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Production and decay of thed* dibaryon

Chun Wa Wong
Department of Physics and Astronomy, University of California, Los Angeles, California 90095-1547

~Received 14 October 1997!

The production of the isoscalarJp531 didelta dibaryond* by proton inelastic scattering from deuteron
targets is described in a double-scattering Glauber approximation. Each scattering changes a target nucleon into
a D with the help of the isovector tensor force transmitted byp andr mesons. The differential cross section
constructed from empirical Love-Franey nucleon-nucleont matrices and a simple model ofd* shows a
maximum of some 10mb/sr at 70°~c.m.! for 500 MeV protons. The partial width of the decayd*→NN caused
by the exchanges of the same mesons is found for this simple model ofd* to be about 9 MeV if thed* mass
is 2100 MeV. The implications of these results are discussed.@S0556-2813~98!04703-7#

PACS number~s!: 14.20.Pt, 25.40.Ep
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I. INTRODUCTION

The successes of quantum chromodynamics~QCD! be-
tween quarks as the fundamental theory of strong inte
tions have led people to expect new hadronic states o
dominated by exotic Fock-space components@1–3#. In
nuclear physics, one is particularly interested in new n
strange dibaryons~with baryon numberA52! of unusually
low mass and narrow width that might betray their under
ing quark structures. No such dibaryon has been unamb
ously identified experimentally despite years of search@3–5#.

There are two promising dibaryon candidates, one w
unusually high mass and one with unusually low mass. T
high-mass candidate is an isospin 1 structure of width
exceeding 80 MeV first seen experimentally in the helic
differenceDsL(pp) of the totalpp cross section at an en
ergy that corresponds to a dibaryon mass of 2735 MeV@6#. It
has been seen more recently at the same mass in thepp spin
correlation parameterA00nn @7#.

This structure has been interpreted by Lomon and c
laborators@8# as a six-quark ‘‘small-bag’’ state with th
nucleon-nucleon (NN) quantum number of1S0 . The inter-
pretation uses the R-matrix formalism to determine if t
matching of an internal quark description based on QCD
an external nucleon description based on meson-exch
dynamics at a boundary radius separating the two reg
could be made in a way consistent with the empiricalNN
phase parameters in the neighborhood of the observed s
ture. ~For an assumed quark model of internal wave fu
tions, the resonance energy can be predicted by varying
matching radiusr 0 until the externalNN wave function van-
ishes atr 0 at precisely the same c.m. energy as the inter
bag-state energy.! The R-matrix analysis also yields a res
nance width of about 50 MeV, in rough agreement with e
periment. This interpretation will require confirmation b
phase-shift analysis or by direct detection via resonance
duction in nuclear reactions.

In the R-matrix analysis, the experimentally observ
mass~2735 MeV! has been found@8# to be consistent with
the bag parameters used in the ‘‘Cloudy-Bag’’ model of@9#,
provided that the pion cloud is neglected. Furthermore,
cause of its coupling to the externalNN channel, the interna
bag state is not in equilibrium, and therefore the resona
570556-2813/98/57~4!/1962~12!/$15.00
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mass is higher than the equilibrium bag mass of 2680 M
@10#. If the external pion cloud had been present, as in
actual Cloudy-Bag model@9#, the equilibrium mass~at 2380
MeV! would have been much lower@11#. It thus appears tha
the role of the pion cloud external to the bag needs cla
cation.

The R-matrix analyses have shown thatNN phase param-
eters are also consistent with many other ‘‘high-mass’’ no
strange dibaryons@10#, such as those predicted by nonrel
tivistic potential models with pairwise color confineme
@12#. It is obvious that the case for these high-mass dibary
can be significantly strengthened if experimental effects
observed for at least another of these dibaryons. Experim
tal structures seen inDsL(pp) at 2900 MeV @13# and in
DsL(np) at 2630 MeV@14# could be candidates for a3P1
and a 3S1 dibaryon, respectively@15#.

In addition, suggestions have been made that these
strange dibaryons might appear at much lower masses
stead. One with a proposed mass 2065 MeV and wi
GpNN50.5 MeV might be responsible for a narrow structu
in the energy dependence of the experimental excita
function @at 5° in the center of mass~c.m.!# of the pionic
double charge exchange~DCX! reactionnn(p1,p2)pp on
nuclear neutrons atTp550 MeV @16#. This explanation
seems to be supported by observations of a narrow struc
at 2060 MeV with a width,15 MeV at ITEP@17# and at
CELSIUS @18#. The associated dibaryon, usually calledd8,
has the proposed quantum numbersT50, Jp502, making it
inaccessible fromNN channels and consequently narro
However, an alternative explanation of the DCX pheno
enon that requires no dibaryon has also been given@19#.

The dibaryon interpretation finds theoretical support
bag models of dibaryon masses where this particu
dibaryon appears at 2100 MeV@20# or 2000 MeV@21#. The
theoretical bag state involved is a P-wave excitation in
q22q4 separation with the cluster quantum numbers
(T,S)125(0,0) and (T,S)34565(0,1). However, in quark po-
tential models with pairwise color confinement, the state
pears much higher, at around 2700 MeV@22#. The mass can
be reduced considerably with configuration mixing, but
seems difficult to reduce it to below 2400 MeV if one us
quark-quark (qq) dynamics deduced from single-baryo
resonances@22#.
1962 © 1998 The American Physical Society
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57 1963PRODUCTION AND DECAY OF THEd* DIBARYON
This paper is concerned with a second nonstrange iso
lar dibaryon calledd* which has the quantum numbe
Jp531, is accessible fromnp(3D323G3) channels, and
whose baryon-baryon component is made up ofD2. We shall
call this d* a didelta when we want to emphasize thisD2

component.
The theoreticald* massm* again covers a wide range:

is highest in the small-bag based R-matrix analysis wh
yields a value of 2840 MeV@23#, well above theDD thresh-
old at 2460 MeV. It is lowest in the quark delocalization a
color screening~QDCS! model, where it appears at aroun
2100 MeV @24–26#, just above thepNN threshold at 2020
MeV. Near the lower limit of this mass range, thepNN
phase space is small so that the decay ofd* is probably
dominated there by theNN channel, where the nucleons fa
apart in a relative D state. However, the (p)nNN widths
could dominate asm* increases.

