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The Okubo-Zweig-lizukaOZI) rule is prominent in hadronic phenomena only because OZI violation is
typically an order of magnitude smaller than expected from latgarguments. With its standartP, 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 OZlI-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
0** 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 betweé dhgair creation model, scalar
mesons, and thel (1) anomaly responsible for the large OZI violation which drives #tiemass.
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I. BACKGROUND The dynamics behind the suppression of hairpin graphs in
QCD has remained unexplained. Tiieenomenologpf me-
The phenomena which led to the formulation of theson mixing angles in QCD-based quark models was de-
Okubo-Zweig-lizuka(OZl) rule [1,2] have had a definitive scribed in the mid-1970s in a number of papgss-5]. In
impact on our understanding of strong interactions. The facsuch models, processes with the quark line topology of the
that “aces”(i.e., quarks led to a simple interpretation of the double-hairpin graphs of Fig.(®) (but with arbitrary time
properties of thep meson was clearly a very important clue orderingg modify the quark-antiquark transition amplitudes
for Zweig[1] since it was natural for the to be puressand  from the totally flavor diagonal form associated with the
for certaing production cross sections to be small so long as Scattering” quark line topology of Fig. @), namely,
“hairpin graphs” were dynamically suppressésee Fig. 1 s
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FIG. 2. Quark line diagrams associated with the OZI rule in
meson nonetsa) a normal OZI-conserving quark-antiquark “scat-
tering” process{b) a typical double-hairpin “annihilation” process

leading to flavor mixing in meson wave functions. Since the OZI-
FIG. 1. Atypical hairpin reaction, where the two lines—ellipsis— violating reactions of Fig. 1 could occur through OZl-allowed me-
two lines on the left denote an arbitrary OZI-allowed process and aRon emission followed by flavor mixing, these processes are the
ss hairpin is shown for concreteness. Note that gluonic fields andsimplest manifestations of OZI violation. Note that gluonic fields
closedqq loops are not represented since the external quark lin@nd closedqq loops are not represented since the external quark
topology is all that is relevant to the rule. line topology is all that is relevant to the rule.
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S 0 0 O TABLE I. OZlI-violating amplitudes in meson nonets. These am-
0S 0 0 plitudes are defined to be the contribution of the—dd double
T= (1) hairpin to the nonet mass matrix.
0 0SSO
00 0 S Nonet JIircnplrlcal .Qu.ark moJcieCI loop
Apz (MeV) contribution toAy,, (MeV) &
[for illustrative purposes we have suppressed all space-timg- + + 400+ 200P o
labels and specialized to the caseSdfi(2) flavor where the |- - L1741 oug
mat_ri>§ spans the pasisd, du, uu, dd] by the addition of the o+~ _99+3 +6+14
annihilation amplitudeg\: 1+t +11+15 +12+12
(O see text — 450+ 200°
0000 17" —32+12 —15+7
0O 0 0 O 377 —12+4 +4=x7
AT= 2 g+ +6+18 +16+7
0O 0 A A - -
0 0 A A &The quoted “theoretical error” assigned here is the range quoted in

Ref. [17] for meson loop processes from reasonable parameter

Using this frameworK6], it was noted that the OZI mixing Vvariations.
amplitudeA characterizing Fig. @) was of order 10 MeV in  "See Ref[14].
the established meson nonets, with the sole exception of the
ground state pseudoscalar meson nonet, whdsean order The largeN, expansion is the only known field-theoretic
of magnitude larger. These observations were consistent withasis for the general success of the valence quark model,
the pattern one would expect for heavy quarkonia where th?{egge phenomenology, the observed narrowness of reso-
ground state pseudoscalar double hairpin is larger than theances. and the OZI rule. In particular, the OZl-violating
vector double hairpin by one factor of(/m)*, and orbit-  meson mixing amplitudes of Fig() are all of order I .
ally excited state double hairpins are suppressed by havingonically, such a suppression of these amplitudes seems per-
vanishing wave functions at=0. However, an explanation fectly consistent with the effects in the pseudoscalar mesons,
for this pattern in light quark systems was lacking. but not strong enough to account for the extremely small
The large size of the ground state pseudoscalar doublgmplitudes seen in other nonets. See the second column of
hairpin is a manifestation of theU,(1) problem”[7]: the  Taple |I.
equations of motion of QCD, taken naively, would imply that  The unexpected suppression of most OZI-violating ampli-
spontaneous chiral symmetry breaking leadsiteeand not  t,des beyond a simple factor ofN/ is elevated from a
just eight Goldstone bosoifig], but the large mass of th®'  dynamical puzzle to a paradox when the various time order-
seems to disqualify it from the role of the flavor singlet ings of Fig. 2b) are projected into a hadronic basis. In such
Goldstone boson. However, the, (1) current is anomalous, g basis, flavor mixing could arise through an intermediate
and by the late 1970s it was understood through the study Qfjueball, through an instantaneous interaction, or via a had-
instantong9,10] that the anomaly leads to a nonconservationrgnic loop process in which Fig.(8) has the time ordering
of the U5(1) charge and thereby to the evasion of Gold-shown in Fig. 3. The paradox arises from the observation
stone’s theorem in the flavor singlet channel when chiraf15] that these OZl-violating hadronic loop processes can
symmetry is spontaneously broken. The connection betweeproceed by sequenti€zl-allowedvertices with known and
the quark model picture of double hairpins and instantonginsuppressed strengths. These hadronic loop diagrams may
was discussed by Wittef1], Veneziano[12], and others, pe associated with contributions to meson propagators aris-
who eXplOfed more generally the conflict between instantonﬁ]g from second orddn’eaj and Virtua)| decay processes, and
and the largeN. expansior{13]. as such are of order ({N.)?, as expected. This factor of
[The reader familiar with instanton lore may be puzzledy )\, is also perfectly consistent with the observation that the
by the connection between the annihilation amplitu.el%§, imaginary parts of these propagators give the
of Eqg. (2) in the pseudoscalar mesons and instanton-inducetl/N.-suppressed meson widths which are generally of order
effects in the pseudoscalar mesons. The latter effects are asF hundredsof MeV. Nevertheless, OZI phenomenology re-
sociated with the 't Hooft interactiofil0] which [in our il-  quires that the M -suppressedeal parts(from the full me-
lustrative SU(2) flavor casé leads touu—dd and dd ~ son spectrum and not just the kinematically allowed )paet

