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Nuclear matter in extreme conditionsS ... wrected

particles distributions
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Collective Phenomena
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A relativistic QCD many-body system

https://youtu.be/W3h5vQOUJTg
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Defining the Quark-Gluon Plasma

Which can we determine
from relativistic heavy ion data (LHC, RHIC, and FAIR)?

Equation of State 1 < & I’,5  Spectra, collective flow,
¢z = OP/de|s/n femtoscopy

Shear and bulk viscosities
77/3(T7 MB)a C/S(Ta :LLB)

Charge diffusion Dg, Dg, Ds Balance functions

Anisotropic flow vn

Energy-momentum transport

A A A Jets and heavy-quarks
q,€, €2, ...

Electromagnetic emissivity Photons and dileptons
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Defining the Quark-Gluon Plasma

Which properties of hot QCD matter can we determine
from relat|V|st|c heavy on data (LHC RHIC, and FAIR)?

‘ Equation of State TW > € P 5t ~ Spectra, collective flow,
;LQCD e —3P/86\s/n femtoscopy

Shear and bulk viscosities
77/8( 7”3)7 C/S(Tv :LLB)
Charge diffusion Dg, Dg, Ds Balance functions

Anisotropic flow vn

Energy momentum transport

g, e, és Jets and heavy-quarks

Electromagnetic emissivity Photons and dileptons
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Defining the Quark-Gluon Plasma

Which properties of hot QCD matter can we determine
from reIat|V|st|c heavy on data (LHC RHIC, and FAIR)?

Equat|on of State TW < 6, P 5 Spectra collective flow,

iLacD co = 8P/ 36\s/n femtoscopy
Charge diffusionDg, Dg, Dg Balance functions
Energy momentum transport

Jets and heavy-quarks
q, 62,
Electromagnetic emissivity Photons and dileptons
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Theoretical framework for heavy-ion collisions

AETILAFE
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Store Full Event Record onto
Disk

Viscous Fluid Dynamics +
lattice QCD equation of state

Density

distribution

Initial Soft
Cooper-Frye
Particlization
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Theoretical framework for heavy-ion collisions
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Hydrodynamics

a long wavelength effective description of interacting systems
+ Equation of State

Macroscopic: . ~ 1/0v > Microscopic: | ~ lmp ~ 1/(no)

Star formation Air dynamics Quark-Gluon
of race car Plasma

L ~10%m [ ~ 109 L~10"%m [ ~ 10~ 1%m
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Conservation laws

Conservation of energy and momentum:
0, T"" (z) =0
Conservation of charge:
0, JH(x) =0

Local conservation of particle number and energy-momentum

“ Hydrodynamics!

This can be generalized to multicomponent systems and
systems with several conserved charges:

0, J! () =0

¢ = baryon number, strangeness, electric charge ...
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|[deal hydrodynamics EoM

In the local rest frame v* = (1,0,0,0)
D =u"0, = 0 time derivative
V,=A,0" =0, =V,; spatial gradient

anad

De = —(e+ P)6 continuity equation
VH*P
Dut = i |
(c + P fluid acceleration

In iIdeal hydrodynamics, entropy is conserved

(9“8’“ =0 st = gyM
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Pressure gradients driven dynamics
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Pressure gradients driven dynamics

force

/

. =
Dut = Vv

, / e + P\
moment

acceleration

of inertia
Spatial | particle
. . Flow momentum
Imhomogeneity | .
anisotropy
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Degenerate Fermi C. Shen and U. Heinz, Nucl. Phys. News 25, no. 2, 6 (2015)

Press ks LS vl O (11| C S

force

moment
of inertia
j 4T =8.7fm/c
i i varticle
Spatie P |
' = 1500ps 8= 1026 fm/c )JRA218110100
Imhomoge |
ISOtropy

K. M O’Hara, et. al, R e ,A
Science 298, 2179 (2002) Bt = 2000ps g = 10.32 fm/c
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Dissipative hydrodynamics

Energy momentum tensor
THY = euru” — (P 4+ I1)AFY + 7P

Conserved currents AR = gh" —ulu”

JH = nut + gt

Equations of motion

Dissipative quantities are evolved with 2nd order Israel-
Stewart type of equations

