


Oxouon 3. R - - : -
: Crpanuoc xsapxosoc Be[uccn;o BO Bce.ncuuou B nncpuux nyqxax Ha ycxopuTe.mlx

© E195:354°

Hmcm-csl cmsuue apxymcmbl B nomﬂy 'roro \rro c-rpa}moc xnapxonoc BEWIECTBO (CKB) coc-roslmcc
u3 npuMcpHo PaBHOTO YHCNA u-, d- H S-KBAPKOB, SBISETCS OCHOBHOMH H a6comcrmo CTaGMbHOH cbopuou
MaTepHu. . Acrpod)mullccxuc 06LEKTL, KOTOPBIE ~COMIACHO HMEHMCS npcnnonoxcuuxu ‘COCTOAT
‘u3. CKB, Moryr BOJHHKH}’Tb ‘B pesynbTate Bonbmoro _B3pbIBA HA PAHHCH CTAIHH PAsBHTHS Bcenennoi
"HIH B chyanaTc npeBpaeRHs HEATPaNbHBIX 3Be31 B CTPaHHble. Takue OGBEKTH CUHTAlOTCS xopomuuu
. KQHIHIATAMH B «MEPHBIE NLIPHI», YHHKaJlele BO3MOXHOCTb MOMYYHTD. CKB B 3EMHBIX naﬁopa'ropuux
YCn0BHAX (Ha ycxopme.nnx) HAIOT OYEHD XECTKHE COYNaPEHHS SUEP ~— TaK HAILBAcMbli «Manblil GonbLOi
-B3phiB», B paGoTe naetcs’0630p OXHA2EMBIX CHIHAIOB,. KOTOphlE MOCYT GuiTh Bmancuu npH - acTpo-
E d)muqccxux Haﬁnmﬂcﬂuxx ocobentocteil Gonsiuux CKB-06bexToB, a” Takxe NpH MoHcKe NIErKHX
.CKB-cocTosHHit, BKIIIOYAS IPOCTERWNE U3 HUX — MCTaCTBGWIbHHH HIECTHXBADKOBBif H- numnepon

ﬂpcncranncuu ncpauc pesyabTath Ity6HEHCKOro NOHCKOBOro 3IKCMEPHMEHTA B MyYKax s1ep, B KOTO-
POM TIPH. UEHTPANLHLIX ANEPHHIX CTONKHOBEHHAX Gbin 0GHAPYXEH 3HaUHTENbHBIH Pasorpes chccrsa |
c oﬁpanoaaﬂueu 06OraieHHOro CTPaHHOCTBIO cbaucpﬁona (cMewannoil dasni?) ¢ Gonboi n.nomocnlo
B omix fnaronpHaTHbIX YC10BHSX GbUT Haituen OOHH KaHAHIAT B H-numncpouu H Gbina cnenaﬂa oueHkKa .
BEPXHETO MpejieNia CeYeHHs oGpaJOBaHHx aT10r0 CKB-cocmﬂHux B 3aKIOTIEHHE - Kpatko HITOXEHH -
_NEPCNEKTHBH H anHMyUICCTBa uanbucmuux NoMCKOB - erkix CKB-cocTosHuit, - ¢ HCMONB30BaHHEM
_HYKJIOTPOHA — HOBOTO. nyﬁm:ﬂcxoro cncpxnponowlmcro ycxopwrenx mlcp 1o 3Hcpmu 5—6 FaB
Ha HYKJIOH, o : -
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.Strangc Quark Mattcr m lhc Umvcrsum and Accc]crator Nuc]car Beams ‘_ RN N

o0 AR almost symmctnc mlxturc of u, d and 5- quarks — Strangc Quark Mattcr (SQM) is slrongly argucd
,to be the ground and absolutcly stable state of the matter. Astrophysxca] objects, supposcd to be the SQM
states, could be formed as the result of the Big Bang (in the early Universe) and the conversion of ncutron
stars into strange ones. Such objects are considered to be favorable candidates as black holes. The unique
possibility. to* producc the SQM .under terrestrial condmons (at- accclcrator laboratoncs) are violant
rclatxvxsuc nucleus-nucleus “collisions so_called «little, big bang». The: expected singulares of SQM.
; are reviewed which could be revealed from astrophysical observations of peculiarities of large SQM
ObjCCtS as well as from accelerator experiments with searching smaller SQM states including the sxmplcst
;onc mctactablc sxx~quark H -dihyperon,, The - first results of - the Dubna search -cxperiments,
ﬂwnth cons:dcrablc heating of the matter and formation a dense strangeness abudam fireball (mixed phase?):
in central nuclear colhsxons is presemed Under these favorable conditions a candidate for H dihyperon
is observed and an upper. limit of production cross sections”of this’ SQM states is estimated. Some
prospccts and advantages of further searches for light SQM. stalcs using the JINR new. supcrconductmg
:accclcrator — Nuclolron with cncrgy 5—6 GcV per nuclcon are briefly out]mcd 3 L
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1. Strange Quark Matter in the Umversum
1.1. General Remarks .

