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1 Introduction 
The recent experimental data on the pp and pn annihilation at rest ob­
tained by the ASTERIX, CRYSTAL BARREL and OBELIX groups[l, 2, 3] 
at LEAR, have shown that the branching ratios of the reactions pp —» фж°. 
pn —> фтг~ and pp —> <̂ 7 are much bigger than expected from naive OZI-rule 
estimations. Indeed, let 0 be the ф — LJ mixing angle such that the w and ф 
states are constructed from the u, d and s quarks as follows: 

ш — —p(v2cos# + sin6)(uii + dd) H—-j={cosO — y/2sin0)ss, 
л/6 v 3 

ф = —j=(cose — v2sine)(uv, + dd) W v 2 c o s 0 + sin8)ss (1) 
v6 v-3 

Then if 0 takes the values (36 4- 39)° (see, for example, ref. [4]), the ф/ш 
production ratio takes the values \(cos0—y/2sin0)/(\/2cose+sine)\2 = (0.2-r-
4.2) • Ю - 3 while in practice [1, 2, 3] 

Br{pp -» фтг°)/Вг(рр -> WIT0) = 0.14 ± 0.04 (2) 
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Br(pn -> <bv~)/Br(pn -+ - ' т " ) = ( ) 1 (> ± 0 ( ) 1 (:{i 

B r ( p p -> 4n)/Br{pP -» <-'7) = O.M ± 0.15 (1) 

As follows from t h e isotopic invariance. t he react ions pp —> o~" and 
pn —> фж~ can b e easily re la ted t o each o the r (see. for example , rel's. [5. (>]) 
and therefore any result on t h e first reaction can be immedia te ly applied to 
t he second one . As shown in ref. [7]. t he OZl-ru lc violation in t h e reaction 
pp —> фу can be expla ined in t he framework of the vector dominance model , 
and , as argued in refs. [6. 7], the OZI-rule violation in the reaction pp ~» o~" 
can be expla ined by t h e resea t te r ing mechanism with A'"/\ and pp mesons 
in t he in t e rmed ia te s t a t e . 

In t h e present pape r t h e possibility that t he OZI-rule violation in t he 
reaction pp —» фж° can be explained by the rescattcri i ig mechanism is con­
sidered in deta i l . In Sees. 2 - (> we consider two lesca t tc r ing processes 
pp -> (K'K + K'K) - » ККж - * от0 and pp -* p+ p~ -> (/>+-~ + / Г - + ) - " 
—> й>7г° and show t h a t t he model in which the (K'K). (K'K) and p* /Г 
mesons are pu t on the i r mass shells (Model A) qual i ta t ively explains i he 
observed value of t h e branching ra t io when the pp sys tem at rest annihi la tes 
from the S s t a t e of t he hydrogen like a t o m . In the framework of this model 
we consider in Sees. 7 and 8 t h e annihi la t ion pp —• дж" from t h e 1' s t a le of 
the hydrogen like a tom and the reaction pp —> /'гж". The results of the paper 
are discussed in Sec. 9. 

2 T h e problem of calculating t he process pp -
ф-к° wi th K*K in termediate s ta tes 

Let. us first consider t he contr ibut ion of K'K in te rmedia te s ta tes . The re 
exist four d i ag rams shown in Kig. 1 and , as easily follows from t h e isotopic 
invatianc.e, t h e cont r ibut ions of these d iagrams in t he channel with the isospin 
/ = 1 and spin ,S' = 1 are equal t o each o ther . To calculate these cont r ibut ions 
we have t o know the ampl i tudes of t h e react ions pp —» K"+ К ~, К "+ —> 7Г11Л + 

and K + K~ —* ф en ter ing into t he d iagram a) of Fig. 1. We use p, and p2 1o 
deno te t h e l - m o m e n t a of t h e initial proton and atit.iprot.on respectively, k\ 
and fc2 ' ° deno te t h e 4 -momen ta of t h e final ж0 and Ф mesons respectively. 
k\. k'2 and к'л to deno te t he 4 -momen ta of the / \ ' " + . K~ and / \ '+ mesons 
respectively, and с and e' t o deno te t h e polarization vectors of t he О and Л ' ' + 
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mesons respectively. The initial proton is described by the Dirac byspinor 
u(pi) and the initial antiproton is described by the Dirac byspinor with the 
negative energy и(рг)- We also use m, m r , тд- , т . and тф to denote the 
proton mass and the masses of the corresponding mesons. 

Consider the amplitude pp —» K'+K~. If all particles are on-shcll, the 
only amplitude in the channel with / = S = 1 which survives when the 
momenta pi and P2 are small is the following 

M%±K-+K- = /^1л-.+ к-["ЫУЧР.)] W ' * " № (5) 
where /рР_к*+А'- is some constant, p,v.p,o = 0. 1,2,3. (;,,„„„ is the abso­
lutely antisymmetric tensor (com = —1), 7'' is 'he Dirac 7-iuatrix. and a 
sum over repeated indices is assumed. The total cross-section corresponding 
to the amplitude (5) can be calculated in a standard way and the result is 

T(ii) _ , , ( ! . , „(Зт' + г Д О 
12тгр 

(11) , f ( l l | |2V""'- - r ^ ' Г m 

where p is the proton momentum in the cm.frame of the pp system, /> = |p | 
and k' is the magnitude of the cm.frame momentum for the / \"+ A' - system. 

