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Beyond the adiabatic approximation: The impact of thresholds on the hadronic spectrum
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In the adiabatic approximation, most of the effects ofqq̄ loops on spectroscopy can be absorbed into a static
interquark potential. I develop a formalism which can be used to treat the residual nonadiabatic effects
associated with the presence of nearby hadronic thresholds for heavy quarks. I 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 spectra.@S0556-2821~99!06315-8#

PACS number~s!: 12.39.Pn
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I. INTRODUCTION

The valence quark model is surprisingly successful in
scribing mesons and baryons asqq̄ andqqq systems moving
in effective potentials. The surprise comes in part beca
hadrons are so strongly coupled to their~real and virtual!
decay channels that each nearby channel ought to sh
hadron’s mass byDm;G typical , thereby totally disrupting
the valence quark model’s spectroscopy.

A simple resolution of this conundrum has been propo
in a series of papers@1,2# examining the effects of ‘‘un-
quenching the quark model,’’ i.e., allowing extraqq̄ pairs to
bubble up in valence quark states. This bubbling dresses
valence hadrons with a certain class of meson loop diagr
@3#. @These papers also address how the Okubo-Zweig-Iiz
~OZI! rule @4# survives unquenching; in this paper I wi
exclusively consider flavor nonsinglet states for which su
OZI-violation is not an issue.# The proposed resolution is a
extension of the idea@5# that in the absence of light quark
the heavy quarkonium potentialV0

adiabatic(r );b0r is the
adiabatically evolving ground state energyE0(r ) of the
purely gluonic QCD Hamiltonian in the presence of a sta
color triplet sourceQ and color anti-triplet sinkQ̄ separated
by a distancer. Oncenf light quarks are introduced into thi
Hamiltonian, two major changes occur:

~1! E0(r ) will be shifted toEnf
(r ) by ordinary second orde

perturbation theory, and
~2! Enf

(r ) will no longer be isolated from all other adiabat

surfaces: once pair creation can occur, theQQ̄ flux tube
can break to create states (Qq̄)a(qQ̄)b with adiabatic
energy surfaces that are constant inr at the valuesea

1eb (e i is thei th eigenvalue of theQq̄ system, with the
heavy quark massmQ subtracted!.

Despite the latter complication, in the weak pair creat
limit the flux-tube-like adiabatic surfaceEnf

(r ) can be

tracked through the level crossings that occur whenEnf
(r )

5ea1eb and identified as the renormalized QQ¯ adiabatic
potential Vnf

adiabatic(r )5Enf
(r ). In Ref. @1# it is shown that
0556-2821/99/60~5!/054013~7!/$15.00 60 0540
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for larger, Vnf

adiabatic(r ) remains linear, so that the net effe
of the pairs is simply to renormalize the string tension. Sin
quark modelers determined their string tension from exp
ment, the quark model heavy quarkonium potential alrea
included the effect of meson loops to leading order in
adiabatic approximation, i.e., bnf

5b, the physical string ten-
sion.

Note that a similar renormalization occurs at short d
tances: in lowest order as

(0)
˜as

(nf )512p/@(33
22nf)ln(Q2/LQCD

2 )#. The renormalization of the string ten
sion byqq̄ loops is quite similar, though complicated by th
existence of the open channels corresponding to adiab
level crossings. It should also be stressed that the possib
of subsumingqq̄ loops intobnf

only occurs if one sums ove
a huge set of hadronic loop diagrams~real and virtual! @1#.
No simple truncation of the sum over loops, as is often
tempted in hadronic effective theories, is generally possi
Consider, for example, the simplest orbital splittin
a2(1320)2r(770). Summing the mass shifts associated w
the known decay modes of these states would significa
change their absolute masses and violently alter their s
ting. Preserving them requires a large renormalization of
string tension and summing over loop graphs involvi
many high mass~i.e., virtual! channels, sinceqq̄ creation
inside the originalQQ̄ state is dual to a very large tower o
(Qq̄)a(qQ̄)b intermediate states.

