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A review of the problem of whether the violation of the OZI rule in nucleon—antinucleon
annihilation at rest can be explained in the framework of conventional mechanisms is given in
detail. While the vector-dominance model and the rescattering model qualitatively describe

the OZI-rule violation in the reactions pp— ¢y and pp — ¢7° for the annihilation from the S state
of the protonium atom, the latter model cannot explain the fact that the annihilation into

¢7° from the P state is not seen and the OZI rule in the reaction pp— fya° is not satisfied. We
also discuss what information about the OZI-rule violation can be extracted from the

reaction pp— ¢t 7~ and decays of the J/¥ meson. © 1998 American Institute of Physics.
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1. INTRODUCTION

The Okubo-Zweig-lizuka (OZI) rule! was proposed
originally for the explanation of several unusual phenomena,
in particular the fact that the width of the decay ¢— 2 is
much smaller than the width of the decay ¢— 2K, although
the phase space in the first case is much greater and the
process ¢— 27 is not forbidden by any conservation law. As
argued by Lipkin,? a more relevant name for this rule would
be AZ (Aleksander—Zweig).

In its present formulation the OZI rule says that pro-
cesses described by disconnected quark diagrams (i.e., dia-
grams which can be connected by only gluon lines) are sup-
pressed.

There exist many papers in which the decays of the J/¥
and Y mesons are considered in the framework of the three-
gluon mechanism, and the agreement between theory and
experiment is rather impressive (see, e.g., Ref. 3). The suc-
cess of these calculations was treated by some physicists as
the first proof of asymptotic freedom in QCD. On the other
hand, attempts to substantiate the OZI rule in the framework
of QCD encounter serious difficulties (see, e.g., Refs. 4-7
and references therein). In particular, the problem of whether
the OZI rule applies to baryons is not clear,®'2 but anyway
the usual point of view is that any substantial violation of
this rule in some process is a signal that some unusual phys-
ics plays an important role in this process.

The recent experimental data on pp and pn annihilation
at rest obtained by the Asterix, Crystal Barrel, and Obelix
groups'>~'® at LEAR have shown that the branching ratios of
the reactions pp— ¢y, pp— ¢°, and pn— ¢~ are much
larger than expected from naive OZI-rule estimations. In-
deed, let @ be the ¢—w mixing angle such that the w and ¢
states are constructed from the u, d, and s quarks as follows:

1 -1
w=— (V2 cos 6+sin 0)(uu+dd)+ — (cos 6
6 v3

Y

—v2 sin 0)ss,
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1 - 1
= —6 (cos 6—V2 sin@)(uu+dd)— ‘7-3 (V2 cos 6

+sin 6)ss. 1)
Then if 6 takes the values (36—-39)° (see, for example, Ref.
17), the ¢/ production ratio takes the values

2

cos 8—v2 sin 0
———— =(0.2-4.2)-1073,

v2 cos 6+sin 6

while in practice!3~!6

Br(pp— ¢7y)/Br(pp— wy)=0.243+0.086, 2
Br(pp— ¢7°)/Br(pp— w7®)=0.096+0.015, (3)

Br(pn— ¢m)/Br(pn—wm~)=0.083+0.025.  (4)

The ratio of the corresponding phase volumes is 0.853 for
the reaction (2) and 0.849 for the reactions (3) and (4).
Therefore the discrepancy between theory and experiment is
very large.

The extent of the violation of the OZI rule in other re-
actions of nucleon—antinucleon annihilation is given, for ex-
ample, in Ref. 18.

A rather simple explanation of the OZI-rule violation in
the reaction (2) has been proposed by Locher, Lu, and Zou;'?
for completeness we describe this explanation in Sec. 2.
However, the main purpose of the present paper is to review
the state of the art in explaining the data (3) and (4) in the

* framework of the so-called rescattering model considered by

Locher, Lu, and Zou,' Locher and Ly, and Buzatu and
Lev.2"?2 The main question here is whether the explanation
given in those references is reliable [and then there is no
reason to think that something unusual happens in the reac-
tions (3) and (4)] or whether this explanation is clearly in-
sufficient (leaving the problem of the OZI-rule violation
open). A discussion of some aspects of this problem is given
in Ref. 23.
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In the present paper we do not consider explanations of
the OZI-rule violation in other models, for example, in mod-
els in which the OZI-rule violation is an instanton effect,2* in
the model of hidden strangeness,zs’26 in the Skyrme model,27
and others (a review of different explanations can be found
in Ref. 28). All such models suggest from the beginning that
an explanation of the OZI-rule violation in the reactions (3)
and (4) can be obtained only in the framework of unconven-
tional mechanisms.

As follows from isotopic invariance, the reactions pp
—¢7° and pn— ¢ can be easily related to each other
(see, for example, Refs. 21 and 29 and Sec. 9).

In Secs. 3 and 4 we show that there exist many options
in choosing the form of the amplitude in the rescattering
model; in particular, we mention two essentially different
choices, called model A and model B. Neither of these mod-
els has theoretical advantages in comparison with the other
(or perhaps model B is substantiated to a greater extent), but,
as shown in Sec. 5, fairly good agreement with the data can
be obtained in model A, while, as shown in Sec. 6, model B
gives values substantially below the data.

However, the success of model A immediately poses the
problem of why the reaction pp— ¢7° is not seen when the
proton and the antiproton annihilate from the P state of the
hydrogen-like pp atom. This problem is considered in Sec.
7.

As shown in Sec. 8, the important process for under-
standing the OZI-rule violation is pp— f5@°, since the res-
cattering contribution to this process is negligible.

The conclusion about the OZI-rule violation in the pro-
cess (4) follows from the data of the Obelix
Collaboration'*!® on the reaction pd— p ¢~ when the pro-
ton can be considered as a spectator, i.e., its momentum p is
such that |p|<200 MeV/c. However, the same degree of
OZI-rule violation has been observed in the case when |p|
€ (400,800) MeV/c. Therefore the problem arises of
whether the reason for the OZI-rule violation in this case is
the same [i.e., the OZI-rule violation in the reaction (4)] or
whether some nuclear effects are important. This problem is
considered in Sec. 9.

In Sec. 10 we consider the problem of what can be
learned about the rescattering contribution by taking into ac-
count the existing data on certain decays of the J/¥ meson.
Finally, as shown in Sec. 11, an analog of model A in the
reaction pp— ¢ 7w is inconsistent, since the correspond-
ing amplitude does not satisfy the unitarity relation. There-
fore this reaction poses additional problems for understand-
ing the OZI-rule violation.

2. THE REACTION pp— ¢y IN THE VECTOR-
DOMINANCE MODEL

We describe in this section the explanation of the OZI-
rule violation in the reaction pp— ¢y proposed in Ref. 19.

Consider first the reaction pp— ¢p. The amplitude of
this reaction can be written in the form
Ajprgp=F(ki=m>,. Ve . poet ed "kEKS (5)
where u,v,p,0=0,1,2,3, ¢,,,,, is the completely antisym-
metric tensor (eg23=—1), ¢, and k, are the polarization
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FIG. 1. Vector-dominance model for the reaction pp— ¢ .

vector and the four-momentum of the p meson, respectively,
e, and k, are the corresponding quantities for the ¢ meson,
a sum over repeated indices is assumed, and m, is the p-
meson mass. The function F in this expression depends on
the polarizations of the proton and antiproton and on the
masses of all particles in question, but we assume that the
proton, antiproton, and ¢ meson are always on-shell, the
proton and antiproton are at rest, and only the dependence of
F on k, is explicitly indicated.

In the framework of the vector-dominance model the
amplitude of the reaction pp— ¢y is described by the dia-
grams shown in Fig. 1. By analogy with Eq. (5), the ampli-
tude of the reaction corresponding to the p meson in the
intermediate state can be written in the form

Ajprpy=F(K3=0,..)Cpye pupoed  e3 kKT , (©6)

where e; and k; are the polarization vector and the four-
momentum of the photon, respectively, and c,,,, is a constant
describing the strength of the p— 7 transition.

Let us introduce the quantity

g(k)=2 |F(k},..)%, 0

where 3, implies that we take the average value over all the
initial polarizations and sum over the final ones. Following
Ref. 19, we also express ¢, in terms of the universal con-
stant f, (Ref. 30): c,,=em_/f,. Then it follows from Egs.
(5)—(7) that the ratio of the branching ratios for the reactions
pp— ¢y and pp— ¢Pp is given by

Br(pp—¢7) _[ 8(0) ] € (’_Clg) } ®

Br(pp—¢p) |g(m2)| 12 \kpg)
where k.4 is the c.m. momentum in the y¢ system and k4
is understood analogously.

The authors of Ref. 19 do not take into account the de-
pendence of g on k2, and they assume that g is some con-
stant. Then taking into account the fact that e?/47=1/137,
f44=2.5, and Br(pp— ¢p)=(3.4%£1.0)-10~* according

p
to Ref. 14, the result of Ref. 19 is

Br(pp— ¢y)=1.27-1073, )

in excellent agreement with the experimental result 1.0
X 1073 in Ref. 14. The authors of Ref. 19 also discuss the
contribution of the @ meson, but this contribution is not very
important.

It is interesting to note that in the model described above
the unexpectedly large value of Br(pp— ¢7y) is a conse-
quence of the purely kinematical factor (k.,4/ kp¢)3, which is
equal to 13.1. Although the success of the simple model
proposed in Ref. 19 is rather impressive, it is necessary to
take into account the fact that the additional assumption used
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in deriving the result is that the dependence of the function g
on the off-shell nature of the p meson is not important. It is
clear that at the present stage of the theory of strong interac-
tions we cannot test the correctness of this assumption.

3. THE PROBLEM OF CALCULATING THE PROCESS
pp— ¢=° WITH K* K INTERMEDIATE STATES

As has been pointed out by several authors (see, e.g.,
Refs. 31-33), a large amplitude of some OZI-forbidden tran-
sitions may be a consequence of the possibility that they can
g0 via two-step processes in which each individual transition
is OZI-allowed.

As an example, we first consider the contribution of
K*K intermediate states to the reaction pp— ¢m®. There
exist four diagrams, shown in Fig. 2, and, as easily follows
from isotopic invariance, the contributions of these diagrams
in the channel with isospin /=1 and spin S=1 are equal to
each other. To calculate these contributions we have to know
the amplitudes of the reactions pp—K**K~, K**
—7°K*, and K*K~— ¢ entering into diagram (a) of Fig.
2. We use p, and p, to denote the four-momenta of the
initial proton and antiproton, respectively, k; and k, to de-
note the four-momenta of the final 7° and ¢ mesons, respec-
tively, ki, k,, and k3 to denote the four-momenta of the
K**, K™, and K* mesons, respectively, and e and e’ to
denote the polarization vectors of the ¢ and K** mesons,
respectively. The initial proton is described by the Dirac
spinor u(p;), and the initial antiproton is described by the
Dirac spinor with negative energy v(p,). We also use m,
m,, mg, and my to denote the proton mass and the masses
of the corresponding mesons.