By analogy with Eqs. (5) and (6), the amplitude of the react ion pp —* фк" 
has the form 

Мрр^ф„о - }рр-,фАь{Т>2]1,1и{р\))с^рас'"к\к?1 (7) 

where /рр->ф„а is some constant, and the total cross-section corresponding to 
the amplitude (7) has the form 

a(3m»+2p»)fc». 
Vf>p-+W — IJft>->*ir°l 77-, Vs) 

Мттр 
where к is the magnitude of the cm.frame momentum for the фъ° system. 

The amplitude of the reaction A""+ —> 7г°Л'+ has the form 

Мл-.+ ^„оК+ = /K-.+ ̂ »oK + (fc, - k^)^'» (9) 

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

г 1/к '+-»°К+|2^к M M 
1 K ' + ^ k ' t = 2 о '.'"J 

07rmf 
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where fc„K is the magnitude of the 3-momentum in the cm.frame of the 
7гА' system. If Г. is the total width of A""+ then it is easy to show that 
Г. = :$Гк.+ _^од + . 

By analogy with Eqs. (9) and (10). the amplitude of the react ion A'+A'~ —> 
о is given by 

Mfc- + A - - . = 1к*К—Ж„ - *•'„>"*• (П) 

and the width of the decay Ф —» A' + A'~ is equal to 

1 «~K+K 7. 2 \lZ> 
« 

where kKK is the magnitude in the cm.frame of the Л'Л' system. Since о 
decays into Л'Л' in 87% cases it is easy to show that 2Г<,_.К + А - = 0.87Го 

where Гф is the total width of Ф. 
Taking into account Eqs. (5), (9), (11) and the fact that all the four 

diagrams in Fig. 1 give equal contributions, we can write for the amplitude 
of the reaction pp —* 4nr° 

Мрр-.ф„о = $l[v(p•ih>^u(pl)}c|tl,|,r,<•^Ч^^; • 

J /р,,_л-.+ к-/л''+-.7г«л + / л + Л-— фк,,1'k.f (h:z - к-л ) • 

д(«)(Ц _ kl _ А:Г,)оН>(А-. _ h'2 . kW<k[J*k'2d4i 
(27r)4[/t;2 - (ro. - »Г./2)а](*? - ml + iO)(Jt? - m% + /0) l ' ' 

Let us note that the term with k'fkf in the propagator II"fi = (k\"kj /nil -
gua) of the A'* meson {диц is the metric tensor in Minkowski space) does 
not contribute to the amplitude (13) since ctlul)„k"k{ = 0 and for the same 
reason k^ — kf can be replaced by 2k\. We have also taken into account that 
the A'" meson is the Breit-Wigner resonance and therefore the propagator of 
the A'* meson depends on the complex mass (»n. — iV.j'l). 

In the general case the quantities /р,,-.к*+к--. fn'* — xaK+ an<l / к + Л"-—о 
entering into Eq. (13) differ from the corresponding quantities in Eqs. (Г>). 
(9) and (11) since the A'*+, A'" and A'+ mesons are off shell. One might 
assume that the dependence of these quantities on the off shell form factor 
is not strong and neglect this dependence. However the integral in Eq. (13) 
strongly diverges in this case. Therefore we should either introduce the form 
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factors "by hands" or try to estimate the amplitude (13) with the help of 
addit ional assumplions. 

It is important to note that the covariant Fcynman approach does not 
fully agree with our physical intuition that the process pp —> o~" can be 
described as pp —> (A'" A + Л'" А) —» AAV —+ Фж". As a rule, one Feynman 
diagram contains ihe contribution of a few diagrams of the "old fashioned" 
time ordered perturbation theory. In particular, the three vertices in the 
Feynrnan diagram in Fig. 1 are not necessarily lime ordered as we assume. 
For example, the Fcynman diagram in Fig. 2 contains the contributions of 
the4 diagrams a) and b) of the lime ordered perturbation theory. I he diagram 
a) indeed describes the process pp —* Off" as /)/' —> (A'" A' + /\'"/\') —» A A V 
—» отг° while the diagram b) describes the unphysical process pp —> A 'A 
—» Л'"А'о —+ Oiru since the virtual A' meson in this diagram decays into A 
and о and then the interaction between A" and A' leads to the production 
of jr". 

The difficulties with the interpretation of Fcynman diagrams and with 
the divergence in Fq. (13) can be partly overcome if we assume that the 
main contribution to the integral in Fq. (13) is given by the residues in the 
poles of the propagators of some intermediate particles. According to our 
interpretation of the process pp —» фтт" we choose two possibilities which we 
call Model Л and Model H. In Model A we drop Г. in Fq. (13) and replace 
[(it',2 - mi + >Щк'.2 - ml + tO)]-1 by (-Ъж)Щ^>)0{к'^Щк';г - т2„)Нк'? -
m2

K)/2. Analogously, in Model В we replace {(к^-т^ + Щк'^ - г о ^ + И))]-1 

by (-2гк)20{к'?ЩкУ)!>(к? -тЪЩк-2 -т2
К)/2. Schematically Model A can 

be described by Fig. 3a), i.e. A'" and A' in the diagram of Fig. '2a) are on-
mass shell. Analogously. Model И can be described by Fig. 3b), i.e. A and 
A' mesons in the diagram of Fig. 2a) are on-mass shell. 

