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The Fundamental Issue

Many-body QCD
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QGP: WHAT do we know and HOW do we know about it?
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LQCD evidence of QGP
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HotQCD Collaboration arXiv:1407.6387

@ QGP phase transition:
Rapid crossover with light u, d and heavier s

e T, ~ 155MeV
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What is a QGP?

@ Deconfined state of quarks and gluons

oT z To ~ /\QCD ~ 200 MeV
Or about 2 trillion kelvin. Sun’s interior is only about 10 million
kelvin.

@ ¢ > 3GeV/im®
1 mm?3 of QGP contains about 5 x 1028 J. This can power a
modern nation for about 10 million years.

@ Pressure ~ ¢/3
This is about 10°°N/m?.
Compare: Mgamg ~ 6 x 102 N.
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Observable Consequences

@ T ~ Agcp ==> Multiplicity, Spectra
@ High density —> Jet quenching

@ High pressure —> Hydrodynamic flow
e Weakly coupled: n/s > 1
e Strongly coupled: n/s < 1 ~ Perfect (Ideal) fluid.

@ Small <502> /s = Tight unlike-sign correlation

@ Critical point =—> Large momentum fluctuations

@ Must survive during the evolution including re-equilibration in the
hadronic phase
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Creating QGP

\

Static color charges Classical gluon field

@ Nuclear initial state: Static color charges (large x partons) +

Classical gluon field (small x gluons) = Color Glass
Condensate.
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Creating QGP

High energy photons

o

Hard Scatterings
occur at this stage
Jets are produced

a4

Nuclei are breaking up

Gluon fields are grabbing each other

@ On contact:
@ Gluon fields collide and start to evolve towards QGP —> Glasma.

e Jets, heavy quarks, prompt photons are produced by high pr
parton collisions
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Creating QGP
Jets propagating

Photons are produced

Nucleus remnant

Entropy is produced.

Pre—equilibrium mix of streaming quarks,
gluons and classical gluon field.
@ Pre-Equilibrium

o Glasma evolving towards QGP
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e Jets, heavy quarks, prompt photons propagating

Characterizing QGP
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Creating QGP

Thermal photons

A jet can convel

Quenched jets come out
High pressure flows develope

@ Hydrodynamic stage - QGP is formed

e Approximate local equilibrium achieved —> Viscous
Hydrodynamics applies

o Jets interact with QGP, quarkonia dissolves, thermal photons and
dileptons produced
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Creating QGP

Hadrons to detectors
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@ After hadronization:
e System may be too dilute for hydrodynamics
@ Chemical freeze-out first
o Kinetic freeze-out later

o & = = = DA
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@ Soft (Roughly in order of increasing complexity)
e Charge fluctuations
e Multiplicities
e Hydrodynamic flows and viscosities
@ Hard & EM probes
o Jet Quenching
o Electromagnetic probes

Jeon (McGill) Characterizing QGP St. Petersburg 2014 8/62



@ Soft (Roughly in order of increasing complexity)
o Charge-fluctuations
o Muiltiphieities
e Hydrodynamic flows and viscosities
@ Hard & EM probes
e Jet Quenching

o Electromagneticprobes

o & - =, 2|z vae
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@ Soft (Roughly in order of increasing complexity)
o Charge-fluctuations
o Muiltiphieities
e Hydrodynamic flows and viscosities
@ Hard & EM probes
e Jet Quenching

o Electromagneticprobes

«: Cover if time permits
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Hydrodynamic Flow and Viscosities
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Shear Viscosity

@ QGP property to learn:
e Specific shear viscosity: 1/s
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Shear viscosity in context

Differential hydrodynamic flow

eta=0 No friction
—_— —_—
—
—_— —_—

The relative velocity of the two layers does not change.

eta ;F 0 Friction between the layers
—_— _
—
—_— —_—

The velocities eventually become the same.
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Kinetic Theory estimate (Why n/s is natural)

Longitudinal flow

| Uz (x+)) uz: Flow velocity
Vx uz(x)=0 .
"""" oo R Average speed of micro-
I U, (x-1) Transverse particle transfer . .
z scopic particles

Longitudinal flow

@ Rough estimate (fluid rest frame, or u,(x) = 0)

e The momentum density: To, = (e + P)uou; moves in the x direction
with vy

<6 + P> |VX|UO(UZ(X - /mfp) - UZ(X + /mfp))
~ —1NUgOx Uz

Here /s Mean free path
e Recall thermo. id.: (e + P) =sT

N~ (e+P) bt (Val) ~ 8 T husp (V)

Jeon (McGill) Characterizing QGP St. Petersburg 2014 12/62



Perturbative estimate

High Temperature limit: (Jv|) = O(1)

@ n/s~ Thy ~ — ApAX > h/2)

no T2o (~
@ The only energy scale: T

(coupling constant)#
g ~ T2

Hence
1

~ (coupling constant)#

03

, 1
e In QCD, naively expect /s ~ 2
S
e Coulomb enhancement (cut-off by mp) leads to

1
18~ E T ag)
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Interaction Strength and Viscosity

