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Can doubly strange dibaryon resonances be discovered at RHIC?
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The baryon-baryon continuum invariant mass spectrum generated from relativistic nucleus1 nucleus col-
lision data may reveal the existence of doubly strange dibaryons not stable against strong decay if they lie
within a few MeV of threshold. Furthermore, since the dominant component of these states is a superposition
of two color-octet clusters which can be produced intermediately in a color-deconfined quark-gluon plasma
~QGP!, an enhanced production of dibaryon resonances could be a signal of QGP formation. A total of eight,
doubly strange dibaryon states are considered for experimental search using the STAR detector~solenoidal
tracker at RHIC! at the new Relativistic Heavy Ion Collider~RHIC!. These states may decay toLL and/or
pJ2, depending on the resonance energy. STAR’s large acceptance, precision tracking and vertex reconstruc-
tion capabilities, and large data volume capacity, make it an ideal instrument to use for such a search. Detector
performance and analysis sensitivity are studied as a function of resonance production rate and width for one
particular dibaryon which can directly strong decay topJ2, but notLL. Results indicate that such resonances
may be discovered using STAR if the resonance production rates are comparable to coalescence model
predictions for dibaryon bound states.

PACS number~s!: 25.75.Dw, 12.38.Mh
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I. INTRODUCTION

It is generally assumed that quantum chromodynam
~QCD! is capable of describing the structure and spectr
copy of baryons and mesons. In addition, a number of m
els based on QCD predict other types of quark and gluo
systems such as pure gluonic states~glueballs!, hybrids

(qq̄g), four quark dimesons (qqq̄q̄, qq̄qq̄) @1#, pentaquark

states (qqqqq̄), six quark dibaryons@2–4#, strangelets, and
for large systems several fm in size at sufficiently high te
perature and/or net baryon density, the color-deconfi
quark-gluon plasma~QGP!. Extensive experimental search
have been made for all these systems.

In particular, many experiments~e.g., @3–7#! have
searched for a stable~at least to strong decay!, doubly
strange flavor-singlet dibaryon (H0) of the six quark SU~3!-
flavor @SU(3)f# multiplets @8#. This hypercharge (Y)50
dibaryon was predicted by Jaffe@2# to be stable agains
strong decay, but not to weak decay; hence the experim
generally searched for characteristic weak decay topolog
So far, no conclusive evidence for a boundH0 has been
presented@3–7#. However, theH0 mass may be larger tha
MLL[ML1ML , theLL strong decay threshold@9–11#. In
this case theH0 could be a strong interaction resonance.
the resonance lies only a few MeV aboveMLL , then it may
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be possible to see experimental evidence for its existen1

@9#. In addition, it is important to point out that several oth
doubly strange dibaryon states occur in the SU(3)f multi-
plets for which strong decay toLL is suppressed and whic
may also appear as resonances in theLL andNJ systems.

Experimental searches for a stableH0 have attempted to
create and observe theH0 through ~1! double-strangeness
exchange reactions, such asA(K2,K0)X, A(K2,K1)X, ~2!
J2A capture@5# on nuclear targets withA>2, and~3! pro-
ton 1 nucleus@6,7# or nucleus1 nucleus collisions where
the H0 production mechanism could proceed via mul
hyperon production followed by coalescence@12–15#. Reac-
tions such asd(K2,K0)H0, for example, produce a relativel
clean final state but suffer from poor momentum match
and subsequently, a reduced production rate. Heavy ion
lisions, although producing a complex final state, genera
large number of comoving hyperons and nonstrange bary
from which dibaryons could either coalesce or scat
through resonances. The invariant mass spectrum forLL
pairs produced in 158A GeV/c Pb1Pb collisions~data from
WA97 @16#! does not reveal any resonancelike structur
However, the data are too coarsely binned and lack suffic
statistics to be relevant for the type of experimental sea
proposed here. On the other hand, a three standard devi
enhancement above background was observed in

i-

1In the meson sector nature provides several examples of na
states that lie a few MeV above their strong decay thresholds.
f(1020), D* (2010)6, D* (2007)0, and DS1(2536)1 mesons are
32.1, 5.8, 7.1, and 35.0 MeV, respectively, above their strong de
thresholds and have total widths of 4.4,,0.13, ,2.1, and
,2.3 MeV, respectively. The latter three quantities represent up
limits at the 90% confidence level.
©2000 The American Physical Society06-1
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S. D. PAGANISet al. PHYSICAL REVIEW C 62 024906
LL invariant mass spectrum from threshold to 30 Me
above threshold, in theLL pair production data from the
12C(K2,K1) reaction@17#.

The Relativistic Heavy Ion Collider~RHIC! facility at the
Brookhaven National Laboratory, together with four new d
tectors, is beginning a program of research whose prim
goal is to produce a quark-gluon plasma and study its pr
erties. It is noteworthy that a color-deconfined QGP co
enhance significantly the production ofH0 dibaryons com-
pared to the production expected from a hot hadronic
@13#. The reason is that the largest component of the
quark dibaryon wave function consists of a color-singlet
perposition of color-octet-octet components@9,13,18#:

uH&5A1

5
uBB&1A4

5
u8c^ 8c&. ~1!

Here, u8c^ 8c& represents the color-octet-octet componen
and uBB& denotes a summation of states composed of
physical baryons. Enhanced dibaryon production can oc
by way of fusion of color-octet clusters within the deco
fined plasma@13#. If evidence for dibaryon resonances
observed in the data from RHIC collisions, then analyses
such data would provide an independent basis for study
the QGP.

In this work we explore the feasibility of observing ev
dence for the existence of several doubly strange dibar
resonancesthrough study of theLL andNJ invariant mass
spectra constructed from relativistic heavy ion collision d
to be taken at RHIC.2 We focus on using the solenoida
tracker at RHIC~STAR! @19# detector@with the silicon ver-
tex tracker~SVT! and silicon strip detector~SSD! @20# up-
grades#, since it is the most suited of the RHIC detectors
such a program. A preliminary study@20,21# suggested tha
STAR could be used to search forH0→LL with resonance
masses a few hundred MeV aboveMLL . The focus of the
present work is on theNJ decay channel with resonanc
masses a few MeV above the strong decay threshold.

