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We determine the energies of the excited states of a heavy-light n@pwith a static heavy quark and
light quark with mass approximately that of the strange quark from both quenched lattices and with dynamical
fermions. We are able to explore the energies of orbital excitations lp=t8, the spin-orbit splitting up to
L=2 and the first radial excitation. Theds mesons will be very narrow if their mass is less than 5775
MeV—the BK threshold. We investigate this in detail and present evidence that the scalar rhesbj Will
be very narrow and that altogethebgexcited states will have energies close to Biethreshold and all will
be relatively narrow.
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[. INTRODUCTION MeV statg or the state is close to thresholfbr the 2457
MeV statg. Thus the only allowed hadronic decay proceeds
The spectroscopy of excitéglandD mesons is important via isospin violationsincemy#m,) to Dy7 and will have a
for our understanding of QCD. Moreover, as stressed revery small width. Likewise, if the equivalerits states are
cently by Rosnef1,2], B* states also have important appli- close to or below theBK threshold, then they will be very
cations toCP studies of neutraB mesons by the identifica- narrow. One of our main tasks will be to determine the en-

tion of their flavor @ versusb) through the decay chain €rgy of these excited states as accurately as possible to check

B* —B%7*. Hence narrowB* resonances will be valuable this- , o . .
for this. As well as exploring this issue of great interest to experi-

- . ment, we determine the excited state spectrum of the heavy-
In the heavy quark limit, th€q meson, which we refer to b i

g il be the “hvd " of light system as fully as possible. This will help the construc-
as a E;] meson, will be tfe yadrogen gtolm 0 kQCI?]' tion of phenomenological models and will shed light on
Since the meson is made from non-identical quarks, charggestions such as whether there is an inversion of the level

conjugation is not a good quantum number. States can b dering(with L . lighter thanL _) at largerL or for radial

labeled byl .. , where the coupling of the light quark spin to excitations as has been predict@/10. We also compare
the orbital angular momentum givgg=L = 3. In the heavy with chiral modelg[11].

quark limit these states will be doubly degenerate since the
heavy quark spin interaction can be neglected, soRhe
state will havel®=0%,1" while P, hasJ’=1"2", etc. Il. LATTICE EVALUATION

_ This spectrum has been studied comprehensively by lat- \yq jnyestigate the heavy-light meson spectrum from lat-
tice methods in the quenched approxima{i8hwith arather .0 ocp using static heavy quarks. Previous lattice studies
coarse lattice spacing. WitiN;=2 flavors of dynamical have explored3] the full spectrum(i.e. S P_, P., D_

qua_rk, the SESAM _collaborgtio[n] have explore_d_theP_ D,, F) in quenched QCD. There has also been a recent
excited state. Lattice studies using nonrelativistic QCD

) estimate of theP _ excitation energy in full QC4].
g:IerI?sCDr)ngﬁ\lls Sls?r?gegﬁleorzggetgEiart]tei;g-_g]ght spectrumbor o6 e present a range of different lattice studies: with

In the h K effecti h he leadi der i different spatial volumes, lattice spacings and light quark
_In the heavy quark effective theory, the leading order iISp,55505see Tables | and I1. We follow the all-to-all methods
just thg static |Imllt. The next correction will be of ordenty used in the static-light lattice study of Michael and P&Ra
and will be relatively sm_all forb quarks, but larger _foc Keeping their parameters, we first use a larger spatial size of
quarks. One way to predict the spectrum Ibquarks is 10 |a4ice 1o check for finite size effects@1 vs Q3. We are
interpolate between charmed states, where the experimentgl o able to correct the assignmentdof andD _ states in
spectrum is known, and the static limit obtained by Iattice,[heir work; seeQ1 andQ2 in Table II. Our rr;ajor study
QCD asBsumlng a dﬁpe?ddebnce amél_Thusl thg ?)Sgi?l't?nis involves using lattice configuratiofd2,13 which include
among th mesons s gg e approximately 0.33 of t OSeNf=2 flavors of sea quark, with two different lattice spac-
among (_a F:orrgspon Ing mesons. T ings. We use only the unitary points, namely, those with va-
The striking discovery that thes states with]”=0" and  |ence light quarks of the same mass as the sea quarks. The
1% have very narrow widthd8] raises the question of details are collected in Table I.
whether the correspondirizs states will also be narrow. The To extract mass values, we use operators with the appro-
main reason for the narrow width @ mesons is that the priate representations of the cubic gro(gs described by
transition toDK is not energetically allowedfor the 2317  [3]) with different degrees of non-locality. In addition to op-
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TABLE |. Lattice results for the energies Q‘Estates in units of TABLE Il. Lattice results for the energies @astates in units
ro for dynamical fermions withN;=2. Herer, is taken to be of ry in the quenched case. Here rest$,Q2 are from Ref[3]
0.52525) fm. with their D, andD _ corrected.

