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eMultiple bound states,
90%0 of them colored? If
so, It explains several
puzzles related to lattice
results:

*\Why resonances in
correlators (MEM)?

eHow rather heavy
quasiparticles can
create high pressure
already at T= 1.5-2 T¢?
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But something else was on the way...

We believed If we increase the energy density, we should
eventually get weakly interacting QGP. But somethlng
else was found on the way..



New QCD
Phase Diagram,
which includes

~zero binding
lines”
(ES+Il.Zahed
hep-ph/030726)
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ES,Nucl.Phys.A717:291,2003

How strong 1s strong o

interaction and where? —
How large can o, become w| =

iﬂ QGP ? time
In a QCD vacuum the domain of perturbative QCD (pQCD) is

limited by non-pert. phenomena, e.g. by the Qy» 1 GeV as
well as by confinement: so a,< 0.3

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 M Vs 2T» 350-400 MeV is not yet large: can
as(M,) be » .5-1 (?). If so, binding appears. (ES-Zahed,03)

Instanton-induced effects remain strong at Tc<T<2Tc, where
they are present as inst-antiinst. "molecules”
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For a screened Coulomb potential,
a simple condition for a bound state

o (4/3)a (I\/I/I\/IDebye) > 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)
e Since g and g quasiparticles are heavy,
M» 3T, they all got bound as well !
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ESOIVIRE for the bound states, -
Sl Zalhed, Nep:- ph/0403127
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What it means?

T E— s

m

| << L
scale) =< (the macro scale)
free path) << (system size)

tlme) << (evolution duration)

Good equilibration (including strangeness)
“is seen in particle rations (as at SPS)

= . , an ideal hydro
= works well (except in hadroic phase)
: IS the effect, » velocity gradients Note
that [» 1/(o n) and hydro is (the oldest)
n/s».1¢ 1
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How to determine

~0s p(€) and

viscosity M(€)? o
Tostudy all flowsasa 4 oo - =%~
function of collision S | S 7 <inseos

. L8 | & ; = - LH16 EoS
energy and centrality, = e T hyare Te120 Mev
o.02— -=- RG EoS
In the meantime, as a : * Nad9+STAR Data
function of rapidity... = ' -
= LHa8 Hydros+«RQMD
= LH8 Hydro Omnly
o.o0s— * Hydro T,=120 MeW

( Hydro+RQMD gives a better description | 2 LHZ tydro Onty .

Of energy dependence than pure hydro2 i L .

D.Teaney et al.("01)) because viscosity @ o — S - '

hadronic matter and correct freezeout are L - —

included [~ i -

- 200 — 466‘”"\-._ ﬁ{lm 2800
SPS RHIC dM_, 'y
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Motivatien 3: lattice puzzles

« Since Matsui-Satz and subsequent papers
it looked like even
(thus it was a QGP signal)

« And yet recent works (Asakawa-
IHatsuda,Karsch et al) have found, using
cornrelators and MEM, that

What was wrong?
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sReselved new: by a conect treatment, with

(the heat transter)

« lhe lattice potentials come from a correlator of

static guarks. Tfhen the free energy

exp[-E(T;R)] =< L(T)L+(0) > should be re
potential energy V. () = F +TS where the

ated to
atter

entropy part Is just a derivative of F over |
* This

« when we put it into Schredinger (or Klein-Gordon, Dirac)

egns (ES,Zahed 03) charmoenium gets bound up
2 Tc, as observed from correlators
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New:! free energies” for static
guarks (from Bielfeld)

Fqlr, T)o' ™

eUpper figure is
normalized at small
distances: one can
see that there is
large ~ " effective
mass” for a static
quark at T=Tc.

The lower figure
shows the effective
coupling constant
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NEW potentials (cont):
ZIEIRUE eitropy term IS subtiiacied;
ELERAIS BeEcome

LI L e 1T rrrrrrrrrd - I 1 I 1 LI 1 LI UL} I
0.2 0.4 0.& 0.8 1 1.2 .2 0.4 0.6 0.8 1

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




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/,ne till 2.2T5:
(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..
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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...
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(TThe pressure puzzle, cont.)

