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Viotivation
ecavy Quarkonia as Hard Probes

» Proauction In primoraial nard collisions

» Veasurement of guarkonium states: conclusions about medium
oroperties

= Sensitivity to initial conditions, QGP properties, medium
Nteractions (@ -

D/B open heavy

- flavor
Q_ N ————08
\ quarkonium
Y,J/y

FPy(Q?)

Ro thk pf (2020). Heavy quarkon conditions.
Physics Reports. 858 101016
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Viotivation
ecavy Quarkonia as Hard Probes

»J/yr suppression: signal for deconfinement

» Dissociation in QGP due to color screening and elastic scatterings
with medium

» Possibility of regeneration processes at higher energies

» [heoretical models: non-relativistic description of heavy guarks



-okKer-Planck equation

» Boltzmann eqguation for the phase-space distribution of the heavy guarks:

0 p o 0

E + Ea + Fg] fQ(tapax) — C[fQ]

» Assumption: No mean-field effects, uniform medium

|
—> fQ(pat) — VJ'Clﬁfo(X,p,t)

» Collision integral:

Clf,] = Jcﬁk[w(p 4 K K)f(p + k) — o(p. ) (p)
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-okKer-Planck equation

= Reduction to Fokker-Planck equation:

2 opt) = A p.0) + 1B, (P 0 |
dth Pl = op, (P)o(P, op, szfQ P

»With drag coetlicients A,(p) and diffusion coefficients B;(p)

» Approximation: constant transport coefficients:

A(p) =y =const., By(p) =B|(p) =D = const.



| angevin simulations

» FOkker-Planck equation realized with Langevin simulations

»Langevin equation:

mx = —myx + &

» Corresponding update steps for coordinate and momentum in time interval dt:

p.
dx; = —dt
m

» p. Gaussian-distributed white noise

» v, drag coefficient from Abelian plasma model
» Momentum update computed In rest frame of medium
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Potential of the Heavy Quarks

—-ormalism to describe heavy quarks in Apelian plasma by Blaizot et al.

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

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

Nterpretation as complex potential;

7(s) = —g* [Vr) = V,,, (0| — ig? [W(r) — W(0)]

g g exp(—mps)  g°T
= ——my——— — l4—ﬂ§b(mDS)
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N. Krenz, H. van Hees, C. Greiner, J. Phys.: Conf. Ser. 1070, 012008 (2018)
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» Screened Coulomb potential with
Cut-Off A =4 GeVand running
coupling:

droa(T,)
1+ C In(T/T.)
m.= 1.8 GeV/c*,
T.=160 MeV,
a(T.) =0.5,
C =0.76

g2 = 4na, =

Blaizot et al., Nucl.Phys.A 946 (2016) 49-88
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N. Krenz, H. van Hees, C. Greiner, J. Phys.: Conf. Ser. 1070, 012008 (2018)
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»Drag coefficient:

Langevin:

mxX = —myx + &

¢

dp; = —yp;dt ++/2ymTdtp;

ms A?
— In{ 1 +—
247xM m#

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

A*Imj

1+ YRIP



Elliptic Fireball

»=lliptic parametrisation of transverse direction:

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

2 2
A

b2A7)  aX(z) ~

»\/olume of medium In Fireball;
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

» Construction of transverse velocity field at midrapidity by expressing r (x, y)
using contocal elliptical coordinates u, v

r (Vb(T)COS(V))
v, = —

rg \ V,(7)sin(v)
v, v,. Velocities of the boundary, rg: distance from center to boundary

» confocal elliptical coordinates u, v given by inversion of

x = rpsinh(u)cos(v) , y = rycosh(u)sin(v), ry = aye
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Elliptic Fireball

» Extension to 3D-flow tield with longitudinal component and finite rapidity:

= Supermpose of model using boost-invariant Bjorken flow

» Resulting 3D-flow field:

X Y

T r v r
Ve = —Vp(0)cos(v)—, v, ==V, ()sin(v)—, v, = tanh(n)
! ’'B [ 'B

»INitial momentum distribution of heavy guarks in the fireball given by
parametrization fitting charm-guark spectra from PY THIA

»[Nitial spatial distribution according to Glaulber mode
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Box Simulations

Energy distribution in equilibrium

l

|
simulation

analytic function

I

» -ormation of bound states when
energy of charm-anticharm pair is < 0

N (47)%(2 )%C JR drrz\/E — V(r) ex B
dErel — H ) rel P T

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

= lcads to right equiliorium density of
states
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fraction of bound states
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Scaling of J/y - vield with number of pairs in the system
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Box Simulations

Comparison to theoretically estimated density of bound states

Density of bound and unboud pairs

- pbound states

unbound states
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Number of pairs Nf/l/f Simulation NJ/"’EQS;@ES?
1 0. 0022 0. 00235
> 0. 00735 0. 0094
5 0. 0405 0. 0588
10 0. 154 0. 2353




fraction of bound states

Box Simulations

Equilibration time for different scalings of drag coefficient y

0.0024

» Equilibration time from Langevin equation:
T = 11y

0.0022 -

0.002

0.0018 . » raster equilibration for stronger drag force

0.0016

1 » EXponential fit;

