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We present lattice results for the spectrum of mesons containing one heavy quark and of baryons containing
one or two heavy quarks. The calculation is done in the quenched approximation using the NRQCD formalism
for the heavy quark. We analyze the dependence of the mass splittings on both the heavy and the light quark
masses. MesonP-state fine structure and baryon hyperfine splitings are resolved for the
first time. We fix theb quark mass using bottMg and M, , and our best estimate isy, >(my )
:4.35(10)(;2)(20) GeV. The spectrum, obtained by interpolatiomtg, is compared with the experimental
data.

PACS numbgs): 12.38.Gc, 14.20.Mr, 14.40.Nd, 14.65.Fy

I. INTRODUCTION This paper is organized as follows. In Sec. Il we briefly
review the experimental situation and provide a justification
The spectrum and decays of hadrons contaitimgiarks  for the NRQCD approach to heavy quarks. The parameters
will be measured in precision experiments at Bifactories.  used in the simulations are given in Sec. Ill. Section IV
It is therefore important to calculate the spectrum expectedescribes the determination of thequark mass. Our results
from QCD, both as a test of the theory and to predict theon the heavy-light meson spectrum are presented in Sec. V
masses of states not yet observed. This paper reports on rgong with a discussion of the spin-independent and spin-
sults of a lattice calculation of the heavy-light spectrum us-gependent mass splittings. Baryons containing one heavy
ing the non-relativistic formulation of QCINRQCD) for  and two light quarks are discussed in Sec. VI. In Sec. VIl we
heavy quark$1], and the tadpole-improved clover action for give 5 brief description of our results on baryons containing
light quarks. This approach allows us to have better contro?wo (degenerateheavy quarks and one light quark. This

over discretization errors in both the heavy and the Iightis followed by a determination of HQET parameters in

quark sectors. _ . ec. VIII. Finally, we summarize our main conclusions in
Lattice QCD allows us to investigate the dependence o ec. IX

the meson and baryon mass splittings on the heavy and light
quark masses. For this purpose we simulate three values of
light quark masses in the range B8- 1.3, and six values Il. PHENOMENOLOGICAL BACKGROUND

of heavy quark masses in the range 3—20 GeV. The NRQCD The NRQCD approach for simulatingquarks is justified

formalism is ideally suited to study such a wide range Ofbecause the tvpi ; :
. . ypical velocity of the heavy quark is small,
heavy quark masses ag¥ 1.92 GeV, the lattice spacing we v/c~O(A gep/M)~0.05-0.1. This is corroborated by the

use. For the light qgarks Wwe use the tadpole-improved CIOVeéxperimental observation that all splittings are much smaller
action which has discretization ferrors @Kasa)_ and these ._than the masses, and the hadron masses are dominated by the
are expected to b_e smal_l at this lattice spacing. Thes_e 'n]ﬁeavy guark mass. Thus a very natural picture of the heavy-
provements make it possible to perform reliable compansonﬁght system is a “hydrogen atom” composed of the light
with both the experimentab spectrum and expectations degrees of freedom bound in the background of an almost
based on heavy quark_ symmetry. . tatic color source. Within this model one can distinguish
The phgnpmenologlcal interest in the. decay rates of ha between spin-independent splittings in the spectrum domi-
rons c_ontammga quarks stems from the important role they nated by radial and/or orbital excitations of the light quark,
play inthe (_jetermlnatlon of the C.ab'bbo'KObayaSh"and spin-dependent ones dominated by the spin-flip energy
Maskawa matrix elements. Two quantities that are used a5 the heavy quark. These two types of splittings have dis-
input in the analyses of experimental data aig°(my'°)  tinct behavior as a function of the heavy quark mass. Spin-
and the decay constantg and fg_. Here we shall present ndependent splittings survive the infinite heavy quark mass
results for theb quark mass, while the calculation of decay limit whereas the spin-dependent ones do not.
constants has already been reported in a companion paper The experimental data plotted in Fig. 1 show that the
[2]. spin-independent splittings are often insensitive to the mass
of the heavy quark. In fact one finds in many cases that the
insensitivity persists down to the strange quark mass. Spin-
*Present address: Spatial Technologies, Boulder, CO. dependent splittings, on the other hand, are found to increase
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r-r-r 1+t ° 1 v 1 "] TABLE I. A summary of the heavy and light quark mass pa-
- b c 8 . rametersaM® and «, used in the simulation and the resulting mass
600 - w of pions composed of degenerate light quarks. We also list the
i T values of the stability parameterused in the heavy quark evolu-
I T tion [2].
L s i
%' 400 _ Heavy quark parameters
= - . aM® 1.6 2.0 2.7 4.0 7.0 10.0
- [ X X X n 2 2 2 1 1 1
< - . Light quark parameters
2001~ * * o p 0.1369 0.1375 0.13808
i ] am, 0.4237) 0.36211) 0.2984)
| o _
o N QCD using a non-relativistic formulation for heavy quarks
0 0.5 1 15 provide estimates without resort to modeling.
1/ M [GeV7!] The NRQCD formulation has been discussed 6. It

has been very successful in the study of heavy quark@nija
FIG. 1. Experimental spin-independent mass splittings for hadand we apply it to predict the heavy-light spectrum here.

rons with one heavy quarkh=b, c, or s) as a function of the Results using alternate formulations, static heavy quarks or
spin-averaged meson mads= (M, +3M+)/4 whereH denotes a  StandardWilson or clovej discretization of the Dirac opera-
generic heavy meson. Squares denote BaeB, and theD-D,  tor mostly extrapolated from the charm region, can be found
splitting. Pluses stand for the spin-averaged splitting (we have  in [7—11] and we shall compare against them at appropriate
used the DELPHI measurement Bf, [3]). The splitting between places.
the A and the spin-average8l state meson is denoted by crosses.
Bursts denote the spin-averagees splitting. ll. SIMULATION PARAMETERS

The statistical sample consists of the same 102 quenched
with the inverse heavy quark mass as shown in Fig. 2. Argonfigurations, aB8=6.0 with lattice size 15x 48, as used in
analysis with a phenomenologically determined potential issur study of decay constanf]. The NRQCD action, the
in agreement with these results, however there is COﬂSideé\/omtion equa’[ion for Ca]cu|ating the heavy quark propaga-
able uncertainty in how to model the light degrees of free+tor, the method used for setting the lattice scale, and the
dom (see[5] and references therginSimulations of lattice  fixing of light and strange quark masses are also the same.

The list of quark masses used in our simulation are repro-
500 ————T—T—T—T——T—T—] T duced in Table I, and the operators used to study the various
states, are given in Table II.

We estimate that the significant sources of systematic er-
rors in this calculation are finite volume, finite lattice spac-
ing, quenching, uncertainties in determiniag fixing the
strange quark mass and perturbative corrections. For a lattice
size of~ 1.6 fm, finite volume effects are not expected to be
significant for the lower lyingS state mesons. However,
there are indications that the wave functions Fostates and
the baryons are more extendgg] and finite size effects in
these states should therefore be larger. We cannot comment
on this as we have results on only one lattice volume. The
O(ag¢a) error associated with the tadpole improved clover
light fermions is expected to be a few percent at g 2].

A detailed study of the scaling behavior of the heavy-light
spectrum is discussed in R¢L3]. Quenching errors remain

0.5 1 : . )

1/ % [GeV‘l] unknown. However, since thB spectrum is domlnatgd by
the light quark degrees of freedom, we expect that using light

FIG. 2. Experimental spin-dependent mass splittings for hadron§P€Ctroscopic quantities to fexcompensates for part of this
with one heavy quarkM is defined in Fig. 1. Squares denote e uncertainty. . .
state hyperfine splitting fd8, B, D, D, andK mesons. Diamonds The central value _Of lattice  scale V_Ve use isa 1/
denote the splitting betwedPstates withj, = 3/2. These are known — 1.92(7) GeV as obtained frof,. To estimate the sys-
only for D, Ds, andK mesons. Th&*-3, splitting for baryons is ~ tematic error in this we repeat our bootstrap analyses with
denoted by burstgFor a discussion of the possibility that some of 1/a=1.8 and 2 GeV as discussed [@]. We obtain
the S, and3,, baryons have been misidentified experimentally see=0.139179), corresponding to the light quark mass
Ref.[4].) =1/2(m,+mg), by linearly extrapolating M2/M? to