DF1 DF2 DF3 DF4 Q1 Q2 Q3

B 5.2 5.2 5.2 5.2 B 5.7 5.7 5.7
Csw 1.76 1.76 2.0171 2.0171 Csw 1.57 1.57 1.57
Number 20 78 20 40 Number 20 20 20
Volume 12x24  16x24  16x32  16x32 \Volume 12x24 12x 24 16x 24
K 0.1395 0.1395 0.1350 0.1355 « 0.14077 0.13843 0.14077
ro/a 3.435 3.444 4.754 5.041 ro/a 2.94 2.94 2.94
rom(0~*) 1.924) 1.943) 1.933) 1.483) rom(0~") 1.5556) 2.1646) 1.5556)
1S 3.005) 2.902) 3.687) 3.738) 1S 2.572) 2.682) 2.55512)
2S 4.2411) 4.105) 5.61(8) 5.60(14) 2S 3.743) 3.783) 3.702)
1P_ 4.01(6) 4.023) 4.71(8) 4.756) 1P_ 3.5713) 3.865) 3.6210
2P_ 5.527) 5.575) 7.1(2) 7.389) 2P_ 5.1(2) 5.289) 5.02)
1P, 4.1811) 4.1914) 5.4(3) 5.52) 1P, 3.72) 4.0898) 3.826)
2P, 5.92) 5.575) 8.012) 8.3514) 2P, 5.012) 5.367) 5.012)
1D_ 53212  5.1310) 6.6(2) 6.8510) 1D_ 4.8010) 4.894) 4.677)
2D _ 6.52) 6.3514) 8.4(2) 8.92) 2D _ 5.7(2) 5.674) 5.60(11)
1D, 5.738) 5.2(2) 7.0514) 7.398) 1D, 4.812) 4.91(4) 4.995)
2D, 6.61(8) 6.7(3) 8.8412) 8.997) 2D, 5.813) 5.786) 5.695)
1D, _ 5.225) 5.174) 6.6911) 7.226) 1D, _ 4.574) 4.643) 4.543)
2D, _ 5.998) 6.06110) 8.012) 8.47(10) 2D, _ 5.3710) 5.379) 5.296)
1F, _ 6.604) 6.254) 8.089) 7.9412) 1F, 5.4411) 5.607) 5.459)
2F, _ 7.034) 6.973) 9.175) 9.538) 2F, 6.0413) 6.2(2) 6.047)

erators forS P_, P, , D_, andD states that are combi- functions of the heavy light mesons should be small com-
nations from space and spin representations appropriate f@ared to the spatial sizks, the exchange of the lightest
states of good total angular momentum, we also considgsarticle(the pseudoscalar mesaaround the periodic bound-
operatorsD , _ and F, _ that reflect only the,=2 and 3  ary should be small and mixing of the heavy-light mesonic
spatial symmetry. We find, as a check, thatEhe  operator  states with two body statée.g.Bw where ther has a low
approximately gives the expected spin average of@he  momentum should be small.

andD . levels. Therefore, we interpret the, _ operator as We can estimate the size of the heavy-light mesons from
representing the expected spin average of thefwevels. the Bethe-Salpeter wave functions measured for ground and
Our choice of operators enables us to deterniineN ma-  excited stateg3] and also from the more physical charge and
trices of correlations for each case, wharean vary from 2 matter distributions evaluated for the ground stat&)(fine-

to 5. We then perform a fit to these correlations over a suit-

ablet range with a number of states allowed. The require- L B O B R | POWT]
. 2 . -

ment is then that thg~ per degree of freedom is reasonable o Qg

(not much greater than)IWe always use at least 2 states so i P

that we have a reliable estimate of the ground state mass. T L <V1 bE2

extract the first excited state as well, it is preferable to use a - > DF4

least a 3 state fit. We check that using a subset of our larges B T
matrix of correlators, using differerit ranges, using one ﬂo”_ 7
more or less state, etc. gives stable results. = L

