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Electromagnetic probes
from a parton cascade

Moritz Grelf

in collaboration with

Carsten Greiner, S6ren Schlichting,
Florian Senzel, Zhe Xu

Phys.Rev. C95, 054903, 2017 CRC-TR2n

Strong-interaction matter

Phys.Rev. C96, 014903’ 2017 under extreme conditions

ECT*, Trento, 26.11.2018
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Solves the Boltzmann equation
(numerically exact, Monte Carlo)

TN P Single
) ‘.: & n_'.‘ o :-._'."_:I"-.:.i..:"'.: _' n n pal‘tiCle
| “‘ 5 ‘ f (xJ p) distribution
oy el function

z [fm]o

-02

* Quarks + Gluons

* pOCD cross sections

* Elastic + radiative scattering
* Ideal equation of state

-04

Used as model for heavy-ion collision:
Expanding 3+1d geometry,
Difterent initial states

BAMPS: Boltzmann Approach to Multi-Parton Scatterings

elastic+ g radiative collision term
POSx.p) = Calfl +Colf] 554 E.G
22

Xu & Greiner, PRC 71 (2005) 064901
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Smooth Glauber 1nitial conditions:

Pythia event
generator:

(massless)  _ Particle positions:

parton q7 q

Wood-Saxon
overlap

Hard partons scale with Npingry

Soft partons scale with ~0.1 Npingsy

s

Formation time: t¢ ;. = p—%r coshy
(only it ¢ > tform  Interactions allowed)

Xu & Greiner, PRC 71 (2005) 064901
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ThermOdynamiC EVOIUtiOH UNIVERSITAT
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1 > [% 0-20 % Pb+Pb | 0-20%Pb+Pb  center - - - - ]
Partl(ﬂe 10 F % \s=2.76 ATeV f Vs=2.76 ATeV  x=1.2fm =— = ]
I 1 x=2.4 fm ——]

ideal Bjorken

density n at

1
° ° ° —_ 10 - —
(0]
midrapidity A
c
10° | -
Gluons Quarks
107" | | ! ! : ! | | | |
102 s 20-40 % Pb+Pb | 20-40 % Pb+Pb |

'\ \5=2.76 ATeV 1 Vs=2.76 ATeV

center x=2.4fm
t [fm/c] t [fm/c]



Thermodynamic Evolution
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i

0-20 % Au+Au
Vs=0.2 ATeV

-
-..,'t..

Quarks

x=1.2 fm =— =—:
X=2.4 fm =—

|
center === ="'-

[N

20-40 % Au+Au
5=0.2 ATeV

~
_—

Quarks

40-60 % Au+Au
Vs=0.2 ATeV

. 2 ' | '
10 7\ 0-20 % Au+Au
Particle 502 ATeV
° &-

e 1 [ ~Y
den81ty n at 10" | Ses.
midrapidity o0 |

107 | | |
10° F 20-40 % Au+Au
V/E:O.z ATeV

s 10! | N

£

[

10° |

107 | | :

10 —\ 40-60 % Au+Au
s s=0.2 ATeV

A 10" b

£

[

100 |
-1 | | L
center x=2.4fm 10 0 1 2 3



Thermodynamic Evolution

energy
density at

midrapidity

x=2.4fm

center

¢ [GeV/fm®]

¢ [GeV/im®]

1000 ¢

100

0.1 ¢

100 |

0.1

—
o

| 0-20 % Pb+Pb
'\ V5=2.76ATeV

center
x=1.2 fm
x=2.4 fm
Bjorken

GOETHE @4

UNIVERSITAT
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10 |

=
L 20-40 % Pb+Pb |
'+ \5=2.76ATeV
N ]
o 1 2 3 4 5 6



Thermodynamic o0 -

1 N center =~ -~ VERSITAT
Evolution N x=12fm — — | VERSITAT
°°E 10 x=2.4 fm —
= ;
ner i
ene gy % 1 £ 0-20 % Au+Au -
density at \5-02ATeV
midrapidity 0.1 | . . .
e O
S
(b |
S 4 £20-40 % Au+Au i
 V5=0.2ATeV 23
> i _
)
S 41 )
N - 40-60 % Au+Au X
| \5=0.2 ATeV
0.1 ' ' ' | |

center  x=2.4fm 0 1 2 3 4 5 6
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GOETHE 4k

