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t~10fm/c =102 s
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Model by 3D relativistic viscous hydrodynamics Credit: Bjoern Schenke



Space-time dynamics :

T 0<1<0.5fm/c 0.5<1<6 fm/c
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initial state  pre-equilibrium QGP & expansion Phase transition&freeze-out
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Glauber Field theory Hvd : o
L rodynamics Hydro+kinetic
CGC +kinetic y y

Use hydro to unfold the space-time dynamics



Basics of hydrodynamics: ideal

Energy-momentum conservation Charge conservation
0, T" = 0 O.N" = 0
System always in local equilibrium: ideal hydrodynamics
T = (e+ P)ufu’ — P9"”
N* = nu¥

Six unknown: ¢, P, u¥, and n, only five equations-of-motion

Closed by the equation-of-state (EOS) :* e=¢(P)

* zero chemical potential

Hydro-response controlled by QCD EoS.



Basics of hydrodynamics: viscous

Energy-momentum conservation Charge conservation
0,T" = 0 O.N" = 0
Include near-equilibrium corrections: viscous hydrodynamics

T = eutu” — (P + II)A*Y 4 7t
NE — pyt e / 1(\ Bulk pressure Shear tensor

Charge diffusion



Basics of hydrodynamics: 15t order

Energy-momentum conservation Charge conservation

0,T" = 0 O,N" = 0

Include near-equilibrium corrections: viscous hydrodynamics

™" = eutu” — (P +ID)A* + 7t
Bulk pressure Shear tensor

N = nut + nk
T S~ Charge diffusion

Include 1st-order gradient expansion:

T’ = —not n: shear viscosity coefficient

11 = —CV*UA . bulk viscosity coefficient



v

Basics of hydrodynamics: 2" order

Energy-momentum conservation Charge conservation

0, " = 0 O,N" = 0

Include near-equilibrium corrections: viscous hydrodynamics
pr o m, vV uv uv
T eutu” — (P + I_QA +ml”

Bulk pressure
Nt = nu" + n
T e Charge diffusion

Include up to 2"9-order gradient expansion

Shear tensor
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= —C (Viuk) + (D (Vifuf‘) + &0 o + &2 (V)qu)
+E0Qy, + &V, IneV!] Ine+ &R + EuiuP Ry, .

Many transport coeff.-> probe microscopic theory, QCD



Hydro to decipher the QGP properties?

Gauge/Gravity Kinetic (BGK) pQCD Lattice QCD
e(P) 3P Eq. (3.30) 3P Eq. (3.125)
e+P e+P)T 3.85(e+P) e+ P
n 24_7*_1iT2 ( 5) - g4 1n(257g5g—1)T 010(6)%
T 2_71'1’11" TR #é
5.2
A1 ST 2NTR &P
Ao 2T — 4 —2NTR —2NTx
)\3 0 0 306(;;}2))
K 42 0 8;;2 0.36(15)T
Refs. [19, 28, 29| 28,119, 120] [121-123] 124127
1128, 129] 130 1131, 132]
Table 2.1: Compilation of leading-order results for transport coefficients in

various calculational approaches, see text for details.

ab.initio calc. for QGP not easy, relies on model/data comparison



Connecting the initial and final state

Particle flow

Initial state

Hydro-response et " ATLAS Puro |
80__centrality: 0-5% \ S =276 TeV _
pT>0.5 GeV,ln|<2.5 |

Space-time dynamics

dN/d [n/25]

Z—];)]oc 1+2§Vncosn(¢—cbn)

m What 1s the nature of the initial state fluctuation ?

s What is the space-time evolution of the produced matter ?
= How are (g,,®,") transferred to (v,, ®@,) event-by-event?

»  What are the properties of the produced matter ?
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= v_sensitive to initial perturbation and viscosity.
= Bigger initial fluctuation lead to bigger v

= Small viscosity ensure efficient transfer of initial fluctuation to final state flow.



Richness of flow fluctuations

Curtsey of L.Pang and X.N Wang, EbyE 3D hydro+AMPT condition
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Fluctuation from event to event




Richness of flow fluctuations

Curtsey of L.Pang and X.N Wang, EbyE 3D hydro+AMPT condition

dN(event 98)

Fluctuation from event to event



Richness of flow fluctuations

Curtsey of L.Pang and X.N Wang, EbyE 3D hydro+AMPT condition
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Fluctuation from event to event



