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3National Institute of Technology, Ichinoseki College, Ichinoseki, Iwate 021-8511, Japan

Abstract. We investigate A — A correlation function in relativistic heavy ion collisions
to extract their interaction. Using an expanding source model for heavy ion collisions,
we disentangle effects of collective expansion and those of the interaction at low relative
momenta. Then, we discuss the influence of the feed-down correction for X° decay and
indicate the possible existence of a residual correlation at high relative momenta. Conse-
quently, the present STAR data suggest a weakly attractive interaction for the AA pairs
which is represented by the scattering length, 1/ay < —0.8 fm™'.

1 Introduction

The A — A interaction plays an important role in various aspects of modern nuclear physics. For in-
stance, it is expected that hyperons can emerge at already at moderate baryon densities within neutron
star cores [1]. One needs more information on the interaction among hyperons to understand whether
this picture is consistent with recently observed massive neutron stars [2] or not. Also in hadron
physics, the existence of the H particle Jaffe pointed out in 1977 [3] depends on whether AA can be
deeply bound or not.

While an observation of a double hypernucleus A16\He and its weak decay (Nagara event)[4] ruled
out the possibility of the deeply bound state, the bond energy of AA, Baa, extracted from the Af’\He
indicates a weakly attractive AA interaction, characterized by the scattering length and the effective
range in the 'S channel as (ag, 7e) = (—=0.77fm, 6.59fm) [5] or (a, 7o) = (=0.575fm, 6.45fm) [6] as
extracted from structure calculations. Nevertheless, a single number Ba, is not sufficient to determine
the interaction characterized by the scattering length and the effective range. Recently, an alternative
possibility has been explored in relativistic heavy ion collisions at Relativistic Heavy lon Collider
(RHIC). The STAR collaboration measured A — A momentum correlation C(Q) in Au+Au collisions
at +/syy = 200GeV, as a function of relative momentum Q = |p; — p,| [7]. In high energy heavy ion
collisions, the momentum intensity correlation functions have been measured for various particles to
access the space-time extent of the hot matter via Hanbury-Brown Twiss (HBT) effect. It has been
pointed out that one may also extract information on interaction between particles when the source
size and the effective range of the interaction are comparable [8—11].
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The goal of this work is to determine AA interaction from the measured data at RHIC. For this
purpose, we need to understand several effects on the AA correlation function other than interaction.
In this proceeding, we highlight results from our recent work [12].

2 AA correlation from an expanding source

We compute the AA correlation function C(Q, K) as a function of relative momentum Q = p; — p2
and average one K = (k; + k;)/2 using a formula [13]:

Jdxd S (x1, K)S (o2, K)I¥12(Qux1 = %2 = (1 = 1)K /m)P
fd4x1d4x2S(x1, ki)S (x2, kz) .

CQ.K) = (1

There are two ingredients affecting the behavior of the correlation function in Eq. (1). Information on
the AA interaction is encoded in the relative wave function ¥;,. In the second argument of Eq. (1),
—(t, — t1)K/m with m being the mass of A, accounts for possible differences in the emission time
of the two A particles. Considering only the s-wave interaction, one can write down the relative
spatial wave function of the spin-singlet state, which is symmetric with respect to the exchange of the
particles (thus totally antisymmetric), as

W = V2[cos(Q - r/2) + xo(r) = jo(Qr/2)] 2)

where y is the s-wave solution of the Schrodinger equation with a given AA interaction potential
V(r) and the spherical Bessel function j,(Qr/2) stands for the free s-wave function with Q = |Q|. The
spin-averaged total wave function is then given by:

Wil = S0 + 1P
1 1
=1 5 ¢05Q 1) + [xo(r) ~ o0/ D] 0@ 1/2) + 3 Txolr) ~ ol @rT ()

For the free wave function, only the first and second terms remain to give C(Q = 0) = 1/2. The
correlation below unity reflects the effective repulsion due to Pauli principle for fermions. One notes
that C(Q = 0) = 2 for pions, according to the Bose statistics. Thus, one expects that repulsive and
attractive interaction give C(Q =~ 0) < 1/2 and C(Q = 0) > 1/2, respectively. The behavior of the
correlation function in the presence of interaction can be systematically studied by employing a simple
source function S'(x, K) in Eq. (1), which is the other ingredient representing the emission probability
of A with momentum K from a space-time point x.

