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A reanalysis of data from a recent search for ultraheavy isotopes of gold and iron leads to new constraints
on several classes of exotic objects. These include strangelets, MEMOs (metastable exotic multihypernuclear
objects), and CHAMPs (charged massive particles) which may have been present in the data, but which could
have nonetheless gone undetected due to the design of the original experiment. As a result of the new analysis
we are able to greatly enlarge the exclusion regions for exotic particles of mass M and charge Z, and provide
limits as low as 10~ !! for small M/Z, and 10~ for M/Z up to 120.

DOI: 10.1103/PhysRevD.67.034015

I. INTRODUCTION

In a recent series of papers, results were reported from a
search for superheavy isotopes of gold and iron with masses
up to 1.7 TeV/c? and 0.65 TeV/c2, respectively [1-4].
These results were then used to set limits on the abundance
of strongly interacting neutral massive particles (SIMPs)
bound to gold or iron nuclei, noting that such SIMP-nucleus
bound states would appear in this experiment as anomalously
heavy isotopes of Au or Fe. The object of the present paper is
to generalize the analysis in Refs. [1-4] so as to allow
bounds to be set on other forms of exotic matter. Specifically,
we focus on three classes of exotic objects which we de-
scribe below: strangelets, metastable exotic multihyper-
nuclear objects (MEMOs), and charged massive particles
(CHAMPs). As we will show in the ensuing discussion, the
hypothesized properties of strangelets, MEMOs, and
CHAMPs necessitate reanalyzing the raw data from the ex-
periment described in Refs. [1-4], which only searched for
neutral SIMPs.

The limits quoted in Refs. [1-4] were derived assuming
that the massive particle had an overall nuclear charge of Z
=79. However, the exotic objects to be described below,
strangelets, MEMOs, and CHAMPs, require a complete re-
analysis of the raw data in Refs. [1-4], since these objects
need not have Z=79. The restriction to Z=79 is significant,
since the results obtained during the experiment and the sub-
sequent analysis depended on the stripping efficiency # and
the detector calibrations of the Purdue accelerator mass spec-
trometer (AMS), which in turn are a function of Z.

Consider strangelets, for example, whose properties we
discuss in detail in Sec. IT A. For present purposes strange-
lets would appear in our experiment as objects with anoma-
lously large baryon number-to-charge (A/Z) or mass-to-
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charge (M/Z) ratios. Since the stripping efficiency %
depends on M as well as on Z, it follows that strangelets will
occupy a region in parameter space 7= n(M,Z) which is not
accessed by ordinary matter. For this reason conventional
software used to calculate 7 must be adapted to apply to
strangelets. Similar considerations apply to MEMOs which
would also appear in the experiment of Refs. [1-4] with
values of M and Z not covered by our previous analysis.

II. MOTIVATION
A. Strangelets

Various theoretical considerations suggest that strange
quark matter (SQM) may exist, which would consist of ob-
jects containing roughly equal numbers of u, d, and s quarks.
(See Refs. [5,6] for recent reviews.) Objects composed of
SQM could range from small (strangelets) to large (strange
stars), and might also constitute a component of cosmic ra-
diation in the form of quark nuggets [5—7]. The possibility
that strange stars may in fact exist received a boost recently
based on data obtained from the Chandra X-Ray Observa-
tory [8,9]. Although not conclusive, two separate analyses of
the Chandra data suggested the presence of collapsed objects
smaller than neutron stars, which is compatible with theoret-
ical expectations for strange stars.

From the point of view of the present analysis, strangelets
would appear as nuclei which are neutral, or close to neutral,
despite having a large baryon number. This follows by noting
that the sum of the charges on a u, d, and s quark is zero, and
hence any object containing roughly equal numbers of u, d,
and s quarks would be approximately neutral. This observa-
tion, along with various scenarios for strangelet production,
form the basis for the present analysis.

In the first scenario, we assume that strangelets are in fact
the true ground state of QCD, as postulated by Witten [7],
and hence fragments of SQM created in the big bang could
remain in trace quantities as part of our natural environment.
As a result, back scattering [10,11] and mass spectrometry
experiments [1,2,12,13] may be sensitive to such strangelets.
Similarly, cosmic ray data have also been analyzed for the

©2003 The American Physical Society



JAVORSEK, FISCHBACH, AND ELMORE

presence of strangelets [14—16], and possible signals for
SQM nuggets have been proposed from seismic events [17].