Weak coupling allows rapid momentum diffusion

-

Weakly coupled
Long distance until next collision
Easy mixing

Large n/s: u,(x) changes due to pressure gradient and diffusion

(=] = = E D Q C
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Interaction Strength and Viscosity

Strong coupling does not allow momentum diffusion

Strongly coupled
Very short distance until next collision
Mixing takes very long time

Small n/s: u,(x) changes due to pressure gradient only

(=] = = E D Q C
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Full leading order QCD calculation of n/s

Relevant processes

LT X
R e

~ 80 %)

Use kinetic theory (equiv. to Kubo when linearized)
af
dt

Complication: 1 <+ 2 process needs resummation (LPM effect, AMY)
SD-Eq (Figure by G. Qin):

Do D= D Dy
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Full leading order QCD calculation of n/s

@ Arnold-Moore-Yaffe (JHEP 0305, 051 (2003)) [Updated figure
from G.D. Moore]:

Leading—Order SU(3) Shear Visc. (AMY)
T T T

Red: pure glue

10k Black: 2 flavor ],
= HN Blue: 3 flavor H
g or St e e Minimum /s ~ 0.6 &~ 7.5 /4
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o s forag ~ 0.3
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Shear viscosity in strongly coupled A’'=4 SYM

Son, Starinets, Policastro, Kovtun, Buchel, Liu, ...
@ Strong coupling limit, 4 ingredients
o Kubo formula

0= lim —/dtd3xe’“” ([T (%), Ty (O)])

o Gauge-Gravity duality

ran(w) = 278 12 [ataxe™ ([T (x). Ty (O)

o lim Uabs(w) = Ablackhole
w—0

o Entropy of the BH : s = Apjacknole /4G
Therefore, (including the first order correction)

w_ Ay, 712
S N 4 (g2N0)3/2

Correction is small if g > 1 (10% at g = 2.4).
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To measure shear viscosity
Create this situation (Differential flow)
eta=0

No friction
_ =

[

_—
9

_—
The relative velocity of the two layers does not change.

eta .\‘T_ 0 Friction between the layers
—_— —_—
—
—_— —_—

The velocities eventually become the same.
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Elliptic Flow

Hydrodynamic response of the system to the initial spatial anisotropy

Beam direction: z
y
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Momentum anisotropy develops

Spatia evolution

AP/AX is greater than

_ =%

T (2 +y?)

Ap/Ay No more differential flow

Momentum space evolution

<px + py

Initially spherical Anisotropy is fixed
This happens within a few fm/c with |vs, | ~ 0.6 C.

Jeon (McGill) Characterizing QGP St. Petersburg 2014 20/62



Effect of viscosity

Ul

Jeon (McGill)

U2
U3

@ n=0means uy < Us < U3z is maintained
for a long time

@ n#0meansthat uy ~ up ~ ujis
achieved more quickly

@ Shear viscosity smears out flow
differences (it’s a diffusion)

@ Shear Viscosity reduces non-sphericity
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Physics from Hydrodynamics

@ Information content of single particle spectra

aN;,  dN
dy d?pr  2mprdprdy

(1 +Y " 2via(pr.y) cos(n¢))
n=1

@ “Flow”, v; 5(pT), comes from the initial state energy density
distribution via pressure

e(xr,n) =e(rr,n) (1 + " 2en(rr,n) COS(”¢)>

n=1

@ Efficiency of ¢, — v, depends on /s
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Physics from Hydrodynamics

@ Elliptic Flow — cos(2¢) component
y

Py

Px

e
" NS

Spatial anisotropy ~ Pressure does Momentum anisotropy
the conversion

(=] = = = D Q C
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Physics from Hydrodynamics

@ Triangular Flow — cos(3¢) component

y Py

kaé Px

Spatial anisotropy ~ Pressure does Momentum anisotropy
the conversion

@ In general: The higher n, the more sensitive to 7/s

[Alver and Roland, Phys.Rev.C81:054905, 2010]
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Physics from Hydrodynamics

What determines the initial shape?

@ Averaged smooth initial condition =—> Only Veyen'S SUrvive.
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Physics from Hydrodynamics

What determines the initial shape?

@ Fluctuating initial condition =—> All v,, are non-zero.

@ Local fluctuations —> Higher v, —> More sensitive to
dissipative smoothing
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MUSIC

MUScl for lon Collisions

MUSCL: Monotone Upstream-centered Schemes for Conservation Laws
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MUSIC

3+1D Event-by-Event Viscous Hydrodynamics

[Schenke, Jeon, Gale, Phys.Rev.Lett. 106 (2011) 042301, Phys.Rev. C82 (2010) 014903]

@ 3+1D parallel implementation of Kurganov-Tadmor Scheme
in (7,7n) with an additional baryon current
(No need for a Riemann Solver. OK to take At — 0.)

