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Temperature

~170 Mev‘ %Future FAIR Experiments

0 MeV

Quantitative study of the QCD phase diagram is a central
current focus of our field

1 Early Universe '
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S Validation of the crossover
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“‘os Quark-Gluon Plasma > Necessary requirement for CEP

Known unknowns
> Location of the critical End point (CEP)?
color~__ > Location of phase coexistence regions?
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Critical Point

HadrotyGas Superconductor
o > Detailed properties of each phase?
Vacuum Neutron St {
s iyl et All are fundamental to the phase diagram
0 MeV 900 MeV
Baryon Chemical Potential Of any substance

Measurements which span a broad range of the (T, ug)-plane
are essential for detailed studies of the phase diagram
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A Current Strategy

(ug,T) at freeze-out

Exploit the RHIC-LHC beam enerqgy lever arm
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» RHIC - access to different systems and
a broad domain of the (ug,T)-plane

RHICges to LHC 2 ~360 4/syy increase » LHC + BES > access to an even

broader domain of the (ug,T)-plane
hallenge = leverage signals from full span of energies
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Possible signals
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At the CEP or close to it, anomalies in the dynamic properties of the
medium can drive abrupt changes in transport coefficients

Anisotropic flow (v,) measurements are an invaluable
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' Possible signals
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In the vicinity of a phase _transition or In the vicinity of a phase transition or
the CEP, the sound speed is expected t0  the CEP anomalies in the space-time

soften considerably. dynamics can enhance the time-like
component of emissions.

v, and HBT measurements are invaluable probes
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- HBT measurements

-

Two particle Interferometry Studies
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NG HBT Radii STAR -1403.4972
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Exquisite data set for combined RHIC-LHC results?
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V,, measurements
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Extensive set of v, measurements at RHIC and the LHC
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vV, (@,) Measurements - ATLAS

ATLAS-CONF-2011-074
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High precision double differential Measurements are pervasive
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Anisotropy Measurements
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» Extensive set of measurements now span a broad range of
beam energies (T, ug).
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Essential Questions

|.  Can the wealth of data be understood | II. If it can, what new insight/s
In a consistent framework? are we afforded?

» Do we see indications for

YES! the phase transition / CEP?

A 4

|.  Expansion dynamics is pressure driven and is therefore acoustic!

» This acoustic property leads to several testable scaling
predictions for anisotropic flow and HBT
— with implications

This constitutes an important development
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| Scaling properties of expansion dynamics |
~Initial Geometry characterized by many
shape harmonics (g,) = drive v,
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Geometric quantities for scaling
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» Geometric fluctuations included
» Geometric quantities constrained by multiplicity density.
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| Scaling properties of HBT ~ Viscous Hydrodynamics — B. Schenke

v Characteristic acoustic scaling validated for
viscous hydrodynamics
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" Acoustic Scaling of HBT Radii
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> R and m; scaling of the full LHC data set
» The centrality and m; dependent data scale to a
single curve for each radii.
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" m, Scaling of HBT Radii R0ong Rou Rsis
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" Acoustic Scaling of HBT Radii
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» The centrality and m; dependent data scale to a
single curve for each radii.
» Qualitatively similar expansion dynamics at RHIC & LHC
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" Acoustic Scaling of HBT Radii
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arXiv:1404.5291
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Final-State interactions dominate
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/ Reaction Dynamics and HBT Radii |
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Vsyy dependence of HBT signals |
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These non-monotonic patterns signal an important change
In the reaction dynamics; CEP? Phase transition?

A similar non-monotonic pattern for n/s signals the CEP
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Scaling properties of flow

L J i ———————
T AutAu 0.2 TeV (a)]L (b).
- Viscous Hydrodynamics - (Visc. Hydro.) 11
0.10 | 0.15<p.< 2.0 GeVic ___\'Q\
. (4mn/S)ggp 1L W
V —ﬂ” B v 1 7 \}"
In —n oC —— 0.08 : & 2 ___ %‘1
gn R : r ¥ B t‘\
I - n N 12
_! * \ NE
S 0.06F 4, 7 -+ ’h\ i =
o . S i 0N =
v’ Characteristic acoustic E a v\ -
: . i - N -
scaling validated for 004 L “w 1 NN
viscous hydrodynamics i 1L A
F ) v Y
I o IS I\_—
0.02 I \
ﬂ.DD TI NI I N N T T I I I | |__| T SN S SN N TN TN AN TN TN N B B
0 100 200 300 05 1.0 1.5
-1
N o 1/R (fm™")

