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Spin-orbit inversion of excited heavy quark mesons
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The mesonic heavy quark spin multiplets withs
l

pl 5
1
2

1 and 3
2

1 are expected to be the lowest-lying excita-
tions above the pseudoscalar and vector ground states withs

l

pl 5
1
2

2. I show that for charm and bottom these
multiplets are probably inverted, with the 21 and 11 states withs

l

pl 5
3
2

1 about 150 MeVbelow the 11 and
01 states withs

l

pl 5
1
2

1. 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.@S0556-2821~98!00505-0#

PACS number~s!: 12.38.Aw, 12.39.Hg, 14.40.Lb, 14.40.Nd
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I. INTRODUCTION

Heavy quark symmetry@1,2# places very strong con
straints on the spectroscopy@3# ~including masses and deca
widths! of hadrons containing a single heavy quarkQ. In
particular, in the limitmQ→`, the spectrum of such hadron
is required to consist of degenerate spin doublets withJP

5(sl 6 1
2 )pl built on ‘‘brown muck’’ states with light quan-

tum numberss
l

pl @4#. In this limit it is further required that

the two states of ans
l

pl spin multiplet have the same tota
strong interaction width, with the relative strengths of th

four couplings to anys8
l

p8l spin multiplet also determined
by Clebsch-Gordan coefficients. Heavy quark symmetry a
dictates how these limiting relations are broken by ma
elements of operators in a 1/mQ expansion.

One of the things that heavy quark symmetry cannot d
predict the spectrum of the ‘‘brown muck,’’i.e., the posi-
tions of thes

l

pl multiplets, since these are determined by t
dynamics of strong QCD. In this case, however, the simp
ity of these systems provides us with a powerful probe of t
poorly understood dynamics: these hadrons are the clo
analog we have in strongly interacting systems to the hyd
genic problem in QED.~For example, in the constituen
quark model, the dynamics of mesons with a single he
quark is that of a single constituent spin-1

2 ~anti-!particle or-
biting the origin.! As Bjorken has suggested@5#, such sys-
tems offer unique opportunities to study the ‘‘brown muck
one chunk at a time.

II. A MODEL FOR THE LOW-LYING EXCITATIONS

In the constituent quark model, the ‘‘brown muck’’ of
meson containing a heavy quarkQ is just a single constituen
antiquarkq̄ interacting withQ via strong chromoelectric and
chromomagnetic fields. This picture is also obtained in
largeNc limit of QCD. In the real world, this valence quar
picture is modified by ‘‘unquenching,’’i.e., by the effects of
light quark-antiquark loops.

If both Q andq̄ were heavy,i.e., if both mQ andmq were
570556-2821/98/57~7!/4041~13!/$15.00
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large compared toLQCD , then this system could be rigor
ously described in QCD by a nonrelativistic Schro¨dinger
equation with a generic two-body effective potential of t
form

V5Vc1Vss1Vso , ~1!

where the three potentials are the central (c), spin-spin (ss),
and spin-orbit (so) potentials, respectively. Using a doub
heavy quark expansion, it follows that~to leading order in
1/mQ

2 , 1/mQmq , and 1/mq
2! these potentials have the mo

general forms

Vc~rW !5Vc0~r !, ~2!

Vss~rW !5
1

mQmq
H Vh f~r !SW Q•SW q̄1Vten~r !S 3SW Q•rWSW q̄•rW

r 2

2SW Q•SW q̄D J , ~3!

and

Vso~rW !5V1~r !LW •F SW Q

mQ
2 1

SW q̄

mq
2G1

V2~r !

mQmq
LW •~SW Q1SW q̄!, ~4!

where Vc0 , Vh f , Vten , V1 , and V2 represent the leading
mass-independentpieces of what are, respectively, the low
energy static interquark potential, the hyperfine interacti
the tensor interaction, the one-body-type spin orbit inter
tion and the two-body-type spin orbit interaction. In qua
models in which the interquark forces arise from flux tu
formation plus one-gluon exchange,Vc0 contains the static
Coulomb and linear potentials,Vh f , Vten , andV2 arise from
the Breit-Fermi reduction of one gluon exchange, andV1
contains both color-magnetic effects from one gluon e
change and the effects of Thomas precession inVc0 . In a
more general case~e.g., if quark loops are taken into ac
count!, theinterpretationof these potentials changes, but th
generic expansion does not: it relies only on the validity
4041 © 1998 The American Physical Society
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4042 57NATHAN ISGUR
an adiabatic approximation to the interquark potentials wh
freezes out all but the assumed heavyQ and q̄ degrees of
freedom@6#.

The standard assumption of the nonrelativistic vale
quark model is that this same Schro¨dinger equation, which
would be valid for the low-lying states of sufficiently heav
quarksQ and q̄, may be extrapolated to constituent qua
masses of the order ofLQCD . I will adopt this model for the
following discussion, noting that it meets the minimum r
quirements of respecting the constraints of heavy quark s
metry for mQ@mq as well as the constraints of light qua
flavor symmetry whenmQ5mq .

III. CALCULATIONS

A. The mass matrix

We are primarily interested here in the low-lying positi
parity excitations of a heavy meson system, which we
s

th

as

n
i

e

h

e

-
-

s-

sume may be described in a first approximation~e.g.as part
of a 1/Nc expansion! by thes

l

p l 5 3
2

1 and 1
2

1 multiplets as-

sociated with anL51 excitation of theQq̄ relative coordi-
nate in the nonrelativistic valence quark approximation. W
therefore introduce the excited state basis@3#

u3/2E2&5u3P2& ~5!

u3/2E1&5A2/3u1P1&1A1/3u3P1& ~6!

u1/2E1&5A1/3u1P1&2A2/3u3P1& ~7!

u1/2E0&5u3P0& ~8!

where the notation isusl EJ& and u2S11LJ& with SW 5SW Q1SW q̄

the total quark spin andLW the Qq̄ relative angular momen
tum. In theusl EJ& basis, the matrix elements ofVss1Vso are
dm25
5h22t120o2

20mQmq
1

o1

2 S 1

mQ
2 1

1

mq
2D ~9!

dm15F25h12t24o2

12mQmq
1

o1

6 S 25

mQ
2 1

3

mq
2D 2

&~h1t/22o2!

3mQmq
1
&o1

3mQ
2

2
&~h1t/22o2!

3mQmq
1

A2o1

3mQ
2

2h14t28o2

12mQmq
1

o1

3 S 1

mQ
2 2

3

mq
2D G ~10!

dm05
h24t28o2

4mQmq
2o1S 1

mQ
2 1

1

mq
2D ~11!
-
us
na-
the
e-

n an

y

hat
of

sys-
ree-
in an obvious notation whereh, t, o1 ando2 are the expec-
tation values ofVh f(r ), Vten(r ) and the spin-orbit potential
V1(r ) and V2(r ), respectively, as defined by Eqs.~3! and
~4!.

