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Heavy baryon spectroscopy from the lattice
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The results of an exploratory lattice study of heavy baryon spectroscopy are presented. We have comp
the full spectrum of the eight baryons containing a single heavy quark, on a 243348 lattice atb56.2, using an
O(a)-improved fermion action. We discuss the lattice baryon operators and give a method for isolating
contributions of the spin doublets (S,S* ), (J8,J* ), and (V,V* ) to the correlation function of the relevant
operator. We compare our results with the available experimental data and find good agreement in both
charm and theb-quark sectors, despite the long extrapolation in the heavy quark mass needed in the latter c
We also predict the masses of several undiscovered baryons. We compute theL-pseudoscalar meson and
S-L mass splittings. Our results, which have errors in the range 10–30%, are in good agreement with
experimental numbers. For theS* -S mass splitting, we find results considerably smaller than the experiment
values for both the charm and theb-flavored baryons, although in the latter case the experimental results a
still preliminary. This is also the case for the lattice results for the hyperfine splitting for the heavy meso
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I. INTRODUCTION

The discovery of theLb baryon at the CERNe1e2 col-
lider LEP @1# and the claims of indirect evidence forLb and
Jb semileptonic decays@2# have triggered an increased in
terest in the spectroscopy and weak decays of heavy bary
The interest in the spectroscopy, in particular, has been c
siderably boosted after the announcement of the discover
several spin-32 charm andb-flavored baryons@3,4#.

The properties of hadrons containing a heavy quark c
be studied using lattice QCD calculations, which provid
nonperturbative, model-independent results. Experien
gained through studies of heavy mesons has provided
framework for an investigation of the phenomenology
heavy baryons. Furthermore, the study of the spectrum
heavy baryons is a necessary precondition for the meas
ment of the weak matrix elements of semileptonic decays
b-flavored baryons. The computed masses and matrix e
ments can then be combined with an analysis carried ou
heavy quark effective theory~HQET! @5,6# to extract an in-
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dependent measurement of the Cabibbo-Kobayas
Maskawa~CKM! matrix elementsVcb andVub .

The subject of spectroscopy has been widely discussed
the literature, mainly using potential models@7#, HQET @8#,
or a combination of the latter with chiral perturbation theor
@9#. Recently, there have been attempts to compute the m
of theLh ~one heavy quark and two light quarks! @10# and of
theJhh ~two heavy quarks and one light quark! on the lattice
@11#. In this paper, for the first time, the full spectrum of the
lowest-lying baryons containing one heavy quark is com
puted. In particular, we define operators suitable for th
simulation of baryon spin doublets with total spin12 and 3

2 ,
such as the (S,S* ), (J8,J* ), and (V,V* ). The quality of
the signal we have observed and the agreement of our e
mates with the available experimental data are good, th
giving us confidence in the reliability of our predictions.

The quark content and quantum numbers of the baryo
we have considered are summarized in Table I. On the la
tices available at present, it is not possible to simulate d
rectly the b quark, whose mass is larger than the cutof
Therefore, we have computed four heavy quark mass
around that of the charm quark and interpolated~extrapo-
lated! the results to the charm (b) quark, relying on the pre-
dictions of HQET. The masses of the charm andb quark
were fixed from the masses of theD andB mesons, respec-
tively. The results of the extrapolation in the heavy quar
mass, could be checked carefully, given the relatively larg
sample of masses available. On the other hand, we have o
used two different values of the light quark mass, thus lim
iting our ability to perform a detailed analysis of the chira
behavior. Our results for the masses are given in Table
where the first set of errors is purely statistical and the se

er-

ver-

,

en,
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TABLE I. Summary of the quantum numbers of the eight baryons containing a single heavy quarI ,
sl

p l are the isospin and the spin parity of the light degrees of freedom andS, JP are the strangeness and the
spin parity of the baryon.

Baryon (S) JP (I ) sl
p l Quark content Operator

Lc,b (0) 1
2

1 (0) 01 (ud)c,b O5

Sc,b (0) 1
2

1 (1) 11 (uu)c,b Om

Sc,b* (0) 3
2

1 (1) 11 (uu)c,b Om

Jc,b (21) 1
2

1 ( 12) 01 (us)c,b O5

Jc,b8 (21) 1
2

1 ( 12) 11 (us)c,b Om8

Jc,b* (21) 3
2

1 ( 12) 11 (us)c,b Om8

Vc,b (22) 1
2

1 (0) 11 (ss)c,b Om

Vc,b* (22) 3
2

1 (0) 11 (ss)c,b Om
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ond set is an estimate of the systematic uncertainty in
calibration of the lattice spacing. Our results are in go
agreement with the experimental determinations, whe
available.1 We also present estimates for th
L-pseudoscalar meson mass splittings. Our results are

MLc
2MD

MLc
1MD

50.09927
19

MLb
2MB

MLb
1MB

50.03324
15 ~1!

to be compared with the experimental values2

MLc
2MD

MLc
1MD

50.100~3!
MLb

2MB

MLb
1MB

50.033~5!. ~2!

Similarly, for theS-L splitting, we find

MSc
2MLc

MSc
1MLc

50.03929
19

MSb
2MLb

MSb
1MLb

50.01727
15 ~3!

which compare well with the experimental numbers

MSc
2MLc

MSc
1MLc

50.035~1!
MSb

2MLb

MSb
1MLb

50.016~2!. ~4!

The last number in Eq.~4!, extracted from the data presente
in Ref. @4#, is still preliminary.

We also make a first attempt to estimate the spin splitti
of the doublets (S* ,S), (J* ,J8), and (V* ,V) by isolating
the contributions which the two particles give to the sam
correlation function. We find small, negative splittings
which, in most cases, become compatible with zero after
extrapolations because of the increased statistical errors.

1The experimental evidence for theJc8 baryon is based on a col-
lection of 11 events, and no estimate of the statistical error is giv
see Ref.@12#. We note that the physicalJh8 and Jh states are
mixtures of the states which we measure here, where the light-qu
system has definite spin. It has been argued that such mixing@13#
becomes negligible in the heavy-quark limit@8,9#. See the conclu-
sions for further comments.
2Errors on the experimental data are added in quadrature.
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simple quark model expectation is that the splittings are po
tive, although some of the experimental data are still inco
clusive. If this expectation is confirmed by experiment, w
could be facing a situation similar to that of the hyperfin
splitting in heavy meson systems, where the splitting is u
derestimated using both the standard Wilson action and
Sheikholeslami-Wohlert~SW! action@14#. The meson hyper-
fine splitting is sensitive to the chromomagnetic mome
term which appears atO(a) in improved fermion actions
@15#. We plan to investigate the sensitivity of the baryo
hyperfine splitting by using the tadpole-improved
Sheikholeslami-Wohlert action@16#.

