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The Heavy Bowling Ball (c+b jets) probes of sQGP

A QM12 Post Mortem

M. Gyulassy , Columbia U 
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GLV
DGLV
BDMPS
ASW
WHDG
ZLCPI
AMYHG
CUJET

HG
NGT
BNGT
NFG

Can either paradigm account for both RHIC and LHC jet observables ?

Does CGC initial state “cloud” jet tomography prospects at LHC ?

Opacity of CGC
GLASMA
at LHC?

Herzog ..
Gubser ..
Chesler ..

McV
KLN
BK
JMWLK
AM

Tomographic Holographic

M.Gyulassy
  pQCD Tomography vs hQCD Holography
     UV probes of ultra dense QGP Matter
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           QM12 PHENIX Surprises

That Question our hard probe paradigms

Prelude:
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A first shock at QM12 by PHENIX   (B->e/D->e) (pTe < 3.5)  < 1  !!  

???

MGyulassy Wayne 08/22/12
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“The Scream”

Munch

Ladies and Gents: Something is Rotten in the State of Denmark

???

The PHENIX Peripheral DAu Shock (QM12)
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YET Another Monkey Wrench Model:  YAMOM

See Manuel Calderon’s previous talk

PHENIX QM12
(Dau -> Psi’ / Dau → Psi )  → 0 as Ncoll increases to 15

Ncoll

Psi(1S)

Psi’(2S)

1

15
1

RAA

D + Au RHIC
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IF the QM12 PHENIX prelim 
data go away by QM14,

Then we can go on quibling 
about JET  details as at this
meeting.

IF they surviveIF they survive, then our JET 
collab will need to find another 
direction

I assume here the former.
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   Idealized Dynamical Scenarios for Hard Probes Now under debate:

1)  CGC: All Quenching / Anti Quenching Phenomena are Initial State Effects
                                                                    

2) pQCD: Eikonal elast and radiative Opacity expansion, Evolution Eqs, 
                       eff Rate eqs., ...
                        Assumes QGP has quasiparton d.o.f.

3) hQCD: Holographic higher D= 5 ...10 Gravity dual / string models

4) npQCD:  Non-perturbative jet-medium (e.g., mag monopole gas SL model)

5) eff Transport::  non equilibrium parton transport , non extensive Tsallis/Levy
                              Power law tails beyond Bulk Hydro

6)  Hybrid phenomenology:  YAJEM, JEWEL, Polytrop, FP ,  ...
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The  Jet nuclear modification factor :

Prob of fractional energy loss

Jet azimuthal
asymmetry

A+A
exp

p+p & nuclear geom
Exp  and   pQCD

Jet energy loss
theory

geometry
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                Dynamical Scenarios for Hard Probes:

1)  CGC: All Quenching / Anti Quenching Phenomena are Initial State Effects
                                                                    

2) pQCD: Eikonal elast and radiative Opacity expansion, Evolution Eqs, 
                       eff Rate eqs., ...
                        Assumes QGP has quasiparton d.o.f.

3) hQCD: Holographic higher D= 5 ...10 Gravity dual / string models

4) npQCD:  Non-perturbative jet-medium (e.g., mag monopole gas SL model)

5) eff Transport::  non equilibrium parton transport , non extensive Tsallis/Levy
                              Power law tails beyond Bulk Hydro

6)  Hybrid phenomenology:  YAJEM, JEWEL, Polytrop, FP ,  ...
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Perturbative (HTL,Eikonal) QCD  Opacity series for indunced gluon radiation (DGLV 2005)

Can now be computed via Monte Carlo CUJET1.0 up to n =1+… + 9   (A.Buzzatti,MG)

Heavy Quark
Mass 

geom
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The famous Heavy quark  “Dead Cone” in QCD
(Dokshitzer,Kharzeev)
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Our recent 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

Vs 

vs
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          Dynamical Scenarios for Hard Probes:

1)  CGC: All Quenching / Anti Quenching Phenomena are Initial State Effects
                                                                    

2) pQCD: Eikonal elast and radiative Opacity expansion, Evolution Eqs, 
                       eff Rate eqs., ...
                        Assumes QGP has quasiparton d.o.f.

