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Origin of the Okubo-Zweig-Iizuka rule in QCD

Nathan Isgur
Jefferson Laboratory, 12000 Jefferson Avenue, Newport News, Virginia 23606

H. B. Thacker
Department of Physics, University of Virginia, Charlottesville, Virginia 22901

~Received 12 May 2000; revised manuscript received 10 July 2001; published 9 October 2001!

The Okubo-Zweig-Iizuka~OZI! rule is prominent in hadronic phenomena only because OZI violation is
typically an order of magnitude smaller than expected from largeNc arguments. With its standard3P0 pair
creation operator for hadronic decays by flux tube breaking, the quark model respects the OZI rule at the tree
level and exhibits the cancellations between OZI-violating meson loop diagrams required for this dramatic
suppression. However, if the quark model explanation for these cancellations is correct, then OZI violation
would be expected to be large in the nonet with the same quantum numbers as the pair creation operator: the
011 mesons. Experiment is currently unable to identify these mesons, but we report here on a lattice QCD
calculation which confirms that the OZI rule arises from QCD in the vector and axial vector mesons as
observed, and finds a large violation of the rule in the scalar mesons as anticipated by the quark model. In view
of this result, we make some remarks on possible connections between the3P0 pair creation model, scalar
mesons, and theUA(1) anomaly responsible for the large OZI violation which drives theh8 mass.

DOI: 10.1103/PhysRevD.64.094507 PACS number~s!: 12.38.Gc, 11.15.Pg, 12.38.Aw, 12.39.2x
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I. BACKGROUND

The phenomena which led to the formulation of t
Okubo-Zweig-Iizuka~OZI! rule @1,2# have had a definitive
impact on our understanding of strong interactions. The
that ‘‘aces’’ ~i.e., quarks! led to a simple interpretation of th
properties of thef meson was clearly a very important clu
for Zweig @1# since it was natural for thef to be puress̄and
for certainf production cross sections to be small so long
‘‘hairpin graphs’’ were dynamically suppressed~see Fig. 1!.

FIG. 1. A typical hairpin reaction, where the two lines–ellipsis
two lines on the left denote an arbitrary OZI-allowed process and

ss̄ hairpin is shown for concreteness. Note that gluonic fields

closedqq̄ loops are not represented since the external quark
topology is all that is relevant to the rule.
0556-2821/2001/64~9!/094507~13!/$20.00 64 0945
ct

s

The dynamics behind the suppression of hairpin graph
QCD has remained unexplained. Thephenomenologyof me-
son mixing angles in QCD-based quark models was
scribed in the mid-1970s in a number of papers@3–5#. In
such models, processes with the quark line topology of
double-hairpin graphs of Fig. 2~b! ~but with arbitrary time
orderings! modify the quark-antiquark transition amplitude
from the totally flavor diagonal form associated with th
‘‘scattering’’ quark line topology of Fig. 2~a!, namely,

n

d

e

FIG. 2. Quark line diagrams associated with the OZI rule
meson nonets:~a! a normal OZI-conserving quark-antiquark ‘‘sca
tering’’ process,~b! a typical double-hairpin ‘‘annihilation’’ process
leading to flavor mixing in meson wave functions. Since the O
violating reactions of Fig. 1 could occur through OZI-allowed m
son emission followed by flavor mixing, these processes are
simplest manifestations of OZI violation. Note that gluonic fiel

and closedqq̄ loops are not represented since the external qu
line topology is all that is relevant to the rule.
©2001 The American Physical Society07-1
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T5F S 0 0 0

0 S 0 0

0 0 S 0

0 0 0 S

G ~1!

@for illustrative purposes we have suppressed all space-
labels and specialized to the case ofSU(2) flavor where the
matrix spans the basisud̄, dū, uū, dd̄# by the addition of the
annihilation amplitudesA:

DT5F 0 0 0 0

0 0 0 0

0 0 A A

0 0 A A

G . ~2!

Using this framework@6#, it was noted that the OZI mixing
amplitudeA characterizing Fig. 2~b! was of order 10 MeV in
the established meson nonets, with the sole exception o
ground state pseudoscalar meson nonet, whereA is an order
of magnitude larger. These observations were consistent
the pattern one would expect for heavy quarkonia where
ground state pseudoscalar double hairpin is larger than
vector double hairpin by one factor of (as /p)21, and orbit-
ally excited state double hairpins are suppressed by ha
vanishing wave functions atrW50. However, an explanation
for this pattern in light quark systems was lacking.

The large size of the ground state pseudoscalar do
hairpin is a manifestation of the ‘‘UA(1) problem’’ @7#: the
equations of motion of QCD, taken naively, would imply th
spontaneous chiral symmetry breaking leads tonine and not
just eight Goldstone bosons@8#, but the large mass of theh8
seems to disqualify it from the role of the flavor singl
Goldstone boson. However, theUA(1) current is anomalous
and by the late 1970s it was understood through the stud
instantons@9,10# that the anomaly leads to a nonconservat
of the UA(1) charge and thereby to the evasion of Go
stone’s theorem in the flavor singlet channel when ch
symmetry is spontaneously broken. The connection betw
the quark model picture of double hairpins and instant
was discussed by Witten@11#, Veneziano@12#, and others,
who explored more generally the conflict between instant
and the largeNc expansion@13#.