@ |deal and Viscous Hydro

@ Event-by-Event fluctuating initial condition

@ Sophisticated Freeze-out surface construction

@ Full resonance decay (3+1D version of Kolb and Heinz)

@ Many different equation of states including the newest from
Huovinen and Petreczky

@ New Development: UrQMD afterburner + Jet propagation
(MARTINI)
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Ideal vs. Viscous

©=0.4 fm/c 1=6.0 fm/c, ideal 6.0 fm/c, 1/s=0.16
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- e = ¥ = e
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> o > B > o
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X [fm] x[fm]
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ideal.mpg
Media File (video/mpeg)


viscous.mpg
Media File (video/mpeg)


Effect of viscosity

1=0.4 fm/c 1=6.0 fm/c, ideal 1=6.0 fm/c, n/s=0.16

E T E A E
-10 -5 0 5 10 -10 -5 0 5 10 i -10 -5 0 5 10
x [fm] x [fm] x [fm]
Initial condition Ideal, 7 = 6fm Viscous, 7 = 6fm

@ Smoothing is evident
@ Overall asymmetry is less affected
@ The hot spots get much rounder

@ v3 is more affected than v»
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IP-Glasma

[Schenke, Tribedy and Venugopalan (STV), Phys.Rev. C86 (2012) 034908]

Jets propagating
High energy photons
— -3 Hard Scatterings
occur at this stage
Jets are pmduc}(

Photons are produced

Nucleus remnant

Nuclei are breaking up \ Entropy is produced.
Pre—equilibrium mix of streaming quarks,

Gluon fields are grabbing each other . .
€ ¢ gluons and classical gluon field.

Static color charges Classical gluon field

') w b @ Basedon [D,, G""] = J” with
\;Q\:;.;'%L/ J” = pa(x, x1)0 + pg(xT, X1 )07

p N
-@‘;-5,‘, @ pap(x~,x.) distributions from IP-Sat
Vs @ Calculate the classical gluon field A*

between the two receding disks (Glasma)
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Initial Energy Density — IP-Glasma
Figures from [Schenke, Tribedy, Venugopalan, Phys.Rev.Lett.108.252301], [Gale, Jeon,
Schenke, Int. J. of Mod. Phys. A, Vol. 28, 1340011 (2013)],

IP-Glasma
1=0.01 fm/c

IP-Glasma
1=0.2 fm/c

MC-Glauber
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Not-so-ultra-central v,

IP-Glasma RHIC and LHC:
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Figures from [Gale, Jeon, Schenke, Tribedy and Venugopalan (GJSTV),
Phys.Rev.Lett.110.012302]
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E-by-E v, distributions

@ E-by-E v, is sensitive to E-by-E ¢,

100
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&
< v, ATLAS ——
o
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5 .
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5
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Figures from [GJSTV, Nucl.Phys.A904-905 2013 (2013) 409c-412c]
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Shear Viscosity

@ RHIC:n/s~1/4n

@ LHC:n/s~25x1/4r
or

@ Temperature dependent (1/s)(T) (We used HH-HQ)

n/s

1.6
1.4
1.2
1.0
0.8

0.6

0.4
0.2

0
0.10

FLHLQ ——
LH-HQ o
FHH-LQ ===

0.20

0.30

0.40

0.50 0.60

T [GeV]
[Niemi, Denicol, Huovinen, Molnar, Rischke, Phys.Rev. C86 (2012) 014909]
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Influence of (n/s)(T) and 7

[Vujanovic, Paquet, Denicol, Luzum, Schenke, Jeon, Gale, arXiv:1408.1098, Proc. of QM14]

0.25 025
4 PHENIX (20%-40%) "+ PHENIX (20%-40%)
—— nis=1/4n TE5N/(e+P)
0.2 b —— N/s=0.2427(TIT,-1)+1/dn 02F T,=10n/(e+P)
—— N/s=0.5516(T/Ty-1)+1/4n ——— Ty=20n/(+P)
01s o1s
5 5
> >
01 01
0.05 005
o o
0 o5 1 15 2 25 o5 15 2
pr(GeV] priGeV]
0.05 0.05
0.04 0.04
a -
Q 9
9 0.03 E‘Y 003 F
s =
H z
£ o £ om
> >V
e e oo T=Sni(e+P)
—— N/5=0.2427(T/Ty-1)+1/410 Tp=10n/(+P)
—— /s=0.5516(T/T,-1)+1/an —— Ty=20n/(€+P)
o

04 06 )
M[GeV]

1

04 06

Hadronic and dilepton v» with
differing (n/s)(T)

Hadronic and dilepton v» with
differing 7

[m] = = =
St. Petersburg 2014
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Bulk viscosity and ultra-central
collisions

@ QGP property to learn: ¢/s
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Bulk viscosity in context

n=4
n=3—e —
n=2—-ee— /
n=1-eoee

n=0e¢eee — eeee n=0

Original thermal After adiabatic

expansion from

LtoLl’
@ Thermal occupation number in a box with the size L:
Ny(LT) = exp(—27n/LT) since p, = 27n/L.

@ After an adiabatic expansion L — L', the original {N,} is still
thermal with 7' = (L/L")T

@ Redistribution not necessary: ¢ = 0 for conformal theory

- eee n=1

Jeon (McGill) Characterizing QGP St. Petersburg 2014 37/62



Bulk viscosity in context

n =235 _—
n=5—e ? e e =4 P
n=4 e  eee  12=23 P
n=3 e oo — — — >
n=2 eeee — Seee— = oo
n=1] eeseeee_ - —— —oeeeee_ 77 =/ e eoeoeo
n =0 n =0 esssses
Original thermal After adiabatic Actual thermal
with L expansion from with L.°

L to L’

@ Thermal occupation number in a box with the size L:
Na(m/ T, LT) = exp(—\/m?/T2 + (2xn)2/L2T?) since
pn = 27mn/L.

