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I. INTRODUCTION

Color singlet states observed so far1 consist of three
quarks ~baryons!, three antiquarks~antibaryons!, or quark-
antiquark pairs~mesons!. These states are described by t
standard model which does not forbid the existence of co
singlet states in a bag containing an integer multiple of th
quarks. In such quark matter states all the quarks are
within the hadron’s boundary and so are inherently differ
from nuclear states that are composed of a conglomera
A51 baryons. Quark matter states composed of only up
down quarks are known to be less stable than normal nu
of the same baryon numberA and chargeZ since nuclei do
not decay into quark matter. This is because of the relativ
large Fermi energy of two-flavor quark matter.

Strange quark matter~SQM!, composed of strange as we
as up and down quarks, has several stabilizing factors
could result in quasistable states. The presence of stra
quarks lowers the Fermi energy and the most stable confi
rations for a givenA would have roughly equal numbers o
up, down and strange quarks with charges of12/3e,
21/3e, and 21/3e, respectively, therefore minimizing th
surface and Coulomb energies. A major destabilizing fac
is the large mass of the strange quark. The above fac
imply that the most stable varieties of strange quark ma
should have a low value ofZ/A and increase in stability with
mass number. The property of lowZ/A provides the basis fo
current SQM searches at heavy ion accelerators.

A. Theoretical predictions for strange quark matter

Chin and Kerman@2# in 1979 predicted that SQM with
A<10 might be metastable with half life<1024 s. These
predictions used quantum chromodynamics~QCD! and the
MIT bag model of hadrons@3# to treat SQM quantitatively.
Subsequently, similar calculations with the addition of sh
effects were carried out by Farhi and Jaffe@4# and Gilson
and Jaffe@5#. All theories contain the prediction that SQM
systems become more stable asA increases due to the sma
total charge of SQM and bag model effects. For sufficien
largeA (A;100 toA;10 000, depending on the paramete
assumed!, SQM might be absolutely stable@6#. At the low-
mass end Jaffe@7# proposed the existence of a neutral me
stable dibaryon called theH0 consisting of~uuddss! quarks.
Its lifetime was estimated@8# to be less than;231027.

It has been postulated that there may exist compact a
physical objects composed entirely of strange matter ca
strange stars. Several astrophysical mechanisms are ava
to convert very large stars to strange stars as discussed
et al. @9#, and references therein. They also postulate that
millisecond pulsar SAX J1808.4-3658 is a good candid
for a strange star.

For smallerA, SQM may be metastable if strong deca
are forbidden, but could undergo weak decays with lifetim
in the range from 1024 to 10210 s @2,10,11#. Effects of Pauli
blocking may help to increase SQM lifetimes. Such syste

1Evidence for aqq̄qq̄ state has been reported@1#.
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with A<100 which might be produced in relativistic heav
ion collisions are commonly called strangelets and are p
dicted to be metastable for a wide range of SQM proper
and bag model parameters@4,5,11#. Due to the lack of theo-
retical constraints on bag model parameters and difficul
in calculating color magnetic interactions and finite size
fects @12,13# experiments are necessary to help answer
question of the stability of strangelets if indeed they do ex

Relativistic heavy ion collisions provide a promisin
mechanism for producing strangelets in the laboratory du
the high baryon densities and the large number of stra
quarks achieved in a small volume during these collisio
Several classes of models have been generated to des
strangelet production in nucleus-nucleus collisions. They
be classified into two categories, namely, strangelet prod
tion by coalescence or strangelet production followi
quark-gluon plasma~QGP! production.

In coalescence models@14# a number ofA51 particles
are produced in the collision that in turn fuse to form
strangelet. Thermal models further assume that thermal
chemical equilibrium are achieved prior to the production
the final particles@15#. Coalescence and thermal models us
ally predict lower strangelet cross sections than models
postulate a collision in which a QGP state is formed.

It might be possible to produce a phase transition to
QGP in these collisions. Under these conditions the
quark matter might cool into a metastable state of cold SQ
resulting in a strangelet. Models have been produced to
amine production of strangelets following QGP formatio
Kapustaet al. estimate that at AGS energies there could
rare events in which a droplet of QGP is nucleated conv
ing most of the superheated matter to plasma@16#. They
calculate the probability that thermal fluctations in a sup
heated hadronic gas will produce a thermal droplet and
the droplet will be large enough to overcome its surface f
energy and grow. They estimate this to occur in betwe
0.1% and 1% of central~small impact parameter! Au1Au
collisions at AGS energies.

Greineret al. suggest that once a QGP droplet is forme
for a wide range of QGP properties, almost every QGP s
evolves into a strangelet by means of the strangeness d
lation mechanism providing strangelets are metastable@17#.
The droplet cools by emitting mesons but thes̄ quarks pref-
erentially joins withu andd quarks to formK mesons in the
baryon rich plasma formed at AGS energies. This leaves
QGP enriched in strangeness relative to antistrangeness
ing to the formation of a strangelet during the hadronizat
process. This process favors the formation of the more st
large strangelets since the QGP would lose energy by me
emission possibly resulting in a strangelet of approximat
the sameA as the QGP droplet. It is thus important to car
out experiments that are sensitive to a large mass range

Other estimates of strangelet production by distillati
from the QGP were carried out by Liu and Shaw@18# and
Crawford@19#. They predict a wide range of production lev
els. Strangelet production could prehaps be as high as 124

to 1023 per central Au1Au collision at AGS energies
Based on a recent calculation, Schaffner-Bielichet al. have
suggested that at low masses negative strangelets are
3-2
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SEARCH FOR STRANGE QUARK MATTER PRODUCED IN . . . PHYSICAL REVIEW C63 054903
likely to be formed than positive strangelets@20#. Strangelets
were treated as noninteracting fermions in the MIT b
model where the bag was filled with exact single-parti
Dirac states. Their model also predicts a number of neu
strangelet states to be metastable.

Although a primary goal of E864 is to search for stran
matter, the data allow us to search as well for theH0-d and
pineuts. TheH0-d is a hybrid bound state of theH0 dibaryon
and the deuteron. TheH0-d would haveZ511 and mass
between ana particle and the mass ofd1LL.

Pineuts are hypothetical bound states of a negative p
with two or more neutrons. A number of authors have spe
lated on the existence of such states@21–25#. Pineuts might
exist as a result of the attractivep-N interaction. Ap-2n
bound state would, for instance, have a mass of around 2
MeV and could only decay via weak interactions, since th
is no negatively charged nucleon. Pineuts might theref
have lifetimes of the order of the lifetime of charged pion
Such objects if produced in heavy ion reactions would
readily observed in the magnetic spectrometer of the E
experiment as heavy objects withZ521. Thep-2n could
be found as a mass peak between thed̄ mass and 2019
GeV/c2.

In this experiment we have searched for positive, ne
tive, and neutral strangelets with masses up toA5100. We
note that our apparatus would detect strangelets ofA>100 if
they were produced. However, the production probabi
with coalescence would certainly vanish at baryon numb
of the order of 100 or more. The strangeness distillat
model would produce strangelets which at the extre
would be less than the total number of baryons in the co
sion ~1971208 for a Au-Pb collision!. Furthermore, due to
saturation in the response of the E864 calorimeter, all ma
higher thanA5100 would be detected as having mass v
close toA5100. For these reasons we show our yields
functions ofA up to A5100. We have also searched for th
H0-d and pineuts.