Richness of flow fluctuations

Curtsey of L.Pang and X.N Wang, EbyE 3D hydro+AMPT condition
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Fluctuation within a single event
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Experimental flow observables

m Single particle distribution
dN

dodndp,

s Two-particle correlation function

< dN,  dN, >
dodndp, dodndp,

s Multi-particle correlation function

< dN, dN >
dpdndp, " dpdndp,



Experimental flow observables

m Single particle distribution Flow vector: V,, = v,e""®”
N = N(p,.m|1+2) v, (p,.mcosn(¢—D (p,.n))
ddndp, p
=N(p;.n) {Z Vn(pT,n)e"”‘b}
n=—co T~
Radial flow / Anisotropic flow

s Two-particle correlation function

< dN,  dN, >
dgdndp, dodndp,

s Multi-particle correlation function

< dN, dN >
dpdndp, " dpdndp,



Experimental flow observables

m Single particle distribution Flow vector: V,, = v,e""®”
N = N(p,.m|1+2) v, (p,.mcosn(¢—D (p,.n))
ddndp, p
=N(p;.n) {Z Vn(pT,n)e"”‘b}
n=—co T~
Radial flow / Anisotropic flow

s Two-particle correlation function

< dN,  dN,

V.(pr sV, (1) from 2PC
dpdndp, d¢d77dPT> = < e = 2> vy Irom

s Multi-particle correlation function

< dN, dN

. > — <VnVn Vn > n+n+..+n =0
d(bd?]de d¢dnde L) m

(Un,Uny..p, €OS(N1 Py, + 2P, + ... + 1y @y, ))



Experimental flow observables

m Single particle distribution Flow vector: V,, = v,e""®”
N = N(p,.m|1+2) v, (p,.mcosn(¢—D (p,.n))
ddndp, p
=N(p;.n) {Z Vn(pT,n)e"”‘b}
n=—co T~
Radial flow / Anisotropic flow

s Two-particle correlation function

< dN,  dN,

V.(pr sV, (1) from 2PC
dpdndp, d¢d77dPT> = < e = 2> vy Irom

s Multi-particle correlation function

< dN, y dn,, >_‘<VnVnVn> n+n+..+n =0
dodndp, de¢dndp, ! 2~L g

P(Vny Uiy eoeey @y Py onnn) =

1 dNevts
Nevts dvpdvy,...dP,dP,,...




How to measure flow? b

spectators

By particle correlations!

Determine flow vector in one subevent: Noise uncorrelated between two subevents, average over events:
T M D a b a_in® ang. b —in® b ay 7 b*
0, =" =vead (aa)=(0re 800 8= (1Y)

! Statistical noise



How to measure flow? ®

By particle correlations! a — Q .

Determine flow vector in one subevent: Noise uncorrelated between two subevents, average over events:
Eemi ind a  b* a in®¢ a b —in® b* ayyb*
4,="5—=v,e™ 6 (qia) ) =((vie™ +8) e " +6")) = (Vv

! Statistical noise

We often assume p(v,) independent of p; and n, i.e. ignoring intra-event fluctuation p(V, )= f(p,.1n)p(V,)

(Vvr )= 1ppn f (o) {7)



How to measure flow? _ .

By particle correlations!

Determine flow vector in one subevent: Noise uncorrelated between two subevents, average over events:
Y ™ : @ ' *
g =———=y " +§ <qq > (vie "t )(Ven +6b) < Vb>
n 2 n \

! Statistical noise

We often assume p(v,) independent of p; and n, i.e. ignoring intra-event fluctuation p(V, )= f(p,.1n)p(V,)
(vav? )= f(pin) f (e (v?)
Event-plane or scalar-product methods, e.g. measure flow in subevent ¢ wrt symmetric subevents a&b:
f(py.n")=f(p;.n")
e Maca”) O Fpea(R)
Ve = = F(m W (72) = (o)
o) | repead) repn)(v7)

Lessons: 1) We often report RMS value of v, 2) relies on factorization assumption!



How to measure EbyE flow fluctuations?

Multi-particle correlations = moments, cumulants

52 Quantifies the shape of p(x)

C, variance, C; Skewness, C, Kurtosis

%)
¢!

2 = (6X7)
3= (0X7)
1= (6X") - 3(5)(2)
5=(0X°)-10(6X°) (6X?)




How to measure EbyE flow fluctuations?

Multi-particle correlations = moments, cumulants

) = (6X2) 5X = X (X) Quantifies the shape of p(x)
5=(0X°) ) C, variance, C; Skewness, C, Kurtosis
4= (6x%) - 3(5x2)°

5=(0X°)-10(6X°) (6X?)

Replace with harmonics X=v_e"® =» cumulants for 2D functions
Simplification by symmetry=>»<X>=0, <X">=0, <XX*>=<v_2>...



How to measure EbyE flow fluctuations?