From the theoretical point of view Model В seems more substantiated 
than Model Л. Indeed, as shown in refs. [8, 9], 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, KKx° is an 
admissible intermediate state while A'*A' is not. In addition, the vertices 
A"+ —* 7T(JA'+ and A'+A'~ —> ф entering into the amplitude A"A' —> фпи 

in Model A are not necessarily lime ordered and therefore this amplitude 
contains the contribution of not only the process A'" A' —* Л'Л'тг0 —> фп° 
but also the contribution of the unphysical process A'"A' —» К'Кф —* фж°. 
However, as shown in refs. [(>, 7], the numerical results in Model A are 
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in qualitative agreement with the experimental data. For this reason we 
investigate below the consequences of both Model Л and Model H. 

3 T h e problem of calculating t h e process pp -
фп° wi th p+p~ in termediate s ta tes 

As shown in ref. [7], the p*p~ intermediate slates may essenlially con­
tribute to the process pp —» фп°. There exist two diagrams describing the 
process pp —» фтг° via p+p~'- pp —> p+p~ —* л+тг°р~ —> ол" ami pp —> p+p~ 
—» />+7r~7r° —* 0ff° (see Fig. 4) and the contri but ions of these diagrams are 
equal to each other if / = S = 1. To find these contributions we need the 
expressions defining the amplitudes pp —> p+ p~, p+ —* ir+ir° and р~ж+ —> о. 

When / = S = 1, the only amplitude which survives in the limit when 
Pi and p2 are small is the following. 

< ! ! „ • , - = f£lp+p- [t»(P2)7"«(pi )]['=',;( t'4) - <'is/'''." )l ( i n 

where e' (г = 1,2) are the polarization 4-vectors oi' the /J+ and p~ mesons 
respectively and P = pt + p2. We take into account that the (' parity of the 
p+p~ system should be equal to -1 . Л standard calculation shows that the 
total cross-section a\ ' ' +„_ has the form 

(,.) ,f<n) 2 ( 3 m ' + 2 p ? ) ( / * + »,;)*• ' 
PP—P+P- l-ipp—p+p-l Q-ктп* 

where now k' is the magnitude of the cm.frame momentum in the p+p~~ 
system, rnp is the mass of the p meson and Kp = (mp + t ' 2 ) , ' i . 

The amplitude p+ —» 5Г+тг° and the decay width of the p meson can be 
written by analogy with Eqs. (9) and (10): 

Mp+^,+,o = /p+—T+^(fci — fc'Jpe,", rp+_ r+xo = "** * —— (l(i) 
олтп* 

where k\ and k'3 are the 4-momenta of ir° and 7r+ respectively and knr is the 
magnitude of the 3-momentum in the c.m.frame of the хтг system. 
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The amplitude ~+p~ —* О has the form 

A W - , = Д+,—*cn.Mt";'jk№ (17) 

where ^ is the 1-momciitum of p~. A direct calculation shows that the decay 
width Г,,_г+,,- is equal to 

1 ,;,_r+(,- - — I 1 ! , ' 

where Av,. is tile magnitude of the c.in.frame momentum in the -p system. 
Since О decays into тгр in 12{'A cast's it is obvious that l ' 0 _ r + p - = 0.\'2\'o/$. 

As follows from Kqs. (11). ( H>) and (17). the amplitude pp —» o~" corre­
sponding to the Keyuman diagrams in Kig.l can he written in the form 

Л/,,,,_ог" = 2*[e(/^)-,"«(/», )]f„1<.,ff','A-J/J
I, J /,,,,_,,+(1-/,,+ _ r + r o • 

л+|,—<.#(*, - *•;,)"[( ̂ ф - .o„„ ></.,, - ( ^ Ц * - .«/„.к.,] • 

6ЫЩ - A-, - A->("(A-2 - Ц - к!л),1ЧуЧ'2<1Ч'л 

( 2 * w - (ш„ - >r„/2)>p.? - ('»,, - /г | ./^)а](^ - ' » ? + '<») ' 
As in Kq. (13). the integral in K<|. (19) diverges if no form factors are 

introduced into the vertices pp —• p+p~. p+ —* ~+Jr" ami p~~~+ —» о. Ну 
analogy with Sec. 2 we use theon-shell approximation where the intermediate 
states are either p+ p~ or pxx. We again call tin1 corresponding models as 
Model Л and Model В respectively. These models correspond to the cuts of 
the Keynman diagrams as shown in Fig."). 

4 The contribution of K*K intermediate states 
in Model A 

As follows from the prescription described in Sec. 2. Kq. (1,4) in Model A 
reads 

M„„-.M° = -S'["(/'2)V ,«(/>i)]c („„„c-A^,4-i'/^,,.+ /._ • 



г("(Ач +k2-k\ - к-'2)(1Ч-\<1Ч^ 
(20) 

when- we have laken into account that (k-2\( л) = 0. The quantity / , _h-.+ h--
in this expression is the same as in Kq. (5) since /\'* and /\ are on-mass shell. 

It is convenient to consider Kq. (20) in the c.m.frame of the pp system 
which, at the same time, is the cm.frame of the /\'"A and o~u systems. The 
vector / ' in this frame of reference has the components / '" = v ^ . P = 0 and 
therefore Kq. (20) can he written in the form 

/ 

where a = (2HJC, + m2
K - m2 - m2

r)/2kk'. ЧТ = (ml + A-2)"2. /•;. = (mi + 
к'2У'2. liK = {mi + A-'2)"/2, £ = |k|. к' = |к'|, к = к,, к' = k'„ n = к/А', 
n' = k'/A-'. т = nn ' . do' is the element of the solid angle corresponding to the 
unit vector n ' and a sum over repeated indices i,k,l,m = 1,2,3 is assumed. 

