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Motivation UNIVERSITAT
Freeze-Out A fime
Large heavy quark mass 5 D
>> Nqep
Charm: M, = 1.5 GeV
Bottom: M, = 4.75 GeV adronGas -3

# charm production at

early stage of collision C QGP
< Pre-equil. phase
- ideal probe for this >
O 9 ‘
stage o2 >
A <
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BAMPS: Boltzmann Approach of MultiParton Scatterings

Transport algorithm solving the Boltzmann equations for on-shell partons with pQCD

interactions

9, 9,
(81‘ + E 6‘1") fi(r,p1,t) = Coo + Coz + - -~

Z. Xu & C. Greiner,
Phys. Rev. C 71 (2005) 064901

Implemented processes:

g+g—g9g+g gt+tg—ctc
g+g9g—g9g+g+g c+c—g+g
g+g+g—9g+g gtc—g+c
gt+c—g+c

(no light quarks yet)
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Rapid thermalization

Toq ~1fmic

<p’lE*>

Z. Xu & C. Greiner,
Phys. Rev. C 76 (2007)

— pQCD 22+23+32
— pQCD 22
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Solving the Rlemann problem

P [GeV/fm?

|. Bouras et al.,
Phys. Rev. Lett. 103 (2009)
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Time scale of chemical equilibration UNIVERSITAT

Toy model: consider box of gluons with just two processes

g+g—c+c Initial conditions:

c+c— g—+g thermally distributed gluons

Rate equation: Matsui, Svetitsky, McLerran,

Phys. Rev. D (1986)
Biro, van Doorn, Muller, Thoma,
Wang, Phys. Rev. C (1993)

6,-_;_ (HCH“) — Rgg—:-cf: - RCE—:-Q‘Q‘

with
1

2
Rgg—mE = E < Ogg—sceUrel = ng

RcE—>gg =< Ocg—ggVrel > NeNg
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Box calculation T, =400 MeV UNIVERSITAT
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Box calculation T, =400 MeV
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Box calculation T, = 800 MeV UNIVERSITAT
0.45 .
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Two approaches:

1. LO pQCD: mini-jets -
AB
do’:
dp? d‘-:ﬂ dyz 7122021, 72)
PrdYclYe depend on renormalization
dé - scale pg
C(x1,29) = [ (1) [P () —2 =+ —
dt y both very sensitive on
T T . . .
> [ 17 @) + f ) £ ()] 1 parton distribution
7 di || functions
factorization scale
depend on factorization scale g srenormalization scale
echarm mass
2. PYTHIA
Monte Carlo Event Generator
for nucleon-nucleon collisions

Jan Uphoff Heavy quark production and elliptic flow at RHIC and LHC Hirschegg , January 20, 2010 10
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Initial charm in hard parton scatterings UNIVERSITAT

450 ——r——————————

PYTHIA - CTEQSI
400 r Ptp PYTHIA - CTEQBm e

: LOPQCD - CTEQ@!
350 | Vs =200 GeV OPORD . TR —mmen -

STAR | Total initial charm yield in

= 300 t PHENIX —®— 7] .
=1 - central Au+Au collisions
- 290 1 -
S 200 ¢ 1 - PYTHA:
© 150 ¢ 8 — 14 charm pairs

100 « LO pQCD:

50 2 — 4 charm pairs

0

‘ PYTHIA closer to data
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Initial gluon distribution for parton cascade uyuErs AT

= PYTHIA
scaling to heavy-ion collisions with Glauber model (considering shadowing) and
energy conservation ., a4 partons ~ N,;,: number of binary collision

« soft partons ~ A: number of nucleons in one nuclei

= Minijets (low p; cut-off at 1.4 GeV)

= Color glass condensate H.J. Drescher & Y. Nara, Phys. Rev. C75 (2007)

PYTHIA —— PYTHIA ——
800 | Au+Au CGC - 1600 | Au+Au - CGGC -+ -
Minijet S Minijet

dN/dY
dE/dY
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BAMPS simulation of QGP phase at RHIC

Jan Uphoff Heavy quark production and elliptic flow at RHIC and LHC Hirschegg , January 20, 2010 13
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RHIC PYTHIA initial conditions
9.5 I 1 Only 0.3 charm
9.45 T pairs are
o 94 | | | produced
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S ' 1 1 phase
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t [fm/c] PHENIX data,

