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Motivation

Heavy Quarkonium as a QGP Probe

- HQ- bound states probe in-medium QCD forces
cand transport of heavy quarks

- Key competition in AA: suppression vs.
regeneration

= controlled by c¢/bb - abundance

. Flow observaples: constrain HQ-coupling to the
medium

=This work: focus on dynamical regeneration in d
Langevin transport framework

Initial Production
cc pairs from PYTHIA

QGP Evolution
Elliptic blast-wave + Bjorken

Heavy-Quark Transport

Relativistic Langevin

Bound-State Formation
In-medium potential

Observables
dN/dy. v,(pr). .




Motivation

Suppression and Regeneration

statistical regeneration

3t

sequential suppression

SPS RHIC LHC

Satz H (2012) Lecture Notes in Physics; 841.

Energy Density

J/¥ Production Probability

Open charm hadrons

.Dissociation in QGP due to color screening: -At high energies: enhancement of

charmonium vields due to regeneration
= J/y suppression: signal for deconfinement processes



eavy Quar

< Dynamics

Modeling F

- Hierarchy of scales:

Brownian Motion in the QGP

my> T and |Ap| < |p|

= multiple soft momentum transters

[ eads to diffusive, stochastic motion: Brownian

dynamics

- Basis for using Langevin simulations




Modeling Heavy Quark Dynamics

Fokker Planck Equation

. Relativistic Boltzmann equation for heavy-quark phase-space distribution:

[3+5i ]f(t ) = Clfy
ot FE ox op 02 = U

-Limit of small momentum exchanges — reduction to Fokker-Planck equation:

0 0
_fQ(p’ = —{ APV )+ o B PYolp. ) }

*Drag: A(p. T) = A(p. T)p; = A(p, T) = (T)

. . DPiP; DPiP;
» Diffusion: By(p, T) = By(p, T)(éij p;) + B,(p, T)p—z", — By(p,T) = B,(p,T) = D(p, T)

- Fluctuation-Dissipation Relation: DIE(p)] = yE(p)T



Modae.

Ng

eavy Quark Dynamics

Langevin Dynamics

- Microscopical description: Fokker-Planck — Langevin

= Drag force (friction): medium resistance

= Random noise (kicks): thermal fluctuations

dp*
dt

- Corresponding upddate steps for coordinate and momentum in time step:

J

dx.

P;

E

= Stochastic force & gaussian white noise with (&(¢))&(8,)) = 2yETo(t, — t,)



Modeling I

eavy Quar

DyNamics

Langevin Dynamics

. So far: free Brownian motion

. Additional force to account for bound-state formation

= V/(7): potential between heavy quark and antiquark

= Complete momentum upddte step:

@ Charm
A Anticharm _
=== Bound (<0.8 fm) = | |
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= TIme evolution of MICroscopic trajectories of hedavy qudrks and qudrkonium




Dotential

Complex

Bound State Formation

- [In-medium Interaction between a heavy quark and antiguadrk described by

7 (r) =RelZ (r)]|+ilm[7 (r)]

‘

complex potential:
2 2 B
Re[7'(r)] = V(r) = — g—mD _ 5 exp(—mypr)
dr 4r r
= Screened binding

Blaizot et al., Nucl.Phys.A 946 (2016) 49-88

2

gl

Im[7(r)] = —

A

p(mpr)

=N -medium dissociation rate

Laine et al., JHEPO3 (2007) 054




Complex Potential: Real Part
Bound State Formation
QQbar Potential
0.0- - - Running coupling:
03 ) _ 4 dra(T.)
g = ﬂas

-0.4 1 + 0. 76 hl(T/T)
§ o a(T) = 0.7
3 -Screening effects at higher

- ) temperatures

o 0| ™Fraction of bound state decreases

0.0 0.2 0.4 0.6 0.8 1.0 1.2
r (fm)

1.4



Complex Potential:

madginary Part

Drag & Diffusion Coeflicient

0-6079 . This work (from Blaizot et al.) 7
— = Catania model (LV) s
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wes This work

w  DQPM
== = Catania (LV)
== = (Catania (BM)
= LO pQCD, as(T)
= LOpQCD, as=0.4
IQCD 2012 [Banerjee et al.]