In Sec. II the doubly strange dibaryons and their poss
decay schemes are discussed. Using theP-matrix formalism
@9# the resonance widths are estimated in Sec. III. In Sec
the Jp501, I (isospin)51, I 350 dibaryon member of the
SU(3)f 27-plet @8# @referred to as H27(Jp,I ,I 3) with Jp

501, I 51 andI 350#, which cannot directly~strong! decay
to LL, is used to explore the statistical aspects and sens
ity of analysis of STAR data to the existence of such re
nances, if they exist. A new, fast simulation detector
sponse code~FSDR! is used for this study. Finally, a
summary and conclusions are presented in Sec. V.

2Formation of hypernuclear baryon-baryon bound states
slightly unbound states is also possible~e.g., strange baryon analog
of the deuteron and the nucleon1 nucleon 1S0 unbound state!.
Such states, if they exist, are expected to produce broad enha
ments over many tens of MeV in theLL or NJ spectra, and not
the narrow resonance structures predicted for six quark states w
are the focus of the present work.
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II. DIBARYON STATES

The direct product space of theJp5 1
2

1 baryon octet with
itself can be written in terms of irreducible representations
SU(3)f @8#:

8^ 851% 8% 8% 10% 10% 27. ~2!

The hypercharge (Y) ranges from 12 ~NN, nucleon-
nucleon! to 22 (JJ) for these dibaryon states. TheY52
members include the deuteron of the10 multiplet. The Y
51 states containNL andNS components. Sharp enhanc
ments in theNL spectra at 2129 MeV@22# ~the NS thresh-
old @23,24#! and 2139 MeV@23# have been observed i
single strangeness-exchange reactions such asd(K,p)X and
d(p,K)X. The Y521 and 22 states contain the exper
mentally difficult JL, JS, and JJ components. Finally,
theY50 dibaryons containLL, NJ, LS, andSS compo-
nents. SinceN’s, L ’s, S ’s, andJ ’s are produced in relativ-
istic heavy ionA1A central collisions, the RHIC experi
ments will provide an excellent opportunity to search f
some of theseY50 dibaryons.

Table I lists theJp501,11 Y50 dibaryon constituents o
the various SU(3)f multiplets in Eq.~2! from Refs. @2,8#
along with the dominant decay modes for a wide range
assumed dibaryon masses. The mass limits where st
and/or electromagnetic~EM! decay channels open are note
for each state. In general the best mass ranges to explor
resonances are those lying just above the strong and/or
decay thresholds in Table I. Jaffe@2# predicted a significant
increase in the dibaryon masses with increasing dimens
ality of the SU(3)f representation. However, more rece
calculations based on QCD sum rules@25,26# indicate that
the Y50 dibaryons in different multiplets should be simila
in mass; the principal mass dependence of the8^ 8 dibary-
ons is due to the explicit SU(3)f symmetry breaking cause
by the strange quark mass.3 All of the Y50 dibaryon states
in Table I will be considered in this work, since at prese
there is no reason to exclude them from experimen
searches.

For masses betweenMLL and MNJ the singletH0 and
H27(01,0,0) can strong decay toLL. Recently, using a
P-matrix formalism, Bashinsky and Jaffe@9# considered a
hypothetical singletH0 strong-decay resonance of mass se
eral MeV above theLL ~strong decay! threshold. For a va-
riety of assumptions, they found that, owing to kinema
effects near threshold, the cross sections forS-wave LL
elastic scattering should show structures whose scales a
the order of several MeV. It may be that theLL-invariant
mass spectrum generated from relativistic heavy ion collis

r

ce-

ich

3It is also worth noting that theY52 deuteron member of the
10-flavor multiplet and the nucleon1 nucleon 1S0 unbound state
member of the27-flavor multiplet differ in mass by only a few
MeV. Calculations@24# based on a SU~3! invariant pseudoscala
and vector meson exchange model for the baryon-baryon sys
predict the 01 27-plet dibaryon mass to be less than the mass of
singletH0.
6-2
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TABLE I. Jp501,11Y50 dibaryon constituents of the8^ 8 baryon octet–baryon octet direct produ
space for each irreducible SU~3! flavor representation. The dominant decay modes for each resonance
range are shown.NN abbreviates ‘‘mass of nucleon1 nucleon,’’ and similarly for the other baryon-baryo
pairs. Weak decays which reduce the number of strange quarks by 1 or 2 are denoted by ‘‘DS51’’ or
‘‘ DS52,’’ respectively. ‘‘S’’ denotes strong interaction decays. ‘‘EM’’ denotes electromagnetic dec
‘‘S-Iso’’ indicates strong interaction decays via the small isospin admixtures in the physical states.8’’
indicates that strong interaction decays from theI 51 states are possible to bothNJ andLS.

SU(3)f Resonance mass range
Irrep. (Jp,I,I3) NN-NL NL-NS NS-LL LL-NJ NJ-LS LS-SS .SS

1 01 0 0 DS52 DS51 DS51 S S S S
8 11 0 0 DS52 DS51 DS51 EM S S S
8 11 1 1 DS52 DS51 DS51 DS51 S S S
8 11 1 0 DS52 DS51 DS51 EM S S S
8 11 1 21 DS52 DS51 DS51 DS51 S S S
10 11 1 1 DS52 DS51 DS51 DS51 S S8 S
10 11 1 0 DS52 DS51 DS51 EM S S8 S
10 11 1 21 DS52 DS51 DS51 DS51 S S8 S

10 111 1 DS52 DS51 DS51 DS51 S S8 S

10 11 1 0 DS52 DS51 DS51 EM S S8 S

10 11 1 21 DS52 DS51 DS51 DS51 S S8 S

27 01 0 0 DS52 DS51 DS51 S S S S
27 01 1 1 DS52 DS51 DS51 DS51 S S8 S

27 01 1 0 DS52 DS51 DS51
EM,
S-Iso S S8 S

27 01 1 21 DS52 DS51 DS51 DS51 S S8 S
27 01 2 2 DS52 DS51 DS51 DS51 DS51 DS51 S

27 01 2 1 DS52 DS51 DS51 DS51
EM,
S-Iso

EM,
S-Iso S

27 01 2 0 DS52 DS51 DS51
EM,
S-Iso

EM,
S-Iso

EM,
S-Iso S

27 01 2 21 DS52 DS51 DS51 DS51
EM,
S-Iso

EM,
S-Iso S

27 01 2 22 DS52 DS52 DS51 DS51 DS51 DS51 S
nc
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data will show similar structure that can be taken as evide
of the existence of such a resonance. The analysis in@9# also
applies for the H27(01,0,0) case.

