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~ e Connection to strongly

coupled atoms, N=4 SUSY

e Connections to wider QCD
ISsues: spin and
diffreaction
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eMultiple bound states,
90%0 of them colored? If
so, It explains several
puzzles related to lattice
results, as well as small
viscosity observed



IETBIC s{h%itileﬁeng}’

SRS ENG IS anl eExplosion s [ittle' Bangl Is an explosion
Wiich created our of a small fireball created
OnIvVerse. in of
SRENOPY IS conserved. two nuclel.

2 rJ uioale law: v=Hr for e Also Hubble law, but

== (istant galaxies. H is anisotropic (see below)
Sﬁtfoplc
%"-""— e The ~~vacuum pressure”
(cosmological constant) works against expansion
seems to lead to (And that is why it was so

accelrated expansion difficult to produce it)
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Digression 1, my 1980’s motivation why we
thought we should collide heavy ions, or:

The QCD vacuum vs the QGP

« The physical vacuum” is * The QGP’ as any

very complicated, plasma, screens
cominated by them, and is nearly

""topological objects”,
Vortices, monopoles and free from them

Instantons _
. Among other changes it S0, when QGP Is

shifts its energy down as produced, the
compared to an vacuum tries to

The Bag term, p=#T4-B expel it
e=#T4+B is our Dark Energy



I\/Iagdeburg hemlspheres 1656
S i —-' iﬂ

(recall here
pumped out
Magdeburg
hemispheres

By von Guericke In
1656 we learned
at school)

we can pump in something else, namely the
Quark-Gluon Plasma

e QGP was looked at as a much simpler thing, to
be described by pQCD. We now see it is also
rather complicated matter, sQGP...
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till

D]UF’ SSIOAR2: One may have
ISPINLElY Cor, %theor-y
MEKELACCIOENTAILBISCE

Columbus
eventually c

But something else was on the way...

We believed If we increase the energy density, we should
eventually get weakly interacting QGP. But something
els&\w&s' found on the way...



Our map Is the
QCD Phase
Diagram, which
Includes zero
binding lines”
(ES+Il.Zahed
hep-ph/030726)

QGP

The lines marked RHIC and SPS show the
paths matter makes while cooling, in
>  Brookhaven (USA) and CERN (Switzerland)

Chemical potential p; related to baryon charge



(Carge puzzle toi e discussed:

Bt we staiit With
« Since Matsui-Satz and subsequent papers

it looked like even J/\psi,\eta_c dissolves
In QGP (thus the QOGP signal)

« And yet recent works (Asakawa-
IHatsuda,Karsch et al) have found, using
correlators and MEM, that they survive
Up te Tapprox 2.5 Te . What went wrong?



e pressure puzzle

(GENERAL) Well known lattice prediction (numerical
calculation, lattice QCD, Karsch et al) the
pressure as a function of T (normalized to
that for free quarks and gluons)

*p/p(SB)=.8 from about .3 GeV to very
large value. Interpreted as an argument
that interaction is relatively weak (0.2)
and can be resumed, although pQCD
series are bad...



(TThe pressure puzzle, cont.)

« How guasiparticles, whichiaccording to
direct lattice measurements are heavy

(Ma,Mgi= 3

) (Karsch et al) can provide

enough pressure? (exp(-3)»1/20)

* (The same problems appears in N=4
SUSY YM, where It IS parametric,
exp(-112) for large A" g°N A 1)



New! free energies” for static
guarks (from Bielfeld)

Fqlr, T)a' ™

en ¥ w eUpper figure is

normalized at small
=075 = distances: one can
Tt 3 see that there is
1192 large ~ “effective

TiTe=1.24 &

mass” for a static
quark at T=Tc.

The lower figure
shows the effective
coupling constant



NEeWwpetentals (cont):
ZIEIRUE entropy term Is subtiiacted,
FelLENRtals become

0.2 0.4 0.&8 0.8 1 1.2

this is how potential 1 got look like for T =1; 1.2; 1.4; 2; 4; 6; 10Tc,
from right to left, from ES,Zahed hep-ph/0403127
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SSeIVing for the bound: states,
EseElbZahed, hep:=ph/0403127

) l n " "Y“-ﬂi mllz o0 BES BEA A AF

r
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S m—

~Channel Tep. chalge Iactor T0. OI states
99 8 9/8 0, % 1
99+dqg 6  3/8 5 %60 2% N

