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The effects of short-range QCD models on two-hadron reactions are quantitatively predictable us-
ing R-matrix theory. Inelastic resonances are predicted in the two-nucleon S-state channels. The
positions and magnitudes of these resonances are model sensitive but their widths, energy splitting,
and inelastic modes are characteristic of the six-quark states (dibaryons). With a coupled-channel
model for the two-baryon long-range wave function, the MIT bag model is found to be inconsistent
with known phase shifts, but the cloudy bag model is consistent and predicts resonances near 2.7
GeV/c? mass. The observables have been calculated for pp and np scattering with reasonable as-
sumptions about the background phases, and several are shown to have excitation function struc-

tures that are detectable.

1. INTRODUCTION

Multihadron phenomena at intermediate energies may
be able to provide essential information about QCD
dynamics. The asymptotic-freedom property of QCD
predicts several features which have been verified in
high-energy, inclusive, deep-inelastic scattering and jet
production. Although lattice QCD calculations have been
making some progress, comparison of experiment with
nonperturbative properties of QCD (such as those relating
to confinement) have had to rely on models. The meson
and baryon spectrum data determine parameters of these
models but is not enough to discriminate among the many
“successful” bag models and constituent-quark potential
models. In particular, single-hadron observables are
volume phenomena that are not sensitive to the dynamical
assumptions in the transition region between asymptotic
freedom and confinement. Two-hadron reactions transit
these regions and are sensitive to all aspects of QCD. To
the extent that it is possible to predict these reactions on
the basis of the short-range quark degrees of freedom and
the long-range hadronic description, one can impose many
more restrictions on the QCD models and ultimately on
QCD itself. One of the clearest signals of the quark-gluon
degrees of freedom that one may expect is a resonance
whose properties are related to those degrees of freedom.
It is customary that six-quark resonances in two-baryon
reactions are called dibaryons. In this paper, we will dis-
cuss in some detail the low-lying, S-state dibaryons in the
two-nucleon system.

In the bag models, a sudden transition between the
asymptotically free and the confined regions is assumed.
The equilibrium radius of the bag is the boundary between
these regions. The physical hadrons may differ from this
picture in having a transition region. Such a region, of
about 10—20 % of the transition radius, is indicated both
by lattice QCD calculations' and instanton gas models.?
The hadron properties would be insensitive to the ex-
istence of a transition thickness of <20% of the equilibri-
um radius, because the masses and magnetic moments are
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volume effects. The bag parameters allow the equilibrium
radius to attain some effective transition radius for which
the integrals over the interior are similar in the bag model
as in the more complex physical case.

However, this transition region has important implica-
tions for multi-hadron systems. As is made evident in R-
matrix theory, two-hadron reactions depend on the deriva-
tives of the interior quark wave functions at the boundary.
These values can change rapidly as one moves from the
asymptotically free region into the transition region.
Hence, it will be more accurate to use a matching boun-
dary radius that is smaller than the equilibrium radius
and thus may be expected to be in the region in which
asymptotic freedom is a good approximation.

We also note that the existence of this transition region
implies that, as a whole, hadron can be expected to have
substantial multi-quark-antiquark-pair and multigluon
components. These nonvalence components would be
concentrated in the transition region and valence domi-
nance would be interior to that. This invalidates some
inferences from simple models of many-hadron systems,
such as nuclear matter. For instance, estimates of quark
exchange based on the valence picture may overestimate
the effect. In general, these more complex configurations
may account for the fact that nuclei at low energy behave
as collections of nucleons, not as collections of quarks.
The results of this paper indicate that the quark aspects
may show up when energies are reached which allow the
penetration of the valence region.

Even in the valence-quark region, a two-hadron system
becomes a many-quark problem. In such a situation it is
not surprising if some of the many-body techniques
developed for nuclear problems are useful. Cluster-model
or resonating-group methods have been applied,’ as well
as projection-operator* and R-matrix-related methods.’~'°
The simplicity of the R-matrix method, and its ability to
quantitatively connect specific quark models with experi-
mental consequences, are among the reasons for present-
ing some detailed results of this approach here. Perhaps
the most important reason is that this approach allows
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one, in first order, to deal with the complex region of con-
finement, and approach to confinement, directly in terms
of hadronic field theory.

In Sec. II we present the R-matrix formalism and
models used here. Section III discusses the f-matrix poles
of these models in S-state nucleon-nucleon channels. The
observable effects of the six-quark resonances are
described in Sec. IV and we summarize conclusions in
Sec. V.