Consider the amplitude pp— K**K ™. If all the particles
are on-shell, the only amplitude in the channel with =S
=1 which survives when the momenta p, and p, are small is

YL _ A1)
pp—K*¥+K~ pp—K*+K~

X[0(p2) Y u(p1)]leuvpoe * kP, (10)

where f5, ,x#+x- is some constant and y* is the Dirac y
matrix. The total cross section corresponding to the ampli-
tude (10) can be calculated in a standard way, and the result
is
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FIG. 2.

2 (3m?+2p?)k"?

(11) =| 11)
127p

Oop—k*+k-— U ppok*+k-

, (1)
where p is the proton momentum in the c.m. frame of the pp
system, p=|p|, and &’ is the magnitude of the c.m. momen-
tum for the K** K~ system.

By analogy with Egs. (10) and (11), the amplitude of the
reaction pp— ¢ar° has the form

Mﬁp—»¢1r°=fp'p-o ¢1r°[6(p2) Yﬂu(pl)]euvpoe*vk’i’ko’ ’(12)

where f5, 4,0 is some constant, and the total cross section
corresponding to the amplitude (12) has the form

3m?+2p?H)k?

127p ’ (13)

- 2
o'ﬁp—ub‘iro - |fﬁp—; ¢1r0|
where  is the magnitude of the c.m. momentum for the ¢7r°
system.
The amplitude of the reaction K**— 7%K* has the
form

MK*+—v1T°K+=fK*+—'1TOK+(kl_k:;)p,e’#7 (14)

and a standard calculation shows that the width of the decay
is

IfK*+—+ °K+'2k31(
- 2 u ’ (15)

*

FK*+ Ox+=
-m 6mm

where K, is the magnitude of the c.m. momentum in the
@K system. If ' is the total K** width, it is easy to show
that F*=3FK*+__,,".OK+.

By analogy with Egs. (14) and (15), the amplitude of the
reaction K* K~ — ¢ is given by

Mg+ = Fr+k-— (ks — k3, ) e"*, (16)

and the width of the decay ¢—K*K ™ is

3
|fK+K‘—’¢|2kKE

r tp-= (17)
$¢—KtK 7] )
6mmy
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Time - ordered

where kg is the magnitude of the c.m. momentum in the
KK system. Since the ¢ decays into KK in 87% of the
events, it is easy to show that 2" ,_ x+,-=0.87T"4, where
"4 is the total width of the ¢.

Taking into account Eqs. (10), (14), and (16), and also
the fact that all four diagrams in Fig. 2 give equal contribu-
tions, we can write, for the amplitude of the reaction pp
— ¢,

M, 4:0=8i[0(p2) Y*u(p1)]e urpoe* kT

X j ,;lpll.K*+K4fK*+—>ﬂ0K+fK+K_—>¢

X kiPky% (k3" —k3M)

y SV (k) —ky—k3) 8D (ky—ky—k3)
(2m) [k}~ (m, —iT /2)%](ky> — mx+i0)
d*k|d*k,d*k;
K E—mZ+i0

(18)

Let us note that the term with k|”k}? in the propagator
"= (k{"k{PIm% —g,p) of the K* meson (g, is the met-
ric tensor in Minkowski space) does not contribute to the
amplitude (18), since e€,,,,,k "k1”=0, and for the same rea-
son ky—k3” can be replaced by 2k}. We have also taken
into account the fact that the K* meson is a Breit—Wigner
resonance, and therefore the propagator of the K* meson
depends on the complex mass (m —il",/2).

In the general case the quantities fj, ,x*+x-»
Sx#+q0x+, and fx+x-_, 4 entering into Eq. (18) differ from
the corresponding quantities in Eqgs. (10), (14), and (16),
since the K**, K~, and Kt mesons are off-shell. One might
assume that the dependence of these quantities on the off-
shell form factors is not strong and neglect this dependence.
However, the integral in Eq. (18) strongly diverges in this
case. Therefore we should either introduce form factors ‘‘by
hand’’ or try to estimate the amplitude (18) with the help of
additional assumptions.

It is important to note that the covariant Feynman ap-
proach does not fully agree with our physical intuition that
the process pp— ¢m® can be described as pp—(K*K
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FIG. 3.

+K *K)—»KIE 'rr—>¢'nD. As a rule, one Feynman diagram con-
tains the contribution of a few diagrams of the ‘‘old-
fashioned’’ time-ordered perturbation theory. In particular,
the three vertices in the Feynman diagram in Fig. 2 are not
necessarily time-ordered as we assume. For example, the
Feynman diagram in Fig. 3 contains the contributions of dia-
grams (a) and (b) of the time-ordered perturbation theory.
Diagram (a) indeed describes the process pp— ¢7° as pp
—(K*K+K*K)—>KK7°— ¢7°, while diagram (b) de-
scribes the unphysical process pp—K *K 5 K*K p— pr®,
since the virtual K meson in this diagram decays into K and
¢, and then the interaction between K* and K leads to the
production of 7°.

The difficulties with the interpretation of Feynman dia-
grams and with the divergence in Eq. (18) can be partly
overcome if we assume that the main contribution to the
integral in Eq. (18) is given by the residues at the poles of
the propagators of some intermediate particles. According to
our interpretation of the process pp— ¢°, we choose two
possibilities, which we call model A and model B. In model
A we drop I'y, in Eq. (18) and replace [(kiz—mi+i0)
X(ky2—m2+i0)]"' by  (—2im)20(k|%)0(k;%) 8(k;?
—m? )6(k£2—m%()/2. Analogously, in model B we replace
[(kéa“—mf(+iO)(k;z—m?(+i0)]_' by (—2im)?o(k;°)
0(k30) 8(ky2—m?%) (k32— m%)/2. Schematically, model A
can be described by Fig. 4a, i.e., K* and K in the diagram of
Fig. 4a are on the mass shell. Analogously, model B can be
described by Fig. 4b, i.e., K and K in the diagram of Fig. 4b
are on the mass shell.

One might think that from the theoretical point of view
model B seems more substantiated than model A. Indeed, as
shown in Refs. 34 and 35, the on-shell approximation is
connected with the unitarity relation for the S matrix, but this
relation must be formulated only in terms of stable particles.
In particular, KK7° is an admissible intermediate state,
while K*K is not. In addition, the vertices K** — 7°K* and
K*K~— ¢ entering into the amplitude K *K—¢m® in
model A are not necessarily time-ordered, and therefore this
amplitude contains the contribution of not only the process
K*K—KK7°— ¢7° but also the contribution of the un-
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physical process K*K—K*K ¢— ¢m°. However, as shown
in Refs. 20 and 21, the numerical results in model A are in
qualitative agreement with the experimental data. For this
reason we investigate below the consequences of both model
A and model B.

4. THE PROBLEM OF CALCULATING THE PROCESS
pp— ¢m° WITH p*p~ INTERMEDIATE STATES

As shown in Refs. 19 and 20, p* p~ intermediate states
may essentially contribute to the process pp— ¢ar®. There
exist two diagrams describing the process pp— ¢n® via
pTp s pp—ptp —owtap —¢n® and pp—pTp”
—pt 7w’ ¢7® (see Fig. 5), and the contributions of
these diagrams are equal to each other if I=S=1. To find
these contributions we need the expressions defining the am-
plitudes pp—p*p~, pt—a"7°, and p~ 7t — .

When I=S=1, a possible choice of the amplitude which
survives in the limit when p, and p, are small is

11 11 —
MG =18 [5(p2) YPu(p))]

X[e;x(Pey*)—es(Pei™)], (19)

where e (i=1,2) are the polarization four-vectors of the p*
and p~ mesons, respectively, and P=p,+p,. We take into
account the fact that the C parity of the p* p~ system should
be equal to — 1.

There also exist two other amplitudes which satisfy all
the necessary conditions. One of them was used in Refs. 19
and 20, and the corresponding result is small (see the discus-
sion in Ref. 20). The contribution of the other, which is cubic
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FIG. 4.

in k;—k;, is expected to be small too. Following Ref. 22,
we describe here the calculations with the amplitude given
by Eq. (19).

A standard calculation shows that the total cross section

(11
O 5p_.p+p- has the form

(3m?+2p”)(ES+m2)k'
4 »
’ (20)

(11) A1) 5
O5p—ptp=— Ifgp—'p"p‘l 6mpm

where now k' is the magnitude of the c.m. momentum in the
ptp~ system, m p is the mass of the p meson, and E,
=(m2+k'2)1/2
2 .
The p* — o+ ¥ amplitude and the decay width of the p
meson can be written by analogy with Egs. (14) and (15):

Mp+avr+7r0=fp+—>1r+7r0(kl _ké),u,e;#s
213
|fp+—»1r+'n'0| k7r1r

)
67Tmp

, @21

I‘p+_,,,+ﬂo=

where k, and kj are the four-momenta of the 7° and 7*,
respectively, and &, is the magnitude of the c.m. momen-
tum in the 77 system.
The 7+ p~— ¢ amplitude has the form
Mw+p-_+¢=fw+p—_,¢eu,,p,,e"*eé"k’2’ké" , (22)

where k; is the 4-momentum of the p~. A direct calculation
shows that the decay width I'y_, .+ ,- is given by

_ |f¢—v7r+p_|2k:;'p

F¢_,ﬂ.+p—— 127T s (23)

FIG. 5.
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Model A

Model B

where k_, is the magnitude of the c.m. momentum in the p

|
system. S’;nce the ¢ decays into 7p in 12% of the events, it
is obvious that I" 4, +,-=0.12T" 4/3.

As follows from Egs. (19), (21), and (22), the amplitude
of the process pp— ¢a° corresponding to the Feynman dia-
grams in Fig. 5 can be written in the form

Mp . gm0

=2i[v(p2) v*u(p1)]eapyse®*kIP”

X j fi”_’F’*P’fp*—wr*nofw+p‘—*¢kés(k1—k;)p

iukip 53 kivk;p 6,;
X 2 Swe |0\ T T 8up | O
p

P
SV (ki—ky—k3) 8V (ky—ky—k3)
X
(2m) k2= (m,—iT ,/2)*][k}*— (m,—iTl y/2)*]

d*kyd*kod*k}
s 9
where é is the Kronecker symbol.

As in Eq. (18), the integral in Eq. (24) diverges if no
form factors are introduced into the vertices pp—p*p~,
pt—a*7°, and p~ w* — ¢. By analogy with Sec. 3 we use
the on-shell approximation, where the intermediate states are
either p*p~ or pmm. We again refer to the corresponding
models as model A and model B, respectively. These models
correspond to the cuts of the Feynman diagrams as shown in
Fig. 6.

5. THE CONTRIBUTION OF K*K AND p*p~
INTERMEDIATE STATES IN MODEL A

As follows from the prescription described in Sec. 3, Eq.
(18) in model A reads

or - 11
Mp‘pﬁuﬁn'o:*8'[”(1’2)7"”([’l)]euvpoe;\kkll’kp ﬁpl]{ﬂﬁx—

X [ fees ot i RN UK 008
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FIG. 6.