At Navier-Stokes limit,

Vi = AP,
Chun Shen (WSU/RBRC) JETSCAPE Summer School 2020 19



QGP transport property

Shear viscosity

Resistance to
deformation

Chun Shen (WSU/RBRC)

Bulk viscosity

Resistance to
expansion

JETSCAPE Summer School 2020

Diffusion

particles diffuse
out of fluid cell

20



Effects of shear viscosity

No shear viscosity with shear viscosity
- »
- 2

System expands more isotropically with shear viscosity
Shear viscosity smears out the fine flow patterns

Chun Shen (WSU/RBRC) JETSCAPE Summer School 2020

21



A realization of relativistic hydrodynamics

7-0p DOWNLOAD PUBLICATIONS ABOUT OUR TEAM CONTACT

25 A (3+1)D hydrodynamic code for heavy-ion collisions

e T e SR R S S o S A
£ Sy L LK , O TR N NN LT L | E T e TR '
. L‘«l » ‘\ o J _“L' \ 5 I, . ’ . > /‘X .
'l\._,‘

‘XY

L " _--J.-' \
. p— g / r

http://www.physics.mcgill.ca/music/
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When to end?

e Particle is observed, not fluid

e How and when to convert fluid to particles (evaporation)
e How far is hydrodynamics valid?

Kinetic equilibrium requires

—
—

—_
()

> expansion rate
~on x ol 0= 0,u"

Fluid description breaks down at
=0

Approximation: decouple takes
place at a fixed temperature

(s H1 ——

x (fm) o
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Cooper-Frye Particlization

Sample particles on the freeze-out surface
(surtace of constant (low) energy density)
according to

dN; gi 3 . ( plu -
E— = do.p | f 2) 46
d3p  (2m)3 /E(Tfo) E (feq ( I > / >

then feed particles into hadronic cascade (UrQM

D/

S MAS H) S. A. Bass et al., Prog. Part. Nucl. Phys. 41, 255-369 (1998)

M. Bleicher et al., J. Phys. G25, 1859-1896 (1999)
J. Well, et al. Rev. C 94, 054905 (2016)

which performs resonance decays and scattering

according to hadronic cross sections
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Anisotropic Flows



Anisotropic flow

CMS Pb+Pb collisions event display @ Gunther Roland

A clear azimuthal anisotropy Is seen In the
particle momentum distribution
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Anisotropic flow

OOOOOOOOOOOOOOOOOOOOOOOO
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Anisotropic flow
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Anisotropic flow
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Anisotropic flow
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Anisotropic flow
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Anisotropic flow
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Measure vin from multi-particle correlation

2-particle correlation as a function of An and Ad -
An: DIFFERENCE IN PSEUDO-RAPIDITY

A®: DIFFERENCE IN AZIMUTHAL ANGLE S e

CMS PbPb 276 TeV ]\ 39-40% 7]\
Ad: DIFFERENCE
IN AZIMUTHAL ANGLE

CMS COLL., EUR. PHYS. J. C72 (2012) An: DIFFERENCE
IN PSEUDO-RAPIDITY
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Measure vin from multi-particle correlation

Azimuthal structure quantitied using Fourier expansion

CMS PbPb \STm = 2.76 TeV
L, =120 ub™
0-0.2% centrality

//59 .
trig O//Q

1 <p; <3 GeV/c /)&/ 0
1<pI°* <3 GeVic

1 JNPair N=00 y
~1+2 E VnA(ptT 5, pF%¢) cos(nAg) Vh = \/ VA
Ntrig dA¢ n—=1

CMS Collaboration, JHEP 02 (2014) 088
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Initial Fluctuation Spectrum

3

Inflation

Angular scale _ | | |
0.2° 0.1° CMS PbPb \[s,, = 2.76 TeV
L, =120 ub™
Plank 2013 - 0.3<p, <3.0 GeV/c

2.5-5.0%, HF
0-2.5%, HF

0-1%, HF+NPixel
0-0.2%, HF+NPixel
0-0.02%, HF+NPixel

v{2part, IAn| > 2}

500 1000 1500 2000 2500
Multipole moment, ¢
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Elucidating QGP Transport Properties
with Anisotropic Flows