The 8-, 10-, and 10-plet Jp511 dibaryons and the
H27(01,1,I 3) and H27(01,2,I3) dibaryons cannot strong de
cay to LL since antisymmetrization requires the finalLL
system to be spin-singlet-even or spin-triplet-odd a
I (LL)50. The H27(01,1,0) and H27(01,2,0) dibaryons
can, however, strong decay toLL by way of the smallI
50 isospin admixture which contributes to the physic
states due to Coulomb induced isospin mixing, but this tr
sition rate should be much less than that forH0→LL. The
four Jp511, I 350 states can EM decay toLLg via E1
transitions leaving theLL in relative 3PJ states. The
H27(01,1,0) and H27(01,2,0) states can also EM decay
LLg, for example viaE1 transition to the3P1 LL final
state. All remaining states~i.e., those withI 3Þ0) in this
mass range~from MLL to MNJ) can decay only weakly. It is
likely that theJp511 states are of larger mass than the 01

states and thus even more difficult to deal with experim
tally.

In the mass range fromMNJ to MSS all states withI
02490
e

d

l
-

-

,2 decay strongly toLL, NJ, or LS as indicated in Table
I. The H27(01,2,61) @H27(01,2,0)# states can strong deca
to NJ andLS @NJ, LS, andLL# via isospin admixtures
or they can decay electromagnetically. The H27(01,2,62)
remain blocked to both strong and EM decays up toMSS

due to charge conservation. The H27(01,1,I 3) members of
the27-multiplet cannot strong decay toLL because of isos-
pin conservation; however, they can strong decay toNJ and
LS if the mass is greater thanMNJ andMLS , respectively.
Above MSS all states in Table I can decay strongly.

Table II lists the optimum decay channels and ma
ranges for possibleY50 dibaryon resonance searches. T
last column indicates whether the channels include those
propriate for STAR@19#. Of the listed decay products, STAR
can identify only protons~p!, L ’s, and J2’s. Eight of the
Y50 dibaryon states in Tables I and II~corresponding to
each of theI 350 states! are seen to be appropriate for
program of research with STAR.

Evidence for theH0 and H27(01,0,0) states might be see
in the LL-invariant mass spectrum within several MeV
threshold. The fourJp511, I 350 states, if in the mass
range fromMLL to MnJ0, will decay electromagnetically to
6-3
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TABLE II. Optimum decay channels and resonance mass ranges forJp501,11 Y50 dibaryon resonance
searches.

SU(3)f Accessible
Irrep. (Jp,I ,I 3) Decay channels and resonance mass ranges~MeV! to STAR

1 01 0 0 LL*2231 Yes
8 11 0 0 LL*2231; nJ0 * 2254;pJ2*2260 Yes
8 11 1 1 pJ0*2253
8 11 1 0 LL*2231; nJ0 * 2254;pJ2*2260 Yes
8 11 1 21 nJ2*2261
10 11 1 1 pJ0*2253
10 11 1 0 LL*2231; nJ0 * 2254;pJ2*2260 Yes
10 11 1 21 nJ2*2261

10 11 1 1 pJ0 * 2253

10 11 1 0 LL*2231; nJ0 * 2254;pJ2*2260 Yes

10 11 1 21 nJ2*2261

27 01 0 0 LL*2231 Yes
27 01 1 1 pJ0*2253
27 01 1 0 LL from 2231 to 2254;a nJ0*2254; pJ2*2260 Yes
27 01 1 21 nJ2*2261
27 01 2 2 S1S1*2379
27 01 2 1 pJ0 from 2253 to 2382;b S1S0*2382
27 01 2 0 LL from 2231 to 2385;a SS*2385 Yesc

27 01 2 21 nJ2 from 2261 to 2390;d S0S2*2390
27 01 2 22 S2S2*2395

aIf strong decay via isospin admixture dominates EM decay and resonance remains narrow; otherwiseLL for
resonance mass*2231 MeV only.
bIf strong decay via isospin admixture dominates EM decay and resonance remains narrow; otherwipJ0

for resonance mass*2253 MeV only.
cLL decay channel only.
d
If strong decay via isospin admixture dominates EM decay and resonance remains narrow; otherwisnJ2

for resonance mass*2261 MeV only.
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LLg. If the photon is not detected, theLL-invariant mass
spectrum would appear as a broad continuum. However
enhancement still might be observed if the resonance ma
are only a few MeV aboveMLL . These four resonance
might also be observed in thepJ2 spectrum if either lies
just above the M pJ252259.6 MeV strong breakup
threshold.4

If the resonance mass exceedsMLL , the H27(01,1,0) and
H27(01,2,0) states can decay either electromagnetically
LLg or strongly via the smallI 50 admixture. The compe
tition between these branches determines the experime
signature. If the strong interaction, isospin admixture de
dominates the EM decay, then theI 51(2) state might be
observed if its mass is betweenMLL andMnJ0 (MS0S0). If
the EM decay dominates, then bothI 51 and 2 states migh
only be observed as enhancements in the continuum
aboveMLL . Otherwise the H27(01,1,0) state might be see
in the pJ2 invariant mass spectrum just above theM pJ2

4Due to Coulomb interactions thenJ0 andpJ2 mass thresholds
are split by 5.1 MeV. Strong decay toNJ therefore opens a
MnJ052254.5 MeV, whereas the observable decay channel
STAR, dibaryon→pJ2, does not open until 2259.6 MeV.
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threshold. In this case H27(01,1,0)→pJ2 might be observ-
able with STAR. The H27(01,2,0) resonance could stron
decay toS0S0 andS1S2 final states, but theSs, unfortu-
nately, cannot be reconstructed by STAR.