To compare different lattice simulations, we form the di- L i
mensionless combination ofm, wherem is a mass or en- - .
ergy, and wherery/a is determined relatively accurately 1= E f
from the static quark potential. Our results are shown in i
TableslandIIandsomecomparisonsforEheandD-wave TN T T T T T T Y T 0 A A Y
states are shown in Figs. 1-3 versus lattice spacing and vel 0.1 e 0.16 0.18
sus quark mass. coe

In order to relate our lattice results to experiment we have F|G. 1. The energies in units of, of the P, (open symbols
to discuss three different extrapolations. and P_ (filled symbol$ levels with respect to the S energy for

(i) Finite size effectsThe lattice spatial volume should be different lattice spacing$approximately in femtometers with our
large enough. There are several related criteria: the wavgreferred value of ,=0.525 fm).
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[(TTTTTTT T T T T T T T T T T T T T T T TTTG QI respectively. We see no evidence for a finite volume shift
L 5 & for P_, although some sign of a shift fdb, and F, _
L A DFI which, however, is not very significant statistically.
B <v] DE3 Our data set with the finest lattice spacing has a relatively
B > DF4 small volume(1.6 fm withm,_Ls=4.5,6.5 and, for this situ-
sk i ation, some evidence of finite size effects for the nucleon has
%o ’ been presentefll6]. Some of our results from this finest

L i lattice spacing are significantly different from the larger vol-
- % . ume results described above. Since the oed@nprovement
B } % 7 used is differentnon-perturbative clover rather than tadpole-
improved clover we cannot vary the lattice spacing and vol-
ume separately while keeping the implementation the same.

L b b b e b We would need to use a larger spatial volume with the NP
2 23 3 35 4 4.3 > clover approach to evaluate finite size effects fully.

(T my) (i) Quark mass dependenceet us first discuss the de-

pendence on the light valence quark mass. Experimental data

and P_ (filled symbolg levels with respect to the S energy for on the heavy light mesons with or b quarks suggest that

different quark masse@s given by[rom(0~*)]?). Strange quarks t_here is little quark mass dependence of excitation energies
correspond to a value of about 3.4. (i.e. energy differences from the ground state pseudoscalar

meson when going from strange quarks to lighter quarks.

141 Th I hat 2 fim i ffici . For instance the mass splitting®* (17)—D and D% (1)
son[14]. These results suggest that 2 fm is a sufficient S|ze_DS are 141 and 144 MeV respectively, whiR* (2*)

for quenched evaluations, which is confirmed by our results * o4y :
which extend the spatial volume of the previous quencherﬁﬂD] and D5 (27) ~Ds are 593 and 604 MeV respectively

measurements but do not show any statistically significal We can also explore this on a lattice and quark masses

differences. (characterized byrom(0~*)]? where 3.4 corresponds to

Dynamical fermion configurations are more sensitive tostrange quarks as discussed balave varied in the range of
finite size effects since more loop effects are included, ."b.G to 1.5 times the strange quark. This is shown for the

particular pion exchange around the boundary becomes i g ; X . )
. ) . -wave states in Fig. 2 which confirms that there is no sig-
portant. The leading correctidd5] for the ground state isa ... . : ;
nificant slope. This means that interpolation to the strange

B . 7mLS . _
relative energy shift of ordece , wheremis the pseu quark mass is not delicate in any way. Extrapolation to light

doscalar mass anda coefficient given by th&* B= cou- . : .
oling. For the excited states, the possibility of the decay tovalence quarks is less straightforward and one issue that

o . must be addressed is that some of the excited heavy-light
(or mixing with) nearby two-body energy levels becomes . .
; .~ mesons are unstable to strong decay. Since an extited
relevant. The only excited state that couples to a low-lying

two-body energy level is th@_ which has a mixing with state will have a decay B with angular momentum given