@ After an adiabatic expansion L — L', the original {N,(m/T,LT)} is
no longer thermal: There is no choice of T’ that will make the
original {N,} looks like anther thermal distribution with L’

@ Redistribution must occur: ¢ # 0 for non-conformal theory
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Bulk viscosity in context

Moving with u=z/t

1

This slice is at rest

Bjorken flow — ldealized, but valid near mid-rapidity.
Hubble-like flow in the beam direction

Expansion disrupts local equilibrium unless conformal
Entropy must increase —> Multiplicity must increase

Longitudinal expansion slows down when ¢ # 0

Pressure degrades
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Bulk viscosity calculations

° Kubc% formu1la -
_ . lim iwt 3 o o
¢= 2«1'Tow/_oo dte /d x (1P(x. 1), P(0.0)])
Using energy conservation, can replace
P 5?’}7 =P gé (T# = 0 if conformal)
() Leading order pQCD [Arnold, Dugan, Moore, Phys.Rev.D74:085021,2006]

1 T T T

@ Pure Glue: ¢ ~ 50(1/3 — v2)?y
[Dusling, Schaefer, Phys.Rev. C85 (2012)
044909]

@ Relaxation time approx:
¢~ T70(1/3 Vi)

°: Y S T E— 03 [Denicol, Jeon, Gale, arXiv:1403.0962]
Coupling ag , Y
Dotted line: ¢ = 15(1/3 — v2)?y o V= o
(Weinberg)
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Ultra-Central v,

MC-Glauber & MC-KLN

T - 7
CMS Prellmlnary L CMS Preliminary
0.03L PbPb \[Syy = 2.76 TeV ]| 0.03L - PbPb \[Syy = 2.76 TeV |

P 0-0.2% centrality ~ L 0-0.2% centrality
CX L CX L Glauber, /s=0

- — Glauber, ry/s=(
NAY VISH2+1 Hyd = -

S0l M = VioH: (’;Iauge:’ /=008 S 0,020 __ — Glauberys=008 |
<0.02- % =  MCKLN, /s=0.2 <002~ 4 o ~— Glauber,1/s=0.20 ]|
T = © —
© ©
o _ o —

A 0.01- . 3 QAL 0.01- o 3
G = -z —
> — > —_
03<p <3 GeVic e 1 03<p <3 GeVic c ]
. —_— L]
0,0() 777777777777777 o ] (},00777L 777777777 = ————
Bl T Bl
2 4 6 2 4 6
n n

Figures from CMS-PAS HIN-12-011 and also [Harris, Kharzeev and Ullrich, 2012 CERN Courier
52 (no. 9) 17] and [Luzum and Ollitrault, Nuclear Physics A 904-905 (2013) pp. 377-380]

@ Eccentricity €, =~ €2 Purely fluctuation driven
@ The tension: Exp. v» ~ v3 but Theo. vo > v3

@ Above calculations with ( =0
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Bulk viscosity and v, /e,

Effect of bulk viscous pressure MUSIC 2.0

, 1 2
S =bx! (g - c§> b=0, 15,30, 45, 60,75 | 0-1% - LHC

[Slide from G. Denicol’'s QM14 presentation]
@ Higher harmonics =—> Less sensitive to (/s

@ Ultra-central collision: ¢, ~ eo — A good place for (/s to show up
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The effect of non-zero bulk viscosity

With ¢ = b(1/3 — v2)?p

0.025 T T T T T T 0.025 T T
CMS 0-1% —=— CMS 0-1% —H—
[ | N/s=0.15, b=15 mm— N/s=0.15, b=15 m—
n/s=0.15, b=45 w——m - n/s=0.22, b=0 m—
N/s=0.15, b=75 m—m
002 F . 0.02 o
ui) o
= =
0.015 |- 9 0.015
g g
2 2
> >
0.01 9 0.01
= [ — I
—
0.005 [m— é B! 0.005 i
IP-Glasma+MUSIC — IP-Glasma+MUSIC
0 L L L L L T 0 I I I I I T
1 2 3 4 5 6 1 2 3 4 5 6

@ Left: Effect of bulk viscosity with various values of b with »/s fixed
@ Right: Trading bulk and shear
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The effect of non-zero bulk viscosity

With ¢ = b(1/3 — v2)?p

0.025 T T T T T T 0.025 T T
CMS 0-1% —E— CMS 0-1% —E—
N/5=0.12, b=45 m— with bulk 6f s
1/5=0.15, b=45 m— without bulk of m—
/5=0.18, b=45 mm—
0.02 F - n/s=0.18, E 0.02 F - N
] ="
— E— n/s=0.18, b=45
0.015 4 0.015 [ 3
. . ]
o o
=z =z
> >
ooy = ] ooy o 1
—
0.005 |- E B 0.005 e i B
IP-Glasma+MUSIC —— IP-Glasma+MUSIC —
G T, T, ==
1 2 3 4 5 6 1 2 3 4 5 6
n n