v’ B''shows clear sensitivity to n/s
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Roy A. Lacey, Stony Brook University, WPCF2014 22



e ~

Scaling properties of flow

/]
N J Vn _ﬂ
1 In — | OC —
Acoustic Scaling — = &, R
R
0.12 LI | LI | LI | T T TT T T T T | T T T T | T T T T | Pb_‘_Fb 2?6"’ V 1t 4
Au+hAu02TeV (gl (b) [ 2 EY @]t (44 0.0
(STAR) 1 ) 025 | (ATLAS) 1l ]
o.10 | 0.15<p, <25 GeVic 0 1-1.0 i pT =1-2 GeVic 1t ;
o n=2 _: : | e n=2 i 1
i 1+ 4 -0.5
& = r 1 - = E "
Z B | \ﬁﬁ\’g 119 0.20 | S 1l ] :
0.08 -%§§ 1 hi 3 A [ 1l Eﬁb ]
I ) j| o, ] i 5 b i
r EID . -1 =2.0 I 1 I [in] b\ _ -1.0 HE
- : | xS 13 &, | 3 A 2
0.06 -+ a € 0asF o b 2 >
£ I 1r i :,c = R R =4
> 5} - \ 1-25 % > = o 1-1.5 =
L 4L t,. i - L fa] 1L t‘{
0.04 r \ - B 1L g
L 5] 1 ¥ § \o 0.10 i . i .
\ - h 4 =2.0
I z | \ 1 I o
0.02 = L ] - oot 0o g
S T % e & | % 1-3.5 0.05 -3 %o o r q‘.
% 7 r - 4 =2.5
ﬂ.ﬂn -| T T T T TN N T T T T A O | |_-| TN TN TN N TN T TN N [N N BN N | I_ ! ! ! L I I I
0 100 200 300 0.5 1.0 1.5 0 100 200 300 bs 18 43
Npar: 1/R (Tm- } Npaﬂ 1/R {fm }

v’ Characteristic 1/R viscous damping validated with n?
dependence at RHIC & the LHC
v' A further constraint for n/s

Roy A. Lacey, Stony Brook University, WPCF2014 23



v v

Acoustic Scaling - Ratios
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Shape—eng/neered events
M M

Shape fluctuations lead to Qﬂ © = Z cos(ng;); Qn,y = Z'ﬂn ng;)
a distribution of the Q vector 0 —Qn;“x/_

at a fixed centrality Lacey et. al, arxiv:1311.1728
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» Crucial constraint for initial-geometry models
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' Shape-engineered events
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Scaling properties of flow
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Acoustic Scaling of shape-engineered events
9 P 9 Lacey et. al, arxiv:1311.1728
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v’ Characteristic 1/R viscous damping validated
for different event shapes at the same centrality
v A further constraint for initial fluctuations model and n/s
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Vsyn dependence of viscous coefficient
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» An extensive set of measurements now span a broad range
of beam energies (T, ug).

Roy A. Lacey, Stony Brook University, WPCF2014 30



\/ SNN dependence of viscous coefficient | v, .y
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Vsyy dependence of HBT signals |
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[Epilogue ]
Acoustic scaling of anisotropic flow and HBT radii lend

profound mechanistic insights, as well as new constraints
for key observables

What do we learn?

» The expansion dynamics is acoustic — “as it should be”
» Validates expected acoustic scaling of flow and HBT radii
v'constraints for 4mn/s & viable initial-state models

v'4mrn/s for RHIC plasma ~ 1.3 + 0.2 ~ my 2006 estimate

v4mrn/s for LHC plasma ~2.2+0.2
v Extraction insensitive to initial geometry model

»Characteristic dependence of

viscous coefficient 8”7 and v1,as well as "c," and At on Vsyy
give new constraints which could be an indication for reaction
trajectories in close proximity to the CEP?
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Flow is partonic & Acoustic?
arXiv:1211.4009
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' Scaling properties of flow

Acoustic Scaling — Ratios
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