== B

—

qq + qﬂj 3 1/2 45 - ¢ * E * ‘_\'TI‘I'J

® g color 8x8=64=27+2¢10+2+8+1: only the 2 color octets (gg)s have (16x
3.4 3, =144) states.
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SIHESEYOLZZIes seem torhenasolved™

=

1 1.5 2 2.5 3 2.5 4

2M,(T),2M,(T") fitted to (Karsch
et al) quasiparticle masses, as well
as example of "“old’ M;(1) and

“new' octet M2 (T)
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tal (the upper curve).
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T he QGP pressure: crosses are
lattice thermodynamics for Ny —
2 (Bielefeld,2000), the lines rep-

resent the contributions of g + g

quasiparticles, “mesons” @« — p...,

colored exotics (ggs, ggzs) and to-




EryAtImE: '_(?‘ —
IIRE pENEtrating probes, v, I I

SWIVENIEre guarks at early time or only
clelse cal glue ? =

\/e ior mesons are still there in QGP, In
SspIie oF deconfinement

g‘fhelr longitudinal component is lighter

-

e

than the transverse one (Brown,Lee,Rho,ES)

. They are degenerate with axial ones,
rather there are L, R-handed ones==>

June 3, 2004



from the early stages are still only those

which decay straight into dileptons. A
continuation of p,w,¢ into QGP is now
expected to start with M ~ DGeV at T =
T. but then reach M ~ 2GeV ngff at
the endpoint., WSuggestion: have a very

good look at new mass window my— 2 Gel/

o Hovever the only states we can observe -

T
1
r
-

\\‘U:i.zm
3.1 \“ ".'I;"" q S P
A \ 1 -
- \ L‘ ‘‘‘‘‘‘‘‘‘‘
5 - -
o \ ’
- S
\ P
, ﬂ\ ,I ’; f!
SIEM N
e 1!’ /
.
5 -
vy
\ g
R
pion N
.......... f 5
1 T/



Asakawa-Hatsuda,

T=1.4T,
Do)
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Fignre : Reconstructed vector spectral function o in units of w* at zero momen-
tum (a) and the resulting zevo momentur differential dilepton rate (b) at T/T, = 1.5
(doted ine) and 3 (dashed line). The solid ines give the free spectral function (a)
and the resulting Born rate (b). The insertion in (a) shows the error band on the
spectral fanetion at 3T, obtained from a jackknife analysis and errors on the average
value of oy (w,T) fu in four energy bins (see text).



e Can we observe (much more
maltiple) colored states
directly?

Very recent idea (IZ+ES) of
‘‘“idonization losses’’ for
minijets at py ~ few GeV .

Cannot work in hadronic phase -

cofinement
If it is true, the ‘“‘“lost
energy’’ can never be recovered

(unlike for radiative losses)

Preliminary results for ionization
Losses, dEdx (GeV/fm) vs T/Tc,

For gluon jet with 15,10,5 GeV
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e

Trig rrizllnresiul kg
AUAL procltjgess tter” not
= Wha t means?
' [N [—
e macro scale)

an free path) << (system size)
on time) << (evolution duration)

= 3 Good equilibration (including strangeness)
,,__ “is seen in particle rations (as at SPS)

- . IS called an
—— with a

IS the
Note that n» |» 1/o n is inversely proportional

to the cross section and is (the oldest)



SOV o/ We -nawjvrv ELENE? =)

very robusticollectivesioyWsRespeciallyAtieNENIPUC EIoW
V,=<C0S(20)= WEIINUESCIAIIEENIY/ = _
hydrodynamics

hydro K A
hydro p ' The softest

point”

See details ina review by
P.Kolb and U.Heinz, nucl- dNidy 1/S (fm™)

th/0305084
June 3, 2004
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Next goal Is to fix the EoS (p(g)) and

viscosity (n(eg)):

In order to do so one
has to study all flows a
a function of collision
energy and centrality

v, (all pions}

( Hydro+RQMDgives a better description
Of energy dependence than pure hydro'g
D.Teaney et al.('01)) because viscosity %“
hadronic matter and correct freezeout arg
included

0.05

o0

.01

« Hydro T=120 MV
-o- R EoS
+« Ha19+5STAR Data

1 1 M 1 1 1 M 1 1 1 R S TR

=— LH&8 Hydro+ ROQMD

| = LHS8 Hydro
D05 —

Omily
+« Hydro T,=120 MeV
e LH Hydro+RQMD
e LH= Hydro Only
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Very large cross sections are needed to
reproduce the magnitude of v,

