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Overview

Heavy Flavor as a probe

Outline of the formalism

Langevin dynamics and transport coefficients
Background medium and initial conditions

Hadronization: resonance recombination and fragmentation

Results for RHIC and LHC energies

[M. He, RJF and R. Rapp, Phys. Rev. C 86, 014903 (2012)]
[M. He, RJF and R. Rapp, Phys. Lett. B 701, 445 (2011)]
[M. He, RJF and R. Rapp, Phys. Rev. C 85, 044911 (2012)]
[M. He, RJF and R. Rapp, arXiv:1204.4442]
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Heavy Flavor Probes

m  Our commonly accepted picture for heavy ion collisions:

A thermalized quark gluon plasma is created ~ Ifm/c after the collision of two
heavy nuclei at RHIC or LHC energies.

freeze out

Kinetic equilibrium

achieved fO]_‘ hght hadrons — kinetic theory
flavors up to-~2 GeV gluons & quarks in eq. — ideal hydro
momentum.

gluons & quarks out of eq. — viscous hydro

strong fields —— classical dynamics

>Z

m Heavy quarks Q and heavy hadrons:
Kinetic equilibration rates parametrically suppressed by T/m,

Equilibration times ~ lifetime of the medium
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Flowing Charm and Bottom?

m Degree of thermalization and collective motion (flow) = measure for HQ-

medium interactions. T T T T T s
10"
. : . g 10°
m Some surprises from experiment in the past years: s |
=107
Large heavy flavor suppression at large momentum. .

Large elliptic flow, , do :

STAR flow b ? PGV ©  owi T
Ow bunp: D,-6/2nT) ___ =

B 'Y -
10°F +— =10f0/c| 3
m= =u t=13fm/c| 4
® = @ =30fm'c| ]

m  Many different theoretical approaches available. |

10°F

dN/pEdE

10°F

m Caveat and apologies for this talk:

Will cover low and moderate Py only (no pure “energy .
loss” region) to describe approach to equilibration and flow.

[S. Cao and S.A. Bass,
Phys. Rev. C 84 (2011) 064902]
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Our Formalism
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V Resc

Ingredients

Kinetic theory description of heavy quarks and heavy mesons via Fokker-
Planck approach, consistent with kinetic equilibration.

Dynamics can be realized through Langevin simulation.

Transport coefficients: drag and diffusion through elastic, non-
perturbative interactions with the medium.

Background medium: ideal hydrodynamics tuned to RHIC and LHC bulk
hadron data.

Hadronization: heavy quark — heavy meson transition at T=T..
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"
Work Flow

Initial charm quark
spectrum.

Langevin simulation
of HQ in QGP

Transport coefficients
from heavy flavor
scattering rates in the
medium

Simulation of bulk
medium through Hadronization of HQs

hydrodynamics

Langevin simulation
of heavy hadrons in
hadronic medium

Phenomenology,
semi-leptonic decays,
etc
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Langevin and Heavy Flavor
Diffusion
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Langevin Equations

transfers

ot

Ctep)=2| A+ B

p, op;

5 |t P)

Fokker-Planck equation: Boltzmann dynamics with small momentum

[B. Svetitsky, Phys. Rev. C 37, 2484 (1987)]
[H. van Hees and R. Rapp, Phys. Rev. C 71,

034907 (2005)]

m Stochastically realized by Langevin equations:

dx =

dp =

P
—dt,
E )

—T(p)pdt - |\/2D(p + dp) dtp

Assume isotropic medium in a local rest frame.

[Paco and Hwang: Brownian
Motion Gas Model Applet]

m Physical picture: many uncorrelated momentum kicks needed to
change heavy flavor momentum — drag force and Brownian motion.
o = Gaussian noise term.
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Langevin Equations

Relation between transport coefficients:
To ensure compatibility with equilibrium: ~ D(p) = I'(p)E(p)T

Relation with spatial diffusion coefficient D, = ! L(p) = A(p)+O(T/mq)

© mA(p=0)

Monte Carlo simulation of Langevin equations:
Test particles in lab frame — boost to fluid rest frame for each Langevin step.

Read local temperature and apply T-dependent transport coefficients.

