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By means of the quark-antiquark pair creation model via one-gluon exchange, the effective
interaction among quarks, which is equivalent to the meson exchange intervening between
two hadrons, is discussed. It is shown that this process includes interactions not only
between two quarks, but also among three quarks. Obviously, such effective interaction is
more general than one gluon exchange potential (OGEP).

1. INTRODUCTION

In recent years, significant developments on the investigation of the nuclear force have been
made by employing the quark potential model (QPM). The short-range repulsive feature of the
nuclear force has been obtained in terms of the one-gluon-exchange potential (OGEP) of the
Breit-Fermi type and the effect of the quark-exchange intervening between two nucleon clusters [1].
The interaction which is eqmvalent to the meson exchange potential in the meson exchange theory
of the nuclear force can be given by exciting a pair of quark-antiquark via one-gluon exchange [2,3].
Thus, physicists are encouraged to study the light- quark systems further in the framework of QPM.
Although QPM has successfully been apphed to the description of the hadronic spectrum and nuclear
scattering in some extend, lots of serious problems have not been solved yet. For instance, what is
the unified form of the spin-orbital forces required in the hadronic spectrum and nuclear scattering?
Does the color screening effect exist in the color confinement? How is it described? Are there any
ways to reveal the medium-range character of the nuclear force in the quark degree of freedom?
These important problems sheould have been intensively studied by now.
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Fig. 1

Sea-quark effect of meson exchange between
nucleon-nucleon interactions.

In ordinary QPM calculations, the employed V9% is ), - j, namely the color degree of freedom
of interaction quarks, dependent and has typical spin, flavor and orbital structures. This is because
that in V’$7%*, one only considers one-gluon exchange between two quarks. However, if one further
accounts for the multi-gluon exchange process, the expression of the interaction must show more
complicated color, spin and orbital structures. Calculating high-order gluon exchange diagrams is
rather difficult. We propose that the two gluon process where sea quarks are excited is an important
mechanism because the meson exchange effect provides the medium and long-range parts of the
nuclear force. In order to obtain the effect in the quark degree of freedom, which is equivalent to the
effect provided by the meson exchange, one has to include the sea quark effect. In a previous paper,

. we obtained the effective meson exchange potential in terms of the sea quark pair creation and

annihilation via two transition potential [2], indicating the importance of creating and annihilating
sea quark pairs by applying the transition potential twice. In order to simplify the calculation and
compare the result with that obtained from the meson exchange theory, we also derived the
hadron-meson vertex function to describe the process in which a quark in the hadron excites a pair
of quark-antiquark via the transition potential. Then, by using this vertex function, we approximately
wrote the above-mentioned two-gluon process into the form of the effective meson exchange
interaction intervening between two hadrons. Unfortunately, because of this approach, the details
of the two-gluon exchange process were concealed, and some effects were lost - for instance, the
effects from the hidden color states, which are considered as intermediate states, the possibly formed
six-quark cluster, the quark exchange between two hadron clusters and etc. It is necessary to express
the sea quark excitation process in the form of the interaction intervening between quarks. This
two-gluon exchange process may give diversified color, flavor, spin and orbital structures. It would
further help us to improve QPM.

In [2], we presented three diagrams (see Fig. 1) in which the sea quark effects contribute to the
effective one-meson exchange potential of the nucleon-nucleon interaction. From the quark point
of view, there are two kinds of quark-quark interactions in these diagrams. The one shown in Fig.
2a is the two-body quark interaction between two quarks, and the other, shown in Fig. 2b, is the
three-body quark interaction among three quarks. According to the result in [2], the contribution
from Fig. 2a dominates, meanwhile the effect from Fig. 2b is not negligible. In this investigation, we
discuss the forms of the two body and three-body quark interactions.

It should be noted that in the sea quark effect, the contribution of fluctuating two pairs of
quark-antiquark is also an important part in the hadron-hadron interaction, because they are in the
same order. The effective interaction intervening between two quarks due to the fluctuation of two
pairs of quark-antiquark is presented in Section 2. Finally, a discussion of the foregoing is given in
Section 3.
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Fig. 2
Interaction between quarks via sea quark excitation.

