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1.) Introduction: Why Heavy Quarks in URHICs?

“Large” scale mo>> Agcp, T (Q =¢, b):

* pair production essentially restricted to primordial NN collisions
— well defined 1nitial condition, flavor conserved

* thermal relaxation time increased by ~ mg/T ~ 5-20
— 1ncomplete thermalization, “memory” of re-interaction history

 simplifications in theoretical treatment

— Brownian motion (elastic scattering)

— access to soft interactions in QGP / hadronization (coalescence)
— transport properties + contact to lattice QCD

— potential-type interactions



1.2 Intro II: A “Calibrated” QCD Force
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* Charm- + Bottomonium spectroscopy well described
(effective potential theory, 1/mg expansion)

e confining term crucial: Ez“*"'(J/p) ~ 0.05 GeV vs. 0.6 GeV expt.

* Medium modifications < QCD phase structure (de-/confinement)
[Matsui+Satz ‘86|



1.3 Intro I1I: Heavy-Quark Interactions in Medium
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* strong medium effects, nonpert.:
F(r)>0 for T<2T,

e momentum transfer

I =qp-G ~—4"

—

q0~q2/2mQ<<|5| 0 0
* single heavy quark in QGP
P ~2myT >>T*
0

e soft Q-Q and Q-medium interactions static + elastic

=> common description of quarkonia + heavy-quark transport

requires bound + scattering states, resummations

=> thermodynamic T-matrix approach (e.m. plasmas, nucl. matter)



1.4 Intro 1V: Heavy-Quark Observables in URHICs
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* Same force operative for quarkonia + heavy-quark transport?!
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2.1 Quarkonium Correlators + Spectral Functions
 Euclidean Correlation Function
Go(T,T) = ({Ja(7,7)31(0,0))) = O +

* Spectral Function — '+ GG
palw,p) = =2 ImGE(w, p)

(]Vu

cosh[(w(7 —1/2T)]

e Relation: G.(7.p; 1) = / pa(w,p:T)

/ 2m sinh[w /27T
* Correlator Ratio: | patta et al <04 0T, ot e
| IEoo(E,T)K(r,E. T | 28l
Ro(m:T) = JdE 9a(E, T) K(r, E, T) N
f dE o0 (E, Tvee) K(7, E,T) 12\ g5 4E IRERS B8 30009004
LR
e computable in lattice-QCD with R R R SRR e R R RS
good precision [Asakawa et al >03, Tida et al ’06, N 2 1/
Aarts et al ‘07, Jakovac et al ’07, ...] e 4 L IP

* Interpretation?! o X 02 03 0.4
«{fm]



2.2 Potential Models for Spectral Functions

Vic'?

 well established in vacuum (EFT, lattice) 2| @

. Sc}%rédinger equation in medium 1
J/ —0 [Satz et al 01, Mocsy+
[ o T 2 mgp + VQQ TV =E, ¥ petreczky ‘05, Alberico et al

Al — 390 ——

mg ’06, Wong *07, Laine 07, ...] _ | ol 360 ——
e correlators: quark rescattering in continuum | S 1
ro 350 ——
* 2-body potential V at finite temperature? 05 1 15 2 28

V~F 1 Potential [Mocsy+Petreczky 05,°08]
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2.3 Two-Body Scattering Equation

o Lippmann_Schwinger equati()n [Mannarelli,Cabrera,Riek+RR “05,°06,°10]

In-Medium N
Q-Q T-Matrix: T =/ + V) T

T.(E;q:q' ) =Vo(9:q' )+ [ k*dk V,(q.k) Gyg(E k) T, (E;k,q')

« Q-Q propagator: Q(E k;T)= TEDQ(ZV’k) o(E-2,,-k)

0 da)(p 0 0 Q-Q ti
Gy (E)=~[42(po(w )pg(E-0)[1- f2%0)~ f2(E-w)] propagation

+ po(0)po(E+0)[ fE(w)- fUE+w)] Q—Q
¢ ¢ ) _scattering

'
* Vector channel (jo: density) — HQ number susceptibility zero mode:

_0°Q 2Q _ 1 (dE 2
Xe(T) = ot T2 1 exp(—E/T)’OV "(E) determined by zero mode!