Multi-particle correlations = moments, cumulants

) = (6X2) 5X = X (X) Quantifies the shape of p(x)
5=(0X°) ) C, variance, C; Skewness, C, Kurtosis
4= (6x%) - 3(5x2)°

5=(0X°)-10(6X°) (6X?)

Replace with harmonics X=v_e"® =» cumulants for 2D functions
Simplification by symmetry=>»<X>=0, <X">=0, <XX*>=<v_2>...

Cumulant for a single flow harmonic:

cn{d} = «ein(¢1+¢2—¢3—¢4)» _ «ein(¢1—¢3)» «ein(¢2—¢4)» _ «ein(¢1—¢>4)» <<ein(¢2—¢3)» _ «eiz(@'lWﬁ-».«ei_n(fs:sbi) »
= ((en(Prrda=da=da))) 9 ((ei"(¢1‘¢2)))2 Vanish by symmetry

(vfb) -2 (vfb)2 + non-flow

Suppress 2PC non-flow
Probe the shape of p(v,), e.g. non-Gaussianity



How to measure flow fluctuations?

Four-particle symmetric cumulants:
Senmf{d} = (@102 rm(@s-62))) _ ((in(#1-62))) ( cim(ds-¢4)))
_ «ei(n&ﬁn‘dmﬁ» feilnoztmon)) _ «ei(mpf “mPY | (il zimes) )
— «ein(¢1—¢z)+m(¢3—¢4)>> _ <<ein(¢1—¢2)» <<eim(¢3—¢4)>>

= (’U?van) — ('v,,%) (v,,zn) + non-flow



How to measure flow fluctuations?

Four-particle symmetric cumulants:
Senmf{d} = (@102 rm(@s-62))) _ ((in(#1-62))) ( cim(ds-¢4)))
_ «ei(n&ﬁn‘dmﬁ» feilnoztmon)) _ «ei(mpf “mPY | (il zimes) )
— «ein(¢1—¢2)+m(¢3—¢4)>> _ «ein(¢1—¢2)» <<eim(¢3—¢4)>>

= (vfbvfn) — (’Ui) (v,,zn) + non-flow

Three-particle asymmetric cumulants (event-plane correlators):

ACn.m {3} _ «ei(n¢1+m¢2—(n+m)¢3)»_terms involving _«eivlqb»_’_«_ei_mi&»_, _<<§1(_n-|;7’n_)qi>>
= ({ei(n¢1+m¢z—(n+m)¢3)»

= (VnVUmUnim cos(n®, + m®,, — (n+m)®,,)) + non-flow

Probe the shape of p(v,v,,) and p(®, D)



How to measure flow fluctuations?

Four-particle symmetric cumulants:
Senmf{d} = (@102 rm(@s-62))) _ ((in(#1-62))) ( cim(ds-¢4)))
_ <<ei(n¢I+7n‘<f>3~)» feilnoztmon)) _ «ei(mpf “mPY | (il zimes) )
— <<ein(¢1—¢z)+m(¢3—¢4)>> _ «ein(¢1—¢2)» <<eim(¢3—¢4)>>

= (’U?L’Ufn> — ('v,i) (v,,zn) + non-flow

Three-particle asymmetric cumulants (event-plane correlators):

ACn.m {3} _ « ei(n¢1+m¢2—(n+m)¢3)» — terms involving _«eioldb»j_«_ei_mf», _« gl(_'n,-l;'rn—)qi»
= «ei(n¢1+m¢z—(n+m)¢3)»

= (UnUmUnim cos(n®, + m®,, — (n+m)P,,,,)) + non-flow
Probe the shape of p(v,v,,) and p(®, D)

Generalize to more particles, e.g. (cos 12(®5 — ®4)) is 9-particle correlator



Data/hydro comparison: two-particle correlation”™

Initial state geometry
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Data/hydro comparison: EbyE flow fluctuations =

P(va/{v,)), P(ea/(es))

P(va/(va)), P(ea/(ea)
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Data/hydro comparison: EbyE flow fluctuations ™
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Maximizing the constraining power

Multi-parameter Bayesian analysis to maximize
constraining power of experimental data.
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{/s max

Maximizing the constraining power

250 14‘4+

Multi-parameter Bayesian analysis to maximize
constraining power of experimental data.

Within a given model framework!