_.uu but not the diagonal entries in Eq2) for AT corre- an order of magnitude smaller. Explicit model calculations
. —  — = - substantiate the generic result that individual hadronic chan-
sponding touu—uu or dd—dd transitions. Recall, how-

2 —" nels of the type depicted in Fig. 3 would indeed contribute
ever, that the 't Hooft interaction also hasl—ud anddu  hundreds of MeV to OZI-violating meson mixing. Thus even
—du interactions, i.e., th&like amplitudes of Eq(1). Thus if the other possible sources of OZI violatiginom the other
the instanton-induced interactions also admit the decompostime orderingswere dynamically suppressed, these hadronic
tion of Egs.(1) and(2) with S=—A. We will elaborate upon loop diagrams would seem to spoil the OZI rule. This rule
this point below. requires thatAyz,<mg—my so that the nonet and not the
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s S (KKa)s, (KKa)p, (K*Kg)s, (K*Kg)p, (KKp)s,
(KKbl)Dv (K*Kbl)S! (K*Kbl)Dv (KK;)Di (K*Kz)Si
(K*_’Z‘)S, ... whereK and K* are the ground statel (

=0) pseudoscalar and vector mesons, &, Ka,» Kby,

andK3 are the first excited staté+ 1) strange mesons with
JP=0",1%,17, and 2" which would be associated with the
/—\ ag, a1, by, anda, octets in theSU(3) limit. (Note that the
ellipsis denotes more highly excited intermediate states, in-
cluding ones in whicheachleg of the intermediate state is
\/ excited, and that charge conjugate intermediate states are im-
AN plied) As expected on the basis of the previously described
arguments, a typical channel in this sum contributes of order
100 MeV to A}, . However, intermediate states with the
U sametotal orbital angular momenturbut opposite values of
R (—1)" tend to cancel. Thus, for example, the,€0]g
f/ =0)p channels with_;,;, =I5+ 1g+L=1 all have the same
sign, but they strongly cancel against thie€0Jg=1)g
+(I,=1,5=0)g channels.
The calculation is formidable. With standard quark model
' parameters the form factors are quite hard and complete con-
u U vergence is achieved only after summing of order 10 thou-
) sand channels, correspondingli@,=10. With reasonable
FIG. 3. Two sequential OZlI-allowed processes can lead 10 thg 5 iations of standard parameters the contribution of an in-
topology of Fig. 2b). dividual channel waxes and wanes, as does the speed of con-
vergence. Howevethe underlying mechanism of the cancel-

lation is simple and very robust: gy, is much smaller than

g% component pieces because of an approximate “spectator
plus closure limit: This limit is illustrated in Fig. 4, which
shows the standardP, operator withJP¢=0"" trying to
create and then annihilate quark-antiquark pairs Wity

Il. APROPOSED RESOLUTION =1"". If a single two meson intermediate state is inserted
into this diagram, it will project out pieces of this amplitude

A

SU(3) limit is realized. Thus it is a necessallyut not suf-
ficient) condition for the OZI rule that there be some con-
spiracy between hadronic loop processes which suppress
them below their expected N/ strength[16].

The authors of Ref[17] proposed a resolution of this } e 0
paradox. They examined the OZI-violating amplitudes,,  ©f order 1N. as expected, but if the origindinal) qq pair
: ) does not distort thad”C of the producedannihilated pair
in non-pseudoscalar channels from tbempletetower of et p ' pai
hadronic loop processes to determine if “miraculous” can-(the spectator approximatipa complete set of intermediate
cellations between the hundred-MeV-scale real parts of indiStates with a common energy denominatitre closure ap-
vidual channels could be responsible for the suppression dfroximation will give zgro:elmplltudeReferencéﬂ] §h9\{)/5
the sum over channels beyond a simple power dF.1/To that deviations from.thls spectator plus closure limit are
make such a calculation one must have a complete model f§laturally small, leading to the observed order of magnitude
meson trilinear vertices since; if such a conspiracy is to ocsuppression of the loop contribution4g,,, relative to 1N,
cur, it will have to be based on an underlying pattern ofexpectations. See Table I. The interested reader is referred to
coupling strengths and signs The nonrelativistic quark Ref.[17] for a detailed explanation of the resiliency of this
model is complete in this sense: using the standfglpair  limit. This quark model solution to the “second order para-
creation operator for hadronic decays by flux tube breakinglox” associated with the OZI rule also appears to justify the
[18] and valence quark model wave functions, all trilinearconspiracies between Regge trajectories required to explain
vertices and their associated form factors are prescribedhe suppression of cross sections requiring “exotic” ex-
Since the model is a nonrelativistic one, only the time orderchangege.g., those with isospin)319]. Since “exotic” ex-
ing of Fig. 3 with a two meson intermediate state can bechanges can occur by double Regge exchafaesiogous to
calculated in this way, but within this framework R¢L7]  the second order loop procesgamly a conspiracy between
shows that in general a “miraculous” cancellation betweenexchangeganalogous to the conspiracy between Igogen
channels does indeed occur. This cancellation occurs beive the observed suppression of such cross sections.
tween groups of intermediate meson states that might have While the order of magnitude suppression of the loop
been difficult to anticipate priori. Consider the prototypical  contribution oAy, is robust, the contribution of individual
case ofw— ¢ mixing wherew— (AB) — ¢ with L the AB  channels and the residue after the cancellations have oc-
relative angular momentum. The intermediate states contritcyrred is model sensitive, so a prediction for the actual value
uting to Fig. 3 are KK)p, (KK*)p, (K*K*)p, (K*Kj)s,  of this amplitude cannot be made. This is not a great loss,
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est glueball is expected to ha®“=0"* and a mass