* [How quasiparticles, which according to
direct lattice measurements are
(Karsch et al) can provide
(exp(-3)»1/20)

« (The same problems appears in N=4
SUSY YM; where it Is parametric,
exp(-112) for large 1~ g?N A 1)

Santa Fe workshop Shuryak
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1 1.5 2 2.5 3 2.5 4

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

“new' octet M2 (T)

tal (the upper curve).

o
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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, ggz) and to-




Quark mass and the interaction
strength ("a.”) via dileptons

e Two objects can be seen: T,L bound states
(T<T,,» 2 T.) and the near-threshold
enhancement ( bump”, any T)

e Why bump? Because attraction between anti-
g g iIn QGP enhances annihilation

e Example: pp(gg) 't t at Fermilab has a bump
near threshold (2m,) due to gluon exchanges.
The nonrelat. Gamow parameter for small
velocity 2n (4/3)a /v > 1

Santa Fe workshop Shuryak 20
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¢ Hovever the on J states we can observe
from the early stages are still only those
which decay straight into dileptons. A
continvation 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. Suggestion: have a very

good look at new mass window my— 2 (el
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Asakawa-Hatsuda, Karsch-Laerman, T=1.5 and 3 Tc

T=1.4T,
- 0.3 T - — 1l ——— f
p(ﬂ]) U.M,(G},T}fmz : - dWidmdap T=AAT, e
{2 — . . 1006 | .
8 o 07 " 100 /7
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Fipnre : 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 funetion at 3T, obtained from a jackknife analysis and errors on the average
value of oy (w,T) fu? in four energy bins (see text).




QUARK-HADRON DUALITY AND BUMPS IN QCD:

Operator product expansion tells us that the integral
Under the spectral density should be conserved
(Shifman, Vainshtein, Zajkharov 78).

Three examples which satisfy it (left) the same after realistic time integral
Over the expanding fireball (as used in Rapp+ES paper on NA50), divided
by a "~ “standard candle” (massless quarks) (right)
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0 5 10 15 20 she 1000 1500 2000 2500 3000



Study of near-endpoint and near-threshold

annihilation rate
using non-rel. Green function for
potential (+ instantons) (Jorge Casalderrey
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How those states/bumps look like
after one integrates over the time?

Smooth curves are wQGP or
" “standard candle” with
massless free quarks

Curves with peaks are for
longitudinal (left) and
transverse

(right) p,®
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Jet guenching by ionization”
of new bound states in QGP?

¢ Can we observe (much more
multiple) colored states
directly?
Very recent idea (IZ+ES) of
‘“‘ionization losses’’ for
minijets at p; ~ fewGeV.
Cannot work in hadronic phase -
cofinement
If it is true, the ‘‘lost
energy’’ can never be recovered

(unlike for radiative losses)

Santa Fe workshop
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(a) i (b)

dE/dx in matter

atomic

1onization

N.01 1 1nnn p/m
Shuryak
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"
Calculation of the 1onization rate
ES+Zahed, hep-ph/0406100

m Smaller than
If
m Is there mostly near the
zero binding lines,

m Thus it is different from
both and elastic
looses, which are simply
proportional to density

m Relates to non-trivial
energy dependence of jet
guenching (smaller at 62
and near absent at SPS)

H n
I 1 [ e I ) I

[ad

bJ

[

o

TT T T T T T T T T T T T T T T T 1T ]
1.1 1.2 1.3 1.4 1.5 1.6

[

dE/dx in GeV/fTm vs T/T _c for a
gluon 15,10,5 GeV. Red-elastic,

black -ionization
Santa Fe workshop Shuryak 27
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- QGPasa“ natte - == QGP at RHIC is In

the usual - | a strong coupling
bunch of p ar regime ==

been pro
RHIC

s r|rr' e:xﬂ "E)S IS about
= ,..j__r“e |rmed AeV,.8

=3 e fa)

many.
old mesons plus
hundreds of exotic

= %EVmeg OGP seems colored binary states.

“ “to be the most ideal * Dileptons is a way to

; = fluid known measure masses of gs
n/s » .1 and the strength of

their interactions, via
resonances and near-
threshold bumps 28
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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 +Z R=—0 (10)

r r

which at small » has a general solution

R = Ars+ ++ Br°—, sy = —1/2+/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).

Santa Fe workshop Shuryak
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BACIE to the main track)
IGWSS espec1a11y the EllipticiElow

STAR, PRC66('02)034904

" "The softest
point”

10 15 20 25 30
dNidy 1/8 (fm™)
See details in a review by

P.Kolb and U.Heinz, nucl-

16570305084
31
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Very large cross sections are needed to
reproduce the magnitude of v,

impact parameter averaged v (|y] < 2)

0.2 | 1 1 1 ]
= STAR prelim. (Filimonov, Nov '01)
|, s = 1000
0153 | .
0l F
0s
T 7= 8 mhb
U a, = 0.6 mh
partan-hadron
MPC AudAu @ 1304 GeV duality
005 1 1 1 1 1
0 1 2 3 4 a
pu [GeV]

parton transport solutions via
MPC 1.6.0 DM & Gyulassy, NPA 637

('02)]
plo,fi = S + C%f] + ...

minijet initial conditions

lg — 1w hadronization

Huge cross sections!!