@The reader familiar with instanton lore may be puzzl

by the connection between the annihilation amplitudesAOZI
021

of Eq. ~2! in the pseudoscalar mesons and instanton-indu
effects in the pseudoscalar mesons. The latter effects ar
sociated with the ’t Hooft interaction@10# which @in our il-
lustrative SU(2) flavor case# leads to uū→dd̄ and dd̄

→uū but not the diagonal entries in Eq.~2! for DT corre-
sponding touū→uū or dd̄→dd̄ transitions. Recall, how-
ever, that the ’t Hooft interaction also hasud̄→ud̄ and dū

→dū interactions, i.e., theS-like amplitudes of Eq.~1!. Thus
the instanton-induced interactions also admit the decomp
tion of Eqs.~1! and~2! with S52A. We will elaborate upon
this point below.
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The largeNc expansion is the only known field-theoret
basis for the general success of the valence quark mo
Regge phenomenology, the observed narrowness of r
nances, and the OZI rule. In particular, the OZI-violatin
meson mixing amplitudes of Fig. 2~b! are all of order 1/Nc .
Ironically, such a suppression of these amplitudes seems
fectly consistent with the effects in the pseudoscalar mes
but not strong enough to account for the extremely sm
amplitudes seen in other nonets. See the second colum
Table I.

The unexpected suppression of most OZI-violating am
tudes beyond a simple factor of 1/Nc is elevated from a
dynamical puzzle to a paradox when the various time ord
ings of Fig. 2~b! are projected into a hadronic basis. In su
a basis, flavor mixing could arise through an intermedi
glueball, through an instantaneous interaction, or via a h
ronic loop process in which Fig. 2~b! has the time ordering
shown in Fig. 3. The paradox arises from the observat
@15# that these OZI-violating hadronic loop processes c
proceed by sequentialOZI-allowedvertices with known and
unsuppressed strengths. These hadronic loop diagrams
be associated with contributions to meson propagators a
ing from second order~real and virtual! decay processes, an
as such are of order (1/ANc)

2, as expected. This factor o
1/Nc is also perfectly consistent with the observation that
imaginary parts of these propagators give th
1/Nc-suppressed meson widths which are generally of or
of hundredsof MeV. Nevertheless, OZI phenomenology r
quires that the 1/Nc-suppressedreal parts~from the full me-
son spectrum and not just the kinematically allowed part! be
an order of magnitude smaller. Explicit model calculatio
substantiate the generic result that individual hadronic ch
nels of the type depicted in Fig. 3 would indeed contribu
hundreds of MeV to OZI-violating meson mixing. Thus eve
if the other possible sources of OZI violation~from the other
time orderings! were dynamically suppressed, these hadro
loop diagrams would seem to spoil the OZI rule. This ru
requires thatAOZI!ms2md so that the nonet and not th

TABLE I. OZI-violating amplitudes in meson nonets. These a

plitudes are defined to be the contribution of theuū→dd̄ double
hairpin to the nonet mass matrix.

Nonet Empirical Quark model loop

AOZI
JPC

~MeV! contribution toAOZI
JPC

~MeV! a

021 14006200b - - -
122 1761 2264
211 22263 16614
111 111615 112612
011 see text 24506200b

112 232612 21567
322 21264 1467
411 16618 11667

aThe quoted ‘‘theoretical error’’ assigned here is the range quote
Ref. @17# for meson loop processes from reasonable param
variations.
bSee Ref.@14#.
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ORIGIN OF THE OKUBO-ZWEIG-IIZUKA RULE IN QCD PHYSICAL REVIEW D64 094507
SU(3) limit is realized. Thus it is a necessary~but not suf-
ficient! condition for the OZI rule that there be some co
spiracy between hadronic loop processes which suppre
them below their expected 1/Nc strength@16#.

II. A PROPOSED RESOLUTION

The authors of Ref.@17# proposed a resolution of thi
paradox. They examined the OZI-violating amplitudesAOZI
in non-pseudoscalar channels from thecompletetower of
hadronic loop processes to determine if ‘‘miraculous’’ ca
cellations between the hundred-MeV-scale real parts of in
vidual channels could be responsible for the suppressio
the sum over channels beyond a simple power of 1/Nc . To
make such a calculation one must have a complete mode
meson trilinear vertices since; if such a conspiracy is to
cur, it will have to be based on an underlying pattern
coupling strengths and signs. The nonrelativistic quark
model is complete in this sense: using the standard3P0 pair
creation operator for hadronic decays by flux tube break
@18# and valence quark model wave functions, all triline
vertices and their associated form factors are prescrib
Since the model is a nonrelativistic one, only the time ord
ing of Fig. 3 with a two meson intermediate state can
calculated in this way, but within this framework Ref.@17#
shows that in general a ‘‘miraculous’’ cancellation betwe
channels does indeed occur. This cancellation occurs
tween groups of intermediate meson states that might h
been difficult to anticipatea priori. Consider the prototypica
case ofv2f mixing wherev→(AB)L→f with L the AB
relative angular momentum. The intermediate states con
uting to Fig. 3 are (KK̄)P , (KK̄* )P , (K* K̄* )P , (K* K̄0* )S ,

FIG. 3. Two sequential OZI-allowed processes can lead to
topology of Fig. 2~b!.
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(KK̄a1
)S , (KK̄a1

)D , (K* K̄a1
)S , (K* K̄a1

)D , (KK̄b1
)S ,

(KK̄b1
)D , (K* K̄b1

)S , (K* K̄b1
)D , (KK̄2* )D , (K* K̄2* )S ,

(K* K̄2* )S , . . . whereK and K* are the ground state (l
50) pseudoscalar and vector mesons, andK0* , Ka1

, Kb1
,

andK2* are the first excited state (l 51) strange mesons with
JP501,11,12, and 21 which would be associated with th
a0 , a1 , b1, anda2 octets in theSU(3) limit. ~Note that the
ellipsis denotes more highly excited intermediate states,
cluding ones in whicheach leg of the intermediate state i
excited, and that charge conjugate intermediate states are
plied.! As expected on the basis of the previously describ
arguments, a typical channel in this sum contributes of or

100 MeV to AOZI
122

. However, intermediate states with th
sametotal orbital angular momentumbut opposite values o
(21)L tend to cancel. Thus, for example, the (l A50,l B
50)P channels withLtotal[ l A1 l B1L51 all have the same
sign, but they strongly cancel against the (l A50,l B51)S
1( l A51,l B50)S channels.

