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The mass spectrum of orbitally and radially excited state® ahdD mesons is calculated in the framework
of the relativistic quark model. The expansion in inverse powers of the heavy quark mass is carried out up to
first order, while the light quark is treated without expansion. We find that the relativistic treatment of the light
quark plays an important role. Different patternsPofevel inversion are discussed. The obtained masses of
orbitally and radially excited states are in accord with available experimental data and heavy quark symmetry
relations.[S0556-2820198)06009-3
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[. INTRODUCTION Many different approaches have been used for the calcu-
lation of orbital and radial excitations of heavy-light mesons
The investigation of the properties of excited heavy-light(6—9]. However, in almost all of them the expansion in in-
mesons represents an interesting and important problem. Tiverse powers not only of the heavy quark masg) but also
experimental data on the orbitall] and radially{2] excited  in inverse powers of the light quark masgy) is carried out.
B and D meson states are becoming available now. Bhe The estimates of the light quark velocity in these mesons
andc— 7 factories will provide more accurate and compre-show that the light quark is highly relativisticv{c
hensive data for these states. On the other hand, the preserc®-7—0.8). Thus the nonrelativistic approximation is not
of the heavy quark in these systems considerably simplifieddequate for the light quark and one cannot guarantee the
the theoretical description of heavy-light mesons. Heavylumerical accuracy of the expansion in inverse powers of the
quark symmetry3], arising in the limit of an infinitely heavy light quark mass. In this paper we use the relativistic quark

quark massng , imposes strict constraints on the mass specmOdQI[l.O_12 fqr the calculation of the masses of Qrbitally
trum of heavy-light mesong]. In this limit the heavy quark and radially excited andD mesons without employing the

mass and spin decouples and all the meson properties algé(lpansion in Ihy. Thus the light quark is treated fully rela-

determined by light degrees of freedom alone. As a result th |vistically. Concerning the heavy quark we apply the expan-

. . sjon in 1mg up to the first order. Our relativistic quark
heavy quark spin degeneracy of the levels emerges. The lig odel is based on the quasipotential approach in quantum

quark’s spin couples with its orb|FaI momentum, resulting forfield theory. It has been used for the calculation of heavy
S-wave mesons n two degenergte 1/2 states, correspond- q,arkonia mass spectrufil0] and electroweak decays of
ing to 1" and 0"~ For P-wave mesons two degenergte  heayy mesonfl1,12. Recent nonperturbative investigations
=3/2 states (1,2") and two degeneratg=1/2 states indicate that the confining potential cannot be simply scalar.
(07,17) arise. The heavy quark symmetry constrains alsorhis is in agreement with our model assumptions on the
the strong decays of these states. The decay rates of th@rentz structure of quark confinement. The comparison of
P-wave states in degenerate doublets should be the samsur model results with model independent constraints of
The states withh = 1/2 are expected to be wide, because theyHQET is given in[13].

decay in anS wave, whilej=3/2 mesons are narrow, be-  The paper is organized as follows. In Sec. Il we describe
cause they decay in@ wave. Since the redd andc quarks  our relativistic quark model giving special emphasis to the
are not infinitely heavy, the corrections in inverse powers ofole of the Lorentz structure of quark confinement. In Sec. Il
the heavy quark mass turn out to be important. These correde construct the quasipotential of the interaction of a light
tions break down the degeneracy of the levels. Heavy quarfuark with a heavy antiquark. We use the heavy quamigl/
effective theory (HQET) (see, e.g.,[5] and references €xpansion to simplify the construction. The light quark is
therein provides a systematic method for treatingng/cor- treated relativistically. First we consider tmag— o limit

rections. However, in order to obtain quantitative prediction®"d then the corrections of the first order img/. We
it is necessary to combine it with some dynamical nonperpre;ent the predictions of our model for orbitally and radially
turbative approaches excited states oD, Dg, B, andBg mesons. In Sec. IV we

compare our results with the heavy quark symmetry and
other quark model predictions as well as available experi-

*On leave of absence from Russian Academy of Sciences, Scierr]pental data. Section V contains our conclusions.

g‘ic Qouncil for Cybernetics, Vavilov Street 40, Moscow 117333, IIl. RELATIVISTIC QUARK MODEL
ussia.