Although the renormalizationV0
adiabatic

˜Vnf

adiabatic will

capture the bulk of the effect of ‘‘unquenching’’ in heav
quarkonia,Enf

(r ) deviates quite substantially from linearit
near level crossings@1# . Both this fact and explicit model-
ling suggest that for phenomenologically relevant qua
masses substantial nonadiabatic effects will remain a
renormalization, and in particular that states near thresh
to which they are strongly coupled should be expected
deviate from their potential model positions. This paper
devoted to developing a method for addressing these resi
effects. This is straightforward asmQ˜`, but I will show
that for finitemQ it is essential to go beyond the naive adi
batic approximation to define an ‘‘improved’’ interquark po
tential which includes the high energy part of the correctio
to the adiabatic limit.
©1999 The American Physical Society13-1
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II. THE FORMALISM IN THE ADIABATIC LIMIT

To deal with violations of the adiabatic approximatio
we can closely imitate the normal methods of mass ren
malization. For very massive quarksQ andQ̄, the effects of
all hadronic loop graphs can be subsumed into

Vnf

adiabatic~r !5V0
adiabatic~r !1(

ab
DVab

adiabatic~r ! ~1!

whereV0
adiabatic(r ) is the ‘‘purely gluonic’’ staticQQ̄ po-

tential, andDVab
adiabatic(r ) is the shift in this static potentia

generated by the channelab. Here the subscript on
V0

adiabatic is used to denote that itis purely gluonic; we have
suppressed additional labels to identify which gluonic ad
batic surfaceV0

adiabatic represents~the normal meson sur
face, the firstL561 hybrid surface, etc.! since our discus-
sion applies identically to them all. For the low-lyin
thresholds of interest to us here,DVab

adiabatic(r ) will typically
e
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have a strength of orderLQCD and a range of orderLQCD
21 .

This range arises becauseca(rW q̄Q) andcb(rWqQ̄) are localized
at relatively smallurW q̄Qu andurWqQ̄u for low-lying states so that
for large r the production of such states by the point-lik
creation of aqq̄ pair is strongly damped by the rapidly fal
ing tails of their confined wave functions; conversely, f
small r the createdq andq̄ are easily accommodated into th
‘‘heart’’ of their respective wave functions.

Let us now compare the adiabatic Hamiltonian for t
QQ̄ system@6#

Hadiabatic5
p2

2mQQ̄

1Vnf

adiabatic ~2!

~with m i j the reduced mass ofmi and mj ) with the two
channel HamiltonianH (ab) that is the penultimate step i
generatingHadiabatic in the sense that all channelsexceptab
have been integrated out:
H (ab)5F p2

2mQQ̄

1Vnf

adiabatic2DVab
adiabatic H (ab)

qq̄

H (ab)
qq̄

pr
2

2mab
1ea1eb

G ~3!
ns

s

ion
whereH (ab)
qq̄ is an interaction which couples theQQ̄ system

to the single channel(Qq̄)a(qQ̄)b with the matrix elements

dictated by the underlying pair creation HamiltonianHpc
qq̄ . In

the adiabatic limit we must recoverHadiabatic from H (ab),
but H (ab) contains the full dynamics of the coupling of th
QQ̄ system to the channelab. With the superscript onH (ab)

we are making explicit thatH (ab) has the channelab re-
moved from theQQ̄ adiabatic potential and added back

full via H (ab)
qq̄ . We could in general remove any subset on

channels fromVnf

adiabatic(r ) and add them back in dynam

cally as part of an (n11)-channel problem. In the limit o
taking all channels we would recover the original full u
quenched Hamiltonian. However, since our treatment is
lowest-order perturbation theory, the effects of the individ
channels are additive, and Eq.~3! with just an individual
channel (ab) selected for study is sufficient for our pu
poses.

Note that the hadronic multichannel version of our u
quenched Hamiltonian is an appropriate representation oqq̄
pair creation in a confined system. When the pair is crea
the (Qq̄qQ̄) system has three relative coordinates which
may take to berW , the separation between the center of m
of mesonb and that of mesona, and the two intrameson
coordinatesrW q̄Q[rW q̄2rWQ andrWqQ̄[rWq2rWQ̄ . Since we ignore
the residual final state interaction between the color sing
n
l

-

d,
e
s

ts

(Qq̄)a and (qQ̄)b , the eigenstates of this sector are meso
in relative plane waves, corresponding to the entryH22

(ab) in

Eq. ~3!. Thus, withpW r canonically conjugate torW , the three
quantum labels (pW r ,a,b) replace the three label
(rW ,rW q̄Q ,rWqQ̄).

