
PHYSICAL REVIEW D, VOLUME 62, 054505
Heavy-light mesons and baryons withb quarks
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We present lattice results for the spectrum of mesons containing one heavy quark and of baryons containing
one or two heavy quarks. The calculation is done in the quenched approximation using the NRQCD formalism
for the heavy quark. We analyze the dependence of the mass splittings on both the heavy and the light quark
masses. MesonP-state fine structure and baryon hyperfine splittings are resolved for the
first time. We fix the b quark mass using bothMB and MLb

, and our best estimate ismb
MS(mb

MS)
54.35(10)(12

23)(20) GeV. The spectrum, obtained by interpolation tomb , is compared with the experimental
data.

PACS number~s!: 12.38.Gc, 14.20.Mr, 14.40.Nd, 14.65.Fy
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I. INTRODUCTION

The spectrum and decays of hadrons containingb quarks
will be measured in precision experiments at theB factories.
It is therefore important to calculate the spectrum expec
from QCD, both as a test of the theory and to predict
masses of states not yet observed. This paper reports o
sults of a lattice calculation of the heavy-light spectrum
ing the non-relativistic formulation of QCD~NRQCD! for
heavy quarks@1#, and the tadpole-improved clover action f
light quarks. This approach allows us to have better con
over discretization errors in both the heavy and the li
quark sectors.

Lattice QCD allows us to investigate the dependence
the meson and baryon mass splittings on the heavy and
quark masses. For this purpose we simulate three value
light quark masses in the range 0.8ms– 1.3ms , and six values
of heavy quark masses in the range 3–20 GeV. The NRQ
formalism is ideally suited to study such a wide range
heavy quark masses at 1/a51.92 GeV, the lattice spacing w
use. For the light quarks we use the tadpole-improved clo
action which has discretization errors ofO(asa) and these
are expected to be small at this lattice spacing. These
provements make it possible to perform reliable comparis
with both the experimentalb spectrum and expectation
based on heavy quark symmetry.

The phenomenological interest in the decay rates of h
rons containingb quarks stems from the important role the
play in the determination of the Cabibbo-Kobayas
Maskawa matrix elements. Two quantities that are used
input in the analyses of experimental data aremb

MS(mb
MS)

and the decay constantsf B and f Bs
. Here we shall presen

results for theb quark mass, while the calculation of deca
constants has already been reported in a companion p
@2#.

*Present address: Spatial Technologies, Boulder, CO.
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This paper is organized as follows. In Sec. II we brie
review the experimental situation and provide a justificat
for the NRQCD approach to heavy quarks. The parame
used in the simulations are given in Sec. III. Section
describes the determination of theb quark mass. Our result
on the heavy-light meson spectrum are presented in Se
along with a discussion of the spin-independent and sp
dependent mass splittings. Baryons containing one he
and two light quarks are discussed in Sec. VI. In Sec. VII
give a brief description of our results on baryons contain
two ~degenerate! heavy quarks and one light quark. Th
is followed by a determination of HQET parameters
Sec. VIII. Finally, we summarize our main conclusions
Sec. IX.

II. PHENOMENOLOGICAL BACKGROUND

The NRQCD approach for simulatingb quarks is justified
because the typical velocity of the heavy quark is sm
v/c;O(LQCD/M );0.0520.1. This is corroborated by th
experimental observation that all splittings are much sma
than the masses, and the hadron masses are dominated
heavy quark mass. Thus a very natural picture of the hea
light system is a ‘‘hydrogen atom’’ composed of the lig
degrees of freedom bound in the background of an alm
static color source. Within this model one can distingu
between spin-independent splittings in the spectrum do
nated by radial and/or orbital excitations of the light qua
and spin-dependent ones dominated by the spin-flip ene
of the heavy quark. These two types of splittings have d
tinct behavior as a function of the heavy quark mass. Sp
independent splittings survive the infinite heavy quark m
limit whereas the spin-dependent ones do not.

The experimental data plotted in Fig. 1 show that t
spin-independent splittings are often insensitive to the m
of the heavy quark. In fact one finds in many cases that
insensitivity persists down to the strange quark mass. S
dependent splittings, on the other hand, are found to incre
©2000 The American Physical Society05-1
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A. ALI KHAN et al. PHYSICAL REVIEW D 62 054505
with the inverse heavy quark mass as shown in Fig. 2.
analysis with a phenomenologically determined potentia
in agreement with these results, however there is consi
able uncertainty in how to model the light degrees of fre
dom ~see@5# and references therein!. Simulations of lattice

FIG. 1. Experimental spin-independent mass splittings for h
rons with one heavy quark~h5b, c, or s! as a function of the

spin-averaged meson massM̄[(MH13MH* )/4 whereH denotes a
generic heavy meson. Squares denote theBs-Bd and theDs-Dd

splitting. Pluses stand for the spin-averagedS-L splitting ~we have
used the DELPHI measurement ofSb @3#!. The splitting between
the L and the spin-averagedS state meson is denoted by crosse
Bursts denote the spin-averagedP-Ssplitting.

FIG. 2. Experimental spin-dependent mass splittings for hadr

with one heavy quark.M̄ is defined in Fig. 1. Squares denote theS
state hyperfine splitting forB, Bs , D, Ds , andK mesons. Diamonds
denote the splitting betweenP states withj l53/2. These are known
only for D, Ds , andK mesons. TheS* -S splitting for baryons is
denoted by bursts.~For a discussion of the possibility that some
the Sc andSb baryons have been misidentified experimentally s
Ref. @4#.!
05450
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QCD using a non-relativistic formulation for heavy quar
provide estimates without resort to modeling.

The NRQCD formulation has been discussed in@1,6#. It
has been very successful in the study of heavy quarkonia@6#,
and we apply it to predict the heavy-light spectrum he
Results using alternate formulations, static heavy quarks
standard~Wilson or clover! discretization of the Dirac opera
tor mostly extrapolated from the charm region, can be fou
in @7–11# and we shall compare against them at appropr
places.

III. SIMULATION PARAMETERS

The statistical sample consists of the same 102 quenc
configurations, atb56.0 with lattice size 163348, as used in
our study of decay constants@2#. The NRQCD action, the
evolution equation for calculating the heavy quark propa
tor, the method used for setting the lattice scale, and
fixing of light and strange quark masses are also the sa
The list of quark masses used in our simulation are rep
duced in Table I, and the operators used to study the var
states, are given in Table II.

We estimate that the significant sources of systematic
rors in this calculation are finite volume, finite lattice spa
ing, quenching, uncertainties in determininga, fixing the
strange quark mass and perturbative corrections. For a la
size of' 1.6 fm, finite volume effects are not expected to
significant for the lower lyingS state mesons. Howeve
there are indications that the wave functions forP states and
the baryons are more extended@8# and finite size effects in
these states should therefore be larger. We cannot comm
on this as we have results on only one lattice volume. T
O(asa) error associated with the tadpole improved clov
light fermions is expected to be a few percent at thisb @12#.
A detailed study of the scaling behavior of the heavy-lig
spectrum is discussed in Ref.@13#. Quenching errors remain
unknown. However, since theB spectrum is dominated by
the light quark degrees of freedom, we expect that using li
spectroscopic quantities to fixa compensates for part of thi
uncertainty.

The central value of lattice scale we use is 1a
51.92(7) GeV as obtained fromM r . To estimate the sys
tematic error in this we repeat our bootstrap analyses w
1/a51.8 and 2 GeV as discussed in@2#. We obtain k l
50.13917(9), corresponding to the light quark massml

51/2(mu1md), by linearly extrapolating Mp
2 /M r

2 to

-

.

s

e

TABLE I. A summary of the heavy and light quark mass p
rameters,aM0 andk, used in the simulation and the resulting ma
of pions composed of degenerate light quarks. We also list
values of the stability parametern used in the heavy quark evolu
tion @2#.

Heavy quark parameters
aM0 1.6 2.0 2.7 4.0 7.0 10.0

n 2 2 2 1 1 1

Light quark parameters
k 0.1369 0.1375 0.13808

amp 0.423~7! 0.362~11! 0.298~4!
5-2
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HEAVY-LIGHT MESONS AND BARYONS WITH b QUARKS PHYSICAL REVIEW D62 054505
1372/7702. We cannot resolve a curvature in the light qua
mass dependence, and do not assign a systematic error ik l .
To determine the strange quark mass, we use three diffe
methods. By fixing the ratioMK

2 /Mp
2 to its physical value,

we obtainks50.13755(13). Using the ratiosMK* /M r and
Mf /M r , gives ks50.13719(25) and 0.13717~25! respec-
tively. Since the latter two agree within errors, we only gi
the results usingMK andMK* . For our final results, we us
ks from MK , and determine the systematic error usingks
from K* .

