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Motivation

O study of the properties of hot and dense nuclear and partonic matter by ,charm
probes‘:

Time
Thermal freeze-out

The advantages of the ‘charm
probes’:

T~ 20 fm/c

i

Chemical freeze-out 14
8
|

&

 dominantly produced in the
very early stages of the
reactions in initial binary
collisions with large energy-
momentum transfer

Hadrons

Mixed Phase

T~ 1 fm/c

Quark-Gluon

Pre-equilibrium Plasma

d initial charm production is
well described by pQCD -
FONLL

) scattering cross sections are

; i small (compared to the light
=>» Hope to use ‘’charm probes’ for an early quarks) = not in an equilibrium

tomography of the QGP with the surrounding matter




Charm: experimental signals

1. Nuclear modification factor: 2. Elliptic flow v,:
dNAu—l—Au/de
Raa(pr) = D
Aut+Au p+p
N x dN d
binary o /dpr arXiv:1305.2707
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( What is the origin for the “energy loss” of charm at large p;?

Collisional energy loss (elastic scattering Q+q->Q+q)
vs radiative (gluon bremsstrahlung Q+q-2>Q+q+g) ?

=» Challenge for theory: simultaneous description of Ry, and v, !



Dynamics of charm quarks in A+A

Production of charm quarks in initial binary collisions

2. Interactions in the QGP:
elastic scattering Q+g-2>Q+q =» collisional energy loss
gluon bremsstrahlung Q+q->Q+q+g = radiative energy loss

3. Hadronization: c/cbar quarks ->D(D*)-mesons:
coalescence vs fragmentation Hadronic phase

4. Hadronic interactions:
D+baryons; D+mesons

The goal: to model the dynamics of charm
quarks/mesons in all phases on a microscopic
basis

The tool: PHSD approach




Basic idea of PHSD

. _ M
QGP in equilibrium §///
L N
fitted to ‘ 1QCD ‘

Dynamical QuasiParticle Model (DQPM)

controled by IQCD!

Quasiparticle properties: ,resummed- self-
energies, propagators Calculation of transport
= Calculation of cross sections coefficients n, {, o

QGP out-of equilibrium €= HIC

Parton-Hadron-String- controled by experimental
Dynamics (PHSD) data

Partonic interactions 2> DQPM
hadronic interactions - hadron physics
In-medium hadronic interactions - many-body physics: G-matrix
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From SIS to LHC: from hadrons to partons A fis

P o 090

The goal: to study of the phase transition from hadronic to partonic matter
and properties of the Quark-Gluon-Plasma on a microscopic level

= need a consistent non-equilibrium transport model

- with explicit parton-parton interactions (i.e. between quarks and gluons)
) explicit phase transition from hadronic to partonic degrees of freedom

1 1QCD EoS for partonic phase (,cross over‘ at p,=0)

Q Transport theory for strongly interacting systems: off-shell
Kadanoff-Baym equations for the Green-functions S< (x,p) in
phase-space representation for the partonic and hadronic phase

——>| Parton-Hadron-String-Dynamics (PHSD)

QGP phase described by W. Cassing, E. Bratkovskaya, PRC 78 (2008) 034919;
NPA831 (2009) 215;

Dynamical QuasiParticle Model W. Cassing, EPJ ST 168 (2009) 3

(DQPM) A. Peshier, W. Cassing, PRL 94 (2005) 172301;
Cassing, NPA 791 (2007) 365: NPA 793 (2007)
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Dynamical QuasiParticle Model (DQPM) - Basic ideas:

DQPM describes QCD properties in terms of ,resummed’ single-particle
Green's functions — in the sense of a two-particle irreducible (2Pl) approach:

Gluon propagator: Al =P - 11 gluon self-energy: I1=M,*-i2I",®

Quark propagator: S ' =P?- X quark self-energy: £ =M *-i2I' ®

® the resummed properties are specified by complex self-energies which depend on
temperature:

- the real part of self-energies (X, IT) describes a dynamically generated mass (M,,M,);
- the imaginary part describes the interaction width of partons (I';, I')

" space-like part of energy-momentum tensor T, defines the potential energy density
and the mean-field potential (1Pl) for quarks and gluons (Uq, Uy)

= 2Pl framework guaranties a consistent description of the system in- and out-off
equilibrium on the basis of Kadanoff-Baym equations with proper states in equilibrium

A. Peshier, W. Cassing, PRL 94 (2005) 172301;
Cassing, NPA 791 (2007) 365: NPA 793 (2007)



The Dynamical QuasiParticle Model (DQPM)

 Basic idea: interacting quasi-particles: massive quarks and gluons (g, q, 9,a)
with Lorentzian spectral functions :

p(o,T )= 4‘:)170) . (i=4,q,8)
2 =2 2
[ fit to lattice (IQCD) results (“’ —p oM, (T))2+4“’ I; (1)
(e.g. entropy density) with 3 parameters 25
2.0 ._ @ 1QCD: 0 Kacemsek cr ol PRD 70 (2004) 07 "-:r‘-1

