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Overview

Introduction
e contributing photon sources in heavy ion collisions
e The direct photon puzzle
Photons in partonic transport
e transport approach BAMPS
e Photon emission rates in BAMPS
Results and interpretation
e pr-spectra from BAMPS
e Elliptic flow from BAMPS
e high-pr leakage effect for Jets
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Introduction

o Contributions of different stages of the
heavy ion collision

o Former attempts to describe CERN-SPS data
o Nonequilibrium contributions

o The direct photon puzzle

Moritz Greif (Frankfurt University)



Basic picture and well-known physics

pQCD photons = prompt photons = initial photons

@ Klasen et al., Eur. Phys. J. C (2014) 74:3009, Owens, Rev.Mod.Phys.59,456
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more or less under control pr 2 2GeV.
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Basic picture and well-known physics

Thermal photons from QGP and hadron gas

@ Take some photon rate (R = N7 /volume/time):

dR 2912 F
e.g. a simple elastic rate: Eﬂ = CEMQSM?S T2 E/TIn ( > T>

@ Take some heavy ion background information T(X, t), u*(X, t)
© Obtain the photon spectrum:

dNn
E— = / d*x R(p‘uu(%,t), T(% 1))
d p heavy ion collision

QGP phase

originally made by Chun Shen
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Basic picture and well-known physics

Direct photon production=not from decay

Moritz Greif (Frankfurt Univ

Photon rate folded with
fireball evolution:

PHYSICAL REVIEW C 69, 014903 (2004)
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Basic picture and well-known physics

Example: Direct photon studies in former times

- CERN SPS: WA98 - (around 1999-2004)

P. Huovinen et al. / Physics Letters B 535 (2002) 109-
101 !\_‘ TTTT
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— Wk 3 (AMY+Rapp)
! 10 F = . .
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& 10 F E
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Basic picture and well-known physics

Example: Direct photon studies in former times

- CERN SPS: WA98 - (around 1999-2004)
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Photon rate similar to today
(AMY+Rapp)

Background evolution: Bjorken,

diff. EOS

Data can not discriminate HG /
QGP

Role of QGP+pQCD photons
unclear

Elliptic flow not measured



Basic picture and well-known physics

Nonequilibrium contributions from Jets

10 T T T T T
3 ® PHENIX Prelim. 0-10%]| ] .

10 - - direct @ Studies done for pr ~ 4 — 14 GeV
IR - — - fragmentation N

10 NS -+ jet-medium . .
SE — sum @ Requires photon fragm. functions

1 @ Requires Jet distributions and energy

107

B loss
10°F - N = . . oy .
s -~ @ Elliptic flow positive/negative

PHYSICAL REVIEW C 80, 054909 (2009)

-10 L 1 Il 1 L 1 1 . . . .

e s 0 11w 16 s @ Diff. jet-photon conversion mechanism
py (GeVic)
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T irect photon puzzle

The direct photon puzzle

Explain theoretically yield and elliptic flow of photons
RHIC, Au+Au /s = 200GeV

Fireball model:

En

5 (a) Invariant yield (B)v, g .

a 10 . NPA933, 256 0.2 @ .

and priv. comm, :
%r% 1 — Primordial 1 . ﬁ @

w === Primordial 2 EI
107F g N
102

3L
10 ©v, PHENIX
02
10°L @Calorimeter
AusAu 20-40% f ®conversion
\Si=200GeV 0.15
10°E
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£ s I uh
= 0.05
C.E 2 4 Mﬂ* 18 s HH H
uD 2 u(II 1
P (GeWc) p (GeV/c)

Hees et al., NPA933, 256
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The direct photon puzzle

The direct photon puzzle

Explain theoretically yield and elliptic flow of photons

RHIC, Au+Au /s =

200GeV

PHSD transport model:

"%‘ 1ok (a) Invariant yield (b) v, R
S 0 PRC89, 034908, 021
= arXiv:1504.05699
qur% e and priv. comm. 0150 @EI
w
10k 01} E
102k 0.05|
10°% ’
(e)v, PHENIX
02
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\ 5=200GeV 0.15
1050
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3 4
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Linnyk et al., PRC 89,034908 (2014)
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The direct photon puzzle

The direct photon puzzle

Explain theoretically yield and elliptic flow of photons
RHIC, Au+Au /s = 200GeV

MUSIC hydrodynamics:

.% 1oF (a) Invariant yield (b) v, g .
(X . PRL114, 072301 0.2r
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T irect photon puzzle

The direct photon puzzle

Explain theoretically yield and elliptic flow of photons
LHC, Pb+Pb /s = 2.76TeV

direct photon spectra:

Comparison of
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The direct photon puzzle

The direct photon puzzle

Explain theoretically yield and elliptic flow of photons
LHC, Pb+Pb /s = 2.76TeV

MUSIC hydrodynamics:
arXiv:1509:06738

E— ALICE (prelim)
r — Direct

[ ammeee Thermal

f Pb-Pb 0-40%
[ Vs=2.76 TeV

0 05 1 15 2 25 3
pr (GeV)

Paquet et al, arXiv:1509:06738

Moritz Greif (Frankfurt University)



The direct photon puzzle

The direct photon puzzle

Explain theoretically yield and elliptic flow of photons
LHC, Pb+Pb /s = 2.76TeV

PHSD transport model:

PHYSICAL REVIEW C 92, 054914 (2015)

Direct photons
12,

Pb+Pb, s  ~=2.76 TeV, 0-40% central, |y|<0.7]

@ ALICE preliminary

015 | pHSD

0.05 L

0.00

1

0.0 0.5 1.0 15 2.0 2.5 3.0 3.5
p, [GeVic]

Linnyk et al., PRC 89,034908 (2014)
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The direct photon puzzle

Photons in partonic transport
o BAMPS
o Lorentz invariance of produced spectra
o Photon emission rates in literature
o Photon emission rates in BAMPS

o Influence of different Debye masses

Moritz Greif (Frankfurt University)



QGP transport approach

Our approach (in short): BAMPS

Boltzmann Approach to Multi Parton Scatterings

P"Ouf(x, p) = Colf] + Cas[f]

Time: 3.7 fm

BAMPS

ﬁ Zhe Xu & Carsten Greiner, 2005.
Phys. Rev. C 71 (2005) 064901.

°
.

2

4 i.

.o\ . o\
flep)— |0 |
Ax :

Many people have contributed to BAMPS: ...,Oliver
Fochler, Jan Uphoff, Florian Senzel, MG, Kai
Gallmeister, Kai Zhou + the Beijing group




QGP transport approach

BAMPS: Boltzmann Approach To Multi-Parton Scatterings

2<->2 .