1——
around 1.5 GeV. One can only say with confidence that the
++
experimental situation does not exclude thAgy, is large.
Fortunately, there is an alternative to checking this predic-
o+t

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

Ill. OZI ON THE LATTICE
/—\ A. OZI violation in the quenched approximation
Matrix elements of the type

VRN (OITLa' (y)T"q' (y)aC)T " q(x)]|0), wherel " carries

>\ K space-time indices that determine th&" of the propagator
being studied and’ # q, describe OZI violation in mesons.

In leading order in M., such processes can proceed
through diagrams of the type depicted in Figh)2(of which
\_/ Fig. 3 is the particular time-ordering relevant to the hadronic
o+t loop diagrams i.e., they receive leading contributions in the
quenched approximation in which internal quark-antiquark

loops are ignored(Of course theaccuracyof the quenched
approximation can be questioned, but this is irrelevant to the
main points of this paper, including checking a prediction of

the quark model in which internal quark loops are also ne-
glected)
L In the absence of OZI violation, the-like (1/\/5)(UU
1 +dE) and ¢-like ss sectors are segregated and each devel-
FIG. 4. A graphical representation of the “spectator plus closureOps its own tower of meson excited states of each allowed
limit": in this Iim_it the 0 ** pair creation operator cannot destroy or JPC_|f the OZl-violating amplitude&Aépzcl in that channel are
create a1 pair. small, then in leading order they simply shift the masses of

JPC . . .
however, since the accuracy of the model is very suspect: it%aCh state byvA,QCZ' and createw — ¢-like mixing with a
dynamics is nonrelativistic, and it has ignored fgraph ~ Mixing angle~Ag,/Am whereAm is the unperturbed mass
time orderings of Fig. 3. More significantly, any such ampli- difference between the- and ¢-like states being mixed. In
tude would need to be added to the unknown pure glue anguch circumstances the empirical valueAd,, may be ex-
instantaneous contributions to tlgg—q’q’ transition be- tracted from either thev— p-like mass difference or the

fore being compared to experiment. Thus the important con= ¢-like mixing angle and compared directly with the
clusion of Ref.[17] is the qualitative one that the “second quenched lattice amplitudes since the latter may be construed
order paradox” can be evaded. as correctly representing OZI violation in the quenched ap-

Reference[17] confirms thatAoz from meson 100p  proximation in lowest order perturbation theoryAd., .

diagrams is small in not only the vector mesons but in JPc . : :
all 9 other _well-established ynonets: those  withiPC If Agz, is strong, as in the pseudoscalar channel, the situ-

0T : tion is more complicated. In such circumstances two new
=2%%,1%+,1*~,37 ", and 4 *. The key, of course, is that & . . .
the nonetd”° must differ from that of th)é?Po pair creation effects Cﬁ.me into plally. thehmaisgsaxf and d"l'lke states
operator{ 20]. From this simple requirement follows a rather can be shifted strongly, so that their mixing angle may not be

L R determined by their unperturbed mass difference, and treat-
spectacular predictior©Z| violation should be very strong . i — = ]
in the scalar meson nonet ing the mixed propagator fromg—q'q’ in lowest order in

The scalar mesons, and especially the isoscalar scalar méépzﬁ may not be valid. The former effect is straightforward,
sons which would display the effects of OZI violation, have but the latter can be complex. For example, a higher order
been nOtOl’iOUSly difficult to understand eXperimenta”y. Overtreatment of AJOPZCI appears to be inconsistent with the
the last 30 years the mass of the lightest isoscalar scalgfyenched approximation, as shown in Fig. 5. However, the
meson quoted by the Particle Data Group has varied betwegiocess depicted in Fig. 5 is one of a series of processes with
400 and 1400 MeV, while the quoted width has varied be4nternal quark loops that arise from repeated iteration of the
tween and 100 and 1000 MeVWe have removed the quenched amplitude. Their effect and that of the diagonal
fo(980) from this compilation under the presumption that itmass shifts is to create a propagatuatrix with entries cor-
is a KK molecule, or this spread of values would be evenresponding to the quenched approximation; when diagonal-
wider) The experimental status of the scalar meson noneized perturbatively this matrix gives the masses and mixing
becomes even more obscure when one recalls that the lightngles for weak OZI violation, but for strong OZI violation it
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FIG. 5. A contribution to OZI-violating meson mixing which is
superficially inconsistent with the quenched approximation.

