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7NN decay of a possibled’ dibaryon in the 3P, quark pair creation model
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We study the pionic decay of a possible dibarybr-+ NN and pion decay of single baryons. TAR,
quark-pair-creation model is used for the definition of the effective quark-pion coupling. All necessary cou-
pling constants and vertex form factors both in the baryonic and dibaryonic sectors are calculated in this model
using translationally invariant quark-shell-model configurations. A hypothesis for the mass shiftddfithe
nuclear medium is discussed in order to explain the position of the resonance peak observed in double-charge
exchange reactions in nuclei and the nonobservaiorat least doubtful observationsf thed’ as a free
resonance outside of a nuclear medium. In this connection the dependencedéfdbeay width on theal’
mass is calculated for two alternative models of the final-Stteinteraction(one-boson exchange potential
and Moscow potential Off-shell effects in thel’ decay are studied on the basis of an algebraic quark-cluster
model techniquelS0556-28139)04708-1

PACS numbsefs): 14.20.Pt, 13.30.Eg, 13.75.Cs

[. INTRODUCTION obtained from a realistic optical model and, as a result, they
A possibled’ dibaryon T=0, J°=0") proposed earlier are able to explain the observed resonancelike behavior of
[1-3] for the interpretation of the resonancelike behavior ofthe cross section arouid, =50 MeV at least for nuclei with
the pionic double-charge exchan@2CX) scattering on nu- nonclosed shells, e.gt*C, 4?444Ca[8] and 12 [7]. It
clei is possible that when the background is accurately recalcu-
lated using the improved sequential mechanism of Refs.
A+ 7t —>A(z+2)+ 7 (1.7 [7,8] there will be no sharp resonance left. Without such a
recalculation, however, one cannot disprove the existence of
has been actively studied both experimentdy-6] and some wide dibaryon in the region around the val(kg).
theoretically[7—13] in the last few years. Aside from the According to Ref.[7] the absolute value of the calculated
exclusive reactior(1.1) where A(z+2) is a double-isobar- peak depends on the model of nuclear structure made use of
analog or ground state, new experiments have been pein calculations. That leaves room for a possithleresonance
formed for the low-energy processHe+w"—ppd’ signal around the valued.2). By contrast, the authors of
—ppppm_ (the CHAOS Collaboratio4]) and the direct Ref. [8] advocate that their results are model independent
production pp—d’ 7" —ppm 7" (the CELSIUS group and the calculated cross section describes the peak in excel-
[5]) and inclusiveA(7 ", )X (the ITEP group6]) reac- lent agreement with the data without the necessity of invok-
tions at intermediate energies. Most of these experiments alng genuine quark degrees of freedom. However, the latter
low investigations to be made of tli¥ properties outside a cannot be considered as an unambiguous conclusion in view
nuclear medium. Contrary to many previous findinds?]  of the fact that the DCX cross section depends essentially on
where a pronounced peak in the cross section of the DCXhe short-rang& N correlations, but this dependence was not
reaction(1.1) at the pion energ¥ .=40-60 MeV was rather rigorously analyzed in Ref8]. It should be also mentioned
reliably observed for various targets frofi to medium-  that the calculations of RefE7,8] do not include nuclei with
heavy nuclei, the above experimental groups were unable tdoubly closed shells *He, %0, 4%Ca). The most pro-
confirm thed’ signal with a sufficient statistic accuracy. This nounced resonancelike data are seen for figa [12]
suggests, among other things, that the shdirgesonance nucleus.
with the mass and decay width determined earlier Due to the great significance of the dibaryon problem all
arguments, which could support the dibaryon hypothesis
My ~2.065 GeV, T'y~0.5 MeV (1.2 should be carefully considered. Because of the experimental
uncertainty in the values of Eq1.2) it would be good to
does not exist outside a nuclear medigon at least such a have some model evaluations of tHé properties. It is in-
“free” d’ is too wide to be seen over a large nonresonanstructive to calculate what values &4 and Iy, are, in
backgroungl principle, compatible with conventional quark models of
On the other hand, recemore refineglcalculationg7,8] baryons. Compared to the knowrNN approach[14], the
of a sequential two-step single-charge-exchan@<X) six-quark consideration of the problem offers a clearer view
mechanism of the DCX reactiofi.1) have shown that the of how to treat on a common ground both the inner structure
values(1.2) obtained earlier with a simplified version of the of all systems of interegbaryons, dibaryons or the NN sys-
background sequential SCX process should be revised. Them at short range and pion-hadron couplings in all
calculations of Refd.7,8] take into account pion distortions d’-related verticesl’-7#NN, N-7N, andN*-7N (including
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the vertex form factors as well only for PS coupling in the static approximation without the
After first evaluations of a low-mass dibaryon with recoil corrections that was criticized in R¢R4]. Here we
T(J?)=0(0") made in Refs[15] within the framework of a  give the full analysis for all variants of coupling and com-
rotating bag model with nonoverlapping diquark and four-pare the new results with the old ones. It will be seen that
guark clusters, a more realistic consideration ofdherop-  both transition amplitudes PS corrected and PV are ex-
erties has been performed in Ref$3,16 on a base of the tremely off-shell dependent in the caseSpivave pion emis-
Tuebingen quark mode[Tuebingen QM [17,18. Such a sion. Moreover, there are other ambiguities that should be
consideration runs into an obstacle: the value ofdhenass carefully considered.
observed in the DCX reactidrsee Eq(1.2)] is too small to Another off-shell dependent contribution to th&IN de-

be explained with the standacgq interaction of the nonrel-  cay width of thed’ could be theyq substructure of the pion.
ativistic quark mode(NRQM) fitted to the baryon spectrum. Usually, in the Tuebingen QM the pion is considered as a
In Ref.[13] it was proposed that such a small mass ofdhe  structurelesgpointlike) Goldstone boson. However, it seems
could be explained if for some reason the confinementeasonable to say that the pion is not exactly a Goldstone
strength is reduced for six-quark systems. But the mechasoson. This is not only because of the nonzero mass of the
nism of such a reduction is presently unknown, although &, byt also because there are processes where thegjgner
reduction seems to be plausible. At the same time the modiy,ctyre of the pion could play an important role, e.g., in the

fication of thed’ properties in a nuclear medium could be _\ decay of the Roper resonani@s]. Note that the empiri-
similar to the well-known modification of baryon properties, ., pion decay widths of all light hadrons were successfully

e.g., a shift(30-40 MeV of the A isobar mass in nuclei renroduced in the relativized quark mod@6—29 taking

[19,20. . . — .
The mechanism of such a modificatithe virtual decay into account the inneqq pion Stf”‘““re- . .
For these reasons an extension of our previous calculation

A— a7+ N and propagation of the virtual pion in the nuclear , . oy :
medium[21]) is applicable to dibaryons, too. In the case of of the_d decay width[11,22 to a more realistic que_lrk-plon
coupling would be useful for a better understanding of the

thed’ it implies a virtual decayd’— 7+ N+ N. Recall that ; e )
the quantum numbers of th#¥ prevent the decay into the properties of thel’ in and out of the nuclear medium.