In the heavy quark limit, the expectation valuesh, t, o1
ando2 must beindependent of mQ . In our quark model, this
constraint is realized since the internal wave function of
Qq̄ system becomes independent ofmQ asmQ→`, and the
potentialsVi themselves, as defined in Eqs.~3! and ~4!, are
mass-independent. In the full heavy quark limit, the m
matrices of Eqs.~9!–~11! are diagonal with

m3/2[m~3/2E2!5m~3/2E1!5msi0
1

o1

2mq
2 ~12!

and

m1/2[m~1/2E1!5m~1/2E0!5msi0
2

o1

mq
2 , ~13!

as required@3#. Heremsi0
is the expectation value, commo

to all four states, of the spin-independent parts of the Ham
tonian asmQ→`. The main new result of this paper will b
to show thato1 is probably large andnegative.
e

s

l-

That spin-orbit multiplets ofQd̄ systems might be in-
verted was suggested long ago by Schnitzer@7# in the con-
text of the nonrelativistic quark model. In this work we in
corporate much of the same physics in the rigoro
framework of heavy quark symmetry, update the determi
tion of unknown hadronic matrix elements, and consider
effects of qq̄ loops on the extraction of these matrix el
ments. While differing from Ref.@7# in many details, our
qualitative conclusions are remarkably similar.

B. The extension to light mesons

Our predictions for heavy meson systems are based o
analysis of the observed P-waveQq̄ states withQ5s andu.
Since the expectation values ofh, t, o1 ando2 are indepen-
dent of mQ only asmQ→`, one might expect to lose an
connection between these matrix elements~and in particular
o1 responsible for the mass splitting shown in Eqs.~12! and
~13!! and the properties of systems withQ5s andu. How-
ever, there is compelling phenomenological evidence t
this connection is not lost. Figure 1 shows the evolution
the spectra ofQd̄ systems forQ5b, c, s and u. These
spectra and associated data strongly suggest that these
tems all have the same low-energy effective degrees of f
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57 4043SPIN-ORBIT INVERSION OF EXCITED HEAVY QUARK . . .
dom, and that the breaking of heavy quark symmetry i
smooth function ofmQ from mQ→` to mQ5mu . In particu-
lar, heavy quark symmetry predicts that:

~1! the splittings of the centers-of-gravity of thes
l

p l

5 1
2

2 and 3
2

1 multiplets will be constant up to 1/mQ correc-
tions, as observed,

~2! the 12202 splittings of thes
l

p l 5 1
2

2 multiplets will

open up like 1/mQ ~as observed withr2p: K̄* 2K̄: D*
2D: B̄* 2B̄.1: mu /ms :mu /mc :mu /mb for canonical@8#
constituent quark masses ofmu50.33 GeV, ms
50.55 GeV,mc51.82 GeV andmb55.20 GeV!,

~3! the 21211 splittings of thes
l

p l 5 3
2

1 multiplets will
also open up like 1/mQ ~as observed for theD2* 2D1 and
K2* (1420)2K1(1280) splittings; in addition, as we will se

below, even the apparently anomalousa22( 2
3 b11 1

3 a1)
mass difference, involving the linear combination of theb1
and a1 masses that corresponds to the unmixed3/2E1 state,
fits into the heavy quark symmetry pattern once the3/2E1
21/2E1 mixing required in the SU~3! limit is considered!,

~4! the phase-space-corrected pion emission decay wi
of the 21 and 11 members of thes

l

p l 5 3
2

1 multiplets to their

ground states
l

p l 5 1
2

2 multiplets should be equal~as ob-
served; in addition, each of theD2* and K2* have approxi-
mately the predicted ratio of their amplitudes to the@12p#D
and @02p#D final states!, and

~5! the decay amplitudes of a givens
l

p l multiplet should
be independent ofmQ ~as observed: for example, the phas
space corrected decay amplitudes ofD2* to D* p and ofK2*
to K* p are approximately equal!.

While the persistence of these heavy quark symmetry
dictions down to the light quark mass scale might be un
pected, the dynamics of these systems within the qu
model provides some understanding of its resilience. We
note that the solutions@8# of the Vc01Vh f problem~with a
regulated hyperfine interaction! give wave functions for the
ud̄, sd̄, cd̄ and bd̄ systems with radii in the ratios o

FIG. 1. The evolution ofQd̄ spectra fromQ5b to Q5u; B̄2*
andB1 , which are not yet separately identified, are shown here w
their measured center-of-gravity andpredictedsplitting.
a

hs

-

e-
-

rk
st

1:1.07:1.10:1.05 for the 02 states, 1:1.10:1.27:1.33 for th
12 states, and 1:1.07:1.18:1.25 for all of the P-wave sta
While not negligible, these variations from heavy quark sy
metry are relatively modest. One also learns from the qu
model calculations that the matrix elements which gov
the strength of 1/mQ effects, namelyh,t,o1 ,o2 , and the ex-
pectation value ofp2, are themselves of the scale ofmd so
that while the perturbations they represent may not be ac
rately computed by first order perturbation theory, they w
not be wildly misrepresented.

The hypothesis that heavy quark symmetry might
smoothly extended to light quarks has been adopted b
number of authors. For applications to semileptonic deca
see Refs.@9# in addition to Ref.@8#. For spectroscopic calcu
lations closely related to ours see Refs.@10,11#.

C. Unquenching the quark model

The greatest threat to the assumed smoothness of the
trapolation inmQ from heavy to light masses is probablynot
in the mQ dependence of the Breit-Fermi reduction of t
confinement-plus-one-gluon-exchange interaction, but ra
in themQ dependence of the effects of light quark-antiqua
loops ~a 1/Nc effect!.

In the former case,mQ dependence arises from the expa
sion of theQ currents in the gluonic potentials generated
the ‘‘brown muck.’’ While a nonrelativistic expansion o
these currents may be crude, the constituent quark masse
after all free parameters which one may expect to be abl
hide many of the defects of the nonrelativistic expansi
Assuming a smooth behavior of the effects of ‘‘unquench
the quark model’’ is potentially a much more precario
proposition. To understand why this is the case, we brie
review some recent work in this area@12#, and then calculate
loop-induced mass shifts of theL51 mesons.

1. A review

We begin by addressing the origin of the valence appro
mation itself. A form of this approximation emerges from th
largeNc limit @13# in the sense that diagrams in which on
valence quark lines propagate through hadronic two-po
functions dominate asNc→`. While suggestive, this domi
nance does not seem to correspond to the usual valenc
proximation since the Z-graph pieces of such diagrams
produce aqq̄ sea. Consider, however, the Dirac equation
a single light quark interacting with a static color sourc
This equation represents the sum of a set of Feynman gr
which also include Z graphs, but the effects of those gra
is captured in the lower components of the single-parti
Dirac spinor. That is, such Z graphs correspond to relativi
corrections to the quark model. That such corrections
important in the quark model has been known for a long ti
@14#. For us the important point is that while they have qua
titative effects on quark model predictions likegA , they do
not qualitatively change the single-particle nature of t
spectrum of the quark of our example, nor would they qua
tatively change the spectrum ofqq̄ or qqq systems. In par-
ticular, a Qd̄ spectrum would retain its valence ‘‘quarko
nium’’ character with respect to the degrees of freedom
displays and theirJP quantum numbers. Of course, relativi

h



ra

gs

a
n
p
u

ro

ga
of
flu
n
om
tu

c

s

ft
rn

f

e
a

c

c
th

Fo
w
.
ve
at

f
s.
s
bo

th

n
-
I

gi-
th
I

ti-
ZI-
the
-

-
at
ers
as
e
s
un-

ing

s in
ich
ute

ab-
I

are

ions
op
un-
low

be-

k-
’’
g

rk-
eir
ark

rk
ed

an-

/

ich

4044 57NATHAN ISGUR
tic effects will in general induce interactions which can d
matically affect the level structurewithin this quarkonium
spectrum,e.g., by creating large spin-dependent splittin
comparable to orbital splittings. See Fig. 1.