Let us consider the integrals 

/ ' = j }(x. .s)k'ldo'. /'"' = / /( .r , s)k'lk'mdo' (22) 

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

l' = 2*?-kl£tf(x,»)dx, 

f,m = тг(к')2 £ / (* ,*) [ ( ! - z2)/>'m + (3z2 - l)^j£-]dx (23) 

where 6lm is the Croneckcr symbol. Then as follows from Eqs. (7), (21-23) 

?.(A:')2 f1 , . 1 — x2 

(24) 

10 



Мак/ А 

Mo^f a 

Fig.5 

11 



We explicitly note that /л-.+ -„оА+ and /д-+к-_* depend on the off-shell 
form factor for the К meson with the 4-momentum k'y The importance ol 
taking into account this form factor has been pointed out in refs. [10. 7]. 
Following these references we write 

/A-.+ -,xoh-+(fc3 ) = /K>+— *°/ \+-T pi-- 1к*к-—<ь[к;\ ) — /к+к-Л - *!•»"' • ' * * * — ^ " : < ' ~ ^ т « — * д _ А,'» 
С2Г») 

where now the quantities /K«+-.IT°A'+ and fn+K--~4> яге the same as in Kqs. 
(7) and (11). Then we get from Eq. (24) the final result 

/ . 

4?rfc4/s 
1 1 - .T2

 r 

-i a — .т Л + 2E.Hr - m2, — m'2. - 2fcfc'j-

As follows'from Eqs. (6), (8), (10), (12) and (26) 

,, ff№-.*r» „ u „ \\ kk'Y.Vфтп1и>1 
Я = -yp^ = 0.8< • r 

'pp—K' + K-

l о - .т ^Л + IK.Ei, - ml - ml - 2kk'x' 

cm 

>/. 
A- 'dx\l 

Since for the amplitudes pp —» K"+K~ and p/> 
structure defined by Kqs. (5) and (7), Eq. (27) can be valid only if the value 
of /) is rather small. In Fig.6 we show the dependence of It on the laboratory 
momentum ;>;„(, in the range (0 -j- 0A)GcV/c what corresponds to the values 
of p in the range (0 4- 0.2)GeV'/c. Following refs. [10, 7] we choose for Л 
the values of \.2GeV2, 2GcVz and A = oc what means the absence of the 
off-shell form factors. We see that Model A predicts that li practically does 
not depend on р^ь in the range 0 — 0.46'cV/c. 

In refs. [1, 2] the branching ratio of the reaction pp —> фж" ha-s been 
measured not for the annihilation in flight but for the annihilation at rest 
from the S state of the hydrogen-like pp atom. When p —* 0 only the con­
tribution of the S wave survives in Eq. (27). Assuming that the pp system 
in the hydrogen-like atom is unpolarized and taking for the branching ratio 
llll(pp -> A'*+A'") ( , I ) its experimental value 5.85 • Ю - 4 [И] we get for the 
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branching ratio ПН(рр — отг°) the values 2-Я- КГ 1 . ( Ш Ь Ю ' 1 and 0.1- К)"' 
for Л = зс. Л = 2<riY\'2 and Л = 1.2dV \ "2 respectively. According to ref. [2] 
/ i«(pp -> отги) = (7.8 ± 0.1) • 10"'. We conclude that if the olf-shell form 
factor for the A' meson does not strongly depend on k\ thou the contribu­
tion of A""A' intermediate states in Model A is in (jiialitative agreement with 
experimental <la1a. 

5 The contribution of p+p~ intermediate states 
in Model A 

The calculation of this contribution is analogous to the calculation in the 
preceding section. Using K<|s. (11). (lfi). (17). (22) and (2H) wo get 

,(k'f 

where 

/w~~" = ^^Л^,-^~-^"^г-^>) (28) 

/•"(") = / ' [d ~ *2)(A'„AV - kk'x) + 2KP(1-^- - /•;,) -

-^(^-«^)И л + 2^ ;г\-< 12 
, 2 J 

dx 
2/•;„/•;„ - 2kk'x - m2, - ?0 

(29) 

In contrast with the A'"A' case, now the kinematic.al conditions are such 
that all the three intermediate particles can be on-mass shell in contradic­
tion with the Peierls theorem [12]. 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 takes 
place because we drop Vp in the propagators of the p+ and p~ mesons and 
treat these mesons as stable particles. 

As follows from Kqs. (15), (16), (18) and (28) 

„ ^ . „ . . ^ . . J Z ^ , , , , , . m 
PP—P+P- и <" 
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Iii Fig.7 the result for R\ as a function of р/0ь is shown for the cases 
Л = \:1С(\'г. Л = 'IGvV2 and Л = oo. We again see that the dependence 
of ft, on ,,M is weak. If plub = 0 then ft, = 1.13 1(Г3, Я, = 3.2 lfT3 and 
ft, = 7.01 10~я for these three cases respectively. The experimental value of 
HH{pp —» / i4 ,p -) ( 1 1 ) at rest is unknown, but the theoretical model developed 
in n-f. [13] predicts the value of 23.6 • 10~3. Then the contribution of p+p~ 
intermediate states to I3li(pp -» сот0) at rest, is 1.6 10~4 if Л = oo. Therefore, 
as first noted in ref. [7]. Model A predicts a rather substantial contribution 
of />+ p~ intermediate states to the branching ratio of the reaction pp —> фтг°. 