A second scenario for strangelet production is associated
with the intense energy created in heavy-ion collisions in
which an intermediate quark-gluon plasma (QGP) is formed.
The QGP is hypothesized to be rich in u and d quarks and to
have initial strangeness of zero. However, as the plasma ex-
pands and cools it emits not only hadronized pions, but also

hadronized kaons (K, KO) which are made of s quarks,
thus leaving the QGP with a net strangeness. Since K* and
K° form more readily than their respective antiparticles K~

and K in the presence of a plasma rich in u and d quarks, it

follows that s quarks are depleted preferentially from the
QGP compared to s quarks, which is why the QGP may end
up with a nonzero strangeness. In this scenario strangelets
are essentially the cooled remnants of the QGP [6]. The third
scenario for strangelet production is known as the coales-
cence model in which the products of the nucleus-nucleus
collision form a composite state which fuses to form a
strangelet [18]. Several experiments have been performed at
heavy-ion colliders at the BNL Alternating Gradient Syn-
chrotron (AGS) [19-24] and CERN Super Proton Synchro-
tron (SPS) [25] searching for strangelets by their large mass
to charge ratio (A/Z).

B. MEMOs

Relativistic heavy-ion collisions like those produced at
the BNL AGS are also expected to yield tens of hyperons per
collision [26]. This in turn creates an environment which is
favorable to the formation of metastable exotic multihyper-
nuclear objects (MEMOs). Schaffner, Greiner, and Stocker
[26] show that multi-A hypernuclei are more strongly bound
than normal nuclei using the relativistic mean-field model (a
model which has been proven to give good descriptions of
normal nuclei as well as A hypernuclei). As a result, certain
MEMOs may produce signals which would be similar to the
strangelets discussed above [27,28]. Several MEMOs along
with their properties are tabulated in Ref. [26].

C. CHAMPs

We consider first the case of a charged SIMP X=¢ (with
charge =Q) bound to a nucleus having a charge Z. (When
Q= =1 these particles are called charged massive particles,
CHAMPs [29,30], whose constraints may be found in Ref.
[31].) In the experiments of Refs. [1-4], if Z+ Q=79 then
the resulting nucleus would be indistinguishable from a
nucleus 79X with mass My formed from a neutral SIMP
bound to ;9Au. Since this was the case analyzed in Refs.
[1-4], it follows that the limits obtained there apply imme-
diately to charged SIMPs with arbitrary Q attached to appro-
priate nuclei.

D. Other exotic particles

Finally we note that other types of exotic nuclear matter
could have been present in the samples analyzed in the ex-
periment of Refs. [1-4]. This experiment would have de-
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tected any nucleus having an anomalously large mass, or a
mass that cannot be identified with a known isotope. This
includes nuclei formed by the binding of exotic particles to a
conventional nucleus, as well as a nucleus containing only
protons and neutrons but having an unexpectedly large mass.
In particular, our experiment constrains the hypothetical dou-
bly magic superheavy nucleus *'°G (Z=126, N=184) [27].

III. SAMPLES

In this section we discuss the implications of our reanaly-
sis of the data from a recent experiment by Javorsek et al. [1]
carried out at the Purdue Rare Isotope Measurement Labora-
tory (PRIME Lab). In the PRIME Lab experiment, much
effort was devoted to obtaining unique samples which would
enhance the possibility of finding exotic nuclei. While all
samples were sensitive to primordial exotic nuclear objects,
two samples are particularly relevant for the discussion at
hand: the first is a sample flown on board the Long Duration
Exposure Facility (LDEF) satellite, and the second was ob-
tained from the beam dump of experiment E§78 run at the
Brookhaven AGS. A discussion of the implications of the
LDEF sample for dark matter may be found in Refs. [1-4].
Of more immediate interest to the present paper are the re-
sults from the AGS sample since they effectively combine
two major methods of searching for terrestrial strangelets.