PHYSICAL REVIEW D64 094507

source techniqugwhich we refer to as the “allsource”
method was introduced several years ago for the purpose of
studying then’ mass and thé&J,(1) anomaly[21]. In this
method, the quark propagator is calculated from a sum of
identical unit color-spin sources located at all space-time
points on the lattice. If this allsource propagator is contracted
over color indices at givensite, the result is a gauge invari-
ant term corresponding to a closed quark loop originating
from that site, plus a very large number of gauge-dependent
open loops. The latter terms tend to cancel due to their ran-
dom phases, allowing a determination of closed loop aver-
ages and loop-loop correlatotdouble hairpins The other
recently developed technique which has greatly improved the
accuracy of the results for both double-hairpin calculations
and for other chiral studies with Wilson-Dirac fermions is the
modified quenched approximatidMQA) [22], which pro-
vides a practical resolution of the exceptional configuration
problem that has long plagued such calculations. This
method identifies the source of the exceptional configuration
problem as the presence, in some gauge configurations, of
exactly real eigenmodes which are displaced into the physi-
cal mass region by the artificial chiral symmetry breaking
associated with the lattice Wilson-Dirac operator. By system-
atically identifying these real eigenmodes and calculating
their contribution to the quark propagators, the correspond-
ing propagator poles can be extracted and moved to zero
quark masgwhere they belong This MQA procedure has
been applied to both the allsource propagators for double-

may be diagonalized exactly, thereby summing the series diairpin calculations as well as to valence quark propagators.

sequential applications wtoz, Another closely related pos-
PC
sible complication is that a largs),, can create strong mix-

The resultmg MQA-improved propagators have recently
been used in an extensive study of quenched chiral logs and
their relation to thep’ mass and th& (1) anomaly24]. As

ing with the glueball sector, requiring that the propagatora part of this study, the size and time dependence of the

matrix be enlarged yet further.
For the pseudoscalar mesons, the preceeding discussion
the effects of a Iargé\oz, are particularly significant. In the

chiral limit with AOZI 0, the Ux(1) meson—then'—
also massless. As a result, the guenched OZI- V|0Iat|ng am

plitude of Fig. 3 will give AOZI sandwiched between two
massless propagators, i.e., it will give gh propagator that
looks nothing like that of a massivBU(3)-flavor-mixeds'.

In this case, to evegualitativelyrelate the quenched ampli-

tudes to nature one must extreilc%z,+ from them and add
these amplitudes to the propagataatrix [the brokenSU(3)
analog of Eqg.(1)] which one diagonalizes exactly. The re-
sulting  full  propagator will have a massive
SU(3)-flavor-mixed »" which sums the single particle ef-

fects ofAOOZ,+ to all orders. Further numerical support for this
interpretation of the quenched pseudoscalar double hairpi
comes from the shape of the double-hairpin propagator as
function of Euclidean time. As discussed beldsee also
Ref. [22]), this time dependence can be fit very well to the
functional form (1+m_t)exp(—m.t) expected from a mass
insertion vertex surrounded by two propagators of nmass

B. Methods

pseudoscala’ double-hairpin diagram was calculated, us-
iofy the allsource method. Since the pole-shifting procedure
has already been applied to the quark propagators, it requires
very little additional effort to investigate the vector, axial-
vector, and scalar double-hairpins which determine the spin-
parity pattern of OZI mixing. The results we present here are
from a set of 300 quenched gauge configurations on a
122X 24 lattice atB=5.7. In the study of Ref§22,24], both
naive Wilson and clover improved quark actions were stud-
ied. It was found that, a3=5.7 with the Wilson action,
substantial lattice spacing effects suppressed the pseudo-
scalar doubIe hairpin, giving a smaller than expected value

of AOZI =(0.27 GeVY for the double-hairpin contribution
to the ' mass versus the value (0.49 Gé&\éxtracted from
weakSU(3)-breaking mass formulagl4]. A much more
satisfactory result is obtained from the clover improved
ﬂuark action. With a clover coefﬂuemsw—l 57, the pseu-

dpscalar double hairpin glVG‘SOZl (0.41 GeV¥. For the
calculation of OZl-violating amplitudes, we will therefore
use the clover improved quark action only; we also use the
physical charmonium $1P splitting to set the scalea( !
=1.18 GeV) forB=5.7 when we quote lattice results in
physical unitg25].

C. Results

The ability to study the double-hairpin diagrams relevant Using the method described in the previous section, we
to the OZI rule has been greatly improved by two recenthave calculated the double-hairpin contribution to matrix el-

developments in lattice QCD methodology. The global

ements of the form
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w
T
1

FIG. 6. The pseudoscalar double-hairpin cor-
relator fork=.1427. Note that this amplitude had
an overall negative sign, corresponding to a posi-
tive pseudoscalar mass shift. The fit shown is a
1-state fit of the form Eq(6).

pseudoscalar hairpin
N
T
1

1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7
time (lattice units)

o i\ [ Even without any detailed analysis, the overall empirical
(@A’ (ac)ra)) & OZI pattern of Table | is strikingly confirmed by the lattice

. . Ebs | results. This is easily seen from the size of the various
with Hermitian operators generated by the choitesiys  yoyple-hairpin correlators. In Figs. 6-9, we have plotted the

