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,,Monte Carlo @ Heavy Quark‘ generator

 production of heavy quarks at the _!
. . . . . 27 pr de

original NN scattering points according )

to the FONLL spectra oo1 FONLL — b quarks

M.Cacciari et al., Phys. Rev. Lett. 95 (2005),JHEP 1210 (2012) 107

(mb/GeVz)

. . . 107°
J bulk evolution: non-viscous Kolb-Heinz

hydro; provides temperature and velocity "
fields
PFEKolb, J.Sollfrank, U.Heinz, Phys. Rev. C62, 054909 (2000)

-8

[ evolution of HQ in the bulk: the Boltzmann equation

J hadronization of HQ: coalescence (low pr) and fragmentation (high pr)
T, =165 MeV, e, = 0.45 GeV/fm?

d D-meson propagation in hadronic matter: the Fokker-Planck equation

of (p, of(p;t) _ ‘/(p, £) +- f(p, t)]




Hadronic cocktail

0.10

hadronic cocktail

1 Hadron gas composition:
0.08 ==== KHhydro

]

* light mesons (up to masses 1.285 GeV) -

£ 0.06
« strange mesons (K, K*K)) =
O 0.04}F
* nucleons =
* nuclear and A-resonances (up to 0.02}
masses |.7 GeV) N
0.0 0.1 0.2 0.3 0.4 0.5
e [GeV/fm’]

Thermal equilibrium + effective chemical potentials

d Employ a specific entropy of S/Nes = 250 (characteristic value for
collisions at top RHIC energy) R.Rapp, Phys. Rev. €66, 017901 (2002)

3 Freeze-out point: TeM =170 MeV, pf = 28.3 MeV
e ~ 0.45 GeV /fm?



Thermodynamic trajectories

0.20 ———mr—r——v——+——+r—r—r—rr—r—r—
d Thermodynamic trajectory keeping [ ® chemical freeze-out '

' with conservation of part. ratios
a SPeCIfIC entro Py f|Xed. t 0.15 :-‘ = ===w/o conservation of part. ratios ]
s/pg. = 250 |

: |
S—ZFZd/ dk iflnf+(12|:f)ln(1ZFf)] 0.05}

et ZdB /

] Keep a ratios of effective stable particle numbers to effective antibaryon
number constant in a hadronic evolution: R.Rapp, Phys.Rev. C66,017901 (2002)

Bi(,, _ 0.'0 02 04 06 08 1..0
(ﬂfﬂ)jv f (ﬂf%ajv] u, [GeV]

eff eff eff eff eff eff eff
Neff Nt Neff et et Vet e

eff ’ eff ? eff ? eff ’ eff eff ’ eff
N 5 N 5 N 5 N 5 N 5 N 5 N 5

Nyt =Vep ) 15, (T,np,) N = Ve Y NWni(T, ;)
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Thermodynamic trajectories

0.20 ———mr—r——v——+——+r—r—r—rr—r—r—
d Thermodynamic trajectory keeping [ ® chemical freeze-out '

with conservation of part. ratios :
a SPeCifiC entropy fixed: n 0.15 - ' ====w/o0 conservation of part. ratios -
s/pp’ = 250 :

: |
S_:FZd/ a7k lEfInf+ (1F f)In(1F f)]  oosf

et ZdB /

] Keep a ratios of effective stable particle numbers to effective antibaryon
number constant in a hadronic evolution: R.Rapp, Phys.Rev. C66,017901 (2002)

P s T) = 5, D)) 0O e

eff eff eff eff eff eff eff
Neff Nt Neft yeft et NefE NG

eff ’ eff ? eff ? eff ’ eff eff ’ eff
N 5 N 5 N 5 N 5 N 5 N 5 N 5

(p) _ (A) _ (N(1520)) _ :
N® —o N — 1 N = 055 1+ 045+ 2 [vell 7 WSSV (7
= Hp = 27, WA = UN + fr, BN (1520) = UN + 1.4Dp0x '
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Effective chemical potentials

J To conserve the ratio of effective baryon to antibaryon number we
introduce antibaryon effective ch. potential, 1%, e.g., uxy = —un +u5.

