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Beyond the adiabatic approximation: The impact of thresholds on the hadronic spectrum

Nathan Isgur
Jefferson Lab, 12000 Jefferson Avenue, Newport News, Virginia 23606
(Received 14 January 1999; revised manuscript received 12 May 1999; published 28 July 1999

In the adiabatic approximation, most of the effectsqaﬂoops on spectroscopy can be absorbed into a static
interquark potential. 1 develop a formalism which can be used to treat the residual nonadiabatic effects
associated with the presence of nearby hadronic thresholds for heavy quarks. | then define a potential which
includes additional high energy corrections to the adiabatic limit which would be present for finite quark
masses. This “improved” potential allows a systematic low energy expansion of the impact of thresholds on
hadronic spectrd.S0556-282(199)06315-9

PACS numbsd(s): 12.39.Pn

. INTRODUCTION for larger, V;¢'#°2'qr) remains linear, so that the net effect

of the pairs is simply to renormalize the string tension. Since
The valence quark model is surprisingly successful in dequark modelers determined their string tension from experi-
scribing mesons and baryonsgg andqgq systems moving ment,the quark model heavy quarkonium potential already
in effective potentials. The surprise comes in part becaus#cluded the effect of meson loops to leading order in the
hadrons are so strongly coupled to théieal and virtugl ~ adiabatic approximation, i.e.,p=b, the physical string ten-
decay channels that each nearby channel ought to shift sion
hadron’s mass bYAm~1I"ypicar, thereby totally disrupting Note that a similar renormalization oc(c;u)rs at short dis-
fl—

the valence quark model’s spectroscopy. tances: in  lowest order a(so)—>as =127/[ (33

_ A simple resolution of this cor_1u_ndrum has been pr‘(‘Jposed_ 2nf)|n(Q2/A2QCD)]- The renormalization of the string ten-

in a series of paperfl,2] examining the effects of “un-  gjon by qq loops is quite similar, though complicated by the
quenching the quark model,” i.e., allowing exig pairs to  existence of the open channels corresponding to adiabatic
bubble up in valence quark states. This bubbling dresses thevel crossings. It should also be stressed that the possibility
valence hadrons with a certain class of meson loop diagramysy subsumingyq loops intob,, only occurs if one sums over
[3]. [These papers also address how the Okubo-Zweig-lizukg huge set of hadronic Ioopf diagrarfrsal and virtual [1].
(OZ1) rule [4] survives unquenching; in this paper | will N, simple truncation of the sum over loops, as is often at-

exclusively consider flavor nonsinglet states for which suchempted in hadronic effective theories, is generally possible.
OZl-violation is not an issu¢ The proposed resolution is an consider, for example, the simplest orbital  splitting

extension of the idefb] that in the absence of light quarks g,(1320)- p(770). Summing the mass shifts associated with
the heavy quarkonium potentialg®*"(r)~bor is the  the known decay modes of these states would significantly
adiabatically evolving ground state enerdiy(r) of the  change their absolute masses and violently alter their split-
purely gluonic QCD Hamiltonian in the presence of a staticting. Preserving them requires a large renormalization of the
color triplet sourceQ and color anti-triplet sinkQ separated String tension and summing over loop graphs involving
by a distance. Oncen; light quarks are introduced into this many high masgi.e., virtua) channels, sinceq creation
Hamiltonian, two major changes occur: inside the originalQQ state is dual to a very large tower of

(1) Eq(r) will be shifted toE, (r) by ordinary second order (Q®)a(4Q) s intermediate states.
perturbation theory, and Although the renormalizatioVg

(2) Ep(r) will no longer be isolated from all other adiabatic capture the bulk of the effect of “unquenching” in heavy
quarkonia,E,, (r) deviates quite substantially from linearity
— . . . near level crossingkl] . Both this fact and explicit model-
can break to create StateQQ)“(qQ)ﬁ with adiabatic ling suggest thatgfor phenomenologically r%levant quark
energy surfaces that are constantriat the values, masses substantial nonadiabatic effects will remain after
+eg (e is thei' eigenvalue of th@q system, with the  renormalization, and in particular that states near thresholds
heavy quark massig subtractedl to which they are strongly coupled should be expected to
deviate from their potential model positions. This paper is
Despite the latter complication, in the weak pair creationdevoted to developing a method for addressing these residual
limit the flux-tube-like adiabatic surfac&, (r) can be ©ffects. This is straightforward ang—c, but | will show

tracked through the level crossings that occur wEgr(r) that for finitemg, it is essential to go beyond the naive adia-
f batic approximation to define an “improved” interquark po-

