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The first measurements of light antinucleus production in Au + Au collisions at the Relativistic
Heavy-Ton Collider are reported. The observed production rates for d and 3He are much larger than
in lower energy nucleus-nucleus collisions. A coalescence model analysis of the yields indicates that
there is little or no increase in the antinucleon freeze-out volume compared to collisions at CERN SPS
energy. These analyses also indicate that the *He freeze-out volume is smaller than the d freeze-out

volume.

DOI: 10.1103/PhysRevLett.87.262301

The Relativistic Heavy-lon Collider (RHIC) at
Brookhaven National Laboratory (BNL) has recently
begun operation with Au beams at /syy = 130 GeV
and extend the available center-of-mass energy in nu-
cleus-nucleus collisions by nearly a factor of 8 over
CERN Super Proton Synchrotron (SPS) collisions at
Jsynv = 17 GeV. First measurements from RHIC indi-
cate an increase of at least 70% in the charged multiplicity
for central collisions compared to previous measurements
[1]. Measurements of the antiproton-to-proton ratio at
midrapidity [2] indicate that the central collision region is
approaching the net-baryon free limit. Such a system with
large multiplicity and small net-baryon density is well
suited for the production of light antinuclei. In this Letter,
we report the first measurements of d and *He production
at RHIC.

At RHIC energies, production of antinuclei is pos-
sible via two mechanisms. The first mechanism is direct
production of nucleus-antinucleus pairs in elementary
nucleon-nucleon or parton-parton interactions. Because of
their small binding energies, nuclei or antinuclei produced
via early direct production are likely to be dissociated in
the medium before escaping.

The second, and presumably dominant, mechanism
for antinucleus production is via final-state coalescence
[3-5]. In this picture, produced antinucleons merge to
form light antinuclear clusters during the final stages of
kinetic freeze-out. The measured yield of nuclei or anti-
nuclei with nucleon number A and momentum P is related
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PACS numbers: 25.75.Dw

to the primordial nucleon invariant yield at momentum
p = P/A through a coalescence parameter By,
d3Na d*Ny >A
d’pP dp )
Equation (1) requires that antineutrons and antiprotons be
produced with identical momentum spectra.

Previous studies of smaller collision systems have noted
that the measured coalescence parameter B4 can be di-
rectly predicted from the nuclear wave function of the pro-
duced (anti)nucleus [3]. When going to higher energies
or larger collision systems, however, the measured coa-
lescence parameter is lower than that measured in small
systems. This can be understood by noting that once the
collision region is larger than the intrinsic size of the pro-
duced (anti)nucleus, (anti)nucleons of equal velocity are
not always in close proximity and hence do not always
form a bound state [6]. The coalescence parameter can be
used to infer the space-time geometry of the system [7].
Measurements of light nuclei and antinuclei are thus analo-
gous to two-particle Hanbury-Brown-Twiss (HBT) corre-
lations in that they measure “homogeneity lengths” of the
system at kinetic freeze-out [8].

The measurements were made using the STAR detector
[9]. The main tracking detector is a cylindrical Time-
Projection Chamber (TPC) inside a 0.25 T solenoidal
magnet. The TPC tracks and identifies most charged
particles produced in the central pseudorapidity region
(—1.8 < n < 1.8) with nearly full azimuthal coverage.
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Events are selected on the basis of coincidence of spectator
neutron signals in two zero-degree calorimeters located
*18.25 m from the nominal interaction region. Central
events are selected using a central trigger barrel that mea-
sures the charged-particle multiplicity with full azimuthal
coverage in the pseudorapidity region —1 < n < 1.
This analysis focuses on semicentral events, where the
centrality corresponds to roughly the most central 18%
of the measured minimum-bias multiplicity distribution.
The analysis uses =~600000 events, where the inter-
action vertex is within the range covered by the TPC
(=200 < z < 200 cm).

