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Role of pentaquark components in ¢ meson production proton-antiproton annihilation reactions
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The pentaquark component uudss is included in the proton wave functions to study ¢ meson production
proton-antiproton annihilation reactions. With all possible configurations of the uuds subsystem proposed for
describing the strangeness spin and magnetic moment of the proton, we estimate the branching ratios of the
annihilation reactions at rest pp — ¢X (X = 7%, 5, p°, w) from atomic pp S- and P-wave states by using
effective quark line diagrams incorporating the 3P, model. The best agreement of theoretical prediction with the
experimental data is found when the pentaquark configuration of the proton wave function takes the flavor-spin

symmetry [4]gs[22]F[22]s.
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I. INTRODUCTION

The apparent Okubo-Zweig-lizuka (OZI) rule violation
in ¢ production nucleon-antinucleon annihilation reactions
suggests the existence of strange quarks in the nucleon
[1,2]. There are also other experimental results indicating
the strangeness content in the nucleon; for example, the
strange quark-antiquark contributions to the electric and
magnetic strange form factors of the nucleon in parity violation
experiments of electron scattering from the nucleon [3]. The
strangeness magnetic moment u, is obtained by extrapolating
the magnetic strange form factors G'}W(Qz) at momentum
transfer Q% = 0, which suggests a positive value for y, [4], but
most theoretical calculations in the 3¢ picture of the proton
derive a negative value for this observable, as reviewed in
Refs. [5,6].

There is an interesting work in which the strangeness
magnetic moment of the proton is studied by including
the pentaquark component uudss, in addition to the 3g
component (uud), into the proton wave function [7]. It is
shown in Ref. [7] that almost all 5g configurations give the
strangeness spin contribution o, a negative value, consistent
with the experimental and theoretical indications of the spin
structure of the proton [8]. However, only the 5¢g configu-
rations, where the subsystem wuuds is in the S state but the
§ is in the P state relative to the wuuds subsystem, result
in negative values for u;, while positive values for u, are
found in the 5¢ configurations where the subsystem wuuds is
in the P state but the § is in the S state relative to the uuds
subsystem. The proposed pentaquark picture has been applied
to other works such as the estimation of the admixture uudss
component in the nucleon wave function with the strangeness
form factor of the proton [9-11], the study of the amplitudes
for the electromagnetic transition y*N — N*(1535) [12], and
the electromagnetic decay of the N (1440) resonance [13,14].

The recent report by the LHCb Collaboration [15] of
two charmonium pentaquark states P.7(4380) and P."(4450)
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has cast more light on the works in which the pentaquark
configuration is considered a possible component of the
nucleon.

In the present work we study ¢ meson production
proton-antiproton annihilation reactions pp — ¢X (X =
7%, 1,0°,0), considering all possible uudss configurations for
the proton wave function in addition to the 3g component.
In our previous work [16], the proton-antiproton annihilation
reactions have been studied with the 5¢ components in
three models, namely, the uud cluster with a s5 sea quark
component, kaon-hyperon clusters based on the chiral quark
model, and the pentaquark picture uudss where the subsystem
uuds is in the S state but the § is in the P state relative to
the uuds subsystem, resulting in negative values for the o;.
In the case of the pentaquark picture, two configurations of
uudss, the mixed flavor-spin symmetries [31]ps[211]£[22]s
and [31]gs[31]F[22]s, were considered, since these two con-
figurations result in negative values for o, and u,. For the
atomic pp S-wave states, the theoretical branching ratios in
comparison with experimental data were discussed and listed
in Table III in Ref. [16].

There are 15 possible 5¢g configurations, where the subsys-
tem uuds is in the P state but the § is in the S state relative to
the uuds subsystem, resulting in negative values for the oy. It is
shown in Ref. [7] that the configuration with [4]gs[22]F[22]s
flavor-spin symmetry is likely to have the lowest energy. In this
work, we study the proton-antiproton annihilation reactions
from atomic pp S- and P-wave states, focusing on these
15 configurations. The paper is organized as follows. Proton
wave functions with various 5¢ component are constructed in
Section II. In Sec. III we evaluate the branching ratios for the
reactions pp — ¢X. Finally a summary and conclusions are
given in Sec. IV.

