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ABSTRACT
We investigate the coupling of the nucleon to the lowest scalar-isoscalar ¢2§? state,
that is predicted at 670 M eV/c? in the framework of cavity QCD to order a,. The
¢*§* - nucleon vertex is evaluated in the 3P, qf pair creation model. Adjusting the
3P, strength to fit the NN coupling constant, the calculated 423 - nucleon vertex
agrees very well with the NNo vertices used in one-boson-exchange models of the

nucleon-nucleon force.



Quantum Chromodynamics (QCD) is generally accepted as the theory of the strong
interaction of the fundamental quarks and gluons [1}. Although confinement still needs
to be proven within this framework, QCD provides an excellent qualitative understanding
of the properties of the low-lying baryons and mesons [2,3]. Attempts to describe the
nucleon-nucleon (NN) interaction in terms of nearly massless quarks and gluons only, have
met with considerably less success than the well-established effective baryon-meson picture
of the NN interaction [4-6]. This has led some groups to consider hybrid models [7-9], in
which ideas borrowed from both pictures have been merged. These models, however, are
in general plagued with inconsistencies, as both, elementary quarks and mesons, appear
simultaneously in the formalism, although the mesons can also be represented by quark-
antiquark (¢g) bound states.

The purpose of this paper is to reconcile the fundamental, but much less successful
quark-gluon picture with the less fundamental, but highly successful baryon-meson picture
of the NN interaction. If both descriptions are valid, it must be possible to reproduce within
the more fundamental QCD the pattern of meson-exchanges between nucleons that has
been successfully established over the last few decades [4-6]. Proceeding along these lines,
we immediately face the problem that not all the mesons, that are necessary to obtain
a good phenomenological description of the NN interaction, can be easily understood
in terms of ¢¢ bound states. While the pseudoscalar and vector mesons 7, 17, p and w
play an important role in the long-range attraction, short-range repulsion and spin-isospin
dependence of the NN interaction, it is in particular the experimentally elusive scalar-
isoscalar 0 meson with mass around m, = 500-700 MeV/c? that provides the bulk of the
intermediate-range attraction of the NN force. In meson-exchange models the & meson is
introduced to substitu.te for two-pion exchange processes in which the pion pair is coupled

to spin and isospin J=I=0 [4]. However, Jaffe [2] has pointed out that a large width¥

1 The scalar-isoscalar ¢?§2-state can decay into 7. Since the state is well above threshold

it is very broad with a decay width ' & 640 MeV/c2.

2



scalar-isoscalar meson with a mass of around 660 MeV/c? could be understood in terms
of the lowest g?3*-state, where quarks and antiquarks are interacting through one-gluon
exchange. Thus in this paper we would like to explore the possibility that the exchange
of such a dynamically correlated scalar-isoscalar ¢23? - system can indeed generate the
intermediate-range attraction that is needed for the NN force.

For the description of the interacting q2q? system, we rely on the framework of pertur-
bative cavity QCD to order a, [3,10], excluding the large quark self-energies [11]. Here
massless up and down quarks and antiquarks, residing in the 1s, /2 mode of a spherical
cavity, interact through one-gluon-exchange and one-gluon-annihilation diagrams. As this
model provides a satisfactory description of the fow-lying baryon (¢*) and meson (g§)
sector, we are confident that it will also describe the spectrum and quantum numbers
of the strongly interacting ¢2¢? system reliably {2,10]. Using the parameter set of the
original M.I.T. bag model, which fits the ordinary hadron sector reasonably well, we ar-
rive at a spectrum in which the lowest of the ¢2§? states carries the quantum numbers
I6(JPC) = 0*(0++) with a mass of m=668 MeV/c? {10]. The wave function resulting
from this dynamical calculation can be expanded in terms of an overcomplete di-meson

basis as
(3o > = > CZ 1l(ad)a ® (a2N], > (1)
a,b

where a,b stand for a complete set of quantum numbers (total spin, isospin and. color) of
the g7 mesons. The coefficients of fractional parentage CJ, of the interacting g?§* system
with I¢(JPC) = 0*(0++) denoted by o are given in Table 1. The o-meson consists with
probability 35.3% of 7x, 20.4 % of nn and 0.5 % of pp, the remaining probabilities residing
in the color-octet channels. Thus, in this framework, the lowest scalar-isoscalar ¢3® state
does not correspond purely to a correlated =n state.