P'Ouf (x, p) = Caaolf] + Casf] G 23 G,
Stochastic collision probability,

Total cross sections 02;(s), 023(s),
Fully Lorentz-invariant formulation

022 At

Py = Vpg——
Niest A X

0923 At
Ntest A3

N
2EE

Pz = Viel —— , P =

Vrel =

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

Moritz Greif (Frankfurt University)



QGP transport approach

BAMPS: run as a fixed box

f. dN 1 F)T
. Baseline: ;& = e

, ° Box calculations useful:

~ N @ Test and compare effect of
fx,p)—|. " Jooe | Y cross sections
« e | @ Extract Rates

\
~

. @ Extract transport coefficients

Moritz Greif (Frankfurt University) 13



BAMPS: expanding Heavy-lon collision

’ 2 <-->2 .
p“@uf(x, p) = sz[f] + ng[f] W .2:;37(:&.

7N
PYTHIA-Glauber AA = pp X Npinary noneq. QGP
@ Reproduce dEr/dy distribution for RHIC or
L. LHC data
4 1.
> N @ onshell massless particles g, g
S e e . p q, q,g7'7
p)—|. " S
f 4 . /'. SR @ pQCD cross sections, radiative
- ML b Gluons/Photons: LPM-suppression modelled
Ax

@ Compton/Annihilation- v-production
Phys. Rev. C 71 (2005) 064901 P P

@ Exact Bremsstrahlung qg — qqv
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QGP transport approach

Exact Lorentz covariant collision algorithm

Spectrum of produced particles allright? General production rate:

dR 1 d3p; d®p, d3ps
0
= We o o
p4d3ﬁ4 2(277)3/2p?(27r)3/2pg(27r)3/2pg(27r)3f1f2 Piparpspa

Finally:
Sampling of the Juettner distribution
10°
dR ./\fn _ (vE—Bxpx) . XX e
F5 = 2o (E=Baypd) e T 10
P v 102 o
By : boost velocit 500 Pl Quiarks + Gluons
X - y [0 4 o
=10
o x
N : constant £ 05
. -6
n: LRF density 10 Analytc, 1=
o : isotropic cross 108 __ BAMPS,Juettner=15
. -3 2 -1 0 1 2
section p,(GeV]
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QGP transport approach

Exact Lorentz covariant collision algorithm

Spectrum of produced particles allright? General production rate:

dR 1 d3p; d®p, d3ps
0
= We o o
p4d3ﬁ4 2(277)3/2p?(27r)3/2pg(27r)3/2pg(27r)3f1f2 Piparpspa

Finally:
BAMPS vs. analytics, p, distribution, Juettner equilibrium
10 ;
dR ./\fn (YE=Bxvpx) 0 2322388
_ — 10 : CRPTY = 4 £
FEA ZEU(’)’E*BXPYPX) € ! 10 Feg ant L’“*‘—“‘,‘“AA
P 0 L =
. 108 ' o
By : boost velocity 3 0 B Sns Rt eross 2eRsr"
g 10°
N : constant g 100
" e
. = J
n: LRF denSIty 108 Analytic, y=1.2 = —— - - - 1
BAMPS, y=1.2 a
. . 100 Analytic, =3 ]
ag . ISOtI"OpIC Cross 10710 | BAMPS,y=3 ‘
. -1.5 -1 -0.5 0 0.5 1 15 2 25
section p[GeV]

Moritz Greif (Frankfurt University)



Photon rates and their implementation in BAMPS

Photon emission rate

d3R _gv

Er— =
KBk~ (2r)?

with finite temperature retarded photon self-energy I'Iﬁl,.

ImI'Iﬁ,,(Ek, k)

Figure : The photon self energy at one loop order, and the only possible cut. No
phase space, no contribution.

@ Finite-temperature field theory, Kapusta,Gale, Cambridge University Press 2006
@ Carrington et al., PRD 67, 025021 (2003)

E Wong, PRD 64, 025007 (2001

Moritz Greif (Frankfurt University)



Photon rates and their implementation in BAMPS

Photon emission rate

d3R _gv

Er— =
KBk~ (2r)?

with finite temperature retarded photon self-energy I'Iﬁl,.

Imrlﬁy(Ek, k)

Figure : One particular contribution to the photon self energy at two loop order,
and one particular cut that is possible. Accounts for squared amplitude channels.

@ Finite-temperature field theory, Kapusta,Gale, Cambridge University Press 2006

@ Carrington et al., PRD 67, 025021 (2003)

E Wong, PRD 64, 025007 (2001

Moritz Greif (Frankfurt University) 16



Photon rates and their implementation in BAMPS

Photon emission rate

d3R gt

Er— =
KBk~ (2r)?

ImI'Iﬁ,,(Ek, k)

with finite temperature retarded photon self-energy I'Iﬁl,.

g 79 v
q 7 q q
q v aq ol
q g q g9

@ Finite-temperature field theory, Kapusta,Gale, Cambridge University Press 2006
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Photon rates and their implementation in BAMPS

Photon emission rate

d3R g

E—— —
KBk (2r)?

Iml'lﬁl,(Ek, k)

with finite temperature retarded photon self-energy I_Iﬁ,,.
\ /
\ /

@ Finite-temperature field theory, Kapusta,Gale, Cambridge University Press 2006

@ Carrington et al., PRD 67, 025021 (2003)

@ Wong, PRD 64, 025007 (2001)

Moritz Greif (Frankfurt University) 16



Photon rates and their implementation in BAMPS

Photon emission rate

d3R g

E—— —
KBk~ (2r)?

with finite temperature retarded photon self-energy I'Iﬁl,.

ImI'Iﬁ,,(Ek, k)

*

Figure : Interference contribution between s- and u-channel of the Compton
scattering process.

@ Finite-temperature field theory, Kapusta,Gale, Cambridge University Press 2006
@ Carrington et al., PRD 67, 025021 (2003)

@ Wong, PRD 64, 025007 (2001)
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Photon rates and their implementation in BAMPS

Elastic photon production rate

Hard momentum transfers t > t*:

d3/ d3k/ 4 (4) , ,
P+P —K—K
R=n [$F / /25‘/2&, 6P+ )

x |MI*F(P (1££(K")
+ Soft momentum transfers t < t* (HTL propagators and vertices):
d3R g -
— == Ex, k
ok~ amp (B k)

The sum gives total HTL resummed finite rate:

(independent of t*)

dR QEMXstron _ 2912 E
s — 2 | XEMQstrong 12 —£/T | £
d3p R (Z q’> 272 g52 T

Compton+Annihilation i

@ Kapusta, Lichard, Seibert, Phys. Rev. D 44, 2774 (1991)
Moritz Greif (Frankfurt University) 17




Photon rates and their implementation in BAMPS

Elastic photon production rate in BAMPS

Two sources of lacking precision:
A) Compton and annihilation matrix elements in BAMPS

s2 4 st s2 4 st
)2

16
IM|* = —7*aa +
3 T\ (s+mp )2 (u—mp,

128 tu tu
IM|? = —n?aa 4
9 ’ (t - m%),q)z (LI - rn%),q)2

..instead of HTL resummed loop for t < t*.

