ISt e M e MRy ra in

HIGH ENERGV NUCLEAR PHYSICS ,5 CHINA

Probing heavy flavor hadronization
with hadron chemistry in Heavy-ion Collisions

Shanshan Cao
Shandong University

In collaboration with Kai-Jia Sun, Shu-Qing Li, Shuai Liu,
Wen-Jing Xing, Guang-You Qin and Che-Ming Ko




Outline

Introduction of heavy flavor hadronization

Theoretical framework of heavy quark energy loss and hadronization
Heavy flavor hadron chemistry

Systematic analysis of model uncertainties

Summary

References:

Heavy quark energy loss: Phys. Rev. C 92 (2015) 2, 024907, arXiv:1505.01413
Improved hadronization model:. Phys. Lett. B 807 (2020) 135561, arXiv:1911.00456
Model uncertainties: Chin. Phys. C 44 (2020) 11, 114101, arXiv:2005.03330

2



Hadronization is an important but difficult topic

Soft: NCQ scaling of hadron v- Hard: cone size dependence of o(jet)

anti-k, hl<0.5
m ALICEpp \s=2.76 TeV
[ Systematic uncertainty
[ ] LO(G. Soyez)
[ | NLO(G. Soyez)
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o Similar contributions from hadronization
and NLO effects

 No state-of-the-art hadronization model
for hard probes yet

» Coalescence of quarks into hadron

* Quark degree of freedom inside the hot
nuclear matter in heavy-ion collisions
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Heavy quarks: early production in collisions, interact with QGP with flavor conservation

|deal probe of the in-medium hadronization mechanism of hard partons

Few precise model descriptions of data, puzzling smaller AC/DO at LHC than at RHIC

Goal of this work: develop a comprehensive hadronization model and understand the heavy
flavor hadron chemistry



Two major hadronization mechanisms

Fragmentation:

High momentum heavy quarks are more likely

to fragment into hadrons
[ Peterson, FONLL, Pythia, etc. ]

Coalescence (recombination):

Low momentum heavy quarks are more likely
to combine with thermal partons into hadrons

Oh, Ko, Lee and Yasui, PRC 79 (2009)

Plumari, Minissale, Das, Coci and Greco, EPJC 98 (2018)
Cho, Sun, Ko, Lee and Oh, PRC 101 (2020)

Cao, Sun, Li, Liu, Xing, Qin and Ko, PLB 807 (2020)
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Coalescence models

- Simplified models: equal-velocity coalescence [ Shao et. al., e.g. EPJC 78 (2018) ]

coalescence between neighboring particles [ AMPT, e.g. PRC 101 (2020) ]

» Resonance recombination: coalescence probability ~ resonant scattering rate
[ He et. al., e.g. PRC 86 (2012), PRL 124 (2020) ]

resonance
P coal(p ) = resrres(p ) A g <
Ies

Aty time window; I'5°(p) = (6, 5Vp)): formation rate

» Instantaneous coalescence: coalescence probability ~ wavefunction overlap
. Sudden approximation: | g, g) — | h) as T drops across 7.

C/ DO
o . e = 2 ( : —
. Probability: wave function projection W,, = |(M | q,, ¢,) | i~

 Encodes information of microscopic hadron structures
P T e 2
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Coalescence model

- Example: 2-body system for meson formation
W, k) = [(M|q. )| = gMJd%’e—”‘"”’f/bM(? + P 12)p(F — F'12)

g, ratio of spin-color degeneracy between meson and quark states

¢,,: meson wavefunction (S.H.O. approximation with a frequency parameter )

s LT e e (Ejp1—E{p5) (r'and p’defined in the meson rest frame)
1T £

. Momentum space Wigner function (after averaging over position space) for s and p wave ¢,

(2\/7_2-0)3 —02k2
W —= gM V €

\)

(2\/7_1'5)3 2 L
2 7 o’k*e=k

W, = ;

(o0 =1//uw, u: reduced mass )