=» Quasi-particle properties: —poPM
large width and mass for gluons and quarks

2.0

L ;. R G VE i |
1.5F 4 10 1 light quark "
\ T=3T, 4 1 I
01
10!

a(T/T)

1QCD: pure glue

= — 1 ' i ; ; : . N
= My(g) i ] i - 1 3 s 7 9 11 13
* ] 04 ]
0.5F 1—\ N 0t I : 201 ]
—————— _‘_#::i?ih‘i‘ 012 o ]5-_ /T —— ]
o= o - @[Ge[,; . 3 ;\I\ i a == -
1 e T Wl T ]
® : - I Tc=158 MeV |
DQPM provides mean-fields (1Pl) for gluons and 5| €205 GeV/fm? i
quarks as well as effective 2-body interactions (2PlI) | :
®DQPM gives transition rates for the formation of hadrons 20 4?["|Mevf v

< PHSD

DQPM: Peshier, Cassing, PRL 94 (2005) 172301;
Cassing, NPA 791 (2007) 365: NPA 793 (2007) 8



Parton-Hadron-String-Dynamics (PHSD)

A Initial A+A collisions — HSD: LUND string model
N+N - string formation - decay to pre-hadrons

 Formation of QGP stage if € > €jtical -
dissolution of pre-hadrons 2> (DQPM) >
- massive quarks/gluons + mean-field potential U,

J Partonic stage — QGP :

based on the Dynamical Quasi-Particle Model (DQPM) o N el
" (quasi-) elastic collisions: = inelastic collisions: ;5-'51\ | —
q+q_>Q+q g+q—> g+q m-_!l R

q+q—>q+q g+q—>g+q T4 =8 d+q4-8+s 2 B
— © 1wk |

T goq+q g—og+g A M

q+q—>q+q g+g—rg+g T

—
S S, —— i am—

] 5 10 15
& [GeV/fm|

J Hadronization (based on DQPM):

meson

g—o>q+q, q+q e meson (or'string')

q+q+q < baryon (or'string ')

BRI O Hadronic phase: hadron-hadron interactions — off-shell HSD

W. Cassing, E. Bratkovskaya, PRC 78 (2008) 034919; NPA831 (2009) 215; W. Cassing, EPJ ST 168 (2009) 3



QGP in equilibrium: Transport properties at finite (T, p,): n/s

Infinite hot/dense matter =
PHSD in a box:

time =40 fm/c

- 3 T
e=2.18 GeV/fm -~ -,
¥ vor L] e
— eras . . ":,-} iy o)
4 S . oh st rtal s T
L N

7 ‘fm‘.

Shear viscosity n/s at finite (T, p,)

. Y—;(u({) . 2 2
IQCD: Ty =0) VI—oaug~1—o/2u; +

DQPM n/s,
' 25
0.25
0.2 0.2
0.15

N
T [GeV] 0.35 0.00 N

Shear viscosity n/s at finite T

V. Ozvenchuk et al., PRC 87 (2013) 064903

T T v T T T v
PHSD: —#— kinetic theory —@— Kubo formalism
m A A @ O IlatticeQCD

= Virial expansion 1

ns. . =1/(dn) |

KSS§

1.0 1.5 2.0 2.5 3.0
T/T

C

QGP in PHSD = strongly-
interacting liquid

n/s: py,=0 =>» finite p,: smooth
increase as a function of (T, p,)

H. Berrehrah et al. arXiv:1412.1017
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Non-equilibrium dynamics: description of A+A with PHSD

U Important: to be conclusive on charm observables, the light quark dynamics
must be well under control!

E R
F PHSD 3.2

[ s AGS 4 SPS  + BES

T O | T—
A+A 0-5% & |y| <0.5 §

s RHIC
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— - HSD
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minbias, | <1

TH
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(=)
~1
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,
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- -F——F-1]

10

_ ] 10*
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V. Konchakovski et al.,
PRC 85 (2012) 011902; JPG42 (2015) 055106

| <0.3, 0.15 < P, <10 GeV/e

+

PHSD ALICE
p-p Vs=7TeV

0.5 — p-Pb Vs =5.02 TeV 7
—_— +  Ph-Pb ys=2.76 TeV
0.4 L L L L L
0 20 40 60 80 100
Nch
0.12 Pb-Pb, sy =2.76 TV
* v, 0 - 5 % centralify.
010F »« v
3 1
* \'4
0.08F » v.
§ 5
'-,=O.Dﬁ "
0.04 F 2
*
*l
0.02F z
2% N
0 1 2 3 4 5

P, [GeVic]

() PHSD provides a good description of ,bulk‘ observables (y-, pr-distributions, flow

coeficients v,,, ...) from SPS to LHC
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Charm quark production in A+A

- A+A: charm production in initial NN binary collisions: probability £ = a(f,f,)
NN