II. PROTON WAVE FUNCTIONS WITH
PENTAQUARK COMPONENTS

According to the OZI rule, violations in the NN annihila-
tion reactions involving the ¢ meson suggest the presence of
an intrinsic 55§ in the nucleon wave function. The proton wave
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function with the addition of uudss components to the uud
quark component have been written generally in the form [17]

|p) = Aluud) + Bluudss), @))]

where A and B are the amplitude factors for the uud and uudss
components in the proton, respectively. It is suggested that the
strange quark contribution to the strangeness o term appears to
lie somewhere in the range of 2—7% of the nucleon mass [18].
Therefore, the strangeness admixture can be treated as a small
perturbation in the proton wave function, that is, B> < AZ.
However, the five-quark component is the main contribution
to the ¢ production in p p annihilation. The 5¢ states may be
constructed by coupling the uuds wave function with the § one.

In the language of group theory, the permutation symmetry
of the four-quark configuration is characterized by the Sy
Young tabloids [4], [31], [22], [211], and [1111]. That the
pentaquark wave function should be a color singlet demands
that the color part of the pentaquark wave function must be a
[222]; singlet. The color state of the antiquark in pentaquarks is
a[11] antitriplet, thus the color wave function of the four-quark
configuration must be a [211]5 triplet,

2] 3

. 4 - 4
X, @) = ) Xf211]p(q )= )

BEE

4]

Xoin, (@) = 2

Slel=] E=[

The g* color wave functions can be derived by applying
the A-type, p-type, and n-type projection operators of the
irreducible representation IR[211] of the permutation group
S4 in Yamanouchi basis onto single-particle color states. The
details can be found in Ref. [19] and Appendix A. The singlet
color wave function of the pentaquark at color symmetry
pattern j = A, p,n is given by

1 c D c 2 c D
X[gzz],- = ﬁ[X[zn]j(R) R+ %113,(G) G + X211, (B) B].
(3)

The total wave function of the four quark configuration is
antisymmetric, implying that the spatial-spin-flavor part must
be a [31] state. The total wave function of the g* configuration
may be written in the general form

- f
Y = Z aij X[L2111in03811/' “)

i,j=k,p.n

The coefficients a;; can be determined easily by applying the
IR[31] and IR[211] of the permutation group S, in Yamanouchi
basis onto the equation. The total wave function of the ¢*
subsystem takes the form

1 - f - i - f
Y = %(XILZHIAXI%SW = X, X1y, + szn]nX|°3sll,,)- o)
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TABLE 1. Spatial-spin-flavor configurations of ¢* clusters.

[31]osk
[4]0 [31]sk
[1111]0 [211]sk
[22]0 [31]sk,[211]sE
[211]0 [31]sr, [211]sF, [22]sE

[31]o [4]sp, [31]sE.[211]sE, [22]sE

The spatial-spin-flavor and spin-flavor states of the g* cluster
in the above equation can be written in the general forms

