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Spin-orbit inversion of excited heavy quark mesons
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The mesonic heavy quark spin multiplets witfy = 1+ and3* are expected to be the lowest-lying excita-
tions above the pseudoscalar and vector ground statesﬁ\ﬂﬂq%‘. | show that for charm and bottom these
multiplets are probably inverted, with the"2and 1" states withs}” = 3+ about 150 MeVbelowthe 1* and
0* states withs;”= %*. If verified, such an inversion would both support the expectation that confinement has
no dynamical spin-dependence and indicate that heavy- and light-quark systems may be characterized by the
same effective low-energy degrees of freedom. As an important by-product, this work establishes the dynamics
of the strange quark as a critical link between heavy- and light-quark hadrons, justifying efforts toward a much
more complete experimental and theoretical understanding of strange mesons and baryons and of strange
quarkonia[S0556-282198)00505-0

PACS numbgs): 12.38.Aw, 12.39.Hg, 14.40.Lb, 14.40.Nd

[. INTRODUCTION large compared td\ocp, then this system could be rigor-
ously described in QCD by a nonrelativistic Sctlirmger
Heavy quark symmetnf1,2] places very strong con- equation with a generic two-body effective potential of the
straints on the spectroscof§] (including masses and decay form
widths) of hadrons containing a single heavy quak In
particular, in the limitmg— 2, the spectrum of such hadrons V=V + Vet Vs, 1)
is required to consist of degenerate spin doublets dfth ) ) )
= (s, 1)™ built on “brown muck” states with light quan- where t'he thr.ee potent|al§ are the ceqtce)l, (spln'—spm 69,
tum numbersq;/ [4]. In this limit it is further required that ﬁnd spin-orbit £0) pqtentllals, respectively. U§|ng a dogble
o , eavy quark expansion, it follows théb leading order in
the two states of as,” spin multiplet have the same total 1/mé, 1/mgmy, and 1m3) these potentials have the most

strong interaction width,’with the relative strengths of theirgeneral forms
four couplings to any’” “ spin multiplet also determined )
by Clebsch-Gordan coefficients. Heavy quark symmetry also Ve(r)=Veo(r), 2
dictates how these limiting relations are broken by matrix
elements of operators in ané, expansion. R 1 ..

One of the things that heavy quark symmetry cannot dois  Vsd(T)= ———= | V(1) Sq* Sg* Vien(r)

; «“ ) ; Q'

predict the spectrum of the “brown muck,'e. the posi-
tions of thes’;/ multiplets, since these are determined by the L
dynamics of strong QCD. In this case, however, the simplic- —So g | 3
ity of these systems provides us with a powerful probe of this
poorly understood dynamics: these hadrons are the closeghd
analog we have in strongly interacting systems to the hydro-

genic problem in QED.(For example, in the constituent & &

' ) - - -1 Sq  Sq| Vo) - L o
quark model, the dynamics of mesons with a single heavy Vg4 (r)=V (r)L-|—+ —|+ L-(So+Sy), (4
quark is that of a single constituent spiranti-)particle or- Mg Mg] MoMg

biting the origin) As Bjorken has suggestd®], such sys-
tems offer unique opportunities to study the “brown muck
one chunk at a time.

» whereVeg, Vhi, Vien, Vi, andV, represent the leading
mass-independemieces of what are, respectively, the low-
energy static interquark potential, the hyperfine interaction,
the tensor interaction, the one-body-type spin orbit interac-

Il. A MODEL FOR THE LOW-LYING EXCITATIONS tion and the two-body-type spin orbit interaction. In quark

. . . models in which the interquark forces arise from flux tube

In the constituent quark model, the "brown muck™ of & ¢, mation plus one-gluon exchangé,, contains the static
meson containing a heavy quagkis just a single constituent - -, ,1omp and linear potential¥,,;, Vi, andV, arise from
antiquarkq interacting WlthQ ViaStrong chromoelectric and the Breit-Fermi reduction of one g|u0n exchange7 afhd

Chromomagnetic fields. This piCtUre is also obtained in th%ontains both Co|0r-magnetic effects from one g|uon ex-

Iarge NC limit of QCD In the real world, this valence qual’k Change and the effects of Thomas precessioh{ci@_ In a

piCtUre is modified by “UnquenChing,i,.e., by the effects of more genera| Cas@_g, if quark |00ps are taken into ac-

light quark-antiquark loops. coun), theinterpretationof these potentials changes, but this
If both Q andq were heavyij.e, if both mg andm, were  generic expansion does not: it relies only on the validity of
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an adiabatic approximation to the interquark potentials whictsume may be described in a first approximatiery.as part

freezes out all but the assumed hea@yandq_degrees of
freedom[6].

.

of a 1N expansion by thes?”=3" and3* multiplets as-
sociated with arL.=1 excitation of theQareIative coordi-

The standard assumption of the nonrelativistic valencate in the nonrelativistic valence quark approximation. We

quark model is that this same ScHioger equation, which

would be valid for the low-lying states of sufficiently heavy
quarksQ and g, may be extrapolated to constituent quark

masses of the order dfqcp. | will adopt this model for the

following discussion, noting that it meets the minimum re-

therefore introduce the excited state bd8ik

quirements of respecting the constraints of heavy quark sym-

metry for mg>m, as well as the constraints of light quark

flavor symmetry whemg=m, .

Ill. CALCULATIONS

A. The mass matrix

|¥%E2)=1°Py) (5)
%1y =2/3'P 1)+ \1/3°Py) (6)
|Y%E1)=1/3'P 1)~ \2/3°Py) (7)

|Y2E0) =1°Py) ®

where the notation i$>E;) and|2S*1L ;) with S=Su+S;

We are primarily interested here in the low-lying positive the total quark spin and the Qarelative angular momen-
parity excitations of a heavy meson system, which we astum. In the|> E;) basis, the matrix elements Wi+ V,, are

5m2:5h—2t+2002+$(i2+i2) ©
20mgmq 2 \mg  my

—5h+2t—402+% (—_5 i) _ V2(h+tl2-0y) V20,
s 12mgm,, 6 mg m 3mgm, 3mg, 10

vZ(h+t/2—0,) 20, ~h+4t—80, o, 1 3

~ 3mgm, 3mg 12mgm, +§<Hg_ﬁg)
L a0
4mgmy mg My

in an obvious notation where, t, 0, ando, are the expec-
tation values ol,;(r), Vien(r) and the spin-orbit potentials
V,(r) and V,(r), respectively, as defined by Eq®) and
(4.

