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Nucleon structure with pion clouds is studied in the framework of a flux-tube quark model. The
meson clouds are produced by breaking flux tubes in the nucleon; then a baryon is described by
three valence quarks connected by color fields and other configurations including sea quarks. These
sea quarks (or meson clouds) generate baryon decay widths and shift their masses; therefore, the
hadron spectroscopy in constitutent-quark models should be investigated again by including these
mass shifts. In this flux-tube model, the Yukawa potential is explained by a piece of the flux tube
breaking off from a nucleon and attaching itself to the other.

I. INTRODUCTION

The MIT bag model' was successful in explaining basic
static properties of the nucleon. In this model, large-
distance effects of QCD are represented by the
confinement of quarks in the bag, and short-distance
effects are given by perturbation theory. From a nuclear
physicist’s point of view, one major difficulty with this
model is explaining the well-known Yukawa potential.
This problem is related to the nonconservation of the
axial-vector current, and it was proposed that this issue
could be solved if the pion couples to the nucleon so that
the axial-vector current is conserved. This cloudy? (or
chiral’) bag model was successful in explaining elec-
tromagnetic properties of the nucleon and reproducing
pion-nucleon dynamics. However, one basic problem is
that the pion is treated as an elementary field in contrast
with the nucleon, although experimental charge radii of
these particles are of the same order of magnitude. From
the quark-model point of view, the pion must also be de-
scribed in terms of quarks and gluons, so that the nucleon
and its interactions could be described in terms of quark
and gluon degrees of freedom.

A possible approach to this problem is to use the flux-
tube quark model.*> In this model, for example, a meson
is treated as the interacting quark-antiquark pair and the
color field connecting them. An extension of this model
to meson decay has been investigated, and it gave a
reasonable explanation for the strong decay of
mesons,®® even though there are still problems in the ¢g
creation mechanism. References 7 and 9 use a °P, ¢g
creation model, and Ref. 6 uses a 3S, ¢g creation model.
Decay widths calculated by both models are compared in
Ref. 8. Discrepancies of these models arise typically in
explaining the S-wave decay of the b; meson. Supporters
of the 3P, model claim that this is a failure of the ’S,
model because the calculated decay width is approxi-
mately 30 times larger than the experimental data.’
However, if this large calculated decay width is reduced
by the short-range, repulsive final-state interaction, due
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to quark-exchange effects,' the S, model should not be
excluded.® Further investigations are needed to settle the
gg creation mechanism in the flux tube. The *P, model
has been extended to the strong decay of baryons,'!!?
and it gives reasonable explanations for the pionic decay
of baryons. It is interesting to investigate further the
strong decay of baryons and to relate it to the nucleon
structure research.

In this research I try to investigate 7N A dynamics in
terms of quark degrees of freedom as a first step to study
baryon structure with sea quarks (meson clouds) in the
flux-tube quark model. In Sec. II the 7NN and the TNA
couplings are derived from the flux-tube-breaking mecha-
nism, and implications for the A decay width, its mass,
and the Yukawa potential are discussed in Sec. III.

II. FLUX-TUBE BREAKING AND THE 7N A SYSTEM

Both 3S, and 3P, models are applied to the nucleon
structure problem. For details of the flux-tube-breaking
mechanisms, I refer the reader to Refs. 6, 7, 8, and 9. In
the following I briefly explain a basic approach. In the
flux-tube model of Carlson, Kogut, and Pandharipande,*
a baryon consists of three valence quarks and flux tubes
connecting them. This flux-tube configuration depends
on how the quarks are located, as shown in Fig. 1(a;) and
Fig. 1(b;) (see Ref. 4 for details). By creation of a ¢g pair
in the flux tube, a baryon (denoted as B) decays into an
another baryon (B') and a meson (M ), which is shown as
the quark-antiquark and the flux tube connecting them in
Fig. 1(a;) and Fig. 1(b,). This is the basic idea of creat-
ing “meson clouds” around a baryon. According to the
flux-tube model, the Hamiltonian to create a gg pair is
given by