sf sf
X[%S]] = Zaij)([ox]i)([y]i’ (6)
ij

f f
Xiz) = E :“iJX[xl,-X[sY],-’ %)
ij

where x/, Xl:f ,and x; are respectively the q4 spatial, flavor,
and spin wave functions of symmetry (S), antisymmetry (A),
A type, p type, and n type. The possible spatial-spin-flavor
and spin-flavor configurations and explicit forms of the wave
functions are determined by applying the Ss representations in
Yamanouchi basis. Listed in Tables I and II are respectively the
possible spatial-spin-flavor and spin-flavor configurations.
According to the requirement of positive parity for the
proton wave function, if the wuuds subsystem is in the
ground state then the relative angular momentum between
the subsystem and the § must be odd. For the uuds subsystem
in the ground state, the spatial part of the subsystem takes
the [4]p symmetry and hence the spin-flavor part must take
the [31]gs symmetry as shown in Table I in order to form
an antisymmetric spatial-color-spin-flavor uuds part of the
pentaquark wave function. If the spin symmetry of the uuds
subsystem is described by [22]g corresponding to spin 0,
the flavor symmetry representations [31]r and [211]r may
combine with the spin symmetry state [22] to form the mixed
symmetry spin-flavor states [31]gs as shown in Table II here
and in Ref. [7]. In this case, the 5¢ component may be written

TABLE II. Spin-flavor configurations of ¢* clusters.

[4]Es
[22][22]5 [31]F[31]s [41£[4]s

[31]es
[31][22]s [31]F[31]s [31]F[4]s [211]F[22]s
[211]4[31]s [22]#[31]s [41F[31]5

[22]gs
[22]F[22] [22]F[4]s [41F[22]5 [211]F[31]s
[31]#[31]s

[211]gs
[211]7[22]s [211]#[31]s [211]¢[4]s [22]F[31]s
[31]F[22]s [31]#[31]s
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in the general form

_ 1 1 _
Jundss) = Him> ® |1,M>Lmilﬁ(x[€zzh (5xgn,)
— X221, 5 XB1,) + X6, (5X5313,)) @®)

where (%,m5q) denotes the spin of the 5¢ component. The
spin state of § and the angular momentum ¢ = 1 are denoted
by |%,m5) and |1,u), respectively. The function Xgﬁ]wm
represents the coupled spin-flavor part with the mixed sym-
metry [31]gs. The 5¢ component with the configurations
[31]gs[211]F[22]s and [31]ps[31]F[22]s results in negative
values for o, and u, [7].

For the P-state uuds subsystem, in the language of group
theory, the orbital angular momentum ¢ = 1 means that the
spatial wave function of the subsystem has the mixed symme-
try [31]¢o. Therefore, the possible spin-flavor configurations
are [4]gs, [31]gs, [211]gs, and [22]gs, as shown in Table II,
which couple with the [31], spatial state to form the [31]osF
spatial-flavor-spin components of the uuds subsystem. There
are three possible spin symmetries of the wuuds subsystem:
[22]s, [31]s, and [4]s representations as shown in Table I,
corresponding to spin § = 0, 1, 2, respectively. For this case,
the full wave functions of the 5¢ component will be presented
in Sec. III.

III. THE NN TRANSITION AMPLITUDE AND
BRANCHING RATIOS

In this work we study the annihilation reactions NN —
Xop(X = no,n,po,w) with the effective quark line diagram
for the shake-out of a ¢ meson from the 5¢ component, as
described in Fig. 1 [17].

According to the quark diagram, the transition amplitudes
from the 5¢ component |uudss) and the antiproton |iiiid) wave
function in the momentum space representation are given by

TA1=2AB/d3qI ...d3q8d3ql,...d3Q4/<¢X|§]/~..g4/>

X (Gr - Gu|Oa,1q1 - - - Gs) (G - - - Gs|(uudss) @ (iid)).

9
1 > > 1
2 — «— 2 ¢
uudss{ 3
4
K
6 J
D 3 .
P{; ) — 7 X

A

1

FIG. 1. The quark line diagram corresponding to the production
of two meson final states in p p annihilation [17,20]. The dots refer to
the effective vertex of the P, for ¢4 pairs destroyed with the quantum
numbers of the vacuum: 3P, isospin I = 0, and color singlet [21].
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The effective operators Oy,, corresponding to the quark line
diagram, take the form

Oa, = 24,891 — §1)8P(G> — 32987 (@3 — G3)8®

x (gs — gu)VPvY, (10)

where A4, is a parameter describing the effective strength of

the transition topology which can be fitted by experimental
data. The 3P, quark-antiquark vertex is defined as

