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Strangelet search and light nucleus production in relativistic Si1Pt and Au1Pt collisions
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A strangelet search in Si1Pt and Au1Pt collisions at alternating-gradient synchrotron~AGS! energies, using
a focusing spectrometer, sensitive to mass per charge of 3–14 GeV/c2 was conducted during the 1992 and
1993 heavy ion runs at the AGS. The null results thereof are presented as upper limits on the invariant
production cross section, in the range of 102521024 mb c3/GeV2, and model dependent sensitivity limits in
the range of 102721025 per collision. Measurements of the production cross sections of several nonstrange
nuclear systems, fromp to 7Be and 8Li, the background of the strangelet search, are also presented.
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PACS number~s!: 25.75.Dw, 12.38.Mh, 24.85.1p
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Strange quark matter~SQM!, that is, a multiquark system
composed of roughly equal numbers of up (u), down (d),
and strange (s) quarks@1,2#, is thought to be producible in
small droplets~‘‘strangelets’’! @3–6# in relativistic heavy-ion
collisions, owing to the high energy and particle content
the colliding systems. Strangelets have even been prop
as the ‘‘smoking gun’’ signaling the formation of the elusiv
quark-gluon plasma~QGP! @7–9# in such collisions. The
strangeness content of these systems should increase
mass per baryon number, while the tendency towa
~roughly! equal number of each flavor should decrease
charge per baryon. An expected signature of strange
therefore, is an anomalously large mass to charge r
~M /Z). Predictions of production rates in models that p
suppose the creation of QGP are at levels accessible to
rent experiments, if the strangelets so produced are l
lived. Coalescence-based predictions, in which a group
baryons coalesce to form a hypernucleus following a hea
ion collision, and proceed to collapse into a strangelet,
generally several orders of magnitude lower than QGP o
and have so far been out of the reach of experiments. H
ever, predictions for the production rate of the hypernuc
are quite high@10#, and offer a way to limit the branching
ratio into strangelets. In addition, Ref.@11# discusses the pos
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sible stability of multistrange hypernuclei, whose signatu
like strangelets, would be an unusualM /Z. No production
rate estimates are given.

The question of lifetime is important for long flight-pat
spectrometers, which have been utilized by all fixed tar
heavy-ion experiments to date@12–15#. Several theoretical
works address strangelet stability against particle emiss
and some estimate the lifetimes of such systems. In Ref.@16#
the lifetime of metastable strangelets is estimated to be
the order of 331027 s, quite accessible to experiments.

We have conducted a high sensitivity study of 14.6A
GeV/c Si and 10.8A GeV/c Au collisions with a Pt target at
the alternating gradient synchrotron~AGS! of the
Brookhaven National Laboratory~BNL!, searching for new
particles characterized by unusualM /Z ratios ~e.g., strange-
lets!. Target thickness was 4.5 cm during the Si run a
negative polarity Au run, and 2.0 cm during the positiv
polarity Au run. In addition, thin targets~a few mm! were
used during both the Si and Au runs for calibration measu
ments. Our search was conducted using the 2 GeV/c D-6
beam line@17# at the AGS as a focusing spectrometer, with
second measurement provided by its associated open ge
etry dipole spectrometer, directly downstream of the be
line. The total flight path was;30 m. The spectromete
covered a region of production angles from 4.0° to 7.4°, a
a momentum bite of 1.8 GeV/c63%. The beam line is
equipped with two electrostatic separators that, along w
the two associated dipole magnets, provideM /Z selection
capabilities. These were used during the Si run to reduce
incidence on the trigger counters, but not during the Au r
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R16 54A. RUSEK et al.
when the rates were low. Throughout the following discus
sion the beam line and open spectrometers will be referred
as ‘‘front’’ and ‘‘rear’’ spectrometers, respectively. The
M /Z of particles produced within the acceptance of the bea
line was determined by simultaneous measurement of th
magnetic rigidity (p/Z) and velocity (b). The p/Z was de-
termined by trajectory reconstruction using space point info
mation produced in various drift chambers along the beam
line, while b was obtained by measuring the time-of- fligh
~TOF! between pairs of plastic scintillators, separated by a
proximately 15 m. Particle charge~Z! was deduced from
pulse height measurements in an energy-loss counter, c
sisting of four closely-spaced plastic scintillators located b
tween the front and rear spectrometers. Velocity and rigidi
measurements were made similarly in the rear spectrome
providing a redundant measurement ofp/Z andb for each
event. TheM /Z resolution~rms! in the front and rear spec-
trometers was 2.1% and 2.4%, respectively. Further inform
tion regarding the experimental apparatus and techniques
be found elsewhere@17–21#.

Candidate events withM /Z in the range of interest were
selected online by TOF in the front spectrometer and ener
loss, and were written to magnetic tape. For clean partic
identification in the off-line analysis, we rejected events wit
more than one particle observed in the front spectromet
the passing rate for this cut being 92%. Additional cuts ava
able were a goodx2 requirement of the fit to the space poin
information, an agreement between theM /Z measurements
in the front and in the rear within 3.0 standard deviation
and the requirement that the measuredp/Z value in the rear
spectrometer be less than or equal to that in the front spe
trometer, the maximum allowable rigidity shift being three
times that expected from the average energy loss in trave
ing the various counters. These additional cuts were appli
in some small ranges ofM /Z as needed, and combined with
the overall single track requirement resulted in an efficienc
of approximately 74%.

