


1 The recent experuncntal data on the oy and pn aunllulatlon at rest

obtained by the ASTERIX, CRYSTAL BARREL and OBELIX groups|1, 2, 3]
at' LEAR, have shown that the branclnng ratios of the reactions pp — ér°,

pn — ¢~ and pp — ¢v are much bigger than expected from naive OZl-rule =
estimations. For example, as follows from the present data on the ¢w mixing

o angle, a ¢>/w productlon ratlo should be 4. 10'3 or less whlle in pract1ce[1 2 3]

Br(pp — ¢>7r°)/Br(pp — w7r°) = 0 14 :l: 0.004, ) (l) ~Y ,
.Br(pn—njﬂr )/Br(pn—w.ﬂr )—016:&004.‘ - l v (2) :
Br(pp— ¢7)/Br(pp —~w7) =0.33£015. - (3)

The 1nterest to the reactions violating the OZl-ruleis connected w1th expec-

~ tations that these reactions may give evidence of the existence of exotic states. "
~such as hybrids and glueballs and of the considerable admixture of strange " .
quarks in the nucleon (see for example the discussion in refs. .[4, 5]). For this .. -
“ reason it is 1mportant to 1nvest1gate whether some of the reactlons v1olat1ng -

- the OZI rule can be explalned by usual mechanlsms In particular, the authors -

- of ref.[6] have shown that the data on the reaction fp — ¢¢ can by explamed

by the triangle mechanism with K mesons in the intermediate state. These v
- authors also claim that their estimate for the branclung ratio of &7 usnng the ™ - i
same mechanism with J* and K mesons in the intermediate state is of the. ‘

same order as the experimental values[l 2] but no calcula.tlons of the or
branching ratio in ref. [6] were given. ’

In the present paper we explicitly calculate in the on- shell approxnmatlon' ,
~the contrlbutlon of the K*K intermediate states to the reactions pp — 7%,

Pn — ¢~ and fp — ¢y assuming that the initial antiproton and nucleon are

at rest and their orbital angular  momentum is equa.l to zero. It iseasy to show o

~that to conserve the C, G and P parities in this case, the antlproton-nucleon

- system should annihilate into ¢r only from the state with the spin S = 1and
" the final ¢7 system is in the state with [ =1, wlule the pp anmhllatlon mto ,

¢7v occurs only from the state with $=0. -
The contribution of the triangle mechanjsm with K* and K mesons-in the

intermediate state to the reaction pn — ®x~ is descrlbed by the two graphs
- in fig.1, and such a contribution for the reaction pp — ¢=0 is described by the L
four graphs in fig.2. Taking into account the isotopic invariance it easy to show

o

g

o "that rfS- 1 and
Jit :graphs la and’ 1b are equal to each other and the contnbutlons of all the four':‘
' % tgraphs in ﬁg 2 are also equal to each other. In addltlon, the amplltude of the
S react1on pn — ¢»7r
- Lf'pp — ¢r.

I = 1 (where I is the 1sosp1n) then the contnbut1ons of the

M1s by \/_ t1mes brgger than the amphtude of the reactlonl

The contr1but10n of the trlangle mechamsm w1th K * and K mesons in the ;

L Alntermedrate state to’ the" reactlon pp = <I>7 is descrlbed by the same graphs |
¢ as'in fig.2 but 70 is replaced by 4. If S =0 then in this case the contribution
i ‘of the graph a) is equa.l to that-of the graph d)-and. the contrlbutrons of the‘
graphs 'b) and. c). are also equal to each other. However since’ the' isotopic .

: _‘invariance doesn’t take place in. the process K*— K 'y, we: cannot relate d1rectly'
; the graphs a) and b) : . Rt ,

SN

'2.At the- conditions spec1ﬁed above there ex1sts only one relat1v1stlcally

' ~,:1nvar1ant amphtude for the reactlon pn - ¢7rx

V*Pa

Apn_yéﬂ'-‘v— fpn—;é‘lr (\IJ 7 \I’)el‘vl;de p1p2 - (2m) fpn—nfnr ((P 0’20',90)6k6,k1p1

g (4)