(pseudoscalgy I'=y#, u=1,2,3 (vecton, I"=y"ys, u  double-hairpin correlators for the pseudoscalar, vector, axial
=1,2,3 (axial vectoy, andI"' =1 (scalaj (the antisymmetric  vector, and scalar sources. All plots have the same scale for
tensoro#” does not explore new states: it also has axialcomparison. The calculations have been done for seven dif-
vector quantum numbersAs in standard hadron spectros- ferent choices of quark mass. The data shown in the figures
copy, we Fourier transform the space-time propagator ovesre from one of the lightest quark masses=(1427), for
3-dimensional time slices at zero 3-momentum and study itgvhich the pion mass is about 300 MeVin{a=0.266
time dependence. A particular advantage of the allsource-0.004). The results quoted in Table Il are chirally extrapo-
method is that the Fourier transforms can be performed ovdated to the physical pion mass. By far the largest and
both ends of the meson propagator, unlike the usual case oflangest-range correlator is the pseudoscalar correlator of Fig.
fixed local source where only one end can be transformedb. This is expected for two reasons: the anomaly introduces a
This provides an improvement in statistics which is quitelarge double-hairpin vertex responsible for the largé
important for the success of the method. For the scalamass, and, as explained above, in the quenched approxima-
double-hairpin matrix element, the expectation value of &jon the externatjq meson propagators on either side of the
single scalar loop is nonzero, and so a constant proportiongouple-hairpin vertex are light Goldstone bosons. The results
to (0|qqg|0)? must be subtracted from the above matrix ele-for the pseudoscalar case have been studied in detail in Ref.

ment to get the true correlator. [24].

5 T T T T T T T T

4} 4

3 .
g
§ FIG. 7. The vector double-hairpin correlator
820 l for k=.1427.

s b _

Y E3 E3 = E3 = I - E3

0 1 2 4 5 6 7

3
time (lattice units)
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5 T T T T T T T T

FIG. 8. The axial vector double-hairpin cor-
relator for k=.1427.

axial-vector hairpin

0 = - & - - * »

3 4
time (lattice units)

Compared to the very strong pseudoscalar double hairpifarge. Figure 9 shows this behavior: after taking into account
the vector and axial vector double hairpins of Figs. 7 and &he heavier mass of the scalar megabout 1.25 in lattice
are dramatically suppressed, consistent with the empiricainits[26]), we find that the scalar OZI amplitude is compa-
observations described in Sec. I. Since quenched lattice QCRible in size to the pseudoscalar amplitude but of the oppo-
gives reasonable values for the three-point functions assockijte sign(see Table . A full amplitude Ag, in general has
ated with the meson virtual loop processes depicted in Fig. ylueball, instantaneous, and loop contributions, and in a
these results provide not only a first derivation of the OZlgien amplitude, any or all of these components might be

rule from QCD, but also a dramatic example of the evasionmyortant. (Recall, for example, that while the loop contri-
in QCD of the “second order paradox” described in Sec. |

-+ -+

and a confirmation of the fact that in a complete calculationPUtion t0Ag2, is believed to be smaj0], the full Az s

a conspiracy of the type described in Sec. Il must od@f. large) That the measuredd, is actually consistent in sign

course the results reported here include not only the mesaand magnitude with the hadronic loop contribution predicted

loop contributions but also the other time orderings of theby the quark model has interesting implications which we

double-hairpin graphs of Fig(B).] We in fact see no signifi-  will discuss below. A large and negativ,, has been pre-

cant signals in the vector and axial vector channels and sgiously reported in Ref[27].

report in Table Il only one standard deviation upper bounds. To obtain the quantitative results for the OZI mixing am-
As described in Sec. Il and illustrated in Fig. 4, if the plitudes quoted in Table II, we carried out an analysis similar

conspiratorial cancellation among meson loops is associated that used to obtain the’ mass from the pseudoscalar

with 3Pg pair creation, one would expeé&‘c’,; to be very  double hairpirf22,24). For that case, the time dependence of

FIG. 9. The scalar double-hairpin correlator
2 . for k=.1427. The solid and dashed curves are a
1-state fit and a 2-state fit, respectively.

scalar hairpin

b+

N e+

time (lattice units)
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TABLE 1l. Quenched lattice OZI-violating amplitudes.

~ 1
A,(p)=fi—=f (7)
Nonet A7 (Mev)? A (Mev)® pZ+my
0+ +(407+11)? =+290 which gives
1~ <(220y <30
1+ <(380) <60 -
0+ — (1350+ 90+ 320 ~-520 Ay (p=0it)= 5 —e ™ +[t—(Na-t)]. ®

. JPc . .
For the conversion fromg, extracted from the lattice via E) [The relative sign of Eqs(6) and (8) is tricky; with our

to Aépzcl for comparison to the amplitudes quoted in Table | based on.qvention a positivé\,,, makes a positive contribution to
mass matrices, see Rdfl4]. For the 0'* state, the first error the (massz) of a state]
shown in column 2 is statistical only. The second is the error asso- As described qualitatively above, for each chaninele
ciated with excited state contamination. See discussion at the end %dependently determinenh, and f; from a fit of Eq.(8) to
Sec. il. the isovector(connectell correlator corresponding to Fig.
o . 2(a). The resultingm; and f; are consistent at the level ex-
the pseudoscalar double-hairpin correlator corresponding Bected for a quenched calculation with what is known ex-
Fig. 2(b) was found to be quite well described by a “double- perimentally aboum,,, m,, m, , andm,_, and aboutf .,

pole” form consisting of ap?-independent double-hairpin . .
insertion between a pair of meson propagatsee also Ref. f,, andfy, [26]. With these parameters determined, Eg).