This paper is organized as follows. In Sec. II we discu
the baryonic operators which have been used in the pres
study and give details of the simulation. In Sec. III we ex
plain our analysis procedures for the extraction of th
masses. The measurement of the mass splittings is repo

n,

ark

TABLE II. Heavy baryons considered in this project. Our re
sults are quoted with a statistical error~first! and a systematic error
~second! arising from the uncertainty in the calibration of the lattic
spacing. Where available, we report the experimental data.

aFor the error on theJc8 mass, see footnote 1.
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in Sec. IV. Our results and the comparison with the physic
values are reported in Sec. V. Finally, we present our co
clusions.

II. PARTICLES AND OPERATORS

There are eight lowest-lying baryons containing on
heavy and two light quarks~up, down, or strange!. The quan-
tum numbers of the charm andb-flavored baryons are listed
in Table I, and their physical masses~see Refs.@3,4,17,18#!,
are given in Table II. In the context of HQET at lowest orde
it is possible to identify the spin-parity quantum numbers
the heavy-quark and of the light-quark system, within ea
baryon. Furthermore, heavy baryons with common light d
grees of freedom exhibit common features; they are expec
to be degenerate in mass, and to obey selection rules in w
decays. For example, the hyperfine mass splittings in
doublets (S* ,S), (J* ,J8), and (V* ,V) are expected to be
O(1/mh), wheremh is the mass of the heavy quark, and th
weak semileptonic decayLb→Sc is suppressed since it
could only take place if the light-quark system change
quantum numbers.

A. Operators for heavy baryons

The spectrum of the heavy baryons in Table I can
computed on the lattice by using three interpolating ope
tors

O55eabc~ l
aTCg5l 8

b!hc, Om5eabc~ l
aTCgml

b!hc,

Om85eabc~ l
aTCgml 8

b!hc, ~5!

wherea,b,c are color indices,eabc is the totally antisymmet-
ric Levi-Civita tensor,C is the charge conjugation matrix
l ,l 8 are light quark fields, andh is the heavy-quark field. The
~implicit! spinorial index of the three operators is the~im-
plicit! uncontracted Dirac index carried by the heavy-qua
field. By employing the operators in Eq.~5!, one creates
physical states whose heavy-quark and light-quarks syste
have definite quantum numbers, corresponding to the HQ
description at lowest order.

The operators in Eq.~5! differ from those used tradition-
ally for the light baryons because of the different flavo
quantum numbers. For example, in the case of theD, which
contains threeu valence quarks, the total spin quantum num
ber is guaranteed by the antisymmetry of the wave functio
This is no longer true for baryons containing quarks wi
different flavors, and the projection procedure illustrated b
low is necessary in order to identify the contribution of bo
spin-12 and -32 particles.

The operatorO5 corresponds tosl
p l501 spin parity for

the light degrees of freedom and a total spin parity for t
baryonJP51/21. The total isospin of the light degrees o

freedom isI50 if l5u and l 85d, and I5 1
2 if one of the

light quarks is the strange quark.
Consider the two-point correlation functionG5:

G5~pW ,t !5(
xW
e2 ipW •xW^O5~xW ,t !Ō5~0W ,0!&. ~6!
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For large time separations, using antiperiodic boundary co
ditions in the time direction, this becomes, in the continuu
limit,

G5~pW ,t !→
Z2

2E
$e2Et~M1p” !2e2E~T2t !~M2p”̃ !%

1
ZPP
2

2EPP
$e2EPPt~MPP2q” !2e2EPP~T2t !

3~q”̃1MPP!%, ~7!

where pm5(E,pW ) is the four-momentum of the baryon
andp̃m5(E,2pW ). In Eq. ~7!, we have included the contribu-
tion of the parity partner~PP! baryon, with four-momentum
qm5(EPP ,pW ) and q̃

m5(EPP ,2pW ). This particle contributes
to the correlation function because it has a nonzero over
with the operatorO5 given in Eq.~5!. At zero momentum,
we choose an appropriate combination of spinorial indic
such that the baryon, but not the parity partner, propaga
forward in time. We find that the amplitude of the parity
partner (ZPP

2 ) propagating backward in time is much smalle
than that of the forward-propagating baryon (Z2), and, in the
following, we will neglect the contribution of the parity part-
ners.

The case of the operatorOm is more involved than that of
O5 since it transforms reducibly under the parity-extende
Lorentz group. It is the tensor product of a four-vector and

Dirac spinor and thus transforms as (1,1
2)%( 12,1)% ( 12 ,0)

% (0,12) @in SU~2!^SU~2! notation#. It can annihilate/create
particles of spin-parity32

1 and 1
2
1 as well as these particles’

parity partners. With the two-point function for the operato
Om defined as

Gmn~pW ,t !5(
xW
e2 ipW •xW^Om~xW ,t !Ōn~0W ,0!&, ~8!

we find, in the continuum limit, for large values oft and
using antiperiodic boundary conditions in time,

Gmn~pW ,t !→
Z3/2
2

2E3/2
e2E3/2t~p” 3/21M3/2!~P

3/2!mn~p3/2!

3
e2E1/2t

2E1/2
$Z1

2~p” 1/21M1/2!~P11
1/2!mn~p1/2!

2Z2
2~p” 1/22M1/2!~P22

1/2!mn~p1/2!2Z1Z2~p” 1/2

1M1/2!~P12
1/2!mn~p1/2!1Z2Z1~p” 1/22M1/2!

