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Viotivation
ecavy Quarkonia as Hard Probes

FPy(Q)

» Production in primordial hard collisions: : e D/B open hoawy
Q / — /B flavor
= Sengitivity T inftial conditions 3 N\ arkoniun
P o Y,J/y
| Fpg(Qz) Rothkopf (2020). Heavy quarkonium in extreme conditions.
» Measurement of guarkonium states:

= conclusions about QGP properties, medium Interactions

» J/y suppression: signal for deconfinement

» Possipility of regeneration processes at higher energies
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-okKer-Planck equation

» Relativistic Boltzmann eguation for the phase-space distribution of the heavy quarks:

2,22 'F—]f(t ) = CLf,]
o Eox  opl|lenPV T Ve

» Assumption: No mean-field effects, uniftorm medium

= Reduction to Fokker-Planck eguation:

0
[B,(P)g(p. 0] }

0
{Ai(p)fQ(p, f) P
J

0
_ 1) =
Y Jo(p, 1) o,

» With drag and diffusion coefficients A,(p, T) = A(p. T)p; and B,(p,T) = By(p, T)((Sij oiry ) + B, (p, T)%

= Approximation: A(p,T) = y(T), By(p,T) = B,(p,T) =D(p,T)

= Connected via fluctuation-dissipation relation: D[E(p)] = yE(p)T
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| angevin simulations

» FOkker-Planck equation realized with Langevin simulations

» Relativistic Langevin eguation:

- - -+
” P+ ¢
» Corresponding update steps for coordinate and momentum in time interval dt:
p.
dx; = —dt
L

» p. Gaussian-distributed white noise



Potential of the Heavy Quarks

» Formalism to aescribe heavy guarks in Abelian plasma by

Slaizot et al,

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

» |[dea: effective theory of non-relativistic HQS in plasma of relativistic particles

» Influence functional In Infinite-mass Imit and large time Imit: interpretation as

complex potential:

g” g exp(—mpr) g°T

7(r)=——my——————1—¢@mpr) , r=|r —r

A 4 r A



Potential of the Heavy Quarks

QQbar Potential
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» Real part: Screened Coulomb potential
with Cut-Off 4 GeV and running coupling:

g° = 4dna, =

dra(T,)
1+ C ln(T/TC)’

m.= 1.8 GeV/c*T.= 160 MeV,
a(T.)=0.7, C=0.76

= | ©3S O

tfemperat

eeply bound states with increasing
ure



Drag Coefficient

0-601 —— This work (from Blaizot et al.) S g Drag COeﬁlClent
— = Catania model (LV) ‘/' -
0:537 —. Catania model (BM) N Langevin:
7~
===+ Texas A&M model pa dp
— = —ypp+&—V,V(r)dt
dt \

ms A? A*Im3,
= In{ 14+— ] —
247M m# 1 + A%/m#

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



dN/dErel [GeV ]

Bound State Formation in Box Simulation

Energy distribution in equilibrium

I
simulation
analytic function

T e e

| » bound state if energy of charm-anticharm
+ par <0

| » Classical density of states:

N ) 3 . ) Erel
= (4m)"2u)2C | drr*\/E,, — V(r) exp
dErel 0

» Box simulation with 1 ec-pair at
T =160 MeV

2 "™ |cads to rngnt equiliorium density of states



fraction of bound states
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Comparison to Statistical Hadronization Model
Charmonium yield at T'= 160 MeV, Sidelength of Box:10 fm

» Charmonium multiplicity according to particle Scaling of charmonium-yield with number of pairs in the system

number in Grand-Canonical Ensemble: R
e SHM
0.5
4 0
N-—Z/Id (mT) il 0.4-
) 7312
:§(13-
with i = {n.,Jly,w', y.}, 1, = A .
= Charmonium yield scales with Nf 0.1-
00] ¥

0 20 40 60 80 100

10



fraction of bound states

Relaxation time
Equilibration for different scalings of drag coefficient y (T = 160 MeV)

0.016 — O :
»Faster equilibration for stronger drag force

0.014 -
oo | » 2 Intertwined mechanisms:
o017 : 1. Charm momentum relaxation towards
o8 -/ : thermal value: 7, = 1/y
0.006 | - _ " . . .

