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A Heavy Ion Fireball freeze-out Dipion Cocktail vs

Angular Corrlations for Au-Au Collisions at
√

sNN=200

GeV (Part 2).
R.S. Longacrea

aBrookhaven National Laboratory, Upton, NY 11973, USA

Abstract

In this paper we use a Cocktail fit done in Part 1 of The Dipion Cocktail, in order to
compare the dipion mass spectrum within a pt range(intermediate pt) with an angular
correlation measured in Au-Au collisions at

√
sNN=200 GeV which contains the same

pt range. In this part(Part 2) we show that the comparison of the angular correlations
in the intermediate pt range is consistent only minijet production.

1 Introduction

The ultra-relativistic heavy ion collision starts out as a state of high density nuclear matter
called the Quark Gluon Plasma(QGP) and expands rapidly to freeze-out. During the freeze-
out phase quarks and gluons form a system of strongly interacting hadrons. These hadrons
continue to expand in a thermal manner until no further scattering is possible because
the system becomes to dilute. However this transition from quarks and gluons(partons) into
hadrons is not a smooth affair. The expansion is very rapid and some faster or hard scattered
partons fragment directly into hadron through a minijet[1] process. Thus we have thermal
and minijet hadrons present in the last scattering of the hadrons. The Dipion Cocktail Part
1 considered this mixture of sources and applied it to the dipion mass spectrum of the heavy
ion fireball formed in Au-Au collisions at

√
sNN=200. Part 1 showed that both thermal or

soft production of hadrons and the minijet fragmented hadrons can be described through a
set of unified formal equations. Part 2(this paper) applies this formalism to a pt range of
dipions for Au-Au collisions at

√
sNN = 200 GeV and 40% to 80% centrality.

The paper is organized in the following manner:

Sec. 1 Introduction. Sec. 2 Review of the two component model which we use to fit the
dipion data within a pt range. Sec. 3 shows that the higher pt range is consistent with only
being minijet fragmentation. Sec. 4 presents the summary and discussion.

2 Two component model with Breit-Wigner parame-

ters

In this section we will alter equation 6 of Part 1 so it can use Breit-Wigner parameters
(mass, width) instead of phase shifts. We will also need to modify the re-scattering part of



the equation in order to have the correct threshold behavior we have introduced in Part 1
for the minijet partial waves. The phase shift can be written for the ℓth wave as

cotδℓ =
(M2

ℓ − M2
ππ)

MℓΓℓ

, (1)

where Mℓ is the mass of the resonance in the ℓwave and Γℓ is its total width.

Γℓ = Γ0ℓ

qBℓ(q/qs)
Mππ

qℓBℓ(qℓ/qs)
Mℓ

(2)

with Γ0ℓ the total width at resonance, Bℓ is the Blatt-Weisskopf-barrier factor[2] for the ℓ of
the resonance, q is the ππ center mass momentum, qℓ is q at resonance, Mℓ is the mass of
the resonance, and qs is center mass momentum related to the size(1.0 fm is used qs = .200
GeV/c). The Blatt-Weisskopf-barrier factor has a threshold q2ℓ dependence.

Using equation 1 we rewrite equation 6 of Part 1 as

|Tℓ|2 = |Dℓ|2
sin2δℓ

PSℓ

+
|Aℓ|2sin2δℓ

PSℓ

|α + PSℓcotδℓ|2 (3)

The Dℓ is the thermal production term and is constant except for the Boltzmann weight(see
equation 13 in Part 1). The expected threshold behavior q2ℓ+1 comes from the sinδℓ term.
Since there is sin2δℓ one of the q2ℓ+1 is killed off by dividing by PSℓ.