V=3 ol Y — G)80 G + =D, ()
"

where o/ .. 1s the spin operator for destroying ¢;G; pairs with
spin 1 whlle Y1,(q) is the spherical harmonics in momentum
space [22]. The unit operators in flavor and color spaces are
denoted by 1'; and 1CJ, respectively. Nevertheless, if the 5¢
component is treated as a small perturbative admixture in
the proton (B? « 1), the transition amplitude with the term
(@1 - - - Gs|(uudss) ® (itiidss)) corresponding to the rearrange-
ment process [17] can be ignored. The wave functions of the
mesons M (¢ and X) and p (§°) and g*g states are given in
Appendix B.

In the present work we consider the ¢ meson production
pp annihilation reactions with the 5¢ component for the
case of the subsystem uuds in the P state. Fifteen possible
configurations of uudss will be considered. In order to
involve relative motion, we choose the plane wave basis
for the relative motions of P p and ¢X in the center-of-
momentum system: 8°)(gy + > + g3 + g4 + g5 — k)8(3>(k +
ds+ 47 +gs) and 879G — qv — @2)87(G + Gy +Gy),
spectively. In the low-momentum approximation, as done in
Ref. [16], the leading order of the transition amplitude TSP(PS)
forthe Sto P (L=0,£y=1)and Pto S (L =1, Ef_O)
transitions from the initial state |i) to final state | f) with the
quark line diagram A; can be obtained as

SP(PS)( k)

= 2ABs Nrtq' k" exp{—Q7q” — QU (£104,1i),
(12)

where N = NyNx N4 Ny and

(f104,li) = (f] ZH)”“ o264 13014713614
x Z QSP(PS) ,s};(PS)(V,M,)»,L,M,lf,mf)|i),
(13)
is the spin-color-flavor weight. Here Q,%,Q2 and Qrsnpff5> are

geometrical constants depending on the meson and baryon
with f5PFS)(v, A, L .M I;,m) being the spin-angular mo-
mentum functions as shown in Appendix C.

In this work, we choose the radial parameter of the internal
meson wave function Ry, = 4.1 GeV~!, corresponding to the
rms radius (r2 )Swave = 0.5 fm of the gg system [22]. For
the radial parameters of the proton, we use Rg = 3.1 GeV™!
for the ¢> wave function, leading to the rms radius (r>)!'/? =
0.61 fm for the ¢ component of the nucleon [23]. There
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is no solid evidence of the existence of a pentaquark state
and, therefore, we have indeed no reliable knowledge of the
length parameter of the ¢g° wave function. The simplest way
is to use the same length parameter for the ¢°> wave function,
that is, R = 3.1 GeV™', which results in the rms radius
(r?)12 = 0.67 fm for the ¢° component. Considering the small
contribution of the q5 component, the combined rms radius of
the nucleon is almost the same as the rms radius of the ¢°
component.
The initial state |i) and final state | /') can be written as

i) = {x1m Jaad)}g o ® (LM)), ., (14)
1) = HX1m@® @ Ky o X}, @ Cpmp)), o (15)

where X1 ms, (uudss) is the spin-flavor-color part of the 5¢
component, L and /; are respectively the initial and final orbital
angular momenta, J is the total angular momentum, and [ is
the isospin. The matrix element ( f|O4, |i) can be evaluated by
using the two-body matrix elements for spin, flavor, and color,
corresponding to the 3Py quark model,

o, Uudss) ® x1

(O | Jond ) = 8518y —0(— 1D V2, (16)
(O x G ) = b1,,.084,.07 2. (17)
and

(O11¢ ], 3}) = Sap. (18)

where o and B are the color indices.