= e,+ ¢, andidentified as the renormalized Q@diabatic  tential which includes the high energy part of the corrections
potential \f,’;‘fd'aba“‘:(r)zEnf(r). In Ref.[1] it is shown that to the adiabatic limit.

c_)Vﬁ:ilabatlc will

surfaces: once pair creation can occur,QEflux tube
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IIl. THE FORMALISM IN THE ADIABATIC LIMIT have a strength of ordekaCD and a range of orde/fg(séD_

To deal with violations of the adiabatic approximation, This range arises becaugg(rqq) andii(rqq) are localized
we can closely imitate the normal methods of mass renorat relatively smallrgQ| and|rqa for low-lying states so that
malization. For very massive quarksandQ, the effects of ~for larger the production of such states by the point-like
all hadronic loop graphs can be subsumed into creation of agq pair is strongly damped by the rapidly fall-

ing tails of their confined wave functions; conversely, for
yadiabatic py — yjadiabatic -y 4 2 Avadiabatic )y (q) smallr the created) andq are easily accommodated into the
nf 0 aﬂ “ i H H H
ap heart” of their respective wave functions.

N _ Let us now compare the adiabatic Hamiltonian for the
where v3913PatiG(ry s the “purely gluonic” staticQQ po- QQ system6]

tential, andAV2%2P3lq(r) is the shift in this static potential

generated by the channetS. Here the subscript on p? adiabatic

vadiabaticis ysed to denote thatis purely gluonic; we have Hadiabatic= 7 * Vi, 2
suppressed additional labels to identify which gluonic adia- HQQ

batic surfaceVg'***"® representgthe normal meson sur- (with u;; the reduced mass af, and m;) with the two
face, the firstA= =1 hybrid surface, etgsince our discus- channel HamiltoniarH(*#) that is the penultimate step in
sion applies identically to them all. For the low-lying generatingH ,4iapaticin the sense that all channegcepta 8

thresholds of interest to us hezey2%2°2"r) will typically  have been integrated out:

2

P adiabatic adiabatic qa
2 7+an _AVQ'B H(aﬁ)
H(eB) Faeo ©)
= 2
q p
qq p
H(aﬁ) 2Maﬁ+6a+€ﬁ

whereH{9, is an interaction which couples #1@Q system  (Qa), and @Q)4, the eigenstates of this sector are mesons
to the single ChanneﬂQa)a(qa)/; with the matrix elements I relative plane waves, corresponding to the»erhiéﬁﬁ) in
dictated by the underlying pair creation Hamiltonidfid. in ~ Ed- (3)- Thus, withp, canonically conjugate tp, the three

the adiabatic limit we must recovétgiaparic from H(*#),  quantum labels ,,«,8) replace the three labels
but H*# contains the full dynamics of the coupling of the (p,I'0.40)-
QQ system to the channelB. With the superscript okl (*#) The main goal of this paper is to describe the relation

we are making explicit thaH(*#) has the channekg re-  between the eigenvalues of the adiabatic HamiltofZand
moved from theQa adiabatic potential and added back in the dynamic Hamiltoniar3). If we define

full via Hﬁgﬁ). We could in general remove any subsetof 2

channels fromV;®®*'{(r) and add them back in dynami- p—+Vﬁ:“aba“° 0
cally as part of anr{+1)-channel problem. In the limit of 21qQQ
A .. Ho: 2 (4)
taking all channels we would recover the original full un- [
guenched Hamiltonian. However, since our treatment is in 0 21 ﬁ+6a+ €p

lowest-order perturbation theory, the effects of the individual
channels are additive, and E@) with just an individual
channel @B) selected for study is sufficient for our pur- and

poses. o _

Note that the hadronic multichannel version of our un- —AVEZERRe Haa
guenched Hamiltonian is an appropriate representati@uof Hpert= an 0 (5)
pair creation in a confined system. When the pair is created, (@h)