B. Previous searches for strange quark matter and pineuts

Searches forin situ SQM have been made on terrestr
matter @26#, cosmic rays and astrophysical objects@27#.
These searches resulted in extremely low limits for stran
lets in terrestrial matter. These rates are less than pred
by big bang models of strangelet production in the ea
universe and so would argue against the existence of c
pletely stable strangelets. This conclusion, however, is so
what ambiguous due to the uncertainties in the models th
selves, the uncertainty in estimating strangelet surv
probabilities and possible geophysical processes which c
‘‘distill’’ the terrestrial strangelets into unaccessible region

With the advent of relativistic heavy ion beams at t
AGS and SPS accelerators it is possible to search for m
stable strangelets in the reaction products from central c
sions where a large number of strange quarks are produ
Searches for strangelets have been carried out using re
istic heavy ion beams from the AGS and SPS accelerat
Early searches which used Si1 Cu @28# and Si1 Au @29#
reactions at the AGS accelerator and S1 W @30# reactions at
the SPS accelerator yielded null results. Later experimen
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the AGS accelerator using Au beams@31# and at the SPS
accelerator using Pb beams@32# also yielded null results de
spite the increased production potential of these hea
beams. To date no experiment has published results ind
ing a clear positive signal for strangelets so all have set p
duction upper limits.

The searches for strangelets discussed above using
tivistic heavy ion collisions were sensitive to proper lifetim
down to about 50 ns. All of these experiments except the
carried out by E814@28# used focusing spectrometers whic
for a given magnetic field setting, have good acceptance o
for a fixed momentum and charge of the produced parti
Therefore, the production limits obtained in these expe
ments are strongly dependent upon the production mode
sumed for high mass particles such as strangelets.

Recent searches for theH0 dibaryon have been carrie
out. If theH0 decays weakly byDS511 then the expected
lifetime is similar to that of theL, therefore most searche
look for decay processes with lifetimes of the order of 0.2
However, if theH0 is very tightly bound, then onlyDS
512 decays are allowed and a resulting lifetime of the
der of 50 ns is possible. Using the 1.8 GeV/c K2 beam from
the AGS, Stotzeret al. @33# in E836 searched for theH0 at a
mass range from 50 to 380 MeV/c2 below theLL threshold.
E810 and E888 have also carried out searches for theH0

dibaryon @34,35# at the AGS by searching for its deca
modes but conclusive evidence for its existence has not b
obtained. The neutral beam produced by 800 GeV/c protons
on a BeO target was analyzed by the Fermilab KTeV C
laboration@36# to search for theH0. No events consisten
with interpretation as anH0 were observed. It is possible tha
a H0-d hybrid bound state of theH0 and the deuteron migh
be metastable. TheH0-d would haveZ511 and mass be-
tween ana particle and the mass ofd1LL. A complete
summary of searches carried out for various forms of stra
quark matter is given in a review article by Klingenberg@37#.

Experimental searches for pineuts were first conduc
using light ion collisions with negative results@38–41#.
Searches were also performed using heavy ion collision
40Ar and 139La projectiles at the Bevalac at kinetic energi
of 1.8 GeV/nucleon and 1.26 GeV/nucleon, respectively,
cident on targets of238U @41,42#. Projectiles of 14.6 GeV/
nucleon 28Si from the AGS, on Pb, Sn, Cu, and Al targe
@43# and 100 MeV/nucleon18O projectiles at RIKEN@44# on
Be targets were used in pineut searches. Heavy ion collis
at high energies provide a unique environment for the p
duction of pineuts given that in these collisions large qu
tities of pions are produced and can, in principle, combine
the numerous neutrons already present in the projectile
target nuclei. A recent calculation using a coalescence mo
with the event generator ARC@45# predicted that pineuts
should they exist, would be produced at detectable level
high-energy heavy ion interactions@46#. However, the search
conducted at the AGS by the E814 Collaboration using28Si
projectiles obtained an upper limit on pineut production
1026 per collision in contrast to the prediction of the AR
based dynamical coalescences calculation of a produc
level of 1023 per collision. It is relevant to note that coale
cence calculations based on ARC typically underestimate
3-3
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FIG. 1. Perspective view of
the E864 spectrometer. M1 an
M2 are the dipole analyzing mag
nets. H1, H2, and H3 are hodo
scope stations and S2 and S3 a
straw tube stations. CAL refers to
the hadronic calorimeter. The
vacuum tank is not shown.
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suppression factors for the production of composite obje
such as deuterons, and other light nuclei@47#. Also the prob-
ability for producing weakly bound pineuts might be furth
reduced by final state interactions in heavy ion collisions

The primary goal of the E864 experiment was to sea
for charged and neutral strangelets with lifetimes>5
31028 seconds, baryon numberA from 6 up to 100 and
charge to mass ratios lower than most normal nuclei. Th
characteristics suggested a strategy of looking for midra
ity, massive objects with an unusualZ/A ratio in an appara-
tus with a high rate capability and redundancy for ba
ground rejection. The E864 apparatus implemented
strategy as described in the next section. E864 results f
earlier data sets with smaller statistics than the results sh
here have been published for charged strangelets in a s
of papers by Armstronget al. @48# as well as for neutra
strangelets@49#. In this paper we give the final limits for bot
charged and neutral strangelets from the E864 experime

II. THE E864 EXPERIMENT

A. General design of experiment

The E864 experiment is an open geometry, two dip
magnetic spectrometer designed to search for strangele
Au 1 Pt,Pb collisions at 11.5 GeV/c per nucleon. The ex-
periment is described in detail in Ref.@50#. The open geom-
etry with only dipole magnets causes the experiment to
less sensitive to the shape of a particle’s production dif
ential cross section. Due to the nature of the design of
rare particle search, the spectrometer is also well suited
detecting nuclear isotopes and hypernuclei produced by
lescence following central collisions.

The spectrometer identifies particles via their massM and
chargeZ. In order to conduct this search, E864 has a la
geometric acceptance~5 msr! and operates at a high da
rate. The emphasis is on the measurement of particles
the center-of-mass rapidity since it leads to an effici
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search with minimal production model dependence. A d
gram of the spectrometer is shown in Fig. 1. The main co
ponents are beam defining counters, a target system~usually
Pb or Pt!, a multiplicity counter for triggering on the centra
ity of the event, two analysis dipole magnets, three stati
of hodoscopes for time-of-flight~TOF! and tracking, two sta-
tions of straw tubes for tracking, a hadronic calorimeter, a
a large vacuum tank not shown in this figure. The experim
also utilizes a high speed data acquisition system~2.7
Mbytes per second! and a flexible second level trigger~late
energy trigger! based on TOF and energy as measured by
calorimeter.

B. Experimental details

1. Target area

The E864 spectrometer receives a fully stripped Au be
with a momentum of 11.5 GeV/c per nucleon. The ions are
incident on a Pb or Pt target of thickness between 5 and 6
of a Au interaction length. The nucleon-nucleon center
mass energy is 4.6 GeV and its rapidityy is 1.6. The experi-
mental layout in the target area consists of quartz Cˇ erenkov
beam counters~MITCH! and beam defining counters and
scintillator multiplicity counter to select events with the d
sired centrality. Thin quartz plates are used for all count
traversed by the beam to minimize the number of inter
tions in the counters. The beam counters measure the
dent beam flux and provide the start time for the hodosc
and calorimeter TDCs@51#.

The multiplicity counter consists of a four quadrant ann
lus placed around the beam pipe 13 cm downstream of
target. It subtends an angular range of 16.6° to 45.0°.
total signal measured with this counter is proportional to
centrality of the collision and is used to trigger on the ce
trality of the events. Most data is taken with a threshold
accept the 10% of events with the largest multiplicity coun
signals.
3-4
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2. Tracking systems

The heart of the spectrometer tracking is the scintilla
TOF hodoscope system which consists of three stations
H2, and H3, whose locations are shown in Fig. 1. The ho
scopes provide redundant measurements of a particle’s
as well as its position. Requiring that a good space track
have consistent velocities as measured at each of the h
scopes significantly improves the background rejection. T
hodoscopes also give three independent charge mea
ments via the pulse height information from energy lo
(dE/dx) in the scintillator. The hodoscopes providex-y-z
space points. The time resolution for H1 and H2 is 1
610 ps and for H3 is 160610 ps. The measured efficiencie
of the hodoscopes range from 97.7% for H1 to 98.9% for
and H3.