1.0 1.2 1.4 1.6 1.8

[ )
T QCD 2024 [HotQCD]
1

2.0 2.2 2.4

M, =18 GeV/c
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Equl

1pration & Bouna State Formation

Box Simulations at fixed T'and V

Equilibrated distribution of relative Criterion for bound state rormation:
_lenergy ol charm-anticharm pairs:
10 = | | | | | | 3
| % =FE +E.+V(|lr.—r-|)—E. <O
. ] CcC C C C C cm
o1 | *‘M-».,," _ =\/m§+p§+\/m§+p§+V(|rc—ré|)—\/(mc+mé)2+(pc+cé)2<0
1% S S Fnergy distribution in equilibrium:
103 L ) A R
X T=160MeV  ~ +++++*§ dN ) 3 ) Ecc"
(o | - Ghalytic —— e (4)"Qu)2C | drr*\/E.; — V(r) exp —
analytic ] cC 0
= T=200MevV =
107 = analytic E
) T = 250 MeV ;
106 . | | | analytic
2 -1.5 -1 -0.5 D 0.5 1 1.5 2 : :
E +[GeV] = Stmulation leads to correct
e librium density of “
Charmonium CQUILDTIUIT AETISILY OF Stales




Binding Length of Charmonium

Probability distripution of the relative distance

— All pairs
0.14 :

--~~ Bound pairs
0.12
0.10
0.08
0.06 - 0.10
0.04 - 0.05
0.02 - 0.00 A

1072 101 10°
0001 '™mcnecmccrccccrcrrrrrrrrrr e ———
0 2 4 6 8 10 12

-pedk at small distances: relative
distance within a pbound state

-larger distances: potential
pecomes negligible

-distance distripution depending
on the box size (second peak)



Equl

1pration &

Sound State

~ormation

Box Simulations at fixed T'= 180 MeV and V

Time evolution of bound state formation:

0.03

|
1 Pair

2 Pairs -

5 Pairs ——

~ 10 Pairs —=—

13



Equilibration & Bound State Formation

Box Simulations at fixed T'and V

Time evolution of bound state formation:
0.03

|
1 Pair

| I [
2Pars T = 180 MeV
0.025 | 10 Pairs —=— .

0.02

N pair

. 0.015
Q

2.

0.01 7

0.005 ]

0 | 1 | 1 1 |
0 100 200 300 400 500 600 700

t [fm]

N, cE/ N pair

nitially free vs. initially bound pairs:

0.006

0.005

0.004

0.003

0.002

0.001

| | ‘ |

bound, T=180 MeV ——
free, T=180 MeV —
4 bound, T=200 MeV :
i , free, T=200 MeV N
¢ bound, T=250 MeV
free, T=250 MeV ——<—

= Detalled balance between dissoclation and regenerdation processes
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~qulliboration & Bound State Formation

Time evolution of fraction of bound states in Box Simulations

Different Volumes N, ;s = 1. T =180 MeV Different Temperatures, N ;.. = 1
| | | 1 | 0.016 | | | | | |
0.008 | Vv 8%m3 T =160 MeV
. 3 T = 180 Mev - 22 RTPTRTTTRRETERRRRRIRRRERER SRSt
0014 | T=200MeV — .
0.007 |-
7 0.012 |- :
0.006 | -
.§ 0.005 |- :;f” :
2 goue / |
;, 0004 -
= 0.003 )
0.002 | | — ——————————————————
0.001 |/ “ :
O | | | | | | 0 | | I | I |
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
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Equilipration time

Different scalings of drag coefficient y (T = 160 MeV)
0.016 . — T -Faster equilibration for stronger drag force
P e -2 intertwined mechanisms:
0.012 ¢ S : .
Y 1. Charm momentum relaxation
~ 001 F * S -
3 towards thermal value: z,, = 1/y
<. 0.008 | - q
2 5.006 | _ 2. Full equilibration = time-
0004 | _ Independent number of bound states
K=1 . .
0.002 |- k=2 - = dominated by time scales of the
o | 1 , l 1 k=5 potential
0 100 200 300 400 500 600 700
t [fm]
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Modelling the QGP Medium

Elliptic Blast-Wave Firepall

H. van Hees, M. He, and R. Rapp, Nuclear Physics A, (2015) Vol. 933

»Elliptic parametrisation of transverse direction:

2 2
* Y <

Rt h

-Transverse flow: encoded via time-dependent semi-axes

1 1
a(T)=a0+—(\/1+aa272—1>, b(z) = by <\/1+ab2f2—1>
a, dp

» a,, a,: accelerations chosen to fit to py-spectra and elliptic flow of light
hadrons

. . . | | | Z
- Longitudinal direction: boost-invaricant Bjorken flow, v, = —

[ 17



Modelling the QGP Medium

Elliptic Blast-Wave Firepall

- 3D-flow field:

Vv

X Y

T r T : r
= —w,(7)cos(v)— , v, = —v,(7)sin(v)—, v, = tanh(n)
[ I'p l Ip

- Parametrization of different energies and Fireball ot

4 Hformation

centrality classes: time 7y

LHC@2./6 TeV, 0-20%| |LHC@2./6 TeV, 20-40% il
RHIC@200 GeV, 20-40%

y [fm]
o

. [nitial momentum distribution: PYTHIA

- [nitial spatial distripution: Glauber model

e e




Number of produced charm-anticharm pairs V..

