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Heavy Ion collisions

Introduction: AGS, SPS and now RHIC era

The particle composition is thermal. Chem-
ical vs thermal freeze-outs

Collective effects: radial and elliptic flows
Examples from RHIC/SPS

Dileptons and photons .* et**4&y #/ f ~ A

J/Psi suppression
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Two explosions:
the Big Bang versus the Little one

expansion
visible T

The final velocities
status
acceleration history
conclusion
dipole component
emptjcity

Big Bang
Hubble law v ~ r
3K today, ~ 1 ev
at freeze-out
Hubble constant,
recently fixed to 10%
distant supemovae
negative acceleration now?
{directed Itow impact 6 y*

frozen plasma osc.

Little Bang
same but anisotropic
170 MeV chemical
110-140 MeV thermal
final radial flow
Vt = .5 - .6
Q~ flow ft|.
accelerates tfH the end

—->
elliptic flow

l??oi

w II
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The "initial" state: is there a QGP at SPS?

There are several important observations:

• - Particle composition cannot be ex-
plained by reactions in hadronic phase,
the fitted T > 170MeV - Is it indeed
the QGP boundary?

• - The initial EOS is very soft (
QGP or strings? ^ ; 4 U S*W «* *HlC \

• - Dilepton production is enhanced
and the spectrum is changed — ap-
proaching the QGP rates, or just
complicated hadronic reactions?

• - J/V>, tf production is further sup-
pressed in central PbPb — Can we
experimentally tell if it is not due
to late hadronic absorbtion?

4Lecture 4



Particle composition
- Looking backward in time, from
detector, is like looking at the Sun:
T ~ 6000° only, although it is hotter
inside... "thermal" freeze-out.

- one can also identify "chemical"
freeze-out from particle ratios
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o
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— model, T= 170 MeV
• experiment

Figure 1: The ratios fitted to thermal model for PbPb at SPS (from J.Stachel)

hadronic chemistry
fits many ratios very well
T « 170 - 190MeV,
s quark suppression: small in PbPb
Problems: o ^ s i u ^
why so high T? f T v \ )
Can hadronic phase coexist ?
Why vacuum masses are used?

quark chemistry
more parameters

fugacities (opposite for qq)
and "phase space occupancies"
(same for qq)

Mov U ; •* • » *
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DILEPTONS

Old ideas: QCD phase transition causes
"melting" of all hadrons (p,u,<fi,J/ip)
Dileptons are "penetrating probes"

Good news: all dilepton experiments
(HELIOS-3,CERES,NA50) see signif-
icant dilepton enhancement, compared *
to "naive" expectations. The effects C-̂
are stronger at small p̂ , clearly indi-
cating matter effects
CERES sees qualitative change of shape
of the vector spectral density for M <
mp as compared to the vacuum.

Bad news: Most radiation is not from
QGP but from the "mixed phase".
We still do not quite understand it...
More details are needed.
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Previous CERES Results |

mee (GeV/c2)

mee (GeV/c2)
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Previous CERES Results |

CERES/NA45

O
o

10
-5

o

2.1 <ri<2.65

p± > 200 MeV/c

0 ^ > 35 mrad

<dNch/dr1> =

I

mee (GeV/c2)
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pair mass spectrum
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. . . . . . . . . . . . . I . . . I . . . , . . . , . . . , .

Pb-Au 158AGeVCERES/NA45

• 95 data

• 200 Me We
> 35 mrad

H < 2.65
= 250

10

10

10
-9

0 0.2 0.4 0.6 0.8 1.2 1.4 1.6 1.8 2

ni (GeV/c2)

particle ratios for hadronic cocktail taken from pp collisions

rapidity and pt distributions taken from Hl-collisions

enhancement over pp-scaled sources (0.25<mce<0.7 GeV/c2) :
3.3 ± 0.7(stat.) ± 0.7(syst.) (96' data set)
4.9 ± l.l(stat.) ± 1.0(syst.) (95' data set)
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pair mass spectrum
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CERES/NA45

a 95 data
• 96 data

Pb-Au 158 AGeV
<Wa.« ~35%

l>, > 200 Me We

0,., > .55 iTirr.n.1

2.1 < q < 1.65

0 0.2 0.4 0.6 0.8 1.2 1.4
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CERES/NA45

95 data
• 96 data

Pb-Au 158 AGeV
<WCT«« - 35 %

p, > 200 MeV/c
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< 2.65

0 0.2 0.4 0.6 0.8 1

,,,, (GeV/c2)
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T

Duality in Dilepton Production?
Production Rates in Hot Hadronic Matter at T=146MeV