Extract the QGP shear viscosity

C. Shen, Z. Qiu and U. Heinz, Phys. Rev. C 92, 014901 (2015)

e The QGP shear viscosity
particle 3 0.
anisotropic flow; the 4! PoPb @ 2.76 Tev

suppression is larger for . n/s=0.08

higher order v |+ ms=020

n/s = 0.095

40
Centrality (%) Centrality (%)
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Quantitative characterization of QGP

Hot & Dense QCD White Paper

* kinetic theory
= lattice QCD
== AdS/CFT limit

= Viscous hydro
viscous hydro + flow data

}_O
-
4y
)
C
N
~
-

e Broad theoretical efforts and experimental advances lead
to precise determination of the QGP transport properties

Chun Shen (WSU/RBRC) JETSCAPE Summer School 2020 38



Quantitative characterization of QGP

Hot & Dense QCD White Paper

* kinetic theory
= lattice QCD
== AdS/CFT limit

= Viscous hydro
viscous hydro + flow data

}_O
-
4y
)
C
N
~
-

e Broad theoretical efforts and xerimtal advances lead
to precise determination of the QGP transport properties

e Phenomenological approaches have set the strongest
constraints on the QGP shear viscosity

C. Shen and U. Heinz,
Nucl. Phys. News 25, 6 (2015)

Chun Shen (WSU/RBRC) JETSCAPE Summer School 2020 (1}39




Nearly Perfect Fluidity



Specific shear viscosity n/s

P. Danielewicz and M. Gyulassy, Phys. Rev. D 31, 53 (1985)

In Kinetic theory, the shear viscosity can be computed as

I
T — § plmfp

For a relativistic system, the entropy density s ~ 4kgn

So the ratio _
7] 1 plmfp

5 s 12 kg

~ momentum diffusion
per degree of freedom

Chun Shen (WSU/RBRC) JETSCAPE Summer School 2020 41



Specific shear viscosity n/s

P. Danielewicz and M. Gyulassy, Phys. Rev. D 31, 53 (1985)

In Kinetic theory, the shear viscosity can be computed as

1

T — § ﬁlmfp

For a relativistic system, the entropy density s ~ 4kgn
So the ratio

5 s 12 kg ~ 12kp ©

n 1ﬁlmfp> | )

~ momentum diffusion A minimum bound from
per degree of freedom the uncertainty relation

A universal bound was derived from string theory
Kovtun, Son & Starinets PRL 94 (2005) 111601

77>1h

s 4w kg
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Specific shear viscosity n/s

T. Schafer and D. Teaney, Rept. Prog. Phys. 72, 126001 (2009)

Fluid P|Pa] T|K| nlPa-s| n/s|lh/kpg]
10° 370 2.9x10-4 8.2

10° 2.0 1.2x10-6 1.9

12109 23x106 <1.7x107'" <0.5

1035 2x1012 5x101"  0.08-0.2

smaller n/s better fluidity

Chun Shen (WSU/RBRC) JETSCAPE Summer School 2020



Specific shear viscosity n/s

T. Schafer and D. Teaney, Rept. Prog. Phys. 72, 126001 (2009)

Fluid P|Pa] T|K| nlPa-s| n/s|lh/kpg]

H20 10° 370 2.9x10-4 8.2

4He 10° 2.0 1.2x10-6 1.9

SERON 12x10°  23x106F < 1.7x 107" < 0.5

QGP 1035 ox1012 £ 5x1011  0.08-0.2 §

smaller n/s better fluidity
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Quantitative characterization of QGP

Burrows A et al. 2013 Implementing the 2007 Long Range Plan

Ultra-Cold Heli Quark-Gluon
Atoms el L Plasma
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String Theory Limit

O //l M B e | ,//l
8 12 4 8 12 "' 1

x100 x10°
Temperature (K)

e Quark-Gluon Plasma is the | |
and the fluid in nature!
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Phenomenological Success of
Hydrodynamics Description of QGl