Since we consider pp annihilations at rest, the proton-
antiproton wave function is strongly correlated due to the NN
interaction [24,25]. Therefore the initial state interaction for
the atomic state of the pp system has to be involved [23],
resulting in the transition amplitude

Ti(§) = f Pr TG ol s k). (19)

where ¢{SJ(1}') is the protonium wave function in the momen-
tum space for fixed isospin /. With the transition amplitude,
the partial decay width for the transition of pp atomic states
to two-meson final states ¢ X can be calculated by

1 [ &pydipx
2E | 2E4 2Ex

X |Tri(@)N?, (20)
where E is the total energy (E = 1.876 GeV) and Ey x =

/mé’ x + ﬁé x 1s the energy of the outgoing mesons ¢ and

X with mass mg x and momentum py x. With the obtained
transition amplitude given by Egs. (12) and (19), the partial
decay width for the transition from the p p atomic state |i) =
[ILSJ) can be written as

Tpigx = [ABPPAL f(@.X)(f104,1) (D). (21

Here, the function f(¢,X) is the kinematical phase-space
factor depending on the relative momentum and the masses
of ¢X system, while y;(I) is the factor depending on the
initial-state interaction. Thus, the branching ratio BR of the

Cppsex = —28%(py + px)S(E — E4 — Ex)
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annihilation reactions at rest pp — ¢ X(X = 7% 1, 0% ) can
be expressed as

Q7 + DT pjpx

BR;(¢,X) = o)
tot

) (22)

where (2J + 1) are the statistical weights corresponding to the
initial values of the total angular momentum J. The fraction
I'ot(i) denotes the total annihilation width of the pp atomic
state with fixed principal quantum number [26].

The functions y;(I), depending on the initial-state inter-
action, are related to the probability of a protonium state to
have isospin / and spin J. We adopt the probability y;(/)
and the total decay width I'i,(J) obtained in an optical
potential calculation [24,26]. The model dependence due to
the harmonic oscillator approximation may be reduced by
applying a simplified phenomenological approach for NN
annihilation [20,27]. Instead of the obtained kinematical
phase-space factor f(¢,X), we use the phenomenological
form,

F(@,X) = qexp{—12GeV ' (s —spx0)'?},  (23)
where syx = (mg + mx)"/? and /s = (mé +¢H)'"? + (m% +
¢*)'/?. The kinematical phase-space factor in Eq. (23) has been
fitted to the cross section of various annihilation channels
[28]. Other alternative correcting factors can be found in
the literature. For instance, one may use the phase-space
factor pF' Lz(q), where F(q) is the so-called Blatt-Weisskopf
damping factor depending on the final state orbital angular
momentum L, to account more or less for the final-state
interaction in p p annihilations into two mesons. The explicit
forms of Fy(g) can be found in Table IV in Ref. [2]. For
the annihilation reactions in this work, however, F (q) simply
take the value 1, as the final momentum is much higher than
the so-called cutoff momentum, 197 MeV. Both the phase-
space factor in Eq. (23) and the Blatt-Weisskopf damping
form have merits in the investigation of the low-energy pp
annihilations, but it is clear that the factor in Eq. (23) is more
suitable to the present work.

The obtained theoretical results for branching ratios of
Eq. (22) for each uudss configuration of the S to P (L =0,
£y =1)and Pto S (L =1, £; = 0) transitions are compared
with the experimental data (BR®*P) in Tables III and IV, re-
spectively. To eliminate the factor |A B|*A% which is unknown
a priori, the model predictions of one entry (as indicated by «)
have been normalized to the experimental number. Therefore,
the obtained branching ratios cannot be used for estimating
the pentaquark content (the coefficient B) in the nucleon.
For the transition p p — ¢n, the physical n meson is produced
by its nonstrange component 1,y with n = 1,4(y/1/3 cos6 —
+/2/3sin6), with the pseudoscalar mixing angle 6 varying
from —10.7° to —20°. As shown in Tables III and IV, the
model predictions with flavor-spin mixed symmetry [4]rs are
in good agreement with the experimental data. Especially,
excellent agreement is found in the configuration with flavor-
spin symmetry [4]gs[22]7[22], which gave branching ratios
consistent with the experimental data for both the S to P and
P to S transitions.
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TABLE III. Branching ratio BR (x10*) for the transition pp —
¢X (X =7%n,0°%w) in pp s-wave state annihilations at rest, with
the initial state denoted by 2/*1:25*!L ;. The results indicated by %
have been normalized to the experimental values.