A search for thed* dibaryon is interesting for the follow
ing reasons: In most quark models, theD2N mass differ-
ence comes from the color-magnetic term of the one-gl
interaction between pairs of quarks. The total pairwise co
magnetic operator has the same~repulsive! matrix element in
d* as in two well separatedD’s if the former’s orbital wave-
function is totally symmetric in the quark labels@27#. In the
Massachusetts Institute of Technology~MIT ! bag model
@28#, thed* mass then falls below theDD threshold by 120
MeV because the spatial integral associated with the inte
tion is inversely proportional to the bag radiusR, and this
radius increases fromD to d* by virtue of the increasing
total kinetic energy@1,24#. ~The radius of theA-baryon bag
of baryon numberA is roughly proportional toA1/3 in the
MIT bag model.!

The situation is different if quark confinement com
from a pairwiseqq interaction that rises to infinity at infinite
separation. The increasing size of anA baryon containing 3A
quarks causes its confinement energy to increase so m
that thed* mass moves substantially above theDD threshold
instead@12#. This result has been confirmed by@29#.

The QDCS model is able to reduce thed* mass substan
tially with the help of two additional assumptions: qua
delocalization~QD! and color screening~CS! @24–26#. QD
takes advantage of the fact that the kinetic energy of a sin
quark state could be reduced if it is partly on the left side a
partly on the right side of the system. For a Gaussian spa
wave function, a maximum reduction of the kinetic energy
about 19% appears when there is a 50/50 left/right separa
with the two wave function centers separated by 2.3 osc
tor lengths, like two peas in a pod. For a dibaryon built up
a product of six such delocalized quark wave functio
about 72% of the system is in the cluster configurations
the typeq22q4 andq2q5 where the reduction in the kineti
energy can be realized. If one reduces the total kinetic en
in the MIT bag by the resulting 14%~72% of 19%!, one gets
a d* mass of about 2090 MeV instead of the usual 23
MeV, assuming that the interaction and confinement ener
retain their spherical forms.

However, in color confinement models or even in stri
models, this QD reduction of the kinetic energy alone can
overcome the strong increase in pairwise color confinem
energy with increasingqq separations and with increasin
baryon numberA. Color screening now comes into play b
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assuming that the rising repulsion of the confinement pot
tial at large distances@12# does not exceed a finite uppe
bound@24,29#. Now finally QD could become energeticall
favorable in A baryons.~The model of@26# achieves the
same result by measuring the confinement energy from
nearer baryon center, thus avoiding largeqq separations.!

The QD phenomenon could presumably be restricted
the interior of a bag. However, if realized between we
separated baryons@25#, the idea has far-reaching implica
tions. With quark delocalization taking place at all densiti
the transition to the quark-gluon plasma will be at bes
second-order phase transition. This seems to imply tha
such an extreme picture is correct, attempts to search
quark-gluon plasmas might be doomed to failure, given
difficulty of detecting unambigous signals from even a fir
order phase transition. However, a counter-argument is
vided by the recent observation of unusually strong abso
tion of J/c mesons in Pb-Pb collisions@30#. One
interpretation@31# is that this is a signal for the color decon
finement phase transition@32#. Consequently, it would be
interesting to look for experimental indications for or again
the QDCS model. This cannot be done by studying nucl
forces, which can already be understood in terms of me
exchanges. In contrast, the observation of a lowd* mass
could be taken as a signal for QD inA baryons.

In this connection, it is worth noting that a recent R
matrix analysis of availableNN phase shifts below the
dibaryon mass of 2240 MeV finds no sign of ad* resonance
in the np(3D323G3) channels with a width greater than
MeV @15#. However, the analysis does not exclude a n
rower d* at a mass in between the energies of known ph
shifts.

In any case, progress in our understanding of dibary
will require new experimental inputs. In particular, any ne
information on whether thed* mass might be high or low is
likely to have important implications on the dynamics
quark confinement in baryons.

The dibaryond* could be produced by the inelastic sca
tering of projectiles from nuclear targets. The understand
of past failures to find it@4,5# and the justification for future
searches in such reactions would require some theore
input concerning its production and decay properties. T
main purpose of this paper is to explore how its product
cross section inpd inelastic scattering and its partial deca
width into two nucleons could be calculated using stand
techniques in nuclear reactions and a simple model of thed*
as a didelta object. Some of the issues which must be
solved before realistic results can be obtained are briefly
cussed.

II. THE pd˜pd* PRODUCTION CROSS SECTION

In our treatment of the inelastic production, thed* is
taken to be a pureD2 Gaussian wave function with an ave
ageDD separation of 2r * 51.4 fm @24–26#. No D-state or
hidden-color components are included. Consistent with s
a crude d* wave function, the deuteron is also crude
aproximated by an S-state wave function made up of a s
of three Gaussians fitted to the Bonn C S-state wave func
@33# renormalized back to 100%. The quark wave function
each baryon is assumed to be the same in bothN andD with
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a quark-model r.m.s. radius ofr p50.6 fm @24#. The quarks
in each baryon are localized to the left or rightD in d* , with
no left-right antisymmetrization or delocalization@24# yet
included. Later in the paper, we shall estimate qualitativ
the effects of delocalization in the calculated quantities.

The excitation ofd(T50,11) to d* (T50,31) requires an
isoscalar transfer of 2 units of angular momentum. In
usual models of nuclear forces containing the exchange
only pseudoscalar, scalar and vector mesons,d* can only be
reached in the lowest order by a spin-isospin flip in each
the two target nucleons. Each spin-isospin flip is caused
the exchange of an isovector meson such asp andr between
the projectile and the target nucleon. It will turn out that t
unpolarized cross section has important contributions fr
that part of theNN t-matrix proportional to the operato
(sA• q)(sB• q)(tA• tB), where A, B are nucleon labels.

The spin-averaged differential cross section in the c
frame has the structure

dsfi

dV*
5

pi* pf*

p

dsfi

dt
5pi* pf* ^uAfiu2&spin, ~1!

wherepa* is the proton momentum in the reaction c.m. fram
in the initial or final reaction statea. The invariant inelastic
amplitude

Afi~q!'S iNT

2p D E Sfi~q8!F f 1~q1!

k*
f 2~q2!

k* GFB
2~q1!FB

2~q2!

3 (
i 51,2

NPiSBBi~q,q8!d2q8 ~2!

is approximated by the Glauber double-scattering contri
tion @34# between quarks in the c.m. frame of the reactio
Each scattering changes a target nucleon into aD. The inte-
gral involves two momentum transfers

q15
1

2
q1q8, q25

1

2
q2q8. ~3!