(l.fapp 0H9S
30% Central Pb(158GeV/u)+Au

CERES/NA45 <Nch>=250
• 96 data p,>0-2QeV

2.1<T)<2.65

f
0

I

— free quark-antiquark
free xic
in-medium

Figure 4: (Curtesy of Ralf Rapp) (a) Comparison of dilepton production rates: thermal
pion gas, "partonic" (dash-dotted) "realistic" one (from Rapp et al). (b) Comparison
of CERES 96 data for mass spectrum of the observed dileptons with several theoretical
calculations: no in-matter production (dash-dotted), no in-matter modification (solid
with p/u peak), the Brown-Rho scaling (dashed with a peak at M«.5 GeV), hadronic rho
widening (solid) and pure "partonic" rate (dashed).

The main CERES-related physics is-
sues are:
(i) to what extent the observed up
melting" indicate approach of the chi-
ral symmetry breaking,
(ii) Does it really undercut the "reso-
nance gas" picture (used in all event
generators) ?
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Central Pb+Pb L5<M<2.5GeV
(158AGeV)

0.0
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- - DreHYan
^ •» thermal

total

4.0

5
0

I

10'
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•40 |
• "*P* - Pb I 996

O "Pb - P» I »96 »rtn UWmum 8 m

Q *Pb - Pft 19*8 vHft Minimum B*o«

Figure 20. The ratio of the J/u> to Drell-Yan cross-sections for Pb-Pb reactions. The
curve shows the "normal1' suppression due to nuclear absorption as deduced from the
measurements done with lighter projectiles or targets.
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1 /V ftoducbort amt
(a) S i s j^rd /_ jVWe [Malsui+Sati '86,...] ^ CE.Sk/n/ok '70

Vef,(GeV) „ " ^

J/T produced
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— Total JW
— Direct
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enhancement
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15Lecture 4



immediate issues to be addressed at RHIC

r Are AuAu collisions at RHIC a (Lit-
l tie) Bang^ or a Fizzle?
\(Or1 In other wordsr Bavewe produced

a new form of matter or a very nice
/ firework?)

/ Or, iBt- teehnieat language, w^hat is-tlgie
( Collision Rate V(T)T IS tfa^^ a ptoce

for hydro regime?

Or-% itr primitive but practical lan-
guager wltaA m tfa& Effective Pressure
p? Mow It rrfate^ fe ^ e energy den-
sity e? l£;c-t

LaMCai E I H

Is +Kt J
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9

Btow one can tell the Bang from a Fizzle?
There are_ 3t efferts one ran discuss:

(i) longitudinal work; |S) radial trans-
verse flew; ascl |HJ) elliptic flow. Xet
me concentrate on the last one

Fizzle
between- space
hydro

momentum^ but

reseatterng ne€triy zero- ŝ

string models like UrQMD als
pF€̂ dn€e ppesswre at eatfy twne, and
get respectively smalter t22 at
than at
Those are eliminated because STAR
data show V2 twice that at SPS!
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tra had confirmed such vt and TV
selection Heinz et al

mass dependence of inverse slopes

158 A GeV/c Pb + Pb
0.5
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• . • • i • • . . i . . . . i . . . . r . • . , i • • . • i • i • • i . • • . i
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RHIC Radial Flow com
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STAR Fit

Phenix Fit
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The curvature is a sign of Row
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G» SPS

a
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~LH4EoS
— LHSEoS
• LHI6E0S

-••NA49
L-#-WA97

0.15
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Mass(GeV)
0 0.2 0.4 0.6 0.8 1 1.2 ' 1̂ 4 ' 1*6 1.8
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Figure 1. (a) A compilation of slope parameters(see e.g. [9]) at the SPS compared to model
predictions for different EoSs. The slope parameters are fit from 0< Mj — m <0.9GeV,
corresponding to the WA98 acceptance, (b) Model predictions for slope parameters at
RHIC for different EoSs. The slope parameters are fit over the range 0< Mr—m <1.6 GeV
and do depend on the fit range used.
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Figure 2. Slope parameters for TT , K , p and p reported in these proceedings by
the STAR(a) and PHENIX(b) collaborations[5,7]. The open(closed) symbols show model
predictions for anti-protons(protons). The STARcollaboraygn fits the n~, K~ and p
spectra over the ranges, 0.12GeV< MT - m <o!45Ge\^!o^eV< MT~m <0.34GeV
and 0.04 GeV< MT - m <0.45GeV respectively. The PHENIX collaboration fits the w~
and p spectra over the ranges, 0.19 GeV< MT - m <0.87GeV and 0.175 GeV< MT -
m <2.2 GeV respectively.
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^ ^ H2H Model