[14]). Thus we assume that allows a one parameteA,,,) fit to the data of Figs. 6-9.
These results, along with similar results for the otkeral-

1 1 ues, give the chirally extrapolated results shown in Table IIl.

Al(p)=—1, 5 2AiOZI T (4)  The second error quoted on t.héJO amplitude is the esti-
p+m; p©+m; mated systematic error associated with excited state contri-
butions to the correlator, as discussed at the end of this sec-
wheref; is the vacuum-to-one-particle matrix element tion.

The estimates of ground state parameters in Table Il are
— i subject to several standard sources of systematic error. These
fi=(0lal"a[M'(p)), ©) include finite volume and finite lattice-spacing effects, ef-
. _ B o fects of quenching, and uncertainties due to excited-state me-
m' is the meson with the quantum numbers'g 177, » son contributions to the hairpin correlators. Investigation of
and 0" of the four operatorgI''q defined at the beginning finite volume and lattice spacing errors will require more
of this section, and\, is the (mass) version of theAg,,  extensive Monte Carlo calculations on different size lattices.
defined previoush[14] (called m3 in Refs.[22,24)). This  Experience with other hadronic calculations at these lattice
gives a time-dependent double-hairpin correlator at zergarameters suggests that finite volume errors should be
3-momentum of the form <10%.(The spatial length of the lattice is approximately 2.0
fm.) Lattice spacing errors are potentially more serious, We
f2A would expect them to be at the 20% level based on other
Agn(p=0:t)= — — 032' (1+mt)e M+[t—(Na—1)] meson masses and decay constants at this valge 8bme
i caution may be warranted, however, as more serious scaling
(6)  violations of up to 50% arise in the glueball sector. We do
not expect lattice spacing effects to alter the essential con-
to be compared to the usual valence qu@lg., isovector  clusions of our study, but it is clearly important to repeat
correlator corresponding to Fig(& these calculations at larger valuesfWithin the context of

1++

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

K Ao+ +(2 state) Ao (2 state) x3/dof Ag++(1 state) x?ldof
1410 1.2847) —.71(69) 1.4/4 863 2.4/5
1415 1.3744) — .82(61) 1.9/4 9a2) 3.6/5
1420 1.5147) — 87(62) 0.8/4 9812) 2.8/5
1423 1.6852) — .97(64) 0.6/4 1.023) 2.8/5
1425 1.9657) —1.15(69) 1.9/4 1.1Q24) 4.6/5
1427 2.4367) —1.52(79) 1.6/4 1.307) 5.3/5
.1428 2.1153) —1.47(62) 1.9/4 1.287) 7.6/5
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FIG. 10. Effective mass plot for the scalar valence propagator. FIG. 12. Effective mass plot for the vector valence propagator.

the quenched approximation, perhaps the largest of the sy
tematic errors associated with 0At,, determination may

be the assumption that each channel is dominated by a singlgation from the valence propagator analysis to fix the
lowest statd 14].

. . . masses.The dependence ofi, andm,» on quark mass was
Undoubtedly as better statistics and finer lattices becom 3 P %o a5 0N G

available, one will be able to perform multichannel fits found in Ref.[23] to be fairly mild, changing by less than
which will eliminate excited-state contributions in each 10% over the entire range of quark masses studied. We have

channel. Some indication of the level of excited state conl€glected this dependence and used the estit8ater the

tamination can be obtained from effective mass plots of thdairpin correlator fits at all mass values. The results for the
valence(connectedl propagators in each spin-parity channel. S€Ven quark masses studied are shown in Table 1ll. The sec-
In Figs. 10-13, we show the effective mass plots for scala©®"d and third columns give the coefficients of the ground-
pseudoscalar, vector, and axial-vector channels, respectivefjiate and excited-state terris lattice unitg for a 2-state fit

In each plot, the upper points represent the effective masaver timeslices 1 through 6. The correlatgtidof is shown
using local sources, while the lower points are the effectivd? column 3. we also give in Table Il the scalar hairpin
mass using exponentially smeared sources in Coulompoefficient andy“/dof extracted from a 1-state fit including

gauge, with a smearing functiomexg—0.5] in lattice only the ground state is shown in the last two columns. We
units. ’ see that in general the excited state coefficient is negative

To obtain some estimate of the error due to excited state%”d the inclusion of excited states increases somewhat the

&nd excited-state terms of the fori®). (Note: It is essential
or the stability of the hairpin fits to use the additional infor-

in the scalar double-hairpin amplitude, we have utilized the®S
results of a recent study of the scalar valeris®vectoy

timate of the ground-state coefficient, while enlarging the
error by more than a factor of 3. This provides us with an

correlator23]. By studying local and smeared correlators, it €Stimate of the systematic error associated with excited

mesons have masses
My, = 1.252),

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

Mer=1.91)

2

05

effective pseudoscalar mass (lattice units)

0

1 2 3 4
time

FIG. 11. Effective mass plot for the pseudoscalar valence propa-

gator.

