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Critique of a pion exchange model for interquark forces
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| describe four serious defects of a widely discussed pion exchange model for interquark forces: it does not
solve the “spin-orbit problem” as advertised, it fails to describe the internal structure of baryon resonances, it
leads to disastrous conclusions when extended to mesons, and it is not reasonably connected to the physics of
heavy-light systems. While extensions of the original pion exchange model may be able to correct these
defects, this catalogue of criticisms defines some of the most formidable problems such elaborations must
address.

PACS numbs(s): 12.39.Jh, 14.206-c

[. INTRODUCTION This argument has a fundamental flaw. The zeroth-order

The idea that the low-energy degrees of freedom of QCDS?(;ZP m%ﬁﬁ:gggglh V\{Egz‘f e|?nenzga;:1estﬁ;e EZeu?_al;s;Srlfogr:gSt
are quarks, gluons, and Goldstone bosons is an old and inz pert y 9 . .
teresting one. In one form or another, it has been used in lozman-Riska models, will produce very strong spin-orbit

: 9 X ' . forces through Thomas precession, a purely kinematic effect.

W;dirvzlirf%ffam;ﬁ?ligog;hae lraesctetr\:\t/oa?]?jcﬁgj]- E;::Jssse OFrom the observed spectrum of states, it is impossible to

pap g y escape the conclusion that this source of spin-orbit forces

variant of such models due to Glozman and Rigkain . . ) X .
which it is proposed that baryon spectroscopy be describe%lo.m.a would producenverted spin-orbit multiplets  with
splittings of hundreds of MeVThus the true nature of the

%/r(;::g?rgr%- tlhae é;?)?diar:n dogﬁéglﬁggé]e )E\c/:vi?ch@w! :eEr)e “spin-orbit problem” seems to have been misunderstood: it
anolied to bar élrjw ,most e%&ensivel by Isgur and K4} in is to arrange a sufficiently precigancellationbetween dy-

P Y y by 159 namically generated spin-orbit forces and the inevitable
favor of the exchange between quarks of the octet of pseufhomas-precession-induced spin-orbit forces
d_ogcalar_ mesonéOl_DE). ! wiII_avoid the distraction (.)f criti- These issues are discussed in the originai Isgur-Karl pa-
cizing either practical details of the Glozman-Riska OPEpers[4], but especially in view of some recent developments

model[1] or its theoretical foundations. | will instead accept in the subject, | will review the main points here. For reasons

the model at face value and describe what | see as its fo% . o .
. at will soon become apparent, it is best to start the discus-
most serious defects. Some of these problems have been

pointed out less formally in the past, and partly in respons Sion in the meson sector. The mesons also have a “spin-orbit
. ' . roblem” n n xamining the fir nd of
the original OPE moddll] has been elaborat¢B8-8]. Since % oblem” as can be seen by exa g the first band o

ositive parity excited mesons: the four P-wave mesons of
the attempts to cure the defects of the OPE model are ongQyery flavor are nearly degenerate. Most of the observed

ing, and since these extensions have not yet overcome thgn,j non-degeneracies are due to hyperfine interactions, but
problems | describe hef8], I will only comment upon them  {he spin-orbit matrix elements can be extracted. For example,
briefly in what follows:the limited goals of this paper are to py taking the isovector meson combinatiggm, — :m,

2 1

catalogue the most serious defects of the original Glozman-_ ; : : : :
i ) , ) — &M, one can isolate their spin-orbit matrix element of
Riska OPE model and in the process define the formidable ¢ 2o P

: —3+=20 MeV. As in the baryons, this matrix element is
problems such elaborations must address. much smaller than would be obtained from OGE. However,
as already explained, this is not the point. In fact, a substan-
tial “normal” spin-orbit matrix element imeededo cancel

ll. A CATALOGUE OF CRITICISMS the strong “inverted” spin-orbit matrix element from Tho-

A. The spin-orbit problem is not solved by the OPE model mas precession in the confining potentidd]. For example,
- . a recent fif 11] to the data on heavy-light mesons, including