II. FORMALISM

The R-matrix method!! has many advantages in this re-
gard in that it takes maximal advantage of the separation
into the two spatial regions and relates the two-hadron S-
matrix to the masses of quark-gluon excited states deter-
mmed by the QCD model and the choice of separanon ra-
dius.>'2  The external scattering states W (r)
=¢N1¢N2¢W(r), where W is the barycentric energy and r

is the relative coordinate between the c.m.’s of the quark-
cluster baryons N; and N,, are expanded for r <7, in the
‘I/;(ra) of the QCD model satisfying ¥Vi(r,=Ry)=0 for
=1,N, where the r, are the N individual quark or gluon
coordinates. [Note that as we are dealing with partial
waves we choose to use wave functions defined by the re-
duced one-dimensional equation and which behave as
sin(Kr +8) asymptotically.] The choice of boundary con-
dition, i.e., vanishing wave function rather than vanishing
gradient (as in nuclear applications) or vanishing linear
combination of wave function and gradient, is suggested
by the confinement property. R is not a specific dynam-
ical surface, but is a fixed boundary which must be chosen
so that the applicable Hamiltonians H; and Hy; are good
approximations to the physics in each region.!> The stan-
dard R-matrix formalism does not prescribe explicit pro-
cedures for taking into account the different number of
degrees of freedom and the different types of wave func-
tion (Dirac versus Schrddinger) in the interior and exterior
regions. After averaging over the extra degrees of free-
dom, one can show in the approximation of free wave
functions® that the effective internucleon boundary coor-
dinate for which the interior wave function vanishes is

r0=1.37[(n1 +n2)/n1n2]”2R0 ,

where n; and n, are the number of quarks in each hadron
and R is the bag-model radius.

R-matrix theory'! uses continuity and Green’s theorem
to relate the overlap integral to the boundary condition on
the external wave function

d ¢a

—Efaﬁl,bﬁ ro) (1)
with>8
s W)—f,,,g+2 Wp ""W , )

where W, is the energy of the internal states ¥/ and
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r

In the above equations, the multichannel aspect of the
two-hadron wave fupction is made explicit by the a,B
subscripts and the £, are the fractional parentage coeffi-
cients of channel a in the internal state i. The second
form of Eq. (3) was derived in Ref. 5. Both forms make
manifest the positivity of the residues, which was shown
in Ref. 12 to follow from causality. The important rela-
tion df,g/dW <0 follows, where the upper limit corre-
sponds to a constant f matrix and implies maximum non-
locality within ry. This is a statement of the Wigner
causality condition d&/dk > —ry, which, in the original
form, is only valid when the interaction vanishes for
r>ry.

We note that the constant term f2 ap is not determined
by the internal states and in practice also aplgroxnmately
represents all pole terms for i > N, where ¥} is the last
state explicitly represented and W << Wy 4 ;.

In this application we use various bag models for H; so
that the ¢y are antisymmetrized products of the free-
quark wave functions which vanish at R,. Including
one-gluon-exchange terms and the difference of the per-
turbative and physical vacuum ener§y densities, Hj is
represented® by its expectation value>

Hy(n,R)=R~'4(n)++7BR*?
+37B(R*—R*ABR —R7), @)

where A(n)=nE,(mR)—Zy+a,AE,,, with AE,, giving
the color-magnetic splitting due to single-gluon exchange,
Z, representing gluonic vacuum fluctuations in a cavity
(and sometimes c.m. motion effects), and the single-quark
energy is, for massless 'S/, quarks, E, (0)=2.04—aye, e
reprmentmg the quark self-energy in a cavnty 4 The last
term® is needed in exotic systems in which it is energeti-
cally favorable for the two color-singlet clusters (for
which Ay is the projection operator) to separate into two
bags for R >Ry (the transition radius Rr>R., the
equilibrium radius). That term is essential in the R-
matrix application of Refs 5 and 6 in which Ro=R is
used. However, we argue® that it is necessary to choose
Ry <R, as the residues are sensitive to the wave func-
tions at the surface [Eq. (3)]. R.q is in the middle of the
transition region to confinement so that the assumption of
asymptotlc freedom is not valid at R.;. Lattice QCD cal-
culations! indicate that asymptotic frwdom sets in strong-
ly at R =~(0.8—0.9)R ;. Indeed, if asymptotic freedom is
not valid at R =0. 8Req then asymptotic freedom would
apply to half or less of the volume of a hadron and the
success of bag models for hadrons must be considered ac-
cidental. We therefore expect 0.8 R.q <Rg<R¢q. A sub-
stantial transition region implies that the valence-quark
dominance assumed by current models is inadequate.

For the exterior region Hy is taken to be the
Feshbach-Lomon potential'® derived from 7, 27, 7, p, and
 exchange in the two-nucleon sector, and is connected to
the NA, AA, and NN*(1440) sectors'® by one-pion ex-
change and sometlm&s by phenomenological two-pion
range potentials V27 . It has been shown'®!” that such a
coupled-channel system fits the data for W <2.3 GeV
well with a constant f matrix when the boundary is
chosen at ro~+m,~!. This implies that for this radius,
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f poles are all at substantially higher W, which is certain-
ly true for the MIT (Ref. 13) and cloudy'® bag models.