Estimation from Glauber model

- Number of charm guark pairs per rapldity:

Nig _ o dotl AN
p— — O =
dy AA dy AA cC dy

" Qverlap function:
T, ,(b) = ro dsT,(s)Tx(s — b)

Po
1+exp<r_ro>

a

With 7,(s) = JpA(S,z)dZ and py =

19



Number of produced charm-anticharm pairs V..

Estimation from Glauber model

- Number of charm guark pairs per rapldity:

Nee _ ) dof? _ P ANPP
p— — O =
dy AA dy AA cC dy

" Overlap function:

Ty 4(b) = ro ds*T,(s)Ty(s — b)

o = Experimental data from pp collisions

I+ exp < — ) =(Obtained from Pythia

With 7,(s) = JpA(s,z)dZ and pa(r) =

= Parameters of nuclei

20



Number of produced charm-anticharm pairs V..

Estimation from Glauber model

dN .. I b do!? I\ (b) o dN"'?
— — O'L
dy AA dy AA e dy

- Overlap function Ty ,(b) = J ds*T,(s)Tx(s — b)

Po

with Ty(s) = J'PA(SaZ)dZ and pa(r) =

1+exp(r_ar0>

= Number of produced charm quarks:

b [fm] Ncé
RHIC (20-40%) | 8.05 4
LHC (0-20%) | 3.976 | 105
LHC (20-40%) | 8.43 | 38

RHIC
— LHC

10

12

14

21



J Iy - Production

Au+Au vsyy =200 GeV, 20-40%

—e— This work
0.0030 A ® PHENIX (2006)

0.0025 -

0.0020 -

0.0015 A

0.0010 -

0.0005 -

0.0000 -

B
y

PHENIX Collaboration (2006). J/Psi production vs Centrality, Transverse Momentum, and Rapidity in Au+Au Collisions at in Au Au collisions at
\/Syny = 200 GeV. Phys.Rev.Lett. 98 (2007) 232301

AN
—| _, = 0.0032

dy

Differential yield per rapidity dn,,, /dy at T,,

0.040 -
0.035 -
0.030 -

0.025 -

0.010 -
0.005 -

0.000 -

VSNN = 2.76 TeV, 20-40%

dN ANy,

dy

——| _,=0.0379
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V2%

0.08

0.07

0.06

0.05

0.04

0.03

0.02

0.01

0.00

Charm Elliptic Flow v,

AUu+AuU @ 200 GeV and Pb+Pb @ 2.76 Tev

Charm-quark v, at midrapidity:

Energy dependence

—&— /Syy =2.76 TeV, 20-40%
@ /syy =200 GeV, 20-40%

0.08-
0.07-
0.06-
0.05-

o 0.04-

0.03

Time evolution of v, At /syy = 2.76 TeV,

20-40% centrality

*  1=0.27fm LT
+ t=1.351fm . "
*  1=2.7015fm * *
* t=4.052fm *
* t=5.403fm N
x * * ox
* * ox
* x * *
%
=
*
5
*
x x * * * X *o

= Heavy quarks mnteract strongly with the medium

30 35 4.0
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Charmonium .

= Liptic

B k)W V2

AU+AU (@ 200 GeV

Preliminary results of v, at  /syy = 200 GeV, 20-40% centrality

0.20

% STAR, J/y 10-40%, |y| <1
015 ® This work (20-40%), |y| <1
0.10
]
* ®
0.05
)| * . ® ®
° ® o L
000 L oottt e te ot T . e
-0.05
-0.10
-0.15
-0.20
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
pr [GeV/c]

STAR Collaboration. Measurement of J/Psi
Azimuthal Anisotropy in Au+Au Collisions at

+/Syn = 200 GeV. PRL 111, 052301 (2013)

. STAR data: vi” ¥ consistent with zero within

uncertaimnties

- At RHIC: regeneration expected
subdominant

- primordial J/y: wecakly coupled to medium —

Jhy
V2 ~ ()

- This work: regeneration only

= indication of a wedak, but non-zero v,

v ot RHIC

= Upper-limit esumate for regeneration-driven

2

24



Charmonium .

= lliptic .

B k)W V2

Pb+Pb @ 2.76 TeV
Preliminary results of v, at  /fsyy = 2.76 TeV, 20-40% centrality
0.05{{_* 20-40% centrality, 2.5 <y <4.0 * |« LHC energy: regeneration dominant —
*
: VZJ/ V> (0 expected
0.04 - * *
*
, » Regenerated J/y inherit flow from ¢ and ¢
*
0.03 - .
g - Our simulation: positive v, with increasing pr
0.02 - x kK
* .
e * % - Detailed pr-shape not yet reproduced
0.01 - Ykt kW
x X ** %
*x *x * x * .
AR = Expected: follows trend of charm-quark v,
0.00 - ***
** *
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0
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Charmonium .