The coupling of a ¢§ or a ¢>3% meson to the nucieon can be calculated in the non-
relativistic ¢§ pair-creation *P; model. Thereby ¢ pairs are created or destroyed with

vacuum quantum numbers (I6(JFC) = 0+(0++); 3P, in LS-coupling). This model has
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been successful in the phenomenology of hadronic coupling constants, particularly baryon
and meson decays [12], and it also has been successfully applied to nucleon-antinucleon
annihilation [13]. The 3P, model has a solid foundation in strong coupling QCD [14], and
it was shown that quark and gluon condensates provide the nonperturbative dynamical
origin for the strength of this transition vertex [15].

Let us consider the coupling of the pion and the sigma (g24§?) to the nucleon in the
3P, model corresponding to the effective quark line diagrams of fig.1. Using harmonic
oscillatér wave functions for the internal part of the quark clusters, we have in momentum

space
2
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where x stands for the various spin-flavor-color wave functions. In the case of the scalar-
isoscalar ¢2§* state, o is given by the expression (1) as determined in the calculation of
the interacting ¢>§* system. The rms radii of the hadrons are given by < r? >.= 3R?, <
r? >y= R} and <1? >,= IR?, respectively.
Let us first consider the NN vertex. The T-matrix element for the quark line process

of fig. 1(a) is defined as
<N'=TIN > = 3 < ¥} (1,2,4) U7, (5,3)|Vi'5 |95, (1,2,3) > . (3)

Here the numbers refer to the individual quarks and antiquarks. The factor 3 takes into
account the number of possible rearrangements: any of the three quarks of the nucleon

can be used to form the pion. The P, vertex is given by
ii 1 ij S yy
ViR, = Az 2ot @ - §)0 + 0)-) TS (4)
M
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where )1,(§) = q¥1,(§) and 15, are the unit matrices in flavor and color space, respec-
tively. The dimensionless parameter A corresponds to the strength of the transition.
The T-matrix element of eq.(3) can be identified with that obtained from the effective
Lagrangian

LNNw =igann (PN 757 N) - $x (5)

involving elementary hadron fields. For a detailed derivation see Ref.(12). The NN«

vertex form factor is then given in terms of the geometrical and strength parameters as

gNNn(qz) = A10x4*my m},,/z

RARY'(4RY + R2) [ RA,(12RY +5RL) 2} ®)
(3R%, + R2)3/2 24(3R%, + R2) " [
where mpy and m, are the nucleon and pion mass, respectively.
In analogy to the derivation of gy ny in the 3P, model we consider the coupling of the

¢°¢’ sigma meson to the nucleon according to fig. 1(b). The corresponding elementary

T-matrix element is defined as
<N'|TIN > = 6 < ¥} (1,4,5) ¥5,(6,7,2,3)| O [¥ (1,2,3) > (7
with the transition operator given by

1
0 = Vg x5 Vo - ®)

The energy denominator (AE)~!, describing the propagation of the intermediate state
¢4q, is in the static limit momentum independent and, since we are only interested in a
rough estimate for the NN coupling constant, AE is chosen to be constant. The factor 6
in eq.(7) arises from the different possible arrangements in the graph of fig. 1(b). Due to
the property of the * P, vertex, graphs with one or two created 7 pairs contracted with the

valence quarks of the sigma state are zero. Therefore, elementary two-¢§-meson emission

2 Note that the present definition of the 3P, vertex is related to that of the Orsay group

(12] using the strength parameter v via Av/2 = 7.
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in the framework of the 3P, model requires each of these mesons to couple to different

quark lines.

The transition matrix element of (7) is defined as
<y F=—i(1,4,5) U5, _4(6,7,2,3)] O |¥],-0(1,2,3) >=

A? vpuy v ’ (9)
= AE Z(—)‘H. TJ‘;mtml : TgFC
pv

where we have separated the spatial part T spatial and the spin-flavor- color part T§z .
The indices g, v specify the helicity components of the respective 3P,-vertices. In the

center-of-mass frame of the initial nucleon the spatial part is defined as

' ) S o I
Tn“p‘:uml /Hi=l..7d3piqltj‘i(lv4a5) \1';'-(6,7,2,3)—321,,(1)4 - pﬁ)s(p4 +‘P6)

(10)
Vi, (Bs = 51)6(Bs + p1)¥q (1,2,3) -
Evaluating the integral (10) we arrive at
R% (3R% +5R2%) ,) 3n7/%
By 3 (4
TJPdhal =6 (O)exp{ 24 (3R2 + R2) } \/'2- (11)

(5R% + RY) ug
R T RTR, TR

where the contraction of the helicity components 4 and v is described by the Kronecker

delta. Thus the spin-flavor-color part of the transition matrix element is given by

Tsrc = Y (=)*8u-vTlfc

S (12)
=Y €& Tsrlc,
a,b

where Tsp and T¢ are the spin-flavor and color matrix elements in the di-meson basis.