AcvsUfJttv \ » ^Vaxtsfer from hydro to hadroaic cascade (RQMD
| M I without strings) was done in order oot to worry

fe freeze-out of different species, resonance de-
cays etc =? l* ctlftewKcd? fiMfieou*", ttifcniMi fm ecuU

— Butv is- th^ transfer smooth^ enough?^ fe BoŜ  of
!&£££££and our hadronic matter the same)? Yes,
we checked The radial flow changes little, bat el-
liptic one is (surprisingly) more sensitive. -9

see the transfer surface ^ a i ^ Ifes,
can see through the clouds, finding

bright shiny QGP surface beneath the (RQItfP-
generated) atmosphere. Is It an artif^t or »®ife?
It probably is...
(The fraction of TT, K, N, <j> going through withomft a
single collision is ^

, iwf /or

23Lecture 4



Central:

• ir PhenixDataj

• x LHSEoSHltf

Data

Peripheral: <Np> = 76

• x Phenix Data
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Figure 3. Comparison of PHENIX n° spectra to theoretical calculations under three
scenarios and for two centralities. The points are the same as on Figure 1. The curves
are calculations of X-N. Wang [1]. Solid lines are a pQCD calculation for »n sca|«»d by the

The dashed lines add a dE/dx = 0.25 GeV/fm parton energy loss.

~ 1000 (
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^b^sm^mimmrntnlb^ of
participant nucleons, for-rttttfe^STAR aBtP§P& NA49~cxperiment8. Botfr arc compared
to our results, for EoSTFRT
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STAR
A Hydro view of the world

0.1
0.09

Hydro >
calculations:
P. Huovinen,
P. Kolb and
U. Heinz

0.08

0.07

ftOf
0.05
0.04
0.03
0.02

0.01

L* pious
: • protons + anti protons
i - Hydro calculations

Preliminary 1
1... * n i , , , , i . . . . . 1 • . 1. iV.' . .-

0 0.1 0.2 OJ QA 0.5 0.6 0.7 0.8 0.9
P, [GeV/c]

1/17/2001 Raimond Snellings, Quark Matter 2001 19
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FIG. 26: The b dependence of elliptic flow for pions, kaons nucleons
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FIG. 27: The b dependence of elliptic flow for pions,

33
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0.30

0.25

0.20

2 0.15

- • Hydro+GLV quench., dN9/dv=1000
- • Hydro+GLV quench., dNs/dy=500
- • Hydro+GLV quench., dN9/dy=200
• STAR data _ Quenched pQCD H

Hydro v2(pT)=Tanh(p/l2)

FIG. 4. The interpolation of V2{pr) between the soft hy<
dynamic [ 12] and hard pQCD regimes is shown for b = 7
fm. Solid (dashed) curves correspond to cylindrical (Wood-
Saxon) geometries.
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Charged particle anisotropy
0 < pt < 4.5 GeV/c

Only statistical ®
errors ^ 0*25

Systematic error O j
10%-20% for pt

= 2 - 4 . 5 GeV/c 0.15

More in the STAR
high-pt talk
(James Dunlop, 0.0S
PS2? this
afternoon)

0.1

0

T T I • t i * * I • i v r w r T T ' i r m » I i i i i I i t r i I » I T r

: * charged particles
L- Hydro pions

Preliininary l
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Instanton/sphaleron mechanism
of high energy hadronic and heavy ion collision

E.V.Shuryak
SUNY Stony Brook

• - Introduction: the "substructure scale"

• - Instanton liquid, properties, counting rules

• - Elastic scattering

• - Inelastic scattering: multi-gluon produc-
tion, unitarization

• - Evaluating Soft Pomeron parameters, A, af

X « - The Sphaleron and its decay

• - Instanton/sphaleron mechanism for heavy
ion collisions at RHIC

Do
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- The non-perturbative objects in the QCD vacuum (and in-
side hadrons) are not some shapeless soft fields, with typical
momenta of the order of AQCD ~ lfm~l.

- Instead we have semi-classical small-size instantons p ~
l/3/m_(E.S.82 and recent lattice data)
and very thin QCD strings; the string energy (action) is con-
centrated in a radius of .2 fm (.4 fm) in transverse directions
(see review by G.Bali).
Both are small compared to typical hadronic size, suggesting

substructure inside hadronsi

- A snapshot of parton distribution in a transverse plane inside
the nucleon should look like indicated in Figl, for diflFerent x
regions.
Parton clusters originate from "scars" in the vacuum, per-
turbed by valence quarks and strings, and therefore they must
have the same transverse dimensions.