There are Welghty theoretical arguments to cons1der the matter which con-
sists of nearly equal numbers d, u and s quarks, to be the true hadronic ground
stable state i.e. (E/A)som < (E/A)p. ( see ! and the referencies therein ).

One of the most important reason of the dense SQM stability is the Pauli
principle : there are no empty energy states.( levels ) to receive u or'd quark from
the weak decay e.g. s — u +e~+ 7. :

In contrast to usual nuclei in which with increasing the number of protons
the Coulomb repulsion overwhelms the strong force binding nucleons together, the
SQM: with N; ~ N, = N, is nearly neutral and should be free of the. size limitation.

Thus huge SQM chunks, being like giant nuclei, could fill the gap between
nuclei and neutron stars ("nuclear desert”), and further the the neutron stars could
convert into strange ones formlng very likely the black holes (see Figure 1.).

The mentioned equality is approximate one. . The QCD: thermodynamlcs
dictates that, at equilibrium, the three quark flavors in the multiquark bag share
the available energy equally. The strange quark is more massive than u and d ones,
so will be slightly fewer strange quarks in a SQM chunk
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To make it completely neutral, some admixture of electrons is necessary.
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Figure 1. The overall chart of nuclides.

Strictly speaking the stability of SQM itself could be hardly decided.regor—
ously by fundamental QCD calculations in the near future, so thus it is now rather
experlmental question. Nevertheless general fundamental SM and QCD predlctlons
about various astrophysical scenarios, being taken as a workmg tool, should usefully
serve experimentalists to search for possible sxgnatures of SQM

1.2. Strange Quark Matter as Black Hole.s

It has been known from detailed astrophysical observations of galames that
there is far more to the universe than could be seen.

The combined gravitantional fields of all visible stars and luminous galactic
dust are not close to being strong enough to produce the motions of the galaxies or
individual stars within them. Estimations show that the amount of missing material
is enormous: at least 80 percent of all the matter in the universe is apparently cold
and dark, undetectable by any radio or optical telescopes.

' ‘More than decade ago the fascmatmg possibility has been raxsed2 that the
missing mass - that is most of the universe - is largely the strange quark matter
" hidden in black holes. In the framework of p0551b1e scenarios such black holcs could
be classified in two ranks: »
o black holes created directly from the big bang after quark phase formatlon
but before nucleosynthesys; -
e black holes of stellar origin when neutron stars or brown dwarfs are converted
into strange stars ( SQM ) with a subsequent cooling.

i gy

1.3. Converting Neutron Stars into Strange Stars

Such a conversion phenomenon is predicted to be a quite spectacular event:
one strange chunk (”strangelet”) can seed a converting process via a neutron ab-
sorbtion (' consuming ) and could liberate more than 10°2 erg: 1n the bmdlng energy
( being more than 10 MeV for SQM ). S

It has been suggested two main seeding (”trlggermg ) mechamsms ]

o due to the seed inside n-star, via the quark-gluon plasma formatlon o
o due to the seed coming from a interstellar medium ( relict one from the big

“bang, from other s-star creations - supernova explosions ).

The n-star — s-star conversion is more likely to happen just after a n-star
is born then an extra v-flux ( pulse } with a long tail of the v-emission would be
observed on the earth. If an older n-star gets converted, the conversion might be
observed by a faster v-burst accompanied by y-ray burst. Thus with possibility of
v-detection from supernova we wil be able to conﬁrm or rule out different modes of
such a conversion.

1.4. Neutrino Emissivity from Strange Stars

Flavor ”chemical” equilibrium is maintained by reactions:
Se—ut+e+rv stue—d+u doute+v

Presense of electrons from these processes garantees charge neutrality but
neutrinos are not bound to the quark matter and escape providing very intense
fluxes of high energy neutrinos because rather large s-quark mass (m,)

Such a neutrino emission from s-star has a baryon density threshold at which
the s-quark decay starts taking place®. This threshold (p:), being depended on the
temperature (T, chemical potential (uo) and m,, is estimated to be p; ~ 2pp, where
o is nuclear density.
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: Figure 2. The neutrino emissivity of strange stars versus their densn;y

It is predicted that this neutrino emlsswlty e increases rapidly with i mcreasmg
the baryon density p ( see Figure 2 ).