400

100

(=]
-
[9)]
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TABLE Il. The operators used to study the various states. TABLE lll. The stability parameten and the 1-loop perturba-
stands for the two-component heavy quark spinoandd for the tive estimates of the mass renormalization consi&pi the zero
upper two components of two flavors of light quark spinaksis ~ Point shift of the heavy quark enerdy,, and the mass shifh
the ordinary derivative in the Coulomb gauge. The symboland ~ =Z»M°—E, using theg* calculated with the Hornbostel-Lepage
h, stand for thes,= + 1/2 and— 1/2 components df respectively. procedure14]. Errors associated with numerical integration of the
The baryon operators fos,<0 are constructed from the corre- 1-loop expressions are insignificant compared to other systematic

spondings,>0 operators by interchanging, <o _ and T« |. errors.
The E baryons are obtained by replacing one of the light flavors in
3 by ans, and the() by replacing both light quarks bss For the am?® n Zn aky al
heavy-heavy-light baryons, the operators are identical except
d are to be interpreted as two flavors of heavy quarkstaad the 1.6 2 118 0.23 1.64
light or s quark. The®P, states decompose, under the cubic group, 2.0 2 1.14 0.28 2.02
into two representations labeléd and E. Our j=2P states are 2.7 2 1.09 0.27 2.68
spin-averaged over both lattice representatiot;=[3 3P,(T) 4.0 1 1.05 0.27 3.90
+2 3P,(E)]/5. 7.0 1 1.00 0.28 6.74
10.0 1 0.98 0.28 9.54

State Operator
1
322 gg’h A= Mpadrori~ Esim=ZmM 0— Eo. (1)
Py UAh . . .
3p — HereZ,, is the renormalization constant connecting the bare
5 0 yo-ar guark mass to the pole mass, dglis the shift in the energy

P1 uoxAh of the quark. As discussed in more detail in REf], we
P, (T) u(aiAj+ojA)h employ three different methods to calculate the meson mass:
%P, (E) U(oiAi—ojA)h (i) My, extracted directly from the dispersion relation of the
A (s,=+1/2) ucd h; heavy-light mesonii) M, Obtained by evaluating the mass
S (s,=+1/2) (u®o,d h;—v2uto,d h)/V3 shift A perturbatively; andiii) M’ using theA obtained from
3% (s,=+3/2) Uto.dh; the dispersion relation of the heavy-heavy meson at the same
3* (s,=+1/2) (V2u®o,d h; +U%e . d h|)/v3 aM? value. The perturbative results f@r,, E, and A are

given in Table I}

In the perturbative analyses, we uag= ap defined in
137/77¢. We cannot resolve a curvature in the light quarkRef. [15]. The relevant scalg* at which to evaluate the
mass dependence, and do not assign a systematic ewpr in running couplingap is chosen separately for each process
To determine the strange quark mass, we use three differeH§ing an extensiori14] of the Lepage-Mackenzie scale-
methods. By fixing the rativz/M? to its physical value, Setting prescriptiorj16]. The choice of scale advocated in
we obtainks=0.13755(13). Using the ratidslc« /M, and  the original Lepage-Mackenzie scheme eliminatesaties)
M,/M,, gives ks=0.13719(25) and 0.137175) respec- correction in the bubble summation approximation. This pro-
tively. Since the latter two agree within errors, we only givecedure can fail, however, when the one-loop contribution
the results using/, andM s . For our final results, we use becomes small. Hornbostel and Lepddd] have recently
Ky from MK! and determine the Systematic error usm extended the method to overcome this dlfflCUlty by taklng
from K*. into account higher-order terms in the bubble summation ap-

In our final results, the first error we quote comes from aProximation. Their extension reduces to the original Lepage-
bootstrap analysis using '=1.92(7) GeV, the second Mackenzie prescr|pt_|0n When_ the_ one-loop term is not small
from the scale uncertainty, and where applicable, the thirglue to large cancelling contributions.
from the uncertainty in the strange quark mass. We comment The perturbative series fat,, has an infra-red renorma-
on the uncertainty due to using 1-loop perturbative expreslon ambiguity[17], which is typically characterized by an
sions and in fixing thé quark mass below. uncertainty ofO(Aqcp/M). Since this is comparable to the

A summary of some of the important features of the raWentire O(as) CorreCtion, we shall use the latter as the esti-
lattice data is as followd(i) The data aaM°=7.0 and 10.0 mate of the perturbative error in the determinatiorMfoe.
are not as reliable as that faM®<4.0 (there are no clear  All three methods for estimating tH& meson mass give
plateaux in the effective mass plptsThey are, therefore, compatible results foaM%<4 as shown in Table IV. These
used only in the estimation of HQET parameters, where wéstimates differ slightly from those in R€R] due to a re-
have chosen states and operators with the best siginalhe ~ analysis of the data and different choice gf. Unfortu-
calculation ofP state correlation functions has been done for
only aM®=1.6,2.0,2.7.

Lastly, we fix the bard quark massaMp as follows. In The perturbative calculations have been done for a slightly dif-
NRQCD and the static theorfgy, the rate of exponential = ferent discretization of ,,, i.e. a four leaf clover rather than the
fall-off of the heavy-light meson correlators, is not the me-two leaf version used in the evolution equation. We expect the
son mass, but is related to it by the shift, difference to be insignificant.
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TABLE IV. Eg, and pseudoscalar meson masses in lattice units extrapolated-interpolateahtbx .
Meson masses have been calculated from the heavy-light dispersion relsttigh, (usingA from heavy-
heavy spectroscopyM’), and from perturbation theoryMer) .

K Ks
aM® aEgim aMy, aM’ aMpert aEgim aM, am’ aMpen
1.6 0.4277) 2.1613) 2.083) 2.074) 0.4744) 2.219) 2.133) 2.11(2)
2.0 0.4438) 2.5718) 2.464) 2.462) 0.4904) 2.6313) 0.504) 2.51(1)
2.7 0.4597) 3.30300 3.157) 3.142) 0.5044) 3.3521) 3.207) 3.191)
4.0 0.4688) 4.7665 4.4611) 4.377) 0.5135) 4.7443) 45011 4.417)
7.0 0.4699) 8.924) 7.21(21) 0.5165) 8.515 7.26121)
10. 0.4719) 157) 10.0135) 0.5155) 134) 10.13)
nately, the most direct method, using the heavy-light disper- IV. MASS OF THE b QUARK, mys(mys)

sion relation, has large errors. The method ugingxtracted
from heavy-heavy mesons is more accurate &vM°<4.0.
ForaM®=7.0 and 10.0, heavy-heavy mesons have large di
cretization errors as these are governedplay- a,Ma, so
the corresponding data fdr are not reliable. To summarize,
the best estimate iaM8=2.31(12) obtained by matching
M’ to the pseudoscalar meson mads=5279 MeV. Using

There are two steps needed to determine quark masses
from lattice calculations. First, the bare quark masses have to
e fixed by matching the lattice spectrum to experimental
data. This has been described in Sec. Ill. Next, one needs to
calculate the renormalization constants that relate these bare
masses to the renormalized mass in the desired continuum
’ e h = 0 scheme. The most common scheme is the modified minimal
Min instead ofM’ gives a consistent determinatioaMy, subtraction schemeMS) and we shall use it here. Standard

=2.21(22), t_hough with larger errors. ._.__continuum perturbation theory calculations can then be used
A comparison of the three similar ways of determlnlngt0 convert the result to any other scheme

M? using theA,, baryon mass is presented in Table V. Here,
and in the following, we use the symbdl, to represent a
heavy-light-light A baryon withh labeling the heavy quark.
Again, we find that the difference between the three methods
are significant only fomM®=7.0 and 10.0. Therefore, we

determlrg)el\/lb by linearly mterpqlatmg_the data at Fhe lightest whereZ,, andZ,y are the lattice and continuum renormal-
three M values. The result iaM,=2.5(6) usingMy,, ization constant$18], and u is the scale at which th#IS

=5624 MeV. This is consistent with the estimate from themass is defined. The perturbative series for gandZ o,
meson sector; however, since it has much larger errors we d@ave renormalon ambiguities, therefore so dogs;.. How-

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

Mpole™ ZmMg:Zcom(M)mM_S(ﬂ)y (2

not consider it further. ever, in the desired relation,
The final issue in fixingM{ is related to the fact that our
calculation fails to reproduce the experimental hyperfine Mis( 1) = Zeord ) ZmM &, 3

splitting between th® and theB*, as discussed in Sec. V D.