.. Rainer Fries HighPT@LHC 2012 11



Transport Coefficients: QGP

m Heavy quark relaxation rates in QGP from elastic scattering

N Non/perturbative T-matrix approach:

s Jk‘- -'-'-ZLI.'.'_‘_:;:I_-_-_-_ <73

color singlet (a)

——vacuum * 0.025
T=1.2T, 1

.- T=15T,
---T=2.0T,

15} '
1 q\ /q q\ q Qq
T — T c‘."; 10 +
/ \ / =
Q Q Q@ Q Q Q 5
Potential V constrained by Q-Q lattice potentials. o s

Resonant correlations up to 1.5 T..
Physical picture: “D-meson”-like states survive above T..
[F. Riek and R. Rapp, Phys. Rev. C 82, 035201 (2010)]

m Update: Q-g T-matrix relaxation rates available

[K. Huggins and R. Rapp, arXiv:1206.6537]
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Transport Coefficients: Hadron Gas

m D-meson relaxation rates in hot hadron gas.

m Pions: resonances constrained by chiral effective theory and BELLE D-

resonance measurements.

oo 2 8my/5 (27 +1)y/s0P"
(s.0=0 =3 — RV Y

[C. Fuchs et al., PRC 73, 035204 (2006)]

m D scattering off kaons, vector mesons, baryons.

[M.F.M. Lutz and C. L. Korpa, Phys. Lett. B633, 43 (2006)]
[D. Gamermann and E. Oset, Eur. Phys. J. A33, 119 (2007)]

m Rough estimate for B mesons: scale A with T/m.

.. Rainer Fries HighPT@LHC 2012
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Transport Coefficients

m Thermal relaxation rates:

0.20F ) J ' ! ' ! '
0.30 , Y . r . . | —— hadronic resonance gas, empirical amplitudes
QGP Q/q only T-matrix pQCD ] [F Riek and R. Rapp1 Phys 0.18 A hladrcnic resonance gas, 7/10 mb
i, 2T, | Rev. C 82, 035201 (2010)] 016 piongas
.. 1.5T, ---=- 15T, | - =— hadronic resonance gas, RHIC
el e 20T, e 2.0T, 0.14 - _
020~ T _ oz} -
£ | B 1 g 0107 /
= < 0.08 2 .
< 0.06 2 !
e 004l -
0.05 _"_"-"_"_"“""""-"---—v------._.._.._,,_,,________-j'_ [M He, RJF and R. Rapp, 0.02 e - _____.—f" EETUPPREE 1
i Phys. Lett. B701, 445 (2011)] oog == o . . '
0.00 . 1 . 1 . 1 1 1 . 100 120 140 160 180
0 1 2 3 4
p(GeV) T(MeV)
0 r———7— — —
I c-quark, T-matrix (U-pot.)
45 [= = -c-quark, pQCD (o =0.4) ]
40 B c 1 n
. . [ = c-quark, lattice, Ref.[35]
m Total diffusion constant: 35[ o c-quark, lattice, Ref [36] ]
. so[—-—-D-meson _ _ _ __-----"7"77 ]
Quark-hadron duality around T? ¢ S f o
& - 4
N
DU'J 20 .- '\ .
16 \ -
10| \_\
5} -~ .
. 0 [ 1 L 1 L 1 L 1 L 1 L L 1 L 1 L
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" A
Initial Heavy Quark Spectra

Initial distribution: binary collision density ® pQCD spectrum.
RHIC: PYTHIA + normalization through fit to data
10—
LHC FONLL 0.9 |—our calculation (b) ]

PHENIX p+p sqri(s)=200 GeV

08 | STAR p+p sqri(s)=200 GeV .
@

A 0.7} .
4 o6l i
+ | |

R OSr )

Check against D meson and electron p+p data <% } { :
@ YV.ar -
A |
1o02f ]
01} pd ]
ool ]
o 1 2 3 4 5 6 7
e
Current upates: P(GeV)

T T T T T T T T T T T T
E pp,2.76 TeV, relative bottom electron fraction

09 w ALICE preliminary,arXiv:1208.5411 E

NEW LHC data, b/C Separatlon 08 _ bottom/charm=0.0B,previous}}t used

bottom/charm=0.05

07 E

Replace previous &function fragmentation by
FONLL fragmentation functions.