A summary of the positive-polarity Au data is represente
in Fig. 1, where the pulse height in the energy-loss counter
plotted against theM /Z in the front spectrometer. The lines
in this plot represent the expected most probable puls
height for Z51,2,3, and 4 according to Vavilov’s theory,
modified by nonlinearities in plastic scintillator respons
@22#. The rear spectrometer information is used in the plo
for the M /Z agreement andp/Z difference cuts, discussed
above. This plot demonstrates the good particle identificati
capability of the apparatus, and gives an indication of th
sensitivity of the search. We were able to identify cleanl
p, K, p, d, t, 3He, 4He, 6He, 8He, 6Li, 7Li, 8Li, and
7Be, using TOF and pulse height alone, and calculated t
invariant production cross sections for the ions. In additio
to the live time, detection, and analysis efficiency correc
tions, thick-target related effects were taken into account th
included momentum shifts due to energy loss in the targ
beam line acceptance changes, survival efficiency of pr
duced systems in the target, and production by second
reactions@21#. If we assume that all detected ions are pro
duced in primary Au1Pt interactions, the resulting cross sec
tions are shown by the horizontal lines in Fig. 2. Howeve
some ions are produced by secondary interactions of the o
going ions in the target. The contribution of these has be
-
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estimated using an extension of a coalescence-model
made to thin-target data@19#. The cross sections,
Ed3s/dp3, corrected for this effect, are listed in Table I,
where the multiplicity for each ion is given as well. The
numbers listed for6He through 7Be come from the thick-

FIG. 1. Pulse heights plotted againstM /Z. Since different
groups of particles came from different data sets, the relative mu
tiplicities in this plot are not representative of actual ones. The line
represent the expected most-probable pulse height for differen
charges, according to Vavilov’s theory, modified by nonlinearities
in scintillator response.

FIG. 2. The invariant production cross sections for the ions
identified in the thick-target data set. The horizontal lines denote th
values that result from a straightforward calculation, not taking sec
ondary reactions into account. The symbols denote the values o
tained from an extention of a coalescence fit to the thin-target data
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54 R17STRANGELET SEARCH AND LIGHT NUCLEUS . . .
target data, while the rest come from the thin-target data, a
all correspond to the symbols in Fig. 2. The errors reflect t
uncertainties in the corrections for secondary reactions in
thick target, as well as statistical and analysis-related erro
The systematics, stemming mainly from incident beam no
malization and beamline transport uncertainties, are e
mated to be between 10% and 15%, and are not shown in
figure nor listed in the table.

Except for those appearing in the figure and the table,
other systems were detected during the entire Si and Au ru
Strangelets are expected to be found in the region to the ri
of all detected ions, along the lines of integer charge, with
the expected pulse-height resolution. Most events found
this region were determined to be accidental triggers, sin
they had pulse heights consistent withp or p, much lower
than that expected for slow~highM /Z! systems, withZ51.
In addition, the ratio of these events to fully identified even
was in very good agreement with predictions for acciden
rates, based on counting rates in the trigger detectors. Th
were therefore easily rejected by TOF and the pulse heig
All other candidate events were rejected by the requirem
of consistency in momentum andM /Z between front and
rear spectrometers.

The null results of both the Si1Pt and Au1Pt searches
are given in the form of 90% CL upper limits on invarian
cross section in Figs. 3 and 4. For comparison with oth
experiments with colliding systems and phase-space cov
ages that differ from ours, and with theoretical models, it
more convenient to express the results as the sensitiv
which is defined as the upper limit on the total number of
given particle produced per collision. This requires know
edge of the phase-space distribution of the produced partic
of interest, to relate total cross sections to the different
cross sections measured in a restricted region of phase sp
This distribution is unknown for strangelets, but fits t
nonstrange systems’ distributions are used to try to guess
shape. The one used for the sensitivity limit in this work
given by

E
d3n

dp3
}expF2

1

2 S y2y0
sy

D 2GexpF2
Mt2M

T G ,

TABLE I. Au1Pt data summary.

