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  In fond memory of  half century of heated physics debates with Art about

    “Consistency of Hard (pQCD) and Soft (Hydrodynamic) observables in A+A” 

Miklos Gyulassy     Dec 9, 2022

microscopic macroscopicand
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Art   

= 0 !

Our typical chalkboard discussion. I try to convince Art of my latest “gedanken” idea.
                          Art shakes his head and returns to his lab to measure reality.

Art

The Theory of Everything
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0

Experimentalists
Always have the 
Last Word In Physics !!

The Theory of Everything

Oops ??  I
may have missed 

some terms ??

1±0.2 =

The Universe
apparently does have a 

Purpose at 5 σ !

= 0

Theorist work in Ivory Towers: the “Oops” moment 

Gary Larson, Far Side

I enjoyed being forced by Art’s data to look for missing terms in my equations  

Art
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LHCSPS

AGS

LHC

RHIC

Bevalac

50, 000 Man Years of Exploration  and Discovery of New  Forms of QCD Matter

Via  p+p to p+Pb to Pb+Pb 

 50 years of A+A accelerator and detector development from 1972 - today

Art’s Experimental Playgrounds
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  I started my PhD thesis with Wladek Swiatecki at UCB 1972,  Art was of course measuring data

Wladek worked on the theory of super-heavy Z~114 N~184  gedanken elements 
                                and the theory of their production via few MeV/A  A+B.

Walter Greiner came to UCB in 1972 to give a seminar on high Z >137 QED  in U+U and
nuclear shock waves in supersonic A+B. These ideas inspired me to work on  A+A. 

As the beam energies increased over  50 years,  my wavefunction
           inevitably became highly “entangled”  with Art’s and  led to frequent “actions at a distance”
                             that I have greatly enjoyed and profited from
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Bear Mountain workshop launched relativistic A+A physics in 1974 !
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PRL 32, 741 (1974)

Chapline, G.F., Johnson, M.H., Teller, E., Weiss, M.S.: PRD (1973)  Highly Excited Nuclear Matter

O+Ag/Cl 

First emulsion data
appeared to confirm ideal 
Landau hydrodynamic 
predictions of Mach cones 
in supersonic A+B reactions

eConf C710920 (1971) 574

created BEVALAC
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PRL

It took ~10 years
for theory to catch up
to the data

and extract constraints
on the nuclear equation
of state 
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Phys.Rep.137 (1986) 277   
Plastic Ball Data provided conclusive evidence
for collective flow in Au+Au

1980 data falsified many early models 

Fluid+Evap
survived
 but no
 

In those 
early years

Rep. Prog. Phys.52 (1989) 1267
H. Gutbrod, A. Poszkanzer, H.J. Ritter

Csernai et al, PRL47 (1981) 1807
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eff NN

1

2
 :Data Prefer

S.Nagamiya etal spectrometer data
Did not show flow in La+La !
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Highly Relativistic Nucleus-Nucleus Collisions: The Central Rapidity Region

J.D. Bjorken, PRD 27 (1983) 140, cited so far ~ 3500 times  !!

 Energy Loss of Energetic Partons in Quark - Gluon Plasma:
 Possible Extinction of High p(t) Jets in Hadron - Hadron Collisions

J.D. Bjorken (Aug, 1982) unpublished but has ~ 400 citations!

Inspirehep does not point to a pdf , but the pdf can be found 
online at https://lss.fnal.gov/archive/1982/pub/Pub-82-059-T.pdf

Ultra relativistic
Boost invariant 1 + 1 dim 
Baryon free QGP * hydrodynamics

E. Shuryak invented term QGP in 1979 (Phys.Rep.61)
and discussed both perturbative and non-perturbative QCD deg of freedom in the 
QGP

(See his talk Sat 11am) *

yt

Z

Soft Dynamics:
Hydro

Hard Dynamics:
pQCD
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My 1982 compilation initial central energy density from the then few known cosmic ray events

