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@ Heavy-quark transport in the sQGP
@ Open heavy-flavor observables in heavy-ion collisions
@ Transport equations
@ The Fokker-Planck equation
@ Realization as Langevin process
@ Langevin simulation for heavy-ion collisions

© In-medium interactions of heavy quarks |
o Elastic pQCD heavy-quark scattering

@ Non-perturbative interactions: effective resonance model

© Non-photonic electrons at RHIC
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Heavy quarks in the sQGP

@@ hard production of HQs
"\ described by PDF's + pQCD (PYTHIA)

¢,b quark

€ g sQGP HQ rescattering in QGP: Langevin simulation

drag and diffusion coefficients from
microscopic model for HQ interactions in the sSQGP

>. Hadronization to D,B mesons via
.® quark coalescence + fragmentation

K
ot semileptonic decay =
“non-photonic” electron observables

Qi

Ve
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The relativistic Boltzmann equation

@ describe heavy-quark scattering in the QGP by (semi-)classical
transport equation

e fo(t,Z,p): phase-space distribution of heavy quarks

@ equation of motion for HQ-fluid cell at time ¢ at (P, Z):

0 0
de:dt<8 +v?+F )fQ

o change of phase-space distribution with time (non-equilibrium)
o drift of HQ-fluid cell with velocity 7 = i/ Ejp, Ey = \/mg, + p?
e change of momentum with mean-field force, F

@ change must be due to collisions with surrounding medium

—.

dfo = Clfol = [ CHw@+ F R fo(t. 7.5+ F) - w(EF)ot 2.9)

gain loss

o w(p, E) transition rate for collision of a heavy quark with momentum,
P with a heat-bath particle with momentum transfer, k
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Transition rates

@ relation to cross sections of microscopic scattering processes
@ e.g., elastic scattering of heavy quark with light quarks

Lo d3q do
w(p,k) = Yq ( )3fq(7vrel(paq_>P k Q+k) a0
@ 74 = 2 x 3 = 6: spin-color-degeneracy factor

o vl := /(- q)? — (mgmy)?/(EqE,); covariant relative velocity
@ in terms of invariant matrix element

1 d3 =/ d3 =/
Clfal = 2EQ / (2m) 32E (2m)32E, / (2m)32E],
x % Z M el
x (2m)* W (p+q—p' — ) fo(0) £2(@") = fo () £2(D))

o p, ¢ (p’, ¢’) initial (final) momenta of heavy and light quark

e momentum transfer: k=¢' —¢g=p—p’
@ sum over all (“relevant”) scattering processes
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The Fokker-Planck Equation

heavy quarks <> light quarks/gluons: momentum transfers small
w(p+ k, E) peaked around k = 0

expansion of collision term around k£ =0
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The Fokker-Planck Equation

@ Boltzmann equation = simplifies to Fokker-Planck equation

OSalt 2.7) + - = Falt. 5.7 = { (P folt,7, 7

0
+ 5 [Bij (D) fo(t, P
I
o with drag and diffusion coefficients

Ai(p) = /d%kiw(ﬁ, k), Bi;(p)= /d kkikjw (P, k)

@ equilibrated light quarks and gluons: coefficients in heat-bath frame
@ matter homogeneous and isotropic

Ai(p) = Alp)pss  Bij(B) = Bo(p) Py + B1(p)P)}

with P(5) = P50 Py = by - P
p
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Meaning of the Coefficients

e Simplified equation for momentum distribution, F)(t, p)
@ Integrate Fokker-Planck equation over whole spatial volume:

FQ(t,ﬁ):/Vd?’:EfQ(t,f,ﬁ),

P .
/d%dwx[%f(t,x,ﬁ)] _/st [Ep (txﬁ)} =0 =

& ro(t, ) = { (P Folt. ) + 8][ mFQ(tm}

@ most simple case in non-relativistic limit A(p) = A = const,
By(p) = B1(p) = B = const

Fo(t.7) ={ 57511 - exn(-20]}

A[ﬁ—ﬁoeXp(—At)]Q]
2B 1 —exp(—2~t)

~3/2

X exp [—
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Meaning of the Coefficients

@ solution: Gaussian with

(1) = Foexp(~A1),  AR(L) = (%) — {9 = " [L—exp(~241)]

A: friction/drag coefficient = dissipation

1/A: relaxation time to reach equilibrium

B: momentum-diffusion coefficient

measures size of momentum fluctuations

(result of random uncorrelated collisions of heavy quarks with medim)
e = effective description of collisions: white-noise-random force

@ equilibrium limit (t — o00)

2B\ %2 Ap?
Folt.p) 2 (A) exp(‘zg)