the (QqqQ) system has three relative coordinates which we

may take to beﬁ, the separation between the center of massnd denote théga eigenvalues of, andH(“A) by E? and
of mesong and that of mesomy, and the two intrameson Ei(“ﬁ), respectively, then sinckl(*#A)=H,+ Hpert, Dy sec-

coordinates go=rg—ro andr,g=r,—g. Since we ignore ond order perturbation theory E{*# = E{*#)—E( is given
the residual final state interaction between the color singletby
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AEi(aB): _<¢iO|AV2%iabatiﬁ %> corporates “trivial” high energy corrections to the adiabatic
- approximation, but which is essential for incorporating
. |<a[3(d)|H?§ﬁ)|¢'o>|2 threshold effects in a systematic low energy expansion for
+J dq 7 (6)  finite mq. o
E)—| et ept 5 ) | begin by defining precisehAV352°2" in Eq. (1). If
- K “” |aB(p)) denotes am 3 state with relative coordinate, then
= _AEiadlabatlc(aB)+AEi(iynam|<{aﬁ) , (7) asmg—®
i . Sth A: . . . N — o — —
yvhere|z,bo.> is thei elgenstate ofH,. This simple equgtlon <aﬂ(p)|Hg§|QQ(r)>E<aﬂ(p)|H?;‘B)lQQ(r»
is the main focus of this papdt.represents the correction to
the adiabatic approximation for tH@Q energy eigenvalues =caﬁ(r)b€(p—r) (8

from a full dynamical versus an adiabatic treatment of the o
channel @B). In what follows | will first show explicity ~ since theQQ relative coordinate is frozen in the adiabatic

that AE{*®) -0 as expected in the limity—c2. | willthen  approximation by definition and sinces—ro—p as mq
define an improved effective potentivu‘:pro"ed which in-  —o, Thus

. B (QQU)IHI, | aB(5))(aB(5)|HI | QQUN)
’ adiabati _ ap) (apB)
QO AVEF*1Q0() = [ % e ©
. >, = |Caﬁ(F)|2
_53(r —r)m (10
=8%(r' —n)AVAE**2qr) (12)

for br far from e, + €,; see Ref[1] for a discussion of how the poles in EGO) are to be handled. Given thisv2%2°21r),
by definition

AE?diabatic(aB):<¢B|sz%iabaticl ‘r/flo> (12)
| 4o(D) Pl Cas()?
— 3
—fd r br—(e,tep) (13

| now show howA E29/abatideh) anproximates the true shift

AE.dYHamiC(a,B)Ef dq [(aB(@)[HTg| vo)I?
|
EX—

(14)

q° )
€,tegt 2,U«,1ﬁ
even for “nearby” thresholds asy,— . Denote by(v); the expectation value of the variahien the statg ). In the limit
mg—ce, each of(p?)i12uqgg, b(r);i, andq?2u,s vanishes like (_\QCD/mQ)l’3AQ(;_D and so is small compared te,
+ €, which is of orderAqcp, but large compared to the correctionsep+ €, which are of orderA gcp/mg. [In the
general power law potentia@,r", they each behave like\gcp/Mg) ™" ?Aqcp, i.€., they vanish for any confiningi&0)
potential] For q2/2,uaﬁ, this statement is nontrivial: it relies on the behavior of the numerator of B. Using Eq.(8),

e aT e = 1 e es
(@B(A)H{y| QQP) = 753 f drelmD e (r) (19
=C.p(P=0), (16)

so, even thoughp|~ (A cpmo) **—, |p—q| must be of order o¢p Sincec, is a light quark object. After writinge?
=(p?)i/2pnqg+b(r);, we can therefore Taylor series expand:

| 1 - aa | (p%)i—a°
dynamidap) _ _ 3 qq I\|2 ! . o

AE o) | alCan@imi i) (1+ e e G )

__ 1 d3 ’ d3 d3 % SINRE o1 VR SN gis

“letes P q| d°pébg (P)Cop(P’ —A)Cap(P—a) do(P)