) by L=1, only theP_ state can decay into eéwave which
B where the pion has momentum zero. Thus we expect a ; :
L . . . en gives the lowest threshold energy on a lattice because
enhanced finite size effect may arise ®r . We investigate

. . e . the pion can have momentum zero. In our case, because of
this by using two spatial sizésalled DF1 and DF2, with. g : . o ' i
of 1.7 fm and 2.3 fm, corresponding to_L<=6.7 and 9.0 the discrete momentum and unphysical light-quark mass val

ues, we do not have any open decay channels in our lattice
evaluation, but they will open when extrapolating to light

T
HH A
I

_
I

FIG. 2. The energies in units af, of the P, (open symbols

o L O B NI L R P WO quark mass and to large spatial volume.
o Q The issue of the extrapolation in the sea quark mass is
& Q3 e
E A DFI difficult to resolve. We cover the range from no sea quarks
35 3 o (i.e. quenchepto N;=2 flavors of sea quark with mass cor-
> DF4 responding to 0.6 times the strange quark. The evaluation
E with even lighter sea quarks is computationally too demand-

ing in a Wilson-like approach.

% (iii) The continuum limitlt is feasible to study the con-
tinuum limit in quenched studies, but for dynamical fermions
we have access to only a relatively narrow range of lattice
spacing & from 0.15 fm to 0.1 fm. To make best use of this
limitation, we use an ordea improved clover formulation of

c b b borrrr b the fermion action. The coarser lattice has a tadpole-based
0 012 005*23;]4 016 0.18 improvement coefficient while the finer lattice uses a non-
0 perturbatively improved value. Because of this difference in
FIG. 3. The energies in units of, of the D (open symbols  implementation, it is not straightforward to extrapolate from
andD_ (filled symbol3 levels with respect to theSQ energy for  these two data sets to the continuum limit. We take this into
different lattice spacings. account in assigning errors.

2.5

rOAE
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A. Lattice spectrum

We average the values discussed above of the variou goo=
excitation energies, weighting relatively more small lattice -
spacing, large volume and quark masses close to strange soqC
Thus we obtairr ,AE of 1.047) for P_; 1.3313) for P, .

The next excited level is the 2 which is at 1.25¢13, 400
+50); this is an average based on the larger volume studie

but with the error reflecting our results at finer lattice spac- 300
ing. For theD waves there is also a large spread so we quote
a range: forD _ from 2.2 to 3.1, while forD, from 2.2 to
3.5. For theF wave, we only have an operator which excites
bothF . andF _ so that our result is for an average of these

two states, with an excitation energy around 3.4 to 4.4. 100

We need a value of the scalg appropriate to light quark 0
spectroscopy, since the dynamics of the light quark is the 0 0.2 0.4 0.6 0.8 1
main aspect of heavy-light mesons. Thus we do not use val m /m,

ues of ro from heavy-heavy studieswhich tend to give

somewhat smaller values of and hence larger energy gaps the ground state—0-) heavy-light meson with a heavy quark

in GeV) but an average of those from light-light mesonsmasst and a light quark which is strange. Data from experiment

which span the range from 0.5 to 0.55 fm, namely 0'525are plotted for charm and fdy quarks while our lattice results are

+0.025; for a discussion see R¢fL8|. This value ofro,  ghown for static quarks. Theexcitation(from our larger volume

combined with the estimate of the mass of the pseudoscalgggyitg is also shown. The dotted vertical line gives the interpolated

meson made from strange quafk®] of 687 to 695 MeV  yajue appropriate fdo quarks. TheBK andB* K thresholds are also

yieldsrom,~1.84 which sets the scale for the strange quarkshown. These are the lightest isospin-conserving decay modes al-
In our application to the heavy-light mesons with=2 lowed by strong interactions.