We examined various interaction potentials used in structure calculations of hypernuclei. See
Ref. [12] for a tabulated list. Figure 1 displays some of the potentials in the left panel and the corre-
sponding relative spatial wave functions weighted by the source function in the right panel. One sees
the difference among the potentials is reflected onto wave function particularly for distances close to
the source radius. The difference in the wave function in » < R is suppressed by the weight factor.
As we shall show below, the correlation function provides a constraint on scattering parameters rather
than the detailed form of the potential. The scattering length a( and the effective range ry are related
to the scattering phase shift ¢ through the shape-independent form:

kcots = N lrefsz + O(k™). 4)
ap 2
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Figure 1. Left: AA interaction potentials. Right: difference of relative wave functions from the free one weighted
with the static source function at Q = 0.01GeV.

In this definition, the interaction is attractive for ap < 0 and a bound state exists for ay > 0. Applying
a spherically symmetric static source function, one obtains the constraints: —1.2 fm < gy < —0.8 fm
and 3.2 fm < reg < 6.5 fm from a y? fit to the STAR data [12]. While this result is consistent with the
findings from the Nagara event, one needs to investigate the influences from source properties in heavy
ion collisions. In particular, the hot matter created in high energy heavy ion collisions exhibits rapid
hydrodynamic expansion. At the RHIC energy, the matter consists of deconfined quarks and gluons
in the early stage of the collision process. Hydrodynamics indicates the matter undergoes transition
into hadronic matter around 5 fm/c after the impact. We assume that A particles are produced at the
hadronization process. Since single particle levels of A including those of deep s-states are clearly
observed [14], one expects the interaction of A with pionic environment is weak, in contrast to the
7 and proton cases. Thus we assume that effects of interaction with surrounding particles on the
correlation function can be neglected. One needs to invoke dynamical simulations to check the validity
of the assumption. Nevertheless, one needs to consider an appropriate source function which takes
into account the collective expansion and the relevant geometry. We employ a cylindrically symmetric
source model with a longitudinal boost invariant and transverse Hubble-type expansions and is used
for studying 7zt HBT correlation in [15]. Then the source function S (x, K) reads:

_ mrcosh(y — Y1) -1 X+’

(
S(x,K) = ) ey ne(u -k, T)exp [— IR R (5)

with y = In \/(Ex + p-)/(Ex — p-) and my = /p? + m? being rapidity and transverse momentum of
A particles, respectively. The expansion velocity #* is parameterized in terms of longitudinal rapidity
Y, and transverse one Y7 as u* = (cosh Y7 cosh Y, sinh Y7 cos ¢, sinh Y7 sin ¢, cosh Y7 sinh ;). The
boost invariant expansion is then realized by Y, = n = In V(¢ +z)/(t — z) [16]. The transverse flow
is given by Y7 = n,7/R where 7 is a strength parameter. Considering the emission of A at the
hadronization, we fix the freeze-out temperature 7 = 160MeV, freeze-out proper time 79 = 5 fm and
emission duration At = 2 fm. Then through the invariant single particle distribution

dN
Eﬂ = f d*xS (x, K), (6)
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Figure 2. AA correlation function for R = 1.2 fm. Left: Comparison of the free cases and interacting cases with
and without flow. Right: R is optimized for the STAR data.

we can determine 17, = 0.33 by fitting to p, spectrum [17].