6 The contribution of KKn0 and /07Г7Г° inter­
media te s ta tes in Model В 

As follows from the prescription described in Sec. 2, Kq. (13) in Model В 
reads 

J 16яЧ 
#%№ - *;A)g(4)(fca - Ц - ^)rf}kjd3k'3 

u;A-(k'2)wK(k:,)[(*, + *£)' - (m. - гГ./2)2] l ' 

where w/4-(k) = (m2
4- + k 2 ) ' ' 2 , we take into account that the constants 

/А«+_ Г °Л '+ and /к+к-— Ф are the same as in Eqs. (9) and (11), and no 
form factor is introduced into the vertex pp —• К*К. 

It is obvious that 

and therefore Eq. (31) can be written in the form 

(32) 
where /„.\ is the relativistic symmetric tensor 

= г № - # х # - k?)eM(k2 -k'2- fc^^k'^ka 
ffA J 165rW(k2)WK(k^)[(A;1+^-(m.-lr./2)2] * J 
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This tensor depends only on fci and k2 and therefore the general form of /„.\ 
is 

h\ = cig„x + c2klakix + c3k2„k2X + с^к^кы + k2„kt.\) (34) 

It is obvious that only C\g„\ contributes to Eq. (32). The simplest way of 
calculating C\ is to consider Eq. (33) in the reference frame where the linal 
ф meson is at rest. The magnitude of the pion momentum in this reference 
frame is q = (у/зк)/тпф and, as follows from Eqs. (33) and (34): 

kKR f do'k'xk'1 
kKR j 

\тт2тпф J ml 4- mb + \ъ2тпф J ml Л- m\ + m^ml + 9
2 ) ' / 2 + 2qkKKx - (w. - iY./2)2 

-Ci6a + c2qiqi (35) 

where q is the pion momentum, k ' is the momentum of the К meson, .r = 
qk'/q^ffK a n < l w e integrate over the solid angle corresponding to the unit 
vector n = k'/fctfA'- Then the quantity C\ can be easily calculated by analogy 
with the calculation of the quantity cx in Sec.4 and, the final result for /,,,,.,,„„0 
is: 

Г*-** = ~if^iK.,K-fH-^K^f^K-^~^[2b+(l - b2)ln(^±,)} 

(36) 
where 6 = [m2 + m2

K + тф{тп\ 4- q2) - (m. - il"/2)2]/2qkKI< and wo have 
taken into account that: 

By analogy with the derivation of Eq. (27) we now get: 

<Трр->Ф«° __ n p 7 3 кккКГ.ГФт1т2 , , 2 х , > + 1 , lias 
"TiT) ~ ° - 8 7 8 st-з i-з \2b+(\-b)ln(-—-)| (38) 

A simple numerical calculation shows that, if я = 4m2 then o-pp_^o и 
10~4 • "ip—K'+K'-- Therefore the contribution of КKira intermediate states 
in Model В is negligible. 
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Let lis now consider the- rout ribiition of (p*~ + p ~ + ) j r ° in te rmedia te 
s la tes in Mode] \i. In this model K<|. (19) reads: 

• , ( 1 1 ) , 

/ , , , ,_, , r"[c(/)2)-"i /( /) | )]< „„,,„, "mh'jk"2 = 

г ( • . ' - ) l c ' " ( < 2 - ^ - / , ) , / l k ^ ' k ' 3 
./ [2(2r):']^,.(ki)-:;{ki)[(i-, + k-W - (m„ - ,YJ4)*\ 

where ^ , . (k ' ) = ( ;^ , + k ' 2 ) ' ^ . - ; . ( k ' ) = mi + k ' 2 ) 1 / J . 
It is obvious t hat 

(:«)) 

.' |2(2-):,1 
(2тг)'г")(^- ^, - А-,),/:!к^/:,Ц 

.'(2-) : ,]Ч.(Ц)^(Ц)[(/-, + k-W - lm„ - /Г../2)1 

-,</"' + ы';к-; + r:i*j*$ + r,*j'*; + < л х 

; * • , ' * • " • = 

(10) 

where Ihe r, (i — 1 . . . . 5 ) are sonic relativistically invariant quant i t ies . As 
follows from Kq. ( W ) . we have to calculate only c , . c^ and r.v It is convenient 
to calculate these (|iiantities in I he reference frame where t h e linal о meson 
is at rest and use Kqs. (23). The linal result is the following (compare with 
Kq. (Щ) 

^тгт:-"-1^1^г^т^),/|Ы| 

where , as in Hq. (30) . A' is the magn i tude of the c m . frame m o m e n t u m in 
the f)+ f>~ sys tem and 

, . , , / ' ^ r 
U ' S J . / - , 2 I H * + 2-.v(*v,) + -ii/AvpJ- - ( ' " , - 'I- , , /2)^ 

( П ) 

i ^ l - 4 - " ' J ) [ , . _^ ( 1 _: ,^ ) ]_ i ( N + ^ ) 

f4*>„-(Avp):r u;r(^/)A- (l-:{.r2)]-Av„ ( , ( l- .r2)} •«'•г) 
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Л simple numerical calculation shows that if .s = \m2. then V.i\. ( I I ) can 
be written as 

Therefore, if we again assume that rfp4p+p- = - : i ( i ' l 0 _ i t1:,l , n c n - , , M ' 
(p+z~ + p~~+)ir" intermediate states in Model H don't play an important 
role. 