A, AL _ _

~2”—Tf [ax,F(xilolxYa' X, xpp'x,x), @1
where a'(X,x)) [bT(X,x)1,i=1,2,3, is the quark [anti-
quark] creation operator at position X and spin state
X [x'1,AP are color-SU(3) Gell-Mann matrices, and their
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FIG. 1. Schematic figures of baryon decay. The flux tube is
denoted by a line, and its configuration depends on how the
quarks are located according to Ref. 4, as shown in (a,) and
(b,). By the creation of a g7 pair, the baryon decays into anoth-
er baryon and a meson.

color indices are shown in Fig. 2. In Eq. (2.1), the only
upper (lower) component of the Dirac spinor is taken for
the created quark (antiquark). F is an operator which de-
pends on the model, and it is F=Af in the S, narrow
flux-tube quark model,%® where T is the unit vector
(rj—r4)/|r;—r,| in Fig. 1(a;) and Fig. 1(b;) for i=1,

I

FIG. 2. Color indices of hadrons in a baryon decay.

and Ao(Ag=A/2,A, as given in Ref. 8) is a strength to
create the gg pair which is determined by fitting an exper-
imental decay width, for example, I'(p—mm). In this
narrow flux-tube model, the integration in Eq. (2.1) is
done along the straight line [dX;= [ :; dr. In the °P,

model, the operator is F=‘y(Pq _PE) where Pq(Pq) is the
relative momentum of the created quark (antiquark), and
Y is a pair creation constant. The integration is
JdXx,= [d’r y,(r), where y,(r) is a function to restrict
the pair creation region in Ref. 7.

Using the above gg creation Hamiltonian, we have the

matrix element of the baryon (B) decaying into a meson
(M) and the baryon (B’):

(MB'|H; |BY=C, 3 [{MB'|{xilo|x )a " (x})b" (X)) B ) lpinavor

[’ dPrydry [ dX,F Wipdk,r), 10,05, 1) W5 (1), 1 15) (2.2)

where Wy(r,,1,,13) is the space part of the baryon (B) wave function, ¥, (k,r;,r,r,,13) is the space part of the meson
(M )-baryon (B’) wave function, k is the relative momentum of the baryon (B') and the meson (M), and r;(i =1,2,3) is
the position where the flux-tube breaking occurs. In this equation, C is the color matrix element between color-singlet
hadrons, and it is a constant given by

Co= <M(cb)B’(lka) Yoo Aoy B(lkj)> —_4_ (2.3)
0 2 2 color 3‘/3 ’

where color indices are shown in Fig. 2. Suppose the internal angular momenta of the baryons and the meson are L =0,
we can take out the k dependence from the above spatial integral:

fd3r1d3r2d3r3 delF ‘I’X.IB'(k,r;,rl,rz,ra)Wﬂ(r],rz,r3)= AMB'B(k)k N (2,4)
where A,p 5(k) is defined by
AMB'B(k)=fd3r‘d3r2d3r3del%F-‘I/X,B.(k,r',,r,,rz,r3)‘PB(r1,r2,r3) . (2.5)

In this paper I study exclusively the wN A system which is important in nucleon structure research. Hereafter, B and
B’ denote the nucleon or the A. Using the pion spin-flavor wave function'3, we obtain
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) (2.6)

spin flavor

?)