In the heavy quark limit, the expectation valuest, o,
ando, must beindependent of g. In our quark model, this

That spin-orbit multiplets ofQd systems might be in-
verted was suggested long ago by Schnifzgrin the con-
text of the nonrelativistic quark model. In this work we in-
corporate much of the same physics in the rigorous
framework of heavy quark symmetry, update the determina-
tion of unknown hadronic matrix elements, and consider the

constraint is realized since the internal wave function of theeffects ofqaloops on the extraction of these matrix ele-

Qasystem becomes independentned asmg— <, and the
potentialsV; themselves, as defined in Eq8) and (4), are

ments. While differing from Ref[7] in many details, our
qualitative conclusions are remarkably similar.

mass-independent. In the full heavy quark limit, the mass

matrices of Eqs(9)—(11) are diagonal with

01

Ma=m(¥%E,) =m(3%E,) = Msi,+ Py (12
q
and
— (102 1/2 01
Myp=M(7E1) = M(TEo) = Msjy~ —7, (13

q

B. The extension to light mesons

Our predictions for heavy meson systems are based on an

analysis of the observed P-wa@Qg states withQ=s andu.
Since the expectation valueslof t, 0, ando, are indepen-
dent of mg only asmg— 0, one might expect to lose any
connection between these matrix elemdatsd in particular
0, responsible for the mass splitting shown in EG) and
(13)) and the properties of systems wifh=s andu. How-

ever, there is compelling phenomenological evidence that
as required3]. Heremy; is the expectation value, common this connection is not lost. Figure 1 shows the evolution of

to all four states, of the spin-independent parts of the Hamilthe spectra ona systems forQ=b, ¢, s and u. These
tonian asmg— . The main new result of this paper will be spectra and associated data strongly suggest that these sys-
to show thato, is probably large andegative tems all have the same low-energy effective degrees of free-
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FIG. 1. The evolution oQaspectra fromQ=b to Q=u; §§
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1:1.07:1.10:1.05 for the 0 states, 1:1.10:1.27:1.33 for the
1~ states, and 1:1.07:1.18:1.25 for all of the P-wave states.
While not negligible, these variations from heavy quark sym-
metry are relatively modest. One also learns from the quark
model calculations that the matrix elements which govern
the strength of h, effects, namelh,t,0,,0,, and the ex-
pectation value op?, are themselves of the scale mf; so

that while the perturbations they represent may not be accu-
rately computed by first order perturbation theory, they will
not be wildly misrepresented.

The hypothesis that heavy quark symmetry might be
smoothly extended to light quarks has been adopted by a
number of authors. For applications to semileptonic decays,
see Refs[9] in addition to Ref[8]. For spectroscopic calcu-
lations closely related to ours see Rdfs0,11].

C. Unquenching the quark model
The greatest threat to the assumed smoothness of the ex-

andB,, which are not yet separately identified, are shown here withtrapolation inmg from heavy to light masses is probalsipt

their measured center-of-gravity apcedictedsplitting.

in the mg dependence of the Breit-Fermi reduction of the
confinement-plus-one-gluon-exchange interaction, but rather

dom, and that the breaking of heavy quark symmetry is an the my dependence of the effects of light quark-antiquark

smooth function ofmg from mg— to mg=m,. In particu-

lar, heavy quark symmetry predicts that:
(1) the splittings of the centers-of-gravity of tmej/
=3 and3" multiplets will be constant up to i, correc-

tions, as observed,

(2) the 17— 0~ splittings of thes” =3~ multiplets will
open up like Ih, (as observed withp— 7 K*—K: D*
—~D: B*-B=1: m,/mg:m,/m.:m,/m, for canonical[8]
constituent quark masses ofm,=0.33 GeV, mg
=0.55 GeV,m.=1.82 GeV andn,=5.20 GeV,

(3) the 2" —1" splittings of thes””=3" multiplets will
also open up like g (as observed for th®; —D; and

K3 (1420)-K,(1280) splittings; in addition, as we will see

below, even the apparently anomaloas—(3b,+3a,)
mass difference, involving the linear combination of the
anda, masses that corresponds to the unmix&g, state,
fits into the heavy quark symmetry pattern once ff&;
—12E | mixing required in the S(B) limit is consideredl

(4) the phase-space-corrected pion emission decay widt
of the 2" and 1" members of the”” = multiplets to their

T,y 1—

ground states,”= ;- multiplets should be equalas ob-

served; in addition, each of the3 and K% have approxi-

mately the predicted ratio of their amplitudes to fie 7]y
and[ 0~ 7r]p final stateg and

(5) the decay amplitudes of a givesj” multiplet should

loops(a 1N, effect.

In the former caseang dependence arises from the expan-
sion of theQ currents in the gluonic potentials generated by
the “brown muck.” While a nonrelativistic expansion of
these currents may be crude, the constituent quark masses are
after all free parameters which one may expect to be able to
hide many of the defects of the nonrelativistic expansion.
Assuming a smooth behavior of the effects of “unquenching
the quark model” is potentially a much more precarious
proposition. To understand why this is the case, we briefly
review some recent work in this argb2], and then calculate
loop-induced mass shifts of the=1 mesons.

1. A review

We begin by addressing the origin of the valence approxi-
mation itself. A form of this approximation emerges from the
large N limit [13] in the sense that diagrams in which only
valence quark lines propagate through hadronic two-point
functions dominate ahl,— . While suggestive, this domi-

Haance does not seem to correspond to the usual valence ap-

proximation since the Z-graph pieces of such diagrams will

produce ayq sea. Consider, however, the Dirac equation for
a single light quark interacting with a static color source.
This equation represents the sum of a set of Feynman graphs
which also include Z graphs, but the effects of those graphs
is captured in the lower components of the single-particle
Dirac spinor. That is, such Z graphs correspond to relativistic

be independent ahy, (as observed: for example, the phase-corrections to the quark model. That such corrections are

space corrected decay amplitudesDgf to D* 7 and of K3
to K* 7 are approximately equal

important in the quark model has been known for a long time
[14]. For us the important point is that while they have guan-