The calculation is formidable. With standard quark mod
parameters the form factors are quite hard and complete
vergence is achieved only after summing of order 10 th
sand channels, corresponding toLtotal.10. With reasonable
variations of standard parameters the contribution of an
dividual channel waxes and wanes, as does the speed of
vergence. However,the underlying mechanism of the cance

lation is simple and very robust: AOZI
122

is much smaller than
its component pieces because of an approximate ‘‘spect
plus closure limit.’’ This limit is illustrated in Fig. 4, which
shows the standard3P0 operator withJPC5011 trying to
create and then annihilate quark-antiquark pairs withJPC

5122. If a single two meson intermediate state is inser
into this diagram, it will project out pieces of this amplitud
of order 1/Nc as expected, but if the original~final! qq̄ pair
does not distort theJPC of the produced~annihilated! pair
~the spectator approximation! a complete set of intermediat
states with a common energy denominator~the closure ap-
proximation! will give zero amplitude. Reference@17# shows
that deviations from this ‘‘spectator plus closure limit’’ ar
naturally small, leading to the observed order of magnitu

suppression of the loop contribution toAOZI
122

relative to 1/Nc

expectations. See Table I. The interested reader is referre
Ref. @17# for a detailed explanation of the resiliency of th
limit. This quark model solution to the ‘‘second order par
dox’’ associated with the OZI rule also appears to justify t
conspiracies between Regge trajectories required to exp
the suppression of cross sections requiring ‘‘exotic’’ e
changes~e.g., those with isospin 2! @19#. Since ‘‘exotic’’ ex-
changes can occur by double Regge exchanges~analogous to
the second order loop processes!, only a conspiracy between
exchanges~analogous to the conspiracy between loops! can
give the observed suppression of such cross sections.

While the order of magnitude suppression of the lo

contribution toAOZI
122

is robust, the contribution of individua
channels and the residue after the cancellations have
curred is model sensitive, so a prediction for the actual va
of this amplitude cannot be made. This is not a great lo

e
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NATHAN ISGUR AND H. B. THACKER PHYSICAL REVIEW D64 094507
however, since the accuracy of the model is very suspec
dynamics is nonrelativistic, and it has ignored theZ-graph
time orderings of Fig. 3. More significantly, any such amp
tude would need to be added to the unknown pure glue
instantaneous contributions to theqq̄→q8q̄8 transition be-
fore being compared to experiment. Thus the important c
clusion of Ref.@17# is the qualitative one that the ‘‘second
order paradox’’ can be evaded.

Reference@17# confirms that AOZI from meson loop
diagrams is small in not only the vector mesons but
all other well-established nonets: those withJPC

5211,111,112,322, and 411. The key, of course, is tha
the nonetJPC must differ from that of the3P0 pair creation
operator@20#. From this simple requirement follows a rath
spectacular prediction:OZI violation should be very strong
in the scalar meson nonet.

The scalar mesons, and especially the isoscalar scalar
sons which would display the effects of OZI violation, ha
been notoriously difficult to understand experimentally. Ov
the last 30 years the mass of the lightest isoscalar sc
meson quoted by the Particle Data Group has varied betw
400 and 1400 MeV, while the quoted width has varied b
tween and 100 and 1000 MeV.~We have removed the
f 0(980) from this compilation under the presumption tha
is a KK̄ molecule, or this spread of values would be ev
wider.! The experimental status of the scalar meson no
becomes even more obscure when one recalls that the l

FIG. 4. A graphical representation of the ‘‘spectator plus clos
limit’’: in this limit the 0 11 pair creation operator cannot destroy
create a 122 pair.
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est glueball is expected to haveJPC5011 and a mass
around 1.5 GeV. One can only say with confidence that

experimental situation does not exclude thatAOZI
011

is large.
Fortunately, there is an alternative to checking this pred

tion of the quark model mechanism against experiment.
can check it against calculations from lattice QCD.

III. OZI ON THE LATTICE

A. OZI violation in the quenched approximation

Matrix elements of the type

^0uT@ q̄8(y)GJPC
q8(y)q̄(x)GJPC

q(x)#u0&, whereGJPC
carries

space-time indices that determine theJPC of the propagator
being studied andq8Þq, describe OZI violation in mesons
In leading order in 1/Nc , such processes can proce
through diagrams of the type depicted in Fig. 2~b! ~of which
Fig. 3 is the particular time-ordering relevant to the hadro
loop diagrams!, i.e., they receive leading contributions in th
quenched approximation in which internal quark-antiqua
loops are ignored.~Of course theaccuracyof the quenched
approximation can be questioned, but this is irrelevant to
main points of this paper, including checking a prediction
the quark model in which internal quark loops are also
glected.!

In the absence of OZI violation, thev-like (1/A2)(uū

1dd̄) andf-like ss̄ sectors are segregated and each de
ops its own tower of meson excited states of each allow

JPC. If the OZI-violating amplitudesAOZI
JPC

in that channel are
small, then in leading order they simply shift the masses

each state by;AOZI
JPC

and createv2f-like mixing with a

mixing angle;AOZI
JPC

/Dm whereDm is the unperturbed mas
difference between thev- andf-like states being mixed. In

such circumstances the empirical value ofAOZI
JPC

may be ex-
tracted from either thev2r-like mass difference or thev
2f-like mixing angle and compared directly with th
quenched lattice amplitudes since the latter may be const
as correctly representing OZI violation in the quenched

proximation in lowest order perturbation theory inAOZI
JPC

.

