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ABSTRACT IN ENGLISH

Apparent channel-dependent violations of the OZI rule in nucleon-antinucleon anni-
hilation reactions are discussed in the presence of an intrinsic strangeness component
in the nucleon. Admixture of s§ quark pairs in the nucleon wave function enables
the direct coupling to the ¢ - meson in the annihilation channel without violating
the OZI rule. Three models are considered in this work for the strangeness content
of the proton wave function, namely, the uud cluster with a ss sea quark compo-
nent, kaon-hyperon clusters based on a chiral quark model, and the pentaquark
picture uudss. Nonrelativistic quark model calculations reveal that the strangeness
magnetic moment ug and the strangeness contribution to the proton spin o, from
the first two models are consistent with recent experimental data where ps and
o, are negative. For the third model, the uuds subsystem with the configurations
[31]Fs[211]r[22]s and [31]rs[31]F[22]s leads to negative values of ps and og. With
effective quark line diagrams incorporating the 2Py model we give estimates for the
branching ratios of the annihilation reactions at rest pp — ¢X (X = 7%, 0% w).
Results for the branching ratios of $.X production from atomic pp s-wave states are
for the first and third model found to be strongly channel dependent and in good

agreement with measured rates.

I11



Contents

1 Introduction

2 Proton wave functions
2.1 Proton wave function with an explicit s§ sea-quark component
2.2 Proton wave function based on a chiral quark model . . . . . . . ..
2.3 Proton wave function including general configurations of the uuds

subsystem . . . ... Lo
3 Strangeness magnetic moment and spin of p
4 NN transition amplitude
5 Conclusions
Appendices
A Transition amplitude of proton with ss
B Transition amplitude of proton from ChQM
C Transition amplitude of proton with ¢*g
D The construction of the ¢*¢ wave functions

E Curriculum Vitae
E.1 Prof. Dr. Yupeng Yan . . . . . . .. ... ... ... .. .. ... .
E.2 Prof. Dr. Prasart Suebka . . .. .. ... ... ... .. .......

E.3 Dr. Sorakrai Srisuphaphon . . . .. ... ... ... ... ... .

v

11

19

23

24

29

35

38



CONTENTS

F Publications

62



List of Figures

4.1 Quark line diagrams for the production of two meson final states in
pp annihilation. Small circles refer to the effective vertex of the 3P,
quark dynamics for ¢q annihilation. The first diagram corresponds
to the shake-out of the intrinsic ss component of the proton wave

function [4, 17]. . . . . . . .o

VI



List of Tables

3.1

4.1

4.2

Al

B.1

B.2

B.3

Strangeness magnetic moment and spin of the proton for the three

models of the 5-quark component. . . . . ... ... ... ... 10

Spin-flavor matrix elements (f|O4,|i) for the transitions pp(L =

0) — ¢X(¢y = 1) which are described by the quark line diagram

A;. Here 1,4 refers to the nonstrange flavor combination 7, =

(e +dd)/V/2. . . . 16
Branching ratio BR(x10%) for the transition pp — ¢X (X = 7°,n, p°, w)

in pp annihilation at rest. The results indicated by x are normalized

to the experimental values. . . . . .. .. .. ... L. 18

Spin-flavor matrix elements (f|O 4, |¢) for the transition pp(L = 0) —
¢X(£; = 1) of the proton wave function with s§ sea quark compo-

nent. Here, 7,4 refers to the nonstrange flavor combination 7,4 =

The spin-color-flavor wight (f|O ., i) corresponding to the transition

pp(L = 0) — ¢X(¢; = 1) with the 5¢ component from chiral quark

The spin-color-flavor wight (f|O4,|i), corresponding to the transi-
tion pp(L = 0) — ¢X(¢{; = 1) with the 5¢ component from chiral
quark model. . . . . ... L 33
The total spin-color-flavor wight (f|Ocrgamli) corresponding to the
transition pp(L = 0) — ¢X(¢; = 1) with the 5¢ component from

chiral quark model. . . . . . . .. ... Lo 34

VII



LIST OF TABLES VIII

C.1 Spin-flavor matrix elements (f|O 4, ) for the transition pp(L = 0) —
¢X (£; = 1) which are described by quark line diagram A; with the

5-quark component of pentaquark. . . . .. ... ... ... ... 37



Chapter 1

Introduction

In the simple constituent quark model, where the proton is made of two constituent
u quarks and one d quark, a good explanation of static properties e.g. magnetic
moment can be achieved. However, experimental results of the pion-nucleon sigma
term value, strange magnetic moment u,, strangeness contribution to nucleon form
factor [1] as well as the apparent violations in nucleon-antinucleon annihilation
reactions involving ¢ meson [2] indicate that the proton might contain a substantial
strange quark-antiquark (s5) component. The strangeness sigma term appears to lie
somewhere in the range of 2 — 7% of the nucleon mass [3]. The substantial Okubo-
Zwieg-Tizuka (OZI) rule violations in the NN annihilation reactions involving ¢
meson may suggest the presence of an intrinsic ss in nucleon wave function [4], for
instance, the presence of a ¢®s3(¢%s3) piece in the N(N) wave function. With such
an assumption, the ¢ meson could be produced in NN annihilation reactions via
a shake-out or rearrangement of the strange quarks already stored in the nucleon
without the violation of the OZI rule. There are other explanations of the OZI
rule violation without introducing strange component in the nucleon such as the
resonance interpretation, instanton induced interaction [5], and rescattering [6].
The EMC spin experiment [7] on deep inelastic scattering of longitudinally po-
larised muons by longitudinally polarised protons revealed the first time that the
polarization of the strange quark sea may contribute to the proton spin o4 a sig-
nificant negative value. This experimental result was confirmed by the subsequent

deep inelastic double polarization experiments. Ref. [8] analyzed all the available



CHAPTER 1. INTRODUCTION 2

data then in a systematic way and found s = —0.10+£0.03. Among a large number
of theoretical works, Cheng and Li apply the chiral quark model (ChQM) to explain
the spin and flavor structure of proton [9]. With the fluctuation of the proton into a
kaon and a hyperon, they can explain the negative polarization of the strange quark
sea and get other theoretical results consistent with the DIS experimental results.

However, the configuration of strange quarks in the nucleon is still an open ques-
tion. The strangeness magnetic moment us can be extrapolated from the strange
magnetic form factor G4,(Q?) at the momentum transfer Q? = 0 measured in the
parity violation experiments of electron scattering from a nucleon [10]. Most ex-
perimental measurements suggest a positive value for ug, in contrast to the recent
experiment data [11] and most theoretical calculations which have obtained negative
values for this observable [12, 13]. A recent work [14] has proposed a different form
for the strangeness content of the proton which has the strange quark piece in terms
of pentaquark configurations instead of the 5-quark component which consist of a
uud cluster and a s5 pair proposed for solving the puzzle of violation the OZI rule.
Different pentaquark configurations that may be contained in the proton may yield
both positive and negative values for the strangeness spin and magnetic moment of
the proton.

The experimental results on ug, which is extracted from experimental data on
G5,(Q?), are rather uncertain due to the large uncertainties in G35,(Q?) and the
extrapolation approach. So it is believed that the proton-antiproton reactions in-
volving ¢ production may be another platform to be applied to tackle the possible
configuration of strange quarks in the proton. In the present work we consider the
strange content in the proton wave function in three models, namely, the uud clus-
ter with a s§ sea quark component, kaon-hyperon clusters based on the chiral quark
model, and the pentaquark picture uudss. The theoretical oy, pus and branching
ratios of the reactions pp — ¢X (X = 7°,n, p°,w) will be compared to experimental
data. We resort to the 2Py quark model [15] and the nearest threshold dominance
model [16] to obtain quantitative predictions for the branching ratios of the annihi-
lation reactions from atomic pp states with the relative orbital angular momentum
L =0 [17]. The paper is organized as follows. The proton wave functions are briefly

described in Section 2 while o4 and us are calculated and discussed in Section 3 for
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various strangeness quark configurations. In Section 4 we evaluate the branching
ratios for the reactions pp — ¢X for the three forms of proton wave functions by
using the 3Py quark model. Finally a summary and conclusion are given in Section

o.



Chapter 2

Proton wave functions

The proton wave function in the presence of strange quarks may include a 5-quark
component gqgss in addition to the wud quark component, taking generically the
form

|p) = Aluud) + Bluudss) (2.1)

where A and B are the amplitudes for the 3- and 5-quark components in the proton,
respectively [18]. The possible spin-flavor structures of the 5-quark components dis-

cussed in the NN annihilation process are considered in the next three subsections.

2.1 Proton wave function with an explicit ss sea-
quark component

We consider the idea that strange quarks are present in the form of an s§ sea-quark
component in the proton state. This idea was proposed for describing the apparent
violation of the OZI rule in the /NN production process [19] and in more general
form used to discuss the ¢ meson production in NN annihilation reactions [4]. The

corresponding 5-quark component for this model can be written in Fock space as

luudss)*® = ao|(uud)y/2(s5)0)1/2 + a1|(uud)1 /2(s5)1)1/2 (2.2)

where the subscripts denote the spin coupling of the quark clusters, ag and ag

represent the amplitudes for the spin 0 and spin 1 components of the admixed s§
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pairs.

2.2 Proton wave function based on a chiral quark
model

In the chiral quark model, the dominant process is the fluctuation of a valence
quark ¢ into a quark ¢’ plus a Goldstone boson (GB) which in turn forms a (¢q’)
system [20]. After the fluctuation of the u and d quarks in the proton, one of these
quarks turns into a quark plus a quark-antiquark pair involving a strange quark.
This idea was considered, for example, for calculating the flavor and spin content of
the proton [9]. To obtain the proton wave function we consider the SU(3) invariant

interaction Lagrangian of baryon octet with nonet of pseudoscalar mesons:

L1 = —0sV2 (a[BBP)s + (1= 0)[BBPlp) g1 =BBPls  (23)

where gg = 3.8 and g; = 2.0 are coupling constants [21] and « is known as the
F/(F + D) ratio with F ~ 0.51, D ~ 0.76 [22]. The square parentheses denote the

SU(3) invariant combinations:

[BBP|, = Ti(BPB)- Te(BBP), (2.4)
IBBM], - Tr(BPB)H@r(BBP)—gﬂ(BBm(P), (2.5)
[BBP), — Te(BB)Tx(P), (2.6)

where B and P are the baryon octet and pseudoscalar meson nonet matrices, re-

spectively, given by

0 A +
IR Y P
B - s omaea o, | (2.7)
= =0 _2A
- - V6
0 4 oms oM + +
it et s T K
= - 7 oMy om 0
P T Bt BT A K . (2.8)
- 0 —2n n
K K \/gs + 715
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The part of the interaction Lagrangian which allows for a fluctuation of the proton

into kaons and hyperons is contained in

1— 4o 14+ 2a - _
Lr1 = —gipmp+ gs|pr® + s + AK™ + (20— 1)K~
I GLPMD + gs [p 75 P 7 ( )
— V2ar + V220 — 1)2—K0}p 4. (2.9)

The final states resulting from pseudoscalar meson emission by the proton are sum-

marized as

4oy 1+ 2«
¥) ~ - + + |pr¥) + AK*
|¥) g1lpm) gs[ 7 lpns) + [pm) 7 | )

+ (2a-1D[E°KT) = V2nrt) +V2(2a - 1)|STKY)| . (2.10)

In the absence of the fluctuation, the proton is made up of the conventional two u
quarks and one d quark. Thus ¥(p) may be interpreted as the 5-quark component

of the proton wave function which is given by
luudss) "M = G |SOKT) + Go |2t KO) + G3|A°K ) 4 Gulpm) + Gslpns)+(2.11)

where the G; are the coefficients corresponding to the respective factor in Eq. (2.10).
Each component in the last equation can be represented in terms of quark cluster

comnfigurations as

lpm,8) = [(uud)1/2(55)0)1/2 XKt = [(uds)1/2(us)o)1/2

ISTKY) = |(uus)i/2(ds)o)1/2 » INK) = |(usd)y/2(us)o)1/2 - (2.12)

2.3 Proton wave function including general config-
urations of the uuds subsystem

Another, more general form of the 5-quark component was proposed and analyzed
in Ref. [14]. Instead of first generating a meson coupling to a baryon cluster, they
consider the genuine 5-quark or ¢*§ pentaquark component in the proton. In this

model the 5-quark component in this model may be expressed in terms of the uuds
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and the s wave functions as
luudss)““* = |(uuds)8)y o (2.13)

The flavor wave functions for the wudss components are usually constructed by
coupling the wuds to the 5 flavor wave function. The configurations studied in [14]
include at most one unit of orbital angular momentum. The favored configurations
are connected to a positive sign for the strangeness magnetic moment and a negative

one for the strangeness contribution to the proton spin.



Chapter 3

Strangeness magnetic
moment and spin of the

proton

In the nonrelativistic quark model the strangeness magnetic moment operator fis

and the strangeness contribution to the proton spin operator &s are defined as

fis =5—» Si(ls+5.) (3.1)

Gy =G+ s . (3.2)

§i is the strangeness counting operator with eigenvalue +1 for an s and -1 for an 5
quark and my is the constituent mass of the strange quark. To calculate the matrix
elements of these operators explicit forms of the spin-flavor wave functions of the
proton including orbital angular momentum are needed.

For the first model the spin-flavor wave function can be constructed by coupling
the [s5);,—0,1 configuration to the |uud), o cluster. Since the admixed s5 carries
negative intrinsic parity, an orbital P-wave (¢ = 1) has to be introduced into the
nucleon quark cluster wave function. The simplest configuration (see also Ref. [19])
corresponds to an 1S-state of the s3 pair moving in a p-wave relative to the (uud) va-

lence quark cluster of the nucleon. Then the 5-quark component with total angular
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momentum 1/2 can be written in the general form:

|uuds§>‘;mm§:% = Z ;5 |[(s8);, @ € =1];, ® (uud) 1)1 1 (3.3)

Js:3i=0,1

with the normalization _ E loj. ;.12 = 1.