_One of the central motivations for the original Glozman- 4 5 jimiting case the light-light isovector mesons, gives an
Riska OPE model was to solve the “baryon spin-orbit prob-oGg spin-orbit matrix element of 240 MeV and a Thomas
lem”. The Isgur-Karl mode[4] discards spin-orbit forces in - precession spin-orbit matrix element from the confining po-
view of the data which demand that such forces be small, Sgantial of —200 MeV: both are very large but they are nearly
that many of the successes of that model are due to the OGlerfectly canceling.
induced hyperfine interactiortsf both the spin-spin and ten- ~ The physics behind this cancellation has received support
sor types. The authors of Refl1] note that OPE produces recently from analyses of heavy quarkonia, where both ana-
hyperfine interactionwithout spin-orbit interactions, and ar- Iytic techniques[12] and numerical studies using lattice
gue that this supports their hypothesis that OPE is the tru®CD [13] have shown that the confining forces are spin-
origin of the residual interquark forcdge., of interactions independenapartfrom the inevitable spin-orbit pseudoforce
beyond those which produce confinement due to Thomas precession. Moreover, as has been known for
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more than ten years, the data on charmonia require a negdent solutions of the meson and baryon spin-orbit puzzles, |
tive spin-orbit matrix element from Thomas precession in theconsider this aspect of even an elaborated Glozman-Riska
confining potential to cancel part of the strength of the posimodel to be a decisive step backward.

tive OGE matrix element. If the charm quark were suffi-

ciently massive, its low-lying spectrum would be rigorously g Baryon internal wave functions are wrong in the OPE
dominated by one gluon exchange. Indeed, one observes that model

the’Y system is closer to this ideal, as expected. Conversely, . .
— . In a complex system like the baryon resonances, predict-
as one moves fromac to lighter quarks, thé=1 wave func-

tions move farther out into the confining potential and themg the spectrum of states is not a very stringent test of a
lons mov ut| ining p ' “model. The prototypical exampl@nd the first case iN*
relative strength of the Thomas precession term grows. It is

thus very natural to expect a strong cancellation in lightSPectroscopy where this issue arjsiesthe twoN* 7~ states
quark systems, though from this perspective the observetund in the 1500-1700 MeV range. In any reasonable va-
nearly perfect cancellation must be viewed as accidentdence quark model, twbl* 3~ states will be predicted in this
[14]. mass range: the excitation of a unit of orbital angular mo-
With these points in mind, let us now turn to baryons. Asmentum will create the negative parity and cost about 500
shown in the original Isgur-Karl paper on the P-wave bary-MeV in excitation energy relative to the—A center-of-
ons[4], a very similar cancellation can occur at the two-bodymass position at 1100 Me\kf., the a,— p splitting), and
level in baryons. However, unlike mesons, baryons can alsetally antisymmetric states with overall angular momentum
experience three-body spin orbit fordds$] [e.g., potentials 1 can be formed by coupling either quark sginor quark
proportional to §,—S,)-(r;—r.)xXps where S, r;, p;  spin 3 with I=1. In the general case such a model will
are the spin, position, and momentum of querkThe ma-  therefore give
trix elements of these three body spin-orbit forces are all 1-
calculated in Ref[4], but no apparent cancellation amongst * _ - 14 ; 2
them is found. That is, the spin-orbit problem might more N 2 (uppeb> costyal“Pr) + sinfu- [Py (1
properly be called the “baryon three-body spin orbit prob-
lem”. In view of the facts that one could understand the
smallness of spin-orbit forces in mesons and that the data
clearly called for small spin-orbit forces in baryons, the
Isgur-Karl model anticipated a solution to the baryon three4in an obvious notation. Since the masses of these resonances
body spin-orbit problem ands a first approximatiordis-  are only known(and currently interpretablego roughly 50
carded all spin-orbit forces. It was assumed that, as in meMeyV, it is not extremely difficult to arrange for a model to
sons, a more precise and broadly applicable descriptiogive a satisfactory description of thW*1/2~ spectrum.
would have to treat residual spin-orbit interactiga§]. However, among models which perfectly describe the spec-
It should now be clear that replacing OGE by OPEB@  trum there is still a continuous infinity of predictions for the
a step forward, but rather a step backward, in dealing withnternal composition of these two states since all values of
the observed smallness of spin-orbit forces in baryons. By, ,- from 0 to 7 correspond to distinct states.
eliminating the OGE spin-orbit forces the Glozman-Riska |t had been appreciated for some tifd&] that the pecu-
OPE model has not solved the baryon three-body spin-orbif,. jecay properties of the*  ~ states, and in particular the
problem but it has fully exposelde., left completely uncan- dominance of theN» decay of the lower state despite its

celled the strong Thomas precession forces from confine- : : :
ment. Thus, this model has escalated the baryon spin-orbpthase space suppression relativé\ta, required that, -

| . .. . .
. » ; ; = —35°. [This mixing angle is required by théata under
problem into a “baryon two- and three-body spin-orbit prob- very general assumptions about 816(6) symmetries of the

lem,” not solved it. The recent extensions of the Glozman- . . e
. . decay amplitudes which are satisfied by both the OGE and
E;/l;aa(t)tsri r:a%d?cl, t: dgqrg:g?h\ilse‘:trogbgfnsoﬂ iix:‘::L?rE?e;Lat OPE modeld. One of the early successes of the Isgur-Karl
P P ' model was that it makes thparameter freeprediction

