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Tomography of the QGP by Charm Quarks

Time
The advantages of the 'charm probes’: Thermal freeze-out

T~ 20 fm/c

. . Chemical freeze-out
 dominantly produced in the very early

stages of the reactions in initial binary
collisions with large energy-momentum

7~ 10 fm/c

transfer N\ A

A initial charm production is well Mixed Phase

described by pQCD — FONLL T~ 1fmie Quark-Gluon
Pre-equilibrium Plasma

) scattering cross sections are small
(compared to the light quarks) = not in an
equilibrium with the surrounding matter Au + Au

=» Hope to use 'charm probes’ for an early tomography of the QGP




Charm: experimental signals

1. Nuclear modification factor: 2. Elliptic flow vs:
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O What is the origin for the “energy loss” of charm at large p?

Collisional energy loss (elastic scattering Q+q=2>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

1. Production of charm quarks in initial binary collisions

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

3. Hadronization: c/cbar quarks =D(D*)-mesons:

coalescence vs fragmentation Hadronic phase
. . f’

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

= 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 IQCD EoS for partonic phase (,cross over' at py,=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)




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 (2PIl) approach:

Gluon propagator: A1 =P? - I1 gluon self-energy: I=My*-i2I" @

Quark propagator: ;' =P*-X ~ quark self-energy: £ =M*-i2[' @

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

- the real part of self-energies (X, II) describes a dynamically generated mass (Mq,My);
- the imaginary part describes the interaction width of partons ([, I'y)

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

= 2P| 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)

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

(T, .
P,-(co,T)=( — 4‘317;)2) - (i=4,q,8)
3 fit to lattice (IQCD) results @ —p —M (T) +4o1; (T)
(e.g. entropy density) with 3 parameters )5
® IQCD: 0 Kacemarek ool PRITO [:1:(1-\-!1'.‘-'.5:}_‘._1

——DQPM

=» Quasi-particle properties:

large width and mass for gluons and quarks Tu15
E""I.II}- .
/ 1QCD: pure glue )
p1GeV’]
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; l T=2T 4 1 —— —
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®DQPM provides mean-fields (1PI) for gluons and 5| i i
guarks as well as effective 2-body interactions (2PI) | :
®DQPM gives transition rates for the formation of hadrons 2 4?;}|Mevr“° "

> PHSD

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



Parton-Hadron-String-Dynamics (PHSD)

d Initial A+A collisions — HSD:
N+N => string formation = decay to pre-hadrons

LUND string model

J Formation of QGP stage if € > &,iticql -
dissolution of pre-hadrons = (DQPM) =
= massive quarks/gluons + mean-field potential Ug

O Partonic stage — QGP:

based on the Dynamical Quasi-Particle Model (DQPM) W N e
= (quasi-) elastic collisions: " inelastic collisions: E\ | | _'_:au j
g+q—>q+gq +tqg>g+ — - =T —-=ou ]
GO A e B ST B g A A £ |
AATATL ETATETL g s g4g g gtg ‘k
q+9—>4+q S+g>8+8 i BT T
£ [GeVifm'] )
J Hadronization (based on DQPM): off-shell off-shell
q + ¢ g meson

g—>q+q,

q+q <>meson(or'string’)

q+q+q <> baryon(or’'string’)

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




‘-w‘- Description of A+A with PHSD

Q) Important: to be conclusive on charm observables, the light quark dynamics
must be well under control!
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(J PHSD provides a good description of ,bulk‘ observables (y-, pr-distributions, flow
coeficients v,, ...) from SPSto LHC




Charm quark production in p+p collisions

J Use ,tuned‘ PYTHIA event generator to reproduce FONLL (fixed-order next-to-

leading log) results (R. Voqt et al.
€ 9 g) ( 9 ) T. Song et al., PRC (2015), arXiv:1503.03039

10" 3
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2 ’ === charm (tuned Pythia) 1 0.20 - o 4
1075 N = DD* (STAR) _ o™,
“% . . D° (tuned Pythia) ] ya B3
© 107 "%, --- D*'x0565/0.224 3 019 3 K3 |
= ™, (tuned Pythia) o /: N\
= 10'4_ N, __ §, 3 “\
> . = > 0.10- £ -
o 5 U F; y
S 10° S £ k
q : / - A,
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B 10°3 |y<t el | A charm (FONLL)
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[ Charm fragmentation 1
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0 on o QL 2[1—1/2—€q/(1—2)]?
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%0 . . e Z: momentum fraction of hadron H
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Ds*8 % g