In our final results, the first error we quote comes from
bootstrap analysis usinga2151.92(7) GeV, the second
from the scale uncertainty, and where applicable, the th
from the uncertainty in the strange quark mass. We comm
on the uncertainty due to using 1-loop perturbative expr
sions and in fixing theb quark mass below.

A summary of some of the important features of the r
lattice data is as follows.~i! The data ataM057.0 and 10.0
are not as reliable as that foraM0<4.0 ~there are no clea
plateaux in the effective mass plots!. They are, therefore
used only in the estimation of HQET parameters, where
have chosen states and operators with the best signal.~ii ! The
calculation ofP state correlation functions has been done
only aM051.6,2.0,2.7.

Lastly, we fix the bareb quark massaMb
0 as follows. In

NRQCD and the static theory,Esim, the rate of exponentia
fall-off of the heavy-light meson correlators, is not the m
son mass, but is related to it by the shift,

TABLE II. The operators used to study the various statesh
stands for the two-component heavy quark spinor,u andd for the

upper two components of two flavors of light quark spinors.DW is
the ordinary derivative in the Coulomb gauge. The symbolsh↑ and
h↓ stand for thesz511/2 and21/2 components ofh respectively.
The baryon operators forsz,0 are constructed from the corre
spondingsz.0 operators by interchangings1↔s2 and ↑↔↓.
TheJ baryons are obtained by replacing one of the light flavors
S by ans, and theV by replacing both light quarks byss. For the
heavy-heavy-light baryons, the operators are identical exceptu and
d are to be interpreted as two flavors of heavy quarks andh as the
light or s quark. The3P2 states decompose, under the cubic gro
into two representations labeledT and E. Our j 52P states are
spin-averaged over both lattice representations:3P25@3 3P2(T)
12 3P2(E)#/5.

State Operator

1S0 ūh
3S1 ūsW h
1P1 ūDW h
3P0 ūsW •DW h
3P1 ūsW 3DW h
3P2 (T) ū(s iD j1s jD i)h
3P2 (E) ū(s iD i2s jD j )h
L (sz511/2) ūcd h↑
S (sz511/2) (ūcszd h↑2&ūcs1d h↓)/)
S* (sz513/2) ūcs1d h↑
S* (sz511/2) (&ūcszd h↑1ūcs1d h↓)/)
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D5Mhadron2Esim5ZmM02E0 . ~1!

HereZm is the renormalization constant connecting the b
quark mass to the pole mass, andE0 is the shift in the energy
of the quark. As discussed in more detail in Ref.@2#, we
employ three different methods to calculate the meson m
~i! M kin extracted directly from the dispersion relation of th
heavy-light meson;~ii ! Mpert obtained by evaluating the mas
shift D perturbatively; and~iii ! M 8 using theD obtained from
the dispersion relation of the heavy-heavy meson at the s
aM0 value. The perturbative results forZm , E0 and D are
given in Table III.1

In the perturbative analyses, we useas5aP defined in
Ref. @15#. The relevant scaleq* at which to evaluate the
running couplingaP is chosen separately for each proce
using an extension@14# of the Lepage-Mackenzie scale
setting prescription@16#. The choice of scale advocated
the original Lepage-Mackenzie scheme eliminates theO(as

2)
correction in the bubble summation approximation. This p
cedure can fail, however, when the one-loop contribut
becomes small. Hornbostel and Lepage@14# have recently
extended the method to overcome this difficulty by taki
into account higher-order terms in the bubble summation
proximation. Their extension reduces to the original Lepa
Mackenzie prescription when the one-loop term is not sm
due to large cancelling contributions.

The perturbative series forZm has an infra-red renorma
lon ambiguity @17#, which is typically characterized by a
uncertainty ofO(LQCD /M ). Since this is comparable to th
entire O(as) correction, we shall use the latter as the es
mate of the perturbative error in the determination ofMpole.

All three methods for estimating theB meson mass give
compatible results foraM0<4 as shown in Table IV. These
estimates differ slightly from those in Ref.@2# due to a re-
analysis of the data and different choice ofq* . Unfortu-

1The perturbative calculations have been done for a slightly
ferent discretization ofFmn , i.e. a four leaf clover rather than th
two leaf version used in the evolution equation. We expect
difference to be insignificant.

n

,

TABLE III. The stability parametern and the 1-loop perturba
tive estimates of the mass renormalization constantZm , the zero
point shift of the heavy quark energyE0 , and the mass shiftD
5ZmM02E0 using theq* calculated with the Hornbostel-Lepag
procedure@14#. Errors associated with numerical integration of t
1-loop expressions are insignificant compared to other system
errors.

aM0 n Zm aE0 aD

1.6 2 1.18 0.23 1.64
2.0 2 1.14 0.28 2.02
2.7 2 1.09 0.27 2.68
4.0 1 1.05 0.27 3.90
7.0 1 1.00 0.28 6.74
10.0 1 0.98 0.28 9.54
5-3



A. ALI KHAN et al. PHYSICAL REVIEW D 62 054505
TABLE IV. Esim and pseudoscalar meson masses in lattice units extrapolated-interpolated tok l andks .
Meson masses have been calculated from the heavy-light dispersion relation (M kin), usingD from heavy-
heavy spectroscopy (M 8), and from perturbation theory (Mpert).

aM0

k l ks

aEsim aMkin aM8 aMpert aEsim aMkin aM8 aMpert

1.6 0.427~7! 2.16~13! 2.08~3! 2.07~4! 0.474~4! 2.21~9! 2.13~3! 2.11~2!

2.0 0.443~8! 2.57~18! 2.46~4! 2.46~2! 0.490~4! 2.63~13! 0.50~4! 2.51~1!

2.7 0.459~7! 3.30~30! 3.15~7! 3.14~2! 0.504~4! 3.35~21! 3.20~7! 3.18~1!

4.0 0.468~8! 4.76~65! 4.46~11! 4.37~7! 0.513~5! 4.74~43! 4.50~11! 4.41~7!

7.0 0.469~9! 8.9~24! 7.21~21! 0.516~5! 8.5~15! 7.26~21!

10. 0.471~9! 15~7! 10.01~35! 0.515~5! 13~4! 10.1~3!
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nately, the most direct method, using the heavy-light disp
sion relation, has large errors. The method usingD extracted
from heavy-heavy mesons is more accurate foraM0<4.0.
For aM057.0 and 10.0, heavy-heavy mesons have large
cretization errors as these are governed bypa;asMa, so
the corresponding data forD are not reliable. To summarize
the best estimate isaMb

052.31(12) obtained by matchin
M 8 to the pseudoscalar meson mass,MB55279 MeV. Using
M kin instead ofM 8 gives a consistent determination,aMb

0

52.21(22), though with larger errors.
A comparison of the three similar ways of determini

Mb
0 using theLh baryon mass is presented in Table V. He

and in the following, we use the symbolLh to represent a
heavy-light-lightL baryon withh labeling the heavy quark
Again, we find that the difference between the three meth
are significant only foraM057.0 and 10.0. Therefore, w
determineMb

0 by linearly interpolating the data at the lighte
three M0 values. The result isaMb

052.5(6) using MLb

55624 MeV. This is consistent with the estimate from t
meson sector; however, since it has much larger errors w
not consider it further.

The final issue in fixingaMb
0 is related to the fact that ou

calculation fails to reproduce the experimental hyperfi
splitting between theB and theB* , as discussed in Sec. V D
Thus, it could be argued that determiningaMb

0 from the
spin-averaged 1S mass (mB13mB* )/455313 MeV should
give a better estimate. We find thataMb

052.32(12) obtained
by matchingM 8 to the spin-averaged mass is in comple
agreement with the value obtained frommB . Henceforth, we
shall use the valueaMb

052.32(12) for theb quark mass.
05450
r-

s-

,

s

do

e

IV. MASS OF THE b QUARK, mMS„mMS…

There are two steps needed to determine quark ma
from lattice calculations. First, the bare quark masses hav
be fixed by matching the lattice spectrum to experimen
data. This has been described in Sec. III. Next, one need
calculate the renormalization constants that relate these
masses to the renormalized mass in the desired contin
scheme. The most common scheme is the modified mini
subtraction scheme (MS) and we shall use it here. Standa
continuum perturbation theory calculations can then be u
to convert the result to any other scheme.

We calculate theMS mass by equating the pole mass
the lattice to that in the continuum:

mpole5ZmMb
05Zcont~m!mMS~m!, ~2!

whereZm andZcont are the lattice and continuum renorma
ization constants@18#, and m is the scale at which theMS
mass is defined. The perturbative series for bothZm andZcont
have renormalon ambiguities, therefore so doesmpole . How-
ever, in the desired relation,

mMS~m!5Zcont
21 ~m!ZmMb

0, ~3!

Zcont
21 Zm is ambiguity free.