Figure 2-left illustrates the effects of the collective expansion on C(Q) and its interplay with the
interaction. The dotted line shows the correlation function from the spherically symmetric Gaussian
source with R = 1.2 fm. Filled triangles denotes the results from the source function (5) with the
same transverse size R, but without transverse flow (i.e, , = 0) and interaction. One notes that the
width of C(Q) is reduced, because the source has a large longitudinal extent due to the boost-invariant
expansion along the collision axis. If the transverse flow is turned on, the width is decreased as seen
in the open triangles, but the effect is not significant. See Refs. [15, 18] for detailed discussion on
the effects of collective expansion on the pion HBT correlation. Closed and open circles plot C(Q)
with fss2 interaction, which exhibits weak attraction characterized by ap = —0.81 fm and r.g = 3.99
fm. One sees an enhancement of the correlation as expected for an attractive interaction, but the
enhancement is found to be stronger in the presence of transverse flow, because of the effectively
smaller source size caused by the transverse expansion. To extract the interaction from the measured
AA correlation function data by the STAR collaboration, we perform a y? analysis with R being a
free parameter. In Fig. 2-right, the C(Q) obtained using the fss2 interaction and corresponding to the
optimized value of R are shown. One finds that both C(Q), with and without transverse flow, do not
differ after optimization. The minimization of y? leads to slightly smaller size R in the presence of
the transverse flow. Thus, we conclude that the effect of the transverse flow is absorbed into the size
parameter through the fitting procedure.

Figure 3 summarizes the results from the source model (5). Although the optimized size parameter
is decreased and the value of y?/Ngor changes in each of potentials, we find that the favored potentials
are the same as those in the static source model. Even in the presence of collective flow, the low
O behavior of C(Q) fairly reflects differences among the interactions. The stronger the attraction
becomes, the closer to unity C(Q) is. This shows feasibility of AA correlation in heavy ion collisions
to discriminate the nature of the interaction.

3 Feed-down correction

In the previous section, we have assumed that A particles are directly produced from the medium mod-
eled by the source function (5). In reality, however, some of A come from decay of heavier particles.

00020-p.4
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Figure 3. y?/Ny as functions of R (left) and resultant AA correlation function (right) for the optimized source
sizes, for various potentials.

Since this situation also applies to pion production in heavy ion collisions, effects of resonances have
been studied in iz correlations [19]. Since the source function for daughter particles are extended by
the decay length, short-lived decay parents affect the shape of the correlation function at low Q. Long-
lived ones effectively reduce the intercept parameter A which is defined by C(Q = 0) because too long
relative distance of pairs causes a strong correlation at too small Q values to be resolved. While the
long-lived parents can be neglected when one focuses on the source size, one needs to consider the
effects in order to study the interaction. As discussed above, the nature of AA interaction is encoded
in C(Q = 0), thus the reduction of A due to long-lived resonances may affect the interpretation of the
data.

For the total A yield N, and the yields stemming from long-lived parents N7, the reduced intercept

A is given by [20]:
NP\
A=|1- . 7
( Ntot) ( )

The dominant contribution to the A yield comes from X(1385), X° and Z as well as primordial A. Since
the decay width of the X(1385) resonance is 36-40 MeV, it can be treated as short-lived resonances
contributing to N, only. We find that the Q contribution is negligible, thus we consider 30 and = as
the main contribution when evaluating N?.

20 contributes to A samples through £ — Ay, which is not easy to reconstruct. We make use
of an experimental results of X° yields, Nxo /N, = 0.278 in p+Be collisions at pjp, = 28.5GeV [21].
In spite of intrinsic differences of p+A collisions from A+A, we note that this ratio is consistent
with thermal model calculations. E yields have been found to be 15% of A in Au+Au collisions at
Vv =200 GeV [17]. According to their decay length, we assume that part of = decay contribution
is excluded by the A sample selection (DCT < 0.4cm) in the STAR measurement [7]. Thus, taking
into account only the X% contribution to N?, we find A = (0.67)?. If we also include =, A = (0.572).
Since the selection might not reject all the = decay contribution to A, these numbers can be regarded
as possible upper and lower limits. In the following, we present results only for A = (0.67)%, but we
also confirm that the conclusion does not change if one adopts A = (0.572)?. Then, the AA correlation
function can be corrected for the feed-down contribution as:

Ceorr(Q) = 1 + ACrare(Q) — 1), )]
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Figure 4. Same as Fig. 3, but with feed-down correction for X° decay (8).

where Cp,e denotes the bare correlation function calculated from Eq. (1) with the wave function (3)
and the source function (5).