B) Statistics in BAMPS
Pauli-Blocking/Bose-Enhancement missing- only classical statistics.

Moritz Greif (Frankfurt University)



Photon rates and their implementation in BAMPS

Correction of elastic photon production rate in BAMPS

A) Compton and annihilation matrix elements in BAMPS

2 2
Correct by mp g — KMp .

Thermal mass for light quarks:

d3p 1
m%,q:gZCF/(zﬂl;p(@ + fq)

where Cr = 4/3 for QCD, and g?> = 47ay is the strong coupling.

B) Statistics in BAMPS

Correct by factor Cs,t in collision probability.

R—>R=Cstat/\/////...]./\/l]zf(P)f(P’) (M

Parameters x, Cgat tuned to total photon production rate R.

Moritz Greif (Frankfurt University)



Photon rates and their implementation in BAMPS

Correction of elastic photon production rate in BAMPS

A) Compton and annihilation matrix elements in BAMPS

Correct by m?, ¢ km? g k=245

Compare integrated rates with quantum statistics (zero’th moment):

° Rguantum, HTL from AMY (numerically integrated)

[§ P.Arnold, G. D. Moore, and L. G. Yaffe, JHEP. 0111, 057 (2001)

° Rguantum Born Using Shen et al. (numerically integrated)

[ C. Shen, J.-F. Paquet, U. Heinz, and C. Gale, Phys. Rev.C91, 014908,
q y
2015

Moritz Greif (Frankfurt University) 20



n BAMP.

Photon rates and the

Correction of elastic photon production rate in BAMPS

A) Compton and annihilation matrix elements in BAMPS

Correct by m?, g km? g =245

0.1
Born matrix elemenfs, quantum stétistics, k=2.45
AMY Elastic, quantum-statistics

0.08 - 05=0.3, Ni=3 1

Integrals equal 99.5%

o«
'_(I)
g 0.06 1
=
)
3
=
g
% 0.04 - R

BERILIL

0.02 | :"‘,:k,:‘»:ﬁ:‘.:i:‘e‘.‘ §§§§ 1
B s
S L
S I

o

%%}

o

%
B
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Photon rates and their implementation in BAMPS

Correction of elastic photon production rate in BAMPS

A) Compton and annihilation matrix elements in BAMPS

Correct by szyq — f-isz’q. Kk = 2.45

Moment | AMY/Born
Oth 99.5 %
1st 112.5 %
2nd 121.9 %
3rd 128.1 %
4th 132.1%

Table : The comparison of AMY with Born-photon rates for higher moments of the
photon rate, using the fixed value of x = 2.45.

Moritz Greif (Frankfurt University) 20



Photon rates and their implementation in BAMPS

Correction of elastic photon production rate in BAMPS

B) Statistics in BAMPS

Correct by overall factor C,t in collision probability. Csiay = 0.84.

0.1

Born m"atrix elements,‘ Boltzmann statistic K=2.45 X =
Cgtat X Born, Boltzmann statistics, k=2.45 — —
Born matrix elements, quantum statistics, k=2.45
0.08 | AMY Elastic, quantum-statistics 4
- 0g=0.3, Ni=3
'_tl)
tSE 0.06 Cgar=0.84 q
L
3
g
z 004 r 8 i
° 7
I L
0.02 - B Y 1
7% A0,
a0 PRRH
o RRRPRIRRRRIARG AL .
0 4 6 8 10

E/T

Moritz Greif (Frankfurt Univ ) 21



Photon rate mplementation in BAMPS

Final elastic matrix element in BAMPS:

2 2
16 s+ st 7+ st
2 2
[Mefiective = Cstat | 128+ —7 s T2 PRV
3 (s + wmj, q) (u— rkmj q)
128 , tu tu

0.4

BAMPS, Boltzmann statistics, 2«52, «:
0.35 Analytic, Boltzmann statistics, «:
BAMPS, Boltzmann statistics, 232, k=1.0 L]

E (dR/AE)/ogpors T

22



Photon rates and their implementation in BAMPS

Photon production: higher order loops

Photon rate at order O(e*g2T*) obtained via y-self energy.
& g

p1 p3 1 p3

P2 S Pi P2 P4

pa+k

(a) iMq (b) iMs

Figure : The diagrams we use in BAMPS.

@ e.g. P. Arnold, G. D. Moore, and L. G. Yaffe, JHEP. 0111, 057 (2001)

Moritz Greif (Frankfurt University)
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Photon rates and their implementation in BAMPS

Photon Bremsstrahlung processes: The exact matrix
element

Using the MATHEMATICA package FEYNCALC 8.2.0:

35)B% — 2(34)A(2(25) — B— mp, )
23)A((25)C + (45)(—B — mijq)) + (24)A(2(34)A+ (35)(A+ B)) + (25)D é\
F = (24)A(A + B) + (25)B2 /
G = (23)A((24) B + (45)A) + (34)F —

H = —2(23)B+ (34)(—B — mj, ;) + (35)m},

J = (45)H + (24)(35)B + (25)((34)C + 2(35)(45))

A((12)) = 2(13)(24)(45)4) + (W)E + (15)G
A?B2(2(24) + 2(25) — 2(45) + m}, ,)?

A=2
B=2
C=4
D=(
E=(

— 12
IM* = ZEQE:MgHZS

(we defined the scalar product of 4-vectors (ij) = p; - p))

Moritz Greif (Frankfurt University)
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Photon rates and their implementation in BAMPS

Inelastic cross section for radiated photons

Exact matrix element computed, coordinate transformation from
Pin 15 Pin 2, Pout 15 Pout 2, K — integrate cross section:

f /2 /
23
2 S pl p/ p/

3

]
= m/dij_/dsz_/dy/d¢’M12—>1'2'3/|2j(kL,qL,y,(ﬁ)

/ Mgz [ (27)*6D (pr + py — py — ph — )
p1 Y p2

For each particle pair in cell: compute o3

(Mizsvry* (Pin1, P2, ki qu, v, 0)
VEGAS integration algorithm

If collision happens: sample outgoing momenta with
Metropolis-algorithm according to | M|

@ Numerically very demanding, needs Lookup-Tables.

Moritz Greif (Frankfurt University) 25



Photon rat:

and their implementation in BAMP.