The inelastic form factorSfi(q) from the baryon wave func
tions of the initial and final dibaryon states will be co
structed from the S-waveD2 wave function ofd* :

c f~p!5const expS 2
p2

2b* 2D , ~4!

where p is the relative baryon momentum an
b* 5A(3/8)/r * . The deuteron wave function used contai
Gaussians of the form

c~p!5const expS 2
p2

2b2D , ~5!

where the parametersb will be given later. Hence the inelas
tic wave function form factor is a sum of terms each of t
form

Sfi~q!5S 2bb*

b21b* 2D 3/2

expF2
q2

2~b21b* 2!G . ~6!
y

e
of

f
y

.

-
.

There are additional ‘‘baryon’’ form factors coming from th
internal quark structure of baryons.

The dynamical description is simplest if it is first broug
down to the quark level. Then an outside factorNT59 ap-
pears in Eq.~2! giving the number of distinct quark pairs o
the target side, with one quark from each of the two tar
baryons. The contribution on the projectile proton side
slightly more complicated. There is a contribution fro
NP153 projectile quarks each interacting twice with the ta
get, and an effective contribution from three pairs of proje
tile quarks of

NP253K 1

9
~s1•

s2!~t1•

t2!L
P

5
5

3
, ~7!

where the expectation value of the operators of quarks 1
2 in the projectile~P! is taken over the quark wave functio
of the projectile proton.

The inelastic baryon form factor involved is different
each of these two cases, being both different from the ela
formfactorFB

2 for NN scattering. Eventually we shall recon
structNN amplitudes from the quark-quark (qq) amplitudes
f i . For this reason, it is useful to separate each inela
baryon formfactor into an elastic factorFB

2 and an inelastic
correction:

SBB1~q,q8!5expF2
q2

12b2 1
q82

3b2G , ~8!

SBB2~q,q8!5expF q2

24b2 2
q82

6b2G , ~9!

where b51/r p . These have been calculated from the a
sumed Gaussian wave function of a baryon~B5N or D!
made up of quarks 1–3:

fB~r12,l123!5const expF2
1

2b2 ~r12
2 1l123

2 !G , ~10!

where

r125~p12p2!/&, l1235~2p32p12p2!/A6. ~11!

The theoretical elastic form factorsFB are also Gaussians
but they will be absorbed into the empiricalNN scattering
amplitudes that will eventually appear. They do not app
explicitly in our final formula.

The momentumk* is theNN relative momentum in the
NN c.m. frame. For elastic scattering, or in the high-ene
limit where the inelasticity is negligibly small, it is sufficien
to use the elastic scattering valuekel5(3/4)pi* . We recog-
nize that in inelastic scattering at lower energies, the effec
the smaller projectile momentumpf* in the final state should
be taken into consideration, in order to describe more ac
rately the energy dependence of both kinematics and dyn
ics. One possibility is to use the geometrical mean mom
tum (3/4)Api* pf* , but this cannot be correct because it giv
the wrong behavior at threshold. Of course, the Glau
multiple-diffraction formalism is a high-energy approxim
tion that should not be used too close to a reaction thresh
but it is conceptually also important to ensure that the inva
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57 1965PRODUCTION AND DECAY OF THEd* DIBARYON
ant amplitudeA does not have a spurious singularity
threshold. The threshold behavior is not just a question
kinematics, because the elementary amplitudef i(q) is also
involved.

Now the inelastic production ofd* involves at least two
collisions. At each collision, the energy transfer can hav
range of values. This suggests that the correct descrip
might require an average over some distribution. We s
use the simplest realization of this concept, namely the
sumption that theNN dynamics in Eq.~2! should be that for
the arithmetical average of the proton energies in the in
and final states:

Tav5Tlab2
1

2
Dm* , ~12!

whereDm* 5m* 2md is the mass transfer in the inelast
scattering. The momentumk* is the relative momentum in
theNN c.m. frame when a proton projectile of kinetic ener
Tav is incident on a nucleon target:

k* 5A1

4
sNN2m2, ~13!

wheresNN52m(2m1Tav) is the squared c.m. energy of th
two nucleons each of massm. In this prescription, the
Glauber double-scattering integral for the invariant amp
tude does not show a spurious singularity at threshold.

The dynamical factors (f i /k* ) inside the Glauber double
scattering integral is approximately frame invariant, beca
in the usual parametrization using the optical theorem, it
pends primarily on the totalNN cross sectionsNN if nucle-
ons were the elementary objects of the Glauber method.

There areqq operators hidden in theqq scattering ampli-
tudes f i in Eq. ~2!. These quark scattering amplitudes a
constructed from empiricalNN scattering amplitudes by us
ing known relations between nucleon and quark opera
@35#. The reduction ofNN amplitudes involving theNN op-
erator (sA• q)(sB• q)(tA• tB), where A, B are nucleon la
bels, requires a number of steps:

~a! We first use the well-known relation@35#
gmqq5(3/5)gmNN, wherem is p or r.

~b! Theqq operators are simplified by using the identiti

~s•q1!~s•q2!5q1•q21 i s•~q13q2!, ~14!

~si •q1!~sj •q2!

5
1

3
~si •sj !~q1•q2!1

1

2
~si3sj !•~q13q2!

1~si3sj !
~2!

•~q13q2!~2!. ~15!

Only the tensor-force terms involving (s63s9)(2)(t6•t9)
for two target quarks 6 and 9 contribute tod* production.
~Quarks 4–6 are in the first target baryon, while 7–9 are
the second.! On the projectile side~involving quarks 1–3!,
we keep only the term that is spin-independent. A projec
spin-orbit term can be shown not to contribute to the sp
averaged production cross section under rather genera
cumstances.
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The identity~15! can also be used to handle central sp
isospin dependent interactions by replacing one or more
the momentum transfersqm , m51,2, from the tensor inter-
actions by projectile quark spin operatorssm , m51,2, of the
central interactions. In this way, one can show that wh
both interactions are central, the production ofd* involves
the spin operator (s63s9)(2)

•(s13s2)(2). We see that the
projectile part of this operator induces 2 units of spin trans
at the projectile, which cannot then remain a proton. Ho
ever, the productionpd→pd* is possible when one interac
tion is central and the other is tensor, because in this case
projectile operator is of the form (s13p2)(2). The projectile
then suffers only 1 unit of spin transfer. This mixed tens
central contribution will not be included in the present e
ploratory study.

~c! In the result reported here, we have neglected
quark-exchange terms between target baryons. This per
the required operator matrix elements to be calculated
terms of the reduced matrix element

„~N2!S8T8510i~s63s9!~2!~t6•t9!i~D2!30…5
16

9
A7

2
.

~16!

Results with fully antisymmetrized quark wave functions f
the target will be reported elsewhere when completed.

On the other hand, the use ofNN t-matrices ensures tha
all quark exchanges between projectile and target nucle
are automatically included.