If AOZI
JPC

is strong, as in the pseudoscalar channel, the s
ation is more complicated. In such circumstances two n
effects come into play: the masses ofv- and f-like states
can be shifted strongly, so that their mixing angle may not
determined by their unperturbed mass difference, and tr
ing the mixed propagator fromqq̄→q8q̄8 in lowest order in

AOZI
JPC

may not be valid. The former effect is straightforwar
but the latter can be complex. For example, a higher or

treatment of AOZI
JPC

appears to be inconsistent with th
quenched approximation, as shown in Fig. 5. However,
process depicted in Fig. 5 is one of a series of processes
internal quark loops that arise from repeated iteration of
quenched amplitude. Their effect and that of the diago
mass shifts is to create a propagatormatrix with entries cor-
responding to the quenched approximation; when diago
ized perturbatively this matrix gives the masses and mix
angles for weak OZI violation, but for strong OZI violation

e
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ORIGIN OF THE OKUBO-ZWEIG-IIZUKA RULE IN QCD PHYSICAL REVIEW D64 094507
may be diagonalized exactly, thereby summing the serie

sequential applications ofAOZI
JPC

. Another closely related pos

sible complication is that a largeAOZI
JPC

can create strong mix
ing with the glueball sector, requiring that the propaga
matrix be enlarged yet further.

For the pseudoscalar mesons, the preceeding discussi
the effects of a largeAOZI are particularly significant. In the

chiral limit with AOZI
021

50, the UA(1) meson—theh8—is
also massless. As a result, the quenched OZI-violating

plitude of Fig. 3 will give AOZI
021

sandwiched between tw
massless propagators, i.e., it will give anh8 propagator that
looks nothing like that of a massive,SU(3)-flavor-mixedh8.
In this case, to evenqualitativelyrelate the quenched ampl

tudes to nature one must extractAOZI
021

from them and add
these amplitudes to the propagatormatrix @the brokenSU(3)
analog of Eq.~1!# which one diagonalizes exactly. The r
sulting full propagator will have a massiv
SU(3)-flavor-mixedh8 which sums the single particle e

fects ofAOZI
021

to all orders. Further numerical support for th
interpretation of the quenched pseudoscalar double ha
comes from the shape of the double-hairpin propagator
function of Euclidean time. As discussed below~see also
Ref. @22#!, this time dependence can be fit very well to t
functional form (11mpt)exp(2mpt) expected from a mas
insertion vertex surrounded by two propagators of massmp .

B. Methods

The ability to study the double-hairpin diagrams releva
to the OZI rule has been greatly improved by two rec
developments in lattice QCD methodology. The glob

FIG. 5. A contribution to OZI-violating meson mixing which i
superficially inconsistent with the quenched approximation.
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source technique~which we refer to as the ‘‘allsource’
method! was introduced several years ago for the purpose
studying theh8 mass and theUA(1) anomaly@21#. In this
method, the quark propagator is calculated from a sum
identical unit color-spin sources located at all space-ti
points on the lattice. If this allsource propagator is contrac
over color indices at agivensite, the result is a gauge invar
ant term corresponding to a closed quark loop originat
from that site, plus a very large number of gauge-depend
open loops. The latter terms tend to cancel due to their r
dom phases, allowing a determination of closed loop av
ages and loop-loop correlators~double hairpins!. The other
recently developed technique which has greatly improved
accuracy of the results for both double-hairpin calculatio
and for other chiral studies with Wilson-Dirac fermions is t
modified quenched approximation~MQA! @22#, which pro-
vides a practical resolution of the exceptional configurat
problem that has long plagued such calculations. T
method identifies the source of the exceptional configura
problem as the presence, in some gauge configurations
exactly real eigenmodes which are displaced into the ph
cal mass region by the artificial chiral symmetry breaki
associated with the lattice Wilson-Dirac operator. By syste
atically identifying these real eigenmodes and calculat
their contribution to the quark propagators, the correspo
ing propagator poles can be extracted and moved to z
quark mass~where they belong!. This MQA procedure has
been applied to both the allsource propagators for dou
hairpin calculations as well as to valence quark propagat
The resulting MQA-improved propagators have recen
been used in an extensive study of quenched chiral logs
their relation to theh8 mass and theUA(1) anomaly@24#. As
a part of this study, the size and time dependence of
pseudoscalarh8 double-hairpin diagram was calculated, u
ing the allsource method. Since the pole-shifting proced
has already been applied to the quark propagators, it requ
very little additional effort to investigate the vector, axia
vector, and scalar double-hairpins which determine the s
parity pattern of OZI mixing. The results we present here
from a set of 300 quenched gauge configurations on
123324 lattice atb55.7. In the study of Refs.@22,24#, both
naive Wilson and clover improved quark actions were st
ied. It was found that, atb55.7 with the Wilson action,
substantial lattice spacing effects suppressed the pse
scalar double hairpin, giving a smaller than expected va
of AOZI

021
5(0.27 GeV)2 for the double-hairpin contribution

to theh8 mass versus the value (0.49 GeV)2 extracted from
weak-SU(3)-breaking mass formulas@14#. A much more
satisfactory result is obtained from the clover improv
quark action. With a clover coefficientCsw51.57, the pseu-
doscalar double hairpin givesAOZI

021
5(0.41 GeV)2. For the

calculation of OZI-violating amplitudes, we will therefor
use the clover improved quark action only; we also use
physical charmonium 1S-1P splitting to set the scale (a21