@ Left: Effect of bulk viscosity with various values of /s with b fixed
@ Right: Effect of bulk corrections in §f.
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The effect of non-zero bulk viscosity

With ¢ = b(1/3 — v2)?p

0.025 T T T T T T 0.025 T T
CMS 0-1% —E— CMS 0-1% —E—
N/5=0.12, b=45 mmm— with bulk 6f s
1/5=0.15, b=45 m— without bulk of mm—
/5=0.18, b=45 mmm—
0.02 F - nis ' N 0.02 F P E
] ="
— E— n/s=0.18, b=45
0.015 4 0.015 [ 3
. . |
) )
2 2
> >
ooy = ] ooy o 1
—
0.005 |- E B 0.005 e i B
IP-Glasma+MUSIC = IP-Glasma+MUSIC —
G T, L, ==
1 2 3 4 5 6 1 2 3 4 5 6
n n

@ Bulk viscosity improves the description
@ Not perfect: Also need initial state nucleon-nucleon correlations
@ Our best bet: b~ 45
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Jet Quenching
Transport Coefficient g

@ QGP property to learn: Jet-medium interaction
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Jet Quenching

504 E_ [GeV]

Calorimeter
Towers

ATLAS: Two jets visible — Surface ATLAS: Mono jet. One jet escapes
emission and its partner disappears in medium.
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QCD Jets

hadron / Jet
. X1

' -

hadron

\Jet
RN
We understand this. More or less.

(=] = = E D Q C
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doas

HIC Jet production scheme

Nucleus

Schematic Understanding
’Nucleus QoF

/geometry /abcdc’

x fasa(Xa, Qf)fo/B(Xp, Q)

doab—cd

dt

X P(xc — x,| T, ut)

x D(z;, Q)

P(xec — xz| T, u*): Medium

modification of high energy
X parton property
o 5 =
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Main radiative process in Energy Loss

k

T

t t ts tN

@ Landau-Pomeranchuck-Migdal effect important - BDMPS-Z
@ Relevant QGP property:

NP

>\mfp

where 1 is the average (spatial) momentum exchange and Ay, is
the elastic collision mean free path.
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Full leading order QCD calculation of energy loss rate

Relevant processes — The same as /s calculation

Lo LT X
3OS OO T

Use kinetic theory to calculate the evolution of the jet
df
dt

Complication 1: 1 «» 2 process needs resummation (LPM effect, AMY)
Complication 2: Needs to keep track of the daughters
[c.f. E. lancu’s talk on Monday]

=Cop2 +Cio2
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MARTINI

Jeon (McGill)

=
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St. Petersburg 2014

51 /62



MARTINI

@ Modular Alogorithm for Relativistic Treatment of Heavy loN
Interactions

@ Hybrid approach
o Calculate Hydrodynamic evolution of the soft mode
e Propagate jets in the evolving medium according to McGill-AMY
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Parton propagation

An example path in MARTINI
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Example — A MARTINI Run

MARTINI movie made by B. Schenke

[m] = = =
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martini.mpg
Media File (video/mpeg)


jetsInHic.mpg
Media File (video/mpeg)


Determining g from Jet Quenching

>ollaboration

Miklos Gyulassy (Columbia University)

Paul Romatschke (University of Colorado, Boulder)
Steffen Bass, Berndt Mueller (Duke University)
Michael Strickland (Kent State University)

Xin-Nian Wang (co-spokesperson & project director) (LBNL)
Ramona Vogt (LLNL)

Ivan Vitev (LANL)

Chales Gale, Sangyong Jeon (McGill University)

Ulrich Heinz (co-spokesperson) (Ohio State University)
Denes Molnar (Purdue University)

Rainer Fries, Cheming Ko (Texas A & M University)
Abhijit Majumder (Wayne State University)
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Determining g from Jet Quenching

ollaboration

Extracting jet transport coefficient from jet quenching at RHIC and
LHC,
JET Collaboration, Burke et al. Phys.Rev. C90 (2014) 014909
@ Models
@ GLV-CUJET (Columbia)
o HT-BW (Berkeley-Wuhan)
o HT-M (Wayne State)
o MARTINI (McGill)
o McGill-AMY (McGill-Wuhan)
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Determining g from Jet Quenching

@ All models based on many-body QCD
@ Differences in dealing with the medium and multiple collisions

@ All have adjustable parameters that can be related to g
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Determining g from Jet Quenching

Rap— dNaa/dprdy
NCOH dep/dedy

plots for RHIC

cukET20
@arfehd)

1 T

T T T T
N cov?
4, = 2.0 Gev?/fm

« PHENIX 2008 (0-5%) 1
®  PHENIX 0-5 % 2012 08— . PHENIX 2012 (0-5%) 7
:,ﬂ:z).& 1.0, 1.2, 1.4, 1.7 GeV/fin 1

Raa(P7)