0.0014 - = k =2,3: agreement with z,,, = 1/y

0.0012 7
= | arger values: ,,, 100 smal
0.001 J =1 —— -
| k=2 ——
K=3
0.0008 | | | | |
0 50 100 150 200 250 300

t [fm]
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Clliptic Flow v,

Azimuthal particle distibution:

&N 1 &N o , S _ _
E ~ = 1+2 Z v (Dry y)cos(n(® — Pp)) Flow coetficients: Vn(PT, y) (cos[n(CI) lPR)D
dp 27 prdprdy -
> 2T T T T
) - 8014 I —

—[liptic Flow:

Py =Dy
V2 — >
Pr
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Pb+Pb @ 2.76 TeV (ALICE): v, ~ 10 % (central)
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Phys. Rev. Lett. 111, 162301
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Elliptic Flow v, for different scalings of the

drag coefficient
RHIC & LHC

Charm Quarks,

RHIC, 20-40% Centrality
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Outlook

Possible extensions:

» different heavy-guark potentials

»INitial momentum distribution from PY THIA - include primordial J/y

»Number of initial heavy-guark pairs according to experimental data

» Nuclear modification factor R 4

22






| 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)

25



| angevin simulations

»momentum update:

dp; = —ypdt ++/2dtD(|p + dp|)p; = — yp;idt + +/2ymTdtp;

= [\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 |.

20



| angevin simulations

» Boost back to computational frame

» Complete momentum update:
Dejvt = D+ F (7o, To iy )AL — P At +4/2mTyAtp

» Second half of coordinate update step:

27



Description of the Model

Elliptic Fireball: Momentum distribution

» Darametrisation fitting charm-quark spectra from PY THIA

= ["titial momentum distribution given by
1 (A, + pp)’

2nprdpr R (1 4+ A, - pp)h

»With the parameters A, = 0.5, A, = 0.1471, A, = 21
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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)3

= Nterpretation as complex potentia

7(r)=-g* [Vr) -V, 0| — ig? [Wr) — W(0)]

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

29



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)

30



Heavy Quarks in Abelian Plasma

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

2
8 g~ exp(—=mps) .g°T
V'(s) = — 2>—m — _
5) 47rmD dr ) l dr Plmps)
| > 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 31



Elliptic Fireball

» Extension to 3D-flow field with longitudinal component and finite rapidity:

= Supermpose of model using boost-invariant Bjorken flow

» Ansatz for 4-velocity with ¢ = 7 cosh(n), z = 7 sinh(n):

7 cosh(n)

u(z,rp,n) = flz,r)| 8.(z, 1))

7 sinh(#)

= SD-velocity:

_l — (—g t h( ))
- B rcosh(n) S
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Elliptic Fireball

,Resulting ransversal velocity at mid rapidity (= 0): v, o = =
T
» Extension to by combining the two previous equations:
.
v (t,r,n) = v (e,r ,n=0)=—v,(r,r,,n =0)
cosh(#) t
» SD-tlow field:
T r T , r
v, = —V(r)cos(v)—, v, = —v, (7)sin(v)—, v, = tanh(z)
[ I'p [ I'p

»INitial momentum distribution of heavy quarks in the fireball given by parametrization
fiting charm-quark spectra from PY THIA

»[Nitial spatial distribution according to Glauber mode
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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) 34 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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Testing the Model

Parametrization of the Fireball (LHC, 0-20%)

» 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)
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Testing the Model

Parametrization of the Fireball (LHC, 0-20%)

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

e ~,~—~—— TR S —— _
ALICE n 0-5% +——+— | 5 ALICE Z0-10% +~———— -
i ALICE t 5-10% +—— | ! ALICE3 10-2_0% —— ]
10% F ALICE 7t 10-20% | simulation ~
. 5 > simulation 5 0 + e+ .
\¢ 107 F * : o ~ * +
2 10 - N +
Q/ % .t
> ™+
S SRR X
Nz -1 -g: ) ; .
Q. - +
= = 107 .
Q
107 =
10'4 10-3 ........................
0 ] 2 3 4 5 0 | 2 3 4
pr (GeV) pr (GeV)
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» Comparison of elliptic flow spectra from simulation to data from z and E from ALICE

0.5
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Testing the Model

Parametrization of the Fireball (LHC, 20-40%)

lllllllllllllllllll
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» Comparison of pr - spectra from simulation to data from z and & from ALIC

1/(2 7 p,) d°N/dp, dy (GeV™?)
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Testing the Model

Parametrization of the Fireball (LHC, 20-40%)
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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:
2
P
X CX —
Jeo(P) x €XPp ( ; MT)
—4 -3 —2 -1 0 1 2 3 4
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lemperature of the Fireball
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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
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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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Box Calculations

Drag Coefficient, Equilibration Time and Temperature

Drag coefficient ¥ as a function of lemperature

simulation
f(x) = 5.1*exp(-0.744/x)+0.11

7., = ly as afunction of lemperature

e Simulation
f(x) = 2.58*%exp(0.218/x)-3.43

0.175 0.200 0.225 0.250 0.275 0.300 0.325 0.350
T [GeV]
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