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November 1, 1988

Abstract: S _
Recent NA35 data on O + Au — 77~ 4+ X at 200 AGeV are shown to be consis-

tent with both a hadronic resonance gas model and a quark-gluon plasma model for
this reaction. We show, in addition, that much higher statistics data will be required
to differentiate between these models even with the outward and sideward transverse

projected correlation functions.

Correlations between identical pions provide unique information about the space-time
dimensions of pion interaction region in hadronic processes[1]. Recently, the NA35 collaboration[?]
measured 7”7~ correlations in O+Au at 200 AGeV and reported that the freeze-out dis-
tribution for pions in this reaction is characterized by a surprisingly large freeze-out proper
time and transverse radius, 7y ~ Ry ~ 7 fm. In addition, they reported an unusually high
degree of coherence for pions away from the central rapidity region. These results are of
interest because they may imply a breakdown of popular hadronic transport models like
LUND(3,4] and possibly provide evidence for novel dynamical effects associated with the
formation of quark-gluon plasma in nuclear collisions[5,6,7].

In this letter, we show, however, that the above results are not conclusive and that
the present data are in fact consistent with a wide range of pion source parameters
when additional non-ideal dynamical and geometrical degrees of freedom are incorporated
into the analysis. In particular, both a hadronic transport model[3] and a quark-gluon
plasma hydrodynamic model[8] are found to be consistent with the present correlation
data. We also study the sensitivity of “outward” and “sideward” transverse momentum
interferometry[5,6] and show that, in contrast to first expectations[7], much higher preci-
sion data will be required to differentiate between such competing dynamical models.

In its simplest form, pion interferometry involves fitting the 77 correlation function

with the following ansatz:

C(ki, k2) = Py(k1, k2)/ Pu(k1)Pi(k2) = 1 + Mo(ky = k2)[? (1)

*This work was supported by the Director, Office of Energy Research, Division of Nuclear Physics
of the Office of High Energy and Nuclear Physics of the U.S. Department of Energy under Contract No.

DE-ACO03-76SF00098. :
1. Supported by Conselho Nacional de Desenvolvimento Cientifico e Tecnolégico (CNPq), Brazil

1



where P, denotes the m identical pion inclusive distribution, k; and k; are the four-
momenta of the observed pions, p(q) = [ d*ze'?p(z) is the Fourier transform of the freeze-
out space-time density, and A is the incoherence or chaoticity parameter. This simple
relation is, however, only valid if the freeze-out space-time and momentum coordinates of
the pions are uncorrelated. In high energy hadronic processes there are many potential
sources of such correlations which can significantly modify[5,9,10,11] the form of C(k,, k,),
and thus, the geometrical parameters obtained with (1) could be misleading. In phase-
space, strong correlations{12] between the space-time and momentum rapidity variables,
defined by n = llog((t+ 2)/(t — z)) and y = }log((E + p.)/(E - p.)), resulting from
. approximate longitudinal boost invarjance, have to be taken into account. In addition,
a large fraction of the observed 7~ could arise from the decay of long lived resonances
such as w, K*,n,--- [13]. It has been known for a long time[14].that those resonances
can produce effects that could be misinterpreted as due to unusually long lived sources
and partially coherent fields. For nuclear collisions at moderate energies ~200 AGeV,
- additional complications due to the non-uniformity of the rapidity density[2] and to the
large spread of pion freeze-out propéi‘ times must also be considered. Other correlations,
e.g., between the transverse coordinate (x.) and the transverse momentum coniponent
(p1), may have to be considered if collective hydrodynamic flow 6ccu_rs[5].

To incorporate these many effects into the pion interferometric analysis of nuclear colli-
sions, we have developed a Monte Carlo program based on the covariant current ensemble
formalism[9]. In that formalism the source of pions is represented by a large ensemble of
current elements, {ja(z) = jo(u“(z — ,),)}, where z* and u* denote the space-time origin
and four-velocity of current element a, and jo(z) specifies each current element in its rest
frame. The amplitude for the production of a pion with momentum k is given by the
Fourier transform of the total source current, '

i) = S jo(uak)e et ®

where the factors e'¥s are random phases in the case of completely chaotic sources. The

m-pion inclusive distribution function is then given by
Pr(kyy- k) = (13 (k0) [ 13 (kn) 1P) (3)

where (- - -) denotes the ensemble average over the space-time coordinates z,, four-velocities
u4, and random phases ¢,. In the absence of dynamical multi-pion correlations, that
ensemble average can be expressed in terms of a “freeze-out” phase-space distribution

D(z,p) = (54(3: - xa)64(p - pa)) ’ (4)
where p4 = mu¥. The m pion inclusive distribution functions is then given by[9]

Pm-.(_l-ﬂ., o ,“"%) -y {ﬁa(k,-, k,,“)} : | (5)

o \i=1 -



where o0 = (01, +,0,) runs over the m! permutations of indices. The complex amplitude
G(k;, k;) is given by the convolution of the freeze-out distribution and two current elements

that characterize the production dynamics,

Glkisks) = [ d*pD(k: = ki, p)ja ok /m)jopks /m) = (€417 j3(p, ki m)jolpaks/m)