S(ks2—m2) 8 (ky+ky—k} —ky)d*k1d k),
(2m)’[(k;— k1)~ my+i0] ’
(25)
where we have taken into account the fact that (k) e™)=0.
The quantity f(ﬁlpll kx+g- in this expression is the same as in
Eq. (10), since the K* and K are on-shell.
It is convenient to consider Eq. (25) in the c.m. frame of
the pp system, which, at the same time, is the c.m. frame of
the K*K and ¢7° systems. The vector P in this frame of

reference has the components PO= \/E P=0, and therefore
Eq. (25) can be written in the form

8(k{*—m3) X

—i " _ .
Mﬁp—»qurO: A7k ,;pl.l(*+x—[v(P2)'y'u(pl)]eiklkk

X f do’ fyx+ a0k +fx+k—— ¢

Xk’I(E]EZO*‘Fk'mem*)
a—x

. (26)

where a= (2E*E,,+mf<—mi—m3,)/2kk’, E,= (mfr
+E)2, E =(mi 42, Eg=(mg+ kD)2, k=|K|, &’
=|k'|, k=k,, k'=Kk|, n=Kk/k, n’=K'/k’, x=nn’, do’ is
the element of solid angle corresponding to the unit vector
n’, and a sum over repeated indices i,k,/,m=123 is as-
sumed.

Let us consider the integrals

I'=ff(x,s)k'ldo’, I’m=ff(x,s)k"k’mdo', 27)

where f(x,s) is an arbitrary function of x and s. It is easy to
show that

k' 1 1
I'=27r7k'J lf(x,s)dx, I""=7r(k’)2f f(x,5)
- -1

Ipm

X[ (1—x%) 8™ +(3x*—1) k—kz—]dx. (28)

Then it follows from Eqs. (12) and (26)—(28) that
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_ kD)
f,;pwno—m Pp—K* K-

1
X f_ lfK**—»1r0K+(k;’;2)fK+K‘->¢(k:;2)

dx. 29
a—x (29)

We explicitly note that fyx+_, 0+ and fy+x-_, 4 de-
pend on the off-shell form factor for the X meson with four-
momentum k3. The importance of taking into account this
form factor has been pointed out in Refs. 19 and 20. Follow-
ing these references, we write

2 A— m,2(
Srxt o qox+(k3™) = fea+ . pog+ 72

, A—mj
fK*K“—>¢(k32)=fK+K‘—»¢ m (30)

where now the quantities fxx+_, z0x+ and fx+x-_,4 are the
same as in Egs. (14) and (16). Then we get from Eq. (29) the
final result

(k) 1y
fﬁp—v¢1r0= 47Tk\/; 5p—;1(*++K_fK*+—b7TOK+fK+K_—-»¢
Xfl 1—x? A—mk :
_1 a—x A+2E*E,,—m?k—n?‘;—2kk’x
Xdx. (31)

As follows from Egs. (11), (13), (15), (17), and (31),

. Tpps p® . zkk’r*rwimi
U;-lpllK*+K~ 8 s(k‘lTKkKlz)3
1 1—x2 A—m2 22
Xf Wi Y] 7 dx
-1 @a=x |A+2E E,—m,—m,—2kk'x
(32)

Since for the amplitudes pp—K**K~ and pp— ¢
we assume the structure defined by Egs. (10) and (12), Eq.
(32) can be valid only if the value of p is rather small. In
Ref. 22 the dependence of R on the laboratory momentum
Piap in the range (0—0.4) GeV/c [which corresponds to val-
ues of p in the range (0—0.2) GeV/c] has been calculated.
Following Refs. 19 and 20, the values 1.2 GeV?, 2 GeV?,
and « have been chosen for A (the last value means the
absence of off-shell form factors). The result of Ref. 22 is
that R practically does not depend on pj,, in the range
(0-0.4) GeV/c.

In Refs. 13 and 14 the branching ratio of the reaction
pp— ¢7° has been measured not for annihilation in flight
but for annihilation at rest from the S state of the hydrogen-
like pp atom. When p—0, only the contribution of the S
wave survives in Eq. (32). Assuming that the pp system in
the hydrogen-like atom is unpolarized and taking for the
branching ratio Br(pp—K**K ™)'V its experimental value
5.85-10"* (Ref. 36), the result for the branching ratio
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Br(pp— ¢7%) is 2.9-107%, 0.99-107%, and 0.4- 10~ * for
A=, A=2GeV? and A=1.2GeV? respectively. Ac-
cording to Ref. 13, Br(pp— ¢7°)=(4.0+0.8)-10"4, and
according to Ref. 14, Br(pp— ¢7°)=(5.8+0.4)- 10~ *. We
conclude that if the off-shell form factor for the X meson
does not strongly depend on kj, then the contribution of
K*K intermediate states in model A is in fairly good agree-
ment with the experimental data.

The calculation of the contribution of p*p~ intermedi-
ate states can be carried out by analogy with the above cal-
culation. Using Egs. (19), (21), (22), (27), and (28), we get

B i(k")? 1)
Fops 0= G Syt g (),
p

(33)
where
1 2 E kx
F(s)= (1—x )(E‘,E.,T—kk’Jc)+2E‘o —k,——E,,
-1
kl
—2xE4| Ex—E i

X

A—mfr J2
7_ 2
A+2E E = 2kk'x—m,—m7,
dx
X ’ 2_:n°
2E\E —2kk’'x—m;—i0

(34)

In contrast to the K*K case, now the kinematical condi-
tions are such that all three intermediate particles can be
on-shell, in contradiction with the Peierls theorem.?” In turn,
this theorem follows from the fundamental fact that the S
matrix can be formulated only in terms of stable particles.
However, such a situation is only a formal difficulty, which

occurs because we drop I, in the propagators of the p* and
p~ mesons and treat these mesons as stable particles.

As follows from Egs. (20), (21), (23), and (33),

(059 _,¢,,,.0
Ri=—i———
Top—p*p-
3( kk' \3 [T m?
=0.12> - 2,
0 4(k,,pk,,,,) s(s+4m7p IF(s)] (35)

In Refs. 19 and 22 the result for R, as a function of p,,,
has been calculated for the cases A=1.2GeV? A
=2GeV?, and A=, The dependence of R, on py,, also
turned out to be weak, but it is not clear what is the upper
bound for those py,, for which the result is still valid. If
P1ab=0, then R =1.13-1073, R,=3.2-1073, and R,=7.01
-107? for these three cases, respectively. The experimental
value of Br(pp—p*p~)!' at rest is unknown, but the the-
oretical model developed in Ref. 38 predicts the value 23.6
-1073. Then the contribution of p*p~ intermediate states to
Br(pp— ¢7°) at rest is 1.9-10™* if A=00. Therefore, as
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first noted in Ref. 19, model A predicts a rather substantial
contribution of p*p~ intermediate states to the branching
ratio of the reaction pp— ¢7°.

As argued by Lipkin, Geiger, Isgur, and others (see, e.g.,
Refs. 5 and 7), a possible reason for the OZI-rule violation is
the interference of amplitudes corresponding to different in-
termediate states. For example, Lipkin® argues that *‘the con-
tributions from the K*K~ and K**K*~ intermediate states
have the same phase, and this is opposite to the phase of the
contribution from the K*K*~ and K~ K** states.”” This
problem has also been discussed by Sapozhnikov*® and
Zou.®® It has also been noted by Locher*! that if in the dia-
grams in Fig. 2 the K* mesons are replaced by K mesons,
then the corresponding contribution is equal to zero. Indeed,
the KK 7 coupling is equal to zero, since three (0~) particles
cannot couple (parity and angular-momentum conservation).
It is also not clear which diagrams describing K*K* inter-
mediate states can compensate the diagrams in Fig. 2. We
will see in Sec. 11 that these intermediate states are natural
for the reaction pp— ¢ 7~ but not for pp— ¢a°. On the
other hand, it is important to stress that in the theory of
strong interactions any conclusion about the dominant role of
some finite set of diagrams can be based only on intuition,
which often does not work. Thus, any explanation of the
OZI-rule violation taking into account only a finite set of
diagrams can be at best qualitative.

6. THE CONTRIBUTION OF KK#° AND pan®
INTERMEDIATE STATES IN MODEL B

As follows from the prescription described in Sec. 3, Eq.
(18) in model B reads

My g0

= 4i](p‘lpll.K*+K—fK**—r1r°K+fK+K‘—»¢
X[0(p2) Y u(p1)leuvpoexky
J k3Pky (ko — k3™) 69 (ko — ky— k3)d’kyd kg
167 wy(ky) wx(k3)[(ky+k3)2 = (m —iT ,/2)*]°
(36)

where w,((k)=(m§+ k'?)'2, we take into account the fact
that the constants fx+_, zox+ and fx+k_, 4 are the same as in
Egs. (14) and (16), and no form factor is introduced into the
vertex pp—K*K.

It is obvious that

€ uvpoks’hy "= e ypa(kaP + k3P) (k7 —k37)/2,

and therefore Eq. (36) can be written in the form
Mﬁp—»:ﬁ‘n'(): Zif{ﬁlpl—)-,l(*+K—fK*+—*1r°K+fK+K_—>¢
X[0(p2) Y*u(p1)1epypoe* KEKTIY . (37)
where 1°* is the relativistic symmetric tensor
e f (k3 — k3 ") (ky" — k3*) 89 (ky— ky — k3)dyd ks

167 wx(k;) g (k3)[ (ki +k5) = (m, —iT 4/2)*]°
(38)
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This tensor depends only on &, and k,, and therefore the
general form of I, is

Ip=c 18\t Cokighintc3kygkan
+cq(kiokon+kagkyy)- (39)

It is obvious that only ¢, g, contributes to Eq. (37). The
simplest way of calculating c, is to consider Eq. (38) in the
reference frame where the final ¢ meson is at rest. The mag-
nitude of the pion momentum in this reference frame is g
=(y/sk)/m 4, and, as follows from Egs. (38) and (39),

kgk

yrym my {do'k"'k"/[m3,+mi+m¢(mfr+ (12)”2

+2qkggx—(my—il 412)*1}=—c8y+c2q:qs,
(40)
where q is the pion momentum, k' is the momentum of the
K meson, x=qk'/qkgg, and we integrate over the solid
angle corresponding to the unit vector n=Kk'/kgz. Then the

quantity ¢, can be easily calculated by analogy with the cal-
culation of the quantity ¢, in Sec. 5, and the final result for

Sop—ga0 i

kxg)?
AW Ckx)”
fpp—’¢'rr°_ l ﬁp_.x*+x—fK*+—»K+7r°fK+K'—'¢ 471'\/;](

X

2b+(1—b2)n il (41)
b—1/|

where b=[m3,+mf(+m¢(mf,+q2)—(m*—iF/2)2]/2qu,2
and we have taken into account that the fact that
fl (1—x%)dx
-1 b—x

b+1
=2b+(1—b2)ln(b_l). (42)

By analogy with the derivation of Eq. (32) we now get
T ps 3 kkggl T ggymg

=0.87 :

2

X (43)

2b+(1-b2)1 (bH)

A simple numerical calculation shows that if s=4m?, then

Tjips g™ 1074 0';;],,11. x#+x- - Therefore the contribution of

KK 7° intermediate states in model B is negligible.