HSO_)wd) 33S1—>7l'0¢ 31S0_>p0¢ 13S1_>77¢

BReXP 63+£23 55+07 34+10 09+03
[41122]122] 6.3% 5.4 3.8 14-18
[41(31][31] 6.3% 5.4 3.8 1.4-18
[31][211][22] 6.3% 43 3.8 1.9-2.5
[31][211][31] 6.3% 3.8 2.7 1.2-15
[311[22][31] 6.3% 5.9 4.9 1.0-1.4
[311131]22] 6.3% 73 3.9 0.90-1.0
[22]1[211][31] 6.3% 181.2 97.5 44.0-57.6
[311[31][31] 6.3% 10.0 6.3 2.7-3.6
[22]1221122] 6.3% 0.85 3.4 53-6.9
R11][211][22] 6.3 0.85 35 53-6.7
R11][211][31]  6.3% 7.7 4.0 3242
[22](31][31] 6.3% 45 2.3 2229
[211][22][31] 6.3% 181.2 97.5 44.0-57.6
[211][31][22] 6.3% 0.85 35 53-6.9
[211][31][31] 6.3% 0.24 0.17  0.090-0.11

IV. SUMMARY

We have estimated the branching ratios of the annihilation
reactions at rest pp — ¢X (X = n%n,p° w) from atomic
pp S- and P-wave states in the effective quark line diagrams
incorporating the *Py model. The proton wave functions are
assumed to include the intrinsic strangeness in the form of
qqqss components. Considered in the work are 15 gggss
configurations, where the subsystem uuds is in the P state but
the § is in the § state relative to the uuds subsystem, since

PHYSICAL REVIEW C 93, 025201 (2016)

It is shown in Table IIl that the theoretical results
with flavor-spin symmetries [4]gs[22]#[22];, [4]rs[31]#[31];,
[311ps[2111#[31]s, [311rs[22]£[31]s, and [31]ps[31] £ [22]; for
the pentaquark components are consistent with the experimen-
tal data for pp annihilation in the S wave. Table IV shows
that for pp annihilation in the P wave the pentaquark con-
figurations with flavor-spin symmetries [4]rs[22]r[22]; and
[31]gs[211]£[22]s lead to theoretical predictions consistent
with the experimental data. Therefore, one may conclude that
the best agreement of theoretical results with the experimental
data is found in the pentaquark configuration with flavor-spin
symmetry [4]s[22]#[22];.
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APPENDIX A: COLOR WAVE FUNCTIONS
OF ¢* CLUSTERS

The ¢* color wave functions can be derived by applying
the A-type, p-type, and n-type projection operators of the
irreducible representation IR[211] of the permutation group
S4 in the Yamanouchi basis onto single-particle color states.
For the product state RRG B, for example, we have,