06 |
05 L

04 [

b-->e/(b-->e + c-->€)

03k
02 f

01 E

0.0 =2
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Background Medium

m Use publicly available 2+1 ideal hydro code AZHYDRO

m  Approach to equilibrium: Heavy flavor results depend strongly on medium

flow field.
m We find: the standard AZHYDRO tune does not have enough flow at T..

m  We have developed our own tune:

Modern, lattice-based equation of state with partial chemical equilibrium in
hadronic phase.

Initial flow (at 0.6 fm/c for RHIC, 0.3 fm/c for LHC)

Initial density profile steeper than participant densities.
m Fitto

bulk hadron multiplicites, spectra and v, at 110 MeV.

multi-strange hadron spectra and v, at 160 MeV.

[M. He, RJF and R. Rapp, Phys. Rev. C85, 044911 (2012)]
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"
Background Medium

m  New tune results in larger flow early on.

0.8 — . — 018~
orlgmal AZHYDRO (a original AZHYDRO b 1
RHIC 0.7} --- latPHG 1 016 ... [atPHG ®)
06 [atPHG + n_ + initial flow . ] 0.14 [——1atPHG + n__ + initial ﬂow. TR 1
05 ] 0.12} ] 1
r 04 ) 0.10 1
7 «>0.08 | ]
V03 1
0.06 1
0.2 i 0.04 ]
01y b=7.38 fm, e,_=0.1094 GeV/fm® | 0.02F /- b=7.38 fm e,,.=0.1094 GeVii' ]
0-0 1 1 1 1 1 1 1 1 1 1 0.00 1 " 1 N 1 L [l N 1 N 1 N 1 1 L 1
0 1 2 3 4 5 6 7 8 9 10 11 01 2 3 4 5 6 7 3 9 10 11
) -1 (fm/c) w—,(fm/c)
m FEarly freeze-out multi-strange hadrons: better constraint around T..
101 T T T T E 104 T T T T T T T 030 T T T T T T T T T T T
. 3 0-5%, b=2.3 fm . (a = STAR,10-40%
10°F - @) 3 10° PHENIX"T+ @ 025} =,STAR,10-40% (a?,,'”' 1
o § ] 102 PHENIX,K ] —— ,b=7.24 fm
o[ PHENIX,p/10 =,b=7.24 fm
E 1 L 3
- e i 10 STAR,p/10 1 02
T - S d o 0
a N I 0151 |
T oaaf " STARGO-5% "0 T AN 1 T ARRLLERR S
& 10°F o STARE,0-5% Cex & L 0.10
Z ‘L * STAR(Q™+Q)20-5% { 2 10% L ]
. q:,_b:_z_a fm PO 10°E _ gt 0.05} 1
10°F :_,b—2.3 fm "3 10%f - - pMO Sy _
10° <e-- Q,b=2.3fm ] 10° —-—(p/10) x 0.71, weak feeddown subtracted 0.00 L= . R . .
— 1 ' ' ' ' 00 05 10 15 20 25 30
0 1 2 3 4
0 1 2 3 4 5 p,(GeV)

p,(GeV) pT(Ge\Ig
[M. He, RJF and R. Rapp, Phys. Rev. C85, 044911 (2012).]
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Hadronization: Recombination and
Fragmentation

.. Rainer Fries HighPT@LHC 2012
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Hadronization

Can describe hadronization in two limits:
In kinetic equilibrium: equation of state in hydrodynamics — bulk at low P.
Single hard process: fragmentation — jets at high P;.

In heavy ion collisions: lots of interesting physics away from those limits;
need a microscopic hadronization model.

Recombination of quarks: a simple microscopic hadronization model.

Experimental evidence: 00 0 o o o: g.. oo' o
o
Large baryon R, , at intermediate P;. o° ° -&,8 o 06;'.‘-_'02 o
O ” sO [e]
Large baryon/meson ratios 0 O%°
Elliptic flow scaling in KE; oaf@ | [eveemm sogwns ™ 1]
L B K'+K" (PHENIX) O A+,\JSTAR) ]
and quark number n - ey feem - T
’ y i : ‘|L("f v ] m o8
Heavy quarks: pure fragmentatlon 02 C#p 1 LT 1 ’??5 RN
>N L J@, 1 ¥
. . & o om PR
or recombination?? | _.gﬁ AL el L Los
lfl.1j q:{nj% + - »
¥
AAAAA Ralnerl:rles HighF 0|1|LT|1||||||||J|4|6|||‘]‘||J|21||||:|;|1;0|1|0‘|5|JL|1|1||£1.|5|11|2

p; (GeVic) KE, (GeV) KE,/n_(GeV)