1.5. Mergers and Collisions of Strange Stars °

Merger of two neutron stars, being members of a close binary, considered to
be fairly common events. It is estimated that there might be about 105 such events
per year within the Hubble distance. Unfortunetly, the efficiency of gamma-ray
emission from these colllsions is very low with most neutrino-antineutrino annihi-
lation energy being within background. On the contrary, a merge / collision of two
strange stars should produce very powerful, short and hard (~ 8MeV) gamma-ray
burst which could be easely detectable out to a distance of 1 Gpe.

55 T

3]
(@]

L pairs—y

:|og L (erg/s)

'
S|
T

[ | i C I
-3 2 =2 ~1 0 1 - "t
logt (s)

Figure 3. The predicted neutrino and pair plasma ( gamma ) luminosities versus time.

The Figure 3 demonstrates the expected neutrino and pair ( gamma ). lumi-
nosities on the time scale ( from 4 ).

1.6. Fast Pulsars as Strange Stars

It has been argued in many papers that neutron stars, being pulsars, could
not rotate very vast that is with periods much less than 1 second.. Very conservative
estimate of the rotational limit on neutron star®, calculated in the framework rather
easy postulates, shows that an observed rotational period below 0.4 ms would signal
that this pulsar cannot be a neutron star. : ’

On the contrary strange star pulsars, being much more compact than neutron
star ones, should have the higher rotating angular frequencies with periods less than
1 ms. o

By this time many submillisecond pulsars have been observed , and their
number ‘increases rapidly as the greater sensitivity of radio telcscopes is being

achieved.

The situation has changed radically with the recent discovery of an anoma-
lously large population of submillisecond pulsars in globular clusters.

Although the recent statements of many astrophysisists that almost all neu-
tron stars ( pulsars ) are actually the strange ones, should be taken by experimen-
talists with some care, nevertheless they stiinulate searching observations.

The argued predictions are that there is no practically a minimum mass for
the strange stars, while the neutron stars have clearly a minimum mass to meet
requirements of a dynamical stability ( see Figure 4 ).
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Figure 1. The mass — radius relation for typical neutron stars and strange stars.

However the bulk properties of models of neutron and strange guark stars
with masses that are typical for neutron stars ( 1.1 < M/M, < 1.8 ) are relatively
similar, as can be seen from this figure. That is why to distinguish strange star
pulsars by their high rotation frequencies is of great importance.

Tlus further developments of pulsar detectors with looking ( focusing ) on-
globular clusters might discover much more very rapid pulsars and investigate ob-
jects which could be treated as strange stars with high confidence.

It should be pointed out that the mentioned separation of stars into two
categories seems not to be unambiguous. The borderline family of stars is expected
to exsist: these are so called hybrid stars with a strange quark core and a nuclear
{ neutron ) crust ( see for instance ¢ ).

1.7. Strange Quark Matter in Cosmic Rays

If the stable SQM cxsists in-the universum as a relic from the big baug or -
as strange stars, then small SQM chunks should be present in cosmic rays. Such
SQM lumps could casely he distinguished from ordinary cosmic particles ( ordinary
nuclei ) by an anomalous A/Z ratio or, in more simple approach, by anomalously
large Z, which is expected to be much more than 100 when A>>5.10%



Large-area detectors, space-based and baloon-bome as well as sealevel, un-
derground and mountaintop-based, could set the best limits on SQM of Z > 100
in the cosmic rays. Recently more sophisticated devices have been elaborated and
flown to search objects ( SQM chunks ) with anomalously high A/Z ratio, and few

. possible candidates of SQM have been found at lower charge.

The Figure 5., compiled in 7, has summarized the available experimental

data in comparison with the pledlctcd limits on the flux of SQM (huul\s ( quark
"nuggets”) from the main possible astrophysical sources.
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* »Dark Matter” “is local flux assummg the galactlc gala density to be given

solc]y by quark nuggets

*

BIL, Ban[7 - s the nucleosynthesys with the quark nuggets formation;

% -

" Pulsar” - is the upper expected lirnit from the non-capture of nugget in

pulsars or their stellar progenitors.