0.2 | T I I I . .
= = STAR prelim. (Filimonov, Nov '01) parton transport solutions via
v ois | ANl = 1000 MPC 1.6.0 [D.M. & Gyulassy, NPA 697
E L1 T . ,

E (02)]
3 01 = r =2
g proLfi =8+ C; 7 fl + ...
-
G
£ 00 F
g T 7= 8 mhb
e
o minijet initial conditions
0
3 r dq = 0.6 mb L
: parton-hadron lg — 17 hadronization
: MPC AutAu @ 1304 GeV duality
0.05 L L L 1
L] 1 2 3 a 2 11
H uge Cr 0SS sections!!
pL [GeV]

e saturation pattern can be reproduced with elastic 2 — 2 interactions,

requires large opacities o.; x dN,/dn =~ 45000 mb > pQCD (3 mb x1000)
- large opacities also suggested by pion HBT data [D.M & Gyulassy, nucl-th/0211017]

D. Molndr, 5QM2003, Mar '02  —

4



b = 6.8 fm (16-24% Central)
® STAR Data

he most ideal liguid ever seen-

0 P
June 3, 2004 0 02040608 1 1214 16 18

p.(GeV)



iEnediate p,=(2- -5) G _;.—

iiel (ﬁ ydro) or@ar»ly tlme’?‘

SEEIYons benave different from  mesons: why?

- *_r.iggered jets are there (Phenix): so It Is
gy time. Coalescence thus unlikely. (Di)guark
knr‘:' KoUL?

==wrHowW: large is jet quenching? Hadron triggere is

-ffsurface piased. Photon-triggered jets are
~ needed.

® |arge Vv, close to its = geometric limit” for
surface emission (ES,2002)

i
J2!

June 3, 2004



RESPRARNCEIENNANCEMERNT NEAN ZENO

Sipeinolines: Explanation for 1arge
PHOE sectlon’? (ESFEZahed, 03)

; c ® Joe
Hadron @
and mz T=T, T=TEb
oy gasl]ke liquid—like

This is how small mean free path (viscosity) and zero bind-
ing lines and can be related!
(SZ) (a.p.+ a.p. <=> bound state): a resonance

r2/4
k
o (k) ~ kQ (E—E.)2+T12/a
For '— F, ~ 0 the in- and total widths approximately cancel.

the resulting “unitarity limited” scattering is determined by
the quasiparticle wavelengths which can be very large.

Can this scenario work?




100 is

200 s

400 ys

600 s

800 s

1000 ps

1500 s

8 2000 ps

The coolest thing on Earth, T=10 nK or
107(-12) eV can actually produce a

Elliptic flow with ultracold trapped
regime

The system is extremely dilute, but
can be put into a hydro regime, with
an specially tuned
INto a strong coupling regime via the
so called Feshbach resonance

e Although the cross section changes
by huge (» 10°) factor, the EoOS is only
changed by



Veryrecent stuaies ol small

Barteﬁ;tein et al,
- cond-mat/0403716 (may 9th
- 2004) have studied small

Joscillations in lowest two

modes.

June 3, 2004
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e help from the stino
HIEErISts, ADS/GET corres dence

¢ The N=4 SUSY Yang Mills gauge theory is conformal (CFT) (the
coupling does not run). At finite T it is a QGP phase at ANY coupling.
If It Is weak It iIs like high-T QCD => gas of quasiparticles. What is it
like when the coupling gets strong ) = ¢’N, > 17

o AdS/CFT correspondence by Maldacena turned the strongly coupled

gauge theories to a classical problem of gravity in 10 dimensions
« Example: a modified Coulomb’s law (by T brane ¢

Maldacena)

_ 4 )
V(L)= ?{1?4)1? ------------ horizon --L------- L

¢ becomes a sreened potential at finite T

June 3, 2004




The famous .8 again:

e CFT free energy at large A is [ = {3,-“4—#{}[1;"&3-“;2]}1:},.,5_,

(I.Klebanow et al 1998. . .)

TIT,

=

1.0 1.5 =20 25 aa 3 a1k

e Lattice results
(Bielefeld group) for QCD ther-
modynamics: pressure normalized

to Stephan-Boltzmann wvalue

e Weak (5 terms) wvs., strong
(3 /4 4 const/A2?) coupling for the
CFT: the ratio of the pressure to
Stephan-Boltzmann wvalue ws the
't Hooft coupling A = g2NV.