N.9.4% From C. Peterson et al., PRD27 (1983) 105



Charm quark production in A+A

[ A+A: charm production in initial NN binary collisions:

J The total cross section for charm
production in p+p collisions a(cc)

Experimental data
PHSD

10" =

10° 4 STAR

1 PHENIX
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2
10°9  E653 (pA)

INA16 (pA); /A E743 (pA)

E769 (pA)

d ' LA 1 v LA |
10" 10 10
1/2
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3
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NN

[ The energy distribution of binary NN
collision including Fermi smearing

Au+Au, 0-10%, 200 GeV

25

—_ - N
o &)} o
1 1 1

dNbinary/dS'le (Gev1)

()]
1

— 0-10 % central Au+Au collisions

100 150 200 250 300

s'? (GeV)

Collision energy smearing due to the Fermi motion

T. Song et al., PRC (2015), arXiv:1503.03039
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Charm quark scattering in the QGP (DQPM)

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

Non-perturbative
QGP!

J Elastic cross section uc=>uc
a(g) charm
uc—uc
u: off-shell 7 LM
10 c: on-shell 1  Distributions of Q+q, Q+g collisions
6 g vs s2 in Au+Au, 10% central
2 2
Otli . 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;

1/2
PRC 90 (2014) 051901; PRC90 (2014) 064906 s (GeV) 1



Charm quark scattering in the QGP

A Differential elastic cross section for uc2uc for s””=3 and 4 GeV at 1.2T¢, 2Tc and 3T¢

Wer———7——++71 -+ 17— j Q DQPM - anisotropic angular distribution

—_— T=1.2T. u: off=shell .
c: on—shell / Note: pQCD - strongly forward peaked

(m:=1.5 GeV) = Differences between DQPM and pQCD :
less forward peaked angular distribution
Pt leads to more efficient momentum transfer

10! ———= T=2T,

— T=3T.

ja—
(=
=

ol / J N(cc) ~19 pairs,

.- N(Q+q)~130, N(Q+g) ~85 collisions
- = each charm quark makes

=T T ~ 6 elastic collisions

10-2 ==

E=== Vs =3 GeV =» Smaller number (compared to pQCD)
- —— V5 =4 GeV of elastic scatterings with massive

P N R T S partons leads to a large energy loss
~1.0 -0.5 0.0 0.5 1.0

cos 0

—
-
1

do"“/dcos# [mbarn]

_—
—
e

| 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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Charm spatial diffusion coefficient D¢ in the hot medium

= D, for heavy quarks as afunction of T for p,=0 and finite p,

77— Slr— —
DPQCD — gfnp=30 — DpOCD 1
_ == Sfng=20 Moore& Teaney (a,=3) |
Moore& Teaney {a,=(1.3) ] 4‘]_ _ Tolos et al. i
30 Tolos et al. 1 ' T
@ 1QCD . Banerjee et al. :
30 y
S = |
= 20r = |
5 5,1
J Zﬂ_ _
) |I!l: a I:] I #
.l"lf
10F O/'"‘: f!‘
. 10F s .
i i, =10 ”
[ Hq o
0- L 1 L ! 1 N 1 1 M 1 L L . L ] . L L L ﬂ‘_|_|_|_|_l_|_|_|_| VI T T T T
0 100 200 300 400 0 50 100 150 200
T [MeV]

s I v 5 9 s | »
250 300
T [MeV]

d T<T,: hadronic Dg

L. Tolos, J. M. Torres-Rincon, PRD 88 (2013) 074019
V. Ozvenchuk et al., PRC90 (2014) 054909

=» Continuous transition at T!

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



Thermalization of charm quarks in A+A ?