Thus, it could be argued that determiniagVy from the Z 7. is ambiguity free.

spin-averaged 3 mass (ng+3mg«)/4=5313 MeV should We calculatem,e on the lattice in two ways analogous
give a better estimate. We find tha=2.32(12) obtained to a previous determination using thesystem[19]. In the
by matchingM’ to the spin-averaged mass is in completefirst method, we use Eq(1) and write Mpoe=M meson
agreement with the value obtained fromg . Henceforth, we  —E+E, whereM,o5oniS the experimental masky, is
shall use the valuaM?=2.32(12) for theb quark mass. measured from the 2-point correlators, dbglis calculated

TABLE V. Eg, and A, baryon masses in lattice units. Symbols have the same meaning as in Table IV.

K| Ks

0
aM aEgm aMyin aM’ aMper aEgm aMyin aM’ aMper

1.6 0.62625 2.1931) 2.284)  2.275) 0.75114) 2.5416) 2.414)  2.394)
2.0 0.64%30) 2.5640) 2.665  2.674) 0.76616) 2.9320) 2.784)  2.793)
2.7 0.66037) 3.2153 3.358)  3.345) 077718 3.6229 3.477)  3.463)
4.0 0.68859) 4.7(11)  4.6812 4.5912  0.78528) 5.0250) 4.7711) 4.699)
7.0 0.70252 9.2(11) 7.4425  0.78329) 8.9556) 7.5223)
10. 0.72672) 16.427) 10.24) 0.78338) 14.214) 10.33)
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TABLE VI. Results for theb quark pole andM S masses. Method 1 uses the meson masssgnadvhile
method 2 useg,, andMg. Both methods are described in more detalllii]. The Direct method is described
in the text. The first error quoted is statistical and includes interpolation-extrapolation to the physical quark
masses; the second is due to the variation in the matching gcale

Method to Pole masgGeV] MS masgGeV]
fix aMp Method 1 Method 2 Method 1 Method 2 Direct
M’ (spin-avg B 4.961) 4.9710) 4.431)(4) 4.4410)(4) 4.3510)(4)

M i(B) 4.96(3) 4.7641) 4.432)(4) 4.2537)(4) 4.1538)(4)
using perturbation theory. The second methadyge mg"_s(mg"_s’)=4.16(5)(15) GeV (NRQCD,1-loop),
=Z,M 9 uses the perturbative expressionZqy. The quan-
tities Z,,,, andE,, calculated td(ay), are listed in Table Il =4.155)(20) GeV (APE,1-loop),
for the different values cdM°. The results for the two ways —4.415)(10) GeV (APE,2-loop) (5)

of fixing Mg are given in Table VI.

This pole mass is converted, as 0], to mys(4)  While all these results are consistent within errors, a couple
=Z on{ ) Myope USING continuum  perturbation theory for of points are in order. First, the results of the APE calcula-
Z_ L (w) and the Brodsky-Lepage-Mackenzie proced@d  tion, which is similar to our method 1, suggest that the
to set the scale for the coupling constant. owe choose 2-loop term is large. This is consistent with our finding that
values between &/and =/a, avoiding those values where theag* for Eq (andZy,) is small,~0.6. Such a small value
the BLM procedure fails. We then use 2-loop running to getof ag* is indicative of a large coefficient of the 2-loop term
the final resultmgs(mgrs), which, in principle, should not in the bubble summation approximatidiBSA). Thus in
depend on the choice of the intermediate sgal@hese re- methods 1 and 2, our estimate of perturbative uncertainty in
sults are also given in Table VI, where the second error is théhe mass, due to the large value ok &2(q*), is ~400
spread with respect to varying, and is indicative of the MeV. In our preferred direct methoczgoﬁl(u)zm has no
neglect of the higher order terms in the perturbative expresrenormalons, and the series is better behaved in the BSA.
sions. Our estimate of the perturbative uncertainty in the mass, 200

Our preferred determination ofiyrs(1) comes from “di-  MeV, is based on the correspondingly larger valug®f To
rectly” expanding the productzgoﬁl(u)zm in Eq. (3) to  go beyond such an order of magnitude estimate, a two-loop
O(as) [20] and using the Lepage-Mackenzie procedur®l  calculation needs to be done within NRQCD since the 1-loop
to calculate the appropriate scaj& at which to evaluater, ~ calculation shows a strong dependence of the coefficient on
[20]. The reason for choosing this as the preferred method, &M°. Second, we find that the variation Bf,,¢=Esn— Eo
explained before, is the cancellation of renormalons in thevith aM? is small, i.e.O(50) MeV (see Table XXIJ. We
product and the much better value @f. Continuum MS)  estimate that thé)(AéCD/M) corrections to the APE results
running is then used to convertyg(u) to mys(mys). Our  are of this order. Thus, we expect the systematic error in the
final result, obtained by fixindWJ from the spin-averaged APE calculation[24] to be slightly smaller than ours. We
M’, is shall present a more detailed comparisomgjfs from the

heavy-light and heavy-heavy systems on the same configu-
rations in a separate publicatipBs].

Mirs(Mis) = 4.3510)(; 3)(20) GeV, (4)
V. HEAVY-LIGHT MESONS

where the first error includes statistics and interpolation un- The bare lattice results for meson energies and splittings

. O .
certainty; the second is from the uncertainty in the Iattice?{S a function ofxlandaM are pre§ented n Tab_les Vil and
it lll. These are first extrapolated-interpolated linearlyxio

nd«, and then tcaMg to obtain estimates for the physical

tates.(The data are not precise enough to include higher
order corrections in the fitsTo show the dependence of the
mass splittings on the heavy quark mass we plot them as a

using one-loop perturbation theory. We estimate it as bein
1X a?. For typical values ofr, depending on the matching
scalew, this is ~2.5-5%. To be conservative, we assign a
200 MeV perturbative error to the mass. i o )
There are two previous lattice determinationstgfusing ~ function of IM=4/(3Mx +My,). In this paper, we useto
a one-loop matching procedure. The NRQCD Collaboratiorflénote a generic heavy quarK, for a heavy-light meson,
[19,20,23 has calculated it within th& system, and the and an oveLbar for spin-averaged quantities. Where we find a
APE Collaboratiorf23,22 evaluates;,,— E, for theB me-  significantM dependence, we quote the intercéplue in
son in the static theory. In addition, the APE group has rethe static limi} and the slope. In cases where we find no
cently extended their matching calculation to two lopp4].  significant slope, we do not show the corresponding fits in
These three results are the figures. In general we find that the slopeviQéCD, ie.
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TABLE VII. aEg, for the 1S and 25 mesons is obtained using a two state fit, @{dl,«-My) is
obtained from a fit to the ratio of the correlation functions. The splitdidde(2S-1S) and the spin-averaged

energyE =[3Eqn(H*) + Eqm(H) /4 are calculated within the bootstrap process.

aM® K aEn 1S('Sy)]  aEgn[25('Sp)]  aAE(25-1S)  a(My«-My) aE
1.6 0.13690 0.4983) 0.78623) 0.29324) 0.02001)  0.50803
2.0 0.50903) 0.79523) 0.28624) 0.01701)  0.52203
2.7 0.52203) 0.80524) 0.28325) 0.01301)  0.53203
4.0 0.53103) 0.81824) 0.28725) 0.00901)  0.53803
7.0 0.53404) 0.80525) 0.27126) 0.00601)  0.53804)
10.0 0.53304) 0.80026) 0.26728) 0.00401)  0.53604)
1.6 0.13750 0.4793) 0.77027) 0.29528) 0.02001)  0.49003)
2.0 0.49103) 0.78426) 0.29327) 0.0101)  0.50303)
2.7 0.50%03) 0.79729) 0.29230) 0.01301)  0.51403)
4.0 0.51404) 0.79828) 0.28430) 0.00801)  0.52004)
7.0 0.51705) 0.79228) 0.27530) 0.00501)  0.52105)
10.0 0.51705) 0.78830) 0.27233) 0.00401)  0.52005)
1.6 0.13808 0.4594) 0.76233) 0.30334) 0.01802)  0.47204)
2.0 0.47604) 0.77735) 0.30136) 0.01502)  0.48705)
2.7 0.49005) 0.78831) 0.29832) 0.01202)  0.49905)
4.0 0.49905) 0.80038) 0.30204) 0.00801)  0.50405)
7.0 0.50105) 0.79234) 0.29236) 0.00601)  0.50505)
10.0 0.50105) 0.78635) 0.28537) 0.00401)  0.50405)

the corrections to the static limit are10% atM,, .
A summary of our results at thie mass is presented in
Table IX and compared with experimental data in Fig. 3. We
find that the radial and orbital splittings are in agreement
with the preliminary experimental results. The hyperfine

splittingsM g«-M g andM B;-M B, are underestimated as will

be discussed below. We are able to resolveRisate fine
structure for the first time on the lattice; previous lattice cal-
culations were done in the static limit and found no signifi-
cant splittings[8,26]. There has been some controversy
about the ordering of these states in potential model calcula-
tions[5]. We find that theBj is the lightest and3 is the
heaviest. Details of the analyses follow.
In analyzing the mass splittings, we are motivated by the
following qualitative picture; the mass of a heavy-light had-
ron is considered to be a sum of:

the pole mass of the heavy quark which~4.5 GeV for
the c quark and~5.0 GeV for theb;

the constituent mass of the light quarks which is ap-
proximately 300 MeV for theai, d and 450 MeV for thes
quark as inferred from the octet and decuplet light bary-
ons, and which we expect to give the biggest contribution
to the static binding energy of the ground-state hadrons;

an excitation energy of the light quark, which, for orbit-
ally and radially excited states, we expect to be of the
order of Agcp;

the O(AéCD/M n) contributions due to the kinetic energy
of the heavy quark and the heavy-light hyperfine energy
E ~45MeV, inferred from theB* -B splittings;