!:Here fpn_.¢, 1s some constant \Il is the Dlrac bysplnor,descrlblng the 1n1t1al :
‘ Vneutron, W_ is. the D1rac bysplnor w1th the negative energy. descrlbmg the -
’ '_mltlal ant1proton, : '
- thomentum of 77, p; is the 4-momentum of ¢>, m is the nucleon mass, ¢ is the f
e usual spmor descr1bmg the neutron, g; (z _‘1 2 3) are the Paull matrlces, cp ‘

e’ is the polar1zat10n vector of the ¢ meson, p; is the 4-




‘1s the charge con]ugated splnor descr1b1ng the ant1proton the 1ndex T means r

the: transposed spinor, p is-the momentum of 7 in’the ¢.m. frame of the: ¢>7r‘ 5
"system, €uvpo -and e;; are the absolutely antlsymmetrlc tensors and’'a sum over: :."}f R
repeated indices is assumed The Greek indices take the values 0,1,2;3 and the i
Latln 1ndlces take the values 1, 2 3 A standard calculatlon usmg Eq 4 glves S

:Br(pn - ¢7r . -

: 'where p=| P | anid Cﬁn is some constant J]lch is fully determlned by the totalf E D I

cross section of the’ pn a.nnlhlla,tlon from the statewv1th l.- 0. u’,.,‘;- - R S
The pn system can ann1h1late into K *OK from both states with S-= 1 andf S

8§ =0.The amplltude correspondlng to.S = l can be wr1tten by analogy ‘with e

Eq. 4: Let p):be the momentum of K and p; be the momentum of K7: The";f P

‘ w‘amplxtude correspondmg to’ S'= 0 can:be proportlonal only to (¥ 75l11)(e P). -

~ where e is’ the polarlzatlon ector of K‘, and P p1 +p2 Therefore as follows !

(0)

. B ’T
:klP1+\/_m n—»K‘“I\

et lme component of ey fls
‘A’standard’ calculatlon gives then

k Awhere k is the magnltude‘of the Vmomenta of the pseudoscalar mesons in thexr. ‘
~.cm. frame As follows from the facts that K‘ in almost 100% cases decays 1nto' e

' of the graphs in ﬁg l coutrlbutes to the amphtude pn — ¢7r .as. follows :

ZApn—nbﬂ’“

= *I&7r and ¢> in 87% cases decays 1nto KK 1f gl 1s the constant entermg 1nto the .

amplitude K*0 — 7 K+ and gg is, the constant enterlng 1nto the amphtude

L ¢ —)’I&"'I(" then

|92l pK . vl
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A a“where p,,l\ is the momentum 1n the c.m: frame of the Iﬂr system created in g
.,;"the decay of K*, pry is the momentum in'the c.m. frame of the K K system s
created in the decay of ¢>, r* is the full w1dth of K‘ and F¢ is the full w1dth' :

k“oqu

The amplltude of the decay K‘ - K7 has the form

s “"
e AK —»M

v

fh-smepme E"P”L" s

(12) '

i where e“ is the polarlzatlon vector of the plloton, E is the polarlzatlon vector of
' the K meson, P is the 4- momentum ofthe K* ‘meson and k is the 4- momentum
of the photon The amplltude (12) is  gauge invariant and automatlcally ensures

“+the gauge invariance of the arnphtude P ¢’7 Let pl\,, be.the magmtude of .
;,"the momentum in ‘the c:m. frame of I& 7, and F‘ be the rad1at1ve width. of K‘ ,
’iThen as follows from ‘

‘(,12) : o -p‘.‘::‘ e R U\, - _“ e

,,. pl\'y
F
127r

3. Wezhave done all the preparatory work for calculatlng ‘the graphs in’

lfA —»le

e lﬁgs 1,2. However it is ‘easy to. see that these graphs d1verge if no form factors ;
+ - are: 1ntroduced 1nto the vertlces since’ K*
“;?tlme the imaginary part of these graphs can be calculated rather ‘reliably.
g Cons1der for example the i 1mag1nary part of the’ graph in ﬁg la The amplitude
pri —-K “’Is"‘
SN shells, and in the amplltudes K* — 7Kt and K"‘K" —'¢ only K+ isn’t
i .‘on- the mass. shell However, as can be seen: from a simple numerical estimate, -
. the mass of! the virtual K+ meson doesn’t differ “considerably from the mass
-~ of ‘the: real - K+ - meson. : Therefore - with a good accuracy all the amplltudes in

s the vector -meson;: At the samé

ters into this graph, when'all the partlcles are on their mass“,‘

the vertices can be taken i in the’ 'same form as for real partlcles Then, as can .