7 The relation between the branching ratios 
of the reactions pp —> фк" and pp —» K*A' in 
the annihilation from the P state of the 
hydrogen like pp atom 

In contrast with the annihilation pp —> oir° from the S stale of the hydrogen 
like pp atom, the branching ratio of this annihilation from the I' state is small 
and the reaction pp —» фж" from the P state was not observed as yet. The 
data on the annihilation pp —» A'"A" from the P slate are also much more 
scarce that for the annihilation from the S slate , but experiments which 
are under way are expected to give a more detailed information on the pp 
annihilation from the P state. In view of the above discussion it is interesting 
to investigate what is the prediction of Model Л for the ratio of the rates of 
the reactions pp —> фж" and pp —* A'" A' in the annihilation from P state. 
More exactly, since the annihilation pp —> фж" from the P state can go only in 
t he channel with / = 1. .S' = 0, Model A makes it possible to give predictions 
on the quantity Hr(PP -* 4>ic°)/ttr(h"+ А ' " ) 0 0 ' . 

'Го describe the relativistically invariant amplitude for the annihilation 
pp —» фж" from the 1' state we have to construct, 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, 
S = 0. However since we need only the ratio of the quantities BR(pp —> фж* 
and Hr{pp —» A " + A ' " ) ' l 0 \ the following procedure can be used. We again 
describe the antiproton and proton by the Dirac byspinors and write such 
relativistically invariant amplitudes pp —> фж° and pp —* K'+ K~ which are of 
order | p | /m when | p | —»• 0. Therefore, when | p | —* 0 the leading contribution 
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to ihc corresponding cross-sections are given by the P states and these cross-
sections are also of order |p | /m. However the ratio СрР-,фтГо/(трр_^к,+к- when 
|p | -> 0 becomes just the ratio of the quantities BR{pp -* фтг°) and BR(pp -» 
/\'"+/\'~) in the annihilation from the P state of the hydrogen like pp atom 
if we assume that p and p in this state are unpolarized. 

The general form of the amplitude pp —* Фтг° with the needed properties 
is the following 

M„r^ro = [ i > ( f t b s « ( P i ) l № i - P 2 , 0 + Ц(Рг ~ Pi,*i - *»)(*! - fe,e*)] _2_ 

mil 
(44) 

where F[ and F'2 become constants when |p | —* 0. In contrast with the 
annihilation from the S state the amplitude given by Eq. (44) is defined by 
two unknown constants since the final фтт° system has the orbital angular 
momentum either L = 0 or L = 2. 

It is convenient to consider the amplitude (44) in the c.m.frame. Then 
we can write 

Мрр^Фг» = ["(P2)7su(Pi)][F,(pe*) + % p k ) ( k e * ) ] (45) 
тФ 

where F\ and F2 are the linear combinations of F[ and F'2. Analogously we 
can write 

<°Л-.+А- = КЫ^иЫШре') + А(рк')(к<е'-)] (46) 

where /] and / 2 are another constants. As easily follows from Eqs. (45) and 
(46) 

Br(pp -» фтг°)[1=1 
ti, -

Br (pp ->/<:*+к- №\ 

Hl/il2(i + B.) + £f0 + 5НЛЛ + /Г/. + *f I M 
By analogy with the derivation in Sec. 4 we obtain that in Model A 

-tk' 
Л^р-^о = ^2—^[v(p2h5u(pi)]fK.+^raK+fK+K-^p 

(47) 
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У (fc{ - fci) - mfr mf mj rnf 

Since the relation between the reactions pp —» 6n° and p/> -+ A'"+/\~ in the 
annihilation from the S state can be qualitatively explained assuming that 
the off shell form factors in the vertices A'"4 —* 7Г°А'+ and /\"+/\'~ —» 0 dotn 
considerably diminish the amplitude pp —* от0, we don't take into account 
the contribution of these form factors. 

Using Eq. (23) we can derive the relation between the quantities /•', and 
/, (1 = 1,2), and the final result is the following 

lk' 2 

where 

*' /-1 (1 - x2)(E.Er - kk'r)dx A = [ 
4 km.2 J-l a — x 

k'2 y> k'{E.Ev - kk'x) (1 - x2)dx 
Л '2 - 4km2 U -k. x 

rni a — x 
т2

ф /-1 (E.E^-kk'x) Еьк'х P ( : t ^ - I ) 
21 2kk'J-i{ ml [ ЕЛ + 2k:2 J 

0 " 

A22 = 

E ,̂ fc a — x 
\к'(ЕжЕ„-кк'х) 

2т?к2 Г {ч*-*<--**') _ kx] 
7-i m; . EKx k'(3x2 - 1), <£r 

As follows from simple numerical calculations and Kqs. (10), (12), (-17), 
(49) and (50) 

= 0.77 + QMyz + 0.044?;2 

2 1.16 + 0.46г/2 + 0.1 iy2 (,i 

v/here у = \fi/f\ | and z is the cosine of the relative phase of the quantities / i 
and f2. If h = 0 then Я2 = 0.66 and if / , = 0 then R2 - 0.40. However in 
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the general ease I lie quan t i ty li2 can lake t he values from Hml„ = 0.02 when 
!l - 1.2. : = - I to H,„.,.,- = 0.07 when IJ = 0.7. r = 1. In addi t ion, if we take 
into aeeouiil a possible contr ibut ion of the oil" shell form factors then we can 
conclude that t h e quant i t i es lh(pp -* OJr");.=i and Hv(pp —» A ' " + A ' ~ ) ; = 1 are 
probably of t he s ame order of magn i tude bu t . at t he same t ime one cannot 
exclude t he possibility that t he first quant i ty is much smaller that the second. 