OH )

TABLE VIII. aEg, and splittings from fits to ratios of correlators fBrstates. To obtain the2® states
we spin-average over th&P,(T) and 3P,(E) states.

aM®

K

aEgn(3P,T) aAE(CP,T- °P;) aAE(®P,T- 'P;) aAE(®P,T- °Py) aAE(®P,T- °P,E)

1.6
2.0
2.7
1.6
2.0
2.7
1.6
2.0
2.7

0.13690

0.13750

0.13808

0.7699) 0.04211)
0.77406) 0.04211)
0.77204) 0.04211)

0.7609) 0.04813)
0.76%07) 0.04813)
0.76%11) 0.04813)

0.7520) 0.05616)
0.75708) 0.05516)
0.75712) 0.05515)

0.02807) 0.08211) 0.02014)
0.02807) 0.07811) 0.02014)
0.02807) 0.07311) 0.02413)
0.03209) 0.08712) 0.02516)
0.03208) 0.08312) 0.02516)
0.03208) 0.07812) 0.02515)
0.03710) 0.09314) 0.03020)
0.03610) 0.08814) 0.02919)
0.03610) 0.08314) 0.02819)
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TABLE IX. Mass estimates in MeV for various meson states.

PHYSICAL REVIEW D62 054505

Theb quark mass is fixed using the spin-avera@€dsS). The first 6.0 29) # (25)
error in the lattice data is statistic@hcluding the statistical error in hg :::%(B*) b dD(B;?)
the lattice spacing the second comes from varyiray * between (B5Y G-t b (B:))
1.8 and 2.0 GeV, and for the strange mesons, the third error comegs,y; %:::::: (B )sJ
from the uncertainty in setting the strange quark mass. Finite lattice (B}) s0
volume effects, which could be large for the excited states, have not
been addressed in this exploratory study. Preliminary experimental -5 T
values are denoted by asterisks. The lattice results quoted against o 6=
the B} andB¢, states correspond to the spin-average of the respec- . "o
tive P states, and the experimental numbers are for the unresolved
broad resonances. Unless stated otherwise, experimental numbers
are from the Particle Data BodR2]. B B* B, B P- States B, P - States
5.0
Lattice Expt.
State () MeV MeV FIG. 3. Overview of theB meson spectrum. Circles denote lat-
Heavy-light mesons tice results, dasht_ad Iings give the range of experir_nental VMS
B 1(0°) 5296(04)(;2) 5279 and the dotted lines indicate preliminary experimental estimates
_ s [27]. Errors include statistics and the uncertaintkin Uncertainty
2(07) 5895(116)( 3) 5860 due to the variation oh™! between 1.8 and 2.0 GeV is not in-
B* 1(17)  5319(02)(9) 53251) cluded.
B} 1(0%)  5670(37)(39
BE . 5770(31)(%;1 56979) In our picture, the heavy quark mass dependence should
B> 1(2%)  5822(45)(3 5779x) [27] result from the difference of the kinetic and hyperfine ener-
5725-5768) [28] gies of the heavy quark iB; and By mesons(In the spin-
B, 1(0°) 5;;?‘13;)5&5)‘??%“%02;6&2) ave_raged s_pllttlngM_BS-MBd, only the dlfferenc_e of Fh.e ki-
2007 5935(57)(Z)(*2 netic energies remainsTherefore, we expect this splitting to
B 1(1) 5412(14) (%) (*2) 54163) ge mdeper;lt\j/lentT?]f the hgavy qlfadrk maﬁs uplt(;)(ytgrms of
B 10 5742(27)( 14 (*19 ((ms-md) ). The experimental data show-a /6 in-
s0 2073 ~0 crease going from thB to the D meson. Our data, given in
BS) 5836(25)( 59 (1o 585319 Table X, show no signifi
, gnificant dependence on the heavy quark
B% 1(2")  5878(26)(5) (15" mass; however, as shown in Fig. 4, they are consistent with

and a residual binding enerdy,. encapsulating the re-
maining interactions which we expect to be small

[O(Adco/MD].

We accordingly construct different linear combinations of

the experimental trend. This consistency has also been found
in Ref. [13], where the heavy quark mass dependence has
been studied at higher statistics and for a heavy quark mass
range between thie and thec.

B. 2S-1S splitting

meson and baryon masses to isolate individual terms and The raw data for the 2S,-1 1S, splitting are given in
estimate their size and dependence on the quark masses. Table VII, and after extrapolation or interpolation 4 and

Ks, in Table XI. This splitting should be dominated by the
difference in the kinetic energies of the light and the heavy

A. Bs-By splitting

The spin-averaged splitting betwe®3 and By mesons
should be dominated by the difference of_the _strange

and light quark masses. Our estimate Mpg-Mg,

quarks which give contributions @(AéCD/mconsmuen) and

TABLE X. Spin-averaged-H splitting as a function oM°.
The experimental value is 86 MeV.

=90(9)("3)(£3% MeV, to be compared to the experimental
value 913) MeV. The largest uncertainty, the third error,

AE(HsHy)

comes from setting; estimates usings(Mgx) are~20% Lattice units MeV
higher, a feature seen in all quenched calculations. o

Previous calculations have reported the following results aM Ks(M) Ks(M+) Ks(M) Ks(Mi+)
for Mg -Mg: 87(133)(13,) MeV [29], 86(12)("§) MeV 16 004606 006009 94100  11414)
[30], and 10713) MeV [31]. The JLQCD calculatior32], 2.0 0.04907) 0.05910) 93(13) 11417)
done at3=5.7, 5.9, and 6.1, sees indications-e20% scal- 2.7 0.04606) 0.05608) 88(11) 108(14)
ing violations betweeB=5.9 and 6.1. Averaging the data at 4.0 0.04607) 0.05709) 89(12) 108(15)
the largest twag they find 877)(4)(*5?). For comparison, 70 0.04608) 0.05611) 89(15) 108(18)
our result is 879)(*3)(*¢) MeV, and the experimental 100 0044070 005409  85(14) 10316)

value 9@2) MeV [22].
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FIG. 4. Spin-average#i-H4 splitting as a function of the in- FIG. 5. 25-1S splitting for 'S, states as a function of the in-

verse spin-averaged meson maés The bursts denote the experi- \{erse spin.-averaged meson mass. The burst denotes the preliminary
mental values foB andD mesons. So experimental valug27].

2 . . .
O(Aqep/M) respectively. With our data, as shown in Table gy o imentally thed states have not been resolved. Fhe

Xl and illustrated in Fig. 5, we cannot resolve any depen- * %
dence on either the light or the heavy quark mass. OuYvae resonanceB; (5732) (or B™) at 56979) MeV and .
results for B and B, systems are 602(86}@ and Bsi(5850) at 5858L5) MeV are expected to be a superposi-

559(55)(jg§)(j22) MeV respectively, to be compared with tipn of the variousP states..These are 419 and 484 MeV
the preliminary experimental value, 581 MeV, for tA¢27]. higher than the Cor_respondm’gso states. We use them as
In the charm sector, the most relevant experimental value igStimates of the spin-average®-1S splittings to compare
627 MeV for theD*' [33]. against.