3) hQCD: Holographic higher D= 5 ...10 Gravity dual / string models

4) npQCD:  Non-perturbative jet-medium (e.g., mag monopole gas SL model)

5) eff Transport::  non equilibrium parton transport , non extensive Tsallis/Levy
                              Power law tails beyond Bulk Hydro

6)  Hybrid phenomenology:  YAJEM, JEWEL, Polytrop, FP ,  ...
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**

*

1)  EOS via Lattice QCD experiment
2)  Viscosity via AA Elliptic Flow
3)  Relativistic Drag  via Heavy Quark Jet Quenching
4)  Jet+Bulk  coupled 1+2+3 via associated two particle conical  correlations        

***

J. Noronha, GTorrieri, MG,  0906.4099 [hep-ph]Soft and Hard AdS/CFT Holography:

Both Bulk Flow and Jet observables are predicted analytically by  AdS – GB holography

via simultaneous fit to 

     V2 vs RAA(e) fits    ~ ( 7 +/- 1,  0. +/- 0.1)
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from pQCD ~ pp data

Predicts Flat in pT RAA 
Up to the D7 speed limit

∝ M
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Falling strings give similar dE/dx energy, path, density dependence
As pQCD tomography BUT the coupling is much larger
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              Dynamical Scenarios for Hard Probes:

1)  CGC: All Quenching / Anti Quenching Phenomena are Initial State Effects
                                                                    

2) pQCD: Eikonal elast and radiative Opacity expansion, Evolution Eqs, 
                       eff Rate eqs., ...
                        Assumes QGP has quasiparton d.o.f.

3) hQCD: Holographic higher D= 5 ...10 Gravity dual / string models

4) npQCD:  Non-perturbative jet-medium (e.g., mag monopole gas SL model)

5) eff Transport::  non equilibrium parton transport , non extensive Tsallis/Levy
                              Power law tails beyond Bulk Hydro

6)  Hybrid phenomenology:  YAJEM, JEWEL, Polytrop Model, ...
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For Holographic
Falling Strings 
(Chesler Yaffe)
     Lstop ~  E1/3

 => a = 1/3 ,   b=1
OR a = 0    ,   b=2

For  pQCD  
 a ~ 1/3 ,  b~1

With  Bjorken 1 + 1 D  expanding sQGP 

Fix ’ by fit to one RHIC R(pf=10 GeV ,dNdy=1000 ) reference point.

Spectral index 
From pQCD 

              Horowitz,MG, NPA872(2011);     B.Betz, MG PRC84 (2011), PRC86 (2012)

abc or “Polytrop” Modelling of  RAA

For Holographic
String Drag 
(Gubser, Herzog)
     a = 1  ,  b=0

(1-a) a → 1 e-
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Interpretation of
Heavy Jet Quenching data
 via nonphotonic e-  is 
Complicated by 

1) Production b/c uncertainty

2) uncertain b->B->e, c->D->e
    Fragmentation chain

3) b vs c Quenching dynamics
     PQCD vs AdS/CFT

 Future tagged b and c 
     Jet quench data 
At both RHIC and LHC

Will be essential to solve 
puzzle  

DGVW, Phys.Lett.B632:81-86,2006

(radiative loss only)
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In pQCD paradigm both Radiative and Elastic Energy loss are Mass dependent
      and       DE(bottom) << DE(g, u, s, and even c ~ u)
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The Heavy Quark Jet Puzzle : the second thorn in pQCD Tomography 

Does the inferred bottom quark jet data rule out the pQCD HTL paradigm  ?

How can a relativistic “bowling ball” (bottom quark) stop in a T=300 MeV  QGP ???