3~P21
1/2!mn~p1/2!%

1parity partners2antiparticles, ~9!

where pJ
m5(EJ ,pW ) and where parity partner contributions

are obtained from the original particle contributions with th
replacementMJ→2MPP,J while antiparticle contributions
are obtained from the original particle and parity partner co
tributions with the replacementM→2M , pW→2pW , and
t→T2t in the exponent. For any given momentumpm , the
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quantities (P3/2)mn(p) and (Pi j
1/2)mn(p), i , j51,2, are the spin

projection operators of Ref.@20# and are given by

~P3/2!mn~p!5gmn2 1
3 gmgn2

1

3p2
~p”gmpn1pmgnp” !,

~P11
1/2!mn~p!5 1

3 gmgn2
1

p2
pmpn1

1

3p2
~p”gmpn1pmgnp” !,

~P22
1/2!mn~p!5

1

p2
pmpn ,

~P12
1/2!mn~p!5

1

A3p2
~pmpn2p”gmpn!,

~P21
1/2!mn~p!5

1

A3p2
~p” pmgn2pmpn!. ~10!

They are orthonormal and idempotent:

~Pi j
I !mr~Pkl

J !rn5d IJd jk~Pil
J !m

n , ~11!

whereI ,J take on values12 or
3
2 . They satisfy

gm~P3/2!n
m50, pm~P3/2!mn505~P3/2!mnpn ,

pm~P1 j
1/2!mn505~Pi1

1/2!mnpn for i , j51,2 ~12!

and have the useful properties

p” ~Pi j
1/2!mn56~Pi j

1/2!mnp”1for i5 j ,2for iÞ j ,

p” ~P3/2!mn5~P3/2!mnp” . ~13!

The properties of Eqs.~12! and~13! guarantee that the spin-
3
2 contribution satisfies the appropriate Rarita-Schwing
equations@21,22# and that the spin-12 contributions satisfy the
appropriate Dirac equations. The diagonal projectors are f
thermore complete:

gmn5~P3/2!mn~p!1~P11
1/2!mn~p!1~P22

1/2!mn~p!. ~14!

To extract the masses of the spin-parity1
2

1 and 3
2

1 par-
ticles, one needs only to compute the correlators~9! at rest.
In this case, the projectorsP3/2 andP11

1/2 simplify to

~P3/2! i j5gi j2 1
3 g ig j ; i , j51,2,3,

~P11
1/2! i j5 1

3 g ig j , ~15!

and only act on the spatial components ofGmn(0W ,t), i.e.,
m,n51,2,3. Since the components corresponding to t
other projection operators do not contribute to the spat
components,Gi j (0W ,t), it is clear from the properties ofP3/2

andP11
1/2 given in Eqs.~11! and~13! that the3

2
1 contribution

can be isolated by considering (P3/2) i j Gjk(0W ,t), and the1
2
1

contribution by considering (P11
1/2) i j Gjk(0W ,t). The contribu-

tions of forward-propagating parity partners are suppres
by taking suitable combinations of spinorial indices as d
cussed after Eq.~7! for the case ofG5(0W ,t). Those of the
er

ur-

he
ial

sed
is-

backward-propagating parity partners are naturally smal
because the time intervals over which they propagate
much longer for most values oft that we consider in analyz-
ing Gjk(0W ,t). Furthermore, both contributions are again em
pirically found to be suppressed by the fact that the overla
of the parity partner states with the operatorOm are orders of
magnitude smaller and their masses slightly larger than tho
of the original particles.

When space-time is approximated by a hypercubic lattic
full Euclidean O~4! symmetry is reduced to symmetry unde
the hypercubic group. This reduction means that most irr
ducible representations of O~4! and its covering group be-
come reducible on the lattice. Fortunately, the represen

tions which concern us here, (1,1
2), (

1
2 ,1), (

1
2 ,0), and (0,12),

because of their low dimensionality, remain irreducible o
the lattice @35,36,37#. Furthermore, when restricted to the
diagonal cubic subgroup~i.e., the lattice analogue of the ro-

tation subgroup!, (1,12)%( 12,1) decomposes into the reducible

representation32 %
1
2 while ( 12 ,0)% (0,12) reduces to

1
2 , where

1
2 and 3

2 are themselves reductions to the cubic group
continuum spin-12 and spin-32 representations. Thus, the
space-time transformation properties of the operatorsO5 and
Om on the lattice are analogous to what they are in the co
tinuum. Moreover, using the results of Ref.@35#, one can
show that the cubic representations1

2 and 3
2 mix only with

the continuum spins

S 12D
cubic

:
1

2
,
7

2
,
9

2
, . . . S 32D

cubic

:
3

2
,
5

2
,
7

2
, . . . . ~16!

Therefore, if one isolates correctly the cubic12 and
3
2 contri-

butions toGmn(pW ,t), one isolates unambiguously the contri
butions of the continuum spin-12 and spin-

3
2 states in the large

time limit ~assuming, of course, that higher spin states a
more massive!. It should be emphasized that this isolation o
the cubic representations must be done carefully because
not known,a priori, which of the spin-12 or the spin-

3
2 states

is more massive. Fortunately, at zero momentum the co
tinuum rest frame projectors given in Eq.~15! are sufficient
because they implement the Clebsch-Gordan decomposi
of the product representation spin-1̂spin-12 into spin-

1
2 and

spin-32 , a decomposition which survives the reduction o
SU~2! to the double-valued cubic subgroup because irredu
ible representations of SU~2! with spin less than or equal to
3
2 are irreducible when reduced to that subgroup. It shou
further be noted that properties of operators and states un
parity tranformations are unaffected by the discretization
space-time.

A similar discussion applies to the operatorOm8 In fact,
the structure of the corresponding correlator in terms
quark propagators is the same as that ofOm ; the only effect
of the additional Wick contraction in theOm correlator is to
change the overall normalization.

Thus, we have shown in the present section how to isola
the contributions of different physical baryon states to th
two-point functions of Eqs.~7! and ~9!. In the following
sections we shall use these procedures to determine
heavy-light baryon spectrum. To improve the overlap of th
interpolating operatorsO5, Om , and Om8 with the corre-
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sponding physical baryon states, we smear these operato
described in the Appendix. Though this smearing furth
complicates the isolation of various physical baryon sta
contributions for nonzero two-point function momentumpW
~please refer to the Appendix for details!, the baryon spec-
trum that we obtain here only requires an analysis of ze
momentum, smeared two-point functions to which the d
cussion of the present section applies unchanged.