where &, is the pion isospin vector, and o (i) and 7(i) are Pauli spin and isospin operators on the i quark. In deriving
this equation we should be careful about the phase convention of the antiquark. Using the nucleon and the A spin-

flavor wave functions,!® we obtain
LN v 6V (2J+1)2T+1)(2J'+1)2T'+1) =
B'| 3 Holi) B>=N Ny 2 (J'M;IS|IM, ) T' M| TI TM )
< ‘2 are (I8 T P T) SR T T
X 2 ( 1)1+J'+T'8 7 —;' J T ‘;- ]l
- ii' 11 ’ ’
- ey T
H(=DH2 +1)(25'+1) Sa Pl g g
.I .] % 1 jl J JI % T Tl % ’ (2.7)
r
where N, is the normalization constant given by Viar f-5'B o
B = 1 ’ = — h . k k'S *'T .
Ny=1/V'2and N, =1, and S is defined by Vopp(k) 2m* 20, M, -'8(K)k-Sp 7
(J'M,.|S|IM;) (2.14)
s TSI e i lng e . . | ot
=3 VaI 1 7t 7€y, (2.8)  Comparing these equations, we obtain the 7B’'B coupling
M

where €, is the spherical unit vector."* The matrix ele-
ment of isospin T is defined in the same way. Defining
the reduced matrix elements in the nucleon and A system
by

(118111)=v5,
(3118111 =2,
I8l =15,

(2.9)

in the same way for the reduced matrix elements of T, we
obtain

<B"2'T'(i)0(f)|B>=%DB'B<B'ITS|B> , (2.10)

where constant Dg.p is given by

Dyy=1, Dyy=(2)'72, Dy,=%. 2.11)

This is the well-known SU(6) symmetry for the coupling
constants in the 7N A system.
Substituting Eqgs. (2.4), (2.6), and (2.10) into Eq. (2.2),

we get the flux-tube-breaking interaction responsible for
the B — B’ transition:

(nB'|H,,|B)
=C0A1rB‘B(k)%DB‘B(BII‘Z;'Tk.SlB) . (212)

We define the semirelativistic (SR) matrix element by tak-
ing into account the V'm /E factor:8

mom. |17

[(#B'|H,,|B)1sg= E” i (mB'|H,|B) (2.13)
B'@r

and define the w7B'B vertex by V,_gpg(k)

=[(7B’|H;,|B)lsg/(2m)*/%2. This is conventionally

written as

constants

m3”? 5
fﬂB’BZT/—z——ﬂ_—-gCODB'BIAnB'B(k:())I (2.15)
and the 7B’'B form factors
172
mB' |AﬂB'B(k)l
h_pplk)= . (2.16)
ﬂBB( ) EB: lAﬂBIB(kzo)l

In the Kokoski-Isgur (KI) model, m3/? in Eq. (2.15)
should be replaced by m3/2\/m _mig /(m_mp.), where

m . and g are the pion and baryon B’ masses without
the spin-dependent quark potential. For example, they
are m_ =720 MeV (Ref. 7) and /iy =1141 MeV (Ref. 4).
In this way, coupling constants and form factors in the
mN A system are derived in the flux-tube quark model.

III. RESULTS

A. Numerical calculation method

Variational nucleon and A wave functions in Ref. 4 are
used for the numerical evaluation of the 7NN and 7N A
couplings derived in the last section. We should be care-
ful to normalize the wave functions in order to calculate
the 7N A vertex. The pion radius in the flux-tube quark
model is small, so that its wave function is approximated
by the Coulomb wave function ¢, (r)=C_e ¥ where
C, and p, are given by the pion rms radius R, as
u,=V'3/(2R ) and C,=pu3’?/V'r. Because the nucleon
and A wave functions are given by several variational pa-
rameters, we need to do ten- or twelve-dimensional nu-
merical integration by the Monte Carlo method. The
Metropolis method'® is used to sample the probability
distribution D(r},r,,1,,r;) and generate a set (r},r;,1,,I3).
In the flux-tube (FT) model, the distribution function is
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In the flux-
3/2

chosen as D(r;,r,1;)=[¥,(r,,1,13)]%
volume (FV) model, it is D(r},r,,ryr3)=(uo/m)

— L ) .
Xe MM Tem [Wp(r,,15r)]>. The constant uq is
chosen to provide a good accuracy for the numerical in-
|

