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Heavy baryon spectroscopy from the lattice

K. C. Bowler, R. D. Kenway, O. Oliveira, D. G. Richards, and P. Uebetholz
Department of Physics and Astronomy, The University of Edinburgh, Edinburgh EH9 3JZ, Scotland

L. Lellouch, J. Nieves’ C. T. Sachrajdd,N. Stella, and H. Wittify
Physics Department, The University, Southampton SO17 1BJ, United Kingdom

(UKQCD Collaboration
(Received 5 February 1996

The results of an exploratory lattice study of heavy baryon spectroscopy are presented. We have computed
the full spectrum of the eight baryons containing a single heavy quark, ofva4Blattice at3=6.2, using an
O(a)-improved fermion action. We discuss the lattice baryon operators and give a method for isolating the
contributions of the spin doublet&(3*), (E',E*), and 2,Q*) to the correlation function of the relevant
operator. We compare our results with the available experimental data and find good agreement in both the
charm and thé-quark sectors, despite the long extrapolation in the heavy quark mass needed in the latter case.
We also predict the masses of several undiscovered baryons. We computepd®idoscalar meson and
3-A mass splittings. Our results, which have errors in the range 10—-30%, are in good agreement with the
experimental numbers. For tB& -3 mass splitting, we find results considerably smaller than the experimental
values for both the charm and theflavored baryons, although in the latter case the experimental results are
still preliminary. This is also the case for the lattice results for the hyperfine splitting for the heavy mesons.
[S0556-282(196)00117-9

PACS numbes): 14.20.Mr, 12.38.Gc, 12.39.Hg

I. INTRODUCTION dependent measurement of the Cabibbo-Kobayashi-
Maskawa(CKM) matrix elements/., andV,,.
The discovery of the\, baryon at the CERN* e~ col- The subject of spectroscopy has been widely discussed in

lider LEP[1] and the claims of indirect evidence fai, and  the literature, mainly using potential mod¢l, HQET [8],
E, semileptonic decayf2] have triggered an increased in- or a combination of the latter with chiral perturbation theory
terest in the spectroscopy and weak decays of heavy baryor{$]. Recently, there have been attempts to compute the mass
The interest in the spectroscopy, in particular, has been corof the A, (one heavy quark and two light quajk40] and of
siderably boosted after the announcement of the discovery dhe E,,;, (two heavy quarks and one light quadn the lattice
several spirg charm andb-flavored baryon$3,4]. [11]. In this paper, for the first time, the full spectrum of the
The properties of hadrons containing a heavy quark catowest-lying baryons containing one heavy quark is com-
be studied using lattice QCD calculations, which provideputed. In particular, we define operators suitable for the
nonperturbative, model-independent results. Experienceimulation of baryon spin doublets with total sgjnand 3,
gained through studies of heavy mesons has provided thguch as theX,X*), (E',E*), and ,Q*). The quality of
framework for an investigation of the phenomenology ofthe signal we have observed and the agreement of our esti-
heavy baryons. Furthermore, the study of the spectrum ahates with the available experimental data are good, thus
heavy baryons is a necessary precondition for the measurgiving us confidence in the reliability of our predictions.
ment of the weak matrix elements of semileptonic decays of The quark content and quantum numbers of the baryons
b-flavored baryons. The computed masses and matrix eleve have considered are summarized in Table I. On the lat-
ments can then be combined with an analysis carried out itices available at present, it is not possible to simulate di-
heavy quark effective theoHQET) [5,6] to extract an in- rectly the b quark, whose mass is larger than the cutoff.
Therefore, we have computed four heavy quark masses
around that of the charm quark and interpolatedtrapo-
*Present address: Department of Physics, University of Wuppedated the results to the charnb] quark, relying on the pre-

tal, Wuppertal D-42097, Germany dictions of HQET. The masses of the charm andjuark
TPermanent address: Centre de Physiqueéofihee, CNRS Lu-  were fixed from the masses of tlieand B mesons, respec-
miny, Case 907, F-13288 Marseille Cedex 9, France. tively. The results of the extrapolation in the heavy quark
*Permanent address: Departamento de Fisica Moderna, Univemass, could be checked carefully, given the relatively large
sidad de Granada, 18071, Spain. sample of masses available. On the other hand, we have only
SAddress from 1 Oct. 1995 to 1 Oct. 1996: Theory Division, used two different values of the light quark mass, thus lim-
CERN, 1211 Geneva 23, Switzerland. iting our ability to perform a detailed analysis of the chiral
IPresent address: DESY-IFH, Platanenallee 6, D-15738 Zeuthefehavior. Our results for the masses are given in Table I,
Germany. where the first set of errors is purely statistical and the sec-

0556-2821/96/5¢%)/361915)/$10.00 54 3619 © 1996 The American Physical Society



3620

K. C. BOWLERet al.

TABLE I. Summary of the quantum numbers of the eight baryons containing a single heavy kjuark.
sl’" are the isospin and the spin parity of the light degrees of freedonBafd are the strangeness and the

spin parity of the baryon.

Baryon S) JP ) s Quark content Operator
Acp (0) 3t (0) 0* (ud)c,b Os
Sco (0) it (1) 1* (uu)c,b 0,

&b (0) 3" (1) 1 (uu)c,b 0,
= (-1) 3t (3 0* (us)c,b Os
B (-1 2" (2) 1 (us)c,b o,
Elb (-1) 3 (2 1 (us)c,b o,
Qe (-2) it (0) 1" (s9)c,b 0,

&b (-2) 3 (0) 1t (s9c,b O,

ond set is an estimate of the systematic uncertainty in theimple quark model expectation is that the splittings are posi-
calibration of the lattice spacing. Our results are in goodtive, although some of the experimental data are still incon-
agreement with the experimental determinations, wherelusive. If this expectation is confirmed by experiment, we

available! We also present estimates for
A-pseudoscalar meson mass splittings. Our results are

the could be facing a situation similar to that of the hyperfine

splitting in heavy meson systems, where the splitting is un-
derestimated using both the standard Wilson action and the
Sheikholeslami-WohleitSW) action[14]. The meson hyper-