We do not give results for the spin-averaged splitting ThF{ vgrir_ﬂion with _Either the he_ayy or the _Iight quark
25 1§ since the signal for thdS, excited state is less reli- Mass IS similar to that in the21S splitting. There is a small

able than that for théS,. decrease with increasing light quark mass. The slope, as a
function of 1M, is 0.380(202)( 2 (* &% GeV? for «,, and
C. 1P-1S splitting an almost identical value a5, as shown in Fig. 6.

The two main contributions to the spin-average@-1S
splitting should be the energy it takes to excite the light
quark to angular momentum on®(A qcp), and the differ- Our results for the hyperfine splitting are shown in Table
ence of the kinetic energy of the heavy quark in&wave  XIlll and plotted in Fig. 7. A linear fit to thé84 data gives
and aP-wave light quark backgroundd(Agcy/M). Our  0.138(38)('13) GeV for the slope and-2(7) MeV for the
results, shown in Table XII, are constructed from the rawintercept at infinite mass. A zero intercept is consistent with
data given in Tables VII and VIIl. Our estimates arethe heavy quark effective theoffHQET) picture in which
457(31) ("33 MeV for the B, and 428(27)(3)(*9) MeV  the B*-B splitting comes from the interaction of the heavy
for the Bg. quark spin with the color field, i.e., through @ B/(2M)

D. B*-B splitting

TABLE XI. 2 S-1S splittings extrapolated-interpolated 4p and k5. The preliminary experimental result
for By is 581 MeV[27], while for B there is no result as yet.

AE(2 'Sp-1 1Sy

Lattice units MeV
aMm® Klight Krs(Mg) re(Mix) Klight (M) Kg(Mix)
1.6 0.31049) 0.29727) 0.29424) 59392 57053 564(49)
2.0 0.31%54) 0.29427) 0.28924) 603101 56354) 55350)
2.7 0.31346) 0.29227) 0.28125) 600(91) 560(55) 551(53)
4.0 0.30%59) 0.291(30) 0.28726) 585114 55860) 551(54)
7.0 0.30753) 0.28029) 0.27427) 588103 537(60) 52557)
10.0 0.29953) 0.27531) 0.27029) 574103 527(64) 51762
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TABLE XII. Spin-averagedP-S splittings. TABLE XIIIl. H*-H splitting as a function oM°. The experi-
mental results are 45.7®) MeV for By and 47.02.6) MeV for
AE(P-9) B,.
Lattice units MeV
AE(H*-H)
aM° Klight rs(My)  Ks(Mix) Klight rs(My)  Ks(Mix) Lattice units MeV

16 025113 0.23808) 023508 48129) 45723 45123  aM® kg k(M)  Ko(Mie)  Kignt Ks(Me) Ks(Mis)
2.0 0.24413) 0.23007) 0.22707) 46727) 44221) 43623

2.0 0.01402) 0.01601) 0.01601) 27(05 31(03) 3202

2.7 0.01102) 0.01201) 0.01301) 21(05) 24(03) 2502
4.0 0.00702) 0.00801) 0.00801) 13(04) 16(02 16(02)
7.0 0.00502) 0.00601) 0.00601) 10(03) 11(02) 11(02)
10.0 0.00402) 0.00401) 0.00401) 8(04) 802 802

interaction. Our estimates are (Sé)(fé) MeV and
27(3)(*3)(*3) MeV for the B and the B, respectively,
and AE(B? —Bg)/AE(B% —By) =1.19(20)(;2)(*3). These
splittings are roughly half the experimental values, 46 and 47

MeV respectively. and a 1" state forj,=1/2 (B andB%¥), and a I’ and a 2

An underestimate of hyperfine splittings has also beerg C_ * ;
. . tate forj,=3/2 (B, andB3). We therefore expect the spin-
seen by the previous quenched calculati®%10,34,31,3R averageg of th¢(| :13/2 ané)thej|=1/2 doubletz t0 be ser))a-

The results of the JLQCD calculatipB2] suggest that this is o
not due to scaling violations. Present preliminary un_rated byO(Aqep), and the states within each doublet by

2
qguenched calculations85] do not show any significant im- O(Agco/M). . o .
provement either, however, the mass of the two flavors o[) The experimental situation is as follows. There exists a
dynamical quarks is largey mg. Further work is needed to road resonance at 56(9.7 MfeV [2.2]’ whose spin has not.
clarify this issue. been determined and which is believed to be a superposition
: o ; . : f variousP states. There is also a preliminary experimental
All hyperfine splittings, including those in tHestate and ~ © :
baryon sector, are, to leading order, generated byotH result by the DELPHI Collaboratiof27] for a narrowP state

term in the quark action. It has recently been pointed out tha‘f"hICh is 81 MeV heavier than this resonance. Its spin is also

the coefficient of this term should be larger by a factor of ot resolved, bqt itis belieyeq tp be eithix1 or J=2.
1.15-1.30[35,36. Such a correction would bring the Recently, estimates for individu®# states have been ob-

guenched results much closer to the experimental values. tained by f|tt|hg_ the_ line shape of the broad resonance using
phenomenological input based on HQET for the mass split-

tings, decay widths, relative production rates, and branching
fractions[28]. Using this method, the CDF and ALEPH Col-

In the jj coupling scheme there are two doubletsPf laborations obtain a mass of tie$ of ~5730 MeV. This
states which are distinguished by the angular momentum afesult seems to be rather insensitive to the assumption about
the light quark:j,=1/2 andj,=3/2. The states in each dou-
blet are separated by a spin flip of the heavy quark intd a 0 60

E. P fine structure

40
500

AE(H*—H) [MeV]

AE(P-S) [MeV]
'S
8

300

—-20

o

0.1 0.
- 1/M [Gev™!]

2

o
ta

0 0.1 2 0.3

1/M [Gev-l]o' FIG. 7. Hyperfine splitting as a function of the inverse spin-
averaged meson mass. Circles denote the splittingdfpmesons,
FIG. 6. Spin-average®-S splitting of theH, (circles andH, diamonds, forHg mesons. For clarity, the diamonds are shifted to
mesongdiamond$ as a function of the inverse spin-averaged me-the right. The burst denotes the experimental valueHfgmesons.
son mass. The lines denote a linear fit to hedata. The lines are a linear fit to thid 4 data.
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TABLE XIV. H3%-HF splittings.

AE(H3-H3)

Lattice units MeV
aM° Klight (M) Ks(Myx) Kiight Ks(Mg) Ks(Mx)
1.6 0.08817) 0.07811) 0.07511) 16832 14923 144(22)
2.0 0.08317) 0.07311) 0.07111) 15932 14022 13621
2.7 0.07816) 0.06811) 0.06610) 150(32) 131(22) 12721

the B3-B} splitting, which the phenomenological model in Table Il. The corresponding correlation functions get con-
predicts to be~100 MeV. TheL3 Collaboration also uses tributions from both the physical states. Therefore, at large
hyperfine splittings of 12 MeV as input, but makes no as-Euclidean times both correlators are dominated by the same
sumption about the splitting between the=3/2 and thej, lowest state. The masses we extract from short Euclidean
=1/2 doublet, and obtains slightly higher massés, time (AEt<1) correspond to unmixed states in thé&
~5768 andB} ~5670 MeV. Our resolution of th® state  scheme and are not the physical ma$8&$ To get the latter
fine structure is as follows. requires a signal in the mixed correlators followed by a di-
First, we discuss the®0and 2" states for which the data agonalization of the 2 matrix. Unfortunately, our data
are shown in Table XIV and Fig. 8. We find thBf -Bj does not show a signal in the mixed correlators, and there-
=155(32)("J) MeV and B%-BX=136(23)(19(73)  fore we do not have results for the physidat 1 states. The

MeV. At «;, the slope versus W is 0.224(70)(2) Ge\?  numbers presented in Table IX undef are those obtained

and the intercept is 112(3332) MeV. For BS P StateS, the Using th93P1 correlators. Estimates obtained from tiLIBl
slope is 0.209(45)(:) (9 GeV? and the intercept is correlators are almost identical to the center of mass of the

3
97(23)(*3)(*9 MeV. These results are a significant im- P States.
provement over previous values obtained in the static ap-
proach, i.e.~50(100 MeV [26] and ~80(75) MeV [8] for VI. HEAVY-LIGHT-LIGHT BARYONS

the intercept, The heavy-light-light baryons, in the heavy quark limit,

The situation in model calculations is very unclear. The n be classified rding to the anaular momentum of th
predictions are model dependent, and details like the trea -an be classiied accoraing fo the angu’ar momentum of the

ment and the mass of the light quark are signifid&it At ight quarks. At zero orbital angular momentum, the light

this point there is no consensus on even the sign of the Sp”gu_arks can have total spis;=0 (qnt!-symmetnc in both
ting. spin and flavor ands;=1 (symmetric in both As summa-

