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Jet Tomo-graphy of wQGP via pQCD

  Versus

Jet  Corona-graphy of sQGP via AdS Holography

In A+A at RHIC and LHC

and
Possible implications for holographic baryon physics at FAIR 

Miklos Gyulassy (Columbia University)

Tomo collabs: M. Plumer, M. Thoma, XN.Wang, P.Levai, I.Vitev, M.Djordjevic, A. Adil,
                              W.Horowitz, S. Wicks,  A. Buzzatti, A. Ficnar

Holo collabs: W.Horowitz, J. Noronha, G. Torrieri, B. Betz, A. Ficnar  
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Part 1:  Speculations about Baryonic Holograms at FAIR

Part 2:  Holo vs Tomo vs Corona -graphy  of Jet Quenching

Part 3:  JET collab update: DGLV-BFW-MC of the N<10 Corona  

Part 4:  Conformal Holography of Heavy Quark Jets and Bulk Elliptic Flow

Part 5:  Overtime 1-   Turbulent Initial Conditions with eta/s << 1 
                                      =>         [Jet, Bulk Flow] == 0 

Part 6: Overtime 2:  Demonic vs Angelic Flow Beyond Perfection at LHC
                                      HRG           CGC             
.
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µ
µ0

Theory of the QCD Critical End Point  covers all possibilities

M. Stephanov, Lattice QCD Review

Tc ~  50-170
µc~ 200-1400

A high priority open problem for LOEWE HIC for FAIR
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Dynamic (Isentropic) Path in A+A is sensitive to details of 
                       Unknown Equation of State  P( T, µ )

●And UNKNOWN Transport properties eta, zeta, kappa
                
 



Gyulassy FIAS 6/27/08

 

5

Quark Bag

B/ρ + c ρ1/3  > 1.3 GeV

1932

1974 S5 S5

10 D Stringy “Baryon Junction” 
        Holography

3+1

AdS5

Witten 1989

Evolving Ideas about Nuclear Matter

Walecka
Hadro Dynamics

NJL
Quark Dynamics
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Gábor Dénes                                 
Nobel Prize 1971                                     (5 June 1900, Budapest – 8 February 1979, London)
http://www.kfki.hu/fszemle/archivum/fsz9905/bor.html

Whole (holo) spatial picture (graf)  using amplitude and phase  (1949)

2D plate contains complete 3D info via interference 
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 Coherent Interfering reflected wave and reference waves recorded on 2D  film
Encodes  phase and amplitude information about the 3D objects in the “Bulk”

=>  Classical Wave Holography

in the 3D “Bulk”

Object’s 2D “Boundary”  
representation
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B

S5

BB

BB

B

Dense Correlated Nuclear Matter in AdS/CFT 

S
5

B

What is the non-conformal dual geometry near the CEP ??

Speculative 10D
Geometry with
Baryon Junctions

Extrapolated down
To Nc=3 real world

Every 5D “point”
In AdS5 attached
to a 5D ball with 
Opposite curvature 

R3+1
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“Ah Ha! Baryons are 10D Junction Knots that FAIR can untie!”

Kati Gyulassy

Fair Horst Carsten
The Lion

Mklz
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X.Wang,I.Vitev, MG

LHC buys:  >105 higher flux 
of pQCD and pp, pA exp. calibrated 
penetrating hard probes
of  the sQGP

sQGP

pT<Q
s
(x,A)

FAIR
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T. S. Biro´, G. Purcsel, and K. U¨ rmo¨ssy, Eur. Phys. J. A 40,325 (2009).

At 7 TeV
n=6.6
T=145 MeV

First moderate pT “non-extensive” fits at LHC in p+p
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Low pT pion interferometric Corona-graphy

High pT QCD Jet Tomography

10D Heavy Jet Holographic duals
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In contrast , Ideal Volumetric Tomography uses 

1)  Controlled initial flux of incoherent beam of penetrating probes

2) a detailed dynamical theory of probe energy loss and differential scatt dN/dyd2k
T

3) a cooperative  (not too wiggly, i.e. non-fluctuating) patient

e.g, Cone-Beam Volumetric Tomography (CBVT)

Low dose 3D x-ray tomography in action at your nearest dentist 
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Only “ Surface”  Corona-graphy  is  possible when

1)  Probe is  strongly absorbed  in the volume  (*e.g.  E+M from the sun)

2)  We need  detailed dynamical theory of surface emmision  physics of
                Moderate Opacity N<10 region between interior matter and the vacuum

3) A cooperative  (not too wiggly, i.e fluctuating) patient/subject

Cone-Beam Volumetric Tomography (CBVT)

Low dose 10 sec x-ray 3D tomograph 

“BH”

No Info

Only the
Boundary “Corona”
Surface layer
Can be imaged
In this case
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Surprizing Pion  Coronagraphy results from SPS- RHIC

HBT Interferometry of pion corona ruled out
the “slowly burning QGP log”  time delay signal
that could have  provided direct evidence
For a 1st order QCD deconfinement transition.