Coalescence model

» Hadron spectrum from coalescence
fM(?zlv[) = Jd3p1d3pzf1(?1)f2(?2)w(?p ?2)5(?1,\/1 . 71 E: 72)

f:(p’.): distribution of constituent quarks

Light quarks: thermal distribution in the local rest frame of the QGP (gluons are converted to light
quark pairs by gg — qq)
Heavy quarks: from a Langevin-hydrodynamics simulation (discuss later)

- Straightforward to extend to a 3-body system for baryon formation

. Coalescence probability for a single charm quark with a given p.. into a particular hadron species

e fd%fM(m With £(7) =87 -7 )
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Coalescence probability

I * |nclude both s and p-wave states in a full 3-D calculation

static medium
T =160 MeV

e.g. DY (cit) meson formation with S = 0, 1

swave (L=0): S=0->J=0D"; S=1-> J=1(D")
p wave (L = 1): S=O—>J=1(D?);
S=1-J=0(D,", J=1(D;%, J=2(D,%

* Cover nearly all charmed hadrons in PDG

p, (GeV) P, (GeV) » Enhance the total P,

oal

 Allow normalizing P__.;(p. = 0) = 1 with a proper w = 0.24 GeV, abandoning arbitrary normalization
factors in literature

 Predict larger in-medium hadron size ( o = \/3/(2/460) = 0.97 fm ) than in vacuum (0.83 fm),
consistent with relativistic potential model prediction (Shi, Zhao, Zhuang, CPC 44 (2020) 8, 084101)
» Coalescence-fragmentation model: use Pythia to fragment heavy quarks that do not coalesce
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Energy conservation and thermal limit

Recall: fy,(py) = Jd3p1d3p2ﬁ(?1)ﬁ(72)W(71, PPy —P1— P2

Energy is not conserved if p’;, is directly put on-shell with the hadron mass

3-p — 4-p conservation: coalesce to an off-shell c-hadron (E;,, p’;,) and then decay it to an on-

shell c-hadron with a pion (E,;, 7'y + (E.. 7’,)

ol \' | | O' simlulatim; w/0 l:l conserv. | - k
CE Re, [ laonnE comer | * Guarantee boost invariance
=] B ® —
~ 1077 { ,, . A e
Z ook %\% D spectum -  Respect the thermal equilibrium limit of c-hadrons:
D X :
Z 10T X satic medium - thermal ¢ + thermal g — thermal DO
g ]0_12-_ *5?_ oT= 160 MeV ;
T sl parametrization o ; . Sudden approximation | g, g) — | /) (no inverse
b oy-ew (-E/0.16 GeV) *\io ) ; _ _ =%
ot o RS- process) does not require the chemical equilibrium
0 2 4 6 8 10
E (GeV)
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Heavy quark evolution in heavy-ion collisions

Initial production: MC-Glauber for x space, FONLL with CT14NLO (+EPPS3S16) for p space

Interaction with QGP: Langevin-hydrodynamics model [Cao, Qin and Bass, PRC 88 (2013)]

i d? — s e . s g 7 dﬁg
Langevin: o = —1np(p)p + ¢ +f,, with gluon radiation f, = 7

The medium-induced gluon momentum ?g follows the spectra from the higher-twist formalism

Hydrodynamics: VISHNEW [Qiu, Shen, Heinz, PLB 707 (2012)]

Hadronization: Coalescence-Fragmentation at the 7, = 160 MeV hypersurface

Model parameter: heavy quark diffusion coefficient D (2=zT) — 3.5 at RHIC and 4 at LHC
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Heavy quark energy loss: collisional vs. radiative

charm quark bottom quark

15 — 1 ' 1 7' T 1 T 71T 7 10 T ' | ' | ' | ' T

" |" * ° * Collisional charm quark i " |" * -+ Collisional bottom quark
— == Radiative | — == Radiative _
121 Total PbPb @ 2.76 TeV 0-7.5% = 81 Total PbPb @ 2.76 TeV 0-7.5% =

AE (GeV)
\O
1 I 1

» Collisional energy loss dominates at low energy, radiative dominates at high energy
» Crossing point: 7 GeV for charm quark, 18 GeV for bottom quark

» Collisional energy loss alone may be sufficient for describing low pt data at RHIC, but
insufficient for LHC
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Examples of heavy flavor Raa and v2