~d! The spin-orbit terms in theNN amplitude are ne-
glected, as we are not concerned here with polarization p
nomena.

The spin-averaged differential production cross sect
then takes the form

dsfi

dV*
5S 1

15D (
m522

2

uFm~q!u2, ~17!

where

Fm~q!5
C

p E d2q8 (
i 51,2

NPiSBBi~q,q8!h~q,q8!

3F1

4
~q3q!2~q83q8!G

2m

~2!

, ~18!

C5S NT

2k* 2D S 3

5D 4S 16

9 DA7

2
, ~19!

h~q,q8!5S 1

4
q22q82D S m

4p D t ivt~q1!t ivt~q2!Sf i~q8!.

~20!

We shall use the empiricalNN isovector-tensor~IVT !
t-matrix t ivt constructed fromNN phase shifts by Franey an
Love ~LF! @36#. The one appearing here is actually thr
times the tensor-force function tabulated by LF, i.e., theNN
scattering amplitude is here defined as

f NN~q!52S m

4p D tNN~q!5S m

4p D t ivt~q!~s1•q!~s2•q!

3~t1•t2!1¯, ~21!
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1966 57CHUN WA WONG
where the tensor operator is 1/3 of that contained in the u
tensor-force operator used in nuclear physics.

In the Born approximation,tNN(q) simplifies to the Fou-
rier transformV(q) of the NN potential in the notation of
Ref. @33#. In fact, we shall also use the Full Bonn potent
@33# in the Born approximation to study the separate con
butions of p and r exchanges and the dependence of
production cross section on the projectile energy.

For the deuteron target, we use the Bonn C deuteron
state wave function after fitting it to the nonorthogonal thre
term Gaussian form

cBonn C~p!'(
i 51

3

cic i~p!, ~22!

wherec i(p) is a normalized S-state oscillator wave functio
The resulting range parameters obtained by minimizing
percentagem.s. deviation are

g5~g1 ,g2 ,g3!50.04467~1, 5.04, 21.5! fm22, ~23!

where g i52b i
2 . The expansion coefficients, renormaliz

from the fitted value of 94.34% back to 100%, are

c5~c1 ,c2 ,c3!5~0.31491, 0.49716, 0.36926!. ~24!

This is an excellent fit to the Bonn C deuteron S-wave fu
tion whose probability is 94.39%.

The momentum transferq of the reaction is of course
calculated with the correct~relativistic! inelastic kinematics.
However, the other momentum transfers of the Glauber
proximation are treated in the high-energy limit where t
inelasticity is negligibly small. As is known, thez-axis of the
Glauber formula is usually not constant in space but cho
instead along the bisector of the initial- and final-state m
menta. This means that the momentum transfer is on
equatorial, orxy, plane. In fact, all momenta in the Glaub
double-scattering formula lie on this equatorial plane. In
tending the formula to inelastic scattering, we have kept
momenta on the equatorial plane even when the ener
involved are not very high. This means that two of the ter
in the sum in Eq.~17!, namely form561, are zero.

III. RESULTS FOR THE PRODUCTION CROSS SECTION

The results shown in this section are all calculated in t
angle-averaged approximation in which cosu8 everywhere
inside the integrand in Eq.~2! is taken to be 1/&, u8 being
the angle betweenq andq8. The effect of a full angle inte-
gration will be discussed near the end of this section. For
sake of completeness, we shall give full angular distributio
even though the Glauber multiple-diffraction approximati
is known to be reliable only for small angles.

Figure 1 gives the differential production cross sections
the TRIUMF proton energy of 516 MeV. The 1985 Lov
Franey~LF! t-matrix @36# at the lab energy of 515 MeV~on
a nucleon target! is used ford* masses ofm* 52050, 2100,
and 2150 MeV, a range of particular interest for the QD
model mentioned in the Introduction. Calculated with t
sameNN t matrix, these cross sections involve exactly t
same invariant production amplitude. They differ only in t
outside kinematical factorspi* pf* in Eq. ~1! and in the fact
al
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that the angular distribution covers a narrower range in m
mentum transfer asm* increases. For this reason, it is ofte
necessary to show results for only the small
m* 52050 MeV because it has the largest range of mom
tum transfers.

The cross sections shown are about 7mb/sr at the second
maximum at about 70° c.m.. They decrease with increas
d* mass, and should vanish at threshold. The structur
small angles, seen very clearly in them* 52050 MeV result,
comes from them50 component of the production tenso
operator. Its contribution to the differential cross section
Eq. ~17! for m* 52050 MeV is shown separately as a sho
dashed curve in Fig. 1. The remaining contributions are fr
the m562 components. Being proportional toq4 for small
q2, they are responsible for the second maximum. The str
m dependence means that the angular distributions can
expected to be very different when the colliding particles
polarized.

The production mechanism, requiring at least a dou
scattering, is particularly sensitive to the dynamics of t
effective qq tensor force, here derived from the empiric
NN tensor force. It is therefore of interest to show, in Fig.
how strongly the production cross section f
m* 52050 MeV at the TRIUMF energy increases as the
fective nucleon lab energy of the inputNN t-matrix is de-
creased.

Since the production cross section as calculated depe
only on the isovector tensor part of theNN t-matrix, the
effect seen is a direct reflection of the latter’s rapid incre
with decreasing nucleon energy. This behavior is well und
stood in the theory of nuclear forces: The shorter-range
of the tensor force due to the exchange ofr mesons is op-
posite in sign to the longer-range part fromp exchange. As
the scattering energy decreases, the strong and long-r
p-exchange contribution becomes rapidly more domina
We shall be able to show separately the results calcula
from each of these two parts of theNN tensor force when we
use the Full Bonn potential.

FIG. 1. Center-of-mass differential cross section forpd→pd*
at the proton lab energy of 516 MeV for differentd* massesm*
using the 1985 Love-Franeyt-matrix at 515 MeV. The
m* 52050 MeV result from only them50 term of Eq.~9! is also
shown.
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57 1967PRODUCTION AND DECAY OF THEd* DIBARYON
The inelasticity involved ind* production for them*
range examined here is a very appreciable fraction of
energy available in the beam. Given the strong depende
of the production cross section on the effective nucleon
ergy of theNN isovector tensort matrix, it is necessary to
choose this energy carefully. For reasons discussed in the
section, we shall use the average lab energyTav shown in Eq.
~12! which is the arithmetical average over the initial a
final states.