There are two main sources of inefficiency. The first h
to do with the fact that particles may clip the corners
counters so that the energy is deposited in two channel
that neither looks similar to a ‘‘good’’ single particle. Th
second source has to do with cutting the high-energy tail
the Landau distribution. ForZ51 particles, for example, on
wishes to eliminateZ52 particles. This produces an ineffi
ciency since theZ51 distribution has a long tail under th
Z52 distribution. Dead channels are identified during t
calibration procedures and then included in the Monte Ca
simulations, thus they are taken into account in the acc
tance.

In order to improve the spatial resolution for tracked p
ticles, the spectrometer has two stations of straw tubes
ferred to as S2 and S3 in Fig. 1. A complete description
be found in Ref.@52#. Each station consists of three su
planes (x,u,v) each consisting of two layers. The straws
thex plane are mounted vertically and the straws of theu and
v planes are mounted at620° relative to vertical, respec
tively. Each subplane consists of two staggered layers
straw tubes 4 mm in diameter. The planes are rotated aro
the vertical axis at approximately 6° with respect to t
beam line so that most particles are incident perpendicula
the planes.

A straw tube chamber S1 was placed inside the vacu
tank between M1 and M2. The chamber was designed
improve the tracking by providing a track measurement
tween the magnets. However, due to a problem with d
charges associated with the high voltage connections,
chamber did not work well enough to be useful. Due to
exigencies of the experimental run, the chamber was lef
place and contributed to background scattering proces
The analysis which we carried out is correct but would ha
given a slightly more sensitive result if S1 had been
moved.

3. The calorimeter

The final element of the spectrometer is a ‘‘spaghet
design hadronic calorimeter located at the end of the E
beamline as shown in Fig. 1. Its purpose is to provide
second independent mass measurement for charged par
and to identify neutral particles based onb and the deposited
energy. The tower construction is based on a design
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tested by the SPACAL Collaboration@53#. The spaghetti de-
sign allows a close packed geometry and virtually elimina
gaps or dead regions in the detector fiducial volume. T
results in very good energy and time resolution. In additi
the detector response is quite uniform and nearly indep
dent of the position of the particle. Details of the constru
tion and performance of the calorimeter have been publis
@54#.

The calorimeter consists of 58(horizontal)313(vertical)
towers. The whole assembly is rotated 3.3° with respec
the beam direction. The dimensions of each tower is
cm 3 10 cm3 117 cm. The tower width is smaller than th
typical transverse size of a hadronic shower thus allowing
transverse shower profile information. The time and ene
resolution of the calorimeter are excellent. The resolution
showers in a 535 array is given by

s~E!

E
5~3.560.5!%1

~34.460.8!%

AE~GeV!
~1!

and the time resolution achieved with the hadronic calor
eter is better than 400 ps.

4. Data acquisition and trigger

The Data Acquisition System~DAQ! is designed to
record 4000 events per AGS spill and typically 1800 eve
per spill are recorded. Signals from the counters and trigg
are sent into digitizers in FASTBUS or CAMAC. Event da
are sent to memory buffers residing in VME which are c
pable of buffering an entire spill’s worth of data. The eve
fragments in each buffer are assembled in event builder m
ules and transferred to eight Exabyte 8 mm tape drives. M
details and specifications are given in Refs.@55,56#.

The first level of the E864 two-level trigger selects eve
where a good beam particle had the desired centrality.
second level selects events based on time and energy
surements in the calorimeter and is called the late ene
trigger ~LET!. The level 1 trigger requires that the bea
counter signal is consistent with a single Au ion. This w
achieved by requiring that an event was rejected if hits fr
two beam particles were contained within a time window
50 ns. An additional requirement was that there were no
in either of the veto counters. The trigger could also be se
exclude events below a given multiplicity.

The level 1 trigger provides sufficient rejection to stu
inclusive spectra of protons and kaons but a level 2 trigge
needed to obtain the sensitivity required for the strang
searches. Since the calorimeter measures both energy
time in each tower, that information is used to determine
mass of the particle. As an example Fig. 2 shows a sim
tion of the distribution in TOF versus energy for mass
uncharged strangelets compared to that for protons and
trons with a curve to illustrate a typical cut with the effects
detector resolution included in the simulation. The imp
mentation of the LET is described in detail in Ref.@57#.

The LET system digitizes the energy and time sign
from the calorimeter providing indices into a programmab
lookup table. The output of the lookup tables is ORed
3-5
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form an accept or reject. The lookup table is generated
terms of energy and TOF from Monte Carlo and data.
typical trigger table efficiency is 85% for a mass 5 GeV/c2,
charge11 strangelet in the rapidity range 1.660.5 at the
11.5 T field setting increasing to almost 100% for high
masses. The corresponding rejection factor for the above
ample is 80, giving enhancements~defined as rejection time
efficiency! of about 68.

5. Monte Carlo simulations and acceptance

Extensive use of aGEANT3 @58# based Monte Carlo of the
apparatus was made both in designing the shielding and
tector as well as determining acceptances and efficiencie
the physics results. In the analysis stage, acceptances
efficiencies are obtained by tracking single particles w
various production models through theGEANT3 model. The
acceptance of the spectrometer for neutral particles is de
mined by the physical apertures of the collimators and m
nets. For charged particles with momentump and transverse
momentumpt , the acceptance in rigidityR5p/Z and trans-
verse rigidity Rt5pt /Z is constrained by the field of th
magnets as well as these apertures. For high positive fi
the pions and protons are largely swept out of the spectr
eter acceptance. This is a desirable feature when searc
for rare high mass objects such as strangelets. There ar
gions iny andpt with acceptance for the same particle sp
cies in different field settings. This provides an importa
check on the systematics. In Fig. 3 the acceptance is sh
for a heavy species, namely,6He, as a function of transvers
rigidity and rapidity at a magnetic field of 1.5 T.

FIG. 2. Simulation of the distribution of mass 6 uncharg
strangelets, protons and neutrons in time versus energy space
effects of detector resolution have been included. The solid cu
illustrates a typical cut using the late energy trigger~LET!. The
figure indicates that the trigger cuts have both good rejection
ordinary events and good acceptance for simulated strangelet
didates.
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III. DATA ANALYSIS FOR CHARGED STRANGELETS

A. Determination of particle mass and charge

The reconstruction of charged particle tracks uses in
mation from the hodoscopes and the straw tubes. The tr
ing algorithm begins by using the three-dimensional sp
hits in the hodoscopes to define straight line tracks dow
stream of the magnets in thex-z andy-z planes. Consisten
hits in the straw tubes are then attached to the track and
tracks are refit. Next the rigidities (p/Z) and path lengths of
the tracks are determined from a lookup table whose inp
are thex-z and y-z slopes of the tracks downstream whic
are assumed to come from the target. The lookup tabl
determined from a Monte Carlo simulation of the appara
which includes a model of the magnetic fields. The table
only a few thousand entries in length due to a sophistica
multidimensional interpolation@59#. The method is very fas
and has an intrinsic resolution of better than 0.1%.