PSℓ =
2qBℓ(q/qs)

Mππ

(4)

In Figure 6 of Part 1 we have put into our minijet Aℓ the correct threshold q2ℓ+1 so we
need to kill off the q2ℓ+1 of the other sinδℓ term. Therefore the above equation for our minijet
Aℓ we will use

|Tℓ|2 = |Dℓ|2
sin2δℓ

PSℓ

+
|Aℓ|2sin2δℓ

PS2
ℓ

|α + PSℓcotδℓ|2 (5)

Rewriting equation 6 of Part 1 for each partial wave with Breit-Wigner parameters the
first term becomes

|Tℓ|21 = |Dℓ|2
M2

ππ
√

M2
ππ + p2

t

exp
−

√

M2
ππ + p2

t

T

MℓΓℓ

(M2
ℓ − M2

ππ)2 + M2
ℓ Γ2

ℓ

, (6)

while the second term
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 . (7)

|T |2 =
∑

ℓ

|Tℓ|2 (8)



where
|Tℓ|2 = |Tℓ|21 + |Tℓ|22 (9)

and |A0|2 = S(Mπ+π−),|A1|2 = P (Mπ+π−),|A2|2 = D(Mπ+π−), and |A3|2 = F (Mπ+π−). S, P,
D and F comes from subsection 5.2 of Part 1.

2.1 STAR data dipion pt range (1.6 GeV/c < pt < 1.8 GeV/c)

We have fitted a dipion pt range using equation 8 above for the STAR data Au-Au collisions
at

√
sNN = 200 GeV 40% to 80% centrality. We included minijets up to ℓ = 3 and resonances

σ ℓ = 0, ρ(770) ℓ = 1, and f2(1270) ℓ = 2. Using the arguments of Sec. 3 Part 1 we added the
f0 as a direct thermal term (|T0|21) and only the σ interfered with ℓ = 0 minijet background.
Two other thermal terms are present in the cocktail, the K0

S and the ω0.

Finally the threshold effective mass region .280 GeV to .430 GeV is dominated by the
Swave and receives contributions from minijet fragmentation, ππ Swave phase shift, η decay,
HBT adding to the like sign ππ distribution that has been subtracted away from the unlike
sign ππ and the coulomb correction between the charged pions. The minijet fragmentation
is the least known of the effects since we relied on PYTHIA[3], however there are large
uncertainty in all the other effects. So for this fit we let the minijet fragmentation be free to
fit the data and let the Breit-Wigner parameters for the σ determine the Swave phase shifts
plus leaving out all other effects. The results of this fit is shown in Figure 1. Table I shows
the Breit-Wigner parameters used in the fit.

Table I. The Bret-Wigner Parameters of the fit.

Table I
resonance mass(GeV) width(GeV)

σ 1.011 1.015
f0 0.973 0.041
ρ 0.748 0.147
f2 1.275 0.185

Equation 6 has an important factor the coefficient α. This coefficient is related to the
real part of the ππ re-scattering loop and is given by equation 9. When the pions re-scatter
or interact at a close distance or a point the real part of the loop α has its maximum value
of α0. While if the pions re-scatter or interact at a distance determined by the diffractive
limit the value of α is zero. The α which is the real part of the re-scattering factor has a
simple form given by

α = (1.0 − r2

r2
0

)α0 (10)

where r is the radius of re-scattering in fm’s and r0 is 1.0 fm or the limiting range of the
strong interaction ranging to r = 0.0 for point like interactions.

The value of α0 used is equal to 2.0 as determined in Appendix B of Part 1. Thus the
radius of the size associated with re-scattering is .773 fm for this pt range from equation 9.
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Figure 1: Fit to STAR dipion effective mass distribution (1.6 GeV/c < pt < 1.8 GeV/c) for
Au-Au collisions at

√
sNN = 200 GeV 40% to 80% centrality using equation 8. See text for

complete information.



3 Minijet measured directly and level seen in dipion

effective mass spectrum

A direct measurement of minijets is done through two particle angular correlations[4]. There
are two models which can reproduce the angular correlations seen in central Au-Au collisions
at

√
sNN = 200 GeV[4]. Both models rely on parton fragmentation like that of PYTHIA[3].