NN channel and the only possible decay channeirisN In this work, we consider therd’ coupling and calculate_
+N. As the resonance peak in the DCX scattering on nuclefhed’ decay width in the framework of the phenomenologi-
is only 50 MeV higher than therNN threshold, the decay cally successful®Pq quark-pair-creation mode(QPCM)
width should be strongly dependent on the phase-space vdi25,30. This model appears to be very useful in the flux-tube
ume of the finalwNN state. The following scenario could Picture of hadron§26-29. It will be shown that in the limit
perhaps be responsible for the observation of a namdéw of zeroqgq pion radius this model goes to the standard PV
resonance in the DCX reaction: The nuclear medium lowersoupling. Therefore, by varying the radius we obtain the
the energy of thel’ resonance to 2065 MeV just 50 MeV corresponding results for the PV coupling too. Moreover, in
above theN N threshold. Due to the small phase-space in-this limit we can normalize the strength of tfighenomeno-
tegral the decay width is smali(1 MeV). The freed’ has |ogical) constant of creation ofjq pairs to the PV pion-
a larger energy. The decay width of the frdé is much  nucleon coupling constarit,yy.
larger and the decay of thi can, therefore, not be observed  In Sec. Il the®P, quark-pair-creation model is extended
on top of a large background. This would explain the diffi-to the description of transition amplitudes in the six-quark
culties in observing thed’ as a free resonance outside asystem. In this connection the basic ideas and formulas are
nuclear medium. Thus an evaluation of the coupling of theshortly discussedincluding ambiguities of the modebnd
d’ to the pion field would be important for a solution of the the translationally invariant six-quark basis is introduced. In
d’ problem. Sec. Il we discuss two classes of modeld\dfl interaction
Our first calculationd10,11,23 of the d’ decay width  at short range, the phenomenological models with the repul-
have shown that thEy, sensitively depends on the nucleon- sive core[e.g., the one-boson exchange potent@BEP
nucleon dynamics at short ranpEL] and is very sensitive to  models[31,32] and the QCD motivated models taking into
the choice of the quark-pion couplii@2]. The latter calls account the six-quark configurations instead of the repulsive
for some comments. As thd’ mass is very close to the core(e.g., the potentials of Moscow typ83,34 or the Tu-
7NN threshold the behavior of the transition-matrix elementebingen QM[17,18)). Starting from the algebraic consider-
in the limit of the zero momenturk of the emitted pion is ation we show that these two classes of models lead to dif-
very important. ForSwave pions one obtains qualitatively ferent predictions for thel’ decay width. The technique of
different limits (zero or nonzerpif the pseudoscalaiPS or  six-quark calculations of transition amplitudes and the pro-
pseudovecto(PV) quark-pion coupling is used in the lowest cedure of projection of six-quark states onto M channel
order of thev/c expansior(see, e.g.[23]). At the same time are introduced on the basis of fractional parentage coeffi-
the proper relativistic consideration of the PV coupling in cients(f.p.c) techniqug 35—37). The results on thd’ decay
Ref.[24] or even the first/c (recoil) correction to the static  width in the 3P, QPCM for different models of short-range
PS coupling in Ref[10] showed that the transition-matrix NN interaction and different values of the radius are
element is nonzero in the limk— 0. Unfortunately our cal- shown in Sec. IV. Concluding remarks and a summary are
culations of thed’ decay width in Ref[11] were performed given in the last section.
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II. QUARK-PION COUPLING 6
IN THE 3P0 QUARK PAIR CREATION MODEL ~ ,7

A. Transition operator and initial (final) quark configurations 6 <
Our starting point for calculating theNN decay width of 5—>—-\\7
thed’ dibaryon is the ansatz of the flux-tube breaking model 4 5
(see, e.g.[28] and references thergirin which the operator 3 —— 4

T responsible for the transition is ) S 3

~ ~ 1 2

T=—y2 | dpydpgd(Pq+Py)CupF 5Z(Pq.PY) ]
ap

2 m ~—m L i FIG. 1. Diagram of rearrangement of quark lines in the process
X = (Im1- m|00)XaBy1 (Pg = Pa)b4 (Pq)dg (P).- of the pion formation from the vacuuq pair.

(2.9 usual®P, coupling strength, which in our nonrelativistic ap-

— o proach is normalized to the value of tldNN coupling con-
Here, a={s,.f,.c.} (B={sz.f5.cz}) are projections of i nif N

the spin, flavor, and color of the quatantiquark; C,5 and The transition amplitude is given by
Fap are the color and flavor wave functions of the created
d,0 pair, both assumed to be singlet, M=(axNN|T|d"), (2.5

where coordinate parts of quark wave functions of the pion

1 1
C,s=—=06c ¢» Fu == i (2.2 and nucleons are taken in the simplest Gaussian form
B \/§ CuCh B \/5 faf[i p

I 1 /1 2
In the nonstrange sector the flavaf) (projections are re- N~ex;{ - —2(—p§+—p§) ,
duced to the isospin projections 2b3 2 3
FoT s 23 - (1 2) (2.6
5= Tag=—"= 96 1= . m~exg — —| 505 |- .
B B \/E tatﬁ 2b721_ ZP
X';,”g is the spin-triplet wave function of the pair We use the relative quark coordinates
1 1( +..try) 1,2 5
m_ - Pn== rl I’n —I’n+1, n=1~42,...,9,
Xap= \/E{Um}sasﬁ' (2.9 n
. . 1
On the right-hand side of E¢2.4) are the components of the P =Te— 17, pézg(rl+ T I 2.7

Pauli ¢ matrix (m=0, *1, sa,sgzt%) as they are the
Clebsch-Gordan coefficients in the quark-antiquark spi
space,)i[m(pi—pj) is the vector spherical harmonic indicat-
ing that the pair is in a relative wave.

This form implies thatqq pairs are created in théP,,
spin-orbital state with the vacuum quantum numbéFs |d"y=]s°p(bg)[51]x[321]csL ST=110 J°=0").
=0", 1°=0". The amplitude is proportional to the absolute 2.8
value of the relative momentuip,—p,| of the pair. This
hypothesis is justified at least in the limit of the pointlike
pion, in which case Eq2.1) goes to the standard PV cou-

Mrhe labeling of the quarks is illustrated in Fig. 1. The wave
function of thed’ dibaryon is the lowest six-quark configu-
ration with the quantum numbers of tllé

The Gaussian part of the translationally invariant coordi-
nate wave function of Eq2.9)

pling (see below
Z(pq.Py) is the flux-tube overlap function, which is usu- xd — i }p2+ Eszr §p2+ fszr §p2>
ally taken to have *“cigar-shaped” or spherical contours. 2b§ 201 3Pz 43 5Pa ghs

However, the analysis of meson and baryon decay widths

performed in Refs[27,28 showed that the inclusion of the depends on the radilrg of the six-quark harmonic oscillator
functionZ(p,,pg) Was unimportant for a successful descrip- (h.0) basis, which should not be equal to the nucleon h.o.
tion of widths as the finite size of the hadron wave functionsradiusbs. In evaluating thed’ six-quark wave function in
already effectively restricted the pair creation site to smallRefs.[16,13 the value ofbg varied from 0.6 to 0.9 fm, while
distances away from the initial hadron. Thus we tZkel as  bs; was taken to be 0.6 fm. The dependence ofdhe&lecay

in the usual version of théP, model(see, e.g., Ref25]). I width on the valuebg/bs is not very strongabout 30—50 %
this case the phenomenological constann Eq. (2.1) is the  as it can be seen from the results of Héfl]), and thus here
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we usebg=b3=0.6 fm. The radius of the quark content of Here pg is the momentum of the seventh quark in the

the pionb,, in the relativized model§27-29 is about 0.26 Vacuumqa pair (see Fig. 1 Note that quarks 6 and 7 are
fm. identical. To satisfy the Pauli exclusion principle we have to

In the present work we use the Tuebingen QM, which has,nisymmetrize the fina’q system as a whole. As a first
the advantage that the center-of-mass motion can be exactg(ep we use the approximation sufficiently separated quark

removed. In our calculations we vary the pion radlus C
_ . . . : clusters 6 7and 123 457, which implies that quark exchanges
from O up tobs=0.6 fm. The limitb,—0 is an interesting between these clusters can be neglected. Note that the full

one as in this limit the®P, quark pair creation model ; AU L
(QPCM) goes to the standard PV quark-pion coupling in theantlsymmetnzatlon is no principal problems but we expect

) o that the contribution of antisymmetrization to the amplitude
leading order of thes//c decomposition(see Sec. Il B . 2o , :
o . . . does not dominate the contribution of the finat- 6q inter-
As the initial state of the transition amplitud2.5) is a

. . C o ) . __action, which is not yet taken into account. Both effects are
six-quark configuration it is reasonable to project the final.