=
Resonance Recombination

m FEarly recombination models: N, = I (d I;(M Plp|M; P)

Instantaneous projection of states

2 —>1& 3 — 1 processes: no energy conservation

WV

m Resonance recombination:
Mesons appear as resonances of quark-antiquark scattering

Described by Boltzmann equation, start with ensemble of quarks/antiquarks

o r [Ravagli & Rapp PLB 655 (2007)]
ot — f ( p) =—-—"Ty t p + 9 >‘ '< [Ravagli, van Hees & Rapp,

7o PRC 79 (2009)]
(Cm)’

k2 (s—m2f +(rmY

. dN E d°xd°p,,
Long/tlme hmlt: E ng = 8(272');31_““ (271_)8 I fa(x' pl)fa (X’ p2 )O-(S)Vrel(P’ prel)

Conserves energy and momentum, should be able to attain equilibrium.

Breit-Wigner resonance cross sections:  o(s)=C,,

Compatible with the picture of a strongly interacting medium.

ML Rainer Fries HighPT@LHC 2012 20



m Energy conservation + detailed balance + equilibrated quark input
— equilibrated hadrons!

m Can be applied to any hadronization hypersurface X.

m  Numerical tests: compare blast wave hadrons at T.-€ to hadrons coalesced
from quarks of the same blast wave at T _+&: heavy-light system at

Test of Equilibrium Limit

AZHYDRO hypersurface
10'3 T T T T T T T T T T T T T T
10° | (a)
10° |
10° | '\“
E | *\‘
ol rl
%-'.- 107 .\.‘
%"_ 10° r
a -10
(:i 107
5 10" direct hydro calculation
12 RRM, yD =+-0.5
10" f
* RRM,y, =00
10" |
10-14 i 1 i 1 L 1 1 1 1 !
0 1 2 3 4 5 6 7

m Excellent agreement of spectra and v,.

: ) - \
A\ S
Yy )/ Rescarch Center
S

Rainer Fries

py(GeV)

0.7

06 |

0.5 |-

04 |-

03 |

0.2 |-

01}

0.0

) i 1 i 1 i 1 '
direct hydro calculation
RRM, y,=+-0.5

e RRM,y, =00

(b)

./.r.
/x
_J'XT ’ L1 ] ]
0 1 2 3 4
p,(GeV)

HighPT@LHC 2012

[M. He, RJF and R. Rapp, PRC 82 (2010)]
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" A
Implementation for Heavy Quarks

m Resonance recombination ideal for systems close to equilibrium.
m How to decide recombination vs fragmentation rate?

Q-q recombination rate ~ Q-q in medium scattering rate!
Feoal(p) = ATpes ]Ejs (p)
Apply fragmentation with probability 1-P__,(p) -
m Hence consistent with in-medium dynamics.
Low momenta = recombination dominated (co-moving thermal partons!)

High momenta = fragmentation dominated (no co-moving thermal partons)
1.0 :

T T T T T
= charm quark |

m Usually two extreme assumptions about Art: harm quark
om quark |

Corresponding to P_; =1 or 1-e! at p=0.

coal

m Total recombination probability averaged

over fluid cells in lab frame: 02}
 AutAu, sqri(syN)=200 GeV, b=7 fm

'L Rainer Fries HighPT@LHC 2012 0 2 4 6 8
pt (GeV)

N y search Cen
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Results (200 GeV AuAu @ RHIC)

.. Rainer Fries HighPT@LHC 2012
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Heavy Quarks at T_.

m Equilibrium check (artificially large relaxation rates)