@ has to be Maxwell-Boltzmann distribution =

B =mgAT

e T': given temperature of the QGP
e Einstein's dissipation-flucutation relation (1905)
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Realization as Langevin process

Langevin process: friction force + Gaussian random force
in the (local) rest frame of the heat bath

. _ P
dz = —-dt
T Ep,

dp = —Apdt + CwVde
@ w(t): Gaussian-distributed random variable
(@(t)) =0, (wj(tywp(t')) =d(t —t)

(' = ' covariance matrix of random force
stochastic process depends on choice of momentum argument of C'

C — C(t, 7,7+ &dp), €€[0,1]

usual values of £
e £ = 0: pre-point lto realization
o ¢ =1/2: Stratonovich realization
o £ =1: post-point Ito (Hanggi-Klimontovich) realization
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Langevin <+ Fokker-Planck

@ heavy-quark phase-space distribution

folt.2.5) = (891& - &' ()85 - 5'(1))) (1)
e [Z'(t),p’(t)]: trajectories according to stochastic Langevin process
P
dr = =dt,
Ep

(2)
dp = —Apdt + CwVdi

e perform timestep of Eq. (1) using (2)
fg | pjdfg 0 OCjy, 1 92
e L B IC 2 | Aps — o

5% T B dz; ~ op; pj — &Cu O fo| +3 s (CiCrifo)
= Cjk=/2BoPj, + 2B P),

@ Form of Fokker-Planck equation ok, but how to chose £7
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Langevin <+ Fokker-Planck

@ Choice of &: f — Maxwell-Boltzmann distribution for ¢ — oo:
FS(5) ox exp(—y [ +m2/T)

Langevin process with By = By = D(E) = Cj. = \/2D(E)d.
MB distribution solution of stationary FP equation =

A(E)ET — D(E) + (1 — §)TD'(E) =0

simples choice: £ =1 (post-point lto realization)

then simple Einstein dissipation-fluctuation relation
D=TFA

for models for FP coefficients: relation not well satisfied for 34
=usef{=1and By =TFEA
numerical check: Langevin simulation has right equilibrium limit
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Langevin simulation for heavy-ion collisions

need to simulate heavy-quark diffusion in sQGP

“bulk” (light quarks + gluons) described by thermal fireball model
flowing medium in local thermal equilibrium

FP coefficients and Langevin process in restframe of the heat bath
way out: boost to local heat-bath frame with flow velocity v(t, ¥
do time step to “update” momenta

boost back to “lab frame”

defines HQ distribution as “freezeout at constant lab time”

NB: leads to covariant equilibrium distribution

3=
__Q 3 (hb) 4°P ) _p'u(fﬁ)
dNg (2ﬂ)3d T . p - u(x) exp< T@)

o u(t,¥) = [1,0(¢,%)]//1 — 0?(¢, Z): velocity-flow field (4-vector)

o T(xz): temperature field (4-scalar)
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Fire-ball model

o Elliptic fire-ball parameterization
fitted to hydrodynamical flow pattern [Kolb '00]
V(t) = (20 + vst)a(t)b(t), a,b: semi-axes of ellipse,
Va,b = Uso[l — exp(—at)] F Av[l — exp(—ft)]

@ Isentropic expansion: S = const (fixed from N,)
o QGP Equation of state:
S 472

== =" 7316 +10.5 * =125
s OB (16 + ng), nj

@ obtain T'(t) = A(t,p), Bo(t,p) and By =TEA

o for semicentral collisions (b = 7 fm): Tp = 340 MeV,
QGP lifetime ~ 5 fm/c.

@ simulate FP equation as relativistic Langevin process
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Initial conditions

@ need initial pp-spectra of charm and bottom quarks
o (modified) PYTHIA to describe exp. D meson spectra, assuming
d-function fragmentation
o exp. non-photonic single-e® spectra: Fix bottom/charm ratio

) N —— [T T T T
1075 = STARD' 3 . ® STAR(prel.pp)

- B STAR prelim. D™ (x2.5) ] TEON € o STAR (prel, d+Au/7.5) 5
E 10°E — c-quark (mod. PYTHIA) 4 ? 5[ i‘ s STAR (pp) B
R ~ - c-quark (CompHEP) s 107 g — Doe
o = 100k & —Boe 4
_81:10,4? § 10; -”v. sum E
Zr Z 107t o .
= 10'5j E— i T i
£ gE0F L
< = 107 3 S ¥
=107 1of O./6_=49x10 (X
E 10 3 bb " cc 3

] 1 N

oo

P AT BT R U B BT ':\H\\HH\\\H\HH\H\\\HH\\H\\H
R S S S (V| RS R S T R SRS |
p;lGeV] p; [GeV]

(=}
(=]
ol
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Elastic pQCD processes