My —Mp My —Mg : AR o :
c :0_09@3 b :0_0333 (1) fine spllt_tmg is sensitive to_th_e chromomagr_letlc moment
My +Mp My, +Ms term which appears ab(a) in improved fermion actions
[15]. We plan to investigate the sensitivity of the baryon
to be compared with the experimental vafties hyperfine splitting by wusing the tadpole-improved
Sheikholeslami-Wohlert actiofi6].
My —Mp My — Mg This paper is organized as follows. In Sec. Il we discuss
— ¢ __~-01003) —>———=0.0335). (2) the baryonic operators which have been used in the present
My +Mp My, t Mg study and give details of the simulation. In Sec. lll we ex-
plain our analysis procedures for the extraction of the
Similarly, for theX-A splitting, we find masses. The measurement of the mass splittings is reported
Ms —M, Mzb— MAb TABLE Il. Heavy baryons considered in this project. Our re-
—¢  ©—-0.039 3 _ = 0.017f§ 3 sults are quoted with a statistical erfdéirst) and a systematic error
M2c+ MAc M2b+ MAb (second arising from the uncertainty in the calibration of the lattice
spacing. Where available, we report the experimental data.
which compare well with the experimental numbers
h= charm h= b quark
w =0.0351) w =0.0162) (4) Baryon Quark Expt. Latt. Expt. Latt.
My +My ' My +My, ' '
content | [MeV] [GeV] [MeV] (GeV]
The last number in Eq4), extracted from the data presented ) oo H4 43 . +5 +3
in Ref.[4], is still prel(?minary. P An o (udh ) 285(1) 220 D S641(30) 8641
We also make a first attempt to estimate the spin splitting i 7 45 o+ 44
of the doublets¥*,3), (E*,E’), and (0*,Q) by isolating S (wa)h | 2453(1) 246 5814(60) 577~ "
the contributions which the two particles give to the same v 44 b5 e
correlation function. We find small, negative splittings, =k (uu)h | 2530(7) 2.44 y s 3870(60) 5.78 L
which, in most cases, become compatible with zero after the vs s vs s
extrapolations because of the increased statistical errors. The =& (us)h | 2468(4) 241 "~ 576 7
=, (us)h | 2860° 257 T°*C 5.90 F°
The experimental evidence for the. baryon is based on a col- e -
lection of 11 events, and no estimate of the statistical error is given, | =i (us)h | 2643(2) 235 0 590 7
see Ref.[12]. We note that the physicgE| and =, states are T e
mixtures of the states which we measure here, where the light-quark| €, (ss)h | 2704(20) 2.68 e s 509 F2F°
system has definite spin. It has been argued that such miti8ig w4 oe W
becomes negligible in the heavy-quark lirf®,9]. See the conclu- Q (s8)h 266 *°*° 600 T F°
sions for further comments. -3 T A

2Errors on the experimental data are added in quadrature.

#For the error on th&E. mass, see footnote 1.
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in Sec. IV. Our results and the comparison with the physicaFor large time separations, using antiperiodic boundary con-
values are reported in Sec. V. Finally, we present our conélitions in the time direction, this becomes, in the continuum

clusions. limit,
- z? ~
Il. PARTICLES AND OPERATORS Gs(p,t)— E{e—Et(M +p) _e—E(T—t)(M _ Ié)}
There are eight lowest-lying baryons containing one 72
heavy and two light quark&p, down, or strange The quan- + 2 e Erpl(Mpp—d) — e Epp(T~D
tum numbers of the charm artdflavored baryons are listed 2Epp
in Table I, and their physical massesee Refs[3,4,17,18), ~
are given in Table Il. In the context of HQET at lowest order, X(4+Mpp)}, @)

it is possible to identify the spin-parity quantum numbers of .

the heavy-quark and of the light-quark system, within eactwhere p“=(E,p) is the four-momentum of the baryon
baryon. Furthermore, heavy baryons with common light deandp“=(E,—p). In Eq.(7), we have included the contribu-
grees of freedom exhibit common features; they are expecteibn of the parity partne(PP baryon, with four-momentum
to be degenerate in mass, and to obey selection rules in wegt¢— (g, p) andG*=(Epp,—p). This particle contributes

decays. For example, the hyperfine mass splittings in thg, the correlation function because it has a nonzero overlap
doublets £*,%), (£*,E"), and (1*,()) are expected to be  yjith the operatorOs given in Eq.(5). At zero momentum,
O(1/my), wheremy, is the mass of the heavy quark, and thewe choose an appropriate combination of spinorial indices
weak semileptonic decay\p—X is suppressed since it sych that the baryon, but not the parity partner, propagates
could only take place if the light-quark system changedforward in time. We find that the amplitude of the parity

quantum numbers. partner Z3,) propagating backward in time is much smaller
than that of the forward-propagating barydtf), and, in the
A. Operators for heavy baryons following, we will neglect the contribution of the parity part-

The spectrum of the heavy baryons in Table | can bd'€rs-

computed on the lattice by using three interpolating opera- The case of the operatd?, IS more involved th_an that of
Os since it transforms reducibly under the parity-extended

tors Lorentz group. It is the tensor product of a four-vector and a
O5= €ap177Cysl"P)NC, 0, = €2p127Cy,I")N°, Dirac spinor and thus transforms as Y& (2,1)®(3,0)
@®(0,3) [in SU(2)® SU(2) notatior. It can annihilate/create
0, = €and1*7C,.| ")he, ) particles of spin-parit ¥ and3* as well as these particles’

o ) ) parity partners. With the two-point function for the operator
wherea,b,c are color indicese,p. is the totally antisymmet- 0, defined as

ric Levi-Civita tensor,C is the charge conjugation matrix,

[,I" are light quark fields, anH is the heavy-quark field. The . e L

(implicit) spinorial index of the three operators is ttim- G, (p.)=2 e PX0,(X,)0,(0,0), (8)
plicit) uncontracted Dirac index carried by the heavy-quark x
field. By employing the operators in E@5), one creates ' : . -

physical states whose heavy-quark and light-quarks systerﬁ(ge. find, In the pontlnuum limit, f_o_r Iarge _values ofand
have definite quantum numbers, corresponding to the HQEJTISIng antiperiodic boundary conditions in time,

description at lowest order. 22

The operators in Eq5) differ from those used tradition- G (Bt)—o P o Eaat +M pa3/2
ally for the light baryons because of the different flavor w(P) 2E3p, (Parzt M) (P75 0P
quantum numbers. For example, in the case ofAh&vhich o Eudt
contains three valence quarks, the total spin quantum num- Xf{zi(pl/ﬁ' M 1/2)(Pi/12)#u(l31/2)
ber is guaranteed by the antisymmetry of the wave function. 12

This is no longer true for baryons containing quarks with

2 B 1/2 _
different flavors, and the projection procedure illustrated be- Z5(P112= M 112 (P33) u(P172) = Z1Zo(Pas2

low if neceisary'in order to identify the contribution of both + M) (P12 P12+ ZoZ1 (Pria— M)
spin; and 5 particles. e
The operatorOs corresponds t@'=0" spin parity for X(P21) uu(P12)}

the light degrees of freedom and a total spin parity for the

baryonJP=1/2". The total isospin of the light degrees of

freedom isl =0 if |=u and|’=d, andl=3 if one of the

+parity partners antiparticles, 9

where p§‘=(EJ,5) and where parity partner contributions

light quarks is the strange quark. o are obtained from the original particle contributions with the
Consider the two-point correlation functid®s: replacementM ;— —Mpp ; While antiparticle contributions
are obtained from the original particle and parity partner con-
Gs(p.t)=> e P Os(x,1)O5(0,0). ()  tributions with the replacemenM——M, p——p, and
X t—T—t in the exponent. For any given momentyn, the
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guantities P3’2),”(p) and (Pﬁ’ «(P),1,j=1,2, are the spin  backward-propagating parity partners are naturally smaller
projection operators of Ref20] and are given by because the time intervals over which they propagate are
much longer for most values ofthat we consider in analyz-
ing ij(ﬁ,t). Furthermore, both contributions are again em-
pirically found to be suppressed by the fact that the overlaps
of the parity partner states with the operat¥t are orders of
1 1 magnitude smaller and their masses slightly larger than those
Fpﬂpﬁ 3_[)2(pyupv+ PuYvP), of the original particles.
When space-time is approximated by a hypercubic lattice,
o 1 full Euclidean G4) symmetry is reduced to symmetry under
(P22) u(P)= FPMPW the hypercubic group. This reduction means that most irre-
ducible representations of(@ and its covering group be-
come reducible on the lattice. Fortunately, the representa-

1
(P12 (p)= ﬁ(p#py—;é«y#py), tions which concern us here, 41, (3,1), (3,0), and (03),
3p because of their low dimensionality, remain irreducible on
the lattice[35,36,37. Furthermore, when restricted to the

P3/2 — _1 _ 1 +
( )/.w(p) g/.w 3 YuYv W(p'}//xpv pﬂ’}/vb)!