2.4 Single Heavy-Quark Spectral Fct. + Selfenergy

q

* Spectral Function (propagator) N

_. —_ 1 _ +
Pg =-2ImD, ZIma)—a)Q(k)—ZQ(a),k) PIS 2o T

* Gluon-Induced HQ Selfenergy:
- condensate-induced: nonperturbative, low T, positive
- thermal Debye cloud: perturbative, large T, negative

* Quark-Induced HQ Selfenergy

q q q /q q q
q
ZQ(O’)’k)=fTQq(w*'wp)fq(wp) 1 _ L
Q Q Q Q : Q

* Selfconsistency problem!



2.5 Heavy-Quark Free Energy in Lattice QCD
F,(r,T)=U,rT)-TS,(rT)

F,[MeV] ' ' ' ' {
e Potential?! 1000 |
(a) Free energy F, .
=> weak QQ potential,
small Q “selfenergy” F,(r=c,T)/2 ol
(b) Internal Energy U, (U =M™, ) 500 L#

=> strong QQ potential,
large Q “selfenergy” U, (r=o0,T)/2

1500

— compensation in Ey=2m* - E e

500 t
* F, U, S thermodynamic quantities

(0-point functions), potential: 4-point fct. o

0 0.5 1 1.5 2

[Kaczmarek+Zantow ’05]

* Entropy: many-body effects



2.6 Field Theoretic Approach to Free Energy in QGP

* effective propagators: Coulomb + string
* fit 4 parameters to lattice-QCD data

[Megias et al ‘07]

o Potential 1 mp ——
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0.2 | 2 omg e
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0.1} o o e
('2' & Mg - "’,,
© o2 ) 2 e s __’_y_v_gf_f___ ..........
? h €[ Sopts
L 0.1} . o
[ 365 »- o I P
0.2 J T [MeV] 424 k S -
i 481 me—r |
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r [fm] [Te] [Rick+RR <10]

* Corrections to static potential
- Relativistic: magnetic “Breit” correction: [Brown etal ‘52, “05]
V0102(r) = Vgi02(r) (1-v,-v,) (< Poincaré-invariance, pQCD)

- Retardation: 4-D — 3-D reduction of Bethe-Salpeter eq. (off-shell)
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2.7.1 Constraints I: Vacuum Spectroscopy
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* no hyperfine splitting

2.2

2.4

e (bare) masses adjusted to ground state

e ~+50 MeV accuracy

BbS-scheme

Th-scheme

Potential 1 m? 1.355 GeV

mj [4.712 GeV

1.264 GeV
4.662 GeV

Potential 2|m2|1.402 GeV

mﬂ 4.718 GeV

1.293 GeV
4.668 GeV

mg = 0.4 GeV, m, = 0.55 GeV




2.7.2 Constraints II: High-Energy Scattering

Born Approximation compared to Perturbative QCD

0.8 ! T : T T
07+ pQCD —— i
NON rel. e )
0.6 | with corr. ----- heavy-heavy -
_. 05} }
= .
= 04 ¢ heavy-light i \\,
° 03}
02 [ oirrrmomm oot n ==
0.1 f ™
0 ’l ........................... d
2.5 3

* Breit correction essential



2.8 Brueckner Theory of Heavy Quarks in QGP
Input Process Output Test
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0-modes

lattice
data

&

¢

spectral fcts./

_ eucl. correlat.
potential , 2 A
T-matrix [

QQ evolution }

(rate equation)
Qq exp.

T-matrix % data
[Q spectra + v, } ﬁ

-

Quark
selfenergy
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3.1 Charmonium Widths in QGP

— sensitive to binding energy
(1.e., color screening)

« E; 2T : gluo-dissociation [Bhanot+Peskin 79]

g ¢ J/Ap Dissociation Rates
1\ C
100} 4
>
e E.<T: quasi-free dissociation =
B g =
. | ]
1 ? 102 — quasifree (8;:6(1) ]
C - — - gluo-diss. (g, ) o ~0.25
i med S ¢

- gluo-diss. (& )
05 02 025 _ 03 0
o c T [GeV]

W LoV v

* JAp lifetime ~ 1-4 fm/c

PRI I ST ST NS S S\

.35 0.4 0.45

[Grandchamp+RR °01]



3.1.2 Relation of Quarkonium Widths to EFT

* Singlet-octet

transition g z
=) >§<
- L C
gluo-dissosciation
[Bhanot+Peskin “85]
* Landau
damping q q
C
I 4
P C

“quasi-free” dissosciation



3.1.3 Momentum Dependence of Inelastic Width

400

f J/\p

T

T T T T T T

— T=180MeV |
— T=250MeV |
T=375MeV 1

T | | T |
X — T=180MeV |
i c — T=250MeV |
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I | | - ‘| _____
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[Zhao+RR ‘07]