9

effective axial-vector mass (lattice units)

gator.
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was estimated that, for the heaviest quark masses studi&{@tes, which is included as the second error on the chirally

here (c=.1410), the ground state and excited state scalafXrapolated 0" 0zl amplitude in Table Il. The central

value quoted for the 0 amplitude in Table Il is obtained
from the 1-state fits in Table IIl, with the excited state error
estimated from the 2-state fit(The relevant fits for

xk=.1427 areshown in Fig. 9. The conclusion thaélxoo;+ is
arge is even stronger if the central value is extracted from

1

2

3

5 6 7
time

FIG. 13. Effective mass plot for the axial-vector valence propa-
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the 2-state fit. To compare results to nature, one will als@jecays to twd =0 mesons and th&wave decays to onke
have to go beyond the quenched approximation which expe= 1 ang one =0 meson required to build up the near can-
rience suggests can only be expected to be accurate at tagjjation that is at the heart of the quark model mechanism.

20% level. However, as noted earlier, quenched information, contrast, for 0 * mesons these channels should have the
can be used to examine the viability of models, since theyame sign.

can typically make predictions for quenched observables,
and this is probably the most important immediate use of our

results. We will elaborate on this remark in the next two V. DISCUSSION
sections. The results described here clearly have serious implica-
tions for the spectroscopy of'0 states, and define the series
IV. CONCLUSIONS of investigations described above required to clarify the

. . . ott . . . .
The most straightforward conclusions of this work arePhysics behindAgz, . Such investigations are not only im-
that QCD can explain the OZI rule in channels where it isPortant for their impact on phenomenology, however. They
observed and that, although the quantitative estimate odre also important because they address other more funda-

AOO; has large systmatic uncertainties, it is reasonable ténental questions raised Ion_g ago by W't[?“l]’ on the ap-
conclude that it is large and negatij@7]. This is consistent parent conflict between the instanton sol_utpn of ffiemass
with the quark model's explanation of the dynamical sup—["e" Ua(1)] problem and the larg\; limit. The SHafk
pression of the typical scale of hadron-loop-induced OzImodel mechanism for the loop contributions &g, is
violation below 1N, expectations, and in so doing provides based on largé\l;. While our discussion of théP, model
further evidence for the standartP, pair creation ampli- has focused on its prescription for the quantum numbers of
tude, since this is the critical feature which produces thishe createdyq pair, it is also an essential ingredient of the

result._ _ ~ model that this pair createsq’)+(q'q) and not @q)
While the precise consequences are unc+I$ar, the |mpI|caj-L(q,q,) mesons, i.e., that it respects the OZI rule at tree
tions for phenomenology are serious. WA, large, the evel. The physical picture behind this feature of the model is
lightest scalar meson nonéhe 1P state$ will be close to  that pair creatior(at order 1N.) occurs by the breaking of
theSU(B) limit. We may therefore expect an octet of scalarihe color flux tube connecting and q. More generally, as
mesons in the 1400 MeV range with the otheP Btates antioned above, this limit provides the only known field-
while the nearly singlet scalar state will be substantiallyyegretic basis for the success of not only the valence quark
lower in mass. Thus the usual assumption of phenomenolog}hodeL but also of Regge phenomenology, the narrow reso-
cal analyses that this region will contain the unmixed nonet,ance approximation, and many of the systematics of had-
of 1P states and the scalar glueball is incorrect. For exampleynic spectra and matrix elemerit3,29—31. In contrast, it
this region might well conﬁun the isoscalar state of the 2 g widely believed that theJ ,(1) problem is solved through
nonet. In addition, sinc&2,, is comparable to the A-2P instanton contributions to the axial anomaly. However, as
splitting, there is no reason to assume that either theol  emphasized by Witten, instantons vanish k&' and so do
2P singlet’s properties can be related by nonet symmetry tamot appear in the larg, expansion. “Insofar afinstantons
those of its octet. The net effect is that the definitive extracplay] a significant role in the strong interactions, the lakge
tion of the glueball state from the scalar meson spectrungxpansion must be bad. It is necessary to choose between the
may be quite difficult. two.” [32] Note that these arguments draw an important dis-
Given the importance of this task, it is certainly worth- tinction between semiclassically calculated instanton effects,
while to study the scalar mesons more carefully in the lightwhich vanish likee N¢, and more general topological gauge
of this result[28]. On the lattice it might be possible to fluctuations, whickcan contribute at order N, to m,.. The
obtain the matrix of OZI-violating amplitudes connecting the g4 issue is not whether there are large fluctuatiorisfoin
w-like and¢-like 1P and 2P states; in models the low-lying  the QCD vacuum, but whether these fluctuations arise as
scalar meson spectrum can be studied, including the effecigca semiclassical lumps with quantized winding numbers

of a strong annihilation channel. _ or simply as a result of the generically large gauge fluctua-
Perhaps most critical is to use quenched lattice calculagjons of a confining vacuum.