In E878 an Au beam was incident on an Au target result-
ing in more than 2X10'? Au+ Au collisions at a beam en-
ergy of 10.84 GeV [19]. E878 searched for strangelets with
a spectrometer designed to detect the ejected products of the
Au+ Au collision, and was sensitive to strangelets of charges
Z=-3, =2, —1, +1, +2, +3 up to a mass of A=30.
Due to the design of the experiment, it was unable to detect
either neutral strangelets or any strangelets which would
have remained trapped in the target. The data reported in
Refs. [1-4] analyzed the target material from E878 for
anomalous nuclei.

If the conjecture that SQM is the true ground state of
QCD [7] is correct then a strangelet would be an eigenstate
of SU(3) and would be stable. This stability arises from the
introduction of the third flavor (s quark) which in turn re-
duces the energy of SQM relative to the usual two flavor
system composed of u# and d quarks. This extra flavor pro-
vides an added Fermi potential well and makes it possible to
increase the spatial concentration of quarks, which reduces
the total SQM energy [5].

Since the strangelet is an eigenstate of SU(3) it is either
an isoscalar, an isospinor, or an isovector. If the strangelet is
an isoscalar then the strangelet-nucleus force would be at-
tractive, and it would bind to the nuclei of ordinary elements.
This binding will depend on the strangelet-nuclear potential
and could preferentially bind to high-Z nuclei [1]. Since
strangelet remnants of the big bang would exist in only trace
concentrations, the experiment of Hemmick et al. [12] may
not have been sensitive enough to find primordial strangelets,
especially if strangelets bind preferentially to heavy nuclei.
In the PRIME Lab experiment [1-4] we circumvent these
two problems by searching for strangelets bound to a high-Z
nucleus, Au, and by using the target Au from E878 at the
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FIG. 1. Schematic cross section of the PRIME Lab gas ioniza-
tion detector. See the text for further details.

AGS which came from an environment favorable for
strangelet production.

If neutral strangelets or those with Z>3 had been pro-
duced in the E878 experiment, they would have gone unde-
tected. It is possible that some would have remained trapped
in the target material and would then be visible in the
PRIME Lab experiment. However, the data reported by Jav-
orsek et al. [1] provides constraints on neutral strangelets
only. Following a reanalysis of the PRIME Lab data, we
found that changing the acceptable range of energy deposited
in various regions of the gas ionization detector allows sen-
sitivities to strangelets of Z=14. This limit arises from the
high charge states run in the experiment.

IV. REANALYSIS OF THE DATA

In the experiment of Javorsek et al. [1-4], the samples
were analyzed for a range of different terminal voltage set-
tings V; at the PRIME Lab accelerator mass spectrometer
(AMS). (For a description of the PRIME Lab AMS see Ref.
[2].) This range of V settings allowed all masses to be ac-
cessed in a scan from 2.7 GeV/c? to 1.67 TeV/c?. Following
the electrostatic and magnetostatic selection for the ion of
interest at a given mass step, the particle passed from the
beam pipe through a thin Mylar film into a gas ionization
detector, which was filled with propane gas. The ions pro-
duce electron-ion pairs when they interact with the gas, and
these pairs separate in the presence of a low transverse elec-
tric field, thus inducing voltage signals on the cathode and
anode (see Fig. 1). For each V; step, a histogram of the
number of events versus collected charge was created for
each of the anode plates and cathode chamber. This allowed
a determination of the energy deposited along the ion path
(from the anode), as well as the total energy (from the cath-
ode). Once the energy spectra were recorded in the detector,
the AMS was reconfigured for the next value of V; and
hence for the next mass step.

Energetic ions in the detector lose energy through inter-
actions with the propane gas, eventually resulting in an ion
with an equilibrium number of electrons bound to a nucleus
of charge Z. This equilibrium state depends directly on both
Z and the incident energy. As a result, ions with the same
energy but different Z lose energy at different rates, and de-
posit different fractions of their total energy along corre-
sponding segments of the ion path. Segmenting the anode

PHYSICAL REVIEW D 67, 034015 (2003)

TABLE 1. Peak channels for three representative Au beam en-
ergies, E, . AE;, AE,, and AE; denote the segmented anode plates
on which the particles were detected, with AE; being closest to the
Mylar window and AE; farthest away. Each plate has 1024 chan-
nels, and the channel number increases linearly with energy. For the
cathode the single plate measures the total energy E.