Similarly, for the préég;:x?\;;ve function in the ChQM, where the sea-quark con-
tributions are embedded in the pseudoscalar mesons, a relative P-wave between the
pseudoscalars and the uud or hyperon clusters has to be included. The spin-flavor

wave function with spin +1/2 for each coupled meson-baryon state of Eq. (2.12)

may be expressed as

|uudss)

ChQM
1, (3.4)

M = [(g8)5.20 © £ = 115, @ (045).) .

N

pss—

Wave functions of the pentaquark uudss states employed in the third model are
more complicated because no restrictions are set concerning the sub-clusters. One
has to carefully consider the coupling of the color, spin, flavor and spatial parts
to construct the total wave functions [14]. The color part of the antiquark in the
pentaquark states is a [11] antitriplet, denoted by the Weyl tableau of the SU(3)
group. Hence the color symmetry of all the wuds configurations is limited to a [211]
triplet in order to form a pentaquark color singlet labeled by the Weyl tableau [222].
Three flavor symmetry patterns exist for the uuds system corresponding to the octet
representation for the proton: [31]r, [22]F and [211]f characterized by the Sy Young
tableau. However, the pentaquark should be antisymmetric under any permutation
of the four quark configuration. If the spatial wave function is symmetric, the
spin-flavor part of the uwuds component must be a [31] state in order to form the
antisymmetric color-spin-flavor wuds part of the pentaquark wave function. For
instance, the flavor symmetry representations [31]F and [211]F may combine with
the spin symmetry state [22]g to form the mixed symmetry spin-flavor states [31]rgs
(the explicit forms may be found in [14, 23, 24]). In this work we consider only the
case that the uuds component is in the ground state with the spin symmetry [22]g
corresponding to spin zero, and the relative orbital angular momentum between the
uuds component and the 5 is of one unit to obtain the positive parity for the proton

wave function.
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jwudss) G 0B

s§ —0.55a00,; —1.22a2 [17]
ChQM ~1.1¢2 —0.31g32
B1]rs[211]p[22]s  —5[14] —3[14]
[31]r5[31]F[22] 5 —[14] —[14]

Table 3.1: Strangeness magnetic moment and spin of the proton for the three models
of the 5-quark component.

Theoretical results for the strangeness magnetic moment us of the proton and
the strangeness contribution to the proton spin o are listed in Table I. In the
first model we have fixed the configuration parameters as a;90 = aj,; = @. The
strangeness magnetic moment g depends explicitly on g, 1, which is related to the
amplitude for the s5 quark cluster with spin 0. Setting ag; = 0 is equivalent to
excluding the quantum number JF¢ = 0~ for the s5 admixture in the nucleon wave
function connected to the the production of 7 and 7’ in NN annihilation as discussed
in [18, 25]. The chiral quark model always gives results for us and os which are
negative, the size of the strangeness contribution depends on the coupling g3. For
the third model, we show only the results for the cases where the uuds component
is in the ground state with the spin-flavor configurations [31]pg[211]r[22]s and
[31]rs[31]r[22]s and the relative motion between the uuds component and the § is
a P-wave.

All the three models yield negative values for the strangeness contribution to the
proton spin, which is consistent with present experimental results [7, 8]. Negative
values for the strangeness magnetic moment also result from all three models. Note
that we restricted the considerations of Ref. [14] to the pentaquark components

with the uuds configurations [31]rs[211]r[22]s and [31]rs[31]F[22]s, respectively.



Chapter 4

NN transition amplitude and

branching ratios

To describe the annihilation reactions NN — X¢ (X = 7% n,p% w) we use an
effective transition dynamics, which is evaluated in the context of a simple con-
stituent quark model. In this specific process the ¢ meson couples to the intrinsic
s§ component of the nucleon, which is the leading order OZI allowed contribution.
The process pp annihilation into ¢X involving the 5-quark components in the pro-
ton wave function can be described by the quark line diagrams of Fig. 1. In the
hadronic transition the effective quark annihilation operator is taken with the quan-
tum numbers of the vacuum (3Pp, isospin I = 0 and color singlet). Meson decays
and NN annihilation into two mesons are well described phenomenologically using
such an effective quark-antiquark vertex. At least fro meson decay, this approxima-
tion has been given a rigorous basis in strong-coupling QCD. The nonperturbative

qq 3P, vertex is defined according to [26]

Vi =>"0" Y1,(a — §)8® (@ + ) (1) Tg (4.1)

1%

where Y71,(¢) = |q1)1,(q) with Y1,,(g) being the spherical harmonics in momentum

space, and 17 and 17 are unit operators in flavor and color spaces, respectively. The

ij

spin operator ¢, is part of the 3Py vertex, destroying or creating quark-antiquark

pairs with spin 1.

11
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uudss

1
{ 3
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s 3
o = S :
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A,

2

Figure 4.1: Quark line diagrams for the production of two meson final states in pp
annihilation. Small circles refer to the effective vertex of the 3Py quark dynamics
for g annihilation. The first diagram corresponds to the shake-out of the intrinsic
s8 component of the proton wave function [4, 17].

In the momentum space representation the transition amplitudes for the quark

diagrams of Fig. 1 are given by

Ta, = /d3Q1~~d3QSd3Q1/~d3(J4’<¢X|671/~(74'>

X(qu--qu|Oa,|q1--Gs) (1 - G| (wudss) © (aud)) (4.2)

where (aud) stands for the antiproton wave function and (uudss) for the five quark

component of the proton wave function. The effective operators O 4, take the form
Oy = A0, 89(@1 — @1)60 (@ — G20 (@ — @) 6@ (G5 — qu)VVHT, (43)

On, = A1, 0@ — @)6 (@5 — )0 (@1 — G5 )0 (G5 — qv)VPVYT, (4.4)
Oy = A, 003 — @ )6 (@ — )0 (@ — G3)0® (G — qu)VPVT . (4.5)

The d-functions represent the noninteracting and continuous quark-antiquark lines
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in the diagrams. The constants A4, describe the effective strength of the transition
topology and are considered to be overall fitting parameters in the phenomenological
description of experimental data. Since the 5-quark component is treated as a small
perturbative admixture in the proton (B? << 1), we ignore the transition amplitude
with a term to (g ..¢s|(vudss) @ (utidss)) or the rearrangement process [4].

In this work the internal spatial wave functions are taken in the harmonic os-
cillator approximation. For the mesons M (¢ and X), the wave function can be

expressed in terms of the quark momenta as

S oL R3 /. _\2
(M|qird;) = em(dir, @)X = Narexp {—é” (%” — qu) }XM, (4.6)

with Nyy = (R32,/7)3%/* and Ry is the meson radial parameter. The spin-color-
flavor wave function is denoted by xas. The baryon wave functions are given by

oo o Ry1,. . 3 + @k — 24;)?
(Bl4iqjqrx) = ¢BXB = Npexp {—43 [(Qj — qe)* + %} xB, (4.7)

where Np = (3R%/7)%/? and Rp is the baryon radial parameter. For the first
and the second model the full 5-quark component wave function, resulting from the

coupling of a meson to a baryon, is given by

<(71 : 675|UUdS§> = SpuudSE((j'la e 7q_:5)quds§
R . + g5 — 24
= Nuuds§ exp {_43 |:(q4 - Q5) + (q4 Q5 Q3 }
R2
X eXP{—S(Q3+Q4+Q5—(J1—qQ) }Ym( h+ 3 — 0 — @)
R2
< e { - - a7} (un o (48)

The exponential form with the radial parameter R and the spherical harmonics Y7,
together represent the internal relative P-wave between the 3-quark and 2-quark
clusters.

For the third model the proton wave function includes a pentaquark component
uudss with the wuds part in the ground state and the P-wave internal relative

orbital angular momentum between uuds and the 5. One may write the spatial
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wave function of the pentaquark component uudss as

. . Ry, . G + @5 — 244)°
L)Ouud.SE(qlv e ;q5) = Nuuds.§ eXp{—f |:<q2 - Q3)2 + %
(+B+0—35)° | (+B+qa+3—40)°
+ +
6 10
o o o = AF
y E#(Q2+q3+q4+q5 QI) . (49)

V20

By choosing the plane wave basis for the relative motion of the proton and
antiproton, the initial state wave functions in the center of momentum system (E =

@1+ @2 + @5 + g1 + @5) are obtained as:

(@1 - - - gs|(uuds3) @ (wud)) = Puudss,plXuudss @ Xpls,5. (4.10)
with
Pundssp = PuudssPp0 (@i + G+ @+ G+ G — k)OO (G + G + Gz + k) . (4.11)

The spins of the pp system are coupled to the total spin S with projection S,.

Similarly, the final state $.X wave functions in the center of momentum system are

given by (7= qi + ¢ ):
<¢X|§1’--~§4’> = qub,X[X(zﬁ & XX]ji,m6 (412)
with
Po.x = Popx 0P (T — G — @ )0 (T + Gy + @) - (4.13)

The spins of the two meson states are coupled to j; with projection m..
In the low-momentum approximation, the transition amplitude 7%; of the an-
nihilation reaction of the S-wave pp initial state ¢ to the P-wave two-meson final

state f with the quark line diagrams A; as shown in Fig. 1 is derived as

T1i(q, k) = A, Fr—o,—1qexp {—Q2q* — Q7k*} (f|Oa, i) (4.14)

The index i represents the initial state 2/+1:25+1[, ; where L is the orbital angular

momentum, S is the total spin, J is the total angular momentum and I is the
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total isospin. The final state f is represented by the set of quantum numbers
f = {lsjJ'} where {; is the relative orbital angular momentum. The constants
Fo1, Qg and Q% are geometrical constants depending on the radial parameters.
The matrix element (f|O4,]i) is the spin-flavor weight for a quark line diagram
Aj. The detailed evaluation of the expression in Eq.(4.14) is given in Appendix A.
Since the in the particle basis pp and nn give the same spin-flavor weight, the ¢
production from the nucleon-antinucleon annihilation at rest can be described by
the transition amplitude Eq.(4.14) multiplied with a factor v/2.

As we consider pp annihilations at rest where the strong interaction between
the proton and antiproton may largely distort the pp hydrogen-like wave function
at small distances [27], the effect of the initial state interaction is in general not
negligible. The inclusion of the initial state interaction for the atomic state of the

pp system results in the transition amplitude [28],

Ty 1s5(q) = /dgk Tri(q, k)t s, (k), (4.15)

where ¢! ¢ (k) is the protonium wave function in momentum space for fixed isospin
I. The partial decay width for the transition of the pp state to the two-meson state
¢X is given by

3 3
Typosox = | T2 LTPX 56) (5 4 5 )S(E — By — Ex)|Tyoss@  (4.16)
pp— X 2E, 2Ey by T DPx o) x )L fLsi\q .

where E is the total energy (E = 1.876 GeV) and E4 x = ,/mi,yx +ﬁ?¢>,x is the

energy of outgoing meson ¢ and X with mass my x and momentum py x. With
the explicit form of the transition amplitude given by Eq. (4.14), the partial decay

width for the S to P transition (L =0, £ = 1) is written as

Dppsox = i, £(0, X)(fOa, li)*y(1,]), (4.17)

with

~(I,J) = \Fo,l/d?’k ¢l sy (K)exp {22k} |? (4.18)
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Table 4.1: Spin-flavor matrix elements (f|O4,|i) for the transitions pp(L = 0) —
¢X (€5 = 1) which are described by the quark line diagram A;. Here 7,4 refers to
the nonstrange flavor combination 1,q = (u@ + dd)/v/2.

Transition  ss4, ChQM [31][31][22]a, [31][211][22]4,
5

16— we svs 0097 ?5\@ ﬁ
336, — 106 T?/i 0.031 1085\/5 105\/5
3160— pO¢ #\3/6 0.040 10;?:/5 ﬁg\)/é
1381 — Npad ﬁ 0.013 ?{/ﬁ 361/5

and the kinematical phase-space factor defined by
ELE
flo, X) = 27‘1’%(]365(1){—222(]2} . (4.19)

The spin-flavor weights (f|O4,|i) for the transitions NN — ¢X involving the dif-
ferent 5-quark components of the proton wave functions are listed in Table II. For
the initial values of the total angular momentum J the statistical weights 1/4 and
3/4 have to be added for J = 0 and J = 1, respectively. Finally the branching ratio

of S-wave pp annihilation to the final state ¢.X is then given by

(2 + DI'ppoex

BR(¢,X) = T () ,

(4.20)

where 't (J) is the total annihilation width of the pp atomic state with fixed
principal quantum number [29].

The model dependence in Eq.(4.17) may be reduced by choosing a simplified
phenomenological approach that has been applied in studies of two-meson branch-
ing ratios in nucleon-antinucleon [28] and radiative protonium annihilation [30].
Namely, instead of the phase space factor in Eq.(4.19) which depends on the rel-
ative momentum and the masses of X system, we use a kinematical phase-space

factor of the form

F(,X) = q- exp{—as (s — s4x)"/?} (4.21)

where a5 = 1.2 GeV™!, syx = (mg+mx)Y/? and /5 = (m3)+q2)1/2+(m§( +¢%)1/2.
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Last form is obtained from the fit to the momentum dependence of the cross section
of various annihilation channels [16]. In addition, the functions v(I, J), depending
on the initial-state interaction, are related to the probability for a protonium state
to have isospin I and spin J with the normalization condition v(0, J) +~(1,J) = 1.
Here we adopt for a protonium state the probability v(7,.J) and the total decay
width T'y¢(J) obtained in an optical potential calculation [31], where explicit values
are listed in [29].

In Table IIT we give the theoretical results for the branching ratios of Eq. (4.20)
compared with experimental data. The branching ratios BR*, resulting from the
first model where the proton wave function has an explicit ss admixture, have
already been derived and studied in Ref. [17] by using the same approach. An-
nihilation processes in the first and third model are described by the quark line
diagram A;. Since the effective strength parameter A4, is a priori unknown it has
to be adjusted to data. For this purpose one entry (as indicated by x) is normalized
to the observed value.