- - - initial c and c in PHSD

c and ¢ at Tc in PHSD

--------- thermalized ¢ and c at Tc
without flow

—-—--thermalized c and c at Tc

with bulk flow (v.=0.44)

% =200 GeV

lyl<1
in 0-10% central

Au+Au collisions

0 1 2 3 4 5
p, (GeV)
O Scattering of charm quarks with massive partons softens the pt spectra

=» elastic energy loss
A Charm quarks are close to thermal equilibrium at low pr< 2 GeV/c

T. Song et al., PRC (2015), arXiv:1503.03039
15



Hadronization of charm quarks in A+A

Q PHSD: if the local energy density € < 0.5 GeV/fm? = hadronization of charm quarks:

1. Dynamical coalescence model

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

891’11 pQ ‘
flp, k) = 2 OXP [5—2 — k?ﬁz] gu — degeneracy factor
' (=1 for D and =3 for D%)

1 mok; — mik
where p — —(r) —13), 1k, — V3 TS

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

2 2
(7“2) — § my +m; 52 Hadronization scenarios :
2 (m1 —+ m2)2
’ 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)

16



Hadronization of charm quarks in A+A

coalescence probability

Hadronization scenarios :

1: only fragmentation
2. coalescence with <r>=0.5 fm + fragmentation
3: coalescence with <r>=0.9 fm + fragmentation

Coalescence probability in Au+Au

1.0 1.0
<r>=0.5 fm 1 1 <r>=0.9 fm
0.8 centrality centrality
) —u—0-10 % —u—0-10 %
- o -10-40 % - -+--10-40 %
0.6 - - -4--40-80 % - + 4. +40-80 % -

coalescence probability

0.0 i T ' T ' T ' | i T

T. Song et al., PRC (2015), arXiv:1503.03039
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‘—m“'- 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 = (V'DV,D') —m}(DDl) — (V*D*V,D;1)
+ -m%(D*“‘D::_T) +-ig(D*“‘1mDT — Du“’D;T> with oL 0
g P u, = i (ud,u—ud,ul)
+ —(DjuaVp D;T — VsDlu, D:‘,Jf) vl

ﬁwo + \/1@77 7t K+
U — /Mz — exp (@) b — ( T — ﬂ'O [_)}_ LT} [(0

f

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



D-meson scattering in the hadron gas

10 D% > D+ - — - D%n” -> D'4r 10 D™4+K' -> D'+K" - - - D"+K > D™+K* m :p, (0, ¢,K*,ooo taken a.S
<= D%n" > Dy ——- D"+ -> D45 , <=+ DK > D™+K® ----- D™+K’ > D+K
10 e D% -> D ] 1074 o D4+R° -> DP+R® o DMK -> DO+K - O-(D’ D * +m) — lomb
- = 10'4 ; _
E E o
- ° o] Distribution dN/ds1/2
0-10 % central collisions |
;.' 107 D+x ]
1074+ b — : — : \ ----D*n
2000 2200 2400 2600 280( 2400 2600 2800 3000 -I’_" : “ I-‘\’ ,,,,,,,,,,,, D+N, N
s (MeV) S (MeV) E : .'..: \'\ ‘‘‘‘‘ D*+N, N
2. D-meson scattering with baryons o | E A
= 10°; ! AN 3
10° E| E 3 0,  ++ 0, ++ 0. s+ P Zu ] ! \ \!\ .."'. \\ PHSD
] D%+n -> D%n - — - D%p -> D%p ] 10”5 D+A” >D+A™ --- D*A” ->D'+a" 5 o ! AN
_ - v« D%p->D"#n ——=--D"n -> D*"+n - - DA > D*AT - DA™ > DA™ ] ) : N KN
103 e - D*4n > D e D*+n->D*%n 3 1075 : : AN N 3
1 2I0 2?5 ' 3f0 I 3?5 4.0
_ o ~ " (GeV)
£ = €
o 10° g ©
i = Strong isospin dependence and
R B R complicated structure (due to the
WS I S NP PR, (T B W I/ { PRLES resonance coupling) of D+m, D+B
2800 3000 3200 3400 360 3000 3200 3400 3600 3800 .
&% (MeV) s (MeV) cross sections!

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

mesons at high transverse momentum (i.e. large s2)
19



Raa @t RHIC - coalescence vs fragmentation

1. Influence of hadronization scenarios: coalescence vs fragmentation

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

m STAR (0-10 %)
2.04 without any scattering
<r>=0.9 fm
<r>=0.5fm
fragmentation only

=

p. (GeVic)

 Expect: no scattering: Raa=1

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

R AAlPT) =

coalescence probability

tf\[\, u+Au

/dpt

\'.-\11+:\11.