(c+b)->e

c->e
only
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For pT>6 GeV the more “Natural” Mass Hierchy was Observed at LHC
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Is STAR QM12 D quenching RAA~ 0.5 pT < 4 GeV consistent with new PHENIX RAA(D->e)~ 1 ?
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RHIC constrained fixed 
coupling WHDG  
W.Horowitz, MG  2011

Bulk
Hydro
“IR”

UV UVIM IM

IM

Intermediate “IM” 2 < pT<10 GeV interpolates between Hydro pT<2 and Hard UV pT>10

Consistency of Heavy Quark with
Light Quark Jet Tomography at LHC

Modulo pT~30 “bump” works well in “UV” pT>10 GeV domain
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Running coupling (CUJET1.0 , A.Buzzatti, MG 2012) resolves LHC 
                           Surprising Transparency puzzle
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( rc-CUJET)
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Running coupling (rc-CUJET , A.Buzzatti, MG 2012) resolves LHC 
       Surprising Transparency puzzle consistent with new RHIC data

New data shown at QM12

rc-CUJET
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Compared to rc-CUJET predictions

QM12
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Flavor Level Crossing

But Incompatible with QM12 PHENIX
b->e/c->e << 1 prelim data
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Jet Flavor Tomography at LHC with CUJET

LHC  

Predicts Jet 
Flavor Inversion
pT>40 GeV
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M Gyulassy 6/30/11 KFKI
34

Can  holographic AdS/CFTJet Models
survive heavy quark jet measurements at RHIC and LHC?

J Friess, S Gubser, G Michalogiorgakis, S Pufu, Phys Rev D75 (2007)

dpT/dt = - µ pΤ

µ = πλ1/2 Τ2/2Μ

pΤ(t) =p0 e
  µ – t

Stop distance 

Ls =  (2Μ/πΤ2)/ λ 1/2 Log(p0) → 0  for λ >> 1
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Conformal Holography of Bulk Elliptic Flow and Heavy Quark Quenching
       J. Noronha, MG, G. Torrieri PRC82 (2010) 

(pQCD  predicts too large viscosity => too small v2, and too weak heavy quark energy loss)

Ideal conformal N=4 SYM
AdS/CFT holography with

Is consistent with both IR bulk v2(1 GeV)
as well as  heavy quark RAAe(5.5 Gev)

With “reasonably large” t’Hooft coupling
Lambda ~ 20-30

Surprising robust to higher gradient R4 
And world sheet fluctuation corrections
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But AdS string drag predictions for B and D identified tomography
make easy to falsify target at RHIC and LHC (but requires heavy flavor identification)

Pion RAA

The price
for electrons
quenching
is very high
in conformal 
AdS string 
drag !

Predicts
RAA(charm)
Much Less 
than 
RAA(pion) !

??
Woops

QM12 data rule out this scenario
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Falling strings give similar dE/dx energy, path, density dependence
As pQCD tomography BUT the coupling is much larger
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=1

=0.002
“Opps”
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A. Ficnar :  Future hQCD AdS deformations to explore
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Interpolation model between
Extreme different dynamical energy loss

pQCD



MGyulassy Wayne 08/22/12 41



MGyulassy Wayne 08/22/12 42



MGyulassy Wayne 08/22/12 43



MGyulassy Wayne 08/22/12 44



MGyulassy Wayne 08/22/12 45

Summary:

(1) Unexpected prelim D+Au data from PHENIX at RHIC 
      Difficult to reconcile with any of our present JET quench models

(2) Spectacular QM12 data from LHC confirm B > D > pi
     Flavor Tomography beyond 7 GeV

(3) Running coupling CUJET solves LHC apparent 
    Transparency RAA puzzle consist with latest QM12 RHIC

(4)  Holographic hQCD modelling based on conformal AdS
      Ruled out by LHC for PT>10. Nonconformal generalized
       Geometries must be tested

(5)  Generic “Polytrop” dEdx model useful to interpolate between
       Eikonal pQCD, AdS string drag, Holographic falling string,
       And nonpertubative Tc enhanced models
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