For the second chiral model where the proton wave function contains a kaon-
hyperon or eta-proton cluster component, all three quark line diagrams may have
contributions to the pp annihilation process. However, the process proceeding by
the diagram A; with the |pn) component in the proton wave function has no con-
tribution to the transition because of orthogonality to the ¢ state. Therefore, the
annihilation process in the second model can only be described by the quark line
diagrams As and As. Considering the same annihilation pattern in these two dia-
grams, for simplicity the two unknown strength parameters are of the same order
with A4, = Aa,. Model predictions are also normalized to experimental data (as
indicated by ). For final states with X = 7, the physical  meson is produced by
its nonstrange component 7,4 with 7 = 1,4(1/1/3cos — /2/3sinf) corresponding
to a variation of the pseudoscalar mixing angle 6 from § = —10.7° to § = —20°.

As shown in Table III, the theoretical results of the first and third models, where
the proton wave function possesses respectively a small kaon-hyperon component
and a pentaquark, are in good agreement with the experimental data. Note that for
these two cases the annihilation processes pp — ¢ X are described with the quark

line diagram A;.
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Table 4.2: Branching ratio BR(x10%) for the transition pp — ¢X (X = 7%, n, p°,w)
in pp annihilation at rest. The results indicated by x are normalized to the experi-

mental values.

Transition =~ BRP BR®  BRCMM  BRBUBIRT  BREBIRHUIR
NSy— we  6.3+2.3 6.3 % 6.3 % 6.3 * 6.3 %
36— ¢ 55 £0.7 5.4 1.6 5.4 5.4
31680 p% 3.4+ 1.0 3.8 0.87 3.8 3.8
13615 mnp  09+03 14-1.8 0.20-0.27  1.4-1.8 1.4-1.8




Chapter 5

Conclusions

Three models have been studied for the proton involving intrinsic strangeness in the
form of a 5-quark component gggss in the wave function. In particular, the proton
wave function is made up of a uwud configuration and a uud cluster with a ss sea-
quark component, kaon-hyperon clusters based on the simple chiral quark model,
or a pentaquark component uudss. We have calculated the strangeness magnetic
moment us and spin o, for the first and second models and generate negative values
in line with recent experimental indication. Similarly, for the third model we pick
these configurations, where negative values for us and o, result [14].

We further applied quark line diagrams supplemented by the 2P, vertex to
study the annihilation reactions pp — ¢X (X = 7% 7, p°,w) with the three types
of proton wave functions. Excellent agreements of the model predictions in the first
and third models with the experimental data are found for the branching ratios of

the reactions of the L = 0 atomic pp state to ¢X (X = 70,7, % w).

19
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Appendix A

Transition amplitude of the
proton wave function with ss

sea quark

To describe the annihilation process of pp — ¢X where X = 7% 7, p", w with the
proton wave function with ss sea quark we consider the shake-out of the intrinsic
s5 component of the proton wave function as indicated in the diagram A;. With
the operator O4, and the full account of the spin-flavor-color-orbital structure of

the initial and final state, the transition amplitude can be written as

= A D (D) e e T I I3 i) (A1)
v,
where
1) = [{X1,m,,. (vudss) ® X%,mﬁ(ﬂﬂ@}s,sz ® (L, M)) .., (A.2)
1) = [{X1,ma (@) @ Xjm,myr o (X) }iime @ (Lpsmg))gr e, (A.3)

and the total angular momentum of the initial state |¢) (the final state |f)) are

coupled to J with projection J, (J' with projection J.). Subscripts refer to the

24
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corresponding orbital structure. The spin-flavor-color content of the clusters is

denoted by x(= xs ® XF ® X¢). The 5-quark component X1 . (uudss) is defined

yMps

as

X3 mypes (utds8) = [{Xj,,m. (5) @ (0= 1, 1)} 5o m; @ X3, (Wud)) 1 o (A4)

The spatial wave amplitude jgatial is explicitly given by

spatial = /dg‘h.,_dg%d?’ql/~-~d3€}4/<P¢,X0iﬁatial@““dsgvﬁ (A-5)

where

O = Vi (@ — G7)0 (@ + @) Y1 (35 — G6)0 (T + G)

NG — )8 (@ — )8 (@5 — §3) 0 (Gs — qu). (A.6)

By choosing a plane wave basis and the harmonic oscillator approximation for the
relative motions and the internal spatial wave functions respectively, the spatial
wave functions in [, ;fatml are given by

Pundss,p = PuudssPpd (G + B+ G+ @+ 35 — k)0 (G + G + G + k), (A7)

P X = 90¢><PX5(3) (T—aqu — (72’)5(3) (T+ @+ qw), (A.8)

R% qi— G5 74+ @ — 245
[ s§:Nuu s5€X -—B 2+ 2
usins = Nusgeserp { ~ 2Ly o (BT 2y
R* . L .,
exp —g(q3+Q4+Q5—q1—qz)

Yiu(s + @+ 3 — ¢ — =)

2
eXP{_8M((71_(72)2}a (A.9)
R% Q6 — dr 76 + @7 — 2G5
%Mm{;u Ty (BEI 2Ry | (A.10)
Ry .
o = Noexp ¢ == 5@ — @)" (A.11)

Yx NXeXp{ (LT:;/ @/)2}. (A12)
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With &y = ph, @3 = p3 and Ty = bps+py with b = —1/2, the spatial wave amplitude

is reduced to

::;fatial = /d3p2d3p3d3p4N(5(3)(6)6XP(_QiE2 - ng_g - Qiqlg' q
~Q}, 05 — Q3,75 — Q3 71)

Yia(2(—ask — auk+ K — 7= 5 — i — 48 — 484)

Yiu(k =201, 25 + P+ kg +@81)  (A13)

where

4R2,R% +9R*R% + 3R%, R?

Qk = 24 (R2, + 3R%) ’
M B
Q- 12R} + 5R3,R% + 36 R?R% + 12R3%, R?
¢ 24 (R3, + 3R%) ’
0 - _ R3},R% +9R’R} + 3R} R?
ha 6 (R3, + 3R%) ’
2 2
p> RM’
1
2 = 3 (R3; +3R%) ,
2. = 2Rp. (A.14)

To described the annihilation process at rest, the partial wave amplitude can be
obtained by projecting the transition amplitude onto the partial wave corresponding
to S to P transition. So the spatial wave amplitude for L = 0 to £; = 1 transition

is given by
Ispatial,L:O,€f=1 = /koquy&()(l%)yimf ((j)]spatial- (A15)

The spatial wave amplitude corresponding to leading order in the external momenta

q is given by

I;fgatmz,m = qF(iglf(igl (Vv )‘7 s mf)exp {_Qti - QikQ} (A'16)
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The geometrical constant F;% and the spin-angular momentum function f5% (v, A, p, my)

are given by

55 _ of 1 \sp 3Wm o 3ym 3) (&
F§i =2Nm < ?)2) <(Q§4)5/2 Q)" 6*7(0),

(igl(l/?)‘nuvmf) = (_1)V6V,7>\5/,L,mf' (A17)

With the spatial wave amplitude I35 .. . the transition amplitude Tffg has the form

spatia

as eq.(4.14) with the spin-flavor weight:
<f|OA1 f| Z y+>\ 56 47 156147156147( )Uéw—/\(slbmf |’L> (AlS)

To evaluate the spin-color-flavor wight (f|O4, i), for S to P transition, firstly we

decouple the couple spins and angular momentums form the spin of quark clusters:

Floaliy=">""> > > > S G LmemglJ, L)

Me,Mf M ,M3.8 Mpss,Mp Mi,Mp Mg, b VA

mpsmmpu Jz)

<1>jm7ma7m3,8 ] me><

1 1 . .
§7mi7mp|§7mps§> (]Sa 1,ms7:u|.]iami>

29’
(Jis

(1) (=1)"80,—28pm, (SCF)*  (A.19)
with the matrix element

<SC’}?>€§ = <X1,ma ((b)Xj"“mS»’A’ (X)|

0% o T AT x5, m, (55)X1.m (uud)X%ymﬁ(ﬂﬁJ». (A.20)

For color state wave function of meson and baryon that have to be singlet, the

corresponding color state wave function for each 2¢ and 3q is given by
1 _ _ _
) = —=(RR + GG + BB), A.21
xc(qq) \/g( ) (A.21)

xc(gqq) = T(RGB RBG — GRB + GBR — BGR + BRG). (A.22)
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Transition  (f|O4,|7)
1G)— wo %
3381 — 10¢ 5
So— 9 %
1381 ng %

Table A.1: Spin-flavor matrix elements (f|O4, i) for the transition pp(L = 0) —
¢X (£y = 1) of the proton wave function with s3 sea quark component. Here, 7,4
refers to the nonstrange flavor combination 7,4 = (ut + dd)/v/2.

With corresponding spin and isospin quantum number of each meson X

|w> = |jm = 1aT38 = 0>7 |7TO> = |jm = 07T38 = 1>7

10°) = |jm = 1,T3s = 1), |n) = |jm = 0,T35 = 0) (A.23)

the spin-flavor wight (f|O4, i) of the different transitions are calculated as listed

in table A.1



Appendix B

Transition amplitude of the
proton wave function from

the chiral quark model

In case of the ChQM, the annihilation process can be described by the quark line

diagrams Ay and As, we obtain the transition amplitude as

ChQM ChQM ChOM
1M = 1M (04,) + T M (Oa). (B.1)

The corresponding transition amplitude for the two quarks line diagrams are given

by
Ch Ch .
TG OM(0a,) = A, (1D (1) 0%, e ST IOEY L 1) (B.2)
|70\
and

ChQM v+ 5 ChQM ,
T M (Oay) = Aag (f1 Y (1) oo NPT I 4 1), (B.3)
(79N

29
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The initial stats |i) and final state |f) have the form as defined by eq.(A.2) and
eq.(A.3), but the 5-quark component in this case is given by

3
X3y (wudsd) = g3 > bil{x}, m, (45) @ (€= 1, 1) }jom, @ XSy (495)) 3 one
= (B.4)
where i = 1,2, 3 represent the kaon-hyperon cluster K+% K%+ and K+A° re-
spectively. The coefficients corresponding to each component are represented by

bil

_2a+1

by =2a—1, by = BV bs = V2(2a — 1). (B.5)

The spatial wave amplitude corresponding to leading order in the external momenta

q take the form
ChQM As £ A
Ispagal,O,I,Az = qFO,lsz,f (Vv )‘7 122 mf)exp {*ngz - Q%kz} ) (BG)

with the geometrical constant and the spin-angular momentum function are given

by

1 1 1 =
F0f7112 = —6gsN7* (a3 — 1) as (2> v Q10 <2> 52 (B + Ba+1) 8(0),
Q33 P1 P4

féf (V7 A, :uﬂmf) = (_1)H5)\,mf5/l,7lj + (_1)>\§/\,7u6y,,mf + (_1)H6H,7)\5V’mf. (B7)

Substitute the obtained spatial wave amplitude (eq.(B.6)) into the transition am-

plitude eq.(B.2), we obtain
T M (0,) = ManaFittexp {~Q3a° — QFF*} (£10.a, i) (B.8)

where

(FlOa, 1)) = (fI D> (=1)" 0™, o\ 130157181 f5'214). (B.9)
v,A
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The spin-orbital coupling in (f|O4,|i) can be decoupled to be

NOaliy=> 0 > > > > 2 2 ()™

Me,Mf Ma M1 8 Me,Mf MEKY ,Mp M, My Mg, b U\
Gy Lome,mp| ', T)(L, s Mo, ma g|j, me)
11
2792’

mKY7mp|J‘]><.ji7 7miamY|7amKY>

2
<.7571 msvﬂ‘]z7ml> [;4; <SCF>ChQ]V[ (BlO)

5

where <SCF)§£QM is given by

<SCF C}LQM Zb X1 ma ij,ml,s(X)|

056 4T 156147156147|ij7m (qs)x; my(qqs)x m,(mci)>. (B.11)

The spin-color-flavor wave functions in above equation (x) also take the form as

eq.(??) with the spin-flavor wave function of the kaons Xj's,ms (¢8) and the hyperons

X%,my (qqs) are given by

Yo 0(a8) = X (48) ® x0(0,0) = [K+HO) (14 — 1), (B.12)

V2

Xy (009) = =V a0s) | m )+ W ()=l g.me)). (B3

By using the color wave function (eq.(A.21) and eq.(A.22)) and the two-body
matrix elements with the quark labeling as defined in the spatial part wave func-

tions, the spin-color-flavor wight (f|Oa4,|i) are calculated as listed in Table B.1.