The viscosity/entropy => n/s=1/4rn
(Policastro,.Son,Starinets, 2003) is

very small



Ca000

C 2000

1000

JigeclYe coupling=g”2 N(colors)

4000

5000

!
14—
w24/ (128"

Small C - nonrelat, atoms, Balmer
series... New regime at large ' >> 1
families of relativistic deeply boun
states, with [arge orbital momentur
balancing the supercritical Coulomb




eI
MENENIC zles- g@RHICG@M@"

IORSOIVE! - .
- \/\/n/ gitie inra proton IS'in a small Spot? R»
3 rm, R(em). Are those associated with

2L glolle Iized guark?

_.J' 1 e CGC very inhomogeneous as a
‘sult’> Are those clusters the QCD
: sphalerons’?

* How all of it is related to spin physics and
diffractive pp?

_._..= o
p——
—
-

-

June 3, 2004



PUZZIENOIR -]

A
e myths of 1970’s: all glue in the nucleon is radiated off the

valence quarks, by DGLAP/BFKL pert.process
® Not true at all:

- (i) there is a lot of glue even
at low normalization p~ 1GeV

= (ii), most important,

= its Rrms ~.3—.4 fm is smaller

than for quarks. Obviously a Snapshots of the
glue cannot be radiated from nucleon: ‘‘large
quarks as size never decreases pizza’’ vs ‘‘small gluon

in a random walk spot’’




Puzzle o) f

g suiced 1n-Pomeron-Bemeron
col] Sions: what are they?

@rD sphalerons’P)

Cross

Pomeron- Pomeron into cluster,

section from UAS8 collaboration: heavy

gluonic clusters with isotropic decay.
. What are they?

-
]
—

'Note: a cross section that is an order of

“'magnitude larger than the one predicted
by Pomeron factorization
WA102 collaboration at CERN, pp
Double-Pomeron into identified central
hadron: strong dependence of the cross
section on the azimuthal angle ¢ (be-
tween two kicks to two protons), not
expected from standard Pomeron phe-

nomenology.

(b}

N O A |
© @

|
it

H
L |

H""i' ;

(GaV)
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PUzzlE. C Sin Ie -spin’ agéwz-
it solarge, In D) d pp?

are needed:
- (mrrlhrv fllp of the guark

=00 @ ‘final state interaction of the
QE gomg guark

—
r-—'
-r——"‘_

R

And yet the effect Is so large as 10-209% !

June 3, 2004
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CoRCIUSIoNS: -

WENOUNGd at K %ﬂwh

SUIIIONEN(ES,COIUMILIS
- QGP as S .
the .
bunch of

been | . :
RHIC

— P—JEE [CE'EGS is about
onfirmed, A e ¥, .8
:._-_'—' --:_G-—EV/-I:m3 .

QGP seems to be the
most ideal fluid known

n/s » .1

June 3, 2004

[PE(

o — —

—= QGP at RHIC is in
a strong coupling
regime.

many
old mesons plus
hundreds of exotic
colored binary states.

Instructuve analogies
with other strongly
coupled systems —
atomic and field
theory (AdS/CFT)




to be understood
¢ - pQCD regime yet to be reached

=t \’V Eer puzzles in pp are related to the nature of
—,-_-':'-H':_{.:_:.- . thOSE
~_combine

June 3, 2004
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ES, Igucl.PhyS.A717:291,2003

Motivation 1. How far does
the coupling run in QGP? ..
(general ideas) | e

time

In a QCD vacuum the domain of perturbative QCD (pQCD) is
limited by non-pert. phenomena, e.g. by the

Q(chiral) of about 1 GeV , as well as by confinement etc.:
o.< 0.3 0rso

At high T we get weak coupling because of screening
a<o(gT) ¢ 1 (the Debye mass My» gT sets the scale)

In between, T_<T<few T, there is no chiral/conf. scales
While Md is not yet large: here a(M,) may be » 1 (?)
(M4%a 2T» 350-400 MeV only)



For a screened Coulomb potential,
a simple condition for a bound state

* (4/3)a, (M/IM, ) > 1.68
 M(charm) is large, M, Is only about 2T

* |If a(My) Indeed runs and is about ¥2-1, 1t Is
large enough to bind charmonium till about
T=2T.=340 MeV

(accidentally, the highest T at RHIC)



The phenomenon of the Adiabatic capture

e Very recent important discovery with trapped Li atoms
J.Cubizolles et al, cond-mat /0308018, K.Strecker et al,cond-mat /0308318
all in PRL

e If one changes the magnetic field so that the molecular level moves
from unbound into bound domain, nearly all atoms (~ 85 percents) are
turned into Li, molecules, all of course in the same relative state near
Zero.