51.18 GeV) for b55.7 when we quote lattice results i
physical units@25#.

C. Results

Using the method described in the previous section,
have calculated the double-hairpin contribution to matrix
ements of the form
7-5
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FIG. 6. The pseudoscalar double-hairpin co
relator fork5.1427. Note that this amplitude ha
an overall negative sign, corresponding to a po
tive pseudoscalar mass shift. The fit shown is
1-state fit of the form Eq.~6!.
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^q̄8~y!G iq8~y!q̄~x!G iq~x!& ~3!

with Hermitian operators generated by the choicesG i5 ig5
~pseudoscalar!, G i5gm, m51,2,3 ~vector!, G i5gmg5 , m
51,2,3 ~axial vector!, andG i51 ~scalar! ~the antisymmetric
tensor smn does not explore new states: it also has ax
vector quantum numbers!. As in standard hadron spectro
copy, we Fourier transform the space-time propagator o
3-dimensional time slices at zero 3-momentum and study
time dependence. A particular advantage of the allsou
method is that the Fourier transforms can be performed o
both ends of the meson propagator, unlike the usual case
fixed local source where only one end can be transform
This provides an improvement in statistics which is qu
important for the success of the method. For the sc
double-hairpin matrix element, the expectation value o
single scalar loop is nonzero, and so a constant proporti
to ^0uq̄qu0&2 must be subtracted from the above matrix e
ment to get the true correlator.
09450
l

er
ts
e

er
f a
d.

ar
a
al
-

Even without any detailed analysis, the overall empiric
OZI pattern of Table I is strikingly confirmed by the lattic
results. This is easily seen from the size of the vario
double-hairpin correlators. In Figs. 6–9, we have plotted
double-hairpin correlators for the pseudoscalar, vector, a
vector, and scalar sources. All plots have the same scale
comparison. The calculations have been done for seven
ferent choices of quark mass. The data shown in the figu
are from one of the lightest quark masses (k5.1427), for
which the pion mass is about 300 MeV (mpa50.266
60.004). The results quoted in Table II are chirally extrap
lated to the physical pion mass. By far the largest a
longest-range correlator is the pseudoscalar correlator of
6. This is expected for two reasons: the anomaly introduce
large double-hairpin vertex responsible for the largeh8
mass, and, as explained above, in the quenched approx
tion the externalq̄q meson propagators on either side of t
double-hairpin vertex are light Goldstone bosons. The res
for the pseudoscalar case have been studied in detail in
@24#.
r
FIG. 7. The vector double-hairpin correlato
for k5.1427.
7-6
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FIG. 8. The axial vector double-hairpin cor
relator fork5.1427.
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Compared to the very strong pseudoscalar double hair
the vector and axial vector double hairpins of Figs. 7 an
are dramatically suppressed, consistent with the empir
observations described in Sec. I. Since quenched lattice Q
gives reasonable values for the three-point functions ass
ated with the meson virtual loop processes depicted in Fig
these results provide not only a first derivation of the O
rule from QCD, but also a dramatic example of the evas
in QCD of the ‘‘second order paradox’’ described in Sec
and a confirmation of the fact that in a complete calculat
a conspiracy of the type described in Sec. II must occur.@Of
course the results reported here include not only the me
loop contributions but also the other time orderings of
double-hairpin graphs of Fig. 2~b!.# We in fact see no signifi-
cant signals in the vector and axial vector channels and
report in Table II only one standard deviation upper boun

As described in Sec. II and illustrated in Fig. 4, if th
conspiratorial cancellation among meson loops is associ

with 3P0 pair creation, one would expectAOZI
011

to be very
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large. Figure 9 shows this behavior: after taking into acco
the heavier mass of the scalar meson~about 1.25 in lattice
units @26#!, we find that the scalar OZI amplitude is comp
rable in size to the pseudoscalar amplitude but of the op
site sign~see Table II!. A full amplitudeAOZI in general has
glueball, instantaneous, and loop contributions, and in
given amplitude, any or all of these components might
important.~Recall, for example, that while the loop contr

bution toAOZI
021

is believed to be small@20#, the full AOZI
021

is

large.! That the measuredAOZI
011

is actually consistent in sign
and magnitude with the hadronic loop contribution predic
by the quark model has interesting implications which

will discuss below. A large and negativeAOZI
011

has been pre-
viously reported in Ref.@27#.

To obtain the quantitative results for the OZI mixing am
plitudes quoted in Table II, we carried out an analysis sim
to that used to obtain theh8 mass from the pseudoscala
double hairpin@22,24#. For that case, the time dependence
r
a

FIG. 9. The scalar double-hairpin correlato
for k5.1427. The solid and dashed curves are
1-state fit and a 2-state fit, respectively.
7-7
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NATHAN ISGUR AND H. B. THACKER PHYSICAL REVIEW D64 094507
the pseudoscalar double-hairpin correlator correspondin
Fig. 2~b! was found to be quite well described by a ‘‘doubl
pole’’ form consisting of ap2-independent double-hairpi
insertion between a pair of meson propagators~see also Ref.
@14#!. Thus we assume that

D̃dh
i ~p!52 f i

1

p21mi
2

AOZI
i 1

p21mi
2

f i , ~4!

where f i is the vacuum-to-one-particle matrix element

f i5^0uq̄G iquMi~p!&, ~5!

mi is the meson with the quantum numbers 021, 122, 111,
and 011 of the four operatorsq̄G iq defined at the beginning
of this section, andAOZI is the (mass)2 version of theAOZI

defined previously@14# ~called m0
2 in Refs. @22,24#!. This

gives a time-dependent double-hairpin correlator at z
3-momentum of the form

Ddh~p50;t !52
f i

2AOZI
i

4mi
3 ~11mit !e

2mit1@ t→~Na2t !#

~6!

to be compared to the usual valence quark~e.g., isovector!
correlator corresponding to Fig. 2~a!