Given the valence approximation, it is still surprising th
quark model spectroscopy survives ‘‘unquenching.’’ Co
sider two resonances which are separated by a mass gadm
in the narrow resonance approximation. In general we wo
expect that departures from the narrow resonance app
mation, which produce resonance widthsG, ought also to
produce mass shiftsDm of orderG. Yet even though a typi-
cal hadronic mass spectrum is characterized by mass
dm of order 500 MeV, and typical hadronic widths are
order 250 MeV, this does not seem to happen. In the
tube model@15#, the quark potential model arises from a
adiabatic approximation to the gluonic degrees of freed
embodied in the flux tube. At short distances where per
bation theory applies, the effect ofNf types of lightqq̄ pairs
is ~in lowest order! to shift the coefficient of the Coulombi
potential from as

(0)(Q2)512p/33 ln(Q2/L0
2) to as

(Nf )(Q2)
512p/(3322Nf)ln(Q2/LNf

2 ). The net effect of such pairs i

thus to produce aneweffective short distanceQQ̄ potential.
Similarly, when pairs bubble up in the flux tube~i.e., when
the flux tube breaks to create aQq̄ plusqQ̄ system and then
‘‘heals’’ back to QQ̄!, their net effect is to cause a shi
DENf

(r ) in the ground state gluonic energy which in tu

produces a new long-range effectiveQQ̄ potential. It has
indeed been shown@12# that the net long-distance effect o
the bubbles is to create a new string tensionb

Nf
~i.e., that the

potential remains linear!. Since this string tension is to b
associated with the observed string tension, after renorm
izationpair creation has no effect on the long-distance stru
ture of the quark model in the adiabatic approximation. The
net effect of mass shifts from pair creation is thus mu
smaller than one would naively expect from the typical wid
G: such shifts can only arise from nonadiabatic effects.
heavy quarkonium, these shifts can in turn be associated
states which are strongly coupled to nearby thresholds
should be emphasized that it was necessary to sum over
large towers ofQq̄ plus qQ̄ intermediate states to see th
the spectrum was only weakly perturbed~after unquenching
and renormalization!. In particular, no simple truncation o
the set of meson loop graphs can reproduce such result

The final puzzle of hadronic dynamics which we mu
address before ‘‘unquenching’’ is the success of the Oku
Zweig-Iizuka ~OZI! rule @16#. A generic OZI-violating am-
plitude AOZI can also be shown to vanish like 1/Nc . How-
ever, there are several unsatisfactory features of
‘‘solution’’ to the origin of the OZI rule@17#. Considerv-f
mixing as an example. This mixing receives contributio
from both true ‘‘hairpin graphs’’ and from the virtual had
ronic loop processv→KK̄→f, both steps of which are OZ
allowed, and each of which scales withNc like G1/2

;Nc
21/2. The largeNc result that this OZI-violating ampli-

tude behaves likeNc
21 is thus not peculiar to largeNc : it just

arises from ‘‘unitarity’’ in the sense that the real and ima
nary parts of a generic hadronic loop diagram will have
same dependence onNc . The usual interpretation of the OZ
-
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rule in this case—that ‘‘double hairpin graphs’’ are drama
cally suppressed—is untenable in the light of these O
allowed loop diagrams. They expose the deficiency of
largeNc argument sinceAOZI;G is not a good representa
tion of the OZI rule.~Continuing to usev-f mixing as an
example, we note thatmv2mf is numerically comparable to
a typical hadronic width, so the largeNc result would predict
an v-f mixing angle of order unity in contrast to the ob
served pattern of very weak mixing which implies th
AOZI!G!m.! Unquenching the quark model thus endang
the naive quark model’s agreement with the OZI rule. It h
been shown@12# how this disaster is naturally averted in th
flux tube model through a ‘‘miraculous’’ set of cancellation
between mesonic loop diagrams consisting of apparently
related sets of mesons~e.g., the KK̄, KK̄* 1K* K̄, and
K* K̄* loops tend to strongly cancel against loops contain
a K or K* plus one of the four strange mesons of theL51
meson nonets!. Of course the ‘‘miracle’’ occurs for a good
reason. In the flux tube model, where pair creation occur
the 3P0 state, the overlapping double hairpin graphs wh
correspond to OZI-violating loop diagrams cannot contrib
in a closure-plus-spectator approximation since the 011

quantum numbers of the produced~or annihilated! pair do
not match those of the initial and final state for any est
lished nonet. In fact@12# this approximation gives zero OZ
violation in all but the~still obscure! 011 nonet. In addition,
corrections to the closure-plus-spectator approximation
small, so that the observed hierarchyAOZI!G is reproduced.
It must be emphasized once again that such cancellat
require the summation of a very large set of meson lo
diagrams with cancellations between what are apparently
related sets of intermediate states, and that no truncated
energy hadronic effective theory could reproduce such
havior.

2. Overview of quark loop effects

With this background in mind, we first consider the brea
ing of heavy quark symmetry by quark loops in the ‘‘safe
region mQ@LQCD . In this region the masses and couplin
constants of all particles contributing to a given light-qua
induced set of hadronic loop diagrams will be near th
heavy quark limit, each hadronic loop generated by the qu
loop will have an amplitude which may be expanded in 1/mQ
as

ai5ai01ai1S 1

mQ
D1••• , ~14!

and a smooth 1/mQ expansion is guaranteed. Heavy qua
symmetry will therefore be displayed by the loop-shift
spectra. However, asmQ→ms andmu , two potentially dan-
gerous effects arise which could destroy this smooth exp
sion:

~1! For mQ5ms , anda fortiori for mQ5mu , symmetry
breaking in the ground state masses is so large that the 1mQ
expansion might simply fail.