The main goal of this paper is to describe the relat
between the eigenvalues of the adiabatic Hamiltonian~2! and
the dynamic Hamiltonian~3!. If we define

H05F p2

2mQQ̄

1Vnf

adiabatic 0

0
pr

2

2mab
1ea1eb

G ~4!

and

Hpert5F 2DVab
adiabatic

H (ab)
qq̄

H (ab)
qq̄ 0 G ~5!

and denote theQQ̄ eigenvalues ofH0 andH (ab) by Ei
0 and

Ei
(ab) , respectively, then sinceH (ab)5H01Hpert , by sec-

ond order perturbation theoryDEi
(ab)5Ei

(ab)2Ei
0 is given

by
3-2
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DEi
(ab)52^c0

i uDVab
adiabaticuc0

i &

1E d3q
u^ab~qW !uH (ab)

qq̄ uc0
i &u2

Ei
02S ea1eb1

q2

2mab
D ~6!

[2DEi
adiabatic(ab)1DEi

dynamic(ab) , ~7!

whereuc0
i & is the i th eigenstate ofH0. This simple equation

is the main focus of this paper.It represents the correction t
the adiabatic approximation for theQQ̄ energy eigenvalues
from a full dynamical versus an adiabatic treatment of
channel (ab). In what follows I will first show explicitly
that DEi

(ab)
˜0 as expected in the limitmQ˜`. I will then

define an improved effective potentialVn
improved which in-
f

05401
e

corporates ‘‘trivial’’ high energy corrections to the adiaba
approximation, but which is essential for incorporatin
threshold effects in a systematic low energy expansion
finite mQ .

I begin by defining preciselyDVab
adiabatic in Eq. ~1!. If

uab(rW )& denotes anab state with relative coordinaterW , then
asmQ˜`

^ab~rW !uHpc
qq̄uQQ̄~rW !&[^ab~rW !uH ~ab!

qq̄ uQQ̄~rW !&

5cab~rW !d3~rW 2rW ! ~8!

since theQQ̄ relative coordinate is frozen in the adiabat
approximation by definition and sincerWQ̄2rWQ˜rW as mQ
˜`. Thus
^QQ̄~rW8!uDVab
adiabaticuQQ̄~rW !&[E d3r

^QQ̄~rW8!uH ~ab!
qq̄ uab~rW !&^ab~rW !uH ~ab!

qq̄ uQQ̄~rW !&

br2~ea1eb!
~9!

5d3~rW82rW !
ucab~rW !u2

br2~ea1eb!
~10!

[d3~rW82rW !DVab
adiabatic~rW ! ~11!

for br far from ea1eb ; see Ref.@1# for a discussion of how the poles in Eq.~10! are to be handled. Given thisDVab
adiabatic(rW),

by definition
DEi

adiabatic(ab)5^c0
i uDVab

adiabaticuc0
i & ~12!

5E d3r
uc0

i ~rW !u2ucab~rW !u2

br2~ea1eb!
. ~13!

I now show howDEi
adiabatic(ab) approximates the true shift

DEi
dynamic(ab)[E d3q

u^ab~qW !uH (ab)
qq̄ uc0

i &u2

Ei
02S ea1eb1

q2

2mab
D ~14!

even for ‘‘nearby’’ thresholds asmQ˜`. Denote bŷ v& i the expectation value of the variablev in the stateuc0
i &. In the limit

mQ˜`, each of^p2& i /2mQQ̄ , b^r & i , and q2/2mab vanishes like (LQCD /mQ)1/3LQCD and so is small compared toea
1eb , which is of orderLQCD , but large compared to the corrections toea1eb , which are of orderLQCD /mQ . @In the
general power law potentialcnr n, they each behave like (LQCD /mQ)n/n12LQCD , i.e., they vanish for any confining (n.0)
potential.# For q2/2mab , this statement is nontrivial: it relies on the behavior of the numerator of Eq.~14!. Using Eq.~8!,

^ab~qW !uH (ab)
qq̄ uQQ̄~pW !&5

1

~2p!3E d3rei (pW 2qW )•rWcab~rW ! ~15!