We calculatempole on the lattice in two ways analogou
to a previous determination using theY system@19#. In the
first method, we use Eq.~1! and write mpole5Mmeson
2Esim1E0 whereMmeson is the experimental mass,Esim is
measured from the 2-point correlators, andE0 is calculated
IV.
TABLE V. Esim andLh baryon masses in lattice units. Symbols have the same meaning as in Table

aM0

k l ks

aEsim aMkin aM8 aMpert aEsim aMkin aM8 aMpert

1.6 0.626~25! 2.19~31! 2.28~4! 2.27~5! 0.751~14! 2.54~16! 2.41~4! 2.39~4!

2.0 0.645~30! 2.56~40! 2.66~5! 2.67~4! 0.766~16! 2.93~20! 2.78~4! 2.79~3!

2.7 0.660~37! 3.21~53! 3.35~8! 3.34~5! 0.777~18! 3.62~29! 3.47~7! 3.46~3!

4.0 0.688~59! 4.7~11! 4.68~12! 4.59~12! 0.785~28! 5.02~50! 4.77~11! 4.69~9!

7.0 0.702~52! 9.2~11! 7.44~25! 0.783~28! 8.95~56! 7.52~23!

10. 0.726~72! 16.4~27! 10.2~4! 0.783~38! 14.2~14! 10.3~3!
5-4
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TABLE VI. Results for theb quark pole andMS masses. Method 1 uses the meson mass andE0 , while
method 2 usesZm andMb

0. Both methods are described in more detail in@19#. The Direct method is describe
in the text. The first error quoted is statistical and includes interpolation-extrapolation to the physical
masses; the second is due to the variation in the matching scalem.

Method to Pole mass@GeV# MS mass@GeV#

fix aMb
0 Method 1 Method 2 Method 1 Method 2 Direct

M 8 ~spin-avg B! 4.96~1! 4.97~10! 4.43~1!~4! 4.44~10!~4! 4.35~10!~4!

M kin(B) 4.96~3! 4.76~41! 4.43~2!~4! 4.25~37!~4! 4.15~38!~4!
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using perturbation theory. The second method,mpole

5ZmMb
0, uses the perturbative expression forZm . The quan-

tities Zm , andE0 , calculated toO(as), are listed in Table III
for the different values ofaM0. The results for the two ways
of fixing Mb

0 are given in Table VI.
This pole mass is converted, as in@20#, to mMS(m)

5Zcont
21 (m)mpole using continuum perturbation theory fo

Zcont
21 (m) and the Brodsky-Lepage-Mackenzie procedure@21#

to set the scale for the coupling constant. Form we choose
values between 1/a and p/a, avoiding those values wher
the BLM procedure fails. We then use 2-loop running to g
the final resultmMS(mMS), which, in principle, should not
depend on the choice of the intermediate scalem. These re-
sults are also given in Table VI, where the second error is
spread with respect to varyingm, and is indicative of the
neglect of the higher order terms in the perturbative exp
sions.

Our preferred determination ofmMS(m) comes from ‘‘di-
rectly’’ expanding the productZcont

21 (m)Zm in Eq. ~3! to
O(as) @20# and using the Lepage-Mackenzie procedure@16#
to calculate the appropriate scaleq* at which to evaluateas
@20#. The reason for choosing this as the preferred method
explained before, is the cancellation of renormalons in
product and the much better value ofq* . Continuum (MS)
running is then used to convertmMS(m) to mMS(mMS). Our
final result, obtained by fixingMb

0 from the spin-averaged
M 8, is

mMS~mMS!54.35~10!~12
23!~20! GeV, ~4!

where the first error includes statistics and interpolation
certainty; the second is from the uncertainty in the latt
spacing; and the third is the systematic error associated
using one-loop perturbation theory. We estimate it as be
13as

2. For typical values ofas , depending on the matchin
scalem, this is ;2.5–5 %. To be conservative, we assign
200 MeV perturbative error to the mass.

There are two previous lattice determinations ofmb using
a one-loop matching procedure. The NRQCD Collaborat
@19,20,22# has calculated it within theY system, and the
APE Collaboration@23,22# evaluatesEsim2E0 for theB me-
son in the static theory. In addition, the APE group has
cently extended their matching calculation to two loops@24#.
These three results are
05450
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mb
MS~mb

MS!54.16~5!~15! GeV ~NRQCD,12loop!,

54.15~5!~20! GeV ~APE,12loop!,

54.41~5!~10! GeV ~APE,22loop!. ~5!

While all these results are consistent within errors, a cou
of points are in order. First, the results of the APE calcu
tion, which is similar to our method 1, suggest that t
2-loop term is large. This is consistent with our finding th
the aq* for E0 ~andZm! is small,;0.6. Such a small value
of aq* is indicative of a large coefficient of the 2-loop ter
in the bubble summation approximation~BSA!. Thus in
methods 1 and 2, our estimate of perturbative uncertaint
the mass, due to the large value of 13as

2(q* ), is ;400
MeV. In our preferred direct method,Zcont

21 (m)Zm has no
renormalons, and the series is better behaved in the B
Our estimate of the perturbative uncertainty in the mass,
MeV, is based on the correspondingly larger value ofq* . To
go beyond such an order of magnitude estimate, a two-l
calculation needs to be done within NRQCD since the 1-lo
calculation shows a strong dependence of the coefficien
aM0. Second, we find that the variation ofEbind[Esim2E0
with aM0 is small, i.e.O(50) MeV ~see Table XXII!. We
estimate that theO(LQCD

2 /M ) corrections to the APE result
are of this order. Thus, we expect the systematic error in
APE calculation@24# to be slightly smaller than ours. W
shall present a more detailed comparison ofmMS from the
heavy-light and heavy-heavy systems on the same confi
rations in a separate publication@25#.

V. HEAVY-LIGHT MESONS

The bare lattice results for meson energies and splitti
as a function ofk andaM0 are presented in Tables VII an
VIII. These are first extrapolated-interpolated linearly tok l

andks , and then toaMb
0 to obtain estimates for the physica

states.~The data are not precise enough to include hig
order corrections in the fits.! To show the dependence of th
mass splittings on the heavy quark mass we plot them a
function of 1/M̄[4/(3MH* 1MH). In this paper, we useh to
denote a generic heavy quark,H for a heavy-light meson,
and an overbar for spin-averaged quantities. Where we fin
significantM̄ dependence, we quote the intercept~value in
the static limit! and the slope. In cases where we find
significant slope, we do not show the corresponding fits
the figures. In general we find that the slope is;LQCD

2 , i.e.
5-5
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TABLE VII. aEsim for the 1S and 2S mesons is obtained using a two state fit, anda(MH* -MH) is
obtained from a fit to the ratio of the correlation functions. The splittingaDE(2S-1S) and the spin-averaged

energyĒ5@3Esim(H* )1Esim(H)#/4 are calculated within the bootstrap process.

aM0 k aEsim@1S(1S0)# aEsim@2S(1S0)# aDE(2S-1S) a(MH* -MH) aĒ

1.6 0.13690 0.493~03! 0.786~23! 0.293~24! 0.020~01! 0.508~03!

2.0 0.509~03! 0.795~23! 0.286~24! 0.017~01! 0.522~03!

2.7 0.522~03! 0.805~24! 0.283~25! 0.013~01! 0.532~03!

4.0 0.531~03! 0.818~24! 0.287~25! 0.009~01! 0.538~03!

7.0 0.534~04! 0.805~25! 0.271~26! 0.006~01! 0.538~04!

10.0 0.533~04! 0.800~26! 0.267~28! 0.004~01! 0.536~04!

1.6 0.13750 0.475~03! 0.770~27! 0.295~28! 0.020~01! 0.490~03!

2.0 0.491~03! 0.784~26! 0.293~27! 0.016~01! 0.503~03!

2.7 0.505~03! 0.797~29! 0.292~30! 0.013~01! 0.514~03!

4.0 0.514~04! 0.798~28! 0.284~30! 0.008~01! 0.520~04!

7.0 0.517~05! 0.792~28! 0.275~30! 0.005~01! 0.521~05!

10.0 0.517~05! 0.788~30! 0.272~33! 0.004~01! 0.520~05!

1.6 0.13808 0.459~04! 0.762~33! 0.303~34! 0.018~02! 0.472~04!

2.0 0.476~04! 0.777~35! 0.301~36! 0.015~02! 0.487~05!

2.7 0.490~05! 0.788~31! 0.298~32! 0.012~02! 0.499~05!

4.0 0.499~05! 0.800~38! 0.302~04! 0.008~01! 0.504~05!

7.0 0.501~05! 0.792~34! 0.292~36! 0.006~01! 0.505~05!