NN state onto the basis of six-quark configurations too. Thi interfering and cannot be separated. For a rigorous evalua-
. . au g  "MJion of the quark-exchange contributiofend of the interac-
can be done by inserting the unit operator

tion in the final w+6q state as wella more sophisticated
_2 model is needed, e.g., the flux-tube breaking model with a
I= = [, F)(n.f| (2.9 ?on)trivial parametrization of the functiod(p,,pg) in Eq.
2.0.
into the matrix element2.5). Here we use the full basis of
six-quark configurations with quantum numbers of the final

B. Nonlocal coupling in coordinate space:
state

Definition of the coupling constant

In,f)=|s"sp"[ f][fcg]LST=001IP=0"). (2.10 In coordinate space the translationally invariant configu-
n={ng,n,} are the numbers of and p quarks andf rations (2.8) and (2.11) are used. Therefore, the transition
:{[fx],[?cs]} are Young schemes in coordinats) and ~@mplitude(2.13 should be rewritten in terms of operators

color-spin (CS) spaces used for classification of the statesacting on the relative coordinat€s.?). o _
Only configurations After a Fourier transform of the transition amplitude

6 4o 5 4o (2.13), we obtain the following operator in coordinate repre-
s’[6]x, (s*p*—s°2s)[6]x and s*p42]x (2.1)  sentation
with all possible CS Young schemes are important for theHgﬁ)(p5,pé):VT@))\ei(5/6)k'Pé©(6)(p5,pé)
transition into the'S, final NN channe[11]. As a result the

amplitude(2.5) is a finite sum of factorizable terms 6 | @x (2 S (O
X ol®. om, TVt k| F 1+_12nq k|,
M= NN|n,f){n,f;a|T|d"), 2.1
where(n, f;«|T|d") are transition amplitudes from the con- }ﬁ?]g;r:he nonlocal factor is proportional to the pion wave
figuration (2.8) into configurations(2.11) with emission of
the Swave pion. These amplitudes and the overlap factors (6 , i 12K (oo Ps— P
(NNJn,f) are calculated with the standard technique of frac- OCps,pg) =™ 2 b7 0w, 2 ) (2.15

tional parentage coefficientép.c.) described in Ref[11]. , ) ) )
The operatof2.1) can be transformed into the form of the Hereps andpyg are the relative coordinates of the sixth quark
effective quark-pion coupling. As usudsee, e.g., Refs. intheinitial and final states correspondingly. Further we will
[25,30) this can be achieved by recoupling the quarks in theomit the subscript 5 in thes (ps). Note that in the Eq.
subsysteng+ qq, whereq is one of the quarks of the initial (2-14 the gradien¥ , acts only on the wave functions of the
six-quark configuratior(for definiteness quark] is labeled ~initial state, and in the derivation of Eq&2.14 and (2.19

by the number 6, while the vacuung pair is labeled by V¢ have used the relation
numbers 7755 in Fig. . The pion is considered as a bound \I,l(p)ei(SIG)kp
state in the 6 Bubsystem. In order to calculate the amplitude

for pion production, we project the recoupled 6&ir of Eq. . 1. 1.

(2.1) onto the pion wave functiol . As a result we obtain = j ‘1’1(P)( e'(S/ﬁ)k""i—V—i—VG'(%)k"’) V,(p)dp.

the following expression for the operator for pion emission

by the sixth quarksee Appendix A for detais (2.19

In EqQ. (2.14 we have changed the normalization of the pion
wave function

2V 5k
s

Ya(p)dp

H{®(ps.pg) =77 o®)-

K oo /
—2—mq(p6+pe)

—n' _ a2
| jatd :(Mbg)—a/zexp[_ Ll Dl P
T Pst Pe (2.13 V2 407
w2 ) ' so that in the limitb,—0 it goes to thed function
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p—p' b,—0 invariant (see comments on this problem be)owertex
T — S(p—p'). (218  ~—(w./2m)) oy (pgtpg) + 04-k, and the first(gradient
2 - __term of this vertex~(1/2)c, (V4—Vq) gives rise to a
In Eq. (2.14 the normalization of the phenomenological nonzero constant at the—0 matrix element of thed’
constant is also changed in line with changing the normal-, 7NN transition. Consideration of the transition amplitude
ization of W ;.: in terms of relativistic bag-model six-quark stafed] leads
v= (477b37)3/4§,_ (2.19 also to a nonzero constant at thes 0 matrix element and its
value is very close to the matrix element of the gradient term
It implies that they in Eq. (2.1) is a “running constant” in the NRQM.
which depends on the radiusb . (if the value ofv has been The contribution of the gradient term to the transition am-

fixed) 7~;~b;3/2_ One can see that in the limit of a point- plitude is off-shell dependent and it depends strictly on the
like pion b,—0 the transition operatof2.14 goes to the Properties of the wave functions of both the initial and final

N4

ks

standard PV coupling states. For example, it gives rise to zero ampl'itudes for other
b,—0 transitions, e.g., for thA — 7N decay(at least in the shell-
H®(p,p’) — HO(p), (2.20 ~ Model representation

Ambiguities of the above results center around the gradi-
ent term of Eqs(2.14) and(2.21), whereas the nongradient
ei(5/6)k.plv~_Eveei(g,,e)k.p part of the coupling operatoff (,/m,) oKk is fixed (includ-
i i ing the value of coupling constarit,,,) by the observed
P-wave transition amplitudeA — 7N and N— 7N. In fact,
14+ 2 (2.21 the gradient part f(,qq/m,)(w,/2my) e (1) (V4—V)
12m, cannot be fixed simultaneously with the nongradient one as it
(we have omitted the trivial integration ovep’). The phe- does not contribute to these transitions. However, when the
nomenological constant could be normalized to the value pion momentumk is close to zero the gradient term has
of the PV coupling constartt,, as it is seen from the ex- played a decisive role in th&wave pion emission, which is
pression for the PV transition amplitude in the leading orderthe case for thel’ dibaryon decay. The problem is that the
of v/c (see, e.g.[38]) coefficientw ,/2m,, which defines a relative strength of the
f 1 gradient term, has been obtained above with such ambiguous
= —j-=4d _ (2.22  approximations as the/c decomposition of the PV coupling
M, (27)%3(2w )2 or a by-hand reduction of the QPCM amplitude. Both ap-
) _ ) proximations imply tham, is the mass of a free Dirac par-
The quark-pion constart,qq is normalized to therNN con- tjcle, but only confinedoff-mass-she)l quarks can take part
stantf .y by the standard procedure of calculating 18N in Jow-energy hadron processes, where free constituent
vertex(m,N|H®)|N) on the basis of the same quark model. quarks are nonobservable. Therefore, the quark Mass
The transition Operator for the third quall‘k(?’) in the three- %%mN being an effective parameter must be used with cau-
quark system can be obtained from E2.21) or (2.14 with  tjon in the above approximations. Besides, the parameter
the substitutiorps—p, and by replacing the coefficiens ¢, /2m, is not so small as the analogous parametgl2my
and; in the six-quark formulas to thg and ;. In the case  of low-energy hadron physics.
of the local operatof2.21) it leads tof ,qq=£f ;yn, but in We compare matrix elements of the PS and PV couplings
the case of the nonlocal operat@.14 the valuef .4 de-  in order to evaluate what ambiguity in the value of the pa-
pends on the pion radius, and we renormalize the,qq for  rameterw ,/2m, can be expected from relativistic and other

where

w
H;6><p>=w<6;a<6>~[—”
2m,

" Wa kel (5/6)k-p

each given value db,, (see next section corrections. Recall that the PS and PV couplings are equiva-
o _ _ _ lent for free Dirac stateg!?)(4(?)) as there is an exact rela-
C. Ambiguities of effective quark-pion couplings tionship between matrix elements of the four-dimensional