(P1D) (P =3 ¥, 7~

1 diagonal cubic subgrouf.e., the lattice analogue of the ro-
(PY2),(P) = —=— (PP, ¥, —P,.P.). 1o %9 group alog |
\/§p tation subgroup (1,5)®(3,1) decomposes into the reducible
: tati 3 while (3,0)®(0,3) red to}, wh
They are orthonormal and idempotent: rlepresin atior; & 3 while (3 )@(. 2) reduces %, where
5 and 5 are themselves reductions to the cubic group of
(PLY (PP = 5|35jk(PiJ| v (12) continuum spins and spin3 representations. Thus, the
mp H space-time transformation properties of the operafgyand
wherel,J take on values or 2. They satisfy O, on the lattice are analogous to what they are in the con-
tinuum. Moreover, using the results of R¢85], one can
y.(P¥)4=0, p,(P¥)r'=0=(P¥)rp,, show that the cubic representatichsand 2 mix only with

the continuum spins
p.(P1A#r=0=(P¥)rp, forij=12 (12
1 357
and have the useful properties (—) :E’E’E’ ... (18
p(PIA# == (P2 rp+for i=j,—for i#],
Therefore, if one isolates correctly the cuBiand 3 contri-
p(P¥2)Lr=(P¥2)rrp. (13 butions toG,,,(p.t), one isolates unambiguously the contri-

. . butions of the continuum spif-and spin3 states in the large
The properties of Eqs12) and(13) guarantee that the Spin- e jimit (assuming, of course, that higher spin states are
5 contribution satisfies the appropriate Rarita-Schwinger

) ! T _ more massive It should be emphasized that this isolation of
equationg21,22 and that the spir-contributions satisfy the e cupic representations must be done carefully because it is
appropriate Dirac equations. The diagonal projectors are fu

, o, Aot known,a priori, which of the spin} or the spinj states
thermore complete: is more massive. Fortunately, at zero momentum the con-
9= (P%9) 1,(P) + (P1D) 1u(P) + (P2 u(P).  (14)

tinuum rest frame projectors given in Ed.5) are sufficient
because they implement the Clebsch-Gordan decomposition
To extract the masses of the spin-paty and 2* par-  ©f f[hg product repres_e_ntation_spir@lsp_in-% into spin+ and
ticles, one needs only to compute the correlat®ysat rest.  SPinz, @ decomposition which survives the reduction of
In this case, the projecto®? and Pﬂz simplify to _SU(2) to the doqble—valued cgblc spbgroup because irreduc-
ible representations of SB) with spin less than or equal to

(P¥)ii=gii—1 4140 jj=123, 2 are irreducible when reduced to that subgroup. It should
further be noted that properties of operators and states under
(p%/lZ)ij =1y, (15) parity tranformations are unaffected by the discretization of
space-time.
and only act on the spatial components @f,(0,t), i.e., A similar discussion applies to the operatdf, In fact,

w,v=1,2,3. Since the components corresponding to théhe structure of the corresponding correlator in terms of

other projection operators do not contribute to the spatiafuark propagators is the same as thaOgf; the only effect
componentsG--(G t), it is clear from the properties d#3/2 of the additional Wick contraction in th@, correlator is to
i AV X

and P given in Eqs(11) and(13) that theZ " contribution change the overall normalization. . .
, idering??)1G (0.t 4 thelt Thus, we have shown in the present section how to isolate
can be isolated by considerin@? i(0,1), and the; the contributions of different physical baryon states to the

contribution by consideringR}’f)”.ij(G,t). The contribu-  two-point functions of Eqgs(7) and (9). In the following
tions Qf forwgrd-propaga}t|ng parity pqrtngrs are suppres?eéections we shall use these procedures to determine the
by taking suitable combinations of spinorial indices as dis-heavy-light baryon spectrum. To improve the overlap of the

cussed after Eq(7) for the case 01’(35(6,t). Those of the interpolating operatorDs, O,, and O;L with the corre-
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sponding physical baryon states, we smear these operatorslaght-quark masses. The masses of the light pseudoscalar me-
described in the Appendix. Though this smearing furtherson which are needed for this study, were obtained in Ref.
complicates the isolation of various physical baryon statd25]. Results extrapolated to the chiral linfitorresponding
contributions for nonzero two-point function momentyn  to a hopping parameter,=0.143153) and to the mass of
(please refer to the Appendix for detajlshe baryon spec- the strange quarkiz=0.14197) are also tabulated there.
trum that we obtain here only requires an analysis of zero- The heavy-quark propagators have been computed for
momentum, smeared two-point functions to which the disfour values of the heavy-quark mass around that of the charm

cussion of the present section applies unchanged. guark, corresponding te,= 0.133, 0.129, 0.125, and 0.121.
The masses of the heavy-light pseudoscalar mesons can be
B. Details of the simulation found in Ref.[34].

In order to enhance the signal for the baryon correlation
functions, the light- and heavy-quark propagators have been
computed using the Jacobi smearing met@@)] either at
the source onlySL) or at both the source and the sif&S.

ince smearing is not a Lorentz-invariant operation, it might
alter some of the transformation properties of nonscalar ob-
servables. We have found that such an effect is evident in the
p baryonic correlators at nonzero momentum, and we present
SW=8l—i= 2 AX)F,,(X)a,,4(x), (17)  the results of a study of these effects in the Appendix. This
25y issue, which does not affect the spectrum, represents an im-
rPortant new effect which is crucial in the extraction of the
amplitudez, and, therefore, in the measurement of the weak
matrix elements entering the semileptonic decays of the

Our calculation is performed on 60 $) gauge field
configurations generated on a®2448 lattice at3=6.2, us-
ing the hybrid overrelaxed algorithm described in Ré8].
The quark propagators were computed using th
O(a)-improved Sheikholeslami-Wohlert action, which is re-
lated to the standard Wilson fermion action via

wherek is the hopping parameter. The use of the SW actio
reduces discretization errors fro®(ma) to O(asma)
[23,24], which is of particular importance in our study of
heavy baryons, where the bare heavy-quark masses are typt®"
cally around one third to two thirds of the inverse lattice
spacing. Ill. ANALYSIS DETAILS

The gauge field configurations and light-quark propaga-
tors were generated on the 64-node i860 Meiko Computing
Surface at the University of Edinburgh. The heavy-quark R R .
propagators were computed using the 256-node Cray T3D,  [Gs(0,1)]11=[G5(0,t)]2o= —[G5(0, T—1) ]33
also at Edinburgh. -

Statistical errors are calculated according to the bootstrap =—[Gs(0,T=)]as. (19
procedure described i19], for which the quoted errors on _ _ )
all quantities correspond to 68% confidence limits of theTherefore, we define tha correlation function &
distribution obtained from 1000 bootstrap samples. ) ) R

In order to convert our values for baryon masses and mass G, (t) = {[Gs5(0,t)]11+[Gs5(0,t)],o—[Gs5(0, T—t) ]33
splittings into physical units we need an estimate of the in- .
verse lattice spacing in GeV. In this study we take —[Gs(0, T—1)]4q

