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Apparent channel-dependent violations of the Okubo-Zwieg-Iizuka (OZI) rule in nucleon-antinucleon

annihilation reactions in the presence of an intrinsic strangeness component in the nucleon are discussed.

Admixture of s �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 s�s sea-quark

component, kaon-hyperon clusters based on a simple chiral quark model, and the pentaquark picture

uuds�s. Nonrelativistic quark model calculations reveal that the strangeness magnetic moment �s and

the strangeness contribution to the proton spin �s from the first two models are consistent with recent

experimental data, where �s and �s are negative. For the third model, the uuds subsystem with the

configurations ½31�FS½211�F½22�S and ½31�FS½31�F½22�S leads to negative values of �s and �s. With

effective quark line diagrams incorporating the 3P0 model, we give estimates for the branching ratios of

the annihilation reactions at rest p �p ! �X (X ¼ �0, �, �0, !). Results for the branching ratios of �X

production from atomic p �p 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

I. 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 �s, 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 (s�s) component. The strangeness
sigma term appears to lie somewhere in the range of 2–7%
of the nucleon mass [3]. The substantial Okubo-Zwieg-
Iizuka (OZI) rule violations in the N �N annihilation reac-
tions involving the � meson may suggest the presence of
an intrinsic s�s in the nucleon wave function [4], for in-
stance, the presence of a q3s�sð �q3s�sÞ piece in theNð �NÞwave
function. With such an assumption, the � meson could be
produced in N �N 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].

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 �s. 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�s ¼ �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 �s can be extrapolated from the strange magnetic
form factor Gs

MðQ2Þ at the momentum transfer Q2 ¼ 0
measured in the parity violation experiments of electron
scattering from a nucleon [11]. Most experimental mea-
surements suggest a positive value for�s, 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�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 �s, which is extracted from
experimental data on Gs

MðQ2Þ, are rather uncertain due to
the large uncertainties in Gs

MðQ2Þ 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 s�s sea-quark compo-
nent, kaon-hyperon clusters based on the chiral quark
model, and the pentaquark picture uuds�s. The theoretical
�s, �s, and branching ratios of the reactions p �p ! �X
(X ¼ �0, �, �0,!) will be compared to experimental data.
We resort to the 3P0 quark model [16] and the nearest

threshold dominance model [17] to obtain quantitative
predictions for the branching ratios of the annihilation
reactions from atomic p �p states with the relative orbital
angular momentum L ¼ 0 [18]. The paper is organized as
follows. The proton wave functions are briefly described
in Sec. II while �s and �s are calculated and discussed in
Sec. III for various strangeness quark configurations. In
Sec. IV we evaluate the branching ratios for the reactions
p �p ! �X for the three forms of proton wave functions by
using the 3P0 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 qqqs�s in addi-
tion to the uud quark component, taking generically the
form

jpi ¼ Ajuudi þ Bjuuds�si; (1)

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 N �N annihilation process are considered in the next
three subsections.

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

We consider the idea that strange quarks are present in
the form of an s�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 N �N annihilation reactions [4]. The

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

juuds�sis�s ¼ a0jðuudÞð1=2Þðs�sÞ0ið1=2Þ
þ a1jðuudÞ1=2ðs�sÞ1ið1=2Þ; (2)

where the subscripts denote the spin coupling of the quark
clusters, and a0 and a1 represent the amplitudes for the
spin 0 and spin 1 components of the admixed s�s 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 q into a quark q0 plus a
Goldstone boson (GB) which in turn forms a (q �q0) 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,

LI ¼ �g8
ffiffiffi
2

p ð�½ �BBP�F þ ð1� �Þ½ �BBP�DÞ
� g1

1ffiffiffi
3

p ½ �BBP�S; (3)

where g8 ¼ 3:8 and g1 ¼ 2:0 are coupling constants [22]
and � is known as the F=ðFþDÞ ratio with F ’ 0:51,D ’
0:76 [23]. The square brackets denote the SU(3) invariant
combinations,

½ �BBP�F ¼ Trð �BPBÞ � Trð �BBPÞ; (4)

½ �BBM�D ¼ Trð �BPBÞ þ Trð �BBPÞ � 2

3
Trð �BBÞTrðPÞ; (5)

½ �BBP�S ¼ Trð �BBÞTrðPÞ; (6)