TABLE II. Quenched lattice OZI-violating amplitudes.

Nonet AOZI
JPC

(MeV)2 AOZI
JPC

(MeV)a

021 1(407611)2 .1290
122 ,(220)2 ,30
111 ,(380)2 ,60
011 2(13506906320)2 .2520

aFor the conversion fromAOZI
JPC

extracted from the lattice via Eq.~6!

to AOZI
JPC

for comparison to the amplitudes quoted in Table I based
mass matrices, see Ref.@14#. For the 011 state, the first error
shown in column 2 is statistical only. The second is the error as
ciated with excited state contamination. See discussion at the e
Sec. III.
0945
to
-

ro

D̃v~p!5 f i

1

p21mi
2

f i ~7!

which gives

Dv~p50;t !5
f i

2

2mi
e2mit1@ t→~Na2t !#. ~8!

@The relative sign of Eqs.~6! and ~8! is tricky; with our
convention a positiveAOZI makes a positive contribution t
the (mass)2 of a state.#

As described qualitatively above, for each channeli we
independently determinedmi and f i from a fit of Eq.~8! to
the isovector~connected! correlator corresponding to Fig
2~a!. The resultingmi and f i are consistent at the level ex
pected for a quenched calculation with what is known
perimentally aboutmp , mr , ma1

, and ma0
, and aboutf p ,

f r , and f a1
@26#. With these parameters determined, Eq.~6!

allows a one parameter (AOZI
i ) fit to the data of Figs. 6–9

These results, along with similar results for the otherk val-
ues, give the chirally extrapolated results shown in Table
The second error quoted on the 011 amplitude is the esti-
mated systematic error associated with excited state co
butions to the correlator, as discussed at the end of this
tion.

The estimates of ground state parameters in Table II
subject to several standard sources of systematic error. T
include finite volume and finite lattice-spacing effects,
fects of quenching, and uncertainties due to excited-state
son contributions to the hairpin correlators. Investigation
finite volume and lattice spacing errors will require mo
extensive Monte Carlo calculations on different size lattic
Experience with other hadronic calculations at these lat
parameters suggests that finite volume errors should
,10%.~The spatial length of the lattice is approximately 2
fm.! Lattice spacing errors are potentially more serious,
would expect them to be at the,20% level based on othe
meson masses and decay constants at this value ofb. Some
caution may be warranted, however, as more serious sca
violations of up to 50% arise in the glueball sector. We
not expect lattice spacing effects to alter the essential c
clusions of our study, but it is clearly important to repe
these calculations at larger values ofb. Within the context of

n

o-
of
ns 2
valence
TABLE III. Fits to the scalar hairpin correlator with and without excited state terms included. Colum
through 4 are the parameters of a 2-state fit with masses held fixed at values determined from
propagator fits as discussed in the text. Columns 5 and 6 give the coefficient andx2/dof for a single-state fit.

k A011(2 state) A011* (2 state) x2/do f A011(1 state) x2/do f

.1410 1.25~47! 2.71(69) 1.4/4 .85~13! 2.4/5

.1415 1.37~44! 2.82(61) 1.9/4 .93~12! 3.6/5

.1420 1.51~47! 2.87(62) 0.8/4 .98~12! 2.8/5

.1423 1.68~52! 2.97(64) 0.6/4 1.02~13! 2.8/5

.1425 1.96~57! 21.15(69) 1.9/4 1.17~14! 4.6/5

.1427 2.43~67! 21.52(79) 1.6/4 1.30~17! 5.3/5

.1428 2.11~53! 21.47(62) 1.9/4 1.28~17! 7.6/5
07-8
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ORIGIN OF THE OKUBO-ZWEIG-IIZUKA RULE IN QCD PHYSICAL REVIEW D64 094507
the quenched approximation, perhaps the largest of the
tematic errors associated with ourAOZI

i determination may
be the assumption that each channel is dominated by a s
lowest state@14#.

Undoubtedly as better statistics and finer lattices beco
available, one will be able to perform multichannel fi
which will eliminate excited-state contributions in ea
channel. Some indication of the level of excited state c
tamination can be obtained from effective mass plots of
valence~connected! propagators in each spin-parity chann
In Figs. 10–13, we show the effective mass plots for sca
pseudoscalar, vector, and axial-vector channels, respecti
In each plot, the upper points represent the effective m
using local sources, while the lower points are the effect
mass using exponentially smeared sources in Coulo
gauge, with a smearing function}exp@20.5t# in lattice
units.

To obtain some estimate of the error due to excited st
in the scalar double-hairpin amplitude, we have utilized
results of a recent study of the scalar valence~isovector!
correlator@23#. By studying local and smeared correlators
was estimated that, for the heaviest quark masses stu
here (k5.1410), the ground state and excited state sc
mesons have masses

ma0
51.25~2!, ma

0*
51.9~1! ~9!

in lattice units. With these masses fixed, we can perfo
correlated fits to a formula which includes both ground-st