While the persistence of these heavy quark symmetry prelitative effects on quark model predictions likg , they do
dictions down to the light quark mass scale might be unexhot qualitatively change the single-particle nature of the
pected, the dynamics of these systems within the quarRPectrum of the quark of our example, nor would they quali-
model provides some understanding of its resilience. We firstatively change the spectrum gfj or gqq systems. In par-

note that the solutiong8] of the V o+ V¢ problem(with a

ticular, aQd spectrum would retain its valence “quarko-

regulated hyperfine interactipgive wave functions for the njum” character with respect to the degrees of freedom it
ud, sd, cd and bd systems with radii in the ratios of displays and theid” quantum numbers. Of course, relativis-
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tic effects will in general induce interactions which can dra-rule in this case—that “double hairpin graphs™ are dramati-
matically affect the level structureithin this quarkonium cally suppressed—is untenable in the light of these OZI-
spectrum,e.g, by creating large spin-dependent splittings allowed loop diagrams. They expose the deficiency of the
comparable to orbital splittings. See Fig. 1. large N, argument sincé\yz,~1T" is not a good representa-
Given the valence approximation, it is still surprising thattion of the OZI rule.(Continuing to usew-¢ mixing as an

quark model spectroscopy survives “unquenching.” Con-e€xample, we note tha,—m, is numerically comparable to
sider two resonances which are separated by a massrgap 2 typical hadronic width, so the largé, result would predict

in the narrow resonance approximation. In general we woul@" @-¢ mixing angle of order unity in contrast to the ob-
expect that departures from the narrow resonance approxa€rved pattern of very weak mixing which implies that
mation, which produce resonance widtfis ought also to ~ozi<I'<<m.) Unquenching the quark model thus endangers

. . the naive quark model's agreement with the OZI rule. It has
hif f I'. Yet though a typi- > oS . .
produce mass shiftam of order et even though a typi gen showri12] how this disaster is naturally averted in the

cal hadronic mass spectrum is characterized by mass aﬁ . .
P y 9 ux tube model through a “miraculous” set of cancellations

om of order 500 MeV, and typical hadronic widths are of between mesonic loop diagrams consisting of apparently un-
order 250 MeV, this does not seem to happen. In the flux b diag 9 PP y

tube model[15], the quark potential model arises from an "elated sets of mesong.g, the KK, KK*+K*K, and
adiabatic approximation to the gluonic degrees of freedoniK*K* loops tend to strongly cancel against loops containing
embodied in the flux tube. At short distances where pertura K or K* plus one of the four strange mesons of the 1

bation theory applies, the effect M. types of Iightqapairs meson nonejs Of course the “miracle” occurs f_or a good _

is (in lowest ordey to shift the coefficient of the Coulombic re€ason. In the flux tube model, where pair creation occurs in

potential from ago)(Q2)=127-r/33 In(QzlA(z)) to a(Nf)(Qz) the °P, state, the overlapping double hairpin graphs which
S

_ B 5\ 2 ~ . correspond to OZI-violating loop diagrams cannot contribute
=12a/(33-2Ny)In(Q /ANf)' The net effect of such pairs is in a closure-plus-spectator approximation since the" 0

thus to produce aeweffective short distanc®Q potential.  quantum numbers of the producéar annihilated pair do
Similarly, when pairs bubble up in the flux tulfiee, when  not match those of the initial and final state for any estab-

the flux tube breaks to createQ@q plusqQ system and then lished nonet. In facf12] this approximation gives zero OZI
“heals” back to QQ), their net effect is to cause a shift violation in all but the(still obscuré 0** nonet. In addition,

. : L corrections to the closure-plus-spectator approximation are
AEy.(r) in the groun luonic energy which in turn . :
Nf( ) in the ground state gluonic energy ¢ u small, so that the observed hierarohyz,<I' is reproduced.

produces a new long-range effecti@Q potential. It has |t must be emphasized once again that such cancellations
indeed been showfil2] that the net long-distance effect of require the summation of a very large set of meson loop

the bubbles is to create a new string tensh?‘p(Le., thatthe  diagrams with cancellations between what are apparently un-
potential remains linear Since this string tension is to be related sets of intermediate states, and that no truncated low

associated with the observed string tension, after renormagnergy hadronic effective theory could reproduce such be-
ization pair creation has no effect on the long-distance struc-havior.
ture of the quark model in the adiabatic approximatidie
net effect of mass shifts from pair creation is thus much 2. Overview of quark loop effects
smaller than one would naively expect from the typical width  \wjith this background in mind, we first consider the break-
I': such shifts can only arise from nonadiabatic effects. Fo;ng of heavy quark symmetry by quark loops in the “safe”
heavy qua_rkonium, these shifts can in turn be associated Wit\%gion Mo>Agcp. IN this region the masses and coupling
states which are strongly coupled to nearby thresholds. Wsnsiants of all particles contributing to a given light-quark-
should be emphasized that it was necessary to sum over Vefyqyced set of hadronic loop diagrams will be near their
large towers ofQq plus qQ intermediate states to see that heavy quark limit, each hadronic loop generated by the quark
the spectrum was only weakly perturbgdter unquenching loop will have an amplitude which may be expanded img/
and renormalization In particular, no simple truncation of gs
the set of meson loop graphs can reproduce such results.

The final puzzle of hadronic dynamics which we must
address before “unquenching” is the success of the Okubo- a=aj+a
Zweig-lizuka (OZI) rule [16]. A generic OZI-violating am- b '
plitude Agz, can also be shown to vanish likeNly. How-

ever, there are several unsatisfactory features of thigng 3 smooth i, expansion is guaranteed. Heavy quark
“solution” to the origin of the OZI rule[17]. Considero-¢  gymmetry will therefore be displayed by the loop-shifted
fmIXIngb aﬁ an E{f(r?mpl_e. Thlshrrllxmg ][eceNﬁs Cpntr'r’ﬁt'znsspectra. However, asi,—ms andm,, two potentially dan-
rom both true “hairpin graphs” and from the virtual had- geroys effects arise which could destroy this smooth expan-
ronic loop proces®— KK — ¢, both steps of which are OZI sjon:
allowed, and each of which scales witN, like I'*? (1) For mg=mj, anda fortiori for mg=m,, symmetry
~Ng ¥2. The largeN, result that this OZI-violating ampli- breaking in the ground state masses is so large that thg 1/
tude behaves likdl_ ! is thus not peculiar to largd, : itjust ~ expansion might simply fail.
arises from “unitarity” in the sense that the real and imagi-  (2) For mg=mg or m,, when the light quark loop is a
nary parts of a generic hadronic loop diagram will have theor u loop, respectively, new coherent processes arise whic
f ic hadronic | di ill h h I tivel h t [ hich
same dependence & . The usual interpretation of the OZI can change the amplitudes to new functions.