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

B ¼

�0ffiffi
2

p þ �ffiffi
6

p �þ p

�� � �0ffiffi
2

p þ �ffiffi
6

p n

��� �0 � 2�ffiffi
6

p

0
BBBB@

1
CCCCA; (7)

P ¼

�0ffiffi
2

p þ �8ffiffi
6

p þ �1ffiffi
3

p �þ Kþ

�� � �0ffiffi
2

p þ �8ffiffi
6

p þ �1ffiffi
3

p K0

K� �K0 �2�8ffiffi
6

p þ �1ffiffi
3

p

0
BBBB@

1
CCCCA: (8)

The part of the interaction Lagrangian which allows for a
fluctuation of the proton into kaons and hyperons is con-
tained in
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L I ¼ �g1 �p�1pþ g8

�
�p�0 þ 1� 4�ffiffiffi

3
p �p�8

þ 1þ 2�ffiffiffi
3

p ��K� þ ð2�� 1Þ ��0K� � ffiffiffi
2

p
�n��

þ ffiffiffi
2

p ð2�� 1Þ ���K0

�
pþ � � � : (9)

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

j�i � �g1jp�1i þ g8

�
1� 4�ffiffiffi

3
p jp�8i þ jp�0i

þ 1þ 2�ffiffiffi
3

p j�Kþi þ ð2�� 1Þj�0Kþi

� ffiffiffi
2

p jn�þi þ ffiffiffi
2

p ð2�� 1Þj�þK0i
�
: (10)

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

juuds�siCQM ¼ G1j�0Kþi þG2j�þK0i þG3j�0Kþi
þG4jp�1i þG5jp�8i; (11)

where the Gi 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

jp�1;8i ¼ jðuudÞð1=2Þðs�sÞ0ið1=2Þ;
j�0Kþi ¼ jðudsÞð1=2Þðu�sÞ0ið1=2Þ;
j�þK0i ¼ jðuusÞð1=2Þðd�sÞ0ið1=2Þ;
j�0Kþi ¼ jðusdÞð1=2Þðu�sÞ0ið1=2Þ:

(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 q4 �q pentaquark compo-
nent in the proton. In this model the 5-quark component
may be expressed in terms of the uuds and the �s wave
functions as

juuds�siuuds ¼ jðuudsÞ �sið1=2Þ: (13)

The flavor wave functions for the uuds�s components are
usually constructed by coupling the uuds to the �s 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.

III. STRANGENESS MAGNETIC MOMENT
AND SPIN OF THE PROTON

In the nonrelativistic quark model the strangeness mag-
netic moment operator ~�s and the strangeness contribution
to the proton spin operator ~�s are defined as

~� s ¼ e

2ms

X
i

Ŝið‘̂s þ �̂sÞ; (14)

~� s ¼ �̂s þ �̂�s: (15)

Ŝi is the strangeness counting operator with eigenvalueþ1
for an s and �1 for an �s quark and ms 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 js�sijs¼0;1 configuration to the

juudi1=2 cluster. Since the admixed s�s carries negative

intrinsic parity, an orbital P-wave (‘ ¼ 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�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,

juuds�sis�sð1=2Þ;mps�s¼ð1=2Þ

¼ X
js;ji¼0;1

�jsji j½ðs�sÞjs�‘¼1�ji�ðuudÞð1=2Þið1=2Þ;mps�s¼ð1=2Þ;

(16)

with the normalization
P

js;ji¼0;1j�jsji j2 ¼ 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 spinþ 1=2
for each coupled meson-baryon state of Eq. (12) may be
expressed as

juuds�siCQMð1=2Þ;ð1=2Þ
¼ j½ðq�sÞjs¼0 � ‘ ¼ 1�ji � ðqqsÞsið1=2Þ;mps�s¼ð1=2Þ: (17)

Wave functions of the pentaquark uuds�s 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
½11� 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 ½211� triplet in order to form
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a pentaquark color singlet labeled by the Weyl tableau
½222�. Three flavor symmetry patterns exist for the uuds
system corresponding to the octet representation for the
proton: ½31�F, ½22�F, and ½211�F characterized by the S4
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 ½31� state
in order to form the antisymmetric color-spin-flavor uuds
part of the pentaquark wave function. For instance, the
flavor symmetry representations ½31�F and ½211�F may
combine with the spin symmetry state ½22�S to form the
mixed symmetry spin-flavor states ½31�FS (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 ½22�S corresponding
to spin 0, and the relative orbital angular momentum
between the uuds component and the �s is of one unit to
obtain the positive parity for the proton wave function.