Next the path length versus TOF at the target and eac
the hodoscopes is fit to determine the velocity of the trac
particle. Using the rigidity and the velocity, the track is re
using a full multiple scattering correlation matrix. The com
plete formalism is given in Appendix A of Ref.@55#. There
are four fits:x2z, y2z, time vs pathlength andy pathlength.
The track quality is evaluated by considering thex2 of these
fits. Tracks with a largex2 have a high probability of being
associated with background processes. The pointing a
racy for the tracks in they direction is not very high and ha
a typical FWHM for the distribution of about 18 mm. Thex2

on they path length reduces tracks with poor pointing to t
target. The final track parameters are then calculated by
ting to the target as a fixed point.

Each of thex, u, andv straw tube planes consists of tw
layers. In track reconstruction, each set of two layers is c

he
e

f
an-

FIG. 3. Acceptance of the spectrometer in transverse rigid
versus y for6He for a 1.5 T field. For this experiment midrapidit
was 1.6. The acceptances are given in percent.
3-6
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sidered as one logical plane called a doublet. The hits
combined into clusters which are groups of contiguous
in the doublet. Thus most clusters consist of two hits, o
from each plane. The efficiency of each plane is measure
leaving the plane of interest out of the track fits and th
checking if there is a hit in that plane consistent with t
track. The doublet efficiency, defined as the efficiency
having at least one hit in the doublet, is typically 95–98 %

One of the most important aspects of the spectromete
its ability to track particles in time as well as in space. T
arrival time of a charged particle relative to the arrival of t
beam particle at the target is determined independently in
three hodoscope walls as well as in the calorimeter. The t
of flight for a hit in a hodoscope slat is given by

T5 1
2 ~TDCtop1TDCbot!2Tbeam1T0 , ~2!

where TDCtop and TDCbot are the raw TDC values, correcte
for slewing and for differences in cable lengths and any ti
dependent variations in the PMTs, cables, and TDCs
converted to nanoseconds using the time calibration of
TDCs. Tbeam is the mean time for the beam counter and
subtracted off event by event in order to remove variation
the experimental gate.T0 is an offset which turns the numbe
into a true time of flight. It is determined originally from MC
calculations and then fine tuned using tracked particles
calculate b5v/c from the measured momentum and a
sumed mass of the track. Note that an error in the magn
field can be compensated for in this constant if only o
particle species is considered. This is avoided by using
ticles of different species. Theb of a particle is determined
from a least square fit of path length from the target to
hodoscope planes versus TOF.

The chargeZ of a track is determined independently
each hodoscope wall using the geometric mean of the m
surements by the ADCs at the top and bottom of the slat.
geometric mean is used because it does not depend o
vertical position of the hit in the slat. Specifically,

Z25AGtop~ADCtop2PEDtop!Gbot~ADCbot2PEDbot!,
~3!

whereGi , ADCi , and PEDi are the gain, ADC value and
pedestal for the top and bottom signals, respectively.
pedestals are determined from ‘‘empty’’ events taken r
domly throughout the spill. The gains are normalized
every slat by using tracked particles. Typical efficiencies
the cuts used to isolate charge61 particles are'97% per
plane, or 91% since all three planes are used. Charge 2
ciencies are somewhat lower,'93% per plane or 80% total
The ability of the spectrometer to identify particles via th
mass and charge is demonstrated in Fig. 4 from the the 1
data at11.5 T. The only cuts that are applied arex2 cuts on
the tracks andb,0.985. Note that this data is taken with th
LET set to enhance higher mass particles. The various
cies are well separated and there is little background.

The single particle mass spectra at the 1.5 T field set
is shown in Figs. 5 and 6 for charge11 and12 particles,
respectively. The mass resolutions are on the order of 3–
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and the peaks are very clean with minimal background. A
the same species are accepted, although with different
ciencies, in more than one field setting. Requiring that res
agree from one field setting to the next provides an import
check of systematics, particularly for invariant cross sectio
as a function of rapidity andpt . In Fig. 6 peaks from4He
and 6He are clearly seen. Figure 6 also demonstrates
benefit of a combination ofb and calorimeter cuts in elimi-
nating charged particle background generated by charge
change scattering of neutrons. It can be seen from a comp

FIG. 4. Particle identification using the charged particle track
system. The average of the charges as determined by the
hodoscopes is plotted versus the mass/charge for positively cha
tracks. Clear peaks for abundant particle species are apparent.b
cut of ,0.985 has been applied. The data are from a11.5 T field
run with the LET trigger set to enhance higher mass objects.

FIG. 5. Single particle mass distributions for11 charged par-
ticles at a 1.5 T field setting. Ab cut of 0.972 was applied. The dat
are from the 1996/7 run using the LET.
3-7
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son with Fig. 8 that the tighterb cut alone is not sufficient to
eliminate the high-mass candidates that are due to ch
exchange scattering of neutrons.

The mass is given by

m5
R3Z

gb
, ~4!

where R is the particles rigidity. The mass resolution is
pendent on the resolution of bothb ~from TOF! and momen-
tum. The momentum resolution is given by

sp
2

p2
'

sB
2

B2
1

2su

u2
, ~5!

whereB is the magnetic field andu is the angle of the track
in the bend plane as measured by the downstream trac
chambers. The magnetic fields are known to'61%. The
resolution inu is determined by the multiple scattering~pro-
portional to 1/p) and the resolution of the straw tubes.u
itself is proportional to the total field timesZ/p. Figure 7
demonstrates these effects. It gives the momentum resolu
sp as a function of momentump for 0.2 and 1.5 T fields for
a charge 1 particle.

B. Background

The principal backgrounds in E864 are expected to
those which produce real tracks with the same directions
velocities as the tracks of interest. Sources of such tracks
as follows.

~1! Overlapping events caused by two beam partic
within the event time window of the detector,'50 ns. Both
interact in the target or the later one interacts upstream of
target. The timing is set by the first one, so tracks from
second interaction will be late, leading to an incorrectb that
is too small.

FIG. 6. Single particle mass distribution for12 charged par-
ticles at a 1.5 T field setting. The two curves demonstrate the e
of tightening theb cut and adding calorimeter cuts.
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~2! Charged tracks that originate downstream of the t
get, many of which are created in interactions by neutro
generated in the target. The track will be properly reco
structed downstream of the magnets, but when the trac
extrapolated back to the target, the momentum will be lar
than it should be. Sources of such tracks are secondary
teractions, the most troublesome of which are charge
change of neutrons into protons in the vacuum chamber
window just downstream of M2, in the air before S2 or in t
first monolayer of S2. An additional source of backgrou
was scattering of particles by the S1 straw tube array.

The first class of backgrounds is minimized with ve
counters and the detection of multiple beam tracks in
trigger counters. The second class of background is m
mized by requiring that the momentum as measured by
tracking chambers agree with the energy as measured in
calorimeter.

IV. DATA ANALYSIS FOR NEUTRAL STRANGELETS

We report here the results of a search for neutral stran
lets in relativistic heavy ion collisions. The first informatio
available on neutral strangelet limits was published@49#
based on an earlier E864 data set with smaller statis
Background problems associated with searches for neu
particles are more severe. In addition to all the backgrou
associated with charged particle searches, backgrounds
present due to the inability to track neutral particles. T
search for neutral strangelets capitalizes on the excellent
formance of the E864 spectrometer for the study of b
charged and neutral hadrons. The key element making

ct

FIG. 7. Momentum resolution as a function ofp for 0.2 T
~squares! and 1.5 T~triangles! magnetic fields. The open symbo
are the distributions when multiple scattering is turned off in t
simulation.
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SEARCH FOR STRANGE QUARK MATTER PRODUCED IN . . . PHYSICAL REVIEW C63 054903
search for neutral strangelets possible is the hadronic c
rimeter at the downstream end of the E864 tracking syst

A. Search procedure

The search for neutral strangelets is performed in th
steps. The first step is to search for interesting hits in
calorimeter. The second step is to eliminate all hits cor
sponding to charged particles reaching the calorimeter.
final step is to eliminate clusters with energy contaminat
from overlapping showers or products from late interactio
in the target. In the first step the entire fiducial volume
the hadronic calorimeter is searched for each event to id
tify particle hits that could represent an interesting obje
Hits that represent a local maximum in energy and that a
fired the LET are selected for further analysis. The parti
energy is determined from a sumE333 of 333 towers sur-
rounding the peak tower. This corresponds on the averag
90% of the total deposited energy.