2. Full equilibration = time-independent
el . number of bound states
0.002 |- k=2 - . .

<= = dominated by the time scales of the

"0 100 200 300 400 500 600 700 potential

t [fm]
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Elliptic Fireball

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

X2

» Elliptic parametrisation of transverse direction:

2

AR

b21)

» Volume of medium In Fireball:

a*(t)

https://irfu.cea.fr/dap/en/Phocea/Vie_des_labos/Ast/ast.php?t=fait_marquant&id_ast=4733

V(tr) =rm-alr)b(t)(zg+ cT), Zo9 = CTy

with long and short semi-axes a(z), b(z)

»SEMI-axes:

| |
a(t) = ag . <\/1+a372—1),b(f)=bol . <\/1+a572—1)
a b

» a,, a, . ACCelerations chosen 1o fit 1o p,-spectra and elliptic flow of lignht hadrons
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Elliptic Fireball

» [ransverse velocity field at midrapidity with confocal elliptical coordinates:

4

)

—xtension to 3

OW

r (Vb(T)COS(V)>
v, = —

rg \ V,(7)sin(v)

D and finite rapidity: Superimpose model with boost-invariant

—Resulting 3D-flow field:

Vv

X Y

T r T : r
= —y(r)cos(v)— , v, =—v, (7)sin(v)—, v, = tanh(n)
[ I'p [ rp

» Initial momentum distribution of heavy quarks in the fireball from PY THIA

» Initial spatial distribution according to Glauber model
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0.3
| Charm v2, LHC 20-40%
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ALICE Collaboration (2013). D meson elliptic flow in non-
central Pb-Pb collisions at 4 /sy = 2.76 TeV. Phys.Rev.Lett.

111 (2013) 102301.
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Elliptic Flow v,: Charmonium

Initial momentum distribution from PYTHIA
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= WOrking on increasing the statistics
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ALICE Collaboration (2013). J/Psi Elliptic Flow in Pb-Pb
Collisions at 4 /Syny = 2.76 TeV. Phys.Rev.Lett. 111 (2013)
162301.

ALICE Collaboration (2013). J/Psi Elliptic Flow in Pb-Pb
Collisions at 4 /Syy = 2.76 TeV. HEPData (collection).




Conclusions & Outlook

summary:

» Box simulations — correct equiliorium limit, agreement with SHM

=Bound-state formation, dissociation and regeneration occurs in the expected manner

» Implementation of fireball model to describe dynamical expansion

=V, Of charm and charmonium

Future extensions:

» Nuclear modification factor R, 4

» using PY THIA:

= Nnclude primordial charmonium

= Expand to bottomonium sector
16



Backup



| angevin simulations

rst half of coordinate upadate step

» Calculation of Potential for Momentum Update

» Boost 1o Medium

Lest

p; =

- - pCl
y . o..o1=71..+ — At
C,l+= C,l
2 2E.
F(rc l+7’ cz+2)At
—rame
B

N }/ﬁlE_I_ (}/_ I)Tzﬂﬁa | = 13293
p
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| angevin simulations

» Analytic form of momentum update step:

dp; = — ypdt + \/Zthkpk

» Stochastic process dependent on specific choice of the momentum argument of the
covariance matrix Cj

» Determination of momentum argument in C,

Cy = Cylt,x,p + &dp)

- £ = O%,l for pre-point, midpoint and post-point realisation

» N this work: post-point scheme,

Cy — Cylt,x,p + dp)

19



| angevin simulations

» General dissipation-fluctuation relation between drag and diffusion coefficient in statistical equliorium:
1 0E(p) 9By(p,T)

Al(p9 T) — Bl](p9 T)

»with a diagonal approximation ot the diffusion coetfticient, B,(p, T) = B,(p,T) = D(p, T).

Alp) = (D[E(p)] GD[E(p)])
PTEp T OF
MWith
_ 1 ([ DIE(p)] _ . 9DIE(p)]
0 )‘E<p>( N )

»dependent on choice of &
» for post-point, é = 1: simple form of equilibrium condition:
DIE(p)] = T(p)E(p)T

20



| angevin simulations

»momentum update:

dp; = —ypdt ++/2dtD(|p + dp|)p; = — yp;dt + +/2yETdtp,

= [\WO-step computation:

. Galculation of dp; of pre-point scheme, dp; = — yp;dt 4+ +/2dtD(p)p;

. Use result for argument |p + dp| Of D 1o evaluate the second part of the
postpoint momentum update, dpj‘”ff =/2d:D(|p +dp|)p,

ll. Complete momentum update: dp; = dpjd”“g + dp].diff with dpjd”“g from |.