2\ _ 2
x(1+ (P H +b(r) [+, (18)
€a+EB 2/.LQQ

where ¢l (p)=1/(2m)%2[d3re Py (r). Noting that
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f d3SC,4(S) = C,p(0) (19)
and that except for the the factors of the integrand are slowly varying functions, we can approximate
Cap(8)=C,p(0)8%(5)+ - - - (20
to obtain
A\ |2 2 2
dynamidap) _ _ |Caﬁ(0)| f 3 o2 ( 1 <p >i_p . )
AE; || RIS\ | | b+ 2D
|Caﬂ(6)|2 3 i 2\ 2 br
= Teares fd plpo(p)[% 1+ catep (22)
i oN)2 A2
)I71Cap(0)
e PRGN 3
br—(e,+e€p)
[4o(N)I?cap(0)?
~ | 43
fd ' br—(e,+eg) (24)
|
This expression differs slightly fromA EA9'2PatideA) jn Eq, lil. AN IMPROVED QUARKONIUM POTENTIAL
(13: it has |caB(F)|2—>|caB(6)|2. However, for low-lying
states,(|C,(r)|%/|cas(0)|?)i— 1~ (A qcp/Mg)*® which is While suitable for heavy quarkonia, the framework of

ne%\ligibkj asi/nghf’;O comp'c_lreg TLO <bhr/('6a+5321>'i g Sec. Il has serious shortcomings for light quark spectros-
”_( QCD mQ) ‘Which we retaine [The 2p YSICS BENING 65y Because the eigenvalue'? and eg“Q) and the ma-
this approximation is simply thatcaﬁ(r)| reflects light _ - <. .

TN . trix elements( (™ B(M) (p) [HIYQQ(r)) for finite mg are
quark scales whiléyg(r)|“ reflects short distance scales asOnl Lalitativelv related to tf?eim > counterparts
mo—.] Thus to leading order asig—c, AE2daPatidas) y 4 hed e e Partsea.
= AEWYnamidah) for |ow-lying states, as we set out to prove. €5+ @nd(aB(p)[H3QQ(r)), AV (r) is not in this

The deviationAEi(“ﬁ) of the energy of the staiefrom its case an accurate approximation to th.e effects of the.channel
value in the adiabatic potenti}satlﬁf'E’“’E"“C due to the residual  (Q0).(aQ) 4. As a result, theAE{*#) will not be small, i.e.,
the critical separation of the effects of the chana@ into
large adiabatic and small residual dynamical effects will fail.

o . . : . If it were only for a few nearby channels, this failure would
utility of this formalism for heavy quarkonium arises from . 0 5 . -
not only this property, but also that it allows one to consis-N°t be so serious, but Wh",éi anda’/2p, n the finitemg
tently focus on low-lying thresholds. The latter feature is@nalogue of Eq14) an_dbr n E(ﬂ] ()13) fn?r; still be neglected
based on the fact that the full shitE;=3,,AE(*") may @S €, teg—», since e, Y+e;V#e,tep and
receive significant “random” contrlbutlon.s from strategi- <a(mQ)ﬂ(mQ)(5)|HgngQ(F));&{alB(E”HgngQ(F)>, the fi-
cally placed low mass channels, but for fixed largg the  pite mg analogue ofAE&Y"aMmicaleh) will not trivially ap-
AE“P—0 rapidly ase,+ €4 gets large. This rapid conver-
gence occurs because, first,@st eg;—, Ei0 andq2/2,uaﬁ
in Eg. (14) and br in Eq. (13), which were already small
with respect toe, + €5 even for low mass channels, become
negligible. In this limit AE{“? is therefore trivially zero in-
dependent of the accuracy of the approximations inherent i
Egs. (17)—(24). Moreod\_/ebr, _'g]e )factontca (F)l?c(in)the nu-

adiabatiq «, namiqe, H

merator of ach A E; ’ andAE ? rapidly framework far less useful in light quark systems sinde;

approaches zero as,+eg— since for low-lying states (aB) \r .
|¢?) there is little kinetic energy in the initial wave function “_E“BAEi ., will convergéa r?anrl)i/qg?rglnally faster than the
prute force” sum =, ,AE}Y :

and the pair creation process can only create momenta o L will h hat it i bl defi . d
orderAqcp. We can therefore expect this formalism to pro- ! Wi now snow that it Is possibye o define an improve
vide a rapidly converging low-energy expansion of the ef-€fféctive quarkonium potentiaf, which leads to en-

fects of pair creation on heavy quarkonia. ergy shifts SE{“?) which vanish as,,+ eg— for any m,