[ c̃ab~pW 2qW !, ~16!

so, even thoughupW u;(LQCD
2 mQ)1/3

˜`, upW 2qW u must be of orderLQCD since c̃ab is a light quark object. After writingEi
0

5^p2& i /2mQQ̄1b^r & i , we can therefore Taylor series expand:

DEi
dynamic(ab).2S 1

ea1eb
D E d3qu^ab~qW !uH (ab)

qq̄ uc0
i &u2X11S 1

ea1eb
D F ^p2& i2q2

2mQQ̄
1b^r & i G1•••C ~17!

.2S 1

ea1eb
D E d3p8E d3qE d3pf0

i* ~pW 8!c̃ab* ~pW 82qW !c̃ab~pW 2qW !f0
i ~pW !

3X11S 1

ea1eb
D F ^p2& i2q2

2mQQ̄
1b^r & i G1•••C, ~18!

wheref0
i (pW )[1/(2p)3/2*d3re2 ipW •rWc0

i (rW). Noting that
3-3



NATHAN ISGUR PHYSICAL REVIEW D 60 054013
E d3sc̃ab~sW !5cab~0W ! ~19!

and that except for thec̃ the factors of the integrand are slowly varying functions, we can approximate

c̃ab~sW !.cab~0W !d3~sW !1••• ~20!

to obtain

DEi
dynamic(ab).2S ucab~0W !u2

ea1eb
D E d3puf0

i ~pW !u2X11S 1

ea1eb
D F ^p2& i2p2

mQ
1b^r & i G1•••C ~21!

.2S ucab~0W !u2

ea1eb
D E d3puf0

i ~pW !u2F11S br

ea1eb
D G ~22!

.E d3p
uf0

i ~pW !u2ucab~0W !u2

br2~ea1eb!
~23!

.E d3r
uc0

i ~rW !u2ucab~0W !u2

br2~ea1eb!
. ~24!
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This expression differs slightly fromDEi
adiabatic(ab) in Eq.

~13!: it has ucab(rW)u2˜ucab(0W )u2. However, for low-lying
states,^ucab(rW)u2/ucab(0W )u2& i21;(LQCD /mQ)2/3 which is
negligible as mQ˜` compared to ^br/(ea1eb)& i
;(LQCD /mQ)1/3 which we retained.@The physics behind
this approximation is simply thatucab(rW)u2 reflects light
quark scales whileuc0

i (rW)u2 reflects short distance scales
mQ˜`.# Thus to leading order asmQ˜`, DEi

adiabatic(ab)

5DEi
dynamic(ab) for low-lying states, as we set out to prov

The deviationDEi
(ab) of the energy of the statei from its

value in the adiabatic potentialVnf

adiabatic due to the residua

dynamical effects of the channel (Qq̄)a(qQ̄)b thus has the
property thatDEi

(ab)
˜0 channel by channel asmQ˜`. The

utility of this formalism for heavy quarkonium arises fro
not only this property, but also that it allows one to cons
tently focus on low-lying thresholds. The latter feature
based on the fact that the full shiftDEi[(abDEi

(ab) may
receive significant ‘‘random’’ contributions from strateg
cally placed low mass channels, but for fixed largemQ the
DEi

(ab)
˜0 rapidly asea1eb gets large. This rapid conver

gence occurs because, first, asea1eb˜`, Ei
0 andq2/2mab

in Eq. ~14! and br in Eq. ~13!, which were already smal
with respect toea1eb even for low mass channels, becom
negligible. In this limitDEi