If the dominance of asymptotic freedom in the interior
requires Ry < R, then is a clustered hadronic model ade-
quate for > ry? It has been shown!® that the potential
derived from hadronic field theory using dispersion rela-
tions,? involving no free parameters or any reference to
the quark and gluon degrees of freedom, is, for »>0.9
fm, in agreement with the accurate NN data up to ener-
gies exceeding the pion production threshold. Other po-
tentials invoking only meson exchange®'*?! for r;>0.7
fm have similar success. In addition to this a posteriori
evidence, one may conjecture that hadronic clustering
takes place to a sufficient extent very soon after higher-
order QCD effects become substantial. This is indeed
analogous to what happens in the shell model, where rela-
tively small particle-hole corrections produce a clustering
in the nuclear surface.

We note that the poles of the f matrix [Eq. (2)] become
manifest in the hadron-hadron elastic-scattering channel
as poles in an effective f matrix, feg, which is obtained
after eliminating the coupled isobar channels.»?? Because
of the coupling, the poles of f.g are slightly displaced®
below the poles of f. To illustrate with a two-channel
case, in channel 1

ferM) =f11—(f12) [ +6,(W)]7}, (5)

where 0,(W) is the logarithmic derivative of the outgoing
wave function in channel 2. In the absence of a diagonal
potential in channel 2 and if L, =0

0,(W)=—iK,(W)ry (6)

with K,(W) being the relative momentum in channel 2.
If the f;; components are now obtained from Eq. (2),
keeping only a single internal eigenstate W;, then

|
(FIVHW =W +2f p0n(W — W) +p12
feff(W)=f(1)l+(W'"Wi)_l Pl]+ le 10 + f12P12 i +P12 )
pu+f2+6(WMIW —W,;)
Expanding the above expression into its simple poles we have

Fese W)= —(f1)2[f 3, + 65 W]~ +pu—pitpa NW —W;) !

s lw_w+ P22 ! (f 9P _ 2f NP1 Bﬁ ®)

L fat6m)] [fR+6M  [f%+6:(W)]  px

The pole at W =W, vanishes because the factorizability
of pagp [see Eq. (3)] implies p;,p,,=p1,>. This relation also
simplifies the last term in the last set of large parentheses
of Eq. (8) to p;. Therefore, the pole at W; is shifted to
(ignoring the slow W dependence of 6,)

W,=W;—pn/f% )
with residue
Po=P2" (p20f 2 /FH—pin)? (10)

and

Fh=rh+6,w,) .

Because of the general properties®? of 6,( W), as in the spe-
cial case of Eq. (6), W, is real and p, is positive for
W; < Wr,, the threshold energy for producing channel 2.
For W; > Wr, they are complex as channel 1 is no longer
conserved.

The R-matrix theory also allows one to calculate a
quantity of theoretical interest: the probability of the sys-
tem to be in the interior, free-quark region,’

Pr= [ 4T dr
__ 1oy df
T (an
-3 Wzro (W — W)~ (ro)piire)

i

(11a)

f

where Eq. (11a) applies for equal mass M particles in the
incoming channel. The above form only has the meaning
of a probability for discrete states. In the continuum, the
wave function is not square integrable and we normalize
to unit incoming flux, defining

1= [, ¥ rverar (12)

which differs from Py, only by the factor M /K.

We note that at the poles, the right-hand side of Egs.
(11) and (11a) are only defined in the limit as ¥(r() van-
ishes and df/d(K?) is infinite at that point. This also
implies that near a pole only that pole contributes, and a
one-pole approximation is adequate.

III. f POLES IN NN CHANNELS

We now find, for each bag model and each NN chan-
nel, the value of ry which satisfies the requirement that
the lowest W; for that channel is equal to the energy of
the lowest f pole. The latter is found by integrating the
wave function, fixed asymptotically by the experimental S
matrix, from large r to ro. By Eq. (1) there is an f pole at
ro if W (ro)=0. Figure 1 shows the trajectories of the
W; and of the f poles for the bag models of Refs. 13, 14,
and 18, for the 'Sy and 3S,-3D, NN channels (coupled to
isobar channels). The crossing of a W; trajectory with the
appropriate f-pole trajectory (or an extrapolation of it)
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FIG. 1. Bag state energies for three different QCD models
(solid curves) and experimental f-matrix pole energies (dashed
curves) as a function of relative radius for the NN(!S,) and
NN(3S,) channel models.

determines an 7 consistent with the data. It then remains
to be seen if the f-pole residue required by Eq. (3) is com-
patible with the data for any adjustment of the constant
0 matrix (and sometimes a variation of the V27 ). If so,
the model will then predict consequences at higher ener-
gies.

It is important to note that for the (!S, ,,)® quark con-
figurations (Exy(s)?=+ and (£xas))%= 5 while all other
nonvanishing &’s are to hidden-color states. From Eq. (3)
it follows that residues are small, producing resonant
structures, dibaryons, near W;. As the W; are well above
the elastic threshold for physically interesting cases, the
resonances are very inelastic. Consequently, their effects
are relatively small and are largely produced in the inelas-
ticity parameter.