= lliptic

B k)W V2

Pb+Pb @ 2.76 TeV

Preliminary results of v, at y /fsyy = 2.76 TeV , 20-40% centrality

|

0.05 1

| |
* 20-40% centrality, 2.5

<y<4.0

0.04

0.03

0.02

0.01

0.00

LE'T
*
% *
*
£ sk **i
* * *
*
* %
*
w
*
** e
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Pr [GeV/c]

4.0

- LHC energy: regeneration dominant —

Vv

JIy
2

> () expected

. Regenerated J/y inherit flow from ¢ and ¢

- Our simulation: positive v, with increasing pr

- Detailed pr-shape not yet reproduced

)

Expected: follows trend of charm-quark v,

= RHIC: primordial regime — v5° =~ 0

m | HC: regeneration regime — vf > 0

26



Conclusions & Outlook

SUMmMmary:

-Classical, microscopic model based on Langevin equation to describe charm quarks and
charmonium

-Box simulations — correct equiliorium limit

- Bound-state formation, dissociation and regeneration occur 1n the expected manner

- Implementation of fireball model to describe dynamical expansion
= J/yyleld
=y, Of charm and charmonium

Future extensions:

- R, , and statistically robust results for charmoniums- v,

-Include primordial charmonium

.Parametrize fireball to , /syy = 5.02 Tev — comparison to experimental data

- Hadronization
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Charmonium Yiel

as

Comparison to Statistical Hadronization Model

- Charmonium yield based on the charm quark 967", gimulation, a.= 0.7 .
: : e SHM "
number N, in Grand-Canonical Ensemble: .
3 /2 /'.,‘(“,_(.f...
N 02 8o 27 M 2/2 2M. — My, 0.4 - o
N — — — % T ' /,f‘
cC 2 / P
V I M?>
o gcz C |803 57
- _ _ 32

= Charmonium yield scales with Ng 0.1 -

- . 00 ¥
= Deviations at small V. due to canonical . . .

0 20 40 60 80 100

enhancement effects (?)
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Complex Potential

Concept: finite-temperature field theory

- IN-Mmedium propagator of a heavy quark pair — potential acquires Imaginary part

g g” exp(=mpr)  g°T N s Z sin(zx)
4ﬂmD l Pp(mpr) — p(x) = 2[ dz EFR [1 ]

7 (r) =
4 r A 0 ZX

- : arises when computing Landau damping contributions to the potential in finite-temperature QCD

- encodes how dissoclation width depends on distance:
- Short distances (x = mp < 1)
= p(x) ~ x, smallimaginary part — little dissociation — bound state tightly localised, less exposed to the medium

=¢h(x) — const .. imaginary part saturates — pair is far apart — strong decoherence — more likely to dissolve

30



V(T,r) (GeV)

Strong Coup.

r

Ng O.

Potentia

Influence on Number of .

QQbar Potential
0.0 A

I
.
o

_1.5 -

— alpha = 0.5
—— alpha = 0.9
— alpha = 1.2

0.0

0.2

0.4

0.6
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0.8
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Bound States

0.18

|
1 Pair

0.16 -

0.14 -

0.12

0.1 -

Ny/psi

0.08 -
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0.04 -

0.02 -

0.5

alpha
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Parametrization of the

Firebal

RHIC (20-40%). v,

- Choice of parameters In firepall model by fitting results to experimental data

- Elliptic tlow v, of K¢and ¢ from STAR

os———mmmm8m
- STAR K, 10-40% ——— g

- blw | E—

04 |
03 |
02 |

0.1 |

oS ——/m™ ™M

- STAR ¢ 0-80% —t—

' STAR ¢ 10-40%  ———

| STAR ¢ 0-5% _
0.4 | blw 20-40% S . -
o3

;

S ﬁ ==========================================================================
ol 2 1 . . S

- A -

| i

0 e
0 1 2 3 4
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Parametrization of the

Hirepa.

RHIC (20-40%). py

pr-Spectra of p and ¢ from STAR

pell. tb., —

1/(2 7t p,) d*N/dp, dy (GeV ™)
t t
>

1/(2 7 p,) d*N/dp, dy dN/dp, (GeV™?)
t t t

T S ————— :
: & STAR 10-20% ——+— °
& STAR 20-30% +———
& STAR 30-40% |
: ¢ ell. b
100 F -
1071 o e S -
x
o2k N i
z
10—3 | | LN |
0 1 2 3 4 5
pt (GeV) 33