(At chemical freeze-out temperature all meson effective chemical
potentials are zero

0.09 - 0.11 . 0.13 - 0.15 - 0.17 0.09 0.11 0.13 0.15 0.17
T [GeV] T [GeV]



Elastic cross sections (scenario A)

100
 Implement the cross sections (as in

the vacuum) for the interaction of a D-
meson with hadrons (effective models):

=
g
L.Tolos, J.M.Torres-Rincon, Phys. Rev. D88, 074019 (2013) b

80|

60 |

—— DN |
-=e= DA A

2.5 " 3.0 35
s [GeV]

1 Other elastic processes:

5k
Dm — Dm = o =10 mb |
DB(B) — DB(B) = o = 15 mb 20




D-meson transport coefficients

[ Calculate the following average quantities, which can be related to the
drag, longitudinal and transverse diffusion coefficients:

A:_<dpz> B _ Ladp2) —p)*) o :1<dp%>
A dt PP TN dt
14 —m—m—m—m4—m——————— 7
I T, MeV 1
1.2F em— 9o
— 100
_ L0 = 110 _
& osf — w £
BN —_ 140 i
S osf— 1= 3
< qf = =
0.2 - - —
0-0 - _ 7 L R .
0 2 4 6 8 10
p [GeV]
* almost linear rise with the momentum; in the static limit:
. contmb.utlons from | heavier  hadrons lim [B;(p) — Br(p)] =0
become important at higher temperatures p—0
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D-meson transport coefficients

[ Calculate the following average quantities, which can be related to the
drag, longitudinal and transverse diffusion coefficients:

2 dt

A:_<dpz>7 B, — LdlpZ) — p:)*) BT:}<dP2T>

) —
I T, MeV 1
1.2F em— 9o
— 100
1.0 | |=—— 110 —
@ — 120 g
g 08F — 130 N
> — 14() cqs
5] — 150
9 0.6 -‘ 160 i—tH
< o4l — 170 =]
0.2} - —
wLE—"" . .. ... .. ..
0 2 4 6 8 10
p [GeV]
* almost linear rise with the momentum; in the static limit:
e contributions from  heavier hadrons lim [B;(p) — Br(p)] =0
become important at higher temperatures p—0
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Other scenarios

] Scenario A — discussed above...

] Scenario B — use constant cross sections + effective chemical potentials:

Dm — Dm = o =10mb, DB(B)— DB(B) = o = 15 mb|

0 Scenario C — do not implement effective chemical potentials: 1 (1) =0

6 T=160 MeV "

200 T=160 MeV |

scenario A
scenario B
scenario C

scenario A
scenario B
scenario C

=
n
—————

A [GeV/fm]
=

=
n

0.0k \
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Other scenarios

] Scenario A — discussed above...

] Scenario B — use constant cross sections + effective chemical potentials:

Dm — Dm = o =10mb, DB(B)— DB(B) = o = 15 mb|

0 Scenario C — do not implement effective chemical potentials: 1 (1) =0

2.0

T =130 MeV |———————1——— _ 6d T =130 MeV p————————

i scenario A
scenario A . scenario B

=
th
————r—

scenario B . = scenario C
scenario C

A [GeV/fm]
=

=
tn

0.0k
0




Other scenarios

] Scenario A — discussed above...

] Scenario B — use constant cross sections + effective chemical potentials:

Dm — Dm = o =10mb, DB(B)— DB(B) = o = 15 mb|

0 Scenario C — do not implement effective chemical potentials: 1 (1) =0

2.0

T =130 MeV | 0-5L — T

=
th
—r——

scenario A
scenario B
scenario C

/ 0.0
0.0 1 A N M 1 "
0

2 4 0.09 0.11 0.13 0.15
P T [GeV]

A [GeV/fm]
=

’c -
tn




D-meson thermal relaxation time

A Ep
] Evaluate the D-meson thermal relaxation time: |7V = PR,
M.He, |.Fries,R.Rapp, Phys. Lett B701, 445 (2011) PD D
0.15 ———————————
r scenario A i

[ |=es=2 gcenario B
[ |= === gcenario C

0.10 bl He, Fries and Ra

.
an®
""""
'
[ 1 0

- -

-
-
-
3 - -
-
-

0.09 0.12 0.15 0.18
GeV]