For the MIT bag model'® (in which e =0 and c.m.
recoil effects are only implicit in Z,) the crossovers for
both S-state channels (Fig. 1) are at ry=1.25 fm or
Rop=1.12 fm. Our bounds on R, are satisfied because
R=1.3 fm. The nonvanishing residue elements are
~0.12 GeV, and W;(3S,)=2.28 GeV and W;(!S,)=2.34
GeV. For this case there is no adjustment of the parame-
ters f° and V2" which produces a good fit to the experi-
mental phase shifts for W <2.3 GeV. It is not the pole at
the top of the experimental region which is the main ob-
stacle to a fit because, due to the small residue, f is nearly
constant over that region. It is the nearly constant f
which at such a large ry causes too steep a decline in the
phase shifts (d8/dk =~ —ry) (Ref. 12). Only by quadru-
pling the residues over the theoretical values [Eq. (3)] can
one modify the f behavior in the experimental region suf-
ficiently to fit the data. We conclude that the MIT bag

model is not simultaneously compatible with the single-
hadron and two-nucleon spectra.

We note that for Ro=R,, the situation is worse. The
35, and 'S, W;=2.13 and 2.16 GeV, respectively. This is
in the experimentally determined region and, with the
larger rg, the residues have to be six times larger than the
theoretical values to fit the data.”> In any case one does
not expect Eq. (3) to work in the transition region. In
fact, in the meson-meson and meson-baryon sectors,
where the relationship of f poles and the W; is rather
good, the residues need to be 20—100 % larger than the
theoretical values when one chooses Ro =R, (Refs. 5 and
6).
In the CHP bag model (Ref. 14), Z;=0, and approxi-
mate c.m. recoil corrections are applied to fit the hadron
spectrum. The quark self-energy e is required by the had-
ron spectrum to be large and attractive. In the six-quark
system this leads [see Eq. (4)] to a collapse to a small ra-
dius R.,=0.84 fm, at low masses W(3S,)=1.95 GeV
and W??SO)=2.05 GeV as shown in Fig. 1. As the CHP
parameters are determined after explicitly subtracting
c.m. recoil corrections, that should also be done here.
That would further lower the energy. This implies reso-
nances in the well-studied low-energy region and is
strongly inconsistent with the data.

In the cloudy bag model,'® compression of the radius is
a result of the pion cloud pressure and the masses are in-
creased. Extrapolation of the experimental f-pole trajec-
tories (Fig. 1) indicates a crossover at Ry=0.9 fm which
is again about 20% less than R., and predicts
W(3S,)=2.64 GeV and W(!S;)=2.71 GeV. The non-
vanishing theoretical residues are between S-wave states,
PNN,NN = 149.0 MCV, PNN,AA= 133.0 MCV, and
pasaa=118.718 MeV. With these pole terms the f° for
the 'S, and 38,-3D, states can be adjusted to fit the 'S,
and the 3S;-’D, phase parameters for 7; <1 GeV.
Strong f° coupling is required by the data, and in the
35,-3D, case, the resulting energy dependence of €, has
more curvature than indicated by the present phase-shift
analyses. Also, for elastic eD scattering the size of the
core produces a diffraction minimum in the magnetic
form factor at too small a momentum transfer,?* requir-
ing larger than expected meson-exchange current correc-
tions at g?~30 fm~2. This indicates that the cloudy-
bag-model dynamics may not be fully adequate for the
two-baryon system. A QCD model compatible with a
somewhat smaller R, (for instance, one with a small at-
tractive e in addition to Z,) would fit the low-energy data
more readily. However, small changes in the model do
not change the residues much, so that the behavior of the
observables predicted by the cloudy bag model will be typ-
ical of what may be expected. Below we present the re-
sults of this model and will point out which predictions
are insensitive to the model (therefore acting as signatures
of the six-quark system) and which are sensitive (therefore
discriminating between models).

In Fig. 2 and Figs. 3 and 4 we show the behavior of the
1S, and the 3S,->D, (for two different models) phase pa-
rameters, respectively, in the vicinity of the six-quark res-
onances. For the tensor coupled S matrix we use the rep-
resentation



34 SIX-QUARK RESONANCE STRUCTURES IN NUCLEON- . .. 1345

-100
o
(7}
=
&5 -120
7Y
-140 ()
06

(b)

1.7 19 2.1
T (GeV)

FIG. 2. The (a) phase shift 8 and (b) inelasticity 7, for the
NN('Sy) channel coupled to the NA(°Dy), AA('S,), and
NN *(1440)('S,) channels and to the [¢('S,,,)]® configuration
of the cloudy bag model. Here, fyyyv=18.25, fynna=0.1,
Swvan=T7.43, [ uws=—743  fyama=L15,  fyansa
=fNA,NN* =fAA,NN* =0.0, faaaa=3.0, and fNN‘,NN" =2.4,
are adjusted to fit the data for 7; <800 MeV. Isobar widths are
neglected.