To study the)=1 states we used operators witR; and rized in Table XVI, there are three states wif=0; udb,

H 0 =0 = -
1p, quantum numbers in theS coupling scheme as defined USB anddsbwhich are called the\,, =, and=, baryons
with total spin 1/2. The system with)=1 splits up into six

hyperfine doublets, each containing states with spin 1/2 and
- 1 spin 3/2. These six doublets ar&[,3¢ ), (22,29,

i 1 (Sp 357, (Ep"E89). (Bp By ). and @,.0F7)

- [4]. The pairs of states3Q,A)), and E/,Z}), do not mix

- if flavor SU(2) is unbroken. We ensure this in our lattice
calculation by only analyzing baryons with degenerate com-
binations of light quarks. The raw data are given in Table
XV. Baryons with a generic heavy quark are denotedgs

3, etc. To getus and ds combinations we extrapolate lin-

m early in the degenerate light quark mass to the average mass
- (mg+my)/2, which we labelk,, . A summary of the experi-

L _ mental numbers and our lattice results is given in Table XVI
and shown in Fig. 9.

The UKQCD Collaboration has previously presented a
similarly detailed analysis of the baryon spectr(@h They
used the tree-level clover actiol€§y=1) at 3=6.2 [1/a
=2.9(2) GeV] and four heavyx around the charm quark
mass. In contrast to our calculation, théirspectrum was

FIG. 8. H5-H% (denoted by octagohsand H%,-H?, (the dia-  Obtained by extrapolation in W. To facilitate comparison,
monds are shifted by 0.01 in thxedirection for clarity splittings as ~ We summarize their results in Table XVI. Within errors these
a function of the inverse spin-averaged meson mass. A linear fit tare consistent with our findings, although our results are
H%-Hg is also shown. slightly higher and have a slightly smaller light quark mass

200

o) [MeV]

’_
2

100

AE(H

0 0.1 2 0.3

0.
1/M [GevY]
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TABLE XV. Eg, values forA;, 3, andX} baryons, and 65T
3F-3, splittings from ratio fits.
am® K aEgm(An) aEgm(2h) aEsim(E:) aAE(Eﬁ'zh)
1.6 0.13690 0.8010) 0.85310) 0.86910) 0.01402) 4} (I,
2.0 0.81311) 0.86911) 0.88310) 0.01102) 6.0 $ 47
2.7 0.82814) 0.88412 0.89410)  0.00802) $ K3
4.0 0.82320) 0.89914) 0.90714) 0.00501) + U
7.0 0.81629) 0.91620) 0.92121) 0.00401) GeV {
10.0 0.80640) 0.92930) 0.93132) 0.00301) ==k=
1.6 0.13750 0.7582 0.82212 0.83§12  0.01402) 551
2.0 0.76914) 0.83813) 0.85113 0.01102)
2.7 0.78117) 0.85214) 0.86Q11) 0.00802) N
4.0 0.78727) 0.86416) 0.87519) 0.00502) T
7.0 0.78241) 0.88823) 0.89525) 0.00401)
10.0 0.77€¢56) 0.90735 0.91338) 0.00301) B AN = N 2 OO X OFE OO
1.6 0.13808 0.71a7) 0.79513) 0.81215  0.01503) 5.0
2.0 0.72620) 0.81%14) 0.82515  0.01102 FIG. 9. Overview of theb baryon spectrum. Circles denote our
2.7 0.73925 0.82417) 0.82913)  0.00802 lattice results, dashed lines give experimental error bolads
4.0 0.75%41) 0.83522) 0.84319) 0.00502 and dotted lines show preliminary experimental resi8t&7).
7.0 0.75832) 0.86529) 0.87634) 0.00402)
10.0 0.76643) 0.89443) 0.90045  0.00202) the light quarks are in a ground state with total spin zero, the

mass of the extra light quark in the baryon gives the domi-
nant contribution. This is borne out by the experimental val-
dependence. An important point, as discussed below, is thates: 31110) and 3102) MeV for theb andc systems respec-
we are able to resolve hyperfine splittings for the first time.tively, indicating the absence @(AéCD/M) contributions

The baryon splittings are also analyzed using the phenonfrom the difference in kinetic energy to the splittitgee Fig.
enological model discussed in Sec. V. In heavy-light-light1). Our lattice data, displayed in Table XVII, show little
baryons there is an additional light-light hyperfine interactiondependence on the heavy quark mass, Fig. 10. The variation
(Es,.,), which is expected to be of ordeévqcp. with the light quark mass is linear as expected, see Fig. 11.

Our estimates are\,-B=370(67)("30) MeV and = ,-B,
=392(50)("3) MeV.
There exist a number of previous results fog-B, ob-
We first consider the splitting/lAh-(MH+3M nx)/4. In tained by extrapolating in the heavy quark mass,
this combination, the heavy quark mass cancels and there 359(f3§’)(f%) MeV [9] and 458144)(18) MeV [39]; in the
no contribution from the hyperfine interactid®, .,,. Since static limit, 420("55) (*3g) MeV [29]; and with NRQCD on

A.A-B splitting

TABLE XVI. Summary of masses in GeV for baryons with quark content shown in columrjhwienotes a generic heavy quddor
b), | stands for au or d quark]. Errors are as explained in the caption to Table IX. Finite lattice volume effects, which could be large, have
not been addressed in this exploratory study. Experimental results are given in columns three and four. Previo(l$K€XTIRY 9]) are
in column five. The last column gives results of our calculation.

Baryon Quark content Experimental [9] Our results
c b b b
A-like (=0, j=1/2)
A (udh) 2.2851) 5.6249) 5.64("3) (3 5.679(71)(1a
= (Ish) 2.466 5.76(°3) (74 5.795(53) (32 (73
S-like (s;=1, j=1/2)
S (Ilh) 2.4531) 5.7978) [3] 5.77C:9 (74 5.887(49) (35
=1 (Ish) 2.574[28] 5.90("9) (74 5.968(39) (39 (3
QO (ssh 2.7044) 5.99(°3) ("2 6.048(33) (39 (*34
S*-like (s=1, ]=3/2)
x (Ilh) 2.5192) 5.853[3] 5.78(°2) (7% 5.909(47) (33
Ex (Ish) 2.645 5.90("8)(Fd) 5.989(39) (39 (13)
o (ssh 6.00("8)(*2 6.069(34) (39 (13"
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TABLE XVII. Splitting between theA, and the spin-averagdd. The experimental value for th/eH-Ed
is 311(10) MeV.

AE(A4-H)
Lattice units MeV
aMm® Klight Ks(My) Kes(Mx) Kiight Ks(Mk) Ks(Mgx)
1.6 0.18725) 0.26313) 0.28015) 35952 504(27) 536(22)
2.0 0.19130) 0.26314) 0.28Q(15) 367(60)  50531) 53525)
2.7 0.19438) 0.26418) 0.28018) 37276) 506(38) 536(31)
4.0 0.21%59) 0.26628) 0.27822) 414116 510(59) 53245
7.0 0.22852) 0.26328) 0.27130) 4381049 50560) 520060
10.0 0.25272) 0.26438) 0.267141) 484(144) 507(79) 51382

coarse lattices 369) MeV [31] (no systematic errors from extrapolating in the heavy quark mass to the
quoted. These values are consistent with our resultB Our results for these splittings are 209 and

=388(68)('3) MeV. 177(54) (9 MeV respectively.
The X} -3, splitting should depend only on the heavy-
B. 3-A spliting light hyperfine interactior,, . It is therefore expected to

be proportional to M,. Our lattice results, shown in Table
XIX, resolve these splittings for the first time. A linear fit to

the three lightestM values that bracketM{ gives

the difference of the binding energies, and of the kinetic 0 . 7
energies of the heavy quark in each baryon. Experimentally, 17(11)('7) MeV for the intercept and 0'188(443@

it is found to be independent of the heavy quark massGeV for the slope. However, as apparent from Fig. 13, if the

(25 +43%)/6-A =212 MeV and the preliminary estimate fit is constrained to have zero intercept, then it would have a
c

(25,+43%)/6-A,=210 MeV (see also Fig. 1 These num- much smaller slope. Based on the assumption that the wave-
bersb are broughl; 2/3 of the delta-nucléon splitti203 function at the origin is similar, one expects the slope for the