exchange can produce a very strong spin-orbit interactio _ E A\ ano
which might cancel with Thomas precession at the level of 12" arctar((y5—1)/2)=—32°. The quark model also

the two-body spin orbit forces. While it may be possible toPredicts a pair oN* 3~ states which have an analogous mix-
arrange such cancellations, it will at the very least be a foring angle 63,-. The empirically determined value of that
midable task17] to arrange that the complete tower of me- angle wasfy,-=+10°, while the Isgur-Karl model predicts
son exchanges cancel even these two-body Thomas precedy,- = arctar{( J10/(14+ \/206))= +6°. In contrast, though
sion effects for both the negative and positive parity baryonsthe OPE model produces a very acceptable negative parity
as required by the data. Moreover, even if such cancellation* spectrum, it predictsfy,-=*13° and 65, =*=8°.
could be arranged, it seems clear that such schemes offer ven though Ref{1] only quotes the probabilities ¢fP)
improvement over the original situation, so that even theadmixtures so that the critical signs of these mixing angles
extensions of the original Glozman-Riska OPE model wouldare not available, these results are sufficient for one to see
not be able to claim to provide better solution than the thatthe internal structure of the predicted states is wrolrg
OGE model to the spin-orbit problem. Since, for reasons ta@oncrete terms, such&,,-, even if it has the right sign, will

be described below, such schemes would require indepeitave almost no impact on explaining the anomalously large

1
‘N* 2—(Iower)> = C0Sfy5-|2Pn) — sinfy-|*Py)  (2)
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N7 branching ratio of thé\* (1535); ~ and the anomalously

small N7 branching ratio of theN* (1650); —.
More extreme cases of the importance of using the inter- (6)

nal structure of states and not just spectroscopy as tests of 1-

dynamics are found in the positive parity band of excited |A (1650 —> =—0.39%A,)+0.79%Ag)+0.53%Ag)

baryons in the 1700—2000 MeV range. For example, the va- 2

lence quark model predictive N*3* states in this range,

but only one is known. Given that the masses ofi\tiés are ) ) 4

rarely known to be better than 50 MeV, it would be an un- A(lSOQZ— =+0.1§°A1)—~0.50"A4) +0.85"Ag)

lucky modeler who could not identify one of their five pre- (8)

dicted states with the observed state and claim spectroscopic

. . . 1- . which is imperfect, but quite acceptable given the uncertain-
success. What is far less trivial, as in tN&5 ~ sector, is to ties in the data and in its interpretation.

ask whether the one “predictedN* 3 * state has production Similarly, the decay analyses also indicate that the
and decay amplitudes consistent with the observed state, ang(1520)§— is to be identified with the lightest 2~ of the
equally important, to understand why the other fouvs * Isgur-Karl model. Experiment therefore tells us that, despite
states “did not bark in the night”. This is part of the well- the spectroscopic discrepancies, th&(1405)~ and
known missing resonance problem and, as shown in RefA(1520)§7 are indeed spi : . :
. . pin-orbit partners which will evolve

[19], the OGE mechanism of thg Isgur-Karl model .prowdesﬁiilS m, inzcreases tan, and then to the heavy quark fimit
a rerRal;ﬁabe?/VSﬁimﬁlettet explr?nalgoi? 3cr(t))ss rt]he enurr(]a Paryo Q=) into the degenerate partners of a heavy quark sym-
spectrum 10 ch states should have bee seefwhere metry spin multiplet{21]. This fact will play an important
they are seefi20]. There is no evidence that the OPE model e in Sec. D below.
has this critical property. _ It has been suggestefV] that the extension of the

Our discussion of the definitive role of internal structure Gjozman-Riska model to include other meson exchanges
would be incomplete without an example which touchesyill correct the failure of the OPE model to describe the
back on the issue of spin-orbit forces. That th¢1405); ~ internal structure of the baryon resonances. This may be, but

and A (1520)~ are not degenerate seems to be a sign thaif remains to be demonstrated. It has also been claimed that
2

the approximation of neglecting spin-orbit forces is imperggnecent phenomenological analyses of the negative parity

A (1490 ;—_> =+0.90%A,)+0.43%A5)+0.06*Ag)

(7)

fect. Indeed, the discrepancy between the Isgur-Karl mod aryons| 22,24 are incompatible with the Isgur-Karl model,

. ut support the Glozman-Riska model. Since the Isgur-Karl
prediction of 1490 MeV and the observed mass of 140 odel fits the data reasonably well, this can hardly be true.