o ;be shownbya stralghtforward calculatlon, the mtegrals deﬁnmg the 1magmary .
. part of the graphs in figs.1,2 can be caIcuIated analytically. o

In partlcular using Eqs 6 and 9'it can be shown that the lmaglnary partv

+i')v’

¢ (14)
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1 where a = (2E E +mK-—m2

" case pp — </>'y) Comparrng equatrons 4 and 14 we ﬁnd that
' 2919217 f(1) '+ 1.

167rmp pnaK‘oK—(2a = (1 + a )Ina =

. 'T"—\" . b fpn—>¢1r

: and therefore, as follows from Eqs 8 ang 11

Br(pn — ¢n” )7‘
Br(pn = K-OK )

- (1)
0 87-i-ppm m¢F F¢. lfpn—bK'OK" l

64 mQ(P KPKK) 1

sz:lﬂk'OK—' l2 + l n—»i;:'oK_ l2

o

o

2a - (1 + a )ln art
e . e
- Analogous calculatlons glve that

| B’”(PP—*¢7F ): o
Br(op — KK ) 7_.“0 87—

32 mZ(PrKPKK) I f;E;l)LK“"K" |2 'l" I f(p__,}\:-+K—- l
P v Y B +

3 ppm mil"‘l}

Here we have mtroduced the nof atlon fIS for the part of the constant fpp_’K_+A_ o
" corresponding to the contrlbutlon of the'i 1sosp1n 1. Us1ng the numerlcal values

- of the quantltles entermg 1nto Eqs 16 and 17 we can rewrlte these eXpress1ons
“.in the form : UL ; e A

|f11 f01 |2 + | flO foo |2 ‘
lfu l2 O
|f11 +f01 2 + E f10+foo |2
g The result of the analogous calculatlon for Br(pp — ¢‘y) 1s the followmg
ST . 10' 00 |2 10 00 2
S o B(P"’¢’Y) (10—3lllf1o f00|2+05|1f .(*)_If l
. | | FOT O+ PO
- desal [ IS0 l) ‘
|f10+f00 |2+|f11+f01 ]2 RO .
Br(pp——» K"+K ) (20)

= _Br(ﬁn_—? ¢;;;)'f_ 0. 38

B (ppww)—ow

: where ais the (unknown) dlfference of phases between the graphs a) and b)

-2)/2pp ; = (m + p12)1/2 B : : /
(m + ;)2)1/2 Ttis 1mportant that the klnematlcal condltlons are. such that
a>1and therefore the mtegrals deﬁnlng thei imaginary. part of the amplxtudes, i
pn — ¢7r and pp — ¢n° don’t contain s1ngular1t1es (the same is true for the :

2a‘—— (1 +a )ln 1) (17) E

~Br(pn — K"OIC) ' ‘(1_8‘);

SBr( p—»K ). (16)2'»‘;';‘,; el

'lnﬁngor the casepp——» ¢‘y P e e

. A d1rect companson between the ﬁrst explesswn in’ Eq 22 and the experl-
mental data isn’t, pos51ble since’ Br (pn — K*K7) hasn t been measured SO .
" far,. At the 'same: time, the second eXpress1on is:;in good agreement w1th the :

data (see Tablc 1) if, we. tal\e 1nto account that accordlng to ref [9]

5 N

4 Let us’ now dlscuss the obtamed results As follows from Eqs 18 20 )

- ‘even in the on- shell approx1mat10n the ‘branching ratjos under cons1derat10n ‘

aren’t. expressed only in terms of. observable quantltles since. we should know
addltlonally the quantities 5. The: analys1s carrled out’ by different authors
has shown that the channel with I —,'S ,— 1 1s preponderant For example

= accordlng to ref [7] P

| f"“F '(66{_#’27) 104 _‘
|f°° |2 84:!:14) 10-4 (21)