Particle identification is done by measuring the aver-
age ionization energy loss (dE/dx) for each track. The
STAR electronics show no evidence for saturation below
30 times minimum ionizing. For the tracks used in this
analysis, the dE/dx resolution is =11%. For each track,
up to 45 ionization space-point samples are taken along the
path through the TPC. Space points are found by identify-
ing local maxima of the analog-to-digital converter (ADC)
distribution. Merged ionization clusters, where multiple
tracks contribute, are identified by looking for multipeaked
structure in the ADC distribution. For the current analysis
of relatively rare particles, it is necessary to impose tight
cuts to eliminate background tracks with improperly mea-
sured dE/dx. We require a track to have at least 35 of the
45 possible space points. For central events, cluster merg-
ing is quite common and can lead to problems with the
particle identification. To avoid these problems, we elim-
inate potentially merged clusters from the sample used to
calculate the dE /dx. We require that no more than 30% of
the measured space points come from potentially merged
clusters. To avoid the Landau tails in the dE/dx spec-
trum, we use a truncated mean of the lowest 70% of the
measured dE/dx samples. Figure 1 shows the measured
truncated mean dE /dx versus the magnetic rigidity for the
negatively charged tracks considered in this analysis.

Figure 1 also shows the Bethe-Bloch expectation for
d, 7, and *He. There is a clear d band below rigidity
~1 GeV/c. This analysis uses only the kinematic re-
gion of good d particle identification and efficiency (0.5 <
pr < 0.8 GeV/c and rapidity |y| < 0.3). We observe
14 counts clustered around the *He expectation in the kine-
matic range 1.0 < pr < 5.0 GeV/c and |y| < 0.8. Note
that we plot the rigidity, so the momentum of the *He can-
didates is twice as large. No clear 7 band is observed, but if
one assumes that 7 and >He are produced in similar num-
bers and with similar momentum distributions we would
expect the bulk of the 7 to have a higher rigidity where our
dE /dx resolution is inadequate for their identification.

To extract the d yield, we construct a quantity Z =
log{[dE/dx]/13(p)}, where I;(p) is the expected ioniza-
tion for a d of momentum p. For a pure sample of d, this
quantity should be well described by a Gaussian centered
at zero. In the inset of Fig. 1, we plot the Z distribution for
one transverse momentum bin. We see a Gaussian d signal
superimposed upon a background due to the tail of the p
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FIG. 1. Tonization (dE/dx) versus rigidity (Jmomentum/
nuclear charge units|) for negative tracks. The 7~ and K~
bands have been suppressed. Also plotted are the Bethe-Bloch
expectations for d, 7, and *He. The inset shows a projection

of the Z variable (see text) for one transverse momentum bin
(0.6 < pr <0.7GeV/e, |yl <0.3).

distribution. We parametrize the p background in the tail
region as an exponential, and fit the resulting distribution
to a Gaussian d signal plus exponential p tail hypothesis.
In the inset of Fig. 1, we also show (by the curve) our
exponential plus Gaussian fit. In the d kinematic region
considered, the signal-to-background ratio ranges from 30
in the lowest pr bin to 3 in the highest pr bin. We per-
formed a similar analysis of the *He Z distribution, and
estimated the total background to be less than 0.5 counts.

To evaluate the efficiency, we use GEANT and a TPC re-
sponse simulator to create raw pixel level simulated tracks
which we then embed into real events. The embedding is
crucial for this analysis since it allows us to estimate the
effects of cluster merging on our efficiency. No data on d
and 3He interactions in material exist in the literature, and
these antinuclei are not incorporated into GEANT. Instead
we use d and *He simulations in GEANT to understand our
acceptance and tracking efficiency. We then add a correc-
tion for the estimated annihilation in the detector, where
we assume that the d annihilation cross section is 1.4 times
the p annihilation cross section, and that the *He annihila-
tion cross section is twice the p annihilation cross section.
The p annihilation correction was discussed in a previous
publication [2], and the cross-section scaling relations are
taken from Ref. [10]. Final calculated efficiencies are in
the range 0.2-0.5. This is much lower than the typical
STAR efficiency for charged particle tracking (0.8-0.9).
The difference is due entirely to the restrictive track cuts
used in the current analysis to eliminate backgrounds.

