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The Quark-Gluon Liquid: 
“Cones” ⇒  properties of the liquid
Lessons from QED plasmas

From discovery to tests of energy loss
confirmations and new puzzles

Everything scales as Npart! (?) 
Single particle observables
Are we seeing the CGC? (speculative)



I. The Quark-Gluon Liquid



QGL - the “perfect” fluid

RHIC announced formation of a “perfect fluid”, i.e., 
a strongly interacting plasma-like nuclear matter with an extremely 
small ratio of shear viscosity to entropy 

The fluid is partonic:
T = O(10) x Tc     (Extrapolated from ET, jet quenching, ...)
strong collective flow - also non-γ  e±  ⇒ heavy quarks
hydro with QGP EOS reproduces v2 fairly well (soft pT<2 GeV)
quark number scaling 
also φ flows - too strongly for hadronic rescattering mechanisms
...

Let's call it Quark-Gluon Liquid!



The fluid is strongly coupled
lattice ⇒ plasma is not perturbative at T < 2 Tc 
what states does it contain? � coloured partonic bound states (Shuryak, Koch, Karsch)

Some prefer to call it a strongly coplud QGP:  sQGP 

The task is now to study its properties

Need new approaches, e.g.,
conical waves:  “cones” in the soft hadron sector
⇒ properties such as speed of sound, (color) dieletric constant
(Shuryak, Ruppert, Dremin, Majumder)
guidance from QED plasmas (Thoma)



I.1  “Cones”



The reappearance of the away-side jet 

φ
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2-particle correlations



Jet energy is redistributed into excitations of  
1) colorless (hydrodynamical) modes => Mach cones 

J. Casalderray, E. Shuryak, D. Teaney, (2004) hep-ph/0411315, 

Ulrich Heinz in preparation 
2) colorful modes:

2.1) longitudinal modes => Mach cones 
H. Stöcker, Nucl. Phys. A750, (2005) 121, 
J. Ruppert, B. Müller, Phys. Lett. B618 (2005) 123

2.2) transverse modes =>Cherenkov (like) radiation 
I. Dremin, JETP Lett.30, (1979) 140 and I. Dremin, hep-ph/0507167, 
A. Majumder and X.-N. Wang, nucl-th/0507062

Explanations
(see also Focus talk of J.Ruppert)

φ
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LPM interference depletes radiated gluons along parton's direction 
   I.Vitev, hep-ph/.... 

Bent jets R.Hwa's talk

soft parton makes “random walk” on a 
circular mound; step size ∝ medium density

most walks absorbed in the medium

cone angle in non central collsions should 
depend also on trigger orientation

No conical flow!
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3-particle correlations
Should distinguish a “cone” from a “bent jet”

∆φ=π 

∆φ=π 



Conical flow is not seen!

p =2.5-4, p =1-2.5 GeV/ c

PHENIX Clear conical flow! 



I.2  Lessons from QED plasmas
(transparencies adapted from M.Thoma's talk)



1.1. Strongly Coupled PlasmasStrongly Coupled Plasmas

     

# $&% '( % ) *"+ , *.- / 0&1 % '32 4 45 + 687 * ' * 9 $ / ( % : : /; * , < , *7 /; ' /

# $&% '( % '1 / , /; % : / 0 9>= ? *1 ? : /( @ /; % :A ; / '32 / $ /B :; * B 6 * / $ 0 '32 + ; ; % 0 *% : *"+ ,

C $&% ' ' * 6 * B % : *"+ , 'D

EGF H + ,JI ; / $&% : *7 * ' : *B K ; / $ % : *7 * ' : *B @ $% '( % ' L @% * ; @ $&% '( % '2 MN # O

PF C $&% ' ' *B % $ K Q A % , :A ( @ $% '( % ' L>R ? * : / 0 R % ; 6 '2 MN # O

SF T 0 /% $ K ' :; + ,1 $ = B + A @ $ / 0 @ $% '( % ' LB + ( @ $ /U @ $&% '( % '2 M N # O



VXW Y Z W [ \&] W Y ^ Z_"` a ^bc b [d ed c

Γ f Q2

dT

gih j k&lm no p qsr t&l uv l r lm w x j to u

y>z {"| }~� �� � } {"� � ~ � {"� }� | � ~

�.� � �&� �� � �� � � �� � ��� �

� � � � � � �&� �� � � � Γ << 1 ( �� � �� �&� � � � �� Γ < 10−3)

