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A B S T R A C T 

Predictions, theoretical bases, experimental tests and violations of various versions 
of the A-Z (OZI) rule are examined. Dynamical mechanisms responsible for violations 
include allowed two-step transitions via intermediate states containing ordinary hadrons, 
gluons, flavor-mixed hadrons like t), t)' or /„ (5*), and exotic hadrons like glucballs, 
multiquark states and hybrids. All can be produced via a strange component and decay 
into pions or vice versa. Each case is described by a different mechanism with a diiferent 
suppression factor. OZI-forbidden production processes for <j> and / ' mesons are shown 
on general grounds to be less suppressed than forbidden decays, without assuming the 
presence of strange quarks in baryons. 
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Recent suggestions that the quark structure of the proton may be considerably 
different front that of conventional models and that a considerable strange quark content 
in the proton could lead to violations [1] of the OZI rule [2,3,4] suggest re-examination 
of the basis for the simple constituent quark model and of the OZI rule. 

The Alexander-Zweig [3,5,6] (usually referred to as OZI) [2,3,4] rule has several 
different formulations and different criteria for validity. No reliable unambiguous pre
scription exists for what is allowed and what is forbidden. No theoretical prescription 
nor unambiguous experimental test exists for the quantitative degree of suppression of 
forbidden processes nor for its variation from one reaction to another. 

An early suggested experimental test was based on the assumption [7] that the 
couplings of the </> and / ' to nonstrange hadrons are entirely due to a nonstrange ad
mixture in the wave function, described in each case by a single parameter or mixing 
angle which defines the departure from ideal mixing. This phenomenological "universal 
mixing model1' gave the predictions [7] 

o(*N -> *X) _ a(NN - *X) _ ejK-p-iYVtock _ . 3 . . . . 
o(*N->uX) <r(NN->u>X) viK-p-^Yw)^ v K ' 

o(*N -> f'X) a(NN - f'X) ajK-p^Yf')^ _ -
v(*N - . JX) o(NN-*fX) crfX-p-»Y/W* M " "T (l°> 

where A' denotes any single or multiporticle filial state containing no strange particles, 
Y denotes any neutral hypcron or hyperon resonance and the subscript back denotes 
backward neutral meson production by baryon exchange. The parameters By and 0j-
arc the deviations from the ideal mixing angles. 

Serious disagreements with the relations (1) in results of experiments involving 
baryons like 

PP - fx" (2a) 

PP -» f'T+"~ (26) 

PP ~* PP^T+)T_ (2c) 

pp—>ppij>w+T~w+jr~ (2d) 

have been used to support the suggestion that the OZI rule does not hold for baryons and 
as evidence for the existence of strange quark pairs in protons which can be "liberated" 
as tf> or / ' mesons [1], 

However, predictions (1) from this naive universal mixing model disagree with 
experiment almost in all cases, including meson reactions like [8,9] 

jr -p —• $$n (3a) 

w~p -> <j>w"n (3d) 
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Jfiji - t ^ i v + i r - (3c) 

and in the diffr active phot op rod uct ion reaction [10,11,12]; 

7P —» p̂ jr"*"7r~ (3d) 

which can. be interpreted as the transition 

7 —» ^7T"*"T~ (3e) 

with a proton spectator. There are also recent data indicating violations in the reaction 
[13] 

ir p - » W " (3/) 

with the rt — rj' system produced in an odd partial wave. The only "connected diagram" 
for this reaction produces the IJ — i;' system via the nonstrange components of both in 
a state with two identical bosons which must be in an even partial wave. 

in the two cases (3a) and (3b) the final meson states are produced with the kine
matics of pion exchange, suggesting that the basic couplings involved do not involve 
baryons at all, but are 

i r ~ i r + —»<j><j> (4a) 

ir_>r+ -» fa" (46) 

These results could be interpreted in the spirit of ref. [1] as indicating that there are 
strange quarks in the j.ion. However, they have so far been interpreted as indications for 
exotic or mixed-flavor resonances which can couple to both strange and nonstrange qq 
pairs [8,9,12,13,14] or for a topological hierarchy involving semi-forbidden and doubly-
forbidden transitions 110,12]. These interpretation can also apply to the baryon cases 
(2). 