Thermodynamic Evolution N
1
0-20 % Pb+Pb
Tempel”ature \s=2.76ATeV Xzﬁe;tﬁe; e
0-8 1 X=2.4 fm  m—]

at midrapidity

T=-_| -~ F
2 ) (27m)3E, W[V = (QW)SE

let Z Vzg C Z

prCleb i prCleb i

(cf. Arnold, Moore, Yaffe, JHEP 0301 (2003) 030) 20-40 % Pb+Pb
Vs=2.76ATeV

center  x=2.4fm




. . 0-20 % Au+Au
Thermodynamlc Evolution 0.8 | Vs=0.2ATeV xjegntfﬁ: _—

X=2.4 fm  —

> 06| :
O,
Temperature = 04| f
. . . | —— k:-" (L R |
at midrapidity 02 N
0 | ! !
= - 20-40 % Au+Au
7=t [ 27 gl - / ' 0.8 | \5-0.2 ATeV i
2] @rpE," " @n?E,’
> 06| :
T = Y 9 C S,
vy > v = 0.4 :
species i species i S >
0.2 - == -
(cf. Arnold, Moore, Yaffe, JHEP 0301 (2003) 030) S g

40-60 % Au+Au
0.8 | Vs=0.2 ATeV i

T [GeV]

center x=2.4fm



Thermodynamic Evolution

T [GeV]

0.8

0.6

0.4

BAMPS s
Bjorken, iEQS, T(=0.4,7j=0.6 == = = |

PRC84, 064901, viscous hydrQ == == =
PRC84, 054906, fireball model =====-=

midrapidity, central cell
0-20 % Au+Au, vs=200 AGeV

GOETHE @4

UNIVERSITAT

FRANKFURT AM MAIN
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Chemical Evolution
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Fugacity A = n/neq.
at midrapidity

center: gluons
quarks == == =

x=2.4 fm: gluonsg === ==
quarks rsssssss

0-20 % Pb+Pb
Vs=2.76ATeV

A A
- P
l Vs ™~ M
i D= ~
as ._.""\—-.—-O-’.: BCLYL
ﬁl"“l- --------- avEsEEEaEREEE et
| T T T I

20-40 % Pb+Pb
i Vs=2.76ATeV

I'V‘\-.\ h&V{

i . P i
~ e

—_—= = ‘N .-n"‘." " '

"""“ ....... Il """" | | |

11
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Chemical EVOIUtiOH UNIVERSITAT
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3
0720 % At center:  gluons
: _ 25 T A quarks = = =-
FugaCIty A T n/neq. o L x=2.4 fm: gluons === ==
. ° . quarks EEEEEEEN
at midrapidity < 15|
1 |
0.5 —/‘\~ ~ "]
' ’——h—‘-’::'_:._'__.__ﬁ-‘
0 “"'-I'.'llllIl'lllllllllllllllllllllllllllllll
15 20-40 % Au+Au|
' \s=0.2 ATeV
< 1F _
F] >
N .
05 [ __;7—’-» - ,A-nac..
0 “...-Tl!."..-nlll-l..“l I I
15 | 40-60 % Au+Au|
' \s=0.2 ATeV
< 1t |
Y am
05 B ‘~‘N./‘/ _
0 et ZTntnrnagure™™ .

0 1 2 3 4 5

t [fm/c] 1



Dynamic Evolution
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Velocity
(Boost) at
midrapidity .

center x=2.4fm

0-20 % Pb+Pb center ====:

| \s=2.76ATeV x=12fn — — |
X=2.4 fm  m—

20-40 % Pb+Pb
| \s=2.76ATeV

t [fm/c]
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Dynamic Evolution

Velocity
(Boost) at
midrapidity

center x=2.4fm

0-20 % Au+Au
| Vs=0.2ATeV

20-40 % Au+Au
- \s=0.2 ATeV

40-60 % Au+Au
- Vvs=0.2 ATeV

center ===-=:
x=1.2 fm = =
X=2.4 N  m—

IVERSITAT

KFURT AM MAIN
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VelOCity — Elliptic ﬂOW relation UNIVERSITAT

v = (p2 —p2)/ (P2 + p3)

momentum momentum
distribution distribution
1sotropic deformed

FRANKFURT AM MAIN

Production rate ot particles

- analytic, y=
- analytic, y=

- analytic, y=

A

BAMPS, y=1

R
BAMPS, y=1.4
1.
BAMPS, y=2.0
2.0

y =2 - v,~05
y =11 - v,~0.1

(R=Production rate dN/dV/dt [GeV*])