Let us now consider the contribution of (p*#~
+p~w*)n® intermediate states in model B. In this model
Eq. (24) reads

Fip—gnolv(p2) Y*u(p)]euypoe” kiks
=—ifS? sy Fotmsmtaofat g gl0(P2) Yu(p))]
Xeqgyse™* k]
(2m)* 8V (k,— k) — k3) Ak, d’k;
[227)° P, (k) @(k3)[(k; +k3)2— (m,—iT ,/2)*]
X ko[ (k1= k3) P g— 8 up(P Ky —k3)], (44)

where ,(k')=(m2+k')"?, o, (k')=(m%+k'%)"2.
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It is obvious that
f 2m)* k5 %k 6D (ky— ky— k) dPkydK;
[227) P oy(k;) 0 (k3)[ (k1 +k3)2 = (m,—iT /2)*]

=181 ok + o kE RS+ c kbR + cskbkS,  (45)

where the ¢; (i=1,...,5) are certain relativistically invariant
quantities. As follows from Eq. (44), we have to calculate
only ¢y, ¢;, and cs. It is convenient to calculate these quan-
tities in the reference frame where the final ¢ meson is at rest
and to use Egs. (28). The final result is [cf. Eq. (35)]

6
Uﬁpﬂ¢"0 3 kk‘n’p Fpr¢mp 2
=012 — —53 |F\(s)]% (46)
o0 16 k"3ky,, s(E2+m2) !

where, as in Eq. (35), k' is the magnitude of the c.m. mo-
mentum in the p*p~ system, and

1 dx
F '(s)_f 1 2m2 20 (k) + 2qkgpx—(m,—iT /2)7

1 k 1
X[§ (s—m?,,) x— Z—qE (1-3x%)|— 7 (s+m‘2,,)
w.,,(k,,p)x ww(q)knp _
X[ my 2m¢q (1 3x2)]
—k‘rrpq(l_xz)]- (47)

A simple numerical calculation shows that if s=4m?,
then Eq. (46) can be written as

Tiporpn0=3.13-10050 . . (48)
Therefore, if we again assume that trf;;ll ot p~=23.6- 1073

(Ref. 38), then the (p* 7~ + p~ 7r*) 7 intermediate states in
model B do not play an important role.

7. THE RELATION BETWEEN THE BRANCHING
RATIOS OF THE REACTIONS pp—¢=® AND pp
— K*K IN ANNIHILATION FROM THE P STATE

OF THE HYDROGEN-LIKE pp ATOM

In contrast to the annihilation pp— ¢7° from the S state
of the hydrogen-like pp atom, the branching ratio of this
annihilation from the P state is small, and the reaction pp
— ¢ ¥ from the P state has not yet been observed. The data
on the annihilation pp—K*K from the P state are also
much more scarce than for the annihilation from the S state,
but experiments which are under way are expected to give
more detailed information on the pp annihilation from the P
state. In view of the above discussion it is interesting to
investigate the prediction of model A for the ratio of the rates
of the reactions pp— ¢7° and pp— K*K in the annihilation
from the P state. More precisely, since the annihilation pp
— ¢7° from the P state can take place only in the channel
with /=1, $=0, model A makes it possible to give predic-
tions on the quantity Br(pp— ¢7°)/Br(K**K™)19, One
might think that in model A this quantity should be of the
same order as in the case of the annihilation from the S state
and hence the explanation of the OZI-rule violation in the
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framework of the rescattering mechanism is inconsistent. We
first describe a calculation in Ref. 42 which shows that there
is nevertheless a possibility that model A explains both the
large value of Br(pp— ¢7%)/Br(K**K ™) in the annihila-
tion from the S state and a small value of the same quantity
in the annihilation from the P state. Then we discuss the
criticism of this mechanism in Refs. 40 and 43.

To describe the relativistically invariant amplitude for
the annihilation pp— ¢7° from the P state we have to con-
struct the relativistic wave function describing the pp system
not in the case when the antiproton and proton have definite
momenta, but when they have the definite quantum numbers
L=1, §=0. However, since we need only the ratio of the
quantities Br(pp— ¢7°) and Br(pp—K**+K )19, the fol-
lowing procedure can be used. We again describe the anti-
proton and proton by Dirac spinors and write relativistically
invariant pp— ¢a° and pp— K** K~ amplitudes which are
of order |p|/m when |p|—0. Therefore, when |p|—O0, the
leading contribution to the corresponding cross sections are
given by the P states, and these cross sections are also of
order | p|/m. However, the ratio o5, , 4,0/ o%?L x#+x- When
|p| >0 becomes just the ratio of the quantities Br(pp
—¢7°) and Br(pp—K**K ™) in the annihilation from the
P state of the hydrogen-like pp atom if we assume that the p
and p in this state are unpolarized.

The general form of the pp— ¢m° amplitude with the
required properties is
Fy

Fi(pi—p2.e*)+—7

My 420=[5(p2) Y'u(p1)] ml

X(Pl“Pz,kl‘kz)(kl‘“kz,e*)], (49)

where F| and F, become constants when |p|— 0. In contrast
to the annihilation from the S state, the amplitude given by
Eq. (49) is defined by two unknown constants, since the final
¢7° system has orbital angular momentum either L=0 or
L=2.

It is convenient to consider the amplitude (49) in the
c.m. frame. Then we can write

_ Fs
Mﬁp—»¢w°=[U(Pz)‘)’su(l’l)][ﬂ([’e*)+ ;3: (pk)

X(ke*)} , (50

where F; and F, are linear combinations of F| and F).
Analogously, we can write

MG s rk-= [6(p2)75u(p.>]{fl(pe*>+ %? (pk’)
*

X(k'e'*)|, (51)

where f| and f, are other constants. As easily follows from
Egs. (50) and (51),
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By analogy with the derivation in Sec. 5, we find that in
model A

*1.7

P _
Mﬁp—»dbﬂ-oz 2\/—[U(pZ)ysu(pl)]fK*+—>w0K+fK+K“—>¢
27°Ns

do' (k,yeM* K'(k,k})
XJ' o' (kyre )2[f1( m;l k)

(kj—kp)*—my *

fr (R
+m—§:k(—-"7*—‘—kk) . (53)

Since the relation between the reactions pp— ¢7° and pp
—K**K~ in the annihilation from the S state can be quali-
tatively explained by assuming that the off-shell form factors
in the vertices K**—7°K* and K*K~— ¢ do not appre-
ciably suppress the amplitude of pp— ¢7°, we do not take
into account the contribution of these form factors.

Using Eq. (28), we can derive a relation between the
quantities F; and f; (i=1,2), and the final result is

ik’ 2
F‘i‘:__.fl(*'*'—v‘rrOK+.fK+K_—'¢2 AiLfI’ (54)
s =1
where
e k' fl (1—=x*)(E E ,—kk'x)dx
“—4kmz< -1 a—x |
e k2 J’l k'(E*E,,.—kk'X) " (l—xz)dx
127 2 2 = — ’
4km, J - my a—x
foe m?ﬁ Jl (ELE,—kk'x) | Egk'x
22k m’, E 4k
+k’2(3,w52—1) Ex k'x| dx
2k? Ey k|a—x’
_mf,,k' Jl k'(E*E,,—kk’x)_kx
= Zmik2 -1 mi
Exx  k'(3x*—1)] dx
_E_¢+ 2k a—x’ (55)

It follows from simple numerical calculations and from
Egs. (15), (17), (52), (54), and (55) that

R 0.77+0.36yz+0.044y
27 1.16+0.46yz+0.11y% °

(56)

97 Phys. Part. Nucl. 29 (1), January—February 1998

where y=|f,/f,| and z is the cosine of the relative phase of
f, and f,. If f,=0, then R,=0.66, and if f;=0, then K,
=0.40. However, in the general case R, can take values
from R,,;,=0.02 when y=4.2, z=—1 to R;,=0.67 when
y=0.7, z=1. In addition, if we take into account a possible
contribution of the off-shell form factors, we can conclude
that Br(pp— ¢7®),_, and Br(pp—K**K~){"%, are prob-
ably of the same order of magnitude. In this case the problem
remains of whether the results of the rescattering model for
the P-wave annihilation are compatible with the results for
the S-wave annihilation. At the same time, one cannot fully
exclude the possibility that the first quantity is much smaller
than the second one.

As noted by Zou, the L=2 decay is unlikely to be of
similar strength to the L=0 decay, because of the strong
centrifugal-barrier effect for L=2 K*K decay. An experi-
ment which can shed light on the situation is the measure-
ment of the angular distribution in the K*K system produced
in the pp annihilation from the P state. If, for example, one
of the states with L=0 or L=2 is dominant, then the de-
structive interference described above is not possible.

In any case, the value of R of order 10~2 which can
explain the difference between the situations in the S and P
annihilations in the model considered above seems unlikely.
However, as argued by Zou,*®* the destructive interference
is only a minor reason, while there is another more solid and
important reason, i.e., the small total decay width of /=1
1p, protonium.

As noted in Refs. 40 and 43, the fact which is important
for ‘understanding the problem under consideration is that,
for pp annihilation from P states, K*K can come from Py,
3P, and 3P, states with both isospins 0 and 1, while ¢ can
come only from the 'P, state with isospin 1. According to
various  optical-potential models for  protonium
annihilation,*** the total decay width for the I=1 P, state
is only about 1/8 of the summation of the total decay width
for all possible P states to K *K. The K*K decay width may
not be directly proportional to the total decay width for dif-
ferent P states, owing to some dynamic selection rule. It is
quite possible that K*K from the I=1 'P, state is only a
very small part of K*K from all the P states. Only this small
part can contribute to the rescattering mechanism to the ¢
final state. This is in contrast to the case of pp annihilation
from S states, where the allowed partial wave (I=13S,) for
¢ is found to be dominant for K *K.

Are there another reasons (in addition to optical models)
to think that the K*K annihilation from the /=1 'P | state of
protonium is indeed suppressed? As argued by Zou,** such
reasons are the following. First, the Asterix Collaboration
found that the branching ratios for 7p and %' p from P states
are much smaller than from S states.*® The 7p and 7’p from
P states can come only from the /=1 lPl state. Second, a
recent analysis by the Obelix Collaboration*” shows that w
is also not seen in pp annihilation from the I=1 'P, state.
Thus, the ratio ¢m/w for P-state annihilation may in fact
not be suppressed.