P11, (RRGB) = xp5py, (R),

c
these configurations lead to negative strangeness spin o, and P, (RGRB) == i, (R). (Aab
positive magnetic moment ;. Ppi,(RGBR) = x5, (R),
TABLE IV. Branching ratio BR (x 10*) for the transition pp — ¢X (X = n°%n,0% w) in pp p-wave state annihilations at rest.
BPyi2— 0% P — 1% B Py — 0 "P— n¢
BR®P 3.7+£09 0+4+0.3 29+ 14 04+02
[4][22][22] 3. 7% 0.31 1.6 0.10-0.14
[4][31][31] 3. 7% 5.3 0.36-0.47
[31][211][22] 3. 7% 0.48 1.3 0.17-0.22
[31][211][31] 3. 7% 6.1 0.55-0.71
[31][22][31] 3. 7% 0.65 5.1 0.18-0.23
[31][31][22] 3. 7% 0.22 2.5 0.067-0.087
[22][211][31] 37% 0.012 0.23 (1.2-1.5)x 105
[31][31][31] 3. 7% 0.76 2.4 0.26-0.34
[22]122][22] 3. 7% 0.0029 13 0.0061-0.0080
[211][211][22] 3. 7% 0.0029 13 0.0061-0.0080
[211][211][31] 3. 7% 0.0029 3.6 0.23-0.30
[22](31][31] 3. 7% 5.1 x107* 2.2 0.16-0.20
[211][22][31] 37% 0.012 0.23 (1.2-1.5)x 1075
[211][31][22] 3.7% 0.0029 13 0.0061-0.0080
[211][31][31] 3.7% 7.4x107* 0.63 0.0062-0.0081
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with expressed in terms of the quark momenta as
_ 1 . P _
Xpu, (R) = ﬁ(ﬂRRGB) — 2|RRBG) — |GRRB) (girqi|M) = om(qi,q;)xm(qq)
Ry, . .
— |RGRB) — |BRGR) — |RBGR) + |BRRG) = NMexp{—?M(qi, — C]j’)z}XM(CIQ),
+ |GRBR) + |RBRG) + |RGBR)), - ... 3
| (geqrgsliid) = ¢;(q6.97,98)X5(G")
szmﬁ(R) = ——(3|RGRB) — 3|GRRB) + 3|BRRG) 2

/48
— 3|RBRG) + 2|GBRR) — 2|BGRR) — |BRGR)
- > 2-» 2
+|RBGR) + |GRBR) — |RGBR)), N W] } @, @B
1
——(|BRGR) + |RGBR) + |GBRR
\/6(| . . ) respectively, where Ny = (R3,/7)** and Ny = 3R%/m)*/?,
— |[RBGR) — |GRBR) — |BGRR)). (A2)  With Rqy p) being the meson (baryon) radial parameter.
Here, xx(qg) and x3(g>) denote the spin-flavor-color wave
function, [S] ® [F] ® [C]. Note that the internal spatial wave
functions are approximated as the harmonic oscillator forms.
In case of uuds quarks in their ground state with the spatial

The wave functions of the mesons M (¢ and X), p (7°), state symmetry [4]o, the full 5¢ component wave function is
and ¢*g systems, which are employed in this work, can be given by

Ryl - .
NBGXP{ —TB [(fh —gs)’
X[Czn]n(R) =

APPENDIX B: WAVE FUNCTIONS OF MESONS, ¢°,
AND ¢*G SYSTEMS

J

. _ - - G2+ @3 + Ga + gs — 44
(q1-..q5\uudss) = Quuass(q1, - . - ,CIS)Y1u< /30 )Vfuudss, (B2)
with
. Riusl - - (G2 + G5 — 244)*
Puudss(@15-G5) = Nuudss exP{—T"[(qz — )"+ s
(G2 +G3+da —3G5)* (G2 +G3 + qs + Gs — 4G1)*
+ g + 10 , (B3)

where V,,455 1S the spin-flavor-color wave function as defined in Eq. (8).

The 5¢g wave function for the uuds subsystem with orbital angular momentum £ = 1 can be constructed systematically in the
group theory approach mentioned in Sec. II. For instance, for the simplest case where the spin-flavor part of the ¢* subsystem
takes the [4]rs symmetry, the wave function takes the form

(stﬂﬁl T 65) = Qouudsi(als ce a&S)wuudﬂs (B4’)
where @,ua5(q1, - - - ,g5) has the same form as that shown in Eq. (B3). Here, 1,45 representing the spatial-spin-flavor-color wave
function of the 5¢ component is derived as