It follows from Eq. (7) that, fort>0,

a 1=2.9+0.2 GeV, (18) =Z3e M, (20)

thus deviating slightly from some of our earlier papers,gimjlarly, for theS andS*, we define the correlation func-
where we quoted 2.7 GeV as the central vallli®,25,34.  jons by taking suitable combinations of the equivalent com-

The error in Eﬁql.(18) is large enough to encompass all our yonents; after projection with the operators given in @).
estimates foa™* from quantities such as,, f,, my, the

string tensionyK, and the hadronic scalR, discussed in
[27]. This change is partly motivated by a recent study using
newly generated UKQCD daf@8]; using the quantityR, In Fig. 1 we show effective mass plots of the and 3
we founda*1=2.9izl GeV. Also, the nonperturbative de- baryons, in both the SL and SS cases. We compute the ef-
termination of the renormalization constant of the axial cur-fective masses assuming that the correlators’ time evolution
rent yielded a value of ,=1.05(1)[29] which is larger by is given by an exponential:
about 8% than the perturbative value which we used previ-
ously. Thus, the scale estimated frémdecreases to around M q(t)=In
3.1 GeV which enables us to reduce significantly the upper eff
uncertainty on our final value af~* [GeV].

Light-quark propagators were computed for quark masses
around the strange quark mass, corresponding to hopping®A is a conventional name, by which we mean the baryon whose
parametersc= 0.14144 and 0.14226. Because each heavyight quarks are in & =0" state. Depending on the flavor of the
baryon contains two light quarks, we can form three baryonatter, this baryon is either the physica(ud) or the E(us) with
correlators for each heavy quark mass, of which two havepin 0 for the light quarks. A similar convention is used ¥rand
degenerate light-quark masses and one has nondegenerate

A. The effective masses

Gy (1)

Gy s(t+1))° @)
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This is justified since we have checked that the contributioqzrgexm %ht:eog]rétij ”s]i(a?: d the source one enhances the over-

of the parity partners propagating backward in time is com- "5) The masses obtained from fits to the SL and SS corr-

pletely negligible. _ elators agree arourtg,;,=17.
The effective mass is smoother for SL than for SS corr-  (3) As a general feature, we observe that the statistical
elators, because the former are more correlated in time. Terrors increase with decreasing light-quark mass. This effect

establish a fitting range, we fitted the correlators to a singlés more pronounced for SL than for SS correlators.
exponential in the rangl nin,tmax]» Wheret ., was fixed at
21 for SS and 23 for SL correlators, amg;,, was varied

heavy kappas were obtained by minimizing jffecomputed
using the full covariance matrix.

As an example, we show in Fig. 2 the results of this
analysis for both theA and the3, with «,=0.129 and

Kk11= K1,=0.14144, for both SS and SL correlators. The be-

havior of the correlator for th&* baryon is similar, and the

sidered in this study.

By considering they?/Npg of the fits, as well as the sta-

bility of the results under variation df.,;,, we make the

following observations.

are stable and thg?/Npg are acceptable fdy,;,=11. For the

The conclusion is that there is a good agreement between

SS and SL data, even if, in the latter cases, the plateaux are
between 8 and 19. The fits at fixed values of the light ancshorter and the errors slightly larger. Thus, we quote the

results obtained by fitting SS correlatorstia[ 12,21], using
those obtained with SL correlators as a consistency check.

1.

B. Mass extrapolations

We obtain the masses of the eight charm aritavored
baryons by extrapolating first in the light-quark masses and

) then in the heavy-quark mass.
features described below are common to all the masses con-

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 degen-

erate(i.e., k1= k»=0.14144, or 0.14226) and nondegener-
(1) The masses obtained from the fits to the SS correlatorate (i.e., «;;=0.14144 andk,,=0.14226) light-quark corre-

lation functions. We assume that, in the chiral regime,

SL correlators, the y?/Npr are acceptable only for Myparyon depends linearly on the sum of the two light-quark
tmin=16. This behavior supports the hypothesis that bymasses, that is,

|
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L T e I .
©,=0.121 L
— / 1 T £p=0.121
= ol 0L 1 =t /VM ] FIG. 3. The chiral behavior of
L 0129 ] g | w012 the A and 3 masses. The boxes
§ / ] §"°,_ 60129 ] denote data at our three light-
£ ool £,=0.133 7] E §/5/¥é/m 1 quark masses; the crosses denote
DE ] &L P01 the extrapolation of our results to
- 1 08— - the chiral limit and the strange-
ool L v v o L] bl quark mass.
0.00 0.05 0.10 0.00 0.05 0.10
(1/k o = L/K o) (t/6 oy = 1/6 o)
1 1 1 MeV)?, depending on the particular baryon and on the flavor
M baryor €h s K11, K12) = Mparyor kn) +C _2K|1+_2K|2__K - of the light degrees of freedom. Of course, t©¢1/m;)
cri

corrections play an important role in the case of the mass

splittings (see Sec. IV, while they contribute much less to
P a) (22 the value of each mass. As a further confirmation of this, we

have also seA to zero and verified that the results of the
With ko= (kj;*+ k1,)/2. This is supported by our data for extrapolation are essentially indistinguishable from those

the masses in tha and3 channels, as shown in Fig. 3, and presented in Table Il aIthough.tI)é are significantly higher.

by previous studies of light meson mas$es,26. In the  Finally, we have used a function of the kind

A channel, extrapolating te,;= «|>= k¢it, gives the mass

of the A, while extrapolatings,; to k¢ and interpolating Mpayof Mp)=C+A'(Mp—M)y), (24)

K| t0 kg gives the mass of th&,,. Similarly, from theX,

channel we extract the masses of thg, the £/ and the Where a different slope iMp is allowed, and we have ob-

Q. tainedA’ compatible with 1 in most cases. All of this con-
The results of this analysis, obtained from SS correlatiorfirms that heavy-quark symmetry is very well satisfied here.

functions, are summarized in Table Ill. By performing the Moreover, the insensitivity of the results to different model-

same type of analysis on the SL correlators, we obtained

essentially indistinguishable results. We note that the differ- TABLE lll. Masses of theA, X andX* in lattice units obtained

ence in the statistical errors of the SS and SL masses, alrealy fitting the SS correlators ite[12,21. Also shown are the cor-

present in the fits at fixed, is amplified by the extrapolation regpondmg masses after extrapolation in the light-quark masses,

to the chiral limit. This confirms our earlier conclusion that Using EQ-(22).