1

Mg

+oee (14)




57 SPIN-ORBIT INVERSION OF EXCITED HEAVY QUAK ... 4045
Having raised these potentially serious objections to a TABLE I. S-wave decay amplitude@n units of S) of the s’/

g p y | /
smooth 1, extrapolation, let us immediately see why their = 3+ and 3" excited state heavy quark spin multiplets to #fe
effects are unlikely to be dramatic. We begin with the second= 3~ ground state heavy quark spin multiplet and a light pseudo-
difficulty. In the adiabatic approximation, all flavors of quark scalar or vector. Decays @, V, Pp, andVp (whereP andV
loops contribute to the renormalized Coulomb and linear poare the 0 and 1" Qd ground statesare shown explicitly. Decays
tentials: ag= a(Nf) andb=bMNY_ Thus the effect of the new 0 other light ground states may be obtained using the flavor

’ S ’ ; . . ’ . K K?
amplitudesa; can only be to reshuffle strength from one "0 __ ®.V)(m.p):(P.V)(7,0):(P.V)(7 1#):(Ps, Vo) (K.K™)
threshold to another with no net effect. Consider the concreté& 1:V1/3 cose; 1173 sing; :V2/3, wherePs and V, are theQs
example of the mass shifts experienced by scalar meson%r.oun_d states ane; is the light flavor multiplet mixing angle de-
We will focus on three states: the generic heavy quark mesop1ned in the text

12g, (with quark conten€d) and the two non-flavor-singlet Eycited state P Vi Pp Vp
light systemsk® and a, with quark contentsd and ud,

respectively. Most of their total mass shifts will be subsumeds/zEZ 0 0 0 B 3
into the adiabatic potentials associated Wij@'f) andbM?), V3
but they will also experience nonadiabatic shifts associateg,zEl 0 0 _Ki E

with nearby thresholds. In particular, let us examine the mass 3 3

shifts they experience due to their couplings to the Iightestl 1 Vi

channels arising from pseudoscalar-pseudoscalar loop dia-F1 0 -1 3 3

grams induced by uu, dd, and ss quark 1

loops. These diagrams correspond for the generic heavyzEO 1 0 0 7

scalar to YE,—Pr—"E,, YE—Pn—1E,, YE,
—P7’ —2g,, and YEq— PK— Y2E, (P denotes th& d
or Qu pseudoscala®; is the Qs pseudoscalay for the sd
scalar toK§ —K7—K§ , K§—Knp—K§, andK§ —Kz'

lying thresholds are split in such a way that they affect a state
_ _9 discontinuously as a function o .

—Kg, and for theud scalar toag— nm—ay, ag—7'm The danger from such discontinuities is real, and an ex-
—ag, anda0—>KE—>a0. Despite the fact that there are dis- amination of their potential impact on our analysis will be
crepancies between the strengths and even numbers of the§€ focus of the remainder of this subsection. We begin by

thresholds, we know that in the &) limit, 5m, = smix,  remarking that the thresholds which are likely to produce
0 nonsmooth behavior in fly are those associated with

S-wave channels: such channels have a cusp discontinuity
right at threshold, while for higher partial waves the coupling

It is instructive to see how this happens in detail. In thestrengths are shifted to higher masses and smoothed out.
flux tube-breaking model the couplings of?’E, to  Table I gives the low-lyingS-wave amplitudes of the four

Pm, Pp Pz, and PK are proportional to Qd states of thes”’=3* and3* heavy quark spin multip-

1:\1/3 cosgp:\1/3 singp:\2/3; those of K§ to Km, lets to thes’=3" ground states and a ground state light

Ky, Kp' to 1:J1/3 cos¢p—+2/3 singp:\1/3 singp  quark pseudoscalar or vector meson. The amplitudes for the
+1/2/3 cosép; and those ofa, to nm, 7’7, and KK to analogou€Q=s states are given in Table Il, while those for

J43 cosdo: /4T3 singp:—\2/3. [These ratios are all the Q=u statesa,, b;, a;, anda, are quoted in Table Ill.

guoted using the anglg; which describes the deviation from tha-lt—hf?)?eatalgﬁEr;estingayaﬁg]vsgfjuﬁﬁ:vetggecno?reg;n%dmj%
ideal MiXing: ¢;= Bigon— 6 With 6,4eq=35.3° andé; the y y ponding

_ e —  partial width '=|A(g?)|?q whereq is the center-of-mass
ordinary SU3) mixing angle so thate.g. 7= V12U  three-momentum of the decay. In ti@, approximation to
+dd)cosgp—sssingp and 7'=\1/2(uu+dd)sings  the flux tube model we use, and in a set of harmonic oscil-
+sscos¢p. If §=—10°, then one would be close to the lator variational wave functions, the common amplitusle
case of “perfect” pseudoscalar mixing18] where ¢p  for our generic decayg— (P,V)(,p) is proportional to
=45°, In what follows, for simplicity we quote numerical [19]
results for the two caseg®p=45° and ¢,=0 since our

and in the limit m>Aqgcp by heavy quark symmetry
5mK3 = 5m1/2E0 .

qualitative conclusions are independent of this angbne 2y _ _ q_2 _

immediately sees that if the intrinsic coupling strengghsf Aold)=Ao(0)) 1 4,8(29(1 €Itée)) (9
each state to these loop diagrams are the damsupported ]

by the discussion of the previous subseckjoand if all with

thresholds were equidistant from the state being shifted, that P 5/ 5 13p

each of ’E,, K}, anda, would experience a mass shift AQ(O)E%Z_ @} _ By Fo(q?), (16)
proportional to 2S|2. From this example we see that the 9BQ" LBel LBpyPxy

“second potentially dangerous effect” of coherent new am- 1

plitudesa; is actually controlled by the same physics as the —2_ " p=2, p-2 -2

first: nonsmooth behavior img can occur if important low- Bo™= 3(’3E tBe vt By, (7
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TABLE II. The S-wave decay amplitude@n units of S) of the 3K ,, ¥, YK, and ¥*, mesons analogous to those of Table I.
Amplitudes to the mixed pairs of stateg,(7’) and(w,¢) are given in the table in the formaf( ,A,/) and A, ,A,), respectively.