tions of the mixed propagators from quarkonia to glueballs T4 piace this conflict in context, recall Egdl) and (2).
[28] to help resolve the scalar meson OZI violation reportederom sec. 1l it is apparent that the amplitude for anyNof
here into the contributions ofiq’q’q intermediate states, masslessq pairs to annihilate to any other pair is the same,
purely gluonic intermediate states associated with “true,_e_, thatAT does indeed have the form of the=2 matrix
double-hairpin” graphs, and instantaneous contributions. Ulspown in Eq(2). As explained earlier, this is consistent with
timately, quenched lattice calculations of three-point funche 't Hooft instanton interaction since the “scattering” am-
tions could d+ir+ectly check the predicted negative loop Cont”'plitudeSin Eq. (1) contains a contribution- A from instan-
butions toA2,, by measuring the vertex functions which are tons. Thus to leading order iA the decomposition of Egs.
the “raw ingredients” of the quark model calculation. In par- (1) and (2) is general and the analyses of OZI violation in
ticular, in other than the 0" channel, one should see the Refs.[3—5]— including that in the pseudoscalar sector—are
required magnitudes arapposite signsf the virtualP-wave  valid. It follows that from a purely phenomenological per-
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spective it is irrelevant whether or not there is an instantorinvestigation of the type initiated in this paper may help to
1 1 H H . 1 . . . . ++ . .
contribution to hadronic physics: a phenomenology withresolve this situation since fd3, the two competing pic-
A%, #0 is “legal” in any case, since the anomaly allows a tures lead to mechanisms that are very distinct. Flux-tube-
resolution of theU(1) problem with[9,10] or without breaking pair creation, a prototypical larbke phenomenon,
[11,17] instantons. What remains unclear is the physics beled to the prediction that the hadron loop contribution to

sums over all paths, _it contains the instantons as t.unnellingtated in the beginning of this paper, quark models, with their
events between classical vacua, but the Feynman diagrams @fnfined constituent quarks, naturally generate a large posi-
QCD, which represent the quantum corrections around these o+ . .

1|§/e Aoz [35]. In this case the loop contribution should be

vacua, are incapable of representing instanton physics. Thus "
if instantons afe importaﬁt in QCQI]D, Feynmarr)1 )ijiagramsyp'ca"y small[20], and the large positive quark model am-

would have to be supplemented by effective interactions plitude is associated wif[h an instantanfaous inte_raction._ In-
't Hooft interaction). As noted by Witter{11], the foremost stantons, through th? nstantaneous Hooft Interaction,
victim of the failure of Feynman diagrams implied if instan- would lead to a Sl{[:lerﬂually similar pattern PI OZI violation:
tons are important would be the lartje expansion, since it & large positiveAd,, and a large negativag, . However,
assumes that all-orders properties of the QCD Feynman diahe origins of the large negativ@%; are very different in

grammatic expansion are properties of QCD. the two cases: the instantd,, is associated with an in-

We have demonstrated the feasibility of obtaining a latticesiantaneous contribution while the quark model result arises
determination of the scalar OZI amplitude, adding one morg ., e contributions of two-meson intermediate states.

item to a growing and closely linked set of issues where the While the numerical coincidence of th, calculated

physics of instantons and the physics of laigg confront . y .
each other. Assuming that confinement and the Nambuhere on the lattice and thAgz calculated in the quark

Goldstone mechanisrf8] are properties of the all-orders model from meson loop ‘?"agfam_s mig_ht suggest that the in-
Feynman diagrammatic expansion of QCD, the laxgeex- stanton contribution to this amplitude is small, both calcula-
pansion provides a consistent framewor'k embracing alfions are too primitive to support suph an important conclu-
strong interaction phenomena. Among these phenomena alon. Further studies of lattice spacing errors, finite volume

the hadron spectrum for all flavors of hadrdircluding the 1(‘3i d:gz:se’ %n?hzxcgzgt?[:;it\?eerr;ﬁtg'll be required to have con-
1/l\£c+—suppressed hadronic widths whi+c+h seem to be critical to Even having done such a cal.culation to satisfy oneself
Adz1). the Ozl rule(now includingAgz, ). and theqq con-  {hat an accurate value @}, has been measured, to apply
densate. As Witten argued long aft], given theUa(1)  he result to the instanton—largé- controversy will require
anomaly and confinement, the lartyg limit is also capable  carrying out some of the additional work described in Sec.
of explaining they' mass at order N withoutinstantons. |y | particular, to go beyond the circumstantial evidence
While its Ilmltgd range of apphcabll_lty makes it some- provided by the quark model thd(,}, arises from meson
what less attractive for phenomenologpstantons Oﬁer a loops, it will be necessary to use the techniques described
there (or related onesto break the lattice amplitude down
. into its component parts, thereby allowing one to see if the
strong support from recent lattice resulel]. Measurements  |5ice result is indeed dominated by meson loop diagrams.

O.f the topoIogica] Chafgm] of “cooled” gauge config_ura- We believe that through such studies, the conflict between
tions show that in such circumstances this charge is quar]érgeN and instanton physics can be resolved
c .

tized and localized as expected for instantons. Moreover, the
near-zero modes of the Dirac operator associated with the

solution of theU (1) problem and theqa condensate are

also localized and in “cooled” configurations can be associ- \ve are grateful to Stephen Sharpe and Thomas Schaefer
ated with these same instantons. The lattice results on theg@d to Chris Michael for alerting us to a serious sign error in
and other hadronic properties are consistent with the instanne first version of this paper and to important references that
ton liquid model[33]. had escaped our attention. This work was supported by DOE

Since, as argued by Witten, confinement can replace incontract DE-AC05-84ER40150 under which the Southeast-
stantons as the source of thig(1) anomaly and since con- ern Universities Research Associati®URA) operates the
finement can also produce a space-time localization of thghomas Jefferson National Accelerator Facility. The work of
origin of the " mass and of thgq condensate, in our view H.B. Thacker was supported in part by the Department of
the true origin of these effects remains unsettled. FurtheEnergy under grant DE-FG02-97ER41027.
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