=M baryor(Kh) +C

by using SS data one obtains more precise results. e
x kp = 0.121 &, =0.125 5, =0.129 rs = 0.133
2. Heavy quark extrapolation 0.14144/0.14144 | 1.138 3 1.040 *2 0939 * 3 0829 * ¢

0.14144/0.14226 | 1.108 '3 1.011 ¥} 0908 '} 0.798 '}
0.14226/0.14226 | 1.077 *1 0979 *'2 0875 *2  0.764 T'Z

2
13
-9

The physical masses of the charmed &rftavored bary-
ons are obtained by extrapolating the four sets of data, com _
puted at«,=0.133,0.129,0.125, and 0.121. In performing |Stranse/stzange | 1101 25 1002 25 0899 = 0786 =,
these extrapolations, we have been guided by the HQET an¢/Straage/chiral | 1.056 2’3 0.050 %7 0853 Z%5 0740 T

have expressed the dependence of the baryon masghiral/chiral | 1011 N 0913 Bp 0807 5§ 0693 T
. : 5 2 R

MpayodMp) 0N the heavy-light pseudoscalar meson mass Xor 0.05 = 9'3 0.2 09

Mp, through the following function &1 kh=0.121 x5 =0.125 &, =0.129 s = 0.133

0.14144/0.14144 | 1.176 T2 1.078 2 0977 ¥ 0.869 'y
0.14144/0.14226 | 1.150 T'3  1.053 *'¥  0.950 7 0.842 18
0.14226/0.14226 | 1.126 73 1.030 *5  0.927 *'3 0818 %
Strange/strange | 1141 T13 1043 *18 0941 *1% 0833 *}}
where the two constans andA are the parameters of the | Strange/chiral | 1.108 ¥3  1.010 {7 0908 £}3 0801 *3
fit. The masses of the charm aheflavored baryons are ob-  jChiral/chiral 1.067 T3 0965 3 0862 ¥ 0.753 i
tained forMp=Mp or Mp=Mg, respectively. In Table II X 03 i, 0.1 1.0 0.7

we report the results, corresponding to the SS case, in physir TS0 R 0135 =019 =013
cal units. The numbers corresponding to the charm andig arag/01a152 | 1.170 72 1072 72 0.969 *2  0.360 *12

. - 7 7 - 6
b-quark masses have been obtained assunaing=2.9 0.14144/0.14226 | 1145 ¥ 1047+ 0944 ¥ 0834 PV
GeV. The quoted systematic error arises solely from the un-i g 14006/0.14226 | 1.121 *5  1.023 ¥ 0920 ¥'¢  0.809 1

. . . . 9 9 -8
certainty in the scale and has been estimated by letting T
vary by one standard deviation about its central value. Strange/chiral | 1.104 *1¥  1.005 ¥ 0902 ¥ 0.701 ¥

i X . - Chiral/chiral 1061 T3 0960 *Z 0856 T} 0.743 th
the 1M, corrections, is of the expected size, i.e. & 0d 07 G 03
A=O(A(23CD), ranging from about(350 MeW)? to (540

A
Mbaryor{MP):MP'l'C‘l'M_P. (23

Strange/strange | 1.136 ﬂg 1.038 ‘_‘}8 0.934 flg 0.823 flg
In these fits, the coefficier, which quantifies the size of
-13
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S| i Mass [Gev) FIG. 4. Extrapolation of the
A and X baryon masses. In the

i
‘L Mass [GeV] :
; 1 figures both the linear extrapola-
(
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tion and that obtained taking into
accountO(1/Mp) correction are
shown. The diamonds and crosses

SS, scale 2.9 GeV
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i UM —1/Mp ] correspond to the extrapolations to
E ? correction: . correction;
2r : — 2 : L the charm mass artstquark mass,
S T N B R NI R R respectively.
1 2 3 4 5 6 1 2 3 4 5 6
Mp [GeV] Mp [GeV]

ing functions gives us confidence, not only in the interpola-by determining the difference of the masses from the time
tion to the charm mass, but also in the long extrapolation t@volution of the ratio of the\ and the pseudoscalar meson
the b-quark mass. We stress, once more, the total agreemesbrrelators’, as opposed to obtaining it by subtracting the two
between SS and SL results, both for the final numbers anghasses determined separately. One reason is that the statis-
for the features of the extrapolations. Two examples of thejcal errors associated with our measurement of Ahenass
extrapolation to the heavy scale, corresponding tottend  are much larger than those of the pseudoscalar, and would

the X, are shown in Fig. 4. dominate the final uncertainty on the splitting in any proce-
dure. Moreover, when the pseudoscalar correlators were
IV. CALCULATION OF MASS SPLITTINGS computed, only the heavy-quark propagators were smeared.

Once the value ok, is fixed to correspond to the physical Here, the light-quark propagators are also smeargd, and, con-
sequently, the pseudoscalar and baryon correlation functions

quark mass by matchingp to' e!ther the D- or the suffer from different statistical fluctuations. Therefore, we
B-meson mass, no large uncertainties are expected to occlr

in the measurement of other charm biflavored hadron measure the splitting by taking the difference of the baryon

i . mass, obtained as described in the previous section, and the
masses, which are largely determined by that of the heav%eson mass, fitted in the range[12,21], as in Ref.[34].

qguark. On the other hand, splittings in the masses arise fro :
the dynamics of the light quarks and their interactions Withr?:?e results, for all the kappa values, are reported in Table

the heavy quark. Their study provides a test of HQET as wel We perform a chiral extrapolation of the mass differences

as important information on the size of various systematic P P .

effects. at each heavy yalue. Although we have simulated only two
The mass splittings are small quantities in comparison tc\)/alues of the Ilght-ququ mass, we have computed baryon

the baryon masses themselves. Thus, they are affected Borrelators corr.esp_ondlng to two degenerate and one nonde-

relatively larger statistical errors, as well as being more sen® nerate case; this Iast_set of data, however, cannot be

sitive to the fitting and extrapolation procedures adoptedrnatCth with the mesonic data and cannot be used in the

Therefore, a particularly careful analysis is required. OnceCh'ral extrapolation. Hence, the chiral extrapolation is mod-

more, we will quote results obtained by fitting SS correla-eled by a linear function of the two degenerate light-quark

tors; the SL correlators give consistent results, although thgggii‘eB:\}%ggéere;uI(t)srtz)dr FEAR;%?‘%?I'Eﬁfmseesir?eﬁsmy
statistical errors are appreciably larger. P x

this procedure.
o We performed the extrapolation to the physical pseudo-
A. A-pseudoscalar meson mass splitting scalar meson masses following two different procedures, in

The A-pseudoscalar meson mass splitting is very preorder to have a consistency che@lee Fig. 6.

cisely measured experimentally, especially in the charm sec- (A) The splittings are first extrapolated in the inverse

tor. Therefore, as we use the pseudoscalar mass to fix tHeavy-quark mass, according to the formula

value of the heavy quark, the agreement of the lattice value C

of M,-Mp with experiment reflects the extent to which our [My—Mp](kp)=A+ +—p ,

calculation properly incorporates the dynamics of the light Mp(kp)  Mp(kp)

degrees of freedom. The amount of computational effort de-

voted to this calculation, both with sta{i81—-33 and propa-

gating Wilson fermiong11] is testimony to its importance. keeping the light-quark mass fixed. The linear and quadratic

We summarize the results obtained so[f32,33 and com-  extrapolations produce indistinguishable numbers. Then, the

pare them with the numbers from this study in Fig. 5. two values of this splitting corresponding to the two degen-
For the analysis of this splitting, we need the correlation

function of the pseudoscalar meson, which was determined—

in an earlier simulatiof34] using the same heavy quarks as “Since the behavior of the baryon and meson time slice correlators

this study, but with one additional light quark, correspondingis different close to the center of the lattice, the ratio method is only

to x,=0.14262. We find that there is very little to be gainedsafe if one excludes the last few time slices from the fitting range.
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FIG. 5. M ,-Mp splitting: comparison of the values obtained by
different groups and using different fermion actions. The estimates

are also compared with the experimental numbers. FIG. 6. M ,-Mp splitting as obtained adopting the two proce-

dures A and B. The solid lines correspond to the linear extrapola-
. . . . tion in the inverse pseudoscalar mass and the dotted line is the same
erate light-quark configurations are extrapolated to the Chlraéxtrapolation modeled with a quadratic dependence. In the plot, the

limit for each heavy-quark mass. . . light « values are also indicated. The results, which are consistent
(B) We employ the reverse procedure in which the masseqween both methods, are compared with the experimental values.

splittings are first extrapolated to the chiral limit, keeping theThe vertical dotted lines indicateM/, and 1Mg.

heavy-quark mass fixed. The results from the subsequent lin-

ear and quadratic extrapolations in the heavy-quark mass a

. ; fie masses of the two baryons must be very similar and
once again compatible.