FIG. 10. Effective mass plot for the scalar valence propaga

FIG. 11. Effective mass plot for the pseudoscalar valence pro
gator.
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and excited-state terms of the form~6!. ~Note: It is essential
for the stability of the hairpin fits to use the additional info
mation from the valence propagator analysis to fix t
masses.! The dependence ofma0

andma
0*

on quark mass was

found in Ref.@23# to be fairly mild, changing by less tha
10% over the entire range of quark masses studied. We h
neglected this dependence and used the estimate~9! for the
hairpin correlator fits at all mass values. The results for
seven quark masses studied are shown in Table III. The
ond and third columns give the coefficients of the groun
state and excited-state terms~in lattice units! for a 2-state fit
over timeslices 1 through 6. The correlatedx2/do f is shown
in column 3. We also give in Table III the scalar hairp
coefficient andx2/do f extracted from a 1-state fit includin
only the ground state is shown in the last two columns.
see that in general the excited state coefficient is nega
and the inclusion of excited states increases somewhat
estimate of the ground-state coefficient, while enlarging
error by more than a factor of 3. This provides us with
estimate of the systematic error associated with exc
states, which is included as the second error on the chir
extrapolated 011 OZI amplitude in Table II. The centra
value quoted for the 011 amplitude in Table II is obtained
from the 1-state fits in Table III, with the excited state err
estimated from the 2-state fit.~The relevant fits for

k5.1427 areshown in Fig. 9.! The conclusion thatAOZI
011

is
large is even stronger if the central value is extracted fr

.

a-

FIG. 12. Effective mass plot for the vector valence propaga

FIG. 13. Effective mass plot for the axial-vector valence prop
gator.
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NATHAN ISGUR AND H. B. THACKER PHYSICAL REVIEW D64 094507
the 2-state fit. To compare results to nature, one will a
have to go beyond the quenched approximation which ex
rience suggests can only be expected to be accurate a
20% level. However, as noted earlier, quenched informa
can be used to examine the viability of models, since th
can typically make predictions for quenched observab
and this is probably the most important immediate use of
results. We will elaborate on this remark in the next tw
sections.

IV. CONCLUSIONS

The most straightforward conclusions of this work a
that QCD can explain the OZI rule in channels where it
observed and that, although the quantitative estimate

AOZI
011

has large systmatic uncertainties, it is reasonable
conclude that it is large and negative@27#. This is consistent
with the quark model’s explanation of the dynamical su
pression of the typical scale of hadron-loop-induced O
violation below 1/Nc expectations, and in so doing provide
further evidence for the standard3P0 pair creation ampli-
tude, since this is the critical feature which produces t
result.

While the precise consequences are unclear, the imp

tions for phenomenology are serious. WithAOZI
011

large, the
lightest scalar meson nonet~the 1P states! will be close to
the SU(3) limit. We may therefore expect an octet of sca
mesons in the 1400 MeV range with the other 1P states
while the nearly singlet scalar state will be substantia
lower in mass. Thus the usual assumption of phenomenol
cal analyses that this region will contain the unmixed no
of 1P states and the scalar glueball is incorrect. For exam
this region might well contain the isoscalar state of theP

nonet. In addition, sinceAOZI
011

is comparable to the 1P-2P
splitting, there is no reason to assume that either the 1P or
2P singlet’s properties can be related by nonet symmetry
those of its octet. The net effect is that the definitive extr
tion of the glueball state from the scalar meson spectr
may be quite difficult.

Given the importance of this task, it is certainly wort
while to study the scalar mesons more carefully in the li
of this result @28#. On the lattice it might be possible t
obtain the matrix of OZI-violating amplitudes connecting t
v-like andf-like 1P and 2P states; in models the low-lying
scalar meson spectrum can be studied, including the eff
of a strong annihilation channel.

Perhaps most critical is to use quenched lattice calc
tions of the mixed propagators from quarkonia to glueba
@28# to help resolve the scalar meson OZI violation repor
here into the contributions ofqq̄8q8q̄ intermediate states
purely gluonic intermediate states associated with ‘‘tr
double-hairpin’’ graphs, and instantaneous contributions.
timately, quenched lattice calculations of three-point fun
tions could directly check the predicted negative loop con

butions toAOZI
011

by measuring the vertex functions which a
the ‘‘raw ingredients’’ of the quark model calculation. In pa
ticular, in other than the 011 channel, one should see th
required magnitudes andopposite signsof the virtualP-wave
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decays to twol 50 mesons and theS-wave decays to onel
51 and onel 50 meson required to build up the near ca
cellation that is at the heart of the quark model mechani
In contrast, for 011 mesons these channels should have
same sign.

V. DISCUSSION

The results described here clearly have serious impl
tions for the spectroscopy of 011 states, and define the serie
of investigations described above required to clarify t

physics behindAOZI
011

. Such investigations are not only im
portant for their impact on phenomenology, however. Th
are also important because they address other more fu
mental questions raised long ago by Witten@11#, on the ap-
parent conflict between the instanton solution of theh8 mass
@i.e., UA(1)# problem and the largeNc limit. The quark

model mechanism for the loop contributions toAOZI
011

is
based on largeNc . While our discussion of the3P0 model
has focused on its prescription for the quantum numbers
the createdqq̄ pair, it is also an essential ingredient of th
model that this pair creates (qq̄8)1(q8q̄) and not (qq̄)
1(q8q̄8) mesons, i.e., that it respects the OZI rule at tr
level. The physical picture behind this feature of the mode
that pair creation~at order 1/Nc) occurs by the breaking o
the color flux tube connectingq and q̄. More generally, as
mentioned above, this limit provides the only known fiel
theoretic basis for the success of not only the valence qu
model, but also of Regge phenomenology, the narrow re
nance approximation, and many of the systematics of h
ronic spectra and matrix elements@13,29–31#. In contrast, it
is widely believed that theUA(1) problem is solved through
instanton contributions to the axial anomaly. However,
emphasized by Witten, instantons vanish likee2Nc and so do
not appear in the largeNc expansion. ‘‘Insofar as@instantons
play# a significant role in the strong interactions, the largeNc
expansion must be bad. It is necessary to choose betwee
two.’’ @32# Note that these arguments draw an important d
tinction between semiclassically calculated instanton effe
which vanish likee2Nc, and more general topological gaug
fluctuations, whichcancontribute at order 1/Nc to mh8 . The
real issue is not whether there are large fluctuations ofFF̃ in
the QCD vacuum, but whether these fluctuations arise
local semiclassical lumps with quantized winding numb
or simply as a result of the generically large gauge fluct
tions of a confining vacuum.