I LI T T T T T T T T T L 0.7 T L T T T T T T T L T T
0 (a) 1 —— AZHYDRO Cooper-Frye freeze-out {b)
:r I e 4 06 Langevin simulation with '=40/sqrt(E) 1
10 f \h:“ -~ 1 05| 4
r h T~ 1
—~ 10° 3 e, RN - r 04 |- -
=] E Sl 3
3 JF X E 03} .
g 1k 3 >
(=5 L 1 v
Z r [ 02f Ry i
° 10—|u:r i /
:r_ AZHYDRO Cooper-Frye freeze-out 1 0.1} P ;
10" F Langevin simulation with r=40/sqrt(E) 3 -
!— - - initial charm quark spectrum 1 0.0 [ g
r 1
10 C . 1 . 1 L 1 L 1 L 1 L 1 L 1 i ] .01 L 1 L 1 L 1 L 1 L 1 L | 1 1 L
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
. P{GeV) L. p.(GeV)
m ¢/b with Q-q T-matrix coefficients
18 T T T T 0.07 ’ ! ) ' ’ ! ' '
L (@) ] charm quark (b) -
16 e 0.06 | bottom quark -
- I [EE pQCD drag, charm quark
14+ -
- - 0.5 FAu+AU, sqrt(s,,)=200 GeV, b=7 fm 7
12 4 |
] 0.04 |-
10 - -eemoo i QT T .
e osl B R C TS > o003}
0.6 - —— charm quark B
0.02 |-
bottom quark
04 ... pQCD drag, charm quark
3 - 0.01 |
‘ 02 = Au+Au, sqrt(s,,)=200 GeV, b=7 fm .
2D :C“‘\y 0.0 \ 1 . 1 L 1 L 1 L . . 0.00
= Y Rescaren 0 1 2 3 4 5lighPT@LHC - 0

p,(GeV)
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Hadronization

00 E T T T T T T T T T T T T T
5 RRM-coalesonance component
0.14 .
u Cha]:m (D) 1 - - - fragmentation component (b) ]
0.12 —total i
102k 010 ‘D-meson, Au+Au, sqrt(spN)=200 GeV, b=7 fm |
10°) 0.08} ]

0.06

dN/2rpTdpTdy (a.u.)
o
A

10° k RRM-coalesonance component — 0.04 '
oF fragmentation component ] I
10" ——total i 0.02
Recombination: large 07} D-meson, Au+Au, sqrt(syN)=200 GeV, b=7 fm -
0.00 .
effect on elliptic flow! i 2 3 4 5 6 0 3
10"5...........50.06....I’.-.
(@) ] RRM-coalesonance component b
= Bottom (B ) ] 0.05 |- - - fragmentation component (b) -
102 L .
. | —— total ]
g: A 0.04 | B-meson, Au+Au, sqrt(syN)=200 GeV, b=7 fm |
‘; 10 E L eemtmmmttmec el 3
S
Iy [
T 10°F
o
@ i RRM-coalesonance component
Z 10°L - - - fragmentation component
i —total ]
. - B- -meson, Au+Au sqrt(sNN) 200 GeV b-? fm
10
= N 0 1 2 3 4 5
(20 (o) SN ENL Rainer Fries HighPT@LHC 2012
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Heavy Mesons at T_

m Recombination adds medium interactions — brings heavy flavor closer to
equilibrium.

m Characteristic tflow bump develops for D mesons.

16 " ' ——D-meson A
S B-meson
1'4_' ~.2 -+++ charmquark
12F.... O —-—-bottom quark
10} : '
Sos
v L
0.6
0.4
0.2}
I AutAu, sqrt(syN)=200 GeV, b=7 fm
0.0 N 1 N 1 N 1 N 1 N 1 N
0 1 2 3 4 5 6

pT(GeV)
m Up to here: standard AZHYDRO, no Q-g T-matrix coefficients.
m Next 2 slides: the full enchilada.
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Heavy Mesons at 7T,

m Add hadronic diffusion.

m Little influence on R, ,: quenching + increased radial flow approximately
cancel)

m D mesons pick up significant elliptic flow.