@ Lowest-order matrix elements [combridge 79]

s T

@ Debye-screening mass for t-channel gluon exch. py, = g7, o, = 0.4

@ not sufficient to understand RHIC data on “non-photonic” electrons

[Moore, Teaney 2005]
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Non-perturbative interactions: Resonance Scattering

@ General idea: Survival of D- and B-meson like resonances above T
e model based on chiral symmetry (light quarks) HQ-effective theory
e elastic heavy-light-(anti-)quark scattering

@ D- and B-meson like resonances in sQGP
q

D, D', D, D, D', D,
k 3

C

o parameters
@ Mmp = 2 GeV, FD =0.4...0.75 GeV
@ mp = 5 GeV, FB =0.4...0.75 GeV
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Cross sections

12
10; — Res. s-channel |
| — - Res. u-channel
8L —-pQCD qc scatt. |
= | — pQCD gc scatt.
g
©
05~ —2"7""25 3 35 4
Vs [GeV]

o total pQCD and resonance cross sections: comparable in size
e BUT pQCD forward peaked <+ resonance isotropic

@ resonance scattering more effective for friction and diffusion
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Transport coefficients: pQCD vs. resonance scattering

@ three-momentum dependence

O My - resonantes T=0.3 GeV] ol SN - resonances [=0.3 GeV |
T=200MeV " resonances =04 GeV{  of T=200MeV — reionances I=0.4 GeV |
[ - —- resonances ['=0.5 GeV ] r - —- resonances I'=0.5 GeV 1]
0.15F ---pQCD: 0 =0.3 1 oos ---pQCD: =03 ]
_ I — pQCD: a.=0.4 = — pQCD: . =0.4
E % : ---pQCD: 0 =0.5 B
=

@ resonance contributions factor ~ 2...3 higher than pQCD!
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Transport coefficients: pQCD vs. resonance scattering

@ Temperature dependence

77— 0.4 T
E — resonances: I'=0.4 GeV,”” ] — resonances: I'=0.4 GeV,
0.5 — pQCD: 0. =0.4 ] — pQCD: a=0.4
t — total 1 0.3 — total j
0.4 b ’g‘
= or 1 £
Q\—A F | >
:0.37 1 002
= f 19
0.2f 4 A
- 1 o1
0.1 //
I | L ]
0.2! 0.35

04 02 0.25 035 04

03
T [GeV]
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Spectra and elliptic flow for heavy quarks

14

= F @D (2rT) =15 0= 1
— 1.0 Ob(@rM =3 o0s=0.7
r —C, reso (F—04075 GeV) [ AD(21T)=6 0g=0.5
156 — ¢, pQCD, 0,=0.4 F OD(2rT) =12 0= 0.35
! — b.reso (=04-075Gev)| 1" VD (2nT) =24 0= 025
[ 0.8
< 1 L
< | L
4 0.65
0.5; i 0.4:— )N
L Au-Aus=200 GeV (b=7 fm) 021 ]
o j[M‘oorc‘aTa‘aan?yOﬁ]‘
0 1 2 [GeV]3 4 5 00”‘65‘”‘1‘”1‘é‘”z‘”z‘s‘”‘s”‘s‘s‘”‘4‘45 s
Pr p; (GeV)

° = 1.5T fixed
o up =gT, as = g°/(4m) = 0.4 o .
@ spatial diff. coefficient:

@ resonances = c-quark
thermalization without N
upscaling of cross sections 0 211D = 505

S

@ Fireball parametrization
consistent with hydro
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Spectra and elliptic flow for heavy quarks

207””\““\““\““

—= ¢, reso (I'=0.4-0.75 GeV)
— ¢, pQCD, OLS=0.4

£ LO QCD

0.18?— [Moore, Teaney '04]

150 o b, reso ([=0.4-0.75 GeV) 0.16
i 0.14f-
S LoF Au-Aus=200 GeV (b=7 fm) 012
UL 0.1
i 0.081- 3
5 0.061- !
[ 0.040
% i > 3 4 s ey
pr [GeV] 005 115 2 25 3 35 4 45 5

Pr (GeV)
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Observables: pr-spectra (Ra4), v2

@ Hadronization: Coalescence with light quarks + fragmentation

< ¢¢, bb conserved

@ single electrons from decay of D- and B-mesons

i — Creso 15 Au-Au Vs=200 GeV (b=7 fm)
L5 Au-Au Vs=200 GeV (b=7 fm) ] .