��� ��   ¡>¢ £ �¤ ¥ ¡&¦ § ¥ ¡&¨ ©ª ¨ ©« Γ > Ο (1)

¬.­ ®¯ ° ±&² ³´ µ"¶ ·¸ ¶ ¯ °¶ · ² · ¹ µ · º » µ ¹² ¼ º ®½ ¾ ³3¿ » µ"À »ÂÁ ¼ ² · ³ µ ¹Ã ° ± ® ³ ¯ ® ³ ® ¹ ÄÅÆ

Ç ¶ · Á °² ½ ¹È ½ É ® ¹ µ.Ê ² ¼ ² ³¸ ½ µ ° ¹ µ¶ · ¿ ²3Ë ÀË ¿ ¯ ¶ ± ² ¸ È ± ®½ ¼ Ã · ® ¯ µ¸ ³



Ì
Í Î Ï ÐÒÑ Ó Ô ÐÒÕ Ö Õ ÖÌ
Í Î Ï ÐÒÑ Ó Ô ÐÕ Ö Õ Ö

×.Ø Ù ÚÛ ÜÝÞ Üß à á&âã à á&ä Ù ß ä Ùæå ß Ø á Ú çÞ Ü ß à Üè â è Ú à á&ä Ù ß ä Ù

é ç Ú ê ç Ü è Ù3ë â á&âÞ ÚÝ Ü è Ù ë è â Ø ÚÝ ä á&ì ä Ù ë ä è í ß çÞ Ý Ü àä Ý Ú çÞ á&â Ù î í Ø Ù Ú ï

ðòñì ñ ó á Ü é Úâ ß àâ Ý ä ÚØ Ý â è â Üè à á&ä Ù ß ä ç è ä íÞ ô ÜÝ Ý õ í ç ÙÞ êä Ý ì â

ö è ÷âÞ Ú ç Üè Ü õ ß çÞ Ý Ü àä Ý Ú çÞ á&â Ù é ç Ú ê í çä ß â Úâ Ý øúù øû

µ ü

ý þÿ�� �� �� � �ÿ� �	� 
 � � � �	� � � � � � � � �� � 
 � � 
� � 
� � � ⇒

�	� �� �

� � � � � ��� � � �� �� �� ��� �� ! "#$ %

& '�( )*+ ,- + ) .�/ 0 * 1 .�2 )- ( / * - 3	4 5 ) 67 7

µ 8

⇒ 9 :	; <= ; >?@ < A; :B 9?C DE > AC DF GH IKJ DE < >L MC ?C DF G GN ; A OP Q R

S T <C ? M; AE L UV E : :XW = E U ; AE L U T@ : ; <C ? < YC C A

; U D ?C >L ? DC D T@ Z Z[ >; = C ? ;



\�] ^`_ a�b cd egf ^	h ij h klm i _ h ^n m f l ] i io l ] l ] p o k_ ad bq ^] i i b ] o _ l h ^ c h i el a k_ ad b q

rs tu sv w rx v s y�z {v s w| s} ~ s {v s w| s � � � � x � � t � { � x u � y z � u wv w t s r s v Γ � � ��� �� � �

�
� � ��� �� � � �	� � � � ��� � � ��
� � ��� �� � � �	� � � � ��� � � �
long range order short range order disordered phase
(crystalline phase) (liquid phase) (gas) 

��� ��   ¡   ¡�¢ £ �� � ¤X¥ ¦ ¡ ¦§ ¨ £© � �   ¡§ � § ¨ ¦   �   £ � � ª ª £   £« ¬ ¡ � �   ¡§ � § ¨