21



| angevin simulations

» Boost back to computational frame

» Complete momentum update:
Dejvt = D+ F (7o, To iy )AL — yp At +/2ETyAtp

» Second half of coordinate update step:

22



Potential of the Heavy Quarks

» Formalism to describe heavy guarks in Abelian plasma by Blaizot et al.
»|dea: effective theory of non-relativistic HQS in plasma of relativistic particles

»INfluence functional In infinite-mass Iimit and large time Imit:

d’k

(27)’

= \\\nen considering equation of motion for correlator G>(z, Q| 1,0, at large

D[Q] ~ g*(t; - ti)[ (1 — explik(r — r)]A(0,k))

time: interpretation as complex potential 7 (r)

23



Potential of the Heavy Quarks

»Real part:

Vi) = — AROF) = — [ dk e " AR(w = 0.k)

(27)

» Imaginary part:

eikrA<(O,k)

W) = - 505) = - |
Ea =T 23

with the propagator A(0,r) = AR.r) + iA<(0r)
- 7(r)=-g* [Vr) -V, 0| — ig? [Wr) — W(0)]

ren

24



Heavy Quarks in Abelian Plasma

» Complex potential for cc-pair after evaluation of integrals:
2 2

2
g g- exp(—mpr) g°T
7= - 4_7rmD 4z r — = dr Plmpr)
| > Z sin(zx)
VWith =21 d 1 —
P(x) L e e [ - ]

»Drag and diffusion coefficients derived from potential from the second derivative of
W:

0*W
%aﬁ(s) — (S) ;

@raarﬁ

and using g (0)gp = 2MTy0,

Blaizot et al., Nucl.Phys.A 946 (2016) 49-88 25



dN/dp, [1/GeV]

Testing the Model

Equilibrium Conditions in Box Calculations

— Boimann disnibution 1 » OINQAIE cc-pair IN Dox calculation with
* simulation T =180 MeVand m.= 1.8 GeV/c*

» Vlomentum distrioution In equiliorium
imit (Boltzmann-Juttner):

E
Jeq(P) x €Xp [—%]

20



Elliptic Fireball

Parametrisation of hadronic freeze-out

»differential momentum spectrum of a particle:

dN — 28 Tr M Q%errjd¢K(m Tﬁ )eTfsinIf(g(r,%)
prdprdp,dy  Qmy 7 T Ki(mp, T, pr

» T Treeze-out temperature, ¢, azimuthal angle of the Doost, K;: Bessel Tunction

cos(¢h,— )

»iransverse rapidity p(r, ¢,): tunction of radius r and spatial azimuthal angle ¢,

»Elliptic flow:

2T
I d¢ COS(2¢ )PTdPTd¢pdy
vo(pr) = > Y

d
0 ¢p PTdPTd¢pdy

Retiere, Lisa, Physical Review C, 70 (2004) 27 He, Fries, Rapp, Physical Review C, 82 (2010)




Parametrization of the Fireball
RHIC (20-40%), v,

» Choice of parameters In fireball model by fitting results to experimental data

» tlliptic flow v, of Kgand ¢ from STAR

o s—m—m—m3M@Mm™MmMm@mMmM@M——m—m-"-7— osr———m™m™mmm———m—————4—m+————F———7————
- blw S : - STAR ¢ 10-40% —%—
_ | | STAR ¢ 0-5% 1
04 + . 04 +blw 20-40% G Ot SO et -
03| -‘ o3 S _‘
| o= ; |
02 | : o2 01
| | (S L L
01 | _‘ ol 2 | . . T :
| | | 14
O 0 . . . . I [ T S R
0 1 2 3 4 5 0 1 2 3 4 5
pt (GeV) pt (GeV)
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Parametrization of the Fireball
RHIC (20-40%), pr

» Choice of parameters In fireball model by fitting results to experimental data

» pr-Spectra of p and ¢ from STAR

10° ¢ ‘ ‘ : 10" T T T T T T T T T T :
; ; : ¢ STAR 10-20% ——
: ¢ STAR 20-30% +——— |
1 o ¢ STAR 30-40% '
10 ] 1 !
z > | ¢ ell. fb
& f S 1%
g - =
g 100 - —E ,.g" RX x
B 5 =
o ' >
S 107! E ° 1071 o R e
£ | S)
~~ : Z :
= 102} : o b
e z ~
g/ S 10‘2 ) e
107 E <
1 X
10—4 10—3 ........................
0 1 2 3 4 5 0 1 2 3 4
pr (GeV) pt (GeV)
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Parametrization of the Fireball
LHC (0-20%), v,

» Comparison of elliptic flow spectra from simulation to data from ¢ and E from A

oS——mmm7 7T — | . —
- ALICE 7 0-5% —— ] - ALICE Z 0-5% —
" ALICE &t 5-10% ——t ;  ALICE £ 5-10%  +———
' ALICE &t 10-20% _ ALICE = 10-20%
0.4 [-simulation - 0.2 | simulation
03
02 | , 5 : 0.1 |
01 _ y)\,‘xx:xxxxxxx"xxgx * » x y +
0 P '4‘;& 111111111111111 1 1 0
0 1 2 3 4 5 0 I 2 3 4
pr (GeV) pr (GeV)

30



» Comparison of p, - spectra from simulation to data from z and E from ALICE

1/(2 7 p,) d*N/dp, dy (GeV™?)