MG, LBL-14512, LBL-15175  (1982) 
Bjorken's
Inside-Outside
Energy density
At formation time 

Larry Mc and I used 
such estimates  to 
support G. Baym's
1983 NSAC LRP
case for RHIC
construction 
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Presented at the Workshop on Experiments and  Detectors for RHIC
Upton, NY, July 2-7, 1988                                          (July 1990  LBL-29488)

Art’s interest in the STAR detector 
was to measure collective (Soft) hydrodynamic 
radial and elliptic “flow” observables in
 Ultra-relativistic  A+A 
as degrees of freedom evolve from 
initial quarks+gluons to final state hadronic . 

MG and XNW were “Theoretische Mitfahrer”
to make cartoons and falsifiable predictions
in their proposal
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The harrowing task  : (still in progress today 2022)
of deconvoluting Multiple components that must be theoretically and exp controlled 
to enable unambiguous interpretation of high energy A+A data 

 Hard Dijet Quenching

S.Bass’s
Iconic
Cartoon

and LHC’ss
How to propagate theoretical systematic uncertainties after each step?

Can we de-convolute the tsunami of data at RHIC and LHC to distinguish and test each step?

Soft Transverse Flow
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X.N.Wang,I.Vitev,MG

LHC buys:  106 higher flux 
of q + g   pQCD calibrated 
penetrating Hard probes
of  the Soft pT<2  “sQGP”

sQGP
pT<2

R. D. Field-Applications of Perturbative QCD  1989
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XN Wang, MG

BULK
Entropy

PA Null
Control

Jet Quenching

Shadow 

Quench

A+A
p+p

p+A
p+p

                      HIJING = multi minijets + strings Monte Carlo 
                                   Predictions for RHIC at 200 AGeV cm
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Baryon anomaly

PHENIX

Jet Quenching

CGC Saturation

STAR

Collective Flow

  Remarkable Day1Physics at RHIC 
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“Return of the Jeti” P.Jacob’s baby

Only in AA
direct photons NOT Quenched
But hadronic jet fragments frag 
quenched as predicted via GLV

Hard (pT>2) jets and dijets jet fragments quenched
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XN Wang, MG

BULK Null
Control

PHOBOS 

BRAHMS

Quenched
pQCD

Our HIJING predictions could explain the Hard jet fragment data,
But it had nothing to say about the Soft collective flow data! 

HIJING three home runs around these bases in 2003
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see “New forms of QCD matter discovered at RHIC”, M. Gyulassy, L. McLerran NPA 750 (2005) 30

P.F. Kolb, U.W. Heinz, P. Huovinen, K.J. Eskola, K. Tuominen, NPA 696 (2001) 197
D. Teaney, J. Lauret, E.V. Shuryak,  Phys. Rev. C 68 (2003) 034913; ...

Soft

P
T
 averaged
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Three Lines of Empirical Evidence in 2004 
            converged to sQGP Discovery

Unique long wavelength collective properties
   Elliptic flow            PQCD   

Unique short wavelength dynamical properties
   Jet Quenching      pQCD

Conclusive Null Control with D+Au 

QGP =PQCD + pQCD + dA  = v2 + (R+I) AA + (R+I)DA

 RHIC QGP = sQGP = wQGP 

 “New forms of QCD matter discovered at RHIC”, M. Gyulassy, L. McLerran NPA 750 (2005) 30
“What RHIC experiments and theory tell us about properties of quark-gluon plasma?”, E.V.Shuryak,ibid p64
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sQGP

Empirical  Evidence at RHIC 
for sQGP and CGC

PQCD   Elliptic Flow

pQCD   Jet Quenching

dA  Control 1

CGC   InitialCond

q3  p / pi

 QGPCu2 Control 2

QCDQGP=P + pQCD + dA

sCGC=Q (y,A) 

wQGPsQGP

3
QCD ssQGP=P + pQCD + dA + Q + q ...

2006 Update of
2004 MG, LMc
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Soft pT<2 
Hard pT>10
Correlations &
RAA& v2& v3

