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Mesonlike baryons and the spin-orbit puzzle
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Jefferson Lab, 12000 Jefferson Avenue, Newport News, Virginia 23606

~Received 8 October 1999; published 7 June 2000!

I describe a special class of mesonlikeLQ excited states and present evidence supporting the similarity of
their spin-independent spectra to those of mesons. I then examine spin-dependent forces in these baryons,
showing that the baryon spin-orbit puzzle is solved for them for the same reason spin-orbit forces are small for
the analogous mesons: a fortuitous cancellation between large spin-orbit forces due to one-gluon exchange and
equally large inverted spin-orbit forces due to Thomas precession in the confining potential. This solution
provides a new perspective on spin-orbit forces in all baryons by showing that the three-body spin-orbit forces
which were believed to be the origin of the baryon spin-orbit problem conspire in these states to become an
essential part of this cancellation.

PACS number~s!: 12.39.Jh, 14.20.2c
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I. BACKGROUND

Confinement in mesons and baryons should be very s
lar since color dynamics is sensitive at large distances o
to the net color charge of the interacting sources. T
whether a quark is bound to an antiquark or to a diquark

color 3̄ ~as it must be for a baryon to be in an overall co
singlet! should make no difference at large separation~or
alternatively at high excitation!. For similar reasons, the one
gluon-exchange forces in mesons and baryons are
closely related: pairwise forces in baryons have exactly h
the strength of those in mesons~for identical spins and sepa
rations!.

Given this close connection between meson and bar
dynamics and the success of the quark model in meson s
troscopy, it is surprising that there is still an unsettled qu
tative problem in the quark model for baryons: the so-cal
‘‘baryon spin-orbit puzzle’’ that baryon spin-orbit splitting
appear to be much smaller than expected from their o
gluon-exchange matrix elements@1#. However, by this over-
simplified criterion the mesons would also have a spin-o
problem. Meson spin-orbit splittings are also much sma
than expected from their one-gluon-exchange matrix e
ments@2,3#, but mesons have no spin-orbit problem beca
the ‘‘normal’’ spin-orbit matrix element is largely cancelle
by a strong ‘‘inverted’’ spin-orbit matrix element from Tho
mas precession in the confining potential.

The physics behind this cancellation has received sup
recently from analyses of heavy quarkonia, where both a
lytic techniques@4# and numerical studies using lattice QC
@5# have shown that the confining forces are sp
independentapart from the inevitable spin-orbit pseudoforc
due to Thomas precession. Moreover, as has been know
more than ten years, the data on charmonia require an
verted spin-orbit matrix element from Thomas precession
the confining potential to cancel part of the strength of
one gluon exchange~OGE! matrix element@2#. If the charm
quark were sufficiently massive, its low-lying spectru
would be rigorously dominated by one gluon exchange,
one indeed observes that theY system is closer to this idea
Conversely, as one moves fromcc̄ to lighter quarks, thel
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51 wave functions move farther out into the confining p
tential and the relative strength of the Thomas precess
term grows. It is thus very natural to expect a strong canc
lation in light quark systems.

As shown in the original Isgur-Karl paper on the P-wa
baryons@1#, a very similar cancellation appears to occur
the two-body level in baryons. However, unlike meson
baryons can also experience three-body spin-orbit forces@6#

~e.g., potentials proportional to (SW 12SW 2)•(rW12rW2)3pW 3

whereSW i , rW i , andpW i are the spin, position, and momentu
of quark i ). The matrix elements of these three body sp
orbit forces are all calculated in Ref.@1#, but no apparent
cancellation among them is found. That is, the spin-or
puzzle might more properly be called the ‘‘baryon thre
body spin-orbit puzzle.’’ In view of the facts that one cou
understand the smallness of spin-orbit forces in mesons
that the data also clearly called for small spin-orbit forces
baryons, the Isgur-Karl model anticipated a solution to
baryon three-body spin-orbit puzzle andas a first approxi-
mation discarded all spin-orbit forces. It was assumed th
as in mesons, a more precise and broadly applicable des
tion would have to treat residual spin-orbit interactions.
the meantime, a possible solution to this problem has b
suggested@7# in which relativistic effects enhance spin-sp
over spin-orbit effects. This suggestion may prove to be c
rect, though it would then be an accident that in meson
nonrelativistic solution presents itself. In this paper I ident
a special class of baryons which exhibit a mesonlike solut
to the spin-orbit puzzle and lead to a new perspective on
old problem.