Mcharm = 1.5 GeV Phys. Rev. Lett. 94 (2005)
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Charm production in the QGP at RHIC UNIVERSITAT
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Charm production in the QGP at RHIC UNIVERSITAT
RHIC
o — . ,
L Au+Au BAMPS
99 I s _ 200 GeV K factor or
98 | different charm
& 9.7 mass
.g .
c = 9.6 | =) factor 2
8 9.5 | difference
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Charm production in the QGP at RHIC
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RHIC
PYTHIA, K=1, M=1.5GeV - |
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Charm production in the QGP at RHIC UNIVERSITAT

Extract temperature,

RHIC

compute ned
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Charm production in the QGP at LHC UNIVERSITAT
LHC
120 . e
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Charm production in the QGP at LHC
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charm fugacity
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Bottom production in the QGP at LHC UNIVERSITAT
LHC
7.25 I BAMPS -
w 72 b {  0.01 bottom
3 pairs are
o @] 8 T T T M RRRRE ]
e = 7157 g 3 7 1 produced in the
= g i
g 71 | § ' i
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7.05 t 0 -
012345678 total
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d3 N ( 5) 1 d3N

= 1+2 2
2 pTdPTdy[ + UQ(ij y) CDS( ¢')‘|‘ ]
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Elliptic flow v, for gluons UNIVERSITAT
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Elliptic flow v, for charm at RHIC UNIVERSITAT
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Elliptic flow v, for charm at RHIC UNIVERSTTAT
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Elliptic flow v, for charm at RHIC
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Elliptic flow v, for charm at RHIC UNIVERSITAT
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Elliptic flow v, for charm at RHIC
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Debye mass with a
prefactor k = 0.2,

proposed by

A. Peshier,
arXiv:0801.0595

[hep-ph]

P.B. Gossiaux,

J. Aichelin,
Phys.Rev.C78 (2008)
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* Chemical equilibration time for charm very large

* Huge uncertainty on initial charm yield due to PDF and scale dependencies
=) | O calculations cannot explain data

Full space-time evolution of charm and bottom quarks

« Small charm yield during QGP phase
= RHIC: 3-27 % of final charm are produced in QGP
= LHC: 15 - 45 % of final charm are produced in QGP

* Negligible bottom yield during QGP phase at LHC

 LO gluon charm scattering is not sufficient to build up collective flow

Future tasks:

« Light quarks

« Higher order corrections, gluon radiation for charm scattering
- Energy loss of charm quarks = R,,

Jan Uphoff Heavy quark production and elliptic flow at RHIC and LHC Hirschegg , January 20, 2010 29
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Thank you for your attention.
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Backup
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= 3+1 dimensional Monte Carlo cascade

Z. Xu & C. Greiner,

= Divides collision zone into cells Phys. Rev. C 71 (2005) 064901

= Using stochastic method:

02—z At PPy = mim
Ntest &33-: Frel = EIEE

PE—:»E = Urel

= Testparticles to increase statistics



Partonic cross sections
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00— €T ]

Dominant process for charm production:

gt+g—c+ec
g c 4 c 9 o
Other possible process:

q+q—ctc




Charm quark scattering

GOETHE @4

UNIVERSITAT

FRANKFURT AM MAIN

LO pQCD: gtc—g+c g 9 9
gtc—g+c
[ [
| t m§=0.4GeV§ -----------
I m3=1.0 GeV ]
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0.6 i
o 05 ¢f 1
E |
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o DR _
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Partonic cross sections UNIVERSITAT
Back reaction 40 u — : : : I
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Number of charm quarks for fixed temperature and fixed number of particles:

g ﬂgq Mot — 'ﬂg_ql_a
= eq = eq
. (t) Ntot 1 C‘gtﬁ- (C + 1) —(+1 Nete Nets
& = —0F — eq eq
e 1—¢? e2t/T (L) -1 4 F—_ ete Mete
¢ ¢ Ogntotiy’  0g(Nior — NtotNots)
1 T T | L B R R B R B R neq — —ntOt
analytic, T=400 MeV - cte — _1_
y = T 1
0.8 1
s 06| .
£
8
c 04 t _
02t :
i Ty =400 MeV
O ':‘ M B B I B I B P
0 500 1000 1500 2000 2500 3000 3500 4000

t [fm/c]
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Box calculation T, = 800 MeV UNIVERSITAT