 The total cross section for charm . The energy distribution of binary NN

production in p+p collisions c(cc) collision including Fermi smearing

Au+Au, 0-10%, 200 GeV

S 25

1075 - Eprga[r)imental data E ——0-10 % central Au+Au collisions
LHCb ] 20 - -
: - ] 3
2 I PHENIX Q
9 =
S e ] 3 104 -
© E653 (pA) E S
ENA16 (pA)T /& E743 (pA) = 1
1- -
10 E769 (pA) 5
T T LR ALY — 0 y T T T y T y
10’ 10° 10° 10* 100 150 200 250 300
s"? (GeV) s" (GeV)

Collision energy smearing due to the Fermi motion

T. Song et diQrRRCaD2P(2V 13)10)1 46Mi0;1aPXR24B03.03039
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Charm quark/hadrons production in p+p collisions

1) Momentum distribution of charm quark: use ,tuned‘ PYTHIA event generator to
reproduce FONLL (fixed-order next-to-leading log) results (R. Vogt et al.)

1

10 I e charm (FONLL) 0.20
2] —-= charm (tuned Pythia) _ < PN RHIC ’
10 = D/D*" (STAR) : £ EN
S : D° (tuned Pythia) | 015 7 N 1
& 107 N, --- D* x0.565/0.224 = /...4" kN
3 ™., (tuned Pythia)
% 1073 ™ 3 < 0.101 £ E ]
= & £ '5.:
3 107 3 © ¢ "'\
({,% _ j 0.05 p+p collisions at 200 GeV -
rg 10° Iyl<1 e, ] / -------- charm (FONLL) . %
1 in p+p collisions at 200 GeV 0.00 o === charm (tuned Pythia) ...,
10-7 T ) ' 1 I ' ] v 1 ' I v I ! I ! - '4 'I2 (l) é 4
o 1 2/3 4 5 6 7 8 9
y
p, (GeV/c) T. Song et al., PRC 92 (2015) 014910, arXiv:1503.03039
2) Charm hadron production by c-quark fragmentation: gﬂ
DO 20 % DH(2) ~ 1 C ——>
- z - ~a
D*17.4 % @ 2Z[1—=1/2—€eq/(1—2)]? g
D*021.3 % ,
D* 22 4 % » z : momentum fraction of hadron H
Ds* 8 % in heavy quark Q
From C. Peterson et al., PRD27 (1983) 105 * £4=0.01 for Q=charm

A, 9.4 %



Charm quark/hadrons production in p+p collisions

10“—E

do/2rp dp dy (ub/GeV?)

- - - charm (FONLL)

ly|<0.5 in p+p at 2.76 TeV

charm (tuned PYTHIA) |

15

800

600+

p+p collisions at 2.76 TeV
- - - charm (FONLL)
charm (tuned PYTHIA)

do/dp, (ub/GeV/c)

LHC

ptp @ 2.76 TeV
i) D° D*
10" 5
10° 3
10" . .

p, (GeV/c)

Momentum distribution of charm quark:

use ,tuned‘ PYTHIA event generator to
reproduce FONLL (fixed-order next-to-leading
log) results (R. Vogt et al.)

T. Song et al., arXiv:1512.0089
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&"/ Charm quark scattering in the QGP (DQPM)
QJ/‘

() Elastic scattering with off-shell massive partons Q+q(g)=>Q+q(g)

<— Non-perturbative

QGP!
Al
(1 Elastic cross section uc>uc
9(9) charm
uc—uc
u: off-shen 0 LMP]
» ¢: on-shell . U Distributions of Q+q, Q+g collisions
6 0, =1:5Gey) ; vs 82 in Au+Au, 10% central
] 2
6 ; . 0-10 % central ciollisioDs ]
0.4 10%+ c,c+q,q
0.2 ' TTTecerg

coll

dN_/ds'? (GeV™")
=

H. Berrehrah et al, PRC 89 (2014) 054901; »
PRC 90 (2014) 051901; PRC90 (2014) 064906 s (GeV)
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Charm quark scattering in the QGP

i
o

2 Differential elastic cross section for uc>uc for s2=3 and 4 GeV at 1.2T, 2T¢ and 3T

1.0

1“2 E 1 1 1 1 | I | I I 1 I | 1
T=12T u: off=shell j
10! T2 T c¢: on—shell
o (m.=1.5 GeV)

= .

=

£ 10°%

E =

=

E

=

= 10

s

=

=]
10 B Vs =3 GeV
'''''''' — 5 =4 GeV
“]—3 1 1 1 1 | 1 1 | 1 1 1 1 | 1 1 1 1
-1.0 =0.5 0.0 0.5
cos 0

 DQPM - anisotropic angular distribution

Note: pQCD - strongly forward peaked

= Differences between DQPM and pQCD :
less forward peaked angular distribution
leads to more efficient momentum transfer

1 N(cc) ~19 pairs,
N(Q+q)~130, N(Q+g) ~85 collisions
= each charm quark makes

~ 6 elastic collisions

= Smaller number (compared to pQCD)
of elastic scatterings with massive
partons leads to a large energy loss

! Note: radiative energy loss is NOT included yet in PHSD (work in progress);
expected to be small due to the large gluon mass in the DQPM