We use thel” notation, wherel=j+1/2 andP are the total In the quasipotential approach a meson is described by the
angular momentum and parity of the meson. wave function of the bound quark-antiquark state, which sat-
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isfies the quasipotential equatigd4] of the Schrdinger deed, in constructing the quasipotential of quark-antiquark

type[15] interaction we have assumed that the effective interaction is
) ) 3 the sum of the usual one-gluon exchange term with the mix-

(b M) p_)\l, ( ):J' d°q V(p.g: M)W (q) ture of long-range vector and scalar linear confining poten-
2ug 2pg) M P (2m)3 P.q: M), tials, where the vector confining potential contains the Pauli

(1) interaction. The quasipotential is then defined[b§]

where the relativistic reduced mass is - — 4 .
, V(p,a:M) =ug(P)ug(—P)) 3@sD (k) vg7q
EEq  M*—(mi—mpg)?

MR= - 3 ' (2)
EqtEq am +vgom(k)rgrQ;M+v§0nf(k)] Ug(q)ug(—q),
andEg, Eq are given by
M?2—m2+m? M2—mZ+m2 ®
E __ Q"4 E 9 Q 3 ) . .
q oM ' Q oM , where as is the QCD coupling constanD ,, is the gluon
) propagator in the Coulomb gauge
whereM =E_+ Eg is the meson mass), o are the masses o
of light and heavy quarks, amglis their relative momentum. oo . AT o ATl KK
In the center of mass system the relative momentum squared D™(k)=— K2’ DY (k)=- 2 6 = K2
on mass shell reads o o
| J— 10__
bz(M):[Mz_(mq+mQ)Z][Mz_(mq_mQ)z] (4) D D O, (6)
AM? ' and k=p—q; v, and u(p) are the Dirac matrices and
spinors
The kernelV(p,q;M) in Eq. (1) is the quasipotential op-
erator of the quark-antiquark interaction. It is constructed e(p)+m
with the help of the off-mass-shell scattering amplitude, pro- uNp)=\ 5= op X, W)
jected onto the positive energy states. An important role in 2€(p) —e(p)+m

this construction is played by the Lorentz structure of the
confining quark-antiquark interaction in the meson. In thewith e(p)=Jp?+m?. The effective long-range vector ver-
literature there is no consent on this item. For a long time theex is given by
scalar confining kernel has been considered to be the most .

: : . . i K
appropriate ond16]. The main argument in favor of this K=y, +5=0
choice is based on the nature of the heavy quark spin-orbit 2

potential. The scalar potential gives a vanishing long-range . . . -
magnetic contribution, which is in agreement with the pic_whereK is the Pauli interaction constant characterizing the

ture of quark confinement of RefL7], and allows one to get anomalous chromomagnetic moment of quarks. Vector and

the fine structure for heavy quarkonia in accord with experi-scalar confining potentials in the nonrelativistic limit reduce

mental data. However, the calculations of electroweak deca

k?, ()

wv

rates of heavy mesons with a scalar confining potential alone V\C’Om(r) =(1—¢)(Ar+B),
yield results which are in worse agreement with data than for S ©)
a vector potentia[18,19. The radiativeM 1 transitions in Veonf ) =&(Ar+B),

guarkonia such as, e.gl,s— 7.y are the most sensitive for

the Lorentz structure of the confining potential. The relativ-

istic corrections for these decays arising from vector and Vel 1) =V A1)+ VY (r)=Ar+B, (10)

scalar potentials have different sigris,19. In particular, as

it has been shown in Reff19], agreement with experiments wheree is the mixing coefficient.

for these decays can be achieved only for a mixture of vector The expression for the quasipotential for the heavy

and scalar potentials. In this context, it is worth remarkingquarkonia, expanded w?/c?, can be found in Ref10]. The

that the recent study of thegq interaction in the Wilson loop  structure of the spin-dependent interaction is in agreement

approacH20] indicates that it cannot be considered as sim-with the parametrization of Eichten and Feinb¢2g]. All

ply a scalar. Moreover, the found structure of spin-the parameters of our model, such as quark masses, param-

independent relativistic corrections is not compatible with agters of linear confining potentigdd and B, mixing coeffi-

scalar potential. A similar conclusion has been obtained irtient e and anomalous chromomagnetic quark moment