* dashed lines: gluo-dissociation
g C

L C

* solid lines: quasifree dissociation

C
g g

v C

e similar to full NLO calculation
[Park et al ‘07]



3.2 Charmonia in QGP T-Matrix Agproach

* U-potential,

selfconsist. ¢-quark width Né
e Spectral Functions g
- JAp melting at ~1.5T,

- % melting at ~T_

- I'.~100MeV

* Correlator Ratios

Ro(m:T

) =

[dEo4(E.T)K(7.E.T)

[dE 04(E, Trec) K(7, E,T)

- rough agreement with
1QCD within uncertainties

[Mocsy+ Petreczky ’05+°08,
Wong 06, Cabrera+RR ’06,

Beraudo et al ’06, Satz et al 08,
Lee et al ’09, Riek+RR ’10, ..
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3.2.2 T-matrix Approach with F-Potential

* selfcons. ¢c-quark width

* Spectral Functions

- JAp melting at ~1.1T,

- %, melting at <T_
- I'.~S0MeV

* Correlator Ratios

- slightly worse agreement

with 1QCD

[Riek+RR 10]
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3.3 Charm-Quark Susceptibility in QGP

'CT — s E.O — 2N c ——<c7?
Xell) =7 / I 1—oxp(—E/T)/)OO( ) — \"/ 23 Owak) G

0 r-0 m« T
0.3

- U as potential 4
0.25 © F as potential
. U/nowidth % @
0.2 t Nt=4 O LT T
: N;=6 R X
0.15 | Nj=8 @ .« 9
mg=1.0->2.0GeV." .~ A

g Om el [Riek+RR “10]

,,,,

0.3 0.4 0.5

* sensitive to in-medium charm-quark mass

* finite-width effects can compensate in-medium mass increase
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4.1 Heavy-Quark Diffusion in Matter

* Boltzmann equation for HQ phase-space distribution f,

0y 20 2| fottap) = Clfg
Ot wp O ()p Qi Pr =0

* neglect external field, homogenous medium

3, o . | - .
f@(f p) = /<13”~‘ﬂ’(p +k.k)fo(p+k)—w(p.k)fo(p)

* transition rate encodes microscopic interaction (scattering amplitude)

| d*q = do
w(p. k) = Yq,9 W]ng(q) rel 1()(p q—p—k.q+k)

oy

* expand transition rate in momentum transfer k~T << p ~ \/ZmQT
w(p + k. k) fo(p+ k. k) ~w(p. k) fq(p)

0 | | 1 02
p[u (p. k) fo(p)] + Skik;

T Op; Ip;

[w(p. k) fq(p))



0

— %fQ(f,p) = @ {A/i(p)fQ(t.p) + ;—)J[Bw (p)fQ(f.p)]}

* transport coefficient(s)

Ai(p) = / d*kw(p. k)k; = A(p)p; thermalization rate

1
Bij(p) = 2/ *kw(p, k)kik; = Bo(P)P” (p) + B1(p)P;; (p) diffusion coeff.
7 = A(p) = const o _,pf), p9’f | Fokker Planck
D = Bo(p) = Bi(p) = const ot op ap2 Equation

e Brownian Motion, long-time solution:
3/2 o2
o) = (Z2) "o (-22)

* Einstein relation D =mgyT

[Svetitsky ’87, Mustafa et al *98,
Hees+RR ’04, Teaney+Moore ’04,
Gubser ‘07, Peshier 09,

Gossiaux et al 08, Alam et al °09, ...]




4.2 Elastic Heavy-Quark Scattering in the QGP

4.2.1 Leading-Order Perturbative QCD
g g 9 g ! ! qé/q
Q Q Q Q QEQ Q/\\( )

e gluon exchange regularized by Debye mass:
1 1

-~y L ‘_ o [Svetitsky 88, Mustafa et al °98,
G (IL) - 7 ) HD — .(_/T Molnar et al 04, Zhang et al °04,

t t— D Hees+RR ’04, Teaney+Moore‘04]

» dominated by forward scattering

e thermalization time y-! =1 ... =20 fm/c long (T<300MeV, a.=0.4)



4.2.2 Effective Resonance Model

e Postulate D-meson resonances in “sQGP” close to T [van Hees+RR *04]
C

) 149 N
_(/DCQ :-(Z)LO) +~(£qu — 1 "S (q_(l)a jl)_’/C— q",)(b _;_y‘C—}— h,_c_)