10.0 0.501~05! 0.786~35! 0.285~37! 0.004~01! 0.504~05!
n

en
ne
ll

al
ifi
sy
ul

th
d

ry-
ion
s;

it-
he

y
rgy
the corrections to the static limit are;10% atMb .
A summary of our results at theb mass is presented i

Table IX and compared with experimental data in Fig. 3. W
find that the radial and orbital splittings are in agreem
with the preliminary experimental results. The hyperfi
splittingsMB* -MB andMB

s*
-MBs

are underestimated as wi

be discussed below. We are able to resolve theP state fine
structure for the first time on the lattice; previous lattice c
culations were done in the static limit and found no sign
cant splittings @8,26#. There has been some controver
about the ordering of these states in potential model calc
tions @5#. We find that theB0* is the lightest andB2* is the
heaviest. Details of the analyses follow.

In analyzing the mass splittings, we are motivated by
following qualitative picture; the mass of a heavy-light ha
ron is considered to be a sum of:
05450
e
t

-
-

a-

e
-

the pole mass of the heavy quark which is;1.5 GeV for
the c quark and;5.0 GeV for theb;

the constituent massm of the light quarks which is ap-
proximately 300 MeV for theu, d and 450 MeV for thes
quark as inferred from the octet and decuplet light ba
ons, and which we expect to give the biggest contribut
to the static binding energy of the ground-state hadron

an excitation energy of the light quark, which, for orb
ally and radially excited states, we expect to be of t
order ofLQCD ;

the O(LQCD
2 /Mh) contributions due to the kinetic energ

of the heavy quark and the heavy-light hyperfine ene
EsH•s l

'45 MeV, inferred from theB* -B splittings;
TABLE VIII. aEsim and splittings from fits to ratios of correlators forP states. To obtain the 21P states
we spin-average over the3P2(T) and 3P2(E) states.

aM0 k aEsim(3P2T) aDE(3P2T- 3P1) aDE(3P2T- 1P1) aDE(3P2T- 3P0) aDE(3P2T- 3P2E)

1.6 0.13690 0.769~08! 0.042~11! 0.028~07! 0.082~11! 0.020~14!

2.0 0.774~06! 0.042~11! 0.028~07! 0.078~11! 0.020~14!

2.7 0.772~04! 0.042~11! 0.028~07! 0.073~11! 0.020~13!

1.6 0.13750 0.760~09! 0.048~13! 0.032~09! 0.087~12! 0.025~16!

2.0 0.765~07! 0.048~13! 0.032~08! 0.083~12! 0.025~16!

2.7 0.765~11! 0.048~13! 0.032~08! 0.078~12! 0.025~15!

1.6 0.13808 0.752~10! 0.056~16! 0.037~10! 0.093~14! 0.030~20!

2.0 0.757~08! 0.055~16! 0.036~10! 0.088~14! 0.029~19!

2.7 0.757~12! 0.055~15! 0.036~10! 0.083~14! 0.028~19!
5-6
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and a residual binding energyEbe encapsulating the re
maining interactions which we expect to be sm
@O(LQCD

3 /Mh
2)#.

We accordingly construct different linear combinations
meson and baryon masses to isolate individual terms
estimate their size and dependence on the quark masse

A. Bs-Bd splitting

The spin-averaged splitting betweenBs and Bd mesons
should be dominated by the difference of the stran
and light quark masses. Our estimate isM̄Bs

-M̄Bd

590(9)(23
15)(20

120) MeV, to be compared to the experiment
value 91~3! MeV. The largest uncertainty, the third erro
comes from settingks ; estimates usingks(MK* ) are;20%
higher, a feature seen in all quenched calculations.

Previous calculations have reported the following resu
for MBs

-MBd
: 87(212

115)(212
16 ) MeV @29#, 86(12)(29

17) MeV
@30#, and 107~13! MeV @31#. The JLQCD calculation@32#,
done atb55.7, 5.9, and 6.1, sees indications of;20% scal-
ing violations betweenb55.9 and 6.1. Averaging the data
the largest twob they find 87(7)(4)(20

119). For comparison,
our result is 87(9)(23

15)(20
119) MeV, and the experimenta

value 90~2! MeV @22#.

TABLE IX. Mass estimates in MeV for various meson state

Theb quark mass is fixed using the spin-averagedB̄(1S). The first
error in the lattice data is statistical~including the statistical error in
the lattice spacing!, the second comes from varyinga21 between
1.8 and 2.0 GeV, and for the strange mesons, the third error co
from the uncertainty in setting the strange quark mass. Finite la
volume effects, which could be large for the excited states, have
been addressed in this exploratory study. Preliminary experime
values are denoted by asterisks. The lattice results quoted ag
theBJ* andBsJ* states correspond to the spin-average of the res
tive P states, and the experimental numbers are for the unreso
broad resonances. Unless stated otherwise, experimental num
are from the Particle Data Book@22#.

State (n JP)
Lattice
MeV

Expt.
MeV

Heavy-light mesons
B 1(02) 5296(04)(13

22) 5279
2(02) 5895(116)(232

120) 5860~* !

B* 1(12) 5319(02)(22
10) 5325~1!

B0* 1(01) 5670(37)(224
116)

BJ* 5770(31)(235
124) 5697~9!

B2* 1(21) 5822(45)(235
127) 5779~* ! @27#

5725–5768~* ! @28#

Heavy-strange mesons
Bs 1(02) 5385(15)(17

26)(20
120) 5369~2!

2(02) 5935(57)(238
127)(20

19)
Bs* 1(12) 5412(14)(12

24)(20
120) 5416~3!

Bs0* 1(01) 5742(27)(220
114)(20

115)
BsJ* 5836(25)(228

120)(20
114) 5853~15!

Bs2* 1(21) 5878(26)(233
123)(20

111)
05450
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In our picture, the heavy quark mass dependence sh
result from the difference of the kinetic and hyperfine en
gies of the heavy quark inBs andBd mesons.~In the spin-
averaged splitting,M̄Bs

-M̄Bd
, only the difference of the ki-

netic energies remains.! Therefore, we expect this splitting t
be independent of the heavy quark mass up to terms
O„(ms-md)/M …. The experimental data show a;10% in-
crease going from theB to theD meson. Our data, given in
Table X, show no significant dependence on the heavy qu
mass; however, as shown in Fig. 4, they are consistent w
the experimental trend. This consistency has also been fo
in Ref. @13#, where the heavy quark mass dependence
been studied at higher statistics and for a heavy quark m
range between theb and thec.

B. 2S-1S splitting

The raw data for the 21S0-1 1S0 splitting are given in
Table VII, and after extrapolation or interpolation tok l and
ks , in Table XI. This splitting should be dominated by th
difference in the kinetic energies of the light and the hea
quarks which give contributions ofO(LQCD

2 /mconstituent) and

FIG. 3. Overview of theB meson spectrum. Circles denote la
tice results, dashed lines give the range of experimental values@22#,
and the dotted lines indicate preliminary experimental estima
@27#. Errors include statistics and the uncertainty inks . Uncertainty
due to the variation ofa21 between 1.8 and 2.0 GeV is not in
cluded.
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TABLE X. Spin-averagedHs-Hd splitting as a function ofM0.
The experimental value is 96~6! MeV.

DE(H̄s-H̄d)

aM0

Lattice units MeV

ks(mK) ks(mK* ) ks(mK) ks(mK* )

1.6 0.046~06! 0.060~09! 94~10! 114~14!

2.0 0.049~07! 0.059~10! 93~13! 114~17!

2.7 0.046~06! 0.056~08! 88~11! 108~14!

4.0 0.046~07! 0.057~09! 89~12! 108~15!

7.0 0.046~08! 0.056~11! 89~15! 108~18!

10.0 0.044~07! 0.054~09! 85~14! 103~16!
5-7
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O(LQCD
2 /M ) respectively. With our data, as shown in Tab

XI and illustrated in Fig. 5, we cannot resolve any depe
dence on either the light or the heavy quark mass. O
results for B and Bs systems are 602(86)(235

125) and
559(55)(238

131)(212
10 ) MeV respectively, to be compared wit

the preliminary experimental value, 581 MeV, for theB @27#.
In the charm sector, the most relevant experimental valu
627 MeV for theD* 8 @33#.

We do not give results for the spin-averaged splitti
2S̄-1S̄, since the signal for the3S1 excited state is less reli
able than that for the1S0 .

C. 1P-1S splitting

The two main contributions to the spin-averaged 1P-1S
splitting should be the energy it takes to excite the lig
quark to angular momentum one,O(LQCD), and the differ-
ence of the kinetic energy of the heavy quark in anS-wave
and a P-wave light quark background,O(LQCD

2 /M ). Our
results, shown in Table XII, are constructed from the r
data given in Tables VII and VIII. Our estimates a
457(31)(235

124) MeV for the B, and 428(27)(241
127)(22

10) MeV
for the Bs .

FIG. 4. Spin-averagedHs-Hd splitting as a function of the in-

verse spin-averaged meson massM̄ . The bursts denote the exper
mental values forB andD mesons.
05450
-
r

is

t

Experimentally theP states have not been resolved. TheP
wave resonancesBJ* (5732) ~or B** ! at 5697~9! MeV and
BsJ* (5850) at 5853~15! MeV are expected to be a superpos
tion of the variousP states. These are 419 and 484 Me
higher than the corresponding1S0 states. We use them a
estimates of the spin-averaged 1P-1S splittings to compare
against.