6 8 10 12 14 16 18 20

S S R SR
(GeVic) 6 1 i2_ 14 16 18 20
Pr (VD P, (GeV)
CUJET HT-M HT-BW
0.7
—e— PHENIX Au+Au 200 GeV, 0-10% central
0.6 | - MARTINI w/o elastic ¢t;=0.39 b=2.4 fm
——— MARTINI w elastic a=0.3 b=2.4 fm
0.5
=
£ 04 {'}{
é t
T o3
B’
0.2
0.1
0
0 2 4 6 8 10 12 14
,
pr[GeV] 12 14
Py (GeVic)
MARTINI McGill-AMY
Jeon (McGill)

St. Petersburg 2014

58 /62



Determining g from Jet Quenching

dNAA / dprdy
NeondNgp / dprdy

Ran = plots for the LHC

0.8

CUJET2.0
Cacfel)
06 Y ——— L L I T T
fo ALcE0-5% B « CMS (0-5%) ]
- 08k fMS 0-5% i . 08 « Alice (0-5%) _
S s [ 4o =29 Gev'/fm 4 =14, 1.8,2.2,2.6, 3.0 GeVin |
S 0.6/~ o |
< 1I— 0.6
= T 1 I& 1
02 041~ T o4 -
0.2f- % - of B
0 F g ]
PR I IR N N L L L L L L L |
(GeVic) 0 20 40 60 80 100 10 20 30 40 50 60 70 80 90 10
o Py P, (GeV)
CUJET HT-M HT-BW
1
j 1,=0.20, 0-6% cantrality (red. y=14.8) =

o -5% centrality (red. 15 1
=030, 0-6% centralty, red. °~4.967

a 08 e —
2
2 038
g
5
s
g 06
s :
s o
s 04
g
o
0.2}
) Y
20 40 60 80 100 ol e
pr [GeVic] 10 20 30 40 50 60 80 90 100
py (GeVie)
MARTINI McGill-AMY
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Determining g from Jet Quenching

Collaboration

7 — Y ey 7
Foes MARTI —~ McGill'lAMY
6 [== HT-BW --- GLV-CUIET] 6
#% HT-M
50 E 5
o 4 F b o 4
(%-* <%<
3 E 3
2 F E 2
1 ke Au+Au at RHIC ] 1
FAn/Ter DL Pb+Pb at LHC
Mo Y n I S T S BSOS S |
09 0.1 02 0.3 0.4 0.5 0
T (GeV)

@ RHIC: §/T®~3 -6
@ LHC:§/T*~2-5

Jeon (McGill)

Characterizing QGP

O GLV-CUJET
- ® HT-BW
® HT-M
I A McGill-AMY
O MARTINI
u+Au at 0.2 TeV,
Fo~ 3
” qy/T; (DIS)  _ Pb+Pb at 2.76 TeV

.
—T T

TNLO SYM

0
T (GeV)
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Summaries and After-thoughts

@ High statistics data from RHIC and the LHC starting to permit
precise evaluation of QGP properties such as 7/s,(/s, g

@ All parts of heavy ion collision
calculations/simulations/event-generations (initial conditions,
hydro evolution, hadronic afterburner, jet-medium interactions)
are maturing

@ Theory challenges:

o Non-perturbative calculations of QGP properties with a.g ~ 0.3 or
g~2

o Thermalization mechanism ? [c.f. A. Kurkela’s talk on Tuesday]

e Hadronization mechanism ?
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Backup Slides
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Charge fluctuations

@ QGP property to learn: Deconfined quarks and gluons?
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Simple idea

(6Q%), = q° (ON?), ~ q® (N),,

@ QGP:q,=2/3,q4s=—-1/3,q5=0
@ Hadrons: g=0,1,2,---
@ With <Npart0n> ~ <Nhadron> ~ (3/2) <Nch>a

2
<6O >free QGP ~ 1/4

<Nch>
<602>free s

N e o

<Nch>

[Jeon & Koch, Phys.Rev.Lett. 85 (2000) 2076-2079,
Asakawa, Heinz & Muller, Phys.Rev.Lett. 85 (2000) 2072-2075

Similar conclusions from the balance function approach by S. Pratt ]
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Charge susceptibility from LQCD

[Giudice et al. arXiv:1309.6523]

1.0 e

m: 0.8_- J

S 0.6 ]

X 0.4} -

0.2r c-oonly connected terms|

I o all terms 1
0960150 200 20, 30035000

(
° <502> = Xa

@ In QGP phase, xq is close to the free QGP limit
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Observable — D = 4 (§Q?) / (Ne)

[ Pb-Pb pp HUING PYTHIA 4 - 4
0 ° T -+ A An=1.0 111 Hadron Gas 4 0 4
L G S M=16 QGP *
135 -0.5F 135
* o4
T 4 ||||||||||||||||||||||||||*m|mm|||||||||||||||||m3
£ 2
8 & 11111 Hadron Gas
w) ST 45F 425 O
2.5 ">\_: 1.5 QGP % 2.5
S * STAR Au-Au
£ 2f J
W ALICE Pb-Pb An=1.0
® ALICE Pb-Pb An=16
25 1.5 25 1.5
-3F 11 8F 11
0 50 100 150 200 250 300 350 400 10 10? 10%
Noor \snn (GeV)

[ALICE, Phys.Rev.Lett. 110 (2013) 15, 152301]
@ Left: D as a function of centrality
@ Right: D as a function of collision energy

@ Conclusion: Smaller fluctuations seen but it seems to be
contaminated by re-equilibration in the hadronic phase
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Expected QGP Properties
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Expected properties (3 light flavors)

@ High number density

@ High energy density

e = 36+16)/ 3pe PIT~15T*

T 3

@ RHIC central collisions: T ~ 390 MeV or ¢ ~ 40 — 45 GeV/fm®
@ LHC central collisions: T ~ 470MeV or ¢ ~ 90 — 95 GeV /fm?
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Expected properties — Cont.