H. Berrehrah et al, PRC 89 (2014) 054901; PRC 90 (2014) 051901; PRC90 (2014) 064906
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N
§//f Charm spatial diffusion coefficient D, in the hot medium
p

-

= D, for heavy quarks as a function of T for L =0 and finite j, assuming
adiabatic trajectories (constant entropy per net baryon s/ng) for the expansion

50

Wr——— 77 7 i L
i L. —— s/ng=30 — DpQCD
DpQED [ ——— s/mg=20 Muore& Teaney (a,=3) |
| Moore&Teaney (a,=(.3) 4k —_— Tolos et al.
30 Tolos et al. . '
@ IQ(D . Banerjee ot al. ) Jﬂ'-—
< S
~ 20F T‘*‘ :
o I
201
g = 0 [ ,
i v
L 3 ;f
= B -
10. 10k ___.f"
- =10 I s
-llllllIII|IIII||||| ﬂ‘_|_|_|_|_l_|"llllllllllllllllllllll||
05 00 300 a0 700 0 56 100 150 200 250 300
T [MeV] T [MeV]

d T < T, : hadronic D,

=» Continuous transition at T!

L. Tolos , J. M. Torres-Rincon, PRD 88 (2013) 074019

V. Ozvenchuk et al., PRC90 (2014) 054909

H. Berrehrah et al, PRC 90 (2014) 051901, arXiv:1406.5322



Thermalization of charm quarks in A+A ?

- - - initial c and c in PHSD
cand c at Tc in PHSD
--------- thermalized ¢ and c at Tc
without flow
—-—--thermalized ¢ and c at Tc
with bulk flow (v.=0.44)

"~ elastic entrgy loss

s%=200 GeV . _flow.

102- PLLLUNN ﬂ- X

] i<t M )

in 0-10% central %, N
. Au+Au collisions \
107 = \
T T T I v | ' | ' |
0 1 2 3 4 5
p, (GeV)

 Scattering of charm quarks with massive partons softens the pr spectra
=» elastic energy loss
 Charm quarks are close to thermal equilibrium at low pr< 2 GeV/c

T. Song et al., PRC 92 (2015) 014910, arXiv:1503.03039
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Hadronization of charm quarks in A+A

O PHSD: if the local energy density € < €c = hadronization of charm quarks to hadrons:

1. Dynamical coalescence model ec =0.5 GeV/fm?

Probability for charm quark/antiquark and the light quark/antiquark to form a meson:

2
f(p,k,) = &7_2M exp {p_2 _ ki(y?] Degeneracy factor:
6 0 dm = ; :or g D*:
gu=3forD*  p* (2400)°
1 ki —mik 0
where = —(ri 1), K, = Vo It T D*,(2420)°
: ma e D*,(2460)°

Width 6 < from root-mean-square radius of meson:

2 2
(r2) = 3 mi+mj 52 Hadronization scenarios :
2 (my +my)?
’ 1: only fragmentation

2. coalescence with <r>=0.5 fm +

2. Fragmentation (as in pp) fragmentation
- if NOT hadronized by coalescence 3: coalescence with <r>=0.9 fm +
fragmentation

Note: large <r> used also in Refs:
S. Cao, G. Y. Qin and S. A. Bass, PRC 88, 044907 (2013).
Y. Oh, C. M. Ko, S. H. Lee and S. Yasui, PRC 79, 044905 (2009)
19



Hadronization of charm quarks in A+A : RHIC

Hadronization scenarios :

1: only fragmentation
2: coalescence with <r>=0.5 fm + fragmentation

: . €< 0.5 GeV/fm3
3: coalescence with <r>=0.9 fm + fragmentation

Coalescence probability in Au+Au

1.0 1.0
<r>=0.5fm <r>=0.9 fm
centrality centrality

2 087 —u—0-10 % = —u—0-10 %
© -#--10-40 % | e ~%--10-40 % -
S 06 ----40-80% | . .as-40-80 % .
Q a
3 3
c c |
8 3
0 7
Qo Q
© m©
8 S |
A "h"“l\“_
A a4 ~
0.0 —— LE
4 5

T. Song et al., PRC 92 (2015) 014910, arXiv:1503.03039
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Hadronization of charm quarks in A+A : LHC

coalescence probability

Dynamical Hadronization scenarios :

4. coalescence with <r>=0.9 fm... + fragmentation
0.4< £< 0.75 GeV/fim?® £< 0.4 GeV/fm?®

Coalescence probability in Au+Au
1.0

ly|<0.5
0-10 % central
- ---30-50% central |

0.8

T. Song et al., arXiv:1512.0089
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Modelling of D-meson scattering in the hadronic gas

1. D-meson scattering with mesons

Model: effective chiral Lagrangian approach with heavy-quark spin symmetry
L. M. Abreu, D. Cabrera, F. J. Llanes-Estrada, J. M. Torres-Rincon, Annals Phys. 326, 2737 (2011)

