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Globa! Project : HQ dynamics and transport properties in QGP

® Heavy quarks in
heavy-ion collisions UG hydrodynanica

description

e Large HQ mass
Mra > Naco

e HQ produced at early
stage (hard process)

e Ideal probe for the
early stage

® Don’t come into
equilibrium with the
medium (interactions
not strong enough)

H() stochastic

evolution of H(z
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Global Project : HQ dynamics and transport properties in QGP

@® Microscopic
Ingredients ® Macroscopic
® Elastic cross Observables

section : 9Q, gQ

Helast] ® PHSD
e g ® Mesoscopic Quantities ® MC@sHQ
section : 9Qg, = e

® Dynamical energy loss

gd s e UROMD
® Transport coefficients i

(Viscosity, Drag, Diffusion . . .) (Raa. v, .. )
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Global Project : HQ dynamics and transport properties in QGP

@® Microscopic
Ingredients

: : ® Macroscopic
® Elastic cross Observables

section : 9Q, gQ
® Inelastic cross

® PHSD
® Mesoscopic Quantities ® MC@sHQ
BAMPS
URQMD . . .

section : 9Qg,
Ok s &

@

® Dynamical energy loss

® Transport coefficients

(Raa, v )
(Viscosity, Drag, Diffusion . . .) ARL b e
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Cross Sections at finite temperature
® Problems
¢ Coupling constant ois (9qg, 999
and gggg vertices)
e Regularization cut-off (t—u)~"

e Quark and gluon propagators
at finite temperature and
chemical potential

e 9,Q,9 masses at finite
temperature and chemical
potential

e Gauge invariance of the
amplitudes
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Dynamical Quasi-Particle Model (DQPM)
®

Peshier, Cassing, PRL 94 (2005) 172301

do dsp on; Cassing, NPA 791 (2007) 365; NPA 793 (2007)
DQP ! —1 x 2 C Y 073 1 (2010) OF;
St oty | kil 3 In(—A e 3 MRA 10CD : WB JHEP. 09 (2010) 073 ; 11 (2010) 077
d ,/27: (em)d oT (S ) )

' do A(o,p) 40y
L) / 21 pp— g (@0? — p? — M2)2 + 42 @?

@ 1QCD

200 400 600 800 1000
T
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Dynamical Quasi-Particle Model (DQPM)
®

Peshier, Cassing, PRL 94 (2005) 172301

do dsp on; Cassing, NPA 791 (2007) 365; NPA 793 (2007)
DQP ! —1 x - C Y 073 1 (2010) OF;
St oty | kil 3 In(—A e 3 MRA 1QCD : WB JHEP. 09 (2010) 073 ; 11 (2010) 077
d /27: (em)d oT (S ) )

' do A(o,p) 40y
L) / 21 pp— g (@0? — p? — M2)2 + 42 @?

2 1 N2_1 = 10
mé:%<N0+§Nf> T mé:gzgilvc i © 100D
{2 o0 1N -1 ¢°T
= =—No=nfi= ElS In 1
Yo scnn<g2+>'7q 3 2N, 8n g+

200 400 600 800 1000

@ 0 .

4872
(11N — 2N) In(A3(T /T, — Ts/T2)2)

go =
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Dynamical Quasi-Particle Model (DQPM)
®

Peshier, Cassing, PRL 94 (2005) 172301

do d3p on; Cassing, NPA 791 (2007) 365; NPA 793 (2007)
DQP ! —1 y E g A R
St oty | kil 3 In(—A e 3 MRA 1QCD : WB JHEP. 09 (2010) 073 ; 11 (2010) 077
d /27: (em)d oT (S ) )

' do A(o,p) 40y
L) / 21 pp— g (@0? — p? — M2)2 + 42 @?

2 2
> g 1 2 2 oNe—1 5
mg_€<Nc+§Nf>T, mg=g 87NCT
{2 o0 1N -1 ¢°T
==N.=—71In| = +1]) , In 1
Yo SCnn<gz+>'Yq 3 2N, 8n g+

200 400 600 800 1000

® .