014 ! I ! I ' I ! I ! I
[ [ ' [ ' [ '
D:é 21 Au+Au— D” + X @ 200 GeV y10+y1T] i D-meson at hadronization (b)
o i » 0-80% ] 0.12 | —— D-meson after hadronic diffusion i
0 i m 0-10% ] I
1.5 ---M.He 0-80% — 0.10 + .
I —MHe 0-5% ] i
i i 0.08 -
1 - TN [ > 0.06 -
0.5 :_ _: 0-04 B
i o 0.02 +
oL | | | . i 0.00 | A}J+A|u, sgn(sNN)=?00|Gey, b=l7.2fl fm
0 2 4 6 8 1 2 3 4 5 8
W. Xie, QM 12 P, (GeV/c) pT(GeV)
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Semi-Leptonic Decays

m FElectrons from D and B decays.

c/lb—os/c+e +v

2.0 . . . - . - T . 0.14 : . . . - . - T .
18 [ (a) = PHENIX 2011, mini.bias 1 =  Phenix 2011, mini. bias ®)
g e PHENIX 2011, 0-10% | 0.12F + Phenix, preliminary run7 1
1.6 » STAR, 0-5% 1 010l D+B electrons 1
14} - , D+B electrons, b=7.24 fm- |
120 1 - = D+B electron, b=2.3 fm 0.08
o 1.0 ~JL 5 L3 G EEE T § ., 0.06
o o8] ] > [
! ] 0.04
0.6 - 0.02 -
04 LTy = -I -1 ' |
0.2} ¢ ] 0.00 |
1 Au + Au, sart(s,, )=200 GeV ] ! 4 Au+ Ay, sqri(s,, )=200 GeV, b=7.24 fm|
0.0 . ' : 1 . 1 . 1 : -0.02 . ! . 1 \ [ 1 .
0 1 2 3 4 5 0 1 2 3 4 5

°(GeV
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Results (2.76 TeV PbPb @ LHC)

.. Rainer Fries HighPT@LHC 2012

29



D Mesons

m (Caveats:

AZHYDRO tune not as well constrained.

Measurements extend to high P;: radiative energy loss will become important,

not included here.

20 1T
- LHC, 2.76 TeV, b=3.16 fm, 0-10%
I DatT,, ]
e . D atT, ]
I » ALICE,average D,0-7.5%
10 Pl e @ ALICE D07 5% ]
- ] -
. _
o

_0_5-....|....|....|....|....
0 5 10 15 20 25

P, (GeV)

0.25

0.20

0.15 |

0.05 |

0.00 L

LHC, 2.76 TeV, b=9.34 fm, 20-40% , | |
[ = e ALICE,R’R.30-50% | '

P, (GeV)

m Limited reach at low momentum for LHC experiments: would they be able

to see a flow bump if there is one?

= )/ Research Cen
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B Mesons

T

) o) SN ELL Rainer Fries

N

m Similar caveats:

AZHYDRO tune not as well constrained.

Measurements extend to high P;: radiative energy loss will become important,

not included here.

20 —————7—r—r—T——— 0.10
r LHC, Pb + Pb, 2.76 TeV
B-meson at Tkin,
| ~50% vs 90% coal.prob. uncertainty
15 coal.prob. rescaled from ¢
- mini.bias, averged from 0-10%,20-40%,50- 80%
= CMS preliminary
chemistry (the same as charm-sector) included
., 0.05
>
O_O-....I....I....I....I....I....- 0.00
0 5 10 15 20 25 30

p, (GeV)

@

HighPT@LHC 2012

| LHC, 2.76 TeV, b=9.34 fm, 20-40%
— — =b-quark
BatT,
[ BatT_
‘\/’/.f | | | |
2 4 6 8 10
p; (GeV)
31
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The D, as a Signature

D, = charm-strange bound state.

Signature 1: D, vs D R, , is a measure for strength of recombination vs
fragmentation.

Charm in D, and D suffer from same drag and diffusion up to T...

If charm fragments: D /D as in p+p.

If charm recombines: D, picks up enhanced strangeness — D, enhanced.
Numerical check: hadronic phase does not destroy this signal.

Signature 2: D, vs D v, can measure the relative strength of D, vs D
interactions in the hadronic phase.

D, is an analogue to multi-strange hadrons in the light sector.

If there is early freeze-out it can be read of from the D, vs D v,.