8
» Coalescence enhances the e p. (GeVic) 005

0

DO Raa at medium pr,

().25 T T T T T T T T T T T T T T T T T T
D meson Raa ¢ and b decay electron o 0.25¢ ' - - —
- STAR Preliminary —- coe .
0.2 -
R AA a nd V2 - Au+Au |fs (=200 GeV Folded D°—ev,
0.15 - 0-80% ... Duke c—e 0-80% __
O STAR D' 2010/11 <, oE_ STAR Preliminary = i ]
A  STARDY2014 | ] o 18 + b—e DUKE b—e = 0.1 .
Au-Au @ 200 GeV — — D° frag. + coal. 1 6= AutAu i[5 =200 GeV = - - $ ]
OF = C & i i
N | = - L7777/, _
D frag. only 14 0-80% + cse DUKE o0 - 0.05F- ; R e, =
12 $ = 25 -
- - - on-tlow _
1 E_" """""""""""""""""""""""""""" '§ oL ! A l NP B

0.8 = - $ —_ 1 2 3 4 5
f g o & 3 p. (GeVic)

oaf P e E

0.2 :_ _:l: /@ ().2 | L) L) L) L) l L) L) L) T l L | T T T l i
0 - Nc(:u unc?rt. - . . : : - T E STAR Preliminary ‘ TPC Event Plane 5
Qf < 3F 9% Nullhyp., DUKE — S 0.15 — ., 11 FMs Event Piane -
&“2-2 — $ $ s 1 i AutAu 5=200 GeV Duke b—e i
s £ : ----------------- e : - : 0-80% :
.I&g l? V2V ik W._-..._.Ei_..-.._._..-u....n.-ou-w-o‘ir::'z".’:-.“:';"'.-’."".;;’_' 0'1 ,__ ) __:
0.5 b . . . : + :
2 4 6 i i

(taken from STAR presentation at

_0.05 1 1 1 1 1 1 1 1 L | 1 1 1 1 |

QM2019 by M. Kelsey) p. (GeVIo

(W
(8}
NeN

generates its bump structure
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Charmed hadron spectra: QGP flow effect
A

DO
) c
10 L DL L B B L L I = —
o= - (a) T (b) —— total |4
< 10 -+ — = frag. |
f) 10 D() + « ==+ coal.|.
O -
: e 10 T w/o flow T A,
without flow & | ~ e
= 4L 1 w/o flow _
2 10
~ 0k ~.F -
, S~
10° F——+— ————1-
- - (¢) fl T
—.'> 10”— OW D() —— -
S I()'E-‘ 1 ]
with flow &7 } 1 -
= -4
~ 10 [ T .
% 0-10% . + .
10°°F Au-Au @ 200 GeV ~. ~=
L l ' l ' l A l A A l A l AL l ' l L
0 2 4 6 8 0 2 4 6 8 10

P, (GeV) p; (GeV)
- Coalescence dominates A . production over a wider p region than D"

 The QGP radial flow significantly enhances the coalescence contribution

* The inaccuracy of default Pythia fragmentation in pp should have minor effects on AA results,
could be improved later (color reconnection [Velasquez et. al., PRL 111 (2013)], or coalescence In

pp [Song, Li, Shao, EPJC 78 (2018)])
14



A /D"

Charmed hadron chemistry at RHIC

STAR

e 0 | (a)
(| === == with [low Ac /D 3< Py <6GeV =
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-/1 e e e e - f. ..... —
0 100 200 300
N
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effects of the
QGP flow

effects of
coalescence
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 (a) Stronger QGP flow boost on heavier
hadrons => increasing AC/DO with Npart

* (b) Coalescence significantly increases

A../DY, larger value in more central
collisions (stronger QGP flow)

« (c) Enhanced DS/DO due to
strangeness enhancement in QGP and

larger D, mass than D"



A./D°

® STAR 200 GeV
B ALICE 5.02 TeV

RHIC vs. LHC

D /D"

flow

A /D

C

200 GeV 10-80%
5.02 TeV 30-50%

- spectrum

= == 200 GeV
» =« 5.02 TeV 1
=+ o0 5.02TeV

(use 200 GeV spectr.)