(ab) is therefore trivially zero in-
dependent of the accuracy of the approximations inheren
Eqs. ~17!–~24!. Moreover, the factorucab(rW)u2 in the nu-
merator of each ofDEi

adiabatic(ab) andDEi
dynamic(ab) rapidly

approaches zero asea1eb˜` since for low-lying states
uc i

0& there is little kinetic energy in the initial wave functio
and the pair creation process can only create moment
orderLQCD . We can therefore expect this formalism to pr
vide a rapidly converging low-energy expansion of the
fects of pair creation on heavy quarkonia.
05401
-
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III. AN IMPROVED QUARKONIUM POTENTIAL

While suitable for heavy quarkonia, the framework
Sec. II has serious shortcomings for light quark spectr
copy. Because the eigenvaluesea

(mQ) andeb
(mQ) and the ma-

trix elementŝ a (mQ)b (mQ)(rW )uHpc
qq̄uQQ̄(rW)& for finite mQ are

only qualitatively related to theirmQ˜` counterpartsea ,

eb , and ^ab(rW )uHpc
qq̄uQQ̄(rW)&, DVab

adiabatic(r ) is not in this
case an accurate approximation to the effects of the cha

(Qq̄)a(qQ̄)b . As a result, theDEi
(ab) will not be small, i.e.,

the critical separation of the effects of the channelab into
large adiabatic and small residual dynamical effects will fa
If it were only for a few nearby channels, this failure wou
not be so serious, but whileEi

0 andq2/2mab in the finitemQ

analogue of Eq.~14! andbr in Eq. ~13! can still be neglected
as ea1eb˜`, since ea

(mQ)
1eb

(mQ)
Þea1eb and

^a (mQ)b (mQ)(rW )uHpc
qq̄uQQ̄(rW)&Þ^ab(rW )uHpc

qq̄uQQ̄(rW)&, the fi-
nite mQ analogue ofDEi

dynamical(ab) will not trivially ap-
proachDEi

adiabatic(ab) in this high energy limit. Moreover,

while the matrix elementŝa (mQ)b (mQ)(rW )uHpc
qq̄uQQ̄(rW)& may

still be expected to cut off high mass channels, since
momenta in low mass states and in the pair creation pro
are comparable, these channels will be cut off more slowly
the finite mQ analogue of DEi

dynamical(ab) than in
DEi

adiabatic(ab) . These shortcomings make themQ˜`
framework far less useful in light quark systems sinceDEi

[(abDEi
(ab) will converge only marginally faster than th

‘‘brute force’’ sum (abDEi
dynamic(ab) .

I will now show that it is possible to define an improve
effective quarkonium potentialVnf

improved which leads to en-

ergy shiftsdEi
(ab) which vanish asea1eb˜` for any mQ
3-4
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and so give smaller and more rapidly converging correcti
to the quark model spectroscopy built onVnf

improved than the

DEi
(ab) . The price to be paid for this important feature is th

the universal~flavor-independent! adiabatic quarkonium po
tential Vn

adiabatic must be replaced by a flavor-dependent

f

in
-
x
n

’

05401
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fective potentialVnf

improved built out of V0
adiabatic plus flavor-

dependent contributionsDVab
improved .

The basic idea is very simple. For anymQ @6#, the shift in
the energy of the stateuc0

i (mQ)
& due to channelab is given

by the generalization of Eq.~14!, namely
DEi
dynamic(ab)(mQ)

[E d3q
u^a (mQ)b (mQ)~qW !uH (ab)

qq̄ uc0
i (mQ)

&u2

Ei
0(mQ)

2S ea
(mQ)

1eb
(mQ)

1
q2

2mab
D ~25!

where the superscripts (mQ) denote quantities at finitemQ in contrast to those previously defined formQ˜`.
I begin by examining the limit@9# ea

(mQ)
1eb

(mQ)
@Ei

0(mQ) and q2/2mab , each of which are formQ comparable toLQCD

themselves of orderLQCD . In this limit we have

DEi
dynamic(ab)(mQ)

——˜

e
a

(mQ)
1e

b

(mQ)
˜`

^c0
i (mQ)uDṼab

(mQ)uc0
i (mQ)

& ~26!

where

DṼab
(mQ)

5
21

ea
(mQ)

1eb
(mQ)E d3qH(ab)

qq̄ ua (mQ)b (mQ)~qW !&^a (mQ)b (mQ)~qW !uH (ab)
qq̄ ~27!

is anmQ-dependent butuc0
i (mQ)

&-independent effective potential operator. Thus

^QQ̄~rW8!uDṼab
(mQ)uQQ̄~rW !&5

21

ea
(mQ)

1eb
(mQ)E d3q^QQ̄~rW8!uH (ab)

qq̄ ua (mQ)b (mQ)~qW !&^a (mQ)b (mQ)~qW !uH (ab)
qq̄ uQQ̄~rW !& ~28!

