Did BES, pA, and DA
Kill Perfect Fluidity of
The sQGP ?

Is the 2004 RHIC proof for the discovery of
new forms of matter _sufficient in light of the recent data?
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Part ll: Current Status

Theorists scrambling in the foam of LHC p+Pb tsunami
and RHIC BES + DAu
V+y —

Can the proof of perfect fluidity of sQGP

Survive the BES + dAu + pPb deluge
without invoking Weierstrass' “add more

parameters” Theorem?




Heretic Part 3: What IF there is NO flow?

Could most of vn(pT) be due to basic quantum interference phenomena in p+A?
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Recalling the Good Old Days with Takeshi
Nucl.Phys. A774

3D Relativistic Hydrodynamic Computations Using (2006) 169-178
Lattice-QCD-Inspired Equations of State

Yogiro Hama, Rone P.G. Andrade, Frederique Grassia, Otavio Socolowski Jr.,
Takeshi Kodama, Bernardo Tavares and Sandra S. Padula

Nowadays, it is widely accepted that hydrodynamics is a successful
approach for describing the bulk of the collective flow in high-energy
nuclear collisions [1]. The basic assumption in hydrodynamical
models is the local thermal equilibrium. Once this condition is
satisfied, all the thermodynamical relations should be valid in each
space-time point. The properties of the matter formed in high-energy
collisions are then specified by some equations of state (EoS). Thus,
one of the main objects of hydrodynamical approach is to determine
which are the EoS that consistently reproduce the observed

quantities.

1. B. M uller, Quark Matter 2005
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Physicists say they have
created a new state of hot,
dense matter by crashing
together the nuclei of gold

Quark-gluon blob surprises particle physicists. [ http:/fwww.bnl.go atoms.

The high-energy collisions

prised open the nuclei to
by Mark Peplow reveal their most basic
news@nature.com particles, known as quarks and

gluons.

Early Universe was a liquid B Farly Universe was liquid-like' . -OX
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The Universe consisted of a perfect liquid in its first moments, according to

. . The researchers, at the US The impression is of matter that is
results from an ﬁtOlll—SIl'lﬂSthg EXperunent.

Brookhaven National more strongly interacting than
Laboratory, say these particles predicted

|F

. . P ‘11 ’ . were seen to behave as an almost perfect "liquid”. ’
Scientists at the Relativistic Heavy Ion Collider (RHIC) at Brookhaven National P . BROD VEN
Laboratory on Long Island, New York, have spent five years searching for the The work is expected to help scientists explain the conditions NATIONAL LARORATORY

that existed just milliseconds after the Big Bang. Hame

quark-gluon plasma that is thought to have filled our Universe in the first
microseconds of its existence. Most of them are now convinced they have found M ¥ | Newsroom | Administration | Visitors | Directory
it. But, strangely, it seems to be a liquid rather than the expected hot gas. . 1

BrNL

Contact: Karen McNulty Walsh, (631) 344-8350 or Mona S. 4 Print-friendly [ E-mail Article
Rowe, (631) 344-5056

oom Home |
1 News RHIC Scientists Serve Up,“Perfect” Liquid!
es New State of Matter Is 'Nearly Perfect' Liquid

ArCh |."'-"'E N ew State Gf m atte r m 0 re re m a r Physicists working at Brookhaven National
Laboratory announced today that they have

ﬂing ‘U"I'dED many new questiﬂns created what appears to be a new state of matter

out of the building blocks of atomic nuclei, quarks
and gluons. The researchers unveiled their

e |

heets I . . _ led thei
i | findings--which could provide new insight into the
. . | Ap Fl I 1 8 ! 200 5 | composition of the universe just moments after the
1= MEIQEIZI ne _———————— big bang—today in Florida at a meeting of the
. American Physical Society. SCIENTIFIC
ement Bios TAMPA, FL -- The four detector groug AMERICAN
W H H " There are four collaborations, dubbed BRAHMS,
Brookhaven Relativistic Heavy Ion Collider (RHIC oiRi rhosos ad STAR working a
tha Il € Danartrmant Af anrg-.f"s BI‘D( Brookhaven's Relativistic Heavy lon Collider
' : - - : - = (RHIC). All of them study what happens when two Image: BNL
Universe May Have Be'gun as LIC|I.IId, Not Gas = Df th di interacting beams of gold ions smash into one
= ! another at great velocities, resulting in thousands of subatomic collisions every second. When
- i i the researchers analyzed the patterns of the atoms’ trajectories after these collisions, they
Associated PFESS ) m tliluﬂmlgtnu M a rtl CI == Df found that the particles produced in the collisions tended to move collectively, much like a
Tuesday, ’E"'p”l 19, 2005; F‘age AD5 ma rka b | = 'l school of fish does. Brookhaven's associate laboratory director for high energy and nuclear

physics, Sam Aronson, remarks that "the degree of collective interaction, rapid thermalization
and extremely low viscosity of the matter being formed at RHIC make this the most nearly