840 | ' ' BAM'PTST_
820 | ’
00
Emo- 20 — 1 T 1
F 70 ] analytic, T=800 MgV e
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700 - . : 15 t . i
0 50 100 150 200 A
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o?'_'
E 10
2 : . . 10
[
151
5 R
< 1
05 | T0=800 MeV
T, =800 MeV 0 A S SR o
’ r; 50 00 150 200 0 50 100 150 200
t[fm/c]

t [fm/c]
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Time scale of chemical equilibration UNIVERSITAT
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Time scale of chemical equilibration UNIVERSITAT
Considering all processes g+g—g+g g+g—c+e¢
g+tg—gt+tg+yg ctc—g+yg
gtg+g—g+tg gtc—gtec
0.45 ; : : g+c—g—+c
- gg—cg, all processes -
0.4 3% cc—Qg, all processes 7
Y gg—cc, only gg—ccC, cc—gg
0.35 T ":._% cc—gg, only gg—cc, cc—gg I
2 T . .
_ 0.3 i ’%-.,. ] 7}&3 —
e 025} o, . 15
S [ ren, |
ID_:I 0.2 [ ‘“"-m-.u.-ww : y R P A A A A AT A N St r
0.15 | I
0.1 I ‘ ] o5t -
005 / T, = 800 MeV - NI T
O I 0 50 100 150 200
_—t t [fm/c]
0 50 100 150 200
t [fm/c]

# No change of chemical equilibration time scale



PYTHIA
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PYTHIA simulates only nucleon-nucleon collisions

0.7

06 r

051

dN/dY

02 r

01r

04 r

03

P+pP
Vs = 200 GeV

hard gluons

hard quarks

soft quarks

others x 0.1 === 1

10

Distinguish between particles
from soft and hard events

hard parton scatterings

soft scatterings

q4iq; — 4i4;

qiqi — qkqk
¢idi — 99
qig — 4ig
99 — qkqk
99 — g4

elastic

single diffractive
double diffractive
low-p | production
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PP
Vs = 200 GeV

hard gluons —— 1

hard quarks .............

soft gluong ===+ |

soft quarks

others x 0.1 -==-=- ]

10

dN/p/dp/dY [GeV 7]

T | Ihalrdéluénns — |
hard quarks ——
P soft quarks
Vs = 200 GeV s 10 e
0.1 !
001 |
0051 15 2
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Initial conditions for parton cascade UNIVERSITAT
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Z
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Initial conditions for cascade at LHC
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dN/d¥Y
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Initial conditions for cascade at LHC UNIVERSITAT
2500 """" | AL L N BN L B 10000 L S L L I L L
PYTHIA — PYTHIA —
Au+Au CGC 9000 + Au+Au CGC e
2000 | Minijet — | 8000 | Minijet —— |
7000 t
N 1500 ¢ % 6000 t
S 3 5000 |
< LUl
1000 © 4000 |
3000 t
500 t 2000 |
1000 t
0 ) O i ] 1 ] 1 ] ]
8 6 4 2 0 2 4 6 8 4 6 4 2 0 2 4 6 8
Y Y

In agreement with most of LHC predictions
(cf. N. Armesto, J.Phys.G35 (2008)
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Charm yield from PYTHIA N ERSITAT
Total initial charm yield in Parton distribution functions charm quark pairs
central Au+Au collisions g?gggi Eig% (Standard) gg

RHIC: s ‘
© | CTEQ6m (373) 13.6
T PYTHIA MRST2001LO 0.6
3 — 14 charm pairs MRST2007LOmod 9.2
- LO pQCD: HERAPDF(1 12.3
2 — 4 charm pairs GJRO8 (FF LO) 3.0
GRV98 (LO) 3.0

Choose CTEQ®6I as standard parton distribution function, although its charm yield is
farer from data than CTEQ6m

# Reason: Designed for LO event generators
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Temperature at RHIC and LHC UNIVERSITAT
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Charm scales with number of bin. coll. UNIVERSITAT
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Charm quark scattering UNIVERSITAT

LO pQCD: gtc—g+c g g 9 g9 9 g
g+c—g+e T ié’? f

Cross section: do |Mgc—>gc|2

dt 167 (s — M2)?

