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Search for Charged Strange Quark Matter Produced in11.54 GeV/c Au + Pb Collisions
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We present results of a search for strange quark matter (strangeletd)5ih GeV/c Au + Pb
collisions from the 1994 and 1995 runs of experiment E864 at Brookhaven's Alternating Gradient
Synchrotron. We observe no strangelet candidates and set a 90% confidence level upper limit of
approximately3 X 107% per 10% central interaction for the production | =1 and |Z| =2
strangelets over a large mass range and with metastable lifetimes of about 50 ns or more. These
results place constraints primarily on quark-gluon plasma based production models for strangelets.
[S0031-9007(97)04465-7]

PACS numbers: 25.75.—q

Color-singlet hadrons with baryon number > 1,  much more massive than the strange quark, and thus are
called quark matter are allowed in the standard model not expected to enhance stability. Since SQM systems are
but have never been observed by experiment. All theexpected to contain approximately equal numbers of up,
quarks within this type of state would be free within down, and strange quarks (with charge2/3e, —1/3e,
the hadron’s boundary, and would not be subject taand—1/3e, respectively), they would have lower charge-
grouping into the familiah = 1 baryons. In this way it to-mass ratios than nearly all ordinary nuclei. This prop-
is different from a nuclear state, which is a conglomerateerty is the basis for all current SQM searches at heavy ion
of A = 1 baryons. accelerators.

Quark matter states containing up and down quarks, Studies have used quantum chromodynamics (QCD)
if they exist, are less stable (more massive) than nucleand the MIT bag model of hadrons [2] to treat SQM
with the same baryon number and charge, since nuclei dguantitatively [3—5]. All of the theories contain the
not decay into quark matter. This is presently understoofeature that SQM systems become more stableAas
to be a consequence of the relatively large Fermi energincreases, due to the small total charge of SQM as well
of two-flavor quark matter. However, additional quark as bag model effects. For sufficiently larde(A ~ 100
flavors could possibly reduce the Fermi energy of quarko A ~ 10000, depending on the parameters assumed),
matter [1]. Hence strange quark matter (SQM), whichSQM may be absolutely stable [6]. For smallér,SQM
would contain strange quarks in addition to up and dowmay be metastable, that is stable against strong decays but
quarks, might be more stable than nonstrange quark masubject to weak decays with lifetimes in the ranije*
ter with the samei, despite the mass of the strange quarkto 10~'° sec [3,7,8]. SQM systems with = 100, which
Other quarks are usually not considered since they ammight be produced in high energy heavy ion collisions,
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are predicted to be metastable for a wide range of SQMensitivities slowly fall off for very high masses (e.g., our
properties and bag model parameters [8]. These small@cceptance falls by a factor of 3 for a ma€® GeV/c?
systems are commonly callestrangelets object compared to a mas® GeV/c? object for the
Three types of production models have been applied tproduction models discussed below). We are sensitive to
strangelet production in nucleus-nucleus collisions. In theparticles with proper lifetimes greater than about 50 ns.
first type, calledcoalescence models group of known A schematic diagram of the E864 spectrometer is
A =1 particles are made which, in sum, contain theshown in Fig. 1. Anl1.5 GeV/c per nucleon Au beam
same quantum numbers (baryon number, strangeness, amdters from the left through a quartz Cerenkov beam
charge) as a viable strangelet, and then these ingredierdsunter and veto counters [21], and is incident on a Pb
fuse to form a strangelet [9]. A second type of produc-target. A segmented scintillator multiplicity counter mea-
tion, calledthermal modelsassume further that chemical sures an interaction’s products within an angular range of
and thermal equilibrium are achieved prior to final particle16.6’ to 45° with respect to the incident beam, providing
production [10]. Coalescence and thermal models usuallg rough measure of the impact parameter, or centrality,
predict lower strangelet cross sections than the last typef the reaction [21]. For this analysis, we require the
of model, in which an intermediate quark-gluon plasmamultiplicity counter’s pulse height to exceed a threshold
(QGP) state is formed after the initial nucleus-nucleus colsuch that 10% of the total Au- Pb cross section is ac-
lision, and the QGP loses energy in a way that possibly facepted. This multiplicity trigger thus accepts roughly the
vors strangelet production. Kapusttal. have estimated 10% most central (smallest impact parameter) events (see
that a QGP would be produced between 0.1% and 1%21,22] for further details). Interaction products which
of central (small impact parameter) Ab Au collisions  are within the experimental acceptance pass through two
at AGS energies [11]. Greinet al. have suggested that, dipole magnets labeled M1 and M2, and proceed through
for a wide range of assumed properties of the QGP, nearlgownstream detectors. Three segmented planes of scin-
every such QGP state would evolve into a strangelet by #llation counters (hodoscopes) labeled H1, H2, and H3,
strangeness distillation mechanism if strangelets are stab&ach contain 206 vertical scintillator slats viewed with
or metastable [12]. Other distillation estimates predict gphotomultiplier tubes located at the top and bottom of the
wide range of production levels [13,14]. Thus strangeleslats. Each photomultiplier signal is digitized for both
production could be as high d0~* to 107% per cen- pulse height and time information. Three arrays of 4 mm
tral Au + Au collision, well within the sensitivity to be diameter straw tubes labeled S1, S2, and S3 provide high
presented here. Note also that a strangelet produced bgsolution position measurements. The straw signals are
the strangeness distillation of a QGP could have approxidigitized in a latch system. Each array includes three
mately the samd as the QGP itself, since the QGP would planes of doublet layers. Two of the layers are inclined at
largely lose energy by meson—not baryon—emission+20° to the vertical, so that they provide a measurement
Hence it is of considerable interest for experiments to reof the vertical as well as the horizontal coordinate. S1
main sensitive to a large mass range. was not used in this analysis. A lead/scintillating fiber
Early strangelet searches in $iCu collisions [15], hadronic calorimeter labeled CAL terminates the appa-
Si + Au [16], and in S+ W collisions [17] yielded ratus [23]. It consists of 754 towers, each of which is
null results. More recently, experiments utilizing Au read out by a photomultiplier tube. These photomultiplier
beams at Brookhaven National Laboratory (BNL) [18,19]signals are digitized for both pulse height and time in-
and Pb beams at CERN [20] saw no evidence foformation, and thus provide energy and time-of-flight
strangelet production, despite the increased production
potential of these heavier beams. The experiments were
sensitive to particles with proper lifetimes of about .
50 ns or more, depending on the experiment. All these Plan view
experiments, with the exception of the one described in \ \ \
Ref. [15], used focusing spectrometers which, at a given>' [ ﬂ W\
magnetic field setting, have good acceptance for a fixed
rigidity R = p/Z, where p is the momentum and oSt oMz s2 W H2 s3 M3 CAL
is the charge of the produced particle. The production
limits obtained using these spectrometers are strongly °
dependent upon the production model assumed for high>=|:un:|:|ﬁ]1}m—'m T TRV
mass particles such as strangelets. In this paper we show
the results of an open geometry spectrometer experiment
(containing dipole-type magnets only) whose sensitivity isFIG. 1. Schematic views of the E864 spectrometer. In the

