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Introduction & Motivation

Heavy lon Collision at a Glance
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Why heavy ion collision!?

Quark gluon plasma can form in heavy ion collisions

Good place to study
the nature of QCD matter with high temperature



Introduction & Motivation
Heavy lon Collision at a Glance

Each stage is governed by different physics

* sub-nucleonic fluctuations

* viscous hydrodynamics

* jet-medium interactions

* hadronic re-scattering in the late stage

We attempt for the first time to develop an event generator
with all those features
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Heavy lon Collision at a Glance

Relevant initial partonic processes

Soft processes
Small-x partons and low momentum transfer
These thermalize into sQGP

Hard processes
Large-x partons and high momentum transfer
These produce high-pr jets
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Heavy lon Collision at a Glance

Relevant initial partonic processes

Soft processes
Provide initial condition for the sQGP evolution
Hard processes

Provide additional probe (jet-medium interactions)
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Heavy lon Collision at a Glance

A/“/_'—%
Evolution of QGP

Hydrodynamic expansion of the sQGP matter

Viscosity is important
Energy loss of the high- prjet partons

Energy loss through elastic and inelastic processes
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Heavy lon Collision at a Glance
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Switching to hadronic degrees of freedom

Phase transition to hadronic gas
As the system expands, energy density drops
Quarks and gluons combine to form hadrons
Equation of state has the information on the transition
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Heavy lon Collision at a Glance
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Hadronic rescattering

Switching to transport theory
The mean free path increases

)\mfp ~ Lmacro ~ Lsize

Transport approach is necessary
Important in describing jet energy loss in hadronic phase



Model Structure

IP-Glsma . .
m< Collision Geometry
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Model Structure

IP-Glsma color charge
initial condition disgributioh

T



Model : IP-Glasma |.C.

B. Schenke, P. Tribedy and R.Venugopalan (2012)
Classical YM dynamics with color sources in nuclei

color charge distribution
(p®(x7) p*(x7))
= g7 pA 0" 0% (xp — x7)

VW sgluon field from each nucleus Ca 0 .
A%1.,2)(XT) dml 4 e

_ éU(l,Q)(xT) U], o (x1)

Uci,2)(xT) = Pexp {—ig/dwi p(léé(fi’éi)

VW initial gluon field after collision energy density profile at 7 = 79
AN (T = +0) = Alyy + Ay > 0, F" —iglA,, F"] =0

A1(7 = +0) = LAl Al T (r = )t = eut
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Model : IP-Glasma |.C.

B. Schenke, P. Tribedy and R.Venugopalan (2012)
Classical YM dynamics with color sources in nuclei
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well describes v,, distribution

C. Gale, S. Jeon, B. Schenke,
P.Tribedy and R.Venugopalan (2012)



Model Structure

f

MUSIC hydro
h),d ro evolution

hypersurface



Model : MUSIC hydro

B. Schenke, S. Jeon, and C. Gale (2010)
hydrodynamic equations of motion

Conservation equation 0, 7"" = (

Decomposition TH = equtu” — (Py(eg) + I1) APV 4 7h¥

I .

EoS bulk shear

Local 3-metric A*Y = gM" — yFu”

Local 3-gradient W+ = AHY)H,



Model : MUSIC hydro

B. Schenke, S. Jeon, and C. Gale (2010)
equation of motion for viscous corrections

shear viscosity relaxation equation

pv 1
i) — - | (277 oh” — 0O + gp77rc<f77”>o‘
Tr T

—Tﬂﬂﬂg“(f”)a + A.ll 0“”)

expansion rate
_ z
0=V,u

shear tensor

1 3
oH? = 5 VHPu” 4+ VVut — §AW (Vau®)| = \VALZTLY




Model : MUSIC hydro

B. Schenke, S. Jeon, and C. Gale (2010)
equation of motion for viscous corrections

shear viscosity relaxation equation

pv 1
i) — - | (277 oh” — 0O + @77T(<XMWV>O‘
Tr T

— T W&“J”M + A.ll 0“”)

shear

il — const
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Model : MUSIC hydro