B. Details of the simulation

Our calculation is performed on 60 SU~3! gauge field
configurations generated on a 243348 lattice atb56.2, us-
ing the hybrid overrelaxed algorithm described in Ref.@19#.
The quark propagators were computed using t
O(a)-improved Sheikholeslami-Wohlert action, which is re
lated to the standard Wilson fermion action via

SF
SW5SF

W2 i
k

2 (
x,m,n

q̄~x!Fmn~x!smnq~x!, ~17!

wherek is the hopping parameter. The use of the SW acti
reduces discretization errors fromO(ma) to O(asma)
@23,24#, which is of particular importance in our study o
heavy baryons, where the bare heavy-quark masses are
cally around one third to two thirds of the inverse lattic
spacing.

The gauge field configurations and light-quark propag
tors were generated on the 64-node i860 Meiko Comput
Surface at the University of Edinburgh. The heavy-qua
propagators were computed using the 256-node Cray T
also at Edinburgh.

Statistical errors are calculated according to the bootst
procedure described in@19#, for which the quoted errors on
all quantities correspond to 68% confidence limits of th
distribution obtained from 1000 bootstrap samples.

In order to convert our values for baryon masses and m
splittings into physical units we need an estimate of the
verse lattice spacing in GeV. In this study we take

a2152.960.2 GeV, ~18!

thus deviating slightly from some of our earlier paper
where we quoted 2.7 GeV as the central value@19,25,34#.
The error in Eq.~18! is large enough to encompass all ou
estimates fora21 from quantities such asmr , fp , mN , the
string tensionAK, and the hadronic scaleR0 discussed in
@27#. This change is partly motivated by a recent study usi
newly generated UKQCD data@28#; using the quantityR0

we founda2152.95211
17 GeV. Also, the nonperturbative de

termination of the renormalization constant of the axial cu
rent yielded a value ofZA51.05(1) @29# which is larger by
about 8% than the perturbative value which we used pre
ously. Thus, the scale estimated fromf p decreases to around
3.1 GeV which enables us to reduce significantly the upp
uncertainty on our final value ofa21 @GeV#.

Light-quark propagators were computed for quark mass
around the strange quark mass, corresponding to hopp
parametersk5 0.14144 and 0.14226. Because each hea
baryon contains two light quarks, we can form three bary
correlators for each heavy quark mass, of which two ha
degenerate light-quark masses and one has nondegen
rs as
er
te

ro-
is-

he
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on

f
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light-quark masses. The masses of the light pseudoscalar
son which are needed for this study, were obtained in R
@25#. Results extrapolated to the chiral limit~corresponding
to a hopping parameterkcrit50.1431522

12 ! and to the mass of
the strange quark (ks50.141921

11 ! are also tabulated there.
The heavy-quark propagators have been computed

four values of the heavy-quark mass around that of the cha
quark, corresponding tokh5 0.133, 0.129, 0.125, and 0.121
The masses of the heavy-light pseudoscalar mesons can
found in Ref.@34#.

In order to enhance the signal for the baryon correlatio
functions, the light- and heavy-quark propagators have be
computed using the Jacobi smearing method,@30# either at
the source only~SL! or at both the source and the sink~SS!.
Since smearing is not a Lorentz-invariant operation, it mig
alter some of the transformation properties of nonscalar o
servables. We have found that such an effect is evident in
baryonic correlators at nonzero momentum, and we pres
the results of a study of these effects in the Appendix. Th
issue, which does not affect the spectrum, represents an
portant new effect which is crucial in the extraction of th
amplitudeZ, and, therefore, in the measurement of the we
matrix elements entering the semileptonic decays of t
Lb .

III. ANALYSIS DETAILS

It follows from Eq. ~7! that, for t.0,

@G5~0W ,t !#115@G5~0W ,t !#2252@G5~0W ,T2t !#33

52@G5~0W ,T2t !#44. ~19!

Therefore, we define theL correlation function as3

GL~ t !5 1
4 $@G5~0W ,t !#111@G5~0W ,t !#222@G5~0W ,T2t !#33

2@G5~0W ,T2t !#44%

.ZL
2 e2mLt. ~20!

Similarly, for theS andS* , we define the correlation func-
tions by taking suitable combinations of the equivalent com
ponents, after projection with the operators given in Eq.~15!.

A. The effective masses

In Fig. 1 we show effective mass plots of theL andS
baryons, in both the SL and SS cases. We compute the
fective masses assuming that the correlators’ time evolut
is given by an exponential:

Meff~ t !5 lnS GL,S~ t !

GL,S~ t11! D . ~21!

3L is a conventional name, by which we mean the baryon who
light quarks are in asp501 state. Depending on the flavor of the
latter, this baryon is either the physicalL(ud) or theJ(us) with
spin 0 for the light quarks. A similar convention is used forS and
S* .
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FIG. 1. Effective masses for
the L and S baryons. We show
typical plots, corresponding to
kh50.129 and k l15k l2

50.14144. The straight lines are
our best fits, which agree for SL
and SS correlators starting from
tmin517 onwards.
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This is justified since we have checked that the contributi
of the parity partners propagating backward in time is com
pletely negligible.

The effective mass is smoother for SL than for SS co
elators, because the former are more correlated in time.
establish a fitting range, we fitted the correlators to a sin
exponential in the range@ tmin ,tmax#, wheretmax was fixed at
21 for SS and 23 for SL correlators, andtmin was varied
between 8 and 19. The fits at fixed values of the light a
heavy kappas were obtained by minimizing thex2 computed
using the full covariance matrix.

As an example, we show in Fig. 2 the results of th
analysis for both theL and theS, with kh50.129 and
k l15k l250.14144, for both SS and SL correlators. The b
havior of the correlator for theS* baryon is similar, and the
features described below are common to all the masses c
sidered in this study.

By considering thex2/NDF of the fits, as well as the sta-
bility of the results under variation oftmin , we make the
following observations.

~1! The masses obtained from the fits to the SS correlat
are stable and thex2/NDF are acceptable fortmin>11. For the
SL correlators, the x2/NDF are acceptable only for
tmin>16. This behavior supports the hypothesis that
on
-

rr-
To
gle

nd

is

e-

on-

ors

by

smearing both the sink and the source one enhances the o
lap with the ground state.

~2! The masses obtained from fits to the SL and SS co
elators agree aroundtmin>17.

~3! As a general feature, we observe that the statistic
errors increase with decreasing light-quark mass. This eff
is more pronounced for SL than for SS correlators.

