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Heavy lon Collisions are Complicated!

Models are needed for:
@ Initial state
@ Evolution of the medium

@ High-pr physics (‘jet physics”)
@ Phase transition

Some tools:

@ Parameterizations (e.g. Bjorken) @ Lattice QCD

@ Hydrodynamics @ AdS/CFT
@ Transport models @ pQCD (BDMPS, ASW, AMY, ...)
The problem

No model can describe all (most) aspects of the medium evolution.

O. Fochler Jets and v» in Partonic Transport 2/20



Heavy lon Collisions are Complicated!

Models are needed for:
@ Initial state
@ Evolution of the medium

@ High-pr physics (‘jet physics”)
@ Phase transition

Some tools:

@ Parameterizations (e.g. Bjorken) @ Lattice QCD

@ Hydrodynamics @ AdS/CFT
@ Transport models @ pQCD (BDMPS, ASW, AMY, ...)
The problem

No model can describe all (most) aspects of the medium evolution.

O. Fochler Jets and v» in Partonic Transport 2/20



Elliptic Flow and Suppression of Jets

Jet suppression
p+p Au+Au >
o Ras = d NAA/dy dpr
> h* Tan dPonn/dy dor
7 @ Strong suppression of jets compared to

p + p reference

Collective behavior of the medium

a*N a2N =
Edp ~ Gy dbr (1 + 2 2uncos (g - w)

@ Elliptic flow: Fourier coefficient v»

@ Hydrodynamic behavior
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Elliptic Flow and Suppression of Jets

H
&

T T
ALICE Pb-Pb \5yy =276 TeV (0-5%)
STAR AurAu \5, = 200 GeV (0-5%)
PHENIX Au-AU (5, = 200 GeV (0- 10%)

Jet suppression

_ d2 NAA/dy de
TAA dZO’NN/dy d,OT

Raa

@ Strong suppression of jets compared to
p + p reference

[ o . oap ‘
Collective behavior of the medium = oasld b 3
02 i 3 30-40% (STAR)
dsN d2N = o.15f— 3
E ~ 1 2 —v E ‘1/ R
Fp " dy de< +z_; vacos [n(¢ R)]) b e
W= E x‘.g
0.05F ¥
@ Elliptic flow: Fourier coefficient vz A
05 1 15 2 25 3 35 4 45
@ Hydrodynamic behavior P, (GeV/c)

O. Fochler Jets and v» in Partonic Transport 3/20



Elliptic Flow and Suppression of Jets

H
&

T T
ALICE Pb-Pb \5yy =276 TeV (0-5%)
STAR AurAu \5, = 200 GeV (0-5%)
PHENIX Au-AU (5, = 200 GeV (0- 10%)

Jet suppression

_ C/2 NAA/dy de
TAA dZO’NN/dy d,OT

Raa

@ Strong suppression of jets compared to
p + p reference

», (Govic)

-~ 03 T T
Collective behavior of the medium F ozt E 3
02 i 3 30-40% (STAR) {
BN PN = o1sf i
E—— ~ 1 2 v : P o v
Fp " dy de< +; Vn Cos [n(¢ R)]) ol f.‘f:“'*‘i
o . o o.osf—é:’é"’a
@ Elliptic flow: Fourier coefficient v» 54 ‘ ‘
05 1 15 2 25 3 35 4 45
@ Hydrodynamic behavior P, (GeV/c)

Common description of Ras and vs is difficult
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@ The Model - BAMPS
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Partonic Transport Model - BAMPS

BAMPS = Boltzmann Approach to Multiple Particle Scattering

Microscopic transport simulations with full dynamics

Attack various problems within one model.
(elliptic flow, Raa, thermalization, ...)

Solve Boltzmann equation for 2 — 2 and 2 <> 3 processes based on
LO pQCD matrix elements.

p”auf (va) =Cos2 (Xa p) + Caes3 (Xv p)

1Z. Xu, C. Greiner, Phys. Rev. C71 (2005)
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Partonic Transport Model - BAMPS

BAMPS = Boltzmann Approach to Multiple Particle Scattering

Microscopic transport simulations with full dynamics

Attack various problems within one model.
(elliptic flow, Raa, thermalization, ...)