The variation with either the heavy or the light qua
mass is similar to that in the 2S-1S splitting. There is a small
decrease with increasing light quark mass. The slope, a
function of 1/M̄ , is 0.380(202)(266

153)(20
168) GeV2 for k l , and

an almost identical value atks , as shown in Fig. 6.

D. B* -B splitting

Our results for the hyperfine splitting are shown in Tab
XIII and plotted in Fig. 7. A linear fit to theBd data gives
0.138(38)(217

111) GeV2 for the slope and22~7! MeV for the
intercept at infinite mass. A zero intercept is consistent w
the heavy quark effective theory~HQET! picture in which
the B* -B splitting comes from the interaction of the heav
quark spin with the color field, i.e., through as•B/(2M )

FIG. 5. 2S-1S splitting for 1S0 states as a function of the in
verse spin-averaged meson mass. The burst denotes the prelim
1S0 experimental value@27#.
lt
TABLE XI. 2 S-1S splittings extrapolated-interpolated tok l andks . The preliminary experimental resu
for Bd is 581 MeV @27#, while for Bs there is no result as yet.

DE(2 1S0-1 1S0)

aM0

Lattice units MeV

k l ight ks(mK) ks(mK* ) k l ight ks(mK) ks(mK* )

1.6 0.310~49! 0.297~27! 0.294~24! 593~92! 570~53! 564~49!

2.0 0.315~54! 0.294~27! 0.289~24! 603~101! 563~54! 553~50!

2.7 0.313~46! 0.292~27! 0.287~25! 600~91! 560~55! 551~53!

4.0 0.305~59! 0.291~30! 0.287~26! 585~114! 558~60! 551~54!

7.0 0.307~53! 0.280~29! 0.274~27! 588~103! 537~60! 525~57!

10.0 0.299~53! 0.275~31! 0.270~29! 574~103! 527~64! 517~62!
5-8
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interaction. Our estimates are 24(5)(23
12) MeV and

27(3)(23
12)(20

11) MeV for the B and the Bs respectively,
and DE(Bs* 2Bs)/DE(Bd* 2Bd)51.19(20)(12

22)(20
14). These

splittings are roughly half the experimental values, 46 and
MeV respectively.

An underestimate of hyperfine splittings has also be
seen by the previous quenched calculations@29,10,34,31,32#.
The results of the JLQCD calculation@32# suggest that this is
not due to scaling violations. Present preliminary u
quenched calculations@35# do not show any significant im
provement either, however, the mass of the two flavors
dynamical quarks is large,;ms . Further work is needed to
clarify this issue.

All hyperfine splittings, including those in theP state and
baryon sector, are, to leading order, generated by thes•B
term in the quark action. It has recently been pointed out
the coefficient of this term should be larger by a factor
1.15–1.30 @35,36#. Such a correction would bring th
quenched results much closer to the experimental value

E. P fine structure

In the jj coupling scheme there are two doublets ofP
states which are distinguished by the angular momentum
the light quark:j l51/2 andj l53/2. The states in each dou
blet are separated by a spin flip of the heavy quark into a1

FIG. 6. Spin-averagedP-S splitting of theHd ~circles! and Hs

mesons~diamonds! as a function of the inverse spin-averaged m
son mass. The lines denote a linear fit to theHd data.

TABLE XII. Spin-averagedP-S splittings.

DE( P̄-S̄)

aM0

Lattice units MeV

k l ight ks(mK) ks(mK* ) k l ight ks(mK) ks(mK* )

1.6 0.251~13! 0.238~08! 0.235~08! 481~29! 457~23! 451~23!

2.0 0.244~13! 0.230~07! 0.227~07! 467~27! 442~21! 436~23!

2.7 0.232~24! 0.219~08! 0.216~07! 446~49! 420~23! 414~23!
05450
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and a 11 state forj l51/2 ~B0* andB1* !, and a 118 and a 21

state forj l53/2 ~B1 andB2* !. We therefore expect the spin
averages of thej l53/2 and thej l51/2 doublets to be sepa
rated byO(LQCD), and the states within each doublet b
O(LQCD

2 /M ).
The experimental situation is as follows. There exists

broad resonance at 5697~9! MeV @22#, whose spin has no
been determined and which is believed to be a superpos
of variousP states. There is also a preliminary experimen
result by the DELPHI Collaboration@27# for a narrowP state
which is 81 MeV heavier than this resonance. Its spin is a
not resolved, but it is believed to be eitherJ51 or J52.

Recently, estimates for individualP states have been ob
tained by fitting the line shape of the broad resonance us
phenomenological input based on HQET for the mass sp
tings, decay widths, relative production rates, and branch
fractions@28#. Using this method, the CDF and ALEPH Co
laborations obtain a mass of theB2* of ;5730 MeV. This
result seems to be rather insensitive to the assumption a

-

FIG. 7. Hyperfine splitting as a function of the inverse sp
averaged meson mass. Circles denote the splitting forHd mesons,
diamonds, forHs mesons. For clarity, the diamonds are shifted
the right. The burst denotes the experimental value forHd mesons.
The lines are a linear fit to theHd data.

TABLE XIII. H* -H splitting as a function ofM0. The experi-
mental results are 45.78~35! MeV for Bd and 47.0~2.6! MeV for
Bs .

DE(H* -H)

aM0

Lattice units MeV

k l ight ks(mK) ks(mK* ) k l ight ks(mK) ks(mK* )

1.6 0.017~03! 0.019~01! 0.020~01! 32~05! 37~03! 38~03!

2.0 0.014~02! 0.016~01! 0.016~01! 27~05! 31~03! 32~02!

2.7 0.011~02! 0.012~01! 0.013~01! 21~05! 24~03! 25~02!

4.0 0.007~02! 0.008~01! 0.008~01! 13~04! 16~02! 16~02!

7.0 0.005~02! 0.006~01! 0.006~01! 10~03! 11~02! 11~02!

10.0 0.004~02! 0.004~01! 0.004~01! 8~04! 8~02! 8~02!
5-9
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TABLE XIV. H2* -H0* splittings.

DE(H2* -H0* )

aM0

Lattice units MeV

k l ight ks(mK) ks(mK* ) k l ight ks(mK) ks(mK* )

1.6 0.088~17! 0.078~11! 0.075~11! 168~32! 149~23! 144~22!

2.0 0.083~17! 0.073~11! 0.071~11! 159~32! 140~22! 136~21!

2.7 0.078~16! 0.068~11! 0.066~10! 150~32! 131~22! 127~21!
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the B2* -B1* splitting, which the phenomenological mod
predicts to be;100 MeV. TheL3 Collaboration also use
hyperfine splittings of 12 MeV as input, but makes no a
sumption about the splitting between thej l53/2 and thej l

51/2 doublet, and obtains slightly higher masses,B2*
;5768 andB1* ;5670 MeV. Our resolution of theP state
fine structure is as follows.

First, we discuss the 01 and 21 states for which the data
are shown in Table XIV and Fig. 8. We find thatB2* -B0*
5155(32)(213

19 ) MeV and Bs2* -Bs0* 5136(23)(213
110)(24

10)

MeV. At k l , the slope versus 1/M̄ is 0.224(70)(227
120) GeV2

and the intercept is 112(33)(26
15) MeV. For Bs P states, the

slope is 0.209(45)(226
119)(24

10) GeV2 and the intercept is
97(23)(28

15)(24
10) MeV. These results are a significant im

provement over previous values obtained in the static
proach, i.e.;50~100! MeV @26# and ;80~75! MeV @8# for
the intercept.

The situation in model calculations is very unclear. T
predictions are model dependent, and details like the tr
ment and the mass of the light quark are significant@5#. At
this point there is no consensus on even the sign of the s
ting.

To study theJ51 states we used operators with3P1 and
1P1 quantum numbers in theLScoupling scheme as define

FIG. 8. H2* -H0* ~denoted by octagons! and Hs2* -Hs0* ~the dia-
monds are shifted by 0.01 in thex direction for clarity! splittings as
a function of the inverse spin-averaged meson mass. A linear fi
H2* -H0* is also shown.
05450
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in Table II. The corresponding correlation functions get co
tributions from both the physical states. Therefore, at la
Euclidean times both correlators are dominated by the s
lowest state. The masses we extract from short Euclid
time (DEt!1) correspond to unmixed states in theLS
scheme and are not the physical masses@37#. To get the latter
requires a signal in the mixed correlators followed by a
agonalization of the 232 matrix. Unfortunately, our data
does not show a signal in the mixed correlators, and the
fore we do not have results for the physicalJ51 states. The
numbers presented in Table IX under 11 are those obtained
using the3P1 correlators. Estimates obtained from the1P1

correlators are almost identical to the center of mass of
3P states.