[M. He, RJF and R. Rapp, arxiv:1204.4442]
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Numerical Predictions

2-5 T T T T T 0.16 T T T T T T T T T T T
. - (a) et m STARD’ - S = = -c-quark
m RHIC: 20 r 7 N - ~ -cquark 0.14F (b) v —-—-DatT, ]
“F 7 N, --=-DatT_ 1 12l ’ D,atT, -
15 :_ Ds at Tc 1 0.10 -_ .,’ - hYdFO Ds ]
L ==--= hydro D, L / SR TN
-S ., 0.08 ;e AN 7
1 > F 8
1.0 0.06 |-
0.04 |
0.5
I "~ 0.02 Y 4 -
[M. He, RJF and R. ool Au+ A, sqri(s,,J=200 GeV, b=7.24 fm “~-.§ | # Au+Au sqr(s, )=200 GeV, b=7.24 fm
Rapp, arxiv:1204.4442] "0 1 2 3 4 5 6 0 1 2 3 4 5 6
p, (GeV) p; (GeV)
. 20 —————T—————— — — , —
m [HC: first data shown by ALICE at QM 12 : [HC, 276 TeY, be3.18 i, 0-10%
L - at J
L kin ]
ffffff D atT, ]

= ALICE,average D,0-7.5%

0.0 F ]

_05 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
5T, 0 5 10 15 20 25
) (S pen s Rainer Fries HighPT@LHC 2012 P, (GeV)



Summary

Heavy Flavor is a compelling probe of hot nuclear matter.

We use a detailed formalism based on Langevin dynamics and non-
perturbative transport coefficients.
Novel ingredients:

Resonance recombination allows hadronization compatible with kinetic
equilibrium and in-medium scattering rates.

Hadronic diffusion of heavy mesons.
Hydro tuned to describe flow around T..
Comparison to data:
Generally doing well at RHIC; STAR D-meson flow bump described.

Doing well at LHC except for D meson v, which we underestimate.

Introduced D, as a new signature for both the hadronization mechanism
and hadronic interactions of heavy mesons.
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Exp. Evidence and Challenges

STAR Preliminary (Au+Au @ 200 GeV)
T T

m [eading Particle Effect (forward rapidities 2 mary *
----- participant
Charm quark recombination with beam 1
remnants. .
O |
m Large baryon/meson ratios and large baryo ©  f oy ecm bl
, : I 1
R4, Rep at intermediate Py Ak e } 0-5%
. « . : . 40-60%
Failure of “hydro+jet” models. w0 LAk O . AN
0 2 4 6
| EHiptiC flow scaling in KE; and quark Transverse Momentum p (GeV/c)
numberan _I||||I||||I||||||||||-I_||||||||||||||||||||_ |III|IIII
) 0.3.(@) ® r+r (PHENIX) <> p+p (PHENIX) (b) |
SlgHS Of quark I m K*+K (PHENIX) O A+A (STAR)
_ ‘ K? (STAR) [ =+ (STAR) +1
recombination?
0.2l C# O“jﬁ | ﬁi (J;- L . <
. - =
>N IE:]
.gg# ok ; I .05
]
0.1 .;{ﬁ% ]
.ﬁ-“'?
o
L o%r .
//\\ &= . . ol oo b b PIERS  b v b By v b b b1y
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)/ Research Cen

KE.-Scaling (Low F%)

Blastwave + two-stage freeze-out works within exp. uncertainties.
Group I: multi-strange particles freeze-out at T...
Group II: all others including pions freeze-out at ~ 110 MeV.
Can extract quark distributions at T, from data on multi-strange hadrons.

S —

v,(KE7) tends to be straight line . _:é;

for the parameters at RHIC Y -

— additional quark number scaling . A;g:? cov

becomes trivial. = ol o i

ol g j

Expectations: 000 P ]

KE; scaling fairly robust (at low Py!) 00 0z 04 08 s 10

. ‘ KE/n, (GeV)
KEq+n, scaling maybe accidental
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"
KE.-Scaling (Low F%)

)/ Research Cen

Easy to find reasonable parameters in the Retiere and Lisa blast wave to
achieve KE1- and n -scaling within 10% accuracy.

Contours in space of flow asymmetry
and fireball eccentricity.

Pions prefer slightly lower freeze-out
temperatures but are compatible

with group II within the 10% accuracy
(not changed by resonance decays!).

This behavior should qualitatively also
hold for a full hydro simulation.