BAMPS Time: 0.6 fm BAMPS Time: 87 fm BAMPS

Visualization by Jan Uphoff
Visualization framework courtesy MADAI collaboration
funded by the NSF under grant NSF-PHY-09-41373

1Z. Xu, C. Greiner, Phys. Rev. C71 (2005)
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Partonic Transport Model - BAMPS
Monte Carlo sampling of interactions

@ Massless Boltzmann particles (gluons, quarks)

@ Discretize: - TS
o Spatial cells AV e, TN
o Time steps At LI
® o L
@ Sampling of interaction probabilities from LOpQCD | [, * e @
2 — 2 Small angle cross sections gL
2 <+ 3 Gunion Bertsch matrix element
@ Fixed coupling (as = 0.3)
9g — gg cross section Gunion Bertsch matrix element
dogg—sgg . 9ra? Mo, 727%028? 4873
a S ag rmy el S @m0

Debye screening (dynamic): m3 = dgmas f o ” 1 5 (Nofg + Nifq)
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Implemented Processes (gluons and light quarks)

2 — 2 processes 2 < 3 processes

Original BAMPS version (Ny = 0): Original BAMPS version (N; = 0):
99—99 99+ 999

O. Fochler Jets and v» in Partonic Transport 7120



Implemented Processes (gluons and light quarks)

2 — 2 processes 2 <> 3 processes

Original BAMPS version (Ny = 0):
99 —99

Including light quarks (N; = 3):
9994

qg—9gg and q3—dQq
99— qg9 and a9 — Qa9
99 —+qq

g9 —+qq and g9 —qq
99 —-qq and q§ —qQ@

v

Original BAMPS version (N; = 0):

99999

Including light quarks (N; = 3):
99+ 49gg and 49+« qg9g
99+ qqg
9q<qqg and 49+ qqg
qq <+ qq'g and g3 < qd'g

@ Emission of gluon factorizes: [Mgs|? = |Meoi|* P?
. 2 2 2 2
@ Re-use Mgggge’ |[Mxoxgl” = |Mx_x| [|Mggﬂggg| /I Mgg—gg] ]

@ Use small angle cross sections for scaling — simple prefactors
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Implemented Processes (gluons and light quarks)

2 — 2 processes 2 <> 3 processes

Original BAMPS version (N; = 0): Original BAMPS version (N; = 0):
99 —99 99999

Including light quarks (N; = 3): Including light quarks (N; = 3):
99—4qq gg<qgg and  gg+< 4gg
qg—99 and qg—qq 94 < qag
99— qg and a9 —4qg Ggq < qqg and Gg < gag
99— 4qq qq <+qq'g and 93 +qd'g
gg9—qq and G9—qq
99 »qq and g3 —qq

v <

@ Emission of gluon factorizes: [Mgs|? = |Meoi|* P?
. 2 2 2 2
@ Re-use Mgggge’ |[Mxoxgl” = |Mx_x| [|Mggﬂggg| /I Mgg—gg] ]

@ Use small angle cross sections for scaling — simple prefactors
@ Modell LPM effect by rate-dependent cutoff in 2 «<» 3 processes
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Some Results from BAMPS

@ Fast thermalization, < 1fm/c Z. Xu, C. Greiner, PRC 71 (2005)

@ Small viscosity, n/s ~ 0.1 — 0.2
Z. Xu, C. Greiner, H. Stoecker PRL 101 (2008) / Z. Xu, C. Greiner PRL 100 (2008)

@ Investigate heavy quark production and dynamics

J. Uphoff, OF et al., PRC 82 (2010)

@ Can serve as reference for viscous hydro I. Bouras et al. PRL 103 (2009)

@ Investigate hydrodynamic shocks / Mach cones
|. Bouras et al. PRL 103 (2009) / I. Bouras et al. J.Phys.Conf.Ser. 270

prlGeV]

O. Fochler

——b=4fm
nls ——b=6.3fm
016 ——b=8.6 fm

t (fmlc)

Jets and v» in Partonic Transport

PPy

ideal hydro

Y| VSHASTA: /s =001

\ VSHASTA: 1)/s = 0.2
BAMPS: 1/s =

1.00 -
080 >
080 BAMPS: 1/s =
070
060
050 t=32fmlc

0.40
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@ Elliptic Flow
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Elliptic Flow at RHIC

v» at RHIC from BAMPS Parameters:

g;g ] T g e eevm}: f @ Coupling s = 0.3t0 ag =0.6
Y2 008} e eewmd  © Freeze-out energy density

o] —oma08 008GV ec = 0.6GeVim= to

005 E ec=1.0GeVfm—3

g:g:: i @ Ny =0 (purely gluons)