2 T T T T T T T T T T T T T 20 L T T
[ ®PHENIX prel (20-40%) — c+breso | r @ PHENIX prel (min bias) — c+breso ]
t STAR (10-40%) — c+b pQCD 1 — c+b pQCD;

@ Without further adjustments: data quite well described

[HvH, V. Greco, R. Rapp, Phys. Rev. C 73, 034913 (2006)]
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Observables: pr-spectra (R

@ Hadronization: Fragmentation only

@ single electrons from decay of D- and B-mesons

2““\““\““\““\ ““““ rrrrrrrrT 207““\““\““\““\““
[ e PHENIX prel (20-40%)  — c+b reso i r @ PHENIX prel (min bias) — c+breso ]
1 Sio STAR (10-40%) - gJ;le)S%QCD 7 150 Au-Au V52200 GeV (b=7 fm) — c+b pQCD{
[ 3 - AuAu Vs=200 GeV (b=7 fm) | r - 1
1 § 10 __ i { ]
= I % I 1
> 5j ~ _> T . -
: e

0: 1 ¢

= i T e 5
pr [GeV]

@ coalescence brings up both, R44 and v

@ due to additional momentum kick from light quarks
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Observables: pr-spectra (Ra4), v2

@ Central Collisions

@ single electrons from decay of D- and B-mesons

Coalescence+Fragmentation Fragmentation only
_‘ FrrrTTTTT T T “_‘““‘\““\““\“‘ T
L central Au-Au — c+breso ] [ central Au-Au — c+breso f
L5 -r|_ Vs=200Gev T ¢tbpQCD Vs=200Gev = S*bpQCD

— Creso — Creso

® PHENIX prel (0-10%) | [ ® PHENIX prel (0-10%) |
@ STAR (0-5%) ] 1 @ STAR (0-5%) ]
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Comparison to newer data

@ B
< [ =
[« (a) o0-10%central  _.____. Armesto et al. (1) -
14— [ ] vanHeesetal.(ll) -

B 1) % 3/2xT) Moore& 7
------- 12/(27T) Teaney (Ill) i

0.8— —
06— % N T®graa-eie.eo . —
04— ==s- o]
02— =l e =

T Au+Au@ \[syy=200GeV T #-'"'- |

W 0.2
T C b
s b . ] % Raw b, >4 GeVic| ]
0-15; minimum bias + n 7m0V, p >2GeVe |

c ® ¢etR,,,e*VvifF ]

01— E A 2 -

F ; PHENIX Collaboration |

0.05— . PRL 98 172301 (2007) —
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Transport properties of the QGP

@ spatial diffusion coefficient: Fokker-Planck = D, = % 2
@ coupling strength in plasma: viscosity/entropy density, 7/s

D
n 1 n 1
~ =TD, (AdS/CFT), ~ -TD, (WQGP)

s 2 s 3
4
—— He
—a N2
2 T T T 8- "0
T-mat + pQCD —— @ Data-RHIC
reso + pQCD  ——— 3 | & aop
pQCD _———— —57- Meson gas
L5 T 5QCD run. o ] O pata-e p
KSSbound ~——

nls

-

0.2 0.25 0.3 0.35 0.4

-1.0 -0.5 0.0 0.5 1.0
(TT )T,

[Lacey, Taranenko (2006)]
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Instead of a summary: Questions

@ How relate (semi-)classical transport models the behavior of
many-body systems to microscopic constituents?

@ Why can for heavy quarks the transport equations be approximated
by a Fokker-Planck equation?

@ How are medium properties characterized within the Fokker-Planck
equation?
@ What is the microscopic picture arising from the Langevin equation?

@ What can we learn within this theoretical picture from heavy-quark
observables in heavy-ion collisions?

Which properties of the sQGP can be extracted from that model?
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@ Boltzmann Transport Equations

can be derived from classical mechanics or quantum-many-body theory
(semi-)classical statistical description of interacting many-body systems
equations for single-particle phase-space distribution

collision term: transition probabilities from microscopic cross sections
many-body systems < microscopic properties of constituents

@ Fokker-Planck Equations

e heavy particles immersed in medium of light particles
e momentum transfer in single collision small =
integro-differential Boltzmann equation = partial differential equation
o HQ-medium interactions = friction/drag coefficient + diffusion
coefficients
o related by Einstein dissipation-fluctuation relation
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@ Langevin Equations

e stochastic differential equation equivalent to Fokker-Planck equation
e drag/friction force 4+ random forces = uncorrelated Gaussian noise
o depends on realization of stochastic process

e right process = equilibrium limit = relativistic MB distribution

e application to flowing sQGP

@ Heavy-quark interactions in the sQGP |

o elastic scattering with light quarks and gluons: pQCD + screening
e resonance scattering with light (anti-)quarks

@ Non-photonic single electron observables

o Raa(pr) and va(pr) of electrons from D- and B-meson decays

e Langevin simulation — coalescence+fragmentation hadronization —
semi-leptonic decay

e pQCD (with realistic crs) too weak

e with resonance-scattering interactions good description of data
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