As thed’ mass is very close to theNN threshold the (Pseudojgradient andpseudo}scalar operators

standard models of pseudoscalBS or pseudovecto(PV) —0).5 0): 3

quark-pion couplings lead to very different results on dhe f U YV P19, 0(X)d7X

decay width in the lowest order of the/c expansion. In

leading order of ther/c decomposition the PS coupling is —_9 f_(O) 5.,(0) 3 29
proportional to theoy-k operator[see the last term in the m n Ym0 dx. (.23

right side of Eq.(2.21)], that leads to th&? dependence of _

the transition-matrix element foSwave pion emission However, this equivalence is lost for bound staes )
[11,24). In the limitk—0 the matrix element goes to zero. In When the left-hand side of E¢2.23 depends sensitively on
the case of the PS coupling we need to use higher-artier the form of the wave functiong,(¢,,), but the right-hand
terms(e.g., the recoil correction as in R¢fL0]) in order to  side does not. After a nonrelativistic reduction of both sides
obtain a realistidnonzerg behavior of the transition ampli- of Eq. (2.23 made through a/c expansion the difference
tude in the low-energy limik— 0. On the other hand, the PV between the PS and PV couplings reduéesthe lowest
coupling gives already in leading order efc a Galilean- orde) to the above gradient term, which must therefore be
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sensitive to off-shell effects. However, in the next order of(Jacobj momenta of the sixth quark in the six-quark system
the v/c expansion for PS coupling, one also obtains a relass, wf and the total momentg, P’
tivistic (recoil) correction proportional to the gradient term

w14my, but which is a factor of 2 smaller than the corre- PP _ L) + S [Tt .o, (2.25
sponding term for PV couplinsee, e.9.,38]). As is evident 12mqy o,/ 121 m,

from the foregoing, the ambiguity of the coefficient/2m,  whereP=p,;+p,+---+pg, P'=p;+--- +Ps+ps, Ps=P,

is of the same order as the coefficient itself. In this respectpézp/, k=P—P'=ps—p}, ms= Ypy+ - +pg)—2pg, and

the relativistic bag modelssee, e.g.[39]) with free Dirac m=1(py+- - +pg)—2pL.

sta_tes inside the ba@nd boundary conditipns used instead 5Foer translationally ?n\?ariant basis wave functiof®&8)—

of interaction potentiajsare more appropriatg24]. In bag (2.11) dependent only on relative Jacobi coordinates, the ma-
models current quarks mas_s(@ose to zery_) are used, and iy element of the last term in the square brackets of Eq.
results do not depend sensitively on the light quark masse .25 does not depend on the velocity of the reference
which can be taken equal to zero. However, in bag models ame. For theSwave pion emission this matrix element
new ambiguity appears because of the lack of translation oes to a nonzero constantkats0 (see the next section
invariance (see, e.g.[40]). The solution of this problem The first term in the square brackets of E8.25 is an

should not pe SO swpple Wher.‘ there is a S|x-qua}rk bag .W't%pproximately Galilean-invariant expression. It follows from
the py, excitations in the initial state and two interacting the fact that in first order of the small parameter/6m,

three-quark bags in the final staeee, e.g.[41]). - . . . . L
On the other hand, the value of the massin w,/2m, vﬁ\%i/alr?t tfrcl)lrsmexpressmn can be rewritten in the explicitly in

can be considered as an phenomenological parameter, whic

effectively accounts for most of the above relativistic and P+P" k P N P’ k o™
off-mass-shell contributions. A familiar example of such a 12m, o, 2M, 2Mun o, 6mg )’
role of the mass parameter; is the successful description of (2.26

the baryon magnetic moments in terms of Dirac magnetons _ = i
e4/2m, of constituent quarks. From this point of view the WhereMN_N_ O ~Mg —w, s the mass of
above semirelativistic approximations seem to be reasonabff€ CUtgoingNN system. Equatiof2.26 follows from equa-
(see, e.g., the discussion in R&42]) and then only some UONS

constraints on the value of the coefficient/2m, should be Mg =2my+ o]=6my+ w, ™

considered. For these purposes the common symmetry prop-

erties of thed’ — 7NN andB— 7N vertices are usually used. MEMg — 0,=6my+ (07" w,),  (2.27)

For low-energy processes, Galilean invariance is the mosgyhere »™*~200 MeV and we have taken into account that
important symmetryfonce the translational invariance has mNgng_ Here, all particles ¢’, N+ N, and ) are on
already been provided by using of the translationally invari-their mass shell. In the moving reference frame, all the on-
ant quark shell-model basig.8—(2.11)]. However, Galilean  mass-shell momenta of the verte— 7NN transform as
invariance is violated for the off-mass-sheilt|q vertex P—P—MgV, P'=P' =My, and k—k—wqV which

conserves Galilean invariance of the expression on the right-
p+p’ k hand side of Eq(2.26). This demonstrates approximate Gal-
2m, _w_w) o, (2.24 ilean invariance of the resulting on-mass-shell matrix ele-
ments of the effective quark-pion coupling operat@r24).
Therefore, the coefficienb ,/2m, in Egs.(2.14) and (2.21)
is an optimal one to satisfy the Galilean invariance of matrix
elements.
It should be noted that the operatp(P+P’")/12m,
w |- o does not affect the limiting value of the matrix

if the momentum and energy conservatiksp—p’ and
w,=E,—E, are taken into accourfor convenience we
rewrite the operator part of Eq2.13 in the form of Eq.
(2.24)]. For example, let the ingoing and outgoing quarks be

el
EOth on t,hze mass shell, i.eE,= mq+p ~.mq .and Epr element of the operatai2.25 for emission of theSwave
=Vmgtp \/%_nzh,;zand thus the emitted pion is off-mass i, 4tk 0, as this limit is a constant defined by the second
shell . # ym7+k® Then in the reference frame moving term( ( s+ mr5)/m,]- 0. The matrix element of the first term
with the velocityV the on-shell momenta are transformed asat k0 will behave as~k-[(P+P")/12my—kl w,], i.e., it
p—~(p—mgV) andp’—=~(p’—myV), but the momentum s zero atk=0. Such behavior of th&wave pion emission
k=p—p’ of the off-shell pion remains almost nontrans- amplitude of an arbitrary vertex-n- o in the limit k—0
formed k—~k) and the expressiof2.24 will depend on  griginates from the dominance of centrifugal potential barri-
the velocity of the reference frame. ers on outgoingor ingoing P-wave quark statetsee, e.g.,

_In contrast, matrix elements of the operat@r24 over 23] In our case such behavior can be seen in the following
six-quark wave functions for emission of the on-mass-shellatrix elements for basis statéa8—(2.11):

pion are approximately Galilean invariant. In that case the

quarks are off-mass-shell, but averaging the operé@4) (s®pIP=0"1e/ Ok Ps(6). n|sBIP=0")~n-k,

over initial and final bound states of quarks in the matrix

element restores th@pproximatg Galilean invariance. To  (s’pJP=0"]e' Ok P5g(6). n|s?*p2JP=0*)~n-k, k—0,
show this we rewrite expressiof2.24) using the relative (2.28
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wheren is an arbitrary constant vector. Note that the expres- (ii) s*p? dominates oves® in a wide interval of energy.
sions(2.14 and (2.21) are written in the rest frame where (This is possibl¢36,45 if the mean value of the quark-quark
P=0 and P+P'=—k, so that the term F+P’)/12m, interaction is attractive for the nontrivial Young scheme
—klw, reduces to {k/12m;—k/w,) which gives rise to [42], and repulsive for the symmetrical oh&]y ; see how-
the operator (¥ w,/12mg)o-K in both Egs.(2.14 and  ever, an alternative point of view in Ref47].) Then the
(2.21. In line with Egs.(2.28 the matrix element of the projection of the six-quark configurations onto k&l chan-
3W§Ve pion emission for the vertex operakoir behaves as  ne| js a nodal wave function at short distances. A stable node
~k* atk—0 (see also Refd11,23). position at distances,~bg~0.6 fm plays the same role in
In summary, it may be said thau_t) at small v_alues of<,_ NN scattering as a repulsive core of radiys
w,<6m, the vertex of the effective quark-pion coupling | the p.wave channel there is a similar situation. The
proportional to the operatd®.29 leads to(approximately ot range behavior is dominated by two six-quark configu-

Qa'!'eah“"?‘”’.‘“;’j“t an;]plltudes flc?r emission $vave pions;  aiions of different permutational symmetsjp[51]y and
(i) in the limit k— 0 these amplitudes are nonzero constant 3p3[32]. The configuration of the nontrivial symmetry

the values of which are defined by the second term in th<=s3p3[3z]x has a nodal projection onto theN channel. If the
square brackets of E§2.25. probability ofs®p® dominates oves®p at intermediate ener-
gies it could provide an alternative explanation of the nega-

ll. QUARK SHELL-MODEL APPROACH TO THE d’ tive slope of the energy dependenceRsfvave phase shifts
DECAY AND THE NUCLEON-NUCLEON at E=0.3-0.5 GeM46]. In higher partial waves there is no
INTERACTION AT SHORT RANGE strict necessity for the repulsive core phenomenology, and

