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Photons in heavy-ion collisions UNIVERSITAT
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Hadron + Jet-Photon
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Goals:
Understand production
mechanisms
Understand spectra &
flow
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Microscopic transport model UNIVERSITAT
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BAMPS: Boltzmann Approach to Multi-Parton Scatterings

elastic+ o radiative collision term
p"Ouf(x, p) = Caalf] + Caslf] %—51.%23
22

@ Zhe Xu & Carsten Greiner, 2005
Phys. Rev. C 71, 064901
* Spacetime-grid, stoch. collision probabs.
* Tot. cross sections from pQCD: 0,,(s), 023(5)
* Fully Lorentz-invariant formulation

p (0ho)) At
= V| —— ——
22 rel Ntest ABex
073 At
Py3 = Vel =———, P =
23 rel Ntest A3X’ 32

* Massless onshell particles (ideal eos)
* This talk: only classical statistics

T i * See e.g.: PRD88,014018 / PRL102,202301 /
Box simulations & expanding QGP  PRL114,112301/ PRD90,094014 / PRL103,032301




BAMPS: 3+1d expanding heavy-ion collisions £ dh
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@ Smooth Glauber initial positions

@ Pythia 6 initial momenta: pp X Npinary

@ Reproduce dE7/dy distribution for RHIC/LHC data

y [fm]

@ v, & Rys in common framework (PRL 114, 112301,
R 2015)

@ Particle species: g, q, 8,7, e e

@ LO-vy-production, incl.
bremsstrahlung qg — qq~y

y [fm]
Photonls

@ Born dilepton production

@ Radiative gluons/photons:
LPM-suppression modelled
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Interactions in BAMPS ONIVERSITAT
Light flavors + Gluons Photons

99 — 499

99 —qq

qq— 99 and qq—q q
¢9—~qg and g9 —qg | binary
qq — qq

99 —qq and qq —qq
qq¢ —qdq and q7 —qq
994999

qg9<rqgg and q9 < qgg
_H ~ n n

19499 - |inelastic ’JJ\I‘IJV
qq<rqqg and qq<>qqg 9

qq¢ <+ qqd'g and  ¢d < qqyg é é é




Elastic collisions

99 —9gg

99 —~+qq

94— 94 and 97— q'§q
99 —qg and qd9 —qyg
qq9 —qq

99 — qq and qq — q4q
qq¢ —qq and  q¢d —qq
gq = qy and
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Leading-order pQCD cross sections
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Divergences screened by (tuned) Debye mass

Running coupling
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Gluons: Radiative collisions UNIVERSITAT
g, k
Q, p1 Q, ps T T 0GeY OB
q 600 ¢ m%gg\i\é’xgg 1
m=1.3GeV, GB e
- 500 m=1.3GeV, exact
q, P2 4, P4 m=4.6GeV, GB «---wmees
= 400t m=4.6GeV, exact
gg9<>9499g <
g9+ qgg and g+ q4gyg g
99 < qqg 200 1
994> qqg and q493<>qqyg 100
qq' <»qq'g and  q7 < qqd g 0
y
Improved Gunion Bertsch (GB) approximation
L 5 5 Effective QCD LPM effect:
|MX—>Y+9’ — ’MX—>Y| Pg
Mean free Gluon formation
P, = 48ma,(k2) (1 — 7)? path A~ XT time
2
X[kLJr aL ki Fochler, Uphoff, Xu, CG
2 . 2 2 2 ochnier, Upnoir, Au,
R (gL —ko)* +mp (as(k1)) Phys. Rev. D88 (2013)
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Nuclear modification factor R,

1.2

08 |
2 06}
04 |

0.2

BAMPS, neutral pions'
BAMPS, gluon

- BAMPS, quark

PHENIX, neutral pions, 0-10%

Au+Au,Ns=200 GeV
improved GB,X=0.3
running coupling
£=0.6 GeV/fm°
b=4.2 fm

5 10

1.2

0.8

=0
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BAMPS, charged hadrons _—
BAMPS, gluon e
- BAMPS,quark e
ALICE, charged hadrons, 0-5% —a—
CMS, charged hadrons, 0-5% ——

Pb+Pb,Vs=2.76 TeV

I

'.‘u,-' reial/ GECERN R

. ""Ni’ﬁ;proved GB,X=0.3

v
PP L P

running coupling
£=0.6 GeV/fm®
- b=3.6 fm

20 40 60

80 100 120 140

pr [GeV]
Phys. Rev. Lett. 114 (2015) 112301

 Hadronization of high p; partons with AKK fragmentation functions

« LPM parameter fixed by comparison to RHIC data

 Realistic suppression both for RHIC and LHC
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Elliptic flow v, GOETHE 13
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ey L T —
, guon, =  mmmmemeeees 1 L guon ...........