In this initial simulation study we prefer to consider th
dibaryon resonance with smallest angular momentum wh
may strong decay topJ2 but not to LL, namely
H27(01,1,0). The reason for this choice is the expectat
that the combinatoric background contribution to thepJ2

invariant mass spectrum will be less than that forLL for the
case of RHIC data for Au1Au central collisions~see Sec.
IV !. Simulation studies for the remaining dibaryon res
nances in Table II will be done in the future.

It is worth noting that threshold-cusp effects@23,24,27#
could produce enhancements in theLL spectra at theNJ,
SS, etc., thresholds, independent of any possible resonan
This is also true for theNJ spectra (I 51 component! at the
LS and SS thresholds. Such enhancements are due
coupled-channels scattering effects near inelastic thresh
and must be treated carefully when searching for experim
tal evidence of dibaryon resonances.

Resonances occuring between thenJ0 and pJ2 thresh-
olds will decay primarily tonJ0, although decay topJ2

will occur if the resonance width is such that the distributi
r

6-4
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extends aboveM pJ2. For resonance masses near or a f
MeV aboveM pJ2, the branching ratio between thenJ0 and
pJ2 channels depends upon the dynamics of thenJ0

2pJ22dibaryon coupled channels system, as well as
the kinematic density of final states factor. For resona
energies much aboveM pJ2 the branching ratio is deter
mined mainly by isospin invariance which results in a 50
decay fraction for both channels. Thus the study in Sec.
will be in terms of the dibaryon resonance width and prod
tion rate for the observable dibaryon→pJ2 decay channe
only. Inclusion of the model dependences associated with
nJ02pJ22dibaryon system lies well beyond the sco
and purpose of this work.

Finally, we note that the decay products of resona
states formed deep within the interior of the collision regi
will undergo strong, final-state interactions~FSI’s! so that
observation of these resonances becomes more difficult.
likely that only resonances occuring in the periphery of
QGP or in the mixed QGP-hadronic phase prior to freeze
will lead to experimental signatures in invariant mass sp
tra. Detailed calculations of FSI effects on this and oth
potential QGP signals remain to be done.

III. DIBARYON RESONANCE WIDTHS

Bashinsky and Jaffe@9# used theP-matrix scattering for-
malism to compute theLL elastic scatteringS-wave total
cross section in the presence of a flavor-singlet,H0 dibaryon
resonance located a few MeV above theLL threshold. Their
model is used in this section for the similar case of a poss
H27(01,1,0) ~for brevity referred to as H27 in the remainder
of this paper! dibaryon resonance lying just above theNJ
threshold.

The total cross section forNJ elastic scattering is given
by

sTOT5
4p

k1
Im~ f 11!, ~3!

where f 11 is approximated by the forward,S-wave elastic-
scattering amplitude, which in theP-matrix formalism is
written as@9#

f 115
1

1

K1
(red)

2 ik1

. ~4!

The reducedK matrix from Ref. @9# as a function of total
energy (e) in the NJ channel is

K1
(red)~e!.2ā182

r18/2m

e2e th12e18
, ~5!

where

ā185
ā1

12r1b0
, r185r1

12r1b012me1ā1b0

~12r1b0!2
,

02490
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e185
e1

12r1b0
. ~6!

In Eqs. ~3!–~6!, k1 is the relative center-of-momentum sy
tem wave number,m is the reduced mass of the two-baryo
(NJ) system, e th1 is the NJ threshold energy,e15e r
2e th1, and e r is the assumed resonance mass of the27

dibaryon. Parameterb0 is a resonance size parameter w
typical value (150 MeV)21, r1 is the resonance width pa
rameter which is a function of the resonance state–de
channel coupling, andā1 is theNJ scattering length which
was assumed to be (200 MeV)21.

Elastic total cross section results obtained using Eqs.~3!–
~6! are shown in Fig. 1 by the solid lines for assumed valu
of e152, 3, and 5 MeV and for the typical resonance wid
parameterr1550 MeV. The unitarity limit, 4p/k1

2, is indi-
cated by the dashed lines. These results indicate that
resonance distribution displays a characteristic width roug
proportional to the difference between the resonance
threshold energies.

Resonances decaying topJ2 may also decay tonJ0

which is 5.1 MeV lower in energy. These results suggest t
resonances nearM pJ2 would be about 5 MeV wide. It is
reasonable to assume, however, that thepJ2 spectra for
such cases would display a narrower range of enhancem
because of the kinematic limit which cuts off the lower e
ergy portion of thepJ2 invariant mass distribution.

IV. SEARCH FOR DIBARYON RESONANCES
USING STAR

An environment conducive to the formation of dibaryo
resonances may be the hot, dense nuclear matter that w
created through central Au1Au collisions at RHIC. The ex-
perimental objective, then, is to infer evidence for the ex
tence of such resonances through examination ofLL or
pJ2 invariant mass spectra. Since the resonance cross
tions are expected to be small, a large acceptance dete
with the ability to do precision tracking to within a few cm
of the production vertex is needed. In addition, the detec
must handle high data rates and have event processing c
bilities for very large data volumes. The STAR detector@19#
at RHIC with its central vertex tracking system~SVT-SSD!
is well suited for such experiments. For the simulations to

FIG. 1. Total elastic cross sections forN1J scattering assum-
ing the H27 dibaryon resonance is 2, 3, and 5 MeV above thresh
are shown in the left, center, and right panels, respectively.
dashed lines indicate the unitarity limit, 4p/k1

2. TheNJ threshold
energy is denoted by«Jp ~axis label!.
6-5
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S. D. PAGANISet al. PHYSICAL REVIEW C 62 024906
discussed here, the parameters in Table III were used to
proximate the kinematic acceptance and reconstruction
formance of STAR~including the SVT-SSD!. The momen-
tum resolution and track reconstruction efficiencies w
taken from previous simulation studies@20,28#.