The resulting cross sections for differentd* masses are
shown in Fig. 3. These are obtained by interpolating
results calculated for the three lab energiesT5515, 425, and
325 MeV tabulated by LF. We see that interpolated res
have increased by a factor of about 2.0 over the value ca
lated at the incident energy form* 52100 MeV. The final
cross sections at the second maximum are about 13mb/sr.
This is very large, but it is perhaps not totally unexpec
because the production involves the same amplitudes res
sible for the resonance production ofD from nucleon targets

The use of empiricalt matrices takes care of rescatterin

FIG. 2. Differential cross sections forpd→pd* at 516 MeV for
different Love-Franeyt-matrix energies usingm* 52050 MeV.

FIG. 3. Differential cross sections forpd→pd* at 516 MeV for
different m* masses using the Love-Franeyt matrix at the energy
averaged over the initial and final states.
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or wave-distortion effects in the sense of an impulse appro
mation. To determine how important such effects are, we
the full Bonn potential treated in the Born approximatio
The results obtained with theNN relative momentumk*
shown in Eq.~2! calculated fromTav are shown in Fig. 4 for
different values ofm* .

We see that these production cross sections have the s
angular behavior as those in Fig. 3 for the LFt-matrix, but
their values are higher by a factor of about 2.8. The eff
might seem huge, but since the calculated cross sectio
proportional tog8, whereg is a meson-NN coupling con-
stant, thet-matrix reduction of the effectiveg2 is by a very
modest factor of 0.77. In other words, a strong sensitivity
NN dynamics is unavoidable in such a high-order product
process. A quantitative calculation of the cross section mi
well require bettert matrices constructed from more rece
NN phase shifts.

The use of the Bonn potential allows the contributions
the p- andr-exchange potentials to be separated. The cr
sections for each contribution alone are also shown in Fig
Note that their total contribution to the cross section is n
the sum of their separate contributions because amplitu
interfere and the production mechanism is double scatter
Thep-only result is enormous, but it is effectively controlle
by the much weakerr exchange contribution. Since this ca
cellation is not a well-determined part ofNN dynamics, Fig.
4 also shows the importance of using the bestNN input in
the calculation.

The Born approximation should improve in accuracy w
increasing projectile energy. Figure 5 shows how the cal
lated cross section form* 52050 MeV decreases with in
creasing energy, while the second maximum moves forw
in the angular distribution, but not in the momentum transf
Both features are consistent with the expected energy de
dence of cross sections. Of course, the accuracy of the B
potential at these higher energies is somewhat uncertain
spite of this reservation, Fig. 5 does suggest that the prod
tion cross section will not decrease sharply with increas
energy.

FIG. 4. Differential cross sections forpd→pd* at 516 MeV for
differentm* in the notation of Fig. 3 using the Full Bonn potenti
in the Born approximation with theNN relative momentumk*
calculated at an average energyTav. The m* 52050 MeV results
for p exchange only and forr exchange only are also given.
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1968 57CHUN WA WONG
The production cross section also depends on thed*
wave function sizer * ~half of the averageDD separation!.
Figure 6 gives the results calculated forr * 50.5, 0.7, 0.9 fm,
covering a realistic range of possibled* sizes. Other param
eters used arem* 52050 MeV and an effective nucleon en
ergy of 425 MeV for the LFt matrix, very close to the
recommended average value of 429 MeV. We see that
effect is fairly strong especially for smallerd* ’s presumably
because the momentum transfers involved can then be m
different. We therefore conclude that the calculated cr
section can be quite sensitive to the short-range compon
of the wave functions of bothd and d* . The short-range
components neglected in the present calculation include
deuteron D state, exotic admixtures, and the effects of qu
exchange and delocalization.

Finally, we address the question of the accuracy of
angle-averaged approximation used this section. A sele
number of angle-integrated cross sections for the TRIU
energy using the Bonn potential withm* 52050 MeV have

FIG. 5. Differential cross sections forpd→pd* for different
projectile energies usingm* 52050 MeV, the Full Bonn potentia
in the Born approximation, and an average nucleon energyTav.

FIG. 6. Differential cross sections forpd→pd* at 516 MeV for
different d* wave-function radiir * for m* 52050 MeV using the
Love-Franeyt matrix at 425 MeV.
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been calculated. The angle-integrated result at the CM a
u* 570(0,180)° is 47.21~37.08, 7.140! mb/sr when the
angle-averaged approximation gives 44.71~38.20, 7.118!
mb/sr instead. Thus the angle-averaged approximation se
to have adequate accuracy.

The present calculations have given only a crude pict
of the inelastic production ofd* . Their many limitations will
be discussed in the last section.

IV. THE d* ˜NN DECAY WIDTH

The dibaryond* cannot decay into two nucleons if it
constituents do not interact. The simplest interaction that
do it is a two-quark interaction containing the spin opera
(si3sj )

(2), to bridge the gap between initial and final in
trinsic spins. Ifd* is a didelta, even when these deltas a
not pointlike, the perturbing operator must also contain
isospin operatorti • tj in order to change aD into an N at
each quark vertex. It is clear that isospin-independent in
actions cannot do it. Thus all direct gluon exchanges do
contribute, no matter how strong they are.

Among the simplest two-quark interactions that can do
are the one-meson-exchange potentials carried byp and r.
We shall show below that their contributions are quite lar

It can be argued that these mesons might not have
presence insided* that they have in the outside meso
cloud, because much of the dibaryon interior might be in
different vacuum state, the so-called perturbative QC
vacuum, where mesons loose their individuality. Since Q
is flavor-independent, the requiredti • tj operator could only
come from the Heisenberg isospin exchange operator

Pt5
1

2
~11ti • tj ! ~25!

arising from the Pauli exchange of two quarks. We no
show that the resulting potential has a functional form sim
lar to that for one-meson exchange. In this preliminary stu
we shall not consider any three-quark interactions, includ
those where two interacting quarks involve a noninteract
quark via Pauli exchange, because they have more com
cated structures.

The exchange two-quark interaction generated by o
gluon exchange~OGE! between quarksi , j can be written in
the familiar form@37,38#

Vxqq52Pi j Vqq52PlPtPsPxVqq , ~26!

where

Pl5
1

2 S 2

3
1li •lj D ~27!

is the color exchange operator. The space exchange ope
Px interchanges the spatial labels in theqq final state. For an
exchanged gluon of effective massm, the directqq interac-
tion from OGE has the standard one-boson-exchange f
@33#
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57 1969PRODUCTION AND DECAY OF THEd* DIBARYON
Vqq~q!5
V0

m21q2 ~li •lj !@2~si •sj !q
2

1~si •q!~sj •q!1¯#. ~28!