Ion Total count6stat.
Invariant cross section

mb c3/GeV2

p (1.13660.002)31010 (6.0460.18)3104

d (5.50860.003)3108 (3.060.1)3103

t (4.9560.10)3107 (3.0060.35)3102
3He (2.0060.06)3107 (3.260.5)3101
4He (1.0660.15)3106 (2.460.6)3100
6He 2628682 (7.3763.03)31023

8He 2365 (7.9465.56)31025

6Li 1629643 (1.6760.47)31023

7Li 187615 (2.1660.71)31024

8Li 662 (7.7365.42)31026

7Be 4567 (2.6160.78)31025

p̄ (5.460.67)3106 (1.7560.03)3101
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FIG. 4. The 90% upper limit on invariant cross section~upper
plot! and sensitivity~lower plot!, for stable strangelets, from the Au
run. The three curves are, from top to bottom, forZ51,2, and 3.
The predictions of Ref.@8# for strangelets withA510,S521 andZ
523,22,21,1,2, and 3 are marked with empty circles. The hype
nuclear systems of Ref.@10# are marked with triangles, and are,
starting with the upper-most one and proceeding counter clockwi

L
5He, LL

5 He, LL
6 He, andLL

5 H. The full circles give the predictions
of Ref. @9# for strangelets ofA54 and, from top to bottom,S
521,22,23, and24.

FIG. 3. The 90% upper limit on invariant cross section~upper
plot! and sensitivity~lower plot!, deduced from the Si run. The
three curves are, from top to bottom, forZ51,2, and 3. Two differ-
ent mass tunes were used during that run, which leads to the kink
the plot aroundM /Z56. The step in theZ51 curve around
M /Z54 is due to the additional cuts needed to clean the residu
tail from the tritons, as described in the text.
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R18 54A. RUSEK et al.
wherey, M , andMt are the produced system rapidity, mas
and transverse mass, respectively, andy0 the collision
center-of-mass rapidity. Our upper limits, expressed as s
sitivities, are shown in the lower set of curves in Figs. 3 an
4, where we used the above expression withsy51/AA and
T50.15 GeV~see below!. As in the case of the production
cross sections for the ordinary nuclei, corrections were ma
for the analysis and detection efficiencies, as well as thic
target related corrections as described earlier.

The values extracted for the sensitivity depend on t
form chosen forsy in the above expression for the invarian
cross section. In Refs.@23,24#, a value ofsy51 was de-
duced from an analysis of pion production. Coalescen
models suggest thatsy should vary with 1/AA, and in the
analysis of Beaviset al. @15#, the forms sy51/AA and
sy50.5/AA were used, as well as a constant value
sy50.5. To illustrate the effect of this, Fig. 5 shows th
sensitivities extracted from the present results for Au1Pt,
Z561, for the above four assumptions forsy .

In Ref. @8#, the production rates for both positive an
negative strangelets are given, presupposing the creation
QGP in relativistic heavy-ion central collisions, which ar
taken to be 10% of all collisions. The numbers given fo
some systems are represented by open circles in Fig. 4.
prediction forZ511 is comparable to the present limit. Thu
it is possible that, for some assumptions for the form
sy , this system could have been detected had it been p
duced at the predicted rate, and was sufficiently long live
The absence of signal can be used to limit the lifetimes to
few 100 ns, deny the formation of the system, or deny t
formation of QGP in the reactions studied in this experimen
The black triangles represent predicted production rates

FIG. 5. The present results for Au1Pt collisions, forZ561,
expressed as sensitivities. The curves are for the four assumpt
about the form ofsy discussed in the text; from top to bottom the
aresy50.5/AA, sy51/AA, sy50.5, andsy51.
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some of the single- or double-hypernuclear systems d
cussed in Ref.@10#. The absence of signal here can be us
to limit the lifetime, or limit the branching ratio for decay o
these systems into strangelets.

Another estimate of strangelet production has been p
lished by Árvay et al. @9#, and results in the predictions fo
A54 systems, indicated as full circles in Fig. 4. As in th
work of Crawford et al. @8#, they assume that a QGP i
formed in central collisions, and they study how the plas
condenses out into hadrons, including strangelets. The c
ing of the hadronic droplets is not treated in detail in Re
@9#. As a result, the authors point out that their predictions
absolute rates are not reliable, but they claim that their p
dicted ratios of strange to nonstrange systems for a giv
baryon number should not be strongly affected. Thus in
plying their calculations, we multiplied this ratio from the
paper by the number of nonstrange nuclei we observed
perimentally for the sameA. In doing so, we involve the
same assumptions as in applying Crawford’s work, i.e.,
formation of a QGP and that the strangelet lifetimes are lo
enough. In addition, we have to assume that a portion of
yield we observe for ordinary nuclei results from condens
tion from the QGP rather than from other sources such
coalescence. This was done by assuming that QGP was
duced in every central collision, which was taken to be 10
of all collisions.

In summary, we report the null result of a high sensitivi
search for strangelets, limited to a single, small area
phase space and lifetimes greater than a few 100 ns.
results, given in the form of limits on invariant cross sectio
and on model-dependent sensitivity, can be used to p
limits on QGP-based production models, but do not ch
lenge coalescence-based production models, which pre
much lower production rates@8,24#. They are the most sen
sitive results reported in Si1 Pt, among the first reported in
Au 1 Pt collisions, and are complementary to the results
the few experiments that reach similar sensitivity in the
and other reactions@14,15#. Our acceptance forZ53 systems
enables us to set limits on systems with baryon number u
A;50. The two spectrometer approach made the search
near known systems possible, cleaning up the backgro
unique to experiments using only one focusing spectrome
The reported cross sections for light nuclei fromp to 8Li,
spanning some ten orders of magnitude, are relevant to
lescence model calculations, and can be used to gauge
sensitivity of our search.
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