II. A TOWER OF MESONLIKE LQ EXCITED STATES

A. Introduction

Consider audQ baryon in which theud quark pair is
compact andQ is far from their center-of-mass, as shown
Fig. 1~b!. As previously mentioned, theud pair must be in a
color 3̄, so the forces between it andQ are the same as thos
between an antiquark andQ. If the internal dynamics of the
ud pair were independent oflW , then eachud eigenstate
would act as an extended quasi-antiquark with whichQ
©2000 The American Physical Society25-1
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NATHAN ISGUR PHYSICAL REVIEW D 62 014025
could form a tower of mesonlike excited states. The simp
suchud pair, and the one which is the focus of this pap
has theud pair in its isospin zero and spin zero ground sta
I label these statesLQ* ’s since in them only theQ relative

coordinate is excited over the ground stateLQ
1
2

1. We will
see that the only spin-dependent forces in these states ar
spin-orbit forces experienced byQ, so they are a natura
choice for a system in which to investigate the baryon sp
orbit puzzle.~There are two additional advantages of theLQ
system: withQÞu or d one avoids antisymmetrization be
tweenQ and theud pair, and asmQ→` one is guaranteed
by heavy quark symmetry@8# that the spin ofQ decouples
from the system.!

The idealization of a separation betweenrW andlW dynam-
ics @see Fig. 1~a!# is actually realized in the zeroth-orde
states of the Isgur-Karl~IK ! model @1# where for m15m2
5m andm35mQ

H5
pr

2

2m
1

pl
2

2ml
1Vsi1Vsd ~1!

with

ml[
3mmQ

2m1mQ
~2!

andVsi andVsd spin-independent and spin-dependent pot
tials. In the IK model one introduces anartificial harmonic
term to define

Vsi5(
i , j

1

2
kri j

2 1DVsi ~3!

where

DVsi[Vsi2(
i , j

1

2
kri j

2 ~4!

and then treatsDVsi andVsd as perturbations on the zeroth
order Hamiltonian

FIG. 1. ~a! The relative coordinatesrW [A1
2 (rW12rW2) and lW

[A 1
6 (rW11rW222rW3) of a q1q2q3 baryon with m15m25m and

m35mQ . ~b! A mesonlike baryon configuration.
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st
,
.

the

-

-

H05
pr

2

2m
1

pl
2

2ml
1(

i , j

1

2
kri j

2 ~5!

5
pr

2

2m
1

pl
2

2ml
1

3

2
kr21

3

2
kl2 ~6!

which separates as advertized withvr5A3k/m and vl

5A3k/ml. @The choice ofrW and lW as variables was mad
historically so that in the SU~3! limit ms→m the r and l
oscillators become degenerate with wave functions that
manifestly good representations of the permutation gro
S3.# Note that by constructionk is an auxillary paramete
which can be chosen to minimize the importance ofDVsi . In
what follows I take

Vsi52(
i , j

2as

3r i j
1c1Vcon f ~7!

where the first term is the color Coulomb potential betwe
quarks in a baryon~to be contrasted with24as/3r in a me-
son!, c is a constant, andVcon f is the long-range confining
potential. The zeroth-order eigenstates of Eq.~6! are states
with spatial wave functionscnr l rmr

(rW )cnl l lml
(lW ) and with

the various flavor and spin states allowed by the general
Pauli principle~given that the quarks are in the totally an
symmetric color stateCA).

As stated earlier, I focus here on the isospin zero, lig
quark-spin-zero statesLQ* ~i.e., those with flavor wave
function

fL5A1

2
~ud2du!Q ~8!

and spin wave functions

x1
r 5A1

2
~↑↓2↓↑ !↑ ~9!

x2
r 5A1

2
~↑↓2↓↑ !↓ ~10!

as defined in Ref.@1#! with therW variable in its ground state

cQ
nl l lml
* 5CAfLxrc000~rW !cnl l lml

~lW ! ~11!

wherecnv l vmv
(vW ) is the normalized harmonic oscillator wav

function for the variablevW with principal quantum numbe
nv and angular momentum quantum numbers (l v ,mv). Since
lW is symmetric under 1↔2 interchange, these states all ha
the 1↔2 antisymmetry required by the generalized Pa
principle, and the tower oflW excited statesLQ* stand in
one-to-one correspondence with the states of as̄Q meson
with potential1

2 (2k)r 2 whererW[rW s̄2rWQ ands̄ is a ficticious
antiquark with spin and isospin zero and mass 2m. In the
5-2
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MESONLIKE BARYONS AND THE SPIN-ORBIT PUZZLE PHYSICAL REVIEW D62 014025
harmonic limit each of these towers of excited states hav
spacing ofA3k/ml5A2k/msQ where msQ is the s̄Q re-
duced mass.

B. Beyond the harmonic approximation

As mentioned earlier,k is an auxillary parameter which
may be chosen to minimize the perturbationDVsi . Since,
consistent with the 1↔2 symmetry of this system, Eq.~3! is
trivially generalized to allow ther 12 spring constant to be
distinct from ther 13 and r 23 spring constants, ther and l
spring constants may be taken to be independent auxi
parameterskr andkl . Somewhat less trivial is the fact tha
kl may be chosen independently for each value ofl l in the
tower ofl excitations. The subtowers consisting of states
fixed l l ~but excitation labeled bynl) are all mutually or-
thogonal, so choosingkl to optimize the energy and wav
function ofc0l lml

(lW ) is a good strategy for producing acc
rate orthonormalized eigenfunctions of the spin-independ
Hamiltonian.~I optimize nl50 for eachl l since these are
the phenomenologically most relevant states.! Given this
strategy, one never actually resorts to perturbation theor
DVsi for the nl50 states: their energies and eigenfunctio
are best determined variationally. The analogous strat
may obviously be employed for mesons.

