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Dynamics and properties of QGP

initial stages
QGP medium expansion f

reeze-out
l l l
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Challenge: simultaneous determination of two unknowns

Dynamics <——> Properties



Connecting the initial and final state

Particle flow

Initial state

Hydro-response ot ATias Poro ]
__centrality: 0-5% \ S =276 TeV _
pT>0.5 GeV,n|<2.5 |

80
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Space-time dynamics

Perturbing the system with different initial state fluctuations
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Initial state structures in 3D

How fluctuations in x.y,z converted to fluctuations in p,,p,,p,?

Cylindrical coordinate system: @,z 2> ¢,p,n

Fluctuations from event to event: consider only azimuthal modes

a 1+22v cosn(p-@, )

U

Fluctuations within a single event: Radial modes - pr space

Longitudinal modes—-> n space

dN 1+2ZV (pT,n, )cosn((P (0 (pTﬂn’ ))



Success and challenges

m Data-model comparison improves precision of transport parameters
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s Multi-parameter adaptive fitting optimizes
= Differential information in the parameter space

A 12-dimension
parameter space
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Hydrodynamics evolving into a precision tool for initial stages



Initial state: transverse

s EbyE overall shape fluctuations are by far
the dominating modes
= Linear response works well Uy OX €,

m But significant residual spreads observed
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What is the origin of these spreads?
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Dissecting the radial structures 7

Leading ¢, do not capture radial fluctuations: subleading eccentricities
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Dissecting the radial structures

s Leading ¢, do not capture radial fluctuations: subleading eccentricities
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= Influence of subleading ¢, observed in multi-particle correlations
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New handle on the initial state: v _-p; correlation ’

[p] anti-correlates with size
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Initial state: longitudinal

m The initial state of each event fluctuates longitudinally

Torqued QGP fireball small-x evolution (JIMWLK)

(Bozek et.al., arXiv:1011.3354)

—

Enm)Em)=> (Va(m)V,(m))  Flow de-correlation

(eo(n)eo(m3)) =XN(m)N(n2))  Multiplicity/centrality de-correlation



(Vn(_n)V;(nr)) h

(Va(m) Vi (m:))
After hydro evolution
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Decorrelations dominated by initial stages



Compare Xe+Xe and Pb+Pb

m  Consider Glauber model with parameterized longitudinal structure

= Describe v -ratiovs N, = viscous effects cancels at same N,
= Describe F -ratio vs N, /2A—> FB asymmetry control by centrality
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Better agreement than hydro—> wrong longitudinal initial state?



Beam-energy scan: further break boost-invariance

v, = 0.99995¢ v, = 0.995¢

10.0 _ — SN T T T T T T T T T T T T T — T T T T T
VNN =200 GeV. | Visny =19.6 GeV - 0-5% Au+Au @ 200 GeV
i 0-5% Au-+Au @ 19.6 GeV
4+ 4 4
5.0 (1) L ] . ]
° .' () [ t—z ] ]
z 3L V/SNN = 200 GeV J - 4
< 0.0 = r 1
b3 3 £ L 1
° " op \ 4 ] .
-5.0 r \\ // ]
4 P L N 7
° 1~ N\ 7 = 4
-10.0} 0-5% Au+Au r \\ // j
-1.0 0.0 1.0 -1.0 0.0 1.0 [ . N/ 1 1 .
z (fm) z (fm) o T s T 00 25 sog e,
z (fm) 2 (fm)

Nuclear overlap time becomes Nucleons are decelerated with energy

large at lower energies deposited over a larger space-time volume

Different stages no longer separated

initial state pre-equilibrium  QGP & expansion Phase transition&freeze-out

Longitudinal dynamics as important as transverse dynamics
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Towards the future




Collision System Scan

15

s Beam Energy Scan program has been vastly successful
= Explore QCD Phase diagram

= Bridge between high T and high pg frontiers

= A system-size scan could be equally fruitful
= Detailed exploration of the initial state via hydrodynamics v =k €.

pa (v3, (pr))

= New tool for nuclear structure physics via v -v_, v_-pr, pr-pr correlations

Nuclear deformation
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Region 144<A<190 populated by large well-deformed nuclei.
Systematic study of nuclear deformation at RHIC.