002F & prosen drack-based i @ Mini jet initial conditions

gg; E IPHOBOS Hit-based N 1 (po —14 GeV)

0 50 100 150 200 250 300 350

<Npm>

@ Medium develops strong collectivity using pQCD-based
interactions xu, Greiner, PRC 79 (2009)

@ (w) can be described over a large range of centrality
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Elliptic flow at RHIC

Differential v2(pr) at RHIC from BAMPS High-pr v» from BAMPS

0.2

0.2
gluons (N=3) = gluons =
quarks (N=3) fit
gluons (N=0) ——
0.15 PHENIX, 7°, 20-30% —4— ¢ o® 0.15
PHENIX, n*+K*, 20-40% —*— | o

Va

0 1 2 53 ;t 5 0 0 ;3 1l0 1‘5 éO 25
pr[GeV] pr[GeV]
@ Differential elliptic flow of gluons and quarks is (almost) the same
@ NCQ scaling the experimental data, the magnitude of quark
Vo(pr) is ok, but peak shifts = hadronization mechanisms?

@ Qualitative features of high-pr v» agree with PHENIX 70 data

o fitted using va(pr) = (a+ pin) %
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Elliptic flow at LHC

Differential vo(pr) at LHC from BAMPS

0.2

gluons (Pb+Pb) =
quarks (Pb+Pb) ®
gluons (Au+Au)
0.15 ALICE, h*+h’, 20-30% —=—

V2

Integrated v» as a function of centrality

0.14 |BAMPS Pb+Pb @
ALICE v2{2} —o—
0.12 ALICE v2{4} —=—
0.1 ., ¢ T e 0
4 .
A, 0.08 ¢t i i
> -
v 1
0.06 . *
004 @
| |
0.02 i i
*
0

0 10 20 30 40 50 60 70 80
centrality (%)

@ Differential vo(p7) in LHC and RHIC simulations (almost) the same
@ Integrated v» is increased due to shift in (pr)
@ Integrated v» drops too fast below Npart =~ 150

Artefact of meanwhile fixed problem

O. Fochler
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Elliptic flow at LHC

Differential vo(pr) at LHC from BAMPS Integrated v» as a function Npart
0.2 —
gluons (Pb+Pb) = 0.14 BAMPS Pb+Pb 2.76 GeV 4
quarks (Pb+Pb) o BAMPS Au+Au 200 AGeV v
gluons (Au+Au) 0.12 ALICE v2{2} —e— |4
0.15 ALICE, h*+h’, 20-30% —=— ALICE v2{4} —=—
0.1 o0 @ e
A
s dooomf 40 ce
Y 006 b4 t *
. v ¢ - u
004l 7 Ty *
v - 1 %
0.02 ¢ L by
* Y *
0 . . : . . . . 0 T ————————
0 05 1 15 2 25 3 35 4 0 50 100 150 200 250 300 350 400 450
pr[GeV] Npart

@ Differential vo(p7) in LHC and RHIC simulations (almost) the same
@ Integrated v» is increased due to shift in (pr)

@ Integrated v» drops too fast below Npart =~ 150
Artefact of meanwhile fixed problem
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e Jet Suppression
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Energy Loss in a Static Medium

Static Medium (brick): T = const, no expansion )
Energy loss from elastic processes Energy loss including 2 < 3 processes
3 300
4 sl 2
35 2r 250 t 15 [
5 ?:n 1
E Foaol ol .
> 25°r N 100 200 300
S [}
N 2t O, 150
* 3
3 is; 4 100
° il
P 50 T=0.3GeV
05} gluon T=0.4GeV
o quark e T=0.5GeV
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
E [GeV] E [GeV]

@ Strong energy loss from 2 — 3 processes
o Complex interplay of GB matrix element and LPM cutoff
o Prefered gluon radiation into y < 0 (backward) direction
@ Only small difference between quarks and gluons
o lterative computation of rates due to LPM restriction
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Energy Loss in a Static Medium