- i

\J _ — * —A"._) VI_[
— Gy <qa},ﬁ (I)u 5—C— a7 Py, 5 C + h.c. ),
* parameters: my, G,
0-2 T T T T I T T T T [ T T T T T T T T I T T T T I T T T T I T
[ T=200 MeV —— resonances ['=0.3 GeV ] - ' ]
A resonances I'=0.4 GeV | 80" — = - charm. pQCD y
--—- resonances ['=0.5 GeV [ —— charm reso (I'=0.4 GeV) +pQCD |
0.15F ---— pQCD: &, =03 i T e bottom. pQCD |
-=-— pQCD: & =0.4 ] 601 .. -—-- bottom. reso ('=0.4 GeV) +pQCD _
_ ~—— pQCD: &=0.5 1
= 0afmm e T 1 = 7
< — e T =40+ -
0.05F . 5] I ]
—— B — s 02 035 NE 035 (;4
P[GeV] ) - T [GeV]

s [GeV]
* 3-4 times faster thermalization than LO-pQCD  (Ty,epy, ~ S fm/c ~Tgp)
e falling 3-momentum dependence



4.2.3 Perturbative QCD with Running Coupling

 QCD coupling run to u,, ~ gT rather than 2T . a  aeg(t)
| t t— 2

 reduced Debye mass fi”~ = %Mlz)

H 1 "+t 0.6 - T T ]
! ' I pQCD, o run: 1.1 T, ———

pQCD, o, run: 1.4 —]

C

pQCD, o, run: 18T

Q
o
W

g

C

o
~

Y (1/£m)
o
(U]

0.2
Q Q
———_ 0.1
II [ [ [ Il | | II 0 , L 1 |
1 10 100 0 1 2 3 4
T / TC [Peshier ¢07] p (GeV) [Gossiaux+

Aichelin ‘08]
» factor ~10 increase in heavy-quark drag coefficient

e perturbative regime? Need to resum large diagrams...
e full NLO calculation gives similar effect [Caron-Huot+Moore ‘08]



4.2.4 AdS/CFT-QCD Correspondence

3-momentum independent
[Herzog et al, Gubser ‘06]

0.1 0 .25 0.5 1
» match energy density O'G_ﬁ /’ _Lat-QCD 0
(d.o.f =120 vs. ~40) 0.4 e SE -,,. 0.4
and coupling constant 5 0.2) T i £ ;':,.~..: 102
(heavy-quark potential) of TSYM - 190 Mev T
to QCD 0.20 Toap~ 250 MeV R P
0.1 0.25 0.5 i. ]
r
=> =~ (4-2 fm/c)! at T=180-250 MeV

[Gubser ‘07]



4.2.5 Thermodynamic T-Matrix

i vacuum x 0.025 1t Anti-Triplet vacuum x 0.025
_ I T=0T, | 1
: T=12T, ————--
N>a> 10 To135T, coeeeee 1 [
O [ PR
s L L] [ ) PE—
— L
e [ T=1.75T, —-——-—
= 5 . T=2T, - 1 F
O [ 1 1 1 ap—— s 3
1 25 3 3.5 4 1 1.5
m [GeV]

 meson/diquark resonances for T<1.5T,

e resummation suppresses repulsive channels
(alternating sign in Born series of T-matrix) 0.05

T

[Riek+RR “10]




4.2.5.2 Thermalization Rate from T-Matrix
E (a) U as potential (b) F as potential
— T-Matrix: T=1.2 T, =mmmmmm TS JR—— T=2T, -
>3 021 pQCD: T=12T, —ememm. T=A5T, mvmenme | - PA——
0t b ___\"""'3'-'1':':;--_--:._-.....—
O R | R -
0 1 2 3 4 0 1 2 3 4
k [GeV] k [GeV]

* thermalization 4 (2) times faster using U (F) as potential than pert. QCD

* momentum dependence essential (nonpert. effect # K-factor!)

[Riek+RR “10]



4.3 Summary: Charm-Quark Transport in QGP

Thermalization Rate

. AdS/CFT

051 T-Matrix /U —-—- ]
— I T-Matrix / F —-—- ]
E o4l T-matrix [6] - - - - ]
= : pPQCD, 0,=0.3-0.4 —— |
— : —

S 03[ NN $ 000
8" [ /'/ -
>} - v _/‘/ 1
>'. 0.2 :' ~ __-—-"—-'/ ,./—
01 :_ T _,..—-—""'-—: ............