Data consistent with Z.Fodor et al’s  Lattice QCD  
slow cross-over QCD “butter” transition

Regions of “homogeneity” are remarkably
Independent of Initial.Conditions. vs s
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(I.Lovas, J.Nemeth, J. Zimany 70th birthday fest)
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Degree
of Incoherence

2nd Order (HBT) interferometry tries  to invert 6D (q,K) Bose correlations to extract
7D (dp

12
, dr

12
, dt

12 
) phasespace-time freezeout “homogeneity” volume information

4) Herd of elephants
    Distributed along
    Light cone give
    Same C(q,K) !!
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DGLV
BDMPS
WHDG
BFGW
ZLCPI
AMYHG
HT

HG
NGT
BNGT
NF

Which paradigm can resolve the bottom quark puzzle ?

Will CGC saturation at LHC cloud jet tomography ?

Opacity of CGC
GLASMA
at LHC?

Herzog ..
Gubser ..

McV
KLN
BK
JMWLK
AM

Tomographic Holographic

 pQCD Tomography vs hQCD Holography
M.Gyulassy
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DGLV Theory of  Mass M Quark Jet  radiation + thermal glue dispersion
      general  n-th order in opacity induced gluon radiation

Current elements
“Dead Cones”

Formation Time
QCD LPM Effect



 21

Assumes hadronization in vacuum
Open question: effects of HRG T<Tc ?.
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        Why Jet Tomo-graphy evolved into Jet Corona-graphy 

At RHIC  pT < 20
Bottom quarks are
the only Volumetric
pQCD Probes 
of HTL-wQGP

g,u,d,s,c  jets 
Useful only to
Probe the “Corona”

Even at α
s
 ~ 0.3

Secondary EM probes
q->q + γ  + e + µ
Also give bulk info
But dynamic background
Needs better control

W, Horowitz, Thesis (08)
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Recall Only “ Surface”  Corona-graphy  is  possible when

1)  Probe is  strongly absorbed  in the volume  ( RAA~0.2  << 1 at RHIC)

2)  We now have  detailed dynamical theory (DGLV-BFW-MC) of 
                Moderate Opacity N<10 jet quenching 

3) But is sQGP  not too wiggly, i.e fluctuating  ??
  

“BH”

No Info

Only the
 “Corona”
Can be imaged
In this case
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Light quark/gluon jet tomography pQCD theory passed many key

 RHIC exp. tests:  A, Multiplicity, Ebeam, pT, flavor dependence

 Opacity consistent with observed global entropy production     
(dN/dy~1000)

Ivan Vitev, MG, PRL89 (02)
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Previously  many different, apparently inconsistent                    
“tomographic solutions” could account for same RAA(pT) data

Marta Verveij

However, unlike in HBT case, improved MC based theory can resolve differences.
DOE/JET collab project aims to quantify this
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Our recent JET collab progress on numerical MC interpolation between N=1 and N=∞

ASW-MS  N=∞

DGLV 
N=1 N=0

DGLV/BF-MC N=1+...+5

See also:
Zakharov et al LCPI
Hout et al   AMY-HG

Andej Ficnar
INT 6/25/10
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With DGLV-BFW-MC we solved the qhat puzzle of why BDMS/ASW need such
Unphysically high qhat ~ 10 GeV^2/fm

The qhat story relies on multisoft Gaussian diffusion without  N=1 hard kT tails

With Monte Carlo techniques we can now compute up to N=10
And interpolate smoothly between 
N=1 that underestimates qhat and ASW N=2, … infty that overestimate qhat

We also found that that simple qhat scaling laws (Arnold) based on kinematics violating
( pre-ASW ) BDMS approximations do not apply in N<10  AA applications  at RHIC or LHC

Most important result with DGLV-BFW-MC is that
Higher order opacity correlations with static GW do not solve Heavy Quark Jet Puzzle
Nor the high pT large v2 elliptic problem



The Heavy Quark Puzzle R
AA

(p
T
, M

b
)

LIGHT QUARKS HEAVY QUARKS

Wicks, Horowitz, Djordjevic, Gyulassy / Nuclear Physics A783 (2007) 493-496

DGLV/WHDG  predictions falsified by PHENIX, STAR
Charm + Bottom → electron data in Au+Au 200AGeV RHIC

A bottom quark of 15 GeV does not stop in a 5 fm in pQDC with alpha~0.3.
Can moderate strong alpha ~0.5 extrapolations of pQCD explain BOTH ?
Will data force us to abandon the pQCD paradigm?
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LHC with identified c and b Mesons up to 30 GeV will be critical
in search for a clean heavy quark tomographic window on the QGP  - if it exists?

S.Wicks, MG (07)
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Could dynamic HTL magnetic scattering  + dynamic geometry  help?