VI. HEAVY-LIGHT-LIGHT BARYONS

The heavy-light-light baryons, in the heavy quark lim
can be classified according to the angular momentum of
light quarks. At zero orbital angular momentum, the lig
quarks can have total spins150 ~anti-symmetric in both
spin and flavor! andsl51 ~symmetric in both!. As summa-
rized in Table XVI, there are three states withsl50; udb,
usb, anddsbwhich are called theLb

0, Jb
0 andJb

2 baryons
with total spin 1/2. The system withsl51 splits up into six
hyperfine doublets, each containing states with spin 1/2
spin 3/2. These six doublets are (Sb

1 ,Sb*
1), (Sb

0,Sb*
0),

(Sb
2 ,Sb*

2), (Jb8
0,Jb*

0), (Jb8
2 ,Jb*

2), and (Vb
2 ,Vb*

2)
@4#. The pairs of states (Sb

0,Lb
0), and (Jb8 ,Jb), do not mix

if flavor SU~2! is unbroken. We ensure this in our lattic
calculation by only analyzing baryons with degenerate co
binations of light quarks. The raw data are given in Tab
XV. Baryons with a generic heavy quark are denoted asLh ,
Sh etc. To getus and ds combinations we extrapolate lin
early in the degenerate light quark mass to the average m
(ms1ml)/2, which we labelkav . A summary of the experi-
mental numbers and our lattice results is given in Table X
and shown in Fig. 9.

The UKQCD Collaboration has previously presented
similarly detailed analysis of the baryon spectrum@9#. They
used the tree-level clover action (CSW51) at b56.2 @1/a
52.9(2) GeV# and four heavyk around the charm quark
mass. In contrast to our calculation, theirb spectrum was
obtained by extrapolation in 1/M . To facilitate comparison,
we summarize their results in Table XVI. Within errors the
are consistent with our findings, although our results
slightly higher and have a slightly smaller light quark ma

to
5-10
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HEAVY-LIGHT MESONS AND BARYONS WITH b QUARKS PHYSICAL REVIEW D62 054505
dependence. An important point, as discussed below, is
we are able to resolve hyperfine splittings for the first tim

The baryon splittings are also analyzed using the phen
enological model discussed in Sec. V. In heavy-light-lig
baryons there is an additional light-light hyperfine interact
(Es l•s l

), which is expected to be of orderLQCD.

A. L-B̄ splitting

We first consider the splittingMLh
-(MH13MH* )/4. In

this combination, the heavy quark mass cancels and the
no contribution from the hyperfine interactionEsH•s l

. Since

TABLE XV. Esim values forLh , Sh , and Sh* baryons, and
Sh* -Sh splittings from ratio fits.

aM0 k aEsim(Lh) aEsim(Sh) aEsim(Sh* ) aDE(Sh* -Sh)

1.6 0.13690 0.801~10! 0.852~10! 0.869~10! 0.014~02!

2.0 0.813~11! 0.869~11! 0.883~10! 0.011~02!

2.7 0.823~14! 0.884~12! 0.894~10! 0.008~02!

4.0 0.823~20! 0.899~14! 0.907~14! 0.005~01!

7.0 0.816~29! 0.916~20! 0.921~21! 0.004~01!

10.0 0.806~40! 0.929~30! 0.931~32! 0.003~01!

1.6 0.13750 0.756~12! 0.822~12! 0.838~12! 0.014~02!

2.0 0.769~14! 0.838~13! 0.851~13! 0.011~02!

2.7 0.781~17! 0.852~14! 0.860~11! 0.008~02!

4.0 0.787~27! 0.866~16! 0.875~19! 0.005~02!

7.0 0.782~41! 0.888~23! 0.895~25! 0.004~01!

10.0 0.776~56! 0.907~35! 0.912~38! 0.003~01!

1.6 0.13808 0.710~17! 0.795~13! 0.812~15! 0.015~03!

2.0 0.726~20! 0.811~14! 0.825~15! 0.011~02!

2.7 0.739~25! 0.826~17! 0.829~13! 0.008~02!

4.0 0.755~41! 0.835~22! 0.843~19! 0.005~02!

7.0 0.758~32! 0.865~29! 0.876~34! 0.004~02!

10.0 0.766~43! 0.894~43! 0.900~45! 0.002~02!
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the light quarks are in a ground state with total spin zero,
mass of the extra light quark in the baryon gives the do
nant contribution. This is borne out by the experimental v
ues: 311~10! and 310~2! MeV for theb andc systems respec
tively, indicating the absence ofO(LQCD

2 /M ) contributions
from the difference in kinetic energy to the splitting~see Fig.
1!. Our lattice data, displayed in Table XVII, show littl
dependence on the heavy quark mass, Fig. 10. The varia
with the light quark mass is linear as expected, see Fig.
Our estimates areLb-B̄5370(67)(220

114) MeV and Jb-B̄s

5392(50)(20
115) MeV.

There exist a number of previous results forLb-B, ob-
tained by extrapolating in the heavy quark ma
359(245

155)(226
127) MeV @9# and 458~144!~18! MeV @39#; in the

static limit, 420(290
1100)(230

130) MeV @29#; and with NRQCD on

FIG. 9. Overview of theb baryon spectrum. Circles denote ou
lattice results, dashed lines give experimental error bounds@22#,
and dotted lines show preliminary experimental results@3,27#.
, have

TABLE XVI. Summary of masses in GeV for baryons with quark content shown in column two@h denotes a generic heavy quark~c or

b!, l stands for au or d quark#. Errors are as explained in the caption to Table IX. Finite lattice volume effects, which could be large
not been addressed in this exploratory study. Experimental results are given in columns three and four. Previous results~UKQCD @9#! are
in column five. The last column gives results of our calculation.

Baryon Quark content Experimental @9# Our results
c b b b

L-like ~sl50, j 51/2!

Lh ~udh! 2.285~1! 5.624~9! 5.64(25
15)(22

13) 5.679(71)(219
114)

Jh ~lsh! 2.466 5.76(25
13)(23

14) 5.795(53)(215
19 )(20

115)

S-like ~sl51, j 51/2!

Sh ~llh! 2.453~1! 5.797~8! @3# 5.77(26
16)(24

14) 5.887(49)(237
125)

Jh8 ~lsh! 2.574@28# 5.90(26
16)(24

14) 5.968(39)(232
120)(20

124)
Vh ~ssh! 2.704~4! 5.99(25

15)(25
15) 6.048(33)(226

116)(20
134)

S* -like ~sl51, j 53/2!

Sh* ~llh! 2.519~2! 5.853@3# 5.78(26
15)(23

14) 5.909(47)(239
125)

Jh* ~lsh! 2.645 5.90(26
14)(25

14) 5.989(39)(234
122)(20

125)
Vh* ~ssh! 6.00(25

14)(25
15) 6.069(34)(230

118)(20
135)
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TABLE XVII. Splitting between theLh and the spin-averagedH. The experimental value for theLH-B̄d

is 311~10! MeV.

DE(Lh-H̄)

aM0

Lattice units MeV

k l ight ks(mK) ks(mK* ) k l ight ks(mK) ks(mK* )

1.6 0.187~25! 0.263~13! 0.280~15! 359~52! 504~27! 536~22!

2.0 0.191~30! 0.263~14! 0.280~15! 367~60! 505~31! 535~25!

2.7 0.194~38! 0.264~18! 0.280~18! 372~76! 506~38! 536~31!

4.0 0.215~59! 0.266~28! 0.278~22! 414~116! 510~59! 532~45!

7.0 0.228~52! 0.263~28! 0.271~30! 438~104! 505~60! 520~60!

10.0 0.252~72! 0.264~38! 0.267~41! 484~144! 507~79! 513~82!
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coarse lattices 363~9! MeV @31# ~no systematic errors
quoted!. These values are consistent with our resultLb-B
5388(68)(223

115) MeV.