For the transition amplitude of the quark line diagram Aj given by eq.(B.3), the
corresponding spatial wave amplitude for S to P, in the low-momentum approxima-

tion, of this diagram is given by

ChQM Az pAs 2 2 272
Ispa?zal 0,1,As — qFO,f O,f(yv A, My mf)exp {_Qqq - Qkk } . (B].4)
The corresponding geometrical constant coupled to the spin-angular momentum:

Fe fe3 M pamyp) = Q1 4y fr,a, + Q2,05 f2,45 + Q3,45 F3.45, (B.15)
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Transition <f\OA2 |Z>

5(—v2b1+2by+v/6b3)
5416

HS()—> wo

BS1— 7106 135 (b1 + v/2b2 + 3v/3b3)

5(—v/2b1 —2b3+/6b3)
54v/6

31So— p%¢

BSy—ne 25 (b — V2by + 31/3b3)

Table B.1: The spin-color-flavor wight (f|Oa,|i) corresponding to the transition
pp(L =0) = ¢X (¢y = 1) with the 5¢ component from chiral quark model.

where

1, = 60V (0141, [ () 2 (g ) ¥2 81 = 0+ 030, (B19

p1 b3 P4

fl,As = (_1)>\5>\,7u6,u,mf7 (B17)

1 1 . 1 o
a4y = —6gsN7* (a3 — 1) (as + 1) [ =75 <2> 82 <2> 265(0)  (B.18)

p1 p3 b4

f21A3 = (_1)'u5)\,mf5p,fm (B.lg)

.4, = ~6gsN7* (a3 — 1) | o (1) i (1) 32 (81 + Ba + 1) 8(0). (B-20)

p1 p3 P4

and

fS,As = (_1)M6u,7A6u,mf- (B.21)

Using the partial wave amplitude eq.(B.14) the transition amplitude Ti?hQM(O As)

can be written as

3
Tz?hQM(OAs) = Z )‘AquhAsexp {_ngZ - Qik2} <f‘OA3 |i>7"7 (B22)

r=1
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Transition (£10.4,]i)1 (f104,i)2 (f1O4,]i)s
11 _ 3v/2b1—6b2+3v/6b3 _ 7\/2by —14by—3/6b3
So— wo 1626 1626 0
3G 0  — 3v6b1 —4v3b2+9v2b;  _ 3v6b1+4v3b24+9v2b;  _ 9v/6b1 —31/2bs
1 486/6 4861/6 4861/6
319y pO(b _ 21/6b3—6bs _ —6/2b; —14by+2/6b3 _ /6b3—92b;
0 1626 162v/6 1626
138, 2 pach /b2, /b2, V2(V2b1—2b2)
177 Tud 2432 2432 243

Table B.2: The spin-color-flavor wight (f[Oa,]i), corresponding to the transition
pp(L =0) = ¢X (¢; = 1) with the 5¢ component from chiral quark model.

with the spin-color-flavor wight

(F1Oasli)r = (FI Y (=1)" 0% o NPT I1E £, 1) (B.23)

|29\

As the procedure we have done in the first two diagrams, (f|O4,|i) can be decoupled

to be

FOaslide= 3 > > > 2 2 2.0

mE,Tnf Mea,M4, 8m€,7nf MEKY ,Mp M, MYy Mg, b 1/)\
. / / . .
<]>]—7mevmf‘<]an><17]m7maam4,8|,77me>
11

5o micy)
2 2 mg, my yMEKY

o1
mKY7mp|‘] J ><j17§7

(s Lo, il mi) froas (SCEYGICM  (B.24)

5

with (SC’F)S{?QM is given by

<SCF ChQM Zb X1 ma ij,m4,8<X)|

0'56 PR IEIE XS, m, (03X 1y, (498)X 3, (@0d)). (B.25)

Similarly, with the quark labeling as used in the spatial wave functions, we have
(f|0a4]%)r as shown in Table B.2

In order to combine the two transition amplitudes, we choose the radial param-
eters for the baryons and mesons: Rp = 3.1 GeV ™!, Ry = 4.1 GeV ! [17] and

the size parameter between quark cluster R = 4.1 GeV ~!. According to the vertex
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Transition  (f|Ochonmli) x 1072

HSy— wo -9.7
36— 7Y% 3.1
3160— p¢ 4.0
138y— no 1.3

Table B.3: The total spin-color-flavor wight (f|Ocngli) corresponding to the
transition pp(L = 0) — ¢X(¢y = 1) with the 5¢ component from chiral quark
model.

in the two quark line diagram, the effective strength can take same value, that is

A, = Aa, = Acngm- We have the total transition amplitude eq.(B.1) become
TGN = Aenu Fy 1M q exp {—22¢* — Z2K*} (flOcnoumli), (B.26)

where Fy ;"M = Q42 = 4.9%x 1071 GeV~1, Z, ~ 2.3 GeV ™' and Z), ~ 1.3 GeV 1.

The total spin-color-flavor wight is given by

(flOchomli) = (f|O0a,li) + 2((f|Oa,li)1 — (flOa,li)2 + (f|Oa,li)s),  (B.27)

as listed in Table B.3.



Appendix C

Transition amplitude of the
proton wave function with

the figure of penta quark

The transition amplitude with 5¢ component of penta quark has the form as eq.(A.1)
but the 5-quark component |uudss) is defined as
X%,mpsg(UUdsg) = |{X1/2,7ng('§) ® (f =1, l’l’)}jzymi @ Xs,s. (UUdS» 1 (Cl)

5,Mpss”

According to its configuration, which is constructed by coupling an § quark mo-
mentum ¢ to the 4-quark wuds momentum ¢ + g3 + ¢4 + ¢5 with orbital angular
momentum (1, ), the 5-quark component spatial wave function is given by
o o Rp 1. ., 1. -2
Ouudss(q1, -, G5) = Nuuds§exp{_7[§(q2 —3)° + E(qQ + @3 — 2q4)
| @+ @3+ G+ G — Aq1
+—= (@ + @ + 31 — 335)°]}Y5
(@2+ @+ 3)°1} 1;L( J20 )

12
R%®+%+@+%—Mw}

exp 4 ——= , (C.2

p{z( 50 ) (C.2)

With the spatial operator O3 il and the spatial wave function of the antiproton
and the mesons as defined in appendix A, and integrating with the delta functions

as done in the case of ss-sea quark |, I;‘p“adgal can be reduced to the spatial wave

35
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amplitude for S to P transition in the low-momentum approximation is given by
I 00 = aFo1foa (v, A pmy)exp {—Q2¢> — Qik*} (C.3)

with the geometrical constant and the spin-angular momentum function are given

by

1 3/2 4 1 3/2
uuds 3 1 Q12> Q127 o
Foyld = g\/gN’/T4 (12)2) 3/2 (( 1274))5/2 - (( 12)3))5/2 (62 - ]-) 5(3) (O)a
3 4

f&?ds(yvkaﬂvmf) = (_1)V6V,—>\6u,mf- (C.4)

uuds.

Decoupling the spin-color-flavor weight (f|O4, |7)

(Floafiy s =33 > 33> G me,mgl ), JL)

Me,Mf Ma,M3.8 Mpss,Mp Mi,Sz Mz, b VA

11
272

<Jsvjm7ma7m3,8 j7m€>< 7mps§;mﬁ|Ja Jz>

. 1 .
<.]ia S, My, SZ|§amps§><§7 17m§7 /J’|.]ia m7,>

(1) (=1)"80,—26p,m, (SCF)™ 4=, (C.5)
so the corresponding matrix element is given by

(SCF)"™® = (X1, (9) X ma s (X))

o AP [y, 0 (5) oo, (wuds) X (@T)).  (C.6)

The corresponding spin-flavor weights can be obtained as shown in Table C.1.
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Transition

[31][31][22] 4,

[31][211][22] 4,

HS()—> wo
3351*) 7T0(;5
31SO_> p0¢

1351_> 77ud¢

_5
366
5
108v/2

13
1086

1

362

_5
36V6

5
108v/2

13
1086

36v2

Table C.1: Spin-flavor matrix elements (f|O4,|i) for the transition pp(L = 0) —
¢X (¢ = 1) which are described by quark line diagram A; with the 5-quark com-

ponent of pentaquark.
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Appendix D

The construction of the

pentaquark wave functions

The spin, color and flavor wave functions of the ¢* configuration of the pentaquark
can be worked out in the the Yamanochi technique [32]. Here we present some
detail description to illustrate how to construct the presentation matrices of the
irreducible representations of S;. For instant, there are three Young tableaux for

[3,1] with three corresponding basis function:

31 _[1]2(3]_
g = 2] s, ey,
, 1124
ot = 2 = 3 1jao1),
ot = L= 3 112, (D.1)
where ¢E‘] = |[\](*n,Tn—1,--,72,71)) Tepresents the Yamanochi basis or standard

basis with r; stands for the row from which a box is removed. Thus, there are three

projection operators for irreducible representations [3,1]:
(2111) —

Wi %Z<[3,1](2111)|Pi|[3,1](2111)>R-

3,1 3
Wiy = g 2 (3. 1A21)|P([3, 1(1211) P,

Whithy = 5 208, 1120 PR, (120}, (D.2)
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where P; stand for all the permutations of S; and the factor 3 is the dimension of
the representation [3,1]. In order to evaluate the representation matrices for the
permutation P;, in case of permutation between object n — 1 and n , we apply the

operation of the element (n — 1,n) on the standard basis satisfies the following:

(n—1,n)|[A)(r,r,rn—2,..,72, 1)) = |[N(r, r, "r—2, .., 72, 1)),

(n—1,n)|[N(r,r — 1,70 2, ..,79,1)) = =|[\](r,7 — 1,7p_2,..,72,1)), (D.3)

when |[A](r,7 — 1,7,_2,..,72,1)) not exists, and

(n - 1,71)‘[)\](7"7 S, Tn—2y s T27T1)> = UTsl[)\](T7 §,Tn—2,..,72, 7"1))
++/1 7U%S‘[S\](S,T,Tn_z,..,7’2,7‘1)>, (D.4)
where

1
Ar=1) = (As —8)’

(D.5)

Ors =

for |[A(r, 8,7n_2,..,72,71)) and |[N|(s,7,7n_2,..,72,71)) all exist and r # s. While

the matrices of the elements (i,n) can be obtained by using relation
(i,n) = (n—1,n)(i,n — 1)(n — 1,n). (D.6)

For example, the matrix of the element (3,4):

(on 1301y (@PIGOler ) (eh(3a) i)
DEB4) = (o34l (02T a)ePY) (B (34)105 M)
(o Ba)ep ) (oS IGaIe ) (e I(Ba) )
-1/3 2v2/3 0
=l 2v2/3 1/3 o0 |- (D.7)
0 0 1
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A cycle permutation can be resolved into a product of transpositions, we have

D(ijk) = D(ik)D(ij),

D(ijkl) = D(il) D(ik)D(ij). (D.8)

By applying eq.(D.6) and eq.(D.8) with the matrix of the element (n — 1,n), all of

the permutation matrices D> can be obtained such as

1 0 0 1 0 O
D(123) = D(13)D(12) = | 0 -1 —5 01 0
0 - 3 00 -1
1 22
3 3 3
— | _v2 5 1
3 6 2v3 |’ (D.9)
Vioas 4
3 2v/3 2
D(1234) = D(14)D(13)D(12)
1 V2 2
-3  —5 —\/3 1 0 0 1 0 0
=| ¥ % -zi 0 -1 - 01 0
V3
Vi oews o8 )\ 9 3 J oo o
1 22
-3 =5 0
= V2 1 V3
= % % 3 (D.10)
_\/5 1 V3 1
3 4\/5 4 2

Substituting <¢£3’1] |(34)|¢£3’1]> for all permutations into eq.(D.2) we obtain the pro-

jection opertor

1 1 1 1
W([S’lll]l) = g(Pl —3 1,423 — 3 1,324 — §P1,2P3,4 +Pi2+Pi3
Py Py Py 1
—_ P. — &= 9= P, — — P P
3 + I23 3 3 + F123 3412 + F132
1 1 1

1 1
_7P _7P _ P _
341347 342 3043 — 3 3
1 1

1 1
_ = P, - _Zp.
3 301324~ b3
1 1

—-P - =P D.11
3i1423 3 1,4,3,2), ( )

Prss—-Pras

Pioas—
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By _ 1., 2 1 1 P
Wisiy = S(Pl 3 1.4F2 3 6P1,3P2,4 + 3P1,2P3,4 + P 5

5P P. 5P P. 5
14 f23 94, I3a .

6 2 6 3
5 1
Pisa+—-Pias— -Piras— P34

1
— §P1,2,3 +—-Pioa
1 1
B = S
2 1!372 6 6 6 1y Ey 3 19y
2 2

1P 1P
—5i243— 11234~ 11,243~ 511,324
3 6 6 3

1 2 1
gitsa2 — ghiazs — ¢ 1,4,3,2),

and

31 _ 1 1 B B Pis  Pra Pag
W(1121) = 8(P1 + 2P1,3P2,4 PyoP3y— Pro+ TN + TN + TN
Py, 1 1 1 1
224 Py~ =Pios— —Pla4— -P -p
+ 9 + P34 9123 = 5124 = 530 + 51134
1 1 1
_-p -p _ _ =
g 142 + 5i143 = 5234 = 5243
1 1

—-Pi342— zPi432)
2 2 ’

(D.12)

(D.13)

where P denotes the permutation on the objects that labeled by the subscript.

Similarly, for the irreducible representation [2,2] and [2,1,1] that corresponding to

Young tableaux

2,2] |12 _

(22 _|1]3]|_

[2,1,1] _ 114 ‘ _

¢n _l - ‘[27171](2111»;

3]

(2,1,1] _ 112 ‘ _
4]

[2,1,1] _ 113 ‘ _
4

(D.14)

(D.15)
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we have

1
W([§é21]1) = ﬁ@ﬂ + 2Py 4P 3+ 2P 3Py 4 + 2P 2P3 4+ 2P o — Pi 3
—Piy—P3—Poy+2P34—Pia3—Piaos— Piag2
—Pi34—Pirao—Piaz—Posa—Pous—Piasa

—Pioa3+2Pi3oa—Pizas+2Piass— Pias2), (D.16)

1
Wg’é]l) = ﬂ@Pl +2P 4Pz + 2P 3Poy + 2P oP3 4 — 2P o+ P13

+Pi 4+ Pz + Py —2P3 4 —Pros—Pios— Piao
—Pi34—Pias—Pias—Pozys—Poysz+ P23

+Pi2a3—2Pi3oa+Pi3ao—2Piass+ Prasz2), (D.17)

iy _ 1., 1 1 P

W(2111) - S(Pl 3P174P2,3 3P1,3P2,4 3P1,2P3,4 Pio—P3
Py Py  P3g 1
— — P : ’ P — —P; P

+ 3 2,3+ 3 + 3 + 123 3 1,2,4 T 11,32

1 1 1 1 1
P CPlao— ~Pias— ~Poga— ~Pra
gP1s4 = gPa2 = SPlas — 5 Pasa — ghhus

+1P + 1P + 1P
gP2sat 3P2as+ 5 Pis2s

1 1 1
+-Pisa2+ -Prass+ sPias2), (D.18)
3 3 3
21y _ 1 1 N P Py P
Wiy = 8(P1 + 2P1,3P2,4 Py oP3 4+ Pro 5 > 5
P4 1 1 1 1
2 P, SPlys— =Py, — =P -p
5 54~ 5128 — 5 P24 — 5 P32 + 51134
1 1 1 1

—-p _p °p “p

51142 + 51143 + 512,34 + 512,43

1 1
+§P1,3,4,2 + §P1,4,3,2), (D.19)
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iy _ 1., 2 1 1 _ Pz
Wiian = 8(P1 3 1,4 3 6 1,312,4 + 3P1,2P3,4 P+ D)
_ > Pl L = P — P
5 > 6 3 5123 + g 124
5 1