™ id,
S(3S1-3D1)= A 2i8, | »
lA] 12€

where A =sin2e,exp[i(8y+8,+¢,)]. The 'S, resonance
is centered at T, =2.00 GeV and the °S,-’D, at
T; =1.82 GeV. The coupled-channel effect [see Eq. (9)]
has moved the resonances down ~35 MeV from the f-
pole positions. The width of the structures are ~50 MeV
(c.m.). The energy spacing between these two structures
of 70 MeV (c.m.) is very insensitive to the model because
a, is determined by N-A splitting in each model.

That the structure in the phase parameters is correlated
with the penetration of the free six-quark region can be
seen in Fig. 5 which is based on Egs. (12) and (11). Also
shown is the Iy, that would be obtained in the absence of
interaction

I, (free)= _1;_(4_ [ “sin*krar . (13)

We note that the mismatch of the two-nucleon with the
free six-quark wave function excludes all but a small frac-
tion of the wave function from the interior, except in the
vicinity of the resonance. At resonance, the wave func-
tion penetrates the interior so that the resonance proper-
ties are determined by the free-quark wave functions. As
noted following Eq. (12), our one-state approximation to
Iy, is accurate at the resonance. Away from the reso-
nance the higher poles can contribute. Far below the reso-

8(s,-°D,) (deg)

-40

-14 i 1 1 1 1
© 1.6 1.8 2.0

T, (GeV)

FIG. 3. The phase shifts 8y, 6, and the imaginary coupling
angle ¢, for the NN(3S,-3D,) channels coupled to the AA(’S)),
AA('D,), and NN*(3S) channels and to the six-quark configu-
ration. The dashed curves correspond to the model of Ref. 8
with quark coupling. The solid curves represent the model
where f55=47.1028, fsp=—4.4, fsaa;=/Ssaa9=0.0,
Ssyw*=—11.6, fpp=2.6, [fpasor=Spass=0.0, [ s
=—105, faap.aam=2-5, Sfasmsas=Syp vt =00
faas,an=0.3, £, yyx=0.0, and £ u e=1.0, are ad-

justed to fit the data for T, <800 MeV. Isobar widths are
neglected in both cases.

nance, near elastic threshold, the one-state result shown in
Fig. 5 may strongly underestimate the penetration of the
free-quark core.

The fractional parentage coefficients are model in-
dependent. Consequently, comparison of the widely dif-
ferent cases examined above shows that the resonance
widths differ little from 50 MeV, several times smaller
than expected from conventional resonance mechanisms
(such as coupled-channel effects) in this energy range.
The widths and energy splitting are therefore useful signa-
tures of the appearance of ('S;,,)® quark degrees of free-
dom.

The other good signatures are in the pion production
channels due to AA (S) states in the resonance region.
Only the S-state NN and AA color-singlet channels exist
in the (1S} ,,)® quark configuration and the production of
the latter varies rapidly throughout the resonance. The
AA production from the 'S, channel is shown in Refs. 9
and 10. This effect can be observed through the total
two-pion production cross section, charge-state ratios,
pion-nucleon angular correlations, and final-state nucleon
spins. Figure 6 shows the AA production from the 35,
and D, channels for both 3S,->D, cases. The dip is
caused by interference between the positive f| 13N, aa and the
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FIG. 4. The inelasticities 7, 17; and NN coupling strength
p1=sin2¢;, for the two NN(’S;-*D;) coupled-channel systems
described in Fig. 3.

pole term. Other mechanisms for producing a resonance
would not be likely to lead to this AA dominance. (Out-
side the resonance the 'S, inelasticity is expected to be
dominated by one-pion production from the NA channel.)

The features of these dibaryonic resonances which are

35 T T T T T
30— —
25— —
T> 20
[
]
g 158
10
51—
L3s1 | 4/
0.0 0.4 0.8 1.2
T, (GeV) W, (38,) W, (1Sg)
FIG. 5. The free-quark content of the NN(!S;) and

NN(S,-3D;) coupled-channel systems as determined by the
cloudy-bag dynamics for the model of Fig. 2 and for the two
models described in Figs. 3 and 4 (solid curves and dashed
curves), respectively. The dotted curve represents Iy, of free
nucleon-nucleon wave functions. The curves are not drawn in
the vicinity of the AA threshold because the calculation did not
include the effect of the A decay width.