B. S̄-L splitting

In our picture, the splitting (2Sh14Sh* )/6-Lh depends
on Es l•s l

, the hyperfine interaction between the light quar
the difference of the binding energies, and of the kine
energies of the heavy quark in each baryon. Experimenta
it is found to be independent of the heavy quark ma
(2Sc14Sc* )/6-Lc5212 MeV and the preliminary estimat
(2Sb14Sb* )/6-Lb5210 MeV ~see also Fig. 1!. These num-
bers are roughly 2/3 of the delta-nucleon splitting~293
MeV!. Such a ratio is obtained in a simple non-relativis
model where these splittings are dominated by the li
quark hyperfine interaction. The lattice results shown
Table XVIII and Fig. 12 are also independent of the hea
quark mass and give 221(71)(216

112) MeV at Mb .
In the charmed sector the experimental value changes

nificantly on replacingd with s, i.e. (2Jc814Jc* )/6-Jc

5154 MeV. Our lattice results at theb mass also
show a decrease with 221(71)(216

112) going to
186(51)(217

113)(210
10 ) MeV, although the difference is not sta

tistically significant.
The UKQCD Collaboration @9# reports Sb-Lb

5190(275
160)(230

130) MeV and Jb8-Jb5157(264
152)(211

111) MeV

FIG. 10. Spin-averagedLh-H splitting as a function of 1/M̄ .
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from extrapolating in the heavy quark mass to theb.
Our results for these splittings are 209~71! and
177(54)(210

10 ) MeV respectively.
The Sh* -Sh splitting should depend only on the heav

light hyperfine interactionEsh•s l
. It is therefore expected to

be proportional to 1/Mh . Our lattice results, shown in Tabl
XIX, resolve these splittings for the first time. A linear fit t
the three lightest M̄ values that bracketMb

0 gives
217(11)(21

10) MeV for the intercept and 0.188(44)(222
117)

GeV2 for the slope. However, as apparent from Fig. 13, if t
fit is constrained to have zero intercept, then it would hav
much smaller slope. Based on the assumption that the w
function at the origin is similar, one expects the slope for
baryon splitting to be 0.75 that for mesons@38#, which was
found to be 0.138(38)(217

111) GeV2 in Sec. V D. This expecta-
tion does not hold in the charm sector whereSc* -Sc

'66 MeV whereasD* -D'140 MeV.
The preliminary experimental value isSb* -Sb

556(8) MeV @3#. It is however likely that at least one of th
states has been misidentified@4#, and this number is too
large. Scaling the experimental valueSc* -Sc566 MeV by

FIG. 11. Spin-averagedLh-H splitting as a function of the light
quark mass represented by the corresponding pseudoscalar m
mass squaredMp

2 .
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TABLE XVIII. Splitting between the spin-averagedSh andLh as a function ofM0. kav corresponds to setting the light quark mass

(ms1ml)/2. The preliminary experimental value isS̄b-Lb5210 MeV @3#.

DE(S̄h-Lh)

aM0

Lattice units MeV

k l ight kav(mK) kav(mK* ) ks(mK) ks(mK* ) k l ight kav(mK) kav(mK* ) ks(mK) ks(mK* )

1.6 0.124~29! 0.102~21! 0.097~19! 0.080~14! 0.070~14! 237~55! 196~41! 186~39! 154~29! 135~29!

2.0 0.119~34! 0.099~25! 0.095~23! 0.080~17! 0.071~15! 227~65! 190~48! 182~46! 153~33! 137~32!

2.7 0.106~38! 0.092~28! 0.089~26! 0.078~18! 0.072~16! 204~72! 177~53! 171~50! 150~36! 138~33!

4.0 0.092~59! 0.088~44! 0.087~40! 0.084~29! 0.082~23! 176~112! 169~83! 167~77! 161~56! 157~45!

7.0 0.126~56! 0.118~39! 0.116~37! 0.110~31! 0.106~32! 241~108! 226~76! 223~71! 211~59! 204~62!

10.0 0.141~79! 0.135~53! 0.134~49! 0.129~42! 0.127~45! 270~152! 259~102! 257~95! 248~81! 243~89!
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Mc /Mb suggests; 20 MeV for this splitting@4,40#. We find
Sb* -Sb519(7)(23

12) MeV; however this could be an unde
estimate based on the general discussion of hyperfine in
actions in Sec. V D.

The raw lattice data does not show a dependence on
light quark mass. Experimentally, there exists data
strange baryons only in thec sector. The preliminary esti
mateJc* -Jc8'77 MeV is' 11 MeV larger than theSc* -Sc

splitting. At the b, heavy quark scaling suggests that th
difference should be reduced by the factorMc /Mb'0.3,
making it much smaller than our resolution. We fin
Jb* -Jb8519(5)(23

12) andVb* -Vb518(4)(23
12) MeV.

VII. HEAVY-HEAVY-LIGHT BARYONS

It is theoretically interesting to study heavy-heavy-lig
baryons even though it is exceedingly hard to produce
overlappingb quarks in experiments. The two heavy quar
are expected to bind in a color anti-triplet state whose siz
much smaller thanLQCD. It thus interacts with the light
degrees of freedom to yield a level structure similar to tha
heavy-light mesons@41,42#.

In theS-wave baryons, the total angular momentum of t
two heavy quarks isJ50 or 1. For identical quarks onlyJ
51 is possible. There are two different ways to couple
light quark spin to this configuration. TheJ53/2 states are
denoted asJbb* 0, Jbb* 2 , andVbb* 2 , and theJ51/2 states as
Jbb

0 , Jbb
2 , andVbb

2 ~the quark content isbbu, bbd, andbbs
respectively!. These are split by a heavy-light hyperfine i
05450
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teraction. Two heavy quarks with different flavor can also
in a J50 state, and the corresponding baryons are deno
by us asJbb8

80 , Jbb8
82 , andVbb8

82 . The splitting between the
spin averagedJbb and theJbb8

8 ~and the corresponding
splitting between theV’s! is due to the heavy-heavy spi
interaction. This is expected to be very small, and to van
in the infinite mass limit.

Our raw data are given in Table XX, and the results
Jhh* -Jhh , extrapolated toml and ms , are listed in Table
XXI. The data show a strong dependence on the heavy qu
mass and almost none on the light quark mass. The s
with respect to 1/M̄ is 0.170(42)(221

114) GeV2 as shown in Fig.
14, and the intercept is212(9)(21

10) MeV. These results are
consistent with those forSh* -Sh . Both are hyperfine split-
tings betweenS51 diquark andS51/2 quark sub-systems
the difference is whether theS51 sub-system is heavy
heavy or light-light. In principle the strength of the spin-sp
interaction could be different, however, the data suggest
they are similar. In fact this similarity persists even forh
5s whereJ* -J5210 MeV andS* -S5196 MeV.

If we assume that the spin interaction between the he
quarks is negligible, then we expect (Jhh* -Jhh)
51.5(Jhh8

8 -Jhh). The data shown in Table XX indicates
ratio of three instead. Our final estimates are

Jbb510314~46!~111
210! MeV,

Vbb510365~40!~112
211!~20

116! MeV,
TABLE XIX. Sh* -Sh splitting. The preliminary experimental value forSb* -Sb is 56~8! MeV @3#.

DE(Sh* -Sh)
Lattice units MeV

aM0 k l ight kav(mK) kav(mK* ) ks(mK) ks(mK* ) k l ight kav(mK) kav(mK* ) ks(mK) ks(mK* )

1.6 0.016~03! 0.015~03! 0.015~03! 0.014~02! 0.014~02! 30~07! 28~05! 28~05! 27~04! 26~04!

2.0 0.012~03! 0.012~03! 0.011~03! 0.011~02! 0.011~02! 23~07! 22~05! 22~05! 21~04! 21~04!

2.7 0.008~03! 0.008~02! 0.008~02! 0.008~02! 0.008~02! 16~06! 15~05! 15~04! 15~04! 15~04!

4.0 0.005~03! 0.005~02! 0.005~02! 0.005~02! 0.005~02! 9~05! 9~04! 10~04! 10~03!

7.0 0.003~02! 0.004~02! 0.004~02! 0.004~02! 0.004~01! 6~05! 7~04! 7~04! 8~03! 8~03!

10.0 0.002~02! 0.002~02! 0.002~02! 0.002~02! 0.003~01! 3~05! 4~04! 4~04! 5~03! 5~03!
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Jbb* 510333~55!~16
27! MeV,

Vbb* 510383~39!~18
28!~20

112! MeV,

Jbb* -Jbb520~6!~23
12! MeV,

Vbb* -Vbb520~4!~23
12! MeV.

VIII. DETERMINATION OF HQET PARAMETERS

We now present a determination of the HQET parame
L̄, l1 , andl2 . L̄ denotes the binding energy of the mes
in the limit M05`. In the static theory theO(1/M ) correc-
tions to this are given by the expectation value of the he
quarkp2:

2l15
1

2MB
^Bub̄~ iDW !2buB&, ~6!

and the expectation value of the chromomagnetic operat

TABLE XX. Esim and splittings for heavy-heavy-light baryons.

aM0 k aEsim(Jhh) aDE(Jhh* -Jhh) aDE(Jhh8
8 -Jhh)

1.6 0.13690 0.767~08! 0.015~02! 0.005~01!

2.0 0.788~10! 0.012~02! 0.004~01!

2.7 0.803~10! 0.009~02! 0.003~01!

4.0 0.803~14! 0.007~02! 0.002~01!

7.0 0.767~34! 0.003~02! 0.001~01!

10.0 0.735~86! 0.001~02! 0.000~01!

1.6 0.13750 0.754~10! 0.015~02! 0.006~02!

2.0 0.777~10! 0.012~02! 0.004~02!

2.7 0.788~12! 0.009~02! 0.003~02!