~2! For mQ5ms or mu , when the light quark loop is ans
or u loop, respectively, new coherent processes arise wh
can change the amplitudesai to new functions.
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Having raised these potentially serious objections to
smooth 1/mQ extrapolation, let us immediately see why the
effects are unlikely to be dramatic. We begin with the seco
difficulty. In the adiabatic approximation, all flavors of qua
loops contribute to the renormalized Coulomb and linear
tentials:as5as

(Nf ) andb5b(Nf ). Thus the effect of the new
amplitudesai can only be to reshuffle strength from on
threshold to another with no net effect. Consider the conc
example of the mass shifts experienced by scalar mes
We will focus on three states: the generic heavy quark me
1/2E0 ~with quark contentQd̄! and the two non-flavor-single

light systemsK̄0* and a0 with quark contentssd̄ and ud̄,
respectively. Most of their total mass shifts will be subsum
into the adiabatic potentials associated withas

(Nf ) andb(Nf ),
but they will also experience nonadiabatic shifts associa
with nearby thresholds. In particular, let us examine the m
shifts they experience due to their couplings to the light
channels arising from pseudoscalar-pseudoscalar loop

grams induced by uū, dd̄, and s s̄ quark
loops. These diagrams correspond for the generic he
scalar to 1/2E0→Pp→1/2E0 , 1/2E0→Ph→1/2E0 , 1/2E0

→Ph8→1/2E0 , and 1/2E0→PsK̄→1/2E0 ~P denotes theQd̄

or Qū pseudoscalar;Ps is theQs̄ pseudoscalar!, for the sd̄

scalar toK̄0*→K̄p→K̄0* , K̄0*→K̄h→K̄0* , and K̄0*→K̄h8

→K̄0* , and for theud̄ scalar toa0→hp→a0 , a0→h8p

→a0 , anda0→KK̄→a0 . Despite the fact that there are di
crepancies between the strengths and even numbers of
thresholds, we know that in the SU~3! limit, dma0

5dmK̄
0*
,

and in the limit ms@LQCD by heavy quark symmetry
dmK

0*
5dm1/2E0

.

It is instructive to see how this happens in detail. In t
flux tube-breaking model the couplings of1/2E0 to
Pp, Ph, Ph8, and PsK are proportional to

1:A1/3 cosfP :A1/3 sinfP :A2/3; those of K̄0* to K̄p,

K̄h, K̄h8 to 1:A1/3 cosfP2A2/3 sinfP :A1/3 sinfP

1A2/3 cosfP ; and those ofa0 to hp, h8p, and KK̄ to
A4/3 cosfP :A4/3 sinfP :2A2/3. @These ratios are al
quoted using the anglef i which describes the deviation from
ideal mixing: f i5u ideal2u i with u ideal.35.3° andu i the
ordinary SU~3! mixing angle so that,e.g., h5A1/2(uū

1dd̄)cosfP2ss̄sinfP and h85A1/2(uū1dd̄)sinfP

1ss̄cosfP . If u.210°, then one would be close to th
case of ‘‘perfect’’ pseudoscalar mixing@18# where fP
.45°. In what follows, for simplicity we quote numerica
results for the two casesfP545° and fV50 since our
qualitative conclusions are independent of this angle.! One
immediately sees that if the intrinsic coupling strengthsS of
each state to these loop diagrams are the same~as supported
by the discussion of the previous subsection!, and if all
thresholds were equidistant from the state being shifted,
each of 1/2E0 , K̄0* , and a0 would experience a mass shi
proportional to 2uSu2. From this example we see that th
‘‘second potentially dangerous effect’’ of coherent new a
plitudesai is actually controlled by the same physics as
first: nonsmooth behavior inmQ can occur if important low-
a
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-

te
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n

d
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ss
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vy
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-
e

lying thresholds are split in such a way that they affect a s
discontinuously as a function ofmQ .

The danger from such discontinuities is real, and an
amination of their potential impact on our analysis will b
the focus of the remainder of this subsection. We begin
remarking that the thresholds which are likely to produ
nonsmooth behavior in 1/mQ are those associated wit
S-wave channels: such channels have a cusp discontin
right at threshold, while for higher partial waves the coupli
strengths are shifted to higher masses and smoothed
Table I gives the low-lyingS-wave amplitudes of the fou
Qd̄ states of thes

l

p l 5 3
2

1 and 1
2

1 heavy quark spin multip-

lets to thes
l

p l 5 1
2

2 ground states and a ground state lig
quark pseudoscalar or vector meson. The amplitudes for
analogousQ5s states are given in Table II, while those fo
the Q5u statesa2 , b1 , a1 , anda0 are quoted in Table III.

These tabulated decay amplitudesA have been defined s
that for a kinematically allowed decay the correspond
partial width G[uA(q2)u2q where q is the center-of-mass
three-momentum of the decay. In the3P0 approximation to
the flux tube model we use, and in a set of harmonic os
lator variational wave functions, the common amplitudeS
for our generic decayE→(P,V)(p,r) is proportional to
@19#

AQ~q2!5AQ~0!F12
q2

4bQ
2 ~12jQ!~11jQ!G ~15!

with

AQ~0![
8g0p3/4

9bQ
1/2 FbQ

bE
G5/2F bQ

2

bP,Vbp,r
G3/2

FQ~q2!, ~16!

bQ
22[

1

3
~bE

221bP,V
22 1bp,r

22 !, ~17!

TABLE I. S-wave decay amplitudes~in units of S! of the s
l

p l

5
3
2

1 and 1
2

1 excited state heavy quark spin multiplets to thes
l

p l

5
1
2

2 ground state heavy quark spin multiplet and a light pseu
scalar or vector. Decays toPp, Vp, Pr, andVr ~whereP andV

are the 02 and 12 Qd̄ ground states! are shown explicitly. Decays
to other light ground states may be obtained using the fla

ratios (P,V)(p,r):(P,V)(h,v):(P,V)(h8,f):(Ps ,Vs)(K̄,K̄* )

51:A1/3 cosfi :A1/3 sinfi :A2/3, wherePs and Vs are theQs̄
ground states andf i is the light flavor multiplet mixing angle de
fined in the text.

Excited state Pp Vp Pr Vr

3/2E2 0 0 0 2
2

)

3/2E1 0 0 2
2&

3

2

3

1/2E1 0 21
1

3

&

3

1/2E0 1 0 0
1

)
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TABLE II. The S-wave decay amplitudes~in units of S! of the 3/2K2 , 3/2K1 , 1/2K1 , and 1/2K0 mesons analogous to those of Table
Amplitudes to the mixed pairs of states (h,h8) and ~v,f! are given in the table in the format (Ah ,Ah8) and (Av ,Af), respectively.

State Kp (Kh,Kh8)

3/2K2 - -
3/2K1 - -
1/2K1 - -

1/2K0 11 S~cosfP2& sinfP!

)
,
~sinfP1& cosfP!

)
D

State K* p (K* h,K* h8) Kr (Kv,Kf)

3/2K2 - - - -

3/2K1 0 S1
4 sinfP

3)
,2

4 cosfP

3)
D 2

2&

3
2S2& cosfV

3)
,
2& sinfV

3)
D

1/2K1 21 2S3 cosfP1& sinfP

3)
,
3 sinfP2& cosfP

3)
D 1

3 ScosfV13& sinfV

3)
,
sinfV23& cosfV

3)
D

1/2K0 - - - -

State K* r (K* v,K* f)

3/2K2 2
2

)
2S2~cosfV2& sinfV!