) ) - incidentally there are no suitable candidates for configura-

The dibaryon decay width should be very sensitive to thgjons of a nontrivial symmetry which could lead to a nodal
short-range behavior of the nucleon-nucleon wave functionyn wave function at short range.
of the final state. The initial state of the decay is a six-quark |, jine with this analysis, the phenomenological Moscow
configuration of a characteristic hadron radiog=1 fm. NN potential (MP) was proposed33,34,46. It was postu-
Thus the transition-matrix element can only depend on th€ e that in low partial waves=0,1 theNN wave function
shortjrange part of the final-state wave function. The_reforqS orthogonal to the “baglike” six-quark configurations
the (_dlbaryor_1 decay could be used as a too_l for s_tudylrjg thgﬁ[G]x ands®p[51] . (The orthogonality is provided by in-
NN interaction at short rang,e. In this se_ctlon this is '"us'troducing a special projector into tHéN potential that im-
trated by the example of the’ decay. Als in Ref[11], we  pjies a nonlocal interaction model, which is close to the phe-
project the wave function of the fin&IN (*S,) state onto the  omenological model of Tabak[48,49.) As a consequence
large basis of six-quark configuratiof&11) and we use the he 5 andp-wave functions of the MP model have a node at
methods of the translationally invariant shell model for cal-; —g 5_0.6 fm. The last version of the MBA4] describes all

culating transition-matrix elements within the Tuebingenp cleon-nucleon phase shifts on the same level of precision

QM [13,16-18. as the new versions of tHeéN repulsive-core potentials such
as that of Argonne and Nijmegen. Hence they are phase
A. Models of nucleon-nucleon interaction at short range equivalent but off-shell different.

It turns out that the most pronounced off-shell difference
can be seen in theé’ decay. This was shown in RéfL1] for
calculation of thed’ decay width using PS quark-pion
upling. Here, we demonstrate it in a more general frame-

work of the 2P, quark-pair-creation model and for the PV
aquark-pion coupling as well.

There are two qualitatively different approaches for the
description of the\N interaction at short range. In the first
one only hadronic degrees of freedom are taken into accoun)
to obtain an effectiveNN potential, e.g., the one-boson ex-
change potentialOBEP [31,32], which at short distances is
very close to the old phenomenological potentials with
repulsive cordg43]. Another approach is based on a micro-
scopic picture of th& N overlap region. A qualitative analy-
sis of the overlap problem performed in R€f36,44,45,17 The results of this section have been obtained with stan-
points out that in low partial wavds=0 and 1 there are two dard shell-model techniques. Apart from trivial harmonic-
possibilities to reproduce a characteristic “repulsive-core” oscillator matrix elements all calculations are performed al-
behavior of theNN phase shifts at low and intermediate gebraically.
energies(We mean the negative and approximately constant In the quark shell-model approach to tiedecay[11] we
slope of the energy dependenceSHndP phase shift3.For  can restrict ourselves to two modes of thevave pion emis-
the Swave they are sion pictured in Fig. 2. They correspond to the one-quantum

(i) Destructive interference of lowest six-quark configura-(P-wave excitation or de-excitation of the configuration
tions s[ 6]y ands*p?[42,44), which are dominant at short s°p[51]y. At the last stage of the process both modes give
distances. As a consequence the full wave function dies outse to the final'S, NN state. To calculate the transition
at short range and it is very similar to the behavior of the NNamplitude we have to project the final six-quark configura-
wave function in a phenomenological repulsive-core potentions onto theNN state as it is shown in Eq2.12).
tial. Note that a 50-50 ratio of probabilities sf ands*p? is In the Swave, which is of interest in thé’ decay, theNN
necessary for its mutual cancellationrag bg. wave function of the Moscow potential has a zero projection

B. Two modes of decay in terms of six-quark configurations
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n e wherem is the projection of the angular momentum of the
h.o. 1P state. A(k?,x2), B(k?,x2) andC(k?,x2) are polyno-
Is‘ﬁ : E g mials [see Append_ix B, Eqs(B1)—(B3)]. The operatoOg
s § s s on the left-hand side of Eq€$3.1) combines the standard
S : s : plane-wave exponent with the nonlocal ker(@15
s s s s L
(a) (b) OGEOG(krbw)
FIG. 2. Excitation(b) and de-excitatioria) modes of theS-wave =gl 10k g~ (12 (p=p") (4 72 ) =32
pion emission in thel’ decay. 5
(p—p')
. . 6 Xex PR (3.2)
onto the configuratiors®[6]y, because at short ranges the 4bZ

MP wave function is a superposition of all possililee.,

satisfying the Pauli exclusion principlecolor-spin (CS)  The functionFg(k?) in Egs.(3.1) is the standard Gaussian
states in the configurations®p?[42]x and (°2s—s%p?)  form factor of the h.o. model

X[6]x. In contrast to this, the standard OBEP wave func-

tion has approximately equal projections onto #feand 5 1

s*p? configurations. This qualitatively explains the origin of Fe(k2)=exr{ - —k2b2 1+ 35%6 ) : (3.3
a considerable off-shell effect in thiE decay calculated for

these alternative models of tieN interaction. The pointis | Egs.(3.1—(3.3) the parameters

that the transition amplitudes fsP[ 6]y ands*p?[42]y final

states are of quite different values. The probability fordhe b2 5p2| 5 p2 | 32
decaying into thes®[6]y configuration is more than four PC=—Tl142 " Ng=| 1+ = — (3.4)
times larger than for a decay into the superposition of * 2 6 bz 6 b2

s*p?[42]y and °2s—s*p?)[6]x configurations.

Both modes of thed’ decay are generated by a one- are used.
particle operator of Eq(2.14), and thus we need only two
harmonic oscillator(h.o) matrix elements for the single-
quark transitions 8+ 1P and 1P—2S. For the gradient and
nongradient parts of the operat(d’_l@ they are of the form To check this Slmpl|f|Ed decay model we have calculated

the baryon verticeB— 7N for all nonstrange baryons with

n=0,1 and 2 h.o. excitation quanta using for 8e N, A,
N*(1535), and\N** (1440) baryons the simplest shell-model
configurations of th&ST classification scheme

C. Shell-model calculations of pion-baryon coupling

2V 5k
Ve

~ [
<03|Oe(k,bw)2—mqtf

- _wwl\ﬁl . ngkz

__'@5 3N 1T (K )om,
(0S|Og(k,b,,) o k|1P,m)

= 'kl\F kb
~ I N3N, e

N W,
<2S|O6(k,bw)mﬂ'

L w, 1 /51
=—i = Fo(kA)[A(K?,X3) o
mybg 3 2N o )
In the description of the decay of these baryons two addi-
+ kZbEB(k{Xg){(g. Q)Q}T], tional h.o. matrix elements®-0S and 25— 0S for P-wave
pion emission

|1P,m)

11 1
=[s%[3]xL=0, 5T=§§[3]STJP:§+>,

2
1+

=|s’[3]xL=0, ST= [3]STJ =§>
Fo(k?){(o-KK}T, (3.9

N* (1535 =

11 1
s’pl2luL=1, ST=3[21]sx)"= >

|1P,m)

2V 5k
A

N** (1440 =

1 1
sp8IxL=0, ST=55[8lsd" 2>

(25|04(k,b,) o k| 1P, m)

= 'kl\FlkbCkz 2)F (k2
=—lkg 2N, 6C(K*,X5)Fe(k)

x{(a-K)K}T, (3.

004k, b )T 2V 2k 0S)=0 3.6
( |3(,7T)2—mqo"i— t3 |0S)=0, (3.6

A 1
(0S/03(k,b,)(a-k)[0S)= N—3F3(k2)(a~ k),
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2V2k28
TV+3K/[29)

R o
<OS|03(k.bw)2—mq0'

= w”l\Fl K2 X2)F 3(k?) (oK
T mg3 §N—3a( X3)F3(k%) (oK),
(0804(k,b,) (- k)[25)
31
= \[EN—SMkZ.x%)Fg(kZ)(m k)

should be taken into account. Hem(k?,x3) and b(k?,x3
are polynomial§see Appendix B, EqsB4) and (B5)], the

parameterdN;, x%, the form factorF3, and the operato®3
are similar toNg, x2, Fg, and Og of Egs. (3.2—(3.4) and
differ only in the coefficients in front ob2/b3 andk

63563(k,bw)=ei(2/3)k"’e7 i12 k-(p*p')(4ﬂ_b727)73/2

_1\2

o -0
4b?

