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P ANEd Zero binding provides!large ohjests’,

ey Ik . ESHZahed, 05, Same)

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

4 r2/4
k2(E— Ep)24T2/4
For EE— FE, ~ 0 the in- and total widths approximately cancel:

the resulting “unitarity limited” scattering is determined by
the quasiparticle wavelengths which can be very large.
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Can this scenario work?

Well, it was shown to work for strongly coupled atoms



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

-

acold trapped
regime via the
so called Feshbach resonance

The system is extremely dilute, but
cit still goes into a hydro regime, with
an

(Similar mechanism as proposed by
Zahed and myself) for QGP, a pair of
quasiparticles is near the “zero
binding lines”)




L o1V Works for up to 1000 oscillatiens!

gieestwithrnydro
VISEESItY. has a strong

FESONANCE

B.Gelman, ES,I.Zahed
nucl-th/0410...

The most ideal cold liquid
Must be

n/(~ n)>1/6mw
Inreality itis
Y4 .B§ .3 at the

experimental minimum.
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Bartenstein et al
cond—-mat/ 0403716
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e The \'=4 SUSY Yang Mills gauge theory is conformal (CFT) (the
coupling does not run). At finite 7' it is a QGP phase at ANY coupling.
IT it is weak it is like high-T QCD == gas of quasiparticles. What is it
like when the coupling gets strong ) = ¢\, 5 17

o AAS/CFT correspondence by Maldacena turned the strongly coupled

gauge theories to a classical problem of gravity in 10 dimensions
e Example: a modified Coulomb’s law (by -+« brane o« o

Maldacena) £

V(L) = L

|_' 1 'ﬂ S e horizon =-----------
¢ becomes a sreened potential at finite 1T

(D.Son et
al 2003), as small as at RHIC!

‘Multiple Coulomb bound states with |» %N, (Es+Zzahed,
PRD 04) :
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EOM, firom duenchedretsis
Iderrey, ES MBS Teaney, In progress)

J We solved relativistic
hydrodynamics and

FIG. 1. Aachemaﬁ?pii:tumnfﬂuwcmatedbyajetguing
hrough the fireball. The trigger jet is going to the right

ot the flow p|cture from the aﬁﬁath:;ﬁ:;iﬂl; (theh:lack cnrclat::l)d Its observation
iased it to emi near the surface move outword.
Ehlnd the ShOCkS' [ts companion jet is moving to the left, heating the matter

and thus creating a cylinder of additional matter (light grey
area). The head of the jet is a “nonhydrodynamical core” of
he QQCD gluonic shower, formed by the original hard parton
(black dot). The solid arrow shows a direction of flow normal
shock cone and having an angle 835 with the jet, the dashed
ws show the direction of the flow after shocks hit the edge

f tha Beakhall
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o ﬂdirection o the flow

Mac defined entirely by ratio of
gspeed of sound to that of light
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0 Sinlilke for QCD radiation, the angle is
with increase of the
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a1 sENIC boeom from quenched
(ELSHIEENT already:.ohserved?
Demission = arccos(cg/c) = 1.1rad = 63° o=n § 1.1=2.0,4.2
flow of matter normal to the Mach co

be obser
(PHENIX al M.Miller, QM04

4 Is The Away-Side Jet-Like?

STAR Preliminary

I ] -
—+ 4{;)5{6(11.,%’{: | -
=  P™P T ] n AL1+AL1 0- %
= 2 0.2 < pp™ <4 GeVie 2_ -
; - L2 . *’+/+;F .
=R S * (I %{\«*
Z o S :
- Background subtracted | ] ! Background subtracted i
T 2 4 ' T 0o 2 4 |
Ad A

Away-side looks jet-like in p+p, not central Au+Au!



DELEMINING the speed off
SEIE=EOS, butfatwhat time?
SRAWNKINELIC Treezeout, 1=12-15 ?m/c,_and

B tIs Why we used c_s™2=.16-.2 for

ESEat Was because we considered

== =ollisions (to awoid complications with

= élliptic flow subtraction) in which a jet has
— te go about a diameter of Au

® One can use semi-peripheral and

and
change timing %




|attice puzzles

Since Matsui-Satz and subseqguent papers it
looked like even (thus it
was a QGP signal) and yet it is now found
(Asakawa-Hatsuda,Karsch et al) that they seem

to exist
* How can at T=(1.5-2)T,

while g,g guasiparticles are quite heavy? (it
gets parametric in the N=4 SYM as quasiparticles in
strong coupling are infinitely heavy m»A'/2 T)
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How strong is strong?