In the second step tracks are reconstructed using the t
planes of the hodoscopes and the straw tube chamber
and S3 in order to eliminate hits in the calorimeter fro
charged particles. It is necessary to have a high efficiency
track reconstruction but at the same time avoid false re
tion of neutral particles due to ghost tracks, therefore t
different procedures are used for track reconstruction.
neutral strangelet candidates with baryonic mass less tha
much contamination from charged particles is expected.
this mass region the track reconstruction method using
highest efficiency, namely, 99.9% is used. In this metho
track is kept if there are hits in two hodoscopes and o
straw tube chamber. The efficiency for not rejecting a neu
particle is determined to be about 61%.

For neutral strangelet candidates with baryonic m
greater than 30 contamination is a minor problem, theref
a track reconstruction method is used that emphasizes
elimination of ghost tracks that would increase the rate
false elimination of neutral hits. In this procedure hits a
required in all three hodoscope planes and one straw
station. In addition the time ordering of hits in the hodosco
had to be correct and ax2 cut on the track reconstruction i
made if more than one track shares a hodoscope hit.
charge rejection efficiency is determined to be approxima
97%.

In both of the track finding methods described abo
tracks are not required to originate from the target since t
can result from production of secondary particles. Ene
clusters with a matching track are considered to be produ
by charged particles and are discarded. The masses o
remaining candidates are calculated using the expressio

m5
1.1E333

g21
, ~6!

whereg5(12b2)21. b is determined from a straight lin
path from the target to the peak tower and the time meas
by the peak tower. The factor 1.1 accounts for partial sho
containment in the 333 array of towers.
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B. Contamination of neutral candidates

Contamination of neutral cluster candidates by extra
ergy from neighboring clusters or late hitting particles c
imitate a high mass object so that light particles such
protons or neutrons can be misinterpreted as heavier part
or strangelets. Time contamination can result from partic
produced in interactions closely spaced in time in the tar
or particles produced in secondary interactions in or
stream of the target and delayed relative to the trigge
interaction. Many double beam events are rejected by eli
nating those that correspond to two Au ions traversing
quartz plate of the MITCH counter during its ADC integr
tion time. Some particles produced in secondary interacti
are identified and rejected using the interaction veto coun
located just upstream from the target. Particles from seco
ary interactions are also eliminated by a cut on the time
particles left the target. Every event that had at least
track generated later than 2.5 ns after the event start tim
rejected. Events are also rejected that contained pho
whose time intercept at the target exceeds 3 ns relative to
start time of the event. Photons are identified by their narr
calorimeter showers where typically the peak tower accou
for more than 95% of the total shower energy.

False reconstruction of heavy particles can also be cau
by energy contamination due to overlaps of two or mo
particle showers. A shower is considered to be contamina
if there are significant deviations from the lateral energy p
file and time distribution of a reference shower. The ref
ence energy profile is constructed from a sample of sev
thousand well isolated clusters matching tracks identified
protons, deuterons or tritons. Clusters are rejected if the
ergy measured by the eight neighbor towers to a peak to
exceeds a maximum fractional energy prescribed by
shower shape. The maximum fractional energy is chosen
as to achieve a 98% efficiency per tower. Clusters are a
rejected if the time measured by any of the eight nea
neighbor towers differ by more than 2.2 ns from the tim
measured by the peak tower. Further details on the ana
are given in Ref.@60#.

V. PRODUCTION LIMITS

A. Calculation of limits

Production limits can be calculated from the express
given below for the number of candidates observed (Nobs) as
a function of spectrometer acceptances and efficienciese)
in various regions of rapidity~y! and transverse momentum
(p'). In the expression forNobs, sc is the strangelet produc
tion cross section for 10% central interactions~10% of the
total cross section!, I c is the number of central interaction
examined,e(y,p') is the efficiency for detecting a strangel
as a function ofy andp' , andd2s/dydp' is the strangelet
differential cross section:

Nobs5
I c

sc
E e~y,p'!

d2s

dydp'

dydp' . ~7!

In order to set total production limits for strangelet pr
duction it is necessary to have a model for the production
3-9
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strangelets as a function of phase space. Then this mod
integrated over the limits in each phase space bin to ob
the final limit. We assume a strangelet production mo
separable iny andp' :

d2s

dp' dy
}Fp' expS 22p'

,p'. D G FexpS 2~y2yc.m.!
2

2sy
2 D G ,

~8!

wheresy is the rms width of the rapidity distribution an
^p'& is the mean transverse momentum of the strangele
order to calculate the total acceptance and efficiency we
a rapidity widthsy of 0.5. The rapidity and transverse m
mentum distributions were assumed to be uncorrelated.
production model has been widely used in strange
searches@48,61#.

The rapidity width could increase with mass due to flo
effects. Such particles would be produced by coalescence
this experiment is not sensitive to coalescence forA>7. For
strangelets produced by strangeness distillation the rap
distribution might well decrease with increasing mass.
production model@62,63# was thus considered using a rapi
ity width of 0.5/AA. The effect of this change on the produ
tion limits was about 20%. If a larger width was assumed
effect on the production limit for any reasonable wid
would be at most around a factor of 2.

B. Determination of limits for charged strangelets

The first task in the strangelet search is to use the tim
flight and reconstructed momenta associated with the tra
with appropriate cuts to establish a set of high mass ca
dates. At this stage of the analysis a large number of h
mass candidates are always seen. This is due to charg
change scattering of neutrons discussed above that prod
tracked protons with reconstructed momenta that are
large. The masses of these particles are determined by
suring the kinetic energy deposited in the calorimeter. T
particle’s mass is also calculated from the kinetic ene
determined by tracking. The mass for most of the proto
generated by charge exchange of neutrons is measured i
calorimeter to be near that of the proton but the correspo
ing mass measured by tracking is often much higher.
therefore for convenience use the terms ‘‘calorimeter ma
and ‘‘tracking mass’’ for particle masses measured in
calorimeter and by tracking, respectively.

Using the efficiencies determined for observing stran
lets, the upper limits on their production can be determin
The final limits are quoted as 90% confidence level limits
10% most central interactions of 11.5 GeV/c per nucleon Au
projectiles with Pb or Pt targets. The limit is given as

90% C.L.5
NPoisson

Nsampledeaccepte trackingecalorimetere trigger
. ~9!

The 90% confidence level limit from Poisson statistics
NPoisson52.30 andNsampled is the total number of event
sampled.
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The efficiencies in the 90% C.L. formula above vary bo
with strangelet species (A,S) and with the production model
Below representative values are given. The overall geome
acceptanceeaccept is approximately 8%. The tracking effi
ciency e track including track quality cuts is approximatel
75%. The calorimeter contamination cut efficiencyecalorimeter
varies over a large range of from 40 to 80 % depending
the incident particle occupancy. The trigger efficiencye trigger
is high varying from 90 to 100 %.

The above efficiencies are calculated using a fullGEANT

simulation of the experiment that includes magnets, vacu
chamber, detectors, etc. Detector survey data is used as
for the detector geometries andGEANT calculates the geomet
ric acceptance and single particle tracking efficiency. T
efficiency of a given detector is determined by using the d
to find tracks in the other detectors and then checking fo
consistent hit in the detector. In order to determine mu
track efficiencies and calorimeter shower cut efficienci
Monte Carlo detector hit information which simulates t
measured detector responses is overlayed with real ex
mental data. The results are then processed through
tracking and shower analysis.