Distribution of AE AFE versus radiated energy w
‘ ' ' ' " E-10GeV 60
20r E = 50 GeV -
E =400 GeV 50
o 15f o
: z
= g 30
% 10 + Kk
: < 20
5t
10
0 bl : . . | | | | | |
0 01 0.2 0.3 0.4 0.5 0.6 0.7 50 100 150 200 250 300 350 400
AE/E =y

@ Broad distribution of energy loss AE per collision
@ AE is larger than the energy of the radiated gluon
o AE = Ej— max(El,) >w
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Jet Suppression in RHIC Simulations

Raa, Au +Au at 200 A GeV, 0%—10 %

1

Raa, Au+ Au at 200 A GeV, 40 %—-50 %

1
BAMPS, 7°, b=3.4 fm —4— BAMPS, 1°, b=0.6 fm —4—
PHENIX, 7°, 0-10% —o— PHENIX, 7°, 40-50% ~—®—
0.8 BAMPS quarks 0.8 BAMPS quarks
BAMPS gluons ---&--- BAMPS gluons ---&--
e
s g e ety i + l
o« o el ¢
0.4 % 0.4
.
® L
5 !
0.2 “Soeeatonees® © 0.2
P e o o2 a2 l8
0 ! . A : 0
0 5 10 15 20 25 30 0 5 10 15 20 25 30
pr[GeV] pr[GeV]

@ Hadronization via AKK fragmentation functions
@ Suppression in BAMPS is too strong
e Strong mean energy loss in 2 — 3 processes
o Sizeable conversion of quark jets into gluon jets
o Small difference in the energy loss of quarks and gluons
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Jet Suppression in LHC Simulations

Raa, Pb+Pb at2.76 ATeV, b = 0fm, (data: 0%—5 %)

0.6
BAMPS h*+h’, b=0 fm —A—
05} BAMPS h*+h’, b=0 fm (RHIC) -~
: ALICE, h*+h’, 0-5% —o—
BAMPS quarks
04 - ’- BAMPS gluons -
5 AMPS gluons
: t
o
2osfl E
. . '
b e ¢
o2f % .
'~.. L
0.1+
0 LA
0

@ PYTHIA initial conditions (Uphoff, OF et al. PRC 82 (2010))
as = 0.3,cc = 0.6GeVfm—3

@ Rap almost identical to RHIC, does not reproduce rise towards
large pr
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Advertisement - Other projects

Heavy flavor in BAMPS Reconstructed jets in BAMPS
03 i j T electrons (v‘nini—jels‘lc) - ° HH I ' CMS Pb+Pb 2.76 TeV —
0.25 charm and bottom quarks (mini-jets IC) - 4.5 BAMP%MSR‘;?ZQ?; e
i electrons (PYTHIA IC) 4} Hh BAMPS, initial ——1
charm and bottom quarks (PYTHIA IC) -
0.2 35 ||
0.15 _
= £
0.1 =
0.05 running coupling, k=0.2, K=4
0
Pb+Pb _
oo L_o=278TeV bt
"o 1 2 3 4 5 & 7 8

0.8 1

pr [GeV]

Talk by Jan Uphoff Talk by Florian Senzel
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@ Partonic transport provides means of:

e exploring the dynamics of the medium evolution based on pQCD
processes
o exploring different observables within a common framework

@ Strong collective flow of the medium is reproduced
@ Suppression of jets is too strong using the same parameters
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@ Partonic transport provides means of:

e exploring the dynamics of the medium evolution based on pQCD
processes
o exploring different observables within a common framework

@ Strong collective flow of the medium is reproduced
@ Suppression of jets is too strong using the same parameters

There is a lot of ongoing work aimed at improvements and future
extensions. ..