As noted in Refs. 40 and 43, it is desirable to measure
the percentage of K *K production from P states that comes

40,43
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from the I=1 'P, state. Only after all conventional effects
were found to be insufficient to explain the data might we
claim any conclusive evidence for new physics, such as
strange quarks in the nucleon.?

On the other hand, as noted in Ref. 48, although the
observations in Ref. 43 are important, the problem is whether
they are sufficient to explain the experimental situation, ac-
cording to which even the upper bound for the ratio of the
¢ and K*K channels in the annihilation from the P states
is probably of order 1072, Indeed, according to Ref. 46, the
branching ratios of the ¢ and K**K ™ channels in the S,
state are (4.0%0.8)-10"* and (5.8%+0.5)-10"*, respec-
tively. According to the data in Ref. 47, the branching ratio
of the ¢ar channel in the 3'P| state is <3-1073, according
to Ref. 49 this quantity is <1-107>, and the most recent
analysis™ gives the value <4.7- 10~ (with 95% confidence
level). At the same time, the data of Refs. 49 and 50 show
that when going from liquid to gas targets the yield of KK 7
increases.

The data of Ref. 46 show that the branching ratios of the '

np channel are (0.94%+0.53)- 1073 in the P state and (3.29
+0.90)- 1073 in the S state. The ratio of these quantities is
about 0.3. The same data for the #'p channel are (~0.3)
-1073 and (1.81+0.44)- 10“3, respectively, i.e., the ratio is
about 1/6. These values are consistent with the value 1/8 in
optical models, but such a degree of suppression of the an-
nihilation of the 3'P| protonium is one order of magnitude
less than what is needed to explain the effect under consid-
eration. In addition, the statistics in the data of the Obelix
Collaboration on the angular distribution in the wm system
given in Ref. 47 do not make it possible to clearly distin-
guish the annihilation from the S and P waves.

We conclude that at the present stage of our understand-
ing of the rescattering mechanism it is not possible to explain
the fact that ¢r is not seen in the annihilation of the 3'P,
protonium.

8. THE PROBLEM OF OZI-RULE VIOLATION IN THE
REACTION pp— f,z°

In view of the above discussion, it is important to know
whether there exist reactions with the property that if the OZI
rule in them is violated, then the rescattering model or other
conventional mechanisms definitely cannot explain this vio-
lation. Following Ref. 51, we show in this section that pp
— fy@0 is a reaction with just such a property.

The situation with regard to f,—f, mixing is analogous
to that for w—¢ mixing, but the mixing angle is not so close
to the ideal one: according to Ref. 17, cos 6=0.78. There-
fore, as follows from the f,—f, analog of Eq. (1), the ratio
Br(pp— f57°)/Br(pp—f,7°) should be approximately
0.01. The experimental data on the branching ratio for the
annihilation pp—f,7® at rest are (3.4+0.5)-1072, (2.1
+0.1)-107!, and (2.0+0.6)- 1072 in the cases of the 'S,
3P, and 3P, states, respectively.’’ Therefore Br(pp
— f5mP) is expected to be of order 10™* in the cases of the
1§, and 3P, states, and of order 10™3 in the case of the *P,
state. This makes it is necessary to estimate the role of the
rescattering contribution in the reaction pp—s f,7°.
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The major decay mode of the f, meson is K K, as for the
¢ meson. Therefore, in view of the above discussion, it is
reasonable to estimate the role of (K *K+K*K ) intermedi-
ate states in model A. We shall consider only S-wave anni-
hilation, and we shall see that even the upper bound for the
rescattering contribution is much less than the value ex-
pected from the OZI rule.

The only relativistically invariant amplitude of the pro-
cess pp—K**K~ which survives when p—0 and the

K**K~ system is in the state with I=1, S=0 is
10
MG gxsg-=Fereg-[0(p2) Vu(p))(e'*P),  (57)

where f(K*+x— is some constant. Then the corresponding
cross section is

10
10 | K*)"K_IZSk’3

PR KT T BTy G
*.
We also need the amplitude of the reaction KK~
— f3 - It has the form

My+g-_ g =fr+x-_p(k3—k3) (k3 —k3) e **",  (59)

where e#” is the polarization tensor of the final f; meson.
The corresponding decay width is

4 fgrk-—p %
U L i .4 (60)
157m f,

where kxg is now the magnitude of the momentum of the
K™ and K~ mesons in the reference frame in which the f}
meson is at rest. Since the decay of the f;, meson into K K
occurs in 72% of the events, the total width of the f; meson
is Ffl"= 2FK+K— —'f£/072

As follows from Egs. (14), (57), and (59), if the form
factors are dropped, then the amplitude of the reaction pp
— f5m° in model A is

_ 10)
Mﬁp—oféﬂ'o_ 16f(K*+K—fK*+—¢ﬂ0K+fK+K——»fé

X[l;(p2)75u(pl)]e*“v1pV$ (61)
where
o (2m)* 8k +ky— k| — k) d’k}d>k;
“ ) (22m)%) 2w (k) wk(Ky)[ (k| — k1) > —mg+i0]
(Pk )(kyky)
_T_ (Pky) [ky k2, s (62)

w*(k’)=(m*+k’2) 2 and k, is the four-momentum of the
final f; meson.

The quantity I,, is the relativistic symmetric tensor
which depends only on k, and k,, and, since P=k,+k,, we
can write

I,,=c PP, tcoguytc3(Pyky,+Poky,)teks ks,

(63)
where c; (i=1,...,4) are quantities which may depend only
ons. Since e#’g,,=e""k,;, =e""k,,=0, only the term with
¢, contributes to Eq. (61). Therefore it is sufficient to find
only c,. For this purpose we note that the tensor
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FIG. 7. (a) Pole diagram for the reaction pd— ¢~ p and (b) diagram
describing the process pd— ¢~ p proceeding through the rescatter-
7 ing of , 7, and » mesons produced in the intermediate state.

(Pk2)2k2y,k2v (PkZ)

= (kapPytkyPy)+P,P,
f’ f’
1 [ kyuky (Pk,)?
3 (_#2_1’ g;l.v) __2__])2 (64)
m g m g
has the property
X178y =X ko =X""k,,=0. (65)

Therefore, it follows from Eqs. (63) and (65) that

=3 #;X;:w (66)
and it follows from Eq. (61) that
My fym0=4 Klg)’fx—fl(*‘“—mox"fx’fx'—.f;
X[0(p2) Y’ u(p)]lc e””*P ,P,. (67)

An explicit expression for ¢, can be easily obtained in the
c.m. frame of the 7’f} system (by analogy with Sec. 5). In
this frame of reference

(2m)* 6Pk, +ky—ky—k;)  k'do’
[227m)°Po(k)wk(ky)  1672Vs”

where do’ has the same meaning as in Sec. 5.
Taking into account Egs. (15), (62), (64), and (65)—(67),
the final result can be written in the form

(68)

Opp—fym®
o

OpprK*+K~

3 3
2 sk KkKK f'
jl k'E,.—E  kx
—1 mi4+my—2E E  +2kk' x—my+i0

—072

X

1
X{ (Exk—E pik' x)*— 3 [(EpEx—kk'x)?

2

—mxmf,]]dx . (69)

A simple numerical calculation gives for s=4m? the
value  Br(pp—f;n°)=2.66-10"2 Br(pp—K**K )10,
According to Ref. 36, Br(pp—K**K™)=(2.1x0.4)
-10™*. Therefore even the upper bound for Br(pp— f,7°)
is of order 1075,
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It is also possible to calculate the contribution of the pm
channel to the reaction pp— f57°. The corresponding am-
plitude has the same spin structure as the amplitude describ-
ing the (K*K +K*K) contribution. A simple numerical cal-
culation  gives  Br(pp—fym°)=(4.08-10"%)-Br(pp
—pta)19, According to Ref. 52, Br(pp—p* 7™ )!10
=(0.65+0.3)- 1072, and therefore the pm contribution is
also small.

We see that the upper bound for the rescattering contri-
bution to the reaction pp— f,7° from the S state is of order
107%, and by analogy with the calculation in the preceding
section we can expect that the upper bound for the rescatter-
ing contribution to the reaction pp— f; m° from the P states
is also of order 1076, Therefore the role of rescattering in
this reaction is negligible, and any violation of the OZI rule
in the reaction pp— f37® will be evidence of some unusual
phenomena.

According to the preliminary data of the Obelix Collabo-
ration reported in Ref. 39, the ratio of the branching ratios
for the f,7° and f,7° annihilations from the P state is in the
range (4-10)- 1072, and the most recent result for this ratio
is (13%2)-1072 (Ref. 50). This is one order of magnitude
larger than the value predicted by the OZI rule.

9. OZI-RULE VIOLATION IN pd ANNIHILATION

As noted in Sec. 1, the data on the reaction pd
— ¢~ p are the source of information about the process (4),
but this reaction is of interest in its own right. The point is
that if the reactions in which the OZI rule is strongly violated
involve exotic states (such as hybrids and glueballs), then, as
argued by several authors (see, e.g., the review paper of Ref.
53), the masses of these states probably lie in the region
1.4—1.7 GeV/c, i.e., below the threshold of antiproton anni-
hilation on a free nucleon. The above reaction makes it pos-
sible to study antiproton annihilation on a bound nucleon at
\/_; <2m.

If the process pd— ¢~ p is described by the pole dia-
gram given in Fig. 7a, then it is easy to show that for slow
antiprotons the quantity Vs for the reaction pn— ¢7™ is
related to the energy E’ of the spectator proton by the rela-
tion s=10m%—6mE’. In a recent experiment of the Obelix
group'® the branching ratio of the reaction pd— ¢m~p was
measured in the region of proton momenta 0.4—0.8 GeV/c.
These values correspond to \/E in the range 1.37-1.76 GeV,
i.e., in the range of primary interest for our study. We denote
the branching ratio of the above reaction by Bg’ , the branch-
ing ratio of the reaction pd— ¢~ p at proton momenta in
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the region 0-0.2GeV/c by B?, and the corresponding
branching ratios of the reaction pd— w# ™ p by BY and B3 .
Then it follows from the data reported in Ref. 16 that

B?=(6.62+0.49)-107%, B$=(0.93+0.22)-107%,

BY=(4.97+0.89)-107%, B%=(8.38+1.09)-10*.

(70)
Hence we have
B¥/B®=0.13, B2/BY=0.11. (71)

At the same time, as noted in Sec. 1, the data on the ¢w
mixing angle'” and the OZI rule give values of order 1073
for these ratios. Thus, according to the data reported in Ref.
16, the violation of the OZI rule in the reaction pd
— ¢7™ p at proton momenta in the region 0.4—0.8 GeV/c is
as strong as for the reactions (2)—(4).

Following Ref. 54, we investigate in this section whether
the above effect is indeed a consequence of the OZI-rule
violation in the process pn— ¢~ or whether such a viola-
tion is imitated by some nuclear effects in the deuteron.