B. Schenke, S. Jeon, and C. Gale (2010)
equation of motion for viscous corrections

shear viscosity relaxation equation

pv 1
i) — - | (277 oh” — 0O + gp77rc<f77”>o‘
Tr T

—TWWW((XMO'V>Q + A.ll 0“”)

| 4-moment approximation in the small mass limit
G. Denicol, S. Jeon,and C. Gale (2014)

_— — P _— = — _ — _— = —
Tr O (€0 + Fo) T 3 Tor 5 Tr 7

second-order transport coefficients



Model : MUSIC hydro

B. Schenke, S. Jeon, and C. Gale (2010)
equation of motion for viscous corrections

bulk viscosity relaxation equation

- Il 1
1T = | (—CO0 — ommll 0 + A" 0,,)
TTI TTI fj\
! F. Karsch, A
0.8 D. Kharzeev and
bulk o« T. = 180 MeV K. Tuchin (2008)
C/s . J. Noronha-Hostler,

J. Noronha and
C. Greiner (2009)




Model : MUSIC hydro

B. Schenke, S. Jeon, and C. Gale (2010)
equation of motion for viscous corrections

bulk viscosity relaxation equation

I =

11 1

| ( C9—5HHH6’—|—>\HW7T'LWO'MV)
TTI T1I

| 4-moment approximation in the small mass limit

G. Denicol, S. Jeon,and C. Gale (2014)

2 Aiim _ 8 (1 2 second-order
transport coefficients




Model : Equation of state

P. Huovinen, and P. Petreczky (2010)
Equation of state : hadron gas + lattice data

: A

Only those included in UrQMD

Cross over phase transition around T = |80 MeV

Initial condition + Hydro equation + EoS

lHydrodynamic evolution

Up to the isothermal hypersurface at T, = 145 MeV
to switch from hydrodynamics to transport




Model Structure

hypersurface

Cooper-Frye

thermal hadrons



Model : Cooper-Frye sampling
F. Cooper and G. Frye (1974)

sampling particles according to the Cooper-Frye formula

dN HFASY
— [fO(aj; p) T 5fshear(377 p) =+ 5fbulk(377 p)] £ I3 .
P

% 1-cell
1
folP) = w1
prp T
0 fshear(Z,P) = fo(1 £ fo) T2 (g 1 Po) P. Bozek (2010)
u o VA 1% _
0 foulk (2, P) = —fo(l -fo)Cb I |2 (p-u) | g?ﬁ-u)u)

Z d°k ) k|?
T — T E
Cbulk / 2T SEkf o1 % fno) (CS ) 3Ek>



Model Structure

binary collisions

hydro MARTINI

evolution |et

high pr jet partons v

PYTHIA/LUND
string fragmentation

high prjet hadrons



Model : MARTINI jets

Modular Algorithm for Relativistic Treatment of heavy loN Interaction
B. Schenke, C. Gale and S. Jeon (2010)

Hard process at the position of
binary collision (PYTHIA)

Energy loss
- Radiation (AMY)
- Collision (with thermal partons)

Fragmentation into hadrons
(PYTHIA / LUND string model)




Model : MARTINI jets

Modular Algorithm for Relativistic Treatment of heavy loN Interaction
B. Schenke, C. Gale and S. Jeon (2010)

Hard process at the position of

binary collision (PYTHIA)




Model : MARTINI jets

Modular Algorithm for Relativistic Treatment of heavy loN Interaction
B. Schenke, C. Gale and S. Jeon (2010)

/ Energy loss
B - Radiation (AMY)

- Collision (with thermal partons)




Model : MARTINI jets

Modular Algorithm for Relativistic Treatment of heavy loN Interaction

B. Schenke, C. Gale and S. Jeon (2010)

7

Fragmentation into hadrons
(PYTHIA / LUND string model)