@ High pressure (approximately conformal if coupling is weak)

1
P = §8

@ Quarks carry fractional charges. About 30 % of entropy
(s =(e+ P)/T)is in the gluons. =—> Small charge/entropy ratio

@ First order? Second order? Cross-over? — Critical point?
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MARTINI Backups
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Parton propagation

Process include in MARTINI (all of them can be switched on & off):

el oS
AT LT

@ Conversion:
——000000" ——000000"

A J k J

@ Inelastic:

F 3
 J

@ Photon: emission & conversion
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Pion production

[Schenke, Jeon and Gale, Phys. Rev. C 80, 054913 (2009)]

o 70 spectra and Rax

1 T T T T T T T T
0 [ — ]
~ PHENIX Au+Au 200 GeV 0-10% —e— ogl | = PHENIXO0-5%, Preliminary ]
L . PHENIX p+p 200 GeV —=— t 3D hydro + AMY, b=2.4fm, CTEQ5, EKS98|
3 102} "o Au+Au AMY+elastic 0,g=0.29 — | gO.G* B
= o g4l ]
& 104 | l 0.47 ﬁ% ]
:; 021 Iﬁmmﬁﬁf rti 5
% 108} j 0 1 1 —
Z o8k | - PHENIX 20 - 30% Prehmlnary ]
T 108} | "t |— 3Dhydro+AMY, b=75fm, CTEQS5, EKS98| -
= 20.65 T * B
S 010} o oaf * Iﬂﬁﬁmﬂ il .
N ozl T ;
2 4 6 8 10 12 14 0’ ) ) ) ) ) ) ) ) ) !
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p; (Gevic)
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Photon production

[Schenke, Jeon and Gale, Phys. Rev. C 80, 054913 (2009)]

@ Spectra and R},

- 10° . . . . . . . . . . . . . . .

{ PHENIX Au+Au 200 GeV 0-10% —— 14+ 1
> > I 1 Aus+Au direct+ISR+jet-medium =029 —— |

@ 10 PHENIX p+p 200 GeV —— 12t 1
= . l p+p direCtHISR+FSR --rseres

£ 10ty ] 1t ]
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£ 10} 1 | < 08¢ ]
=z [If‘ T os 1
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= 12,

& R 04t 1
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= 1012 ‘ ‘ ‘ ‘ ——— MARTINI AMY+el. + 3+1D hydro 0,4=0.29
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Azimuthal dependence of Raa

@ Raa(pr, A9)

out of plane 1

08 k| AMY+elastic + 3+1D hydro, b=7.5 fm, A¢=0-15°
) AMY+elastic + 3+1D hydro, b=7.5 fm, A¢=75-90°
=——@— PHENIX 20-30% A¢=0-15°

=—f— PHENIX 20-30% A¢=75-90° 1

0.6

>
v e
0 RaalPr.A 0)

in plane

pr [GeV]
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MARTINI — dN/dA

@ Right now ideal hydro with a smooth initial condition
@ Full jet reconstruction with FASTJET

[Young, Schenke, Jeon, Gale, arXiv:1103.5769]

45 3 T T T T
T T T T ip PYTHIAsfastjet = 02013 m—
4 ag=0.! 05=0.27 m——
=02 25 CMS Pb+Pb 0-10% +—+—1
35 ATLAS p+p’7 TeV
ATLAS Pb+Pb 0-10% | 2 i

< R <
2 | % 15 E
4 1 4
] 0.5 i
0 «;.1 0“2 «;.a 5.4 o“s 06 o.; - &s 019 1 0 0 0.2 0.4 0.6 0‘.8 1
A A
ATLAS, QM 2011 CMS, arXiv: 1102.1957 (2011)
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Hydro Backups
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Shear viscosity in context

@ Energy-momentum conservation 9, T =0
@ Local energy density and energy flow
T u, = —eu"
@ Decomposition to non-dissipative and dissipative components
T =eu'u” + P(e)(9" + u"u”) + 7
@ Dissipative part ( A¥” = g*” + utu”, V¥ = AFY9,)
2
™ = -7 (V“u” + VVut — §A'“’V”‘ua> — (AM'Y U,
Minus signs dictated by increasing entropy

@ Second order dissipative hydrodynamics

AFCAYP AT, 5 = —l Y — 27)V<“u“> + iT,ﬂr’“’ O U™
A T, 3

™

[Baier, Romatschke, Son, Starinets, Stephanov JHEP 0804 (2008) 100]
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Smooth (or Average) Initial Conditions