Myegel”  32(s — M2)(M? — u) L6 (s - M2)(M? — u) + 2M2 (s + M?)

m2a2 t2 9 (s — M?)2
64 (s — M2)(M? —u) + 2M2(u+ M?) 16 M2(4M? — 1)
9 (M2 — u)? 9 (s — M2)(M2 — u)

(s — M?)(M? —u) + M?(s — u) (s — M?)(M? —u) — M?(s —u)

+ 16

— 16

t(s — M2) (M2 — )
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Charm quark scattering UNIVERSITAT

LO pQCD: gtc—g+c g g 9 g9 9 g
g+c—g+e T ié’? f

Cross section: do |Mgc—>gc|2

dt 167 (s — M2)?

Myegel”  32(s — M2Y(M2 —u) 64 (s — M2)(M? — u) + 2M2 (s + M?)

m2a2 + 9 (s — M?)2
64 (s — M2)(M? —u) + 2M2(u+ M?) 16 M2(4M? — 1)
9 (M2 — u)? 9 (s — M2)(M2 — u)

(s — M?)(M? —u) + M?(s — u) (s — M?)(M? —u) — M?(s—u)
+ 16—@_ A7) — 16—@12 — )

divergent for t=0



GOETHE @4

Charm quark scattering UNIVERSITAT
oo d.:.l' tmam =0
rgegels) = [ G L sy
5
Solutions:

1. Cut-off for t,

2. Debye screening d3p 1
bt m = 16ma, / P2 (Nefy + Nt fy)

(2)

g~
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Charm quark scattering UNIVERSITAT
tma.:i: dﬂ- tmam - 0
rgegels) = [ G L (s=
5
Solutions:

1. Cut-off for t,

2. Debye screening

d3p 1
t —t—mip i = lﬁmsf (2335(Nﬂfg N

Total cross section:

Ogegels) = 702
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Charm quark scattering UNIVERSITAT
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without approximation -
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LO pQCD: mini-jets

GOETHE A

UNIVERSITAT

FRANKFURT AM MAIN

PDF Skala pp = pug | M. |[GeV] o [ub] do/dY|y=o [pub]
PP CTEQ6m M, 1.2 160 38 '
Sqrt(s)= L5 72 19
200 Gev VP3+ M2 1.2 140 36
1.5 79 20
PYTHIA 540 130
CTEQ®61 2M. 1.2 230 57
1.5 90 25
VD34 M2 1.2 280 68
1.5 120 31
PYTHIA 370 91
GRV9Rlo 2M,. 1.2 190 38
1.5 78 17
/P%+ M2 1.2 220 13
1.5 97 20
PYTHIA 120 30
PHENIX H4 + 381 123 + 47
STAR 1400 4 600 300 £+ 130
Jan Uphoff Heavy quark production and elliptic flow at RHIC and LHC Hirschegg , January 20, 2010



GOETHE @4

Comparison with Hydro UNIVERSITAT
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A. El, Z. Xu and C. Greiner, arXiv: 0907.4500 [hep-ph]
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Eta/s extraction UNIVERSITAT

ZX and C.Greiner, PRL 100, 172301, (2008)

1 (EG-2) 1
Ins =g N %_<E_ZZ> Rtr[f]+%deC[f]

transport rate

o [dw I‘E’z C[f]—<§>jdw CIf]

1 /p:
-3H{E)
Ss=4n—-nlnA

~no" = njdé’d—asin2 0
dé
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Partonic cross sections UNIVERSITAT

FRANKFURT AM MAIN

2

dﬂ' _ |ﬂgg—>cﬁ|
dt 167 52

22 52

8 (M2 —u M2t
2 2 =
(M? —t)(M u)+3( — + ﬂ—u)

16M2 [ M?+t M? +u 6,
R e e R
6  M(t—u)? M?(s — 4M?)

SO 02 —u) 3 (M2~ )(M2 —u)

2
3
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Partonic cross sections UNIVERSITAT

FRANKFURT AM MAIN

c g c i [
g q c g 3

Tl 4M? M1 1+ x 7 31M?
= 5 (1200 2 (1) - (120

4M?2
x=\/l—
5

q+q—c+c

ST

qu—ﬂca(ﬁ) = (S -+ ZME) X

27s