Not the same as theoretical uncertainty.
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Flow fluctuation in transverse (p+) direction

s Ollitrault saw v angle and amplitude fluctuates in pin EbyE hydro

Tn(PT1, PT2) 1=

(Un(pT1)vn(Pr2)cos[n(¥, (pr1) =V, (p7r2))])

(’Un (PTl)Un (PTz))

» Breaking is largest for v, in ultra-central Pb+Pb collisions
= Also depends strongly on PID
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Flow fluctuation in transverse (p+) direction

Transverse density profile contains multiple eccentricity €, mode with different
radial length scales. Each ¢, drives its own flow component with its own phase:

Leading €4 Subleading €,

g L leading || subleading | 0.2
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Flow fluctuation in transverse (p+) direction

Transverse density profile contains multiple eccentricity €, mode with different
radial length scales. Each ¢, drives its own flow component with its own phase:
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Flow fluctuation in transverse (p+) direction

Transverse density profile contains multiple eccentricity €, mode with different
radial length scales. Each ¢, drives its own flow component with its own phase:

Leading €4 Subleading €,
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Flow fluctuation in transverse (p+) direction

Transverse density profile contains multiple eccentricity €, mode with different
radial length scales. Each ¢, drives its own flow component with its own phase:

Leading €4 Subleading €,
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Subleading flow responsible for most factorization breaking effect



Flow fluctuation in longitudinal direction

Fluctuation of sources in two nuclei = fluctuation of transverse-shape
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Consequences:

Asymmetry of a flow magnitude Torque/twist of an event plane
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Flow fluctuation in longitudinal direction

Observables: l"7 -
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Significant decorrelation,
not described by any models
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Flow fluctuation in longitudinal direction
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Challenge for precision

0<1<0.5fm/c 0.5<1<6 fm/c 6<t<10 fm/c
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Glauber, CGC Pre-flow dynamics Hydrodynamics Hadronization
Sub-nucl. dof

Longi. structure



Challenge for precision

<0  0<1<0.5fm/c 0.5<1<6 fm/c 6<1<10 fm/c
initial state  pre-equilibrium I QGP & expansion I Phase transition&freeze-out
>
Glauber, CGC Pre-flow dynamics Hydrodynamics Hadronization
Sub-nucl. dof
Longi. structure

External input Non-hydro modes ~ Slow modes Bulk viscosity

Kinetic approach  Hydro-fluctuations
Critial-flucuations



Fluctuations are everywhere Initial fluctuation  non-hydro modes
Thermal fluctuation  Jet quenching,

Critical fluctuation HBT
Resonance decays,

With varying length scale



Fluctuations are everywhere Initial fluctuation  non-hydro modes
Thermal fluctuation  Jet quenching,

Critical fluctuation HBT
1 1 Resonance decays,

_ _ Disentangle various time-scales
With varying length scale via An correlation, but how?



Resolve fluctuations at different time and length scale °
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Resolve fluctuations at different time and length scale 4
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background for CME background for critical fluctuation

Large n coverage from forward upgrade is important



Small systems and early time dynamics

~30000 particles” ~2000 particles™ ~ 600 particles”

What is the smallest droplet of QGP created in these collisions?

—> Change matter size, life-time and space-time dynamics (@ RHIC and LHC
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Unreasonable success of hydro?

Same 2"d-order viscous hydro equations describe all three systems

superSONIC for p+p, Vs=5.02 TeV, 0-1% superSONIC for p+Pb, Vs=5.02 TeV, 0-5% superSONIC for Pb+Pb, Vs=5.02 TeV, 0-5%
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Actual space-time dynamics & properties should still be different!
= This does not mean T*(x,t),,=T"(X,t),pp=T"(X,t)pppp

= The pre-equilibrium effects are not the same



Unreasonable success of hydro?

Borel-Resummed Viscosity

s In far from equilibrium region,
hydro still fit the data, but gives

wrong viscosity

U
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Unreasonable success of hydro?

Borel-Resummed Viscosity

In far from equilibrium region,

hydro still fit the data, but gives

wrong viscosity

U
Thydro

Small gradients ng~n
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Different models for early-time dynamics have similar average
hydro-field, but different differential distri., e.g shear tensor m(x).
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Unreasonable success of hydro?

m Different approaches with different setup can describe the same data

AMPT transport
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Actual space-time dynamics are very different




Direct search for non-equilibrium features in v,,7?

Response of the medium to
qgquenched jet, Mach cone?
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Look for systematic failure of
gradient expansion of
hydrodynamics



Summary

Flow observables efficiently characterize particle correlations at T=co.

Hydrodynamic model 1s a good tool to unfold flow data to extract
space-time dynamics of QGP and its properties for T < 10fm/c.

Precision knowledge of HI collisions require more theoretical progress
to disentangle contributions from different stages of evolution.

Some possible directions.
= Differential measurements of flow fluctuations, mixed correlations

= Observables to probe fluctuations at different time scales, transport mechanisms
for charge and baryon number.

= Small systems to constrain the pre-equilibrium dynamics.

= Direct experimental search for effects of non-hydro dynamics.
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Temperature dependence of n/s
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