\I’-rrN(kyrll’r]’rbr})=¢ﬂ(rﬂ)\pN(r’1yr2,r3) E (i)[(21+l)u[(krﬂN)P[(ﬁ'?ﬂ.N) Py

1

where r_y is the 7N relative coordinate, P,(i-?,,N) is the
Legendre polynomial of order /, and u,(kr_y) is the 7N
relative wave function. In Ref. 8 we assumed a hard-core
final-state interaction between mesons, which could be
justified as a quark-exchange effect. The same kind of
feature is expected for the short-range part of the pion-
nucleon final-state interaction; in fact, the hard-core size
(0.42%0.11 fm) is used to explain the low-energy S-wave
experimental data.'® In this paper the hard-core final-
state interaction between the pion and the nucleon with
radius C_y is assumed to take into account this feature.
In this description, the relative wave function is

u,(krﬂN)

cosd, j,(kr ) —sind;n;(kr_n) for r y>C.,y,

0 for r .y <C_n,
(3.2)

where j,(kr_y) and n;(kr_y) are the spherical Bessel and
spherical Neumann functions, and the phase shift 8, is
given by the hard-core radius C_y as

jl(kCrrN)
tand,; = ——-—— . 33
MO (K C ) e
The operator F in Eq. (2.5) is given by taking k=2
k- ZT
KF _ 2% i the %S, model (3.4)
k k
k-F 2, z,—z]
——=—yolor ¥y) |1+i T E—
K Vo\Or Yo kK -1
in the *P, model .  (3.5)

At first, the core radius C,y is determined to obtain
the 7NN coupling constant f_yy. As discussed in Sec. II
both the 3§, and 3P, models are examined. We also ex-
amine the location where the pair creation occurs. In the
flux-tube (FT) model, the gg pair creation occurs within
the straight line connecting r, and r4, as shown in Fig. 1.
On the other hand, the pair is created anywhere in the
neighborhood of parent quarks in the flux-volume (FV)
model. Furthermore, in order to examine how the results
depend on the pion radius, numerical results are shown
for R,=0.16 and 0.29 fm. Note that the effects of
color-magnetic interaction on hadron wave functions are
not very significant except for the pion case. The pion
rms radius shrinks to 0.16 fm from 0.29 fm due to color-
magnetic interaction.*

tegration, and u,=5.0/fm? is used. Taking 50000 ran-
dom points for the integration, we obtain a numerical ac-
curacy of better than 5%.

The final-state wave function in Eq. (2.5) is

(3.1

[
In Sec. III B, results for the coupling constant f_ya
and the form factor h_y,(k) are presented and flux-
tube-breaking effects on the A mass are discussed. In sec.
IITI C, results for the #NN coupling are presented, and a
possible explanation for the Yukawa potential is dis-
cussed. In Sec. III D, the results are summarized.

B. A decay width and mass shift

By using the mN A couplings derived in the last section,
we can study electromagnetic properties of the nucleon
and the A not only in the valence-quark part but also in
the sea quarks (pion clouds). For example, the sea quarks
(pion clouds) could have a dominant effect on the N — A
transition E2/M1 ratio.!” These sea quarks also carry
some of the nucleon spin by orbital angular momenta.'8
These problems are currently controversial issues. Fur-
thermore, strong interactions of the nucleon and the A
can also be investigated. The pion clouds play a crucial
role in the strong-interaction dynamics. As an example,
the A mass shift and its decay width are discussed in this
section. We know that a possible way to explain the 7N
elastic scattering data in the P;; channel is to couple the
bare A to the 7N continuum.!® Then, the physical A
propagator shown in Fig. 3 is given in terms of the self-
energy as GA(E)=1/[E—m,—2,(E)], and the self-
energy is

+
V‘ITBA(p)Vﬂ'BA(p)
+ __ _ B
E wp E,p

SAE)=73 [dp , (3.6)
B

where the intermediate baryon (B) can be N, A, N*, etc.