Slmple proposal. https://www.nndc.bnl.gov/nudat2/
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Collision System Scan
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s Beam Energy Scan program has been vastly successful

= Explore QCD Phase diagram

= Bridge between high T and high pg frontiers

= A system-size scan could be equally fruitful
= Detailed exploration of the initial state via hydrodynamics v =k €.

= New tool for nuclear structure physics via v -v_, v_-pr, pr-pr correlations

Alpha-clustering

@)

higher multiplicity lower multiplicity
higher triangularity lower triangularity
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e

Explore Be/C/O+Au collisions

Analyzing 12C via collisions with a “disk” of Au:
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Collision System Scan

Beam Energy Scan program has been vastly successful
Doable towards end of 2023-2027 eral

= Explore QCD Phase diagram

= Bridge between high T and high pg frontiers

A system-size scan could be equally fruitful
= Detailed exploration of the initial state via hydrodynamics v9 = K99
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= New tool for nuclear structure physics via v -v_, v_-pr, pr-pr correlations

Neutron skin
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Isobar-run demonstrates RHIC ability for
controlled study of nuclei geometry
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New frontier: Rapidity correlations

Many sources of fluctuations,
generated at different time, and
different longitudinal/transverse dynamics
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Longitudinal flow
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Charge transport
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New handles on initial state



Rapidity Scan

= Rapidity scan at fixed Vs <= Beam-Energy scan within same event

= Similar properties but very different dynamics
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= More information via fluctuations=>more constrain on 3D hydrodynamics
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Rapidity Scan

= Rapidity scan at fixed Vs <= Beam-Energy scan within same event

= Similar properties but very different dynamics
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= More information via fluctuations=>more constrain on 3D hydrodynamics
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= Similar properties but very different dynamics

Rapidity Scan

= Rapidity scan at fixed Vs <= Beam-Energy scan within same event

= More information via fluctuations=>more constrain on 3D hydrodynamics
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Baryon chemical potential, ug (MeV)
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New handle on
phase diagram,
dynamics and properties




Rapidity Scan

= Rapidity scan at fixed Vs <= Beam-Energy scan within same event

= Similar properties but very different dynamics
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= More information via fluctuations=>more constrain on 3D hydrodynamics

. Ns =3
High "

s 200 |ENErgy -
e High
S 55;%350%/‘1 g (B)density
q:.'; / "%Pojng -
S N
B 100 / < pB~O pB~1OOMeV ug~400MeV
Q. / -7
E ! g
2 Fluct. ¢ transport > Fluct. transport Fluct.

o ) L |

500 1000 n=0 n=2 n=4

Baryon chemical potential, ug (MeV)

== LQCD cross over line

4 STAR thermal fits 4 STAR thermal fits ,
0-5% AuAu
0-5% AuAu ©62.4 GeV

New handle on
phase diagram,
dynamics and properties

19.6 GeV




23

Rapidity Scan

m Possibilities with future detector upgrades
= STAR forward upgrade 2.5<n<4 with p; and maybe some PID information
= ATLAS/CMS forward upgrades with some PID capability
= New replaced ALICE detector with PID and |n|<4

All silicon detector 1902012 LLH% s

LHC @ lower \'s and explores rapidity correlations?



Summary

s Flow & hydrodynamics are precision tools to study the initial
condition 1n 3D:

s azimuthal, radial and longitudinal

m Future opportunities

= Collision system scan as tool for nuclear structure physics

= Also disentangle contributions from different stages (not discussed)

= Rapidity scan as new handle on Phase diagram and longitudinal dynamics.
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Challenge for understanding

Initial state Pre-equilibrium Hydrodynamics
t=0fm/c t<0.5 fm/c t~ 0.5-5 fm/c

momentum anisotropy Non-equilibrium
e.g. mini-jets, glasma transport

Geometry-uncorrelated Geometry Response

Collective expansion

Contributions from different stages are difficult to disentangle

« Initial geometry and Initial momentum anisotropy
« pre-equilibrium dynamics and entropy production
« n/s(T), {/s(T), EOS, non-equilibrium dynamics

« Phase transition and hadronization

« Hadronic transport and Freezeout

Hard to experimentally vary one ingredient at a time



Why small A+A? \ *
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Glauber geometry, but different subnucleonic fluct. (Qy).