[ Increase by a factor of 2 of the thermal relaxation time due to the

different hadronic cocktail and different cross sections
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D-meson thermal relaxation time

J Evaluate the D-meson thermal relaxation time: |7 = ——

M.He, |.Fries,R.Rapp, Phys. Lett B701, 445 (201 1)

0.15

0.10F

y [fm™]

0.05

0.00C

scenario A

scenario B
scenario C
He, Fries and Ra

0.09

1 Increase by a factor
different hadronic cocktail

of 2 of th
and differ

0.09 0.12 0.15 0.18
T [GeV]
R.Rapp, Phys. Rev €66, 017901 (2002) 14



Einstein relation

 In the static limit: 111%[31(]9) — Br(p)l=0 = B=DB,=Br
p—>

d Einstein relation: |B = ympT

0.05'...,...,...,

i scenario A
N e - - ‘ L]
0.04 : Einstein's relation

&
(—
W
] .M ] ] &

B [GeV’/fm]
P
=]
[\

P
=]
[t

0.00|-|
0.09 0.11 0.13 0.15 0.17

T [GeV]




Comparison to HQ in plasma

Slide from Pol’s talk

L4f | 3
/T L . QGP
o, < | A7 Te(165MeV) |
N g e=1.65 GeV/fin’)| ]
15 S ——— & o .
_ ) mw— < sl e : p i
[ e [ . )
10} R _
S osf ny —
- < | !
5 -] -
0.4 s
e P » | ..
0.0 01 02 0.3 047 (GV) 02f / _ Hadr. Phase - (165 Me\
00ET Je(Q30MeV) | e el
0 2 - 6 8 10
pr(GeVe)

(] Relaxation times at the MP fairly agrees (= 10 fm/c) — it satisfies the
“crossover” constrain

] pr dependences disagree (isotropic cross sections in the HG)
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Raa and v: of D-meson

 Implement the obtained results to “MC@HQ” generator

 Calculate the D-meson nuclear modification factor and elliptic
flow for two different scenarios:

* scenario I: transport coefficients, drag and diffusion, directly from the simulation
* scenario ll: drag — simulation, diffusion — Einstein relation

D | e s . . A S S HE A A S T S A . E— A—_— 1T T e e e S B T S S A S B S S A B A ——
[ ] [ = STAR, 0-80% =
m STAR, 0-10% 1 ]
! QGP
15 N QGP ) i =.=.= gcenario I )
[ =+=+= scenario I 0.10 -=== scenario I N

~==a gcenario Il

AA

1.0} "
Z > i
_ 0.05
0.5 \ I
0.01 0.00
Almost invisible for Raa Moderate effect on vz,

but systematic 17



Raa and v: of single nonphotonic leptons

 Implement the obtained results to “MC@HQ” generator

 Calculate the D-meson nuclear modification factor and elliptic
flow for two different scenarios:

* scenario I: transport coefficients, drag and diffusion, directly from the simulation
* scenario ll: drag — simulation, diffusion — Einstein relation

———r— 015 —mm—m——————7———7———
PHENIX, minbias 1 [ m PHENIX, minbias
v PHENIX, 0-10% ] QGP
e STAR, 0-5% I y=0 =e«=: gcenario I ;
QGP ) 0.10} = === gcenario IT .
=-=: gcenario I l - L } :
= === scenario II % {
—N o n
'|' ‘|' > L -:""'"-:-."'-,_
0.05F *
) /]
0 2 4 6 8 10 0 1 2 3 4
P, [GeV] P, [GeV]
Almost invisible for Raa Moderate effect on vz,

but systematic 18



Isentropic trajectories (FAIR facility)

J Assume a constant specific entropy (entropy per net baryon) for

FAIR physics:

Juan Torres FAIRNESS 2013

Vs =5—40 AGeV < s/ng =10 — 30

L.Tolos, J.M.Torres-Rincon, Phys. Rev. D88, 074019 (2013)