15



Photon production in BAMPS

GOETHE @4

UNIVERSITAT
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2€->2 scattering

Diagrams, microscopic
collisions

MG. et al., Phys.Rev. C95, 054903, 2017

16
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2538 scattering: two Independent methods

Diagrams, microscopic Rate approach
collsisions ,microscopic” coarse graining

MG. et al., Phys.Rev. C95, 054903, 2017



22 photoproduction under control

1.) Naive screening with Debye mass:

2.) tune Debye mass:

3.) tune overall ME
(missing quantum statistics):
5

GOETHE @4

UNIVERSITAT
1 1
r 2
2 (t—m2)2
2 2

Boltzmann statistics o _HB(BL;=0__1>,) —
=1. 2
a0 Mp(0gl(2aT)%) ==
4| mp(o(aT)) — — -
Mp(og[mp]) =—==—
3 -
l:D N e
S P et e—e
2 R — —_——
1
0 ] I ] ] ]
0.2 0.3 0.4 0.5 0.6 0.7 0.8

T [GeV]
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22 photoproduction under control
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22 photoproduction under control

0.4

0.35

0.3

0.25

0.2

0.15

E (dR/dE)/oigyor T

0.1

0.05

GOETHE @4

UNIVERSITAT

FRANKFURT AM MAIN

analytic, Boltzmann statistics, k=2.5
BAMPS, Boltzmann statistics, 22, k=2.5
analytic, Boltzmann statistics, k=1.0
BAMPS, Boltzmann statistics, 22, k=1.0

21
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23 scattering: two independent methods

Method 1

Diagrams, microscopic ‘ Rate approach

collsisions ,microscopic” coarse graining




GOETHE @

2->3 photoproduction under control UNIVERS AT

FRANKFURT AM MAIN

1.) Naive screening with Debye mass: 1 N 1
t? (t—m7))?

2.) simple LPM model: |M2_>3 ‘2 N @()\ . Tform) M2_>3 2

3.) tune overall Matrix element: |M2_>3 |2 — Kinel M2_>3 2

* Numeric integration for total cross section
* Multi-dimensional Metropolis sampling for difterential cross section

MG. et al., Phys.Rev. C95, 054903, 2017

23



2->3 photoproduction under control

GOETHE @4

UNIVERSITAT
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simple LPM model: |M2_>3‘2 — @()\mfp _ Tform)|M2—>3|2

e Formation time of photon 7 = k7!
* Mean-free path of corresponding
processes, 1" and fugacity dependent

quark fugacity kq

0.2

Amip [ fm]

03 04
T [GeV]

0.5



2->3 photoproduction under control NTER

FRANKFURT AM MAIN

AMY, bremsstrahlung + inelastic pair annihilation

BAMPS, bremsstrahlung, Pl(ine|=2.57I

(dR/DE) ot T

iIntegration region

E/T 25



2->3 photoproduction under control NTER

FRANKFURT AM MAIN

E(dR/dE)/oigpor T

0-6 | | | | | !
BAMPS, bremsstrahlung, K;,q=2.57
AMY, bremsstrahlung + inelastic pair annihilation
0.5 | -
0.4 t /" ‘ -
0.3 | -
\ A
0.2 _
01 1 "'""o,," _
."'
,"'i' .".7"'“,”-
0
0 1 2 3 4 S 6 7

E/T 26



Photon PrOduCtiOn in BAMPS UNIVERSITAT
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23 scattering: two independent methods

Method 2

Diagrams, microscopic ' Rate approach ‘
collsisions ,microscopic” coarse graining

b
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AMY rate for photon emission of quark uvwversitar

FRANKFURT AM MAIN

k
massless quark, momentum P —» tfj\rjf:

thermal medium, T*

Rate dN/dtdk for emission, at temperature T:

dF}(p,k‘,T) B Q?aEMk4 1= frlp— k) 1+(1—I)2fd2ﬁL -
dk T e2 4T iy BA1-2)? | @nz”

AMY Kernel

Arnold, Moore, Yaffe, JHEP 0206 (2002) 030

Solved via Differential Equation, cf. e.g. Aurenche,
Gelis, Moore, Zaraket, JHEP 0212 (2002) 006

Courtesy to J.F. Paquet for help.