The conclusion is that there is a good agreement betwe
SS and SL data, even if, in the latter cases, the plateaux
shorter and the errors slightly larger. Thus, we quote t
results obtained by fitting SS correlators intP@12,21#, using
those obtained with SL correlators as a consistency chec

B. Mass extrapolations

We obtain the masses of the eight charm andb-flavored
baryons by extrapolating first in the light-quark masses a
then in the heavy-quark mass.

1. Extrapolation in the light-quarks system

In order to perform the extrapolation to the chiral limit
we use the three baryon masses obtained from both deg
erate~i.e., k l15k l250.14144, or 0.14226) and nondegene
ate ~i.e., k l150.14144 andk l250.14226) light-quark corre-
lation functions. We assume that, in the chiral regim
Mbaryon depends linearly on the sum of the two light-quar
masses, that is,
FIG. 2. Masses andx2/NDF

obtained from a sliding window
analysis for theL and the S
baryon correlators.
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FIG. 3. The chiral behavior of
the L and S masses. The boxes
denote data at our three light
quark masses; the crosses deno
the extrapolation of our results to
the chiral limit and the strange-
quark mass.
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Mbaryon~kh ,k l1 ,k l2!5Mbaryon~kh!1CS 1

2k l1
1

1

2k l2
2

1

kcrit
D

5Mbaryon~kh!1CS 1

keff
2

1

kcrit
D ~22!

with keff
215(k l1

211k l2
21)/2. This is supported by our data fo

the masses in theL andS channels, as shown in Fig. 3, an
by previous studies of light meson masses@25,26#. In the
L channel, extrapolating tok l15k l25kcrit , gives the mass
of theLh , while extrapolatingk l1 to kcrit and interpolating
k l2 to ks gives the mass of theJh . Similarly, from theS
channel we extract the masses of theSh , the Jh8 and the
Vh .

The results of this analysis, obtained from SS correlati
functions, are summarized in Table III. By performing th
same type of analysis on the SL correlators, we obtain
essentially indistinguishable results. We note that the diff
ence in the statistical errors of the SS and SL masses, alre
present in the fits at fixedk, is amplified by the extrapolation
to the chiral limit. This confirms our earlier conclusion tha
by using SS data one obtains more precise results.

2. Heavy quark extrapolation

The physical masses of the charmed andb-flavored bary-
ons are obtained by extrapolating the four sets of data, co
puted atkh50.133,0.129,0.125, and 0.121. In performin
these extrapolations, we have been guided by the HQET
have expressed the dependence of the baryon m
Mbaryon(MP) on the heavy-light pseudoscalar meson ma
MP , through the following function

Mbaryon~MP!5MP1C1
A

MP
, ~23!

where the two constantsC andA are the parameters of the
fit. The masses of the charm andb-flavored baryons are ob-
tained forMP5MD or MP5MB , respectively. In Table II
we report the results, corresponding to the SS case, in ph
cal units. The numbers corresponding to the charm a
b-quark masses have been obtained assuminga2152.9
GeV. The quoted systematic error arises solely from the u
certainty in the scale and has been estimated by lettinga21

vary by one standard deviation about its central value.
In these fits, the coefficientA, which quantifies the size of

the 1/mh corrections, is of the expected size, i.e
A5O(LQCD

2 ), ranging from about~350 MeV! 2 to ~540
r
d
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e
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er-
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t

m-
g
and
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ss

ysi-
nd

n-

.

MeV! 2, depending on the particular baryon and on the flav
of the light degrees of freedom. Of course, theO(1/mh)
corrections play an important role in the case of the ma
splittings ~see Sec. IV!, while they contribute much less to
the value of each mass. As a further confirmation of this, w
have also setA to zero and verified that the results of th
extrapolation are essentially indistinguishable from tho
presented in Table II although thex2 are significantly higher.
Finally, we have used a function of the kind

Mbaryon~MP!5C1A8~MP2M0!, ~24!

where a different slope inMP is allowed, and we have ob-
tainedA8 compatible with 1 in most cases. All of this con
firms that heavy-quark symmetry is very well satisfied her
Moreover, the insensitivity of the results to different mode

TABLE III. Masses of theL, S andS* in lattice units obtained
by fitting the SS correlators intP@12,21#. Also shown are the cor-
responding masses after extrapolation in the light-quark mass
using Eq.~22!.
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FIG. 4. Extrapolation of the
L and S baryon masses. In the
figures both the linear extrapola
tion and that obtained taking into
accountO(1/MP) correction are
shown. The diamonds and crosse
correspond to the extrapolations t
the charm mass andb-quark mass,
respectively.
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ing functions gives us confidence, not only in the interpol
tion to the charm mass, but also in the long extrapolation
theb-quark mass. We stress, once more, the total agreem
between SS and SL results, both for the final numbers a
for the features of the extrapolations. Two examples of t
extrapolation to the heavy scale, corresponding to theL and
theS, are shown in Fig. 4.

IV. CALCULATION OF MASS SPLITTINGS

Once the value ofkh is fixed to correspond to the physica
quark mass by matchingMP to either the D- or the
B-meson mass, no large uncertainties are expected to o
in the measurement of other charm orb-flavored hadron
masses, which are largely determined by that of the hea
quark. On the other hand, splittings in the masses arise fr
the dynamics of the light quarks and their interactions wi
the heavy quark. Their study provides a test of HQET as w
as important information on the size of various systema
effects.

The mass splittings are small quantities in comparison
the baryon masses themselves. Thus, they are affected
relatively larger statistical errors, as well as being more se
sitive to the fitting and extrapolation procedures adopte
Therefore, a particularly careful analysis is required. On
more, we will quote results obtained by fitting SS correl
tors; the SL correlators give consistent results, although
statistical errors are appreciably larger.

A. L-pseudoscalar meson mass splitting

The L-pseudoscalar meson mass splitting is very pr
cisely measured experimentally, especially in the charm s
tor. Therefore, as we use the pseudoscalar mass to fix
value of the heavy quarkk, the agreement of the lattice valu
of ML-MP with experiment reflects the extent to which ou
calculation properly incorporates the dynamics of the lig
degrees of freedom. The amount of computational effort d
voted to this calculation, both with static@31–33# and propa-
gating Wilson fermions@11# is testimony to its importance.
We summarize the results obtained so far@32,33# and com-
pare them with the numbers from this study in Fig. 5.