Coalescence model calculations@13,15# for Au1Au cen-
tral collisions at AGS energies (;11A GeV fixed target! pre-
dict a wide range of production rates for the flavor-singletH0
from of order 1024 to 0.5 per event, depending on the a
sumed temperature and strangeness content of the hadro
and on the assumedLL interaction model. Color-
deconfinement in the QGP could enhance the production
via the color-octet-octet component of the dibaryon wa
function @Eq. ~1!#. At RHIC energies increased strangene
production and possible QGP formation could further e
hance the dibaryon production rate above this range. So
expansion and collective flow in RHIC collisions could al
affect coalescence model predictions@14#. Comprehensive
calculations including all these effects have not been do
Nevertheless, the results of such calculations suggest
necessary level of sensitivity for the experimental search
be meaningful.

In the following, an analytical model is presented whi
relates the statistical significance of the dibaryon resona
signal to the number of Au1Au central RHIC collision
events analyzed and the assumed resonance production
and width. This is followed by a description of a fast nume
cal simulation model and presentation of statistical and s
sitivity results for experimental detection of a hypothetic
narrow dibaryon resonance in thepJ2 channel just above
threshold.

A. Analytical model

The integrated signal for the H27→pJ2 invariant mass
distribution can be approximated by

S>(
i 51

Nev

nH
i epeJ f H2cut5nHepeJ f H2cutNev[S̄Nev , ~7!

wherenH
i is the assumed number of dibaryon resonance

the i th Au1Au central collision event that decay topJ2

TABLE III. Kinematic acceptance and reconstruction para
eters assumed in the analytical and numerical simulations.

Parameter Value

Transverse momentum acceptance pT.0.1 GeV/c
Pseudorapidity acceptance uhu<1
Azimuthal acceptance f50→2p
Momentum resolution,Dp/p 2%
TPC track reconstruction efficiencya 90%
SVT track reconstruction efficiencyb 80%
Particle Identification (p,protons! 100%c

aTime projection chamber; main tracking detector for STAR.
bSilicon vertex tracker and silicon strip detector tracking system
STAR.
cActual value not yet available.
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with all daughter products going fully into the kinemat
acceptance range specified in Table III, andnH is the average
number of H27→pJ2 decays per event for the data samp
consisting ofNev events. Also in Eq.~7! ep andeJ are the
proton and J2 reconstruction efficiencies, respective
~number correctly reconstructed and accepted divided
number in the kinematic acceptance or detector fiducial v
ume!, f H2cut is the fraction of reconstructed H27→pJ2

resonance decays that survive any remaining analysis
~e.g., cuts to remove fluctuations from the background s
tracted spectra and the upper-lowerpJ2 invariant mass lim-
its!, and S̄ is the average signal per event@29#. The total
background underneath the signal peak is approximated

B>(
i 51

Nev

~Np
i NJ

i 2nH
i epeJ!F~r1![B̄Nev , ~8!

whereNp
i andNJ

i represent the number of reconstructed a
accepted proton andJ2 candidates for thei th event,F(r1)
represents the relative fraction of randompJ2 pairs whose
invariant mass occurs within the domain of the H27 mass
peak, andB̄ is defined as the average background per ev
The fractionF(r1) depends on the proton andJ2 momen-
tum space distributions for the collision events~after cuts!
and on thepJ2 invariant mass range which in turn depen
on the width of the resonance peak.

The numbers of candidate protons andJ2 include several
contributions which are represented by the following:

Np
i 5~nH

i 1nH,p
i 1nth,p

i !ep1NFalse,p , ~9!

NJ
i 5~nH

i 1nH,J
i 1nth,J

i !eJ1NFalse,J , ~10!

wherenH,p
i (nH,J

i ) is the number of protons (J2’s! for the
i th event produced by H27 resonance decays for which th
proton ~all decay products of theJ2) entered the detecto
acceptance but all decay products of theJ2 ~the proton! did
not. In Eqs.~9! and ~10!, nth,p

i and nth,J
i represent the re-

maining numbers of protons andJ2’s produced in the col-
lision, for example by hadronization and/or rescattering p
cesses, which enter the detector acceptance. The quan
NFalse,p and NFalse,J represent the number of incorrect
identified and accepted protons andJ2’s per event. The
numbers of proton andJ2 contaminants depend on variou
analysis cuts, overall event multiplicity, etc. In gener
tighter cuts in the reconstruction and analysis result in low
efficiency and reduced contamination, while relaxed c
have the opposite effects. The efficiencies and contamin
per event in this section are averages of inclusive quantit

The total number of counts, or yield (Y), for the invariant
mass spectra in the domain of the H27 resonance peak fo
Nev Au1Au collision events is

Y5ST1B5S1S81B5~S̄1S̄81B̄!Nev , ~11!

where

-

r
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ST5(
i 51

Nev

nH
i epeJ5nHepeJNev5S1S8, ~12!

which definesS8. The total error in the signal is assumed
be a sum of statistical and systematic errors given by

DS5DSstat1DSsyst, ~13!

where the statistical error inS is determined by the indepen
dent statistical errors in the total yield (DY), background
(DB), andS8 (DS8), where

DSstat5A~DY!21~DS8!21~DB!25AS12~B1S8!.
~14!

The systematic error inS is assumed to be proportional t
Nev , whereDSsyst5DS̄systNev .

The statistical significance of the observed resona
peak can be expressed as the ratio of signal to signal e
which in the present model is given by

S
DS5

S̄Nev

AS̄12~B̄1S̄8!ANev1DS̄systNev

. ~15!

If f H2cut is constant@29# and systematic errors are neg
gible, S/DS increases withANev as expected, whereas fo
finite DS̄syst, S/DS is limited to S̄/DS̄syst for many events.

Solving Eq.~15! for Nev yields~assuming constantf H2cut
@29#!