However, the 7N is the only open channel in the A reso-

nance region which provides the imaginary part of the A

self-energy. Expressing the above integral in terms of the

Cauchy principal integration and the delta function, we

have the real part which provides the A mass shift on res-
onance Ex =1232 MeV:

Visa(P)V pa(p)
Eg —a)p—E{P

»

8my=ReZ,(Eg)=3 P [d’p
B

(3.7

and we have the imaginary part for the A width:

FIG. 3. Physical A propagator in the flux-tube quark model.
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This lowest-order estimate would be sufficient at the
present level of sophistication in the flux-tube model.
The flux-tube quark models**>2?""?? studied for hadron
spectroscopy agree that the nucleon and A rms radii are
of the order of 0.4 fm, which roughly corresponds to the
MIT bag-type confinement radius of 0.8 fm. The cloudy-
bag model of this radius (0.8 fm) explains the A decay
width by including second-order pion effects.?® If the
confinement radius were large as 1.4 fm (rms radius 0.7
fm), the first-order pion effect would be enough to explain
the A width as it is done in the isobar model.!® Therefore
as the confinement radius, or the rms radius, becomes
smaller, many pionic effects become more important and
the perturbation approach becomes invalid. However,
the fact that the rms radius, 0.4 fm, calculated in the
flux-tube quark models is not very small, implies that the
perturbation approach is not nonsense.

At first, the core radius of the final #N interaction is
adjusted to obtain the =@ NN coupling constant

2 v =0.08, and the results are shown in Table I. In the
38 ,-FT-KI model with R, =0.29 fm, the *P,-FT-SR and
KI models with R ,=0.29 fm, and the *P,-FV-KI model
with R, =0.29 fm, it is impossible to obtain the coupling
constant (f2yy=0.08) by the repulsive final-state in-
teraction. Therefore, results are shown by taking C_5 =0
fm (no final-state interaction). The required core size is

_ d’q
(2T, +1)(2J,+1) 2333 S Ex
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where g=Iq| is given by Ex=w,+EY . This decay
width is equivalent to the one calculated by the first-order
perturbation theory using the flux-tube-breaking Hamil-
tonian in Eq. (2.2) or Eq. (2.12):

—wq—EY 2w|[(7N|H;, |8 Isr|* - (3.9

f

larger in the S, model (C,y=0.288 fm for R, =0.29
fm) than in the Py model (C,y =0 fm). Considering the
fact that we use the core radius 0.421+0.11 fm (Ref. 16)
for the 7N interaction, we find that the 3S,-FT-SR model
with R,=0.16, 0.29 fm, the *P,-FT-SR model with
R,=0.16 fm, and the *Py-FV-SR model with R_=0.16
fm have core radii of the order of this value. In these
models, calculated A widths agree well with the experi-
mental value 116 MeV. In the *P,-FT and FV-SR mod-
els with R, =0.29 fm, the width is underestimated by
40%. This is similar to the cloudy-bag-model*?* case, in
which the A width is underestimated in the first-order
calculation if the 7NN coupling constant is chosen to be

2 ww=0.08. We also find that it is impossible to explain
the A width by the *P,-FT and FV-KI models if we
choose R, =0.29 fm.

We find in Table I that C_y is very small (0.014 fm) in
the 3P,-FV-SR model with R ,=0.29 fm (model 8). This
means that the wNN coupling constant could be ex-
plained without the final-state interaction if we adjust the
pair creation constant (y,) to fit the p— 7w decay width.
Therefore, the results agree with the fact that the naive
3P, q7 pair creation model has been successful without
any final-state interaction as investigated by Le Yaouanc
et al.,’ Stancu and Stassart,!! and Miller.'? This research

TABLE I. Parameters in the flux-tube-breaking models. Coupling constants were determined to fit the p— 7 decay width in Ref.
8. The hard-core size of the 7N interaction, C,y, is determined to obtain f2,y=0.08. From the coupling constants (£, yn,f»va)
and the form factors (A yy(k ), na)) in Table II, the A width and the A and nucleon mass shifts (6m,,8my) are calculated. 8m,_y
is the mass-shift difference, 8m, —8my. a, is determined by h(k=V'v2—1 a;)=1 in order to compare with the conventional form
factor used in nuclear physics. 35, (*P,) denotes the S, (*P,) ¢g pair creation model, FT: flux-tube, FV: flux-volume, SR: semirela-
tivistic, and KI:Kokoski-Isgur. See text for explanations of these models.

