation in EPOS (pp & AA)

o I I I I | I I I I | I I I I | I I I I | I I I I | I o I I I | I I I I | I I I I I I I I | I I I I | I o I | I I I I | I I I I I I I I | I I I I | I
0 - . & - . 0 - .
o | ALICE _ o B ALICE _ o | ALICE _
210 I<05" F100 pmmszs <05~ $100 prmmsae I<05"
- ] - SHM+RQM - - Mode 0 SHM+RQM 2 - — Mode 0 -
B } @ Catania ] - ---Mode 2 “w Catania . - ---Mode 2 .
0.8 —i Moded - QCM — 0.8 — — Mode3 — QCI\/I 0.8 — — Mode 3 —
] — — POWLANG, HTL | ] ——'POWLANG HTL £ ] — — POWLANG, HTL |
A — — POWLANG, IQCD | A ¢ — — POWLANG, IQCD } A — — POWLANG, IQCD |
0.6 — 0.6~ 0.6 - \ —
| g Ly, : % e, : % e, :

{ ev/c f o ev/c { o ev/c
8 'g 21 GeV/c (this paper) O gTZ1 GeV/c (this paper) 7] O g 21 GeV/c (this paper) ]
0.4 r+ U — 0.4 I+ T — 0.4 i -
02 = XY - 0.2 - - 0.2 - .
- ]

00 C'olor reconnectlon (IVIOde 2) 0oL Local color recombmatlom. oLGoalescence ., . ... . ..~

0 10 15 20 25 0 10 20 25 0 ) 10 15 20 25
P, (GeV/c) P, (GeV/c) P, (GeV/c)

¢ Different hadronization mechanisms proposed!

e Similar to the light flavor sector?
MinJung Kweon, Inha University, HIQCD2024



In Catania, coalescence + fragmentation in pp

Pb+Pb p+Pb p+p

Vincenzo Greco’s expression in his SQM talk!

v (Im

Daring to assume a small fireball according

viscous hydro applied to pp as in AA, but
size,time, flow given by hydro for pp

X (fm) X (fm)

PP @ S TeV
R. D. Weller, P. Romatschke,PLB 774 (2017) 351-356 _ E)p=1_7 fm/c
“ P04+ f.(p) from FONNL distribution
- V~30 fm3
£.(0)~ ANg g o VT(mT —pr-Br+ .Uq)
a1 d*pr P T

same Wigner function widths o;;
of hadrons in AA

Ng—1 )
)C .
fu(xi,; vi) = 1_[ 8 exp (—%— P?,i“wg,i)
i=1

CT .
1
MinJung Kweon, Inha University, HIQCD2024 27



Coalescence in pp vs pT in Catania

3 [T C|02|11—||-f1'la Iml I - rrr 1t 11 1 1 T 1 - r - r 1t 11 1 1 T 1
U fragm. S JFLHC: pp @ 5.02 TeV 3 :
- —-=— coal. 1t 1t
_&\ O
2| 95 L JdL _
O e 1F JF/. /™%
T I/ ’\‘tb 1| 1~
> ‘ RN ./ \ _
© 10 |} \ & HE V@ - Ay :
O ’ i/ X : Ny :
e - \ A . Xtt_\l 7 \
2 - AN / \\"Q' 1f N
S10F \RGE RN 3 W s
& | \. Nt N[ \ N
S| N N \TNC
Bl0F \IF N NgE R
N : ‘dE \ YE \ -
'y - : R | : .o ]
I 1[ N \
107 EL3 EL3 \ =
: : \
10—3_ 1t J+ 1 1 1 1 1 1 1t J+ 1 1 1 1 1 1 4t J+ 1 1 1 1 1 I_
012345678910012345678910012345678910
pt [GeV] pt [GeV] pt [GeV]

Physics Letters B 821 (2021) 136622

MinJung Kweon, Inha University, HIQCD2024

e All the coalescence does not affect
significantly D9, but is dominant for
baryons /¢ and =c
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Catania baryon to meson ratio

AL/ D°

0.8
0.6
0.4
0.2

ere-
0

Phys.Rev.C 107 (2023) 064901

_ALICE pp, Vs =5.02 TeV
" |y < 0.5

—a— PRL 127 (2021) 202301
—H=— This paper

—— PYTHIA 8 (Monash)
PYTHIA 8 (CR Mode 2)

SH model + RQM
—— QCM

MinJung Kweon, Inha University, HIQCD2024

1 | | I |

" ALICE, pp ly| < 0.5

_ m{s=13TeV

0.8— m {s=5.02 TeV

- == CATANIA coal.+fragm. 5T

+ B factories, e'e”, {s=10.5 GeV
+ LEP, e'e’, \s =m,

e HERA, ep, DIS

o HERA, ep, photoproduction

I><20

eV

L 1

o=

| 1 1 | | I | | 1 1 | | I

|

|

t

=+

=0 ¥

=C

D+

DO

Ds

‘J/‘I" D'+ Zg,+,++

e Catania Coal+Fragm. very close to pp FF



PYTHIA Color Reconnection

Altmann et al., arXiv 2405.19137

CR

ﬁ

(a) Dipole-type reconnection.