1
—P,
6 1,34 + 6 6

1 2 1

— P — P - P
+6 1,2,4,3 T 313,24 + FREEER:
2 2 1

—ZPys,— =P -p
32847 3 2,473-1-6 1,2,3,4

2 1
+§ 1,4,2,3 + 6P1,4,3,2)- (D.20)

1
—§P1,3,2 - Pigs——-Pias

By acting the obtained projection operators onto the four quark state uuds,
the flavor wave function are obtained. The two corresponding spin wave functions
X[22]s, and X[22]5, can be constructed by the substitutions v <1 and d, s <]
in the flavor wave function, x|2g . and x(22) o with an additional 1/4/2 in the
normalization factor. Analogy, the color symmetry [211] is constructed by replacing
u <4 R, d < G and s <> B in the flavor wave function x(211-

Finally in order to complete the ¢* wave function we have to couple the [211]
color with [31] the spin-flavor wave function to be [31] spin-color-flavor wave function
for uuds configuration. We write down the all possible multiplication of x[211) o, With

X[31]ps, in form of linear combination
J

X[B1llcsr = Z ai,jX[le]CiX[Sl]stv (D.21)
5,J=X\,p,n

where a; ; is the coefficient for making the combination correspond to [31] symmetry
of spin-color-flavor wave function. There are only three components that give the

four quark configuration is antisymmetric,

XBlosr = @0pX[211le, XBUrs, T TpAX2111c, X3l rs, T In.nX211]c, X[31] rs, (D-22)

Transform x(31],5, With corresponding permutation D(34), we have

(34)X[31]CSF = TaxpX[211]c, X[31]Fs,

1 2v/2 1 2v/2
+%,A( ~ 3 X211, + T)([zu]cn)(g)([:ﬂ]mA + TX[?;I]FSW)

2V/2 1 2v2 1
+an,n(73 X[211]¢, + gX[Qll]cn)(ig X[31]rsy, — gX[gl]an). (D.23)
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Antisymmetric wave function require that

(34)X[31]CSF = _X[Sl]cspa (D24)

this give a condition a, y = —a,, while ay , is arbitrary number. By choosing

ax,p = 1 and normalizing X(31],¢, With the obtained condition we obtain

1
X[B1llcsr — %(X[mu% XB1]rs, — X[211]c, X[31]rs, + X[211]c7,X[31]ps,,,)' (D.25)

For the spin-flavor x(31),. such as |[31] ps, [31] #[22]5) corresponding to Young tableau

1]2]3]

(D.26)

There are only two product of the spin x[22], and flavor x(3;), wave function, that

are consistent with characteristic permutation of x(31),.¢

1]3]4] _[1]3 1[2]3] _[1]2
Bl ®24,7 Dars (D.27)
Hence, the spin-flavor |[31]rs, [31]r[22]5) can be assumed as
131]Fs, [31]F[22]5) = ap,pX(31)5, X[22]s, T OAAX[31] 1, X[22]5, (D.28)

The coefficient a, , and ay x one can be evaluated by acting the matrix D[31(123)

(eq.(D.9)) and

|
o
w

DI?21(123) = : (D.29)

m‘% N
w

(SIS

onto the corresponding wave function of eq.(D.28)

DI(123)[[31]Fs, [31]p[22]s) = a,,, DP(123)x (311, D (123)x 12215,

+ax xDPU(123)x (317, DPH(123) X2y, - (D.30)
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We obtain
1 V3 1 V3
I[31] s, [31]F[22]s) = ap7p(—§X[31]Fp - 7X[31]Fk)(—§><[22]s,) - 7X[22]SA)
1 V3 V3 1
taaa (=5 Xpilr, + 75 XB1ER, ) (55 Xe2ls, — X225, ){D-31)

Taking eq.(D.28) equal to eq.(D.31) and normalizing, give a,, = ax = 1/v/2 so

we have the explicit form of the |[31]rg, [31] £[22]5).
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Apparent channel-dependent violations of the Okubo-Zwieg-lizuka (OZI) rule in nucleon-antinucleon
annihilation reactions in the presence of an intrinsic strangeness component in the nucleon are discussed.
Admixture of s§ quark pairs in the nucleon wave function enables the direct coupling to the ¢-meson
in the annihilation channel without violating the OZI rule. Three forms are considered in this work for
the strangeness content of the proton wave function, namely, the uud cluster with a s5 sea-quark
component, kaon-hyperon clusters based on a simple chiral quark model, and the pentaquark picture
uudss. Nonrelativistic quark model calculations reveal that the strangeness magnetic moment u, and
the strangeness contribution to the proton spin o, from the first two models are consistent with recent
experimental data, where u, and o, are negative. For the third model, the uuds subsystem with the
configurations [31]p¢[211]5[22]g and [31]p[31]5[22] leads to negative values of u, and o . With
effective quark line diagrams incorporating the 3P, model, we give estimates for the branching ratios of
the annihilation reactions at rest pp — ¢X (X = 7%, 7, p°, w). Results for the branching ratios of ¢X
production from atomic pp s-wave states are for the first and third model found to be strongly channel
dependent, in good agreement with measured rates.

DOI: 10.1103/PhysRevD.84.074035 PACS numbers: 13.25.Ft, 13.25.Hw, 14.40.Lb, 14.40.Nd

L. INTRODUCTION

In the simple constituent quark model, where the proton
is made of two constituent u quarks and one d quark, a
good explanation of static properties, e.g. magnetic
moment, can be achieved. However, experimental results
of the pion-nucleon sigma term value, strange magnetic
moment u,, strangeness contribution to nucleon form
factor [1], as well as the apparent violations in nucleon-
antinucleon annihilation reactions involving the ¢ meson
[2] indicate that the proton might contain a substantial
strange quark-antiquark (s5) component. The strangeness
sigma term appears to lie somewhere in the range of 2—7%
of the nucleon mass [3]. The substantial Okubo-Zwieg-
lizuka (OZI) rule violations in the NN annihilation reac-
tions involving the ¢ meson may suggest the presence of
an intrinsic s§ in the nucleon wave function [4], for in-
stance, the presence of a ¢>s5(g>s5) piece in the N(N) wave
function. With such an assumption, the ¢ meson could be
produced in NN annihilation reactions via a shakeout or
rearrangement of the strange quarks already stored in the
nucleon without the violation of the OZI rule. There are
other explanations of the OZI rule violation without intro-
ducing a strange component in the nucleon such as the
resonance interpretation, instanton induced interaction [5],
and rescattering [6].

*On leave from Department of Physics, Tomsk State
University, 634050 Tomsk, Russia

1550-7998/2011/84(7)/074035(10)

074035-1

The European Muon Collaboration spin experiment [7]
on deep inelastic scattering of longitudinally polarized
muons by longitudinally polarized protons revealed for
the first time that the polarization of the strange quark sea
may contribute a significant negative value to the proton
spin 0. This experimental result was confirmed by the
subsequent deep inelastic double polarization experiments.
Reference [8] analyzed all the available data in a systematic
way and found oy = —0.10 = 0.03. Among a large number
of theoretical works, the chiral quark model (CQM) has
been successfully applied to explain the spin and flavor
structure of the proton [9,10]. With the fluctuation of the
proton into a kaon and a hyperon, the negative polarization
of the strange quark sea is explained and other theoretical
results are derived consistent with the deep inelastic scat-
tering experimental results [9]. The flavor and spin struc-
tures of the nucleon as well as other observables are studied
in Ref. [10], with both pseudoscalar and vector mesons as
well as octet and decuplet baryons included.

However, the configuration of strange quarks in the
nucleon is still an open question. The strangeness magnetic
moment 4, can be extrapolated from the strange magnetic
form factor G3,(Q?) at the momentum transfer Q> = 0
measured in the parity violation experiments of electron
scattering from a nucleon [11]. Most experimental mea-
surements suggest a positive value for u, in contrast to the
recent experiment data [12] and most theoretical calcula-
tions which have obtained negative values for this observ-
able [13,14]. A recent work [15] has proposed a different
form for the strangeness content of the proton. Instead of
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the 5-quark component, which consists of a uud cluster
and a s§ pair proposed for solving the puzzle of violation of
the OZI rule, Ref. [15] treats the strange quark piece in
terms of pentaquark configurations. Different pentaquark
configurations that may be contained in the proton may
yield both positive and negative values for the strangeness
spin and magnetic moment of the proton.

The experimental results on ., which is extracted from
experimental data on Gi4(Q2), are rather uncertain due to
the large uncertainties in wa(Qz) and the extrapolation
approach. So it is believed that the proton-antiproton re-
actions involving ¢ production may be another platform to
be applied to tackle the possible configuration of strange
quarks in the proton. In the present work we consider the
strange content in the proton wave function in three mod-
els, namely, the uud cluster with an s5 sea-quark compo-
nent, kaon-hyperon clusters based on the chiral quark
model, and the pentaquark picture uudss. The theoretical
o, W, and branching ratios of the reactions pp — ¢pX
(X = 7° 7, p°, w) will be compared to experimental data.
We resort to the 3PO quark model [16] and the nearest
threshold dominance model [17] to obtain quantitative
predictions for the branching ratios of the annihilation
reactions from atomic pp states with the relative orbital
angular momentum L = 0 [18]. The paper is organized as
follows. The proton wave functions are briefly described
in Sec. Il while o and u, are calculated and discussed in
Sec. III for various strangeness quark configurations. In
Sec. IV we evaluate the branching ratios for the reactions
pp — ¢X for the three forms of proton wave functions by
using the P, quark model. Finally a summary and con-
clusion are given in Sec. V.

II. PROTON WAVE FUNCTIONS

The proton wave function in the presence of strange
quarks may include a 5-quark component gggss in addi-
tion to the uud quark component, taking generically the
form

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

where A and B are the amplitudes for the 3- and 5-quark
components in the proton, respectively [19]. The possible
spin-flavor structures of the 5-quark components discussed
in the NN annihilation process are considered in the next
three subsections.

A. Proton wave function with an explicit ss
sea-quark component

We consider the idea that strange quarks are present in
the form of an s§ sea-quark component in the proton
state. This idea was proposed for describing the apparent
violation of the OZI rule in the ¢ NN production pro-
cess [20] and in more general form used to discuss the ¢
meson production in NN annihilation reactions [4]. The
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corresponding S-quark component for this model can be
written in Fock space as

luudss)y™s = aol(uud) /2)(s5)0)1 2)
+ a|(uud), ;5(s3)1) 1 /2), (2)

where the subscripts denote the spin coupling of the quark
clusters, and a, and a; represent the amplitudes for the
spin 0 and spin 1 components of the admixed s3 pairs.

B. Proton wave function based
on a chiral quark model

In the chiral quark model, the dominant process is the
fluctuation of a valence quark ¢ into a quark ¢’ plus a
Goldstone boson (GB) which in turn forms a (gg’) system
[21]. After the fluctuation of the u and d quarks in the
proton, one of these quarks turns into a quark plus a quark-
antiquark pair involving a strange quark. This idea was
considered, for example, for calculating the flavor and spin
content of the proton [9,10]. To obtain the proton wave
function we consider the SU(3) invariant interaction
Lagrangian of baryon octet with nonet of pseudoscalar
mesons,

L, = —gsV2(a[BBP]; + (1 — @)[BBP]y)
_ 1
81 \/_§
where gg = 3.8 and g; = 2.0 are coupling constants [22]
and « is known as the F/(F + D) ratio with F ~ 0.51, D =

0.76 [23]. The square brackets denote the SU(3) invariant
combinations,

[BBP], = Tr(BPB) — Tr(BBP), )

[BBP];, 3)

[BBM],, = Tr(BPB) + Tr(BBP) — % Tr(BB)Tr(P), (5)

[BBP]s = Tr(BB)Tr(P), ©6)

where B and P are the baryon octet and pseudoscalar
meson nonet matrices, respectively, given by

30 A +
e 2 p
B=| > —%+JA€ no | (7)
= =0 _2A
el | \/6
7 Loms om + +
T+ B+ T K
P= 7 R R . (8)
- < —2m5 4 7
K S

The part of the interaction Lagrangian which allows for a
fluctuation of the proton into kaons and hyperons is con-
tained in

074035-2



¢ MESON PRODUCTION IN pp ANNIHILATION ...

L;=-gp p+g|:15770+1_4a13
I 1P 8 N U]

+ ! -\i—/§2a AK™ + Qa — DI’k — 2w
+22a — 1)27K0:|p+ &)

The final states resulting from pseudoscalar meson emis-
sion by the proton are summarized as

1 —da

I‘I’>~—gllpm>+gs[ 7 lpmg) + Ip7°)
1+ 2« N o 0+
+7\/§ [AKT) + (2 DIZOKT)
—v5m7+y+v5@a—qnz+K%} (10)

In the absence of the fluctuation, the proton is made up of
the conventional two u quarks and one d quark. Thus W(p)
may be interpreted as the 5-quark component of the proton
wave function which is given by

luudss)*M = G,|Z°KT) + G,|STK?) + G5|A°K™)
+ Gylpmi) + Gslpns), (11)

where the G; are the coefficients corresponding to the
respective factor in Eq. (10). Each component in the last
equation can be represented in terms of quark cluster
configurations as

lpn1s) = |(uud)q /2 (s5)0)1 2),
IZO0K*) = |(uds) 1 2)(u5)o)1 /2,
[2KO) = [(uus)/2(d$)o)a 2
|AOK™) = (usd) 1 2)(5)o)1 2)-

(12)

C. Proton wave function including general
configurations of the uuds subsystem

Another, more general form of the 5-quark component
was proposed and analyzed in Ref. [15]. Instead of first
generating a meson coupling to a baryon cluster, they
considered the genuine 5-quark or ¢*g pentaquark compo-
nent in the proton. In this model the 5-quark component
may be expressed in terms of the uuds and the § wave
functions as

luudss) s = |(uuds)s) ). (13)

The flavor wave functions for the uudss components are
usually constructed by coupling the uuds to the § flavor
wave function. The configurations studied in [15] include
at most one unit of orbital angular momentum. The favored
configurations are connected to a positive sign for the
strangeness magnetic moment and a negative one for the
strangeness contribution to the proton spin.
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III. STRANGENESS MAGNETIC MOMENT
AND SPIN OF THE PROTON

In the nonrelativistic quark model the strangeness mag-
netic moment operator [, and the strangeness contribution
to the proton spin operator & are defined as

-> - e & P A
i, = %Z&(Q + 4,), (14)

G, =06, + 64 (15)

S, is the strangeness counting operator with eigenvalue + 1
for an s and —1 for an § quark and m; is the constituent
mass of the strange quark. To calculate the matrix elements
of these operators explicit forms of the spin-flavor wave
functions of the proton including orbital angular momen-
tum are needed.