State K (Kn,Kn")
3/2K2 - -
3/2K1 - -
l/ZKl - -
(cos¢p—v2 sin ¢p) (Sin Pp+Vv2 COSPp)
1/2K0 +1 ’
V3 V3
State K* (K* 9,K* ") Kp (Kw,Kg)
3/2K2 _ _ - -
a2, 0 <+ 4 sin ¢p 4 cos¢p> B 2_\f2 (2\/2 cosg¢y 2v2sin qb\,)
V3 ' 33 3 3 33
2 1 (3 cosgp+v2 sinp 3 sin pp—v2 cos¢p) } (cos¢v+3\/i sin gy, sin ¢y—3v2 cos¢v)
3v3 ’ 3v3 3 3v3 ’ 3v3
1/2K0 _ _ _ _
State K*p (K* w,K* ¢)
8 2 _(2(cos¢\,—\/2 singy) 2(sin ¢y+v2 cosd)\,))
V3 3 ’ 3
a2, g ( 2(vV2 sin ¢n+cosgy) N 2(V2 cos¢gy—sin ¢>V))
3 3v3 ' 3v3
2 x/_i ( v2(V2 sin ¢y +cosey) N v2(V2 cos¢y—sin ¢V))
3 33 ' 3v3
1 (coséy—vV2sin ¢y) (sin ¢py+v2 cosgy)
l/ZKO - 3 , 3
V3
[gé é quark loops. We begin by reminding ourselves that these
£o= 352 1-Aq =, (18 effects appear at many levels in heavy quark systems:
Be Be.v (1) As shown in Refs[12], nonadiabatic effects are ex-
PP ) ) - pected to shift the renormalized radial and orbifaincipal
()= 9By | Br(1+AQ)+ Be vt BeAg quantum numbers and/) spectral splittings of the valence
Q(a9)=ex 12 282 ,BavBs ’ quark model by of order 20%100 out of a typical 500
e (199 MeV). This “brown muck” shift affects the overall splitting
between the centers-of-gravity of th& =3~ and s}’
and =37 states of Fig. 1.
(2) As also shown in Refd.12], nonadiabatic effects on
_ Mg — My (20) spin-dependent splittinggyperfine and spin-orbit splittings
Q Mg+mgy’ are expected to be smaller, but still significant: unless pro-

with B; the variationally determinefB] harmonic oscillator
parameters for the staté, i.e, y;~ (polynomial) exp

[-3 87
3. Loop-induced mass shifts

With the couplings of Tables I-Ill in hand, we are pre-
pared to explicitty examine the formally N{ effects of

tected by some symmetiye.g, heavy quark symmetry or
SU(6)] such splittings are also vulnerable to “random” 20%
shifts (20 out of a typical 100 MeY, This “brown muck”
effect is related to the light SI8) flavor-spin splittingbe-
tweenthes” = 3" ands’ =3 excited states. It is central
to our discussion and will be examined carefully below.
(3) While the “brown muck” physics ofjq loops cannot
break heavy quark symmetry ag,— o, it can contribute to
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TABLE lll. The S-wave decay amplitudg@n units of S) of thea,, by, a;, anda, mesons, analogous to those of Table I. Amplitudes

to the mixed pairs of statesy(7') and(w,¢) are given in the table in the formaf(,A,) and A, ,A,), respectively.

Excited state w(n.7m") KK
a2 = -
bl - -
al - -
a 2(cos ¢p,Sin ¢p) _ 23
V3
Excited state P (w,¢) p(n,7") K*K+K*K
a, - - - -
2(cos ¢y ,sin ¢y) 2(cos ¢p ,Singp) 2
b, 0 oA AV s _Z
3 3 3
a; ‘_1 0 0 ﬁi
3 3
ag - - - -
Excited state pp p(w,¢) K*K*
4(cos ey ,Singy) V2
% 0 3 3
by 2 0 2
3 3
a; 0 0 0
2(cos¢y,sin ¢y) V2
% 0 3 3

the matrix elements determining the coefficients of thagl/ Figure 2 sets the stage for this discussion by showing a
expansion. Examining the effects of hadronic loops on theypical mass shift of one of ous-wave-coupled states as a
smoothness of the i, expansion in passing froomg  function of its intrinsic coupling strength and of the position
—mMp— Me—Ms—my, within the exciteds” = 3+ and s, of the zeroth-order valence quark state relative toStveave
=17 states is one of the main goals of this subsection. ~ channel in question. The details of this curve depend on the
(4) Finally, loop effects cannot destroy the smoothness okinematics and model dynamics of this example, but the
the extrapolation fronmg to m, since this smoothness is qualitative features are universal.rf’3€"¢¢js more than a
simply a consequence of ordinary light &Y symmetry. GeV below threshold it will experience a small negative
Nevertheless, this extrapolation provides the link required tanass shift; asn’@e"® approachesn'"®sh°!d the negative
connect the underlying physics of light quark systemsshift grows rapidly. It then quickly decreases in magnitude
through the “quasi-heavy’s quark tomg=rc°. above threshold with a cusp singularity, and finally becomes
relatively small and positive about a GeV above threshold as
wal- mra'enceis pushed up more by the low invariant mass con-
tinuum than the high invariant mass continuftime effect of
which is suppressed by the hadronic form facilég.{Qz) of
Eq. (18) associated with the vertices of the loop diagrams
We begin by discussing the smoothness of the heavy
quark symmetry expansion in a givenj’/ multiplet. Con-
AGeN sider first the case’;/ = 3" where theS-wave thresholds are
of the Pp-type (Pp, Pw, P¢, andP,K*) andVp-type (Vp,
Vw, V¢, andV,K*). Since we know from thed and bd
systems that the asymptotic splitting between @eé S:/

=3 multiplet and itss”= 1/2" ground state is about 450
MeV, we know that theasymptotigositions of the foufde-
FIG. 2. A typical Swave mass shift and its dependenceson generatg Pp- and Vp-type thresholds are approximately
=mpalence_ mthreshold ghown jsAm/y for K —K7—K§ for the 320, 330, 570, and 590 MeV above the degenet4Ee, and
simple width functionl“:yqe‘qz with g in GeV. 32g, states. In the exact heavy quark symmetry limit, the

Am
ks

0.0

0.2
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TABLE IV. Estimated loop contributions to the spectroscopic tion to t/mg is, in contrast, surprisingly large compared to the
parameters, fit values of those parameters, and the deduced valeRggience estimate. As will be seen in Sec. IV, the latter is
contributiqns to thgﬁin MeV). _These estimates are based on anquite consistent with expectations. This is apparently an ex-
Swave width coefficientsee Fig. 2 of y=0.8 deduced fromb, 5,510 \yhere M, is not sufficient small to make the large-

— WT. . . .
N, expansion quantitatively useful.
h/m? t/m? 0, /m2 0,/m2 While the_descrlptlon of the loop contributions to the
spectrum ofQd systems by the universal set of parameters of
Loops +50 —70 +40 +15 Table IV is guaranteed famg, large, as discussed above its
Fit +90 —40 —120 +160 validity for Q=s and u is dubious. Our estimates in fact
Valence +40 +30 —160 +145

show it working remarkably wellwithin 20%) for Q=s, but
failing for Q=u where h!°°’/m3=—30 MeV, t\°°//m3=
coupling strength of”?E, and ¥2E, at each of these thresh- —45 MeV, andoy2"/m3+052"/mi=+30 MeV (only the
olds must be identicale.g, from Table |, Am(®’E,—Vp combinationo, + 0, can be determined fro®=u; see be-
—32E,)cd|g)2 while Am(®*?E;—Pp  low). These values, and especidily°"/m?2, are inconsistent
3B )+ Am(PPE, - Vp—3%E )< & |92+ £ |92 = 2|92 with the results shown in Table IV. The source of this failure