N o \
! p [ o !
'’ a0

f 4
W g A “J )

(b) Junction reconnection.

e When string color reconnection is switched-on in pp:

— Very large baryon A: enhancement

— not that relevant for D

Not so different qualitatively wrt Coalescence and
POWLANG Local color recombination

MinJung Kweon, Inha University, HIQCD2024

_ baryon
n /

\.
AL/ DO

0.8
0.6
0.4

0.2
ere-

A sketch of a junction system after fragmentation,

with the junction baryon

ds Junction

d9 qq ds qs 47 47

de g do3

*r—e

- ly| <05

~ —— PYTHIA 8 (Monash)
(=== PYTHIA 8 (CR Mode 2

_ALICE pp, Vs = 5.02 TeV

—&— PRL 127 (2021) 202301
—H=— This paper

I Catania, fragm.+coal.
SH model + RQM

| l l l | l

| l l l | l l l |

L8
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Many models in market enhancing baryon production

e Coalescence [+Fragmentations] model:

— Catania, Coal-TAMU(KO), Ko-Cao, CCNU-Duke, [QCM], PHSD, RRM-TAMU, Nantes-EPOS4HQ,...

1.2

fpp,«/s'T

I B
= 5.02TeV, |y|<0.5

e ALICE
® CMS _
mm EPOS4HQ —

MinJung Kweon, Inha University, HIQCD2024

0.5

J.Zhao et al., PRD109 (2024)
A R I
' pp. 4/Snn = 5.02TeV, |y|<0.5
' ® ALICE
= EPOS4HQ
— = Pure EPOS4 °

Ex) EPOS4HQ

— To describe HF spectra & ratios needs
Coalescence in phase space ~Catania

Only difference wrt Catania:
- Assume RQM states like in SHM
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What is obvious?, what is vague, what is unknown, ...

e Coalescence = a common framework for heavy-flavor hadronization from pp to AA?
e Other approaches such as PYTHIA-CR, POWLANG-LCN, ... point also to
- In medium local recombination

- Large evolution from e+e- to pp while reshuffling in pt from pp to AA

£ 102 | _ =
. %|%10—3_ 4 . - . v " Q0 |
e Many open issues ,} x 100 .

- - . 2v>‘10 M3 v . " S2cc

- Rapidity evolution 33 : .
107°E . E
- EXtend tO bOttOm 10_6i u x 1000 -
- Effect on the other observables (ex. v2) : :
1077 ¢ ¢ v E

- —8_lllI| | | llllll| | | lllllll

10 1 10 10°

. A .
— Very large enhancement predicted by = Require new detector
Minjung Kweon, Inha University, HIQCD2024 Statistical hadronization model in Pb-Pb ALICE 3! -
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arXiv:2308.04877

Charm-quark fragmentation-fraction ratio

Strange to non-strange charm-meson production ratio

I vl I
LEP e'e, V5= m, —o— do/dy|jy <05 (ub), pr >0
Average DY 749 4 27 (stat.) T35 (syst.) £ 12 (lumi.) & 6 (BR)
H1 ep 0.5xy, D+t 375 4 32 (stat.) 33 (syst.) & 6 (lumi.) + 6 (BR)
pT(D) > 2.5 GeV/c
— ] D/ 120 + 11 (stat.) ©13 (syst.) 722 (extrap.) & 2 (lumi.) & 3 (BR)
ZEUS yp 0.5xy —o— .
b (D) >34 GV B B AT 329 4 15 (stat.) T35 (syst.) =5 (lumi.) =15 (BR)
=0 +46 +18 -
ATLAS 0 SXVS/d= op 15 = 7 TeV . =e [92] 194 + 27 (stat.) "¢ (syst.) "5 (extrap.) = 3 (lumi.)
p.(D) >0 ES 187 4 25 (stat.) 13 (syst.) T3 (extrap.) £ 3 (lumi.) & 82 (BR)
ALICE 0.5xy_, pp Vs = 7 TeV o J/w[84] 7.29 +0.27 (stat.) 25 (syst.) Too; (extrap.)
p,B)>0 1 _ D*t 306 & 26 (stat.) 733 (syst.) TS (extrap.) + 5 (lumi.) + 3 (BR)
ALICE, pp Vs =5.02 TeV —o- Tot T 142 4 22 (stat)) T2 (syst.) T2* (extrap.) + 2 (lumi.) £ 6 (BR)
pT(D) >1 GeV/c, P, constant fit | .
ALICE, pp \g= 11% TVe;V theory sys ~ —e— fx: probability for a charm quark to hadronize with
p > e C | | | | | | | | | | | | | | | | | | | |
' 0 00 04 045 02 025 another quark of flavour x
charm f/(f +f ) = Ds+/D0+D+

Production of prompt strange D mesons / prompt non-strange D mesons in ete-, ep and pp collisions
doesn’t show any significant dependence of the collision system & energy!