For the first model the spin-flavor wave function can be
constructed by coupling the |s5) j.=0,1 configuration to the
luud), /, cluster. Since the admixed s3 carries negative
intrinsic parity, an orbital P-wave (¢ = 1) has to be intro-
duced into the nucleon quark cluster wave function. The
simplest configuration (see also Ref. [20]) corresponds
to a 1S-state of the s§ pair moving in a P-wave relative
to the (uud) valence quark cluster of the nucleon. Then the
5-quark component with total angular momentum 1/2 can
be written in the general form,

|uudsS)e 0y m, ~12)

= D a;;ll(s3); ®€=1]; ®wud)))/2.m,.~1/2
JsrJi=0,1

(16)

with the normalization 3", ; _ola; ;1> = 1.

Similarly, for the proton wave function in the CQM,
where the sea-quark contributions are embedded in the
pseudoscalar mesons, a relative P-wave between the pseu-
doscalars and the uud or hyperon clusters has to be in-
cluded. The spin-flavor wave function with spin + 1/2
for each coupled meson-baryon state of Eq. (12) may be
expressed as

_\CQM
luudss) 7))
= |[(g3);,—0 ® € = 1];, ® (995)s)1/20m, =1/ (17)

Wave functions of the pentaquark uudss states em-
ployed in the third model are more complicated because
no restrictions are set concerning the subclusters. One has
to carefully consider the coupling of the color, spin, flavor,
and spatial parts to construct the total wave functions [15].
The color part of the antiquark in the pentaquark states is a
[11] antitriplet, denoted by the Weyl tableau of the SU(3)
group. Hence the color symmetry of all the uuds configu-
rations is limited to a [211] triplet in order to form
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a pentaquark color singlet labeled by the Weyl tableau
[222]. Three flavor symmetry patterns exist for the uuds
system corresponding to the octet representation for the
proton: [31]g, [22]F, and [211]; characterized by the S,
Young tableau. However, the pentaquark should be
antisymmetric under any permutation of the 4-quark con-
figuration. If the spatial wave function is symmetric, the
spin-flavor part of the uuds component must be a [31] state
in order to form the antisymmetric color-spin-flavor uuds
part of the pentaquark wave function. For instance, the
flavor symmetry representations [31]r and [211]; may
combine with the spin symmetry state [22]s to form the
mixed symmetry spin-flavor states [31]pg (the explicit
forms may be found in [15,24,25]). In this work we con-
sider only the case that the uuds component is in the
ground state with the spin symmetry [22]s corresponding
to spin 0, and the relative orbital angular momentum
between the uuds component and the § is of one unit to
obtain the positive parity for the proton wave function.

Theoretical results for the strangeness magnetic moment
M of the proton and the strangeness contribution to the
proton spin o are listed in Table I. In the first model we
have fixed the configuration parameters as oy = a;; = a@.
The strangeness magnetic moment u, depends explicitly
on a1, which is related to the amplitude for the s5 quark
cluster with spin 0. Setting a; = 0 is equivalent to ex-
cluding the quantum number J*¢ = 0~ for the 55 admix-
ture in the nucleon wave function connected to the
production of 7 and %’ in NN annihilation as discussed
in [19,26]. The chiral quark model always gives results for
M and o, which are negative, and the size of the strange-
ness contribution depends on the coupling g3. For the third
model, we show only the results for the cases where the
uuds component is in the ground state with the spin-flavor
configurations [31]p¢[211]5[22]s and [31]ps[31]£[22]¢
and the relative motion between the uuds component and
the § is a P-wave.

All the three models yield negative values for the
strangeness contribution to the proton spin, which is
consistent with present experimental results [7,8]. Nega-
tive values for the strangeness magnetic moment also
result from all three models. Note that we restricted the
considerations of Ref. [15] to the pentaquark components
with the wuuds configurations [31]ps[211]z[22]¢ and
[31]ps[31]£[22], respectively.

TABLE I. Strangeness magnetic moment and spin of the pro-
ton for the three models of the 5-quark component.

luudss) iy % o (B2)

S5 —0.55aaq, —1.22&[18]
CQM —1.1g2 -0.31g3
[31]ps[211]6[22]5 —3[15] —3[15]
[31]ps[31]£[22]5 —5[15] —5[15]
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IV. NN TRANSITION AMPLITUDE
AND BRANCHING RATIOS

To describe the annihilation reactions NN — X¢
(X = 7%, n, p°, w) we use an effective transition dynam-
ics, which is evaluated in the context of a simple constitu-
ent quark model. In this specific process the ¢ meson
couples to the intrinsic s5 component of the nucleon, which
is the leading order OZI allowed contribution. The process
p p annihilation into ¢ X involving the 5-quark components
in the proton wave function can be described by the quark
line diagrams of Fig. 1. In the hadronic transition the ef-
fective quark annihilation operator is taken with the quan-
tum numbers of the vacuum (*P,, isospin I = 0 and color
singlet). Meson decays and NN annihilation into two
mesons are well described phenomenologically using
such an effective quark-antiquark vertex. At least for me-
son decay, this approximation has been given a rigorous
basis in strong-coupling QCD. The nonperturbative ¢g > P,
vertex is defined according to [27]

V=¥ oY@ = 480G + a= DI,
M
(18)

where Y;,,(¢) = 141V, ,(q) with Y, ,(g) being the spheri-
cal harmonics in momentum space, and 1;% and 1 are unit

y ¢

uudss

|

p{ rd A
4
1 i
2 o ¢
uudssy 3
4
5
o b
p{7 ki
P{ . oy X
4,
1 > 1
2 —a— ¢
uudssy 3 —»—
4 —>—
5
SN
5 —— 3
p{; - ~ 4 X
A

3

FIG. 1. Quark line diagrams for the production of two-meson
final states in p p annihilation. Small circles refer to the effective
vertex of the 3P0 quark dynamics for ¢4 annihilation. The first
diagram corresponds to the shakeout of the intrinsic s§ compo-
nent of the proton wave function [4,18].
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operators in flavor and color spaces, respectively. The spin

operator o' x is part of the 3P, vertex, destroying or

creating quark-antiquark pairs with spin 1.
In the momentum space representation the transition
amplitudes for the quark diagrams of Fig. 1 are given by

TAI = fd3q1 e d3q8d3q1’ e d3Q4/<¢X|§1/ e é4/>

X{Gy - GulOy, Gy - .. GsXqy - - - Gsl(uudss)
® (niid)) (19)
where (it it d) stands for the antiproton wave function and

(uudss) for the 5-quark component of the proton wave
function. The effective operators O,, take the form

Op, = 14,89G, — G118 (G, — G)
X 83(G3 = G3)8%(Gs — Gu)VOVY, (20)

04, = )‘A25(3)(C?2 — §1)6%9(g; — )
X 89 — )09 (Gs — a)VVI, QD)

@A3 = )\A35(3)(C72 - Z11')5(3)(173 — q2)
X 869Gy = G3)8%(gs — GV (22)
The S-functions represent the noninteracting and continu-
ous quark-antiquark lines in the diagrams. The constants

Ay, describe the effective strength of the transition topol-
ogy and are considered to be overall fitting parameters in

<EI)1 B L_])5|btbtdS§> = Qouudsi(('-l)lr ce qS)qudsE
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the phenomenological description of experimental data.
Since the 5-quark component is treated as a small per-
turbative admixture in the proton (B> < 1), we ignore
the transition amplitude with the term (g, ... gs|(uudss) ®
(4 d 5 s)) or the rearrangement process [4].

In this work the internal spatial wave functions are taken
in the harmonic oscillator approximation. For the mesons
M (¢ and X), the wave function can be expressed in terms
of the quark momenta as

MGyd;) = em(Gi 41 xm
2

Ry .. .
= Ny CXP{_ ?M (Gr — C]j’)z}XM, (23)

with Ny, = (R%,/m)¥* and R, is the meson radial para-
meter. The spin-color-flavor wave function is denoted
by xu- The baryon wave functions are given by

(Bl4:q;d4x) = epX5B
RAT . -
= Ng eXp{— T [(qj — G’

G+ gr — 24;)?
+(q, dr — 24;) ]}XB’ 4)

3

where Ny = (3R%/#)*/? and Ry is the baryon radial pa-
rameter. For the first and the second model the full 5-quark
component wave function, resulting from the coupling of a
meson to a baryon, is given by

RAT .
= Nuudsﬁ eXP{ - TB [(614 -

. (44 + s — 2¢5)* R . . . .
gs)? + B0 ]}eXP{—§(q3+q4+qs—ql—qz)z}

2

. - - . . Ry . "
X Y1,(G3 + s+ Gs — 41 — 42) exp{_ MG, - 612)2}(/\/3 ® Xu)- (25)

8

The exponential form with the radial parameter R and the spherical harmonics Y, together represent the internal relative

P-wave between the 3-quark and 2-quark clusters.

For the third model the proton wave function includes a pentaquark component uudss with the uuds part in the ground
state and the P-wave internal relative orbital angular momentum between uuds and the 5. One may write the spatial wave

function of the pentaquark component uudss as

S . Ry .. .
gouudsi(‘]lr s ('IS) = Nuudsi exp{— TBI:((’IZ - Q3)2 +

(@2 + G5 — 244)* n (@2 + g3 + Gs — 3Gs)*
3 6

(G2 + G3 + Gs + s — 44,)* Go T Gz + qs + Gs — 4G,
+ Y1, .

10

By choosing the plane wave basis for the relative motion
of the proton and antiproton, the initial-state wave func-
tions in the center of momentum system (lg =g, +qg,+
gs + Ga + gs) are obtained as

ey .

<él e éSl(uudSE) ® (1’_‘ u C?)) = @uud.ﬁ,ﬁ[)(uud&? ® /\/[_J]S,SZ’
(27)

with
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gouudsi,ﬁ = gouudﬁgof)a(z,)(g])l + 62 + 53 + ‘74 + 65 - k)
X 89(Ge + Gy + Gs + k). (28)

The spins of the pp system are coupled to the total spin S
with projection S,. Similarly, the final state ¢X wave
functions in the center of momentum system are given

by (¢ = G + G)
(pX1Gy ... Ga) = ©p.xlxp ® Xx)jymo (29)

with

Pox = €0¢¢x5(3)(51 =Gy — §)8%(G + Gy + Gu).
(30)

The spins of the two-meson states are coupled to j; with
projection m..

In the low-momentum approximation, the transition
amplitude 7'f; of the annihilation reaction of the S-wave
P p initial state i to the P-wave two-meson final state f with
the quark line diagrams A; as shown in Fig. 1 is derived as

Tyi(G. k) = Ay, Froo.,—19exp{—02q> — Q}*KF10,4 |i).
31)

The index i represents the initial state 2/ *125*1 | where L
is the orbital angular momentum, S is the total spin, J is
the total angular momentum, and / is the total isospin. The
final state f is represented by the set of quantum numbers
f=1{€;jJ'}, where €, is the relative orbital angular mo-
mentum. The constants Fj |, in, and Q% are geometrical
constants depending on the radial parameters. The matrix
element (f|O,,|i) is the spin-flavor weight for a quark line
diagram A;. The detailed evaluation of the expression in
Eq. (31) is given in the Appendix.

As we consider pp annihilations at rest where the strong
interaction between the proton and antiproton may largely
distort the pp hydrogenlike wave function at small dis-
tances [28], the effect of the initial-state interaction is in
general not negligible. The inclusion of the initial-state
interaction for the atomic state of the pp system results
in the transition amplitude [29],

Tr1ss(q) = [d3kai((§, ]z)d)éSj(ig)’ (32)

where ¢/ ¢ J(E) is the protonium wave function in momen-
tum space for fixed isospin /. The partial decay width for
the transition of the pp state to the two-meson state ¢X is
given by

1 [dpy dpx
Uppoox =57 | 57
2E ) 2E, 2Ey

X 8(E — Ey — Ex)|T;15,(@)1% (33)

89 (pg + Px)
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where E is the total energy (E = 1.876 GeV) and

Eyx = y/m} x + P} x is the energy of outgoing meson

¢ and X with mass m 4y and momentum p, x. With the
explicit form of the transition amplitude given by Eq. (31),
the partial decay width for the S to P transition (L = 0,
€, = 1) is written as

Uppmgx = A5 (@, XKF1O, 12 y(1, )),  (34)

with
Y1, 1) = |Fo, f Prdl, D expl— QU3 (35)

and the kinematical phase-space factor defined by

3
£, X) = % exp{—202¢%}. (36)

The spin-flavor weights (f|O0, [i) for the transitions
NN — ¢X involving the different 5-quark components
of the proton wave functions are listed in Table II.
For the initial values of the total angular momentum J
the statistical weights 1/4 and 3/4 have to be added for
J =0and J = 1, respectively. Finally the branching ratio
of S-wave pp annihilation to the final state ¢X is then
given by

(27 + DF gy an

BR($,X) =——r—17)

where I'\,(J) is the total annihilation width of the pp
atomic state with fixed principal quantum number [30].

The model dependence in Eq. (34) may be reduced by
choosing a simplified phenomenological approach that has
been applied in studies of two-meson branching ratios in
nucleon-antinucleon [29] and radiative protonium annihi-
lation [31]. Namely, the phase space factor of Eq. (36) is
obtained in the harmonic oscillator approximation for the
hadron wave function, depending on the relative momen-
tum ¢ and the masses of ¢X system. Instead we use
a kinematical phase-space factor of the phenomenological
form

TABLE II.  Spin-flavor matrix elements (f|Oy, |i) for the tran-
sitions pp(L = 0) = ¢X(€, = 1) which are described by the
quark line diagram A;. Here 7, refers to the nonstrange flavor
combination 1,, = (uii + dd)/~/2.