MeV for the lightestA; ™ state is one of the model's worst |n fact, for the reasons described in this section, it is clear

spectroscopic failures. This has led to speculation that thehat the phenomenological matrix elements deduced by these
A(1405);~ is a KN bound state. However, there is little analyses must be inconsistent with the original OPE model.

doubt that, while its mass is off by 85 MeV, the predicted What both analyses do show is that generic flavor-

state is to be identified with tha (1405} ~. An analysis exchange interaction can produce a better fit to the @dth

. . its experimentalerrorg than a generic flavor-independent
[18] of thel E)roductlon :?md decay a'mpllltudes of the threemodel. Given the physics that is currently being ignored in
expectedA ;~ baryons gives a best fit with such modeldi.e., the unknowrtheoreticalerrorg, the sig-

nificance of this observation is unclea&4].

1
A (1405 2—> =+0.80%A,)+0.60%Ag)—0.04%Ag) C. Mesons are a disaster in the OPE model

(3) There are two ways in which the OPE model is a disaster
for mesons: it does not produce spin-dependent interactions
- where they are needed and so requires that we inuode
LN 2 2 4 pendentmechanisms for creating splittings in mesons and
A(1670 2 >_ 0.44%A1)+0.63%Ag)+0.64"A¢) baryons, and it predicts the existence of effects in mesons
(4)  which are ruled out experimentally.
We know from quenched lattice QCD that at least the
bulk of both meson and baryon hyperfine interactions occur
1 . L
A(1775 _> =+0.412A,)—0.49%A ) +0.77A) in the quenched approximati¢he., in the absence of closed
2 5) gq loops [25]. Figures 1 show &-graph-induced meson
exchange between quarks that arises in this approximation
and could therefore in principle be the origin of the meson
where2A | is the quark spiry SU(3) singletA and?Ag and  exchange interactions posited in the Glozman-Riska model.
4Ag are the quark spid and 2 SU(3) octet A’s, respec-  The first problem | wish to highlight is the obvious point that
tively. The Isgur-Karl model givegagain with no param- meson exchange can only operate between two quarks and
eters not between a quark and an antiquark, so if baryon spin-
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FIG. 2. The experimental spectralob, cc, ss and isovector

FIG. 1. (a): Z-graph-induced meson exchange between tWOIight quarkonia, with the center of gravity of tf@wave mesons
quarks. (b) A cartoon of the space-time development of the aligned. The 2" states have been used to representRheave

Z-graph-induced meson exchange in a baryon in the flux tube

model. For diagrammatic clarity three different flavors of quarks arg"esons: The pseudoscaks state(” 7+ ™) has been lOCEtEd by

shown. Note that if the created meson rejoins the flux tube fronNMiXing & 2x2- matrix assum_ed to cons?st of primords and

which it originated, the producedq pair can be of any flavor; (1/y2)(uu+dd) states. Then, is not yet discovered, but the the-

however, such a process would be a clogedoop and therefore oretical prediction is shown as a dotted spectral line. The spectra are

not part of the quenched approximation. Also possible, but nof hoxvn tso”';‘tcigle;)fvgghMrg\a;y conveniently be calibrated with the

shown, are OZI-violating graphs with the creation or annihilation ofXe2 ¥ splitting ’

a disconnected|q meson,; these are irrelevant to octet meson ex-which give good quantitative results.

change in the S(3) limit and enter in broken S(3) only through This same conclusion can be reached by approaching the

the »-' mixing angle. light quarkonia from another angle. FiguréaBshows the
evolution of heavy-light meson hyperfine interactions from

dependent interactions were dominated by OPE, meson arthe heavy quark limit to the same isovector quarkonia. In this

baryon spin-dependent interactions would have to arise frorfaS€ We know thatin the heavy quark lifitt] the hyperfine

different mechanismgOf course, as is clear from Fig(d, |£1teract|on is given by the matrix element of the operator

any meson exchange force between two quarks would b@q-B/2mq. In contrast to heavy quarkonium, however, we
inducedby the crossed version of the gluonic forces whichdo not knc_)w that the chromomagnetic fidddat the position'
operate between a quark and an antiquark, so in this sengé Q is being generated by one gluon exchange from a light
they would trivially have a common origin. What would be valence antiquark. Nevertheless, by considering unequal
both awkward and, as we shall see, difficult to arrange, is fomass heavy quarkoni®q with m, beginning atmg and
the directqq gluonic interaction analogous to thuggy inter- ~ decreasing to the light quark masg;, one finds that the
action to be unimportant in baryons while Zsgraph com- OGE hyperfine interaction extrapolates very neatly from the
ponent is dominari. end of the region where it may be rigorously applied,
Figure 2 shows what we know about the evolution of =1 GeV) down to light quark masses. The conclusion that
quarkonium spectroscopy as a function of the quark masse§€aVvy-light meson hyperfine interactions are controlied by
In heavy quarkonia k{H and Ca we know that hyperfine OGE is thus also supported by the strikingng/behavior of

interactions are generated by one-gluon-exchange perturb he ground state sphttmgg n F|g.(_r:8 asmg is decreased
tions of wave functions which are solutions of the Coulomb' ™ Mb 10 M 10 M t0 My '_t certainly appears that for all
plus linear potential problem. | find it difficult to look at this quark masses the qliark Q interacts vthhrough its chro-
diagram and not see a smooth evolution of the wave functiomomagnetic moment,/2mg, as would be characteristic of
(characterized by the slow evolution of the orbital excitationthe OGE mechanisi{26].