MinJung Kweon, Inha University, HIQCD2024
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OD L e e e e e e L I e e e e o : | | 1T T || | | T T T 11 | | LR || | | |:
+}1-4:—ALICI_E_ (Sun =502 TeV, ly| < 0.57 e 2:_A|_|CE y| < 0.5=
1.2 - tOL oF E
1:_ il o _:0:5(125; ALICE ~ 0-10%Pb-Pb ¥ PromptAL [y|<05  30-50% Pb-Pb < '8: ® pp, Vs =13 TeV stat. SHMe N
: il JHF +38—;8 ;o EE—EE 1k VS = 5.02 TeV ¥ SH + FastRoso + corana 1 6= Y PP, Vs =5.02 TeV syst. s Catania _-
[ - —20% - _ | E_ _:_ Catania _E L _ — _
0.8: oo : 1;_ £ ——— E - A p—Pb, s, =95.02 TeV extr. < TAMU E
ol 7$L EIS %J% 3o - -4 w Pb-Pb, /s, = 5.02 TeV Y total ¢ PYTHIA 8-
s 1 ol ; % it l 1 1.2F 6 Au-Au, |5, = 200 GeV E
“F 3 s W = . T STAR, PRL 124 (2020) 172301 .
- - $ - 0.4% % _/ ii E 1= ( ) —
02 BT i 1 o8 % -
0 5 70 15 20 ; L ;; (GeV/c;_; BT ;I) (GeV/c) T N .
o Y 1 S 8 E
- Cly| <0.5  30-50% Pb-Pb+\s,, = 5.02 TeV Py gof E
< SHMC + FaStReSO + Corona _: : ] ] ] ﬁ |1 I| ] ] I 1 111 I| 2 ] ] | I I I| 3 ] ] I:
Catania ‘ T 1 O 1 O 1 O

: (AN /A 0

Modified mechanism of hadronization in all

hadronic collision systems with respect to
charm fragmentation tuned on ete-and ep
measurements?

MinJung Kweon, Inha University, HIQCD2024 37
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Physics Letters B 839 (2023) 137796
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Beauty

PRD100 (2019) no.3, 031102

'~£ ': | FEIR | LB ARSI LV f
So03sg LHCD =
@ A, -
S 3R AR (s=13TeV =
by @ 0 0 + 2
cﬁioosa‘%@g A, (B™+BY) L
<O0PE URe, :
T 02F =
8 F :
m‘“ 015_ E LEP Abol(BO+B+)
0.1 - ———— -
0.05 =
0 T T GO T TR SN T U Fly TGO KO MR GO AT M S D M Coli i
5 10 15 20 25
p(H,)[GeV]

Similar trend in charm and beauty sectors

MinJung Kweon, Inha University, HIQCD2024
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Hadronization in vacuum

Initial-state effects

Light quark/diquark pairs popping out from
QCD color-confinement potential (< strings)
o Diquarks < baryons

Hadronisation of different MPI products
largely independent

Reproduces e*e” data ~ fragmentation
functions used in pQCD-based calculations

MinJung Kweon, Inha University, HIQCD2024

Parton interaction

— \ with the medium (Modified?)
d ~ce | (- \hadronization
(X X
dp, | U
T
., .

What we want to probe

() | | | | | | | | | | |
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- correction é 0.4 .
- PYTHIA e e, . =— data i
F default  7? S I S T -
= tune e L I S g
= oL & —
2 "0 & _
: &, ]
3 't A |

;W ............ ‘&, /Q’G
02 04 06 08 , 1 e+ e- 0 10 20
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Dst meson vs. Act baryon production

Physics Letters B 829 (2022) 137065
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With 2 strangeness

Phys.Lett.B 846 (2023) 137625

S | ' | -
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Baryon-to-meson ratio
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Many models in market enhancing baryon production

Altmann et al., 2405.19137 [hep- ph]
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Heavy flavour production in medium: hadronization

Parton interaction

e ~ with the medium \(Modified?)
D A C - .
d N d O hadronization
de de /
Initial-state effects \_ /

“Vacuum” parton spectra

e Fragmentation functions D(z) are phenomenological functions to parameterize the non-perturbative

parton-to-hadron transition
— Z = fraction of the parton momentum taken by the hadron h
— Do not specify the hadronisation mechanism

 Parametrized on data and assumed to be§‘universal” 3

* In A-A collisions:
— Energy-loss of hard-scattered partons while traversing the QGP
— Modified fragmentation function D(z) by "rescaling” the variable z

MinJung Kweon, Inha University, HIQCD2024