Γ ­

®¯ °�±² ³± ±´ µ ¯ ¶ ° ³· ¸º¹ ·² ¶ ° ³·
»¼ ½ ¾ ¾�¿ À Á ÂÄÃ ¿ Å Æ ¿ Ç ½ ¿ ÇÈ»¼ ½ ¾ ¾�¿ À Á ÂÄÃ ¿ Å Æ ¿ Ç ½ ¿ ÇÈ

É�ÊË ÌË ÍÎÏ Ð Ñ Î ÒXÓË Ï ÒÔ Õ Ê ÖÊ ÐÏ ×Ô Ï Ê Ø ÌÊÙ Ï Ô Ï Ï Î ÍÔ ÐÏ ×Ù Ï Ò



ÚÜÛÝ Þ ßàá âÝ ã ãà Ûä åæ ß å çèXé ê åë êä åì ß ë Ûä íÝ Û à ß�ë è ê ã îï ð�ñò óô ò õö ð÷ø ùú û ùò ð ï ùü ÷ý

þÿ � ��� ��� � �	 
 � � � � �
 � � � �
 �� � �þÿ � ��� ��� � �	 
 � � � � �
 � � � �
 �� � �

M.Thoma !!
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II. 2001-2005: 
from discovery to tests 
of partonic energy loss

(adapted from I.Tserruya, B.Cole, M.Djordjevic, N.Grau)



Itzhak TserruyaItzhak Tserruya QM05 Budapest 9/8/05QM05 Budapest 9/8/05 1919

Suppression persists all the way till 20 GeV/c...
...as predicted by energy loss models

µ “We have excellent agreement between models 
and data for both Au+Au AND Cu+Cu!
This is good, right? Wrong! “

To quote B.Cole:

-  Different models yield different medium opacity
-  Loizides et al.: “Surface emission”
-  GLV: energy fluctuations leave the medium more transparent



Itzhak TserruyaItzhak Tserruya QM05 Budapest 9/8/05QM05 Budapest 9/8/05 2020

RAA wrt reaction plane

Energy loss depends 
on the path-length



Itzhak TserruyaItzhak Tserruya QM05 Budapest 9/8/05QM05 Budapest 9/8/05 2121

RAuAu of identified hadrons vs rapidity

¶ NO change of RAuAu with rapidity 

Pions y=0 and y=3.1 Protons y=0 and y=3

Au+Au at 200 GeV



Significant reduction at high pT suggest sizable energy loss!

Single electron suppression measurements 

π0

V. Greene, S. Butsyk, QM2005

0.2



Comparison to Theory – A New Puzzle
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Theory curves 
(1-3) from N. Armesto, et al., PRD 71, 054027

Theoretically, single electron 
suppression has to be at least    
two times smaller than pion 
suppression.

(4) M. Djordjevic, M. Gyulassy and S. Wicks, 
Phys. Rev. Lett. 94, 112301 (2005);

M. Djordievic QM2005 talks:

e± suppression compatible with charm suppression;
using NLO pQCD cocktail of c & b yields curve (4) 



single hadron suppression vs. v2 : another puzzle

Energy loss models tuned to single hadron quenching,
undepredict high-pT v2

Solving the puzzle promising for advance of the field.

If tuned to v2 they overpredcit single hadron quenching.



III. Everything scales as Npart



New at QM2005: Cu+Cu vs. Au+Au collisions 

Cu+Cu comparable to Au+Au
Cu+Cu: smaller system ⇒ less background, smaller errorbars
Better accuracy than AuAu peripheral



e.g.,   fix Npart ~ 100,    same √s 

Cu Cu
Au Au

eccentricity: εCuCu << εAuAu 

medium density:   δCuCu = δAuAu 

surface/volume: S/VCuCu << S/VAuAu 

Interplay of density and geometry



Also CuCu at √s = 2.5 GeV 

Comparison at different √s are possible

Available systems / energies



III.1  dNch/dη



(1)(1)



We can understand it in terms of the wounded parton model: 
Soft particles yield proportional to Npart

As energy is changed, though particle production increases:



PHENIX  PRC71(05)034908



Energy/Centrality factorization
see, Armesto, Salgado, Wiedamann PRL94(05)022002

In terms of Npart: C

minijet

NB: parton-hadron duality
        is assumed here

Energy/Centrality 
factorization

Ansatz:
(δ fitted to nuclear DIS data)

minijet

from “saturation physics”
CGC
EKRT 
but also pQCD rescatterings (AA)



III.2  Jet quenching - RAA and Rcp



(2)

NpartCuCu (0-3%) ~ NpartAuAu (35-45%) ~ 100







RAA in CuCu and AuAu comparable at same Npart
Is this a surprise? In a sense no:

medium density δ ~ Npart
same medium suppression independently 
of system size

But..
what about the idea of “Quenching = surface emission” ??