Systematic errors were estimated by varying the cuts
used in the analysis. These variations include changing
the number of hits for a valid track, changing the allowed
region of vertex locations, changing the assumed annihi-
lation cross sections, and changing the Z range used for
the signal plus background fit. We estimate the maximum
systematic error on the invariant yields to be about 15%.
We also assume that the errors on the individual yields are
largely correlated. This causes the systematic errors to par-
tially cancel when forming coalescence ratios.
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TABLE I. Measured invariant yields of antinuclei. The errors quoted are statistical only. Systematic errors are estimated to be
15%. Also listed are p invariant yields at the same velocity, and the weak-decay correction to the p yield estimated from RQMD.
pr (GeV/c) E ‘;—[; (GeV™2¢3) pE d;(’;[jA) (GeV~2¢?) Weak-decay correction
B 0.55 [2.47 £ 0.26] X 1073 420 = 0.12 0.56
d 0.65 [1.87 = 0.19] X 1073 4.00 = 0.10 0.53
0.75 [1.93 £ 0.20] X 1073 3.82 = 0.09 0.52
He 24 [8.4 = 23] x 1077 2.63 = 0.04 0.61

We extract d invariant yields in three transverse mo-
mentum bins, where each bin has =100 entries. The ex-
tracted yields are listed in Table I. Comparing these yields
to lower energies, there is a factor of =50 increase in the
d production rate in going from \/syy = 17 GeV [11] to
Jsynv = 130 GeV, and an even more dramatic factor of
~60000 increase in the d production rate relative to Al-
ternating Gradient Synchrotron (AGS) (at BNL) energy
(+/sny = 4.9 GeV) [12].

The mean transverse momentum of the observed *He
sample is ~2.4 GeV/c. We extract an invariant yield
per event evaluated at the mean pr of [8.4 = 2.3(stat) *
1.3(syst)] X 1077 GeV™2¢3.  NAS52 has reported two
*He in minimum-bias Pb + Pb collisions at the CERN
SPS [14]. Our invariant yield is higher, but quantitative
comparison cannot be made because of the different
centralities.

Although only 14 counts were observed, our large
kinematic coverage for *He allows us to estimate the
dN/dy and inverse slope T. To do this, we have
calculated the expected yield as a function of y and pr
using efficiency calculations from embedded data and
assuming an exponential transverse mass distribution.
We minimize the negative log-likelihood over the entire
STAR acceptance taking into account phase-space cells
with no observed counts. We extract *He dN/dy =
[5.1 = 1.7(stat) = 0.8(syst)] X 107> and an inverse
slope T = 0.70 = 0.25(stat) GeV.

STAR has measured invariant yields for p in a similar
centrality range [15]. These results can be combined with
the invariant yields presented in this paper to calculate coa-
lescence factors using Eq. (1). In the coalescence picture,
only antinucleons produced directly from the source are
available to form light antinuclei. Hence, the p yields in
the coalescence ratio have been corrected for antihyperon
feed-down. We use the RQMD model [16] and a detec-
tor simulator to evaluate the probability of incorrectly as-
signing a weak-decay produced p to the primary vertex,
and find that about 45 * 5(syst)% of our p sample comes
from antihyperon feed-down. This fraction is consistent
with preliminary STAR measurements of the A/p ratio.
Table I lists the total p invariant yields along with the es-
timated correction for antihyperon feed-down.

For the topmost 18% central collisions, we find (B,) =
[4.5 = 0.3(stat) *= 1.0(syst)] X 107* GeV?/c? in the d
kinematic region 0.5 < pr < 0.8 GeV/c and |y| < 0.3.
In the top panel of Fig. 2 we compare this result to previ-
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ous measurements at lower energies. In pA collisions, B,
is essentially independent of the collision energy. In cen-
tral nucleus-nucleus collisions, however, the coalescence
factor B, decreases as the collision energy increases from
Bevalac to AGS to SPS. The STAR result shows that
there is no similar decrease in B, from /syy = 17 GeV
to \/syy = 130 GeV. Comparing the STAR result to the
average of the two d results at the SPS [11,14], we obtain
B>(SPS)/B>(RHIC) = 1.1 = 0.1(stat).