Ref.[21] on the basis of a Foldy-Wouthuysen reduction ofwere fixed from the analysis of heavy quarkonia ma§$ek

the full Coulomb gauge Hamiltonian of QCD. There, the and radiative decayd49]. The quark masses,=4.88 GeV,

Lorentz structure of confinement has been found to be ofn,=1.55 GeV,m;=0.50 GeV,m, 4=0.33 GeV and the pa-

vector nature. The scalar character of spin splittings in heavyameters of the linear potenti?A=0.18 Ge\? and B=

quarkonia in this approach is dynamically generated through-0.30 GeV have standard values of quark models. The value

the interaction with collective gluonic degrees of freedom. of the mixing coefficient of vector and scalar confining po-
All these new results are in agreement with the assumptentialse=—1 has been determined from the consideration

tions of the relativistic quark model approagh9,10. In-  of the heavy quark expansidi3] and meson radiative de-

reproducing
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cays[19]. Finally, the universal Pauli interaction constant The most interesting is the last term in this expression, which
x=—1 has been fixed from the analysis of the fine splittingcomes from the lower components of the spinays In con-
of heavy quarkoni&P stateg10]. Note that the long-range figuration space, it has arlasymptotics for —0 and de-
magnetic contribution to the potential in our model is pro-creases as i for r — . If we simply replaces,—E,, then
portional to (1+ ) and thus vanishes for the chosen value ofwe get the asymptotics rf/, which is correct at infinity but

k=-—1. too singular at the origin. To cure this asymptotics, let us
notice that if binding effects are taken into account, it is

lll. QUASIPOTENTIAL OF THE INTERACTION OF A necessary to replaeg—Eq—V, whereV is the quark inter-
LIGHT QUARK WITH A HEAVY ANTIQUARK action potential. If we consider larger distances of the order

of the hadron radius, the contributions éfare of the order

The expression for the quasipotenti&l can, in principle,  of the (smal) binding energy and can be neglected. But for
be used for arbitrary quark masses. The substitution of the—0 the Coulomb singularity inV becomes important.
Dirac spinors(7) into (5) results in an extremely nonlocal Thus, we keep this contributiofup to the first order in the
potential in the configuration space. Clearly, it is very hard topinding energy in the last term in12). As a result we find

deal with such potentials without any simplifying expansion.that the Coulomb-like one-gluon potentiaVcq(r)=
Fortunately, in the case of heavy-light mesons, one can carry £(a/r) in this term should be replaced by

out (following HQET) the expansion in inverse powers of

the heavy quark mass, . The leading terms then follow in _ 1
the limit mg— . VCOU'(r):VCOU'(r)<1 4 ag 1)(1 4 as 1}’
+-——|1+3 —
A. Infinitely heavy quark limit 3Eqr 3 Bqtmgr (13)

In the limit mg— <0 the heavy quark Dirac spinor has only
an upper component. Thus only the zeroth component ofading to the correct asymptotics both at the origin and in-

Dirac matrices in(5) contributes, and we get finity.
4 4n The resulting local quark-antiquark potential fog—
V(p,q;M)zu_(a(p)[ —§as—27’8+V\c/om(k) ?(?rrrln-be presented in configuration space in the following
o, K o s
X ’}’q+ 2m yq(‘)’k) +Vconf(k)} Uq(q)- (11) Vm Hoo(r): Eq+mq VCouI(r)+Vconi(r)+ 5
a Q 2E, (Eq+mg)?