2. SEA-QUARK-EXCITATION CAUSED INTERACTION BETWEEN TWO QUARKS AND
AMONG THREE QUARKS

2.1 The Effective Interaction Between Two Quarks

The diagrams of the two-gluon exchange due to the sea quark excitation are very complicated.
Figure 2a is a diagram folded by two transition potential Vo5 and ¥ 5., It is an important
diagram which can produce the meson exchange effect. Here, we only discuss the interaction between
two quarks, which is folded by two transition potentials and whose intermediate state is a four-quark
state. There are eight interaction diagrams with initial state 4(1) and B(2) and final states C(1) and
D(2). Let us take the diagram in Fig. 2a called ¥/, as an example to demonstrate the method of the
calculation. According to the calculating rule of the off-shell S-matrix, we can write V', the
interaction between two quarks in the momentum space, as

C 6 g\ F p G
im = 3| V| LV v LY
L +qqq i —~~
- 9999 | l e E,—E;— E, 1449 \ o
' - EG + ic A
F (1)
where the transition potential given in [2] can be expressed as
r D G
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and

§(m1mz‘7154)='—Li_-l—'g—q——n(“.k“) + L (L—L)‘Z‘_’. )

4my qi 4mi 7i 8 \mi mym,/ g, )
where 1 and 2 are quark indices; m, and m, are masses for quarks 1 and 2. respectively; £, and %y
are the energy and momentum for quark state A, respectively; and 7, = £, - %, is the momentum
of the gluon. Similarly

c G B +
Vgeaad
a2
F
= 78182k 1:[?(’”1"’:"].;7?{;) ° Gy — g(mmgGk,) - (15, X G)1. )

where 7," = k.- % #- Due to the conservation of the momentum of initial and final states, ¢, and 7,
are not independent variables, and the summation in Eq. (1) only runs over 7. Substituting Egs. (2)
and (5) into Eq. (1), we can obtain the interaction between two quarks. After simplification
procedure, one can always write V,as

Vi= —algliglgdVi 37 GilV{ + Vg, « &, + iV] + 5,
=

1

+ iV',-’z . g, + f/.,flx”* « (3, X @) + (V] ):,(0102):] 0] - . (6)

where n, + n, + n, = 4; V’} denotes the simplified from of the color part of V/; V¢ represents the
central part of V; V7192, 9! and V7% stand for spin @, - ,, 7, and @, related terms, respectively; V)
depicts the tensor part of V; and G, is the Green function describing the energy propagation. We
tabulate #,, V’} and G; for all 7, in Table 1. Due to the page limitation, we do not show V, is in this
paper.

2.2 The Effective Potential Among Three Quarks

The sea-quark-excitation caused interaction among three quarks is even more complicated. As
an example, we only illustrate the forms of the color and spin structures. The diagram in Fig. 3 is one
which can cause the meson exchange effect. We denote Fig.3as V..

V', can be written as

Vo= —m'gigiaiVi « 25 GlVE + vy + V5o + Vi + vgr + 131, - (7)
. . Q, 5
with
Vé = —;-_ 'I'l & X'3 + Z (dabt + i'fah)llallelib’ (8)

abye
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Table 1
n, V>, and G,in V.

j n, n, ng V? G;

1 2 2 0 32/9 + 14/3 X X, (Ey=Ep=Ep-Eg + i)™
2 2 2 0 32/9 + 14/3 A+ A, (Eg=Eg=Ec=Eg +ie)™
3 1 3 0 =2/310, - ), (Ey-Ep=-Ec=Eg +ie)™
4 31 0 =2/3X -2, (Eg-Ep-Ep=-Ep +ie)™!
s 4t 37 i1 0 230X, (Eg=Ep=Eg-Ec + i)™
6 1 3 0 “2/3X ), (Eg-Ep=-Eg=Eg + i)™
7 112 272, (Ey=Eq=-Ep=Eg + i)™
8 11 2 2202, (Eg=-Ep-Eg-Ep +ie)!

where d_,, and f,,, are coefficients in following two equations

[_'1-’ xb] = Zifnbclc' . (9)
and . 4
{1-9 '4'6} - Zdabclt + ? asbr (10)
and . ‘
Gg—(EA—ED—EE_EG-*'iG)-I- (11)

Due to the space limitations, the expressions of V5, V'3, - - -, V5 are ignored.
2.3 The Two-Quark Effective Potential in the Coordinate Space.

In principle, we can obtain the potential in the coordinate space by taking Fourier
transformation of the potential in the momentum space. However, because this potential function
presents great complexity, we cannot give an analytical expression which can be used to make actual
calculations. Taking V', and V, as examples, we give the potential by folding two transition potentials
in the coordinate space and making the closure approximation to the emergy propagator of the
intermediate state. We give special consideration to these two diagrams because they represent the
mechanisms of effective meson exchange. Parts of these effective potentials are color independent,
while the rest are color dependent. It is noteworthy that the color-independent terms would give
some new results. '

The transition potential in the coordinate space in [2] is given by

F D G

d - 1
9->949 2 r=ry-r,
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Similar to the calculation in the momentum space, we can easily obtain the effective potential
between two quarks under the local approximation. If the masses of two interacting quarks are the

same, by keeping the terms to the order of 1/m, we can express the effective potential in the
coordinate space as:

Vi(1,2) + Vy(1,2) = — # GGV VE + VoG, « G,
+ VSSL« (31 + &) + ViS(GF X R) « (3, — 3y)
+ if/.y'-° 5’: -+ "f;'dz bd 32 + f/.leﬂz . (5, X &.2) + ((Vs)z(axa'z)z)oo]g (13)
here G = 1/(E, - E,, + ic) and E,, is the energy of the intermediate state. Under the closure

approximation, we replace G by an average value. L = | , + T, is the sum of the angular momenta
of two quarks K = %, + £, is the total angular momentum of two quarks. All other symbols are:

yr=32 14, (14)

| °s 3 ‘

fiste= 4m3z,-4 - i4m11r‘ P Re= ks =Ko+ ko)

+ o Ba K+ Ko o, 1s)
Vo i 1222# T 12;12# 7o CRe — e = ks + o). (16)
Yhs = 4m31r‘ . (17)
Vs = L (13)
7= = (e % Bo). (19)
7o = 4mlzrz (EA X ke). (20)
Porsim —i o P X (Ra+ Ks + Re o+ Bo) =0, (21)

and

'\/? > : '\/? -7 vz -5 e

(V)= — == (), + amirt LR — (FRg), — (Fke): + (Fkp).l. (22)
From Eqgs. (13) and (17), we see that because the value of <G> is always a negative number, in the
calculation of the hadronic spectrum, the contribution from the color independent terms of the
two-gluon exchange potential via two transition potentials and the contribution from the spin-orbital
term of the one-gluon exchange potential are proved to be contrary.
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Two qq excitation from quark sea. Interaction between g-q via

direct excitation of two qg.

2.4 The Effective Potential Caused by Fluctuating Two Pairs of Quark-Antiquark

In the sea-quark-excitation caused effective potential between two quarks, the process of two
pair quark-antiquark creation directly from the vacuum is also an important mechanism. It can
provide the central and spin-spin interactions in the same order, in which the color independent
terms also exist. If the masses of quarks are the same, the potential in the coordinate space for Fig. 3
is :

g 1 - - ) 1 T -. 1 ‘

Vqaa(ru) = =1, * 1,0, * G, ['— = 8(F)+0 (";)}. (23)
4 Tmr 12 m m

The diagram in Fig. 4 describes the effective two-quark interaction folded by two V' 35. By keeping

terms to the order of 1/m? there exist the central and spin-spin terms in the potential only.

1 32 4 _—— 1
V(fu) = 1-6- g‘ (—-9— - —3- 2’1 = 12)(3 - 261 ° GI)G ”zmzrp (24)

where G = (=E. = E - E, - E; + i€)™. In the calculation we also replace G by an average value.
3. DISCUSSION

In the preceding section, we derived the effective meson exchange potential caused by two
transition potentials and the process in which two pairs of quark-antiquark are created and
annihilated from the vacuum. These processes are actually equivalent to the interactions between two
quarks and among three quarks. These interactions have more complicated color, spin and orbital
structures than V°%FF does. If we want to solve the problem of the hadronic system from the view
point of the interaction between quarks, we should consider two-quark interactions with more
complicated structures and three-quark interactions because some effects cannot be obtained by
simply changing the strength of the V°“*F potential and the form of the orbital function.

The calculation of the three-body force is a rather complicated problem. But from the form of
the two-quark potential, we find some new features. One of them is that apart from the terms which
are related to the color degree of freedom of two quarks A, - A, there exist color-independent terms.
The former terms function like modifving the strength of the original interaction and the form of the
orbital function. As a consequence, it affects the hadronic spectrum and the result of the N-N
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scattering. The latter terms are more interesting. The consideration of this kind of terms may cause
large effect on the result of the N-N scattering calculation. It is well known that two quarks in hadron
are in the antisymmetric state of the color SU (3) group. The matrix element of ), - A is always a
constant. The introduction of the new color independent term only modifies the strength of the
potential and the form of the orbital function. However, in the N-N scattering calculation, the
situation is different. In usual quark potential model, V°°¥* and V™ (confinement potential) are
quark color ;- A, dependent, and the matrix elements of these operators have zero values for direct
terms and non-vanishing values for exchange terms. If we consider color-dependent operators, both
direct and exchange terms of the matrix elements of these operators would have non-zero values.
Thus, it is possible to bring a large effect to the N-N scattering calculation. Furthermore, we should
point out that the color-independent part of the spin-orbital force, produced by two transition
potentials, has opposite sign to the corresponding part of V°°%. As a consequence, the excessive
spin-orbital force in the hadronic spectrum calculation by using OGEP may partially be canceled by
considering additional sea quark effects.

In this paper, we only derive the general forms of the two-quark and three-quark interactions,
which are folded by two tramsition potentials via creating and annihilating two pairs of
quark-antiquark, and simply discuss their effects. Although the obtained potentials are under the
closure approximation and local approximation, one can use them in the quantitative calculation. We
will publish the numerical result in a forthcoming paper.
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