For a screened Coulomb potential, Schr.eqn.=>a simple condition for a

bound state
(4/3)o (M/M ebye) 1.68
M(charm) is large, Mp,,, . is NOt, 72 2T

If a(M,) indeed runs and is about 72-1, it is
large enough to bind charmonium till about

T=2T_=340 MeV
(accidentally, the highest T at RHIC)
Since g and g quasiparticles are heavy,

M» 3T, they all got bound as well !
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" A
Digression :Relativistic Klein-Gordon eqgn

has 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 » all terms except
the V2 term one finds that the radial equation is

le2

2
R+ —R + —(JSR=0 (10)
' T
which at small = has a general solution
R — ArsS+ 4+ Brs—, sy — —1/2 4+ /1/4 — &2 (11)
that for ¢« — 1/2 is just 1/'1"1«""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
commplex (oscillating) solutions.

4/ 3)0( =1/2 is too strong, a critical value for

lein- Gordon (and it is 1 for Dirac).
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Solving for the bound states
ES+|.Zahed, hep-ph/0403127

m In QGP there is no confinement =>

m Hundreds of colored channels may
have bound states as well!

charge Iractor no. 0I states

channel TIep.

qq 1 9/4 9,

qq 8 9/8 O, %16
q0+qg 3 9/8 3% 05 %2 %Ny
q9+qg 6 3/8 O * 6% 2% Ny
0 1 1 8+ V7
qq+qq 3 1/2 4,;#3;;#2#?@?

o gg color 8*8=64=27+2%10+2%8+1: only the 2 color octets (gg)s have (16%

3.+ 3, =144) states.



hhe pressure
OLIZZ|e

Well known lattice prediction (numerical
calculation, lattice QCD, Karsch et al) the
pressure as a function of T (normalized to

or 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...




NEWSS€elenergies” for static,
quaw "(firom Blelefeld) —

S s ¥, Ire is
2t A BN normalized at small
: 1 distances: one can
see that there is
large " effective
mass” for a static

T/T=0.
T/To=0.

SN3Rm

TiTe=1.
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quark at T=Tc.

ol - LR ey *The lower figure
s | Te el i shows the effective
0.4 . T | coupling constant




em! Bielelid group
9r1at/ 0406036

F ft (T, T)

4&(T}

{—v/Ama(T)T} + c(T)

TIM,
o 1 5 I . 1I0
i
eNote that the Debye
radius corresponds to i
*normal” (enhanced by factor 2) M -

coupling, while — +
oIt becomes still larger if V is used _ 6 The temperature dependent running coupling de-
instead of F, see later oo oy o Inthicon with Gomporl sxion N 4 (oo

shows o7} = gﬂ(frr)fri'ar {dots) and the value ogg(Tecroan.T")

(ﬂqua.rm) ed frormm the short distance behavior of the
inglet free enerpgy (see Fig- 3). The figure in the middle shows

(T} = F(T) /4w and characterizes the temperature depen—

dence of the screening mass. The lower fipure gives the ratio

of both it parameters. The solid lines with the dotted error
and are discussed in the text.




Nayy sotentials should have the
term is
Whichimakes potentials

0.2 0.4 0.6 0.8 1 1.2 . . . 0.8 1

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




4"'_,_“
e binding and | pSi(ONA 2

SeR/AWEINENndecd BOURENIIEa SNIE

® Jur results

(IZ+ES,hep-ph/0403...) for 0.9
binding then reproduce the binding :
region from Asakawa-Hatsuda and G

Bielefeld group (using the Maximal 1
Entropy Method MEM), found bound o]
J/,ne till 2.2T: ]

(a) The energy of the bound state FE/2M vs 1 15 2 2.5 3 3.5 4
T/T. from V(T,r), for charmonium (crosses
and dashed line), singlet light quarks gq 1
(solid line) and gg (solid line with circles). 2o
Squares show the relativistic correction to ]
light quark, a single square at T'= 1.057, is %
for gg with twice the coupling, which is the _ -
maximal possible relativistic correction. (b) 1
140 (0)|?/T2 of the bound states vs T/T.. 50]




omcoupling is too strong,
0 the'center may oceu®™

impossible {0 get a binding
(“er)rj.n SO e mMe

But we
2 Brows Lee RING,ES hep-
r)n 312175 near-local

(@ls ocaIIed “hard glue” or
~epoxy”’, as they survive

atT>T

® Their contribution is »
lw(0)|2 which is
calculated from strong
Coulomb problem