4872
(11N — 2N) In(A3(T /T, — Ts/T2)2)

go =
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Summary

Dynamical Quasi-Particle Model (DQPM)

Peshier, Cassing, PRL 94 (2005) 172301

Peshier, PRD 70 (2004) 034016

Cassing, NPA 791 (2007) 365; NPA 793 (2007)
IQCD : Kaczmarek et al., PRD 70 (2004) 074505
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Dynamical Quasi-Particle Model (DQPM)

Summary

Peshier, Cassing, PRL 94 (2005) 172301

Peshier, PRD 70 (2004) 034016

Cassing, NPA 791 (2007) 365; NPA 793 (2007)
1QCD : Kaczmarek et al., PRD 70 (2004) 074505

= 2 =

H. Berrehrah

#/19



Global Project DOPM HQ Elastic Scattering HQ Relaxation Time HQ Viscosity HQ Interaction Rates Summary

Heavy Quark Elastic Scattering
®
® pQCD (massless g, q)

R. Cutler, D. Sivers Phys. Rev. D 17, 196 (1978), B.L. Combridge Nucl Phys B 151, 429 (1979)
v4
: : 12n 0 do ‘% do
o fix/running, o(Q?) = P T 699 — E08 %/ Uy
25109(C? /) s

® HTL (Hard Thermal Loop)

A. Peshier, arXiv :0801.0595 [hep-phl, P.B. Gossiaux, J. Aichelin, PhysRev.C78 (2008)
< ‘ o e Nc Ny ™ 2 2
o fix/running, — — ——2, M5(T)= — 1+ — | 4nos(—mp(T2))T
o G- 2 w(r) = (147 ) ames(-mo(7?)
K can be fixed to k& 0.2 by comparing dE /dx to HTL result beyond
logarithmic accuracy

'min

Qer(1)
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Heavy Quark Elastic Scattering
®
® pQCD (massless g, q)

R. Cutler, D. Sivers Phys. Rev. D 17, 196 (1978), B.L. Combridge Nucl Phys B 151, 429 (1979)
"0
12n qQ do

2
iy o) B o [* 5y [V
o fix/running, o Q%) 25109( Q2 /) c e at — e at

® HTL (Hard Thermal Loop)

A. Peshier, arXiv :0801.0595 [hep-phl, P.B. Gossiaux, J. Aichelin, PhysRev.C78 (2008)
N, N, ~

?C <1 4 Ef) amois(—mp(T2)) T2
K can be fixed to k& 0.2 by comparing dE /dx to HTL result beyond
logarithmic accuracy

Qer(1)
t—xm3’

a
o fix/running, L mp(T) =

® DpQCD (Dressed pQCD)
O(DOPM(T), DQPM pole mass for g, g, Q and DQPM gluon propagator (finite mass, zero width)

® [EHTL (Infrared Enhanced HTL) a0 o

Off-shell kinematical limits, aP9M(T), =" = |t— mZ + 2iyy(p? — p?)

GIEHTL(S, T) :/I'Idm(f) caaed (s,mm.m(z).m(s)Am(“)) A(U(mm) A(z)(m(Z)) A(S)(m(a)) A(4)(m(4))
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Heavy Quark Elastic Scattering
® o0 Elastic Scattering

Additional Problems : 3

gluon vertex, gauge

s channel u channel

invariance
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Heavy Quark Elastic Scattering
® o0 Elastic Scattering

Additional Problems : 3

gluon vertex, gauge

invariance t channel s channel u channel

® pQCD (massless g, q) ® DpQCD (Dressed pQCD)

: Kio Ki
Transverse gauge : Lorentz Covariance : Z € 0€i) = Jon — (l;i )’2 ,
* pol,i g9
Ze{f’s,’/: 2
. - Gy — QuGv/ M +Ma
spins ] : ; G (q,my) = —i #, Se(p;Ma) = 5; R
g += (K + K : ;
gl b ® [EHTL (Infrared Enhanced HTL) ;
- (Hard Thermal Loop ; 4 . Guv — quv/mg
Tl Lorentz Covariance, G (g, mg) = —i S
G‘;\’(q’mg):,ig#V p+Mq

2 —xm? Sk(p,Mq) = :
7 2 :Mo) P§ — P> — M3+ i2Yapo
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DOPM HQ Relaxation Time
Heavy Quark Elastic Scattering

Global Project

®

do

50 ( mbarn )

My=15, m;=06

(mbarn)
DpQCD vs HTL

— HIL
—  DpQCD
T=04, s =40

dcoso
a=0.3,

DpQCD vs HIL Mo=15, m, =04

— HIL

— DpQeD
T=04, s =40

— a=0
@ running, £ = 0.2

- running, & = 0.15

- o rumning, k = 0.15

1
!
i
|
|
i
|
i
|
!
h
;
y
I

® HTL/DpQCD : Different behaviours for small/large “t”
® Gq higher value for running + kK = 0.2 (differences related to mg™"*")