- The non-perturbatively produced sea quarks are supposed
to be more concentrated inside the ^constituent quarks (en-
hanced polarization is here) while the string is supposed to be

5Lecture 5



Simplified Instanton Counting rules

• - Numerical parameters characterizing the
QCD vacuum (ES 1982): instanton (plus
anti-instanton) density

and the mean instanton size

PO ~ l/3fm

yield the dimensionless diluteness

KQ = UQPQ « 0.01

of the instanton vacuum. The mean in
stanton action is

So = 27r/as « 10 - 15

- For comparison we note that in the elec-
troweak theory the diluteness factor is 10" ,
as action is ortder of magnitude larger

- Each time an instanton is inserted it costs
a small factor /% However, there are no

6Lecture 5



coupling constants, and so each time we
compare the results with their perturbative
counterparts we get powers of the large ac-
tion So, with a net gain per gluon involved.

- Numerically the instanton-induced effects
should dominate the perturbative effects from
third order and on (ACQ SQ ~ 1)> while they
comparable to second order.

\

* *

\^C)c%
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Instanton-induced Inelastic Collisions in QCD

Based on M.Nowak, E.Shuryak and LZahed
Generalities

- i. initial stage: Partons are initially
described by some wave-function. Assumed
to move along the eikonalized straight Wil-
son lines

-ii. prompt stage: As partons pass each
other color of through-going partons could
be changed (quasi-elastic), or new partons/hadroi
could appear (inelastic). Confinement is ig-
nored since the time is short

-iii. final stage: All produced partons
fly away, <Mgn dragging longitudinal color
strings of matching color. String breaking
happens with probability one, thus cross
sections are not aifected. These eventually
produce the hadronic final state.

Only the basic process involving prompt in-
elastic quark-quark scattering is discussed.

2
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The Eikonal Approximation -

i,t) « -2is f d2b Sx}> P&9

where

( r+oo \

ig I dTA(b + vi2r)-vi2) • (2)

The averaging is over the gauge configura-
tions using the QCD action. AB and CD
are the incoming and outgoing color and
spin of the quarks.
Scattering at high-energy in Minkowski ge-
ometry follows from scattering in Euclidean
jeometry by analytically continuing [0 —>
—m in the regime y w log (s/m2) ^> 1.
'he Minkowski scattering amplitude at high

energy can be altogether continued to Eu-
clidean geometry through

lb)-l)AC(W(0,0)-l)BD), (3)

where

(4)

9Lecture 5



with v — p/m. The line integral in (4) is over a straight-line sloped
at an angle 9 away from the vertical.

the two-instanton contribution to the color inelastic part

W(0, b) = cos a — IT - n sin a , (5)

(6)

= n • n = n • n
= (z4sin 9 - z3cos 9f + (6 - z±)2 . (7)

The one-instanton contribution to the parton-
parton scattering amplitude survives only
in the color-changing channel a situation
reminiscent of one-gluon exchange.

10Lecture 5
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T y : \ i ! i

n\ i I
quasi-elastic

ait

inelastic

Figure 1: Schematic representation of the amplitude squared, with (without) gluon lines
are shown in the left (right) side of the figure. The dotted vertical line is the unitarity
cut. The upper panel illustrates the quasi-elastic (at the parton level) amplitudes where
only color is exchanged as detailed in [?]. The lower panel depicts inelastic processes in
which some gluons cross the unitarity cut, and some gluons are absorbed in the initial
stage.

Inelastic Scattering

The imaginary part of the quark-quark in-
elastic amplitude follows from unitarity. Schemat-
ically,

Im Tif = Tin Vnn T%f , (8)

where ann accounts for the phase space of
the propagating quarks and emitted inter-
mediate gluons. The total cross section fol-
lows then from the optical theorem a =
imT/s.

12Lecture 5



• v s

The functional integration is understood over
gauge-fields (to be saturated by instantons
in Euclidean space after proper analytical
continuation)

X

x ((cosa — 1)AC — iR 0 0 n a
 (TU)AC sin ex )

_\ x ((cosa - 1)BD - iRhp 2? (rh)BD sin a )

x((cos<*' - 1)AC +iB!aQ n'a (ra')* sin a'AC

x((cosal — l)sx> + iR ; n^ Tgpsinal

(9)
where the variables x, x' are defined on a tilted Wilson line of angle 6
with a?4, and y, y1 on an untilted Wilson line running along 3/4.

