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Beam energy dependence of the viscous damping of
anisotropic flow in relativistic heavy ion collisions
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» Demonstration of scaling in visc. hydro
lIl. Results
V. Conclusion

We now have strong indications for a change in the dynamics with s yy
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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 '
;gFuture LHC Experiments A K nown kﬂOWﬂ

Current RHIC Experiments > Specf'aCU/a/" aCh/e Vemeﬂ 7‘:
S Validation of the crossover
S, transition leading to the Q6P
“‘os Quark-Gluon Plasma > Necessary requirement for CEP

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

orgey
”"e
"o

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 /syy increase » LHC + BES > access to an even

broader domain of the (ug,T)-plane
Challenge = identification of robust signals

Roy A. Lacey, Stony Brook University, QM2014 3



Ve ~

Possible signals
| Céernai et. al,
Phys.Rev.Lett. 97 (2006) 152303

A. Dobado et. al,
Phys. Rev. D 79, 014002 (2009)
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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

Dirk Rischke and Miklos Gyulassy Dirk Rischke and Miklos Gyulassy
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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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Anisotropic flow Measurements

Lacey et. al, Phys.Rev.Lett. 112 (2014) 082302
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» An extensive set of flow measurements now span a broad
range of beam energies (T, ug).
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HBT Measurements T
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Exquisite data set for combined RHIC-LHC results?
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Acoustic Scaling

J

Essential Questions

. Can the wealth of data be understood
In a consistent framework?

YES!

A 4

If it can, what new insight/s

are we afforded?

» Do we see evidence for the
CEP?

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

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

Staig & Shuryak
arxXiv:1008.3139

Lacey et. al,
arXiv:1301.0165

1/ scaling for anisotropic flow

out?

toc R

R..) R,q <R

side? * ‘long

R scaling for the HBT radii

These scaling properties are evidenced by viscous hydrodynamics
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Geometric quantities for scaling

AN

Geometry , ,
~ | Phys. Rev. C 81, 061901(R) (2010)
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e T
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» Geometric fluctuations included
» Geometric quantities constrained by multiplicity density.
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1/R scaling of anisotropic flow |

\ 0,17
T AutAu 0.2 TeV (a)]L (b).
- Viscous Hydrodynamics - (Visc. Hydro.) 11
L _\‘ =
{]..1{] | ﬂ.15":p_{ 2.0 CeVie __%_\ |
. (4mn/S)ggp 1L W
V —ﬂ” B ¥ 1 7 \}"
In ik oC —— 0.08 : ry 2 ___ %‘1
gn R : ¥ :_ t‘\
L ha A= TN 4 a2~
_! * \ NE
S 0.06F 4, 7 -+ ’h\ i =
L. . . i N s
v' Characteristic acoustic . . NN =
; . i - X =
scaling validated for 004 L “w 1 NN
viscous hydrodynamics i i A
; ) v N
I . 1 I\_—
0.02 I \
ﬂ.DD T I T T T T T T I /_ TR TR T N T NN TN N T T T N Y |
0 100 200 300 05 1.0 1.5
N 1/R (fm™")

part

v viscous coefficient B’ shows clear sensitivity to n/s
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Scaling properties of flow \
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v’ Characteristic 1/R viscous damping validated
for different event shapes at the same centrality
v' A strong constraint for initial-state models and n/s

v'4mrn/s for RHIC plasma ~1.3+0.2 } Following
v 4trn/s for LHC plasma ~2.2 + 0.2 calibration
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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 RHIC and LHC data sets
» 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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Vsyy dependence of HBT signals |
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Lacey et. al, Phys.Rev.Lett. 112 (2014) 082302
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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?