The correlation can be reproduced over a wide range of pt. Thus we should be able to use a
pt range consistent with the dipion pt cuts used above. The downside of the above analysis
is that it is done for central events and we want more peripheral events. Ref.[5, 6] has done
a centrality study using one of the models (flux tube model) comparing to STAR data with
a pt range (0.8 GeV/c < pt < 4.0 GeV/c) for charge particles. Using this analysis one can
determine how to scale two particle angular correlation to more peripheral events. Ref.[7]
uses the other model (minijet model) and STAR data as a function of centrality over a much
wider range of pt (pt > 0.15 GeV/c) and finds a different scaling of the two particle angular
correlations. Thus we should be able to build a simple model based on PYTHIA[3] and
HIJING[8] and the above analyses to make a prediction for the minijet dipion spectrum.

3.1 Determining the Charge Dependent Minijet Correlation for
the Dipion Comparison

We will first consider the flux tube model[4] and the centrality extrapolation that has been
show to work well in reproducing the Charge Dependent Correlation function, see Refs[5, 6].
The dipion effective spectrum presented above is close to the pt range where the flux tube
model works best.

The flux tubes arise from wavefunctions of the incoming projectiles of sheets of color
glass condensates (CGC)[9] that at these high energies collide, interact, and evolve into high
intensity color electric and magnetic fields. These primordial fields are initially composed of
only rapidity independent longitudinal color electric and magnetic fields. An essential feature
of the flux tube is that the fields are localized in the transverse space of the collision zone with
a size of 1/Qs. Qs is the saturation momentum of partons in the nuclear wavefunction. These
longitudinal color electric and magnetic fields generate topological Chern-Simons charge[10]
which becomes a source for particle production.

The transverse space is filled with flux tubes of large longitudinal extent but small trans-
verse size ∼Q−1

s . Particle production from a flux tube is a Poisson process, since the flux
tube is a coherent state. The flux tubes at the center of the transverse plane interact with
each other through plasma instabilities[11, 12] and create a locally thermalized system, where
partons emitted from these flux tubes are locally equilibrated. A hydro system with trans-
verse flow builds causing a radially flowing blast wave[13]. The flux tubes that are near the
surface of the fireball get the largest radial flow and are emitted from the surface.

This surface fragmentation is made up of a series of partons that are aligned along the
radially flowing flux tube. Each partons under goes a PYTHIA like fragmentation. These



partons are mainly electric charge neutral gluons and their balancing charge is contained with
in the fragmentation of an individual parton. We can form two types of angular correlation
functions the Charge Independent(CI) and the Charge Dependent(CD). The CI correlation
consider all charged particle independent of their charge while the CD correlation is the
difference between the unlike charged pairs and the like charged pairs. The CD correlation
and the balance function is very much the same measure in terms of determining the angular
spread of balancing pairs. Refs.[5, 6] demonstrate that for the pt range (0.8 GeV/c < pt < 4.0
GeV/c) the surface flux tubes can be extrapolated to other centralities. The CI correlation
show the largest changes in the ∆η width when on goes from central to peripheral see Figure
2. This change in width happens because for central events the flux tube is a chain of partons
aligned at a single φ value and different η values becoming only a single parton or minijet
at very peripheral collisions. For the CD correlation the ∆η width is determined by a single
parton fragmenting as pointed out above and therefore shows no change of ∆η width with
centrality see Figure 3. In Figure 4 we show the signal strength of the CD correlation as a
function of centrality. We see that this signal strength varies in a smooth linear way with
centrality.

Ref.[4] divided central events up into 7 ranges of pt (see Table II). Since we are choosing
particle pairs, we choose for the first particle pt1 which could be in one bin and for the
second particle pt2 which could be in another bin. Therefore binning implies a matrix of pt1

vs pt2. We have 7 bins thus there are 28 independent combinations. The pt combinations
that would have a large overlap with the dipion pt range (1.6 GeV/c < pt < 1.8 GeV/c) is
P6P6 for symmetric ππ and P4P7 for asymmetric ππ. Lower edge of P6P6 0.8 GeV/c times
two equals 1.6 GeV/c. P4P7 lower edge 0.5 GeV/c plus 1.1 GeV/c equals 1.6 GeV/c.

Table II. The pt bins and the number of charged particles per bin with |η| < 1.0.