Optical Glauber

Jeon (McGill)

@ Thickness functions: T4 g(s) :/ dzpa(z,8)
—o00

@ Overlap function: T(b) = /dzs Ta(s)Ta(s — b)

@ Number of collisions: Neoi(b) = ABTAB(b)a

inel

@ Number of participants:

Noari(b) =
A / d?s TA(s)( [1 = Ta(s — b)oial] )

+ B/dzs Ts(s — b) ( [1— Ta(s)oha] )

@ Smooth distribution => No fluctuations.
NO €44d NOT Vogq

o = JDQC
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Fluctuating Initial Conditions

Au-Au, b = 3fm
10
9
i
7
6
il
¢ ®
3
i
1
- ol o @ Sample nucleon
-1 o
. positions
-3
o
-5
-6
-8
-9
09 8 .7 65 43 .21 01 2 3 4 5 6 7 8 9 10
o S = =, Z= DA
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Fluctuating Initial Conditions

Au-Au, b= 3fm

@ Sample nucleon
positions

@ Decide what collides
with what

© Decide how much
energy is deposited

© Calculate the energy
density in the hydro
cells

L L L L L L L
409 8 .7 6 5 4324 0 1 2 3 45 6 7 8 910
x

v
S o &b LU b bbb b Lo s s e u o® © O
T T T T T T

=] =
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MC-Glauber

G0 s o0 5 10 A5 H0 5 0 5 d0 15
x (fm) z (fm)

Figure from [Miller, Reygers, Sanders and Steinberg,

Ann. Rev. Nucl. Part. Sci. 57 (2007) 205-243]

@ Nucleon positions sampled from T, 5(s)

e Collisionif d < /oM /7

Jeon (McGill)
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MC-Glauber

11

B
09
08
07
06
05
04
03
02

01

0
09 57654321012 3456 75 910

Profile in n Transverse profile

@ Energy density in a hydro cell positioned at x/

Nw
Ky €0 —(XK _xJ )2/202
e (xK) = Zzwaze X
J=1

@ The sum is over all wounded nucleons (usually truncated) with
o~ T0.

@ 1) profile: Smooth. An Wood-Saxon or a stretch-Gaussian
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QCD Estimates of /s

@ Danielewicz and Gyulassy [PRD 31, 53 (1985)]:
@ 1/s bound from the kinetic theory:
s 1
s 2 75~ 008
o QCD estimate in the small g limit with Ny =2 and 2 — 2 only
(min. at ag = 0.6):

o T 057
nNan Na%ln(1/as) ~

@ Baym, Monien, Pethick and Ravenhall [PRL 64, 1867 (1990)]

3
~ % > 0.4s ~ (5/4r)s
o M. Thoma [PLB 269, 144 (1991)]
10278
- oz In(1/as)
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n

Jeon (McGill)

This causes elliptic flow. It is
harder to destroy this than

A
J

=
Characterizing QGP
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Confidence in viscous-hydro solutions

@ Comparison with the viscous-Gubser flow and MUSIC

@ Analytic ideal-hydro solution by [Gubser, Phys. Rev. D 82, 085027 (2010), Gubser and A.
Yarom, Nucl. Phys. B 846, 469 (2011)]
@ Semi-analytic Viscous-hydro solution by [Marrochio, Noronha, Denicol, Luzum, Jeon and

Gale, arXiv:1307.6130].

2 0
x(fm)

Jeon (McGill)
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0
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-0.08 L e S B
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Figures from MNDLJG with
n/s=0.2,7gT = 5n/s.
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E-by-E MUSIC vs RHIC Data

Phenix (arXiv:1105. 3928)
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Eccentricity distributions

——0-5% Solid: IP-Glasma
0.6 +—20-30% Dash-dotted: MC-Glauber
—+50-60% Dashed: MC-KLN

Ultra—central
In UC collisions: ¢, are almost purely fluctuation driven.
Figure from [Heinz and Snelling, Annu. Rev. Nucl. Part. Sci. 63 (2013) 123-151]
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How Central is Ultra-Central?

0.35 :
= Centrality 0.045 T T T T T
03—+ e 0-2% 0.04 F Glauber (disks) v
0035 | MCKLN <
0.25-1 2<pl <25GeVic . DIPSY
3] i 003 °® Glauber (points) 4 7
15<p2<2GeVic v 4 P
& 0.2+ T 0.025 Fopmfyoymm UrQMD  © A
5 = omF MCreBK (KNO) = |
—50.15-+
2 . 0015 | ot ]
0.1+ 001 - i
0.005 crota 1
0.05—, -
= = 0 1
G d:' o Ci:' _0005 1 1 1 1 1
B P e
1 2 3 4 5 6 7 8 n
n [Green bars: 0 — 1% ATLAS]. Figure from
Figure from [ALICE, Phys.Lett. B708 (2012) [Luzum and Ollitrault, Nuclear Physics A
249-264] 904-905 (2013) pp. 377-380]

@ As Centrality — 0, v3 — >

QAt0—-1%, vz w
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