energy convoluted with the predicted h strength of the [Of course in both Figs. 2 and@, the extrapolation of
OGE hyperfine interaction. OGE-based quark models conthe nonrelativistic OGE mechanism to light constituent quark
firm this qualitative impression with explicit calculations masses cannot be taken literally. @Q systems, OGE is
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® by a universal confining potential with one-gluon exchange
FIG. 3. Ground state mesdn) and baryon(b) hyperfine split- 5t short distanceg28].

tings in heavy-light systems as a function of the mags of the There is another very serious problem with the OPE
heavy quark. The spectra on the far left are thg— limits of 1 echanism which surfaces in mesons and illustrates very
heavy quark symmetry. ThEq— Aq splitting and the positions of ¢, cefylly the danger of projecting out a single meson from
25 and3, are estimates from the quark modfdr which there is the tower of states contained in tAegraphs of Fig. 1. | have
now experimental supportall other masses are from experiment. xplained that there are na-graph-induced rﬁe.son ex-
The spectra are shown to scale; the meson scale may convenient?%an es in mesons. However. Fig. 4 shows how the same
be caIib_rated with th” -D splitting of 141 MeV and the baryon mesogn exchanges Which are a’ssu%ed to exist in baryons will
scale with the.o— A splitting of 169 MeV. drive mixings in isoscalar channely annihilation graphs
treated by using a nonrelativistic reduction to define a lowMore mechanically, the OPE mechanism posits the existence
energy effective potential; such a treatment would not beof vertices by which quarks couple to pseudoscalar mesons;
accurate for light quarks whose masses are of the order of trantiquarks necessarily couple with the same strength to the
QCD scale. What quenched lattice QCD and the laige charge conjugate mesons. By considering the flavor structure
limit [27] tell us is that mesons and baryons are dominate®f the allowed vertices, it is easy to show that the resulting
by their valence quark structure, and what Figs. 2 a@l 3 pseudoscalar meson exchange between the quark and anti-

strongly suggest is that a smooth extension of @@ va- _quar_k in a meson must_hqve the character shown in Fig. 4,
lence quark interaction is in operation for all quark masses!-€-» it can only operate in isoscalar channels.

For light quark masses this extended OGE interaction will | have argued above that the structure of mesons and
include many new effects, including not only straightforwardParyons is so similar that it is impossible to avoid their hav-
relativistic corrections, but also those li&graphs which g similar OGE matrix elements. The same is true for OPE
arise because the light valence quarks are embedded in™@trix elements: it is impossible to maintain that OPE is
relativistic field theory and so have instantaneous projection§fong enough to produce the—N splitiing in baryons
into subspaces with additionalq pairs, and effects of without predicting a matrix element of comparable strength

: : associated with Fig. 4 in mesons. Such matrix elements will
vacuum structure that are not important at short distahces. - .
Since the OPE mechanism c:fnnot contribute in m]:asonél'OIate the OZI rule[29]. Eon5|_der the mixing between the
the OGE mechanism is thus the natural candidate for geneRure o-like state (14/2)(uu+dd) and the purep-like state
ating meson hyperfine interactiofiscomment on other pos- ss This mixing will be driven by kaon exchange and from
sibilities below. The objective(as opposed to aesthetic the preceding very general arguments we must expect that
problem that arises for the OPE hypothesis is that it is thethe amplitudeAq, for this OZI-violating process will have a

nearly impossible to avoid the conclusion that OGE is alscstrength of the same order as the 200 MBYV—3, splitting

dominant in baryon hyperfine interactions: the OG@and  (Which in the OPE model is also driven purely by kaon ex-
qq hyperfine interactions are related by a simple factor ofchange. Such an amplitude would be an order of magnitude
1/2, and given the similarities of meson and baryon structuréarger than that observeéy, for the vector mesons is very
(for example, their charge radii, orbital excitation energies!iny—of the order of 10 MeV—corresponding to the known
and magnetic moments are all simjlait is inevitable that near purity of thep as anssstate. The only escape from this
the matrix elements of OGE in baryons and mesons are simidisaster is to argue for some mechanism outside the OPE
lar. Valence quark model calculations support this qualitativemodel which could cancel the large kaon exchange contribu-
argument, finding that mesons and baryons can be describ&idn to Agz,. Given thatAgz, is of the order of 10 MeV in
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not only the T~ mesons, but also in all of the other known extrapolated to light quarks, will fajuantitativelyand that