It 1s well to bear in mind that the above predicted limits are given under
rather optimisic assumtions.  Anyway an- cssentral increase of detector sensitivities
arc-necessary to get srgnrﬁcant results. ' ‘ :

There have been also some efforts, using A /Z spectroscopy, to search for SQM
chunks ( along looking for superheavy niclei ) posslbly captured by meteorites, but
without positive results so far. '

et e

2. Strange Quark Matter in Nuclear Collisions at Accelerators,

2.1. Violent Nucleus-Nucleus Collisions ~ ”Little Big Bang”

Oune of the most important reason to accelerate nuclei is that centra) collisions
of relativistic nuclei could under earthy conditions reproduce ( simulate ) to a signif-
icant extent such astrophysical phenomena as the big bang, neutron star evolution,
supernova explosions with a formation of relativly small drops of the strange quark
matter ( so called "strangelets”). Indeed violent nuclear collisions create a highly
excited hadronic fireball with great baryon dermsities and’large s-quark abundance,
and thus could prov1de the basic conditions needed to form composite systems with
large amounts of strangeness. On the other hand" strangelets are predicted to’be
the natural result of the evolution of a quark glion plasma’ (| QGP ") formed'in
nucleus-nucleus colhslons, and so strangelets themselves could manifest of a’ QGP
formation®. .. ¢ I T : =N : '

- It has been found in early Dubna expenrnents"‘11 that when gomg to high
degree of nuclear colhslon centrahty at Ep~4 A GeV a single dense (p'="4p, )and
thermalized ( at least localy ) source is formed w1th the" temperature (extracted
from Boltzmann-like A and’K° spectra) rising up to T ~ 150-160 MeV. ( to inverse
slope parameters Tp ~ 200 210 MeV ) with a tendency to approach a plateau o
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Flgure 6. Inverse slope parameter of invariant cross sectlon ‘To.versus E Ep Q, where Q number
of nucleon-participants ( degree of, centahty ): open clrcles trrangles squares - K9 A, proton data
of JINR; black circles, triangles, squares - K, A and proton data of BNL!? and CERN13 L
At the same time an enhancement. of the relative A yleld ( Np/Ne¢ ).has
been observed by a factor of ~10 (at the transverse momentum cut Pp>1 GeV/c to
climinate’a background from: ”trivial”,N-N collisions).
More recent BNL -and CERN-data have confirmed the observed strangeness
enhancement and not only for the relative yield of A hyperons but also for those of
K* and A particles { at different cuts of Pr> 0.4 - 0.6 GeV/c ).



Furthermore, these experiments have corroborated the evidence of the above
mentioned plateau, extending it to much higher energies with the Boltzmann tem-
peratures T~ 150-160 MeV, which correspond to the inverse slope parameters of
invariant cross sections Ty~ 200-210 MeV. ( see Figure 6 ).

This regularity is a prominent feature of the mixed phase formation in the
first order transition. Although more detailed studies and looking for some al-
ternative interpretatons ( besides QGP formation ) are necessary to make a final
conclusion, the obtained results provive a strong experimental evidence that a hot
and dense fireball (mixed phase?) is created in central nucleus-nucleus collisions,
which ié predicted!* to be a prolific source of multistrange hadronic/quark objects,
and .this encourages searches for states of the strange quark matter in relativistic
nuclear beams at accelerators.

2.8 E:cperzmenta.l Searches for Strange Quark Matter at Accele'ra.tors

The 51mp1est approach to search for modestly sized SQM states with A< 20
( called "strangelets”) is similar to that used i in cosmic expériments with looking
for much larger SQM states namely to measure both the electric charge and the
mass of particles.

Another approach is to reconstruct the mass of ob_]ects by measuring their
energy and time-of-flight.

There are several heavy ion experiment, completed, being continued with
data taking and proposed, which have the main goal to look for strangelets?’s.

At the present time the best upper limits on the production cross section of
strangelets with Z/A ~ 0.1 —'0.3 and A < 15, is 0,/0y, < 1075,

It should be noted that an observation of objects with an unusual Z/A ratio
is not sufficient to identify strange states because this property is not necessarly a
peculiar feature of SQM but of other possible anomalous form of the matter.

Therefore an additional study of possibly observed candidates should be
. needed to proove the "strange” nature of detected candidates ( probably through
an investigation of their interactions with looking for a subsequent strange particle
emission ). ;

The another unsufficiency of the above mentioned approaches is that they
are insensitive to metastable SQM states with life times < 10-° - 10~8, predicted
by many models for light strangelets being formed in a hot and dense firchball with
rather large cross sections. That is why searches for strangelets by their decays into
strange particles are of the great importance.