The resulting quasipotential is still nonlocal in configuration

space. However, taking into account thatand D mesons X

are weakly bound,we can replace,(p) —E, in the Dirac

spinors(7). Such simplifying substitution is widely used in v 2

quantum electrodynamid®3-25 and introduces only mi- —AVeon(N1=(1+ )]+ F(VC0U|(r)

nor corrections of the order of the ratio of the binding energy

(V) to Eq. This substitution makes the Fourier transforma-

tion of the potential11) local and works well for the con- ~Veont (1) = Vet (N[1—(1+ K)])qu]

fining part of the potential. However, it leads to a fictitious

singularity 1f° at the origin arising from the one-gluon ex- (14

change part, which is absent in the initial potential. Note that

this s.ingularity is not importantl if the perturbation theory in Here the prime denotes differentiation with respeat,ta is

1/mq is used. As we are not going to expand our potential i orhital momentum, ar, is the spin operator of the light

1/mq, additional analysis is necessary. The explicit one-quark. Note that the last term {d4) is of the same order as

gluon contribution to(11) is given by the first two terms and thus cannot be treated perturbatively.
In the infinitely heavy quark limit the quasipotential equa-

tion (1) in configuration space becomes

PLV cou(1) + Veork 1) = Ve 1) 1p

_ 4 A7 0
Uq(p) _§QSFYQ uq(Q)

2 2 2
S Ma_ Py =y W 15
B i \/Eq<P>+mq\/eq<q>+mq 5E, 28, VM=V oDV, (19
3 k2 2e4(P) 2¢€4(Q)
(1o e e nesn s ey oy
[€q(P) + Mgl €4(a) +mg])” q

and the wave function?,,. The obtained results are pre-
sented in Table I. We see that the heavy quark spin de-
couples in the limitmg—, and thus we get the number of

“The sum of constituent quark masseg+ my, is very close to the degenerated states in accord with the heavy quark symmetry
ground state meson mabkk. prediction.
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TABLE I. The values ofg, and meson massé4 in the limit TABLE Il. Mass spectrum oD mesons with the account of
mg— (in GeV). We use the notationn{ L) for meson states, 1/mg corrections in comparison with other quark model predictions
wheren is the radial quantum number, afds the total angular and experimental data. All masses are given in GeV. We use the
momentum of the light quark. notation (1L;) for meson states, wherkis the total angular mo-
mentum of the meson.

D D, B B,

State E,q M E, M Eud M E. M State Our [6] [8] Experiment{28,1,2
12 0.497 2.047 0.607 2.157 0.514 5.394 0.628 5.5081S, 1.875 1.88 1.8645)
1%2p 0.800 2.350 0.913 2.463 0.800 5.680 0.927 5.8071S; 2.009 2.04 2.0060B)
1¥2p 0.886 2.436 0.985 2.535 0.898 5.778 0.998 5.8781P, 2.459 2.50 2.460 2.45820)
2125 0.940 2.490 1.047 2.597 0.955 5.835 1.063 5.9431P, 2.414 2.47 2.415 2.42279)

1P, 2.501 2.46 2.585

1P, 2.438 2.40 2.565

B. 1/mq corrections 25, 2579 258

The heavy quark symmetry degeneracy of states is brokedS; 2.629 2.64 2.63®) ?

by 1/img corrections. The corrections of ordemiy to the
potential (14) arise from the lower components of heavy
quark Dirac spinors iif5). The matrix elements of the spatial mesons with the account ofris corrections. The results of
components of Dirac matrices are not zero now. Thus theur calculations are presented in Tables II-V.
contributions at first order in il come from the one-gluon-

exchange potential and the vector confining potential, while

the scalar potential gives no contribution at first order. The IV. RESULTS AND DISCUSSION

resulting 1ig correction to the heavy quark potent{d#) is

: . . Let us compare the obtained results with model indepen-
given by the following expression:

dent predictions of HQET. In HQET the heavy-light meson

v massM of ground-state pseudoscalar and vector mesons is
5V1/mQ(r): E Mg PLVcoulr) +Veond ) 1P given by[5]
q
21 A—2[3(3+1)— A
’ V — 1 2 2
+Veoul ") 57 = 74 Veonf 1) M=puo+A— 20 +0(Lud),
1 (1+x) .y (a7
+ FVCouI(r)—i_TVconf(r) LS
1/1 where the parameteY represents contributions arising from
el BtV RV (14 K)2 terms in the HQET Lagrangian which are independent of the
3| Veoul ) = Vool 1)+ (14 x) heavy quark mass. The termg and\, parametrize contri-
1 butions from the kinetic energy and chromomagnetic inter-
X FVan) Ve | action i orin
r Note that the HQET heavy quark magsg is in principle
3 5 different from our massng for the simple reason that HQET
«| — L2 L SrAvY uses Fhe pole heavy quark mass, whlle guark models use the
i rZ(Sqr)(SQr) 3[ Couf ) constituent quark mass. Obviously, in the heavy quark sym-
metry limit this difference between constituent and pole
2 AV heavy quark masses, however, disappears. In particular, we
+(1+K)“AVionf 1) 1SSy | » (16)

TABLE Ill. Mass spectrum oD mesons with the account of
where S=§,+S; is the total spin. The first three terms in 1/mq corrections in comparison with other quark model predictions
(16) represent spin-independent corrections, the fourth terrand experimental data. All masses are given in GeV. The same
is responsible for the spin-orbit interaction, the fifth one isnotation as in Table Il is used for meson states.
the tensor interaction, and the last one is the spin-spin intef=
action. It is necessary to note that the confining vector interState Our (6] [7] Experiment[28,1,2
action givgs a contribution to the sépin-dep('anden.t part whicrlSO 1.981 1.98 1.968%)
is proportional to (H ) or (1+«)“. Thus it vanishes for

. - 1S 2.111 2.13 21124
the chosen value of=— 1, while the confining vector con- ! 2%
it o , 1P, 2.560 2.59 2.561 2.57867)
tribution to the spin-independent part is honzero.
The quasipotential at &y order is given by the sum of 1Py 2.515 2.56 2.526 2.5%8)
quasip Q 9 y 1P, 2569 255

Vmoﬁw(r) from (14) and 5V1,mQ(r) from (16). By substitut- 1P, . 248

ing it in the quasipotential equatida) and treating the g 25, 2 670 267
correction terrm‘vl,mq(r) using perturbation theory, we are 25, 2716 273

now able to calculate the mass spectrunboD, B, andBg
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TABLE 1IV. Mass spectrum oB mesons with the account of TABLE V. Mass spectrum oBg mesons with the account of
1/mq corrections in comparison with other quark model predictions1/mg corrections in comparison with other quark model predictions
and experimental data. All masses are given in GeV. The samand experimental data. All masses are given in GeV. The same

notation as in Table Il is used for meson states. notation as in Table Il is used for meson states.

State Our [6] [8] [7] Experiment28,1,2 State Our [6] [7] Experiment{28,1,2
1S, 5.285 5.31 5.27928) 1S, 5.375 5.39 5.36920)
1S, 5.324 5.37 5.32488) 1S, 5.412 5.45 5.41@) ?
1P, 5733 5.80 5715 5.771 5.7@) 1P, 5.844 5.88 5.861 5.8535)?
1P, 5.719 5.78 5700 5.759 1P, 5.831 5.86 5.849

1P, 5.757 5.78 5.875 1P, 5.859 5.86

1P, 5.738 5.76 5.870 1P, 5.841 5.83

25, 5.883 5.90 2S, 5.971 6.27

2S, 5.898 5.93 59@ 2 2S; 5.984 6.34

find the relationEq= A +0O(1/mg). Thus, the values oE; ~ where Mg =(3Mg +5Mg )/8, Mg=(Mg+3Mg:)/4 are
listed in Table | are just the values of the HQET parametergppropriate spin averagel- and S-wave states. We get

A. from Tables 11-V the following values of mass splittings:
The structure of Ihg corrections in our model is consis- _
tent with (17). However, we find that the parameter corre- Mg,—Mp =3.29 GeV,
sponding tok; in our model contains not only the kinetic _ _
energy part but also other terms originating from spin- Mg, —Mp_=3.30 GeV,
independent corrections in E¢L6).% A similar result has o
been found in the relativistic quark model in REZ7]. The Mg—Mp=3.34 GeV,
value of this parameter turns out to be very sensitive to the L
value of the heavy quark mass. Indeed, assuming that the Mg —Mp_ =3.33 GeV, (21
heavy quark pole masgq and constituent quark massg
are related by27] in agreement witi{20). There also arise the following rela-
\Q , tions between hyperfine splittings of levels:
Mo=uq 2ug +0O(1/ng), (18