L e
0.2 0.25 0.3 0.35 T [GeV]

* AdS/CFT ~ Coulomb, marked T-dependence, p-independent
* T-matrix thermalization 4 (2) times faster for U (F) than pert. QCD
e running coupling (not shown) similar to AdS/CFT



4.4 Thermal Relaxation of Charm in Hadron Matter

* employ D-hadron scattering amplitudes from effective Lagrangians

0.06
30

T T T T T L— T T D+‘.‘T. I7'10 mb I I
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20 | |

II | 3 1 004}~ D+ N, T'matrix .
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T
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\\\\\ | ] “— 0.03 F+ ]
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<\v >..
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@ ] _ : .
. 180
D + N (I=1) ]

Clpeagey T(MeV) [He,Fries+RR “11]
{ e pion gas:
N 1 p g . . . [Cabrera
. 1 - consistent with unitarized HQET et al “11]
1 -factor 10 smaller than Heavy-Meson yPT

[Laine “‘11]
0 L 1 L 1 L L 1 1
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S * substantial contributions from resonance gas



4.4.2 D-Meson Relaxation Rate in Hadron Matter

- T T T T T T T
0.20 l—— hadronic resonance gas, empirical amplitudes
0.18 - hadronic resonance gas, 7/10 mb
016 """ pion gas
"~ |= == hadronic resonance gas, RHIC
0.14 |-
0.12 |-

Hadrons Lioag Yp [fm']
T S1/2,0, P1/2,2, D124, S3/2,0| 0.0371

K +n S0.0, S1.0 0.0236
p+w+ K* 51/2,2. So.2, S1.2 0.0129
N+ N So.1. S1.1 0.0128
A+ A Si3 0.0144

* thermal relaxation time in
hadron resonance-gas as low as
Tp = 10fm/c

* chemical off-equilibrium
below T, significant

* expect ~20% effect from
hadronic phase at RHIC/LHC



4.5 Summary of Charm Diffusion in Matter

Hadronic Matter vs. QGP vs. Lattlce QCD (quenched)

50

45

40

| —— D-meson, HRG-chem. equil.
-— - — c-quark, QGP, T-matrix (U)
- c-quark, QGP, T-matrix (F)
[— — c-quark, QGP, pQCD (0 =0.4)
lattice Ding et al.
- e |attice Banerjee et al.

==
-— —
—
- —

[He et al °11,
Riek+RR ’10,
Ding et al ‘11,
Gavai et al “‘11]

25 -

D
14
TIT,

e Shallow minimun around T ?!

AdS/CFT

==
0.6

1 - *
0.8

- l_ 1

1.0

l. T
1.2

-
1.6

1.8

-
2.0

.l_r

2.2

* Quark-Hadron Continuity?!
* 20% reduction by non-perturbative HQ-gluon scattering
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4.) Heavy-Quark Phenomenology with Heavy lons

4.1 Bulk-Medium Evolution

* updated 1deal 2+1D hydrodynamics (based on AZHYDRO [Kolb+Heinz 03] )
- lattice EoS, 1nitial flow, compact initial conditions,

. : rer . , [He et al *11]
partial chemical equilibrium 1n hadronic phase

- multistrange / bulk freezeout at T, ~160MeV / T, ~ 110MeV

1 [ : 040
g ©) oasl  20-30%,b=7.38fm (b)
0.1 4 - = g,STAR
F E 0.30F K,STAR
%;0.015; ........ - 025 °
o 3 5. = ] i
% TESE o STARG,20-30% = . e
S 14l ° STAREZ2040% &, 015}
= - 4 STAR(Q'+Q)2,20-40% - \ 010l
1E-5 —— ¢,b=7.38 fm [ SN U
= ,b=8.04 fm " 0.05|
1E6L... ob=804fm, . 3 0.00 L . . . .
0 1 2 3 4 5 00 05 10 15 20 25 30
p.(GeV) P,(GeV)

- v, saturates at T, good light-/strange-hadron phenomenology



4.2 Hadronization of Charm Quarks

* Fragmentation: ¢ — D + X, incompatible with thermalization

e Coalescence:c+q— D — Resonance Recombination Model

dNM / (131)1(13])2

/ &Pr fo(Z,51) f1(T, P2) 0(5) veel(Pr, P2) 0P (7 — 1 — o)

: 4 -mom. conservation correct thermal equilibrium limit
- implement on hydro hypersurface with full space-mom. correl.