0.6 T

1.80 . 1.80
T, (GeV)

FIG. 6. The AA production cross section from the S, and
3D, channels. The solid and dashed curves correspond to the
two 35,-3D, models of Figs. 3 and 4. Cross sections for produc-
tion of specific 7NN final states can be obtained by multiply-
ing 0, by appropriate Clebsch-Gordan coefficients.

sensitive to the model are the absolute position of the en-
ergy and the amplitude of the observable effects. The po-
sition depends on specifics of the QCD model of the inte-
rior, such as coupling to the pion field, the inclusion of
quark self-energy, and the radius within which asymptotic
freedom is quantitatively adequate. Nevertheless, there
are energy bounds within which one may expect these
lower six-quark resonances to occur. Experience!>'® has
shown that for Ry <0.7 fm it is difficult to satisfy the
Wigner causality condition df/dW <0 with meson-
exchange potentials, and that the data can be satisfied
with constant f° (implying that poles are well above the
experimental region). It follows from the lower bound on
R, and Fig. 1 that the S-state resonances are expected to
occur for 2.4 < W <3.4 GeV, within the range of present
high current proton accelerators.

IV. NN OBSERVABLES
AND THE SIX-QUARK RESONANCES

It is our present purpose to give guidance to the experi-
menter with respect to those observables in elastic
nucleon-nucleon scattering which are most sensitive to the
six-quark resonance effects. We do so using the above
cloudy-bag-model 'S, and 3S,-3D, phases, and back-
ground phases of Refs. 16 and 17 to predict all the observ-
ables which have been experimentally studied at medium
energies. The sensitivity of these assumptions is discussed
below.

The amplitude of the observable effects depends on the
background phases and therefore on the external interac-
tion and the f°. The variation of f due to the pole term is
not very model dependent, as the residues are chiefly
determined by the fractional parentage coefficients. But
the effect of this variation on the resonant phase shift de-
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pends on the background. If the background is very
repulsive a fixed variation of f causes much less effect
than if the background is attractive, because coupling to
the interior is smaller in the first case. Also, the effect on
an observable of a given variation of the resonant phase
depends on the value of the nonresonant phases with
which it interferes. We will demonstrate by example this
variation in observable results. Because all the back-
ground phases must be extrapolated from T, =0.8 GeV
by a model, this is the worst obstacle to predicting the
ease or difficulty of observing these exotic six-quark reso-
nance effects.

Figure 2 shows that both 8('Sy) and 7('Sy), from the
fit to the T; <800 MeV data with a cloudy-bag-model in-
terior, have substantial variation in the 'S, six-quark reso-
nance region. In the case of the new 3S,-3D, waves of
Figs. 3 and 4, however, the model that fits the scattering
data reasonably well for 7, <800 MeV, produces a
resonantlike structure only in the inelasticity 7, at the 35,
six-quark state. The observable consequences are then ex-
pected to be smaller than at the 'S, six-quark resonance.
The other 7=0 and I =1 background partial waves used
are extrapolations to intermediate energies by a realistic
coupled-channel model consistent with available data for
T, <800 MeV, as described in Refs. 16 and 17. These
phases are generally good fits to some phase-shift analyses
and give a good description of the observables in this
range of energies. Indeed, the values of o, Ao, and
Ao reconstructed from this global model agree well with
those from Arndt’s np phase-shift solution for T; <800
MeV (Ref. 25). The smooth extrapolations constitute then
a reasonable assumption on the background at higher en-
ergies.

The model for the *P, wave is still the one of Ref. 16.
Indeed, an analysis modified to include the two-pion de-
cay of the N*(1440) half of the time, as treated in Ref.
17, is required only for 7T; <1 GeV. Beyond this energy,
the average decay as it is now computed, yields the same
results for & and 7 as the one-pion decay analysis. The
old 38,-3D, model® has been corrected, for it yielded a
wrong sign of €,. Extrapolation for this model including
the f pole is shown in Figs. 3 and 4. The 'S, model used
here could lead to values of the NN two-pion production
cross section which are too big when compared with ex-
perimental ones. This is due to the large coupling param-
eters fyy aa= —fNN’NN.:7.43 which should be lowered

significantly (at the expense of increasing fyy,ya) in a fu-
ture fine-tuning of the 'S, couplings.?®%" In the pp case
the model used for the 3F; wave is the one of Ref. 17.

The calculated observables in the laboratory frame be-
long to the set of zero-, one-, and two-spin index experi-
ments; namely, the differential cross section do/d(Q,the
polarization P, the “diagonal” experiments D(=D,q,o
=Dyy in the Saclay-Geneva and Argonne notation,
I'CSpCCtiVC]y), Dt (EKnOOH EKNN ), AYY (ECnnOOEANN)7
the analyzing powers Ayy (=Ags=A4ss), —Azx
(=Agox=—Ars), and Azz (EAOOkkEALL)! and the
Wolfenstein parameters A (=Dyoro=Drs), A' (=Dyoro
=Dy;;), R (=Dgp0=Dss), and R’ (=Dy0=Ds;). The
Wolfenstein parameters in the Saclay-Geneva notation are
expressed in terms of the tensor D, g, rather than D, g4,

because in those experiments, a polarized proton beam is
scattered from a deuterium target and the scattered pro-
ton polarization is analyzed. The entire set of such
lower-order polarization tensors is indeed the only one
needed for a complete reconstruction of the scattering ma-
trix (with no ambiguities, even discrete).?® As a sample of
the obtained angular distributions, Fig. 7 shows the spin
correlation observable Ayy as a function of angle for three
energies near the 'S, resonance in the np system. A typi-
cal example of a structure can be seen near 84° for in-
stance, and illustrates the fact that energy structures occur
over substantial angular intervals (here between 80° and
85°). Angular distributions for all the observables have
been computed. We present here the excitation curves for
each of the above np observables at those angles which are
most sensitive to the resonances.