Cu Cu
Au Au

CuCu should quench more than AuAu!



(Note:
At 200 GeV, I'm using Rcp as a proxy for central RAA : quenching should increase slightly using the latter)

Comparing quenching at different √s

We have so far compared small/large systems at fixed √s
Let's do the opposite: AuAu @  200 vs. 62 geV

quenching

~ same quenching at 2 different energies!

Would expect increase with √s as density ~ (dN/dy)200 GeV > (dN/dy)62 GeV 

Attention: medium is partonic, quoted densities are of charged hadrons



Let's ask the experimental data, then:
Consider the central/peripheral ratio Rcp
the underlying p+p slope is the same
increase of effects with slope compensate in the ratio
(at least partially)

Compare 200 Gev and 62 GeV data

Previous argument may sound fishy:
Cronin enhancement depends on slope of dN/dpT in p+p collisions
(the steeper the higher the Cronin enhancement)
Quenching depends on slope, as well
(at fixed ∆ε, quenching is larger for steeper dN/dpT)
Same quenching maybe just a coincindence 



PHOBOS

normalizing with Ncoll gives < 10%  
relative change between 200 and 62 GeV

Peripheral/Central ratio...

  

  same quenching at 62 and 200 GeV 
⇒ same medium ??

 



III.3  "Cone" angles



Parameterize the away-side shape as 2 Gaussians that are offset 
symmetrically around ∆φ = π  by fit parameter D.
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The away-side splitting D

D D



D is independent of energy and system size! 
Scales with Npart!

Not reconcilable with Mach or Cerenkov cones, or bent jet...
...unless the medium is the same in all cases!

Need to reduce error bars to test the scaling



Does DSPS scale as Npart together with DRHIC??



III.4  J/ψ suppression







III.5 Why does everything 
scale as Npart?



Naively very natural

Initial state rescatterings ∝ TA(b) ∝ Npart 
Final state effects ∝ ρmedium ∝ Npart 

But!  Conventional wisdom: parton-hadron duality + wounded nucleons

ρmedium ∝ Νpartons = const × Νhadrons ∝ C(√s) Npart

"dynamics" "geometry"

Medium is partonic, so larger density at larger √s
⇒ why are observables similar at 62 GeV and 200 GeV 

with same Npart ??



PHENIX  PRC71(05)034908

A possible scenario
Medium = partons liberated in the collision ("minijet plasma")

Parton production such that:
Npartons(200) = Npartons(62)
(E/N)partons(200) > (E/N)partons(62) 

Because of larger E/N, the minijet plasma fragments into 
more hadrons at 200 GeV than at 62 GeV:

(dN/dy)had(200) > (dN/dy)had(62) 
naturally we expect 

  (E/N)had(200) ≈ (E/N)had(62) 
200  GeV6217

In this scenario  ρmedium(200) ≈ ρmedium(62) 
and medium effects are almost independent of √s 

ρmedium doesn't change much from SPS to RHIC to LHC!



The statements above amount to say that 
the minijet plasma is made of saturated partons liberated in the collision

x ≈ 2 <pT> / √s can be small enough for soft partons to be in the 
saturation region

Increasing √s one decreases x, the no. of partons cannot increase
⇒ partons are created with larger energy. 

The medium is made of saturated partons: CGC!

Standard hadronization picture challenged 
no parton-hadron duality

 saturation of phase space for hadron formation?? 

"Factorization of energy and centrality" holds but for 
different reasons than commonly thought:



Conclusions
If we really have a QGL, better take it seriously 

seek and study probes that inetract with it
look for collective effects (e.g. the “cones”)
New approaches: “forget” past illusions, build new ones! 
(e.g. lessons from QED plasmas)

Energy loss can be quantitatively compared to data
we can check the details
new puzzles -> new discoveries?

Pervasive Npart scaling
Provides evidence for CGC in the soft sector
Challenges common views on hadronization
worth pursuing, but without excessively pushing the concept 