0.14 r BAMPS, quark, X=0.3 oo 1 0.14 | BAMPS, light quark

STAR, charged hadrons, v,{4} v ] - CMS, charged particles, v2{4} S
0.12 | PHOBOS, charged hadrons, track-based —+— 1 0.12 :
0.1 PHOBOS, charged hadrons, hit—bas\t{ag —a— ] o1l Pb+Pb,~Jd§a2B7)E(S '(I'Je:;/

T Au+Au,Vs=200 GeV | AT iImprove  A=U.
o i improved GBX=0.3 | - p ER g running coupling
0.08 0.08
running coupllng

-------

g g €=0.6 GeV/fm’

-
.....
e,

0.06 | . ~* i_.e-OGGeV/fm ] 0.06 |
0.04 1 e v '_ 0.04 |
0.02f H N 0.02 |
0 0 e
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400 450
<Npart> <Npart>

Phys. Rev. Lett. 114 (2015) 112301

« Same pQCD interactions lead to a sizeable elliptic flow for bulk medium

« No hadronization for bulk medium — no hadronic after-burner



Heavy flavor and
charged hadron R,, at LHC

12 kit charged hadrons, k=1, X, py=0.3 —— -
B D mesons, k=1, X ppy=0.3 =sw-seees
, Lii  non-prompt Jipsi, k=1, X| py=0.8 ------
A charged hadrons 0-5% (ALICE) =
B D mesons 0-7.5% (ALICE) ——e—
08 ri %  non-promptJ/psi 0-20% (CMS) —=— -
Eg 06 _ —"‘-\_x b = 3.6 fm, running o ]
Y . S— ey SEE:
oo I e ﬂ; | | _
[ Pb+Pb, Vs = 2.76 TeV |
0 M T B S B S S S S E R R T S
0 S 10 15 20 25 30
LHC pr [GeV]
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Ge|/T

— momentum broadening: g
\_ 1 )

Transport coefficients

Electric conductivity of parton-hadron matter

T T T T T

X
hadrons X

Greif et al, PRD 93, 096012, Hadron-Gas
- Greif et al., PRD 90, 094014, parton cascade
i} Lattice: Aarts et al., JHEP 1502 (2015) 186

D

PRD 89, 10600 (2014), holography

PRD 73, 045025 (2006), ChPT, pion gas

PHSD: Steinert, Cassing, PRC 89, 035203 (2014)
Lattlice: Ding,Kaczlmarek,Meyer, Iar)('\\.':1604.{)5|71 2

0.001 :

JHEP 12 (2006) 015, SYM -

0.1 0.2 0.3 0.4 0.5
T[GeV]

a ongoing projects: I

— baryon diffusion coefficient
— charm diffusion coefficient
— study effective couplings

—
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shear viscosity

14 L Denicol et al., PRC 88, 064901 (2013)
’ Wiranata et al., PRC 88, 044917 (2013)
BAMPS, N=3, Uphoff et al., PRL 114 (2015) 112301
1o | BAMPS, Ni=0, Uphoff et al., PRL 114 (2015) 112301 ssvass
) Meyer, Nf=0, PRL 100 (2008) 162001+NPA 830 641C —e—
Nakamura et al., Ni=0, PRL 94 (2005), 072305 5~

1+ Mages et al., Ni=0, PoS Lattice 2014, 232 —m—
Christiansen et al., N¢=0, PRL 115 (2015), 112002 ——

1/47 ==

we have studied:

— shear viscosity

— heat conductivity
— electric conductivity
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Binary photon production UNIVERSITAY
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16 s2 + st s? + st
2 2 2
|M| = — T Qg ( > + 2 )2 ’ |M‘annihilation — e

only naively screened propagators. Correct by m? g Kkm? 7

Compare to analytic HTL result: g vy
01 ' Cstat X Born,I Boltzmann stétistics, 1<=2.45I
AMY 22, quantum-statistics = = = = =
0.08 r 4
0s=0.3, N;=3
= ’ q q
LIJ f—
2 q v
5
= 0.04
z
0.02
q g

E/T 11
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Exact photon bremsstrahlung in BAMPS i
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|M2—>3|2 — ‘M2—>3‘29(qufp,process o T}:Y)

Compare to analytic AMY result:

1 ' BAMPS, bremsstrahlung, K;,=0.53
AMY, bremsstrahlung + inelastic pair annihilation EZzzzzz
. 0.8
Exact matrix element
=
: < 06 // AMY
Debye screening z ///
m 0
£ z 04 % BAMPS
Specific mean free path S "0..‘\
0.2 TN
= K-factor 0.53 to match AMY e
0 | | / | wi P—
0.15 1 2 3 4 5 6
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Exact photon bremsstrahlung in BAMPS i
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|M2—>3|2 — ‘M2—>3‘29(A21fp,process o Tfﬂy)

Compare to analytic AMY result:

' BAMPS, bremsstrahlung, K;,=0.53
AMY, bremsstrahlung + inelastic pair annihilation EZzzzzz
. 0.8
Exact matrix element Integ ral equ al:
=
: g 06 AMY R, ., = BAMPS R, .,
Debye screening g Lo 5015
m
- 2 04
Specific mean free path = oy
0.2 7N
K-factor 0.53 to match AMY e
0 \ | ///////// Vs s—
0.15 M
E/T
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Fugacity dependence of rates o4
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= At RHIC: photon emission mainly before 3 fm/c

= Photon yield expected to be 10% — 20% of Hydro

. ' 1
Elastic Rate: R~ AgAg/g- ... - =m0 ))

. . 2 1
Inelastic Rate: R~ Ag-...- —moOu)) - .© ()\mfp()\q/g) —75)

Gluons, central cell = - - -
Gluons, [ng|<0.5, xy<1.5fm — =
0.8 Quarks, central cell = =
Quarks, |ng|<0.5, xy<1.5fm ——

(< .l‘
= 06 -~ _--~"Gluons
(&) I:"'_\\ ..t /_-__--.-——
g [ R A
E 04 B ’: ,""
I _ . -7 Quarks
0.2 I

only 2 < 2 photon rate A |

BAMPS, RHIC 20-40%
onlly brenlwsstre‘lhlqu .. . 0 . ! .

o1 | | 1 0 1 2 3 4 5
quark fugacity A, t [fm/c]




Photon spectra from BAMPS

—
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dN/(2npdpTdy) [GeV 2]
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20-40 % centrality, |y|<0.35

|

BAMPS, only 252 see+s:
only 2¢53 ===
26>2+23 —

Hydro, QGP

PHSD, QGP — - — |

Ty
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]

0.5

1
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High effective
temperature

Lower yield due to
fugacities

Inelastic contribution
important

Initial state !?

Hydro: Paquet et al, PRC 93
(2016), 044906

PHSD: Linnyk et al, PRC92
(2015), 054914

15



dN/(2nprdprdy) [GeV ]

Photon spectra
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Toy plot: Naive “adding” of contributions (no ,,phase transition®)

107 ¢

1073 3

AU+AU, VSNN =200 GeV
20-40 % centrality, |y|<0.35

] | ] | -y

PHENIX data, PRC91,064904 (2015) mmmmm
BAMPS 0.6 fm/c ««=sse- :

+Hydro

BAMPS = |

+Hydro w/o QGP

0.5

1

1.5 2 2.5 3
pt [GeV]

only Hydro = == ]