The observable consequences of the 'S, resonance in the
pp system were discussed previously.!® The detectable ef-
fects appear only in Ayy(51°) and Ayy(65°) as shown in
Fig. 8, which displays the excitation functions. The de-
tailed shapes of the energy dependence are sensitive to the
model-dependent background phases. Shifts in the curves
may be expected from variations in the model. No other
pp experimental quantity showed measurable structures at
these energies.

The observable effects of both the S, and 'S, reso-
nances in the np system are found to be more rich. The
most significant structures with characteristic signature
appear for do/dQ(58°), D(56°), Axx(50°), Axx(70°),
Az7(124°), and R'(170°). The excitation functions of
these quantities are shown in Fig. 9. These measurable
bumps have the predicted six-quark signatures of width
and isospin splitting for identification. Although closer to

0.8 T T T T T T T T
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~ ---2.04GeV 1
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(o] 60 120 180
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FIG. 7. The angular distributions of the np spin correlation
observable Ayy for T, =1.93, 2.00, and 2.04 GeV. The 'S,
model near resonance is that of Fig. 2.
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FIG. 8. The pp spin correlation observable Ayy as a function
of laboratory energy at several sensitive angles, for the 'S,
model of Fig. 2.

the observable limit, several choices are possible among
other observables, for instance Ayy(130°), D(92°),
D,(44°), A7x(136°), R(146°), and R'(134°), plotted in Fig.
10. The changes in slope at the resonance positions in the
remaining quantities P, A, and 4’ were more gentle and
therefore not measurable.
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FIG. 9. Energy dependences of several np polarization ob-
servables in the vicinity of both the 3S, and 'S, resonances, for
models shown in Figs. 2—4. This sample of the quantities
do/dQ, D, Ayy, Azz, and R’ is characteristic of the ¢° signa-
tures discussed in the text.
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FIG. 10. Choices among the subset of np polarization observ-
ables Ayy, D, D,, Azy, R, and —R' whose excitation functions
feature the six-quark resonances, but with smaller amplitudes
than the observables of Fig. 9.

A change in the model extrapolation beyond 7; =800
MeV of the 3S,->D, phases may increase or decrease the
size of the phase-shift structure at resonance and conse-
quently the size of the observable structures. A model
which takes into account production channels with
threshold higher than the AA system will lower the value
of the effective f in the two-nucleon channels at higher
energies and thus increase the coupling to the interior. To
illustrate, we use a variation of the NN-AA-NN* model
that has a smaller effective f in the resonance region at
the expense of a poor fit to €, for T; <800 MeV. The re-
sulting phase parameters are shown in Figs. 3 and 4
(dashed curves). It is likely that a model including
higher-mass thresholds could simultaneously reproduce
the phase shifts at low energy and have a lower effective
f. At the 3, resonance the effective f of the background
to the NN(*S,) channel is 33.3 for the first (good fit) case
and 11.4 for the second case, in the approximation of Eq.
(6). Figure 11 shows that several excitation curves of np
experiments which have no, or little, structure for the first
case, have very large structures for the second case. It is
therefore possible that the observable effects may be much
more marked than indicated in Figs. 8—10. However,
they may also be smaller if features of the model, other
than the addition of higher mass thresholds, are changed.



34 SIX-QUARK RESONANCE STRUCTURES IN NUCLEON-. . . 1349

06 T T T T T

(V]
L
- |
g
>
(08
L
o
m
o)
=z
a
(dp)
- i
~04—5 18 20
T, (GeV)

FIG. 11. Selective comparison between observable effects in a
few np polarization experiments, P, D, Azz, and R, coming
from two different 3S,-’D, models. The dashed curves corre-
spond to the results from the models of Figs. 2—4, used in this
paper, and where the effective f of the background at the 35,
resonance is big (see text). The solid curves represent the results
from the model of Ref. 12 (dashed curves of Figs. 3 and 4) for
which €, has a wrong sign. The point here, however, is the large
increase in resonance effects due to the small effective f of the
background at the S resonance.

V. CONCLUSIONS

We have shown, using R-matrix theory, that the MIT
(Ref. 13) and Carlson-Hanson-Peterson!* bag models are
inconsistent with the detailed nucleon-nucleon 'S, and
3§,-3D; scattering data for T; <800 MeV. The cloudy
bag model'® is consistent, or nearly consistent, with this
data, and the fit then predicts inelastic six-quark reso-
nances in the 'Sy wave at T; =2.00 GeV and in the 3S-
3D, wave at T, =1.82 GeV. It is shown that the ~50
MeV widths of these dibaryons, the 70 MeV mass split-
ting of the 'S, resonance from the 3S;-D, resonance, and
the strong variation of the two-A production are insensi-
tive to the specific QCD model used and are signatures of
the free six-quark content of these systems.