¢ Only a bit more cooling is needed to get BEC of molecules

e The phenomenon is reversible which proves that no entropy is pro-
duced: going back one finds molecules dissolved

e Going further into the bound region one finds that binding energy
goes into heating the gas

¢ The adiabatic path in heavy ion collision also crosses the no-biding
line in this direction.

¢ the reheating was predicted as a zig-zag path on the phase diagram

« Can the “hadronization” happen at this line, not at 7 =7,7

e At least that would be enough to explain why we do not see large
fluctuations related to quasi-first order transition: no “clumps”, the
matter remains homogeneous at all times

June 3, 2004



e (Jur results
(IZ+ES,hep-ph/0403...) for
binding then reproduce the binding
region from Asakawa-Hatsuda and
Bielefeld group (using the Maximal
Entropy Method MEM), found bound
J/,me till 2.2T:
(a) The energy of the bound state E/2M vs
T/T. from V(T,r), for charmonium (crosses
and dashed line), singlet light quarks gg
(solid line) and gg (solid line with circles).
Squares show the relativistic correction to
light quark, a single square at T'= 1.057, is
for gq with twice the coupling, which is the
maximal possible relativistic correction. (b)
14/(0)|?/T? of the bound states vs T'/T..

1_

0.8

0.7

200+
150
100

50+




T

-

|f. a Coulo ——

oupling isHeo %
feillinie) @)pite é‘ee,ﬂw'ay 0 .

SUINNS Imjpessible to  get a hindine

(OHJOrlfrlf 1O UAE IMESS

But we |

> Browyp) Eeier Rho,ES hep-
on/O”“w :[75 near-local
iCtIOI’l Induced by the

— -
- _ | |

i _':' .-:. _!'-.—‘

= 'ajse called ~~hard glue” or
~__—epoxy”, as they survive
-at T>T,
® Their contribution is »
|w(0)]? which is
calculated from strong
oMb problem




Digression 3:

Relativistic egns have a critical Coulomb

coupling for falling onto the center
(known since 1920’s)

What happens is that the particle starts falling towards
the center. Indeed, ignoring at small r» all terms except
the V2 term one finds that the radial equation is

2 2
R'+ R+ R=0 (10)

r r

which at small » has a general solution

R = Ar°+ ++ Br°—, sy = —1/24+/1/4 — a2 (11)

that for & — 1/2 is just 1/7'/2. At the critical coupling
both solutions have the same (singular) behavior at small
. For ¢ > 1/2 the falling starts, as one sees from the
compplex (oscillating) solutions.

(4/3)a..=1/2 is a critical value for Klein-Gordon egn, at
which Falling onto the center appears. (Itis 1 for Dirac).



Reselved by correct treatment With entropy
iemoved (see below, When we put it Into

Schi. Or KG)

« The lattice petentials come frem a correlator of
static guarks. Then the free energy

exp[-F(T;R)] =< L(T)L+(0) > should be related to
potential energy V. (r) = F - TS where the latter
entrepy part Is just a derivative over T

* This simple fact (pointed out only recently by the
Bielefeld group)




HOVIO! C et%_@éﬁnes«p@@%f"

-f &
" _—

-5 ;

=

- \/\/5f '-ff""Spect that quark bound states don’t all
- Mme eltat Tc
*___;__,J___ “all g,g have strong rescattering ggbar <
~ meson
_ Resonance enhancements (Zahed and ES,2003)
®* Huge cross section due to resonance

enhancement causes trapped
_I'atoms
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VEIindings,at RH G

> Pagidifa J,. produced from matter which seems to be
WEllreguilinrated (by the time it Is back in hadronic
omrb;{— Nl/N2 —exp(-(M_1-M_2)/T)

.r"" e,

W—robust collective flows were (unexpectedly) found,

_ -F]ﬁ"dlcatlng very strong interaction even at early time
== _

— = e

. Even guarks and gluons with high energy (jets)
do not fly away freely but are mostly (up to 90%)
absorbed by the matter

June 3, 2004



R
R
RV EEEyNamICS IStSImpIE!

e s Static
- *E0S from Lattice QCD
*Finite 7, u field theory

' €asy. «Critical phenomena

T

T —

Local e?‘ BMT'u S~ O,
CONSErva
= "-anb?_r_ Qunéb =

Caveat: Why and when the
e equilibration takes place is
e O Y, a tough question to answer

>
N —
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QGP and
dileptons

Jet
gquenching
due to

" lonization”
of new
bound states
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