dynamical effects of the channeQg).(qQ) 5 thus has the
property that E{*#)— 0 channel by channel asy—. The

proachAEA41aPatidaB) in this high energy limit. Moreover,
while the matrix elementéa (™ (M) (p)[HIYQQ(r)) may

still be expected to cut off high mass channels, since the
momenta in low mass states and in the pair creation process
gre comparable, these channels will be cut off more slowly in
the finite my analogue of AEMY"Mal*A) than in
AE2%abatidef) - These shortcomings make theig—o
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and so give smaller and more rapidly converging correctionfective potentiaI\/inr:‘’”""ed built out of Vadiabatic njys flavor-
to the quark model spectroscopy built vﬁ?pm"e" than the  dependent contributionsVmProved,

AE{“P)  The price to be paid for this important feature is that ~ The basic idea is very simple. For amy [6], the shift in
the universalflavor-independentadiabatic quarkonium po- the energy of the stadep'O(mQ)> due to channekp is given
tential Vﬁf'aba“c must be replaced by a flavor-dependent ef-by the generalization of Eq14), namely

(M BM(q)[H, | ") |2
-
2/~Laﬁ

dynamidag)(mg) _
AE; Q= f d3q (25)

O 1 s

where the superscriptsng) denote quantities at finiteg in contrast to those previously defined fog— <.
| begin by examining the limif9] €M) ¢ eg"Q)>Ei°(mQ) and q2/2,u,a5, each of which are fomg comparable to\qcp

[e3

themselves of ordeA gcp. In this limit we have
M)y (M),

A E::iynamit(aﬂ)(mQ) <'70io(mQ) | A'\"/E:;Q)| lf/,i)(mo)> (26)

where

AV =

-1 — . o
Py e ) f d*qH{) | (M B (q)) (M M (q)[H{,) 27
@ B

is anmq-dependent bu|t¢i0(mQ))—independent effective potential operator. Thus

(QQUMIAY?IQQN) =gty | €a(QQ My 29 B (@)D B HE, QQ() (29
@ B

-1 _ _ .
_ 3443743 ’ aq (mg) p(Mg)(
_e(amQ)+€2mQ)'f d*qd®p’ d®p(QQ(r")[H{I s a' MBI (p"))

eld-(p'—p)

X—g—(zw) <a(mQ)ﬁ(mQ)(5)|H?EB)|Q6(F)> 29

-1 _ . _ R . _ _ .
= o o f d*p(QQUr ") |H{s M@ B (p)) (M BM(p)[H{, [ QQ(T))
(30)

which can be compared to E(). | next introduce the finite C(mQ)(;)_>C ) (32)

mq analogue of Eq(8). As mg— e, the form of Eq.(8) is @B B

mOd(fl independent, \.N'.th dynamical effects  residing Nihe right hand side being the function defined in the adiabatic
Cqp(r). However, for finitemg even the form of the ana- limit by Eq. (8). Note thatc(";Q)(F) involves at the micro-

logue to Eq.(8) becomes model-dependent. The key to ex- ) i — -
tending the utility of the heavy quarkonium framework down Scopic level overlap integrals betweefQQ(r)) and

to light quark masses is to make a “local approximation” |a{™B(MJ(p)) with wave functions ¢//(amQ)(FgQ) and
z/;;mQ)(Fqg) for finite mg, while c,4(r) involves the heavy
quark limits ¢, (rqq) and ¢,(r4q) of these wave functions.

In the simplest and most common modgls7,d], the “local
approximation” is exact and automatic with=mgq/(mq
+m,), corresponding tajq pair creation that is pointlike
where asmg—=, »—1 and and instantaneous. There are, of course, other possibilities,

(@™ BT (5) HIIQQUT) = (1) 8%(p— 1)
(31
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both local and nonlocdl10]; the latter need to be “local- hadronic system. We can actually improve matters even fur-
ized” via an approximation of the form of Eq431) in order ther if we incorporate the additional convergence available
that one may define their improved effective potentials. even for low mass thresholds ag,— by defining[9]

With Eq. (31) used in Eq(30), we have

=31 ~(MQ), _=\|2
. - | oy ()
_ =31 aMQ) 212 AV|mproved(r)E ap . (35)
— — . ey 2 () ap — (Mg, _(mQ)
(QQUMIAVEIQQN) =8 =) — gy -ty br—(e, @+e5?)