Nev5
~S/DS!2@S̄12~B̄1S̄8!#

@S̄2~S/DS!DS̄syst#
2

, ~16!

which provides an estimate of the number of collision eve
which must be obtained and analyzed in order to achiev
specified value ofS/DS. Systematic errors limit the detectio
capability such that

S̄.~S/DS!DS̄syst, ~17!

which results in a minimum, detectable dibaryon resona
production rate given by

nH.
~S/DS!DS̄syst

epeJ f H2cut
, ~18!

assuming the required number of events from Eq.~16! can be
achieved.

Optimization of a particular experiment and data analy
program~e.g., number of events and cut parameters! can be
guided by the results presented in this section provide
reasonable estimate of systematic errors can be made.
latter must wait until experience is gained with analysis
actual STAR data and therefore lies well beyond the scop
the present study. The remaining discussion and results f
on the statistical requirements for detecting H27→pJ2. In
the following, Eqs.~15! and ~16! were used to estimate th
dependence of (S/DS) on Nev andnH .
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B. Numerical simulations

A fast simulation detector response code~FSDR! was de-
veloped to provide rapid evaluation of the capabilities
relativistic heavy ion experiments with respect to propos
new measurements and research programs. In simplest te
FSDR projects a given input list of particles from an eve
generator directly to the final, reconstructed particle list. S
cific detector acceptance and track reconstruction per
mance parameters are supplied from realistic simulations
analyses. The values assumed for STAR are listed in Ta
III @20,28,30#. FSDR propagates~freely! and decays unstabl
particles such asL and J2 according to known branching
ratios and lifetimes and applies acceptance cuts, track find
efficiencies, particle identification efficiencies, and mome
tum resolution smearing to the charged primary particles
to the charged daughter particles from the decays.

Following this, FSDR reconstruction ofL andJ2 is very
similar to that used in the actual STAR reconstruction ana
sis. The charged particles selected for this analysis were
sumed to be reconstructed in both the SVT-SSD and T
~time projection chamber!. The SVT-SSD provides excellen
track position resolution~few tens of microns! @20,28,30# in
the decay region within several cm of the primary verte
Reconstructed trajectories~assumed to be helices! were pro-
jected to the primary vertex where an impact parameter
~1 mm! differentiated primary particles~i.e., those assumed
to emerge from the primary collision vertex! from secondary
particles~i.e., those assumed to come from decay vertice!.
CandidateL decays were found by a distance of close
approach~DCA! cut ~2 mm! among the projected trajectorie
of the secondary protons andp2s. The resultingL recon-
struction in thepp2 invariant mass spectrum is shown
Fig. 2 for 600 central Au1Au HIJET @31# collision events
which included an average of 6.6 H27→pJ2→p(Lp2)
embedded decays per event~see following discussion!. The
cross-hatched region indicates the number of reconstru

FIG. 2. FSDRpp2 invariant mass spectrum forL→pp2 re-
construction for 600 central Au1Au HIJET events with embedded
H27 resonances at a collision energy of 200A GeV as described in
the text. The cross-hatched portion indicates the number of
rectly reconstructedL→pp2 decays. Bin size is 2 MeV.
6-7
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p2p2 pairs actually produced byL decays in the simula
tion. The reconstruction efficiency for primaryLs ~i.e., num-
ber correctly reconstructed divided by number in acceptan!
obtained here was about 5–6 %,5 in reasonable agreemen
with the 8% value in Ref.@30# and the range of 4 –15% in
Ref. @20#. These comparisons verify that the FSDRL simu-
lation results presented here are consistent with those
tained from more detailed studies. The63s width of the
reconstructedL peak in Fig. 2 is about 8 MeV which quan
titatively agrees with that found in Ref.@30#. Further cuts
could reduce the background for primaryLs as in Ref.@30#,
but this was not done here in order to retain the second
Ls from J2 decays.

A DCA cut ~4 mm! among all pairs of selectedL candi-
dates@i.e., those with impact parameter less than 2 cm fr
the primary vertex and which have a reconstructed m
within 63s (64 MeV) of the peak in Fig. 2# with all
remaining secondaryp2s yielded theJ2 spectrum shown in
Fig. 3 using the same events as in Fig. 2. The cross-hatc
region indicatesL andp2 reconstructed pairs that origina
from J2 decays. The FSDRJ2 reconstruction efficiency
with the preceding cuts was about 0.06 which is larger th
that in Ref. @30#. The higher reconstruction efficiency ob
tained here is offset by the smaller peak signal-
background ratio here (; 1

4 ) compared to the larger value
(;1) in Ref.@30#. The63s width of the reconstructedJ2

5The reconstruction efficiency forLs from J2 decays is some-
what higher than that for primaryLs since the decay vertices a
distributed farther from the primary vertex where the proton a
p2 daughters are not as likely to be removed by the 1 mm imp
parameter cut as occurs for the daughter tracks from primarL
decays.

FIG. 3. FSDRLp2 invariant mass spectrum forJ2→Lp2

reconstruction for 600 central Au1Au HIJET events with embedded
H27 resonances at a collision energy of 200A GeV, using the relaxed
J2 decay vertex reconstruction cuts described in the text.
cross-hatched portion indicates the number of correctly rec
structedJ2→Lp2 decays. Bin size is 2 MeV. Note the sup
pressed zero for the vertical scale.
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peak in Fig. 3 is about 10 MeV, in good agreement with R
@30#. We refer to the present set of cuts as ‘‘relaxed,’’ wh
those in Ref.@30# are ‘‘tight.’’ A tight selection of primary
protons~impact parameter from primary vertex<100 mm!
andJ2 candidates~within 66 MeV of the peak in Fig. 3!
with projected DCA’s<6 mm, provided the set ofpJ2

pairs used in the invariant mass plot in Fig. 4.
Variable numbers of H27 resonances were randomly em

bedded in the HIJET @31# event generator output fo
200A GeV Au1Au central collisions according to the fol
lowing distribution:

dN

dp3
5Ae2mT /Te2bmT cosh(y). ~19!