In an elementarys̄Q system with

Vsi52
4as

3r
1c81br ~12!

the expectation value of the spin-independent Hamiltonia
c0lm(r );Ylm(uf)r le2(1/2)b2r 2

is

E0l~b!5S 2l 13

2 D b2

2msQ
2

2l 13l !asb

3~2l 11!!! Ap
1c8

1
2l 11~ l 11!!b

~2l 11!!! Apb
, ~13!

where (2l 11)!![(2l 11)(2l 21)(2l 23)•••331. Table I
shows how this spectrum varies withmsQ . ~Throughout this
paper I use the ‘‘standard’’ parametersmu5md[m
50.33 GeV, ms50.55 GeV, mc51.82 GeV, mb
55.20 GeV, andb50.18 GeV2, with as50.6 since we are
considering large-distance dominated systems.! In a pure
Coulomb potential, the spacings between energy lev
would grow likemsQ , while in a pure linear potential the

TABLE I. The variationally determined elementary meson sp
trum ~in GeV! as a function of the reduced massmsQ .

Spectral splitting msQ5m/2 msQ5m msQ52m

E012E00 0.59 0.53 0.51
E022E01 0.45 0.38 0.33
E032E02 0.39 0.32 0.27
E042E03 0.35 0.28 0.23
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would decrease likemsQ
21/3. The latter behavior can be see

at largel, but at low l the admixture of Coulomb potentia
relevant to light quark spectroscopy leads to even m
slowly varying splittings, as observed in nature~see below!.

We expect the analogous tower ofLQ* baryons to have
the same spectrum for sufficiently largel. I will now dem-
onstrate that this is the case. The relevant baryon wave fu
tions are those of Eq.~11! with

c000~rW !5
ar

3/2

p3/4
e2(1/2)ar

2r2
~14!

and

c0l l ~lW !5
al

l 13/2l1
l

p3/4Al !
e2(1/2)al

2l2
~15!

wherel6[l16 il2. The kinetic energy term analogous
the first term in Eq.~13! is thus

3ar
2

4m
1S 2l 13

2 D al
2

2ml
. ~16!

More interesting are the Coulomb terms analogous to
second term of Eq.~13! arising from Eq. ~7!. The
22as/3r 12 term is straightforward, but the22as/3r 13 and
22as/3r 23 terms have an interesting wrinkle: Gauss’ law.
averagingrW over a spherical shell around theud center-of-
mass, only shells that fall between that center-of-mass anQ
will lead to an electric field atQ. This electric field will be
that of the charge of the shell concentrated at the cente
mass, and will have the corresponding potential energy
shell that falls outsideQ will produce no electric field and a
constant potential corresponding to the potential that a
tant charge would have experienced just as it crossed
shell. Thus in the special class of states we are conside
here, the color Coulomb potential takes on the effective fo

VCoulomb
e f f ~rW ,lW !5Vr

e f f~r!1Vl
e f f~r,l! ~17!

where

Vr
e f f~r!52

2as

3~A2r!
~18!

and

Vl
e f f~r,l!52

4as

3 F 1

~A 3
2 l!

uS l2
r

A3
D

1
1

~A 1
2 r!

uS r

A3
2l D G . ~19!

We may associateVr
e f f with a color electric field internal to

the ud pair and directed alongrW and Vl
e f f with the color

electric field described above and directed alonglW .

-

5-3
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NATHAN ISGUR PHYSICAL REVIEW D 62 014025
After averaging overr in the wave functionc000(rW ) one
obtains al-dependent effective potential

VCoulomb
e f f ~l!52

4asar

3A2p
2

4A2asQar
~A 3

2 l!

3A3l

2
16asar

3A2p
e23ar

2l2
~20!

52
4asar

3A2p
2

4A2aserf~A3arl!

3A3l
~21!

where

Qar
SA3

2
l D[

ar
3

p3/2E0

A3l
d3r e2ar

2r2
~22!

is the ‘‘charge’’ inside the radiusA3
2 l and erf(z)

[(1/Ap)*2z
z dxe2x2

. Notice that

ECoulomb
e f f ~l![2

dVCoulomb
e f f

d~A 3
2 l!

52
4asQar

~A3
2 l!

3~A 3
2 l!2

~23!

as required, and that the energy associated with the Coul
potentials is the expectation value ofVCoulomb

e f f (l) in the

wave function c0l l (lW ). Due to the appearance o
Qar

(A3/2l) this energy cannot be displayed in closed for
and variational solutions must be found numerically. Ho
ever, since^l2&1/25Al 13/2/al and since theal which
minimizes the energy decreases asl increases, the Coulom
energy quickly ‘‘heals’’ to the mesonlike value

2
4asar

3A2p
2

2l 13l !as~A2
3 al!