Having favorable conditions for the strangelet creation, which have been re-
alized in very central nucleus-nucleus collisions (AA) at the J INR synchrophasotron
(‘see 2.1. ), we have undertock such studies.

* At the first stage of this investigation we are looking for H dihyperon (the

simplest six-quark SQM state) by re-analyzing anomalous events which have been’

detected in an open (4x) geometry from central AA-collisions in streamer chambers
‘and recorded in DST but failed to be fitted as decays of "usual” strange particles.
The requirement of a coexistence with 3 double hypernuclei, observed by now,

provides the most probable properties of H-particle!® M, =2.220-2.231 GeV/c? and
7~ 0.1 ~ 10 ns with the main decay mode H—X- p followed by ©= — nia-, ‘
We have carcfully re-analyzed'™ data, obtained by the use of our streamer spectrom-
cter, with 2 - 107 extremely central MgMg- collisions detected: oeent/or0=4-10~4.
Amongst ~1200 identified A &1;1(1 K% decays and ~100 conversions 4 —ete~, a small
sample of "anomalous™ V¥ events (~20) was revealed. After an additional analysis
the latter appeared to be e*e~ pairs with one exception. This V® event is char-
acterized by rather large open angle and enhanced track density of the negatively
charged secondary which can not be an electron or pion. Being fitted as H—S~ this
event exhibits M= 2228 + 2 MeV/c2, whicl falls into tli¢ narrow gap of expected
H wmass mentioned above. Kinematical parameters of the considered event are also
in good agrecment with those predicted by thermodynamical models { see Fig.7 ).

"It stands to reason that a single observed candidate can not be treated as an
evidenee for the existence of the H dihyperon. However this provides possibilities
to estimate an upper limit of production cross sections of a metastable (rather
short-lived) H particle which escapes usually a’ detection in mass speetrometric
experiments.  Such' an estimation gives: o< 0.12:4b if r=1us: alld ‘7<), 36 ub if
r=10ns ( under our (()ndlhons 111(11t1()11( »d above ).
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Figure 7. The expected dllgllldl‘ and mom(nlum dxxtnl)lmon\ of N (Illl\pl rons formed within a
firchall with ‘T =150 MeV in e ntral M;,-Mg (‘()"l\l()ll\ ﬂu l)ld(‘l\ circle “detected l\(lll

Our further PldllS in fhls rescarcl fie l(l are comieeted. with a d('\(lopmvnt of
the new approach which lms ])(‘( oWy ])1()pos(‘d"'l 1 and sn(‘('(‘ssfull\ realized at JINR.
This will make ])OSbI[)l(‘ to increase scnsltlvltlos by a fd(t(n of 1073 1() 1, usilig an
claborated detector system!™!® with a fast (‘001(1111(1t(‘ spec flom( ter in ‘heavy nue leus
beams of our new snpucon(ln(hng f'\(lllh Nn( lotron (5 6 A GeV ). \\lm L can
provide more thau 1 TeV of the reles N‘(l cnergy in cental U-U collisions. .

In conclusion T would like to oppose the wide-spread statement “the lllg.,ll(‘l
the better” when considering projectile cnergies wanted for QGP creation. and




adduce weighty arguments in favor of the baryon-rich regime at several GeV per
nucleon for SQM formation from QGP or mixed phase:
.« many-models predict QGP creation at as low encrgies as 2-5 A GLV for some
. ‘equations of states, being near to those within strange stars; 4
o the-alternative fundamental phenomenon (hesides the (lcconfm( me nt) is ex-
pected to cause QGP/SQM formation—the chiral symmetry restoration with
itsipredicted high density/low. temperature effects;. . o
-» such processes. could. more adequately. reproducc (sunulate) astrophysical
. phenomena ( Big Bang, neutron star evolution, supernouva explosions );
o the:strangeness enhancement as QGP/SQM signature should be more:pro-
- nounced within a high density enviroment due to the Pauli principle;
. o ;the ‘background contributions to the-studied QGP and SQM signals (e.g.
from hadronic gas) are much smaller due to lower energies of secondaries.
.- T believe most ofi physicists to be convinced now that more.concerted ap-
proaches-are necessary to attack efficiently as complicated problems as the QGP
and SQM matter, using not-only distinct signatures but also different. phase trajec-
tories to reach QGP (mixed phase) with a following-adequate comparision of data
obtained at various energies. :
The results of the analysis presented in this pubhcatlon were made possible
thanks to'Grant No MIC000 from the International Science Foundation and Grant
No 93-02-15583 from the Russian Foundation for Fundamental Investigations.
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