Table II
pt range amount

0.3GeV/c − 0.2GeV/c 291
0.4GeV/c − 0.3GeV/c 260
0.5GeV/c − 0.4GeV/c 208
0.65GeV/c − 0.5GeV/c 230
0.8GeV/c − 0.65GeV/c 152
1.1GeV/c − 0.8GeV/c 171
4.0GeV/c − 1.1GeV/c 149

3.2 Making a simple PYTHIA model for extrapolation

We first need to create a simple model using PYTHIA and HIJING that is a good approx-
imation to the angular correlations for central Au-Au collisions at

√
sNN = 200 GeV. For

scaling from central to peripheral we need the unlike, like, and the CD for pt bin 7 and 6
combined since this is the binning of Refs.[5, 6]. Then for comparing with the dipion pt

range we need the unlike, like, and the CD for P6P6 and P4P7. For central events these
correlations are shown in Figure 5 through Figure 13.
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Figure 2: The CI ∆η width (GaussianRMS) vs. centrality for the analyses indicated. The
differences between the present analysis and the 130 GeV analysis are attributed to the
preponderance of low energy particles in the 130 GeV analysis. The 130 GeV analysis is
similar to Ref.[7].
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Figure 5: a) 2-D perspective plot fit to the unlike signal (equation 3 of Ref.[5]) in the 0-5%
centrality bin (most central). b) The unlike signal data that were used in the fit.
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Figure 6: a) 2-D perspective plot fit to the like signal (equation 4 of Ref.[5]) in the 0-5%
centrality bin (most central). b) The like signal data that were used in the fit.
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Figure 7: a) 2-D perspective plot difference between the unlike signal and the the like signal
(equation 3 - equation 4 of Ref.[5]) in the 0-5% centrality bin (most central). b) The CD
signal data that were used in the fit.
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Figure 8: a) 2-D perspective plot fit to the unlike signal for P6P6 pt cuts(see text) in the
0-5% centrality bin (most central). b) The unlike signal data that were used in the fit.
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Figure 9: a) 2-D perspective plot fit to the like signal for P6P6 pt cuts(see text) in the 0-5%
centrality bin (most central). b) The like signal data that were used in the fit.
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Figure 10: a) 2-D perspective plot difference between the unlike signal and the the like signal
P6P6(Figure 8 - Figure 9) in the 0-5% centrality bin (most central). b) The CD signal data
that were used in the fit.
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Figure 11: a) 2-D perspective plot fit to the unlike signal for P4P7 pt cuts(see text) in the
0-5% centrality bin (most central). b) The unlike signal data that were used in the fit.
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Figure 12: a) 2-D perspective plot fit to the like signal for P4P7 pt cuts(see text) in the 0-5%
centrality bin (most central). b) The like signal data that were used in the fit.
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Figure 13: a) 2-D perspective plot difference between the unlike signal and the the like signal
P4P7(Figure 11 - Figure 12) in the 0-5% centrality bin (most central). b) The CD signal
data that were used in the fit.



Note that for the like sign pairs there is a dip near ∆φ and ∆η equals zero. In Ref.[14]
it was shown that the dip or depletion of same charge particles is due to presence of the
strong longitudinal color electric fields of the flux tubes. Quarks and anti-quarks are created
in pairs of color and anti-color and feel the strong color electric field and are pushed part.
Each color pair are pushed in the same direction. This pushing and alignment keeps unlike
charges close together and separates like charges.

We make a simple minijet model using PYTHIA to fragment the partons and HIJING
to complete the particle number without adding any additional correlations. Each event has
the same parton pt distribution that was used in the flux tubes[4]. We did not align the
partons along a flux tube because it plays no role in the CD correlation. The dipion effective
mass spectrum like the CD correlation and the balance function is the difference between
unlike charge pairs and like charge pairs. We adjust the HIJING particles and the PYTHIA
fragmented partons in order to reproduce the core unlike and like correlations plus obtaining
a very good CD correlation for the central data Figure 8 through Figure 13. It turns out
that in our simple model the CD correlation for P6P6 is very close to P4P7 and has a peak
value of 0.007.