1. Limits for positively charged strangelets

In order to determine limits on the production of pos
tively charged strangelets a total of 1.331010 of the 10%
most central events are sampled. A summary of the ev
sampled for various strangelet searches at various mag
fields is given in Table I. In order to search for strangel
the masses of candidates are identified in the tracking
cess after successive application ofx2 cuts to determine the
quality of the track, a cut to determine the consistency
TOF as measured by the tracking and the calorimeter an
cut of b<0.972. The candidates surviving these cuts
shown in Fig. 8 where a plot of calorimeter mass vs track
mass is given.

As can be seen in Fig. 8 there are a handful of candida
with rough agreement between calorimeter and track
mass. Next a cut is made on the consistency of the kin
energy as measured in the calorimeter and by tracking. O
three candidates with both tracking and calorimeter mas
greater than 5 GeV/c2 survive the kinetic energy cut. Thes
three candidates indicated by squares in the figure were
amined in great detail. In each of these there are sev
towers with energy deposited greater than 1 GeV but with
timing information. For hits later than a preset time no tim
ing signal is given by the calorimeter. This implies that the

TABLE I. Summary of date sets used for strangelet searche

Strangelet charge~Z! Magnetic field
10% Most central
events sampled

11,12,13 11.5 T 13.03109

11,12,13 -0.75 T 13.83109

-1,-2,-3 -0.75 T 13.83109

0 11.5 T 13.03109
3-10



la
er
n
b
o

th

e
wi
si
e.
ve

-
fo

bers
he
h

ely
t
ge-

nd
. A
d.

e

e
o

ts

y
and
gelet

o
s

SEARCH FOR STRANGE QUARK MATTER PRODUCED IN . . . PHYSICAL REVIEW C63 054903
events are contaminated by a second interaction from a
hit in the target. Events are rejected if they contain tow
with energy greater than 1 GeV but no timing informatio
On this basis the three candidates are thus judged to be
due to shower overlapping from interactions involving tw
beam particles closely spaced in time. The efficiency of
above cut is 85%. A detailed discussion of this analysis
given by Xu @62#.

A search was made for heavy objects withZ512. From
Fig. 6 with the tightb cut it is clear that we see a peak du
to 6He but no candidates above mass 6. He isotopes
mass 5 and 7 are unstable against prompt particle emis
but 8He with a half-life of 119 ms would be observabl
From Fig. 6 it is evident that no mass 8 events are obser

It is possible to identify particles withZ>3 but distin-
guishing betweenZ53 and higher is difficult due to satura
tion of the hodoscope ADCs. The corresponding plot

FIG. 9. Mass distribution forZ513 strangelet candidates. Th
open histogram refers to the distribution before the calorimeter c
tamination cut was made.

FIG. 8. Tracking mass vs calorimeter mass distribution
charge511 candidates withb<0.972. Data points in the rectangle
are for those candidates with mass greater than 5 GeV/c2.
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high mass candidates withZ>3 is shown in Fig. 9. The cuts
are the same as those applied toZ51 and 2. The peak is
identified as6Li with a high mass shoulder from7Li. Note
that the two candidates in the figure between mass num
10 and 11 were eliminated by the tight calorimeter cut. T
conclusion is that there are no strangelet candidates witZ
>3 andm>8 GeV/c2.

Based on the null results of the searches for positiv
charged strangelets withZ51, 2, or 3 we can set limits a
90% C.L. over a wide mass range for production of stran
lets from the interaction of 11.5 GeV/c per nucleon Au pro-
jectiles with Pt targets. These limits are shown in Fig. 10 a
the corresponding numerical values are shown in Table II
total of 1.331010 10% most central interactions are sample
The limits are below 231028 per central interaction and ar
relatively constant above a mass of 20 GeV/c2.

TABLE II. 90% C.L. upper limits for positively charged
strangelets.

Charge~Z! Mass no.~A! 90% C.L. upper limit

11 6 1.831028

11 10 1.231028

11 20 7.231029

11 40 6.331029

11 100 7.031029

12 6 1.531028

12 10 9.831029

12 20 7.931029

12 40 7.431029

12 100 7.731029

13 6 1.731028

13 10 1.131028

13 20 8.831029

13 40 8.631029

13 100 9.531029n-

FIG. 10. 90% C.L. upper limits for the production of strangele
with positive charges per central Au1 Pt collision at a beam mo-
mentum of 11.5 GeV/c per nucleon. The rms value of the rapidit
width of sy50.5 was used to calculate the total acceptance
efficiencey and the mean transverse momentum of the stran
used waŝ p'&50.6AA.

f

3-11



a

a
a

fro

ck
a
o
s
a

ac
ib
ro
h

d

th

te
m
gh
ril
n

m
fa

f i

ith
for
ed.
nd
The

e

ely

lets

for

ate
is
ro-

o-

a

g

T. A. ARMSTRONGet al. PHYSICAL REVIEW C 63 054903
2. Limits for negatively charged strangelets

In order to determine limits on the production of neg
tively charged strangelets a total of 1.3831010 of the 10%
most central events were sampled. A number of cuts
applied to the tracking data as well as the calorimeter d
@64#. To be considered a strangelet candidate the mass
tracking is restricted to greater than 5 GeV/c2. Application
of these cuts results in a sample of 26 959 candidate tra
In order to search for strangelets, the masses of candid
identified in the tracking process are matched with the c
responding masses measured in the calorimeter. The re
ing distribution of tracks is shown in Fig. 11. In the figure
large number of tracks are seen corresponding to large tr
ing masses but small calorimeter masses. As descr
above, these tracks are believed to be mostly due to neut
that charge exchange scatter and thus masquerade as
mass particles.

It is apparent from Fig. 11 that there are no good can
dates with masses above 10 GeV/c2. Below 10 GeV/c2 the
requirement is made that the calorimeter energy match
tracking kinetic energy within21s and 13s, wheres is
the energy resolution of the calorimeter. The cut was tigh
for negatives due to the fact that the background fro
charge exchange is at low calorimeter mass. A similar ti
cut for positives is thus not needed and would unnecessa
reduce the efficiency. This final agreement cut is 84% a
leaves only one candidate which is circled in Fig. 11. So
background processes have been identified that could
such a particle as discussed by Van Buren@64#. Thus with
only one candidate it is not possible for us to determine i
is a strangelet or background.

FIG. 11. Charge21 strangelet candidate distribution in cal
rimeter vs tracking mass. The cut at 5.0 GeV/c2 for the minimum
tracking mass is shown. The single candidate whose tracking
calorimeter mass agrees is circled.
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A search was also made for strangelet candidates w
charge of22. In this case the same tracking cuts used
theZ521 case are employed. No calorimeter cuts are us
Above 5 GeV/c2 in mass only three candidates are seen a
none has a calorimeter mass near to the tracking mass.
results are shown in Fig. 12. The efficiencies used in thZ
522 analysis are discussed in Ref.@64#.

Based on the null results of the searches for negativ
charged strangelets withZ521 and22 limits at 90% C.L.
are set over a wide mass range for production of strange
from the interaction of 11.5 GeV/c per nucleon Au projec-
tiles with Pt targets. Representative numerical values
these limits are given in Table III. A total of 1.3831010 10%
most central interactions are sampled using a negativeB field
from the analyzing magnet. If we assume that the candid
at A57 for Z521 is a strangelet then the 90% C.L.
increased by a factor of about 1.7. The limits for the p

nd

FIG. 12. Charge22 strangelet candidate distribution in trackin
vs calorimeter mass.