§ 5.02 TeV 30-50%

D /D’

200 GeV 10-40%

* |F charm quarks have the same Initial

spectrum at RHIC and LHC, A /D" would

be larger at LHC than RHIC due to the
flow effect

* The harder initial charm quark spectra at

LHC reduces A /D"

Similar theoretical prediction on D, /D"



Prediction on beauty hadron chemistry

CMS Preliminary PbPb 5.02 TeV(1.7 nb™) CMS Preliminary PbPb 5.02 TeV(1.7 nb™)
1_8‘7'IIIIllT‘llI|IIIIT‘]IIIIIIII'Illlllr'll'lllTi 1'8._TTTTI | L | B B | [TI I]I TTT TTI]ITIT]T 1
i BO Cent. 0-90% j i BO iyl <2.4 i ]
1.6: B_g s 15<lyl<2d 1.6: 10<p <50 GeVic ]
o012 . o 1.2 —pp: LHCb 13 TeV T -
© - —pp: LHCb 13 TeV - - I 1
o 1 ax 1 T
2 i Global uncert.: + 8.1 % [%2) r -+ 81% 1
% 0.85 N B oal Global uncert.: = 8.1 % 1
- i ) - T 1
> aF > | I :
0.6/ i > 0.6/ 30 - 90% 0-30%  10-90%| tolan from CMS
0.41 | = = " . 0.4f . - 4 | presentation at HP2020
0.2 T - 02 W T : 1 by Z. Shi
0’-1111111 111111111 111111111 1111111 11[1111- O:lllll.lll.lll.lll.lll.llJ.llllllllll.: j
5 10 15 20 2% 3{9/ 35 40 45 50 0 50 100 150 200 250 300 350
o (GeV/c) N>

* More constraints on the mass (velocity/momentum) dependence of hadronization models

» Assume same diffusion coefficient D  between ¢ and b quarks

- Only difference: w, = 0.24 GeV — w, =0.14 GeV so that P._,(p, = 0) = 1 for b quarks
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Constraining model uncertainties

Transport coefficients: A (longitudinal momentum loss), g (transverse momentum broadening)

HT-BW
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3
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uncertainty in the

extracted Aandg -

a factor of 5 (3) at

high (low) momenta |
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within a factor of 2

uncertainty in
the extracted g
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Uncertainties in heavy quark energy loss
[ Cao et al., PRC 99 (2019) (initiated by the JET Collaboration) ]

Common baseline:

I Duke
— LBL-CCNU
| | — =— Catania QPM

Catana pOCD _  Uncertainties of drag

—— Duke ] [— — TAMU ; ;
. . — - — = Frankfurt PHSD
\ common baseline in a brick [ _ %Et%n%CgI}IM B Erz?rllltesucr(t)%.+rad. (A ) IS CO n Stra I n e d
antes col.
/ within a factor of 2

Catania pQCD

— = TAMU

— =— Frankfurt PHSD
Nantes col.+rad.
Nantes col.

A (GeV /fm)

The transverse
transport coefficient

(q) is constrained
within 3 groups

| — LBL-CCNU (tune to brick baseline)

. g m 1 — — Catania QPM _ e i
Same initial ¢ spectrum [~ " camiapacp || RO I el: QPM Expect to further
— = Frankfurt PHSD

ata\t}ch_egi:cjm T =250 | e | el pQCD constrain g with
ev,L=o1m | ' heavy-heavy/light

Sl or T-matrix _
No hadronization L ' hadron correlations

Raa(c) = 0.3 atpr =15 g~  ———— el +inel
GeV




Uncertainties from different model components

[ Li, Xing, Liu, Cao and Qin, CPC 44 (2020) 11, 114101, arXiv:2005.03330 ]

Uncertainties from 7 sources within the same theoretical framework
* [nitial spectra of heavy quarks