Interaction of D=(D%D+*,D*,) and D*=(D*%,D*+,D*+.) with octet (n,K,Kbar,n) :
Lro = (VFDV, DV —m3 (DD — (V' D*V, D)
+ mH(D* D) +ig(D*u, Dt — Du* D) with ,_ __
g ; u, = i (uld,u—ud,ul)
+ —<DZ%V3 D::T — VsDhug D;T) el

Qm,-p
—271'0 + iﬁn Tt K+
[J = u? = exp (@) d — ( T —%ﬂ'[_];— %n K

2. D-meson scattering with baryons

Model: G-matrix approach: interactions of D=(D°,D+*,D*,) and D*=(D*°,D*+,D*+)
with nucleon octet JP=1/2+ and Delta decuplet JP=3/2+
C. Garcia-Recio, J. Nieves, O. Romanets, L. L. Salcedo, L. Tolos, Phys. Rev. D 87, 074034 (2013)

Unitarized scattering amplitude = from solution of coupled-channel
Bethe-Salpeter equations: T=T+VGT

T. Song et al., PRC 92 (2015) 014910, arXiv:1503.03039 29



o (mb)

& (mb)

10
D > D+’ - - - D™x -> D'+
ceea D> Dy - D%+5" -> D%+4"
10° D"+n -> D™+

D-meson scattering in the hadron gas

1. D-meson scattering with mesons

2400 2600 280(

s" (MeV)

2200

2000

o (mb)

10° 3
D+K -> D™+K’ - - - DK -> D™+K™ |
,] v DK > DMK D°+K’ -> D™+K
1074 - D™+K° -> D"+K° - DMK > D™+K
104
10”5
1074

2400 2600

2800

3000

8,,, (MeV)

2. D-meson scattering with baryons

10" 3

D"+n -> D%n --- D%p->D%p

-« -D%p->D"#+n —-=-D"n -> D**+n

2

10 3 ———— D*D+n > D0+n .......... D*D"'I"I > D'E'H"I E

:|:. H
e !
Jur ol
" LI -y
10L—:-T ':."
EN I
. _f.'l._ .
a2t PR o
107 4 I-'..,'\ﬁf "}-
AR
102 FIR I "N
T T T T T T
2800 3000 3200 3400 360
s (MeV)

o (mb)

10° 5 D+A™ > DA™ - - - D™#AT > D+A" 5
1----D+A” > DA™ === DA™ > DA™ ]
102 == DA™ > DA ]
] N ]
: |.‘|\'-‘
104 [/} i
3 ‘ L
Iy 4
] \ I
. !
10" 4 Y i 4
LY ;\%
p Vo
]
10" Ly ot 1
' :{ g
] i .
102 +—\— i/ i.' ey
3000 3200 3400 3600 3800
s"? (MeV)

1a) cross sections with
m=p,w,¢,K*,... taken as

o(D,D* +m )= 10mb

Distribution dN/ds'/2

0-10 % central collisions |
D+n
: ) ----D**nr
'T> : -y i‘, ............ D+N! N
SN
& : N o D*+N, N
o | "1‘ ,\
g ! % Fa \
“w 1 : . : \
5 103 | ALY E
° ] ! 1 " N 3
s 1 i % . PHSD
4 | i ‘\ ."-. \
-1 : ] \ - N
1073 : | \ ~. 4
] ' Ay . A 3
T T r - . 5
2.0 25 3.0 35
' (GeV)

= Strong isospin dependence and
complicated structure (due to the
resonance coupling) of D+m, D+B

cross sections!

=» Hadronic interactions become ineffective for the energy loss of D,D*

mesons at high transverse momentum (i.e. large s'?)
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Raa at RHIC - coalescence vs fragmentation

1. Influence of hadronization scenarios: coalescence vs fragmentation

! Model study: without any rescattering (partonic and hadronic)

rAut+Au g g
m  STAR (0-10 %) R a () = dNp) /dpr
2.0+ - : - LAAPT) rAu+Au  jarPFP g
' without any scattering .«‘\‘Mm.i ry X dN n /apr
J <r>=0.9 fm _
coaie <r>=0.5 fm e s
1.5 fragmentation only anlescence probability in Au+Au
—_ <r>=0.9 fm
S centrality
S o\ z —u—0-10 %
-3 3 - --10-40 % |
o S 064 - a--40-80 % -
Q
8
0.54 § 0.4
3
- - ®
g 02 . i
0.0 T T T T T T T T T T T T T T | * fﬁh\H_ 1
0 1 2 3 4 5 & 7 ood4— 7"y
0 1 2 3 4 5 6
p-|- (GGV/C) p. (GeVic)

 Expect: no scattering: Raa=1

J Hadronization by fragmentation only (as in pp) =2 Raa=1

[ Coalescence (not in pp!) shifts Ry to larger py = ,nuclear matter‘ effect

A The hight of the Ry, peak depends on the balance: coalescence vs. fragmentation
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Raa at RHIC: partonic scattering

2. Influence of partonic rescattering

! Model study: by scaling of parton cross sections: o(Q+q(g))*a by a=0, 0.5, 1, 2
(without hadronic rescattering)