® G,q/0gq : Same conclusions with larger values for 6o ® o(T ) < o(T \)
10/19
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Heavy Quark Elastic Scattering

o (mbarn)
DpQCD vs HTL DpQCD vs HTL
Mq=15, m=0.4 HIL Mg=15, m =08

®=03,1=1 DpQCD — =03,
T=2T,

— o running, k = 0.2
T=3T,

— @ running, & = 0.2

® HTL/DpQCD : Different behaviours for small/large “t”

® Gq higher value for running + kK = 0.2 (differences related to mg™"*")

Summary

® G,q/0gq : Same conclusions with larger values for 6o ® o(T ) < o(T \)

H. Berrehrah T

rds HQ dynamics in QGP-5QM2013
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Heavy Quark Elastic Scattering
®

g-c, « running, off -Shell, V s =4
my, m,: My ~DQPM

, m.: SE=-DQPM

u—c, @ running, off-Shell, Vs =4
My, M. : Mpoie—DQPM
m,, m.: SE-DQPM

15T.
20T,
30T,
15T,
20T,
30T,

H s
E] g
£ £
€ <
'y Py
5 5

® Deviation of off-shell curves compared to on-shell ones for large angles 6
® tffect of A(m, T) on Ggq is nedligible (small DQPM parton width)
® GqQ(T /{) < GqQ(T \)

H. Berrehrah 10 dynamics in QGP-SQM2013 11719
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Heavy Quark Elastic Scattering
®

u—c, @ running, off-Shell, Vs =4
My, M. : Mpoie—DQPM
m,, m.: SE-DQPM

15T.
20T,
30T,
15T,
20T,
30T,

=
E
=
2
8
S
3
=
H

<

a running, off—Shell
IEHTL

® Deviation of off-shell curves compared to on-shell ones for large angles 6

® tffect of A(m, T) on Ggq is nedligible (small DQPM parton width)
® GqQ(T /{) < GqQ(T \,)
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Heavy Quark Elastic Scattering
®

u—c, @ running, off-Shell, Vs =4
My, M. : Mpoie—DQPM
m,, m.: SE-DQPM

15T.
20T,
30T,
15T,
20T,
30T,

=
E
=
2
8
S
3
=
H

<

— 12T,
— 15T,
IEHTL 20T,

30T,

a running, off—Shell

® Deviation of off-shell curves compared to on-shell ones for large angles 6

® tffect of A(m, T) on Ggq is nedligible (small DQPM parton width)
® GqQ(T /{) < GqQ(T \)
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Global Project : HQ dynamics and transport proprieties in QGP

@® Microscopic

Ingredients

® Macroscopic

® Elastic cross Observables

o 4 i s
o Ta0G ® Mesoscopic Quantities s MCG‘)’{’Q
SR : ® Dynamical energy loss Q BAMP’;
Shd ® UROMD . ..

® Transport coefficients

2 ]
(\/!’)Co»itq, Drag, Diffusion . . .) (Rap, Ve, .. )
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Charm Integrated Elastic Cross Sections

« running, off—Shell HTL: Mp=1.3, m,=0
2 Mp=1.3, m,=0
— IEHTL 3, 0=1

a

@ running, off—Shell HTL: JI():LS .
— IEHTL a=103,1

@ running, k = 0.

o running, K = 0.

® Different TP power between HTL and
DpQCD-IEHTL = different Transport Coefficients
® tffect of A(m, T) on G is negligible (small DOPM parton width)
H. Berrehrah Towards HQ dynamics in QGP-5QM2013 13/19
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Charm Relaxation Time/Mean Free Path

®

—1 DpQCD ing, s )
(Tc )DpOCD s Z (T) G P (T) . @ running, On/Off—Shell HTL: Mp=13, 115 ;=0
i€q.9.9 DpQCD @=03,1=1
@ running, k = 0.2
with : nf"(T) = / (2n)3 1i/gi(p, T, mi, 1) Charm Quark

(o Vieaml=" ). - nEGEEE (T)
i€9,9,9

with : n(T) 7//(21:3 APW (my)m; fi/gi(p, T, mj,ui)

hc
Ye(T)
® e = VrelTe

H. Berrebrah Towards HQ dynamics in QGP-SQM2013 14./19
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Charm Shear Viscosity