Transition s54,  CQM  [31][31][22],, [31][211][22],,

e _, 5 5 5
So—~wd 9/6 0.097 366 366

Be _, 0 5 5 5
S;—>m¢ 272 0.031 1082 1082

3IS — 0¢ 13 0.040 13 13
0P 276 : 108/6 1086

3¢ _, 1 1 1
Sl 7’ud¢ m 0013 3673 365
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TABLE III.  Branching ratio BR(X 10%) for the transition pp — ¢X (X = #°, , p°, w) in pp
annihilation at rest. The results indicated by * are normalized to the experimental values.

Transition BRe* BR* BRCOM BREHB122] BREUII22]
NS, — we 6.3+23 6.3% 6.3% 6.3% 6.3%

SR ) 5.5x0.7 5.4 1.6 5.4 5.4

Sy — p 34*1.0 3.8 0.87 3.8 3.8

8BS, —n¢ 0.9 £0.3 1.4-1.8 0.20-0.27 1.4-1.8 1.4-1.8

f($,X) = q - exp{—a,(s — s, 72 (38)  and a pentaquark, are in good agreement with the experi-

where sg4x = (my + my)'/? and fs = (m%zS + g2 +
(m% + ¢*)'/?. The constant a, = 1.2 GeV~' is obtained
from a phenomenological fit to the momentum dependence
of various multipion final states in pp annihilation [17].
In addition, the functions y(, J), depending on the initial-
state interaction, are related to the probability for a
protonium state to have isospin / and spin J with the
normalization condition y(0,J) + y(1,J) = 1. Here we
adopt for a protonium state the probability y(Z, J) and the
total decay width I',(J) obtained in an optical potential
calculation [32], where explicit values are listed in [30].

In Table III we give the theoretical results for the
branching ratios of Eq. (37) compared with experimental
data. The branching ratios BR*S, resulting from the first
model where the proton wave function has an explicit s5§
admixture, have already been derived and studied in
Ref. [18] by using the same approach. Annihilation pro-
cesses in the first and third model are described by the
quark line diagram A . Since the effective strength parame-
ter A4, is a priori unknown, it has to be adjusted to data.
For this purpose one entry in the table (as indicated by *) is
normalized to the observed value.

For the second chiral model where the proton wave
function contains a kaon-hyperon or eta-proton cluster
component, all three quark line diagrams may have con-
tributions to the pp annihilation process. However, the
process proceeding by the diagram A, with the |pn) com-
ponent in the proton wave function has no contribution to
the transition because of orthogonality to the ¢ state.
Therefore, the annihilation process in the second model
can only be described by the quark line diagrams A, and
Aj. Considering the same annihilation pattern in these two
diagrams, for simplicity the two unknown strength para-
meters are of the same order with A, = A4,. Model
predictions are also normalized to experimental data (as
indicated by *). For final states with X = 7, the physical
meson is produced by its nonstrange component 7,,; with
1= 1,4([1/3c0s8 — 4/2/3sinb) corresponding to a varia-
tion of the pseudoscalar mixing angle 6 from § = —10.7°
to § = —20°.

As shown in Table III, the theoretical results of the
first and third models, where the proton wave function
possesses, respectively, a small kaon-hyperon component

mental data. Note that for these two cases the annihilation
processes pp — ¢ X are described with the quark line
diagram A;.

Please note that in the present model we cannot give
areliable estimate for the genuine transition strength of the
pp annihilation processes. Therefore, the measured pro-
duction rates cannot be used to get an estimate for the s5
content in the nucleon or for the coefficient B in Eq. (1).

V. SUMMARY

Three models have been studied for the proton involving
intrinsic strangeness in the form of a 5-quark component
qqqss in the wave function. In particular, the proton wave
function is made up of a uud configuration and a uud
cluster with an s5 sea-quark component, kaon-hyperon
clusters based on the simple chiral quark model, or a
pentaquark component uudss. We have calculated the
strangeness magnetic moment u, and spin o for the first
and second models and generated negative values in line
with recent experimental indication. Similarly, for the third
model we pick these configurations, where negative values
for g and o result [15].

We further applied quark line diagrams supplemented
by the P, vertex to study the annihilation reactions pp —
X (X = 7°, n, p°, ) with the three types of proton wave
functions. Excellent agreements of the model predictions
in the first and third models with the experimental data are
found for the branching ratios of the reactions of the L = 0
atomic pp state to X (X = 7°, 1, p°, w).
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APPENDIX A: TRANSITION AMPLITUDES OF
THE ANNIHILATION PROCESSES pjp — ¢X

To describe the annihilation process pp — ¢X, where
X =7 7, p°, o with the proton wave function with s§
sea quark, we consider the shakeout of the intrinsic s§
component of the proton wave function as indicated in
the diagram A,. With the operator O, and the full account
of the spin-flavor-color-orbital structure of the initial and
final states, the transition amplitude can be written as

)

TX — )lA]<
(A)

where

+A 56 47 156147156147
Z( D7 A%, ot RO IR IS,

d)}s,5.® (L, M)); .,
(A2)

|8y = Kx2)m,,; (uudss) ® X1 /2),m, (it

/)= Kxim, (d)® X iy g X}, ® (£, mf))],lz- (A3)

The spin-flavor-color content of the clusters is denoted

by X=Xxo®Xr®Xxc. The 5-quark component
X(1/2)m,,; (uuds3) is defined as
X(1/2),m,,; (uudss)
- |{ij’m‘\' (SE) ® (€ = 1’ Iu‘)} ',',mi ®X(l/2),mp (uud)>(1/2),mp.\‘.§.
(A4)

The spatial amplitude Spanal is explicitly given by

I3 = [d3ql L PgsdPqy . dPayey, X(Q})la“al(puudmﬁ,
(AS5)
where
O™ = Y1\(Gs — 7)8%Gs + G7)Y1,(@s — do)
X 89(Gs + G6)6(G1 — §1)6(G> — )
X 8(g5 — G3)89(Gs — qu). (A6)

Partial wave amplitudes can be obtained by projecting the
transition amplitude onto the partial waves, where L = 0
and [y = 1 corresponds to pp annihilation at rest. In the
low-momentum approximation the integrals can be done
analytically, and the partial wave amplitude in the leading
order of the external momenta ¢ is given by

(V A, M:mf)exp{ Qqq - Q%kz}
(A7)

AN
IspatlalL =0,1,=1 =qFp f5
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The geometrical constant F(Sfl and the spin-angular mo-
mentum function f§, (v, A, w, my) are given by

. 3( 3w 3w
2N7T( %2) ((Qp4)5/2 4(Qf,3)5/2)’
5w A, mp) = (=1)78, 28 pm,» (A9

where N = NyNxN,,4;sNp, and the coefficients in the
exponential expression depend on the meson and baryon

size parameters,

4R3,R% + 9R?R% + 3R} R?

2 —
Q" 24(R%, + 3R3) ’
02 — 12R}, + 5R%,R% + 36R*R% + 12R%R?
! 24(R3, + 3R3) ’
1
2 = Ry Qi = E(R%/[ + 3R3), 2. = 2R3,

(A9)

By using the spatial wave amplitude I ”aml we obtain the
transition amplitude ijY taking the form as in Eq. (31) with
the spin-color-flavor weight,

<f|0A1 z>—< Z( 1)””0560 156147156147( 1)”

X 8, )8

M m g

>. (A10)

According to the *P, quark model the matrix element
(104, 1i) can be evaluated by using the two-body matrix
elements for spin, flavor, and color given by

Ol xm, (i) = 85,180, —(=1)"V2,  (AlD)
ONELx )y = 87,,08,,072, (A12)

and
OI1¢1q,qp) = ap. (A13)

where « and B are the color indices. The spin-color-flavor
weights (f|O,4,|i) are evaluated for various transitions, as
listed in Table II.

In case of the simple chiral quark model, the annihilation
processes are described by the quark line diagrams A, and
Aj;. Then the transition amplitude is set up as

T = T M(0,,) + T (0,), (Al4)
where the corresponding transition amplitudes for the two
quark line diagrams are given by

074035-8
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TfinM((oAZ) = AA2< f

—1\V+A ;56 47 156147156147
Y (=)Ao, 0t 13018 1201
VA

CQM
X Ispatial,Az

i> (A15)
and

150, = M {1

— +A 56 17 156117156117
D (=)o, ol 13017101 1
v,A

CQM
X1 spatial, A3

,-). (Al6)

The initial state |7) and the final state | ) take the same form
as defined in Eq. (A2) and (A3), but the 5-quark component
in this case is given by

3
X(I/Z),)n,(y(uudsg) = Z Gll{/\/;‘mv(qi) ® (€ = 1’ /-L)}'i,mi
i=1

® XEI/Z),my ((]qs)>(1/2),m,<y, (A17)
where i =1,2,3 represent the kaon-hyperon clusters
KT30 K%S* and K+ A°, respectively, and the coefficients
G, are as defined in Eq. (11).

In the low-momentum approximation the partial wave
amplitude from each of the quark line diagrams A1 and A2
in leading order of the external momentum ¢ takes the
general form as in Eq. (A7) but with different coeffi-
cients. In order to combine the two transition amplitudes,
we choose the radial parameters for the baryons and
mesons as Ry = 3.1 GeV™!', R, = 4.1 GeV~! [18] and
the size parameter between the two quark clusters as
R =4.1GeV~!. Then the total transition amplitude
Eq. (A14) becomes

1™ = AcouF M g expl=Z34% = ZHPKF|Ocqulid
(A18)
where FgP™M =49x 107 GeV™!!, Z, =23 GeV~!

and Z; = 1.3 GeV™!, and Ay, = Ay, = Acqu. The total
spin-color-flavor weight (f|Ocqmli) is calculated with
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the spin-angular momentum wave functions in Eq. (A17)
and its elements are derived as

&?M = _(_l)yav,—);ap,,mf + 2(_1)M8/.L,—V5A,mf

+2(=1)"8, 18,1, (A19)

Finally, we discuss the third model where the proton
wave function includes a 5-quark component in the form of
a pentaquark configuration. The ¢ production is described
by only the quark line diagram A;, and the transition

amplitude takes the same form as Eq. (A1) but the 5-quark
component |uudss) is given by

X(1/2),m,,; (uudss)
- |{X(1/2)’m5(§) ® (€ = 1’ M)}ji,m, ® XS,S; (uuds)>(1/2):mPSf.
(A20)

In the low-momentum approximation, the partial wave
amplitude and for the transition of the S-wave pp state
to the P-wave two-meson final states takes the same form
as Eq. (A7). The spin-angular momentum function
8’51(1/, A, mf) is also the same as the one in Eq. (A8)
but the corresponding geometrical constant is given by

_1.)3/2 4(#)3/2
3 1 \3/2 (Q2) 02
F = _—\/§N7T4<—) ( P4 _ P3 )’
T 2) \@)? (03)"
(A21)

with the constants depending on the baryon and meson size
parameters,

K30 206RL+R;) 7 8B\T 3RL+R3)
2 _— p2 R%/I 2 1 2 2 2 2
=Ry Th 0, =5CRy R}, 0), =2k}

(A22)
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1. Introduction

Reports of the ®(1540) resonance with positive strangeness S = -1 by various experimental collaborations have
sparked an enormous amount of experimental and theoretical studies of exotic baryons. The existence of the ®*(1540) is
arguable, but the pentaquark configuration has been considered a possible component of the nucleon [1,2]. The simplest
configuration of a baryon with S = +1 is g%g, a state made of four quarks and an antiquark. It is not straightforward to
construct the wave functions, which play a crucial role for any theoretical calculation, of exotic baryons such as pentaquark
states, g>g states and ¢° states since the symmetries of multiquark systems are rather complicated. Here in this work we use
the ¢> and pentaquark states as examples to analyze the symmetries of multiquark systems in the language of permutation
groups, and construct their wave functions in the framework of Yamanouchi basis.

2. Permutation group and Yamanouchi basis

Yamanouchi basis is also called the standard basis in group theory. For the Young tabloid A = [A{A;,...,] in the
permutation group S, the basis functions are written as
[[A1Az - 1(raTa—1 - - - T2l1)) (1)

where A; are the number of boxes in the ith row of the Young tabloid [)\] and r; stands for the row where a box is filled with
the number i in a Young tableau of the Young tabloid [)]. It is indeed that each Young tableau leads to one Yamanouchi basis
function and all such defined functions for a Young tabloid together form a complete basis.

The permutation group S,,_; is a subgroup of the permutation group S,, and the elements of S,, which are also in S,,_4
keep the nth object unchanged. It can be proven according to the representation theory of finite group that

D(R) =) Dr(R), A —12 Ay (2)

where D(R) is the representation [A] of S,, D,(R) are the representation matrices of irreducible representations
[A, ooy Ao, Ar—1, Aryq, - .., Ap] Of S 1. From the above expression one can evaluate the representation matrix D(R) (R €
Sq_1) of S, if we know all the representation matrices of the permutation group S,_;.

* Corresponding author at: School of Physics, Suranaree University of Technology, 111 University Avenue, Nakhon Ratchasima 30000, Thailand.
E-mail address: yupeng@sut.ac.th (Y. Yan).
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Since any element of S, can be resolved into a product of transpositions, the evaluation of representation matrices
D(R) (R > S;_1) becomes evaluating the representation matrices of the transpositions (i, n). But due to
(i,m)=m-1,mGn—-1n—-1,n) 3)

we need to evaluate only the matrix D(n — 1, n). The matrix D(n — 1, n) plus the known matrices D(R € S,_1) give the [A]
representation matrices for all the elements in S,,.
The operation of the transposition (n — 1, n) of the permutation group S, on the standard basis obeys the followings:

(n - ]7 n)'[)‘](rs IyTh—2,..., )) = +|[)"](rv ryTh—2,..., ))7

nm—1,m|A]r,r—1,1r-2,...,))=—|[AlJ(r,r — 1,12, ...,)) (4)
when |[A](r — 1,1, 142, ..., )) does not exist, and
(n—1,m|[Al(r,s, Th_2,...,)) =ox|[M(r, S, Tha,...,)) + /1 — O‘r25|[)»](5, T2, ...,)) (5)
with
Ors = ! (6)
A —1) = (As — )
when |[A](r, s, T2, ..., 12, 11)) and [[A](S, T, Th—2, ..., T2, T1)) all existand r # s.