Figure 4 shows y?/Ngor and C(Q) with the optimized value of R, similar to Fig. 3. One sees that
good fits can be achieved only for unphysically small R. The reason is clearly seen if one looks into
C(Q) at high Q. Since the data has a long tail, smaller size is favored to fit the tail. On the other hand,
such smaller size enhances the effect of attractive interaction. As feed-down correction introduces a
larger intercept, C(Q = 0) = 0.776 for A = (0.67), strong attraction leads to overshooting the data
at low Q. Consequently, the data can be fitted only with the small size and very weak interaction
potential which was excluded in the analyses without feed-down correction. There seems to exist an
additional source of the correlation which produces the long tail at high Q.

Here we try to subtract this residual correlation in the data by employing an additional Gaussian
term

Cres(Q) = arese_rrzesQZs ©

such that the total correlation function is given by C(Q) = Ceor(Q) + Cres(Q). This term was also
introduced in the analysis by the STAR collaboration and found to improve the quality of the fit [7],
but the two quantities (aes, 71es) Were treated as additional fitting parameters. Because the origin of
this correlation is not known, we first investigate systematics of the fit against the variation of these
parameters.

We evaluate the minimum of y?/Ngor against the parameters (dyes, 71es) for a fixed R and repeated
it for a variation of R between 0 and 2.5 fm. Figure 5-left displays the values of y?/Nyof. For shown
potentials, one sees y?/Ngor =~ 1 for R > 0.5fm. Although one may think this insensitivity could
indicate no information on the interaction due to the connection between the size and the attraction
discussed above, one can see the influence of the interaction on the behavior of a,es and r..s. For small
R, the bare correlation has a long tail owing to collective expansion and low Q behavior is strongly
affected by the interaction. As one sees in the middle and right panel of Fig. 5, interaction dependence
of the two residual correlation parameters can be understood as a consequence of compensation by
the residual correlation to fit the data. On the other hand, at large R, these two parameters converge
to common values. In this case, low O behavior is dominated by the interaction and the flow effect,
and the residual correlation (9) is responsible for the long tail at high Q. Since the source size cannot
be too small according to consistency with HBT data of other particles, this results may indicate an

00020-p.6
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Figure 5. Left: Minima of y? /Nyt against (dre . ) for each R and selected AA potentials. Center and right: e
and 7y at the minimum of y?/Nyor, respectively.

existence of the residual correlation which cannot be explained by conventional effects which are
examined in this work.

Repeating the same analysis with other potentials, we find that all the potential favored in Sec. 2
is still favored after taking into account the residual correlation as well as the feed-down correction.
The reduction of C(Q = 0) due to the feed-down correction, however, makes the correlation less
sensitive to the interaction. In particular, we cannot find any constraints on the effective range r.g¢ but
the scattering length as 1/ag < —0.8 fim™'.

4 Concluding remarks

We have studied A — A correlation function C(Q) as a function of relative momentum Q = |p; — ps|
in relativistic heavy ion collisions by employing various type of interaction potential models and a
source function for cylindrically expanding source. Assuming direct production of A from the hot
source, we obtain a constraint on the interaction by fitting calculations to the data. Comparison of the
calculated correlation functions with the STAR data indicates potential feasibility of discriminating
the interaction potential even after taking into account expansion of the source in relativistic heavy
ion collisions. The sensitivity of the correlation function to the interaction, however, is reduced by
feed-down contribution from X° decay. Moreover, the long tail in the data at high Q seems to indicate
existence of additional source of the correlation. By including the additional correlation, we find that
the data nevertheless favor weakly attracting AA interaction characterized by 1/ay < —0.8fm™".
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