The spin-flavor part is then evaluated as
Tsr =< N(1,4,5) [(@0)1(2,6) ® (a)2(3,7)], | S (— o' o 18181V (1, 2,3) >
m

=< 1g 1 > F(s1,t1;32,t2),
(13)



where the reduced matrix element F is given by

Flsu,ti;mt2) = b b ing (280 + 120 + D2 (2100

14
P LR R I E A A E
J2a=0,1

Here a(sy,t1,¢1), 8(s2,t2,c2) represent the various spin,flavor and color quantum numbers
of the ¢7 pairin the ¢°3? state. The values for the reduced matrix element F(s, t; 31,1 32,12)
are given in Table 2.

The evaluation of the color matrix element yields

Te = < q04(1,4,5) ((40)7(2,6) ® (q2)" (3, )| 11T lgeq(1,2,3) > =
I a=a=1 (15)
_)3Q €] =¢C = 8
With the definitions and results of eqs. (7)-(15) and using the dynamical coefficients CJ,

of Table 1, the transition amplitude is then given by

V3 8 R3/*(5R%, + R?)
AE T/t (3122 + R2)SI2(R% + Ri)t
Rﬁ, (3RN + 5R";) 2
{‘E @Ry +R2) } '

16.8

< N'o|T|N > = 63(0)
(16)

We now can identify the T-matrix element (16) with that obtained from the phenomeno-

logical Lagrangian
LNNo = gNNo UNUNGo - (17)

Making the identification in the center-of-mass frame, we obtain for the NNo vertex form

factor 9/2
A2 (5R% + R%)
2 = ~1/4 1/2
gnNo(q®) AE 4\/§ T My (3R +R§)5/2(R + R?y)d

' 2, (3R%, + 5R?) 2}
P 24 GRy, +R2) L f°

where m, is the mass of the ¢?§® g-meson.

16.8

(18)

We now turn to the numerical results. In the framework of the bag model the rms radius

of a hadron of mass my is given by < r? >y= 3.64 GeV =~} (mpy/m,)!/*. We thus obtain
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Ry =3.64 GeV™!, Ry =3.14 GeV™! and R, = 3.07 GeV !, Fitting the gy N« coupling
constant to g% ,/47 = 14 yields for the strength parameter of the 3Py-vertex a value of
A = 2.84. This fitted Py strength is comparable to the one obtained by Weber [15] in
terms of quark and gluon condensates, where he effectively obtains a value of A = 2.7.
For the sigma-nucleon coupling constant we obtain g%, /47 = 8.79 for AE = m,/2,
or gk n,/4m = 2.20 for AE = m,. This range includes the values 2.5 9] to 7.1 [4]
considered in models with o-exchange. The corresponding mean square ¢N interaction
radius of our model is < r? >:/,3= 0.48 fm, which is an intermediate value compared
to the ones used in the literature. Additive quark models prefer a larger interaction

/2

2 >l N~ 0.7 fm [7,9], whereas one-boson-exchange models typically use

radius of < r
<r?>12%0.25 fm [4].

In summary, we have shown that the lowest scalar-isoscalar ¢*3? state can indeed be
interpreted as the o-meson in one-boson-exchange models, needed to explain the interme-
diate range attraction of the nucleon-nucleon system, as mass, quantum numbers, coupling

constant and the slope of the form factor agree with the expectations.

This work was supported by a grant of the German Federal Ministry of Research and
Technology (BMFT) under contract No. 06 Ti 714.
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Table 1: Coeflicients of fractional parentage for the interacting ¢°q* system with the
quantum numbers o = JG(JPC) = 0+(0*+) at a mass of m=668 MeV/c?. Here, the

index 1,8 of the ¢ pairs denote the dimensionality of the color representation.

[(99)s ® (93)s > ab

[0t > 0.4514
|xt; x> 0.5940
[wh;w? > 0.0010

1. ,1 }

oY ot > 0.0699
n%n® > 0.0496
[nd; 78 > 0.1862
jw?;w® > -0.2332
[0%; 0% > -0.5891

Table 2: Values of the reduced matrix element F(sy,1;32,t2)

(31,t1)(82,t2) F(sy,t1;82,t2) 12
T 5v3
m 3
PP 13
ww 5\/§
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Fig. 1: Quark line diagrams for the nucleon-nucleon-¢§ (a) and nucleon-nucleon-¢2§* (b) ver-

tices. The dots indicate the ¢§ Py pair-creation vertex.
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