O. Fochler Jets and v» in Partonic Transport 19/20



Some more of our current and planned projects:

Running coupling for interactions of light quarks and gluons
@ A lot of work already done for heavy quark interactions sy Jan upof)
@ Numerically challenging
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Explore sensitivity of results on model parameters
@ Especially: LPM cutoff and the freeze out criterion
o AISO InveStIgate f|UC’[ua’[I0nS7 (numerically challenging)
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Some more of our current and planned projects:

Running coupling for interactions of light quarks and gluons
@ A lot of work already done for heavy quark interactions sy Jan upof)
@ Numerically challenging

Explore sensitivity of results on model parameters

@ Especially: LPM cutoff and the freeze out criterion
o AISO InveStIgate f|UC’[ua’[I0nS7 (numerically challenging)
Explore local Monte Carlo implementation of the LPM effect
@ Zapp, Wiedemann, et al. / Coleman-Smith, Bass, et al.
@ 1st step: apply only to 2 — 3 involving high energy particles
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Additional material |

Jets and v» in Partonic Transport



@ sensitivity on the LPM Cutoff
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Modelling of the LPM Effect
Multiple gluon emission = interference l % % %%mmém

@ Difficult to realize in a semi-classical transport model
@ Ansatz: Discard possible interference processes (Bethe-Heitler)
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Modelling of the LPM Effect

Multiple gluon emission = interference l % % %%mmém

@ Difficult to realize in a semi-classical transport model
@ Ansatz: Discard possible interference processes (Bethe-Heitler)

Parent must not scatter during formation time of emitted gluon

’Mggaggg‘z — ng—>ggg|2 ©(\-1)

2
E=100GeV ——
E=60GeV ——
E =20 GeV

Comparison of A und 7 requires consideration of
different Lorentz frames

K [Gev]
=

ON-7)=0 (kLA _coshy (1+ 8 tanhy cosé)))

Ji-p2
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Sensitivity on the LPM Cut-Off

Parameters in BAMPS

@ Coupling strength as
@ Critical freeze-out energy density ¢
@ LPM cut-off

The effective implementation of the LPM cut-off requires Ag > 7.
Only qualitative argument, introduce factor X to test sensitivity.

ol _xX
@(k —/\g>—>@<kL X/\g>
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Sensitivity on the LPM Cut-Off

0gg—ggg for different X (T = 400 MeV) dE /dx for different X (T = 400 MeV)

250

4

200 |

1

a3 [mb]
dE/dx [GeV/fm]

=) @

8 g

o
S

50 100 150 200 250 300 350 400 50 100 150 200 250 300 350 400
E [GeV]

Uggﬁggg’wquifdkff}’“'@(kl—x/\lg)

@ Large X reduces total cross section

@ Sampling of outgoing particles affected in non-trivial way

@ Energy loss per collision only slightly affected, main contribution to
the change in energy loss from change in o.
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Sensitivity on the LPM Cut-Off

Raa for different X (b = 7fm)

v, for different X (b = 7fm)

05 : 0.2
- X=1 ® X=1 ®
Xx=2 M x=2 W
04 u 015
[} G [
(N | = ¥ e
0.3 | | n 041}
<
2 " u K F 4 (X ®
< ®e LI | ¢ -
0.2 1 005+ ®
] ° | |
L J °® [ J e e
[ [
0.1 ° o0 | o -
[ ]
® [
0 . . . . . . 0.05 . . . . ,
0 5 10 15 20 25 30 2 4 6 8 10
pt[GeV] pt[GeV]
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e Rates and Spectra
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Rates and Mean Free Paths

Interaction rates (T = 0.4 GeV) Mean free path (T = 0.4 GeV)
6 . , . . . 07 . . . .
g,22 —— gluon
,23 rk ——
5} 3,32 06 g.q::it, |
q,22 q,NO it e
q,23 - 0.5 q, no it. g input
rl q.32 -
g E 0.4
c < 03
0.2 F
0.1
300 350 400 0 0 5';0 160 1;50 260 2‘50 360 3;50 400

E [GeV]
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Radiation Spectra

Radiation spectrum (E = 50 GeV)

0.45 — .

T=0.3GeV
0.4 T=04GeV -
T=05GeV ==~

0.35

o
w

0.25

o
M)

0.15 [

o dN/ (N dodz) [GeV]

°
o

0.05

©[GeV]
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Radiation Distributions

Angular distribution (E = 50 GeV) Distribution of momentum transfers
0.6 T
i 0.0GeV<w<25GeV q, E=50GeV ———
25GeV<w<50GeV - 05 ki, E =50 GeV e 1
50GeV<w<75GeV ~ i qy, E =400 GeV
75GeV<w<10GeV ==m== ki, E = 400 GeV
— 0.1 0.4
kel 5 0.3
% o0t
< 0.2
0.001 b~ 0.1
0
0.0001 0 5 10 15 20
-1 1 x/mp
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