The quantltles ngen in ref [8] do ot dlffer s1gn1ﬁcantly from these ones. If
“we assume addltlonally that the quantltles f°5 and flsdont interfere with

|f“12 234:!:20) 0—4"
|f“’|2 (17:!:10) 0*‘1

each other (thlS isn’t a cruc1al assumptlon) and do not take 1nto account the :
unce1ta1nty 1n Eq 21 then R : : A

1)55(1,6‘):, ,, S

S

B1 (pn = ¢7r ) = 0 22Br(pn -, I\ 01\‘")‘ _
SR Br(pp - </>7r )= 0 44Br(pp = K +K ) (22)
"Br ( p — ¢7) = 0 25 10-3(1 e +1 4 cos a)B1 (pp — 1\ +1\ ) S

’ l

TB (pp = K*+I )

(0 70 0. 04) 0—3 o

, SR TABLE1 SR
Rmtw" PP—"¢W-°- moer | moor [ m=dr pp— 0" [
e

";;:Theofy‘ 3,l“§50.2 77:1:03' 0010-2 ' 1.0&0.1/t 110‘2 .f‘)'o.sii‘

e :Exséﬁméﬁi ‘7,3‘5:" 10 1. 41:1:0 85 ,0,23;to,05 094 ;E?o;zs' 3'.;4‘:1:_110 53i 2.2;

“constants K —. K72 and K
~ and. Br(pp — ¢w) are the rough cstlmatlons All the blanclung ratlos are

Comparlson of our results obtamed by calculatmg the COIltI‘ll)llthIl of the -

i tr1angle mechanism with K* K intermediate states to the branching ratios of
: ¢ different reactions with the expeumental data of refs. [1- -3]. The: theoretlcal :
L 'value for the Br(pp — ¢7) is ‘the upper' bound _for Eq 120, the value of

"~ Br(pp— ¢n)is calculated assuming the SU(3) symmetry relatlon between the -

S —

C— K- 7, and. the values for Br (pp — ¢p°) ,:

<

;glveu in umts 10 Sl R L




amplltude pp — <;S7r0 then SN

. r}.‘ oL

Accordlng to the analy51s of data made in ref [10] the rat1o 0',,,,/0'pn for the

: S wave annihilation near threshold is 125 The1efore Br(pn: — gm )

2.5 Br(pp — ¢7r°), and as follows: from Table 1, our result for: Br(pn - T ) : ‘{W‘

_is in good agreement: w1th the data. At the same time, as follows from (23),

even the upper bound for Br(pp — qS'y) is by the order of magnrtude less than j e

~ the experimental’ quant1ty (see Table 1).

- Some deviation from-'the’ OZlI-rule (though not so strong as in the above ‘, Ly
cases) has been also’ observed in the reactions pp —- qu], pp 5 ¢p *and pp __,j e

¢w[1 2], The contrlbutlon of the ‘considered mechanrsm to- these"react1ons

s described by the: graphs:in fig. 2 where the 7° " meson: is replaced by the 7, o
- p°-and w mesons respect1vely ‘The'valué of Br(pp = ¢7]) can be calculated -
by analogy w1th the calculatlon for Br(pp = ¢7r°), and. Br(pp —7¢p®) and
“'Br(pp = ¢w) can be calculated by analogy w1th Br(pp — qS'y) The results of - ! o

such. calculatlons are the followmg

1

S lgrces S

Br( wf’) Ol;5|f1°|2lght+—-x+p°| i
P 9p =0. B(pp-+¢7r) ~

AR ng‘+—»K+1r°|2

SR |9K~+_.K+1r° P

' where the g s are the constants ‘of the correspondlng decays and‘gl\-+_.k+,,o oI o
s a formal quantity equal to the constant of. the decay Kt 5 K+7r in
: the hypothetical ° ‘case: when 7% would'be a vector partlcle ‘Since. the processes L

Kt K0 Kt K*y and K — K*w can be only virtual, we cannot -~ "
» determ1ne exper1mentally the correspondmg decay constants. - Assumlng the ‘

V:SU(3) symmetry we .can connect the quantltles gA.+_.K+,7 .and’ ggetx 70
IR+ Kty = \/ggKo+_.K+,,o ‘Then our result for: Br(pp'— én) appears to’ be