140 . .
400}
[ 120 -
300__ 100 -
>0 = 80} 1
O I ~ . ;
= 200 — 60f -
— = [ v py  Thiswork  Tolos&Torres N \\ . ‘\ 1
- 40r 10 — mm-- \\\ \\ ]
100 711 S === RN
- 30 —_— ——--
L .. 0 X R N BRI R RSP |
U,_I 11 I 1 1 1 | 1 1 1 | 11 1 1|l | 1 1 | 1 1 1 | | 0 200 400 600 800
0 200 400 600 800 1000 1200 p, [MeV]

g (MeV)

Small deviation due to the higher

states in our hadronic cocktail 19



Thermal relaxation

rate (FAIR facility)

(] strong dependence on the
isentropic trajectory

] baryons contribute significantly
for finite baryochemical potential

(] deviation at higher temperatures
due to higher states in our hadronic
cocktail

L.Tolos, J.M.Torres-Rincon, Phys. Rev. D88, 074019 (2013)
1 —

s/p,  Thiswork  Tolos&Torres

10
20
30

0.12

0.10

-~ 0.08
g !
- 0.06

0.04

0.00
60

80

20



Thermal relaxation rate (FAIR facility)

isentropic trajectory ok

] baryons contribute significantly

L.Tolos, J.M.Torres-Rincon, Phys. Rev. D88, 074019 (2013)
(] strong dependence on the 0.14 _

0.10

for finite baryochemical potential = 0.081
Sy
= 0.06]
0.08 ' T EI"_II 0.04
==== Juan ; .
® Vitalii /- 0.02
.’ [
0.06 ; .
I , 60
£ y
= 0.04 K .
> [ J
0.02 ,"
. P
@
-
ooob—— e g o, . .,
20 40 60 80 100 120 140

T [MeV]

s/p,
10
20
30

This work

Tolos&Torres

80

Perfect agreement
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Spacial diffusion coefficient (FAIR facility)

 Spatial diffusion coefficient: D, = lim 123
p—0 mpHy

L.Tolos, J.M.Torres-Rincon, Phys. Rev. D88, 074019 (2013)
35 P

30F \
\

2nTD

10 [ s/p, This work Tolos et a
5 .- 20 — - e e

L 30

0 20 40 60 80 100 120 140
T [MeV]

the higher states are important, but less known
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Summary

[ Introduce the effective chemical potentials for all hadron species
that are subject to strong decays

 Calculate the D-meson transport coefficients as functions of
momentum and temperature for three scenarios

 The presence of D-meson rescattering in HG is almost invisible for
the Raa, but shows a systematic contribution of 1%-2% to the v2 of
D-meson and of single nonphotonic leptons originating from the decays of
heavy mesons

 Transport coefficients strongly depend on the isentropic trajectory

(1 The spatial diffusion coefficient is sensitive to the higher states in
the HG at higher temperature (extension of the calculations to FAIR case)

23



Back up



Hadronization of HQ

prob. coal.
1.0}

0.8F

0.6

0.4

0.2F

0.0
0

D, 11,= 100MeV
=== b, m=200MeV
——— 0, mg= 100MeV
— == ¢, my=200MeV

[.=105MeV
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Hadronic equation of state

0.6 F scenario A(B) 9 -
-« == gcenario C
( |====KH hydro
— @ 1QCD data ’

“= 0.4 -
g /
>
o
&

w 0.2 i
.0-—---'@"—':-‘--. L 1
0.09 0.11 0.13 0.15 0.17

T [GeV]
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D-meson transport coefficint (s/ns = 10)

A |GeV/fm]

0.7 ¥ ¥ ] L) ¥ 2.0 L] I v ¥
T, MeV ]
0.6} 60 -
70
05k 80 i 1.5

90

[—y
(=]

B |GeV’/fm]

=
n

0.0
0 2 4 6 8 10
p |GeV]
0.12 ' T T v
T, MeV]|
0.10

S
=
=

B. [GeV’/fm]
=]
=

T
=
=)
e

0.02

0.00
27




Spatial diffusion coefficient (Juan)

35 ——

Tolos&Torres
30F

27 TD
()
-

10 - slp, T/(MT)
L 10 ) ;
5P 20— eeme T—IToel T -

30 L] LN N K ]

0 20 40 60 80 100 120 140
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