(6)
The objective of pion interferometry from this point of view is to constrain the form of the
freeze-out source distribution. The model dependence enters, however, not only through -
the parameterization of D(z,p) but also through the model adopted for jo(k). In this
formalism the current elements play the same role as wavepackets do in the Wigner density
formalism([5,15]. From (6) it is clear that (1) can apply only in the very special case that
D(q,p) = p(q)f(p), and that f(p) is sharply peaked compared to jo(k). In other words,
the space-time and velocity coordinates of the source elements must be uncorrelated and
the Doppler shift of the pion spectra from each source element must be negligible. Neither
of these conditions is satisfied in high energy hadronic processes.
In our calculations, we adopt for simplicity a covariant pseudo-thermal model for the
current elements[9)],
jo(pk/m) = exp(—pk/(2mT)) . (M
where the effective “temperature”, T, characterizes the spread of the source elements in
momentum space and controls the transverse momentum distribution of pions in our case.
With this model the amplitude assumes the particularly simple form

G(k1, k) = (exp{igza — Kpa/(mT)}) , (8)

depending not only on ¢* = ki — k4 but also on the mean pair momentum K* = (k{ +k%).
Note that this dependence is, however, quite different from the K dependence arising in
the non-covariant Wigner formalism[5,15].

The effects of long lived resonances can be easily included in the semiclassical approxi-
mation. Note that the pion freeze-out coordinates, z*, are related to its parent resonance

production coordinates, z¥, through
ok = o +ubr 9)

where u” is the resonance four velocity and 7 is the proper time of its decay. Inserting (9)
into (8), summing over resonances r of widths I',, and averaging over their decay proper
times, we obtain the final expression

G(k1, k2) ~ (Y famsr (1 — iqu, /T7) ™" exp(ige, — Ku,/T,)) (10)

where fr-, is the fraction of the observed n~’s arising from the decay of a resonance of type

- r, and T, characterizes the decay distribution of that resonance. The factor (1 —iqu,/T';)™!

insures that pions arising from decay of long lived resonances do not interfere effectively
at moderate ¢. While (10) is only valid in the semiclassical limit and involves an idealized
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model (7) of the decay dynamics, it is manifestly Lorentz covariant and is of sufficient
generality to allow the study of a variety of nontrivial dynamlcal models of high energy
nuclear collisions. _

In this letter, we consider a class of dynamical models that can be characterized by a
set of resonance fractions {fr-/.}, and a freeze-out phase space distribution of the form

D(z,p) o« 1€~ /T e~ (1=v)* /2877 o= (u=y"2[2¥E o= IRY (11)
where 7 specifies the width and mean value of the freeze-out prbper time, 7 = (t2 — 22)1/2
*“distribution, An specifies the rms fluctuations of n = 2log((t + z)/(t — 2)) around y =
_ %log((E' +p.)/(E —p.)), Y. is the width of the rapidity distribution centered at y*, and R,
‘is the rms transverse radius at freeze-out. In this work, we estimate the parameters of the
freeze-out distribution and resonance fractions using the ATTILA version of the LUND
Fritiof multi-string model[3] and a string tension, x = 1 GeV/fm, to map momentum space
into coordinate space. For O+Au at 200 AGeV, we find that Y, ~ 1.4, y* = 2.5, An = 0.7,
7s ~ 3 fm/c and Ry ~ 3 fm. The n~ pedigree is determined to be fr-/girect = 0.19, fr-;, &
0.40, fr-;. = 0.16, and fr-;x+ = 0.09, in rough agreement with data on hadron-hadron
“reactions[13]. The contribution from longer lived resonances is set to zero.

In Ref.[6] a similar form for D was employed to parametrize the results of a quark-gluon
plasma hydrodynamic calculation. In that case, the parameters were found to be 7y = 9.0
fm/c, Ry = 3.3 fm, An = 0.76, assuming that Y, = co and neglecting resonances. The
characteristic long lifetime found in such hydrodynamic models results from the slowness
of the hadronization transition[16,10,11] when the latent heat of transition is large.

For comparison, the idealized inside-outside cascade model[12] considered in [9] and
used in [2] to fit the data corresponds to

D(z,p) 0<5(T—Tf)5(n y)exp( ri/RY) , (12)

with resonances neglected.