4.0 0.792~15! 0.007~02! 0.002~01!

7.0 0.746~38! 0.003~02! 0.001~01!

10.0 0.717~107! 0.001~02! 0.000~01!

1.6 0.13808 0.747~12! 0.015~02! 0.006~02!

2.0 0.768~14! 0.012~02! 0.004~02!

2.7 0.779~14! 0.009~02! 0.003~02!

4.0 0.774~19! 0.006~02! 0.002~01!

7.0 0.733~47! 0.002~02! 0.001~01!

10.0 0.718~144! 2.001~03! 0.000~01!
05450
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l252
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2MB
^Bub̄sW •BW buB&. ~7!

Thus, toO(1/M ), the relation between the heavy quark po
massmpole and the heavy-light meson mass is given by

MB5ṁpole1L̄1
1

2mpole
~2l11l2![mpole1Ebind. ~8!

In NRQCD one measuresEsim, from whichEbind is obtained
as

Ebind5Esim2E0 . ~9!

Using the estimates forE0 given in Table III,Ebind for the
spin-averagedH meson is given in Table XXII, and forLh in
Table XXIII.

We prefer to analyze the dependence ofEbind on the
heavy quark mass in terms ofM̄ . The reason for this choice
is thatmpole is not a physical~measurable! quantity and suf-
fers from a renormalon ambiguity. Also, toO(1/M ) the
change frommpole to M̄ is benign, i.e., the slope still give
the samel1 and l2 as extracted in conventional HQE
analyses. The data for the binding energy forH̄, and fits
versusM̄ are shown in Fig. 15. The behavior ofLh is simi-
lar. The results forL̄ andl1 obtained from these fits are als

FIG. 12. Spin-averagedS̄h-Lh splitting as a function of the
inverse spin-averaged meson mass. The bursts denote experim
values forb andc heavy quarks.
TABLE XXI. Jhh* -Jhh splitting.

Jhh* -Jhh

aM0

Lattice units MeV

k l ight ks(mK) ks(mK* ) k l ight ks(mK) ks(mK* )

1.6 0.016~03! 0.015~02! 0.015~02! 31~06! 29~04! 29~04!

2.0 0.012~03! 0.012~02! 0.012~02! 23~05! 23~04! 23~04!

2.7 0.009~03! 0.009~02! 0.009~02! 16~05! 17~04! 17~03!

4.0 0.006~03! 0.007~02! 0.007~02! 11~06! 13~04! 13~04!

7.0 0.001~03! 0.002~02! 0.003~02! 2~06! 5~04! 5~04!

10.0 2.002~05! 0.000~02! 0.001~02! 24~10! 0~04! 1~04!
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given in Tables XXII and XXIII. Note that the slope fo
spin-averaged cases givesl1 since there is no contribution
from the chromomagnetic operator.

Our definition of the parametersL̄ andl1 is perturbative
and they inherit a renormalon ambiguity fromE0 which
could be as large asO(LQCD) in L̄. With this definition,
estimates of the HQET parameters are

L̄~B!5375~25!~50!~222
116! MeV,

2l1~B!50.1~3!~1!~21
11! GeV2,

L̄~Lb!5895~218!~50!~256
137! MeV,

2l1~Lb!521.7~34!~1!~22
12! GeV2. ~10!

We have quoted, as the second error, a systematic un
tainty due to the unknownO(as

2) error in the perturbative
expansion ofE0 , which we take to be 13as

2. The third error
is due to the scale uncertainty. We emphasize that, due to

FIG. 13. Sh* -Sh splitting as a function of 1/M̄ .

TABLE XXII. Binding energies in MeV for the spin-average
H meson.

Ebind(H̄)
aM0 k light ks(mK) ks(mK* )

1.6 402~19! 496~14! 516~09!

2.0 325~20! 418~11! 439~07!

2.7 378~19! 466~13! 485~09!

4.0 388~21! 476~14! 496~09!

7.0 379~21! 467~13! 487~10!

10.0 375~20! 460~13! 478~09!

L̄ 375~25! 458~14! 477~11!

2l1 0.10~33! 0.18~14! 0.20~13!
05450
er-

he

renormalon ambiguity, these estimates are only meant to
indicative and cannot be compared directly with other cal
lations.

To remove the uncertainty inL̄ andl1 due to the pertur-
bative estimate ofE0 we construct differences of bindin
energies in whichE0 drops out. The intercept of a linear fi
to the spin-averagedLh-H andSh-Lh splittings versus 1/M̄
gives

L̄~Lb!-L̄~B!5415~156!~225
117! MeV,

L̄~Sb!-L̄~Lb!5179~152!~210
19 ! MeV. ~11!

In both cases we find no significant dependence on 1M̄ .
This suggests that the correspondingl1 are roughly the
same. A similar construction for states with different lig
quarks gives

L̄~Bs!-L̄~Bd!581~31!~15
23!~20

118! MeV,

l1~Bs!-l1~Bd!520.10~28!~20
12! GeV2. ~12!

FIG. 14. Jhh* -Jhh ~circles! andJhh8
8 -Jhh ~diamonds! splittings

as a function of the inverse spin-averaged meson mass along
linear fits.

TABLE XXIII. Binding energies in MeV for theLh baryon.

Ebind(Lh)
mQ

0 k l ight kav(mK) kav(mK* )

1.6 791~60! 870~47! 907~40!

2.0 692~66! 798~52! 833~45!

2.7 749~80! 852~62! 885~54!

4.0 801~120! 886~94! 915~82!

7.0 817~109! 888~82! 912~73!

10.0 859~149! 908~109! 925~97!

L̄ 895~218! 926~148! 937~130!

2l1 21.7~3.4! 20.8~2.2! 20.5~1.8!
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Lastly, we estimatel2 from the slope of the hyperfine
splitting calculated in Sec. V D. We find

l2~Bd!50.069~19!~28
16! GeV2,

l2~Bs!50.078~12!~28
16!~20

12! GeV2. ~13!

These parameters have previously been calculated by
Rome Collaboration using HQET@23,43#. They find

L̄~B!5180~220
130! MeV,

2l1~Bd!520.09~14! GeV2,

l1~Bs!-l1~Bd!520.09~4! GeV2,

l2~Bd!50.070~15! GeV2. ~14!

It is important to note that their definition ofL̄ and l1 in-
cludes a non-perturbative subtraction of the ultra-violet
vergence. Thus, the only results that can be compared
rectly are those forl1(Bs)-l1(Bd) and l2(Bd). The
experimental values for these two quantities are

l1~Bs!-l1~Bd!52
~M̄Bs

2M̄B!2~M̄Ds
2M̄D!

1/M̄D21/M̄D

520.06~2! GeV2,

l2~Bd!5

MB
d*

2
2MBd

2

4
50.12~1! GeV2. ~15!

IX. CONCLUSIONS

We have presented an analysis of heavy-light mesons
baryons using a non-relativistic formulation~NRQCD! for
the bottom quark. Estimates of meson masses with onb
quark and baryons with one or twob quarks are given in

FIG. 15. Ebind versus 1/M̄ .
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Tables IX and XVI. Using theB meson to fix theb quark
mass, we estimatemMS(mMS)54.35(10)(12

23)(20) GeV.
This is consistent with previous lattice determinations ofmb

using theY binding energy@19,20,22#, or HQET @22,23,24#.
A more direct comparison will be possible after we extra
using the same set of lattices and propagators,mb from theY
binding energy.

A significant feature of our calculation is that we ca
resolve theP states. We find thatMB

0*
,MB

2*
. Using the

interpolating operators based on theLScoupling scheme, we
could not distinguish between the 11 and 118 states, as these
mix. Also, we resolveb baryon hyperfine splittings for the
first time on the lattice.

The mass splittings are analyzed in terms of a qualita
picture based on a non-relativistic quark model that is
scribed in Sec. V. We find that the dependence of the sp
tings on the light and heavy quark masses are in agreem
with this picture. Quantitatively, the radial (2S-1S), orbital
(P-S), S̄-L, and L-B̄ splittings are found to be within 1s
~;20%! of the experimental values.

We are able to resolve hyperfine splittings in both mes
and baryons. The most significant difference from expe
mental numbers is in theB* -B hyperfine splitting. Such an
underestimate of hyperfine splittings is a general feature
quenched calculations~light-light, heavy-light and heavy-
heavy!. Another uncertainty associated with the quench
approximation is in fixing the strange quark mass. As a
sult, splittings which are sensitive to the light quark ma
have an uncertainty of up to roughly 20% when extrapola
to the strange quark mass.

We have calculated the HQET parametersl̄, l1 , andl2

for both theB and Lb . L̄ and l1 have large uncertaintie
due to the perturbative determination of the shift in the e
ergy of the heavy quark,E0 . The differences in these quan
tities between different hadrons do not have this ambigu
and are, therefore, much better determined.
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