3
,
2~sinfV1& cosfV!

3 D
3/2K1

2

3 S2
2~& sinfV1cosfV!

3)
,1

2~& cosfV2sinfV!

3)
D

1/2K1
&

3 S2
&~& sinfV1cosfV!

3)
,1
&~& cosfV2sinfV!

3)
D

1/2K0
1

)
S~cosfV2& sinfV!

3
,
~sinfV1& cosfV!

3
D

e-

ese

-

e

ro-
r
%

l

jQ[
bQ

2

3bE
2 S 12DQ

bE
2

bP,V
2 D , ~18!

FQ~q2![expS 2
q2bQ

2

12 Fbp,r
2 ~11DQ

2 !1bP,V
2 1bE

2DQ
2

2bp,r
2 bP,V

2 bQ
2 G D ,

~19!

and

DQ5
mQ2md

mQ1md
, ~20!

with b i the variationally determined@8# harmonic oscillator
parameters for the statei , i.e., c i;(polynomial)i exp
@21

2 bi
2r2#.

3. Loop-induced mass shifts

With the couplings of Tables I–III in hand, we are pr
pared to explicitly examine the formally 1/Nc effects of
quark loops. We begin by reminding ourselves that th
effects appear at many levels in heavy quark systems:

~1! As shown in Refs.@12#, nonadiabatic effects are ex
pected to shift the renormalized radial and orbital~principal
quantum numbersn andl ! spectral splittings of the valenc
quark model by of order 20%~100 out of a typical 500
MeV!. This ‘‘brown muck’’ shift affects the overall splitting
between the centers-of-gravity of thes

l

p l 5 1
2

2 and s
l

p l

5 3
2

1 states of Fig. 1.
~2! As also shown in Refs.@12#, nonadiabatic effects on

spin-dependent splittings~hyperfine and spin-orbit splittings!
are expected to be smaller, but still significant: unless p
tected by some symmetry@e.g., heavy quark symmetry o
SU~6!# such splittings are also vulnerable to ‘‘random’’ 20
shifts ~20 out of a typical 100 MeV!. This ‘‘brown muck’’
effect is related to the light SU~6! flavor-spin splittingbe-

tweenthe s
l

p l 5 3
2

1 ands
l

p l 5 1
2

1 excited states. It is centra
to our discussion and will be examined carefully below.

~3! While the ‘‘brown muck’’ physics ofqq̄ loops cannot
break heavy quark symmetry asmQ→`, it can contribute to
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TABLE III. The S-wave decay amplitudes~in units ofS! of thea2 , b1 , a1 , anda0 mesons, analogous to those of Table I. Amplitud
to the mixed pairs of states (h,h8) and ~v,f! are given in the table in the format (Ah ,Ah8) and (Av ,Af), respectively.

Excited state p(h,h8) KK̄

a2 - -
b1 - -
a1 - -

a0
2~cosfP ,sinfP!

)
2A2/3

Excited state pr p~v,f! r(h,h8) K* K̄1K̄* K

a2 - - - -

b1 0 2
2~cosfV ,sinfV!

3
2

2~cosfP ,sinfP!

3
2

2

3

a1
4

3
0 0

2&

3
a0 - - - -

Excited state rr r~v,f! K* K̄*

a2 0 2
4~cosfV ,sinfV!

3
2

2&

3

b1
2&

3
0

2

3
a1 0 0 0

a0 0
2~cosfV ,sinfV!

3

&

3

th

o
s

t
m
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the
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the matrix elements determining the coefficients of the 1/mQ
expansion. Examining the effects of hadronic loops on
smoothness of the 1/mQ expansion in passing frommQ

→mb→mc→ms→mu within the exciteds
l

pl 5 3
2

1 and s
l

pl

5 1
2

1 states is one of the main goals of this subsection.
~4! Finally, loop effects cannot destroy the smoothness

the extrapolation fromms to mu since this smoothness i
simply a consequence of ordinary light SU~3! symmetry.
Nevertheless, this extrapolation provides the link required
connect the underlying physics of light quark syste
through the ‘‘quasi-heavy’’s quark tomQ5`.

FIG. 2. A typical S-wave mass shift and its dependence onD
[mvalence2mthreshold; shown isDm/g for K0*→Kp→K0* for the

simple width functionG5gqe2q2
with q in GeV.
e

f

o
s

Figure 2 sets the stage for this discussion by showin
typical mass shift of one of ourS-wave-coupled states as
function of its intrinsic coupling strength and of the positio
of the zeroth-order valence quark state relative to theS-wave
channel in question. The details of this curve depend on
kinematics and model dynamics of this example, but
qualitative features are universal. Ifmvalence is more than a
GeV below threshold it will experience a small negati
mass shift; asmvalence approachesmthreshold the negative
shift grows rapidly. It then quickly decreases in magnitu
above threshold with a cusp singularity, and finally becom
relatively small and positive about a GeV above threshold
mvalence is pushed up more by the low invariant mass co
tinuum than the high invariant mass continuum@the effect of
which is suppressed by the hadronic form factorsFQ(Q2) of
Eq. ~18! associated with the vertices of the loop diagrams#.

We begin by discussing the smoothness of the he
quark symmetry expansion in a givens

l

pl multiplet. Con-

sider first the cases
l

pl 5 3
2

1 where theS-wave thresholds are
of thePr-type ~Pr, Pv, Pf, andPsK* ! andVr-type ~Vr,
Vv, Vf, andVsK* !. Since we know from thecd̄ and bd̄

systems that the asymptotic splitting between theQd̄ s
l

pl

5 3
2

1 multiplet and itss
l

pl 5 1/22 ground state is about 45
MeV, we know that theasymptoticpositions of the four~de-
generate! Pr- and Vr-type thresholds are approximate
320, 330, 570, and 590 MeV above the degenerate3/2E2 and
3/2E1 states. In the exact heavy quark symmetry limit, t
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coupling strength of3/2E2 and 3/2E1 at each of these thresh
olds must be identical:e.g., from Table I, Dm(3/2E2→Vr
→3/2E2)} 4

3 uSu2 while Dm(3/2E1→Pr

→3/2E1)1Dm(3/2E1→Vr→3/2E1)} 8
9 uSu21 4

9 uSu2 5 4
3 uSu2.

In thecd̄ andbd̄ sectors two effects can break this equali
~1! the bare wave functions, and therefore the intrinsic c
plings, of 3/2E2 and 3/2E1 can differ at order 1/mQ , and~2!
the threshold positions will no longer coincide~e.g., the
D2*→D* r, D1→Dr andD1→D* r threshold splittings are
320, 220, and 360 MeV and not all at their asymptotic va
of 320 MeV!. Within our model it may be shown that th
former effect is negligible. However, since these chann
have strengths of43 , 8

9 , and 4
9 , respectively, the splitting o

their thresholds can and does make a substantial contribu
to theD2* 2D1 splitting. At its calculated value of about 1
MeV, this contribution is not negligible compared to the o
servedD2* 2D1 splitting of 40 MeV, and we can conclud
that the coefficient of the 1/mQ expansion of this splitting ha
a non-negligible 1/Nc correction from hadronic loop mas
shifts.