The amplitude of the reaction pn— ¢#~ can be written
as

Aﬁn—'tﬁ‘n‘_ =fﬁn—>¢1r_(';‘yﬂ'v)euvpa'ev*p'l)pg’ (72)
where f;5,_, 4, is some function of the invariant variables, u
is a Dirac spinor describing the initial neutron, v is a Dirac
spinor corresponding to negative energy and describing the
initial antiproton, e” is the polarization vector of the ¢ me-
son, p, is the four-momentum of the =~ meson, and p, is
the four-momentum of the ¢ meson.

At small momenta of the incident antiproton this is the
only form of the amplitude that is consistent with the condi-
tions that annihilation proceeds from the state of the pn sys-
tem with spin S=1, and that the final ¢~ system be pro-
duced in the state with orbital angular momentum /=1. It
can easily be shown that these conditions follow from the
conservation laws for ordinary parity and G parity.

Assuming that f,_,4,- is constant and expressing the
d— pn vertex in terms of the nonrelativistic deuteron wave
function and Dirac spinors describing the antiproton and
neutron in terms of ordinary spinors in the nonrelativistic
approximation, we can easily evaluate the contribution of the
pole diagram in Fig. 7a to the branching ratio of the reaction
pd— ¢7~ p. The result can be written as

2

Bf=— Br(pp—>¢7r°) f (95(p")

pp'*dp’
+3(p")) ——= 2B

where p, is the momentum of the ¢7r~ system in its c.m.
frame, p, is the same quantity at Vs=2m, p' is the final-
proton momentum (so that E’'=\m’+p'?), @o(p') and
@,(p") are the wave functions of the S and D deuteron states
in the momentum representation, and r is the ratio of the
total cross sections o5, and o5, near the threshold. We take
into account the fact that owing to isotopic invariance, the
amplitude of the reaction pn— ¢~ is greater than the am-

(73)
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plitude of the reaction pp— ¢m® by a factor of v2. The
value of BY is determmed by the same formula, but the in-
tegral with respect to p’ is taken from 0.4 to 0.8 GeV/c; BY
and Bj are given by similar expressions.

According to the analysis performed in Ref. 29, r
=0.552. Then, using the data from Ref. 14, choosing the
Reid soft-core model™ for ,(p') and @,(p'), and perform-
ing a numerical integration, one obtains Bf’= 8.7-10% and
B‘l"=6.4- 1073, in agreement with the data from Ref. 16,
while the values B=0.68-10"7 and BY=13-10"* ob-
tained in a similar way are significantly smaller than the
corresponding results presented in (70). The smallness of BY
and B3 seems natural because the deuteron wave function is
small at p’ €[0.4,0.8] GeV/c. By analogy with the Glauber
theory and the results obtained in Ref. 56, we can expect that
the diagrams in Fig. 7b with o, 5, and @ mesons in the
intermediate state make an important contribution in this re-
gion.

In calculating the contribution of the diagram in Fig. 7b,
we will ignore spin effects and the dependence of elementary
amplitudes on the Fermi motion of the nucleons inside the
deuteron. Calculating the amplitude M corresponding to the
diagram in Fig. 7b by the rules of the nonrelativistic dia-
grammatic technique, we obtain

po(q)d’q
ki—p?+inl —2kyq’

A,
2m)*\m

where ky is the four-momentum of the intermediate meson
X, w is its mass, I' is its width, A, is the amplitude of the
annihilation process pN— ¢X (N is either the proton or the
neutron), and A, is the amplitude of the process XN
— 7 p.

Let X be the total laboratory energy of the ¢ meson and
k=K 2—m2¢ be its momentum. We introduce the function

(74

i > @o(q)q
F(K,u,l'))= ‘ 3 kf ?o(q)qdq + JO 1677k

(Sm —4mK — ,ﬁ+2kq)2+,ﬂr2
N 5m?—amK - i —2kq)?+ T2

X |dq|?, (75)

where q,=|5m*—4mK — u?|/2k. We denote by p, the c.m.
momentum in the ¢X system. The square of the invariant
energy s for this system depends on E’, as above; therefore
p1 is also a function of E’. We denote by E 4= \/m2¢+ pzl the
¢-meson energy in the c.m. frame of the ¢X system. It is
clear that E 4 is also a function of E’. The process of the
X-meson collision with the nucleon is characterized by the
invariant quantities s,=s,(K)=9m?— 6mK+m§, and ¢,
=t (E')=2m(m—E’).

Taking into account the fact that the widths of the m, 7,
and @ mesons are small, it is possible to calculate the con-
tribution of the amplitude (74) to the branching ratio of the
reaction pd— ¢7r p, and the results are the following. For
the case when the 7° and 7~ mesons are produced in the
intermediate state we must take into account the interference
of the corresponding diagrams. This is equivalent to extract-
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ing from the 7N scattering amplitude only the part corre-
sponding to isospin /= 1/2. Indeed, since the deuteron and
the ¢ meson are isoscalar particles, the =N system in the
intermediate state can only have isospin 1/2. The contribu-
tion of the corresponding diagrams to the branching ratio of
the reaction pd— ¢7r p is given by

6r
Br(5d— b™p)= - B(5p— b°)
x J f F(Km L )53~ 25, (m*+m?)

do,- -7 (sl’tl)
2__,.2\2 T pm P

+ do'vr"p—-»'rron(sl »t1)
dt,

-]; do-1r+p—»1r+p(sl ’tl)
3 dt,

)deE’. (76)

The contribution of the diagram with the 7 meson in the
intermediate state has the form

2r
Br(pd— ¢7 ™ p)= P Br(pp— &)

><fIF(K,m,,,I‘,,)[sf-—2s1(m2+mf,)+(m2

do"rr“p—n/n(sl ,tl)
dt,

-m2)?] dKdE'. (77)
The contribution of the diagram with the w meson in the
intermediate state is obviously given by Eq. (77), where 7 is
replaced by w.

In Egs. (76) and (77) the integration with respect to K at
given E’ is made over the segment K €[ K, ,K,], where

=E¢(3m—E')-—pp’ =E,,,(3m—E*)+pp'

K, 7 . K, =

(78)

Moreover, the condition
1 2 2 2
Ks6_n7 [9m*+my—(m+my)*]=K,

is imposed because at s,<(m+my)? the cross section of the
process XN— 1~ p must be set equal to zero.

As there are no parametrizations of the differential cross
sections for the processes ntN— 7N, " p—nn, and 7~ p
—wn as functions of the two variables s; and ¢, in the
region under consideration, it is reasonable to neglect the
dependence of do(s,,t,)/dt, on t,, replacing this differen-
tial cross section by the expression

do(sty) _ o(sy) [[1_2(M2+m2) + (m?— u?)?

2
dt, O 5y 5
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Branching x 10%, GeV™!
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FIG. 8. Calculated relative differential (with respect to the final-proton mo-
mentum) branching ratio of the process pd— w7~ p. Contributions of the
pole diagram (curve 1) and of the diagrams with o (curve 2) and 7 (curve 3)
mesons in the intermediate state and their total contribution (curve 4) are
shown separately (the contribution of the diagram with the » meson in the
intermediate state is negligible).

2 2 2 2\271) —12
m,+m m°—m
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(79)

Then calculations show that the contributions of rescattering
to B and BY are much smaller than the contribution of the
pole diagram (see above). The contributions to B‘Z” of the
diagrams with 7, 7, and @ mesons in the intermediate state
are 4.37-107°, 1.18- 1073, and 0.21- 1075, respectively; the
corresponding contributions to Bj are 1.32-107%, 0.29
-107%, and <1-107%. The contribution of the w meson is
small because only a small part of the spectrum contributes
to the integral analogous to (77), in view of the condition
K=<K,. If one assumes that the diagrams with 7, 7, and w
mesons do not interfere, the final results (including the con-
tribution of the pole diagram) are

B$=17.4-10"°, B5=29-10"*%, (80)

in qualitative agreement with the experimental data pre-
sented in Eq. (70).

For the reaction pd— w7~ p, both the total branching
ratios B’ and B3 and the proton spectrum in the momentum
range 0.4—-0.8 GeV/c were measured in Ref. 16. Equations
(76), (77), and (79) enable us to compare the contribution of
the diagrams in Figs. 7a and 7b to the proton spectrum with
the experimental data of Ref. 16. Figure 8, taken from Ref.
54, shows the experimental data from Ref. 16 and the results
of the calculations in Ref. 54 for the individual channels and
for the total contribution, found under the assumption that
the pole diagram and the diagrams with the 7 and 7 mesons
do not interfere. Therefore the calculations in Ref. 54 are in
qualitative agreement with the data from Ref. 16. As noted in
Ref. 54, the results obtained using the Reid soft-core model
do not differ significantly from the results of calculations
made with the deuteron wave function in the Paris model.>’
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In Ref. 57 the proton spectrum in the reaction pd— ¢ p
was also calculated, but here experimental data are not yet
available.

The qualitative agreement of the above results with the
experimental data from Ref. 16 leads to the assumption that
the large violation of the OZI rule observed in Ref. 16 may
be associated not with exotic nuclear mechanisms in the deu-
teron, but with OZI-rule violation in the reaction pn
— ¢~ (confirmed in the same experiment in the cases
when the proton is a spectator) and with rescattering of -an
intermediate meson; the latter effect is described by the dia-
grams shown in Fig. 7b. In order to calculate the contribution
of these diagrams more reliably, it is necessary to take into
account spin effects and the D-wave admixture in the deu-
teron wave function. However, the main obstacle is that the
momentum and spin dependences of the amplitude of the
process XN— 7~ p are unknown. Locher and Zou,’® who
investigated the reaction pd—3wN, calculated diagrams
similar to those shown in Fig. 7b under the assumption that
the amplitude of the process XN— 7~ p can be approxi-
mated by several Breit—Wigner amplitudes corresponding to
different A isobars. Such an approximation is not applicable
to our case because (see above) the XN system can only be
in a state with isospin 7= 1/2.

10. J/¥ DECAYS AS A TEST OF OZI-RULE
VIOLATION IN NUCLEON-ANTINUCLEON
ANNIHILATION

In this section we consider the problem of whether the
investigation of the J/W decays into K*K and ¢° can shed
light on the OZI-rule violation in the reactions (3) and (4).
This problem has been raised in the recent paper of Ref. 59.

As noted in Secs. 3 and 5, one of the main uncertainties
in the rescattering mechanism is that the parameter A char-
acterizing the vertex K*— K is not known, and, as noted in
Sec. 5, formally the branching ratio of the reaction pp
— ¢7r° can be explained assuming that the main contribution
is given by the region of integration where K* is on-shell
and A =oo0.