Theoretical results for the strangeness magnetic moment
�s of the proton and the strangeness contribution to the
proton spin �s are listed in Table I. In the first model we
have fixed the configuration parameters as �1;0¼�1;1¼ ��.
The strangeness magnetic moment �s depends explicitly
on �0;1, which is related to the amplitude for the s�s quark
cluster with spin 0. Setting �0;1 ¼ 0 is equivalent to ex-

cluding the quantum number JPC ¼ 0�þ for the s�s admix-
ture in the nucleon wave function connected to the
production of � and �0 in N �N annihilation as discussed
in [19,26]. The chiral quark model always gives results for
�s and �s, which are negative, and the size of the strange-
ness contribution depends on the coupling g28. 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 ½31�FS½211�F½22�S and ½31�FS½31�F½22�S
and the relative motion between the uuds component and
the �s 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 uuds configurations ½31�FS½211�F½22�S and
½31�FS½31�F½22�S, respectively.

IV. N �N TRANSITION AMPLITUDE
AND BRANCHING RATIOS

To describe the annihilation reactions N �N ! X�
(X ¼ �0, �, �0, !) 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 s�s 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 (3P0, isospin I ¼ 0 and color

singlet). Meson decays and N �N 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 q �q 3P0

vertex is defined according to [27]

Vij ¼ X
�

�ij��Y1�ð ~qi � ~qjÞ�ð3Þð ~qi þ ~qjÞð�1Þ1þ�1ijF1
ij
C;

(18)

where Y1�ð ~qÞ ¼ j ~qjY1�ðq̂Þ with Y1�ðq̂Þ being the spheri-

cal harmonics in momentum space, and 1ijF and 1ijC are unit

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

juuds�si �sðeB2

2ms
Þ �sðB2Þ

s �s �0:55 ���0;1 �1:22 ��2½18�
CQM �1:1g28 �0:31g28
½31�FS½211�F½22�S � 1

3 ½15� � 1
3 ½15�

½31�FS½31�F½22�S � 1
3 ½15� � 1

3 ½15�

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 q �q annihilation. The first

diagram corresponds to the shakeout of the intrinsic s �s compo-
nent of the proton wave function [4,18].
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operators in flavor and color spaces, respectively. The spin

operator �ij�� is part of the 3P0 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
¼

Z
d3q1 . . . d

3q8d
3q10 . . . d

3q40 h�Xj ~q10 . . . ~q40 i
� h ~q10 . . . ~q40 jOAI

j ~q1 . . . ~q8ih ~q1 . . . ~q8jðuuds�sÞ
� ð �u �u �dÞi (19)

where ð �u �u �dÞ stands for the antiproton wave function and
ðuuds�sÞ for the 5-quark component of the proton wave
function. The effective operators OAI

take the form

OA1
¼ 	A1

�ð3Þð ~q1 � ~q10 Þ�ð3Þð ~q2 � ~q20 Þ
� �ð3Þð ~q3 � ~q30 Þ�ð3Þð ~q8 � ~q40 ÞV56V47; (20)

OA2
¼ 	A2

�ð3Þð ~q2 � ~q10 Þ�ð3Þð ~q3 � ~q20 Þ
� �ð3Þð ~q1 � ~q30 Þ�ð3Þð ~q8 � ~q40 ÞV56V47; (21)

OA3
¼ 	A3

�ð3Þð ~q2 � ~q10 Þ�ð3Þð ~q3 � ~q20 Þ
� �ð3Þð ~q4 � ~q30 Þ�ð3Þð ~q8 � ~q40 ÞV56V17: (22)