With Tables I–III, and the analogues of Fig. 2, the effe
of loops on theL51 spectrum of allQd̄ systems can be
estimated. These estimates are not very reliable quan
tively: their overall magnitudes are quite sensitive to the
sumed momentum dependence of the amplitudes, and
their dependence onmQ is quite model dependent. Howeve
our studies indicate that our estimates for mass shifts
given channel can be expected to be good to wit
610 MeV or a factor of 2~whichever is larger!, as can the
dependence of a given shift onmQ . Thus the estimates ma
be taken to be a reasonablequalitativeguide to the effects of
‘‘unquenching the quark model.’’ Since for largemQ the
loop effects must obey heavy quark symmetry, most of th
estimates may be encoded into a set of coefficie
hloop/md

2 , t loop/md
2 , o1

loop/md
2 , and o2

loop/md
2 , which give

the estimated loop contributions to these universal expan
coefficients. The results are displayed in Table IV.

Table IV also shows the ‘‘best fit’’ values of the spectr
scopic parameters~to be discussed below! and the difference
which we use to define an estimate of the valence contr
tion to these parameters. We see that, relative to the val
contributions, loop effects make small contributions to t
spin-orbit parameters which are central to our discuss
Their contributions to hyperfine splittings are small co
pared to theS-wave hyperfine splitting parameterhP,V /md

2

.640 MeV, but large compared to the P-wave parame
h/md

2 . Since in the nonrelativistic limithvalence/md
250 ~see

Sec. IV!, this may be viewed as natural. The loop contrib

TABLE IV. Estimated loop contributions to the spectroscop
parameters, fit values of those parameters, and the deduced va
contributions to them~in MeV!. These estimates are based on
S-wave width coefficient~see Fig. 2! of g50.8 deduced fromb1

→vp.

h/md
2 t/md

2 o1 /md
2 o2 /md

2

Loops 150 270 140 115
Fit 190 240 2120 1160
Valence 140 130 2160 1145
:
-
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tion to t/md
2 is, in contrast, surprisingly large compared to t

valence estimate. As will be seen in Sec. IV, the latter
quite consistent with expectations. This is apparently an
ample where 1/Nc is not sufficient small to make the large
Nc expansion quantitatively useful.

While the description of the loop contributions to th

spectrum ofQd̄ systems by the universal set of parameters
Table IV is guaranteed formQ large, as discussed above i
validity for Q5s and u is dubious. Our estimates in fac
show it working remarkably well~within 20%! for Q5s, but
failing for Q5u where hu

loop/md
2.230 MeV, tu

loop/md
2.

245 MeV, ando1 u
loop/md

21o2 u
loop/md

2.130 MeV ~only the
combinationo11o2 can be determined fromQ5u; see be-
low!. These values, and especiallyhu

loop/md
2 , are inconsistent

with the results shown in Table IV. The source of this failu
of the heavy quark expansion is easily traced. As one pa
from Q to b to c to s, the masses of the states3/2E1 and
1/2E1 approach the Pr ~and related! thresholds very
smoothly from below, but forQ5u, where P5p, they
jump above the cusp and a linear extrapolation fails dram
cally. A similar effect occurs for the states1/2E0 with thePp
channel. As a result, while we may expect a smooth extra

lation to Q5u of the valence properties ofud̄ systems, we
must carefully examine the effects of loops on these syste

Before leaving our analysis of loop effects, we focus fo
moment on the loop-induced splitting of the centers-
gravity of thes

l

pl 5 3
2

1 ands
l

pl 5 1
2

1 multiplets, which is one

of the main foci of this work. In aQD̄ system~where D is a
hypothetical heavy-quark version of the d quark!, in which
the adiabatic approximation would be valid and where he
quark symmetry would guarantee the spin independenc
the loop contribution to the adiabatic potential, this splitti
would vanish. An explicit example of this may be seen
Table I: if theP‘ ‘ p ’ ’ , V‘ ‘ p ’ ’ , P‘ ‘ r ’ ’ , and V‘ ‘ r ’ ’ thresh-
olds were all equal, as they would be for ‘‘p’’ and ‘‘ r’’

beingDū systems, then since the sums of the squares of
couplings of each of the four states to these four channels
equal, their loop-induced mass shifts would all be equal. T
vanishing of the3/2E223/2E1 and 1/2E121/2E0 splittings is
just a result of heavy quark symmetry and does not req
mD→`; the vanishing of the splitting between these tw
degenerate multiplets is a consequence of the adiabatic
proximation. In contrast, sinced is not a heavy quark, we
expect, and our calculations provide, loop-induced violatio

of this degeneracy inQd̄ systems.

D. The data and some comments on it

Our fit is based on data@20# from the kaon (sd̄) sector,
where we use the masses of the two statesK2* (1430) and

K1(1270) associated with thes
l

pl 5 3
2

1 multiplet, and the

two statesK1(1400) andK0* (1430) associated with thes
l

pl

5 1
2

1 multiplet. In making these associations, we rely
analyses of the decay patterns of theK1(1270) and
K1(1400) which show them to be quite near to being pu
s

l

pl 5 3
2

1 ands
l

pl 5 1
2

1 states, respectively, with

nce
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uK1~1270!&5cosfK1
u3/2K1&1sin fK1

u1/2K1& ~21!

uK2~1400!&5sin fK1
u3/2K1&2cosfK1

u1/2K1& ~22!

with a mixing anglefK1
.21267° @11,21#.

Our fit also takes into account theoretical constraints fro
the ud̄ light meson sector, where isospin symmetry guara
tees that the mass eigenstates are states of definite ch
conjugation versus states of definites

l

p l . Since tensor mix-
ing ~in this case between3P2 and 3F2! is expected to be
negligible, the 21 state of thes

l

p l 5 3
2

1 multiplet can be

identified witha2(1320) while the 01 of the s
l

p l 5 1
2

1 mul-

tiplet would be uniquely associated with theud̄ statea0 .
Unfortunately, the experimental status of this latter state
very murky. The twoJP511 statesb1(1235) anda1(1260)
in this sector are particularly interesting. In this case th

s
l

p l 5 3
2

1 ands
l

p l 5 1
2

1 mustmix to precisely a mixing angle
of cos21 A2/3.35.3° to produce states of good charge co
jugation:

ub1&5A2/3u3/2E1&1A1/3u1/2E1& ~23!

ua1&5A1/3u3/2E1&2A2/3u1/2E1&. ~24!

In this sector, indeed, the 11 mass matrix~10! collapses to
the form

m̄1
~h1t/22o12o2!