10 T T T T |
10" P — (a)
10-2r R

10° .
10" N

10° F N

10°F .
10”7 Y

r—y

dN/2zapTdpT (arb. units)

10 | =——direct hydro calculation
10"k Langevin+RRM

10-11 .............

10° N

e Conceptual Consistency:

V2

0.7

0.6}
05}
04}
0.3}
02}
0.1}
0.0 f="
0.1

|||||||||||||||

——direct hydro calculation
Langevin+RRM

[Ravagli

+RR ’07]

same interaction (T-matrix) underlying diffusion + hadronization!



4.3 Dynamical Scheme for Heavy Quarks in URHICs

[He et al °11]

e initial cond.

(pp + Neopp » » c-quark diffusion
Cronin) in QGP liquid ‘ctq—D
(T-matrix) resonance e D-meson
recombination  diffusion in
hadron liquid

* Conceptual Consistency

- diffusion < hadronization:
strong coupling (non-pert.) — resonance correlations — recombination
weak coupling (perturb.) — fragmentation

- diffusion <~ bulk medium:
strong coupling — hydrodynamics, weak coupling — transport



4.4.1 Heavy-Flavor Transport I: e Spectra at RHIC

2.0
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1.2
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o’ gl
0.6/
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0.2}
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i (a)

PHENIX 2011 m|n| blas T
e PHENIX 2011, 0-10% |
STAR, 0-5% ]
D+B electrons, b=7.24 fm-
4+ = = D+B electron, b=2.3 fm ]

(T—matrlx interaction)

Au + Au, sqrt(s,)=200 GeV

0.14

0.12
0.10
0.08
0.06
0.04
0.02
0.00
-0.02

T

T

T

T

T

T

" Phenix 2011, mini. bias (b)
Phenix, preliminary run7 .
D+B electrons |

Au + Au, sqrt(s,,)=200 GeV, b=7.24 fm|

0

1 2 3 4 5

pt°(GeV)

e* Decays from ¢/b Langevin in Hydro

[Teaney+Moore ’04, Mustafa °05,
Hees et al °05, Gossiaux et al ’09,
Akamatsu et al ‘09, Alam et al °10,
Beraudo et al ’10, ...]

* hadronic resonances at ~T_
<> quark coalescence

e connects 3 “pillars” of RHIC:
hydro + strong coupl. + coalescence

[He et al “11]

0.14

0.12 - —— D-meson after hadronic diffusion

0.10

0.08

Hadronic Diffusion

D-meson at hadronization

(b) |

. A‘u+A|u, sgrt(sNN)=‘2OOlGe\./, b=l7.2f1 fm

1 2 3 4 5 6
pT(GeV)



4.4.2 HF Transport II: D-Meson at RHIC

Nuclear Modification Factor Elliptic Flow
1.8 M T M T T M I - - . ’ T ' I ' I ' I ! I
- (a) = STAR D’ 0804 O ° b) L - e-quark
16t = = -c-quark 1 o012t —--D,T, .
14} —D. T, 1 o010 —D, T,
12F hydro D, T, 3 % hydro D, T_ |
E T - 5 08l
1.0 f] Lo {008
Cté 0.8} > 0.06 F
06 _~4 1 004t
0.4 F .
0ok 1 002t
T Au+ Au, sqrt(s,,)=200 GeV, b=7.24 fm I oolze? . AutAu sart(s,)=200 GeV, b=7.24 fim
205 1 2 3 4 5 6 0 1 2 3 4 5 6

pT(GeV) [He et al “12] pT(GeV)

* D-meson flow-bump?!
* hadronization (resonance recomb.) acts as extra interaction
* v, imparted from hadronic phase significant (20-30%)



4.4.3 HF Transport I1I: D -Meson

Nuclear Modification Factor Elliptic Flow
2.5 v T ' I ' ' I N M 016 T T T T T T T T T
- ®  STAR,0-80% . - - -c-quark
- i (a) - - -g—qt_Jrark ] 0.14 i (b) — Dj T -
' DS’T c ] 0.12 —--D, T, -
; =77 ] o010k hydroD, T
151 hydroD_, T_- ' e
1.0 [t Aol N ] 0.06 -
: 'l/ AR 0.04
0.5 = ~ .7
: 0.02 } '
ool Au + Au, sqrt(s, )=200 GeV, b=7.24 fm 0.00l=*__. Au+Au, sqri(s, )=200 GeV, b=7.24 fm
0 1 2 3 4 5 6 0 1 2 3 4 5 6
pT(GeV) [He et al “12] PT(GeV)