[ULER1N: COnsistent
M/TcvcT/T '

1 1.5 2 2.5 3 3.5 4

The QGP pressure: crosses are

lattice thermodynamics for Ny —
2 (Bielefeld,2000), the lines rep-
resent the contributions of g + g

1 1.5 2 2.5 3 3.5 4

T

2M,(T),2M,(1") fitted to (Karsch
et al) quasiparticle masses, as well
as example of “old" M,(1) and
“new" octet M2 (T)

a

quasiparticles, “mesons” « — p...,
colored exotics (ggs, ggs) and to-

tal (the upper curve).
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Selve verity it experimentally?
Di

P

| ! i
L
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T/T
FIG. 1. Schematic T-dependence of the massgs of gq states.
A,V, S5 and PS stand for axial, vector, scalar and pseudoscalar
states. The dash-dotted line shows a behavior of twice the
quasiparticle mass. Two black dots indicate places where we
hope the dilepton signal may be observable.




A near-threshold enhancement
(" 'bump”) should exist at any T

Why bump’? eExample: pp(gg) -> tt at

Fermilab has a bump near

Because threshold (2m,) due to gluon
: exchanges.
attraction eThe nonrelat. Gamow

parameter for small velocity

between anti- 2 500> 1
q q in QGP Produces a bump: the

Factor z/(1-exp(-z))
en h ances Cancels v in phase space

annihilation
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dileptenMate: a nonrelativistic

SIOECH Wik realistic potentials =
(Jﬁ ge Casalderrey + 0ol
_ Amadppe] \/ Am? om?
oro = ——— IV S A+ =) (4)
to
-_. - — 4?T(IZQE_D€‘EN 24’?1'%05‘1.51’} (0,0) (5)
= 3s © S

Where E is the center of mass energy and I'; is the
idth of the top quark. G gy, (r,T) is the Green “s func-
ion of the Schrodinger equation:

[~ ¥+ V@) = (B +iD)Grrir () = 8 =7) (©)



S The annihilation rate divided by thatifor

ireenmnassiess quarks tsing non=rel. Green
RGHoN, for lattice-based petential (5= Instantons)

ImIl

2.2 2.4 =_.e =_-a |

FI«{Z. 5. Modificatiom of the spectral density versus the im—

imant mass in Ad, anits for different temperatuares: (a) 1.2

(cross) aund 1.4 Te (circle)., (b)) 1.7 Te (cross) anmnd 3 Tcoc
e) and the correctiomn due to guark mass (line ).



The widths of these states are being calculated...

elel=m

Karsch-Laerman, T=1.5

— - ANC
AsanawWe-rkiEsiele o s o
. 9 02 3 -
_ o 0T} - Wiod TAGT,
I=1.4 ol ” IR o=0 T:S.UT: .........
[ Bom ——
9(03112 2l @ ey
& o0} //
§ — {‘.  EEEREEEE 1e11 + ;:‘
10 7 | ;N‘I e
= PS — . > ,.;#’f e, fed2 |
i 7
V— [\ o3 |
; oT
AV — e X
0 10 20 30 4 30 60 0 2 4 6 8§ 10 12 14 16
Figure 2: Reconstructed vector spectral function o in units of w? at zero momen-
tum (&) and the resulting zero momentum differential dilepton rate (b) at T/T, = L5
(doted line) and 3 (dashed line). The solid lines give the free spectral function (a)
. and the resulting Born rate (b). The insertion in (a) shows the error band on the
10 15 N % N spectral funetion at 3T, obtained from a jackknife analysis and errors on the average
0[GeV value of oy (w,T) /wE in four energy bins (see text).
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o Padiztiva anails Iarge puUt energy Is going
ILERGILIGRS WhICh are still moving
rei auivistically: with v=c

. this energy

e [iie second type losses should be equal to
Aydro drag force in the conical flow




(ezlculation of the ionization ater
ESEZaied, NEP=ph 0406100

SinclIERthan
lossi i

r tere mostly near the
SreMIding| lines;

_.,E IUS It IS different from
~ both and

-“*“‘ﬂeoses which are simply
proportlonal to density

~ o Relates

1.1 1.2 1.3 1.4 1.5 1.6

(smaller at 62
and near absent at SPS)