In the cd andbd sectors two effects can break this equality: O the heavy quark expansion is easily traced. As one passes
(1) the bare wave functions, and therefore the intrinsic coufrom Q to b to ¢ to's, the masses of the staté$E; and
plings, of *2E, and 32, can differ at order Thy, and(2) ~ ““E1 approach thePp (and relateji thresholds very

the threshold positions will no longer coincide.g, the ~ smoothly from below, but forQ=u, where P=, they

D3 —D*p, D;—Dp andD,—D*p threshold splittings are jump above the cusp and a linear extrapolation fails dramati-
320, 220, and 360 MeV and not all at their asymptotic valuecally. A similar effect occurs for the staté§E, with the P

of 320 Me\). Within our model it may be shown that the channel. As a result, while we may expect a smooth extrapo-

former effect is negligible. However, since these channelsation to Q=u of the valence properties (m‘asystems, we
have strengths of, §, andg, respectively, the splitting of must carefully examine the effects of loops on these systems.
their thresholds can and does make a substantial contribution Before |eaving our ana|ysis Of |00p effectS, we focus for a
to theD3 — D, splitting. At its calculated value of about 10 moment on the loop-induced splitting of the centers-of-
MeV, this contrlbut_lo_n is not negligible compared to the Ob'gravity of thes7= 3+ ands7= 1+ multiplets, which is one
servedD3 — D, splitting of 40 MeV, and we can conclude . . . — .
that the coefficient of the fi, expansion of this splitting has of the mgln foci of this work. In. LD system(whgre D !S a
a non-negligible M, correction from hadronic loop mass NYPothetical heavy-quark version of the d quarik which
shifts. the adiabatic approximation would be valid and where heavy
With Tables I-I1l, and the analogues of Fig. 2, the effectsquark symmetry would guarantee the spin independence of
of loops on theL=1 spectrum of aIIQE systems can be the loop contribution to the adiabatic potential, this splitting

estimated. These estimates are not very reliable quantitd/ould vanish. An explicit example of this may be seen in
tively: their overall magnitudes are quite sensitive to the as- able I if theP™ @™, V= o, P* p", and V** p thresh-
sumed momentum dependence of the amplitudes, and evé¥fls were all equal, as they would be forr™ and “p”

their dependence amyg, is quite model dependent. However, beingDu systems, then since the sums of the squares of the
our studies indicate that our estimates for mass shifts in aouplings of each of the four states to these four channels are
given channel can be expected to be good to withinequal, their loop-induced mass shifts would all be equal. The
*+10 MeV or a factor of Awhichever is larger as can the vanishing of the®%E,—%%E, and Y?E,—Y?E, splittings is
dependence of a given shift any . Thus the estimates may just a result of heavy quark symmetry and does not require
be taken to be a reasonalgjealitativeguide to the effects of m,—; the vanishing of the splitting between these two
“unquenching the quark model.” Since for largeg the  degenerate multiplets is a consequence of the adiabatic ap-
loop effects must obey heavy quark symmetry, most of thesgroximation. In contrast, since is not a heavy quark, we

estimates may be encoded into a set of coefficientgynect, and our calculations provide, loop-induced violations
h'°°P/mZ, t'°°P/m3, ol°°P/m3, and oy °P/m3, which give ¢ this d T svst

the estimated loop contributions to these universal expansio% Is degeneracy IQd systems.
coefficients. The results are displayed in Table IV.

Table 1V also shows the “best fit” values of the spectro-
scopic parametergo be discussed belgvand the difference
which we use to define an estimate of the valence contribu- Our fit is based on datg20] from the kaon §d) sector,
tion to these parameters. We see that, relative to the valenggnere we use the masses of the two st&&$1430) and
contributions, loop effects make small contributions to the . . T, 3+ ;
spin-orbit parameﬁers which are central to our discussionK1(127O) associated WItT the,”=2 m.ult|plet,. and 7tThe
Their contributions to hyperfine splittings are small com-tWo statesK;(1400) andK{(1430) associated with the”
pared to theS-wave hyperfine splitting parametbp\,/mfj =17 multiplet. In making these associations, we rely on
=640 MeV, but large compared to the P-wave paramete@nalyses of the decay patterns of the(1270) and
h/m3. Since in the nonrelativistic limib’®e"9m3=0 (see  K1(1400) which show them to be quite near to being pure

Sec. V), this may be viewed as natural. The loop contribu—s’;’z 3% and s’;/z ;' states, respectively, with

D. The data and some comments on it
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TABLE V. Comparison of the fit to experiment. The fit values

| ! | of mg; for Q=u, s, ¢, andb are 1280, 1385, 2490, and 5765 MeV,
wr ‘ ‘ 1 i respectively.
b ' ! Predicted mass  Observed mass
o] 0 | i el State (MeV) (MeV) [21] Comments
b I
s [ | S~ [ a, See Fig. 3 1326¢ 5
3 — YRR e e b, See Fig. 3 123810
£ | 2+ | S a, See Fig. 3 123040
g L ! b B ag See Fig. 3 - Note 1
e K| | N —
' |- ; K3 1415 143& 5
—_— —
Wl | | K, 1300 1275-10
' ' ' ‘ K_l 1415 140:10 Note 2
! ! ! 3 K_g 1395 14310 Note 2
I | | bx, —-3° —12x7°
b < s u
D% 2460 2460- 5
FIG. 3. The mg dependence of thd>-wave spectra(solid Di 2415 242& 5
curves. Vertical lines show the values afy/mg, corresponding to D1 2585 - Note 2
each ofQ=u, s, ¢ andb. The dashed curves illustrate possible Dg 2565 - Note 2
connections to the observédnd unobservedud states. $p, —-2°
B* 5715 - Seqd 23]
_ 312 ; 112 2
|K1(127Q>_COS ¢K1| K1>+S|n ¢Kl| K1> (21) gl 5700 _ 86623]
- 3P 12 B 5875 i
|K5(1400)=sin ¢K1| K)—cos ¢K1| Ky (22 B 5870 i
o8, —-1°

with a mixing anglegy, ~—12+7° [11,21.
Our fit also takes into account theoretical constraints from Note 1: predicted19] to be very broadI'~500 MeV, and

the ud light meson sector, where isospin symmetry guaranstrongly coupled to the neari§twave thresholds)’ = andKK; see

tees that the mass eigenstates are states of definite chargef.[22].