3~2l 11!!! Ap
~24!

where the first term is theud energy andA2/3al is the
appropriate analog ofb since A3/2l corresponds tor. In
practice this ‘‘healing’’ occurs very rapidly: in theLs* bary-
ons we will consider below, the Coulomb energy diffe
from its mesonlike value by only 5% inl 51 and 2% inl
52.

Finally, we consider the confining potential. From the p
ceding discussion we know that the color Coulomb field
the special class of states we are considering here has
components: one of magnitude22as /3(A2r)2 internal to
theud pair which is directed alongrW , and one of asymptotic
magnitude24as /3(A3/2l)2 between theud pair and Q

which is directed alonglW . Since confinement evolves out o
the color electric field at large distances, it is natural to
sume, in analogy to the standard meson hypothesis enca
lated in Eq.~12!, that in these states
01402
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Vcon f
e f f ~r,l!5

1

2
b~A2r!1bSA3

2
l D ~25!

up to an overall constant. Since the second term is the an
of the meson confining potentialbr, the demonstration tha
at sufficiently largel our tower ofLQ* baryons will have the
same spectrum as thes̄Q mesons is complete.

In summary, I have shown in this section that in the var
tional wave functions~11!, and a fortiori in lowest order
perturbation theory inDVsi of Eq. ~4!, a tower ofLQ* bary-
ons with theud pair in l r50 and spin zero exists which wil
be analogous to the spectrum of a ficticious mesons̄Q con-
taining a scalar antiquark of mass 2m. Gauss’ law has pro-
duced a situation that is only slightly more complicated th
the idealized harmonic limit wherein therW and lW variables
completely separate: they have become coupled only thro
the effect ofc000(r) on the effective chargeQar

(A3/2l).

Physically this means that the size of theud pair’s wave
function is not fixed, but rather that it grows to an asympto
value asl l increases.

C. An empirical meson-baryon correspondence

Though there are no mesons with scalar antiquarkss̄, the
spin-independent quark model spectra of such mesons w
be the same as those of ordinaryq̄Q mesons withmq
5ms . Moreover, Figs. 2 and 3 show what Table I has led
to anticipate: the spectra of mesons are slowly varying fu
tions of their reduced masses. Thus we may reasonably
for a correspondence between the spectrum of any flavo
mesons with reduced mass of the order ofm with the select
tower of LQ* baryons associated with any heavy quarkQ.
The most extensive data exist for theK* and the ordinary
L* ~i.e., Ls* ) states, as it happens, and this corresponde
is shown for the ‘‘fully stretched’’ total angular momentum

FIG. 2. The orbital excitation spectra of the quarkoniaQQ̄ as a
function of mQ ; the 12 S-waves have been aligned to display th

splittings to theP-wave 21 andD-wave 32 states. Inbb̄ andcc̄,
theD-wave positions shown as dashed lines are predictions of
able heavy quarkonium calculations. The spectra are shown
scale, which may conveniently be calibrated from thexc22c split-
ting of 459 MeV.
5-4
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MESONLIKE BARYONS AND THE SPIN-ORBIT PUZZLE PHYSICAL REVIEW D62 014025
states of these systems in Fig. 4. I first note that a comp
son of the observed splittings in theK* system with those of
Table I indicates that the framework adopted here is in f
quite reasonable. Since theK* 2Ls* correspondence shoul
be best for highl, I have aligned the highestl established for
both spectra, namelyl 53 corresponding to a 41 K* and a
7/22 Ls* . The excellent correspondence at highl provides
a detailed view in the context of the quark model of t
well-known relation between the slopes of meson and bar
Regge trajectories. That thel 50→ l 51 and l 51→ l 52
splittings are smaller in theLs* ’s than in theK* ’s is what
we expect from the analysis of the previous section: for l
l the Coulomb potential is weakened since theud color

FIG. 3. The orbital excitation spectra of heavy-light mesons a
function of mQ ; the 12 S-waves have been aligned to display t
splittings to theP-wave 21 states. The spectra are shown to sca
which may conveniently be calibrated from theD2* 2D* splitting
of 452 MeV.

FIG. 4. Comparison of the spectra of well-established ‘‘fu
stretched’’K* mesons andLs* baryons. The boxes show the e
perimental uncertainties in the masses of states. Thel 53 states
have been aligned as described in the text. The third spectru

that of a fictitiousL̃s* baryon with the spatial distribution of theud
pair set to zero. The spectra are shown to scale, which may co
niently be calibrated from theK2* 2K* splitting of 534 MeV.
01402
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charge is distributed in the wave functionc000(rW ). Figure 4
therefore also shows the spectrum of a ficticiousL̃s* system
obtained from the experimentalLs* spectrum by adding to it
the perturbation that would occur if the spatial extension
theud pair were set to zero, demonstrating that even the
l behavior of theK* and Ls* systems are related as e
pected.

III. SPIN-ORBIT FORCES IN LQ* BARYONS

Given the remarkable correspondence between the s
independent spectra of mesons and theLQ* baryons, this
special tower of states seems ideal for investigating
baryon spin-orbit puzzle. Since the color dynamics of the
two systems are so similar, and since there is no meson s
orbit puzzle, one would naively expect to find no proble
with spin-orbit forces in theLQ* states. This is in fact wha
I find.