The QCD coupling constant appearing inV0 is dependent on
the gluon massm. In addition, it should be an effective cou
pling constant that might include certain higher-order effec

Of the terms shown, the second term is a tensor inte
tion which tends to be unobtrusive in baryon spectrosco
just like tensor forces in nuclear spectroscopy. However,
first term is the color-magnetic interaction which can be
lated to the D2N mass difference Dm5mD2mN
5293 MeV:

V05
Dm

16I B
. ~29!

Here

I B5E d3qK q2

q21m2 d id j L ~30!

is the spatial two-quark matrix element in a baryon~B!,
taken for simplicity to be the same in bothD andN. There
are momentum-conservingd-functionsdk for the two quarks
i , j at each gluon-quark-quark vertex.

Is this empirical qq interaction strong or weak? Thi
question can be answered by anticipating that even tho
bothV0 and the gluon propagator inVqq depend significantly
on the gluon massm, their effects tend to cancel when th
sameD2N mass difference is fitted. The interaction streng
V0 turns out to be 0.11 GeV22 whenm is taken to be ther
meson mass. In contrast, the equivalent strength of the
rho-exchange~ORE! potential in the full Bonn potential is

V05S 3

5D 2 p

m2

gr
2

4p S 11
f r

gr
D 2

554 GeV22, ~31!

where the factor (3/5)2 comes from the reduction fromNN
to qq operators. This is about 500 times stronger than theqq
interaction strength. Although therNN coupling constants
are not well determined in theNN interaction, it is clear that
the ORE potential appropriate to the baryon exterior is so
two orders of magnitude stronger than the effectiveqq inter-
action present in the perturbative vacuum of the baryon
terior. This shows that the OGE contribution to the part
decay width is negligibly small compared to the meso
exchange contributions.

It is nevertheless interesting to complete the derivation
the exchangeqq interaction and to determine how the spac
exchange operatorPx further affects the final result. We
therefore go on by noting that the term inVxqq containing the
d*→NN decay operator can be isolated by using the exp
sion

2PlPtPs~li •lj !~si •q!~sj •q!

52
8

9
~si •q!~sj •q!~ti •tj !1¯, ~32!

obtained with the help of the identities
.
c-
y,
e
-

gh

e-

e

-
l
-

f
-

n-

~li •lj !
25

32

9
2

4

3
~li •lj ! ~33!

and

~si •sj !~si •q!~sj •q!5~si •q!~sj •q!1~12si •sj !q
2.

~34!

The final result is

Vxqq~q!52PxS 8

9D ~si •q!~sj •q!~ti •tj !
V0

m21q2 1¯,

~35!

showing only the term which can turn colorlessD’s into
colorlessN’s. This term too has a strength characterized
V0 . This is the only term that can contribute, in the lowe
order, to the decay of thed* treated as a didelta.

In more realistic models ofd* , coloredD’s appear in the
so-called ‘‘hidden-color’’ components@39#. These colored
objects can decay intoNN by both direct and exchange OG
potentials via terms proportional to the color operatorli • lj .
However, all such contributions are necessarily based on
effectiveqq interactionVqq whose strengthV0 is two orders
of magnitude weaker than meson-exchange interactions.

We are now in a position to calculate the decay width.
spin-averaged value in first-order perturbation theory@40#
has the structure

G~m* !52pp* m f* E d2Vp* uNqq^~N2!p* uVu~D2!d* &uspin
2 ,

~36!

where p* is a nucleon momentum in the center-of-ma
frame andm f* (5m* /4) is the relativistic reduced mass i
the final state calculated with dynamical masses or total
ergies.Nqq59 pairs of qq interactionV contribute to the
decay. The momentum stateup* & has the normalization:

^r up* &5
1

~2p!3/2eip* •r. ~37!

After some algebra, the decay width can be written in
final form

G~m* !5
p* m f*

7 FNqq

16

9
A7

2G2 16

15

3
1

~2p!2p3/2S b* 7

k6 D uFmodelu2, ~38!

where the model-dependent factorFmodel is

FMX5S 3

5D 2

I ivt~k,1,1,1! ~39!

for the meson-exchange~MX ! model, and is

FXQQ5S 8

9D S 9b* 2

5b* 216b2D 3/4

I XQQ~k,D1 ,D2 ,D3! ~40!

for the exchange-qq ~XQQ! model. Here
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I model~k,D1 ,D2 ,D3!5e2D1k2/2E e2D2Q2/2@ j 2~ iD 3kQ!

3~kQ!3#tmodel~b* Q!QdQ, ~41!

k5k* /b* is the dimensionless nucleon momentum in t
c.m. frame, andQ5q/b* is the dimensionless momentu
transfer. The elastic baryon form factor at each quark ve
is already contained in theNN interactiont ivt of Eq. ~21!.
Furthermore, thet matrix containsNN rescattering contribu-
tions to all orders of theNN interaction.

For the XQQ model, for whichtxqq in this equation refers
to the function V0 /(m21q2) in Eq. ~35!, the exchange
baryon form factor appears explicitly inFxqq. The latter de-
pends on the dimensionless parametersDi which are func-
tions of the baryon size parametersb* andb51/r p , where
r p50.6 fm is the proton radius. Forr * 50.7 fm, they have
the numerical values of

D150.214; D250.398; D350.153. ~42!

V. RESULTS FOR THE PARTIAL DECAY WIDTH

The partial decay width ford*→NN can now be calcu-
lated numerically for the empirical Love-FraneyNN t ma-
trix, the Full Bonn potential treated in the Born approxim
tion, and the OGEqq interaction with Pauli exchange.

The empirical LFt matrix used is evaluated at the equiv
lent nucleon lab energy

Tlab5
m* 2

2m
22m ~43!

of the finalNN state. The resulting decay widthsG, obtained
by interpolating from the values calculated at the three ne
est energies tabulated by LF, are shown in Fig. 7 as funct
of the d* massm* for different d* wave function radiir * .

FIG. 7. Decay width ford*→NN as a function of thed* masss
m* for different d* wave function radiir * using the Love-Franey
t matrix at the final-state energy.
x

-
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The dependence on these parameters is significant, bu
strong, and is of a somewhat complex character.

The origin of some of the complexities in the behavior
G can be seen in Fig. 8, which gives the corresponding
sults for r * 50.7 fm covering a wider range of dibaryo
mass calculated with the full Bonn potential treated in t
Born approximation. The result is typically 2–3 times larg
than those for the LFt-matrix in the mass range~2050–2130
MeV! of interest in the QDCS model, in qualitative agre
ment with the corresponding behavior in the producti
cross section. Note however that the leading decay pro
studied here is first-order in the interaction, but the lead
production process is second order.