8 T h e problem of the OZI-rule violation in 
the reaction pp —> f-1,^ 

The s i tuat ion with t he ft - j ' 2 mixii.g is analogous to that with t he .*.• - о 
mixing, hut the mixing angle isu'l so close to the ideal one: according to 
rel. [ i j . cos() = 0.78. Therefore, as follows from t h e OZI-rule and Kq. (1). 
the ra t io lilt(pp ~* 1'^тг1')/HH{pp —* ./̂ тг'М should he approximate ly equal 
to 0.01. T h e exper imenta l (lata on the branching ra t io for the annihi la t ion 
pp — f,-u at rest are ( :U ± ()..">)• U)'2. (2.1 ± 0 . 7 ) - 10—' and (2.0 ± O.(i)il)--' 
in t h e cases of t h e ' .Si. 'W'I and 4'< s t a t e s respectively [I I]. Therefore the 
quan t i ty ШЦрр •-* Г2к") is expected to be of order 10 - '1 in i he cases of ' >',, 
and 4'j s t a t es and of order HI - '1 in the case of ' l\ s t a t e . This m a k e s it is 
necessarv t o e s t i m a t e t he role ol t he resca t te r iug cont r ibut ion in t he reaction 

/ > / ' - / > " • 

'The- major decay mode of the f!t meson is A A as well as for t he о meson. 
Therefore, in view of the above discussion it is reasonable to e s t i m a t e the 
role of (A'" A" + A " ) in te rmedia te s la tes in Model Л. We shall consider only 
the S-wavo annihi la t ion, and we shall see that oven the upper hound for 
the reseatt.oring contr ibut ion is much less than the value expected from 1 he 
OZl-rule. 

The only relativistically invariant ampl i t ude of the process />/> —» A'"+ А " 
which survives when /) —» 0 and A'*+A'~ system is in t he s l a t e with / = 1. 
.S' = 0 is t he following 

С ' - * - = f^l,<-HlbW'u(p, )}(,'•!') (ГУ2) 

whore PK.lK_ is t he some constant.. Then the corresponding cross-sec!ion is 
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equal t o 

We also need the a m p l i t u d e of t he react ion Л ' + / \ ~ —• f2. It has t he form 

where ('"' is t h e polar izat ion tensor of i he final f2 meson. The corresponding 
decay width is equal t o 

1 /«_/»•+к — J ( • > • > ) 

where Ад;ч is now the m a g n i t u d e of t h e m o m e n t u m of t he / \ ' + and /\'~ inesons 
in t h e reference frame where t he f2 meson is at rest . Since t h e decay of t he 
f2 meson in to / \ ' / \ ' occurs in 72'X cases, then the to ta l width of t h e f2 meson 
is equal t o Гу. - 2Г Л -+A- -_ / J /0 .72 . 

As follows from Kqs. (9). (")2) and (54). if t he form factors a re d ropped . 
then the a m p l i t u d e of t he reaction pp —> f2it0 in Model A is equal to 

where 

_ | (2jr)^<4>(fc, + fc2 - fcj - Jc2)f/:iky/:,k^ 
"* " У (2(21г) : ')»ы.(1с'1)ц;А-(Ц)[(*{ - * , ) * - m | - + /0] 

г(/м-;ны;) , , , 
I ,n2 ~(1'^ШЛ.: (57) 

-J . (k ' ) = (m'f + k ' 2 ) ' / 2 and fc2 is t he 4 - m o m e n t u m of t h e final f2 meson. 
T h e quan t i t y /,,„ is t h e relativistic. symmet r i c tensor which d e p e n d s only 

on k\ a n d k2. and since P = k^ + k2 we can wr i te 

l,w = <~-\ P*PV + <-гЯци + сл{Рцк2„ + PJk2ll + г.лк211к2„ (58) 

where c, (i = 1 . . . . 4) a r e some cons tan t s which m a y depend only on s. Since 
(,ш<),ш - '''"k.2,, - i,iuk2v - 0, only t he t e r m with c, con t r ibu tes t o Eq. (56). 
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Therefore i1 is sufficient to find only c\. For this purpose we note that the 
tensor 

111), IVj, О TTlj, 

\{J'k'i)2 _ />«i (59) 
1 wj, J 

has the property 
.Y"".9/,„ = Х»"к2ц = .Y""fc2„ = 0 (60) 

Therefore, as follows from Kqs. (58) and (60) 
J x,iv 

c" = T v f e ^ (61) 

and, as follows from Kq. (56) 

Mpp-X* = 4Д!.°]к_Л-.+ _1 Г .й :+ /к+к— /-[t-(p2)75"(P.)]c1e'" ' -^P„ (62) 