. nearly cancel out in the difference. This feature makes it
We conclude that the behavior of the-pseudoscalar particularly simple to perform the extrapolation to the physi-

s_,phttlng is well represente_d by a linear function of both thecal masses, as the fits to linear and quadratic functions of the
light-quark mass and the inverse heavy-quark mass. The r%-

sults in phvsical units that we quote in Table V are obtained™V€"S€ pseudoscalar meson mass are essentially indistin-
pny . q uishable. This is clearly visible in Fig. 7. We note that our
under this assumption.

results, presented in Table VII, compare very well with those
of the experiment.
B. 3-A mass splitting

We have obtained th&-A mass splitting for various C. Spin splitting

combinations, both by taking the difference of the fitted |n the HQET, the mass difference within the spin doublets
masses and by fitting the time evolution of the ratidodnd (3 s*), (E’,E*), and (1,Q*) is because of the coupling

A correlators. The numbers obtained with the two methodgyf the Chron:,gmagnetic moment of the heavy quark to the
are in good agreement, but the second procedure yields apght degrees of freedom. It is, therefore, suppressed by in-

preciably smaller errors and is smoother in the chiral limit,yerse powers of the heavy-quark mass and vanishes in the
proving that it is particularly appropriate when one comparesnfinite mass limit.

two correlators with a similar structure. The results at each Because the splitting is such a small effect, it is difficult to

value of the computed masses and after the chiral extrapolgneasure from our data using either the ratio of the correlators
tion are given in Table VI. or the difference of the fitted masses. In Figur@) 8we

The dependence of the splitting on the heavy-quark masgresent the effective mass plot for the ratios of e and
is extremely weak, suggesting that theml/corrections to

TABLE V. Results for the A-pseudoscalar splitting, at the
physical masses, correspondingafo'=2.9 GeV. The two methods
illustrated in the text produce essentially identical results, in excel-
lent agreement with the experimental number, given in the last col-

TABLE IV. A-pseudoscalar meson mass splitting, in lattice
units, obtained from the difference of the fitted masses.

ki /K g =0.121 | &5 = 0.125 | &, = 0.129 | x, = 0.133 umn.
7 +8 +8 +8
0.14144/0.14144 | 0.212 0.216 0.222 0.229
/ -8 -6 - -4 Procedure A [MeV] | Procedure B [MeV]} Expt. {MeV]
0.14226/0.14226 | 0.173 “Z 0.178 “: 0.182 *“: 0.189 “Z Charm w06 M 08 415(1)
—1 - - - -29 -31

0138 ™ o140 T |o145 M b quark 354 ¥ 359 *° 362(50)

=15 -12 -1 -10 —46 -45

Chiral/chiral 0.131
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TABLE VI. Estimates ofMs-M, in lattice units, for various kappa combinations, obtained
with the ratio method. The extrapolations are linear, as they were for the masses themselves.

VLT Ky = 0.121 Ky = 0.125 Ky = 0.129 Ky = 0.1323
+ 6 +7 + 7 + 6
0.14144/0.14144 | (0.37 yx 10”1 | (0.36 yx 10”7t | (0.37 yx 1071 | (0.37 yx 1071
- 4 - 4 - 4 - 4
+ 7 + 8 + 8 + 8
0.14144/0.14226 | (D.44 yx 10=1 | (0.44 )x 10~ | (0.42 yx 10~% | (0.44 yx 10!
- 8 - 7 -7 -6
+12 +12 +10 +11
0.14226/0.14226 | {0.50 )x 10~1 | (0.49 )x 10~ | (0.52 )x 10- | {0.51 yx 1071
-11 -10 -11 - 8
+15 +17 +13 +14
Chiral/strange (0.3¢ yx 10~ | (0.50 yx 10~1 | (0.59 yx 10™Y | (0.37 yx 10=!
-15 -13 -15 -10
+17 +18 +17 +17
Chiral/strange (0.63 yx 10=1 | (0.65 yx 10”1 | (0.67 yx 10~ | (0.68 yx 10”1
-18 -18 -17 -14
3, correlation functiongfor a heavy quark withx,,=0.129 A
and for light quarks withe, = «j,=0.14144). It can be seen [Ms« —Ms](kp)= + = : (29
gntq 1= K12 ) Mp(kn)  Mp(kp)

that the signal is very poor. For this reason we use the dif-
ference of the masses obtained by fitting e and>, cor-  The splitting has been constrained to vanish in the infinite
relation functions separately as our best estimate for thbeavy-quark mass limit, as predicted by the HQET. The two
splitting (this method also leads to a smoother behavior withextrapolations obtained either by including the quadratic
the mass of the light quarksin Fig. 8a) we also plot the term or by settingB=0 gave essentially indistinguishable
splitting obtained in this way. results, as can be seen from Figh)8 and goody?. We also

We present our measurements of the splittings for eackhecked the consistency of our data with the predicted be-
«x combination in Table VIIl and the extrapolated values athavior, by adding a constant to the functi¢2d), i.e., by
the physical masses in Table VII. They are negative within@llowing the spin splitting to have a nonzero intercept at
two standard deviations at fixed light-quark mass, but being/Mp=0. We find that the values of the intercept are always
affected by large statistical errors, become compatible wittfompatible with zero, being of the order30 MeV, with
zero in the chiral limit. We obtain the splittings at the physi- €rrors of about one hundred.

cal masses, extrapolating in the inverse heavy-quark mass, Once more, the results were perfectly consistent. The val-
according to the function ues presented in Table VII correspond to E85) with

B=0 since this parametrization fits the lattice data very well
and makes full use of heavy-quark scaling relations.