The ‘‘p only’’ contribution ~shown as a dash-dot curve! is
again much larger, here by another factor of three in t
mass range. Even the ‘‘r only’’ result ~given by the short
dashed curve! is large, becoming in fact larger than even t
‘‘ p only’’ contribution after 2690 MeV. This behavior is
consistent with the fact that the decay involves interaction
shorter distances and higher energies than the productio
TRIUMF energies. This means that the results forG is par-
ticularly sensitive to the cancellation between thep and r
exchange interactions in our simple leading-order model
fact, the vanishing of the calculated decay width due to
complete destructive interference between thep andr con-
tributions can be seen in the figure at 2690 MeV.

For the XQQ interaction appropriate to the perturbat
vacuum of the baryon interior, we find a result ofG577 eV
at r * 50.7 fm, m* 52100 MeV and a gluon mass o
m5300 MeV@41# if Vxqq interaction of Eq.~35! is treated as
a directqq interaction.~This is done by dropping the space
exchange operatorPx and adding baryon elastic form facto
to the expression forG.! Because theqq interaction strength
is always chosen to fit theD2N mass difference, the resu
is very insensitive to the choice of the gluon mass, being
eV if m5500 MeV. Compared to the result of 22 MeV fo
‘‘ r only,’’ these are smaller by a factor of 33105, in good
agreement with the estimate based on the interac
strengths.

FIG. 8. Decay width ford*→NN as a function of thed* masss
m* for r * 50.7 fm using the Full Born potential in the Born ap
proximation. The result for the Love-Franeyt-matrix is also shown
as a solid curve.
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57 1971PRODUCTION AND DECAY OF THEd* DIBARYON
On restoring the space-exchange operatorPx, we find that
the width drops drastically by another factor of 33106 to
only 2.131025 eV. The result is very sensitive tor * , being
250 times larger for the smallerd* radius of r * 50.5 fm.
One reason why the result is so small is that the orb
angular momentum in the relative baryon-baryon coordin
is L52, where the centrifugal potential inhibits the qua
exchange. If we had usedL50 instead, the result would
have been 2.331023 eV, as compared to anL50 width of
190 eV whenPx is purposely dropped. We conclude fro
this that in the absence of stronger short-range compon
in both initial and final wave functions, quark-exchange
fects are negligible.

Up to this point, we have done the calculation as if t
interaction were 100% by meson exchanges via the me
cloud in the baryon exterior, or 100% by gluon exchange
the perturbative vacuum of the baryon interior. In reali
there is always some ‘‘external’’ contribution even when
the six quarks ofd* are in the same cluster. Since the ext
nal contribution is so much greater than the internal con
bution, some of it will always survive to give a nonnegligib
decay width. In the absence of a detailed model describ
the precise proportion between the two contributions,
shall discount our calculated meson-exchange contribu
by 50% as a guess of what a more realistic width should

The interior correction for gluon exchange discussed h
does not apply to the lowest-order production calculated
Sec. III: The two mesons whose exchanges between pro
tile and target nucleons are responsible for the inelastic
duction ofd* are both external virtual mesons.

Is the meson-exchange interaction used here too stro
This can be answered partially by using the same metho
calculate the decay width of that archtypical baryon de
D→pN. Using the pNN coupling constant of
f pNN

2 /4p50.078 given by the full Bonn potential and redu
ing to apqq coupling constant, we find a result of only 7
MeV, much less than the experimental value of 120 Me
This result is in agreement with past calculations of t
width @35#. One might be tempted to increase the calcula
result by a factor of (120/70)2'3, but this is not advisable
because a realp on the energy shell is emitted in theD
decay, whereas thed*→NN decay involves virtual meson
off the energy shell@42#. The off-shell coupling constant
that appear are more appropriately determined from nuc
forces, at least in principle. If we had been calculating
d*→pNN decay by the same method, we would be justifi
to increase the calculated result by a factor 120/70'1.7 for
that vertex emitting the real pion.

VI. DEPENDENCE ON QUARK MODELS

The calculatedd* production cross section and dec
width can be expected to depend sensitively on the qu
wave function of thed* , perhaps even more so than its th
oretical mass. We shall consider qualitatively some of
issues involved.

One of these issues is the possibility of quark delocali
tion, which refers to the idea that under certain circumstan
a quark may find it energetically favorable to be partly on
left side and partly on the right side of a dibaryon. T
QDCS model@24# actually describes each quark in thed*
l
te

ts
-

on
n
,
l
-
i-

g
e
n

e.
re
n
c-

o-

g?
to
y

.
s
d

ar
e
d

rk
-
e

-
es
e

wave function as 50/50 left or right. The six-quarkd* wave
function then has the structure

~L1R!65L616L5R115L4R2120L3R3

115L2R416LR51R6

→2~L6 or R6!112~L5R or LR5!

130~L4R2 or L2R4!120~L3R3!. ~44!

After the projection of relative S-states between the clus
and a correction for the position of the center of mass,
wave function simplifies to the form shown after the rig
arrow. Its components fall roughtly into two groups: There
a group of normal~‘‘n’’ ! clusters ofq3m configurations made
up of L3R3, L6 andR6 with no delocalized quark. They hav
the probability of

Pn5~221202!/1448'0.28. ~45!

The remaining group of componentsL5R, LR5, L4R2, and
L2R4 has one delocalized quark~‘‘dq’’ ! away from a normal
q3m configuration, and the remaining probability o
Pdq512Pn'0.72.

For the normal group, the projection of S states makes
wave function spherical symmetric in the relative baryo
baryon coordinate, and very similar to the Gaussian w
function of our didelta model. In fact, the maximum overla
between the two wave functions is close to 100%. There i
be sure some depression of the two-center relative w
function near the origin of the relative coordinate, but t
effect is quite unimportant in the wave function overlap. T
behavior of the short-distance wave function is proba
much more important in the production and decay proces
considered in this paper, but it is likely that the sho
distance wavefunction is not very good in both models. F
thermore, theq6 component is entirely absent in the didel
model and is probably too weak in the QDCS model.

Though subject to these additional uncertainties,
counting suggests that this normal group will contribute
sentially the full amount, i.e., about 28% of that calculated
our model in both decay and production.

