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Strangelet search and light nucleus production in relativistic S#+Pt and Au+Pt collisions
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A strangelet search in $iPt and Aut-Pt collisions at alternating-gradient synchrot&GS) energies, using
a focusing spectrometer, sensitive to mass per charge of 3—14c&eMb 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 6 1074 mb c3/GeV?, and model dependent sensitivity limits in
the range of 107—107° per collision. Measurements of the production cross sections of several nonstrange
nuclear systems, fronp to “Be and 8Li, the background of the strangelet search, are also presented.
[S0556-28186)50607-2

PACS numbeps): 25.75.Dw, 12.38.Mh, 24.85.p

Strange quark mattéS5QM), that is, a multiquark system sible stability of multistrange hypernuclei, whose signature,

composed of roughly equal numbers of up (down (d), like strangelets, would be an unusWdl/Z. No production
and strangeq) quarks[1,2], is thought to be producible in rate estimates are given.
small dropletg*strangelets”) [3—6] in relativistic heavy-ion The question of lifetime is important for long flight-path

collisions, owing to the high energy and particle content ofspectrometers, which have been utilized by all fixed target
the colliding systems. Strangelets have even been proposégavy-ion experiments to daf@2—-15. Several theoretical
as the “smoking gun” signaling the formation of the elusive works address strangelet stability against particle emission,
guark-gluon plasmgQGP [7-9] in such collisions. The and some estimate the lifetimes of such systems. In[R6f.
strangeness content of these systems should increase thdie lifetime of metastable strangelets is estimated to be on
mass per baryon number, while the tendency towardghe order of 3<10~’ s, quite accessible to experiments.
(roughly) equal number of each flavor should decrease the We have conducted a high sensitivity study of 1.6
charge per baryon. An expected signature of strangelet§;eVic Si and 10.8 GeV/c Au collisions with a Pt target at
therefore, is an anomalously large mass to charge ratithe alternating gradient synchrotrofAGS) of the
(M/Z). Predictions of production rates in models that pre-Brookhaven National Laborato§BNL), searching for new
suppose the creation of QGP are at levels accessible to cuparticles characterized by unuslZ ratios (e.g., strange-
rent experiments, if the strangelets so produced are lonkpts). Target thickness was 4.5 cm during the Si run and
lived. Coalescence-based predictions, in which a group ofiegative polarity Au run, and 2.0 cm during the positive-
baryons coalesce to form a hypernucleus following a heavypolarity Au run. In addition, thin target& few mm were
ion collision, and proceed to collapse into a strangelet, areéised during both the Si and Au runs for calibration measure-
generally several orders of magnitude lower than QGP onesnents. Our search was conducted using the 2 Gd¥6
and have so far been out of the reach of experiments. Howbeam ling[17] at the AGS as a focusing spectrometer, with a
ever, predictions for the production rate of the hypernucleisecond measurement provided by its associated open geom-
are quite high10], and offer a way to limit the branching etry dipole spectrometer, directly downstream of the beam
ratio into strangelets. In addition, R¢11] discusses the pos- line. The total flight path was-30 m. The spectrometer
covered a region of production angles from 4.0° to 7.4°, and
a momentum bite of 1.8 Ge¥t3%. The beam line is
"Present address: Brookhaven National Laboratory, Upton, Nyequipped with two electrostatic separators that, along with