In Eq. ~19! mT5AM (H27)21pT
2 is the transverse mass,T

5238 MeV, b53.0 GeV21, A is a normalization constant
and at midrapidity (y50) themT distribution corresponds to
an effective temperature of 139 MeV. For this distributio
function approximately 39% of the total H27s have all four
decay particles fully contained within the acceptance~Table
III !. In the following discussion, production rates refer to t
number of H27→pJ2 decays per event for which all fou
decay particles are within the STAR acceptance.

In FSDR the H27 masses were randomly distributed a
cording to theP-matrix resonance mass distribution~Sec.
III !. The latter was obtained from theNJ total elastic cross
section in Eq.~3! by eliminating the nonresonant amplitud
(ā1 was set to 0! and by removing the incident flux factor i

d
ct

e
n-

FIG. 4. FSDRpJ2 invariant mass spectrum for H27→pJ2

reconstruction for 1940 central Au1Au HIJET events at a collision
energy of 200A GeV, assuming an average of 3.1 H27→pJ2 reso-
nance decays per event into the acceptance with resonance ene
MeV above threshold andP-matrix width parameter (r1) of 23
MeV ~FWHM 5 2.4 MeV!. The cross-hatched portion indicates th
number of correctly reconstructed H27→pJ2 decays. The back-
ground subtracted peak is shown in the inset panel. Bin size
MeV. Solid curve indicates the five-term threshold constrain
background model fit.
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the definition of the total cross section~i.e., by multiplying
by k1 /m). The resonantpJ2 invariant mass probability dis
tribution was, therefore, assumed to be

P~MH27!5P0k1sTOT~e,ā150!/m, ~20!

whereMH27[e is the randomly sampled H27 mass andP0 is
a normalization constant.

In this work the H27 resonance energye1, was assumed to
be 2 MeV above thepJ2 threshold and a range of widt
parametersr1 was assumed, wherer1510, 23, 37, and 50
MeV, corresponding to mass distributions with full width
half maximum ~FWHM! values of 0.94, 2.4, 4.1, and 5.
MeV, respectively. Average H27 production rates (nH) of 3.1
~8 total! and 4.7~12 total! per central Au1Au HIJET event
were assumed. For each of the resulting eight cases, w
correspond to different values forr1 and nH , 1940 events
were analyzed.

The preceding H27 production rates and number of even
were selected in order to generate statistically signific
resonance signals, with modest computing requireme
such that straightforward background subtraction and sig
determination techniques would suffice. The analyti
model in the preceding subsection, when supplemented
the present FSDR results, can be used to obtain estimat
STAR’s detection sensitivity and data volume requireme
for much smaller dibaryon resonance production rates.

The pJ2 invariant mass spectrum is shown in Fig. 4 f
1940 Au1Au central collision events for the case in whic
r1523 MeV ~FWHM 5 2.4 MeV! and nH53.1. The H27

peak is quite apparent for this case when the resonance
curs near threshold and the background is rapidly decreas
The contributions of the large number of falseJ2’s ~see Fig.
3! are dispersed throughout the spectrum. Notice that
mentum resolution effects do not degrade the H27 peak. Fi-
nite momentum resolution@28# for the final, reconstructed
daughter protons and pions in the decay chain, dibar
→pJ2→p(Lp2)→p(pp2)p2, results in about
10 MeV/c uncertainty in thepJ2 relative momentum. For
this case, where FWHM is 2.4 MeV, such effects would on
broaden the peak in the reconstructedpJ2 invariant mass
spectrum to about 2.6–2.9 MeV.

The uncorrelatedpJ2 background distribution nea
threshold is proportional toAe2e th1. Therefore, we assume
the threshold constrained model for thepJ2 background
distribution given by

Bmod~x!5a1Ax1a2x21a3x31a4x41a5x5, ~21!

wherex5e2e th1 anda1 , a2 , . . . ,a5 are parameters to b
determined byx-square fits. Excellent fits were obtained
the nonresonant backgrounds for all cases as exemplifie
the fit shown in Fig. 4 by the solid line. The cross hatch
portion of the spectrum in Fig. 4 indicates the reconstruc
pJ2 pairs from actual H27 decays where the remainin
background is seen to be in quantitative agreement with
fit.
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The background subtracted peak is shown in the in
panel in Fig. 4. For this and all other cases the mass rang
the resonance peak was taken from threshold to 7 M
above threshold. In addition, a lower cutoff of 20 counts p
1 MeV bin ~specific for the number of events used in th
analysis! was applied to remove the residual backgrou
fluctuations which are apparent in the inset panel. The
maining counts in the 7 MeV invariant mass range, wh
were above the 20 counts per bin cutoff, constitute the m
sured signal,SFSDR. For this case the H27 reconstruction
efficiency is 0.047.

The results for each case are summarized in Table IV
in Fig. 5 which give the statistical significance of the sign
(S/DS)FSDR. The quantity (S/DS)FSDR was calculated us-
ing

S S

DSD
FSDR

5
SFSDR

A2YFSDR2SFSDR

, ~22!

whereYFSDR is the total yield in the 7 MeV wide domain o
the resonance peak. Also listed in Table IV are estimate
the number of Au1Au events which are needed in order
achieve (S/DS)FSDR53, assuming statistical errors only
constantf H2cut , and using theNev dependence from Eq
~15! to scale the FSDR results.