Elliptic flow vy(py)
25 0.10
' m STAR (0-10 %) | 0-10% collisions
_ ] Q=c,c p=q,qd,9
<>=03fm . 0081 — 5(Q4p)"0 —— o(Q+p)" :
204 without hadronic scattering _ ] o(Q+p)*2 o(Q+p)*3 ]
=== = a(Q+p)"0 - - - o(Q+p)0.5 0.064  Without hadronic scattering i
a(Q+p)'1 —-—--o{Qep)2 ] ,
>" 0.04-
0.02
0.00 +
0 i 2 3
p; (GeV)
I:II:I T T T T T T T T T I ' I 1
0 1 2 3 4 3 B Central Au+Au at s2=200 GeV :
P I:GE.‘VJ"E] N(CC) ~19 pairs, o
N(Q+q)~130 collisions
Elastic partonic rescattering N(Q+g) ~85 collisions
J moves Rj,a to lower prand suppresses large pr
O increases v, = each charm quark makes

~ 0 elastic collisions
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R,a at RHIC: hadronic rescattering

20 PHSD: partc-ni!: scaﬁeri.ngf '.-.: '..-'.
conl Hongm s ool o o 3. Influence of hadronic rescattering
1.5+ %
104 T e ! Model study: (with partonic rescattering)
157 } ~Z qI with / without hadronic rescattering
0.5 » STAR S
40-80 %
DD T T T I T T T T T T T I
_ Central Au+Au at s2=200 GeV :
1.5 .|: . N(D,D*) ~30
- u, - - N(D,D*+m) ~56 collisions
R .i-_-Tf-,_\ N(D,D*+B,Bbar) ~10 collisions
=S TR ]
o s T |
051 i-"m"'““''*-—--—-'_-':;:;-_ = each D,D* makes
00 1040 % ~ 2 scatterings with hadrons
. { with hadronic
_ £ ﬂ\rescattermg
'1|:| : " -.' )’fp

Q0 Hadronic rescattering moves
Raa peakto higher pr!

0.5 -

DI:I T T T T T T T T T T T I

T. Song et al., PRC (2015), arXiv:1503.03039

P, (GeVic) T. Song et al., PRC 92 (2015) 014910, arXiv:1503.03039



D-meson elliptic flow v, at RHIC

0.25 FHSD: partonic scattering @ w W
hadronic scaltering: w  w/o ] |
codal +fragm.: <r==0.5fm - - C-
0.20 - <r==0.9fm —— —0F- |
B STAR in 0-80 % centrality .
0.15 1 T ~
|
=" 1 with hadronic rescattering I_
0. 10 S 1 ] A
L - ::-""-_" “i- Rl
A W %
ﬁ”ﬁ I Tl ;.
0.05 - =h 2] -
| .)-/;"'" W|thout hadronic rescattering |
D-DD I I 1 I 1 I 1 I 1
0 1 2 3 f
p, (GeVic)

QO Hadronic rescattering substantially increases v, at larger pr
v, Is less sensitive to the hadronization scenarios than R,

T. Song et al., PRC 92 (2015) 014910, arXiv:1503.03039
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Raa at RHIC

PHSD: with partonic and

= STAR
40-80 %

hadronic scattering
fragmentation only: - - -
coal Hragm.. <r==05fm - - -
<r==09fm ——

PHSD results:
with all rescattering (partonic and hadronic)

4: Dynamical Hadronization scenario (new)

2.0

= STAR(0-10 %) |
——PRC
new

1.5

Q The hight and position of the Raa peak
at low pt depends on the hadronization
scenario: coalescence/fragmentation!

=2 PHSD: the STAR data are better described
within scenario ,,coalescence with <r>=0.9 fm
+ fragmentation®“ and dynamical hadronization
scenario

T. Song et al., PRC 92 (2015) 014910, arXiv:1503.03039 78



Shadowing effect

Charm production cross section in N*N* in HIC:

VN

Ri%(x1,Q),
production is dominated by gluon fusion:

Z/mlmﬁ

1, Q)R

N (w1, Q)N (o

o (s) = (RI* (21, Q)R (2

, Q)

Ir = E €=,
(g, Q) o
jlf']"‘ _y
To = e -,
 Q)ol(r1298, Q). " BEem
} NN (s) Scale Q = (M;'+M?)/2

A The (anti-)shadowing effect depends on
the impact parameter in HIC:

Rmcharm (|y|<0-5)

1.4

1.2;
1.0;
OB-:
&6;
OA-:
02-:

0.0

Pb+Pb collisions @ 2.76 TeV _

0-10 % central
- - - 30-50 % central

o, (GeV)

®(g+9)/c F(a+q)

cc

RiA(x,,Q) for i=j=gluon are obtained from the EPS09 using that charm

o(g+g—c+c)/ o(q+q —>c+c)
8
6_
4_
“] based on LO pQCD
0 T T T T
0 1000 2000

E._" (GeV)