» in sat1sfactory agreement ‘with the exper1mental quantity (see:Table: 1) At k
; the same time, even assumlng the SU(3) 'symmetry; we cannot determine the =

'Constants gK'+—~K p° and gK-+_.K+w enterlng into Eqs 26 and 27 Assumlng

The quant1t1es Br(pp - ¢7r ) and Br(pn — ¢7r ) can be related to each s
other as’ follows. " Since’ Br(pp = gn0 )= Upp__,qg.,ro/dpp, Br(pn = ¢7r -).= s
 Opnogr— /05s swhere 05 and o5, are the’ total cross sections of the pp and pn E
ann1h11atlons ‘and the. amphtude pn = ¢7r is by \/_ t1mes brgger than the :

f] ] o

BT(” n ¢” )/ BT(PP E ¢7r°) - 20pp/apn (2’4.){; ol

St ":‘! ? Br(pp o ¢7,) i 0 64|f0’| IgK +_.K+,7| Br(pp ke ¢7r°) ; (25) ol

Br(pp - ¢“’) = 0 15lf0 [ lgsces . schul? Br(PP—» ¢7r ) | (27) 1

A i B

that these constants are equal to gK.+.,K+,,o we get for Br(pp -—> ¢p°) and :
S Br(pp — qu) the estlmatlons given in Table 1. - "/

R 5 of the’ 0Zl- rule in the react1ons pn.— ¢7r ‘and. pp — ¢7r can be explamed by -
I the mechamsm correspondlng to.the graphs in figs.1,2:: At the same time’ this - -
o ‘mechanrsm cannot- explaln the strong violation of the OZLrule observech the |
L reaction pp — ¢v. Let us note that.this’ process cannot be also explained by
S *‘-‘Vthe trrangle mechanlsm with the K and K mesons in the intermediate state
- since if l 0 then. ‘the: pp system can annlhllate into. KK only from the: state :

_1w1th §=1. Therefore the problem of expla1n1ng the value of Br(pp = ¢7) -
' "remam‘s open .

. 'the same time, our estimations for ‘Br(pp — ¢p°) and Br(pp — ¢w) are ‘much
;'less than ‘the. cor1espond1ng experlmental values. Slnce the v1olat10n of thef.
- VVOZI~rule in‘the reactions pp— ¢p° and pp.— qu are not so drastic as'in the .
. reactlons pp -—> ¢7r and pp —. ¢7, one mlght think that the main contr1but1onuf
S in the cases of ép° and $w i is g1ven not by the mechanlsm cons1dered above but -
\-L,fby the ¢w m1x1ng ‘Let us also note that the ¢7r ¢7], ¢p’ ‘and dxu cha.nnels in..
" the nucleon- ant1nucleon annlhllatlon are 1ndependent of each other since they
fcorrespond to different quantum’ numbers (L,S) (see Table 1) Therefore there
- may ex1st mechamsms of annrhllatlon wh1ch contrlbute to some. channels a.nd‘;

2 eXample the concluswn about the dominant role of the channel withJ = G = 1
“in the. anmhllatlon into K*K was made only using the 1nd1rect data whrle the -
Ldlrect measurement of the reactlon pn o KUK~ hasn 4 been made.’ ‘An’
* ‘interesting theoretlcal problem is to explaln the experlmental facts[ll] that'.f'; :

' when the pp system a.nn1h1lates from the =1 state of the hydrogen—llke a.tom: :
L then' Br(pp — ¢7%) is sma.ll ‘while Br(pp —' qu]), Br(pp — “$p°) and: Br(pp >

! ¢w) are of the- same order of magnltude as'in the case | = 0 In this connection

- K *K states from the state of the hydrogen llke atom w1th 1= 1

- We can conclude that our results give strong ev1dences wha.t the V1olat10n :

o The result for Br(pp EN an) has’ been obtalned by usmg add1t10nally the
,SU(3) symmetry relatlon between the constants JK++SKn and § gK.+_, Kino. At

~do not contrlbute to others T e : _
,To better understand the problem of the OZI-rule vrolatron‘ . 1t is necessary";
o carry ‘out both’ experlmental and theoretlcal study of this problem -For::;

e~

it-is 1mportant to measure the’ branchlng ratios. of the pp annlhllatlon 1nto_
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