> r!_\‘};* ]3;',- :/p',"

Cgalescence probability in Au+Au

o
oo
L

0.6 4

0.4+

0.2

0.0

<r>=0.9 fm
centrality
—u—0-10 %
-+--10-40 %
< -4--40-80 % -

 Coalescence (not in pp!) shifts Raato larger pr = ,nuclear matter‘ effect
A The hight of the Raa peak depends on the balance: coalescence vs. fragmentation

20
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l i" Raa @t 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 v,(pt)

25 0.10 —
' m STAR (0-10 %) | 0-10% collisions
- ] Q=c,c p=9,q,9
<==0.3fm . 0081 — 5(Q4p)"0 —— o(Q+p)" :
204 without hadronic scattering _ ] o(Q+p)*2 s(Q+p)*3 ]
=== = a(Q+p)"0 - - - o(Q+p)0.5 ooe4  Wwithout hadronic scattering ]
a(Q+p)'1 —-—--o{Qep)2 ] -
> 0.04-
0.02
0.00
0 1‘ 2 3
p; (GeV)
n—_— .
0 1 2 3 4 5 f Central Au+Au at s”2=200 GeV :
p, (GeVic) N(cc) ~19 pairs,
N(Q+q)~130 collisions
Elastic partonic rescattering N(Q+g) ~85 collisions
Q moves Raato lower prand suppresses large pr
Qincreases v, = each charm quark makes

~ 6 elastic collisions

21
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Raa at RHIC: hadronic rescattering

PHSD: paronic scattering : w W

2.0 hadronic scattering: w WO
coal. Hagm.: <sr==05fm - —- ===«
1.5 {
1_n_....:-i<€1'f?'.f:=i'!£ﬂt e
;;_.-_a- { i '-:_-.r i
D-E-T = STAR S
: 40-80 % ]
0.0 , , | | : :
1.5- % ;F i
= T 1
o 1.0+ _:"(élL-‘.': o
® s e S,
10-40 %
0.0 T T T
15. { with hadronic ]
{Qrescattermg
1.0de222 fﬁ"{’
0.5 1 B 'J_E. -
0.0 T T T T T T T
0 1 2 3 4 5 5]

p, (GeVic)

3. Influence of hadronic rescattering

Central Au+Au at s2=200 GeV :
N(D,D*) ~30
N(D,D*+m) ~56 collisions
N(D,D*+B,Bbar) ~10 collisions

= each D,D* makes
~ 2 scatterings with hadrons

O Hadronic rescattering moves
Raa peakto higher pt!

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

| Model study: (with partonic rescattering)
with / without hadronic rescattering

22



0.25 FHSD: partonic scattering @ w W
hadronic scatering: w  w/o T 1
codal+fragm.: <r==0.5fm - - C-
0.20 - <r>=0.9fm —A— —- _
B STAR in 0-80 % centrality .
.15 T =
|
=" 1 with hadronic rescattering I_
0.0 4 1 ] A
| T <k -] -
v al ER %
ﬁ”ﬁ I U 5
0.05- = 2] .
] V/-ﬂf Wlthout hadronic rescattering |
0. 00 . I . I - | - | -
¥ 1 2 3 4
p, (GeVic)

O Hadronic rescattering substantially increases v, at larger p
Q v, is less sensitive to the hadronization scenarios than Rapa

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

at RHIC

}

= STAR
40-80 %

PHSD: with partonic and
hadronic scattering
fragmentation only: - - -
coal Hragm.: <r==051fm - - -
<r==09fm ——

"E._‘{?T“:&x‘-ij

PHSD results:
with all rescattering (partonic and hadronic)

(=

O The hight and position of the Rya peak
at low pr depends on the hadronization
scenario: coalescence/fragmentation!

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

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

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

O Partonic rescattering suppresses the high pr part of Raa, increases v,
d Hadronic rescattering moves Rap peak to higher pr, increases v,

A The structure of Ry, at low pris sensitive to the hadronization scenario, i.e. to
the balance between coalescence and fragmentation

d The STAR data for the Raa and v, at RHIC are better described in the PHSD:
by QGP collisional energy loss due to the elastic scattering of charm
gquarks 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

QOutlook

» the LHC energies, BES RHIC —in progress

* Influence of radiative energy loss at larger pt ?

(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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