For the analysis of this splitting, we need the correlatio
function of the pseudoscalar meson, which was determin
in an earlier simulation@34# using the same heavy quarks a
this study, but with one additional light quark, correspondin
to k l50.14262. We find that there is very little to be gaine
a-
to
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by determining the difference of the masses from the ti
evolution of the ratio of theL and the pseudoscalar meso
correlators,4 as opposed to obtaining it by subtracting the tw
masses determined separately. One reason is that the s
tical errors associated with our measurement of theL mass
are much larger than those of the pseudoscalar, and w
dominate the final uncertainty on the splitting in any proc
dure. Moreover, when the pseudoscalar correlators w
computed, only the heavy-quark propagators were smea
Here, the light-quark propagators are also smeared, and,
sequently, the pseudoscalar and baryon correlation funct
suffer from different statistical fluctuations. Therefore, w
measure the splitting by taking the difference of the bary
mass, obtained as described in the previous section, and
meson mass, fitted in the rangetP@12,21#, as in Ref.@34#.
The results, for all the kappa values, are reported in Ta
IV.

We perform a chiral extrapolation of the mass differenc
at each heavyk value. Although we have simulated only tw
values of the light-quark mass, we have computed bary
correlators corresponding to two degenerate and one no
generate case; this last set of data, however, canno
matched with the mesonic data and cannot be used in
chiral extrapolation. Hence, the chiral extrapolation is mo
eled by a linear function of the two degenerate light-qua
points. Both our results for theL extrapolation~see Sec. III!
and the evidence reported in Ref.@25# for the meson, justify
this procedure.

We performed the extrapolation to the physical pseud
scalar meson masses following two different procedures
order to have a consistency check~see Fig. 6!.

~A! The splittings are first extrapolated in the inver
heavy-quark mass, according to the formula

@ML2MP#~kh!5A1
B

MP~kh!
1

C

MP
2 ~kh!

,

keeping the light-quark mass fixed. The linear and quadra
extrapolations produce indistinguishable numbers. Then,
two values of this splitting corresponding to the two dege

4Since the behavior of the baryon and meson time slice correla
is different close to the center of the lattice, the ratio method is o
safe if one excludes the last few time slices from the fitting ran
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erate light-quark configurations are extrapolated to the ch
limit for each heavy-quark mass.

~B! We employ the reverse procedure in which the ma
splittings are first extrapolated to the chiral limit, keeping th
heavy-quark mass fixed. The results from the subsequent
ear and quadratic extrapolations in the heavy-quark mass
once again compatible.

We conclude that the behavior of theL-pseudoscalar
splitting is well represented by a linear function of both th
light-quark mass and the inverse heavy-quark mass. The
sults in physical units that we quote in Table V are obtain
under this assumption.

B. S-L mass splitting

We have obtained theS-L mass splitting for variousk
combinations, both by taking the difference of the fitte
masses and by fitting the time evolution of the ratio ofS and
L correlators. The numbers obtained with the two metho
are in good agreement, but the second procedure yields
preciably smaller errors and is smoother in the chiral lim
proving that it is particularly appropriate when one compar
two correlators with a similar structure. The results at ea
value of the computed masses and after the chiral extrap
tion are given in Table VI.

The dependence of the splitting on the heavy-quark m
is extremely weak, suggesting that the 1/mh corrections to

FIG. 5. ML-MP splitting: comparison of the values obtained b
different groups and using different fermion actions. The estima
are also compared with the experimental numbers.

TABLE IV. L-pseudoscalar meson mass splitting, in lattic
units, obtained from the difference of the fitted masses.
iral

ss
e
lin-
are

e
re-
ed

d

ds
ap-
it,
es
ch
ola-

ass

the masses of the two baryons must be very similar an
nearly cancel out in the difference. This feature makes
particularly simple to perform the extrapolation to the phys
cal masses, as the fits to linear and quadratic functions of t
inverse pseudoscalar meson mass are essentially indis
guishable. This is clearly visible in Fig. 7. We note that ou
results, presented in Table VII, compare very well with thos
of the experiment.

C. Spin splitting

In the HQET, the mass difference within the spin doublet
(S,S* ), (J8,J* ), and (V,V* ) is because of the coupling
of the chromomagnetic moment of the heavy quark to th
light degrees of freedom. It is, therefore, suppressed by i
verse powers of the heavy-quark mass and vanishes in
infinite mass limit.

Because the splitting is such a small effect, it is difficult to
measure from our data using either the ratio of the correlato
or the difference of the fitted masses. In Figure 8~a! we
present the effective mass plot for the ratios of theS* and

y
tes

FIG. 6. ML-MP splitting as obtained adopting the two proce-
dures A and B. The solid lines correspond to the linear extrapol
tion in the inverse pseudoscalar mass and the dotted line is the sa
extrapolation modeled with a quadratic dependence. In the plot, t
light k values are also indicated. The results, which are consiste
between both methods, are compared with the experimental valu
The vertical dotted lines indicate 1/MD and 1/MB .

e
TABLE V. Results for theL-pseudoscalar splitting, at the

physical masses, corresponding toa2152.9 GeV. The two methods
illustrated in the text produce essentially identical results, in exce
lent agreement with the experimental number, given in the last co
umn.
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TABLE VI. Estimates ofMS-ML in lattice units, for various kappa combinations, obtained
with the ratio method. The extrapolations are linear, as they were for the masses themselves.
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S correlation functions~for a heavy quark withkh50.129
and for light quarks withk l15k l250.14144). It can be seen
that the signal is very poor. For this reason we use the d
ference of the masses obtained by fitting theS* andS cor-
relation functions separately as our best estimate for
splitting ~this method also leads to a smoother behavior w
the mass of the light quarks!. In Fig. 8~a! we also plot the
splitting obtained in this way.

We present our measurements of the splittings for ea
k combination in Table VIII and the extrapolated values
the physical masses in Table VII. They are negative with
two standard deviations at fixed light-quark mass, but be
affected by large statistical errors, become compatible w
zero in the chiral limit. We obtain the splittings at the phys
cal masses, extrapolating in the inverse heavy-quark ma
according to the function

FIG. 7. MS-ML as a function of 1/MP . The linear and the
quadratic extrapolations are shown. The vertical dotted lines in
cate 1/MD and 1/MB , respectively.
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@MS*2MS#~kh!5
A

MP~kh!
1

B

MP
2 ~kh!