04— et TABLE VII. Baryon-pseudoscalar meson and baryon-baryon
- !1 ! ! 1 . mass splittings in MeV. The available experimental data are also
[ | My — M, [GeV] | 1 shown, together with the corresponding references. The experimen-
i ! ! | tal errors on the .~ 2. andE?% — & splittings are not published.
0.3 — ‘I__ | —
:linear | | : h= charm h= b quark
| quadr.. — - - T | i
8 I —[ H I 4 Expt. Latt. Expt. Latt.
0.2 . — - em
i :’[ I u l 1 Aw—P 18] 417(1) 408 T T\ ns) 362(30) 359 T
[~ T -31 =33 —-45 =26
i : ! 1 Sh—As 18] 1602) 190 T TP @) 173(11) 190 TP
0.1— | | - —43 13 -5 ~13
| | il 3
L ‘ I = - | 12 92 166 +40 +12 157 +32 411
r ‘ I 1 -3 -13 ~64 -11
L ‘ ’l 1 1 | Il 1 ll 1 | 1 I_
0.0 b T S L T - —~+12+3 . _ + 4 +1
0.0 0.2 0.4 0.6 TS| 9] TTE) T —a1 -2 ] 56016) 6 -1 -1
1/Mp  [GeV]™!
- ln2 sz -0 T A
-24 -3 -8 -1
FIG. 7. Ms-M, as a function of WM. The linear and the 6 43 2 41
quadratic extrapolations are shown. The vertical dotted lines indi-|| % = =B, -
cate 1My and 1Mg, respectively.
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We note that our value for thE} -3, splitting is incon-  ferent extrapolation procedures and to perform consistency
sistent with experiment, and in most cases our measured vathecks. On the other hand, we only have a limited sample of
ues are consistent with zero. This feature resembles the welight-quark masses. Although the light extrapolations were
known puzzle of the spin splitting in the mesonic se¢fef], always smooth and reasonable, the chiral behavior should be
whose resolution is believed to lie in a combination of dis-confirmed by using a larger number of light-quark masses.
cretization and quenching effects, as argued in Rg]. In We present the mass splittings of Sec. IV in Table VII. In
light of this, and also considering the very large statistical"0S€ cases where comparison with experiment is possible,

errors, a firm conclusion about the consistency of our resulty’® also compute the ratios of the splitting to th‘? sum of the
with heavy-quark scaling laws cannot be drawn. masses, to eliminate most of the uncertainty in the scale.

These results were presented in the Introduction, see Egs.
(1)—(4). The residual systematic uncertainty, which is always
smaller than the statistical error, was not quoted.

In this section, we present a summary of the results ob- I_n thos_e cases where a meaning_ful comparison V.Vith ex-
tained in this study, in a form which is easily comparablepe”mem is possible, the agreement is very encouraging. Un-

with the experimental data. All masses are given with arLortunately, the mass differences, being small, are affected

asymmetric statistical error arising from the bootstrap analy- y large relative errors varying between 10 anq 30%. Nev-.
sis, and a systematic error solely because of the uncertain theless, we stress the beautiful agreement with the experi-
in the scaldsee Eq(18)] ental data, both at the charm and at thquark mass. In

In Table Il we quote the charm arlg-flavored baryon particular, in our calculation of thd ,-pseudoscalar meson

masses, together with the experimental values, where ava'_ﬁp"tting’ the agre_ement with_experiment has _significantly
able. Our results agree well with the experimental data fmlmprove_d on previous calcul_at|ons, perf(_)rmed with _the stan-
the charm sector, and also far, andS,, despite the long dard Wilson action. We believe that this success is further

extrapolation in the heavy mass scale needed in these casg¥idence of the advantages of using the Sheikholeslami-

This gives us confidence in the reliability of our predictionsWOhlert fermion action.

for the masses of the undiscovered charm &nfthvored

baryons. The quality of the results at thequark mass was

certainly enhanced by the number of heavy-quark masses In this paper we have presented the result of a lattice
available for this investigation, which allowed us to try dif- study of heavy baryon spectroscopy. The spectrum of the

V. PHYSICAL RESULTS

VI. CONCLUSIONS

TABLE VIIl. Estimates ofMyx-My in lattice units at various masses, obtained by taking the difference
of the fitted masses, in lattice units. The extrapolations are linear, following the same procedure adopted for
the other splittings.

LT Ny = 0.131 <y = 0.125 <p = 0.120 <p = 0.123
0.14144/0.14144 | (=0.53 tgg)xlo'z (—0.60 t;g)xm'z (~0.7¢ t;ll)><1o“2 {~0.93 t:’i"l'))xlo":
0.14144/0.14226 | (=0.50 tég)xm* (—0.58 fzg)xm'? (=067 tié)xlo” {—0.85 ti;)xlo‘g
0.14226/0.14226 | (~0.49 tgg)xlo'z (—0.63 fg;)xw-? (—0.68 tgg)x10'2 (—0.34 f?g,xm-?
Strange/strange {~0.50 t}fl))xxo"-’ (=0.58 tig)xlo"ﬁ (~0.66 tgg)xm‘? (—0.86 :’__éfls)xm‘"-’
Chiral/strange (~0.40 tig)x 1072 | (-0.50 t;g)x10-2 (~0.63 t;g) x10=2% | (-0.97 tgg)X1°_2
Chiral/chiral (=0.42 jg(l))xlo‘:' (-0.55 t4§)x10'2 (—0.43 t{l‘g)xm‘? (~0.64 tlég)xlo—z
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TABLE IX. Estimates ofa andZ§ from the fitted values oZ,,Zg ,Z, . In the second row corresponding
to eachk,,, the fittedZ,, andZ¢ are compared with the estimates using E§2), and the measured values

of ZZ anda.
Momentum 7 =( 2—5,0,0)
ZZ z, z Z =

xp = 0.121 | (2.84 tgg) x 10% | (2.80 fgé) x 10* | (1.36 fiZ) x 104 | (2.32 t;;) x 10* | 0.66 i' ?
(2.80 tgg) x 10% | (2.84 i';%.) x 10%

ky = 0.125 | (2.86 t;g) x 10 | (2.79 -‘_-3‘;) x 10* | (1.99 ti?) x 10% | (283 tgg) x 10* | 0.71 f Z
(2.81 t;?> x 10% | (2.85 +§g) x 104

xp = 0.129 | (2.82 tgg) x 10% | (2.73 +§9) x 10 | (2.17 t%g) x 10% | (2.78 f%) x 10* | 0.78 i' ;
(2.76 tg;) x 10% | (2.80 t ) x 10*

Ky = 0.133 | (2.77 :gg) x 10% | (2.62 tgg) x 10 | (2.29 tf?-) x 10% | (2.69 fgg, x 10% | 0.85 j: ?-
(2.68 tgg, x 10% | (2.71 tgg) x 10%

27 2m
Momentum g ={ —, —,0)

L' L
Zz Z7 Z; zZ a
2

Ky = 0.121 | (1.94 tgg) x 10% | (1.93 tgg) x 10% | (1.09 tﬁl) x 10% | (1.94 t;}g) x 10% | 0.56 1'171.

+27 9

(1.90 33) x 10% | (1.97 th) x 10%
mp =025 | (193 _a3) X 10f | (191 +g§) x 10% | (1.16 +1 g) x 10* | (1.92 +33) x 107 | 0.61 1—1;
+32