Thus the failure of the relations (1) to be confirmed by experiment does not nec
essarily show the presence of strange quarks in the proton. One can also raise the 
question of whether there are strange quarks in the pion and present both theoretical 
and experimental arguments for treating mesons and baryons on the same footing. This 
paper attempts to clarify these problems by reviewing the different formulations and 
difficulties, and by presenting a new argument based on unitarity showing an essen
tial difference between the violations in simple decays of strangeonium states and in 
production processes where other hadrons are present. The use of OZI violations as 
evidence for or against the presence of strange quarks in nonstrange hadrons is shown 
to be unreliable. 

The discussion is clarified by focusing on the following reactions as illustrative 
examples: 

$ -* pir (5a) 

f -unr (56) 
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J / 0 - • pK (5c) 

TT~P —> ^TJ (6a) 

A - p - f A V ^ (6ft) 

JT-J!> -» 7T+A~ (6c) 

A'+A" - . A " + A ~ (7a) 

A'+Z)+ - K*+D*+ (76) 

where Vrf(j denotes the linear combination of the p and u> vector mesons which has the 
pure dd configuration. 

Three qualitatively different formulations of this rule all forbid the ij> —» pit decay 
(5a), but have different implications elsewhere. 

The original "Okubo ansatz" [2] was published before the proposal of quarks and is 
defined for thrce-meson nonet couplings. It applies to the (<t>pn) and (f'-Kn). couplings. 
However, it is not defined for couplings to baryons, which are not in nonets, nor to ver
tices involving charmed mesons. The extension to the charmed case, using SU(4) instead 
of SU(3) is straightforward. Extension to baryons involves defining nonet quark-meson 
couplings and assuming additivity. The Okubo ansatz is denned for four-point func
tions only in models which factorize the amplitude into two three-point nonet couplings. 
Thus Okubo forbids the reactions (5a) and (5b) and can be generalized to include (5c). 
However, it forbids the reactions (6) and (7) only in a peripheral meson-exchange model 
with nonet symmetry at the quark level for the exchanged mesons. 

The topological formulation of the rule introduced by Zweig in his original paper 
on "Aces", now known as quarks [3], forbids all "disconnected diagrams". Zweig thus 
forbids all the meson decays (5), and the four-point functions (6a) and (7) but not the 
four-point functions (6b) and (6c). This topological rule has been subsequently extended 
to define semi-forbidden and doubly-forbidden diagrams based on purely topological 
considerations [12,15). 

The additive-quark-model (AQM) [16] formulation applied to neutral meson mixing 
by Alexander et al [5] requires all reactions and couplings to currents to involve only 
one "active" quark in each hadron, with the remaining quarks being spectators. This 
formulation forbids all the decays (5) and all four-point functions (6), but allows the 
four-point functions (7). 

A full description of the selection rule and the suppression factors will hopefully 
be obtained eventually from QCD. However, at this stage QCD has proven to be useful 
only in the simplest cases; namely decays of heavy quarkonium vector mesons into light 
quark final states. In this case the dominant diagram assumed for the forbidden process, 
the annihilation of the massive quark-antiquark pair into three high-momentum ghions, 
has been successfully treated by perturbative QCD [17] and hand-waving arguments 
arc given for neglecting other diagrams with hadronic intermediate states [18]. In all 
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other cases QCD has not yet succeeded in giving any quantitative description of the 
forbiddenncss factors, and non-pcrturbative effects seem to be important. 

The <f> —• pn and / ' —t TIT decays have two additional effects absent in the J/t/i 
decay: 1. The strange quark mass is too low to justify the use of leading order in 
perturbative QCD; 2. The open KK channel which is coupled to both the initial and 
final states by allowed connected diagrams and related to ^ -» pt and / ' —> im decays 
by unitarity cannot be treated by perturbative QCD [19,20]. 