conjugation versus states of defing® . Since tensor mix- Note 2: K1 andK} predicted[19] to havel'=250 MeV as ob-

ing (in this case betweedP, and 3F,) is expected to be Shefve: l(‘;V'tPK* vhery Sthﬂg')/kCOUpledttO the ge[?:lﬁf\;]vavﬁj K7|/

m
negligible, the 2 state of thes” =3* multiplet can be L;Sesro 250“|’\Tevea"y quark symmetr, an should also

identified witha,(1320) while the 0 of the s//=3" mul-

tiplet would be uniquely associated with thel stateag. 1 [h—t+2(0,+0,)]
Unfortunately, the experimental status of this latter state is m= > (M3, +Myp_ ) =Mgi— a2 ,
very murky. The twal®=1" statesb,(1235) anda,(1260) ! ! Mg 26
in this sector are particularly interesting. In this case the (26)
s)/=3" ands’“= ;¥ mustmix to precisely a mixing angle
? 1 \/—3~ 35.3° 1 q Ft) f fy d hg g wheremy; is the expectation value of the spin-independent
0 C?S 0 produce states of good charge con- part of the Hamiltonian, leading to the eigenvalues in the
jugation: whole P-wave sector of
[b1) = 2/3%%E,) + V13 V) (23 L
m2++:msi+_2|:_h t+(01+02) (27)
|y = VI/3%E )~ V23 V2E,). (24) mgl4 10
In this sector, indeed, the*1lmass matrix(10) collapses to 1 1
the form Myer=Mgit —o zh+5t=(01+0y) (28
1
(h+t/2 [ 7z 77 ! [1h 2 29
— —04—0 Mg++=Mgj+ — | —h—t—2(0;+0
m+ 21 2 (25) o+ + Si mg 4 ( 1 2) ( )
3myg 1
V2 + >
3h
My =Mgi— —— (30)

with 4mg
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corresponding to the standard matrix element¥gf, Vien, These conclusions may also be qualitatively cross-
Vi, andV; in the 28+1_LJ basis. Note that in the light meson checked against thed system. As just mentioned, thed
sector only the combination; + 0, enters. sector is sensitive to onllg, t ando;+0,, so that it alone

The “fit” parameters of Table IV are based on just theé  cannot determin@,. Moreover, sincam-+ is not known,
data. On the basis of the observations made above on thbis sector cannot even uniquely determine these three com-
smoothness of the extrapolation framy—c to mg=m;, binations of matrix elements. However, mag++ varies in the

we apply thesd parameters for alng>mj to predict the “reasonable” range{22] from a maximum of 1300 MeV

excited spectra in thed, bd, anansystems. The results down to 1000 Mev’gnSi varies from 1273 14 MeV to
are shown in Fig. 3 and compared to experiment in Table V124814 MeV, h,/my varies from 5717 MeV to 23
The overall fit seems satisfactory. Given that the loop con==17 MeV, t,/mg varies from —64+33 MeV to +103
tributions are not smoothly behaved in passin@teu, for =33 MeV, and 0;,+0,,)/m; varies from +26

the ud system we might consider adding our valence param= 10 MeV to +76=10 MeV. This analysis is thus consis-

eters 1o the computedd loob parameters to obtain the pre- tent with our earlier discussion of this sector. Moreover,
P PP P given that loop contributions toog + oz)lmﬁ are relatively

dicted ud spectrzum. On doing so we ob;ahn,/mﬁzz—S smooth functions ofng even a—u, it confirms the small
+30 MeV, t,/mg=0=30 MeV, ando,/mMg+0,,/Mg=0  yaye of the combinationc +0,)/m3 of greatest interest
=30 MeV, where we have shown explicitly the estimatedpgre.

theoretical errors arising from our loop calculation. From  The most important prediction shown in Table V is
these parameters one can deduce little aboutitheystem that in the asymptotic casd€to which the physical
except that all four states should be loosely clustered arounghse Q=b is very clos¢ m(*’E;)—m(®’E;)=+ 180
their center-of-mass. Therefore, instead of using these PazeV, and that even in thed system there will be a
rameters to make a prediction, we show in Fig. 3ekperi- splitting between the2E and 32E centers-of-gravity
mentalvalues of thea,, a;, andb; masses to illustrate that 312 112 5,3/ 3,3/

they are consistent with an extrapolation from heavier quar f . [am( ) E1) +am(*Eo)] — [sm(*"E) + sm(™E4)]
systems(To determinem,;, we assumed, in the absence of = 2(02/Mg+05/MgMmc) =+ 135 MeV. In the next section
other information, that they, lies at the center-of-gravity of W€ Will show that this unexpected result has a very interest-
the other states.e., at 1270 MeV) This exercise shows that N9 Interpretation.

the quantitative failure of the heavy quark expansion of loop

mass shifts foQ=u does not have very dramatic qualitative 1IV. INTERPRETATION: THE FLUX-TUBE-PLUS-GLUON-
consequences. EXCHANGE MODEL

th.AS shown in Eq's(lzt)har!d (13)’. the fn::m:cgrlclus(;OLrLOf The starting point for the preceeding discussion, E2js:
',S paper concerning the inversion o 33 2 .an 2 (4), is a general expression for the leading adiabatic potential
spin multiplets depenc_is on correctly determiniog. We _between two heavy quarks. The key assumption of this
should therefore examine the power of the data to determinganer_—which could certainly fail—is that the characteristics
this matrix element. A good understanding of the situationys ipis general form can be extrapolated to light quark
can be obtained by noting from Eq)—~(11) that, since the masses first ing and then inQ. Precisely because it isot

312 1/2 i ;
Ky=""Ky mixing angle is small, obviously true, this prediction is an interesting test of one of

t the main assumptions of the valence quark model: that analo-
+0.3 —2}:0 MeV gous degrees of freedom control the properties of the low-
My lying spectra of heavy-heavy, heavy-light and light-light sys-

(8D tems and that the effective forces between these degrees of
freedom evolve smoothly as a function of the constituent

01 Oy
1.1 —+—
myg My

mK;c - mKS = 1%

and quark masses.
0, 0, h+t/2 Having determined the valence contributions to the matrix
m3,2K1—m1,2K1:[(1.1W+O.2W> - 2 elementsh, t, o, ando, that arise in this context, we will
d d d now see that there is a very plausible interpretation of these

=~—120 MeV. (32)  Mmatrix elements in the context of the flux-tube-plus-one-
gluon-exchange constituent quark model. In this picture, the