Numerical sampling of the outgoing photon momenta

KT cyoft = 45 R —
A LPM constraint - Ao : BAMPS, kr g1011=0.1182 GeV/
"\ kinematical constraint — — — | 1 BAMPS, K ¢y=0.1182 GeV | . cutof [ ]
11 BAMPS, X py=0.3 @ quark 1
| P B 35 quark2
sF———== —_—————— ]
3
S o 25
ra

Ky [GeV]

0
b B _ 0
s 2 A ot 2 3 0 02 04 06 08 1
y qr [GeV]
45 kycutoff — - — 45 Vsi2 - .-
\si2 - 7 —— —
4+ T——— 4 BAMPS, Ky oo=0.1182GeV @
BAMPS, ky oo=0.1182GeV @
35+ 35

ar(Gev]

0 0.2 0.4 0.6 0.8 1 0 0.2

0.4 06 08 1 0
ke [GeV]

3 2 1 0 1 2 3
qr [GeV]
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Photon rates and their implementation in BAMPS

Comparison of bremsstrahlung in BAMPS with full rate

Zero’th moment divergent, badly suited for comparison:

Photon production rate

0.5 T T T T
Total
04 - s Bremsstrahlung-{
- Inelastic Pair
‘;} Annihilation
5 03 a2 > 2
&
5 Arnold, Moore, Yaffee
5} JHEP 12 (2001) 009
LR 02
=
01 4
o "/ Y B : —
0 2 4 6 8 10

Moritz Greif (Frankfurt University)

Photon energy k/T
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Photon rates and their implementation in BAMPS

Comparison of bremsstrahlung in BAMPS with full rate

Bremsstrahlung: BAMPS vs AMY, 1st moment

1 " AMY, inelastic
k=2, K=3.56, X pyy=0.3 — — —
(scaled by 0.15) k=0.1, K=3.56, X pyy=0.3 = — = -
0.8 [ x=1.0, K=38.56, X py=0.3 =—— -
Kk=1.0, K=3.56, X_pyy=0.1
/
o6 /. BAMPS (k=1.0, X, py=0.3,K=3.56) = AMY -|

E(dR/dE)/agyoT*

E/T

Figure : First moment of the inelastic rate from AMY compared to BAMPS. The

moments are equal, if we use a factor Kine] = 3.5.

eif (Frankfurt Uni



Photon rates and their implementation in BAMPS

Comparison of bremsstrahlung in BAMPS with full rate

Bremsstrahlung: BAMPS vs AMY, 2nd moment

2 " AMY, inelastic
BAMPS, only bremsstrahlung, K=3.56, X p\y=0.3 ——
BAMPS, only bremsstrahlung, K=3.56, X p\;=0.1
° 15 F 2nd moments (X, py;=0.3): 95,6% agreement -
T
o
3
=
L
3
o T 1
S
g T
/
o //////’
w A 1////
0.5 // /////// 7
i/ / /'////
i i
0 /1L /1L /1L /.
0.15 2 4 6 8 10

E/T

Figure : The factor Kinel = 3.5 has been fixed by comparing the first moment. Then

the second moment (shown in this plot) from BAMPS agrees within 5 % with AMY.

eif (Frankfurt
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Debye masses: different choices

5 T T T

recursive Dy

T T T T T T
ebye mass Mp(d(Mp?)), boltzmann statistic
recursive Debye mass mD(us(mbz)), quantum statistic = = -

lattice QCD Debye mass === mm= ==
(1)) ————
a@nT)) = = e
(7))
=03 == mmmun

mp/T

—
AN

0
0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8

mﬁ,yq = 41a,( Q)

N? —1

T [GeV]

d3p 1

2N,

(27_‘_)3 E (f;gluon +_f;|uark)

28



Debye masses

Debye masses: different choices

@ HTL formula with fixed oy = 0.3 and T = u,u, T*” /3n. Assumes
chemical+kinetical equilibrium.

@ HTL formula dynamically from BAMPS: nonequilibrium distribution
functions.
Proportional to fugacity!

@ HTL formula with a,((27T)?)
@ Lattice parametrization: drops at low T!

@ see Burnier, Kaczmarek, Rothkopf, JHEP 1512 (2015) 101

e selfconsistently solved with as(m?) following Andre Peshier
[§ sce Peshier, arXiv:hep-ph/0601119

Hydro: fixed ag in HTL resummed rates ~ equilibrium HTL Debye mass

Moritz Greif (Frankfurt University)
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Debye masses

Debye mass-choices: effect on Compton cross section

Effect of different Debye-Screening prescriptions, T = 0.200 GeV

- T 2
recursive Debye mass mp(otg(Mp”))  =——
5 =< ~ lattice QCD ngyse m% S m———
102 Lram == Y mp(ag((@nT)]) = = = - 4
F s ~N Mp(0g=0.3) = = = = = = -
- ~ Mp(Ug(S,1,U)) =
N 0,s=0.3 also on vertex
& ~N
>
[O)
9o
£10°
3
©
o
NN
R
N
4 I L
10
0.1 1 10 100

Moritz Greif (Frankfurt University)
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Debye masses

Debye mass-choices: effect on rates

T = 160 MeV: strong enhancement using Lattice Debye mass!

22 photoproduction for different Debye screening, T = 160 MeV

0.6 mp(a(s,t,u))

mMp(0s=0.3), running o, on vertezx _—
05 - mp(og((2nT)%) ——— |

lattice QCD Debye mass
recursive Debye mass mp(ag(mp©))

0.4

T e

0.2

0.1 _%/
0
0

E (dR/AE)/agyT*

\/ vV

Moritz Greif (Frankfurt University)



Debye masses

Debye mass-choices: effect on rates

22 photoproduction for different Debye screenings, T=400 MeV

0.3

0.25

0.2

0.15

E (dR/AE)/agyT*

0.1

0.05

~ mp(og(s,tu))

mMp(0s=0.3), running o, on vertezx
mp(o((2nT)%)

lattice QCD Debye mags

recursive Debye mass mp(ag(mp©))

Moritz Greif (Frankfurt University)
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Results and interpretation
o Hydrodynamic push for photons
o pr-spectra from BAMPS
o Fugacities, Temperatures
o Elliptic flow from BAMPS
o high-pr leakeage effect for Jets

Moritz Greif (Frankfurt University)
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Transfer of elliptic flow

Hydrodynamic push for produced particles

©
éGeee o o °
00 o &— o ° oo
(@ cf‘(‘ c e e
¢ e o0 ,°
C(ﬁ.c e %h ® o o
0(\00 iﬂ ° f\ﬁ o
.~ © 0 e ° "°
% e® "0
e & o ® .
©
(‘c ©
Background produced

distribution particles

Moritz Greif (Frankfurt University)
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Transfer of elliptic flow

Transfer of momentum anisotropy in equilibrium

Anisotropy of quark/gluon distribution

Fix STA;;‘ ~ exp(—ptu,/T) equilibrium with boost: 7y > 1

Analytic: v, = fd3_'— (PXJFP ) /fd3_'—

BAMPS: Average prp{ over all partons

=
x|
+
s}
<
A\

Anisotropy of produced photons

Photon production rate: E(fﬁ = function(p*u,, T) same v > 1

Analytic: v, = [ d3p 38 <p§+p ) /fd3_' ar

2_
BAMPS: Average Z§+Z{ over all photons
x TPy

N

Moritz Greif (Frankfurt University) 35



Transfer of elliptic flow

Transfer of momentum anisotropy in equilibrium

BAMPS results vs analytic expectation for anisotropys

oon
e
-

./ ﬂ / Particles in background Juettner-distribution BAMPS [ )
o Particles in background Juettner-distribution ANALYTIC - - - - - -
Particles produced with constant cross section BAMPS [ |
ﬁ Particles produced with constant cross section ANALYTIC
Particles produced via Compton+Annihilation BAMPS
Particles produced via Compton+Annihilation ANALYTIC
Il Il Il