The �-functions represent the noninteracting and continu-
ous quark-antiquark lines in the diagrams. The constants
	AI

describe the effective strength of the transition topol-

ogy 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 per-
turbative admixture in the proton (B2 � 1), we ignore
the transition amplitude with the term h ~q1 . . . ~q8jðuuds�sÞ �
ð �u �u �d �s sÞi 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

hMj ~qi0 ~qj0 i 	 ’Mð ~qi0 ; ~qj0 Þ
M

¼ NM exp

�
�R2

M

8
ð ~qi0 � ~qj0 Þ2

�

M; (23)

with NM ¼ ðR2
M=�Þ3=4 and RM is the meson radial para-

meter. The spin-color-flavor wave function is denoted
by 
M. The baryon wave functions are given by

hBj ~qi ~qj ~qki 	 ’B
B

¼ NB exp

�
�R2

B

4

�
ð ~qj � ~qkÞ2

þ ð ~qj þ ~qk � 2 ~qiÞ2
3

��

B; (24)

where NB ¼ ð3R2
B=�Þ3=2 and RB 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

h ~q1 . . . ~q5juuds~si ¼ ’uuds�sð ~q1; . . . ; ~q5Þ
uuds�s

¼ Nuuds�s exp

�
�R2

B

4

�
ð ~q4 � ~q5Þ2 þ ð ~q4 þ ~q5 � 2 ~q3Þ2

3

��
exp

�
�R2

8
ð ~q3 þ ~q4 þ ~q5 � ~q1 � ~q2Þ2

�

� Y1�ð ~q3 þ ~q4 þ ~q5 � ~q1 � ~q2Þ exp
�
�R2

M

8
ð ~q1 � ~q2Þ2

�
ð
B � 
MÞ: (25)

The exponential form with the radial parameter R and the spherical harmonics Y1� 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 uuds�s with the uuds part in the ground
state and the P-wave internal relative orbital angular momentum between uuds and the �s. One may write the spatial wave
function of the pentaquark component uuds�s as

’uuds�sð ~q1; . . . ; ~q5Þ ¼ Nuuds�s exp

�
�R2

B

4

�
ð ~q2 � ~q3Þ2 þ ð ~q2 þ ~q3 � 2 ~q4Þ2

3
þ ð ~q2 þ ~q3 þ ~q4 � 3 ~q5Þ2

6

þ ð ~q2 þ ~q3 þ ~q4 þ ~q5 � 4 ~q1Þ2
10

��
Y1�

�
~q2 þ ~q3 þ ~q4 þ ~q5 � 4 ~q1ffiffiffiffiffiffi

20
p

�
: (26)

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 ( ~k ¼ ~q1 þ ~q2 þ
~q3 þ ~q4 þ ~q5) are obtained as

h ~q1 . . . ~q8jðuuds�sÞ � ð �u �u �dÞi ¼ ’uuds�s; �p½
uuds�s � 
 �p�S;Sz ;
(27)

with
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’uuds�s; �p ¼ ’uuds�s’ �p�
ð3Þð ~q1 þ ~q2 þ ~q3 þ ~q4 þ ~q5 � ~kÞ

� �ð3Þð ~q6 þ ~q7 þ ~q8 þ ~kÞ: (28)

The spins of the p �p system are coupled to the total spin S
with projection Sz. Similarly, the final state �X wave
functions in the center of momentum system are given
by ( ~q ¼ ~q10 þ ~q20)

h�Xj ~q10 . . . ~q40 i ¼ ’�;X½
� � 
X�ji;m�
; (29)

with

’�;X ¼ ’�’X�
ð3Þð ~q� ~q10 � ~q20 Þ�ð3Þð ~qþ ~q30 þ ~q40 Þ:

(30)

The spins of the two-meson states are coupled to ji with
projection m�.

In the low-momentum approximation, the transition
amplitude Tfi of the annihilation reaction of the S-wave

�pp initial state i to the P-wave two-meson final state fwith
the quark line diagrams AI as shown in Fig. 1 is derived as

Tfið ~q; ~kÞ ¼ 	AI
FL¼0;‘f¼1q expf�Q2

qq
2 �Q2

kk
2ghfjOAI

jii:
(31)

The index i represents the initial state 2Iþ1;2Sþ1LJ, where L
is the orbital angular momentum, S is the total spin, J is
the total angular momentum, and I is the total isospin. The
final state f is represented by the set of quantum numbers
f ¼ f‘fjJ0g, where ‘f is the relative orbital angular mo-

mentum. The constants F0;1, Q
2
q, and Q2

k are geometrical

constants depending on the radial parameters. The matrix
element hfjOAI

jii is the spin-flavor weight for a quark line

diagram AI. The detailed evaluation of the expression in
Eq. (31) is given in the Appendix.