'I'he explicit expression for ct can be easily obtained in the c.m.frame of the 
л-''/j system (by analogy with Sec. 4). In this frame of reference 

(2x)*6<*Kki + k2 - k\ - k'2) = k'do' 
[2{2*]*)*u,.{V1)UK{k!l) 16т2ч/^ 

where do' has the same sense as in Sec. 4. 
Taking into account Eqs. (10), (57), (59), (61), (65-67), the final result 

can be written in the form 

Ovv-V^ „ 0 7 2 5 5 кк'ГКГ' 

«ft™- ' 2sk°KkK«mr 

> / : 
k'E* - E.kx 

ml + m2.- 2E„E. + 2kk'x - m2
K + г0 

{(EKk - Ej.k'xf - \\{Ej.EK - kk'xf - m2
Km),\}dx\2 (64) 

A simple numerical calculation gives for s = 4m2: BR(pp —• f^ir0) = 
(2.6610"2Bfi(p -» K,+ K-)W. According to ref. [11], BR{pp -> K'+K~) = 
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(1.7 ± 0.7) • 10"4 . Therefore even the upper bound of the quantity BR{pp -» 
/ > ° ) is of order Ю - 6 . 

We have also calculated the contribution of the pir channel to the reaction 
PP ~* Л"-0- The corresponding amplitude has the same spin structure as the 
amplitude describing the (K'K + K'K) contribution. A simple numerical 
calculation gives BR(pp -» f2ir°) = (4.08 • lO-4)BR(pp -* p+^Y10l Ac­
cording to ref. [14], BR(pp -> р+тг-) ( , 0 ) = (0.65 ± 0.3) • 10~2 and therefore 
the pir contribution is also small. 

9 Conclusion 
Let us briefly summarize the results of the present paper. In Sees. 2 and 3 
we have discussed two models - Model A and Model В - describing different 
on-shell contributions to the reaction pp —» фтг0 (see Figs. 3 and 5). We argue 
that from the theoretical point of view Model В is more substantiated than 
Model A. Nevertheless, as shown in Sees. 4-6, the values of BR(pp —» фтг0) 
given by Model В are much less than experimental data, while Model A is in 
qualitative agreement with the data. If the main contribution to the reaction 
pp —v фж° is given by the (K'K + K'K) intermediate states, then Model A 
predicts that the ratio ^Pp^Wc rL-«A' ,+ K'- w ' " ^ e practically constant if pj„j 
is rather small (see Fig. 6) and an analogous prediction takes place for the 
ratio (ТрР^ф„о/о-р+*_ if the p+ p~ contribution is dominant (see Fig. 7). In 
Sec. 7 it is shown that if in Model A the off shell form factor for the К meson 
is dropped , then Model A predicts that the ratio BR(pp —> фтг0)/Br(pp —» 
К*+К-)1Ю) for the annihilation from the P state is in the range [0.02-=-0.67]. 
Finally, as shown in Sec. 8, the upper bound for the rescattering contribution 
to the reaction pp —• f'2ir° from the S state is of order 10 - 6 . 

By analogy with calculations in Sec. 7 we can expect that the upper 
bound for the rescattering contribution to the reaction pp —> }'2ж° from the P 
states is also of order 10 - 6 . Therefore the role of rescattering in this reaction 
is negligible, and any violation of the OZI-rule in the reaction pp —> f^0 will 
be an evidence of some unusual phenomena. 

At the same time, at present we cannot exclude the possibility that the 
violation of the OZI-rule in the reaction pp —> фтг0 observed by several exper­
imental groups (see refs.[l-3]) can be explained as the effect of rescattering. 
However some assumptions lying in the basis of Model A seem question-
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able. First , it is necessary to check numerically that if t he wid ths of the 
A" and (> mesons are neglected then the results will not essentially change 
(especially this concerns t he quest ion of neglect—-; l'p). Second, as argued 
in Sec. 2. Model Л doesn't fully correspond 1» i..,r assumpt ion that t he о 
meson is crea ted from the A' and A mesons. Therefore, as pointed out in 
re Is. [10. 7]. we have to take into account t he olf shell form factor for the 
A' meson, hut I lie da ta agree with Model Л if this form factor is nol very 
import ant . The reseat ler iug mechanism seems also <|uestioiiahle from the 
following s imple e s t ima te . Since t he A" meson lives approximate ly 1/1' . in 
the frame of reference where it is at rest, il is easy t o see then when the 
A'" meson decays the d i s tance between the A " and A mesons in their c m . 
frame is 'link'/Win.Fk(k') ~ (>Fni. il seems doubtful thai t h e A* and A 
mesons can effectively interact be ing separa ted by such a d i s tance . On the 
o the r hand t h e analogous d i s tance between the r?+ and f.~ mesons is ol about 
'IFin. hut t he quest ion arises whether il is possible t o use t h e concept of /i 
meson in such a process. 

To shed light on t he problem of t he О/Л-rule violation in t he react ion 
pp —• отг" it seems impor tant to carry out calculat ions not only in t he on-
sliell approx imat ion , hut taking also into account the off-shell cont r ibu t ion . 
It is also interest ing to invest igate why the OZl- ru le violations in the reaction 
pj> —> ожтг isn't s t rong even in t he channel with / = >' = 1. We suppose to 
invest igate these- problems in subsequent publ icat ions. 
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