. ~25!

The splitting has been constrained to vanish in the infin
heavy-quark mass limit, as predicted by the HQET. The tw
extrapolations obtained either by including the quadra
term or by settingB50 gave essentially indistinguishable
results, as can be seen from Fig. 8~b!, and goodx2. We also
checked the consistency of our data with the predicted b
havior, by adding a constant to the function~25!, i.e., by
allowing the spin splitting to have a nonzero intercept
1/MP50. We find that the values of the intercept are alway
compatible with zero, being of the order230 MeV, with
errors of about one hundred.

Once more, the results were perfectly consistent. The v
ues presented in Table VII correspond to Eq.~25! with
B50 since this parametrization fits the lattice data very we
and makes full use of heavy-quark scaling relations.

di-

TABLE VII. Baryon-pseudoscalar meson and baryon-baryo
mass splittings in MeV. The available experimental data are a
shown, together with the corresponding references. The experim
tal errors on theJc82Jc andJc*2Jc8 splittings are not published.
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FIG. 8. ~a! Effective mass plot
for the ratio of correlators
S* (t)/S(t). The plot corresponds
to k l15k l250.14144 and
kh50.129. The horizontal lines
represent the estimate of the ma
splitting and the statistical error
obtained by taking the difference
of the fitted masses.~b! MS* -MS

splitting computed from the mass
difference, together with linear
and quadratic extrapolations. Th
vertical dotted lines indicate
1/MD and 1/MB .
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We note that our value for theSc* -Sc splitting is incon-
sistent with experiment, and in most cases our measured
ues are consistent with zero. This feature resembles the
known puzzle of the spin splitting in the mesonic sector@14#,
whose resolution is believed to lie in a combination of d
cretization and quenching effects, as argued in Ref.@15#. In
light of this, and also considering the very large statist
errors, a firm conclusion about the consistency of our res
with heavy-quark scaling laws cannot be drawn.

V. PHYSICAL RESULTS

In this section, we present a summary of the results
tained in this study, in a form which is easily compara
with the experimental data. All masses are given with
asymmetric statistical error arising from the bootstrap an
sis, and a systematic error solely because of the uncert
in the scale@see Eq.~18!#.

In Table II we quote the charm andb-flavored baryon
masses, together with the experimental values, where a
able. Our results agree well with the experimental data
the charm sector, and also forLb andSb , despite the long
extrapolation in the heavy mass scale needed in these c
This gives us confidence in the reliability of our predictio
for the masses of the undiscovered charm andb-flavored
baryons. The quality of the results at theb-quark mass wa
certainly enhanced by the number of heavy-quark ma
available for this investigation, which allowed us to try d
val-
well-
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ical
ults

ob-
ble
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ferent extrapolation procedures and to perform consisten
checks. On the other hand, we only have a limited sample
light-quark masses. Although the light extrapolations we
always smooth and reasonable, the chiral behavior should
confirmed by using a larger number of light-quark masses

We present the mass splittings of Sec. IV in Table VII. I
those cases where comparison with experiment is possib
we also compute the ratios of the splitting to the sum of th
masses, to eliminate most of the uncertainty in the sca
These results were presented in the Introduction, see E
~1!–~4!. The residual systematic uncertainty, which is alway
smaller than the statistical error, was not quoted.

In those cases where a meaningful comparison with e
periment is possible, the agreement is very encouraging. U
fortunately, the mass differences, being small, are affect
by large relative errors varying between 10 and 30%. Ne
ertheless, we stress the beautiful agreement with the exp
mental data, both at the charm and at theb-quark mass. In
particular, in our calculation of theLh-pseudoscalar meson
splitting, the agreement with experiment has significant
improved on previous calculations, performed with the sta
dard Wilson action. We believe that this success is furth
evidence of the advantages of using the Sheikholeslam
Wohlert fermion action.

VI. CONCLUSIONS

In this paper we have presented the result of a latti
study of heavy baryon spectroscopy. The spectrum of t
nce
ted for
TABLE VIII. Estimates ofMS* -MS in lattice units at various masses, obtained by taking the differe
of the fitted masses, in lattice units. The extrapolations are linear, following the same procedure adop
the other splittings.
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TABLE IX. Estimates ofa andZs
2 from the fitted values ofZm ,ZE ,Zp . In the second row corresponding

to eachkh , the fittedZm andZE are compared with the estimates using Eq.~ 32!, and the measured values
of ZS

2 anda.
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ce
eight lowest-lying heavy baryons, containing a single hea
quark, can be computed using the three baryonic operator
Eq. ~5!. In addition to the calculation of theL andJ masses,
we have discussed how to compute the spectrum of the s
doublets, (S,S* ), (J8,J* ), and (V,V* ), by isolating their
contributions to the correlation functions of the operato
Om andOm8

The computation of the mass spectrum proved feasib
the operators we have used have a good overlap with vari
baryon ground states, in part thanks to the smearing both
the source and at the sink. Moreover, the extrapolations
both the heavy- and light-quark masses are always smo
The agreement between our estimates of the baryon ma
and the experimental values is good, in both the charm a
theb-quark sectors.

The computedL-pseudoscalar meson mass splitting is
good agreement with experiment, in contrast with the resu
of previous calculations performed with the Wilson fermio
action. We believe that this is largely because of the use
the O(a)-improved action to remove systematic effects.
similar positive conclusion can be drawn for theS-L split-
ting, although the statistical errors are still of the order
25230%.

Our results are also in agreement with the predictions o
vy
s in

pin

rs
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tained with other nonperturbative methods@7–9#, both for
the masses themselves and for theS-L splitting. In the case
of the J8-J splitting, which is of the same nature as the
S-L splitting, the calculation is complicated by the mixing
arising between the two particles, whose total quantum num
bers are the same. It has been noted@9# that such a mixing,
negligible in the heavy-quark limit, would have the effect o
increasing the splitting. Both our prediction and that of Sav
age @9# are higher than those of the experiment@12#. The
disagreement would, hence, get even worse if we were
take the mixing into account. We stress, anyway, that th
experimental result is still to be confirmed.

In this exploratory study, the masses have been dete
mined with reasonable precision, but further studies are r
quired to reduce both the statistical and systematic erro
The results presented in this paper are very encouraging a
it looks likely that it will also be possible to measure the
baryonic matrix elements.