To place this conflict in context, recall Eqs.~1! and ~2!.
From Sec. III it is apparent that the amplitude for any ofNf

masslessqq̄ pairs to annihilate to any other pair is the sam
i.e., thatDT does indeed have the form of theNf52 matrix
shown in Eq.~2!. As explained earlier, this is consistent wi
the ’t Hooft instanton interaction since the ‘‘scattering’’ am
plitude S in Eq. ~1! contains a contribution2A from instan-
tons. Thus to leading order inA the decomposition of Eqs
~1! and ~2! is general and the analyses of OZI violation
Refs.@3–5#— including that in the pseudoscalar sector—a
valid. It follows that from a purely phenomenological pe
7-10
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ORIGIN OF THE OKUBO-ZWEIG-IIZUKA RULE IN QCD PHYSICAL REVIEW D64 094507
spective it is irrelevant whether or not there is an instan
contribution to hadronic physics: a phenomenology w

AOZI
021

Þ0 is ‘‘legal’’ in any case, since the anomaly allows
resolution of theUA(1) problem with @9,10# or without
@11,12# instantons. What remains unclear is the physics
hind the annihilation amplitudes. Since a lattice simulat
sums over all paths, it contains the instantons as tunne
events between classical vacua, but the Feynman diagram
QCD, which represent the quantum corrections around th
vacua, are incapable of representing instanton physics. T
if instantons are important in QCD, Feynman diagra
would have to be supplemented by effective interactions~the
’t Hooft interaction!. As noted by Witten@11#, the foremost
victim of the failure of Feynman diagrams implied if insta
tons are important would be the largeNc expansion, since it
assumes that all-orders properties of the QCD Feynman
grammatic expansion are properties of QCD.

We have demonstrated the feasibility of obtaining a latt
determination of the scalar OZI amplitude, adding one m
item to a growing and closely linked set of issues where
physics of instantons and the physics of largeNc confront
each other. Assuming that confinement and the Nam
Goldstone mechanism@8# are properties of the all-order
Feynman diagrammatic expansion of QCD, the largeNc ex-
pansion provides a consistent framework embracing
strong interaction phenomena. Among these phenomena
the hadron spectrum for all flavors of hadrons~including the
1/Nc-suppressed hadronic widths which seem to be critica

AOZI
011

), the OZI rule~now includingAOZI
011

), and theqq̄ con-
densate. As Witten argued long ago@11#, given theUA(1)
anomaly and confinement, the largeNc limit is also capable
of explaining theh8 mass at order 1/Nc without instantons.

While its limited range of applicability makes it some
what less attractive for phenomenology~instantons offer a
competing explanation only for the properties of the light
SU(3) f hadrons!,the instanton picture@33# has received
strong support from recent lattice results@34#. Measurements
of the topological charge@11# of ‘‘cooled’’ gauge configura-
tions show that in such circumstances this charge is qu
tized and localized as expected for instantons. Moreover,
near-zero modes of the Dirac operator associated with
solution of theUA(1) problem and theqq̄ condensate are
also localized and in ‘‘cooled’’ configurations can be asso
ated with these same instantons. The lattice results on t
and other hadronic properties are consistent with the ins
ton liquid model@33#.

Since, as argued by Witten, confinement can replace
stantons as the source of theUA(1) anomaly and since con
finement can also produce a space-time localization of
origin of theh8 mass and of theqq̄ condensate, in our view
the true origin of these effects remains unsettled. Furt
in

-
el
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investigation of the type initiated in this paper may help

resolve this situation since forAOZI
011

the two competing pic-
tures lead to mechanisms that are very distinct. Flux-tu
breaking pair creation, a prototypical largeNc phenomenon,
led to the prediction that the hadron loop contribution

AOZI
011

is large and negative as found here. Moreover,
stated in the beginning of this paper, quark models, with th
confined constituent quarks, naturally generate a large p

tive AOZI
021

@35#. In this case the loop contribution should b
typically small@20#, and the large positive quark model am
plitude is associated with an instantaneous interaction.
stantons, through the instantaneous ’t Hooft interacti
would lead to a superficially similar pattern of OZI violation

a large positiveAOZI
021

and a large negativeAOZI
011

. However,

the origins of the large negativeAOZI
011

are very different in

the two cases: the instantonAOZI
011

is associated with an in
stantaneous contribution while the quark model result ar
from the contributions of two-meson intermediate states.

While the numerical coincidence of theAOZI
11 calculated

here on the lattice and theAOZI
11 calculated in the quark

model from meson loop diagrams might suggest that the
stanton contribution to this amplitude is small, both calcu
tions are too primitive to support such an important conc
sion. Further studies of lattice spacing errors, finite volu
effects, and excited state errors will be required to have c
fidence in the quantitative results.

Even having done such a calculation to satisfy ones
that an accurate value ofAOZI

11 has been measured, to app
the result to the instanton–large-Nc controversy will require
carrying out some of the additional work described in S
IV. In particular, to go beyond the circumstantial eviden
provided by the quark model thatAOZI

11 arises from meson
loops, it will be necessary to use the techniques descri
there ~or related ones! to break the lattice amplitude dow
into its component parts, thereby allowing one to see if
lattice result is indeed dominated by meson loop diagra
We believe that through such studies, the conflict betw
largeNc and instanton physics can be resolved.
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