flavors of sea quark, we have used valence quarks identical

to the sea quarks, which is the case where the theory is fullgbove theBK threshold but since these states decay ID a

unitary. This can be interpreted in two ways—first as apply-wave, the centrifugal barrier effects will cause them to have

ing to the spectrum of excitedn states(wheren is u ord)  harrow widths. o

with quark masses heavier than the physical values. Indeed For the 25, D, F states, we do not have aiwg counter-

in the tables we give the pseudoscalar meson mass obtainedrt available from experiment to allow this interpolation.
by combining these light quarks. On the other hand, for ouAssuming, however, that the slopes versygmg are simi-

application to thebs system, we have also used valencelar to those for thé>-wave case, then the static energy values
quark masses identical to the sea-quark mass. In the re@lll be a good approximation to those fdr quarks. Our
world, however, there is only one flavor of strange quark, sgcentral mass estimatésee Table 11l for the 2S pseudoscalar
we can interpret our results as from one flavor of strangdand vectoy states are that they will be sufficiently light that
valence quark propagating in a sea with two flavors of lightthey lie close to theéB*K (BK for vecto threshold at 450
quarks whose mass happens to correspond to the valenbeV (404 MeV) and so are very narrow.
quark mass. This is effectively treating the strange quark as The only experimental observati¢a7] of an excitedBs
partially quenched and further studies would be needed tétate is thdB5(5850) which lies 483 MeV heavier than tBg
treat fully all three flavors of light quark in the sea. and has a width of 422) MeV. This mass value is indeed in

In principle one can calculate corrections to the heavythe region where we predict a rich spectrum of excited
quark limit from the lattice, as discussed later. Here, how-states.
ever, we adopt a more modest strategy and make partial use As we see no sign of a significant light quark mass de-
of experimental data. Thus to interpolate ioquarks we pendence in our excitation energies, we can use our results to
combine our results in the static limit with experimental data
[8,17] for thecs system as shown in Fig. 4. See Table Ill for ~ TABLE lIl. Lattice results for the energies dis orbital (L
a summary. For th®_ state the experimental excitation en- =1) and radial (&) excited states.
ergy for charm quarks is 349 MeV while we obtain for static

FIG. 4. The energies in MeV d?-wave excited states relative to

quarks 40431) MeV. Thus the interpolation tb quarks in- J* M(B3)—M(By) MeV
volves only small shifts—leading to 38%l) MeV. This is 0+ 386+ 31
close to the threshold for decay emitting a kdarmass gap 1+ 434+ 31

of 404 MeV) and probably below it. So we do expect this 1+ 522+ 52
scalar meson to be very narrow, as was found for ¢dke 2+ 534+ 52
counterparf8]. The associated axial meson at 489 MeV 0~ 470+ 18852
above theB; will be close to theB*K threshold(at 450 1- 470+ 188-52

MeV) and should also be very narrow. Th, states lie
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predict the spectrum of excitdzh states albeit with a some- 1,
what larger systematic error from the extrapolation to light Asp™ Z(MB*_ M§)=0.12 GeV. (4)
guarks which we are assuming to be a constant. The only

experimental observatiofiL7] of an excitedB state is the ] i

B* (5732) which lies 419 MeV heavier than tBeand has a '€ NRQCD lattice formalism allows theseny expres-
width of 12818) MeV. This may indeed be composed of sions to be evaluated. _The results_ frqm several re_cent studies
several states. The mass value is indeed in the region whekg— 7] Show that essentially all excitation energies increase as

dict a rich ¢ f excitdd stat ven thouah M@ is decreased from the static limit. This is what would be
we predict a rich spectrum ot exci stales, eve fug expected from the kinetic energy correction above. A note of
they should not be especially narrow since Bwe andB* 7

q h | caution, however, is that the magnetic contribution from
eCAasyV\?el?grs]T):rsegirStiﬂget?\é spectrum, lattice methods can b (gBhese studies can be compared with experimental data on the
) ' C . *,B splitting and underestimates it by almost a factor of
used to evaluate decay amplitud@d] and this is feasible 5 SPIHNng y

: two [5,6]. This suggests that NRQCD, as currently imple-
for the heavy-light systems tq@2]. mented, is not reproducing the magnetic contribution accu-

rately. Thus predictions from NRQCD of hyperfine splitting
lIl. DISCUSSION may be underestimated. In the NRQCD method one does not
We first discuss the issue of the theoretical relationshig@ke @ continuum limit, but the approach can be systemati-
between the static limit and realistic heavy quarks. Then w&@lly improved[20] by including more terms in the effective
can use this discussion to organize our comparison wit@ction and by computing the coefficients of these tefsnsh
other lattice determinations of the heavy-light spectrum. ~ @so"B) non-perturbatively, although this is yet to be carried
A precise description of heavy-light mesons is providedoUt to a level such that systematic errors on the hyperfine

by the heavy quark effective theory. The leadingngd) cor-  SPIittings can be established. . .