1= Preequilibrium-
phase only small
1 difference

| = Slight
5 underestimation of
data

Hydro: Paquet et al, PRC 93
(2016), 044906
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Photon v,
0.03 | | | | |
Au+Au, Vs =200 GeV BAMPS, only 22 F—4—
20-40 % centrality, |y|<0.35 only 23 8
0.02 =~ only QGP 2624263 Ho—
PHSD, min bias =— ==~
Jet-QGP+Hydro == % -~
001 — Hydro only = ==
N
>
[
e 0
O
< 2 < 2 BAMPS
-0.01 Full BAMPS
-0.02 | N
2 < 3 BAMPS
-0.03 | |
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Ph Oton V2 UNIVERSITAT
Toy plot: Naive “weighted sum” of contributions (no ,phase transition®)
0.3 r ’ .
PHENIX data, arXiv:1509.07758 s
only Hydro (PRC93 (2016), 044906) = = =
0.25 BAMPS+Hydro w/o QGP =—— |7
BAMPS 0.6 fm/c + Hydro -------
0.2 | Au+Au, Vsyy =200 GeV |-
o 20-40 % centr., |y|<0.35
S 0.15 | .
ol Negptive v, of QGP J
0.1 L ~ |shows up
0.05 r _
0 1
0 1 2 3 4 5

T [GeV] Enhancement only
due to trivial reweighting
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Field strength [Gauss]

In heavy-ion collisions:
Strongest electromagnetic fields known in nature: 10"° Gauss

db y
z bf 1[
< ' s 3
Magnetic field distribution:

Reaction plane

Lab: levitate a frog 10°
Continuus field in lab 106
Neutron star/Magnetar 1010

Heavy-ion collision 1019

19
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Lorentz force — mixer of the quark soup UNIVERSITAT

Larmor radius:

F = qF + qv x B

. Larmor circular movement:
Magnetic
® ® & R ®_®

/fleld < B
®® ®r®®®

®4®®®®§

R
F /4
8 ®|® & &

Y2 ‘
®

20



Vs (p7 integrated)

eB, [m,’]

o N B~ O 0O

Parton v, with external magnetic fields

© o o
o = N W

e o 9
N ow

o 9
N w o =

o
o -

E parametrisations:] |
= const., sessees ]
- : param 1 == s = |
11 param 2 s | |
B param 3

- quarks

l: ~~~~~~~~~~~~
- gluons

- partons

L e =
BN, oy — - |

0 1 2 3 4 5

GOETHE @
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Still very rough parametrisations of the fields

- combined effect of initial

field and later isotropisation

- quark v, increases early

- parton v,: average

- gluon v, nearly not affected

21




Rough parametrizations: strong effects

@ ©
T

2
eBy [m, ]
i -

Deng &

Huang

[ AR RERRRRRRRRRRRRRRRRRREN

parametrisations:
const, =rerees

param 1 = = = _

param 2 =

param 3
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-

N

Short initial magnetic fields: strong
effect to momentum asymmetries

- Explicit non-equilibrium effect

K - Still little known about field strengths /

0.9

08
0.7 |
06 r

0.5
0.4

QGP photon v,

0.2
01

0

03 r

L Au+Au, Vs =200 GeV L +°
20-40 % centrality ‘."

—“‘h'-.‘“ B Eme e S mam s mem

—— no field

----- Byconst.
— — parami ="
m— param 2 et

param 3 Lot

-——f

R e s
1 1 1 1 1

0

1 2 3 4 5
pr [GeV]
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pr-dependent elliptic flow UNIVERSITAT

@ ©
T

2
eBy [m, ]
i -

Deng &
Huang

[ AR RERRRRRRRRRRRRRRRRRREN

parametrisations:
const, =rerees
param 1 = = = _
param 2 =
param 3

e

\ - Still little known about field strengths /

N

- Shortinitial magnetic fields: strong
effect to momentum asymmetries

- Explicit non-equilibrium effect

04 T T T T T — |
PHENIX data s
0.35 0n|y Hydro — — .: i
no fleld —— :'n
0.3 By const. «reeen |
Param 1 = = = K
0.25 + Param 2 |

Param 3

photon v,
o
N

©
—
o

o
—t
-
-
|
l
e
1

0.05 r

(Hydro contribution from: Paquet et al, PRC 93 (2016), 044906) 23



p.-spectra
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2
eBy [m, ]

[ AR RERRRRRRRRRRRRRRRRRREN

parametrisations:
const, =rerees

param 1 = = = _

param 2 =

param 3

dN/(2npdpdy) [GeV?)