Much more complicated QCD diagrams can enter into the baryonic reactions (2) 
leading to multiparticle final states. There is no diagram for these reactions containing a 
simple transition between a state containing only a single strange quark-antiquark pair 
and a state of pure glue with no quarks, as in the meson decays (5). One can expect 
strongly non-perturbative effects involving exchanges of many soft gluons between the 
strange quark-antiquark pair and the other hadrons present in the final state. The 
process of pp annihilation itself is expected to be strongly non-perturbative. 

V/e do not consider QCD further in this analysis and attempt to obtain some 
further insight by the use of the three phenomenological formulations described above. 
We refer to them respectively as nonet, additive quark model (AQM) and topological 
formulations of a rule denoted by "A-Z" as in ref. [6], so that the reader can fill in 
the names of his favorite contributors in alphabetical order. None of these formulations 
provides quantitative predictions for the suppression factors of forbidden processes. 

All three formulations suffer from the difficulty that forbidden processes can occur 
as two-step processes in which both steps are allowed [6,12,19]; e.g. 

<t> -> KK -> pn 

/ ' - » KK - 7T7T 

J/r/> -> DD -» pit 

TTp -» K°A - . 4>n 

n~p —t ir0n —»jr + A -

K+A~ -» K*+p°A- -> A'*+A-

K+A- -> Kt+wA- -* K'+A~ 

K+A~ - t K*+*0A- - . K*+A-

K+D+ -• K*+ir°D,+ -» K*+Dt+ 

(8a) 

(86) 

(8c) 

(9a) 

(96) 

(10o) 

(106) 

(10c) 

(WW) 

The two-step processes (10c) and (lOd) are just pion exchange, which is known 
to exist with known couplings. Thus these "gedanken" reactions forbidden by the 
topological formulation but not by AQM, should be expected to occur in nature with 
the same strength as any other pion exchange reactions not forbidden by nonet couplings 
or topological arguments. It is just an accident that all realistic experiments involve 
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targets containing both u and d quarks so that pion exchange reactions with these 
targets can be described by connected diagrams. 

The two-step processes (10a) and (10b) are just rlio and omega exchange, which are 
also known to exist with known couplings. However, in the nonet symmetry limit these 
two exchanges exactly cancel one another and preserve the A-Z rule. This cancellation 
and its dependence on p-u degeneracy is characteristic of the operation of the A-Z rule 
in two step processes. The cancellation does not occur in pseudoscalar exchange because 
of large mass splittings in the pseudoscalar nonet. Pion exchange cannot be cancelled 
by q and r}' exchanges. 

These examples (10) show an important mechanism for OZI violation: the transi
tion via intermediate meson states which are flavor mixtures like the TT", t) and t;'. These 
can be produced via one flavor component and decay via another [21). Of particular 
interest in this regard is the /0(975) scalar meson formerly known as S*, which has a 
large strange component and a m decay mode. The first step in analyzing data from 
reactions like (2b-2d) which contain pion pairs is to chejk whether any pairs are due 
to /„ decays. The ^ir+ir- final state in J/i/> decay has been found to be dominated 
by the 4>f0 configuration [22]. This illustrates the difficulties involved in comparing 
experimental cross sections for allowed and forbidden processes without investigating 
the underlying dynamics. 

The selection rule forbidding (6b) does not suppress a directly observable process, 
since the state Vjj is not a physical meson, but predicts the equality of two observable 
cross sections, 

o(K~p -> Aw) - o(K~p -> Ap) (11) 

This was the first successful prediction [5] made before the experiment of the A-Z rule. 
The process (6b) is not topologically forbidden. It can be described by a connected 
quark diagram which does not satisfy the AQM. It is forbidden by the Okubo nonet 
ansatz under the assumption of nonet couplings of an exchanged meson. 

The reaction (6c) of double-charge-exchange is described by a connected diagram 
and not forbidden by the topological argument. However, it is forbidden by AQM. A 
number of theoretical arguments have related this type of "exotic exchange'' reaction 
and reactions of the type (6a) which are described by a disconnected diagram [23,24], 
The two-step amplitudes (9a) and (9b) are canceled by other amplitudes under certain 
symmetry assumptions, in the same way that nonet symmetry produces the cancella
tions between (10a) and (10b). But the same symmetry arguments apply to both (9a) 
and (9b), which produce A-Z violating and exotic exchange transitions respectively. 
This suggests that the two reactions must be forbidden on similar grounds and implies 
an inconsistency or incompleteness in the topological rule which forbids one reaction 
and not the other. The AQM formulation treats the two on the same footing. 