A. A review of meson spin-orbit forces

I begin with a review of meson spin-orbit forces. In
‘‘real’’ q̄Q meson with two spin-1/2 particles, the spin
dependent potential is

Vsd
q̄Q5Vss

q̄Q1Vso
q̄Q ~26!

whereVss
q̄Q is the usual spin-spin interaction~consisting of

the Fermi contact term and the tensor interaction! and

Vso
q̄Q5

4as

3m q̄Qr 3
LW •S SW Q

mQ
1

SW q̄

mq
D 2S 2as

3r 3 1
b

2r DLW •S SW Q

mQ
2

1
SW q̄

mq
2D .

~27!

Here the first term is the dynamic spin-orbit interaction ar
ing from the interaction of the color magnetic momen
SW Q /mQ andSW q̄ /mq with the color magnetic fields generate
by the motion of the other quark and the second term is
kinematic spin-orbit effect arising from Thomas precess
in the central spin-independent potential. One can equ
lently write

Vso
q̄Q5

2as

3r 3LW •FSW QS 1

mQ
2 1

2

mQmq
D 1SW q̄S 1

mq
2 1

2

mQmq
D G

2
b

2r
LW •F SW Q

mQ
2

1
SW q̄

mq
2G ~28!

in which form the matrix elements of 1/r 3 and 1/r are sepa-
rated, corresponding to the complete one-gluon-excha
component and the complete confinement component of
spin-orbit interaction, respectively. In themQ5mq5m
isovector meson sector

Vso
q̄Q→Vso

d̄u5LW •SW F 2as

m2r 32
b

2m2r G ~29!

a

,

is

e-
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NATHAN ISGUR PHYSICAL REVIEW D 62 014025
where SW 5SW Q1SW q̄5SW u1SW d̄ . When evaluated in thel 51
wave functions of the spin-independent potential~12!, the
one-gluon-exchange component has a matrix elemen
1180 MeV, while the Thomas precession component ha
matrix element of2170 MeV. ~These matrix elements ar
multiplied by ^LW •SW & which is 11, 21, 22, and 0 in the
a2 , a1 , a0, andb1, respectively.! The total matrix elemen
of Eq. ~29! can be extracted from the mixture of conta
tensor, and spin-orbit terms contributing to the experimen
P-wave masses from the combination5

12 a22 1
4 a12 1

6 a0 and
is 23620 MeV. We see that the mesons would have
serious spin-orbit problem if Thomas precession in the c
fining potential were ignored, but that the sum of the on
gluon-exchange spin-orbit forces and confining Thomas p
cession spin-orbit forces leads to a very small net spin-o
splitting as observed.

As mQ increases in aQQ̄ system,̂ 1/mQ
2 r 3& decreases~in

a linear potential it would decrease exactly likemQ
21), but

the ratio of the matrix element of 1/r to that of 1/r 3 also
decreases~like m22/3 in a linear potential! so that very heavy
quarkonia are totally dominated by one-gluon-exchan
spin-orbit forces. As previously mentioned, this decreas
importance of Thomas precession in the confining poten
is observed in thexc andxb states.

In heavy-light mesonsd̄Q in the heavy quark limitmQ
→`,

Vso
q̄Q→Vso

d̄QumQ→`5LW •SW d̄F 2as

3m2r 32
b

2m2r G . ~30!

It is this interaction which determines the splitting betwe
the heavy quark spin multiplets@8# with sl

p l53/21 and sl
p l

51/21 associated with thel 51 excitations of thed̄Q system
in the quark model. Since the wave function parameteb

@see Eq.~13!# increases by only about 25% betweend̄u and
d̄Q, it is to be expected@3# from comparing Eqs.~30! and
~29! that these two multiplets will be inverted. Unfortu
nately, nosl

p l51/21 charm or beauty mesons are known,
this expectation is untested experimentally@9#. The spin-
orbit splitting inside the sl

p l53/21 multiplet is controlled in
leading order in 1/mQ by the pure one-gluon-exchange o
erator

4as

3mmQr 3LW •SW Q . ~31!

This operator produces a predicted splitting betweenD2* and
D1 of the charmsl

p l53/21 spin multiplet of 50 MeV, com-
parable to the observed splitting of 45 MeV. Spin-spin int
actions can also contribute to this splitting at this order
1/mQ , but their calculated effect is very sma
(.5 MeV).

In summary, mesons not only have no spin-orbit proble
but their splittings are reasonably well described by the s
dard spin-orbit interaction~27!.
01402
of
a

,
al

a
-
-
e-
it

e
g
al

-

,
n-

B. The LQ* baryons: theory

The mesonlike tower ofLQ* baryons is actually simple
than the analogousd̄Q mesons because with only the sp
SW Q of the heavy quark active, spin-orbit forces are the o
spin-dependent forces in first order perturbation theory. T
is because in theLQ* states theud spin-zero wave function
factorizes from the dynamical parts of the wave function a

^SW 1& and ^SW 2& are zero, leaving as the only operative sp
dependent interaction the exact analog of the meson inte
tion ~27!:

Vso
LQ* 5F 1

mQmsQ~A3
2 l!

dVCoulomb
e f f

d~A 3
2 l!