Model : jet energy loss

Radiative energy loss (AMY)
P.Arnold, G. Moore and L.Yaffe (2002)

Collinear emission

Nearly on-shell
intermediate propagator

Infinite number of diagrams
tx > Integral equations

figures by G-Y. Qin



Model : jet energy loss

Collisional energy loss (soft approximation)

HHHH
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Hard part ready for transport calculations



Model Structure

thermal hadrons high prjet hadrons

UrQMD
cascade final state hadrons




Model : UrQMD cascade

Ultra-relativistic Quantum Molecular Dynamics
S.A.Bass et al. (1998)

Stochastic implementation of transport theory

0

p“@fi(ﬂ%p) — Cz‘[f]

)

What are there? : 55 baryons + 32 mesons
with masses up to 2.25 GeV

Cross sections : based on experimental data
Jet-hadron interaction by PYTHIA

Keeps track of particle trajectories




Results

® Determination of hydro background



Determination of hydro background

arXiv:1502.01675
S. Ryu, J-F, Paquet, G. Denicol, C. Shen, B. Schenke, S. Jeon and C. Gale
Solid line: Shear+bulk, n/s=0.095 Solid line: Shear+bulk, n/s=0.095 0.12 Solid line: Shear+bulk, n/s=0.095
1000 ¢ Dashed line: Shear only, r/s=0.16 4 1.8 | Dashed line: Shear only, n/s=0.16 . Dashed line: Shear only, n/s=0.16
w 1t 3
. — e IP-Glasma+MUSIC+UrQMD 4 V2
TR Slaf “ o] 008}
1 ],.[+ M
v -
100} & o £0.06 :
= = +~ 1 : 3 0.2<py<5 GeV
Q. - - +
= Uttt #K0 0 g4}
0.6 | T — - JEPEY S
10+ - = - T e —— = V4]
IP-Glasma+MUSIC+UrQMD (a) IP-Glasma+MUSIC+UrQMD DI R (c)
0 10 20 30 40 920—30 2J0 30 40 00— 30 20 30 40
Centrality (%) Centrality (%) Centrality (%)

Parameters are tuned to fit multiplicity, mean pr
and integrated flow coefficients v,,.

The bulk viscosity is crucial to get those observables.

The shear viscosity T — 0.095 is favored.

S



Results

® Extension to higher pr range



Identified hadrons p+ spectra
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Identified hadrons p+ spectra
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Vo{2} (P7)
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Identlfled hadrons elliptic flow

MUSIC+MARTINI+UrQMD
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Identlfled hadrons elliptic flow
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Identlfled hadrons elliptic flow

Vo{2} (P7)
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V4{2} (P7)
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Conclusions

® For the first time, we developed an event generator with

* sub-nucleonic fluctuation
* viscous hydrodynamics with both of shear and bulk

* energy loss of high pr particles
* hadronic afterburner in the late stage
to describe heavy ion collisions.

® Both low pr and intermediate pr observables are well
reproduced.

® Effect of hadronic re-scattering is significant.
> must be properly taken into account.



Outlook

pA collisions

* nuclear modification R, 4

* anisotropic flows v,

at low and intermediate pr range

Medium response to jet energy loss
Jet cone size dependence

etc ...
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Model : Cooper-Frye sampling

F. Cooper and G. Frye (1974)
sampling particles according to the Cooper-Frye formula

|. sample number of particles based on Poisson distribution

N { no(z) + dnpu (@) WP AD,  if uFAX, >0
1-cell —

0 otherwise

no(e) = d [ 525 ol

3
Onpulk(z) = d / (;iwl){;g 0 fouk (k)

2. sample momentum of each particles
according to the Cooper-Frye formula shown in the main slide



Model : jet energy loss

Radiative energy loss (AMY)
P.Arnold, G. Moore and L.Yaffe (2002)
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