» Starting time of heavy-quark-medium interaction

» Temperature evolution of the pre-equilibrium state

* Temperature dependence of heavy quark diffusion coefficient

* Energy loss mechanism: collisional vs. radiative

* Hadronization: fragmentation vs. coalescence

e QGP flow
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RAA

®STAR D’ 2014

~STAR D”2010/11

===+ LO w/a Shadowing
LO w Shadowing

A FONLL w/o Shadowing
%y = FONLL w Shadowing

+ 10-40%

Y 2 4 & 8 10
P, (GeV)
2
¢ ALICE D' 30-50%
15 ==+ O w/o Shadowing
' LO w Shadowing
2 R FONLL w/o Shadowing
LHC c 13,--. — FONLL w Shadowing
o A S —
0-5 W"’ *

% 5 10 15 20 25 30 35 40

P(GeV)

Initial spectra of heavy quarks

FONLL vs. LO

w vs. wo shadowing

13% smaller

15% smaller

25% smaller

27% smaller

no difference

no difference

V)
0.4 0
A STARD
-=== LO w/o Shadowing
0.3 LO w Shadowing
-« FONLL w/o Shadowing
~ - FONLL w Shadowing
> 0.2 ‘ _
A 10'409/0
.i | RHIC
0.1 ‘
Y 2 4 6 & 10 [LHC
P.(GeV)
0.4 5 : RHIC
A ALICED +CMSD
03- - ==« LO w/o Shadowing
: LO w Shadowing 02
i « FONLL w/0 Shadowing
-2 + — FONLL w Shadowing LHC
> 04 30-50%

19% smaller

no difference

055 10 15 20 25 30 35 40
P (GeV)
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 Differences only appear at low pr (below 5 GeV)




Starting time of heavy-quark-medium interaction

RAA

®STAR D" 2014 <" STAR D" 2010/11
- —1,=0.6fm/c,D(2xT)=3
—=1,=1.2tm/c,D(2nT)=2

1.5

LHC <

0.5

¢ ALICED’ 30-50%
— 1,=0.6fm/c,D(2rT)=4
—=1,=1.2fm/c,D(2nT)=2.5

,0
_W

P-(GeV)

0.4

0.3

0.2

N
>

Vo

A STARD?
— 1,=0.6fm/c,D(2nT)=3
—=1,=1.2fm/c.D(2nT)=2

A 10-40%

0.1

O _

A ALICED® +CMSD°
. — 1,=0.6fm/c,D(2nT)=4
+ —-1,=1.2fm/c,D(2rT)=2.5
30-50%

-

+ +

% 5 10 15 20 25 30 35 40 OB 5 10 15 20 25 30 35 40

P_(GeV)

» Re-adjust diffusion coefficient to fix Raa

o=121fm wvs. 7,=0.6 tm

RHIC 8% larger

LHC 14% larger

» Two sources of jet (heavy quark) v2:

« Asymmetric medium flow: prefer later 7,

- Asymmetric jet energy loss: not affected by 7,

* Only small effect at low pt (below 5 GeV)
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Temperature evolution of the pre-equilibrium stage

RAA
2 0 ' 0
® STARD" 2014 <+ STARD" 2010/11
— D(24T)=3.T=0
15 D(2T)=4,T=Tr )v/,)
v D(2aT)= 5T—T(T ) .
B -« D(24T)= 5T=T(r ) i) ™
RHIC =1 10-40%
0.5 *L
Y2 4 6 8 10
PT(GeV)
2
¢ ALICED® 30-50%
15 =—D(2rT)=4,T=0
D(2rT)=5T=T(t 0)(1:/1:0)
<. D(2nT)=6,T=T(x )
LHC o { D(2rT)=6,T=T(t (TD/T”

% 5 10 15 20 25 30 35 40

P(GeV)

%)
0.4
ASTARD'
—— D(2nT)=3,T=0
0.3 D(2aT)=4,T=T(x )(t/1))
D(2nT)=5,T-T(r )
N <+« D(2aT)=5,T=T(x )(rg/1)"
> 0.2 A
A 10-40%
Ai
0.1 ‘ «-"‘"“k""”’im‘m“—-w

2 éll é 8 10
P.(GeV)

A ALICE D° +CMSD°
—— D(27T)=4,T=0
D(2nT)=5,T=T(r )(v/t,)
------- D(27T)=6,T=T (TO
+ - D(27T)=6,T=T(r )(v J1)"