2
1

mQ
2 S 1

2~A 3
2 l!

dVCoulomb
e f f

d~A 3
2 l!

1
b

2~A 3
2 l!

D GLW l•SW Q ,

~32!

where the first and second terms, in an obvious notation,
Vso(dynamic)

LQ* andVso(Thomas)
LQ* . In what follows I will treat the

full spin-orbit interaction~32! which is valid for all mQ .
However, for orientation consider first the heavy quark lim
@8# mQ→` in which this interaction becomes in leading o
der in 1/mQ simply

1

mQmsQ~A3
2 l!

dVCoulomb
e f f

d~A 3
2 l!

LW l•SW Q , ~33!

the operator analogous to that responsible for theD2* 2D1

splitting. In the very crude approximation of taking thel
51 D andLc* wave functions to be identical, approxima
ing dVCoulomb

e f f /d(A3/2l) by 4as/3(A3/2l)2, working to
leading order in 1/mc , and ignoring spin-spin interactions i
the D2* 2D1 splitting, theD* 2LQ* analogy would lead to
the result

mLc(3/2)22mLc(1/2)2.
1

2
~mD

2*
2mD1

!.20 MeV

~34!

in reasonable agreement with the observed splitting
30 MeV @10#. If we go further and use 1/mQ scaling down to

ms , the observedLc
3
2

22Lc
1
2

2 splitting would lead to

L 3
2

22L 1
2

2.110 MeV, in unreasonably good agreeme

with the observedL(1520)3
2

22L(1405)1
2

2 splitting of 115
MeV. I will show below in treating Eq.~32! exactly that
these crude estimates are not that misleading, but from t
one can already begin to anticipate the announced conclu
that there will also be no spin-orbit problem in theLQ*
baryons.

This conclusion appears to be inconsistent with that
Ref. @1# where two-body spin-orbit forces invited a meso
like cancellation, but three-body spin-orbit forces did n
We will see in what follows that the inconsistency is on
5-6
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apparent: meson-like behavior of theLQ* states arises be
cause the three-body spin-orbit forces have a structure w
leads to an overall ‘‘quasi-two-body’’ spin-orbit force be
tweenQ and the ‘‘quasi-antiquark’’s̄ made ofu andd. I.e.,
the three-body spin-orbit forces which are generally belie
to be the origin of the baryon spin-orbit puzzle conspire
these states to become an essential part of a meson-like
cellation.

In the picture I have adopted here, in which theud pair is
treated as an extended scalar antiquarks̄ of mass 2m, the
mesonlike character of spin-orbit forces seems obvio
However, given its importance and to understand the role
the three-body spin-orbit forces, we now examine this c
clusion very carefully from a three-body perspective. T
essential issues are all present in the simplified case w
spin-dependent forces perturb zeroth-order harmonic osc
tor states~11!, and so it is this case I will discuss explicitly
In the absence of degeneracies in the spectrum,Vsd will
perturb the energy of theseLQ* states by

DEnl l l
5^cQ

nl l l l l
* uVsducQ

nl l l l l
* &. ~35!
at
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First consider a term ofVsd of the formSW 1•VW whereVW is a
vector operator formed from the other variables of the th
body system. Sincêx6

r uSW 1ux6
r &50, such a term cannot con

tribute to DEnl l l
. Similarly, SW 2•VW terms do not contribute

so as described above onlySW Q•VW -type terms withVW indepen-
dent ofSW 1 andSW 2, i.e., spin-orbit interactions ofQ, can con-
tribute. The one-gluon-exchange part of these interaction

Vso
oge5 (

i 51,2

2as

3r iQ
3

SW Q

mQ
•S rW iQ3FpW i

m
2

pW Q

mQ
G1

1

2mQ
rW iQ3pW QD

~36!

where the first and second terms are its dynamic and Tho
precession pieces, respectively.

I begin with the Thomas precession pieceVso(Thomas)
oge .

The LQ* states of definitejm are of the form uLQ
jm* &

5Cl lmls
jm ucQ

nl l lml
* Qs& where s56 and the Cl lmls are

simple Clebsch-Gordan coefficients. In these states the
pectation value ofVso(Thomas)

oge is
^LQ
jm*

uVso(Thomas)
oge uLQ

jm* &5Cl lm
l8s8

jm *
Cl lmls

jm (
i 51,2

^s8u E d3lE d3rcnl l lm
l8

* ~lW !c000* ~rW !
asSW Q•rW iQ3pW Q

3mQ
2 r iQ

3
c000~rW !cnl l lml

~lW !us&

~37!

5Cl lmls8
jm * Cl lmls

jm (
i 51,2

^s8u E d3lcnl l lml
* ~lW !