TABLE III. 90% C.L. upper limits for negatively charged
strangelets

Charge
~Z!

Mass no.
~A!

90% C.L.
upper limit (B<0)

90% C.L.
upper limit ~all B)

21 5 1.531028 1.031028

21 20 8.331029 3.431029

21 100 9.331029 2.931029

22 5 6.731029 5.331029

22 8 5.131029 3.431029

22 20 3.531029 1.831028

22 100 3.831029 1.531029

23 10 7.831028

23 20 1.331028

23 100 4.331029
3-12
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SEARCH FOR STRANGE QUARK MATTER PRODUCED IN . . . PHYSICAL REVIEW C63 054903
duction ofZ522 strangelets are based on a null result.
In addition to the above analysis the 1.331010 10% most

central interactions observed using a positiveB field from the
analyzing magnet and sampled in the search for positiv
charged strangelets were also searched for negative stra
lets. In the analysis of this data set it is also possible
search for strangelets withZ523 as well asZ521 and
22. The limits determined by combining the results from t
two data sets are given in the last column of Table III a
shown in Fig. 13.

FIG. 14. Reconstructed mass spectrum of neutral particle ca
dates.

FIG. 13. 90% C.L. upper limits for the production of strangele
with negative charges per central Au1 Pt collision at a beam
momentum of 11.5 GeV/c per nucleon. The rms value of the rapid
ity width of sy50.5 was used to calculate the total acceptance
efficiencey and the mean transverse momentum of the stran
used waŝ p'&50.6AA.
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C. Limits for neutral strangelets

In order to determine limits on the production of neutr
strangelets a total of 1.331010 of the 10% most centra
events are sampled. This is the same data sample as that
in the search for positively charged strangelets. A rec
structed mass spectrum is shown in Fig. 14. For the h
mass region of the spectrum above 20 GeV/c2 no candidates
are observed. In the mass range from 3 to 20 GeV/c2 there
are 195 721 candidates distributed roughly exponenti
with respect to mass. A detailed analysis@60# of the event
structure of the candidates and also candidates rejecte
various contamination cuts show that delayed upstream
teractions are mainly responsible for the higher mass ca
dates while lower mass candidates are mostly due to en
contamination from overlapping showers.

The calculation of production limits for neutral strangele
therefore proceeds based on the number of candidates
served. For masses above 20 GeV/c2 no candidates are ob
served. For masses below 20 GeV/c2 the sensitivity is lim-

TABLE IV. 90% C.L. upper limits for neutral strangelets.

Mass no.~A! 90% C.L. upper limit

6 3.231025

8 5.031026

10 9.531027

15 5.131028

20 7.031029

40 3.031029

60 2.931029

80 3.131029i-

FIG. 15. 90% C.L. upper limits for the production of neutr
strangelets per central Au1 Pt collision at a beam momentum o
11.5 GeV/c per nucleon.
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ited by overlapping showers and double interactions
vetoed by the electronics. We assume no knowledge of
background and no restriction in the production of stran
lets. The number of observed candidates as shown in Fig
in the mass rangem61.25sm is used to estimate the 90%
C.L. upper limit for production of neutral strangelets whi
is shown in Fig. 15 and Table IV. As can be seen from F
15 the limit is nearly flat above 20 GeV/c2 due to the large
acceptance of the E864 spectrometer. The lower sensit
at lower masses is due to background contributions.

D. Limits on H 0 production

The large neutral background at low mass in this exp
ment makes a direct search for theH0 impractical. In addi-
tion, such a search would have only been sensitive toH0s
with proper lifetimes greater than about 50 ns unlike pre
ous searches which typically had no such restriction.
search was thus made for theH0-d hybrid bound state of the
H0 and the deuteron. Assuming aH0-d mass of 4.09
GeV/c2, the background in this mass region is dominated
the triton tail. Using a tighter rapidity cut ofy<1.9 to clean
up the spectrum, no significant peak is observed around
H0-d mass.

A detailed discussion of the analysis leading to theH0-d
limit has been given by Xu@62#. A mass resolution of 2%
from the triton mass peak and a double-exponential fit to
triton tail is used to determine the upper limit. Given the fa
that there is no particle withZ511 around a mass of 4.1
GeV/c2 and the excellent fit to the triton tail, a 90% C.L
limit for H0-d production of 0.9231027 per 10% most cen-
tral collision is obtained.

Baltz @14# estimated that for central and min-bias Au1
Au collisions at AGS energies the predicted number
boundLL particles is 0.012 and 0.07 per collision, respe
tively. Using the suppression factor of 48 for the addition
one nucleon by coalescence as measured in E864~see dis-
cussion in the next section! and the limit for theLL of 0.012
we obtain a predicted production level for theH0-d of 5
31026. This is a factor 54 times higher than our measu
limit. The proper lifetime for a particle in the E864 spe
trometer is about 50 ns so the above result indicates that
unlikely that theH0 exists with a lifetime greater than abo
10 ns. Nevertheless theH0 could exist with hyperonic life-
times down to about 10210 s.

E. Limits on production of pineuts

Pineuts produced at central rapidities, in central Au1 Pt
collisions with lifetimes in access of that of the charged p
have a finite probability of reaching the calorimeter loca
at the end of the E864 spectrometer. They would prod
high rigidity tracks that could be reconstructed using
same techniques used for strangelets. We therefore ex
our negative strangelet search to look for mass peak
pineut masses of 2019 MeV/c2, 2957 MeV/c2, etc.

The low mass region suffers from reduced trigger e
ciencies as well as significant background from scatte
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protons andp̄. In contrast, antinuclei of similar masses d
posit annihilation energy in the calorimeter therefore impro
ing the trigger efficiency as well as making it easier to d
tinguish background. No signal was observed for theA52
pineut (p22n) thus an upper limit on it’s invariant yield o
2.531027 per 10% most central ccollision near midrapidi

is significantly higher than the observedd̄ signal of 3.7
31028 @65#. The corresponding upper limits for thep
23n, p24n, and p25n states are found to be 7.
31028, 2.531028, and 1.531028, respectively.

We have searched for the production of pineuts in co
sions of Au beams with a target of Pt. We find no eviden
for the production of pineuts at a sensitivity level whic
surpasses both that of previous studies and the prediction
a dynamical coalescence model. This analysis confirms
lier studies@43# that such particles are not likely to hav
pionic lifetimes.

VI. COMPARISON WITH AND CONSTRAINTS
ON STRANGELET PRODUCTION MODELS

A goal of this experiment is to either discover SQM or
use the measured limits to make some statement concer
the stability of SQM and constrain the bag model parame
that predict metastable strangelets in the mass and life
range studied. An additional complication is the fact th
mechanisms by which strangelets can be produced in rela
istic heavy ion collisions are not well known so differe
production models need to be considered. Below we exam
both plasma and coalescence production models in ligh
the production limits measured in this experiment.

A. Constraints on plasma production models

Greineret al. @17# suggest a mechanism for strangelet fo
mation involving the formation of a quark-gluon plasm
~QGP! followed by the emission of a strangelet. In this sc
nario s̄ quarks produced in a baryon rich QGP combine w
abundantu andd quarks to formK mesons. This ‘‘strange-
ness distillation’’ could result in a residue rich ins quarks
from which strangelets might form during the cooling pr
cess. In this scenario it might be possible to produce la
strangelets withA>15. Nucleation calculations carried ou
by Kapustaet al. @16# predict that under certain conditions
QGP might be formed in as many as 1 in 100 to 1000 cen
collisions.