meson nonetgexcept the pseudoscalarshis escape route light quark spin-dependence, while still of gluonic origin in

seems implausible. both mesons_and baryons, will in general be a mixtL_Jre in
Given the empirical evidence of Figs. 2 anti3 | have ~ Some proportions of OGE-type forces and the ‘t Hooft inter-

emphasized OGE as the natural mechanism for meson aftftion- . .

therefore baryon hyperfine interactions. There are of course Independent of their precise nature, for the reasons al-

other possibilities. To emphasize that they do not avoid th%ﬁi‘?’s \?vﬁfggkéfgfe E?]eggthprl:]r:;%n%ll;?lrgcbasrzlgﬁgevsﬁaﬁnr;pa-

conclusion thaigg and qq forces have a common gluonic apje matrix elements. Of course, as explained above and
origin, | will describe some possible alternative mechanismgjystrated in Fig. 1a), among the relativistic effects which
which have been discussed in the context of spontaneougill appear in baryons will be th& graphs out of which any
chiral symmetry breaking and which have created some cormeson exchang@nd in particular the exchange of the Gold-
fusion in the discussion of the OPE model. When chiral symstone bosonscan be projected, and in this sense it is clear
metry is spontaneously broken, QCD must, by the Goldstonghat “meson exchange” will play a role in baryons. This
mechanism, generate the octet of light Goldstone bosoroint is emphasized in Reff35] where simple examples are
which are the focus of the OPE modelowever, the forces Uused to illustrate that Fig.(a) does indeed have a component
which generate spontaneous chiral symmetry breaking an@ith full meson propagators acting between quark lines.
these bosons are not mysterious new forces: they are just tHaoWever, | will argue below that the main spin-dependent

— fects of the full gluonicqq interaction, including thez
full qqg gluonic forces of QCDThus spontaneous symmetry etec ub’ guonicqq 1 ! incilicing

A . : X ) raphs, are once again qualitatively captured by the Coulomb
breaking is associated with some effective spln-depender&us linear potential model. Independent of this, the disas-

force which splits ther from thep, theK from theK*, and  {ous 0ZI violation of the OPE model shows the danger of
the 75 from the ¢ (recall Fig. 2. The venerable NJL model projecting a single meson out of the tower of states contained
[30] provides a prototypical example of how this happensin the z graphs, and leads to the conclusion that spin-
Very roughly speaking, the dynami¢which spontaneously gependent forces are most economically viewed as simply
breaks chiral symmetry by creating tlog condensate and being the relativistic version of gluonic forces in both me-
thereby the constituent quark massonspire” in the pseu-  sons and baryons.

doscalar channel, with attractive forces compensating exactly The mesons thus produce some disastrous conclusions for
(in the limit that the light quark Lagrangian masses are zerothe Glozman-Riska OPE model as well as elaborations of
for the two constituent quark masses. In QCD, the role of thehat model to more general meson exchanges. The model
unspecified NJL dynamics must of course be played by glurequires two totally distinct mechanisms be dominant in pro-
onic forces, though one can entertain various options for thelucing meson and baryon spin-dependent interactions: pre-
nature of these interactions. There is a long history of atsumably OGE in mesons and OPE in baryons. However, it is
tempts to build the required conspiracies into field-theory-virtually impossible to have strong OGE&r more generally,
based quark model81]; for a lucid general exposition of gluon-generateédmatrix elements in mesons without also

the connection in QCD between the pion agpstate and as  producing strong OGE matrix elements in baryons, in con-

; - ; flict with the basic hypothesis of the Glozman-Riska model.
a Goldstone boson, see RE32]. Since theqq forces being ) ) . X
modelled are none other than those we have been discussiﬁt’;second independent disaster is that the OPE mechanism

. — . oduces unacceptably large OZI violation in meson nonets.
which generate the stat@Q potential, appear to control the P ptablyfarg
spin-averaged spectra of all quarkonia, and quantitatively ac-

count for spin-dependent effectshii andcc while extrapo- o _
lating neatly to spin-dependent effects in light quarkonia, it As shown in Fig. &), the baryon analog of Fig.(8),
should not be surprising that in many of these models th&xperiment provides further strong evidence in support of the
gluonic forces generate the usual constituent quark mass afminance of OGE andot OPE in the baryons themselves.