R, Cox T, smy™  smyN, aghe arvy
Model Coupling (fm) (fm) (GeV) (GeV) (GeV) fana (1/fm) fann (1/fm)
Ao( fm)
(1) 3.S'I-FT-SR 79.0 0.16 0.441 0.13 —0.42 —0.02 0.739 4.9 fitted 49
(2) 3S,-FT-SR 31.1 0.29 0.288 0.12 —0.44 +0.06 0.679 5.9 fitted 6.1
3) 35, -FT-KI 5.85 0.29 0.000 0.072 —0.32 +0.22 0.504 7.2 0.241 7.7
'}_’0( fm )2
(4) 3P(,-FT-SR 2.24 0.16 0.292 0.11 —0.53 +0.21 0.646 6.3 fitted 6.4
(5) 3PO-FT-SR 1.48 0.29 0.000 0.064 —0.23 +0.22 0.481 6.6 0.250 7.1
(6) 3PO-FT-KI 0.279 0.29 0.000 0.014 —0.05 +0.05 0.227 6.6 0.118 7.1
Yo
(7) 3P,-FV-SR 7.55 0.16 0.205 0.11 —0.86 +0.86 0.609 8.5 fitted 9.1
(8) 3P,-FV-SR 1.97 0.29 0.014 0.073 —0.30 +0.48 0.510 7.0 fitted 7.7
9) 3PO-FV-KI 0.370 0.29 0.000 0.018 —0.07 +0.11 0.250 6.9 0.140 7.6
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extends their research by investigating other factors, such
as the different ¢7 pair creation models (*P, and 3S,), the
position of the pair creation (FT and FV), the pion rms
radius (R ), and the final-state interaction. In model 5
we find that the 7NA couplir\lfb constant is 7% larger
than the SU(6) value (f .y, =6V'2 f_yn/5), and this is in
agreement with their research (e.g., Ref. 12). However,
we should note that 30-50 % enhancement factors are
obtained in the other models, 1, 2, 4, and 7, as listed in
Table I, and these enhancements of f 5, make the calcu-
lated A decay widths agree with the experimental value.
In the zeroth-order flux-tube model spectroscopy,*2!2?
the magnitude of the color coupling constant «, is chosen
so that the spin-spin interaction provides the N —A mass
difference. In this research, I investigate sea-quark (or
meson-cloud) effects which have been neglected in the
valence-quark models. If the meson clouds are taken into
account, the A “bare” mass which should have been fitted
by the zeroth-order model is not 1232 MeV but it is
larger,19’23’24 1232 MeV —08m ,, where the A mass shift
dm, is negative. We should note that the nucleon also
acquires a mass shift &my. These mass shifts, which
come from the 7N channel [e.g., B=N in Eq. (3.7)], are
calculated by assuming the 7N final-state interaction
which is adjusted to fit the 7NN coupling constant, as
listed in Table I. The form factors are evaluated at
k=0,1,2,3,4,5,6,8,10,12,14,16,18,20/fm by the Monte
Carlo method, and the normalized ones are fitted by a
simple function 1/(14+k2/a,)". The form factor for the
3S,-FT-SR model with R, =0.29 fm is shown as an ex-
ample in Fig. 4. a, and n are obtained to fit the shape of
the form factor, and they are shown in Table II. In order
to compare with the conventional cutoff pa-
rameters, _we calculate «a, so as to satisfy
hk=VV2— la,)=1. Discussions on the cutoff param-
eter a, are made in Sec. III C. Using listed coupling con-
stants (f,yn and f_yy in Table I) and form factors
[h, nalk) and h,yy(k) in Table II], we obtain the mass

o

5 1IO 15 20
k(1/fm)

FIG. 4. The wNA form factor for the 3S,-FT-SR model with
R.=0.29 fm and C,y=0.288 fm is shown as an example.
Monte Carlo results of the 7NA form factor are shown by the
filled circles with error bars. The solid line is the fitting by
1/(1+k*/ak)" with n=1.69 and @, =5.37/fm.