11973. the two associated dipole magnets, providéZ selection
TPresent address: National Laboratory for High Energy Physicsapabilities. These were used during the Si run to reduce the
(KEK), Tsukuba 305, Japan. incidence on the trigger counters, but not during the Au run
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when the rates were low. Throughout the following discus-
sion the beam line and open spectrometers will be referred to =
as “front” and “rear” spectrometers, respectively. The
M/Z of particles produced within the acceptance of the beam
line was determined by simultaneous measurement of their
magnetic rigidity ¢/Z) and velocity (8). The p/Z was de-
termined by trajectory reconstruction using space point infor-
mation produced in various drift chambers along the beam-
line, while 8 was obtained by measuring the time-of- flight I
(TOF) between pairs of plastic scintillators, separated by ap- 10[
proximately 15 m. Particle charg&) was deduced from 3
pulse height measurements in an energy-loss counter, con-
sisting of four closely-spaced plastic scintillators located be- i
tween the front and rear spectrometers. Velocity and rigidity 5?
measurements were made similarly in the rear spectrometer,
providing a redundant measurementpZ and 8 for each
event. TheM/Z resolution(rms) in the front and rear spec-
trometers was 2.1% and 2.4%, respectively. Further informa-
tion regarding the experimental apparatus and techniquescan 0575342 "5 6 7 8 9 10
be found elsewhergl7-21]. Mass per Charge (GeV/c?)
Candidate events witM/Z in the range of interest were
selected online by_TOF in the fron_t spectrometer and energy _ - 1 byise heights plotted againbt/Z. Since different
. ! tiplicities in this plot are not representative of actual ones. The lines
more tha_ln one partlc!e obseryed in the f“."f“ SpeCtrometfeFEpresent the expected most-probable pulse height for different
the passing rate fc;r this _CUt being 92%. _Addltlonal cuts a\{"’ul'charges, according to Vavilov’s theory, modified by nonlinearities
able were a goog“ requirement of the fit to the space point i, sintillator response.
information, an agreement between tMéZ measurements
in the front and in the rear within 3.0 standard deviations,, ¢ \ated using an extension of a coalescence-model fit
and the requirement that the measupéd value in the rear made to thin-target data[19]. The cross sections
spectrometer be less than or equal to that in the front spe = Bo/dp?, corrected for this effect, are listed in Table ,I
trometer, the maximum allowable rigidity shift being three Where thé multiplicity for each ion’ is given as well. Thé

times that _expected from the average energy loss in trave.rﬁumbers listed for’He through’Be come from the thick-
ing the various counters. These additional cuts were applie

in some small ranges &fl/Z as needed, and combined with
the overall single track requirement resulted in an efficiency _ 10, e
of approximately 74%. S ]
A summary of the positive-polarity Au data is represented 4§ .
in Fig. 1, where the pulse height in the energy-loss counter is "o 10 3 < d
plotted against thd1/Z in the front spectrometer. The lines :
in this plot represent the expected most probable pulse-
height for Z=1,2,3, and 4 according to Vavilov's theory,
modified by nonlinearities in plastic scintillator response
[22]. The rear spectrometer information is used in the plot
for the M/Z agreement ang/Z difference cuts, discussed =
above. This plot demonstrates the good particle identification ~ 16°L a SHe
capability of the apparatus, and gives an indication of the F = O
sensitivity of the search. We were able to identify cleanly
o, K, p, d, t, 3He, *He, ®He, 8He, SLi, ’Li, ®Li, and
"Be, using TOF and pulse height alone, and calculated the e
invariant production cross sections for the ions. In addition 10°E
to the live time, detection, and analysis efficiency correc- i
tions, thick-target related effects were taken into account that s e %
included momentum shifts due to energy loss in the target, 0 1 2 3 4 5
beam line acceptance changes, survival efficiency of pro- M/Z (GeV/c?)
duced systems in the target, and production by secondary
reactions[21]. If we assume that all detected ions are pro- giG. 2. The invariant production cross sections for the ions
duced in primary Ad- Pt interactions, the resulting cross sec-igentified in the thick-target data set. The horizontal lines denote the
tions are shown by the horizontal lines in Fig. 2. However,yvalues that result from a straightforward calculation, not taking sec-
some ions are produced by secondary interactions of the ougndary reactions into account. The symbols denote the values ob-
going ions in the target. The contribution of these has beemined from an extention of a coalescence fit to the thin-target data.
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TABLE I. Au+ Pt data summary.