SW Q•EW iQ~lW !3pW Q

2mQ
2

cnl l lml
~lW !us& ~38!
that
r

n

of

ly
sinceSW Q andpW Q52A2
3 pW l are independent ofrW @11#, where

EW iQ~lW !5E d3ruc000~rW !u2
2asrW iQ

3r iQ
3

~39!

is the color electric field at the position ofQ due to the quark
i in the spherically symmetric wave functionc000(rW ). Thus

^LQ
jm*

uVso(Thomas)
oge uLQ

jm* &5^LQ
jm*

uVso(Thomas)
oge LQ* uLQ

jm* &
~40!

where

Vso(Thomas)
oge LQ* 52

1

2mQ
2 ~A 3

2 l!

dVCoulomb
e f f

d~A 3
2 l!

LW l•SW Q ~41!

as advertized in Eq.~32!. The dynamical piece is somewh
more complex. Since, for example,
rW1Q3FpW 1

m
2

pW Q

m
G5SA3

2
lW 1A1

2
rW D 3SA3

2

pW l

ml
1A1

2

pW r

m
D

5
3

2ml
LW l1

1

2m
LW r1

A3

2ml
rW 3pW l

1
A3

2m
lW 3pW r , ~42!

we must consider the expectation value analogous to
shown above withrW iQ3pW Q replaced by each of these fou
operators. Consider firstLW r : sinceLW rc000(rW )50, it vanishes
immediately. Next considerrW 3pW l . Since pW l can be re-
moved from therW integration, and since this integration ca

be organized in annular regions around the direction ofA3
2 lW

which hold urW1Qu fixed, *d3ruc000(rW )u2rW /r 1Q
3 50. Similarly,

sincepW r operating onc000(r) gives a result proportional to
rW c000(r), the lW 3pW r term vanishes. Thus the net effect
the dynamic term is carried by the 3LW l /2ml term ~which is
identical for i 51 and 2!. Using the preceding, one easi
obtains
5-7
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Vso(dynamic)
oge LQ* 5

1

mQmsQ~A3
2 l!

dVCoulomb
e f f

d~A 3
2 l!

LW l•SW Q . ~43!

This completes our check that in theLQ* states at least the
one-gluon-exchange spin-orbit forces are purely mesonl
as advertized in Eq.~32!.

Consider next the confinement piece of Eq.~32!. In the
absence of a microscopic picture of confinement, I do
know how to improve on the argument made earlier t
since confinement arises out of the color electric field, T
mas precession in the confining potential will be that induc
by a confining force directed alonglW , in the same direction
as EW Q in Eq. ~39!. It should be noted that any microscop
cally two-body model for confinement of the form

Vcon f5(
i , j

Vcon f
i j ~r i j ! ~44!

will lead to this result since then the force onQ from particle
1 will be

FW 1Q52
1

r 1Q

dVcon f
1Q

dr1Q
rW1Q . ~45!

With rW1Q5A3/2lW 1A1/2rW , in a LQ* state only theA3/2lW

term survives since therW integration can be done over ann
lar regions of fixedurW1Qu. ~The Coulomb potential is thu
only special among two-body forces in that its depende
on l is dictated by Gauss’ law, not that it leads to a for
directed alonglW .! Given its implications for the relationshi
between the conclusions drawn here about spin-orbit fo
and those in the literature, it is also useful to explicitly co
sider the case of ‘‘harmonic confinement’’ in whichVcon f

i j

5 1
2 kri j

2 . In this case the total confining force onQ is always
A6klW independent of the state of therW variable, so the spin-
orbit forces onQ from Thomas precession in a harmon
potential arealwayspurely quasi-two-body.

To summarize, we have found and confirmed that, as
pected, theLQ* baryons are analogous to mesons and
particular that they have no problems arising from the s
pect three-body spin-orbit forces: the three-body spin-o
forces described in the literature conspire in the case ofLQ*
baryons to produce quasi-two-body behavior. One m
readily check using the matrix elements provided in Ref.@1#
that this is true forl l51. Note that the usual three-bod
spin-orbit termsdo not simply vanish: they make a net con
tribution to theLQ* baryons which is required to produc
the perfect analogy to mesons we have described. We
discuss this new perspective on the baryon spin-orbit pu
below.

C. The LQ* baryons: phenomenology

The preceding discussion of spin-orbit forces inLQ*
baryons is important conceptually in defining a tower
baryon excitations with no spin-orbit problem and in creat
a new perspective on the spin-orbit puzzle. However, it d
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not have much useful predictive power. In theLs* ’s, where
there is substantial data, the two-body spin-orbit force is~as
in the K* ’s! the ill-determined difference of a large positiv
dynamical spin-orbit term and a large negative Thomas p
cession term, while in the heavy quark sectorsLc* andLb*
the simple dynamical term dominates so that the predicti
are reasonably reliable, but there is little data available. T
calculations themselves are straightforward, requiring o
the matrix elements ofVso