* Predicts meson-R, , > 1!
* requires QGP diffusion, coalescence + strangeness enhancement
* quantitative measure of hadronic phase: D vs D
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5.1 Transport Approach to Quarkonium Evolution

[PBM et al ’01, Gorenstein et al 02, Thews et al 01,

¢ Regeneration in QGP + HG: Grandchamp+RR ’01, Ko et al ’02, Cassing et al *03,
Zhuang et al °05, ...] D

detailed balance: JAP+g =2 c¢+CT+X

D

* Rate szp eq
Equation: dr _/fw (Ny - Aﬁ} )
g ~

reaction rate equilibrium limit
(y -width) (dN,/dpr,m,, ,m, )

* Input from Thermodynamic T-Matrix (weak/strong binding)

s e 118

= J1y quasifree (V=U) H
Foeeees Jhy gluo-diss (V=U) r
200 =— — - X, quasifree (V=U)

| == J/y quasifree (V=F)
- quasifree (V=F)

0.5

1.7:— 04

| 16} | o

100[; 1 15f 1 o2f

| 14l 0.1k

0,

02 025 03 o35 13




5.2 Inputs and Parameters

e Input
- JAP (%, ), c-¢ production cross sections, b feeddown [p-p data]

- “Cold Nuclear Matter”: shadowing, nuclear absorption,

p, broadening  [p/d-A data, shad. est.] ————————

0.6F — — RHIC-200 3
—— LHC-2760 -

0.55

- Thermal fireball evolution: 05
thermalization time (« initial T,), o
expansion rate, lifetime, T, freezeout ...
[A-A hadron data, hydrodynamics] 2k

EQGP |Mix| HG ~~~~_.

I 1
0.058— 1 T | 1 1 ! 1

Central A-A

S
IS

TTTT LA LLLE LLAE RAL
/P"' T T

0.35

e
[

I'emperature (GeV)

/7

N
~
——

_l\

e

¢ —_ 9
Wt

T I I T

| L 1 1 1 1
5 10 15
Time (fim/c)

[=)

* Parameters

- strong coupling o, controls T'; .

- schematic c-quark off-equilibrium:
Ny (©)~ N fPem() - [1-exp(-t/t 9]



5.3 Inclusive J/A4p in Thermal Media at SPS + RHIC

* thermal rate equation
through QGP / T,/ HG

for JAp , %, , P’

U Potentlal

F Potentlal

NA\O 98&7000

Pb-Pb (173 A GeV) - PL-Pb(173AGev) © NAS098&2000 -

I

-—. regeneration

| i

[T SN e ol sl

- Nuc. Abs.
pr1mord1al

-—- regeneration

100 150 700 750 IaOO ﬂO 400 4ﬂ)

50 106 150 200 7\0 300 ﬁO 400 450

4EAU-Au (200 A GeV) i' PHENIX  + Au'Au (200 A GeV) _° PHENX 1

* 2 parameters (0,~0.3, charm relax.

1 lyl<0.35 . — . regeneration |

_: ................................................. ++++ Nuc. Abs. _:
1'“ J_l‘-"':ﬂﬁ n

T

total

primordial

/A R R PRI SR AR R
50 100 150 200 250 300 350

T .= 6(3) fm/c)
« different composition in two scenarios

[Zhao+RR “10]



5.3.2 JAp pr Spectra + Elliptic Flow at RHIC

2

L L L L L R
1.8 Au-Au (200 A GeV) primordial ]
L - — - regeneration |
1_(,—|y|<0.35 . total -
S B Nuc. Abs. |
1.4+ 20-40% ®  STAR _ . .
- O PHENIX 8
12 (Strong Binding)
< L 1 1
0.8
0.6 .
0.4F
0.2
0o - -
0.2 pr—rrr e e e 10
F Au-Au (200 A GeV)
0.15F 20-40% T T
0.1F
0.05}
a [
> [
or
'0-05:— » =« Primordial Wang+Yuan PLLB’02 ]
[ + =+ Primordial Yan et al. PRL’06 ]
0.1F — — Regeneration Ravagli+Rapp PLB’07 7
r Rate-Eq. Zhao+Rapp nucl-th’08
r B STAR 20-60% ]
S8 o N B B T N N B D B