produce thep—  splitting through an extended OGE inter- It is clear from this figure that in the heavy quark limit the

action. In others, gq condensate arises from assumed prop-OPE mechanism is not dominant. exchange of the heavy

erties of the confining potential and the interpretation of thepseudoscalar me;th would produce a 'hyperflne'mterac-
forces which create the Goldstone bosons is obs@uge, in  Uon that scales with heavy quark mass I'km_%/' while for
some of the models the constituent quark mass is negative®@vy-light baryons the splittings are behaving likend/as

Yet another variant of spontaneous symmetry breaking ha€ the heavy-light mesons. This is as demanded by heavy
been receiving a great deal of attention recently: the instardu@rk theory where these splittings are once again rigorously
ton liquid model[33]. In this model both they’ mass and the controlled by the matrix elements ofy- B/2mq, [36].

chiral condensate are generated by instantons. The instan- It is difficult to look at this diagram and not see a smooth
tons, which are still a purely gluonic effect, would introduce evolution of this g behavior fromm, to m; (where it is

at short distance a new effective interactitthe ‘t Hooft ~ rigorously requirefidown tomg and then tomy, where by
interaction which is outside of the Feynman diagrammatic SU(3) symmetryE’S‘U(3)—ASU(3)=A—N, the splitting under
expansion of QCO34] and would have to be added to the discussion here. Indeed, using standard constituent quark
effective interquark potential. This interesting possibility masses fi;=m,=m=0.33 GeV,m;=0.55 GeV,m.=1.82
would indicate that the Coulomb plus linear picture, whenGeV, m,=5.20 GeV}, the OGE mechanism with its

D. The connection to heavy quark baryons is lost
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natural 1ing behaviorquantitativelydescribes these spectra. ~ Heavy quark symmetry thus poses another serious prob-
In this picture,S*, 3, andA are the analogs of the heavy em for the Glozman-Riska model. The OPE mechanism not

quark statesS?, So, and Aq. | speak of analogs here only fails to explain meson hyperfine interactions, but it also

because the heavy quark expansion cannot be justified fGannot even explain _th.e spectra of aII.baryons: it violates the
such light values ofng . Nevertheless, one expects and ob-féduirement that splittings in heavy-light baryons open up
serves in both mesons and baryons the remnants or analoff$€ /Mg - Heavy-light mesons show that theriy behavior

of heavy quark spectroscopy in light quark systems. For ex?! the OGE mechanism persists all the way down to light
ample, in Fig. 8) the D* — D heavy quark spin multiplet is quark masses, and the observed behavior of baryons is com-

naturally identified with the<* — K multiplet, i.e., the basic pletely consistent with the same extension of the heavy quark

degrees of freedom seen in the spectrum are the same, a] gﬂrr]ne etéypzc?nhggdgmz'm-rh;gig?g?r:lIe%\/aese\éeiﬁrlr']m; Lg?bTe
from the observed* —D splitting and the Ihg heavy ' y P

guark scaling law one expects K* —K splitting of 460 that it is dominant.
MeV, quite close to the actual splitting of 400 MeV. One

might try to escape this conclusion by arguing that between

m, and mg the OGE-driven Ihy mechanism turns off in I have focused in this paper on the predictions of the
baryons and the @f OPE mechanism turns on. From the original Glozman-Riska OPE mod¢L] and briefly com-
baryon spectra alone, one cannot rule out this baroque poglentEd on elaborations of that model. | believe the Catalogue
sibility. However, in the heavy-light mesons of Fig(a@ ©Of problems | have described are sufficient to rule the OPE

there is no alternative to purely gluonic mechanisms likemodel out and to raise concerns about attempts to rescue it.

. — . . . . Though in its extreme version the model is unsustainable,
OGE, and if .thqu mterac_:tlon contmugs _to grow like ring some elements of the physics of the Glozman-Riska model
asmq gets lighter, ther(given the similarity of meson and

) . surely play a role in baryons. While the process depicted in
baryon structureso must theQq interaction. It seems very Fig. 1(a) may be taken into account in a “dual approxima-
difficult to escape from the conclusion that OGE is dominanttionn by relativistic valence quark propagators, quark-

in all ground state hyperfine interactions. antiquark correlations in the intermediate state will produce
The excited charmed baryon sector has recently provideglepartures from this approximation. We may expect that
further strong evidence for the dominance of the OGEsych departures will be most pronounced in situations where
mechanism in baryons. Recall the conclusion of Sec. Bhe meson spectrum most strongly breaks the closure limit
above that theA (1405); ~ and A (1520~ are spin-orbit required for duality38—40Q, and the pion certainly has the

partners. Heavy quark symmetf21] demands that in the Potential to do this. Of course, given that these exchanges
. . . 1 3_ occur at short distances and that the structure of the Gold-
heavy-light isospin zerd o sector, thel o3~ andAq; ~ be

i 2 ) stone bosons is very similar to that of other mespil,
degenerate asq—c and that their splitting open up like ey js no obvious rationale for truncating the tower of me-
1/mg asmg decreases. ThA (2594); ~ and A(2627);~  son exchanges associated with Fig. 1 with these states alone.
[37] appear to be such a nearly degenerate pair of states {h hasten to add that it isot the distance to threshold which
the charmed baryon sector. The center-of-gravitydirectly determines the importance of a given meson: its
of these two states is 330 MeV dominant contribution comes from the peak of its spectral
function, and in realistic models this feature is controlled
more by vertex form factors than by meson ma$88s-4Q.)