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  —
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QGP at RHIC seem to be the most ideal
fluid known, viscosity/entropy =.1 or so

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

length

n . &
0 02040608 1 1214 16 18
p,(GeV)




Digression 2, a 1980’s motivation why we
thought we should collide heavy ions, or:

The QCD vacuum vs the QGP

« The QGP, as any plasma,

« The physical vacuum” is screens them, and is

\d/ery_CO;ﬂlglllgated, nearly free from them
ominated by . :

""topological objects”, S0, dwheg ?hG Ps
Vortices, monopoles and proauced, the vacuum
instantons tries to eXpel It

« Among other changesit  (recall here pumped out
shifts its energy down as Magdeburg hemispheres

compared to an By von Guericke in 1656 we

learned at school)
The Bag terms, p=#T4-B

e=H#HT4+B

Santa Fe workshop Shuryak 35



REsSpRANRCE enhancement near. zere

ggeiieriness Explanationsoriarge™

55 section 2 (ES#Zahed;,03),

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

4 r2/4
k2(E—Ep)24T17/4
For F— E, =~ 0 the in- and total widths approximately cancel:

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

o(k) ~

Can this scenario work?




| i 100 “S

200 ps

400 ps

600 s

o Er

= 000y

1500 s

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

37



I\/Iagdeburg hemlspheres 1656

== ] " """"

R e kg e
\We Cannot pump the QCD vacuum out, but we
can pump in something else, namely the Quark-

Gluon Plasma

l’i’ #y

e QGP was looked at as a much simpler thing, to
be described by pQCD. We now see it is also
quite complicated"Higdttetr, SOGP... %
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SRV E ébect that guark bound states don’t all

L

dmeltat I'c

e

13%1,'9’ have strong rescattering ggbar <
~__meson
~ Resonance enhancements (Zahed and ES,2003)

® Huge cross section due to resonance
enhancement causes trapped
LIlatoms
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Wi

e produced from matter which seems to be
rated (by the time It Is back In hadrenic
INZ2 =exp(-(M_1-M_2)/T)

SRBAcIes ar
WENREEUINI
OIIEISE)) ~‘=

'i-:
=%

. vm bust collective flows were (unexpectedly) found,
= J[dicating very strong interaction even at early time

- _'. _-
liif—

S

- E_Lven guarks and gluons with high energy (jets)
~ do not fly away freely but are mostly (up to 90%)
apbsorbed by the matter

e
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SES11PIET
! ,.T Static
' +EoS from Lattice QCD

*Finite 7, u field theory
*Critical phenomena

QMT'MV — O,

. Dynamic Phenomena

| ExpansiGmes og Caveat: Why and when the
=SpaCEShinc VU equilibration takes place is
thermodynamic variables a tough question to answer

41
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IMEREIg VS the Little Ban gh

- 319 Bzuru S an explosion ittle Bang 1s an'explesion

WisIchicres e_d oL of a small fireball created
Uhiverse), = in of

2 rnrrOO/ sonsenved. two nuclel.
> el Iaw v=Hr for s Also Hubble law, but

distant galaxies. H is anisotropic (see below)
====1S0 foplc
__-—::‘f:i-'"' e The ~~vacuum pressure”
' —(cosmologlcal 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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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



¢ 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 +— brane ¢

Maldacena)

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

¢ becomes a sreened potential at finite T




The famous .8 again:

e CFT free energy at large A is [’ — (3/4+O(1/A3/2))Ffre.

(I.Klebanov et al 1996...)
1.0
LT P/Dgg
0.6
0.4 - 3 flavour
2 flavour

2+1 flavour

0.2
T,
0.0 - : - -
1.0 1.5 2.0 2.5 3.0 3.5 4.0

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

to Stephan-Boltzmann value

1.3
1.2
1.1
s ."':
0.8

0.8

0.7

06 g 3 F1 [ B 10 12 14 18 18 =za

e Weak (5 terms) vs. strong
(3/4 + const/A3/2) coupling for the
CFT: the ratio of the pressure to
Stephan-Boltzmann wvalue wvs the

't Hooft coupling A — g2IV.

The viscosity/entropy => n/s=1/4xn

(PO|icaStrsta%OW@rks%&)ariEL%;[&’ 2003) is

very small
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Ca000

C 2000

- 1000

Effective coupling=g”2 N(colors)

4000

5000

]
14—
w24/ (127"

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
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