’

1 L
2
9] 0.8
°
2
&
() 06 B
(@)
©
[¢]
>
S 04t
©
£
2
[ 0.2 K
/,//
op
1

1.2 1.4 2 3 5
v in Juettner-distribution

Moritz Greif (Frankfurt
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Transfer of elliptic flow

Transfer of momentum anisotropy in equilibrium

Thermal average anisotropy

0.8

0.6

0.4

0.2

BAMPS results vs analytic expectation for anisotropys

oo

®
/ |
h Bremsstrahlung BAMPS, X p)=0.1

) J
) Particles in background Juettner-distribution BAMPS [ )
. ﬁ Particles in background Juettner-distribution ANALYTIC - - - - - -
ﬁ Particles produced with constant cross section ANALYTIC
Particles produced via Compton+Annihilation BAMPS

Particles produced with constant cross section BAMPS [ |
Il

Particles produced via Compton+Annihilation ANALYTIC
Il Il Il

1.2 1.4

2 3 5
v in Juettner-distribution

Moritz Greif (Frankfurt
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Results from heavy-ion collisions

pr-spectra of photons

Compare results from BAMPS to 2+1D viscous hydro code MUSIC

10°

dN/(2np1dprdy) [GeV?]
3 3
% A

-

S
@
T

BAMPS elastic, 0,,=0.3
5 x BAMPS elastic, a,=0.3
MUSIC, only elastic

N
S,
I8
o

0.5 1 15 2
pr [GeV]

@ see Schenke et al., Phys.Rev. C82 (2010) 014903, Paquet et al.Phys.Rev. C93 (2016), 044906

Moritz Greif (Frankfurt Univ
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Results from heavy-ion collisions

pr-spectra of photons

Reason for 5 times lower yield: Fugacities

fugacity A

0.8

0.6

0.4

Gluons, central cell - - - - R
Gluons, [ng|<0.5, xy<1.5fm — — L
L Quarks, central cell = = * |
Quarks, |ng|<0.5, x7<1.5fm ——
L r N i . b i
I'\\\ . ° T T ~— -
I R
] 7 -
I -
I
I

t [fm/c]

@ see also Monnai, Phys. Rev. C 90, 021901, (2014)

Moritz Greif (Frankfurt University)
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Results from heavy-ion collisions

pr-spectra of photons

Compare results from BAMPS to 2+1D viscous hydro code MUSIC
Reason for shallower slope: different effective temperature in
BAMPS:

1.4 0-20 % Au+Au, \s=200AGeV —— 1.4 + central cell ——
. 20-40 % Au+Au, Vs=200AGeV —— tube: ng|<0.5, xr<1.5fm ——
12 ¢ 40-60 % Au+AU, \5=200AGeV - --- | 1.2 Bjorken, Tg=0.4,5=0.6 — —
1t 0-5 % Au+Au, Vs=200AGeV - - | 1L PRC84, 064901, viscous hydro = =
; \ 0-5 % Pb+Pb, Vs=2.76ATeV — - ; PRC84, 0549086, fireball model - - - -
T 0.8\ 3 08¢f i
O, [©] \ 0-20 % Au+Au, 5=200AGeV
= 067 = 067
04 ¢ 0.4 |
027 - — 0.2
0 L L L L L 0
0 1 2 3 4 5 6 0 1 2 3 4 5 6
t [fm/c] t [fm/c]

Moritz Greif (Frankfurt University) 38




Results from heavy-ion collisions

Time development of pr spectra in QGP phase

% of final photon spectrum

100

80

60

40

20

! R e —————
-_—— -
/, -
7 e - -
r / - - - -
.7 4fmic
/ e 3fmic =— — -
s 2fm/c = = =
. 1fm/c =====-
L
7 _.-"'-
- RHIC, b=8.5fm, 20-40% centrality,|y|<0.35
0.5 1 15 2 2.5

pr [GeV]

Moritz Greif (Frankfurt University)
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Results from heavy-ion collisions

pr-spectra of photons

Compare different Debye-Screening prescriptions: Can be large effect!

dN/(2rprdprdy) [GeV?]

HTL Debye mass 0,4=0.3, fixed coupling === =« =
selfconsistent Debye mass as(mnz)(Teq) ——
dynamic HTL Debye mass as((ZnT')Z), runn.olg

*e, MUSIC, thermal QGP = = = = = -

. Lattice Debye mass(Tgg) = = =

. T =~ Vet Teq

M Au+Au, 20-40%, |y|<0.35

pr [GeV]

Dynamical Debye mass includes fugacity:
mp(dynamical) & mp|r (Ve Teq) S Mplyry (Teq)

Moritz Greif (Frankfurt University)
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Results from heavy-ion collisions

pr-spectra of photons

Add BAMPS (only QGP) to hydro results: Schematic comparison with data

tempting...

10"

_. _L N

S S o
n - o
. . .

dN/(2npdprdy) [GeV?]

-

S
@
T

PRC91,064904 (2015)
BAMPS+HG+prompt = = =
AMPS(0.6fm/c)+Full Hydro
Hydro (MUSIC) — — -

0-20 % Au+Au, Vs=200AGeV

HTL Debye mass o=0.3

Moritz Greif (Frankfurt Un
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Results from heavy-ion collisions

pr-spectra of photons

Add BAMPS (only QGP) to hydro results: Schematic comparison with data

tempting...

Moritz Greif (Frankfurt Univ

dN/(2rpdp1dy) [GeV]

10"

—
o
=

_.
on

-
S
S

-
S
@

PRC91,064904 (2015)
BAMPS+HG+prompt

AMPS(0.6fm/c)+Full Hydro

Hydro (MUSIC)

running coupling

0-20 % Au+Au, Vs=200AGeV
dynamical HTL Debye mass

0.5

1 15 2 25
pr [GeV]
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Results from heavy-ion collisions

elliptic flow v,(pr) of photons

QGP photon v,

0.05 HTL Debye Mass, k=2.5
HTL Debye mass, only elastic ="~
0.04 - HTL Debye mass, only inelastic
Lattice Debye Mass, K=2.5 =======
0.03 I Lattice Debye Mass, parent pt < 2 GeV , K=2.5 = ===
Hydrocode MUSIC, arXiv:1602.01455 = = =
Phys.Rev. C77 (2008) 024909, Jet-QGP =~ ® =
0.02 4 7

RHIC,‘ 20-40 "/? centrali}y

0.5 1 1.5 2 2.5 3 35
pr [GeV]

Moritz Greif (Frankfurt Univ

@ negative v, at high pr
comparable to Jet-QGP
studies

@ low-pr shows
hydrodynamic push

o difference
elastic-inelastic to be
understood

@ see also Turbide et al.,
PRL96, 032303, (2006), Qin
et al., PRC80, 054909, (2009)
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Results from heavy-ion collisions

elliptic flow v,(pr) of photons

Add BAMPS (only QGP) to hydro results: Schematic comparison with data
tempting...