AMY rate for photon emission off a quark

10 5

GOETHE @4

UNIVERSITAT

AAAAAAAAAAAAAAAA

AMY pa'rame'trisati'on
BAMPS thermal

s=0.3, Ni=3 -




AMY rate for photon emission off a quark

E(dRY/dE) oot T*

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

GOETHE @4

UNIVERSITAT

AAAAAAAAAAAAAAAA

AMY bararﬁetris'ation'
BAMPS thermal ==--

0s=0.3, N;=3




Diffterential kinematics

,2Jet® = single particle

responsible for emission

Quark-“jet”

VS.

d°N./(dEt)/(N;g 0t 0term)

d°N/(AEt)/(N g0t Cterm)

10" ¢

Quark-Jet, 2«2 scattering only 1
Gluon-Jet, 252 scattering only == ==«
Quark-Jet, 2—3 scattering only === .

AMY kernel emission == == |

Ejet/T=1 i
T=0.4 GeV A




Diffterential kinematics

,2Jet® = single particle

responsible for emission

d°N,/(dEG)/(N g0t 0term)

d°N/(AEt)/(N g0t Cterm)

0.4

2242653 mm—

03 B on|y2%3 [(ER R RN
0.25 T=0.4 GeV, Eq =04 GeV
0.0 = Equand/ T=1

0.15
0.1
0.05

T=0.4 GV, Eqa=4 GeV
= Equark/T=1 0




Differential kinematics 23?;5:2 —
1.5 | only 2—53 srseass |
D T=0.4 GeV, Eqa0=0.4 GeV
% 1 F = Equark/T=‘I i
. °
Emission @
an gle
92 2> 9
[ 3
VS. 1.5 | |\‘ i
@ ,' \ T=0.4 GeV, Equark=4 GeV
S \
T \
EP-
0.5

AMY exactly collinear



Diffterential kinematics

Emission angle

(@ different

Photon energies

—> Higher photon energy — more collinear

AMY exactly collinear

1/R, dR,/d

1/R,dR/d6

1.5

—
I

1.5

all energies
contribution from Ev= 0-1 GeV = = ==
Ev= 1-2GeV = ===
E.=2-3GeV sreuans
EY= 3-4 GeV ==« w=

T=0.4 GeV, Eg5=0.4 GeV 7

quar

T=0.4 GeV, Ej4y=0.4 GeV |
= Equark/T=1 O




RHIC

»direct” = prompt +
BAMPS AMY (QGP) +
MUSIC (Hadron gas)

(MUSIC results from Paquet et al.,
Phys.Rev. C93, 044906 (2016))

—
S

—_
S
(&)

dN/(2mpdprdy) [GeV2]

—_ —_ —_ —_ —_ —_ R L
©C e Q 9 S 9 o o
(e} ()] Lo w N -t o -

3 PHENIX PHENIX s
LT 22+AMY = | 224AMY e |
S 22423 mmmms § 20403 mmmms

"direct" sresseeee 1 "direct" sssssssen ]

: N | ~

- \5=200 AGeV & \5=200 AGeV TheeS
- 0%-20% Au+Au | 20%-40% Au+Au .
PHENIX 1 PHENIX
: 224 AMY = 224 AMY e
i - 22+23 ----l_; 22+23 ----l_;
f 1 F 5=200 AGeV |
: Ty 60%-92% Au+Au

D

- \5=200 AGeV
- 40%-60% AutAu

S

0 1 2
pr [GeV]




RHIC

Prompt contribution
from literature

Paquet et al., Phys.Rev. C

93, 044906 (2016)