N

Short initial magnetic fields: small
enhancement of the spectra

Exciting: enhancement of spectra
AND flow

)

10° 3

—_

o
L
T

-
S
N
T

—
Qe
w

PHENIX data
no field

param 3
param 2
param 1 === |
By const.

only Hydro ==« =

Au+Au, Vs =200 GeV
20-40 % centrality, |y|<0.35

107
0

1.5 2
pr [GeV]

0.5 1

(Hydro contribution from: Paquet et al, PRC 93 (2016), 044906) <«




pr-Spectra
9 (RO R RRRURRRRERRRRERRRRRERE
8 —
parametrisations:
const, reseees
&6 - param 1 = = = |
£ param 2 =
> param 3
D4
2 L
Deng &
Huang
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e

&

N

Short initial magnetic fields: small
enhancement of the spectra

Exciting: enhancement of spectra
AND flow

)

100 ¢

—_— —_—
S, S
N —_

—_
<
w

dN/(2nprdprdy) [GeV?]

N\ 20-40 % centrality, |y|<0.35

0". 5
“ N\ param 3

no field
By const.
\, param 1 === |
\ param 2 s

Au+Au, Vspy =200 GeV

\ Hydro, QGP i
".,"\ PHSD, QGP —-—

High-pr measurements ?

U

(Hydro contribution from: Paquet et al, PRC 93 (2016), 044906) <




Conclusions & Outlook
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Non-equilibrium dynamics of heavy-ion collisions: BAMPS

« Full leading order photon production in transport approach
 Photon production in chemical & kinetic non-equilibrium

« Spectra and flow underestimate data \ r)(.N._161
a

 Magnetic fields change the dynamics of the QGP
 Quarks and photons affected

 Magnetic fields show enhancement of flow and yield for photons

p‘e\\“\
AT0
Future tasks: a‘*N

inary!

QA YRk

- Implement self-consistently Maxwell & Boltzmann equation in

transport model (eg Hysterese)
- More quantitative calculations

26



Backup slides
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PhOtOﬂ V2 UNIVERSITAT
04 T T T T T K T |
PHENIX data messm ..:.
0.35 only Hydro ==« == K |
no f|e|d —— :‘c
03 | By const. seessns g |
param 1 == == = ::
N 0.25 | 0-0.45fm/C = m== s o |
> param 2
E 0o L param 3
2 Au+Au, Vs =200 GeV
a 40 % | _
0.15 20-40 % centr., |y|<0.35
0.1 .
0.05
O 4/‘| ] | | : | :
0 0.5 1 1.5 2 2.5 3 3.5 4

(Hydro contribution from: Paquet et al, PRC 93 (2016), 044906) 28



Quark spectrum

dN/(2nprdprdy) [GeV ]

10 | ' | | field
— no fie
t — 0-6 fm/c | By const. sessnss
10° k param 1 ===
param 2 e
10" | i
10° | i
107" F AutAu, sy =200 GeV :
F 20-40 % cer'ﬂrallty, ly|<0.5
10_2 | 1 |
0 1 2 3 4 5

pr [GeV]
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(Hydro contribution from: Paquet et al, PRC 93 (2016), 044906) 29
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Quark spectrum UNIVERSITAT
10 ' ' | | field
i —_— no fie
t = 5 fm/c | B, const. «:eee
102 ko param 1 ===
N param 2 s
>
0]
S A
= 10" | |
=> ]
©
—
Q.
T L0
g 107 ¢ 3
o
Z .
C A
10 FAu+Au, Vspn =200 GeV ;
F 20-40 % centrality, |y|<0.5
10—2 | |
0 1 2 3 4 5 6

Pt [GeV]

(Hydro contribution from: Paquet et al, PRC 93 (2016), 044906) 30



LPM - cutoff

O. Fochler

T 5

m transport model: incoherent treatment of gg—ggg processes
3 parent gluon must not scatter during formation time of emitted gluon

discard all possible interference effects (Bethe-Heitler regime)

2
‘M99—>999|

— |Mggﬁggg|2 Q(A—1)

=117k,

lab frame CM frame

A=1/<no >

coshy

1- 32

(] ", i
total boost 7 =77 (14+887) =

(1 + 4 tanhycos@)