The decrease in (S/DS)FSDR with increased resonanc
width and fixed production rate is due to increased sig
losses~i.e., reducedf H2cut) where,~1! more counts are los
in the tails of the resonance distribution above the up
mass limit, and~2! more counts are lost due to the 20 coun
per bin cutoff. If the resonance mass domain was also
creased, then (S/DS)FSDR would further decrease due to th
larger background contribution toDS. From Table IV and

TABLE IV. FSDR results for the statistical significanc
(S/DS)FSDR of the H27→pJ2 dibaryon resonance decay signal f
total production rates per Au1Au central event of 8 and 12 and fo
four assumed values of resonance width.

nH nH
a r1 FWHM (S/DS)FSDR

b Nev for
~Total! ~MeV! ~MeV! (S/DS)FSDR53c

8 3.1 10 0.94 7.9 280
8 3.1 23 2.4 6.4 426
8 3.1 37 4.1 5.6 557
8 3.1 50 5.6 4.1 1039

12 4.7 10 0.94 10.2 168
12 4.7 23 2.4 9.1 211
12 4.7 37 4.1 8.6 236
12 4.7 50 5.6 7.5 310

aNumber of H27→pJ2 decays per event in which all decay pro
ucts enter the STAR detector acceptance. This is 39% of the
for the assumed H27 momentum distribution model.
bFor 1940 Au1Au central collision events.
cAssuming (S/DS)FSDR is proportional toANev as discussed in the
text.
6-9
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Fig. 5 it is seen that the required number of events to ana
in order to achieve a certain statistically significant sig
@e.g., (S/DS)FSDR53# increases for broader resonanc
and/or reduced production rates, as expected.

For analysis of real STAR data, it is likely that a mo
accurate background subtraction method will be needed
that used here, since optimistic production rates were
sumed in this numerical study. A possible method is to fo
randompJ2 invariant mass histograms using mixed eve
pairs, normalized to the actual number ofpJ2 pairs in the
data. This removes dynamical correlations in thepJ2 back-
ground spectra and is analogous to similar methods u
successfully in pion interferometry analyses@32#.

For smaller rates of production~e.g., nH'1) Eq. ~16!
simplifies to

Nev>
2~S/DS!2nth,pep~nth,JeJ1NFalse,J!F~r1!

~nHepeJ f H2cut!
2

,

~23!

where contributions fromDS̄syst andS̄8 were neglected. The
required number of events is proportional tonH

22 as expected
@29#. FornH(total)'1 and using the results in Table IV, it i
estimated that of order 1042105 Au1Au events must be
analyzed to achieve a minimum dibaryon signal withS/DS
53. At STAR, nominal run-time operations should obta
106 central Au1Au events in about two weeks.

It is likely that the more crucial limiting factor in STAR’s
ability to detect dibaryon resonances, if they exist in t
mass range considered here, will be due to systematic er
Although the sources and magnitudes of these types of e
are not known at this time, a simple estimate can be m
assuming the false counts due to systematic errors scale
overall yield. From Eq.~16! the minimum detectable signa
is determined by the inequality in Eq.~17! providedNev can

FIG. 5. Statistical significance of the H27→pJ2 dibaryon reso-
nance decay signal as a function of resonance width~FWHM! for
resonance production rates of 3.1~triangles! and 4.7 ~dots! per
event~all decay products enter detector acceptance!. For each case
1940 Au1Au central collisions were analyzed. Solid lines conne
the values for fixed production rates.
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be arbitrarily large. If we assumeDS̄syst5 f B̄, wheref is a
constant, and use Eq.~7! with constantf H2cut @29#, the de-
tectable range of dibaryon resonance production is given

nH.~S/DS! f n̂H~B̄/ Ŝ̄!, ~24!

where n̂H and Ŝ̄ refer to a specific simulation result. Th
nH(total)58 FSDR results indicate that (B̄/S̄)'3. Requir-
ing S/DS53 and assuming, for example, that the systema
errors are 1% of the background, the minimum, detecta
dibaryon production rate isnH(total)'0.7. Since STAR is a
dedicated, long-term facility, discovery of dibaryon res
nances of the type discussed here is well within reach of
experiment, provided the systematic errors can be kept s
~to a few percent! and the dibaryon production rate is o
order 1 per event or greater.

V. SUMMARY AND CONCLUSIONS

The possibility thatY50 dibaryon states may occur a
narrow resonances, if located in energy just above the str
interaction breakup threshold, offers interesting new disc
ery opportunities for the relativistic heavy ion physics pr
gram at RHIC, especially for the STAR experiment. In t
baryon octet̂ octet direct product space forY50 dibary-
ons we have listed eight possible states~corresponding to
I 350) which could, in principle, be discovered by STA
with its SVT-SSD central vertex tracking system. If pr
duced, theseI 350 states decay toLL and/orpJ2 channels,
depending on the resonance energy. In addition, the for
tion of these resonances may be significantly enhanced
color-deconfined medium, such as the QGP, by way of
dominant color-octet-octet component of the dibaryon wa
function. A significant change in the production rate of the
states, in conjunction with other QGP signals, would prov
strong corroborative evidence for QGP formation. Hi
quality statistics for thepJ2 invariant mass spectrum can b
expected at STAR with the analysis of data from of ord
several hundred thousand central Au1Au collision events —
several days of STAR data acquisition.

One specificY50 dibaryon state was used to illustra
and estimate the detection and sensitivity range of STA
This state, theJp501, I 51, I 350 member of the27-plet,
was assumed to lie within a few MeV above thepJ2 strong
breakup threshold. The resonance distribution was estim
using theP-matrix formalism@9#, and the detector respons
and event reconstruction-analysis effects were estimated
ing a fast simulation, detector response code. This new si
lation tool, FSDR, enables rapid evaluation of relativis
heavy ion detector-reconstruction-analysis capabilities
proposed, new physics programs at RHIC.

The ability of the STAR experiment to detect a possib
H27→pJ2 dibaryon resonance decay was evaluated
terms of the statistical significance of the dibaryon signal
a function of the H27 production rate and width~FWHM!.
The numerical simulation results, together with an analyti

t
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model, were used to estimate the data volume requirem
for much smaller dibaryon resonance production rates.
proved background subtraction methods were suggested
the case of reduced production rates; limitations due to
tematic errors were also estimated. The large data volu
required ~of order 106 central events! for rare particle
searches of the type discussed here is compatible with
nominal run plan for STAR. The discovery of possib
dibaryon resonances with widths of order a few MeV whi
lie just above their strong decay threshold is feasible
STAR, provided systematic errors are small~few percent!
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and the dibaryon resonance production rate is of order 1
greater per Au1Au central collision.
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