3md
2 S 2

1

2
2&

2& 1
1

2

D ~25!

with

FIG. 3. The mQ dependence of theP-wave spectra~solid
curves!. Vertical lines show the values ofmd /mQ corresponding to
each ofQ5u, s, c and b. The dashed curves illustrate possibl

connections to the observed~and unobserved! ud̄ states.
-
rge

is

e

-

m̄5
1

2
~m3/2E1

1m1/2E1
!5msi2

@h2t12~o11o2!#

4md
2 ,

~26!

wheremsi is the expectation value of the spin-independe
part of the Hamiltonian, leading to the eigenvalues in t
whole P-wave sector of

m2115msi1
1

md
2 F1

4
h2

1

10
t1~o11o2!G ~27!

m1115msi1
1

md
2 F1

4
h1

1

2
t2~o11o2!G ~28!

m0115msi1
1

md
2 F1

4
h2t22~o11o2!G ~29!

m1125msi2
3h

4md
2 ~30!

TABLE V. Comparison of the fit to experiment. The fit value
of msi for Q5u, s, c, andb are 1280, 1385, 2490, and 5765 MeV
respectively.

State
Predicted mass

~MeV!
Observed mass

~MeV! @21# Comments

a2 See Fig. 3 13206 5
b1 See Fig. 3 1230610
a1 See Fig. 3 1230640
a0 See Fig. 3 - Note 1

K̄2* 1415 14306 5

K̄1
1300 1275610

K̄1
1415 1400610 Note 2

K̄0* 1395 1430610 Note 2

fK1
23° 21267°

D2* 2460 24606 5
D1 2415 24206 5
D1* 2585 - Note 2
D0 2565 - Note 2
fD1

22°

B̄2* 5715 - See@23#

B̄1
5700 - See@23#

B̄1
5875 -

B̄0* 5870 -

fB1
21°

Note 1: predicted@19# to be very broad,G;500 MeV, and

strongly coupled to the nearbyS-wave thresholdsh8p andKK̄; see
Ref. @22#.

Note 2: K̄1 and K̄0* predicted@19# to haveG.250 MeV as ob-

served, withK̄0* very strongly coupled to the nearbyS-wave K̄h8
threshold; from heavy quark symmetry,D1 and D0* should also
haveG.250 MeV.
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corresponding to the standard matrix elements ofVh f , Vten ,
V1 , andV2 in the 2S11LJ basis. Note that in the light meso
sector only the combinationo11o2 enters.

The ‘‘fit’’ parameters of Table IV are based on just thesd̄
data. On the basis of the observations made above on
smoothness of the extrapolation frommQ→` to mQ5ms ,
we apply thesd̄ parameters for allmQ.ms to predict the
excited spectra in thecd̄, bd̄, andQd̄ systems. The result
are shown in Fig. 3 and compared to experiment in Table
The overall fit seems satisfactory. Given that the loop c
tributions are not smoothly behaved in passing toQ5u, for
theud̄ system we might consider adding our valence para
eters to the computedud̄ loop parameters to obtain the pr
dicted ud̄ spectrum. On doing so we obtainhu /md

2.25
630 MeV, tu /md

2.0630 MeV, ando1 u /md
21o2 u /md

2.0
630 MeV, where we have shown explicitly the estimat
theoretical errors arising from our loop calculation. Fro
these parameters one can deduce little about theud̄ system
except that all four states should be loosely clustered aro
their center-of-mass. Therefore, instead of using these
rameters to make a prediction, we show in Fig. 3 theexperi-
mentalvalues of thea2 , a1 , andb1 masses to illustrate tha
they are consistent with an extrapolation from heavier qu
systems.~To determinemsi , we assumed, in the absence
other information, that thea0 lies at the center-of-gravity o
the other states,i.e., at 1270 MeV.! This exercise shows tha
the quantitative failure of the heavy quark expansion of lo
mass shifts forQ5u does not have very dramatic qualitativ
consequences.

As shown in Eqs.~12! and ~13!, the main conclusion of
this paper concerning the inversion of thes

l

p l 5 3
2

1 and 1
2

1

spin multiplets depends on correctly determiningo1 . We
should therefore examine the power of the data to determ
this matrix element. A good understanding of the situat
can be obtained by noting from Eqs.~9!–~11! that, since the
3/2K121/2K1 mixing angle is small,

mK
2*
2mK

0*
.1.8F S 1.1

o1

md
2 1

o2

md
2D 10.3

t

md
2G.0 MeV

~31!

and

m3/2K1
2m1/2K1

.F S 1.1
o1

md
2 10.2

o2

md
2D 20.2

h1t/2

md
2 G

.2120 MeV. ~32!

The first of these splittings depends on a contribution cl
to o1 /md

21o2 /md
2 as in the SU~3! limit @see Eqs.~27!–~30!#;

the second displays a strong departure from the SU~3! limit.
This radical departure from SU~3! is signalled experimen
tally by fK1

which, like fB1
and fD1

, is close to zero in
contrast to the SU~3! limit where it must be 35.3°. It is thes
unique features of thesd̄ system that allow us to separa
o1 /md

2 and o2 /md
2. Using the facts that 0.3(t/md

2) and
0.2@(h1t/2)/md

2# are small, the results of Table IV fo
o1 /md

2 and o2 /md
2 may actually be checked directly from

these two equations.
he

.
-

-

nd
a-

k

p

e
n

e

These conclusions may also be qualitatively cro
checked against theud̄ system. As just mentioned, theud̄
sector is sensitive to onlyh, t ando11o2 , so that it alone
cannot determineo1 . Moreover, sincem011 is not known,
this sector cannot even uniquely determine these three c
binations of matrix elements. However, asm011 varies in the
‘‘reasonable’’ range@22# from a maximum of 1300 MeV
down to 1000 MeV,msi varies from 1273614 MeV to
1248614 MeV, hu /md

2 varies from 57617 MeV to 23
617 MeV, tu /md

2 varies from 264633 MeV to 1103
633 MeV, and (o1 u1o2 u)/md

2 varies from 126
610 MeV to 176610 MeV. This analysis is thus consis
tent with our earlier discussion of this sector. Moreov
given that loop contributions to (o11o2)/md

2 are relatively
smooth functions ofmQ even asQ→u, it confirms the small
value of the combination (o11o2)/md

2 of greatest interes
here.

The most important prediction shown in Table V
that in the asymptotic case~to which the physical
case Q5b is very close! m(1/2E1)2m(3/2E1).1180
MeV, and that even in thecd̄ system there will be a
splitting between the 1/2E and 3/2E centers-of-gravity

of @ 3
4 m(1/2E1) 1 1

4 m(1/2E0)# 2 @ 5
8 m(3/2E2) 1 3

8 m(3/2E1)#
.2 3

2 (o1/md
21o2/mdmc).1135 MeV. In the next section

we will show that this unexpected result has a very intere
ing interpretation.

IV. INTERPRETATION: THE FLUX-TUBE-PLUS-GLUON-
EXCHANGE MODEL

The starting point for the preceeding discussion, Eqs.~2!–
~4!, is a general expression for the leading adiabatic poten
between two heavy quarks. The key assumption of t
paper—which could certainly fail—is that the characterist
of this general form can be extrapolated to light qua
masses first inq̄ and then inQ. Precisely because it isnot
obviously true, this prediction is an interesting test of one
the main assumptions of the valence quark model: that an
gous degrees of freedom control the properties of the lo
lying spectra of heavy-heavy, heavy-light and light-light sy
tems and that the effective forces between these degree
freedom evolve smoothly as a function of the constitu
quark masses.