(33  For e(amQ)+ emeQ) large, br is negligible so this approxima-
tion is no worse than that leading WVIP™™°Y(r), but

_ =1 _ 2\ AN7improved, = . N . -l
=8%(r' =) AV o). AVITPTeY(r) also approaches our oldV3%2°2'q(r) as

(34 mg—> and so gives a good approximation to
By construction AViP"® gives aAE;™P**%*#) which AE?%namlqaﬁ)(mQ) for all & in this fimit.
converges tmEidynamlc(aﬁ)(mQ) for models in which the lo- Given t_hgse features, we can improve upon Egsand
cal approximation(31) is exact. In all casegl0], once the (3) by defining
local approximation(31) is made, AV.P"*? will give a p? ,
more accurate approximation to the high energy effects of Himproved:2—7+vlnr?pmw3d (36
H39 than AV3%2°219r), so its use leads to a more rapidly #QQ
converging approximation to the effects of thresholds on theand

pz +Vinmproved_AVicTBproved H?c?ﬁ)
211QQ
Hi(r(#;)roved: . 2 (37)
H{zs) Po_ | mo) (mg)
21u‘a,3 @ B
|

along with the analogue of Eq7) nearby thresholds on the spectra of heavy quarkonia.

I have also shown how to define an “improved” quarko-
nium potential which incorporates nonadiabatic effects asso-
ciated with high mass thresholds for any,. When this
potential is identified with the empirical quark model poten-
tial, the deviationsSE{*#) of the spectrum from the potential
The SE{*#) now approach zero both in the strict adiabatic model predictions due to thresholds have the property that
limit mg—ce for all o and also in the IimiteimQ)Jr emeQ) they vanish both asg— for all « and also as the mass
> Aqcp for all mg. They therefore allow a systematiow eimQ)+e(ﬁmQ) of the thresholdag gets large for anymg.
energyexpansion of the impact of thresholds on the spectrarhis improved potential therefore allows a systematic low
of all quarkonia. energy expansion of the impact of thresholds on hadronic
spectra.

This advantage has a price: the “improved” potential has
the characteristic that it violates the rule of flavor indepen-

| have presented here a formalism for calculating thedence. While this rule is valid in the heavy quark limit and to
nonadiabatic componetE{*# of the mass shift of a valence leading order in perturbative QCD for light quarks, viola-
heavy QQ statei from the hadronic loop process— a3 t|ons_ are to be exp_ected. Indeed, thqug_h ot_)scured by possible
—i, i.e., the component of this process that cannot be apelativistic corrections, there are indications from quark
sorbed into the renormalized heavy quarkonium potentiaiModels that the best empirical potentials are system-

The resulting formula was shown to have the expected progdependent11]. _
erty that AE(*"'—0 asmq—. The formula is also very An important step not taken here is to calculate the

simple and, when combined with a pair creation model likeAE(*” and 5E§aﬁ) for selected Channnflf‘ to(gs)sess numeri-
the flux-tube-breaking model7] or the P, model [8],  cally how rapidly each converges 3‘%; Vte, Yoo [9],
should provide a quick method of estimating the influence ofand to quantify themg-dependence 01\/'””:””’"6". Quark

5Ei(ozB)E _<¢i0(mQ)|AViamﬁproved| wi)(”b))_}_ AEidynami((aﬁ)(mQ) .
(39

IV. CONCLUSIONS
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models seem to constrain this mass dependence to be surpris«, and to quantify the importance of heavy-quark-
ingly weak [12]. Assuming that the approach defined heresymmetry-breaking pair creation effects residing in the
passes quantitative tests such as these, it will then be integEi(aB) compared to their valence potential model counter-
esting to apply it to a number of outstanding phenomenologiparts[m]_

cal issues. Among these are the threshold shifts ircthend Finally, | note that while this paper is couched in the
bb systems and th& (1520)— A (1405) problem. It will also  language of the nonrelativistic quark model, there is nothing
be amusing to study heavy-light systems to see explicithin the proposed general framework that would prevent its
how groups of states conspire to maintain the spectroscopieeing transferred to either a relativistic quark model or to
relations required by heavy quark symmefd3] as mg  field theory.
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