Figure 14 through Figure 16 is the 50% to 60% centrality for pt range (0.8 GeV/c <
pt < 4.0 GeV/c) which is the range that we have shown has a good extrapolation for the
surface emitted partons of the flux tube. We keep our model the same and only reduce the
particle number from HIJING and the fragmenting parton number from PYTHIA until we
reproduce very completely the unlike, like and CD correlations of Figure 14 through Figure
16. The spread in ∆η is not very important at this centrality. Using this extrapolation we
can predict the yield for P6P6 and P4P7 for the unlike and like correlations which we show
in Figure 17 through Figure 20.

With the extrapolation model of the surface flux tube model we are able to generate
Au-Au events for centrality 50% to 60%. We compare this dipion effective mass spectrum
generated by PYTHIA fragmentation from partons that fragment near the surface of the
fireball. This comparison is shown in Figure 26 to the STAR data for dipion pt (1.6 GeV/c
< pt < 1.8 GeV/c).

The flux tube model assumes that these are the only partons present. Ref.[5] show that
for STAR data choosing a pt range (0.8 GeV/c < pt < 4.0 GeV/c) that only these surface
flux tubes are important. For central collisions flux tubes that are inside the volume of
the fireball interact with each other through plasma instabilities[11, 12] and create a locally
thermalized system, where partons emitted from these flux tubes are locally equilibrated.
A hydro system with transverse flow builds causing a radially flowing blast wave[13]. The
flux tubes that are near the surface of the fireball get the largest radial flow and are emitted
from the surface. This surface flow and emission also happens at the middle centrality range
except the center of the fireball may not be so completely thermalized and partons from the
center should also fragment and escape.
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Figure 14: a) 2-D perspective plot fit to the unlike signal (equation 3 of Ref.[5]) in the
50%-60% centrality bin. b) The unlike signal data that were used in the fit.
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Figure 15: a) 2-D perspective plot fit to the like signal (equation 4 of Ref.[5]) in the 50%-60%
centrality bin. b) The like signal data that were used in the fit.
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Figure 16: a) 2-D perspective plot difference between the unlike signal and the the like signal
(equation 3 - equation 4 of Ref.[5]) in the 50%-60% centrality bin. b) The CD signal data
that were used in the fit.
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Figure 17: 2-D perspective plot using our extrapolation model(see text) of the unlike signal
for P6P6 pt cuts(also see text) in the 50%-60% centrality bin.
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Figure 18: 2-D perspective plot using our extrapolation model(see text) of the like signal for
P6P6 pt cuts(also see text) in the 50%-60% centrality bin.



 (deg)       φ∆-150 -100 -50 0 50 100 150         
η∆     

-1.5
-1

-0.5
0

0.5
1

1.5
-0.01

0

0.01

0.02

0.03

Triggered particles

50% to 60% Centrality

P4P7 unlike

Figure 19: 2-D perspective plot using our extrapolation model(see text) of the unlike signal
for P4P7 pt cuts(also see text) in the 50%-60% centrality bin.
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Figure 20: 2-D perspective plot using our extrapolation model(see text) of the like signal for
P4P7 pt cuts(also see text) in the 50%-60% centrality bin.



Therefore if we look at a wider pt range we should initially see the growth of flux tubes
from the surface and the volume with centrality until the point that the volume set start to
be destroyed and the surface set is only present. Figure 21 from Ref.[7] shows clearly this
effect in the yield of gaussian peak amplitude which show a rapid growth staring at 55% to
65% and continue growing at a rapid rate until 19% to 28% at which the growth slows and
turns over. Since many of the particles used in our extrapolation could come from partons
that fragment inside the volume we could use Figure 21 to obtain another extrapolation for
the whole volume. Our surface extrapolation used Figure 4 with pt range (0.8 GeV/c < pt

< 4.0 GeV/c) which is a simple linear extrapolation. Figure 22 through Figure 25 show our
new volume extrapolation for P6P6 and P4P7 which is about a factor two larger because
the peak value remains approximately constant until ∼24% centrality. After this value we
used a linear drop off.