The rescattering contribution to the process J/¥ — ¢7r°
is described by the same four Feynman diagrams as in Fig. 2,
but the pp pair is replaced by J/W. Therefore the structure
of the vertices in these diagrams is known. In particular, the
amplitude of the process J/¥ —K**K ™ has the form

M(JI¥—K**K™)=f(K**K™)E"e,,p.e" * "k Pk;°

(81)
where f(K**K ™) is some constant, and E and e’ are the
polarization vectors of the J/W and K**, respectively. It is
easy to show that the contribution of diagram (a) is equal to
that of diagram (d) as a consequence of C invariance, and,
analogously, the contribution of diagram (b) is equal to that
of diagram (c). The contribution of all four diagrams de-
pends on the quantity FIK*TK™)— f(K*°K®). If isotopic
invariance is not violated, then f(K*+K—)=f(K*°IEO) and
the amplitude of the decay J/W — ¢ is equal to zero. This
is obvious from the fact that the isospin of the J/W¥ is equal
to zero, while the isospin of the ¢7° system is equal to one
(note that the decay J/¥'— w7® also is possible only if iso-
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topic invariance is violated). We see that in the rescattering
model the decay J/¥ — ¢a° can be a consequence of isoto-
pic symmetry breaking in the decays J/¥ —K*K.

What is the measure of this breaking? If isotopic invari-
ance is not broken, then the branching ratios Br(J/W¥
—K**K~) and Br(J/¥—K*°K°) should be the same,
while according to Ref. 60

Br(J/I ¥ —»K**K™ +c.c.)=(5.26+0.13+0.53)- 1073,

Br(J/W— K*K0+c.c.)=(4.33+0.12+0.45)- 1073,
(82)

and according to Ref. 61
Br(J/¥ > K**K~ +c.c.)=(45*+0.7+0.8)-1073,

Br(J/¥ — K*°K+c.c.)=(4.25+0.25+0.65) - 10~ 3.
(83)

The values of the corresponding reduced branching ratios
given in Ref. 60 are (1.017+0.061)-10"3 and (0.836
+0.055)- 1073, respectively, while there is practically no
difference between the c.m. momenta of the final particles in
the K**K~ and K*°K° systems (these momenta are 1.3713
and 1.3734 GeV/c, respectively). Therefore, although the
data do not completely exclude the possibility that isotopic
symmetry breaking is negligible, they show that the quantity

_ Br(J/¥—K**K™)—Br(K*°K°)
B Br(J/W—K**K™)

€ (84)
is probably of order 10~ !, while, since isotopic symmetry is
broken by electromagnetic interactions, this quantity is ex-
pected to be of order 1072

As noted in Sec. 3, there is no unambiguous way of
calculating the diagrams in Fig. 2. If they are calculated in
the same way as in Ref. 21, a calculation analogous to that of
Ref. 21 gives

Br(J/¥ — ¢7°) _le?087 3kk'T T ym’m}
Br(J/W—K**K™) N TN 128m2 o (k xkki)?
1 (1—x2)dx|?
xf (=x7)dx =0.26|€, |2,
-1 a—x

(85)

where my;y is the mass of the J/'¥ meson and e,
=[f(K**K™)= f(K*°KO) )/ f(K**K). '

Let us consider the two extreme cases when €, is real
and when €, is imaginary. If €, is real, it is obvious that
|€:|=]€|/2 and therefore

Br(J/¥ — ¢7°)=0.065|€|*Br(J/ ¥ —K**K~).  (86)
If €, is imaginary, it is obvious that |e;|>=| €| and therefore

Br(J/W — ¢7°)=0.26| €| Br(J/ W - K* K ™). (87)

We see that if € is of order 107!, then Eq. (86) is com-
patible with the upper limit for Br(J/¥ — ¢7°), which is
6.8-107% (Ref. 60), while Eq. (87) is not compatible with
this limit.

The general conclusion which follows from the above
results is that the accuracy of the present data on the branch-
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FIG. 9. Diagrams describing the process pp—K*K*—¢m* 7™,

ing ratios of the decays of J/¥ into K**K~, K*°K°, and
¢7° does not make it possible to confirm or disprove the
rescattering model. This model will be disproved if the right-
hand side of Eq. (86) is much larger than the left-hand side.

11. PROBLEM OF THE RESCATTERING
CONTRIBUTION TO THE REACTION pp— ¢n*a~

The OZI rule in the process pp—¢m™ 7w~ is not
strongly violated, since, according to Refs. 13 and 62,

Br(pp— ¢t w7 )Br(pp—o ot )

is approximately 7- 10~ for the annihilation from the S state
and 9-1073 for the annihilation from the P state.

Several mechanisms of the reaction pp— ¢+ ™ have
been considered in Ref. 20, but the results are essentially
model-dependent. In view of the small ¢/w ratio in the pro-
cess under consideration, the experimental value of Br(pp
— ¢t ™) may be simply a consequence of the small de-
viation of the ¢—w mixing angle from the ideal value. Nev-
ertheless, the process pp— ¢ar* 7~ is important for under-
standing the role of rescattering in the reaction (3). Indeed, a
possible, rescattering contribution to this process is given by
the diagrams in Fig. 9, where K* can be either K** or K*°,
and analogously for K*. These diagrams contain the same
vertices as the diagrams in Fig. 2. Therefore any choice of
the vertices compatible with the data on the reaction (3)
should also be compatible with the data on the reaction pp
—¢m 7™, In particular, the contribution of rescattering
diagrams to Br(pp— ¢ ™) should not exceed the experi-
mental value.

In calculating the diagrams in Fig. 9 we encounter the
same difficulties as in calculating the diagrams in Fig. 2.
Since model A has turned out to be successful for describing
the reaction (3) for the annihilation from the S state, one
might restrict the calculation to the on-shell contribution of
the diagrams in Fig. 9. Then the K* and K* in the K*K*
— ¢ 7w~ amplitude (this amplitude is shown in Fig. 10)
are both on-shell. We will show in this section that such an
amplitude is incompatible with unitarity, and therefore such
an analog of model A cannot be used for the analysis of the
process pp— ¢ T,

K "t
AP nnnn = ———— >
]

o
]
AR
K- =
anAPpranante - — - o »

FIG. 10. Feynman diagram for the process K**K* ™ —¢n* 7.
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If Mygx+gx-(s,0) is the amplitude of elastic K**K*~
scattering at zero angle and M gx+xx-_,, is the amplitude of
the K**K*~ transition to some channel n, then, according
to the unitarity relation (see, e.g., Ref. 63),

Im MK*"”K*_(S’O);-E f |Mk*+K*—_,"|2an, (88)
n

where dI",, is the volume element of channel n at given s,
and 3, implies a sum over the final polarizations. It is obvious
that each term in the sum (88) should be finite.

We use Wysx+gx—_,gn+,~ to denote the contribution of
the channel ¢7* 7~ to the sum (88), averaged over the ini-
tial polarizations. Let K, and K, be the four-momenta of the
initial K** and K*~ mesons, respectively, k, and k;, be the
four-momenta of the final 7+ and 7~ mesons, respectively,
and k; be the four-momentum of the final ¢ meson. Then it
follows from Eqs. (14) and (16) that

_ | fx+ o moxc+|*
WK*+K*—_,¢,".+.".——COHS'Z l(Kl—kl)z—m2+i0|2
K

|fK+K_—v¢|2
|(Ky—ko)2—mz+i0|?

x[(Kll;I)z mf,”(szi)z mi]
m*

m
» (k3. K1 —Ky—k +k;)?
my

X

*

—(Kl—Kz—k1+k2)2]dF, (89)

where the value of the constant is of no importance for us,

dI‘=(27r)46“)(K1+K2—k1—k2—~k3)

y a’k, a’k, d’k,
2(2m)°E4 2(2m)°E_ 2(2m)°Ey’

and E . are the energies of the corresponding 7r mesons.
For simplicity we now consider a model in which the
total energy of the K**K*~ system is not 2m but 2m, i.e.,

this system is at rest. Let us also neglect m .. Then a stan-
dard calculation gives

(90)

WEs+g*~ s pata

lfK**—mol(+|4|fK+K‘—-»¢|2
|m,—my—2E ym ,+i0|?

=const

ELE%[4m (E,+E_)—(4m%—m3)]
|m’, —mg—2E_m ,+i0|?

dEdE_.

o1

For us it is important that if E_<m,—my2~0.38 GeV,
then

4m? —m? m>
* ¢ ¢
+€| " am,  E ™ qm,—E) ©2)

It is obvious from Eq. (91) that the integrand contains
singularities at
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mz —m2

K

E. —T ~(0.31 GeV. 93)
Therefore, as follows from Eq. (92), if E_ is given by Eq.
(93), then E . €[0.29,0.44] GeV. We conclude that the inte-
gral in Eq. (91) contains divergences in the integration over
both variables E, and E_, and therefore this integral is
divergent.

The above model example is useful, since all the calcu-
lations can be performed explicitly. However, it is also clear
that the integral in Eq. (89) is also divergent when the total
energy of the K**K*~ system is equal to 2m and the mass
of the 7r meson is not neglected. The point is that dT" is again
proportional to dE ,dE_ and there exists an integration re-
gion where the denominators of both propagators are equal
to zero. The last property is a consequence of the fact that the
kinematical conditions allow the reaction

K*¥*TK* SKKntn —¢mta

with both intermediate K mesons on the mass shell. It is also
important to note that the choice of the form factors in the
vertices K*—Km and KK—¢ is unimportant, since
Sfx#x+_qox+ and fg+x-_, 4 are constants when all the par-
ticles in question are on the mass shell. Therefore the above
analog of model A in the reaction pp—K*K*— ¢mt 7 is
incompatible with the unitarity relation.

12. CONCLUSION

Let us briefly summarize the results described in the
present paper.

Following Ref. 19, we have shown in Sec. 2 that the
OZI-rule violation in the reaction (2) can probably be ex-
plained in the framework of the vector-dominance model.

In Secs. 3 and 4 we have discussed two models—model
A and model B—describing different on-shell contributions
to the reaction pp— ¢mr° (see Figs. 4 and 6). We argue that
from the theoretical point of view model B is substantiated to
a greater extent than model A. Nevertheless, as shown in
Sec. 5 and 6, the values of Br(pp— ¢7¥) given by model B
are much lower than the experimental data, while model A is
in qualitative agreement with the data. At the same time, as
shown in Sec. 7, model A is not able to explain the fact that
the process pp— ¢ is not seen when the pp system anni-
hilates from the P state of the protonium atom.

The recent data of the Obelix Collaboration on the reac-
tion pp— £ 70 show that the OZI rule in this reaction is not
satisfied, and, as shown in Sec. 8, this fact cannot be ex-
plained in the framework of the rescattering model.

Following Ref. 54, we argue in Sec. 9 that the large
OZI-rule violation in the reaction pd— ¢a p for final pro-
ton momenta in the range 0.4—-0.8 GeV/c is a consequence
of the OZI-rule violation in the reaction pn— ¢~

Following Ref. 59, we argue in Sec. 10 that certain de-
cays of the J/¥ meson can shed light on the OZI-rule vio-
lation in pp annihilation at rest, but the accuracy of the ex-
isting data is clearly insufficient for drawing any definite
conclusions.
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Finally, in Sec. 11 it is shown that a certain analog of
model A in the reaction pp— ¢ 7~ is incompatible with
the unitarity relation.