New results from a particle collider suggest that the universe behaved like a marizing tl perfect liquid ever observed.”
liguid 1n its earliest moments, not the fiery gas that was thought to have 2ad of behavi Ng IIKE a gas OT Tree quarks and

pervaded the first microseconds of existence. v




The Discovery of Transverse Elliptic Flow in Non-central Au+Au at RHIC
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In 2004 it seemed Perfect Fluidity was finally observed at RHIC energies

But perfect fluidity appeared only at RHIC

Elliptic flow is a general feature of AA Kolb, Heinz: Euler Hydrodynamics
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Ordinary hadron resonance gas (HRG) matter is
was far from a perfect fluid
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Hirano, Nara, et al 2005

Bulk v,(p;,m) for identified hadrons was well
understood in terms of near perfect QGP core + HRG corona

Glauber initial condition KLN/CGC initial condition
0.2 0.2
- -» hydro+cascade, n - -» hydro+cascade, n
| - hydro+cascade, K | - hydro+cascade, K
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v,(Glaub) ~ v,(data) V,(CGC) > v,(data) !!

{ Glauber+Data => “sQGP” is Ideal Fluid with a HRG corona

CGC+Data => “sQGP” is almost Perfect Fluid with a HRG corona
M.Gyulassy RANP 2013 Rio 10



The QGP Fingerprint at RHIC = Fine Structure of collective
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[TWARNING!] o0n the equation of state of nuclear matter in 158-GeV/A Pb + Pb
B.R. Schlei, D. Strottman , N. Xu Nucl-th/9801045; 9710047, 9706037

Landau 3D Hydro with model EOS | (solid), Il (dashed), lli(dotted
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NA44 and NA49 data could be post-dicted with Ideal relativistic hydrodynamics
with_,ANY Equation of State
Provided that Initial and Freeze-out Conditions could be arbitrarily adjusted!
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How to fit ANY data via ideal zero viscosity Landau hydrodynamics with any EOS
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K. Weierstrass (1885).

“Uber die analytische Darstellbarkeit sogenannter willkirlicher
Functionen einer reellen Veranderlichen'

Sitzungsberichte der Koniglich Preulischen Akademie der
Wissenschaften zu Berlin, 1885 (ll).

If f is a continuous real-valued function
defined on the set [a,b] x [c,d] and € > O,
then there exists a polynomial function
In two variables such that

| f(x,y) = p(xy) | <€
for all x in [a,b] and y in [c,d].

Corrolary 1: Fourier transforms exists

Aeios 576 % |

Corrolary 2: ideal hydro can fit anything

M.Gyulassy RANP 2013 Rio 14



Ideal Fluidity vs Im-perfect Viscous Fluidity O(T+AT)=0 Navier

Stokes
Inertial Shear Stress Txy = (8 + P)uxuy =S (Temp uxuy)
WiSEOUE SEEr SlEss ATXy ~ r] AU/AL n=Shear viscosity
Reynolds Number (Laminar flow 1<< Re <<1000)

_ Inertial _ Lis L' N
~ Viscous En 'L( TR) R/ ?"mfp

R ~ min[ T, Rx(t), Ry(T) ]
Bjorken 1+1 D Hubble expansion in high energy A+A
de e—I—P{l 4 n 1} e—I—P{l 1 }

T

Re

ar ;

Even “Flawed fluids” with ny/s>1 can seem “Perfect” _
M.Gyulassy RANP 2013 Rio Iff TR remains large enough 15




At lower energies Perfect Fluidity seemed to be Hidden in the fog of
the highly dissipative Hadron Resonance Gas Corona

/

/>
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Hirano, Nara
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FIG. 17: The slope of the scaled elliptic How. (dvs/dpr)/=. for
mid-central collisions at RHIC (tilled symbols) and the SPS

1

GeV/e. The solid error bars are the systematic errors that

POV



Hirano et al ideal hydro core + Nara HRG corona (2005)
confirmed Shuryak-Teaney hydro+RQMD analysis
Of the core+corona explanation of Ecm dependence of <v2>