(1-x)

|V(q)|2 =

M.Djordjevic,UHeinz, PRC77:(08), MD09
Aurenche (00), Zakharov (98)

Heavy quark mass and thermal gluon mass effect

This was was answered by A. Buzzatti  (LBL Jet Collab 6/19/10, INT 6/25/10) 

Static GW Model NonStatic HTL Model
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A. Buzzatti, MG (10)

Dynamic magnetic scattering enhances both light and heavy energy loss similarly

But Bj expansion + diffuse surface geometry reduce energy loss of both similarly

                 Two dynamical effects largely compensate each other and 
                         Do Not eliminate the heavy/light discrepancy with pQCD tomography 

Realistic
Dynamical
Effects 
Compensate

RAA(elec) ~ 2 RAA(pion)
Is robust in pQCD 
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 34Myers KITP06

Heavy Quarks assumed dual to Strings in Curved 10 D
Equipped with a D7 scaffolding on top of D3 Black Brane

Heavy Quark dynamics in a Holographic AdS/CFT D7 Brane “setup”

D3 Black Brane

we and QCD live here



 35

Gubser et al
Herzog et al

Very different
 from pQCD
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Conformal Holography :  Nambu-Goto in an AdS5 + Black Brane background 
                                “The 21st century Brachistochrone Problem”

BH horizon

World-sheet fluctuations
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Gubser 07  , Herzog et al 07

String is tachyonic  (v  > local speed of light) below apparent red horizon

As →  
crit  

 apparent red horizon goes above D7 probe brane 

                            => unstable string configurations dominate <=> strong off shell effects

For   


crit



Holographic boundary
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pQCD Band

RHIC and LHC  Rcb= Rc
AA(pT)/Rb

AA(pT)

WHDG

Bunching into a “pQCD band” vs a “AdS/CFT band” make this
Double ratio of charm and bottom jet nuclear modification factors

 the ideal test of pQCD vs AdS/CFT gravity models of sQGP 

W.Horowitz, MG:  Phys.Lett.B666 (2008)

AdS Band

pQCD Band

AdS Band
Speed limits not shown

PQCD vs pure Super AdS, 
GB

=0 
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AdS
5

* New result
J. Noronha

*Makes three fold analytic correlation
between soft thermo, transport,
and hard nonequilib dynamics 
possible for the first time !

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

R2 
GB

With Phenomenological  R2 
GB

~1/N
c
  + R4 -3/2  pertubations to R1 (AdS

5
)

Kats, Petrov 07
Brigante 08
Maldacena Hoffman 08

AdS Holography Connects Thermo to Dissipation to Nonequilib dynamics

To Predict

Main limitation is
that assumed conformal

invariance that does not hold T~ Tc
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 R
AA

e via AdS Holographic Corona-graphy

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

Corona factor
With spectral index

Fractional
Energy loss
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M.Luzum, P.Romatschke:PRL103, 262302 (2009)
Glauber IC   /s <0 at LHC?

CGC IC   /s =0 at LHC?

Will LHC
elliptic flow
imply negative
viscosity??

Beware!
e

x
 is a 

theory 
number

Same 
data
/ two 
different 
geom 
models

We compute v2( lamda t’Hooft) at RHIC by fitting Luzum,Romatschke curves 
For v2( eta/s)
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s)

 Correlation between Hard Jet and Soft Bulk observablesat RHIC  via  (AdS+GB)  hQCD

Bulk Collective Flow

(3) Heavy quark 
Jet quenching

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

Initial
Conditions

(4)
(1)

(2)

(5) Heavy
 quark Jet 
induced 
collective
 flow

The Future

via Luzum, Romatschke
PRC78 (08)
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J.Noronha,  G.Torrieri, MG (2009)  

Unlike pQCD that predicts (P. Danielewicz, MG (85)) eta/s ~ 1 for wQGP

Conformal Holography predicts (KSS ( 02))  eta/s=1/4pi  as seen in v2 for sQGP 

Remarkably robust correlation between Hard and Soft sQGP dynamics
Via a single lam ~ 20-30 t’Hooft parameter neglecting worlsheet fluc and string loop and GB deform! 

Pure N=4 SYM
AdS/CFT
Einstein +Nambu-Goto
Action

κ corrections 
correspond to 
fluctuations
of the string 
worldsheet 
around its 
minimum 
area.

-1.3 Chu,Huo,Ren (09)
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LHC will tell us 11/15/10 whether AdS holography (hQCD)  extrapolated 
Down to the critical QCD  coupling alpha_c ~ 0.5   (Gribov)

can provide a more powerful approximate
A+A dynamical phenomenology than 

standard pQCD extrapolated Upwards to the critical QCD alpha_c

Near Future RHIC with b and c identified tomography 
Will provide a critical consistency control check of emerging pictures
Free of CGC ambiguities.

IF hQCD wins over pQCD approximations at RHIC and LHC, 
then FAIR will have a very rich holographic future 
in terms of 10D non-conformal baryon physics near 
the sought after CEP (if that indeed exists)

Future theory development of Non-Conformal hQCD phenomenology is 
urgently needed  (J. Noronha, A.Ficnar)
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