For the topmost 18% most central collisions, we find
(B3) = [2.1 * 0.6(stat) + 0.6(syst)] X 1077 GeV*/c®
in the *He kinematic region 1.0 < py < 5.0 GeV/c and
|y| < 0.8. We compare this to collisions at lower energies
in the bottom panel of Fig. 2. The qualitative trend for B3
is very similar to B;. For pA collisions, the coalescence
factor is independent of energy. For AA collisions, the
coalescence factor decreases with increasing collision
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energy. The statistics of the *He measurement at the SPS
preclude a quantitative comparison. If we compare to
the average of 3He and *He at the SPS [14], we obtain
B3(SPS)/B3(RHIC) = 3.4 = 1.5(stat).

Several prescriptions have been proposed for relating
the coalescence parameters to a geometrical source size
[6-8]. For these models, the coalescence parameter
scales with the volume as B4 o« 1/VA~D in the limit of
an (anti)nucleon volume much larger than the intrinsic
size of the produced (anti)nucleus. Using this simple ex-
pression, and the measured coalescence parameter ratios,
we find that Vz(RHIC) = (1.1 * 0.1)Vz(SPS) and
Vsge(RHIC) = (1.8 = 0.4)Vs7=(SPS). Both measure-
ments indicate no large increase of the antinucleon freeze-
out volume when going from /syy = 17 GeV to \/syy =
130 GeV. STAR also measured source sizes using 7~ 7
interferometry [21]. If we construct a quantity propor-
tional to the volume, V., <« R%RL, and compare to the
published SPS data [22], we estimate V.-, (RHIC) =
(1.8 = 0.7)V,- - (SPS). All three available measure-
ments indicate only a slight increase in volume compared
to lower energy collisions. Caution should be exercised,
however, when making quantitative comparisons between
the volumes measured via coalescence and the volumes
measured via HBT since it is not clear that the freeze-out
space-time geometry for pions and antinucleons should
be the same.

We can also make quantitive estimates of the freeze-out
geometry within the context of particular coalescence
models and ask whether the d and *He sources are the
same. A simple thermal model [7], which assumes that
antinucleons and antinuclei are in chemical and thermal
equilibrium within a volume V, gives V;/Vigz = 1.8 *
0.3. The Sato and Yazaki model [6] indicates a similar
trend as the thermal model, with V;/Vsgz = 2.2 *+ 0.3,
while the Scheibl and Heinz model [8], which can be cal-
culated assuming a Gaussian antinucleon density profile
and explicitly includes the effects of radial flow, gives
ngf / Vf}l;—fe = 0.9 = 0.1. In the Scheibl and Heinz model,
an equivalent effective volume, as indicated by the data,
would imply a larger total volume for d compared to *He.
In all models, the *He freeze-out from a smaller volume
and at a presumably earlier time compared to d. This
trend of decreasing source size with increasing nucleon
number has been observed previously in the production
of light nuclei [7,12]. The coalescence picture of light
antinucleus production would predict that the probability
for producing an antinucleus with mass A is proportional
to the Ath power of the local antinucleon density. If the
antinucleon source is not of uniform density, one would
expect the different mass antinuclei to measure different
source sizes, and this is indeed what we observe.

In summary, we have made the first measurements of
the production of light antinuclei (d and *He) in Au + Au
collisions at \/syy = 130 GeV. A large enhancement in
production rate is observed compared to lower energies.
We have combined the measured yields with measurements
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of p production to extract coalescence parameters B, and
B3. Quantitative comparisons to SPS results indicate little
or no increase of the antinucleon freeze-out volume. We
also find that the *He are produced from a smaller volume
than the d.
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