Given the freeze-out distribution, we calculate the amplitude, G(k,, k2), by Monte Carlo
sampling with typically 400-800 freeze-out phase-space coordinates selected according to
(11) for each (k1, k2) pair. The freeze-out distributions for all resonance species is taken to
be identical, and all T, are set to.v 0.13 GeV to reduce the number of free parameters. To
‘compare with data on the transverse projected correlation function[2], (C(q.)), we must

- compute

[ @®k18%k:0(qu; ki, k2)|G(kr, k)2
(© (ﬂ)) +A [ dBk1d3k20(q.; kr, k2)G(ky, k)G ko, kz) (13)

where the experimental constraints are built into ©. For the present data O is nonvanishing
only if |ky, — ko, | is within 5 MeV/c of q, , |k1.—k2:| < 0.1 GeV/c, and if both y; and y, are
in a certain interval [Ymin, Ymaz)- The six dimensional integrals are computed by importance
sampling using a model single inclusive distribution to generate typically ~ 200 pairs and
repeating 2000-4000 times to insure convergence.
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A good test of the numerical method isvprovided by reproducing the fitted curves in
Ref.[2], which follow assuming the ideal inside-outside cascade distribution (12). In Fig
la and 1d, we show that our calculations employing the reported parameters(2], 7 = 6.4
fm/c, Ry = 7.3 fm and A = 0.84 for 7~ in the rapidity interval 2 < y < 3 and 7y = 2.5
fm/c, R) = 4.0 fm, and A = 0.30 in the interval 1 < y < 2, do in fact provide a good fit
to the data (note that the data have been corrected for Coulomb final state interactions).

Next, we show in Figs 1b,le, the calculated curves for the case of non-ideal hadron
resonance dynamics. For these calculations we chose An = 0.8 and considered 7y = R, =
2,4,6 fm. We have performed an additional Monte Carlo hadronic cascade calculation
taking as input the output of the LUND fragmentation model[3] and found that with an
effective cross section, 0 = 20 mb, the true freeze-out distribution is roughly characterized
by 74 ~ R, ~ 4 fm for this reaction. In both Fig. 1b and le, the chaoticity parameter is
fixed to A = 1 as appropriate for completely chaotic sources. From this result, we see that
the present data are consistent with the freeze-out distribution expected on the basis of
this resonance gas model.

On the other hand, in Figs. 1c,1f we find that the data are also consistent with the more
provocative quark-gluon plasma model of Ref.[6,8]. Note that our results for the plasma
model differ substantially from those reported in Ref.[6]. We attribute this discrepancy
to an improved numerical treatment and a more accurate definition of the experimental
projected correlation function in the present work. The reason why both models can
reproduce the data is that the long lifetime of the mixed phase in the plasma model can
lead to the same effect as that produced by long lived hadronic resonances.

While it would be difficult to justify ruling out any of the three models from the present
data, the “exotic” parameters obtained with the ideal inside-outside cascade model[9] are
the least compelling, since it would be truly remarkable if the degree of coherence in such
violent nuclear collisions were not negligible. Note that in Fig 1d, ideal dynamics with
A =1 in fact fails to reproduce the data.

Finally, it has been suggested[5,6] that the projected correlation function in terms of
“outward” and “sideward” transverse momenta,

Qout = |qJ. : Kll/KJ. y Gsid. = IqJ_ - qoutl ’ (14)

could differentiate between hadronic and plasma models and provide an “unambiguous”{7]
signature of quark-gluon plasma formation. In Fig. 2a and 2b, we compare resonance
gas and plasma model predictions for these projected correlation functions for the case
y1 = Yy = y* = 2.5. Indeed, quantitative differences can be seen. However, when inte-
grated over a broad rapidity interval, 2 < y, < 3, as in the present data, most of those
differences are washed out as can be seen in Figs. 2c,d. This shows that much higher
statistics data will be required[17] to differentiate between present models[4] for nuclear
collisions. Of course, additional experimental information will be essential to constrain
further the dynamical degrees of freedom in both types of models. Especially 1mportant
will be an independent direct measurement of the abundance of resonances.

Acknowledgements: We thank T. Humanic for extensive discussions on the NA35 data
and S, Gavin for discussions on hadronic transport theory.
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Figure 1:
Analysis of the transverse projected #~7~ correlation data of NA35[2]. The histograms
in parts (a,d) are calculated assuming an ideal inside-outside cascade (IOC) source with
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parameters (7 = 7¢, Ry = Ryy) taken from [2]. In parts (b,e) a non-ideal resonance gas
source is considered with parameters, 7 ~ Ry ~ 4 fm, as suggested by the ATTILA version
of the LUND Fritiof model[3]. Parts (¢,f) correspond to the quark-gluon plasma model of
[6]. Parts (a-c) refer to the central rapidity region, 2 < y, < 3, and parts (d-f) refer to the

region 1 < y, < 2.

Figure 2:
Comparison of transverse projected “outward” and “sideward” interferometry calculated

with a resonance gas model (a,c) and a quark-gluon plasma model (b,d). In (a,b) the two

pion rapidities are restricted to y, = y* = 2.5, while in (c,d) a finite range, 2 < y» < 3, is

considered. Qr, Qour, @sip refer to the argument of the transverse projected correlation

function. Qour corresponds to the projection of q; parallel to K; and Qsip to the
projection of q; perpendicular to K L
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