less subject to the shape of a particle’s differential crosg/an view, the downstream vacuum chamber is not shown. M1

. . 2 and M2 are dipole analyzing magnets, S2 and S3 are straw tube
section. We examine the mass ramge= 5 GeV/c” and  5aus H1, H2, and H3 are scintillator hodoscopes, and CAL

m = 6 GeV/c? for Z = +1 andZ = +2, respectively, is a hadronic calorimeter. The horizontal and vertical scales
and m =5 GeV/c¢? for Z= —1 and Z = —2. Our are in meters.
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measurements. The calorimeter is also used to form the efficiency for detecting a strangelet as a function
high-level trigger that correlates the energy and time-ofof y and transverse momentultp,), and d*c/dy dp,
flight signature of showers on a tower-by-tower basisjs the strangelet differential cross section. We take the
and is set to identify particles of high mass. This trig-differential cross section to be separableyiand p;,

ger, called thdate-energy triggeror LET, provides the

2 2
experiment with a rejection factor of about 50 in 10% o _ m[( 2 > pte—2p1/<pf>}
central interactions. A paper on the E864 apparatus is dy dp: (po)
forthcoming [24]. % [ 1 e(yymwzwz} @
The charge (Z) of a particle that traverses the L2rw ’

spectrometer is measured using pulse height information . S
from the three hodoscope walls. lIts rigidi®) is derived where o is the total strangelet cross section in central

from the target position and downstream slope and posf;olllsmns, Yem IS the center-of-mass rapidity, ana

tion of the particle’s track in the spectrometer’s magneti(:IS the rms width (standard deviation) of the rapidity

istribution of the strangelet. We take = 0.5 and
bend plane, as measured by the straw tube and hodoscc;%pét> — 0.6vA GeV/c.

detectors. The particle’s velocity is measured usin

timing information from the hodoscopes, and this gives S'nfet.N;’.bS :thot”':hour "?‘”a'ésc')ﬁ/’ Wﬁ can say frimzlgms-
the relativistic quantitieg3 and y. The particle’s mass SOn staustics that there 1S a 6 chance Mak "

. R . By inverting Eq. (1), we obtain a 90% confidence level
(m) is then reconstructed as = sgZ. The calorime-

ter's time and energy information was used to confirm(90% C.L.) upper limit on strangelet production per cen-
tral interaction. Figure 2 shows E864’s 90% C. L. limits

the above measurements or reject potential backgrounds, " . o
This analysis was confined to a rapidity range abou or positive and negative strangelets with Ilfetlmes greater
han 50 ns produced in1.5 GeV/c¢ Au + Pb interac-

1.3 units wide near the center-of-mass rapidity value o ions. The 4 curves which display our 1995 results in