Parametrization of the Fireball

LHC (0-20%), pr

F---- '™ T T 1 5 Tt T

TTTTTTTTTTT

ALICE m 0-5% +——+—
ALICE t 5-10% +——
ALICE & 10-20%

simulation
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1/(2  p,) d*N/dp, dy (GeV™2)

1

10 -

10

10" 1

10;

10 -

rrrrrrrrrrrrrr

AAAAAAAAAAAAAA

IIIIIIIIII

ALICE E 0-10% +——+—

ALICE Z 10-20% +—— |
simulation *

..........




» Comparison of elliptic flow spectra from simulation to data from z and E from ALICE

0.5

04 |

03 |

0.2

0.1

Parametrization of the Fireball

LHC (20-40%), v,

lllllll
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| blw

llllllllllll
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» Comparison of p, - spectra from simulation to data from z and E from ALICE

1/(2 7 p,) d*N/dp, dy (GeV ™)

3

107 f

2

107 F
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[S—
-
-

Parametrization of the Fireball

LHC (20-40%), pr

10" F
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ALICE 1t 20-30% +——+—
ALICE 7t 30-40% +——*—

1/(2 7 p,) d°N/dp, dy (GeV™?)
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» Sequential freeze-out
>TC}Z — 16() MQV

»sentropic expansion towards
KINetic Treeze-out

= xtrapolation to temperature In
QGP-phase

» =xponential decrease of 1 until 1,




dN/dp, [1/GeV]

|_orentz Boost to Moving Medium

p,, distribution
. o — expl-prumi@naytical) | POINGIE cc-Palr IN POX calculation
7 © simuiation With T = 180 MeV and

4 m.= 1.5 GeV/c*
0.20 -~ o :

»constant flow-field v = (0, 0, 0.9)
0.15
o » Boltzmann-Juttner distribution:
1

E(p)
- Jeg(P) o€ eXP (_ I )
0.00 -
0 2 4 GIS 8 10

35



Relative energy of a cc-pair

Energy distribution in equilibrium

» Relative energy of cc-pair:

Erel:Ec+EE+V(‘rc_r(?‘)_Emt

— \/ mg +p02 T \/ mEz' +p5 2+ V(l", T) T \/ (mc T mE)z + (pc +p5)2
» [N com-system ((p.. + p-) = 0) equivalent to
E..,=mg...+ V(r,T)— (m.+ m;)

With p¥ - Dy or = (E€ + ES* —(p,+p.)" =my

,CTS
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fraction of bound states
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»SINgle cc-pair In ox calculation:
1. Initialisation as separate quarks
2. Initialisation as pound state

= |n the long-time Imit the same
equilibrium is reached



Input number V.. for simulation

== T,4(b) occ (1)

, Overlap function T, ,(b) =
Po

1+exp<r_r0>

a

pa(r) =

= Run PYTHIA with number of pairs according to

(1)

r OO

dzp,(z) With

J —0o0

= Number of produced charm quarks:

RHIC, 20-40% LHC, 0-20%

LHC, 20-40%

~ 5 ~ 104

~ 39
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Comparison to Grand-Canonical Ensemble
Statistical Hadronization Model, T = 160 MeV

» Particle number in Grand-Canonical Ensemble

0 InZ
N=T , With In Z = az (1 + ae‘(Ea—M)/T)

ou -

» non-relativistic classical limit, approximation of small particle numbers:

mT\*> _ -~ |
N=dV e Ae” ™1 with the fugacity A = !
T

Jly = c+ oy, =24, > /IJ/W=/1§

= J/y Multiplicity:

3/2
_ 92 .
NJ/I// — AC d]/l/j 271-3/2 <m]/l//T> €Xp(—m]/l/jT) y W|th dJ/U/ — 3, m]/w — (2mc + Ebin>
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Elliptic Flow v,: Charm Quarks, 5 Pairs

Initial momentum distributi

charm-quark spectra from PYTHIA
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Strong Coupling of Potential
Influence on Number of Bound States

QQbar Potential
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-g°V [GeV]

Strong Coupling of Potential

Comparison a, = 0.5 vs. a, = 0.7

QQbar Potential
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