mC mC
AMBEMBZ_MBlz m_bAMDEm_b(MDZ_MDl)v

we see that only; is influenced, and it is connected to the (22

quark model valua.$" by
and the same foBg and D¢ mesons as well as fd?,— Py,

N =APMENQ (19 states. Our model predictions for these splittings are dis-
) played in Table VI.
In our model, for constituent quark masseg=4.88 GeV In Tables 1I-V we compare our relativistic quark model

andm,=1.55 GeV, we find\?"'~0.85 GeV? for B mesons  results for heavy-light meson masses with the predictions of
and\7"'~0.26 Ge\f for D mesons. If we require the pa- other quark models of Godfrey and Isdéi, Isgur[8], Eich-
rameter\, to be equal to the mean value ef(p?) (in our  ten, Hill, and Quigg[7] and experimental daf@8,1,3. Al
model (p?)~0.25 Ge\f for B and D mesong then from  these quark models use the expansion in inverse powers both
(18) and(19) we get the heavy quark masseg=4.75 GeV  of the heavym,, and light m, quark masses for th@q
and u.=1.40 GeV. These values agree with values of thepteraction potential. In Refl6] some relativization of the
heavy quark pole masses used in HQET. _ potential has been put in by hand, such as relativistic smear-
The values of the parametar,, which determines the ing of coordinates and replacing the factomilby 1/e,(p).
hyperfine splitting, coincide in HQET and quark models. Wepowever, the resulting potential in this approach accounts
find \,~0.112 GeV for B mesons and,~0.125 GeV for  only for some of the relativistic effects, while the others,
D mesons. which are of the same order of magnitude, are missing. The
Heavy quark symmetry provides relations between exconsiderations of Ref§8,7] are closely related. The heavy
cited states oB andD mesons, such as

_ — _ — — = = — TABLE VI. Hyperfine splittings of P levels. All values are
MBl_MDlele_MDsleB_MD:MBs_MDs

given in MeV.
=Mpy—Mm, (20) States AMp M AMg AMp. m AMg
_AMD S _AM D s
My My s
3Note that, if we had also used an expansion in inverse powers ofP2—1P; 45 14 14 45 14 13
the light quark mass, then, in the static limit, we would ygt= 1P;—1P, 63 20 19 61 19 18

—(p?.
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281 ] 251
20 250 i 280
25 aas®?
1 1P1 5.8
2 . . 1P2 1P(1/2) 1p1
1P(1/2) & * —— 1PO 1P
2.4 Pt 1P1 4 1be
1P(3/2) ——————— 1P(3/2)
1 5.6
2.2
IS — s 5.4 1S e
2.0 Y . 181 O
| I 181
1 e T————— 180
——— 180
1.8 . R . 5.2 e . -
: mQ-->infinity with 1/mQ corrections mQ-->infinity with 1/mQ corrections

FIG. 1. The ordering pattern @ meson states. The mass scale  FIG. 3. The ordering pattern & meson states. The mass scale
is in GeV. is in GeV.

quark expansion is extended to light,@,s) quarks and the ground state an®-wave masses are taken from R¢28,1].
experimental data oR wave masses df mesons are used For the radially excited states we use the preliminary data

to obtain predictions foB andD mesons. from DELPHI [2].
In Ref.[8] it is argued that the heavy quark sgfwave
multiplets withj=1/2 (0",1%) andj=3/2 (1*,2") in B and V. CONCLUSIONS
D mesons are invertd®9]. The 2" and 1" states lie about , ,
150 MeV below the 1 and 0" states. In the limitmg In this paper we have presented the calculation of the