Linnyk et al., Phys.Rev. C 4
92, 054914 (2015) T 10
PHENIX, Phys.Rev. C 107

91, 064904 (2015)

dN/(2rprdp-dy) [GeV

— —_ — — —_ — R R
C S S e <9 9 o o
(o)) [&)] L) w N -t o —_

-
- -
-
B -
-V

-
-

. v

PHENIX ==

N o -Scaled pp fit s |
PHSD, only prompt =====
= . MUSIC, only prompt

107 |

- vs=200 AGeV

0.
L)
L)
*
£ )
,
U,'
.

v

E vs=200 AGeV

PHENIX s

F 0%-20% Au+Au

PHENIX

I 20%-40% Au+Au

PHENIX s |

=200 AGeV ]
60%-92% Au+Au ;

- \5=200 AGeV .

| 40%-60% Au+Au

0 1 2 3 4 0 1 2 3 4 5
pr [GeV] pr [GeV]



RHIC GOETHE $%
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0.4 E o é o/ | [ [ + o/ o/ | | | T o =
- 0%-20% = 20%-40% = 40%- 60 ]
- PHENIX mmmmm £ Au+Au, v5=200 AGeV ¥ E
0.3 & BAMPS, 22+AMY s £ .
: BAMPS 22423 Emm=—— + 1
s 02F "direct" ==t x E
8 : EE * A l é
“ - + + -
0 ; : + —
04 B -
o 1 2 3 4 0 1 2 3 4 0 1 2 3 4
pr [GeV] pr [GeV] pr [GeV]
»direct” = prompt + PHENIX, Phys.Rev. C94 (2016) no.6, 064901

BAMPS AMY (QGP) +
MUSIC (Hadron gas) 3



LHC

prompt + BAMPS (QGP) L
(\I]'_| 10

HG missing

ALICE, Phys.Lett. B754
(2016) 235-248

—_
S
(&)

dN/(2rprdp-dy) [GeV

— —h — —h - Y
o © © 9 o o
EAN w N —_ o —_

10°

ALICE » =

22+AMY +prompt

224 AMY s |
22123 mmmm §

ALICE ==

. 22+AMY +prompt

b=8.4fm, 22+ AMY s ]
b=8.4fm, 22423 mmmms |

i i ~."'~
£ Vs=2.76 ATeV T \5=2.76 ATeV E
r 0%-20% Pb+Pb 1 0%-40% Pb+Pb

. ALICE wwemm | ALICE mwsmm |
g 224+AMY  — ¥ 22+AMY  —
. 22423 mmmms | 22423 mmmms |
g 22+AMY+prompt seseeesen

- \5-2.76 ATeV

- 20%-40% Pb+Pb

pt [GeV]

0 1 2 3 4 0 1 2 3 4
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0.4

- | | |
=20-40 % Pb+Pb
©\5=2.76 ATeV

| | !
-0-20 % Pb+Pb
-Vs=2.76 ATeV ALICE

0.3 E -_;_ _i

- BAMPS, 22+AMY &= = -
. BAMPS, 22+23 s E
o 0.2 - T =
o = - =
&, : §
0

0.1 E T ]

0 1 2 3 4 5 6 0 1 2 3 4 5 6 7

Only BAMPS (QGP)
Mike Sas for ALICE, arXiv:1810.03861
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Effect of running coupling

GOETHE @4

Vzphoton

Only BAMPS (QGP)

UNIVERSITAT
0.4 —— | | | |
Vs=200 AGeV PHENIX
0%-20% Au+Au BAMPS 22: mp~0g([2nT]?) =====
0.3 mD~aS(Sa ta u ) AT R ]

0.2

0.1

Mp~Ag const

BAMPS 22+23: mp~ag([2nT]?)

coupling at vertices: ag(s,t,u) or Qg const

Mp~Ag const

Qs const =0.3

pr [GeV]
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Artificially fast chem. equilibration

]
10 F | T T
F - artifical equilibration scenario
100 _“ Ogg—qqg Scaled
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c\I"I;I 10_1 ;_’% Kgg:gg=10 ------ -
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% 10 &% Kgg%q9=1 0 L L1 0 1) 11} §
- % 99—qq :
Q A Kgg—sqg=100 =mumss _
0%} X
Q
=
Q)
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107 |
F \s=200 AGeV
- 20%-40% Au+Au
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Only BAMPS (QGP)
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OUthOk: HadrOnization UNIVERSITAT