Roy A. Lacey, Stony Brook University, QM2014 18
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| Directed flow of transported protons |
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HBT Observables |

Chapman, Scotto, and Heinz
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Study HBT observables as a function of Vsyy
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Extraction of n/s In L—”] o %

0 r — Au+Au @ 0.2 TeVHL (c)
L(a) (4nn/S)gep | (2) {[=-=—+=MC-Glauber ]
= O .D -+ T e me——— -M'l::-KLN _
i w 1 T 1 Dat »
-1 F s o T _ 2 a Y 1.5
—_ N o 3 t‘:'"%a% | !EJ |
E [ \Feles, I A
w” S W, ST "3 Tedr I _
2 5[ ' ~a] NI SR f.g 11.0 %,
= ~ 3 - . A i
"E' = tl":h\- .\? —+ E}\ -“\'.E = i _.f i
= o, N o= I & _
. N NN -"'-.E:
- 3 T & W[ - ]
_3 o md N 10.5
l N e -
|Visc. Hydro. R | Visc. Hydro, 5. L/ §
'm = MC-Glauber Y m = MC-KLN Sl 1
_4 TN T T T N T T A T N N T N O A B T TR T A T T NN O T N B B B PIN T  T T  T  T U-D
0.5 1.0 1.5 0.5 1.0 1.5 o 1 2 3
Slope 1R, (fm™") Annls
sensitive o _ _ _ o
to 4mtn/s Characteristic 1/R viscous damping validated in viscous

hydrodynamics; calibration = 4mn/s ~1.3 + 0.2
Extracted n/s value insensitive to initial conditions

Roy A. Lacey, Stony Brook University, QM2014 22



e

Extraction of n/s V()
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Roy A. Lacey, Stony Brook University, QM2014 23


http://arxiv.org/abs/arXiv:1301.0165

" Improved Methodology
Bjoern Schenke et.al.  arXiv:1301.5893
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0.04 r 0.05
0.02 r &
0 , , , , 0
0 10 20 20 40 50

centrality percantile

4trn/s for LHC plasma ~ 2.5

{ Higher harmonics provide important constraints! }

Can we find methodologies and constraints
which are insensitive to the initial-state geometry?
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' Scaling properties of flow
Initial Geometry characterized by many
shape harmonics (g,) = drive v,

N Ve \H
. ___.J p -
) \ N4
n=2 n=3 =4
L . V, €&
Acoustic viscous modulation of v,
6T, (t.k)= exp(%ﬂkz%jﬂw(o) k=n/R tocR
S
Staig & Shuryak arXiv:1008.3139 5T, (n. 1) = ( ﬁng)§  B= 2n 1t
pu s T 3sR2T
Scaling expectations:

n2 dependence
v, (Pr)

&

v, IS related to v, System size dependence

ocexp(—,B’nz) Vi(Pr) & oon( pre o
) s ) '”Le) -

n

Each of these scaling expectations can been validated
n/S oC 311 ﬁl:

Roy A. Lacey, Stony Brook University, QM2014 25



' Scaling properties of flow

_ﬂ” 0.25 - ATLAS Pb+Pb @ 2.76 TeV
oC ——

Acoustic Scaling - o pT=23GeVic
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» Eccentricity change alone is not sufficient
To account foith_e Npart dependence of v, | 0 100 200 300 400
Transverse size (R ) influences viscous damping N

v’ Characteristic 1/R scaling prediction is
non-trivial
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Scaling properties of flow
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v’ Characteristic 1/R viscous damping validated
at RHIC & the LHC
v' A further constraint for n/s
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Shape—eng/neered events
M M
Shape fluctuations lead to Q‘” == Z cos(nd:); Qn,y = Z““ no:)
a distribution of the Q vector = Qnﬁx/_
at a fixed centrality

E:nmIEf]I

Emi{?qa'w""|""|""|""|""_A1........|....|....|....|.... 0.1ﬁij+F‘bO@520_?5Tth_ N 104
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qu U/b
» Cuts on q, should change the )
magnitudes (e,), (v,), (R,) at a given > Note characteristic anti-
centrality due to fluctuations correlation predicted for
» These magnitudes can influence scaling V5(g,) in mid-central events

» Crucial constraint for initial-geometry models
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' Shape-engineered events

M | Mo ALICE data
Shape fluctuations lead o~ “"= = Z cos(ni); Qny = Zi:’““(”“ . _
a distribuf[ion of the Q vector = _ Qu/V/IT, (o G, ()]
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Flow is partonic & Acoustic?
arXiv:1211.4009
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For partonic flow, quark number scaling expected
- single curve for identified particle species v,
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' Scaling properties of flow

Acoustic Scaling — Ratios
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Acoustic Scaling - 1/R

Compare system size @ RHIC
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v Viscous coefficient larger for more dilute system
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