As an example, we now construct the matrices of the representation [211] of S4. There are three Young tableaux and
hence three Yamanouchi basis functions for [211],

1]2] 1[3] 1[4]
¢ = % =|[211](3211)), ¢ = % =|[211](3121)), ¢35 = % = |[211](1321)). (7)

For the elements (12), (13) and (23), we can directly write down the representation matrices since these elements are also
the elements of S3

—1/2 =32 0
p211(13) = p211(13) @ p""1(13) = —/3)2 1/2 0
0 0 —1

1.0 0
DPM(12) = D (12) @ D' (12) = (o -1 o)

0 0 -1
~1/2 V/3/2 0
p?M(23) =pP23)@D""M23) = (V32 12 0 |- ®)
0 0 -1

Here we have used that ¢; = [[211](3211)) and ¢, = |[211](3121)) are respectively the [21] basis functions |[21](211))
and [[21](121)) of S5 while ¢35 is the [111] basis function [[21](321)) of S3, and

Dl2”<12>=<1 _°1>, D””<13>=<‘1/2 “@/2),

0 —V3/2 12 o)
D21 (23) <—1/2 «/§/2>
V32 12 )
For the element (34) of S4, we get from Eqs. (4) and (5),
(34)|[211](3211)) = —|[211](3211))
(34)[[211](3121)) = 031][2111(3121)) + /1 — 04 |[211](1321))
(34)[[211](1321)) = 03][211](1321)) + /1 — 04][211](3121)) (10)
with
= ! __1__ (11)
Ty - 3 ¥
Thus in the Yamanouchi basis of ¢, ¢, and ¢3, the [211] representation matrix of the element (34) is
-1 0 0
DBy =0 —1/3 2v2/3]. (12)
0 2v2/3 1/3

The representation matrices for other elements can be worked out from the matrices derived above.
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3. ¢° baryon states

Baryon wave functions contain contributions of the spatial degrees of freedom and the internal degrees of freedom
of color, flavor and spin. The internal degrees of freedom are taken to be the three light flavors u, d, s with spin 1/2 and
three possible colors r, g, b. The quark transforms under the fundamental representation of SU(m), whereas the antiquark
transforms under the conjugate representation of SU(m), with m = 2, 3, 3, 6 for the spin, flavor, color and spin-flavor
degrees of freedom, respectively. The group representation theory states that n-quark states |q;)|qz) - - - |q,) form a m"-
dimensional direct product basis of SU(m), and the direct product representation can be decomposed according to the
irreducible representations of the permutation group S,,.

The explicit form of baryon spin and flavor functions can be easily derived in the framework of Yamanouchi basis
by following the process: (1) Work out first the matrices of the irreducible representations of S3 in Yamanouchi basis;
(2) Construct the projection operator for each representation; (3) Let the projection operators act on arbitrary three-quark
states to obtain the spin and flavor wave functions with the corresponding symmetries.

The projection operator corresponding to the Yamanouchi basis function |[A](r)) of the representation [)A] of S,, takes the
form

Wi =Y (AIOIRIIE)R; (13)

1

where R; stand for all the permutations of S,,. By letting W([rk)] acton any functionfif; - - - f;;, one could derive the corresponding
standard basis function. Using the representation matrices of the permutation group S3, we can directly write down the
projection operators [3], for example,

PP =1+ (12) — 1(13) - 1(23) - 1(123) - 1(132)
o 2 2 2 2

PP =1—-(12) + 1(13.) + 1(23) — 1(123) — 1(132) (14)
2 2 2 2 '

Let the operators P* and P” act on, for instance, the state udu (with u = ¢, and d = ¢y). We have

1
Prudu = ¢, = 7 [udu + duu — 2uud],
1 (15)
PPudu = ¢, = —= [udu — duu].
V2

Spin-flavor wave functions of various permutation symmetries may be written in the general form,
Dsanp = Z Z aijdix; (16)
i=S,A,h,p j=S,A, % p

where ¢; and ; are respectively the ¢> spin and flavor wave functions of symmetry (S), antisymmetry (A), A-type and p-
type. The coefficient a; in Eq. (16) can be determined by applying the permutation operators of S; to the general form. Check
the simplest case,

V3

1 3 3 1
(23) (ags x5 + by x,) = <Za + Zb> o + (Za + Zb) DPoXp — T(a —b) (drx0 + Sp5.) - (17)

a = b leads to a fully symmetric spin-flavor wave function. Here we have used D?'(23) in Eq. (9). The spin-flavor wave
functions of other permutation symmetries can be worked out the same way.

4. Pentaquark states

It is not straightforward to construct the wave function of pentaquark states since the permutation symmetries of the
five-particle system are rather complicated. Here we will first analyze the symmetries of pentaquark states in the language
of permutation groups in a shortened manner. For the details we may refer to Ref. [4]. Then we construct the wave functions
of pentaquark antidecuplet states in the framework of the Yamanouchi basis.

The algebraic structure of pentaquark states consists of the usual spin-flavor and color algebras

SU(6) ® SU(3) (18)
with
SUs(6) = SUt(3) ® SUs(2). (19)
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In the language of group theory, the permutation symmetry of the four-quark configuration of pentaquark states is
characterized by the S; Young tabloids [4], [31], [22], [211] and [1111]. That the pentaquark should be a color singlet
demands that the color part of the pentaquark wave function must be a [222]; singlet. Since the color part of the antiquark
in pentaquark states is a [11]5 antitriplet

@ = 20)
the color wave function of the four-quark configuration must be a [211]3 triplet

|
vigh = | (21)

That the total wave function of the four quark configuration is antisymmetric implies that its orbital-spin—flavor part must
be a [31] state

ot = - (22)
The total wave function of the g* configuration may be written in the general form
f
Y= Z aijW[Czn],-w[o;uj- (23)
iLj=A,p,1

Considering that the [31] and [211] partitions are conjugate each other, an antisymmetric ¥ may be formed by only three
components, that is

c osf c osf c osf
¥ = G, Visn, + 8V, Vi, T ¥, Y, (24)

Applying the permutation (34) of S, to Eq. (24), we have

1 242 c2V2
GhHy = a»\p‘ﬁ[znhlﬁ[oal]p + api <_3¢[C211]p W[zn],,) ( Y, 3 — VB,

22 1 22 1
+ay, (3 w[czn]p + 31/f[6211]n> ( 1//[0351fh - 310[03,5{]”) . (25)
An antisymmetric ¥ demands a,, = -—a,,. Here we have used the [31] and [211] representation matrices for the
permutation (34) of the S,
—1/3  2v/2/3 0 -1 0 0
D34y = [2v2/3 13 of. DPMGH=|0 -1/3 2v2/3]. (26)
0o 1 0 2v2/3 13

By applying the permutation (12) or (23) of the S4 to Eq. (24) the same way, we get a,, = —ay,. Finally, we derive a fully
antisymmetric wave function for the g* configuration

f f f
Y= I/f[czn]ﬁﬁ[o;up - \”[Czll]plﬁ[o;u»A + W[Czn]nl/f[(];un) . (27)

1
5l

The total wave function of ground state pentaquarks may take the form

1 f
RV [lpl%J (“’lcznu Vi, — Yo, Yo, + LGan’élJn)] (28)

where ¥°, w¢ and ¥ are respectively the orbital, color and spin—flavor parts of the pentaquark states. The subscripts [211]
and [31] of the ¥¢ and ¥* stand for the symmetries of the g* configuration in pentaquark states. For the pentaquark states
with isospin I = 0 and strangeness S = 1, the spin-flavor wave function of the g* configuration must have the symmetry,

311 = [22] ® [31]

SU(6) SU¢(3) SU,(2). (29)

Again, the spin-flavor wave functions of various permutation symmetries take the general form,

Yy = Z Z Qi) X31); (30)

i=A,p0 j=A,p\n
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a;; can be determined by acting the permutations of S4 on the general form. The spin-flavor wave functions for the q* cluster
are finally derived as,

1 1 1
£
[531]p = —5¢[22]pX[31]X — 5¢[2211X[31]p + E¢’[22];,X[31],,

1 1 1
£
Vs, = —Eqﬁ[zz]p X1, + 5¢[2211X[311A + ﬁ(b[zth[m,,

1 1
f
[5311n = E‘f’[zz],,)(m]p + E¢[221AX[31]~A. (31)

The explicit form of the spin and flavor wave functions of the g configuration of pentaquark states can be easily worked
out in the Yamanouchi technique, following the three-step process as mentioned in the previous section. The A-type and
p-type projection operators for the representation [22] as well as the A-type, p-type and n-type projection operators for the
representation [31] are derived as follows:

Pz, = 24 2(12) — (13) — (14) — (23) — (24) + 2(34) + 2(12)(34) + 2(14)(23)
+2(13)(24) — (123) — (124) — (132) — (134) — (142) — (143) — (234) — (243)
— (1234) — (1243) + 2(1324) — (1342) + 2(1423) — (1432),

Pay, = 2—2(12) + (13) + (14) + (23) + (24) — 2(34) + 2(12)(34) + 2(14)(23)
+2(13)(24) — (123) — (124) — (132) — (134) — (142) — (143) — (234) — (243)
+ (1234) + (1243) — 2(1324) + (1342) — 2(1423) + (1432),

P, = 6+ 6(12) — 3(13) 4 5(14) — 3(23) + 5(24) + 2(34) + 2(12)(34) — 4(14)(23)
— 4(13)(24) — 3(123) + 5(124) — 3(132) — (134) + 5(142) — (143) — (234)
— (243) — (1234) — (1243) — 4(1324) — (1342) — 4(1423) — (1432),

Pai, = 2 —2(12) + (13) + (14) + (23) + (24) +2(34) — 2(12)(34) — (123) — (124) — (132) + (134)
— (142) + (143) + (234) + (243) — (1234) — (1243) — (1342) — (1432),

Pan, = 3+ 3(12) +3(13) — (14) + 3(23) — (24) — (34) — (12)(34) — (14)(23) — (13)(24)
+3(123) — (124) + 3(132) — (134) — (142) — (143) — (234) — (243)
— (1234) — (1243) — (1324) — (1342) — (1423) — (1432). (32)

The flavor wave functions of the four-quark subsystem with the [22] symmetry are derived by operating Pj3;), , onany
q* state. For instance,

1
Ppaz), (uudd) = P2, = E(dudu — duud + udud — uddu)

1
Pz, (uudd) = ¢po), = ﬁ(duud + udud — 2uudd + uddu + dudu — 2dduu). (33)
The flavor wave functions for the antidecuplet @ pentaquark with I = I3 = 0 are given by
P2y, = P221,5: P2y, = P22y, S- (34)

The flavor states with other values of isospin (I, I3) and strangeness S can be derived the same way.
The spin wave functions of the four-quark subsystem with the [31] symmetry can be derived by operating Py, ., OD

any q* spin state, for example, the state 111,

1
Pz, (M1 = Xi31, (Sge = 1, mga = 1) = e NPt + A+ 0 =3 111D

7
1

Py, A1) = X3y, S = 1Lomga = 1) = NG NATE — 1t
1

Pz, (M) = X1, (Sge = 1, ma = 1) = 7 ATt + Tt =2 111 (35)

The total spin wave function of the pentaquark states is formed by combining the spin wave functions in Eq. (35) of the
four-quark subsystem with the one of the antiquark, that is

_ 2 1
x (@91, = \/;X[ma (Sgr = 1, mp = D xs(—1/2) — \/;XB]]D((S(I“ =1,mg = 0)x:(1/2) (36)

with ¢ = p, A, n. The states with other values of the projection m; can be obtained the same way.
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Combining the flavor wave functions in Eq. (34) and the spin wave functions, we derive the total spin-flavor wave
function of the pentaquark state with isospin I = 0, strangeness S = 1and spins = 1/2,

s 1 4= 1 4z 1 4z
Y1, = —5¢[22]px(q Sz, — Ed’mhx(q S, + \ffzd’[zszx(q )31y,

s — Lo 4= L 4= 14 4=
31], = 1221, X (@311, + 5 1221, X (G°S) 313, + (223, X (q°8) 31y,

2 V2

1 _ _
v D21, X (@911, + —= P22y, X (@931, - (37)

B =7 NG

The color wave function of the g* configuration can be derived by applying the A-type, p-type and n-type projection
operators for the representation [211] of the S4 to an arbitrary four-quark color state, for example, RRGB. We have

1

1/’[6211]A (R) = «/EQ'RRGB) — 2|RRBG) — |GRRB) — |RGRB) — |BRGR)
— |RBGR) + |BRRG) + |GRBR) + |RBRG) + |RGBR)),
1
c
(R) = ——(3|RGRB) — 3|GRRB) + 3|BRRG) — 3|RBRG) + 2|GBRR)
‘/f[zn],, /48
— 2|BGRR) — |BRGR) + |[RBGR) + |GRBR) — |RGBR)),
1
1//[52]”,] (R) = %(lBRGR) + |RGBR) + |GBRR) — |RBGR) — |GRBR) — |BGRR)). (38)
The singlet color wave function lI/[szj(j = A, p, n) in Eq. (28) is given by
1 _ - _
Yoy = 5 [ V11, RR + ¥y (©F + Wyyy (BB] (39)

where 1//{2”]j (G) and w[‘m]j (B) are the color G and B wave functions of the g* cluster, derived by acting the projection
operators in Eq. (32) on the states GGRB and BBGR, respectively.

So far we have worked out all the pieces of the pentaquark wave function in Eq. (28), which is for the ground state
pentaquark with isospin I = 0, strangeness S = 1, spins = 1/2and m; = 1/2.

5. Conclusion

The representation of permutation groups and the main features of the Yamanouchi basis are outlined. Three-quark and
pentaquark states are analyzed in the language of permutation groups, and their wave functions are constructed in the
framework of Yamanouchi basis. We show that the Yamanouchi basis approach is an easy, systematical way to work out
multiquark wave functions.
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