1 1
F3(k2)=ex;{—gk2b§(1+5x§> :
b2 2p2| 7 * 2 h2 |2
2 m ™ T
=1+ =2 | Na=|1+--—2] . (3.
b( 3b§) ( 3b§) 80

From the first line of Eq(3.6) it is seen that the gradient
term gives no contribution to thd— 7N andA— 7N ver-
tices(in the h.o. approximation

(dibaryon decay over the standard hadron phenomenolog
are the smaller numbers of free paramefg@nsly one cou-

pling constantf .., and three phenomenological parameter
mg, bz, andb; are neededand a more reasonable treatment
of vertex form factors. To establish a link between the stan
dard hadron phenomenolodggoupling constants, form fac-

tors, etc) and the Tuebingen QM transition amplitudes, one

The advantages of the quark approach to the baryo}E1

S

PHYSICAL REVIEW C 60 035207

TABLE I. Kinematical part of baryon transition amplitudes
from nucleons to different baryons. Matrix elements for baryons as
elementary particles are in brackets.

B (2m) %2 ) VK Rk \, mitimit)
i K N) . i) +N)
N *'<Nmrtf|a(0( k)TN Nmt;)
i K oa)pyrva)
A —iNm|— (S™- R TV Am,)
N* (1535 LN t|&5 MINFm
mqb3< mffmw mem, T\ mt;)
i k -
N** (1440 - rnTb3<Nmrtf|E(o‘”’- k)7 NINmt;)

modelmyb;=0.95) and after that we go to the linbg—0
making use of the “running” quark ma51$1q~b3‘1 in the
analytical expressions of transition amplitudes. In this limit
the transition amplitudes can be written in the form

(N(bg)mt|3H{”|B(by)mit;)

b3—0

— foneK@e(kh,mite,mt), (3.9

whereK3) o(k;\,m¢t; ,mit;) is “a kinematical part” of the
vertex given in Table I. It depends only on the standard
normalization of the pion field and is proportional to the
nonrelativistic transition operators for baryons as elementary
particles (N 7N SINOT(NA) “etc). For excited nucleons
N* (1535) andN** (1535) we also include in thi!3); the
inematical factor l(nqb3)*1, which depends on the quark
ass(but for the “running” massmq~b3‘1 this factor is a
constank

In our model we define the coupling constaifits g as
factors which appear in front of the above kinematical part

on the right-hand side of E@3.8) in the limit b;—0. They
are listed in Table Il. One can see that they are combinations

can use the formal procedure of analytical continuation of?! @lgebraic coefficients originating from the color-spin-

transition amplitudes to zero radius of quark configurations
It is readily calculated from the analytical expressions for th
amplitudes obtained with h.o. matrix elements of E&s])
and(3.6). The transition to the pointlike pion is a trivial limit
b,,— 0 [all nontrivial elements of this limit are in the transi-
tion to the “running constant”y in Egs.(2.1) and (2.19],
but the transition to the pointlike barydidibaryon cannot
simply be obtained by taking the limit;—0 (bg—0). The
point is that the contribution of the gradient part of the ef-
fective quark-pion interactiof2.14) to the transition ampli-

tude does not only depend on the model-independent param-

eterk/m_, but also on the parametermgb3)‘1, which goes

to infinity in the limit b;— 0. If the quark massn, remains
constant in the limitb;—0 it would not correspond to the
physical picture of going to a pointlike three-quark system.
For this reason we fix first the parametegb;~1 (this value

isospin part of the baryon wave functions, shell-model frac-

dional parentage coefficientép.c.), and the effective quark-

pion coupling constant ... Note that the limito;—0 can
also be calculated imposing the conditiop/b;=const 0.
These more complex expressions for coupling constants
f .ng, Which depend on the ratio,. /b5 are listed in the third
column of Table II.

It is interesting that the right-hand side of E§.8), coin-
cides with the full transition amplitude taken in the linkit
-

(N(bz)myts|3HZ)|B(bg)mit;)

k—0

— fousKBa(k=0;N, mete ,mit)), (3.9

if it is not evaluated in the limitb—0, but for physical

is the most natural from a relativistic point of view, in our values of the parametels andm, .
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TABLE II. Baryon coupling constants and decay widths. Heges the oscillator length in the pion wave
function (2.17) andbs for the three quark baryon wave function, which can be different from the oscillator
lengthbg of a dibaryon. Parameters and N5 are combinations o, andb; and are defined in Ed3.7).

f'n'NB/fTrqq FﬂNB (MeV)
B b 4 br 0 Ba_ b b Expt
b3 b3 b3 b—3=0.5 b_3:1 :
5 5 m,
N 14z S L
3 6my, 3N, 6m,
m 2\2 m
A 22| 1+ —= - T 69  68.7 68 115
\/—( 6mq) N3 (1+ 6mq)
242 1
N* (1539 202 —\/—( __xg) 585 262 8.1 (0.35-0.55T)%2
33 33N, 6
5 5
N** (1440 ———_m b, —=—[m,bsP(x3)+3mebsx3]® 4.3 253 118 (0.6-0.7 ', ?
9\/§ T3 9\/§N3[ 3 ( 3) q~'3 3] N

A, =100-250 MeV,I'\,, =250-450 MeV, from Ref[50].
bp(x2)=1+ F X3+ § X3

Therefore, we can write the full transition amplitude in the transitionsN* —7+N and N** —7+N whenb_—0.
the form For these two reasons it is in fact impossible to accurately fit
the decay widths oN* (1535) and\N** (1440) in the frame-
(N(bg)myt|3H|B(bg)myt;) work of the Tuebingen QM. More sophisticated calculations
B 3 ) are needed, e.g., a relativistic modi28].
= foneF ane(KKRa(k A mity mity) - (3.10 The main conclusion drawn from the baryon width calcu-
lation is that our simplified model can only be used for a
crude estimate of the transition amplitudesly the order of
magnitude of the decay width is guarantged

whereF _yg(k?) is the vertex form factor normalized by Egs.
(3.9 and (3.10 asF ng(0)=1. The analytical expressions
for the form factorsF _yg(k?) are given in Appendix B.

The 7N decay widths of baryonE g have been calcu-
lated using the standard formula D. Shell-model calculations of pion-dibaryon coupling

In the calculation of thed’ decay width we follow the
FwNBZZWf dkS(Mg— \/Mﬁ+ k22— \/me+ k?) same scheme as in the case of baryons. First, we define the
coupling constant$ 4 4:, frq,q- andf 44 and form fac-

S S (Nt [3HOBm)? tors F g ar(k?), Frq,q'(k%), andF .4 (k) for transitions
2i+1 5 &, FEE=t i i from the initial six-quark configuratiof®.8) to the final ones

Egs.(2.10 and(2.11). The latter we will shortly label ad,
(3.19 d, andd;, where

X

with the transition amplitude parametrized by E8.10. The Ay =1s8(b) 61l 23T ~<L ST=0011P= 0"
results for three values of the rati, /b;=0, 0.5, and 1. are |do)=[s°(bs)[61x{ 2" 2
listed in Table II.

The calculated values of g for N*(1535) and  |d2)=[(s"p?—s°2s)(bg)[6]x[2°]cTLST=001"=0"),
N** (1440) are very sensitive to the ratig /b; and a value
of aboutb_/b;~0.5 would be the best one, if both reso- |d¢)=|s*p?(bg)[42]x[ fcT]LST=001IP=0").
nances should be described with the same value of the pa- (3.12
rameterb_./bs. The origin of the high sensitivity of s+

to the hadron size may be clarified by the last line of TableHere, we use the color-isospin classification of the stes

I, where the analytical dependence of the coupling constang ¢ [11] for detail9 and thus in the last line of E3.12) the
f.nnxx ON the baryon sizé; is shown. One can see that in following Young schemes are implied:

the limit b;—0 (mg—c) the coupling constant for
N** (1440) goes to zer@f b,.=0), while for other baryons
it is stable. Apart from this nonstability, the transition ampli-
tudes for both baryond* (1535) and\** (1440) depend on
the 7 radius[see Eqs(B7) and(B8) in Appendix B| because The coupling constants are defined by going to the limit of
of the spatial orthogonality of the final and initial states in pointlike dibaryonsg—0 atmgbg=const ando,=0

[ferl=[42], [321], [2°], [31°], [21']. (3.13
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TABLE Ill. Dibaryon coupling constants and algebraic coefficieUt{%’}\‘ defined in Eq.(3.17) for pro-
jection ofd; configurationgf} onto theNN channelb, andbg are the oscillator lengths of the pion and the
dibaryon wave functions. Parametegsand Ng are defined in Eq(3.4).