Beam energy Anode plate channel Cathode channel

Eb (MCV) AEI AEZ AE3 Total E
229 459 375 387 852
20.0 408 345 334 714
16.8 336 303 83 522

thus provides us with knowledge of how each particle depos-
ited its energy along its path and, if calibrated properly, this
leads to a determination of Z. In the experiment of Refs.
[1-4] the detector was calibrated for Z=79 by running Au at
different energies, and then recording the channels where the
peaks were observed for each plate. Table I gives the total
beam energies as well as the peak Au channels on each plate.
(Here the plate denoted by AE, is that closest to the Mylar
window and AE; is the plate farthest away.) The pressure of
the propane gas was chosen such that the highest energy
beam would stop in the AE; plate. As the beam energy de-
creases, the particles do not penetrate as deeply into the de-
tector as is evidenced by the sharper decline in the peak
channel for the AE; plate.

Following this channel-to-energy calibration two different
procedures were employed to analyze the results: First a his-
togram was produced that included the energies of all par-
ticles which entered the detector at a given V step. Since the
electromagnetic elements in the AMS beam line separated
particles based on their mass-to-charge ratio M/q, and not
exclusively on their mass (see Ref. [2] for further discus-
sion), it follows that different particles with the same M/q
will pass through the electromagnetic elements and reach the
detector. Thus the detector calibration discriminates among
particles with the same M/q based on their different energy
spectra as reflected by the signals in the anode and cathode
channels. This allowed us to determine which peak in the
detector was the particle of interest, and to differentiate it
from a normal atom in a different charge state masquerading
as an exotic particle. For different V steps we then antici-
pated the peak channel (i.e. energy) where the exotic particle
(with a presumed mass M) would appear, and in turn ignored
all peaks in different channels (i.e. at different energies and
different Z’s). For additional details on the experimental pro-
cedures see Refs. [1-4].

Unfortunately, there were several cases of strong contami-
nation from peaks with energies close to the predicted energy
of the exotic particle, and for these a second procedure was
employed. Since each peak has associated with it a charac-
teristic width (which arises from small V; fluctuations as
well as from window impurities, energy straggling, etc.) it is
possible for the tail of a nearby contaminating peak to
swamp a small peak from an exotic particle, which we ex-
pect to be present in trace amounts. In order to eliminate this
effect we introduced a process of ‘“‘gating,” which con-
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strained the energy spectrum of each plate. To accomplish
this we created a program which only recorded counts with
the proper fraction of the ion’s total energy deposited on each
plate. This program created a “window’” or “‘gate’ that was
centered on the expected peak channel with a width equal to
the full width at half maximum of the Au peak used in the
calibration process. Only particles with energies that fell
within the gates of all three plates were counted in the final
result, which selected only those counts with the predeter-
mined value of Z.

In the previous experimental results [ 1-4], the gating pro-
cedure described above was performed for Z=79 only. In the
present reanalysis of the data, we modified the program to
search for potential exotic particles with different values of Z
in order to provide constraints on exotic particles which were
not neutral (as assumed in Ref. [2]).

The observation that atoms with different Z arrive at dif-
ferent equilibrium charge states when introduced to a me-
dium also affects the experimental results by changing the
accelerator transmission efficiencies. In the AMS a nega-
tively charged ion is created and accelerated by a large po-
tential difference (the terminal voltage, V). At the terminal
of the accelerator the ions are introduced to an Ar gas ““strip-
per.” This removes electrons and creates a positively charged
ion which is then accelerated away from the terminal. This
“tandem’ acceleration produces the energies needed to sepa-
rate the different ions based on their mass, charge, and ener-
gies, and also removes potential molecular contaminants.

As a result of the dynamics of the charge changing pro-
cess that occurs in the stripper the negatively charged ions
that enter the terminal exit with a distribution of different
charge states. The number of ions which end up in the de-
sired charge state is characterized by the stripper transmis-
sion efficiency # for that charge state. Since the sensitivity of
such AMS experiments requires an understanding of the de-
pendence of n on Vg, this question has been extensively
studied in the literature [32]. It has been shown that 7(V;)
can be expressed phenomenologically in the form

7= P exp (1)

Py(Vy—P3)?
1+P4(VT_P3) ’

where the constants P, ... P, are determined empirically. In
the present experiment we calibrated the stripper by running
both Au and Fe at several terminal voltages, and then used
these data to extract P, ... P,. Figure 2 displays the results
for both Au and Fe with the values of the constants given in
Table II. As a result this study provides us with the ability to
interpolate # for ions with different Z.