In spite of the partial success of model A, it is important
to note that some of the assumptions underlying this model
seem questionable. First, it is necessary to check numerically
that if the widths of the K* and p mesons are neglected, then
the results will not essentially change (this is especially rel-
evant to the question of neglecting I' ). Second, as argued in
Sec. 3, model A does not fully correspond to our-assumption
that the ¢ meson is created from the K and K mesons. There-
fore, as pointed out in Refs. 19 and 20, we have to take into
account the off-shell form factor for the K meson, but the
data agree with model A if this form factor is not very im-
portant. The rescattering mechanism also seems questionable
from the following simple estimate. Since the K* meson
lives approximately for a time 1/’ in the frame of reference
in which it is at rest, it is easy to see that when the K* meson
decays the distance between the K* and K mesons in their
c.m. frame is 2mk’/T" ym (Ex(k')~6 fm. It seems doubtful
that the K* and K mesons can effectively interact, being
separated by such a distance. On the other hand, the analo-
gous distance between the p* and p~ mesons is about 2 fm,
but the question arises of whether it is possible to use the
concept of a p meson in such a process.

To shed light on the problem of the OZI-rule violation in
the reaction pp— ¢7r°, new experimental data and theoreti-
cal results are needed. The most important experimental
quantities are Br(pp—K**K~) and Br(pp— ¢7°) when
the pp system annihilates from the /=1 P state of the pro-
tonium atom, and Br(pp— f£7r°) for the annihilation from
the S and P states.

In view of the recent results of the Crystal Barrel Col-
laboration on ¢7° and wr® production in pp annihilation in
flight, it is also interesting to measure K*K production and
to compare the data with the prediction of the rescattering
model.?

From the theoretical point of view it is important to carry
out calculations not only in the on-shell approximation, but
also with the off-shell contribution. The first results in this
direction have been obtained in Refs. 59 and 65.

The authors are grateful to M. G. Sapozhnikov for nu-
merous helpful discussions. We have also benefited from dis-
cussions with M. P. Locher and Y. Lu. The problem of the
unitarity relation in the reaction pp—K*K*— ¢+ 7~ has
been pointed out by V. E. Markushin.

'S. Okubo, Phys. Lett. 5, 165 (1963); G. Zweig, CERN Preprints Nos. 401,
412 (1964); J. liizuka, K. Okada, and D. Shito, Prog. Theor. Phys. 35,
1061 (1966); G. Aleksander, H. J. Lipkin, and F. Scheck, Phys. Rev. Lett.
17, 412 (1966).

2H. J. Lipkin, in Deeper Pathways in High Energy Physics, Proc. of the
Orbis Scientiae 14th Annual Meeting (Coral Cables, Florida, 1977), edited
by A. Perimutter and L. F. Scott (Plenum, New York, 1977), p. 567.

3T. Applequist and H. D. Politzer, Phys. Rev. Lett. 34, 43 (1975); A. de
Rujula and S. L. Glashow, Phys. Rev. Lett. 34, 46 (1975); R. Barbieri
et al., Nucl. Phys. B 154, 535 (1979); P. B. Mackenzie and G. P. Lepage,
Phys. Rev. Lett. 47, 1244 (1981).

4H. J. Lipkin, Phys. Lett. B 179, 278 (1986).

SH. J. Lipkin, Nucl. Phys. B 291, 720 (1987).

SP. Geiger and N. Isgur, Phys. Rev. D 41, 1595 (1990).

D. Buzatu and F. M. Lev 104



7P. Geiger and N. Isgur, Phys. Rev. D 44, 799 (1991); 47, 5050 (1993);
Report CEBAF-TH 96-08 (1996); P. Geiger, Phys. Rev. D 49, 6003
(1994).

®H. Genz and G. Hohler, Phys. Lett. B 61, 389 (1976).

9]. Ellis, E. Gabathuler, and M. Karliner, Phys. Lett. B 217, 173 (1988).

19H. J. Lipkin, Phys. Lett. B 225, 287 (1989).

1'C. B. Dover and P. M. Fishbane, Phys. Rev. Lett. 64, 3115 (1990).

12§ Ellis and M. Karliner, Report CERN-TH-6898/93 (1993).

131, Reifenrother er al., Phys. Lett. B 267, 299 (1991).

14M. A. Faessler, Data of the Crystal Barrel Collaboration presented to the
NAN-93 Conference, Yad. Fiz. 57, 1764 (1994) [Phys. At. Nucl. 57, 1693
(1994)].

ISM. G. Sapozhnikov, Data of the Obelix group presented to the NAN-93
Conference, Yad. Fiz. 57, 1787 (1994) [Phys. At. Nucl. 57, 1716 (1994)];
V. G. Ableev et al. (Obelix Collaboration), Phys. Lett. B 334, 237 (1994).

16y, G. Ableev et al. (Obelix Collaboration), Nucl. Phys. A 585, 577
(1995).

7particle Data Group, Phys. Rev. D 50, 3-1, 1320 (1994).

18C, B. Dover, T. Gutsche, M. Maruyama, and Faessler Amand, Prog. Part.
Nucl. Phys. 29, 87 (1992).

9. Lu, B. S. Zou, and M. P. Locher, Z. Phys. A 347, 281 (1994).

20M. P. Locher and Y. Lu, Z. Phys. A 351, 83 (1995); M. P. Locher, Proc.
of the 3rd Conf. on Low Energy Antiproton Physics (Bled, 1994), edited
by G. Kemel, P. Krizan, and M. Mikuz (World Scientific, Singapore,
1995), p. 38.

2D, Buzatu and F. M. Lev, Phys. Lett. B 329, 143 (1994).

2P Buzatu and F. M. Lev, Yad. Fiz. 59, 300 (1996) [Phys. At. Nucl. 59,
280 (1996)].

V. E. Markushin, Report PSI-PR-96-35 (1996).

24B_ V. Geshkenbein and B. L. Ioffe, Nucl. Phys. B 166, 340 (1980); E. V.
Shuryak, Nucl. Phys. B 214, 237 (1983); D. I. Dyakonov and V. Yu.
Petrov, Nucl. Phys. B 245, 259 (1984); Zh. Eksp. Teor. Fiz. 89, 751
(1985) [Sov. Phys. JETP 62, 431 (1985)]; N. I. Kochelev, Report IFVP-
TH-59-95, Pisa, ltaly.

2] Ellis, M. Karliner, D. E. Kharzeev, and M. G. Sapozhnikov, Phys. Leit.
B 353, 319 (1995).

%M. G. Sapozhnikov, Proc. of the 3rd Conf. on Low Energy Antiproton
Physics (Bled, 1994), edited by G. Kemel, P. Krizan, and M. Mikuz
(World Scientific, Singapore, 1995), p. 355; Lecture at the 29th St. Peters-
burg Winter School on Nuclear Physics and Elementary Particles, Zele-
nogorsk, 1995; Report JINR E15-95-544 (1995).

277, K. Silagadze, hep-ph/9607468 (1996).

BM. Karliner, Invited lectures at the 7th Summer School & Symposium
“‘Low Energy Effective Theories and QCD’’ (Seoul, Korea, 1994).

2R, Bizzarri, Nuovo Cimento A 22, 225 (1974).

307y J. Sakurai, Currents and Mesons (University of Chicago Press, Chicago,
1969).

1056 Phys. Part. Nucl. 29 (1), January—February 1998

3'H. J. Lipkin, Nucl. Phys. B 9, 317 (1969).

3¢, Schmid, D. M. Webber, and C. Sorensen, Nucl. Phys. B 11, 317
(1976).

3BE. L. Berger and C. Sorensen, Phys. Lett. B 62, 303 (1976).

34G. Mandelstam, Phys. Rev. 112, 1344 (1958).

3R. E. Cutkosky, Phys. Rev. 112, 1027 (1958).

36B. Conforto ef al., Nucl. Phys. B 33, 469 (1967).

3R, E. Peierls, Proc. R. Soc. London Ser. A 253, 16 (1959).

38 A. Cieply, M. P. Locher, and B. S. Zou, Z. Phys. A 345, 41 (1993).

M. G. Sapozhnikov, Yad. Fiz. 59, 1493 (1996) [Phys. At. Nucl. 59, 1435
(1996)].

“OBing-song Zou, Yad. Fiz. 59, 1485 (1996) [Phys. At. Nucl. 59, 1427
(1996)].

4IM. P. Locher, Private communication (1994).

4D, Buzatu and F. M. Lev, Phys. Rev. C 51, R2893 (1995).

43B. S. Zou, Phys. Rev. C 53, 1452 (1996).

44§ Carbonell, G. Ihle, and J. M. Richard, Z. Phys. 334, 329 (1989).

4C. J. Batty, Nucl. Phys. A 601, 425 (1996).

%C. Amsler and F. Myhrer, Annu. Rev. Nucl. Part. Sci. 41, 219 (1991).

41 A. Zoccoli, Yad. Fiz. 59, 1448 (1996) [Phys. At. Nucl. 59, 1389 (1996)].

‘D, Buzatu and F. M. Lev, Phys. Rev. C 53, 1453 (1996).

“9A. Bertin ef al. (Obelix Collaboration), Contribution to the Hadron ’95
Conference (Manchester, 1995).

50S. Prakhov et al. (Obelix Collaboration), in preparation.

51D, Buzatu and F. M. Lev, Phys. Lett. B 359, 393 (1995).

52B. May et al., Z. Phys. C 46, 191, 203 (1990).

331. G. Landsberg, Usp. Fiz. Nauk 162, 3 (1992) [Sov. Phys. Usp. 35, 1
(1992)].

4D, Buzatu and F. M. Lev, Phys. At. Nucl. 58, 480 (1995).

55R. V. Reid, Ann. Phys. (N.Y.) 50, 411 (1968).

61, A. Kondratyuk and F. M. Lev, Yad. Fiz. 23, 1056 (1976) [Sov. J. Nucl.
Phys. 23, 556 (1976)].

5TM. Lacomb et al., Phys. Rev. C 21, 861 (1980).

33M. P. Locher and B. S. Zou, Z. Phys. A 340, 187 (1991).

% A. V. Anisovich and E. Klempt, Z. Phys. A 354, 197 (1996).

%P, Coffman er al., Phys. Rev. D 38, 2695 (1988).

613, Jousset ef al., Phys. Rev. D 41, 1389 (1990).

62p Wiedenauer, Ph.D. Thesis (Mainz, 1990).

83 Yu. V. Novozhylov, Introduction to the Theory of Elementary Particles
(Nauka, Moscow, 1972).

64y. Wiedner, in Proceedings of the LEAP’96 Conference (Dinkelsbuhl,
Germany, 1996).

650, Gortchakov, M. P. Locher, V. E. Markushin, and S. von Rotz, Z. Phys.
A 353, 447 (1996).

This article was published in English in the original Russian journal. It is
reproduced here with the stylistic changes by the Translation Editor.

D. Buzatu and F. M. Lev 105