NN
di fﬂdjd’/fﬂqq U{f}
b
f -0 710
{f} be be
52 5\2 5 .
d [61y.[27] 52 —( —-x2) 1
0 {[6]x ctt 3\/§ 3\/§N5 6 X6 3
2\5 25 5 25 1
d 6]x.[2° e ENO1, 2 o4 20 1
) {1612t} . gNS[l 12x6(7 . XGH :
3
{[42]x,[42]ct} 0 0 -
X CT 2\/€
5 5 5
{142} [322]cr} - - (1— —xé) 2
9 N\~ 6 375
45 45/ 5 1
d 42y ,[23 e NI, 2.2 1
f {[42]x.[27]c} ) 9N6(1 GXG) 6
10 10
{[42x [3%)cr) V0 NP Exz) *
9 9N, 60 32
25 25/ 5
42y ,[21% == S i e 0
{142} [21]cr) . gNG(l Gxe)
be—0 E. The full expression for the transition amplitude
(dj(bg)ts|6H®)|d" (bg)) — fﬂdjd,de)_d,(k;)\,tf), in the plane-wave approximation
J (3.19 The techniques developed here make an algebraic calcu-

lation of thed’ decay amplitude possible. It is instructive to
perform such calculations with the optimal coupling con-
stants and vertex form factors, in order to obtain a qualitative
estimate for the relative probabilities of the two transition
modes(see Fig. 2 These ardi) deexcitationd’ —dg, or (i)
excitationd’ —d,, of the initial d’ configuration. Here, the
index {f} on d; implies the full set of the Young schemes
{f}={[fx].[fct]} used for the classification of final six-
quark configurations. Fod, and d, we use the following

i . . notation for indicegf}: {fo}={f,}=1{[6]x.[2%]cq.
Form factors by definition have to describe the nontrivial ,
k? dependence of the transition amplitudes arising when thﬁ1t For the plane-wave final staf N(b3)q.Lr)pw the overlap

. . ) . . egrals ,,(NN(b3)q,t:|d:(bg),t;) of the decomposition of
size of the dibaryoibg goes to its physical value. For dibary- o %mpl‘i)twtfde if,] 3%3(2“.|1’2)( hﬁz;v:a simple anal?/tical form

ons we use the same definition of the form factor as fokp4; aliows us to write the final result in the following com-
baryons in Eq(3.10 pact form(for more details, see Reff11]):

whered;=dj, d;, d; and the kinematical factd((fg_d, is of
J
a universal form for all dibaryon statef

o) B, —»

mqb6 m_ﬂ_ (277)3/2(2(1)77_)1/2'

de)jd,(k;)\,tf)= (3.19

<dj(be)tf|6H§6’|d’(be)>=fwdjdrFwdjdr(kz)KSijd/(k;x,tf)- ; ow(NN(b3)q,ts]d;(bg),te)(d; ,te|6H{®|d")
(3.16 i

= q’NN(qz)de)jdr(kQ)\,tf){ Fwdod’(kz)fwdod’uglfz‘}

3 4
- \/;)( 1- §q2bt23> { Frayar (K9 f o UG

2
< 2 NN
+ 3Fdar (K )% fwdfd’U{f}H'

The form factors are normalized as usual by Eqdjd,(O)
=1. The coupling constantﬁﬁdjd/ are listed in the third
(b,./bg=0) and fourth b /bg#0) columns of Table IIl. In
the fifth column we list the algebraic coefficierts; for the
projection of the six-quark configuratio3.12 onto theNN
channel (see Ref.[11] for detaily. The form factors (3.17
F,,djd,(kz) are given in Appendix B.
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Here, U?f}’\' are algebraic coefficients for the projection of 100 ' '
six-quark states onto th&IN channel in CST space; the
g-dependent functions, including the function

23432 [ 2ps /b,
dyn(g?) =10
@)= 10 1+bZ/b32

6
) e %3, (319

are from the projection of the coordinate part of the six-quark
configurations onto thBIN plane wave. The first term in the
curly brackets in Eq(3.17) is the contribution of the de-
excitation modeal’ —d, and the remaining part on the right-
hand side is the contribution of the excitation modé
—dy, diy. The latter is considerably smaller than the
former because of a destructive interference of the ampli-
tudes in the square brackdsee Table Il for coupling con-
stantsf 4 4 and coefficientdJ 1)) Note that the destructive

interference has been established here on an algebraic level. 2000 2100 2200 2300
In thed’ decay it leads to a predominander probabilities M, (MeV)
of the de-excitation mode’ —d, over the excitation one, ot

i.e., the probability for the de-excitation mode is four times  F'G- 3. Thed" decay widthl'y, as a function of thel’ mass
larger than for the excitation mode. My for two different models of théNN interaction(the Moscow

potential from Ref.[34] dashed lines and the OBEP interaction
from Ref.[32] solid lineg and for two different values of the pion
g-q radiusb_. The curves fob_ =0 are labeled by PV and for

The totald’ decay width has been calculated by integra-b~=0.3 fm are labeled by QPCNguark pair creation modglFor

tion of the transition amplitud¢3.17) over the phase-space comparison the results of RefL1] for the pseudoscalar coupling
volume are also showrithe curve labeled by BS

50 -

T, (MeV)

IV. RESULTS FOR THE d’ DIBARYON WIDTH

ot |<72T ically calculated at the end of the previous section. As a
FdIZZWf dCIj dk 6| Mg =2My— o=~ o, consequence the probability fordd decay into the configu-
N ration s®[6]y prevails. For this reason we have obtained
2 anomalously small decay widths for the model, in which an
- orthogonality condition to the configuratief 6]y (Moscow
potential[34]) is imposed. Introduction of a nonzere ra-
(4. diusb,, in the framework of the QPCM softens the orthogo-

_ nality condition, but as it is seen from Fig. 3 this does not
In Eq. (4.1) the NN state|[NN(b3)q,t;) takes into account qualitatively change the results.

Fhe filjal-state interactioff.s.i.) in Qistinction to Eq.(3.17), The experimental valuesl'y;=0.5 MeV and My

in which the StatgNN(b3) g, ty)pw is a plane wave. We use _, 565 Gev observed in DCX reactions on nudiikie fat
the finalNN state|NN(b;)q,ts) from two different potential iy in Fig. 3 are compatible with the theoretical results for
rpodels for theNN mtera_lcnon:(|) the OBEP of Ref{32] and I'y for the MoscowNN potential(MP) and the quark pair
(i) the Moscow potential of Ref34,48. The results on the creation mode(QPCM) with finite b_=0.50,=0.3 fm. The

d’ width I'j) as function of thed’ massM g are shown in  reqyts for the OBEP model are four times larger. At larger
Fig. 3 for two different values of ther radius,b,=0 (the  values ofM the difference between MP and OBEP results
curves labeled by PVand b,=0.59;=0.3 fm (the curves increases and a4 ~2.3 GeV, this difference reaches an

labeled by QPCM The results of the OBEP are given as order of magnitude. AM 4 =2.3 GeV the value of'y for
solid lines, while the results of the Moscow potential arethe OBEP f.s.i. exceeds 100 MeV.

given by dashed lines. The results for the PS coupling of
Refs.[11] are also showiithe curve labeled by BS