®
@ running, On/Off—Shell
4 DpQCD

1 d®p p
DpQCD DpQRCD
n e Tfo(p, T.m) —
% 15T/(27t)31:C (TYalp, T, m) 2

E

Charm Quark

®

yils 20 d®p
IEHTL SRS d ABW
i 15T/ rp iAo (m)

XTE(T) fa(p, T, m)’z_—i

H. Berrehrah Towards HQ dynamics in QGP-SQM2013

HQ Interaction Rates Summary

HTL: Mg=1.3, my,,,=0
a=03,1=1

@ running, k = 0.2
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Charm Elastic Interaction Rates

dNeon[2 — 2]
vy == T Va2

x(2m)*8* (0} + 05 — P5 — ) [ff(m )f/(pz)]

Charm Quark

Wa o : pQCD transition matrix-element

i~
>
® 3
) qQ, gQ Elastic collisions
x z —  DpQCD
Tr = api = (In PHSD Box: V= 9°fm%)
() g
2 E : s

-Q

@ | -Q
Total

s in QGP-SQM2013 16/19

H. Berrehrah Towards HQ



Global Project DOPM HQ Elastic Scattering HQ Relaxation Time HQ Viscosity HQ Interaction Rates

Summary
® gQ, 9Q Elastic Scattering
» HQ collisional scattering calculation following different approaches
® Used a well defined masses and widths determined within DQPM
® DpQCD/IEHTL : relevant evaluation of HQ scattering cross section
® DpQCD/IHETL : fundamental parameters have a well based theoretical
determination
o Off-shell HQ collisional scattering cross sections in the sQGP :
small effect of finite parton widths but reduced kinematic threshold

H. Berrehrah et al, Collisional processes of on-shell and off-shell heavy quarks in vacuum and in the Quark Gluon Plasma, To be submitted

® Charm Quark Transport properties

® Phenomenological consequences of using DpQCD/IEHTL cross
sections on the HQ collective behaviour

® A significant difference between HTL and DpQCD/IEHTL

® Tow visions : HQ diffuses in a medium with i) many massless q and g, ii)
few massive/off-shell g and g

H. Berrehrah et al, Dynamical collisional energy loss and transport coefficients of on-shell and off-shell heavy quarks in vacuum and in
the Quark Gluon Plasma, In preparation
H. Berrehrah Towards HQ dynamics in QGP-SQM2013 12/19
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Perspectives

® gQ, gQ Elastic Scattering
® Improve the description of the 3 gluon vertex at finite temperature
® Improve the description of the gluon and fermion propagators
® Improve the description of parton spectral functions at finite
temperature/chemical potential/momentum
® HQ Transport Properties

® Study the HQ dynamical collisional energy loss using DpQCD/IEHTL cross
sections
® Drag, Diffusion coefficients using DpQCD/IEHTL cross sections

® HQ Dynamics in the QGP

® Implement the HQ partonic processes into the PHSD transport approach
to study HQ dynamics at SPS, RHIC and LHC

H. Berrehrah Towards HQ dynamics in QGP-5SQM2013 ; 18/19
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Perspectives : HQ dynamics and transport properties in QGP

® Microscopic

Ingredients i
gred > ® Macroscopic
® Elastic cross Observables

section : 9Q, gQ

relast ® PHSD
s g ® Mesoscopic Quantities ® MC@sHQ
section : 9Qg, 2 e

® Dynamical energy loss

CiRlen ® URQMD
® Transport coefficients R

(Viscosity, Drag, Diffusion . . ) (Raa, V2, .. )

H. Berrehrah Towards HQ dynamics in QGP-SQM2013 ; 19/19
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Heavy Quark Elastic Scattering

U;gc ® (mbarn)

On-Shell: ¢ running
A =03 GeV

pQCD (Qg value)

® IR cut-off has a crucial role in determmmq O,

® g mass has no effect on (5 D at hight /s
® o(a) fix > o(a) running

H. Berrehrah rds HQ dynamics in QGP-SQM2013 20/19




ering HQ Relaxation Time HQ Vis HQ Interaction

DOPM HQ

HQ Integrated Elastic Cross Sections

Global Project

@ running, off—Shell HTL: Mp=1.3, m,=0
Mo=13, m,
— @=03,1=

@ running, « = 0.2

(mbarn)

IEHTL
20

T,

T,

/1
« running, off -Shell
— IEHTL

« running, off -Shell
— IEHTL

---—-  DpQCD

10 100
€ [GeV/fm®]

10 100
€ [GeV/fm®]
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