1 = FS fole
Vidss = Z Hz,mé> ® [s X[4]s4,,,m4[, (uuds) ® Xe’li]hq,mzw ] , (BS)
J4q 7:Msq
where
1 52—673> <§2+§3—2§4> G2 + 43 + G4 — 3Gs
fole c c C
Xip = —7=| Xz, ¥ <— —Xpop, Yl — = | + X202, ¥ (B6)
1 \/§|: [222], £ 1n ﬁ [222], " 1n «/6 [222], * 1u m

for £ =1, and J4; = £ ® Sy is the total angular momentum for the uuds subsystem.
There are three configurations for the q4 spin-flavor symmetry [4]gs, that is, [22]¢[22]s, [31]#[31]s, and [4]r[4]s as shown
in Table II, and hence three ¢* spin-flavor wave functions X[fﬁ as follows:

FS _ JF S FS _ JF S
K4l = § :“ux[zsz[zz]jv Xdls, -1 = 2 :a’JX[Sl]fX[31]/’
ij ij

i
FS F S
Xdlsy— = Z“UXM],-XMI,-- B7)
iJ
It is an easy task to determine the coefficients by applying the S, representations in Yamanouchi basis onto the above equations.
The explicit forms of the spin and flavor wave functions can be work out in the approach of projection operators as shown in

Sec. II for the color wave functions.
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ROLE OF PENTAQUARK COMPONENTS IN ¢ MESON ...
APPENDIX C: THE SPIN-ANGULAR MOMENTUM
FUNCTIONS AND THE GEOMETRICAL CONSTANTS

The spin-angular momentum functions f57FS (v, u,
AL, M,l;,my)in Eq.(13) are given by

lS,El’ = 12 - fl 3 —( 1)V8A —v(S,u_mfv

= = o = (=18 v8rm,

o= fan = fys = (=1 8 18um,, €1
=A== DS 8w

2= 22—f23—( D8, 80—,

PS __ ,PS

30 = T30 = 33—( DS, 380 —m-

The geometrical constants Q7, Qf] and 57", in Eq.(13),
depending on the meson and baryon size parameters, are given
as follows:
4
2 Ry,

RZ RZ
Qk = M

uudss

9(3(R% + RM&) +2R2,) HETIMENT

2 12R2 (R121/1+6Ruudss)+Ruudss (28R%/I+15R2+25Ruudss)

- 32(3R2 + 2R2 + 3Ruudss) ,
QSP — _ V3B + 483 + 44+ 3)205 — 04203 + O4)
e 801030; ’
QSP :_\/5(,33 + B4+ D203 — 04)(203 + Q4)
- 2Q2 Q3 Q4
o __V3Bi(403 + 0)
M 203030
QP _ f (B> + B3 — 2B (403 — 0F)
T 403010] ’
o3+ B+ DR+ 0]
o 03030} ’
[ﬁ4 203 - 0%)
Q2Q3 Q4 '
QP — 3B — B3 (403 — 03)
4/203030]
se_ 3Bstphit])
2T 2V2050307
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SP __ 3:34
33— ’
2v203030;
Qrs = _ Y3l + das + dou — 3403~ 0F)
* 8030303
ars = V3(es + s — D403 — 03)
’ 2030305
* 2030305
s 3+ oy = 2a)(403 - o)
’ 4030303
3
s SR +as - (203 + 03)
’ 030305
3 2 2
s Jieu(203 - 03)
* 030305
Qs = 3o — a3)(403 — 03)
’ 4v2030303
szs'; _ _3(0{3 +as—1)
- 232030503
30[4
QS = (C2)
T 2v2030303
where
2 R2
Q2 = T + Ruudv\"
1
0 = 4[2R2 +3(R; + Riss) -
Qézl = Ré + Ruudss’
ay =0,
_ _R2 Riudvc
o3 = 3 3 s
2RM + 3R + 3Ruudss
_R2 - RZ Rl%udss
a4 = 2 2 ]
2R, +3R%+3R%,,.
B =1/2,
ﬂ _ R12l4 + 3R2 + Ruudss
> 2R, +3R3+3R%,.
R2 + 2RMM 55
Bs = i = (C3)

2(2R§4 +3R% +3R%,.:)
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