.. Rainer Fries HighPT@LHC 2012
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0.06 |-
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...... T, T=0.1 1, p0=0-93
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[He, Fries & Rapp, PRC (2010)]
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RRM in Equilibrium

m Energy conservation + detailed balance + equilibrated quark input

— equilibrated hadrons!
m  Numerical tests: compare blast wave hadrons at T -¢ to hadrons coalesced
from quarks of the same blast wave at T_+&:

T ¥ T ¥ T T 3] ! 1 ' ) T
i R,=8.0 fm, v =0.55, T=0.180 GeV ] 088 - .
10 E 3 0.30 D
0.25
g 10" E .
3 ] 020
= [
© 7 o~
g 10°f ! > 015
d E
% 0.10
10° | L E
recombination output E 0.05
= direct blast wave
10 ) : ) : _ ‘ 0.00
0 1 2 3 4 T T T T r I .
0 1 2 3 4

Bioev) p,(GeV)

m Excellent agreement of spectra and v,. He, RJF & Rapp, PRC 82 (2010)]

m Here: hadronization hypersurface at const. time
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"
Equilibrium: Arbitrary Hypersurface

m Realistic hadronization hypersurface ¥: ;= const Adc™
| |

Extract equal-time quark phase space 4
distributions f, along ¥ from hydro °[Fol) o -
or kinetic model. o

Apply RRM locally (cell-by-cell) — meson phase space distr. f,, along X.

Compute meson current

dN pdot (T, x,1
— / ]/L ( ‘ 4J)f.-\~f(7-5$ﬂ y“p)
b

across X a la Cooper-Frye: ——— = ‘
P Y prdprdody (27)3

m Result for charm-light system using AZHYDRO output at T

— T T T ‘T T T T T T 1
10° | (a) L —— direct hydro calculation (b)
10° | 06 RRM, Yo = +- 0.5
| e RRM,y, =00
e
10° | "-“ os |
5 107 b L !
& ., \ 04 L - |
3 ok " 4T -~ | [He, RJF & Rapp,
o 10-@ r o -
b
= 03 { to appear (2011)]
G 10T r - 1
Z 10" direct hydro calculation 02| / i
10" RRM, y, = +-0.5 I |
°F o RRM, Y, = 0.0 01} / .
107 f I /
3 10 1 . 1 N 1 N 1 N 1 N 1 L '| 0.0 _J.’T N I N 1 1 1 L I L 1 L
L) 0 1 2 3 4 5 6 7 8 i 0 1 2 3 4 5 6 7 8 a1

p(GeV) p,(GeV)



Hadronic Diffusion

Charm relaxation in hadronic medium.

Use parameterization of existing D+h amplitudes from the literature.

h-7n,K p,n, o N, A

Relaxation rates at T, comparable to non-perturbative QGP estimates.

0
0
0
m [ots of channels, partial waves missing: lower bound!
l
l

Minimum of Ds at T_?

0.20 F ' ' ) j \ '
| —— hadronic resonance gas, empirical amplitudes
0.18 |- hadronic resonance gas, 7/10 mb
0.16 - - --- pion gas
"7 |- == hadronic resonance gas, RHIC
0.14 |
012
E 0.10 i
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40 T T T T T T

—— hadronic resonance gas
pion gas
----- pion + K + eta + N gas

100 120 140 160
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"
Semi-Leptonic Decays and Data

0.20 [—— Il1adroni'c reson'ance g'as, emp;irical a'rnplitud'es
] What’s missing? 0.18 |- hadronic resonance gas, 7/10 mb
0.16 | "~ - piongas
m RRM not yet completely implemented. pagl | Troneresenance gas RIS
, __0.12 - 7
u FlOW "_E 0.10 F [He, RJF & Rapp,
Have to tune hydro; currently gravely < 008 arxiv:1103.6279] =
underestimate flow at T.. 0.06. = .
0.04 h
m Diffusion in the hadronic phase. 002 :
Just pUthhed tranSpOrt CoefﬁCient fOI' 0'0200 . 120 . 140 . 160 I 180
hadronic charm.
1.8 T T T T T T T T S I .
I ®  Phenix, mini.bias (@) l [ ?e also.
16 Bl 4 Phenix, 0-10% central i Laine (2011),
AZHYDRO, b=0.0 fm - Ghosh et al. (2011),

AZHYDRO, b=7.0 fm

-~ fireball, b=7.0 fm Abreu et al. (2011)]

RM-eIectron

02 -
L AutAu, sqri(s,  )=200 GeV
R 0.0 ] N 1 1 ) ] \
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