Summary 13

e QGP at RHIC is in a strong coupling regime
=> New spectroscopy: many old mesons
plus hundreds of exotic colored binary states

e Lattice potentials, masses and EoS are all
consistent ! Puzzles resolved

e 2 objects (plus another 2 for ss states) can be
observed via dileptons: the bound vectors plus
a near-threshold bump. Most likely in the region
1.5 GeV, where 2Mq stays the same in a wide T
interval. The width issue Is being studied

e New hydro phenomenon associated with hard

Hard probes 04, Shuryak 32

jets: a conical flow
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ey 10ssHin,QED and:@CD"
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LE Jeat v» Olerm

~ aII at relativistic
g-f-;-;lﬂlnlmum, v 1
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= & Grows at y» 1000
— due to radiation




e

.1 lll1 {

ugnchmg 0)Y

Of | JEW pound 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)

—>

(a) & (b)

dE/dx in matter

atomic




= N
Corieltslogls

¢ All of this hintsithat

quenchedwen@rgy is not"
dissipated but
yropagates

o QGP & ¢ Hydro solution with
the us Mach cones is worked
bunch out

SHOWS' very robust PY
epliective flows.

OGP seems to be the
"t’ fmost ideal fluid known

n/s Vs .1 <<1

—




e ol of
OLtlifise sQGP "

eMultiple bound states,
MEHyations: 90% of them colored,
WReduced scale => explain lattice puzzles:
81_1 anced coupling Why resonances in
dro works and correlators (J/vy from

= 0 YGP. seem to have MEM) at T=(1-2)Tc?
".:."‘“ remarkably small

—_—

=~ viscosity *How can QGP pressure

s Lattice bound ﬁe high, with ratt_hler _,
states and large eavy quasiparticles?

potentials




S, ES,Nucl.Phys.A717:291,2003

strong:
SOWNEIrE can’ ol
SEGOIIENTNQEP 7

5] 2l _QCD Vacuum the domain of perturbative QCD
(e CD) istlimited! by , €.9. by the
- Qp 1 GeV' as well as by confinement: so o.< 0.3

because of screening
oc<oc(gT) & 1 (the Debye mass My» gT sets the scale)

® In between, T_<T<few T, there is no chiral/conf.
=] [=13

While M;.;,,.72 2T» 350-400 MeV is not yet large: can
If so, binding appears. (ES- *°
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FOlieWINg  the methods developed
for Ee[UE]ES

SIOSERaNd Fadin: sum over states, then
Stiessierr and Peskin: Green function can be
"'Or JEM 0O 2 selutions

o) w rget: 2 solutions numerically and checked that
g'__:-i"“publlshed t-pair production for Coulomb is
= reproduced up to .2 percent!

- ® Then we used it




How those states/bumps look like
after one integrates over the

expanding fireball?

Smooth curve is our
" “standard candle” with
massless free quarks

“Gev"3 M (T=T
knowmnjyet

O O O 5

)not well

end

oooooo
0000000000

000000

<
<
<
<
< <S>
<> <S>
<

< ° o

Curves with peaks are
for

p,m INn SQGP: the
endpoints survive (don’t
take literally 1.6 GeV,
should be around .5-.7)

40




QUARK-HADRON DUALITY AND BUMPS IN QCD:

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

J i S B B B N D N N D N N R B A A N R e
0 5 10 15 20 s C 1000 1500 2000 2500 3000



L W
VWigyastudy flows in Neavy ion
ol 5IONS? =

SEARBang like other magnificent
axplosions like Supernova or Big Bang:
radial = (which can only be
S o Iculated together, from the same EoS)

= New form of matter formed, a strongly
— coupled Quark-Gluon Plasma, a near-
perfect liquid in regime with




L .y
1 hf- 519 Vs the, Little Bangr

BigWBang is an explosion-
WINGE created our s [littlerBang is an explosmn
URiverse. of a small fireball created

S0Py i5 conserved i of

two nuclei.
IECAISE| Of Slow ® Entropy is also conserved
& Expansion i

r.,-a-.-f-m e Also Hubble law, but H is
_- “Hubble law v=Hr for anisotropic

distant galaxies. H is e The ' vacuum pressure”

ISOtropIC. works against QGP
expansion

(cosmological constant) (And that is why it was so

seems to lead to difficult to produce it)

accelrated expansion




jgts a5 probe of hot meditin:

schematic view of jet production

hadrons .
V-

&)’%\

q

ithal correlations

én the leading ‘/Ajl\

hadrons

leading particle

—>decreases their momentum (fewer high p particles)
—>*“Kills” jet partner on other side

Jet Quenching