(1.89 32)x10* (1.96  _g4) x 104

16 30 +14

wp =0.129 | (1.93 gg)xm" (1.88 t§3)x1o* (1.25 _13)x104 (191 _g4) % 10t | 066 _ 9

~3P) x10* | (195 tgg) x 10*

32 16
_3g)x10* { (179 tgg)xm* (1.34 iii)xlo" (1.84 t33)x10“ 0.73 tlo

(1.87

32
+3
T
+29

xp =0.133 | (1.89 +32

+31

(1.80 _3g) x 10* | (1.88 jgé) x 10%

eight lowest-lying heavy baryons, containing a single heavytained with other nonperturbative metholds-9], both for
guark, can be computed using the three baryonic operators the masses themselves and for Bie\ splitting. In the case
Eg.(5). In addition to the calculation of th& and= masses, of the E’-E splitting, which is of the same nature as the
we have discussed how to compute the spectrum of the spli-A splitting, the calculation is complicated by the mixing
doublets, £,2*), (2’,2*), and (2,Q%*), by isolating their  arising between the two particles, whose total quantum num-
contributions to the correlation functions of the operatorsbers are the same. It has been ndt@fthat such a mixing,
0, and O’ negligible in the heavy-quark limit, would have the effect of
"The computat|on of the mass spectrum proved feasiblgncreasing the splitting. Both our prediction and that of Sav-
the operators we have used have a good overlap with varioi&ge [9] are higher than those of the experimé¢m]. The
baryon ground states, in part thanks to the smearing both &isagreement would, hence, get even worse if we were to
the source and at the sink. Moreover, the extrapolations iteke the mixing into account. We stress, anyway, that this
both the heavy- and light-quark masses are always smootexperimental result is still to be confirmed.
The agreement between our estimates of the baryon massesIn this exploratory study, the masses have been deter-
and the experimental values is good, in both the charm anthined with reasonable precision, but further studies are re-
the b-quark sectors. quired to reduce both the statistical and systematic errors.
The computed\ -pseudoscalar meson mass splitting is inThe results presented in this paper are very encouraging and
good agreement with experiment, in contrast with the result§ looks likely that it will also be possible to measure the
of previous calculations performed with the Wilson fermion baryonic matrix elements.
action. We believe that this is largely because of the use of
the O(a)-improved action to remove systematic effects. A
similar positive conclusion can be drawn for theA split-
ting, although the statistical errors are still of the order of The authors wish to thank Robert Coquereaux, Oleg
25—-30%. Ogievetsky, Jay Watson, and Jonathan Flynn for hepful dis-
Our results are also in agreement with the predictions obeussions. This research was supported by the U.K. Science
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TABLE X. Values on|:(Z|ZS)/\/Z§, for the four heavy masses aRrg, = x|,=0.14144.
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Momentum kp = 0.121 kp = 0.125 kn =10.129 &p = 0.133
=0 (38 " x1073 ] (3.6 Ty x 10 | (35 F)x 10| (3.2 Ty x 107
-3 -3 -3 -2
F=(%,0,0) | 39 THx102 | (37 THx10 | (36 THx 10| (33 T)x10-2
-4 -4 -3 -3
F=(220 33 T)x10 | 37 T)x100 | 35 T)x 102 | (33 ) x 1072
~4 -4 -4 -4
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Bxt= 2 fly=xDf(jz—x)f(lw—x])

Y,Z,w
XLy, OT ¢(2,0) 1, (W,1).

ecause the smearing is performed only in the spatial direc-
ions, Lorentz symmetry is lost and only spatial translations,
rotations, parity, and time reversal survive. Therefore, the
overlap of the operatai’(x,t) with the statgp,r) is given

by the more general expression

(A3)

APPENDIX: EFFECT OF SMEARING ON BARYON
CORRELATION FUNCTIONS

0[35(0)|p,r)=[Z1(|pHu(p) + Zo(|p)) you(P)1,,
In this appendix we propose a description of the effect of (o ol IPn)=1Za(IPhu™(p)+ Zz([PD) 7o (Pl

a non-Lorentz-invariant smearing on a nonscalar operator. (Ad)
Interpolating operators are smeared to improve their overlag/here the amplitudeZ; andZ, may depend on the magni-
with the physical states one wishes to create or annihilateude of the three-momentum of the stahfer), in accord
We discuss the case of two-point correlation functions, rewith the restricted symmetries of the system.
stricting ourselves to the case of spinorial operators which Let us consider the case of an SS two-point correlator, for
have an overlap with a single type of sgirparticle, such as larget:
Os(x) defined in Eq(5). Numerical evidence for this effect
is also presented. It should be noted that the breaking of the
Lorentz symmetry manifests itself only when one considersGss(t 5):2 <O|T[JS(>Z t)?(ﬁ O)]|O>efiﬁ-;
correlators at finite momentum, and has, therefore, no rel- *7" "’ X P
evance to the determination of the spectrum.

Let us write the general expression for a local baryonic :2 2
operator, lar x

m
E(p)
%(q,r|35(6,0)|0)e 1P Xeld-x

(0]33(0,0)[q,r)

I, () =[PP (x) Jh,(X), (A1)

me E(Mt A A A
=3 5 (20D + Ze(lph yolu (P
and consider the case where it has an overlap with $pin-

states, such a8s. It can destroy one such state, according to X(P)[Z1(|p]) +Z5(| 5|)3,0]}p0_ (A5)
the relation
This expression can be conveniently rewritten as
R L P . - _ - [E+m—a?E-m)
(013,(0)[p.r)=Zu(p). (A2) G3(t,p) = 22|l e P! o=

In Egs.(26) and(27), p andr are the spinorial and polariza- E+m+ a?(E—m) 2. .
tion indices, respectively, the antisymmetric sum over color + 4E Yo~ Z2gP 7|
is understood, antl is a suitable combination of gamma and P
charge conjugation matrices. Finally, the amplitudeas a (AB)

Lorentz scalar.
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where Zg=2,+2;5, a=(Z,-2Z,)/(Z1+Z;), and full Lor-  for a¢—1:G3Y(p,t)xG"(p,t); the degeneracy among the
entz symmety is recovered when= 1. Equation(31) exhib-  amplitudes of different spinorial components of the correla-
its the following features: the exponential falloff is not al- tor is lifted; and all the terms proportional @ vanish for
tered by the smearing. This was expected since a smearirfg—»ﬁ, so that the effect disappears at zero momertum.
function, which only extends in the spatial directions, pre- In the following, we will check this effect against the

serves the form of the transfer matrix; it has the correct Iimit::'umerical data. It is convenient to rewrite E@1) in the
orm

2

ZS
Ze=[E+m+a?(E—-m)]==

. e Emr . ZZEZ
G3(p,t)= MZ,+ yoEZe—p- yZ,}, with A7

Z,=aZ:.

We have found thaZg and Z,, are compatible, as they of Table IX) and verified that they are compatible with the
should be, considering that they differ by terms proportionafitted values. The numerical results are consistent with the

to 52/Em which are very small for the values of momenta picture illustrated above, and the value @fis significantly
and masses in our simulation. FurthermaZg, is signifi- different from 1, demonstrating that such an effect cannot be

: : : lected.
cantly different fromZg and Z,,, which shows that is M€Y . L . .
different from oneZ, and « are given by We conclude this append|x wqh a d!scu.ssmn of the SL
correlators, whose spin structure is again different from that
of local correlators. This feature must be taken into account

2:% (A8) in the analysis of three-point correlators when the inserted
s E+m current operator is local. Following the reasoning above, we
find
and E+m—a(E—m)
- > - - -
2, G*(t,p)=Z,Z(|p|)e”=P" 1E 1
ax= _5.
Zs E+m+a(E—m)
_ _ _ + 4E Yo
The results of this exercise are presented in Table 1X for
the A baryon with momentum p=(2#/L,0,0) and (1+yg)+a(l—vyg) - -
(2#/L,27/L,0), for masses corresponding to the four values - AE p-y (A9)

of k, and k;;= k;,=0.14144. Using the estimated values of

Z2 anda, we have also recomputéty andZ,, (second row As above, it is possible to measufgZ, averagingZg and
Z.,. By doing so, we have extracte] for three different
values of the momentum, and the results are shown in Table

SFor this reason, this effect has no consequences for the resul¥é. The evidence thaZ, is independent Of) is a further

presented in this paper. check of the validity of our interpretation.
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