0.4
Au+Au Charged, b=6. 3fm
0.35 --#- CGC+hydro, T -mnMev
--+-- CGC+hydro, T"=169MeV
0.3 —e— CGC+hydro+cascade
0.25 -

-
-
-
-

RHIC I

'1'0 B 0“
ﬁ (GeV)

Competing effects ideal fluid radial and_elliptic flow and dissipative HRG corona
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Three Lines of Empirical Evidence
seemed to converge to a new form of
matter “QGP” in 2003

QGP =Py, + PQCD + dA = v, + (R+]) ., + (R+]),

Unique long wavelength collective properties
e Elliptic flow & Pacop

*Unique short wavelength dynamical properties
* Jet Quenching & pQCD

* Critical Null Control : QGP could be turned off!
(1) v2 SPS < RHIC due to HRG Corona
(2) R, ~ 1 jet un-quenching in D+Au

M.Gyulassy RANP 2013 Rio RBRC 2004 MG, L.McLerran 18



In addition to null control RHIC Ecm >100 AGeV
It seemed that we had Initial Condition Control
(essential to circumvent Weierstrass' 1885 Thm)

SPS and Centrality
Corona HRG Control

Initial Condition
Control via
KLN/CGC

N\

PQCD = R, (p/b)+ 1,,.(p:,b)

D+A Control = (R,,=1)+ (I ,=1

pp)

M.Gyulassy RANP 2013 Rio 19



Part ll: Current Status

Theorists scrambling in the foam of LHC p+Pb tsunami
and RHIC BES + DAu

v""

™ The Killer Whale is
" Weierstrass

V+y

Can the proof of perfect fluidity of sQGP

Survive the BES + dAu + pPb deluge
without invoking Weierstrass' “add more

parameters” Theorem?




NVil 1NN E £L8N0..1 . aer . VYA Taeaa ANTHD

RHIC Beam Energy Scan QM12 Contradlcted SPS' apparent HRG Corona Null Control !!
Ideal Hydro 17.2GeV: Huovinen

Is apparent “Perfect fluidity”
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What happened to the HRG Corona ?
We have lost our A+A low Ecm Null control!
The v2{4}(pT) barometer appears stuck with very small sensitivity to huge variations of IC




Initial energy density

=7 -2760 AGeV !
world data from AGS to LHC
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CGC initial energy density

could increase by factor -
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Vs and s, [GeV]

4
€cge= (Mg /ty) dN/dy/A | < (Q,)
100 over this wide energy range.

€giorken— Mt dAN/dy / T/ A J increases by
at least a factor ~10 fromE___

Busza
Ruler

How can v2(pT) vary by only 10% with >1000% variations of Initial Conditions ?
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Latest theory slap from LHC
Long-range angular correlations of 7, K and p

in p—Pb collisions at ,/syy = 5.02 TeV

1307.3237 7/11/13

Hadron mass dependent fine structure of v2(pPb,pT, Mh) similar to A+A !!

But dissipative corrections should be ~ 5 X larger in p+Pb with R~ 1 fm
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v2 p+Pb at LHC is not a Null QGP control

In spite of ~ 5 time smaller Re number
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Higher baryon radial flow than in AA
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v2(DAU,5%) ~ 2 v2(pPb,2%)
vZ2(pT) D+Au ch Blue rectangles = v2(pT) AuAu 20% pi.K p

3/7/13 The Day the XXX Hit the Fan at RHIC

II:
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V5 In pPb and PbPb

RBRC13 CMS SHOCK No evidence for Re ~ 1 effects in pPb

PbPb - ————— PPDb

[ (a) PbPb m-' 2.76 TeV ' 1" (b) pPb F;'- 5.02 TeV | _
0.03F 0.3<p_<3GeVic -1 CMS Preliminary .
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v, shows similar shape in pPb and PbPb; magnitude comparable

RBRC Workshop, Apr 15-17, 2013 e, ) RIKEN BNL

Gunther Roland



Can sQGP perfect fluidity survive the BES,D+Au,p+Pb tsunami
without invoking Weierstrass?