FRANKFURT AM MAIN

Hadron
observ

Local freeze-out
criterion

Connect
partons via ables
colors

(energydensity)

Initial state BAMPS Slustes HERWIG
Algorithm
« Cluster
independence

jons
. Color connection

o 'I . ) t
% Distance-of- « TFreeze-OU

riterion
Closest App.roach %ependence j
(last possible

interaction)

See e.g., Bahr et al.,, HERWIG++, Eur.Phys.J. C58 (2008) 639-707
Courtesy to Simon Pliatzer from HERWIG 42



GOETHE @4

FIOW effeCt from Hadronization? UNIVERSITAT
1 ] —
partons (q+ () —
0.9 - ch. hadrons
B pions T
08 photons --------
0.7 N
thermal, T=0.4 GeV
0.6 — isotropic, colors btb -
HERWIG hadr.
05 : o
0.4 % 5 _ _ |
0.3 s f 1 -
0.2 Sk ] -
0.1 1 -
0 | | 1
11.11.2 1.5 2 3 4 5
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Initial magnetic fields? COETHE
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Magnetic field influence on the early time dynamics of heavy-ion collisions
MG, Carsten Greiner, Zhe Xu, Phys.Rev. C96 (2017) no.1, 014903
Au

IB,(t) Other

components
almost zero

y [fm]

e.g. Woods-Saxon
sampling of nucleons




e-(Field)/m_*

Initial magnetic fields-strong but short

14

Simple parameterization
»induction eftect” ignored
Initial parton state: simple
power law (exponent n), Boost
Invariant

12

I B, VIVoods'-Saxoﬁ
By, Wo0ds-Saxon == == =
|B,|, Woods-Saxon
|B, |, Woods-Saxon = s = =« .
B, disc o]
By, disc A
B, |, disc
|By|, disc

-

GOETHE @4

-
-
T -

t [fm/c]

UNIVERSITAT
FRANKFURT AM MAIN
param 1 — |
param 2 ==--
0.4 0.5

Large field,
but relaxes
fast to zero
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AN/ dpdy) [GeV?]
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Effect on quark spectra and flow? UNIVERS AT

FRANKFURT AM MAIN

[ 3p-

p :IJ Lorentz force

Quark spectrum, w and w/o collisions:

10° initial, n=2 ------ ' ' :
no collisions, t=0.3 fm/c - - - | param 1’t=g-? f;“/ -
10° ks collisions, t=0.3 fm/c ] param 1, t=2 fm/c
no field, collisions, t=0.3 fm/c — - = param 2, t=0.3 fm/c — - —
] param 2, t=2 fm/c
10* ¢ . eB,=4m,®{ w PHENIX o 1
R yl<05 | G1e=10 mb, |y|<0.5 -
10° ¢ 13 _
PY [ ]
102 | _: =T T ) A e e
. |
; | arbitrary normalisation o . | |
0.2 0.3 0.4 0.5

10 —
.01 0.1
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Effect on photons?

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
-0.1

| Quarks — — -
i /— \ Photons e
i ; \ |
- \\ ly|<0.5, Param 1 -
i // \\ n=3, 0y,=10 mb -
- I \ —
i \ i
1’ N
i \ |
/ ® [ ® ~ - -
1 """" e ... * ® ® [ ] —.-——_'—_"
’ T
01 0.1 0.2
Pt [GeV]

Small effect even with optimistic assumptions:
* Initial quarks (not pure glue, CGC)
" Magnetic field persistent for some time (parameterization 1)
= No formation times (quarks immediately affected by field)
My personal take home message: no eftect

GOETHE @4
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Photons from partonic transport CR:T%
SN

* Microscopic leading order photon production in partonic transport

* Radiative photons using two different methods
* Matrix elements provide angular-differential kinematics

% * Chemical quark undersaturation => little photon yield
* Strict collinearity of AMY changes flow =2 still too little
* Running coupling can help
* Magnetic field eftect maybe irrelevant

@S * Prompt photons constraints?
@ *  Chemical composition of initial state?

* Hadronization of parton cascade opens new doors