Having determined the valence contributions to the ma
elementsh, t, o1 and o2 that arise in this context, we wil
now see that there is a very plausible interpretation of th
matrix elements in the context of the flux-tube-plus-on
gluon-exchange constituent quark model. In this picture,
predicted spin-orbit inversion is a consequence of the T
mas precession of the light antiquarkq̄ in the linear confin-
ing potential generated by the heavy quarkQ.

In such quark models, as mentioned in Sec. II, the int
quark forces arise from flux tube formation plus one-glu
exchange, and one can express the matrix elementsh, t, o1

ando2 in terms of expectation values in theQd̄ 3P2 system
as

h

md
2 5^3P2u

32pas

9md
2 d̃ 3~rW !u3P2& ~33!
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t

md
2 5^3P2u

4as

3md
2r 3 e2 f magbr2

u3P2& ~34!

o1

md
2 5^3P2u

2as

3md
2r 32

b

2md
2r

u3P2& ~35!

and

o2

md
2 5^3P2u

4as

3md
2r 3 u3P2&. ~36!

In these formulas,as is the strong fine structure consta
~very appropriately named for this context!, d̃ 3(rW) is a delta-
function smeared out by relativistic corrections and by
constituent quarks’ nonzero effective sizes, andf mag, of or-
der unity, is a parameter characterizing the screening of
chromomagnetic field in the vacuum outside the flux tub

Since h50 for pointlike quarks in the nonrelativisti
limit, to have a rough estimate of the size ofh in systems
with a light quark we must introduce a quark size. Asmi
→`, a quark’s effective size would be characterized by
relativistic radius 1/mi . For mi→0, this radius will freeze
out at some constituent quark sizer 0!1 fm. When two
quarks interactvia some intrinsic potentialV(r j i ), we as-
sume that this potential is smeared out intoṼ(r j i ) given by

Ṽ~rW j i ![E d3dr j i ~dW !V~rW j i 1dW ! ~37!

with

r j i ~dW ![E d3sr j S sW 1
1

2
dW D r i S sW 2

1

2
dW D , ~38!

the convolution of the individual quark smearing function
Thus in our Gaussian approximation

ra~x!5S 3

2pr a
2 D 3/2

e23x2/2r a
2

~39!

where fora5 i or j , r a is the effective radius of the quar
and fora5 j i , r j i

2 5r j
21r i

2 .
With harmonic oscillator variational solutions@8# it im-

mediately follows that

h

md
2 51

64asbE
3

27Apmd
2

bE
2r j i

2

F11
2
3 bE

2r j i
2 G5/2 ~40!

t

md
2 51

16asbE
3

9Apmd
2

1

@11 f magb/bE
2 #

~41!

o1

md
2 51

8asbE
3

9Apmd
2 2

2bbE

3Apmd
2 ~42!
e

e

s

.

o2

md
2 51

16asbE
3

9Apmd
2 ~43!

and

hP,V

md
2 51

32asbP,V
3

9Apmd
2

1

F11
2
3 bP,V

2 r j i
2 G3/2, ~44!

where bE (bP,V) is the Gaussian parameter characteriz
the variational solution of the Coulomb-plus-linear proble
for the excited state P-waves~ground state S-waves! in the
Qiq̄j system. The new matrix elementhP,V /md

2 is the one
responsible for the splitting of the ground state spin multip
into its vector and pseudoscalar components; it will be he
ful in the discussion which follows.

When evaluated~as appropriate to our fit! with the sd̄
parameters of the first of Refs.@8# ~as50.55, md
50.33 GeV, b50.18 GeV2, bE50.30 GeV, and bP,V
50.42 GeV!, with r d.r s.0.1560.15 fm as given in Ref.
@12#, and with f mag51, these formulas givehP,V /md

2

.620 MeV ~compared to ther2p splitting of 630 MeV!,
h/hP,V50.0320.03

10.04 ~Table IV would give 0.06!, t/md
25

145 MeV ~Table IV gives 130 MeV!, o1 /md
25

2120 MeV ~Table IV gives 2160 MeV! and o2 /md
25

1135 MeV ~Table IV gives 1145 MeV!. ~As to be ex-
pected based on the discussion of Sec. III B, evaluation w
bd̄, cd̄, andud̄ parameters gives similar results.! We note
from ~35! and ~42! that the sign ofo1 /md

2 , critical to our
main conclusions, depends on the relative strength of
Coulomb and confinement pieces: o1 /md

2.
165 MeV–185 MeV.2120 MeV. Given the strong model
dependence of these two comparable terms, it is not surp
ing that most calculations fail to predict the spin-orbit inve
sion of Qd̄ systems@24#.

While this successful comparison with the predictions
the flux-tube-plus-gluon-exchange quark model is not
proof of its validity, it does show the remarkable ability o
this model to describe the key features of not only the gr
spectrum of Qd̄ states, but also their ‘‘fine structure.
Within this context, our main result thatm1/22m3/2
.1180 MeV also has a simple but profound interpretatio
asmQ→`, Thomas precession of the lightq̄ in the confine-
ment potentialbr overwhelms the ordinary spin-orbit forc
familiar from atomic physics to invert spin-orbit multiplet
@7,25#. If verified experimentally, this effect would len
strong support to the growing evidence that confinemen
free of dynamical spin-dependent effects.

V. CONCLUSIONS

Based on the observed smooth evolution of the spectr
Qd̄ systems fromQ5b to Q5u, we have extracted from the
sd̄ system estimates for the matrix elements which con
the 1/mQ expansion of heavy quark mesons. Checks on
validity of this approach are its correct prediction of the o
served properties of the charm and bottom systems, and
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comparison of its extrapolation toQ5u with experiment.
The most striking result of our analysis is the conclus

that thes
l

pl 5 1
2

1 states~with JP501 and 11! of thecd̄ and

bd̄ sytems will lie above rather than below thes
l

pl 5 3
2

1

states~with JP511 and 21!. While contrary to conventiona
wisdom and intuition based on atomic andQQ̄ spectra, this
inversion has a simple interpretation in the usual qu
model: Thomas precession in the spin-independent lin
confinement potential, a relativistic kinematic effect, h
overwhelmed the usual atomic-like spin-orbit force fro
one-gluon exchange.
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Although this would be an important conclusion, perha
the most important ramification of the confirmation of th
effect would be the support it would lend to the eviden
discussed here that heavy- and light-quark systems ma
characterized by the same low-energy degrees of freed
Such an unexpected simplification of strong QCD would
an important step toward understanding the nature of c
fined hadronic systems. To complete this picture will requ
confirming the key role that the strange quark plays as
link between heavy- and light-quark systemsvia a much
more complete experimental and theoretical understand
of strange mesons and baryons and of strange quarkoni
he

o.
-

.

f

.
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