30-50%
+ ;?Bﬁk‘“"mr-jmm

_O‘b

5 10 15 20 25 30 35 40
P (GeV)

- Four scenarios for T(7 < 1)

1: 7(r) =0

3: T(z) = 1(7p)

2: 1(7) = (/7)1 (7y)
4: T(t) = (1y/7)°T(1)

» Re-adjust diffusion coefficient to fix Raa

Free-streaming (1) vs. Bjorken (4)

RHIC

39% larger

LHC

19% larger

» Larger heavy quark vz (at pt < 5 GeV) with later
IN-medium energy loss

23




1.5

LHC £

0.5

Heavy quark diffusion coefficient Ds

RAA

® STAR D" 2014 ¢ STAR D 2010/11
— D(2xT)=3
- D(2xT)=2+(7GeV )T
wens D(2nT)=(14GeV )T

10-40%

4

| M

00 2 4 6 8 10

¢ ALICE D" 30-50%
- — D(2nT)=4
D(2nT)=2+(7GeV )T
+ coee D21 T)=(14GeV )T

P.(GeV)

!

V)
0.4 5
A STARD
03 — D(2rT)=3
: D(2xT)=2+(7GeV )T
N - D(2nT)=(14GeV )T
> 0.2 *
A 10'400/0
A ,
Y2 a4 _ 6 8 10
P{(GeV)
0.4
A ALICED? +CMS D°
0.3} — D(2nT)=4
D(2rT)=2+(7GeV )T
0.2 + ..... D(2nT)=(14GeV )T
> Fds g 30-50%
oA FhlL
?‘* ettt

% 5 10 15 20 25 30 35 40 b 5 10 15 20 25 30 35 40
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Lattice and Bayesian extraction
[ PRC 97 (2018) 014907 ]

Linear approximation oV o0 o
20 ¢  cquark lattice Ding et al.
8 ’} HQ lattice Banergee et al.
D.(2xT)=a+ bT L5
~
5 10] t
P —1 =
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largest slope vs. smallest slope

RHIC negligible difference

LHC 12% larger
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Only small effect at low pt (below 5 GeV)
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Strong effects
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» Collisional energy loss dominates D meson
spectra at low pr, radiative energy loss
dominates at high pr

* Crossing point for Raa: 5 GeV at RHIC

[ GeV at LHC

» Collisional + radiative energy loss is nhecessary
for describing the pr dependence of Raa and v2
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Strong effects

Coalescence dominates D meson production at
low prt, fragmentation dominates at high pr

Crossing point: 5 GeV at RHIC and LHC

Coalescence generates the bump structure of
RaA VS. Pt

Coalescence enhances the D meson v»



QGP flow

Raa %)
° STAR D° 2010/ 04
®STAR D’ 2014 < ’2010/11 s STARD® — w flow
5 — w flow 03 o flow Strong effects
—=— w/o flow
10-40% '
4 « Recall: flow vs. energy loss effects on jet Raa

and v»

Pr(GeV) * QGP flow accelerates low pt charm quarks and
2 0.4 enhances D meson Raa up to pt ~ 20 GeV
¢ ALICED® — w flow A ALICED" — w flow
: — 03- 4 cmMSD®  —— wiofl
" wio flow ’ o Tow * QGP enhances D meson v2 up to pt ~ 20 GeV
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Summary — hadronization

Developed a comprehensive hadronization model for heavy quarks

Included a complete set of s and p-wave hadron states in coalescence, allowing to

normalize the heavy quark coalescence probability at p = O with proper @

Introduced 4-p conservation to respect boost invariance and thermal equilibrium limit

Revealed the strong QGP flow effect on the heavy flavor hadron chemistry

Provided a good prediction on A ./D°, D /D" and B./B* at RHIC and LHC

Found the competing effects of QGP flow and charm quark spectra yield the different

observations at RHIC vs. LHC
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Summary — model uncertainties

« Key components: energy loss, hadronization and well-tuned QGP medium

* Quantification of other uncertainties: initial spectra, starting time of jet-medium

interaction, pre-equilibrium profile of medium and T-dependence of diffusion

coefficients — small effects

Thawnle vou!

Contact: shanshan.cao@sdu.edu.cn
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