NP\ 10 ET T T T T T T
Invariant cross section b 1 0~5§_
lon Total count- stat. mb c3/GeV? g -eé
NP
p (1.136+0.002)x 10'° (6.04+0.18)x 10 £ 10_7§
d (5.508+0.003)x 108 (3.0+0.1)x 10° o 10F
t (4.95+0.10)x 107 (3.00+0.35)x 102 2 1% 3
*He (2.00+0.06)x 10 (3.2£0.5)x 10" T o
“He (1.06+0.15)x 10° (2.4+0.6)x 10° w 0 e s e T e o
6 —3
He 262882 (7.37:3.03)X 10 “
8He 23+5 (7.94-5.56)x 10" ° 210 T I RAAARRARSS
BLi 1629+ 43 (1.67-0.47)x10°3 216°L 3
Li 187+ 15 (2.16+0.71)x 104 G
8L 6+2 (7.73:5.42)x10°® 310k 3
"Be 45+7 (2.61+0.78)x 10°° 10°L
P (5.4+0.67)x 10° (1.75+0.03)x 10 10.3?
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N

target data, while the rest come from the thin-target data, and

M/Z (GeV/c?)

all correspond to the symbols in Fig. 2. The errors reflect the
uncertainties in the corrections for secondary reactions in the . o o _
thick target, as well as statistical and analysis-related errors. FIG- 3. The 90% upper limit on invariant cross sectiaipper
The systematics, stemming mainly from incident beam norplot) and sensitivity(lower plof), deduced from the Si run. The
malization and beamline transport uncertainties, are esti"e€ Curves are, from top to bottom, @+1,2, and 3. Two differ-

mated to be between 10% and 15%, and are not shown in tf émf‘osts ;ﬂgﬁﬁ&”ﬁ;E%edfﬁé'”gtéhatir:u?r']e""zh_'clh 'fj‘rise t‘;:gﬁnké”k in
figure nor listed in the table. P =0 P =

o . M/Z=4 is due to the additional cuts needed to clean the residual
Except for those appearing in the figure and the table, NOLil from the tritons, as described in the text.

other systems were detected during the entire Si and Au runs.
Strangelets are expected to be found in the region to the right
of all detected ions, along the lines of integer charge, within
the expected pulse-height resolution. Most events found in
this region were determined to be accidental triggers, since
they had pulse heights consistent withor p, much lower
than that expected for sloghigh M/Z) systems, withiz=1.

In addition, the ratio of these events to fully identified events
was in very good agreement with predictions for accidental
rates, based on counting rates in the trigger detectors. Thes
were therefore easily rejected by TOF and the pulse height.
All other candidate events were rejected by the requirement
of consistency in momentum and/Z between front and
rear spectrometers.

The null results of both the $iPt and Aut- Pt searches
are given in the form of 90% CL upper limits on invariant
cross section in Figs. 3 and 4. For comparison with other
experiments with colliding systems and phase-space cover-
ages that differ from ours, and with theoretical models, it is
more convenient to express the results as the sensitivity,
which is defined as the upper limit on the total number of a
given particle produced per collision. This requires knowl-
edge of the phase-space distribution of the produced particles
of interest, to relate total cross sections to the differential
cross s.ect_lons_ measured In a restricted region of phas_e spa%%t) and sensitivity(lower ploY, for stable strangelets, from the Au
This distribution is ur}knpwr! for strangelets, but fits to_run. The three curves are, from top to bottom, #r1,2, and 3.
nonstrange systems’ distributions are used to try to guess itg, predictions of Re{8] for strangelets witth=10, S= —1 andZ
shape. The one used for the sensitivity limit in this work is_ _3 _5 _1 1 2 and 3 are marked with empty circles. The hyper-

given by nuclear systems of Refl10] are marked with triangles, and are,
starting with the upper-most one and proceeding counter clockwise,
&n 1/y—y.)2 M. — M *He, ?\He, °\He, and 2, H. The full circles give the predictions
E wexg — — Y~Yo exqd — t of Ref. [9] for strangelets ofA=4 and, from top to bottomS
dp® 2\ oy T ) =-1,-2,-3, and—4.
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FIG. 4. The 90% upper limit on invariant cross sectiopper
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some of the single- or double-hypernuclear systems dis-
cussed in Ref[10]. The absence of signal here can be used
to limit the lifetime, or limit the branching ratio for decay of
these systems into strangelets.