ACKNOWLEDGMENTS

The authors wish to thank Robert Coquereaux, Ole
Ogievetsky, Jay Watson, and Jonathan Flynn for hepful di
cussions. This research was supported by the U.K. Scien



54 3631HEAVY BARYON SPECTROSCOPY FROM THE LATTICE . . .
TABLE X. Values ofZl5(ZlZs)/AZs2, for the four heavy masses andk l15k l250.14144.
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APPENDIX: EFFECT OF SMEARING ON BARYON
CORRELATION FUNCTIONS

In this appendix we propose a description of the effect
a non-Lorentz-invariant smearing on a nonscalar opera
Interpolating operators are smeared to improve their over
with the physical states one wishes to create or annihila
We discuss the case of two-point correlation functions,
stricting ourselves to the case of spinorial operators wh
have an overlap with a single type of spin-1

2 particle, such as
O5(x) defined in Eq.~5!. Numerical evidence for this effect
is also presented. It should be noted that the breaking of
Lorentz symmetry manifests itself only when one conside
correlators at finite momentum, and has, therefore, no r
evance to the determination of the spectrum.

Let us write the general expression for a local baryon
operator,

Jr~x!5@c~x!Gc~x!#cr~x!, ~A1!

and consider the case where it has an overlap with spi1
2

states, such asO5. It can destroy one such state, according
the relation

^0uJr~0!upW ,r &5Zur
~r !~pW !. ~A2!

In Eqs.~26! and~27!, r andr are the spinorial and polariza-
tion indices, respectively, the antisymmetric sum over co
is understood, andG is a suitable combination of gamma an
charge conjugation matrices. Finally, the amplitudeZ is a
Lorentz scalar.
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In general, a smeared baryonic operator can be written

Jr
s~xW ,t !5 (

yW ,zW,wW
f ~ uyW2xW u! f ~ uzW2xW u! f ~ uwW 2xW u!

3@c~yW ,t !Gc~zW,t !#cr~wW ,t !. ~A3!

Because the smearing is performed only in the spatial dire
tions, Lorentz symmetry is lost and only spatial translation
rotations, parity, and time reversal survive. Therefore, t
overlap of the operatorJr

s(xW ,t) with the stateupW ,r & is given
by the more general expression

^0uJr
s~0!upW ,r &5@Z1~ upW u!u~r !~pW !1Z2~ upW u!g0u

~r !~pW !#r ,

~A4!

where the amplitudesZ1 andZ2 may depend on the magni-
tude of the three-momentum of the stateupW ,r &, in accord
with the restricted symmetries of the system.

Let us consider the case of an SS two-point correlator, f
large t:

Grs
ss ~ t,pW !5(

xW
^0uT@Jr

s~xW ,t !J̄s
s ~0W ,0!#u0&e2 ipW •xW

5(
uqW ,r

(
xW

m

E~pW !
^0uJr

s~0W ,0!uqW ,r &

3^qW ,r uJ̄s
s ~0W ,0!u0&e2 ipW •xWeiq

W
•xW

5(
r

me2E~pW !t

E~pW !
$@Z1~ upW u!1Z2~ upW u!g0#u

~r !~pW !ū~r !

3~pW !@Z1~ upW u!1Z2~ upW u!g0#%rs . ~A5!

This expression can be conveniently rewritten as

Grs
ss ~ t,pW !5Zs

2~ upW u!e2E~pW !tFE1m2a2~E2m!

4E
1

1
E1m1a2~E2m!

4E
g02

2a

4E
pW •gW G

rs

,

~A6!
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where Zs5Z11Z2, a5(Z12Z2)/(Z11Z2), and full Lor-
entz symmety is recovered whena51. Equation~31! exhib-
its the following features: the exponential falloff is not a
tered by the smearing. This was expected since a smea
function, which only extends in the spatial directions, pr
serves the form of the transfer matrix; it has the correct lim
l-
ring
e-
it

for a→1:Gss(pW ,t)}Gloc(pW ,t); the degeneracy among th
amplitudes of different spinorial components of the corre
tor is lifted; and all the terms proportional toa vanish for
pW→0W , so that the effect disappears at zero momentum.5

In the following, we will check this effect against th
numerical data. It is convenient to rewrite Eq.~31! in the
form
Gss~pW ,t !5
e2E~pW !t

2E
$mZm1g0EZE2pW •gWZp%, with 5

ZE5@E1m1a2~E2m!#
Zs
2

2E
,

Zm5@E1m2a2~E2m!#
Zs
2

2m
,

Zp5aZs
2 .

~A7!
e

e

t
t
d
e

le
We have found thatZE and Zm are compatible, as they
should be, considering that they differ by terms proportion
to pW 2/Em, which are very small for the values of moment
and masses in our simulation. Furthermore,Zp is signifi-
cantly different fromZE and ZM , which shows thata is
different from one.Zs anda are given by

Zs
25

EZE1mZm
E1m

~A8!

and

a5
Zp
Zs
2 .

The results of this exercise are presented in Table IX
the L baryon with momentum pW 5(2p/L,0,0) and
(2p/L,2p/L,0), for masses corresponding to the four valu
of kh andk l15k l250.14144. Using the estimated values o
Zs
2 anda, we have also recomputedZE andZm ~second row

5For this reason, this effect has no consequences for the res
presented in this paper.
al
a

for

es
f

of Table IX! and verified that they are compatible with the
fitted values. The numerical results are consistent with th
picture illustrated above, and the value ofa is significantly
different from 1, demonstrating that such an effect cannot b
neglected.

We conclude this appendix with a discussion of the SL
correlators, whose spin structure is again different from tha
of local correlators. This feature must be taken into accoun
in the analysis of three-point correlators when the inserte
current operator is local. Following the reasoning above, w
find

Gsl~ t,pW !5ZlZs~ upW u!e2E~pW !tHE1m2a~E2m!

4E
1

1
E1m1a~E2m!

4E
g0

2
~11g0!1a~12g0!

4E
pW •gW J . ~A9!

As above, it is possible to measureZsZl averagingZE and
Zm . By doing so, we have extractedZl for three different
values of the momentum, and the results are shown in Tab
X. The evidence thatZl is independent ofpW is a further
check of the validity of our interpretation.
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