Necessary conditions satisfied but without control are insufficient

Broken
Brok PQLD
roken Opacity gauge
IDQCD ”
Barometer\
The lights
Remain ON
R(DAu)ié 1 Even in pA
I v2(DAu,5%) = v2(AuAu,MB) ~ 2 v2(pPb,2%) !
1 030 @ PHENIX,200GeV, deAu, 05% fnjc 048.07]
0.25; O ATLAS, 5.02 TeV, p+Pb, 0-2%, |Anje [2,5] _f We C a n no Ionger tu rn
[ﬂ - QGP signatures “Off”

im0 e MR That we thought
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°'°°¢i&;‘ BT - pz.o 2w 3r5 SQG P prOd uced in AA
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There is Zero control over hydro Initial Conditions in p+A
Initial conditions in p+A: IP-Glasma vs “Glauber”

Bzdak,5chenke, Tribedy,RV:1304.3403

Tr + |P-Glasma sl
' MC-Glauber 1 (smearod 0.4 fm) Hm

0.8+ MC-Glauber 2 (smearad 0.4 fm) .
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0.6 r \ -
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0.4 1 Swg el ° _
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0.2 | =

W}
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4 - - - F Bozek & Broniowski,
B IP-Glasma b | - .
MC-Glauber 1 (smeared 0.4 fm) o priv. Comm.
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0 & 10 15 20 25 In MC Glauber 1, big differences
Npart in hard sphere & Gaussian smearing

A Hydro requires invoking Weierstrass' parametric guessing/fitting Thm !
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Heretic Part 3: What IF there is NO flow?

Could most of vn(pT) be due to basic quantum interference phenomena in p+A?

M.Gyulassy RANP 2013 Rio
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3D jet tomography and the twisted color glass condensate
A. Adil, M. Gyulassy, T. Hirano , Nucl.Phys. A774 (2006) 593

A+A = (p+A"%) +(A"+p) + Symmetric Stuff( A-A™ + A-A"?)

AA has Triangular p+A edges

What IF there is No Hydro , No Flow??

But instead only Glasma like h=c=1 Interference
Phenomena especially in p+A edges ?77?

LIV FLL A LIUL LI J L | A S FLLLEFLIY LA e

M.Gyulassy RANP 2013 Rio 30



ATLAS-CONF-2013-096 shown at IC2013 by E. Shulga:

First clear evidence for “Triangular eta asymmetry” in P+Pb similar to D+Au @ RHIC

Fig.7 LHC Topor Pop et al PRC85 (2012) 024903

5§ P HJ/BB2.0 pPb LHC (no Shadow) Ncol=6.4
5[ ATLAS Preliminary Sorterer ]
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ATLAS-CONF-2013-096 shown at IC2013 by

Remarkably linear pA/pp over -3<y<3

As first predicted by BGK 1977 and fit Busza pA

lga:

72 (2005) 034907
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What else besides hydro can leads to “apparent vn flow” in p+A and A+A ??

hbar =1 =c Crossing and Bose symmetrization effects also lead to multiparticle correlations

The Glasma Model illustrates this possibility: Venugopalan, McLerran et al
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D+A central

A A .

Au+Au central ~ p+A + A+p = triangle + anti-triangle Corona model

A+A central
A1/3 A1 /3 A1 /3
1 y y 1 1

A

A

<v2(y) v2(0)>
Correlation
strength

<v2(y) v2(0)>
Correlation
strength

Falsifiable Prediction of this Heretic Non-Hydro BGK-like Flux Model of vn(y) systematics

v2(D+Au, y<0, cent ) > v2(Au+Au, |y|, MB) > v2(D+Au,y>0,cent)

v2(D+Au, y, cent)= 2 X v2( p+Au, y, cent)

M.Gyulassy RANP 2013 Rio
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Exp facts 2013: v2(DAu, 5%) ~ v2(AuAu, 30%)
v2(AuAu, 7 AGeV) ~ v2(AuAu,200 AGeV) ~ v2(PbPb,2800 AGeV)

Could all B+A be controlled by quantum interferences in ~2 p+A triangles

MAYBE these point to more basic quantum/wave interference effects
That dominate high energy multiparticle production at all x!

p+A rapidity triangle just confirmed by ATLAS at LHC last week!
| PA BA and BES call for re-evaluation of our long held paradigms !
Is the hydro approximation washed up?

Will the ghost of Weierstrass
To haunt us into tweaking

continue
' extra params?

Clearly P+A @ RHIC and LHC are the critical missing links
That we must understand to resolve the new data anomalies.

Happy Birthday Takeshi. Your continued guidance is needed
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Takeshi @ 70 and all of us have to cope with and learn from the 2013 pA,

M.Gyulassy RANP 2013 Rio (to be continued in Kyoto)

DA, and BES
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A.Sickles : PHENIX evidence for ra /)Idlty asymmetric correlations in central DAu

NEW! mnud/Au-going correlations
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