We also compare this new dipion effective mass spectrum generated by PYTHIA frag-
mentation from partons that fragment from the whole fireball. This comparison is also shown
in Figure 26 for dipion pt (1.6 GeV/c < pt < 1.8 GeV/c). For the spectrum we see that
PYTHIA is just an approximation of the true under lying physics. However this comparison
does give us hope that the background minijet tail we used in our model fits is of the right
level and the right shape for the higher mass dipion effective mass spectrum. Also the level
of resonances like the ω, the ρ(770) and K0

S are mainly generated by minijet fragmentation.

4 Summary and Discussion

In this article we start with an altered equation 6 of Part 1. This equation 6 has two
components in each orbital state: one being the thermal production of resonances in a
dipion orbital state, the other is the re-scattering of dipions coming from parton or minijet
fragmentation into the dipion orbital state which do not come directly from the resonance.
Unitarity requires that there most be re-scatter through the resonance of the phase shift.

Equation 6 considers only elastic scattering of the ππ system. We considered the Dwave
which couples to the f2(1270) (JPC = 2++) with 85% of the cross section in the ππ channel.
The Pwave which coupled to the ρ(770) (JPC = 1−−) where 100% is in the ππ channel. The
Swave ππ (JPC = 0++) couples to two resonances the σ and the f0(980). The σ is purely
elastic while the f0(980) is split between the π π and K K channels. We saw in Part 1
Sec.3 that the f0 was a narrow resonance. The f0 resonates at the K K threshold. Direct
production of the f0 gives a bump at the K K threshold and the re-scattering of ππ also
gives much the same bump at the K K threshold (See Sec. 3 of Part 1 Figure 2). Therefore
we considered the f0 as a resonance being directly produced and decaying into ππ near the
K K threshold.



transverse density
2 4 6

M
in

ije
t P

ea
k 

A
m

pl
itu

de

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7 STAR Preliminary
Binary scaling
200 GeV
62 GeV
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Figure 22: 2-D perspective plot using our extrapolation model for the minijet volume(see
text) of the unlike signal for P6P6 pt cuts(also see text) in the 50%-60% centrality bin.
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Figure 23: 2-D perspective plot using our extrapolation model for the minijet volume(see
text) of the like signal for P6P6 pt cuts(also see text) in the 50%-60% centrality bin.
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Figure 24: 2-D perspective plot using our extrapolation model for the minijet volume(see
text) of the unlike signal for P4P7 pt cuts(also see text) in the 50%-60% centrality bin.
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Figure 25: 2-D perspective plot using our extrapolation model for the minijet volume(see
text) of the like signal for P4P7 pt cuts(also see text) in the 50%-60% centrality bin.
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We chose a dipion pt range to do a cocktail fit to the effective dipion mass spectrum. We
needed three important ingredients in order to do these fits. First is the thermal production of
resonances that decay into π+π− as a function of dipion pt. Second is the dipion effective mass
spectrum as a function of dipion pt coming from minijet production not through resonance
decay. Third we needed to rewrite equation 6 in a form that uses resonance or Breit-
Wigner parameters (mass, widths) instead of phase shifts. Once these three ingredients were
developed we were successful in doing a cocktail fit (Figure 1).

A direct measurement of minijets is done through two particle angular correlations[4].
There are two models which can reproduce the angular correlations seen in central Au-
Au collisions at

√
sNN = 200 GeV. We use both models for scaling the level of angular

correlations expected for our dipion pt range (1.6 GeV/c < pt < 1.8 GeV/c) for our centrality.
We create a simple model using PYTHIA and HIJING that is a good approximation to
the angular correlations. One model (flux tube model) predicts the dipion effective mass
spectrum coming from fragmenting partons escaping from the surface of the fireball. This
gives a lower limit for the spectrum. The other model (minijet model) considers partons
coming from the total volume and gives an upper limit to the spectrum. For these spectrum
we see that PYTHIA is just an approximation of the true under lying physics. However this
comparison does give us hope that the background minijet tail we used in our model fits are
of the right level and the right shape for the higher mass dipion effective mass spectrum.
Also the level of resonances like the ω, the ρ(770) and K0

S are mainly generated by minijet
fragmentation.
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