0.3 . . : \
arXiv: 1509 077(158 —
Q0 — —
0 el. BAMPS(o., _0 3)+HG(MUSIC)+Prompt - =]
" MPS 1fm/c + Hydro
(preliminary) BAMPS (o= 0 3 +HG (MUSIC)+Prompt - - - - -
0.2 i

photon v,
o
o

;!ll |i |

04 1
.
0.05 NN |
0 L
0 1 2 3 4 5

43
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Results from heavy-ion collisions

elliptic flow v,(pr) of photons

restrict max(p}, p3) < p*t:

pﬁrent-pan‘ons 0< p+/GeV < {1 —
parent-partons 0 < pr/GeV ¢ 1.5 =======
L parent-partons 0 < pr/GeV ¢ 2 ===~
0.08 parent-partons 0 < p1/GeV < 3 =====—
Hydrocode MUSIC, arXiv:1602.01455 = = =

0.08

QGP photon vy

-0.02

pr[GeV]

= verify this by box calculation

Moritz Greif (Frankfurt University)

0.5 1 1.5 2 25 3

@ negative flow originates
from high-pr-particles

o low-pr from
hydrodynamic push
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Results from heavy-ion collisions

Jet-contribution: negative elliptic flow v;(pr) of photons

Pure geometric effect "leakage effect":

Moritz Greif (Frankfurt University)
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Results from heavy-ion collisions

Jet-contribution: test elliptic flow v,(pr) of photons in box

5 different scenarios A-E:

Scenario A: square geometry, no flow, Jets

background
medium
at rest

Moritz Greif (Frankfurt University) 46



Results from heavy-ion collisions

Jet-contribution: test elliptic flow v,(pr) of photons in box

5 different scenarios A-E:

Scenario A: square geometry, no flow, Jets

Box calculation
1
scenario A — -
~ 05Ff
o
Y s e
~ 0 =
K
background g
medium s 05y
at rest
-1 L L L L L L L L L
0.5 1 1.5 2 25 3 35 4 45 5
€T pr [GeV]

Moritz Greif (Frankfurt University)



Results from heavy-ion collisions

Jet-contribution: test elliptic flow v,(p7) of photons in box

5 different scenarios A-E:

Scenario B: square geometry, flow in x-direction, no Jets

no Jets

flowing )
background L,,ﬂ
medium ‘

X

Moritz Greif (Frankfurt University) 47



Results from heavy-ion collisions

Jet-contribution: test elliptic flow v,(p7) of photons in box

5 different scenarios A-E:

Scenario B: square geometry, flow in x-direction, no Jets

Box calculation
1
n O J etS scenario B
~ 05p
<
Yy s
‘5, 0
flowing H
o ’4 a . L
background| 05
medium ‘ 1
i 0.5 1 1.5 2 25 3 35 4 4.5 5
:L‘ pr [GeV]
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Results from heavy-ion collisions

Jet-contribution: test elliptic flow v,(pr) of photons in box

5 different scenarios A-E:

Scenario C: square geometry, flow in x-direction, Jets

flowing N
background| 4)
medium ‘

X

Moritz Greif (Frankfurt University) 48



Results from heavy-ion collisions

Jet-contribution: test elliptic flow v,(pr) of photons in box

5 different scenarios A-E:

Scenario C: square geometry, flow in x-direction, Jets

Box calculation
1
scenario C, Jet pr=4 GeV — - -
~ 05}
a
¢ .=~
x - ~
Y E - o
~ 0 <=
A | c
flowing \ s
\ 2
— 5 o5l
background| 05
medium /4
0.5 1 15 2 25 3 35 4 4.5 5
-,I; pr [GeV]
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Results from heavy-ion collisions

Jet-contribution: test elliptic flow v,(pr) of photons in box

5 different scenarios A-E:

Scenario D: asymmetric geometry, no flow, Jets

s

background
medium
at rest

X

Moritz Greif (Frankfurt University)
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Results from heavy-ion collisions

Jet-contribution: test elliptic flow v,(pr) of photons in box

5 different scenarios A-E:

Scenario D: asymmetric geometry, no flow, Jets

background
medium

at rest

X

Moritz Greif (Frankfurt University)

photon v, (p, vs. py)

0.5

-0.5 -

Box calculation

scenario D, Jet py=4 GeV — —

2 25 3 35 4
pr [GeV]




Results from heavy-ion collisions

Jet-contribution: test elliptic flow v,(pr) of photons in box

5 different scenarios A-E:

Scenario D: asymmetric geometry, no flow, Jets

background
medium

at rest

X

Moritz Greif (Frankfurt University)

photon v, (p, vs. py)

4
o

o

o
o

Box calculation

scenario D, Jet pr=4 GeV — —
scenario D, Jet pr=2 GeV - - -

’\
3 = == "> L \cl/
\?~\ ,/ !
N o,
-—_ ’
N 7/
[—
0.5 1 15 2 25 3 35 4 4.5

prGev]




Results from heavy-ion collisions

Jet-contribution: test elliptic flow v,(pr) of photons in box

5 different scenarios A-E:

Scenario E: asymmetric geometry, flow in x-direction, Jets

flowing
background
medium

Moritz Greif (Frankfurt University) 50



Results from heavy-ion collisions

Jet-contribution: test elliptic flow v,(pr) of photons in box

5 different scenarios A-E:

Scenario E: asymmetric geometry, flow in x-direction, Jets

flowing Box calculation
1 T T T T T T

background

medium scenario E, Jet pr=4 GeV - ----
~ 05¢ pasmTTTII ... .1
a PR hE .
¢

) $ o
~
c
S
2
S 051 ]
0.5 1 15 2 25 3 35 4 4.5 5
€T pr[GeV]
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Results from heavy-ion collisions

high-pr photon v,?