As we consider p �p 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 p �p system results
in the transition amplitude [29],

Tf;LSJð ~qÞ ¼
Z

d3kTfið ~q; ~kÞ�I
LSJð ~kÞ; (32)

where �I
LSJð ~kÞ is the protonium wave function in momen-

tum space for fixed isospin I. The partial decay width for
the transition of the p �p state to the two-meson state �X is
given by

�p �p!�X ¼ 1

2E

Z d3p�

2E�

d3pX

2EX

�ð3Þð ~p� þ ~pXÞ

� �ðE� E� � EXÞjTf;LSJð ~qÞj2; (33)

where E is the total energy (E ¼ 1:876 GeV) and

E�;X ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

�;X þ ~p2
�;X

q
is the energy of outgoing meson

� and X with mass m�;X 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 ¼ 0,
‘f ¼ 1) is written as

�p �p!�X ¼ 	2
AI
fð�;XÞhfjOAI

jii2�ðI; JÞ; (34)

with

�ðI; JÞ ¼ jF0;1

Z
d3k�I

LSJð ~kÞ expf�Q2
kk

2gj2 (35)

and the kinematical phase-space factor defined by

fð�;XÞ ¼ q3

8E2
expf�2Q2

qq
2g: (36)

The spin-flavor weights hfjOAI
jii for the transitions

N �N ! �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 ¼ 0 and J ¼ 1, respectively. Finally the branching ratio
of S-wave p �p annihilation to the final state �X is then
given by

BR ð�;XÞ ¼ ð2J þ 1Þ�p �p!�X

4�totðJÞ ; (37)

where �totðJÞ is the total annihilation width of the p �p
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 q and the masses of �X system. Instead we use
a kinematical phase-space factor of the phenomenological
form

TABLE II. Spin-flavor matrix elements hfjOAI
jii for the tran-

sitions p �pðL ¼ 0Þ ! �Xð‘f ¼ 1Þ which are described by the

quark line diagram AI. Here �ud refers to the nonstrange flavor
combination �ud ¼ ðu �uþ d �dÞ= ffiffiffi

2
p

.

Transition s�sA1
CQM ½31�½31�½22�A1

½31�½211�½22�A1

11S0 ! !� 5
9
ffiffi
6

p �0:097 5
36

ffiffi
6

p 5
36

ffiffi
6

p
33S1 ! �0� 5

27
ffiffi
2

p 0.031 5
108

ffiffi
2

p 5
108

ffiffi
2

p
31S0 ! �0� 13

27
ffiffi
6

p 0.040 13
108

ffiffi
6

p 13
108

ffiffi
6

p
13S1 ! �ud�

1
9
ffiffi
2

p 0.013 1
36

ffiffi
2

p 1
36

ffiffi
2

p

SRISUPHAPHON et al. PHYSICAL REVIEW D 84, 074035 (2011)

074035-6



fð�;XÞ ¼ q � expf�asðs� s�XÞ1=2g; (38)

where s�X ¼ ðm� þmXÞ1=2 and
ffiffiffi
s

p ¼ ðm2
� þ q2Þ1=2 þ

ðm2
X þ q2Þ1=2. The constant as ¼ 1:2 GeV�1 is obtained

from a phenomenological fit to the momentum dependence
of various multipion final states in p �p annihilation [17].
In addition, the functions �ðI; JÞ, 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 �ð0; JÞ þ �ð1; JÞ ¼ 1. Here we
adopt for a protonium state the probability �ðI; JÞ and the
total decay width �totðJÞ 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 BRs�s, resulting from the first
model where the proton wave function has an explicit s�s
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 A1. Since the effective strength parame-
ter 	A1

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 A1 with the jp�i 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 A2 and
A3. Considering the same annihilation pattern in these two
diagrams, for simplicity the two unknown strength para-
meters are of the same order with 	A2

¼ 	A3
. Model

predictions are also normalized to experimental data (as
indicated by ?). For final states with X ¼ �, the physical �
meson is produced by its nonstrange component �ud with