From the table it appears that the most significant differ-
ence among nuclei with different Z is the overall coefficient
P, of the Gaussian, which can differ by an order of magni-
tude from one nucleus to another. However, there are other
competing effects which determine the final sensitivity
X/Au, such as the dependence of the stripping efficiency on
the mass and velocity of the incident ions. (See Ref. [3] for
further discussion.) From Ref. [2] the sensitivity X/Au is
given by
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FIG. 2. Normalized transmission efficiency for both ;9Au and
»¢Fe as a function of the terminal voltage V; in MV for charge state
g=+9.
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Here g is the charge state, R is the observed count rate in
counts per minute, and /;,, is the beam current measured at
the detector Faraday cup. For a derivation of this equation
see Ref. [2]. Our limits on exotic particles were obtained
from Eq. (2) which is a modified version of the expression
used to calculate the sensitivity in Refs. [1-4], coupled with
the newly determined values of the stripper efficiencies for
different Z. We were able to return to the existing data and
simply search the energy spectra for peaks which would have
been rejected by the previous search, but which we would
now identify as having the characteristics of a strangelet or
other massive nuclear object. All peaks found via the re-
gating procedure were easily explainable, and this allowed us
to set several new constraints on the presence of strangelets
in experiments like E878 at BNL. Our results are shown in
Fig. 3 and are presented in a format similar to other strange-
let searches where the sensitivity is plotted against the M/Z
ratio. Recall that the lower limit of Z=14 arises from the
high charge states of up to 14 used in the original experi-
ment.

V. CONCLUSIONS

We have shown that following a reanalysis of the raw data
obtained originally by Javorsek ef al. [1,2] we are able to

TABLE II. Coefficients for the stripper transmission efficiency
curve fit at charge state g=+9 for both ;9Au and ,¢Fe. The defi-
nition of these parameters can be found in Eq. (1).

Atom Pl Pz P3[M V] P4
79Au 0.066 —0.12 7.014 —0.028
JFe 0.67 ~0.16 7.207 ~0.026
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FIG. 3. Sensitivity, X/Z, of the AGS E878 sample as a function
of M/Z for three representative values of Z. The shaded region
contained within the solid lines is excluded by the PRIME Lab
results at the 95% confidence level. A similar exclusion region may
be created for each of the other samples, although the AGS and
LDEF samples come from environments that are most likely to
contain exotic nuclear matter.

constrain the possible properties of strangelets, MEMOs, and
CHAMPs. In fact, the samples examined (primarily from
E878 at the AGS) should have enhanced the possibility of
strangelet detection, since they came from an environment
favorable to the formation of exotic objects. Since the limits
provided in this paper are for a generic particle with mass M
and nuclear charge Z, one may interpret M and Z as either the
properties of a free strangelet or as those of a bound system
consisting of a strangelet with an ordinary nucleus (see Sec.
I C).

This paper sets limits on the existence and properties of
particles such as strangelets, MEMOs, and CHAMPs at sen-
sitivities comparable to the previous AMS experiment [13].

PHYSICAL REVIEW D 67, 034015 (2003)

TABLE III. Comparisons of the M/Z and sensitivities for dif-
ferent experiments.

Experiment M/Z range Reference
E878 (Au+ Au) —20=M/Z<-2 [19]
2<M/Z<15 [19]
AMS (He) 21=sM/Z<41 [13]
E886 (Si,Au+Pt) —12=M/Z=—-1 [20]
2=M/Z<12 [20]
E864 (Au+Pt) —100sM/Z< -2 [21,23]
2=M/Z<100 [22,23]
NAS52 (Pb+ Pb) —100sM/Z<—-2 [25]
2=M/Z<60 [25]
PRIME Lab 0.03=M/Z<119 present results

(Since the AMS experiments are configured differently from
the collision experiments [ 19-25], a direct comparison of the
sensitivities of each type of experiment is not meaningful.)
Table III presents a summary of the range of M/Z values
from different searches for strangelets. By extending the
range of M/Z up to nearly =120, we have significantly en-
larged the exclusion region in parameter space for strange-
lets.
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