The absolute mass of these dibaryons is sensitive to the
model. Nevertheless, consideration of the range of six-
quark models (from the MIT bag model which is too ex-
panded to that of Ref. 14 which is collapsed) and the
bound of the Wigner causality condition strongly indicate
that these S-state resonances should be present at masses
of less than 3.5 GeV. Consequently, they may be observ-

able with existing high-intensity polarized proton beam
accelerators.

Extrapolation of the partial-wave phase shifts to the
six-quark resonance region, using reasonable coupled-
channel models, has been used to investigate the size of
observable consequences. While only one pp spin observ-
able, Ayy, has a measurable structure at the ‘So reso-
nance, several np observables show measurable structures
for both the S, and 3S,->D, resonances. In particular,
excitation functions at indicated angles for do/dQ, D,
Ayxy, Azz and R’ have the largest predicted effects, while
measurable effects also appear in Ayy, D;, Azy, and R.

A program of np scattering, in addition to pp scatter-
ing, at laboratory energies above 1 GeV is of importance
to the search for these structures. In addition, two-pion
production experiments could directly explore coupling to
the AA content of the six-quark states. The resulting in-
formation would enable the determination of QCD
characteristics not easily examined by very high-
momentum-transfer reactions or through study of the
single-hadron spectrum.

Because of the sensitivity of the magnitude of the ob-
servable consequences to the model phase-shift extrapola-
tions, we are undertaking more refined model determina-
tions.?” More realistic models?® and the growing amount
of data for T, >800 MeV will be taken into account.
Pion-production data will be a further control.

This paper has examined details of the lowest six-quark
resonances, usually called dibaryons, in the nucleon-
nucleon system. But the phenomenon of exotic quark-
gluon states may appear in a wide variety of two-hadron
reactions. Each case can elucidate a different aspect of
the quark-gluon dynamics. The following is a brief re-
view of the possibilities.

Other low-lying NN channels will have resonances split
from the 'S, and S, by model insensitive color-magnetic
effects. The 3S,(AA) configuration [connected to the
35S,(NA) and 'D,(NN) via long-range interactions] and
the ’S3(AA) configuration [connected to *D;(NN)] are ex-
pected to be about 110 MeV above the 'S, in mass. Their
widths are expected to be narrow because they are also
80% hidden color and have an angular momentum barrier
to the NN channel.

When strange quarks are included in the 'S,,, quark
states then the N-A splitting determines the strange-quark
mass and the resulting resonance splitting. Because
ro <req these states are expected to be 100 MeV or more
above the predictions of the MIT bag model. We there-
fore expect the H(AA) to be in the continuum. Exploring
these resonances requires A, =, and = beams.

Orbital excitations of the quarks will lead to states with
about 0.5 GeV more mass than the lower orbital excita-
tion. Collective effects may decrease this splitting.

In the meson-meson and meson-baryon sectors, the
choice of rq slightly smaller than 7., can improve on the
results of Refs. 5 and 6. In the nucleon-antinucleon sec-
tor, passage through ¢’ ? configurations may lead to nar-
row resonances because of the annihilation and creation of
quark pairs, but mixing with ¢ configurations must be
considered.

If gluons are added to the configurations, one may ex-
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pect structures at steps of 100—200 MeV for each gluon.

A primary polarized proton beam of variable energy in
the 1—10-GeV range with its associated secondary neu-
tron, pion, and kaon beams will enable detailed, precise
measurements of most of these effects. A cooled antipro-
ton beam of a few GeV energy is also needed. An electron
accelerator of a few GeV energy will enable observation of
the form factors of those states that can be excited from a
deuteron or other light nucleus.

In the above applications of the R-matrix method we
have assumed that asymptotic freedom is adequate inside
the boundary, and that hadronification is complete out-
side. One may contemplate the use of more exact interior
and exterior Hamiltonians in future work. It is possible
that, with the advantage of restricted spatial dimensions, a
lattice QCD calculation for the interior states would be
feasible for 7o < 1.5 fm, in spite of the nonperiodic boun-
dary conditions. This would justify a larger r, than con-
sistant with interior asymptotic freedom, improving the
accuracy of a hadronic exterior. On the other hand, one
could take into account color leakage to the exterior
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(which may occur significantly for our smaller values of
ro) by coupling colored pairs to the hadronic channels in
the exterior. The expected linear confining potentials in
the colored pair channels will restrict them to small dis-
tances beyond 7 and reduce their perturbation of the ha-
dronic channels. Although we believe that our present ap-
proximations give an adequate indication of the character
of the multiquark resonances, such refinements may be
justified for precise comparison with experimental results.
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