�¼�udð
ffiffiffiffiffiffiffiffi
1=3

p
cos
� ffiffiffiffiffiffiffiffi

2=3
p

sin
Þ corresponding to a varia-
tion of the pseudoscalar mixing angle 
 from 
 ¼ �10:7o

to 
 ¼ �20o.
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 experi-
mental data. Note that for these two cases the annihilation
processes p �p ! �X are described with the quark line
diagram A1.
Please note that in the present model we cannot give

a reliable estimate for the genuine transition strength of the
p �p annihilation processes. Therefore, the measured pro-
duction rates cannot be used to get an estimate for the s�s
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
qqqs�s in the wave function. In particular, the proton wave
function is made up of a uud configuration and a uud
cluster with an s�s sea-quark component, kaon-hyperon
clusters based on the simple chiral quark model, or a
pentaquark component uuds�s. We have calculated the
strangeness magnetic moment �s and spin �s 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 �s and �s result [15].
We further applied quark line diagrams supplemented

by the 3P0 vertex to study the annihilation reactions p �p !
�X (X ¼ �0,�, �0,!) 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 ¼ 0
atomic p �p state to �X (X ¼ �0, �, �0, !).
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APPENDIX A: TRANSITION AMPLITUDES OF
THE ANNIHILATION PROCESSES p �p ! �X

To describe the annihilation process p �p ! �X, where
X ¼ �0, �, �0, ! with the proton wave function with s�s
sea quark, we consider the shakeout of the intrinsic s�s
component of the proton wave function as indicated in
the diagram A1. With the operatorOA1

and the full account

of the spin-flavor-color-orbital structure of the initial and
final states, the transition amplitude can be written as

Ts�s
if ¼ 	A1

�
f

								
X
�;	

ð�1Þ�þ	�56���
47
�	1

56
F 147F 156C 147C Is�sspatial

								i


;

(A1)

where

jii¼ jf
ð1=2Þ;mps�s
ðuuds�sÞ�
ð1=2Þ;m �p

ð �u �u �dÞgS;Sz �ðL;MÞiJ;Jz ;
(A2)

jfi ¼ jf
1;m�
ð�Þ � 
jm;m30 ;40 ðXÞgj;m�

� ð‘f; mfÞiJ;Jz : (A3)

The spin-flavor-color content of the clusters is denoted
by 
 	 
� � 
F � 
C. The 5-quark component

ð1=2Þ;mps�s

ðuuds�sÞ is defined as


ð1=2Þ;mps�s
ðuuds�sÞ

¼ jf
js;ms
ðs�sÞ�ð‘¼1;�Þgji;mi

�
ð1=2Þ;mp
ðuudÞið1=2Þ;mps�s

:

(A4)

The spatial amplitude Is�sspatial is explicitly given by

Is�sspatial ¼
Z

d3q1 . . .d
3q8d

3q10 . . . d
3q40’�;XO

spatial
A1

’uuds�s; �p;

(A5)

where

Ospatial
A1

¼ Y1	ð ~q4 � ~q7Þ�ð3Þð ~q4 þ ~q7ÞY1�ð ~q5 � ~q6Þ
� �ð3Þð ~q5 þ ~q6Þ�ð3Þð ~q1 � ~q10 Þ�ð3Þð ~q2 � ~q20 Þ
� �ð3Þð ~q3 � ~q30 Þ�ð3Þð ~q8 � ~q40 Þ: (A6)

Partial wave amplitudes can be obtained by projecting the
transition amplitude onto the partial waves, where L ¼ 0
and lf ¼ 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 q is given by

Is�sspatial;L¼0;lf¼1¼qFs�s
0;1f

s�s
0;1ð�;	;�;mfÞexpf�Q2

qq
2�Q2

kk
2g:

(A7)

The geometrical constant Fs�s
0;1 and the spin-angular mo-

mentum function fs�s0;1ð�; 	;�;mfÞ are given by

Fs�s
0;1 ¼ 2N�2

�
1

Q2
p2

�
3=2

�
3

ffiffiffiffi
�

p
ðQ2

p4
Þ5=2 �

3
ffiffiffiffi
�

p
4ðQ2

p3
Þ5=2

�
;

fs�s0;1ð�; 	;�;mfÞ ¼ ð�1Þ���;�	��;mf
; (A8)

where N ¼ N�NXNuuds�sN �p, and the coefficients in the

exponential expression depend on the meson and baryon
size parameters,

Q2
k ¼

4R2
MR

2
B þ 9R2R2

B þ 3R2
MR

2

24ðR2
M þ 3R2

BÞ
;

Q2
q ¼ 12R4

B þ 5R2
MR

2
B þ 36R2R2

B þ 12R2
MR

2

24ðR2
M þ 3R2

BÞ
;

Q2
p2

¼ R2
M; Q2

p3
¼ 1

2
ðR2

M þ 3R2
BÞ; Q2

p4
¼ 2R2

B:

(A9)