TABLE II. Calculated form factors are fitted by the function
h(k)=1/(1+k?*/a%)". These form factors are used to evaluate
the A decay width and the A and nucleon mass shifts. See Table
I and text for explanations of the models.

a;rNA a:’NN

Model n™V8 (1/fm) n™N (1/fm)
(1 1.12 3.40 1.10 3.36
(2) 1.69 5.37 1.57 5.23
(3) 9.21 16.62 5.40 13.43
4) 1.31 4.86 1.22 4.74
(5) 6.50 12.60 6.00 13.01
(6) 6.50 12.60 6.00 13.01
7 1.71 7.69 142 7.34
(8) 8.33 15.34 3.60 10.81
(9) 10.32 16.79 4.18 11.50

shifts shown in Table I. Depending on the model, the A
and nucleon mass shifts are obviously between —200 and
—800 MeV, except for the *P,-FV-SR model with
R _=0.16 fm. These results are expected from the nu-
cleon size we have in the flux-tube model. This nucleon
(and pion) size determines an approximate value for the
cutoff parameter a,. Therefore, we can reasonably ex-
pect that the absolute value of the mass shift in the flux-
tube model is larger than that in the isobar model'
(90-213 MeV), and it is roughly equal to a cloudy-bag-
model value (319 MeV) calculated by Johnstone and
Lee.”> Obtained mass shifts agree with Nogami and
Ohtsuka’s results?® by noting that a relation between
their cutoff parameter (A) and the one used in this
research (a,), A=0.55a,=5./m, for a,=6.5/fm.

Calculated A mass shifts and N—A mass shift
differences due to the 7N intermediate state are listed in
Table I. It is impossible to draw any conclusions about
validity of the zeroth-order hadron spectroscopy unless
we calculate the mass shifts as coming from all possible
intermediate states. However, the mass shift differences
(8m Y ) listed in Table I give some indications. At first,
we notice that they are very dependent on details of the
model, such as the pion size, the location of a ¢g pair
creation, and the state in which the pair is created. They
are not very large (0-200 MeV) in the flux-tube (FT)
creation model, however, they are large (500-900 MeV)
in the flux-volume (FV) model. Because the calculated
mass shift differences are not, in general, small compared
with the N —A mass difference (292 MeV), the whole
zeroth-order hadron spectroscopy should be repeated by
taking into account the mass shifts due to the sea-quark
(or the meson-cloud) effects.

C. Yukawa potential

In the flux-tube model, the Yukawa potential could be
understood easily by the flux-tube-breaking mechanism.
At first, the 7NN coupling is evaluated and results are
shown in Table I. The conventional #NN form factor
used in nuclear physics is 1/(1+k?/a3)? and the cutoff
parameter is usually taken to be a,=4-6/fm (Ref. 26).
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FIG. 5. Model dependences of the 7NN form factor with
R,.=0.29 fm and C,y=0 fm are shown. The solid line shows
the interpolated form factor by the 3S,-FT model (a,=7.7/fm),
the dashed line by the *P,-FV model (@,=7.6/fm), and the
dashed-dotted line by the *Po-FT model (a,=7.1/fm).