rections[23] to the static(i.e. heavy quarklimit arise from Another way to estimate therig corrections from lattice

two sources: kinetic and magnetic terms. The magnetic corstudies is to compare static results, such as ours, with results

tribution splits each static energy levil (with total light f_rom relativistic propagating quarks, where a continuum

quark angular momenturj, =L = I, calledL. above into limit may be taken. Her_e recent results for charm quatiés

two with total angular momentunj;=j,+3 and j,=j,  do give a spectrum afs mesons substantially in agreement

— 1. They have masses given by with experiment and hence support the pattern afgltor-
rections we show in Fig. 4. Note that Ba#f] used an esti-

M K - mate of 1y effects by taking the difference of the
My, =Mo+Ap+ ﬁ+(2jl+ 1)%, (1)  quenched results in the static linffrom Michael and Peisa
Q Q [3]) and for charm(from Boyle [24]) and using this to cor-
rect theN;=2 static result from the SESAM collaboration
B Ny K : VTY:! [4]. This different procedure explains why his result for the
mHz_mQ+AH+ 2mQ_(2J2+1) 2mg’ ) scalar P-wave meson is heavier than ouflsy 20) even

though he obtains a similar value for tRe energy excita-

where mg is the mass of the heavy quark and, is the tion in the static limit. _ _ _
binding energy. On the lattice there is a self-energy term We illustrate some of the above discussion by presenting a

proportional to 14, but as we only discuss mass differences,comp"ation of.relevant lattice results in Fig. 5. Some older
this will cancel. lattice calculations of the mass spectrumRsfvave heavy-

Here A, ¢ arises from the insertion of the heavy quark lght mesons have been reviewed receriéyl8]. Improved
kinetic ene’rgy for staté! i.e. lattice calculatl_ons with redu_cc_aq systematic and statistical
errors are required to get definitive answg2s,26.
— 5 Having discussed the heavy quark effective theory, we
Mk =(H|QDTQ[H). () now discuss the implications of our results for other models
of heavy-light mesons.
As the transverse kinetic energy is expected to be positive, A traditional way to understand such spectra would be
this implies that\; « should be positive also. However, it is using a quark model with an underlying potential description
the difference of kinetic energies between states that wg27]. This is not strictly justified for a light quark, but may be
need. In a simple approach with a confining potential, theof qualitative use. For the experimentally observed excited
excited state would have larger kinetic energy than a groun®, states, it is difficult to understand why the hyperfine split-
state, so the mass differences betweenRheand Swave ting is sufficiently big to give al°=0" meson which is so
states would increase as, is decreased, but this is only a light in such an approacf28]. Our results enable us to dis-
gualitative indication. cuss the possible inversion of the level orderimgth L.
The coefficient\ g arises for statéd from the insertion lighter thanL _) at largerL or for radial excitations. This
of the o- B term, whereo is the heavy quark spin arl is inversion has been predictg®,10] from consideration of the
the chromomagnetic field from the light quark. For thespin-orbit force, which at larger separation would come more
Swave statesB*,B), the \gg parameter can be estimated from the confining interaction than the short-ranged contri-
from the experimentaB* to B mass splitting bution from gluon exchange. We find no evidence of a sign
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a) IP-0 b)2S-0
850 I_ | LI | LI | [ | LI | I_ I_ | LI | [ | [ | LI |__I_ 850
800} | O P._This work - = O This work —800
- | & P, This work . = D> Hein et al. -
7501~ | v P Bali 7] N O Collins et al. [>__ 750 FIG. 5. The energies from lat-
7001 | % 0" Lewis etal. _ | 700 tice studies of heavy-light excited
- |+ 0" Dougall et al. . - . states relative to the ground state
6501 | o o — —T —650 (JP=07) heavy-light meson with
S 0" Boyle i B 14 > h k of d
> L b o Hei N B Jeo0 = a heavy quark of massi, and a
S 600 - 0" Hein et al. ] i ] >, light quark which is strange. For
B 550 = —550 8 clarity we have displaced some of
- . - - the numbers on the axis; the
500 — — — 500 graph should be viewed as three
B 7 - [ 7 clumps of numbers with heavy
450 B ] [ | ] 450 quarks at static, bottom, and
400~ — — —{400 charm.
350 = — — 350
'S I A R N N B A " I W N A A B
0 03 06 09 1.2 0 03 06 09 1.2
mc/mQ m C/mQ