T. Song et al., arXiv:1512.0089

3000
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Charm R,, at LHC

1.6 1.6
. = ALICE (0-10 %) - . = ALICE (30-50 %) :
_1.4- PHSD w shadowing (0-10 %) 1 . 141 PHSD w shadowing (30-50 %)
% 1.2_‘ ~-PHSD wlo shadowing (0-10 %) | g 1_2_' -------------- PHSD w/o shadowing (30-50 %)_‘
a) a)
fa =)
) a
2
4 o:g
00+ o+
0 5 10 15 20 25 30 0 5 10 15 20 25 30
p; (GeV) p, (GeV)

A in PHSD the energy loss of D-mesons at high pr can be dominantly attributed to
partonic scattering

 Shadowing effect suppresses the low pr and slightly enhanses the high p part of Rpa

 Hadronic rescattering moves Ry, peak to higher pr

T. Song et al., arXiv:1512.0089
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Charm v, at LHC

0.3

=  ALICE (0-10 %) = ALICE (30-50 %)
] PHSD w shadowing (0-10 %) ] 0.3 - PHSD w shadowing (30-50 %) i
-------------- PHSD w/o shadowing (0-10 %) e PHSD W/o shadowing (30-50 %)

v, (D’, ly|<0.8)

J Shadowing effect has small impact on v,

 Hadronic rescattering increases v,

T. Song et al., arXiv:1512.0089



2l
§/// Off-shell effect for charm in QGP: cross sections
QJ e

the spectral function of ¢ (cbar) quarks cannot be fitted from lattice QCD
data due to their small contribution to the entropy

Compare two scenarios for mc (light quarks are off-shell!):
1) me=1.5 GeV
2) m¢ = off-shell with the same width of s.f. as for the light quarks

101 LIS BN N I IR N B I I I B B B B N L B B B | 5 i ! ! I I I I T T T T T T T T T
u: off—shell I — T=0.2 GeV
10! — i1, = off—shell / : 4 [ ———= T=(.3 GeV ]]
m. = 1.5 GeV P F 3 i \ ]
e : :=____:________-_.__-—
: - II/ i
= — ]
: £ ]
et 2 | i
=]
S ,E, i u: off —shell
> < 5 _
= 3 o2 —— m, = off—shell .
'g B m. = 1.5 GeV¥
1 [)_2' — 'VI: =4 GeV 3 1 r "‘. —-
T:U.Z GC‘? — ﬁ::‘ GE‘J E | "I ‘._‘_"'_'___‘__,_._,.-_.--. rw omm om = .-:---._-.:l._r-_-.:-_
- | P 1
4
l[]—} 1 T M I T TR N | T M W I TR T 1 ﬂ’ 1 1 1 1 1 1 1 1 1 1 | 1 1 1
—1.0 —0.5 0.0 0.5 1.0 0 2 4 6 8
cos @ ﬁ[Ge‘r]

) Differential elastic cross section for uc>uc: small effect from off-shellness
O Total elastic cross section for uc>uc: big effect : shift of threshold to low s'/2

T. Song et al., arXiv:1512.0089
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W
§/// Off-shell effect for charm in QGP: thermal properties
)

Compare two scenarios for mc (light quarks are off-shell!):
1) me=1.5 GeV
2) m¢ = off-shell with the same width of s.f. as for the light quarks

Spatial diffusion constant D, as

Charm collisional energy loss as _ _
a function of medium temperature

a function of the c-quark momentum

U’.S L L | T 1 L | 1 L | L T T L e (R L L L L L L L L L L L

1» &2 off—shell
q, g: off—shell 1 102 :' — = 0fT—shell :
0.6 — m.= off=shell m=15 GeV [+] 1QCD, Banerjee et al ]
) m.= 1.5 GeV .
T |
—
> 0.4F
-
E -
L} L
z
= L
=021
T =0.2 GeV
"7 I P DR AIYCFT |
Ifl T N N N T TN TN NN NN NN TR TN S N T T T | [}-S l-l} 1-5 2-0 2-5‘ 3-0
0 5 10 15 20 T/T,

Po(GeV/e)

For the QGP in equilibrium:
the off-shellness effect on charm energy loss and D, is moderate

T. Song et al., arXiv:1512.0089
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Off-shell effect for charm R,, and v, at LHC

HIC: off-equilibrium = potential becomes important due to the large gradients in density

- - - 1-6
Quark spectral function with width | = ALICE (0-10 %)
144 PHSD w shadowing (0-10 %)
0 1 —m_=1.5 GeV
Components: time like & space like ¥ 2] . ---m=offshellwomeaniiek
l: 10- ------------ m_= off-shell w mean-field

partons potential energy
scalar + vectoi

) Scalar potential density increses with T and
gives repulsive force on partons in HIC (except nea

10 | 15

Tc due to hadronization) 2 dominant at HIC o (GeV)
Charm scalar repulsive forces are unknown: e ST e 1010 %)
Assumpion to investigate — use for charm the same ' ——m_=1.5GeV |
forces as for light quark! = 021 xz::z:: x’;;euﬁ:i':::o::e |
C\:f)
A Finding from HIC: PHSD vs exp. data = = +
1) The effect of off-shell charm without repulsive 2 - _
force on Ry, and v, is small > ’ T R,
2) ALICE data favors a weaker repulsive force for 0.0
off-shell charm quarks compared to light quarks.