The result is

xlm n'L

(10)

with the induced kernel

K(g1±, q2±) = \J(qi±) • J(?2±) + J(?i±) X J(^2±)|2 , (11)

We have introduced our generic instanton-induced form-factor

= / • sin

10
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Soft Pomeron from Instantons

The instanton contribution to the inelastic process, yields a
logarithmically growing cross section

<r(s,t) «7rpg ( # « o m s + ...) . (17)

Hence,

a(s, t)nwpl (as/ir)2 + <irpl A(t) In 5 (18)

with

A(0) = /c0 — j—r£ j dqx± dq2± K(qn., <to±) • (19)

where we have defined the scalar form-factor G as

. (21)

A numerical estimate of (20) can be made using the param-
eterization (??) which removes the unphysical singularity at
q± = 0. The result is

A(0) = 9.48AC0 « 0.12 , (22)

which is close to the phenomenological intercept of 0.093 —?

14

14Lecture 5



MLS
0.300

0.225

0.150 -

0.075

4<t>)=<JlB(r>l<lln(s)

0.000

i
constituent Quarics

quarks onry

——"quarks *(9M)gluons

! J ^

/
/ /

~-M—

i
. . . . 1 . . . . i . . . . 1 . . . . 1 . . .

0.0 0.5 1.0 1.5 2.0

b(fm)

2.5 3.0

b(fm)

Figure 9: The exponent A(o) iound by the fit to each point o( Fig. 8

with power dependence m, energy at each value otb. The black and open

points correspond to the fits witfc parameterizations / and 11 respectively.

Our predictions with Kq i i'il are shown fay solid curve. Tfce dashed

curve demonstrates prediction c! a single Regge pole modej vitnout any

tmitarity corrections-

U'

7.38 • 10~3

7*8?' l O ' 3

0.105.

TABLE III. Instanton deformation parameter (c) and
X = do-tot/(iln(s) on quark level (subscript qq) and for dif-
ferent models of hadrons. Superscript stands for screening
model

r3

8.79 • VT*

ft 174' 6 - 0.174

2.29

* This is our method of fixing c.

ar «f V- 2
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O&P Cs prod*<** so

-One possible solution to this puzzle can
be a significantly lower cutoff scale in AA
collisions, compared to p$ = 2 GeV fitted
from pp data. CsahnJi** **" 46*S ?)

- An alternative scenario: non—perturbative
mechanism of multi-gluon production, in-
volving classical topological objects, instan-
tons and syhalerons.

- The cross sections of hadron-hadron col-
lisions ( pp, ppj Trp, Kp, 7JV and even 77 )
start to grow slowly with the collision en-
ergy s at s > 103GeV2. ^ '*>S

& ..(2)

- The physical origin of it remains an out-
standing open problem. Multiple sugges-
tions include perturbative resummations
and non-perturbative models, none of them
is really quantitative. It is hardly surpris-
ing, since the momenta scale is c/(0) «
1/(2 GeV)2 at the "substructure scale". Thus
soft Pomeron should be applied not at the
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hadronic level, but for hadronic substruc-
ture, effective quarks and/or gluons nor-
malized at that scale

- A qualitative difference between constant
and logarithmically growing parts of the
cross section. The former can be explained
by prompt color exchanges (Low and Nussi-
nov). It nicely correlates with the flux tube
picture of the final state.

- The growing part of the cross section can-
not be generated by t-channel color exchanges
and is associated with production of some
objects, with the log(s) coming basically
from their longitudinal phase space.
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- Bypassing dynamical calculations, we can
evaluate (an upper limit) the probability
of the sphaleron production by assuming it
to be behind the logarithmic growth of the
cross section. ^T

•x(a) =

Note that phenomenological values at RfilC
x(y/s = 56Gev) = 0.05 ± 0.03, x{y/s =
130 Gev) = 0.09 ± 0.03 [?] are well re-
produced. The threshold value at SQ =
1000 GeV2 is above the highest SPS but
below the lowest RHIC energy, it explains
why it has not been seen before.

- For RHIC appropriately normalized (at
the scale Q ~ 1 GeV) structure functions
lead to Np « 6, which fixes cross section
per part on with prompt production of "ob-
jects" ^r^npt = O005jfm2, about 1/100
of geometric np .

- As the total number of parton-parton col-
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lisions in central AA collision is large, about
10 , we get the resulting rapidity density
of "objects"

XNNA A4/3

same as HIJING minijets)

- So far, two possible mechanisms of prompt
production were not really distinguishable:
now we ask what happens next,»t Min-
jets fly away with little interaction while
sphalerons explode into several (~ 5— ^ )

in time r ~ p which is long com-
pared to 1/Af « g2p/30 - l/2.bGeV but

V short on the scale of expansion.

• - we conclude that the number of produced
g/gluons by this mechanism can be as large

as dNg/dy ~ 1000, which is comparable
to the total entropy/ (if c*<**»•**
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