In Fig. 3 thed’ massM . varies from therNN threshold
2.02 GeV up to the value 2.3 GeV, which is characteristic of From Fig. 3 it is evident that the experimental value of the
the Tuebingen QM calculations & 4 in Refs.[16,13. One  d’ widthT';,~0.5 MeV is compatible with the proposed six-
can see that in all the interesting intervals of variation ofquark nature of thel’ dibaryon if thed’ mass is close to
My, there is a considerable largef width I'y, calculated 2.065 GeV as observed in DCX reactions on nuclei. At the
for the OBEP model of thé&lN interaction than the results same time the theoretical value of the fidlemass(outside
for the Moscow potential model. It means that in both caseshe nuclear mediujnobtained in the Tuebingen QM in Refs.
the f.s.i. does not destroy the destructive interference of thgl6,13 with a confinement parameter determined in the
amplitudes for the transition into excited configurationsthree-quark systemMy ~2.3-2.5 GeV is considerably
s*p?[42]y and *p?—s°2s)[6]y, which we have algebra- larger. The decay width of such a “free” dibaryon could be

x>
ty

; (NN(b3)q,ts]d;(bg),t)(d; ,te|6HE|d")
j

V. CONCLUDING REMARKS AND SUMMARY
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about 100 MeV or even larger depending on Ml inter-  into the matrix elementn, f;#|T|d’) and multiply the tran-
action at short range, see Fig. 3. Therefore, a fée sjtion operatoiT by the unit operator

dibaryon could not be seen as a narrow resonance outside the
nuclear medium due to its large width. (6)— +

However, these conclusions interfere with an unsolved ! _Ey by (Pe)D,(Pe) (A2)
problem: the theoretical value of the mass shift of tHe for the sixth K H th Rnii i
dibaryon in a nuclear medium is unknown. For further evalu- or the S_'X quark. gre, e_qua( n |_quarkf momentum
ation of the mass shift in different approaches the developeBel(W) is labeled by index 6 () following Fig. 1 andp,
models of quark-pion, baryon-pion, and dibaryon-pion cou-= 2 (Ps—P7) is used. In Eq(A1) the isospin triplet and spin
plings would be very useful, but it is evident that in any smglet quark-antiquark wave functions are of the same form
approach the mass shift could not be as large as reall§s in Eqs(2.3 and(2.4)
needed 200—400 MeV. In our opinion for solving the prob- 1
lem of thed’ dibaryon two possibilities should be consid- s

1
¢A;: —{nhy Sse=—Fx
ered: do ' M V2

(i) Thg resonancelike behavior of the DCX pion scattering Secongdwe make use of the identity of quarks to recouple
on nuclei afT ,~50 MeV does not correspond to the excita- 5n4 rename quark lines in diagrams following from Egs.

tion of a §ix-quark .dibaryon. Alterna.tive mechanisms o'f 2.1), (A1), and (A2) for the process pictured in Fig. 1. It
reson_ancellk_e behavior of DCX scattering hav_e been considyiyes rise to the following expression for the amplitude of
ered in the literaturé¢see, e.g., Ref§7,8]). In this case, the {4 pion emission associated with the sixth quark
presence of a six-quark state with quantum numbers of thg, (6) '\ (see Ref[25] for detail

d’ dibaryon and a mass 2.3-2.5 GeV, as obtained in the * (Ps.P) ( {251 9

Tuebingen QM, would not contradict the experimental data ~ o (6) (6) [

because its decay width would be too large for the resonance 7| dP78(Ps*P7) 70 (=P W 1 (p). (Ad)

to be seen over the large background.
(ii) A six-quark dibaryond’ is excited in nuclei, but the One can see that we have renamed momergunef the

dynamics of the six-quark system in the nuclear mediunseventh quark of the createggs pair to the momenturpg
differs from the dynamics of a “free” six-quark bagee, (s€e Fig. 1 We also have dropped the trivial factor of mo-

o (A3)

e.g.,[13]) and thed’ mass in nuclei isVl 4 ~2.065 GeV. mentum conservation for the other five quarks spectators
In both cases new experiments sensitival tqroduction 5

outside of n_uclel(the eIe(_:t_ro— or photoproductlpn off the H S(pi—p!). (A5)

deuteron 9], in the pp collisions[5], etc) are desirable be- i=1

cause a narrow resonance signgj;(~10 MeV) at a large
value of the “free” d’ mass~2.3-2.5 GeV is possiblésee
Fig. 3), if the Moscow potential is an adequate model of th
NN interaction at short range.

Note that instead of a summation over angular momentum
eProjectionsm in the initial expression(2.1) we use the
equivalent scalar product forax- (p,—pg). A new constant

v is introduced. It combines the olgt and factors 12,

1/\/3, 1K4m, etc. from Eqgs.(2.2—(2.4 and from vector

spherical harmonics and Clebsch-Gordan coefficiental(1
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02-18072 and the Deutsche Forschungsgemeinscliat (AB)

67/20-1) for financial support. I.T.O. acknowledges the

warm hospitality extended to him at the Institute for Theo-and obtain in the integrand the known expression for the

retical Physics, University of “Thingen, where most of this guark-pion coupling of the “naive”*P, model[30]

work was completed. — o [k—(p+p)]7_s (A7)
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APPENDIX A: EFFECTIVE QUARK-PION COUPLING Fina”y, the faCtorwWIqu in front of the second term in
Eq. (A7) has to be inserted to restore Galilean invariance

Here we transform the transition opera(@:1) into the  [25,30 which gives rise to the final expression for the quark-
form of the effective quark-pion couplingsee, e.g., Ref. pion emission amplitude in the momentum representation
[25]). It involves several steps.

First, we substitute the pion wave function ~
P M{)=77 0. Vo(p,). (AB)

K= —T (ps+p!
_Z_mq(pa Pe)

A +
|7 =V 1 (p) 65,8505 (PO, (P10}, (AL perep —2 (perpp).
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APPENDIX B: ANALYTICAL EXPRESSIONS FOR SHELL-MODEL MATRIX ELEMENTS AND FORM FACTORS

, ., 5(. 25 , 1, 5,
A(K?,x2 1+—k bs | — 15 7—€x6 —mk b2x2 7= 5 X6+ 36X (B1)
5 5 1 35 25 1 1 1
B(k?,x3)= 5t 3—6x§<1+ Exé— mx"’) 1728x§k2b2(1—6x6 36ngr m,)xg). (B2)
5 1 25 1 1

C(k?x§) = (1—ﬂk2b§)—1—2><6(1—§x6 +mk2bexe 1+ oxg— %Xg), (B3)

, 1,5, 1, 2, 1,
a(k?,x3)= 1—§x3+ 9x3+ —k?b3x3| 1+ 3%+ %5/, (B4)

2 1 2 1

DK )=~ 5+ gHnd| 1+ a8+ 5 &

, , k?b3 X3
I:'n'NN(k ):FTTNA(k ):eX _T 1+€ ) (BG)
ol k?b3 [1—(4/3)x3][1+ (1/3)x3] m k?b3 [1+(1/3)x3] ,
Fanne (k) =11 18 > 3 77 | Fann(k?), (B7)
[1-(2/3)x3] W [1-(2/3)x3]
m 1., 5 o 1. 5, k%3 4 2.1
2| ™ V2. T4 2 s 2 4 T3, T2 “c2, T 4
F s (K2) [mq 1+ 5%t g%a +3x3 {mq 1+ st gX™ 5 (1 3%3 1+ 3%t 9x3>
+3X§_ 2 1+§X§+ §Xg)]FwNN(k2)l (88)
L+ (1/6)Xg m k?b3 [ 1+ (1/6)x3 X3
Foga(K)=Fqq(k¥)=|1 k2b 2 —q(1+ ) ex ——k2b2 1+ o
oo { e 2160 °°1—(5/9x2 ©n\ 12mg) 3 | 1-(5/6)x2 30
(B9)
F k?)={1+|1 527 252715k2b2 k2b3x 735 25 25 k*bg
ma (K= A1 %6 7= 56 o g Dol 177 5% 1| 51D
2 4 6 —1[ |22
X X | Xg mg ® 5 25, k“bg Y
1176 36" 216/ | T @ 12n)[1 12"6<7 5 %5 3 | 172450
k’bZ 25 5 g Xq 5 x2
%21 s _’s T L2RK2
36 x6< 5 X + 216k bgx3| 1 6 36/ | [ & k bg| 1+ 5~ 30 (B10)
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