The first of these splittings depends on a contribution clos@redicted spin-orbit inversion is a consequence of the Tho-
to 0, /m3+0,/mj as in the SB) limit [see Eqs(27)—(30)]; mas precession of the light antiquagkin the linear confin-
the second displays a strong departure from thé3plimit. ing potential generated by the heavy qugrk
This radical departure from SB8) is signalled experimen- In such quark models, as mentioned in Sec. I, the inter-
tally by ¢y, which, like ¢g, and ¢p_, is close to zero in quark forces arise from flux tube formation plus one-gluon
contrast to the S(3) limit where it must be 35.3°. It is these ©€Xchange, and one can express the matrix elenterttso;

unique features of thed system that allow us to separate @ndo, in terms of expectation values in ti@d °P, system
0,/m3 and 0,/m3. Using the facts that 0.8(m3) and @S
O.2[(h+t/2)/m§] are small, the results of Table IV for

: h 27«
0,/mj3 and 0,/mj may actually be checked directly from — =3P, = 331 [3P,) (33)
these two equations. my 2l omj ?



t 4a 2

— 3P S —fmadr 3P 4
2= (Pl grors € ey (34
01 3 Zas b 3
—5=(3Py| s~ = |°P 35
mg < 2| 3m§r3 zmsr | 2> ( )

and

0, 3 4(15 3

—2 (3 P,). 36

mg < 2|3m§r3| 2> ( )

In these formulasgg is the strong fine structure constant
(very appropriately named for this contgxd3(r) is a delta-
function smeared out by relativistic corrections and by th
constituent quarks’ nonzero effective sizes, épd,, of or-
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0> 1682 43)
m3 9 mmg
and
hp v 32a ,3|3>,v 1
2 - 321 (44)
My

9 /7mj [

2
1+ 5855

where B (Bp,y) is the Gaussian parameter characterizing
the variational solution of the Coulomb-plus-linear problem
for the excited state P-waveéground state S-wavgsn the

iq_j system. The new matrix elemehp,v/mﬁ is the one

Q

der unity, is a parameter characterizing the screening of thESPonsible for the splitting of the ground state spin multiplet

chromomagnetic field in the vacuum outside the flux tube.
Since h=0 for pointlike quarks in the nonrelativistic

limit, to have a rough estimate of the size lofin systems

with a light quark we must introduce a quark size. #s

into its vector and pseudoscalar components; it will be help-
ful in the discussion which follows.

When evaluatedas appropriate to our fitwith the sd
parameters of the first of Refs[8] (as=0.55 my

—.», a quark’s effective size would be characterized by its=0.33 GeV, b=0.18 GeV, B¢=0.30 GeV, and Bpy

relativistic radius Ih,. For m;—O0, this radius will freeze
out at some constituent quark sizg<1fm. When two
quarks interacvia some intrinsic potentiaW/(r;), we as-

sume that this potential is smeared out iﬁt(rji) given by

'\‘/(Fjozf d38pji(SV(rji+ ) (37)

with

- 1.
0'+§5pi

1.
a——a), (39)

Pji(S)Efdso'Pj >

the convolution of the individual quark smearing functions.
Thus in our Gaussian approximation

pa(X)= py—y (39

a

312
) o~ P22

where fora=i or j, r, is the effective radius of the quark
and fora=ji, ri=r’+rf.

With harmonic oscillator variational solutior}8] it im-
mediately follows that

h _ 6dafe  Berj 0
m 27 fmy 2 22|
1+ § El’ji
t 160482 1
— =+ (41)
mg  9Vamg [1+ ./ BE]
0; 8asBE  2bfBe
il 9\/i 27 2 (42)

=0.42 GeV, with ry=r=0.15+0.15 fm as given in Ref.
[12], and with f,,=1, these formulas givehp/mj
=620 MeV (compared to thep— 7 splitting of 630 MeVj,
h/hp,=0.03"303 (Table IV would give 0.0 t/mi=
+45 MeV (Table IV gives +30MeV), o0,/mj=
—120 MeV (Table IV gives —160 MeV) and 0,/mj=
+135 MeV (Table IV gives +145 MeV). (As to be ex-
pected based on the discussion of Sec. Ill B, evaluation with
bd, cd, andud parameters gives similar resujt§¥e note
from (35 and (42) that the sign ofollmﬁ, critical to our
main conclusions, depends on the relative strength of its
Coulomb and confinement pieces: 0;/mj=

+65 MeV-185 Me\.=—120 MeV. Given the strong model-
dependence of these two comparable terms, it is not surpris-
ing that most calculations fail to predict the spin-orbit inver-
sion of Qd systemq24].

While this successful comparison with the predictions of
the flux-tube-plus-gluon-exchange quark model is not a
proof of its validity, it does show the remarkable ability of
this model to describe the key features of not only the gross

spectrum of Qd states, but also their “fine structure.”
Within this context, our main result tham;,—mg;,
=+180 MeV also has a simple but profound interpretation:

asmg—, Thomas precession of the lightin the confine-
ment potentiabr overwhelms the ordinary spin-orbit force
familiar from atomic physics to invert spin-orbit multiplets
[7,25. If verified experimentally, this effect would lend
strong support to the growing evidence that confinement is
free of dynamical spin-dependent effects.

V. CONCLUSIONS

Based on the observed smooth evolution of the spectra of
Qd systems fronQ=b to Q=u, we have extracted from the
sd system estimates for the matrix elements which control
the 1ig expansion of heavy quark mesons. Checks on the
validity of this approach are its correct prediction of the ob-
served properties of the charm and bottom systems, and the
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comparison of its extrapolation ©=u with experiment.
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Although this would be an important conclusion, perhaps

The most striking result of our analysis is the conclusionthe most important ramification of the confirmation of this

that thes}” =3 stategwith J°=0" and 1") of the cd and
bd sytems will lie above rather than below thesZ’z%+
stateswith J°=1" and 2"). While contrary to conventional

wisdom and intuition based on atomic a@d) spectra, this

effect would be the support it would lend to the evidence
discussed here that heavy- and light-quark systems may be
characterized by the same low-energy degrees of freedom.
Such an unexpected simplification of strong QCD would be
an important step toward understanding the nature of con-

inversion has a simple interpretation in the usual quarkined hadronic systems. To complete this picture will require
model: Thomas precession in the spin-independent lineagzonfirming the key role that the strange quark plays as the
confinement potential, a relativistic kinematic effect, haslink between heavy- and light-quark systemist a much

overwhelmed the usual atomic-like spin-orbit force from
one-gluon exchange.

more complete experimental and theoretical understanding
of strange mesons and baryons and of strange quarkonia.
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