For the abnormal components with one ‘‘wrong-way
quark, the contribution could be very different, especially
there is special coherence between the normal and abno
amplitudes. We are not in a position to estimate such coh
ent contributions because it would require a specific mod
As far as its incoherent contribution is concerned, the wo
that can happen is that it will vanish. This must be a rat
extreme situation, because three of the nine pairs of inter
ing quarks involve the ‘‘wrong-way’’ quark, and the intera
tion could scatter it back to form a normal cluster structu
In the remaining six pairs, the ‘‘wrong-way’’ quark is a spe
tator, which requires a wave function overlap to get back
normal. There is thus a reduction in the calculated decay
production amplitude of the order of 1/2 or 1/e for the spec-
tator contribution, more if the clusters are farther apart. W
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1972 57CHUN WA WONG
then end up with an estimate for the decay width or prod
tion cross section of the order of 7–20 % from these abn
mal components.

Thus very crudely, we expect the delocalization to redu
the calculated decay width or production cross section b
factor of 1/2– 1/3.

Another model-dependent issue is the contribution
hidden-color~HC! configurations. Our didelta model use
without quark exchanges between the two baryon clus
contains no HC component. In contrast, most quark mod
of thed* contains 80% HC components where the first th
quarks are in a color-octet state. These HC components
expected to contribute less, perhaps significantly less,
the baryon-baryon components. A calculation of their con
butions using the method of this paper is now underway.
the time being, we shall allow for some contributions fro
the HC components by reducing the baryon-baryon res
by a factor of 1/2.~The reduction factor is 1/5 when the H
components contribute nothing.!

The final educated guesses ford* decay and production
for the quark-delocalization model used with the Lov
FraneyNN t matrix atm* 52.1 GeV andr * 50.7 fm are as
follows: The decay width is decreased from 9 MeV to abo
1 MeV when an ‘‘interior’’ correction of 1/2 and an octe
octet reduction factor of 1/2 are also included. The prod
tion cross section at TRIUMF energy is reduced from 13
about 2mb/sr at the second maximum.

VII. DISCUSSIONS AND CONCLUSIONS

The leading-order processes studied here suggest tha
inelastic production cross section ofd* might be in themb/sr
range, while its decay width into two nucleons might be
MeV’s. Love-Franey empiricalNN t-matrices are used to
include allNN rescattering effects to all orders in the dec
and in an impulse approximation for the production. Oth
aspects of the reported calculations are not sufficiently r
istic because of approximations made in the hadron w
functions and in the treatment of the reaction mechanism
is worthwhile to enumerate the most serious of these pr
lems.

The Glauber multiple-diffraction model used in the calc
lation of the production cross section might be quite good
elastic scattering at small angles. Its validity for large inel
ticities and at large angles is unknown. It is necessary
correct for effects neglected by the Glauber model, es
cially at large angles@43#. However, there is probably n
point in doing this unless one can also include higher-or
production processes. These are the usual difficulties c
nected with the calculation of strong-interaction cross s
tions, and as usual, we see no simple solution.

The baryon models used for bothd andd* are very crude.
The S-state wave function used for the deuteron target te
to underestimate the high-momentum components of the
get baryons. To be more realistic, one should include
D-state of the deuteron, and probably also the D-state ofd* .
Since d* production depends so much on these hig
momentum components, one could argue that the pre
S-state results give conservative lower bounds on the
duction cross section.

Depending on the model, we need to add other sh
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distance refinements such as delocalization and hidden-c
states to these wave functions. The inclusion of these
tures are not intrinsically difficult, although they can be t
dious to execute. The difficulty lies instead in the lack
knowledge on how strong these components are. Studie
the effects of short-distance wave functions require susta
efforts.

In the calculation of the partiald*→NN decay width, it is
necessary to account more carefully for the role played
external meson exchanges versus internal gluon exchan
It is obvious that this too cannot be done on a quantitat
basis without a more realistic model of thed* wave func-
tion. It will be necessary to include higher-order proces
not yet included by usingNN t matrices.

In addition, the decay width could be dominated by t
(p)nNN branches for sufficiently larged* mass. It is neces-
sary to understand these partial decay widths at least q
tatively.

The theoretical picture concerning the dibaryond* at the
present time seems to be as follows: Its calculated mass
been in the range 2050@24# –2840 @8# MeV. Its inelastic
production cross section could be significant, i.e., in
mb/sr range. Its partial decay width into two nucleons
probably in MeV’s for the low-mass candidate. Because
calculated mass is so sensitive to certain assumptions
cerning quark dynamics in hadrons, any positive or nega
experimental information on its presence in a certain m
range has interesting implications.

What is the experimental situation concerning isosca
dibaryons? A dibaryon search was made at Saturne by m
suring the spectra for missing masses between 1.9 and
GeV using thedd→dX reaction for 2.29, 2.00, and 1.6
GeV deuteron beams. An upper limit of 30 nb/GeV2 was
found for the invariant production cross section of a dibary
if its width is less than several tens of MeV@4#. This result is
for the missing mass of 2.16 GeV and for a 2.00 GeV d
teron beam with deuterons detected at 27°~lab!, or 69.3°
~c.m.!. It corresponds to a c.m. differential production cro
section at this angle of only 15 nb/sr in thedd reaction. It is
not easy to extract apd bound from this result partly becaus
of the presence of an elastic form factor for the intact d
teron@44#, which causes a large reduction in thedd produc-
tion amplitudes relative to thepd amplitude for production
from single nucleons in the intact deuteron. An addition
complication is that for thedd reaction, thed* can also be
produced by another double-scattering process that invo
both nucleons of the intactd. Its contribution can be ex-
pected to be similar in structure, but probably reduced
value, when compared to that of production from a sin
nucleon in thepd reaction. This process must also be i
cluded in the interpretation ofdd cross sections. This mean
that any extraction of apd bound from thedd bound will
depend on a model-dependent theoretical analysis, and
not be a pure experimental bound.

To my best knowledge, the only direct experimental u
per bound for resonance production in thepd reaction is an
unpublished LAMPF experiment based on thed(pW ,p)X1 re-
action atTp5798 MeV and 15.1°~lab!. The results are in
the range of 1–4mb/sr/MeV @5# dependent on the missin
mass in the missing-mass range of 1865–2200 MeV. T
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are of the same order as the very rough theoretical estim
of d* production given in this paper. Hence no definite co
clusion can be drawn from a comparison between them.

It thus appears that the present theoretical picture is
very unrealistic and incomplete. Much additional work
needed, especially on the partial decay widths in pio
channels for which there is at present very little quantitat
information. However, the question of dibaryons is ul
mately an experimental question. A new dibaryon sea
with a sensitivity much greater than the known LAMP
ev

,
//

ya
le

r-
es

,

le
tes
-

ill

c
e

h

bound will be needed to advance our understanding of
situation.
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