The three "two-step" decays (8) differ in several important ways. In both the 
4> -» pit and / ' —t irir decays the intermediate KK state can be on shell; in the J/t/> —t pit 
'lecay there is no topologically allowed on-shell intermediate state. The conventional 
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treatment of the hadronic J/tp decay uses transitions via a three-gluon intermediate 
state [17], while the off-shell contribution from the two-step process (8c) is neglected. 
The / ' —> irir decay has been successfully described by the on-shell contribution from 
the two-step process (8b) [19,20], estimated reasonably reliably by phenoraenological 
calculations using experimentally observed couplings and assuming that the KK —* i"t 
transition is dominated by the / pole in the s-channel [19,20]. A similar estimate for 
the 4> —» px decay shows that the on-shell contribution from the the two-step process 
(8a) is too small [20] and that either off-shell or gluonic contributions are needed. Each 
of these forbidden processes proceeds via a different mechanism, and using any experi
mental suppression factor as an indication of the strength of another forbidden process 
is questionable. 

Arguments for neglecting the off-shell contributions have been given based on can
cellations between contributions of different intermediate states [18], analogous to the 
case of the reactions (lOa-lOb). However, on-shell contributions cannot be canceled 
by off-shell contributions, and can be used via unitarity to obtain model-independent 
constraints on suppression factors. The difference between the strengths of the two 
analogous two-step processes (8a) and (8b) is seen to be due to the difference in the 
available phase space for the on-shell intermediate state. The ^ is very close to the 
KK threshold and has very little phase space. It is therefore very dangerous to use 
the experimentally observed strength of the / ' —» n decay and the naive mixing model 
relation ( lb) to estimate the suppression factors of topologically forbidden reactions like 
pp —* /'jrir. The two-step processes 

pp-tKK-»f'irir (12a) 

pp - • KKirir -» firir (126) 

pp -» f'KK -» firir (12c) 

have much larger available phase space for the intermediate KK state on shell than the 
analogous process (8b). 

In particular, we note that the transition 

pp —* firir —» KKirir —» /'TTJT (13a) 

with spectator pion pairs for the last two transitions is directly analogous to the tran
sition 

/ ' - • Kit -*f->xir (136) 

The simple perturbation treatment using the Fermi golden rule which has been used 
to express the OZI-violation suppression factor for the transition (13b) in terms of 
experimental masses and widths [19,20], can also be used for the transition (13a). The 
transition matrix elements can be written 

(AHAf,^)=(Jgl^g(/'iyyi/) (14a) 
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<"l"l /v*^E t f l^_ lJ f l / > (146) 

where i denotes all intermediate states which couple to both the / and / ' . The sums 
in both expressions (14) have a pole for the intermediate KK state at the mass of the 
/ ' , with equal contributions in both cases. Evaluating this sum for the transition (14b) 
has given a result in agreement with experiment for the / ' —* irir decay. Thus the naive 
mixing result 

(Air | J / | ft.) _ | f f | M | /') 
<jx*\M\pp) ( ™ | M | / > v ' 

follows by considering only this pole contribution for the particular transition (14a) 
and neglecting all other contributions which have no analog in the / ' —t TTT decay; e.g. 
the other two-step transitions (12). However, there is no reason to neglect these other 
contributions and violations of this result (15) should be expected. 

The simple perturbation theory treatment of eqs. (14-15) can be generalized and 
made more rigorous by applying unitarity to the general topologically-forbidden tran
sition 

.4 + 3 - » 5 + C (16) 

where A, B and C are any hadron states containing no strange quarks and S denotes 
any meson composed of a strange quark-antiquark pair like the (j> or / ' . We write 
the unitarity relation for this reaction under the assumption that the unitarity sum is 
dominated by two-step transitions which are both topologically-allowed. 