change in the spin-orbit splitting d® or D waves. Thus appropriate tB* states and have used experimental data on
conventional short-distance spin-orbit effects are still rel-D* states to establish this. Our results for th@vave exci-
evant up to radii appropriate f@-wave states. tations confirm those obtained previou§8] that the excita-

It is possible to discuss chiral symmetry in the heavytion energies are relatively small. This implies that the
quark limit. This allows relationshipkL1] between energy p.wave states will be close to the lightest hadronic decay
levels and also predictions for coupling strengths. A strongefnresholds (namely BK and B*K). The P_ states {°
assumption of the form of chiral symmetry breaking aIIows:0+,1+) have anSwave decay but are light enough that
to obtain results away from the static limit, such as that thgnere is little or no phase space for decay. The states
1~ to 0~ splitting is the same as that from" %o 0*. Chiral (JP=1%,2%) are heavier but hav®-wave decays and so
symmetry in the heavy quark limit relates tBestate toP il also have narrow widths since centrifugal barrier effects
and theD _ state toP, , etc. This does not seem to be a very yj| reduce them. We also see evidence that ti8 states
good approximation: the spectrum is closer to being depen(‘]PZO—'l—) are close to the lightest thresholds and so may

(rjnear;:alsr:ihezlroggé :Ed:xec?ta?ilé)rnSeprsecrtgr];n\)vi;]hows an approxrb? narrow too. Our results fdrs states are summarized in
Fig. 4 and in Table IIl. Our central values for these energy
levels imply that there will be 6 narrow excitd?|, states to

IV. CONCLUSION be found experimentally. Taking account of the error esti-
mates, we predict at least 4 narrow excited states.

We have used lattice QCD to explore the spectrum of Since we see no significant dependence of the excitation
heavy-light mesons. Our results are evaluated for static

guarks but they are very relevant hoquarks B* state$ as 5

) . — T | | —
we have argued. We have concentrated our studies on ligh } i
i C »xQ3 x

quarks which are of the mass of a strange quark, althoughwt - |g g5, S i
find that excitation energies are consistent with being inde- [ [++DF3 -7 i '
pendent of the light quark mass, and hence will apply alsoto _F 4
K . 3 - ©
light quarks which arer andd. mF PG

We have determined the spectrum upRowaves and & [ 1 E
including radial excitations; see Fig. 6. This gives a rich 2f 1 4
texture for model building of heavy-light mesons. We find no - Jdos
evidence of a sign change in the spin-orbit splitting Dof 1F ]
waves. Thus conventional short-distance spin-orbit effects -
are still relevant up to radii appropriate f@-wave states. Py | | | | LTy
Rather than the pattern given by chiral symmetwhich 28 P- P+ D- D+ Fi-
relatesSto P_ andD - to P etc.[11]) we find a spectrum FIG. 6. The energies from some of our lattice studies Wth

which is closer to being dependent bralone. Indeed we see =2 (DF) andN;=0 (Q) in units ofr, of L-wave excited states and

an approximate linear rise in excitation energy Withup to  the Swave radial excited state relative to the ground stats) (1

L=3, as 0.45L GeV, reminiscent of Regge or string modelsheavy-light meson with a static heavy quark and a light quark
We have discussed corrections to the heavy quark limitvhich is strange.
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energies on light quark mass, our predictions from Table llisea quark masses of a fifth of the strange quark mass, have

can also be used as estimates for orbital and rdgifaB already startefi25,26. Also, to study states near threshold it

excitation energies, although these mesons will not be esperay be necessary to use a more complicated lattice QCD

cially narrow since thé« andB* 7 thresholds are open.  formalism that explicitly includes the decay products in the
In our lattice studies, we have pushed toward light sedattice measuremen21].

quarks, toward small lattice spacing and toward large vol-

ume, but not toward all three require_ments si_multaneous_ly. ACKNOWLEDGMENTS
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