4 5 6 7 8 9
p, (GeV)

* small v, limits regeneration, but does not exclude it [zhao+Rrr 03]



5.4 J/Ap Predictions for LHC

Mid-Rapidity

Forward Rapidity

o4.6|_PDPD\5,=2.76 TeV
7 5 ey o C incl J/1 2.5<y<4, p_>0 relimina
*F 1 Pb-PD 276 ATeV) V=U ; e
o p OGe\ . 1 1 '4 __ ----------- Regeneration J/v no shadowing
B ShadO“ mg ] — Total no shadowing
“L \‘ dor Jdy = LTS e stat limit 1.2 - Primordial Jiy with shadowing
\ Pr llll W/ tte+B td o e Regeneration J/y with shadowing
. . 1e0enelat1011 1_ Total with shadowing
| total ] ) dor, S dy = 0.8wh
- -.‘\
e T e el Sl eI 0.8 — ‘?
B 3 0.6:—
T mmemmemimim i ] 0.4
0—/I.l’:'|‘ll.l_-.l l 11 1 1 I L1 1 1 I 1 111 I 11 1 1 I 11 1 1 I 11 1 l— I~ el
0 50 100 150 200 250 300 350 0.2 -
N N I ———————
o_l"vi'lllll[||||||||||]]||||||[[II||||||II]]|
[Zhao+RR “11] 0 50 100 150 200 250 300 350 400

Npart

e regeneration component increases, still net suppression
* confirmed within main uncertainty of input (shadowing) ...



5.4.2 JAp Predictions at LHC High-p — ATLAS+CMS

IR I R R
14rPb-Pb (2.76 A TeV)
[p~6.5GeV

0_111|||1

LIL I B B N B N B |

0 50
N

part

[Zhao+RR “11]

PRI IS S R BTSN A R N B BT
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P NI ST S A ST S S B S
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12Fp >6.5GeV

ry=0

||||ll|llll]llll|

1.4 :—lPlbl _If)li)l ('2' I7](; IAI "Iflel\l/l)l e 2x'¥ form. time
V=U

prompt w/shdw ~0.8 at b=0
prompt with agn0.1
CMS nonprompt
nonprompt

o  CMS Prompt Jhy

prompt

— — regeneration

0 50 100
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part

 underestimate for peripheral (expected from RHIC)
(spherical fireball reduces surface effects ...)



5.5 Y at RHIC and LHC
Weak Binding | Strong Binding

Nuc. Abs. meam Nuc. Abs. mesam
1F Primordial s ] 1F Primordial e ]
Regenerated Regenerated
09 Total m—

RHIC NS
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[Grandchamp et al °06, par o

L5 s eiet (U * sensitive to color-screening + early evolution times



6.) Conclusions

* Low-momentum HQ interactions elastic + nonperturbative
— quarkonia + HQ transport <~ thermodynamic T-matrix

* Versatile constraints + observables
- heavy-quark diffusion + susceptibilities
- quarkonia dissolution + euclidean correlator ratios

7 ~

heavy-ion data lattice “data”

* Open problems:
- input potential (neither U nor F?), correlations near T,
- radiative scattering (high p,), finite u_ ...

* Heavy-Quark Phenomenology:

- consistency diffusion-hadronization; hadronic phase
- predict remarkable D, enhancement



4.3 JAp at Forward Rapldltv at RHIC
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2.1 Quarkonium Correlators + Spectral Functions
 Euclidean Correlation Function
Go(T,T) = ({Ja(7,7)31(0,0))) = O +

* Spectral Function — '+ GG
pa(w,p) = =2 ImG¥(w, p)

dw cosh[(w(7 —1/2T)]
. ion: Go(r.p:T / NOR YA
Relation: (7,0 T) = / 5 palw,p:T) snh[o /27
* Correlator Ratio: 14| [Datwetal 04 Vst E E -
[dE 0o(E.T)K(r,E.T) n, e

Ro(m:1") =

C
[dE 00(E. Tree) K(r. E,T)  tefeviididiietiiididiis

Iéle'&-i
Ieirbﬂﬂ-i

. [Asakawa et al 03, Iida et al 06,
— Lattice QCD! Aarts et al 07, Jakovac et al 07] ' [*H¥ ¥ DL I S L

IR M V(1)
Interpretation?! o8 X 02 03 0.4

o[fm]