.o, we find the same inversion of these multiplets in ourM2SS spectra of orbitally and radially excited states of heavy-
model, but the gap betweej=1/2 andj=3/2 states is light mesons in the framework of the relativistic quark
smalle,r (~90 MeV for B andD mesons and-70 MeV for model. The main _aqlvantage of the proposed approach con-
B, and D, meson§ and 1M, corrections reduce this gap sists of the relativistic trea'tme.nt_of the light quarksd,s).
further. However, the hyperfine splittings among the states inf/e apply only the expansion In INVErse powers of the heavy
these multiplets turn out to be larger than 8. As a result quark (,c) mass, which considerably simplifies calcula-
the states from the multiplets fdd, D, and B mesoné tions. The infinitely heavy quark limit as well as the first
overlap in our model; however, the hesélvy quasrk spin averorder 1mq corrections are considered. Our model respects
aged centers are still invertésee Figs. 1-4 We obtain the the constraints imposed by heavy quark symmetry on the
following ordering of P states(with masses increasing from number' of levels and different sphttmgs. : .
left o right: B meson—1P(3). 1P,. 1Py, 1P;(1): D We find that the heavy quark spin multiplets witk 1/2
'ghy: —al2)y 22, AP0, 2F(2)s Ys - (0%,17) and j=3/2 (1",2%) are inverted in themg—
meson— 1P, 1P;(3), 1P,, 1Py(3); D and Bs limit. This inversion is caused by the following reason: The
mesons— P4(2), 1Py, 1P,, 1P,(2). Thus, only forB  confining potential contribution to the spin-orbit term(i¥)
meson, we get the purely inverted pattern. Note that th&Xceeds the one-gluon exchange contribution. Thus the sign
model[6] predicts the ordinary ordering of levels. before the spin-orbit term is negative, and the level inversion
The results of our model agree well with available experi-emerges. However, thg corrections, which produce the hy-
mental data. The experimental values in Tables Il-V forperfine splittings of these multiplets, are substantial. As a

e 250 2§ — e
i 5.9]
1 2 1Pl 1P1
L) 1P(1/2) 1Bl
2.5 1P(L2) 1P1L 1PGR2) hl:;?
| 1PG/2) 1P0 .
5.H
2.3
1§ ———————re
A 151 55 18—
| P : N 181
1.91 I
infini : ; 5.3 o _ _
mQ-->infinity with 1/mQ corrections mQ-->infinity with 1/mQ corrections

FIG. 2. The ordering pattern @ ¢ meson states. The mass scale  FIG. 4. The ordering pattern &g meson states. The mass scale
is in GeV. is in GeV.
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result the purely inverted pattern Bf levels occurs only for light meson. We plan to apply the found meson wave func-
the B meson. ForD and B; mesons the levels from these tions for the calculation of semileptonic and nonleptonic de-
multiplets begin to overlap. This effect is more pronouncedcays ofB mesons intdP-waveD andD¢ mesons, which are
in the D5 meson, where the ordinary ordering is restoring.important for the experimental observation of these states.
Thus we see that thB; meson occupies an intermediate
position between heavy-light mesons and heavy-heavy me-
sons(quarkonia,B. meson. It is necessary to note that both
the presence of the relativistic light quark and the light-to-
heavy quark mass ratio play an important role in the forma- We are grateful to D. V. Antonov, A. B. Kaidalov, T.
tion of level ordering patterns. The light quark determinesLohse, V.I. Savrin, Yu. A. Simonov, and A. S. Vshivtsev for
the meson radius, while thve,/mgq ratio indicates the valid-  useful discussions of the results. One of the autiér©.G.)
ity of the application of the heavy quark symmetry limit.  gratefully acknowledges the warm hospitality of the col-
The found mass values of orbitally and radially excitedleagues in the particle theory group of the Humboldt Univer-
heavy-light mesons are in good agreement with availablsity extended to him during his stay there. He was supported
experimental data. At present only narrdvwave 2",1" in part by the Deutsche Forschungsgemeinschaft under con-
(j=3/2) levels ofD, D; andB mesons have been measured.tract Eb 139/1-3 and in part by the Russian Foundation for
It will be very interesting to observe also"@* (j=1/2)  Fundamental Research under Grant No. 96-02-17171. R.N.F.
levels, which is more complicated, because these states anes supported in part by the Russian Foundation for Funda-
expected to be broad. This will allow us to determine themental Research under Grant No. 96-02-17171 and in part
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