Radial flow and the slopes of particle spectra

N . R ad

e Particles are “surfing” with a relativistic flow

dV; g; 1
E—— == d’o,p"
Bp — (27)3 /E(Tfo) Cul i, T 1 1

, 1 +v, 1

Pions: Tgope ~ T\/_ Protons: Tgepe ~ 1"+ §mvi
TN, ~ T B /UJ_ T >> T
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|[dentified particle spectra

)
)

0-10% Pb+Pb
@ 2.76 TeV

—2
2

0-5% Pb+Pb
@ 2.76 TeV

rdyprdpr) (GeV
2ndyprdpr) (GeV™

;
‘-
N
5
|

0 0.5 1.0 1.5 2.0 2.5 0.0 0.5 1.0 1.5 2.0 2.5
Pr (GeV) Pr (GeV)

A common hydrodynamic radial flow can describe a

z00 of identified particle spectra within 30% accuracy
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Anisotropic flow v

B. Schenke, C. Shen and P. Tribedy, arXiv:2005.14682 [nucl-th]

LHC

T T = (014 A L T T T
Au+Au 200 GeV d+Au (pr > 0.2 GeV) ] | —— PbPb5.02TeV ® ALICE Pb+Pb 5.02 TeV
—==U+U 193 GeV p+Au (pr > 0.2 GeV) N ol ——— XeXe 5.44 TeV ® ALICE Xe+Xe 5.44 TeV
- = Ru+Ru 200 GeV - - p+p 500 GeV - Odzp 00 5.02 TeV ALICE p+Pb 5.02 TeV
Zr+Zr 200 GeV STAR Au+Au 200 GeV ] i pPb 5.02 TeV ALICE p+p 13 TeV
0+0 200 GeV STAR U+U 193 GeV - 0.10[ pp 13 TeV

[ 3He+Au (pr > 0.2 GeV) PHENIX d+Au v2{2, |An| > 2} -
- __0.08}

-lllLlllLllJ

|

-
N

0.06
0.04 o™

0.02}

0.00L

e A framework with viscous hydrodynamics can
describe tlow coetficients over more than 2 orders of
magnitude in charge hadron multiplicity
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Event-by-event distribution of v

e, IP-Glasma
v, IP-Glasma+MUSIC
vo ATLAS

pr>0.5Gev
Inl <2.5

f-

20-25% |5 IP-Glasma
v5 IP-Glasma+MUSIC
vg ATLAS

1B  pr>05GeV
Inl <2.5

20-25% |¢4 IP-Glasma
v, IP-Glasma+MUSIC
v, ATLAS

®

. pr>0.5 GeV

1.0 15 2. '. . T <es
‘“N /<’(’H >' (ll /<€H > ‘ 0 0.5 l1 1.5 2

Val(Vy), €4/ e4)

 Hydrodynamic framework can reproduce the charged
hadron vn at LHC on an event-by-event basis!
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1.0
0.8
0.6

0.4 (d)

Pb+Pb @ 2.76 TeV Pb+Pb @ 2.76 TeV
COS[4(\I/2 — \Pl)]

cos[(2¥y +3W3 — 5W5)]

— |P-Glasma+MUSIC+UrQMD ' 0.2 — |P-Glasma+MUSIC+UrQMD

0.0
1.0

0: ¥. f t t A f f
. f + * " [ = 4 08 1
r | (e)

B W ATLAS scalar product data M W ATLAS scalar product data

0.4
0.2

cos[(2Wy + 4T, — 6Wg)]

0.05|

n i** 7 0.0l cos[(2Wy — 6W3 +4T,)]
W % oo O
. | 0.1 -
" Ig‘l“l"‘1

COS[G(‘IJ:; _\I’(i)] -0.15

150 250 300 350 400 0250100 150 200 250 300 350 400

Npu‘rt szu't

* Hydrodynamic framework can reproduce the
correlations between different flow harmonics
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summary

e Quark-Gluon Plasma is the ~smallest, and
the most perfect tfluid ever created In the laboratory

relativistic, strongly coupled, and nonlinear system
exhibits universal collective behavior

¢ \/iscous relativistic hydrodynamics provides a
robust, reliable, efficient, and accurate
description of QGP evolution in heavy-ion collisions

state-of-the-art lattice QCD inputs
a few remarkable quantitative predictions

model parameters has direct connection to the
pohysics properties of the strongly-couple QGP
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