(; OQ(A—7) - O

(

"
kL, — 2
L7

)

ki [GeV]




LPM cut-off

Mean free path )\ > X 7 Formation time

2 — 3 process only allowed if mean free path of jet
larger than formation time of radiated gluon

X — 0 No LPM effect

dE/dx [GeV/fm]

X . 1 Independent scatterings
- (forbids too many interactions)

3

25 1

15F %

GOETHE @4
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.
L]
)
Y
Y
LY

253, light qu'ark
2—3, charm

2_)3, bottom TTTITITTI I

s,
~u,
.
a,
he
0
~a,
e,
..
.....
.......
________

CLS=0.3,K=1

E=10GeV

0.5 1 1.5

0< X < 1 Allows effectively some interference effects
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Radiative pQCD processes

Exact matrix element
Kunszt, Pietarinen, Reya, Phys.Rev. D21 (1980)

21 2 2
T e, Pafufey, dSpiu¥s s 2SuYufuta, 2SpYavats

oyt dsunynd, Zsumstists, 2Suiistte

b= syt dsutt, st
2
st 25" 5%y
3 2
S12 ¥sy

Ny =01 g — Xyg¥ea + 2 Tas) + 2 (xy¥iss + Hggn + ¥y F Xes¥ia + 2 "¥gy)
Nyp =g (@ g+ x50) + 240 (2 + x59) + gy 50 +x30) + g sy
+ Xggl (= 25y + x59) + gy + 2mgTgy)
+anlxapnss + vt - 2rgy) + 2img x5 - Amg s
Nig =s1g = Dgyargy + xgq(dge + Brgg) + xga(degy + Burge) + x4 (Bigy + Iy + 2agy) + Bamg ey ]

+ a1 61 + % — s + (kg — Faen + g ]

+ g + iles - 25 = ) = Brigsan)

+ 2mg a2y + g + Brgs) + (s — 2y + Bg) + x4a(351 + 5y} + Bimg 5,
Ny =gy (=Zipag + g Xan + ipyn) + [ 2y + gy = ¥gg) 2 + Dig ]

+ 20y + X0y + a0 + x5g) + 2mg gy + Btgy)] + g gy + 54 - X - ¥52)
Nig=Nyfd=—5), Np=Ny(l=—2), Npy=Nyy{1-2), Ny=Ny(1—2), Nys=Npyld—3),
Nag =sn 205 lvig - pg = x91) + $0a(= 22 + B9 + B¥sg) + = 2wz + Bty + vgg)

+ %y (B + gy + dgg) + 28mg x5y ]

+ a0l = Doty + 2 Btgn + 250 = Btga) + (g — rgs) 331

+ s + 2l — By — ) — Bty

+2mg [xgg dxgy + gy + Targg) + xyg(drgy — by + Togy) + s (Pgs + Togn + 2igy) + 2mg v,

Ny =y gy gy + g9 + 20 + 1) = D lrss + 752)]
+ g2+ gl = X3 = X0) + Bl + 240) + Brng gy
+ gl (sr — 53— Fe) + Iargs +25) + Bmg gy ]
+ Bl + xeg) sy +ra (s + 3 + 2rgg) + 2mig gy + 55)]
+ 5300k + ¥eah s + 2mg Hxsy + Sxgg) |4 2omg g 2y + 2ty = 5y = 55y)
Ny =aal- Hg¥s = xastyg = Imgxsg) ,
Nos =galmn (v +360) + 303 lrag +259) + img? gy + %54 + %))

+Falxa(a + 20y) + 2salss = 2x) ]+ = Zrigreg + xualra + 215 + 1)),
Nyg=Nyy (4 —5), Nyy=Ny(4—35).

do/dy (a.u.)

Gunion Bertsch (GB) approximation

|MqQ%qu| = 129

aQ ki qr — ki
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m=0GeV, GB -
m=0GeV, exact ——
m=1.3GeV, GB :=-w===ee
m=1.3GeV, exact ——
m=4.6GeV, GB ---weeee
m=4.6GeV, exact ——
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Shear viscosity as QGP transport parameter uNVErsiTat
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Reason for large elliptic flow:
Small shear viscosity to
entropy density ratio

From parameters to calculations:
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