LQ* of Eq. ~32! in the wave func-
tions c0l l l l

of Eq. ~15!. It should be noted that the require

matrix elements~especially those of 1/r 3) are not very accu-
rately determined by these harmonic oscillator wave fu
tions. This accuracy~which is typically about 25% in low-
lying states! could easily be improved with better wav
functions, the most significant qualitative aspect of such
improvement program being an increase of the 1/r 3 relative
to the 1/r matrix elements. However, the value of such
improvement is dubious: based on the expectation value
E/m, the nonrelativistic framework of this entire discussio
can only be expected to be accurate at the650% level. I
therefore present in Table II the separated dynamical
Thomas precession spin-orbit contributions from Eq.~32! to
emphasize not the numerical results, but rather the canc
tion that is at the heart of the solution of the spin-or
puzzle.~Note that while the matrix elements of 1/r 3 and 1/r
are decreasing withl, since^LW l•SW Q& grows, both contribu-
tions remain substantial throughl 54.! By assigning theoret-
ical errors of650% to each contribution, thequantitative
reliability of the various predicted splittings can then also
assessed.

IV. CONCLUSIONS

Figure 1~b! suggests that the tower ofLQ* baryons I have
described here will provide the simplest setting in which
begin to understand the baryon spin-orbit problem since
least naively, it ought to have mesonlike dynamics. I ha
shown here that this expectation is in fact correct and t
this select tower of baryons has no ‘‘spin-orbit puzzle.’’ Th
key to the solution of the puzzle for this select group
baryons is that for them the microscopic three-body sp

TABLE II. The predicted spin-orbit splittings inLQ* baryons
for l 51, 2, 3, and 4~in MeV!, shown in the formatDEdynamical

1DEThomas. Theoretical errors may be estimated by allowing ea
term to vary by650%. Experimental splittings are given in pare
theses below the predictions when they are known.

l DmL DmLc
DmLb

1↔ 3
2

22
1
2

2 2212175 75223 2623

(11265) (3361)

2↔ 5
2

12
3
2

1 1182246 39221 1323

(260630)

3↔ 7
2

22
5
2

2 812266 26221 923

(210630)

4↔ 9
2

12
7
2

1 422199 19223 723
5-8
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orbit forces described in the literature conspire to become
essential part of producing only mesonlike quasi-two-bo
spin-orbit forces. As a result these states experience the s
strong cancellation between dynamical spin-orbit forces
Thomas precession which leads to small spin-orbit effect
mesons.

It is possible that this work has no implications beyo
identifying these special states. However, in studying th
states we have also developed a new perspective on
forces in baryons which may have a wider utility in confron
ing the baryon spin-orbit puzzle. In particular, we have se
that the standard classification in the literature of spin-o
forces as being two- and three-body is somewhat mislead
This classification is correct at the microscopic level@see Eq.
~42!#, but not very relevant to the issue of whether the sp
orbit forces on a given quarkQ appear to arise from the
baryon center-of-mass, i.e., whether they are quasi-two-b
in character. Moreover, with the spin-orbit puzzle solved
a slice through the baryon spectrum, it would be odd if th
were an intractable spin-orbit problem in baryons. At t
least, one may hope that the simple interpretation descr
here in terms of quasi-two-body~i.e., meson-like! dynamics
will lead to further insights into the spin-orbit puzzle.

In fact the arguments presented here for theLQ* baryons
are immediately generalizable to the spin-orbit force on
third quarkQ in 2SQ* and 4SQ* states, the total quark spi
1/2 and 3/2SQ baryons with the same spatial wave fun
tions asLQ* [2LQ* . Since these three ‘‘uds basis’’ state
@12,1# are sufficient to completely describe the SU~3! baryon
spectrum, it might seem that an even more substantial g
eralization is in hand: in the SU~3! limit, baryon wave func-
tions have permutation symmetry, so proving that quar
r-

,
. V

tt
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has meson-like spin-orbit forces is sufficient to prove th
each quark does. However, in the SU~3! limit vr5vl and
our proofs are inapplicable: with such a degeneracy, lead
order spin-orbit effects can occurvia mixing betweenrW and
lW excitations. Thus extending the considerations presen
here beyond the spin-orbit force onQ in 2LQ* , 2SQ* , and
4SQ* will be nontrivial. Using our new perspective of quas
two-body forces, we can visualize at least one obstacle
such extensions. Consider the counterparts to ourLQ* state
in which therW variable is in a state withl r5” 0 but l l50. In
these circumstances theud pair will develop an orbital color
magnetic moment proportional toLW r with which the color
magnetic momentSW Q /mQ will in general interact.

It would thus seem to require a careful reanalysis of
effects of spin-orbit splittings on the baryon spectrum fro
this new perspective to determine if all of theobserved
nearly degenerate spin-orbit multiplets can be accomm
dated within it, and, if they cannot be, to define the next st
along the path to solving this old problem. It of course r
mains possible, despite the tantalizing fact that mesons
now theLQ* states admit a nonrelativistic solution to the
spin-orbit splittings, that the ultimate solution is as sugges
in Ref. @7#: that relativistic effects have simply produced
gross enhancement of spin-spin over spin-orbit interactio
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