Using the production limits obtained for charged and ne
tral strangelets it is not possible to rule out any of the in
vidual steps in the above QGP distillation scenario but it
possible to place limits on the overall process. We defi
BF~QGP! to be the branching fraction for the formation o
the QGP from interaction of 11.5 GeV/c per nucleon Au
projectiles with a Pt or Pb target and BF~Strange! to be the
branching ratio for decay of the QGP into a strangelet. Th
a model independent upper limit can be set on the produc
these two processes.
3-14
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For charged strangelets the production limits are re
tively flat as a function of mass. As an example we consi
a typical production limit for a charged strangelet of givenA
andZ of 131028 for 10% most central collisions at the 90%
C.L. The corresponding limits as a function of BF~QGP! and
BF~Strange! are shown in Fig. 16. The numbers can be
fined for charged strangelets of a given mass and ch
using the information from Table II or Table III. As an ex
ample if the QGP was produced in 1 collision per 1000 c
tral collisions, the probability that aZ512 strangelet with
A510 would be produced upon cooling of the QGP is le
than 0.001%.

Crawfordet al. @19# have made specific predictions co
cerning production rates of strangelets following a QG
phase transition. Their model assumes formation of a QG
every 10% most central collision. In the model the lar
QGP drop fragments into smaller QGP droplets and then
cool primarily by meson emission to form a small drop
strange matter with a givenA and Z. Finally this drop can
cool partially by gamma emission to form a strangelet
givenS, A, andZ. The probabilities of the above sequence
events leading to formation of a strangelet with lifetim
greater than 331028 s is calculated forg lab of 14.5, 60, and
200. The predictions are for strangelet mass numbers~A! of
10, 15, and 20 with charges~Z! ranging from24 to 14 and
are given in Table VI of Ref.@19#. For g lab of 14.5 that is
most relevant for this experiment the two highest probab
ties are 4.831027 for A510 andZ53 and 7.531028 for
A510 andZ52. The production limits of 1.131028 and
9.831029 shown in Table II from this experiment therefo
test the Crawfordet al. limits under their assumption of th
production of a QGP droplet in every central collision.

It is also possible to estimate limits for the production
neutral strangelets under the above scenario. The result
given for strangelets withA56 ~quark-alpha!, 10, and 20.
The corresponding branching fractions are shown in Fig.

FIG. 16. Typical branching fraction limits for distillation o
charged strangelets from a QGP.
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The production limits determined in the Crawford model f
neutral strangelets are 2.531028 and 2.631029 for A equal
10 and 15, respectively, so our sensitivity is not great eno
to test this model for neutral strangelets.

B. Constraints on coalescence production models

A very different production mechanism for strangelets
volves the coalescence of strange and nonstrange bar
produced in heavy ion collisions. In this picture, just after t
collision the produced particles undergo many interactio
but after the system has expanded significantly baryons
are close to each other in configuration and momentum sp
may fuse together to form nuclei and hypernuclei. Hypern
clei have lifetimes of the order of theL particle and do not
traverse our spectrometer, but if a strangelet state of sim
quantum numbers (A,S) is more stable than the hype
nucleus, the hypernucleus could act as a doorway to
strangelet state.

Baltz et al. calculate the production rate of strange clu
ters in relativistic heavy ion collisions using a simplified co
lescence model and theARC cascade code@14#. Of particular
interest for this work are their predictions for hyperfragme
production for central Au1 Au collisions at AGS energies
If it is assumed that a strangelet of givenA andS is produced
at approximately the same rate as a hyperfragment with
sameA andS we can compare the calculated hyperfragm
limits with our strangelet limits. The most relevant compa
son is for strangelets withA56 and 7. The calculated yield
for the LL

6He of 1.631025 is higher than the experimentall
measured limit for aZ51 and A56 strangelet of 1.8
31028. Another relevant comparison is with the calculat
yield of the JLL

7He of 231027 with our measured limit for
a Z52 and A57 strangelet of approximately 1.431028.
Thermal models predict production yields that are below
sensitivity for low-mass strangelets. For example, the rate

FIG. 17. Branching fraction limits for distillation of neutra
strangelets from a QGP.
3-15
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FIG. 18. Invariant yields at or near y5 1.9
and p' /A5200 MeV/c as a function of mass
numberA.
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7He production in Au1 Au collisions is calculated to be

4.0310210 and 9.631029 for freeze-out temperatures o
0.12 and 0.14 GeV, respectively@66#.

It is also important to note that in our experiment6He but
not 8He is observed (7He is particle unstable!. Since there
are additional suppression factors associated with the a
tion of a unit of strangeness it can be concluded that
experiment does not have the sensitivity to observe stra
lets produced by coalescence withA>8 and is marginal for
A57. On the other hand, observation of a charged strang
with A>10 could be a relatively clean signature for the fo
mation of the QGP.

VII. CONSTRAINTS ON FUTURE SEARCHES

In addition to searching for strangelets, experiment E8
has carried out a comprehensive set of measurements w
address the coalescence of multibaryon states in heavy
collisions at AGS energies. Production of stable light nuc
by coalescence is observed fromA51 to A57. The results
for the stable light nuclei have been published@47#. The
invariant yields for stable nuclei fromA51 to A57 are
shown in Fig. 18 for y near 1.9 andpT /A5200 MeV/c as a
function of mass number. As can be seen from the figure
addition by coalescence of each nucleon involves a supp
sion factor of about 48. As an example, taking the product
of 6He as 231027 per 10% most central collision, the prob
ability for producing a strangelet withA57, Z52, andS
521 is <431029, which is below our limit for such
strangelets. These results indicate that if such strangelet
formed by coalescence then a search with a sensitivity o
least a factor of 10 greater than in this experiment will
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needed. If even larger strangelets are formed by coalesce
we will need even a greater increase in the sensitivity.

VIII. CONCLUSIONS

The E864 spectrometer is used to sample approxima
2.731010 10% most central Au1 Pt interactions at the AGS
in a search for charged strange quark matter. In addi
1.331010 10% most central Au1 Pt interactions are
sampled in a search for neutral strangelets. Redundant tr
ing methods and calorimetry are used to reduce backgro
No consistent candidates for new states of strange quark
ter are found with proper lifetime greater than approximat
50 ns. The search results in the assignment of 90% C
upper limits of typically 1028 or less for 10% most centra
collisions of Au1 Pt for charged strangelet searches ove
mass range fromA56 to 100. We also report here limits o
the production of neutral strangelets. The 90% C.L. up
limit is <1028 for A>20 and increases to 1026 for A510.
Coalescence studies of light nuclei indicate a coalesce
suppression factor of about 48 for the addition of ea
nucleon. An additional suppression factor may exist for
placement of a nonstrange by a strange quark. This is b
investigated by studying the yield of theL

3 H in the E864
experiment and the result will be reported in a forthcomi
publication.

Although we are able to set very low upper limits on t
existence of strangelets in the range of sensitivity of o
experiment we are not able to answer the question conc
ing their existence. There are several definite reasons for
First the experiment is only sensitive to strangelets w
proper lifetimes greater than about 50 ns. Also the supp
sion factor for addition of a nucleon to a fragment is found
3-16
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be about 48 as shown in our results on the production of l
nuclei from coalescence@47# which is much higher than ex
pected. The experiment is not sensitive enough to de
8He, therefore detection of coalescence-produced strang
with A>8 would not be expected. It did rule out the form
tion of a QGP followed by the formation of a strangelet
levels of typically 1028 per 10% most central collision
These studies represent the most extensive and highest
sitivity heavy ion based searches at AGS energies for S
to date. In addition high efficiency searches at the CER
SPS by NA52@30,32# found no evidence for SQM. We con
clude from these studies that if strangelets exist and can
produced in relativistic heavy ion collisions, experimen
.F
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with very much higher statistics will be needed in order
detect them. Nevertheless, if the QGP can be made
might produce additional pathways for strangelet producti
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