Preliminary:
0.02 \ - -
BAMPS, dynamical HTL Debye mass, only elastic
0.015 [ Hydrocode MUSIC, arXiv:1602.01455 = = =
L Phys.Rev. C77 (2008) 024909, Jet-QGP — ® —
« 0.01
> e e == -
§ 0.005 [~ - -
_8 e o == -
S 0
o
o -0.005 |-
g
-0.01 |~
- O~ ®
- - -0 _
0.015 - | Sad o
-0.02 ———

05 1 15 2 25 3 35 4 45
pr [GeV]

Moritz Greif (Frankfurt University)



Results from heavy-ion collisions

Outlook

@ Jet fragmentation to photons: check contribution within BAMPS
@ Closer look to Jet-medium photons
@ Compute ALICE and RHIC for all centralities available

@ low-pr direct photon search experimentally extremely challenging

— 20— T T T
&
® 7
T Nuclear Physics A, 904-905, 2013, 573c]
}_§ 1.8— —
=< [ ALICE 1
g [ ereuminary ]
LB e -
2 P == Direct photon double ratio i
= F  —— NLO prediction: 1 + (ydmmm/ym“) B
14— forp=05t20p, ]
12— u
oo L biebl a4 b t ) b
Ottty ; T | ‘ ]
08— -
C P S I RS RRR MU R
H 7 3 8 0

1
Py (GeV/c)

@ v; of 1% experimentally not distinguishable

Moritz Greif (Frankfurt University) 52



Results from heavy-ion collisions

Conclusion

1) Photons puzzle

direct photon spectrum and direct photon
flow not perfectly understood

4

2) BAMPS: 3 + 1d, Nr = 3 transport code

Solving of the Boltzmann equation +

simulates HIC with pQCD cross sections

3) QGP Photonproduction from BAMPS

Rates compared with AMY pQCD spectra.
Spectra different shape than hydro. Flow
large nonequilibrium component.

Moritz Greif (Frankfurt University)

A neutrino and a
photon walk into a
bar. And for the next
60ns the neutrino
complains about
how dark it is.

We don't allow
faster than light
photons in here,
said the bartender.
A photon walks
into a bar.
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APPENDIX

Moritz Greif (Frankfurt University)
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Photons from the QGP

e .. final detected
Relativistic Heavy-Ion Collisions particle dfstributions

Kinetic
made by Chun Shen freeze-out

Hadronization

|

¥

|

pre-
equilibrium : .
g namics viscous hydrodynamics free streaming

| | collision evolution
t~0fm/c T~1fm/c © ~10 fm/c T ~ 105 fm/c

Moritz Greif (Frankfurt University)



Ratio of Compton scattering versus Annihilation

20
5 fm/c
18 | RHIC, b=8.5im, 20-40% centrality, y|<0.35 4fmlc — — -
3fmlc = = =
16 “ ratio Compton/Annihilation 2fm/c === -~ E
= v 1fmic — = =
T 14N :
s ~.
éi 12 | Y~ time i
Al ~~. — .
> 10} T — 1
S A} .~- — -~ |
S 8 I B T R ]
o N .~ L e L
4@ 6 7\ —————— — —-— — — 1 —
5 fm/c
4 | i
2+ i
0.5 1 1.5 2 2.5
pr [GeV]

Moritz Greif (Frankfurt University)
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pr-spectra of photons

Coupling at vertices running as(Q?), scale Q> momentum transfer

-1
10 T T T T
HTL Debye mass(0,g=0.3), vertices: 0g=0.3 = = =

HTL mass(0,4=0.3), vertices: running o,

only elastic scattering
102 ¢

Au+Au, 20-40%, |y|<0.35
running o= enhancement x 2

dN/(2npdprdy) [GeV?]
3
w

-

S,
A
T

-
e
&)

0.5 1 1.5 2 25 3

o

eif (Frankfurt
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Photon Bremsstrahlung processes: Some details

~ cMs

Useful coordinates for radiated photon:

Reference: incoming quark 1 p, > 0

E+Pz
E—p;

y: rapidity wrt incoming quark 1, y = % In
k. : transverse momentum of photon wrt to p,
q.: gluon momentum transfer
v £(G1, k1)
@ We use the exact pQCD computation of ]/\/lbrems|2 with screened
quark and gluon propagators

@ Inelastic pair annihilation neglected

Moritz Greif (Frankfurt University)



Debye uncertainty of pr spectra using Teq

1.4 |

1.2

0.8

0.6 |

ratio of dN/(2npdprdy

'1QCD Debye mass / mpfo((22T)2) ———
IQCD Debye mass / mp(ag(mp”)) — — =

Moritz Greif (Frankfurt University)

pr [GeV]
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Photon production: higher order loops

Photon rate at order O(e*g2T*) obtained via y-self energy.
Cutting rules give scattering matrix elements.

9 Y 9 Y
26 2: % i j ;
q q q q

s-channel u-channel

q v
q:gf]

t-channel

o> S My e

Important

Cutfor2 — 3 .
diagram

@ e.g. P. Arnold, G. D. Moore, and L. G. Yaffe, JHEP. 0111, 057 (2001)

Moritz Greif (Frankfurt University)

— LPM effect

u-channel

+3 = 2,
1454, ...
not easily
feasible in
transport
models
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Photon production: higher order loops

Photon rate at order O(e*g2T*) obtained via y-self energy.

in

p1 p3 1 p3

P2 S Pa P2 Pa

pa+k

(a) iMq (b) iMs

Figure : The diagrams we use in BAMPS.

@ e.g. P. Arnold, G. D. Moore, and L. G. Yaffe, JHEP. 0111, 057 (2001)

Moritz Greif (Frankfurt University)
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PHYSICAL REV].EW C 84, 054906 (2011)

10° T
<
_ % PHEN|X pp s' —ZOOGGV
L 10 \1\\. Ivl<0.35
8 . W — — pQCD param.

g 1o o 2.5 x pQCD par.
£ NOUN. o=+ PHENIX param.
o 10°k ok E

2 AN A -
8 0 \\:E\:\, E
& )
7L RN
wE I3
0o 1 2 4 5 7
q, [GeV]
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v2(pr) in QGP phase

0.03 T

0.025

0.02 |

0.015 |

0.01 |

photon v,

0.005

0

-0.005

' IQCD Deb'ye mass, ru'nning O
mp(ag(s,t,u)), running o

recursive Debye mass mD(ocS(sz)), running o

mp(og((21T)%)), running o
Hydrocode MUSIC, arXiv:1602.01455

BAMPS aftert =1 fm/c

-0.01 :

Moritz Greif (Frankfurt University)
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v2(pr) in QGP phase

0.03 T

0.025

0.02 |

0.015 |

0.01 |

photon v,

0.005

0

-0.005

' IQCD Deb'ye mass, ru'nning O
mp(ag(s,t,u)), running o

recursive Debye mass mD(ocS(sz)), running o

mp(og((21T)%)), running o
Hydrocode MUSIC, arXiv:1602.01455

BAMPS aftert = 2 fm/c

-0.01 :

Moritz Greif (Frankfurt University)
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v2(pr) in QGP phase