5
21

ea
(mQ)

1eb
(mQ)E d3qd3r8d3r^QQ̄~rW8!uH (ab)

qq̄ ua (mQ)b (mQ)~rW 8!&

3
eiqW •(rW 82rW )

~2p!3 ^a (mQ)b (mQ)~rW !uH (ab)
qq̄ uQQ̄~rW !& ~29!

5
21

ea
(mQ)

1eb
(mQ)E d3r^QQ̄~rW8!uH (ab)

qq̄ ua (mQ)b (mQ)~rW !&^a (mQ)b (mQ)~rW !uH (ab)
qq̄ uQQ̄~rW !&

~30!
atic

.

ties,
which can be compared to Eq.~9!. I next introduce the finite
mQ analogue of Eq.~8!. As mQ˜`, the form of Eq.~8! is
model independent, with dynamical effects residing
cab(rW). However, for finitemQ even the form of the ana
logue to Eq.~8! becomes model-dependent. The key to e
tending the utility of the heavy quarkonium framework dow
to light quark masses is to make a ‘‘local approximation’

^a (mQ)b (mQ)~rW !uHpc
qq̄uQQ̄~rW !&.cab

(mQ)
~rW !d3~rW 2hrW !

~31!

where asmQ˜`, h˜1 and
-

cab
(mQ)

~rW !˜cab~rW !, ~32!

the right hand side being the function defined in the adiab
limit by Eq. ~8!. Note thatcab

(mQ)(rW) involves at the micro-

scopic level overlap integrals betweenuQQ̄(rW)& and
ua (mQ)b (mQ)(rW )& with wave functions ca

(mQ)(rW q̄Q) and

cb
(mQ)(rWqQ̄) for finite mQ , while cab(rW) involves the heavy

quark limitsca(rW q̄Q) andcb(rWqQ̄) of these wave functions
In the simplest and most common models@1,7,8#, the ‘‘local
approximation’’ is exact and automatic withh5mQ /(mQ

1mq ), corresponding toqq̄ pair creation that is pointlike
and instantaneous. There are, of course, other possibili
3-5



o

ly
th

fur-
ble

-

to

NATHAN ISGUR PHYSICAL REVIEW D 60 054013
both local and nonlocal@10#; the latter need to be ‘‘local-
ized’’ via an approximation of the form of Eq.~31! in order
that one may define their improved effective potentials.

With Eq. ~31! used in Eq.~30!, we have

^QQ̄~rW8!uDṼab
(mQ)uQQ̄~rW !&5d3~rW82rW !F2h23ucab

(mQ)
~hrW !u2

ea
(mQ)

1eb
(mQ) G

~33!

[d3~rW82rW !DṼab
improved~rW !.

~34!

By construction,DṼab
improved gives aDEi

improved(ab) which
converges toDEi

dynamic(ab)(mQ) for models in which the lo-
cal approximation~31! is exact. In all cases@10#, once the
local approximation~31! is made,DṼab

improved will give a
more accurate approximation to the high energy effects

Hpc
qq̄ than DVab

adiabatic(rW), so its use leads to a more rapid
converging approximation to the effects of thresholds on
tic

tr

th
e

a
tia
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o
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hadronic system. We can actually improve matters even
ther if we incorporate the additional convergence availa
even for low mass thresholds asmQ˜` by defining@9#

DVab
improved~rW ![F h23ucab

(mQ)
~hrW !u2

br2~ea
(mQ)

1eb
(mQ)

!
G . ~35!