Another estimate of strangelet production has been pub-
lished by Avay et al. [9], and results in the predictions for
A=4 systems, indicated as full circles in Fig. 4. As in the
E work of Crawford et al. [8], they assume that a QGP is
] formed in central collisions, and they study how the plasma
E condenses out into hadrons, including strangelets. The cool-
4 ing of the hadronic droplets is not treated in detail in Ref.
[9]. As a result, the authors point out that their predictions of
2 absolute rates are not reliable, but they claim that their pre-
3 dicted ratios of strange to nonstrange systems for a given
baryon number should not be strongly affected. Thus in ap-
plying their calculations, we multiplied this ratio from their
paper by the number of nonstrange nuclei we observed ex-
perimentally for the samé. In doing so, we involve the

FIG. 5. The present results for AwPt collisions, forz==*1, same assumptions as in applying Crawford’s work, i.e., the
expressed as sensitiyities. Thg curves are for the four assumptiof§rmation of a QGP and that the strangelet lifetimes are long
about the form ofr, discussed in the text; from top to bottom they enough. In addition, we have to assume that a portion of the
areoy=05A, 0,=1//A, 0,=0.5, ando,=1. yield we observe for ordinary nuclei results from condensa-

tion from the QGP rather than from other sources such as
wherey, M, andM, are the produced system rapidity, mass,coalescence. This was done by assuming that QGP was pro-
and transverse mass, respectively, apd the collision —duced in every central collision, which was taken to be 10%
center-of-mass rapidity. Our upper limits, expressed as ser®f all collisions.
sitivities, are shown in the lower set of curves in Figs. 3 and In summary, we report the null result of a high sensitivity
4, where we used the above expression wifi+ 1/JA and search for strangelets, limited to a single, small area of
T=0.15 GeV(see below As in the case of the production Phase space and lifetimes greater than a few 100 ns. The
cross sections for the ordinary nuclei, corrections were madeesults, given in the form of limits on invariant cross section
for the analysis and detection efficiencies, as well as thickand on model-dependent sensitivity, can be used to place
target related corrections as described earlier. limits on QGP-based production models, but do not chal-

The values extracted for the sensitivity depend on thdenge coalescence-based production models, which predict
form chosen foir, in the above expression for the invariant Much lower production ratef,24]. They are the most sen-
cross section. In Refd23,24, a value ofo,=1 was de- sitive results reported in S Pt, among the first reported in
duced from an analysis of pion production. CoalescencéU + Pt collisions, and are complementary to the results of
models suggest that, should vary with 1A, and in the the few experlr_nents that reach similar sensitivity in these
analysis of Beaviset al. [15], the forms 0'y=1/\/K and and other reacuor[_sH,lEﬂ. Our acceptance fof=3 systems
7=051(A were used s el s 3 comstant vale offEES S 0 ST 0 Sytene i an WThe e
o,=0.5. To illustrate the effect of this, Fig. 5 shows the = > | 18 B8 o 0 R e e backarouns,
sensitivities extracted from the present results for+Au, uniaue o ex grimentsFLsin or’1I one fogcusri)n S ectro?ﬂeter
Z==*1, for the above four assumptions fay . Thq g >INg ; yl' h | fg P 8| | :

In Ref. [8], the production rates for both positive and N rgporte cross sections for 9" t nucler frqumo "L,
negative strangelets are given, presupposing the creation panning some ten orde_rs of magnitude, are relevant to coa-
QGP in relativistic heavy-ion central collisions, which are escence model calculations, and can be used to gauge the
taken to be 10% of all collisions. The numbers given forsensmwty of our search.
some systems are represented by open circles in Fig. 4. The The authors would like to thank the BNL accelerator and
prediction forZ=+1 is comparable to the present limit. Thus support staff for their efforts during these runs, especially for
it is possible that, for some assumptions for the form ofthe successful commissioning of the Au program. This work
oy, this system could have been detected had it been pravas supported in part by the U. S. Department of Energy
duced at the predicted rate, and was sufficiently long livedunder Contracts No. DE-FG02-91ER40609, No. DE-ACO02-
The absence of signal can be used to limit the lifetimes to 6H00016, and No. DE-FG04-88ER40396, by the German
few 100 ns, deny the formation of the system, or deny thé=ederal Minister for Research and TechnoldBMFT) un-
formation of QGP in the reactions studied in this experimentder Contract No. 06 FR 652, by the United Kingdom SERC,
The black triangles represent predicted production rates fasind by the Japanese Society for the Promotion of Science.
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