      Constrained Di-jet Acoplanarity  

Summary Cartoon of Tasks ahead 
RAA&v2 Constrained Dijet Acoplanarity Tomography can help to falsify competing models  

of the color d.o.f. in perfect QCD  fluids produced at RHIC and LHC

More sensitive
to

Dijet Acoplanarity
is  sensitive
to T~ Tc physics !

  models consistent
   with current data
    RHIC&LHC

Hard
Trigger

 Away
  Side Jet 

Insensitive
to d.o.f.
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               Lattice QCD “data” constrained thermodynamics P(T), L(T), χu(T), μ
E
,(T), μ

M
(T)

Lattice EOS
constraints

“Slow deconfinement”

“Fast deconfinement”

semi-QGP

Emergent
Color Magnetic
Monopole
d.o.f.
Shuryak, Liao
(2007)

semi-QGP

(See also B.Zakharov:1412.6287; Ramamurti, Shuryak, Zahed, 1802.10509)

Suppressed
Color Electric
“semi-QGP”
Hidaka,Pisarski

“sQGMP” is a lattice QCD constrained model of the 1974 suggestion by
t’Hooft, Polyakov and Mandelstam that emergent color magnetic monopole d.o.f. 
 may play an important role in confining color electric q and g   d.o.f.  at T<Tc
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S.Shi, J.Liao. MG, Chin.Phys.C 42 (2018) 10, 104104
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Waiting for more perfect fluid waves

Art etal Practice on Bevalac and AGS waves

More serious waves and competitors at SPS

Alas he found perfect waves at RHIC and LHC

Art enjoyed waves and tried to ride them 
All with over 1000 other exp colleagues

STAR,PHENIX,ALICE,CMS,ATLAS
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Physicists do have more fun.  Thanks Art and LBNL to our half century of exciting physics.   

We will never forget you
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Appendix : 5th dimension overtime slides

     that Art was certainly never fond of
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Does Consistency of Soft Bulk Flow and Hard Jet 
Tomography force us to jump into a gedanken

 5D AdS Black Hole to describe sQGP ?

=
?

RHIC and LHC provide
critical consistency tests of the competing 

dynamical models
Ed
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EPJ Web of Conferences ,13,01001 (2011)

Consistency between Hard (RAA) and Soft (v2) Observables is essential to falsify
                                 Competing dynamical model assumptions

Heavy quarks quenching is problematic in Ads string drag picture and requires deforming 
Ads geom with extra dilaton field (A.Ficnar,J.Noronha, MG,J.Phys.G 38 (2011)) 

Quench of e from c+b jets vs elliptic flow 
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AdS5

The Lure of 5D AdS 
Black Holes

*Predicts analytic correlations
between soft thermo, transport,
and hard nonequilib dynamics 
for the first time !

Gubser, Klebanov, Tseytlin (98)
Gubser, PRD74 (06)
Buchel, Myers, Sinha, Paulos (08,09)

R2 
GBboth R2 

GB
~1/N

c
  and R4 -3/2  pertubations to R1 (AdS

5
)

Kats, Petrov 07
Brigante 08
Maldacena Hoffman 08

(3)

(2)

(1)

J. Noronha, M. Gyulassy, G. Torrieri, hep-ph: 0906.4099
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s)

     5 Fold AA correlations!  described by the  sQGP ~ AdS BH paradigm

Bulk Collective Flow

(3) Heavy quark 
Jet quenching

J.Noronha,  G.Torrieri, MG (2009)  to appear

Initial
Conditions(4)

(1)

(2)

(5) Heavy
 quark Jet 
induced 
collective
 flow

The Future

J. Noronha, MG, G. Torrieri, hep-ph: 0906.4099
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Robust yes/no exp at LHC to help discriminate paradigms

Current data strongly favors pQCD over this particular AdS scenario
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