1.6, as we expect strangelet production to be peaked II‘Eig. 2 begin well above the mass distributions of known

this region. particles reconstructed in our data. These starting val-
The strangelet analysis presented here uses i@ ues are 4.7, 4.7, 5.6, ands GeV/c? for Z = —2, —1,

6 0, I -
10° 10% central Au+ Pb events taken from differ +1, and +2, respectively. Also shown in the figure

ent magnetic field settings during two separate runnin%re our 1994 results, which are more fully described in
periods. A preliminary strangelet search for positivelyRefs [22,26] '

charged strangelets was performed in 1994 with a partially E864's upper limits are nearly flat as a function of

completed apparatus. Analysis methods were develoloen%ass, owing to the large acceptance of the spectrometer.

Iargely .u.sing data from this first run, and the ?Xperiment,%hese limits are only mildly sensitive to changes in
capabilities were learned, especially concerning the domi:

nant background process in our spectrometer [22,25,26Fq' (2) for the same reason. For example, if the rapidity
Our spectrometer was completed and optimized for both

positively and negatively charged strangelet states in our z<o0 Z>0

1995 run [27,28], and these searches achieved excellent
sensitivity due to the high-rejection LET trigger.

We observe clear peaks in our mass distributions for s ~
Z = 1 objects such ap, d, r, K~, andp, andZ = 2 e
objects such adHe, *He, and°He, including over 56He 1’;’94 L

Imits

nuclei measured withint0.6 units of midrapidity. The
mass resolutions are as expected considering the detector
resolutions and multiple scattering in the spectrometer.

We observe no strangelet candidates in our 1995 data
with m > 5 GeV/c*> for Z=+1, Z= -1, and Z =
—2 systems, and we observe no candidates with>
6 GeV/c? for Z = +2 systems.

90% C.L. upper limit per central Au + Pb

T3 AR ——— 1995 Limits

In order to set limits on strangelet production, we : 1995 Limits
compute the following expression for the number of
candidates observed: -9 L L
Icentral d20' 10 O 20 40 60 80 O 20 40 60 80 100
Nops = 7[ e(y,p)) ——dydp,, (1) Mass (GeV,/c?)
O central dy dp;

; FIG. 2. 90% confidence level limits fdZ| = 1 and |Z]| = 2
where Ny, IS the number of strangelets observédyai strangelet production in 10% central Au Pb collisions, for

is the number Qf central |£1teractlons examl'negamrall IS strangelets with lifetimes greater than 50 ns. The solid lines
the cross section for 10% central A Pb interactions correspond tolz| = 1, while the dashed lines correspond to

(10% of the total Au+ Pb cross section)e(y,p,) is 1Z| = 2.
3614



VOLUME 79, NUMBER 19 PHYSICAL REVIEW LETTERS 10 NVEMBER 1997

width of strangelet production were taken to be=  sions, and set a 90% confidence level upper limit of about
0.5/+/A, the E864 curves in Fig. 2 would be lower (give 3 X 1073 per 10% central Au+ Pb interaction for the
better limits) by less than a factor of 2. production of Z = |1| and Z = |2| strangelets over a

The production of SQM depends on both its proper-wide mass range and with lifetimes about 50 ns or more.
ties and cross section for its production in heavy ion in-This represents the highest sensitivity strangelet search yet
teractions. If we assume that SQM production rates arachieved in a heavy ion experiment at AGS energies.
larger than our sensitivities, then we are either constrain- We gratefully acknowledge the efforts of the BNL AGS
ing SQM lifetimes tor < 50 ns, or bag model parame- staff. This work was supported by grants from the U.S.
ters as applied to SQM (so that SQM is either unstabl®epartment of Energy’s High Energy and Nuclear Physics
for all A or metastable only wheA > 100). According Divisions, the U.S. National Science Foundation, and the
to Refs. [7,8], a wide range of strangelets are expected tistituto Nationale di Fisica Nucleare of Italy.
undergo semileptonic and radiative decays only [8] which
would have relative long lifetimes, so we may be placing
constraints on bag model parameters. While intriguing, *Present address: University of California at Los Angeles,
this possibility must remain unanswered until the issues ~LOS Angeles, CA 90095. , o
of strangelet production are fully addressed. Pre_sent_ add_res_s: Positron Imaging Centre, Birmingham

The sensitivity of this analysis is comparable to the University, Birmingham, England.

. *Deceased.
coalescence production levels for low-mass strangelets. Spreviously at Purdue University

For example, a strangelet with =7 and strangeness IPresent address: McKinsey & Co., New York, NY 10022.
§ = —4 could be produced at approximately the same  Tpresent address: Department of Radiation Oncology,
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the same quantum numbetsandS. Reference [9] esti- **Present address: Columbia University, Nevis Laboratory,
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production below oursgnsmvny for low-mass strangelets. =~ quarks, the energy of quark matter is proportional to
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