lm(SC | T \AB) = .:{SC | 7* | (KI()SC)((KK)SC \ T | AB)+ 

+K(SC I 3 * | S{KK)C){S(KK)C \T\AB) + (17) 

where K is the usual kinematic factor and (KK)S and (KK)C denote kaon pair states 
with the quantum numbers including momentum and mass of the S and C respectively. 
By analogy with eqs. (14) one can see that the naive mixing result analogous to (15) 
can be obtained by considering only the first term on the right hand side of eq. (17) 
and assuming that the transition matrix element {(KK)SC j T | AB)is dominated 
by the / pole and that the multihadron state C is a spectator. However, there is no 
obvious reason for neglecting the second term and also more complicated transitions. 
The second term suggec+s that that the strength of the violation can depend upon the 
state C and in particular can be different for states C containing the same hadrons in 
different partial waves. 

This argument cannot be generalized in a simple way to treat heavy quarkonium 
states. These are always below the naked heavy fls.vor threshold and have no open 
allowed decay channels. The analog of the first term on the right hand side of (17) 
does not exist. Analogs of the second term may be suppressed more than transitions to 
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forbidden intermediate states, because of the necessity to create an additional high-mass 
heavy-flavor pair. 

The glueball and exotics controversies further confuses the issue, since reactions 
producing ^ or / ' states may indicate a strange component in the initial state or a 
glueball, hybrid or multiquark exotic component in the final state. One can also consider 
transitions like 

pp -» GGrrit -» fitw (18) 

where GG denotes two gluons. This can give another contribution which produces a 
violation of the relation ( lb) . This transition (18) would be strongly enhanced by a 
small glueball component in the / ' wave function, as has been suggested [25], while 
not appreciably affecting the / ' -» JTJT decay. Conversely, the experiments showing 
4>4> [8] and <j>ir [9] production by pion beams could be due either to glueball or exotic 
production, as has been suggested, or to a strange quark component in the pion wave 
function. 

The question of whether there are strange quarks present in nucleons and pious is 
therefore not easily tested by using only cookbook recipes for the A-Z rule. A better 
understanding of the underlying dynamics is required for any process considered. Data 
from experiments leading to multiparticle final states can be used only if invariant mass 
spectra of various components of the final state are available together with detailed 
partial wave analyses to determine spins and parities. Without such information the 
data of the reactions (2) do not provide convincing evidence for any unusual structure 
in the proton. 

Describing hadron structure in terms of quarks is ambiguous because there are 
different kinds of quarks; e.g. constituent quarks, sea quarks, current quarks, partons, 
etc. The relation between these constituent quarks and the quark-parton model which 
describes deep inelastic structure functions is still unclear. 

There is also the question of whether to treat mesons and baryons on the same 
footing. Much of the intuition for the strange-quark model for the nucleon comes from 
the Skyrmion model, which treats mesons and baryons very differently. However, the 
highly successful constituent quark model which treats all hadrons in a unified manner 
has led to striking experimental confirmation of the assumption that mesons and baryons 
are made of the same constituent quarks with no additional constituents [26,27,28,29]. 
The relation between the partons in mesons and baryons is unclear because of the 
difficulty of obtaining good data on meson targets. 

One model for the constituent quark assumes that each constituent quark contains a 
valence quark plus its share of the gluon and sea components of the hadron [30]. For low 
momentum phenomenology, '.he structure of the constituent quark is not observed, and 
it is described with phenomenological parameters, including an effective constituent 
quark mass and an effective axial vector coupling. Thus if there are strange quark 
partons in the hadron observed in deep inelastic experiments, these are part of the sea 
surrounding each constituent quark and should be seen in the pion as well as in the 
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iiucleon. 
The conclusion is that hadron spectroscopy still remains interesting, even though 

it is believed by all parties that everything is described by QCD. The theoretical and 
experimental foundations of the A-Z or OZI rule are still completely open and the same 
is true for the relation between constituent quarks and current quark-partons. Whether 
or not constituent gluons exist and are present in glueballs and hybrids is still not 
established, and there are gome QCD arguments [31] that they should not exist. The 
experiments suggested in ref. [1] are cf interest for obtaining a better understanding 
of QCD. However, conclusive evidence for the presence of strange quarks in hadrons 
should be sought elsewhere. 
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