The 1N, expansion offers additional insights into this

.~ issue and into the structure of the arguments presented in this
: - : : ) . epaper. Since OGE and OPE are of the same ordemp ity
parity excitations ofA o will be a slowly Incréasing fl_m_cnon baryons, there is unlikely to be any general principle which
of 1/mq . (The quark model makes a similar prediction for ., ,iq pe ysed to decide which is dominant. This situation
the P-wave heavy-light mesons which is confirmed by thean pe contrasted with the case of heavy quarks for which
data) This alone suggests that the strange quark analogs ¢fie 7 graphs of Fig. ta) are suppressed lik& ocp/Mg. The

the heavy quark spin multiplet Alo3 ~,Aq3~) which  apparent dominance of OGE over OPE in baryons must

[A.(2627)2 7, A.(2594); "] exemplifies should exist just therefore have a dynamical origin. In contrast to baryons,

3 _ OPE-like effects in mesons are suppressed by a power of
around thg mass of th&(1'520)§ andA(140§)5 - More- 1/N, relative to gluon exchange. One can thus look to me-
over, using the predicted mj behavior of the

sons for a relatively unobscured picture of the strength and
(Ag3 ™. Aq3 ™) multiplet splitting would lead to a predicted character of OGE effects, as | did in many of the arguments
splitting of 110 MeV in theA sector compared to the ob- of this paper.

served splitting of 115 MeV. It is thus very difficult to avoid It remains to speculate on whﬁpair creation effects are
identifying [ A (1520); ~,A(1405); ] as the strange quark not more important in baryons. The OR& more generally
analogs of a heavy quark spin multiplet, and to avoid conimeson-exchangepotentials between quarks would only be
cluding that the Ihg evolution of the OGE mechanism is the simplest manifestation of such effects. More generally,
responsible for its splitting. meson emission and reabsorption by the baryons would lead

IlIl. CONCLUSIONS

2 1

3M o372~ T 3Mag(/2)-
above theA ;(2285). This is to be compared with the center-
of-gravity of theA (1520) andA (1405) which lies 365 MeV
above theA (1115), in accord with the expectation from the
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to a complex interaction of the discrete baryon spectrum witlgraph. As already mentioned, the sum over all such pro-
each of the baryon-meson continua. Studies of “unquencheesses at the hadronic level is apparently dual to the leading
ing the quark model” have provided a plausible explanationZ-graph component of the relativistic valence quark propa-
for why such effects do not demolish the spectroscopy of th@ator. In baryons, meson exchange between quarks is con-
quark potential modeld38,39 and the success of the tained in theZ graph process of Fig.(4), and therefore the
Okubo-Zweig-lizuka(OZI) rule [40]. These studies indicate bulk of the effect of such hadronic processes should be ab-
that the resiliency of valence quark model spectroscopy tsorbed into renormalized valence quark model parameters, in
qa pair creation occurgiot because such processes are in_thiS case those describing the relativistic valence quark
trinsically weak, but because most of their effects can béropagator. | speculate that duality is once again sufficiently
absorbed into renormalized valence quark model parameteraccurate that only a small residue of this second typeapf

The prime example of this absorption qfj effects is the €ffect remains after summing over channels, suppressing
string tension. Though the string tension is a strong functiorPlicit meson exchange relative to its naive strength iny 1/

of the number of light flavors, when it is carefully renormal- €xpansion.

ized to its observed value it produces the observed spectrum. It would be interesting to apply the methods of R¢&8—

A particularly treacherous aspect of this situation is that if40] to the Z graphs to see if the effects of duality violation
one examines the effect of any particular continuum channed’e indeed small. However, whatever the reason, | believe
on the spectrum, it may appear to be very large and to havéat the empirically based arguments of this paper make it
a complex dependence on the state of the quarks; only th@ear that gluon exchange and not meson exchange provides
sum over all channels leads in first approximation to a simpléhe dominant residual forces between constituent quarks in
renormalization of the string tension. After this summation,Poth mesons and baryons.

only small residual effects associated with nearby thresholds
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