L . . . . __._baryon splitting to be 0.75 that for mesof&8], which was
MeV). Such a ratio is obtained in a simple non-relativistic 11 . ;
model where these splittings are dominated by the lighfound to be 0.138(38)(37) GeV* in Sec. V D. This expecta-
quark hyperfine interaction. The lattice results shown infion does not hold in the charm sector whekg -3,
Table XVIIl and Fig. 12 are also independent of the heavy™ 66 MeV whereaD™-D~140 MeV. .
quark mass and give 221(71y) MeV at M. The preliminary experimental value isX}-3,

In the charmed sector the experimental value changes sig= 96(8) MeV[3]. Itis however likely that at least one of the
nificantly on replacingd with s, i.e. (25.+4E%)/6-E, states has been misidentifi¢d], and this number is too

—154MeV. Our lattice results at theb mass also large. Scaling the experimental valde-X =66 MeV by
show a decrease with 221(71f) going to 600 T T T T

In our picture, the splitting (2,+43)/6-A,, depends
onE the hyperfine interaction between the light quarks,

O'l‘O'l’

186(51) (" 1) (%) MeV, although the difference is not sta- i j i
tistically significant. L 4
The UKQCD Collaboration [9] reports Xp-Ay - .
=190(" () Mev and E[-E,=157("2)( 1) MeV e~ ]
% [ ]
700 L LELELEL I T T 1T I TT 1T I LELELL I T T T 7T I LI B E, L :
- ] & 400 | ]
600 |- - I, L ]
i~ C ] s F 8
) F ] > - .
2500 F 3 < ! i
=) C . 300 _
400 %{ E I :
=1 C . - T
< o 3 1 o -1
300 __ . __ 200 YT R A N TN TR NN SR AN SR NN SO N MO S N
L ] 0 0.2 0.4 0.6 0.8
200 C 1 1 1 ) I 11 1 1 I 11 1 ) I 11 1 1 I 11 1 1 I 11 1 1 ] M?' (Gevz)
0 01 02 03 04 05 08
1/M [Gev™!] FIG. 11. Spin-averaged ,-H splitting as a function of the light
. guark mass represented by the corresponding pseudoscalar meson
FIG. 10. Spin-averaged -H splitting as a function of M. mass squaretl fr
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TABLE XVIII. Splitting between the spin-averagex}, and A, as a function oMP. «,, corresponds to setting the light quark mass to
(mg+m,)/2. The preliminary experimental value X5,-A,=210 MeV [3].

AE(Sh-Ay)
Lattice units MeV

am® Klight Kay (M) Kay(Mg+) Krs(Mk) Ks(Mix) Klight Kap(Mk) Kay(Mkx) (M) Ks(Mix)

1.6 0.12429) 0.10221) 0.09719 0.08414) 0.07014) 23755 19641 18639 15429 13529
2.0 0.11934) 009925 0.09523 0.08417) 0.07115 22765 19048  18246) 15333 13732
2.7 0.10638 0.09228) 0.08926) 0.07818) 0.07216) 20472  17753) 171500 15036) 13833
40 0.09259 0.08844) 0.08740) 0.08429) 0.08223) 176112 16983 167770  16156)  157(45)
7.0 0.12656) 0.11839) 0.11637 0.11031) 0.10632) 241108 22676) 22371 21159 20462
10.0 0.14179 0.13553) 0.13449) 0.12942) 0.12745 2700152 259102 25795  24881) 24389

M./M suggests- 20 MeV for this splitting[4,40]. We find  teraction. Two heavy quarks with different flavor can also be
2;—2b219(7)(f§) MeV: however this could be an under- in aJ=0 state, and the corresponding baryons are denoted

estimate based on the general discussion of hyperfine inteby us asEl;g,, Eip . andQ;,, . The splitting between the

actions in Sec. VD. spin averaged=,;, and theZ;,, (and the corresponding

The raw lattice data does not show a dependence on thseplitting between the)'s) is due to the heavy-heavy spin

light quark mass. Experimentally, there exists data fOfineraction. This is expected to be very small, and to vanish
strange baryons only in the sector. The preliminary esti-  the infinite mass limit.

mate=E7-E(~77MeVis~ 11 MeV larger than th&-%c  Our raw data are given in Table XX, and the results for
sphttlng. At the b, heavy quark scaling suggests that th'SEEh-Enh, extrapolated tan, and mg, are listed in Table
difference should be reduced by the factdr,/My~0.3,  xx| The data show a strong dependence on the heavy quark
Tfkfg It mucfz smaller* than our rizgolutlon. We find mass and almost none on the light quark mass. The slope
E5-Ep=19(5)("3) andQ-Qp=18(4)(73) MeV. with respect to M is 0.170(42)( 33 Ge\? as shown in Fig.

14, and the intercept is 12(9)(f2) MeV. These results are
consistent with those fok}-3,,. Both are hyperfine split-

It is theoretically interesting to study heavy-heavy-light tings betweerS=1 diquark andS=1/2 quark sub-systems;
baryons even though it is exceedingly hard to produce twdhe difference is whether th&=1 sub-system is heavy-
overlappingb quarks in experiments. The two heavy quarksheavy or light-light. In principle the strength of the spin-spin
are expected to bind in a color anti-triplet state whose size igteraction could be different, however, the data suggest that
much smaller tham\ ocp. It thus interacts with the light they are similar. In fact this similarity persists even for
degrees of freedom to yield a level structure similar to that of=s whereE* -2 =210 MeV and%*-3% =196 MeV.

VIl. HEAVY-HEAVY-LIGHT BARYONS

heavy-light meson§41,42. If we assume that the spin interaction between the heavy
In the Swave baryons, the total angular momentum of thequarks is negligible, then we expect Zf,-Enn)
two heavy quarks ig=0 or 1. For identical quarks only ~ =1.5(Z/ -E,;). The data shown in Table XX indicates a

=1 is possible. There are two different ways to couple theatio of three instead. Our final estimates are
light quark spin to this configuration. Thk=3/2 states are

denoted a€}?, 2, , andQ}, , and theJ=1/2 states as Epp=1031446)(;19) MeV,
2., Ebp. andQ,, (the quark content isby bbd andbbs 16
respectively. These are split by a heavy-light hyperfine in- Qpp=1036%40)(;17)("g) MeV,

TABLE XIX. 35-3, splitting. The preliminary experimental value fB -3, is 56(8) MeV [3].

AE(ZE-30)
Lattice units MeV
aM® Klight Kap (M) K ap(Mk) rs(Mg) reg(Mix) Klight K ap(Mk) Kap(My) rs(Mg) re(Mix)
1.6 0.01603) 0.01503 0.01503 0.01402) 0.01402) 30(07) 28(05) 28(05) 27(04) 26(04)
2.0 0.01203) 0.012093) 0.01103) 0.01102) 0.01102) 23(07) 22(05) 22(05) 21(04) 21(04)
2.7 0.00803) 0.00802) 0.00802 0.00802) 0.00802) 16(06) 15(05) 15(04) 15(04) 15(04)
4.0 0.00%03) 0.00502) 0.00502) 0.00502) 0.00502) 9(05) 9(04) 10(04) 10(03)
7.0 0.00302 0.00402) 0.00402 0.00402) 0.00401) 6(05) 7(04) 7(04) 8(03 8(03)
10.0 0.00202) 0.00202) 0.00202) 0.00202) 0.00301) 3(05) 4(04) 4(04) 5(03) 5(03)
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TABLE XX. Eg, and splittings for heavy-heavy-light baryons.

aM° K aBgr(Enn) aAE(ER-Enn) aAE(E[,-Enn)
1.6 0.13690 0.76D8) 0.01502) 0.00501)
2.0 0.78810) 0.01202) 0.00401)
2.7 0.80310) 0.00902) 0.00301)
4.0 0.80314) 0.00702) 0.00201)
7.0 0.76734) 0.00302) 0.00101)
10.0 0.73586) 0.00102) 0.00Qq01)
1.6 0.13750 0.7540 0.01502) 0.00602)
2.0 0.77710) 0.01202) 0.00402)
2.7 078812  0.00902) 0.00302)
4.0 0.79215) 0.00702) 0.00201)
7.0 0.74638) 0.00302) 0.00101)
10.0 0.717107) 0.00102) 0.00Qq01)
1.6 0.13808 0.7412 0.01502) 0.00602)
2.0 0.76814) 0.01202) 0.00402)
2.7 0.77914) 0.00902) 0.00302)
4.0 0.77419) 0.00602) 0.00201)
7.0 0.73347) 0.00202) 0.00101)
10.0 0.718144 —.001(03 0.00001)

Er,=1033355)(;4) MeV,
¥6=1038339)(; ) () MevV,
Eby-Epp=20(6)("3) MeV,

QF-Qpp=204)(3) MeV.