We calculate the parameter a, so as to satisfy
h.yn(k=VV2—1a,)=1 in the flux-tube model. The a,
so obtained for all the models is listed in Table I. These
results for a, indicate that the cutoff parameters by al-
most all models considered here are close to the conven-
tional value (4-6/fm). However, the cutoff values in the
3P, model (a,~7/fm) are larger than the conventional
vlaues. In Table I, the obtained cutoff parameter is
smaller in the S; model (@,=6.1/fm for R,=0.29 fm)

k(1/fm)

FIG. 6. R, and C,y dependences of the 7NN form factor are
shown for the 3S,-FT model. The solid line shows the interpo-
lated form factor with R,=0.29 fm and C,y=0 fm
(a;=7.7/fm), the dashed line with R,=0.16 fm and C,5=0
fm (a,=8.1/fm), and the dashed-dotted line with R ,=0.29 fm
and C,y=0.288 fm (a@,=6.1/fm).

448

FIG. 7. Schematic figures of the Yukawa potential. A piece
of flux tube is broken off from a nucleon, the flux-tube propa-
gates as a pion, and it is attached to the other nucleon.

than in the *P, (a,=7.1/fm), and also smaller in the
flux-tube (FT) model (a,=7.1/fm) than in the flux-
volume (FV) (a,=7.7/fm). We should note that the
above argument is for the different final-state interaction
adjusted to fit the 7NN coupling constant in each model.
In the case of no final-state interaction (C,y=0 fm),
model dependences of the 7NN form factor are shown in
Fig. 5, where the pion rms radius is fixed at 0.29 fm. In
Fig. 5 we find that the form factor is softer in the *Py-FT
model than the one in the ’S,-FT, and the difference is
8a,=0.6/fm. The form factor in the *Py-FV model is
harder (8a,=0.5/fm) than the one in the *P;-FT model.
From these results, we find that the form factor is not
significantly dependent on the model (3S,, *P,, FT, FV)
we use. Dependences on the final-state interaction and
the pion radius are shown in Fig. 6, where the 3S,-FT
model is taken as an example. If the pion radius is small-
er (R,=0.29—0.16 fm), the form factor becomes slight-
ly harder (8a,=0.4/fm). The effects of a repulsive final-
state interaction are significant compared with others
(pion radius, ¢g creation models); in fact, the repulsive in-
teraction with a core radius 0.288 fm softens the form
factor significantly (8a,=1.6/fm). This tendency is the
same for the *P-FT model; however, it is opposite in the
3P,-FV model as shown in Table I.

In this flux-tube model, the Yukawa potential is ex-
plained by a piece of the flux-tube breaking off from a nu-
cleon, propagating as a pion, and attaching itself to the
other. By deriving a Breit interaction?’ for the process
shown in Fig. 7, we obtain the Yukawa potential de-
scribed by the quark model.

D. Summary

The results discussed above are summarized as follows.
(1) The hard-core size of the final 7N interaction, ad-
justed to explain the 7NN coupling constant in the 3S,
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model, is consistent with the one ( =0.4 fm) used for ex-
plaining the S-wave phase shifts. The core size in the P,
model is smaller than this.

(2) The N —A mass shift difference depends much on
the model; however the results indicate that it could be as
large as the N —A mass difference. Therefore, the color
coupling constant (a.), determined by the N —A mass
splitting, must be reexamined, and the flux-tube quark-
model spectroscopy should be repeated by including
these mass shifts.

(3) The cutoff parameter (a,) of the #NN form factor
depends strongly on the final-state interaction rather than
on the ¢gg creation models.

(4) a, in the S, model is consistent with the conven-
tional value (4—6/fm); however, the one in the 3PO model
is larger (=7/fm). a,(wNN) is slightly larger than
a,(mNA).

(5) In the analysis of the #N A system, it looks like the
3S,-FT-SR model is a suitable model; however, the
3Py-FT-SR model also gives a reasonable description if
we choose the pion rms radius as 0.16 fm. The naive *P,,

model obtains the 7NN coupling without the final-state
interaction as investigated before. In any case, it is still
too early to discriminate against these models, and we
had better think about other ways to evaluate these mod-
els more definitely.

(6) The Yukawa potential is explained by breaking a
flux tube from a nucleon and attaching it to another nu-
cleon in the flux-tube quark model.
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