By using the spatial wave amplitude Is �sspatial we obtain the

transition amplitude Ts�s
if taking the form as in Eq. (31) with

the spin-color-flavor weight,

hfjOA1
jii ¼

�
f

								
X
�;	

ð�1Þ�þ	�56���
47�	1

56
F 147F 156C 147C ð�1Þ�

� ��;�	��;mf

								i


: (A10)

According to the 3P0 quark model the matrix element

hfjOA1
jii can be evaluated by using the two-body matrix

elements for spin, flavor, and color given by

h0j�ij
� j
Jij

mij
ðijÞi ¼ �Jij;1�mij;��ð�1Þ� ffiffiffi

2
p

; (A11)

h0j1ijF j
Tij

tij ðijÞi ¼ �Tij;0�tij;0

ffiffiffi
2

p
; (A12)

and

h0j1ijCjqi� �qj�i ¼ ���; (A13)

where � and � are the color indices. The spin-color-flavor
weights hfjOA1

jii 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 A2 and
A3. Then the transition amplitude is set up as

TCQM
if ¼ TCQM

if ðOA2
Þ þ TCQM

if ðOA3
Þ; (A14)

where the corresponding transition amplitudes for the two
quark line diagrams are given by
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TCQM
if ðOA2

Þ ¼ 	A2

�
f

								
X
�;	

ð�1Þ�þ	�56���
47�	1

56
F 147F 156C 147C

� ICQMspatial;A2

								i



(A15)

and

TCQM
if ðOA3

Þ ¼ 	A3

�
f

								
X
�;	

ð�1Þ�þ	�56���
17�	1

56
F 117F 156C 117C

� ICQMspatial;A3

								i


: (A16)

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


ð1=2Þ;mKY
ðuuds�sÞ ¼ X3

i¼1

Gijf
i
js;ms

ðq�sÞ � ð‘ ¼ 1; �Þgji;mi

� 
i
ð1=2Þ;mY

ðqqsÞið1=2Þ;mKY
; (A17)

where i ¼ 1; 2; 3 represent the kaon-hyperon clusters
Kþ�0, K0�þ and Kþ�0, respectively, and the coefficients
Gi 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 q 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 RB ¼ 3:1 GeV�1, RM ¼ 4:1 GeV�1 [18] and
the size parameter between the two quark clusters as
R ¼ 4:1 GeV�1. Then the total transition amplitude
Eq. (A14) becomes

TCQM
if ¼ 	CQMF

CQM
0;1 q expf�Z2

qq
2 � Z2

kk
2ghfjOCQMjii;

(A18)

where FCQM
0;1 ¼ 4:9� 10�4 GeV�11, Zq ’ 2:3 GeV�1

and Zk ’ 1:3 GeV�1, and 	A2
¼ 	A3

¼ 	CQM. The total

spin-color-flavor weight hfjOCQMjii is calculated with

the spin-angular momentum wave functions in Eq. (A17)
and its elements are derived as

fCQM0;1 ¼ �ð�1Þ���;�	��;mf
þ 2ð�1Þ���;���	;mf

þ 2ð�1Þ	��;�	��;mf
: (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 A1, and the transition
amplitude takes the same form as Eq. (A1) but the 5-quark
component juuds�si is given by


ð1=2Þ;mps�s
ðuuds�sÞ

¼ jf
ð1=2Þ;m �s
ð �sÞ�ð‘¼1;�Þgji;mi

�
s;szðuudsÞið1=2Þ;mps�s
:

(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
fs �s0;1ð�; 	;�;mfÞ is also the same as the one in Eq. (A8)

but the corresponding geometrical constant is given by

F0;1 ¼ � 3

16

ffiffiffi
5

p
N�4

�
1

Q2
p2

�
3=2

� ð 1
Q2

p4

Þ3=2
ðQ2

p3
Þ5=2 �

4ð 1
Q2

p3

Þ3=2
ðQ2

p4
Þ5=2

�
;

(A21)

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

Q2
k ¼

7R2
B

30
� R4

B

2ð3R2
BþR2

MÞ
; Q2

q ¼ 1

8
R2
B

�
5� R2

B

3R2
BþR2

M

�
;

Q2
p2
¼R2

Bþ
R2
M

2
; Q2

p3
¼ 1

2
ð3R2

BþR2
MÞ; Q2

p4
¼ 2R2

B:

(A22)
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