VIIl. DETERMINATION OF HQET PARAMETERS

We now present a determination of the HQET parameters e
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FIG. 12. Spin-averaged-A, splitting as a function of the
inverse spin-averaged meson mass. The bursts denote experimental
values forb andc heavy quarks.

1 — o
\o=~ 531 (B[bG-BbIB). (7)

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

MB:mp0|e+A+

2m I(_)\l'i_)\Z)Empole_"Ebind- (8)
pole

In NRQCD one measurds;,,, from whichE;,q is obtained
as

Epina= Esim— Eo- 9

Using the estimates fdE, given in Table I, Ey,q4 for the
spin-averageti meson is given in Table XXIlI, and fak,, in
Table XXIII.

prefer to analyze the dependence Kf,y on the

A, N1, andh,. A denotes the binding energy of the mesonpeayy quark mass in terms M. The reason for this choice

in the limit M®=oc. In the static theory th@©(1/M) correc-

tions to this are given by the expectation value of the heav

quark p?:

1 —
—M=NB<B|b(iD)2b|B>, (6)

is thatmy,g e is not a physicalmeasurablequantity and suf-
Yers from a renormalon ambiguity. Also, 1©(1/M) the

change fromm, to M is benign, i.e., the slope still gives
the same\; and A, as extracted in conventional HQET

analyses. The data for the binding energy For and fits
versusM are shown in Fig. 15. The behavior Af, is simi-

and the expectation value of the chromomagnetic operatoriar. The results for\ and\ ; obtained from these fits are also

TABLE XXI. Ef,-Ep, splitting.

|

%

]
- =
—

h

=

h

Lattice units MeV
aM® Klight rs(mMg) reg(Myx) Klight (M) re(Mix)
1.6 0.01603) 0.01502) 0.01502) 31(06) 29(04) 29(04)
2.0 0.01203) 0.01202) 0.01202) 23(05) 23(04) 23(04)
2.7 0.00903) 0.00902) 0.00902) 16(05) 17(04) 17(03)
4.0 0.00603) 0.00702) 0.00702) 11(06) 13(04) 13(04)
7.0 0.00103) 0.00202) 0.00302) 2(06) 5(04) 5(04)
10.0 —.00205) 0.00002) 0.00102) —4(10 0(04) 1(04)
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TABLE XXII. Binding energies in MeV for the spin-averaged TABLE XXIll. Binding energies in MeV for theA,, baryon.
H meson.

— Epind(An)
o Epina(H) m% Kiight Koy (M) Kap(Mi)
am Flight #s(M) res(Mk+) 16 79160) 87047) 907(40)
1.6 40219 496(14) 516(09) 2.0 69266) 798(52) 833(45)
2.0 32520) 41811) 43907) 2.7 74980) 852(62) 885(54)
2.7 37819 466(13) 48509) 4.0 801120 886(94) 915(82)
4.0 38821) 476(14) 496(09) 7.0 817109 88982 91273
7.0 37921) 467(13) 487(10) 10.0 859149 909109 92597)
10.0 37520) 460(13) 47809) A 895218 926(148 937(130
A 375225 45814 477(11) -\ ~1.7(3.9) -0.8(2.2) —-0.5(1.8)
-\ 0.1033 0.1814) 0.2013

renormalon ambiguity, these estimates are only meant to be

given in Tables XXII and XXIIl. Note that the slope for indicative and cannot be compared directly with other calcu-
spin-averaged cases gives since there is no contribution lations. o
from the chromomagnetic operator. To remove the uncertainty in and\ ; due to the pertur-

Our definition of the parameters and )\, is perturbative ~ bative estimate ok, we construct differences of binding
and they inherit a renormalon ambiguity fro, which  energies in whictE, drops out. The intercept of a linear fit
could be as large a®(Aqcp) in A. With this definition, 0 the spin-averaged,-H andX - Ay, splittings versus M
estimates of the HQET parameters are gives

— A A(R)— +17
A(B)=37525)(50)(*18) MeV, A(Ap)-A(B)=41K156/(_35) MeV,
AS)-A(A,)=179152("3) MeV. (12)

~\i(B)=0.13)(1)(*}) Ge\? " ° 10

In both cases we find no significant dependence dv.1/
K(Ab)zggaz:[g)(so)(tgé) MeV, This suggests that the corresponding are roughly the
same. A similar construction for states with different light
uarks gives
—M(Apy)=—1.734)(1)(73) Ge\2. (10) a 9

A(Bg)-A(Bg)=81(31)(;3) (L% Mev,

We have quoted, as the second error, a systematic uncer-
tainty d.ue to the upknowm(ag) error in2 the per.turbative A(Bg)-N1(Bg)=—0.1028)(73) Ge\. (12)
expansion oEg, which we take to be X a5. The third error

is due to the scale uncertainty. We emphasize that, due to the T T
40 T T T T I T T T T I T T T T 40 B N
20 _- 20 —
- ] 5 | :
i ] & [ |
2 ] w3 L i
— . <
§ 0 . °F p
oo ] |
5 -
= ] |
< 1 L. i
—20 ] —20 =" —
e L1 I I I | I I I ! | I I 1 T
i 0 0.1 0.2 0.3
_40 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1/H [Gev_l]
0 0.1 0.2 0.3 ,
1/M [Gev7!] FIG. 14. E},-Epp (circles andE /- Epp (diamonds splittings
. as a function of the inverse spin-averaged meson mass along with
FIG. 13. 3} -3, splitting as a function of M. linear fits.
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600 Tables IX and XVI. Using theB meson to fix theb quark

mass, we estimatemM—S(mM—S)=4.35(10)(;§)(20) GeV.
This is consistent with previous lattice determinationsngf
using theY binding energy19,20,23, or HQET[22,23,24.

A more direct comparison will be possible after we extract,
using the same set of lattices and propagatagsfrom theY
binding energy.

A significant feature of our calculation is that we can
resolve theP states. We find thaM Bg<MB§- Using the
interpolating operators based on th®coupling scheme, we
could not distinguish between thé Iand 1* states, as these
mix. Also, we resolveb baryon hyperfine splittings for the
first time on the lattice.

The mass splittings are analyzed in terms of a qualitative
' picture based on a non-relativistic quark model that is de-
scribed in Sec. V. We find that the dependence of the split-
tings on the light and heavy quark masses are in agreement

FIG. 15. Epyq versus M. with thE, picture. Qu_emtitatively, the radial §15S), orbital
(P-S) X-A, and A-B splittings are found to be withind
Lastly, we estimatex, from the slope of the hyperfine (~20%) of the experimental values.

500

'S
o
o

!
i
§;

Epina(B) (MeV)
g

200

100

o
e
o

0.1

0.2
1/M (GeV™Y)

splitting calculated in Sec. VD. We find We are able to resolve hyperfine splittings in both mesons
and baryons. The most significant difference from experi-

N2(Bg)=0.06919)(7§) GeV?, mental numbers is in thB*-B hyperfine splitting. Such an
underestimate of hyperfine splittings is a general feature of

\2(Bg)=0.07812)(F§)(73) Ge2. (13)  quenched calculationdlight-light, heavy-light and heavy-

_ heavy. Another uncertainty associated with the quenched
These parameters have previously been calculated by thgyproximation is in fixing the strange quark mass. As a re-

Rome Collaboration using HQE[R3,43. They find sult, splittings which are sensitive to the light quark mass
_ 3 have an uncertainty of up to roughly 20% when extrapolated
A(B)=18073) MeV, to the strange quark mass.

We have calculated the HQET parametgrskl, andX,

for both theB and A,. A and \; have large uncertainties
due to the perturbative determination of the shift in the en-
ergy of the heavy quarkg,. The differences in these quan-
tities between different hadrons do not have this ambiguity
and are, therefore, much better determined.

—\1(By)=—0.0914) Ge\?,
M1(Bg)-A1(Bg)=—0.094) GeV?,
Ao(Bg)=0.07015) Ge\?. (14)

It is important to note that their definition of and\; in-
cludes a non-perturbative subtraction of the ultra-violet di-

vergence. Thus, the only results that can be compared di- ACKNOWLEDGMENTS
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