0.03 T

0.025

0.02 |

0.015 |

0.01 |

photon v,

0.005

0

' IQCD Deb'ye mass, ru'nning O
mp(ag(s,t,u)), running o

recursive Debye mass mD(ocS(sz)), running o

mp(og((21T)%)), running o
Hydrocode MUSIC, arXiv:1602.01455

BAMPS after t = 3 fm/c

-0.005

-0.01 :

Moritz Greif (Frankfurt University)
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v2(pr) in QGP phase

0.03 T

0.025

0.02 |

0.015 |

0.01 |

photon v,

0.005

0

-0.005

' IQCD Deb'ye mass, ru'nning O
mp(ag(s,t,u)), running o

recursive Debye mass mD(ocS(sz)), running o

mp(og((21T)%)), running o
Hydrocode MUSIC, arXiv:1602.01455

BAMPS aftert = 4 fm/c

-0.01 :

Moritz Greif (Frankfurt University)
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v2(pr) in QGP phase

0.03 T

0.025

0.02 |

0.015 |

0.01 |

photon v,

0.005

0

-0.005

' IQCD Deb'ye mass, ru'nning O
mp(ag(s,t,u)), running o

recursive Debye mass mD(ocS(sz)), running o

mp(og((21T)%)), running o
Hydrocode MUSIC, arXiv:1602.01455

BAMPS aftert =5 fm/c

-0.01 :

Moritz Greif (Frankfurt University)
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Elliptic Flow of Photons

Elliptic flow for photons: Transfer of anisotropy from
quarks to photons

Top view

Side view

time

\

Moritz Greif (Frankfurt University) 63



Elliptic Flow of Photons

Elliptic flow for photons: Transfer of anisotropy

photon vz

Photon
lsotropic emission emission

=

AN

arXiv: 1509.0758

time

BAMPS heavy ion colision

[
Photons, FulCompron Anninieton. s
Preiminary: only QGP, not yet fllrate

RHIC, 20-40 % centalty

02 04 06 08 1 12 14 15 18 2
priGev)

p, GeVic
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Elliptic Flow of Photons

First results from BAMPS for Bremsstrahlung

Interference can only be treated phenomenologically:
2 2 —1
‘M23’ — ’M23’ e()\mfp - XLPMTformation); we vary Xipm. Tf ~ kT .

Bremsstrahlung: BAMPS vs AMY

0.6

. ‘\ AM‘Y, bremsstrahlung, Boltzmann-statistic = — = -
AMY, bremsstrahlung, Fermi-Dirac-statistic == === ==
05 J . BAMPS, bremsstr., X py=0.01 me— |
L BAMPS, bremsstr., X p\y=0.3
\ BAMPS, bremsstr., X| pp=0.6  s—
. -~~N BAMPS, bremsstr., X| py=0.8 me— |
e 041y N\ BAMPS, bremsstr., X, py=1 s
Z / \
t<] .
= 03¢/ N 0=0.2, Ni=3
i
-
o
2 02
w
0.1
0
0 2 4 6
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Elliptic Flow of Photons

Debye-screening uncertainty for Bremsstrahlung

AMY vs BAMPS photoproduction

0.8 T T T
AMY, bremsstrahlung, Boltzmann-statistic —————
AMY, bremsstrahlung, Fermi-Dirac-statistic ————7—

0.7 BAMPS, bremsstr., X py=0.6, mmmmm |

BAMPS, bremsstr., X py=0.3,
06

0s=0.2, Ny=2

E (dR/dE)/ogpos T4




Elliptic Flow hotons

Differential cross sections for radiative photon emission:

exact qq—qqy matrix element 102 | exact qg—qqy matrix element
mp screened ' mp screened
0.8 i i ——
contribution of pgsmve [ X cut-off: pyp; < £szv £=0.01 - - -
cut-off: pypj < emp*, €=0.01 - - - o 10 ]
5 06f P T=04GeV - 3 S T=0.4 GeV
) A S . 0
3 , . 3 100 ¢
0.4 F , ! 1 2
107t -
0.2 - Bl NN
102 . . . .
0 - 0.05 0.1 0.15 0.2
4 3 2 A 0 1 2 3 4 ki%s

Photon rapidity y
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Elliptic Flow of Photons

Elliptic flow in partonic transport simulations

"v," (rather: momentum anisotropy) can be studied per particle:

2 2 2
pi,x_pi,y _ pi,x_pi,y
- 2 2
pi,x+pi,y

all particles

Example: anisotropy can be lost

all particles N2
" v no__
2 = Z p? + pz
i=1 hx = Ly

“ly — Axis
b anisotropy = —1

anisotropy = 0

anisotropy = 1

[ e ——

x — Axis

Moritz Greif (Frankfurt University)

after collision:

A
y — Axis

25
2
v incoming _—

momenta outgoing

momenta
r — Axis
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Elliptic Flow of Photons

Elliptic flow in partonic transport simulations

” ” px py
Vo = T
px py all particles
Probability for collision:
s-dependent! Total Cross-Section
04 " Annihilation - process
s At 0.35 | Compton - process — — |

Py =0

0.3 T=0.4GeV

2E1 E2 A VNtest

o
=
g« 0.25
S
Two effects: g o2
m
@ Total cross section: which ¢ 015
particles do collide? 5
0.05
@ Differential cross section: . ‘ ‘ _—
preferred scattering angle 107 o 102
@ Mandelstam s [GeV*]
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Elliptic Flow of Photons

Elliptic flow in partonic transport simulations

Specific process: distribution of scattering angles

Mandestam t = —3 (1 — cos ©cm) — R 0
“see 3 b
.
N,
Different channels in quark-antiquark annihilation \\
0.6 ; ; ‘ AN
Full annihilation - process R
5 t-channel = = - / AN
_?U; 0.5 r u-channel = - - *\
5 Debye-screened, T = 0.5 GeV N
2 o4 RN
< —sk- ~——
S
g 03
@
@
<4
5] 0.2
t ©
©
E 01 ~ -
5 ~. - " [ e}
c o=
-- —~ —
0 - === I I T
-1 -0.8 -0.6 -0.4 -0.2 0

Mandelstam t/Mandelstam s

@ Total cross section and v, "select” collision partners
@ v, of final particles depends on do/dt = | M|?/167s?
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Elliptic Flow of Photons

Elliptic flow in partonic transport simulations

Specific process: distribution of scattering angles

Mandestam t = —3 (1 — cos ©cm) — R 0
RN 3 n
.
N,
Different channels in Compton scattering N
\,
0.7 T T ~
X

8 ost 1 VRN
° Full Compton - process / N
B s-channel = = - N
5 05 u-channel — - 1 oo
= Debye-screened, T = 0.5 GeV —sh- Seeeel
S 04
o
Q
@
2 03
<}
o
£ 02 ©
©
€
S 01 ©, &)
2

0

Mandelstam t/Mandelstam s

@ Total cross section and v, "select” collision partners
@ v, of final particles depends on do/dt = | M|?/167s?
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