For ea
(mQ)

1eb
(mQ) large,br is negligible so this approxima

tion is no worse than that leading toDṼab
improved(rW), but

DVab
improved(rW) also approaches our oldDVab

adiabatic(rW) as
mQ˜` and so gives a good approximation
DEi

dynamic(ab)(mQ) for all ab in this limit.
Given these features, we can improve upon Eqs.~2! and

~3! by defining

Himproved5
p2

2mQQ̄

1Vnf

improved ~36!

and
Himproved
(ab) 5F p2

2mQQ̄

1Vnf

improved2DVab
improved H (ab)

qq̄

H (ab)
qq̄ pr

2

2mab
1ea

(mQ)
1eb

(mQ)G ~37!
o-
so-

n-
l
that
s

ow
nic

as
n-
to
a-
sible
rk
m-

he
ri-
along with the analogue of Eq.~7!

dEi
(ab)[2^c0

i (mQ)uDVab
improveduc0

i (mQ)
&1DEi

dynamic(ab)(mQ) .
~38!

The dEi
(ab) now approach zero both in the strict adiaba

limit mQ˜` for all ab and also in the limitea
(mQ)

1eb
(mQ)

@LQCD for all mQ . They therefore allow a systematiclow
energyexpansion of the impact of thresholds on the spec
of all quarkonia.

IV. CONCLUSIONS

I have presented here a formalism for calculating
nonadiabatic componentDEi

ab of the mass shift of a valenc

heavy QQ̄ state i from the hadronic loop processi˜ab
˜ i , i.e., the component of this process that cannot be
sorbed into the renormalized heavy quarkonium poten
The resulting formula was shown to have the expected p
erty that DEi

(ab)
˜0 as mQ˜`. The formula is also very

simple and, when combined with a pair creation model l
the flux-tube-breaking model@7# or the 3P0 model @8#,
should provide a quick method of estimating the influence
a

e

b-
l.
p-

e

f

nearby thresholds on the spectra of heavy quarkonia.
I have also shown how to define an ‘‘improved’’ quark

nium potential which incorporates nonadiabatic effects as
ciated with high mass thresholds for anymQ . When this
potential is identified with the empirical quark model pote
tial, the deviationsdEi

(ab) of the spectrum from the potentia
model predictions due to thresholds have the property
they vanish both asmQ˜` for all ab and also as the mas
ea

(mQ)
1eb

(mQ) of the thresholdab gets large for anymQ .
This improved potential therefore allows a systematic l
energy expansion of the impact of thresholds on hadro
spectra.

This advantage has a price: the ‘‘improved’’ potential h
the characteristic that it violates the rule of flavor indepe
dence. While this rule is valid in the heavy quark limit and
leading order in perturbative QCD for light quarks, viol
tions are to be expected. Indeed, though obscured by pos
relativistic corrections, there are indications from qua
models that the best empirical potentials are syste
dependent@11#.

An important step not taken here is to calculate t
DEi

(ab) and dEi
(ab) for selected channels to assess nume

cally how rapidly each converges asea
(mQ)

1eb
(mQ)

˜` @9#,
and to quantify themQ-dependence ofVnf

improved . Quark
3-6
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models seem to constrain this mass dependence to be su
ingly weak @12#. Assuming that the approach defined he
passes quantitative tests such as these, it will then be in
esting to apply it to a number of outstanding phenomenolo
cal issues. Among these are the threshold shifts in thecc̄ and
bb̄ systems and theL(1520)2L(1405) problem. It will also
be amusing to study heavy-light systems to see explic
how groups of states conspire to maintain the spectrosc
relations required by heavy quark symmetry@13# as mQ
di

a
te

s
o
se

de

t

4;
s

.

o
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ng

r,
nd
im

e

05401
ris-
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y
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˜`, and to quantify the importance of heavy-quar
symmetry-breaking pair creation effects residing in t
dEi

(ab) compared to their valence potential model count
parts@14#.

Finally, I note that while this paper is couched in th
language of the nonrelativistic quark model, there is noth
in the proposed general framework that would prevent
being transferred to either a relativistic quark model or
field theory.
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