T. Song et al., arXiv:1512.0089



Summary

 PHSD provides a microscopic description of non-equilibrium
charm dynamics in the partonic and hadronic phases

 Partonic rescattering suppresses the high pt part of R,,, increases v,
 Hadronic rescattering moves Ry, peak to higher pr, increases v,

O The structure of Ry, at low pris sensitive to the hadronization scenario, i.e. to
the balance between coalescence and fragmentation
O Shadowing effect supresses Raa

A The exp data for the Rp, and v, at RHIC and LHC are better described in the
PHSD:
by QGP collisional energy loss due to the elastic scattering of charm
quarks with massive quarks and gluons in the QGP phase
+ by the hadronization scenario ,,coalescence with <r>=0.9 fm + fragmentation*
+ by strong hadronic interactions due to the elastic scattering of D,D*
mesons with mesons and baryons

Outlook
= the BES RHIC - in progress
= Influence of radiative energy loss at larger py ?
(expected to be strongly suppressed at lower transverse momenta in the PHSD
due to the large mass of gluons for lower relative momenta)
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Thank you!
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Energy loss

dE/dx|GeV/fm|

0.8

0.6

'S

—_-~
o
| % ]

H. Berrehrah et al, PRC 91 (2015) 054902

on vs off =shell
— TEHTL  Ooff
DpOQCD ON

o
I -
e

=== gy, =02 GeV

—— gy =03 GeV

T=02GeV

§ " 1 3 i 3 3

i i i 3

p(GeV/e)

10 15 2(

37



h
é&/ /; Longitudinal and transverse momentum change
-

A GeV/fm]

0.4

0.3

0.1

0.0

H. Berrehrah et al, PRC 91 (2015) 054902

— I 7]
B on vs off—shell Drag coeff. i
- IEHTL ]
- DpQCD g,
- pQ =
- - i
N L=02GevV
- T=02GeV .. - H=03Gev ]
h NN N I Y Y S [N T N Y S N |
0 3 10 15

1.2

1.0

0.8

= 0.6

r

g [GeV?/fm]

0.4

0.0

[T T T [T T T T[T T T T[T T T T[T T T T[T T T T [T T TT T T TI1]
i onvs off—shell 7
B ienre.  Off _
i ppocp ON i
- |.=“ i
-t....,f’ - ll _ -
e -—= u=02GevV |
b T=0.20GeYV . _ - .

=03 Gel

_|||I||||I||||I||||I||||I||||I||||I||||_

2.5 5.0 1m0 125 150 17.5 200

pGeVic)
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/ /; Transverse momentum change in DQPM

] m*
—ni gl ed i
20m) Erara f » —Emidm;py " (m;)

off oy yoff
" fq mp[mj (s) —m3"(s)

§"(p.T,1nq) =

E 3 (fo+ f2)

i

E,+m,)
+ L 5’"’” m‘a}ﬁ{ﬂ(ﬁj—fz)}dq, (6.6)

with

off 1 m off
1 - my (s) == — f —ZZL"'A«; S(s.1:1, jlk, E)r
Dﬁ{j) f ZZ| MDH (5 i, J.-” k] 4p p.f ma  Ep80 ij k.t
BP Pf Fenin gEgQ i _f )
/ [1 t— (ML) + (M) —ZE‘Ef]dr
P . W - _ )
[] t—(ML)* + (M) - EE’Ef] ] 2pip!
4 — .
i nf 0 _ _
2p'p i) = | f doos, f (u E, uq;nsarwq)mn 6.
2g*

{|_‘_M| } — Z Ta‘ﬁT*ﬁ E{I it EJE-E*&F"

"\DII‘I‘-.-

H. Berrehrah et al, PRC 91 (2015) 05490

D IMP =

by

o[(r — mg)z + 4}{5;}5]

[ r Vv 'IJI
4 (p}*p}’ + p; py + 8" 5)]

B I
4 (s;f#kr-,.. + kiuk gy + E.M-E)]:
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N
&"7 DQPM: on-shell vs off-shell
QJ/‘

H. Berrehrah et al, PRC 89 (2014) 054901;
PRC 90 (2014) 051901; PRC90 (2014) 064906;
PRC 91 (2015) 054902

[, og at finite (T, u)
Z. Propagator G and “IR" at finite (T, u)
3. Mmggg at finite (T, w

@ DpQCD (Dressed pQCF‘} - On-shell hon-pQCD
o ok OPM(T u), IR, m : from DOPM (DOPM pole mass for g, g, §)

Qv —Qu/m?
I s 5
g —q2—m

@ IEHTL (Infrared Enhanced t : Otf-shell non-pQCD

@ aDOPM(T,y), IR, m, pBW from DOPM (finite mass and width)

o G"(g.mg) =
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G — Gu /1M
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