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We have investigated the spectra of light-heavy quarkonia with the use of a quantum-
chromodynamic potential model, which is similar to that used earlier for heavy quarkonia. An
essential feature of our treatment is the inclusion of the one-loop radiative corrections to the quark-
antiquark potential, which contribute significantly to the spin splitting among the quarkonium
energy levels. Unlike cZ and bb, the potential for a light-heavy system has a complicated dependence
on the light and heavy quark masses m and M, and it contains a spin-orbit mixing term. We have
obtained excellent results for the observed energy levels of D°, D,, B°, and B,, and we are able to
provide predicted results for many unobserved energy levels. Our potential parameters for different
quarkonia satisfy the constraints of quantum chromodynamics. We have also used our investigation
to test the accuracy of the heavy quark effective theory. We find that the heavy quark expansion
yields generally good results for the B® and B, energy levels provided that M ~* and M ~'In M cor-
rections are taken into account in the quark-antiquark interactions. It does not, however, provide
equally good results for the energy levels of D° and D,, which indicates that the effective theory
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cannot be applied accurately to the ¢ quark.

PACS number(s): 12.39.Pn, 12.39.Hg, 14.40.Lb, 14.40.Nd

I. INTRODUCTION

The light-heavy quarkonia D, D,, B, and B, are of
much experimental and theoretical interest, and their ex-
ploration is necessary for our understanding of the strong
as well as the electroweak interactions [1,2]. We shall here
investigate the spectra of light-heavy quarkonia with the
use of a quantum chromodynamic model similar to the
highly successful model used earlier for the heavy quarko-
nia c¢ and bb [3]. The complexity of the model is necessar-
ily enhanced for a light-heavy system because the poten-
tial has a complicated dependence on the light and heavy
quark masses m and M, and it contains a spin-orbit mix-
ing term. We shall obtain results for the observed and
the unobserved energy levels of D°(ci), D,(c3), B°(bd),
and B, (b3), compare them with the available experimen-
tal data, and examine their scaling behavior. The u-d
mass difference and the electromagnetic interaction will
be ignored in the present investigation [4].

We shall also use our results to test the accuracy of
the heavy quark effective theory [5,6] both in the limit
of M — oo as well as with the inclusion of the M~! and
M~'1In M corrections.

The approximate heavy quark symmetry, like the ap-
proximate chiral symmetry, points to an underlying dif-
ference between the (u,d,s) and the (c,b,t) quarks. It
is interesting that this fundamental difference was rec-
ognized in our mass-matrix approach to quark mixing
and CP violation [7], which predicted the value M, <
170 GeV for the top quark mass in excellent agree-
ment with the recently reported experimental value of

174 + 17 GeV [8].
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II. LIGHT-HEAVY QUARKONIUM SPECTRA

Our treatment for the light-heavy quarkonia is similar
to that for c¢ and bb [3] except for the complications
arising from the difference in the quark and antiquark
masses. Thus, our model is based on the Hamiltonian

H=Ho+V,+V, (1)
where

Ho = (m? +p)"/% + (M? + p?)1/2 (2)

is the relativistic kinetic energy term, and V,, and V, are
nonsingular quasistatic perturbative and confining po-
tentials, which are given in Appendix A. Our trial wave
function for obtaining the quarkonium energy levels and
wave functions is of the same form as in the earlier in-
vestigations. Since our potentials are nonsingular, we
are able to avoid the use of an illegitimate perturbative
treatment.

The experimental and theoretical results for the en-
ergy levels of the light-heavy quarkonia D°, B°, D,, and
B,, together with the 3PJ-! P] mixing angles arising from
the spin-orbit mixing terms, are given in Tables I-IV.
For experimental data we have relied on the Particle
Data Group [9] except that we have used the more re-
cent results from the CLEO collaboration [10,11] for D?,
D3°, and D, and from the Collider Detector at Fermi-
lab (CDF) Collaboration [12] for B,. In these tables,
one set of theoretical results corresponds to the direct
use of our model, while the other two sets are obtained
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TABLE I. D° energy levels in MeV. Effective theory results
are given with the M ™! and M ™! In M corrections as well as in
the limit of M — co. Experimental results are from Refs. [9]
and [10].

Expt. Theory Effective theory M — oo
1'S, (D°) 1864.540.5 1864.5 1864.5 1864.5
138, (D*°) 2007+1.4 2007.0 2010.9 1864.5
218, 2547.7 2566.5 2431.9
238, 2647.0 2662.1 2431.9
13P, 2278.6 2310.2 2244.8
13pP] 2407.3 2414.6 2244.8
13P; (D3) 2465+4.2 2465.0 2474.0 2287.2
1P (DY) 2421+2.8 2421.0 2438.2 2287.2
9 29.0° 30.9° 35.6°

by means of heavy quark expansions of our potentials
to test the accuracy of the heavy quark effective theory
with the inclusion of the M~! and M ~!In M corrections
as well as without these corrections. The approximate
potentials corresponding to the effective theory are given
in Appendix B.

We expect the dynamics of a light-heavy system to be
primarily dependent on the light quark. Therefore, our
potential parameters for D° and B° are the same except
for the difference in the ¢ and b quark masses, and they
are given by

My, g = 0.350 GeV,

M, = 1.690 GeV,
M, = 5.400 GeV,

p=0.932 GeV, (3)
a, = 0.3965,

A =0.185 GeV?,

B = 0.152.

Similarly, the parameters for D, and B, are

m, = 0.514 GeV,
M. = 1.578 GeV,
M, = 5.040 GeV,

= 1.250 GeV, (4)
o, = 0.340,

A =0.198 GeV?,

B =0.131.

We have ensured that the values of a,, M., and M, in
(3) and (4) are related through the quantum chromody-
namic transformation relations

!’ Qg
% = 14 Bola, /4m) In(1?/u?)

(5)
and

1\ 270/Bo
M =M (“—) : (6)

TABLE II. D, energy levels in MeV. Experimental results
are from Refs. [9] and [11].

Expt. Theory Effective theory M — oo
1S, (D,) 1968.840.7 1968.8 1968.8 1968.8
135, (D) 2110.34+2.0 2110.5 2113.1 1968.8
218, 2656.5 2678.8 2536.5
235, 2757.8 2774.3 2536.5
13P, 2387.8 2422.2 2382.2
13pP] 2521.2 2528.8 2382.2
13P, (D,2) 2573.241.9 2573.1 2582.8 2402.8
1'P! (Ds1) 2536.5+0.8 2536.5 2552.1 2402.8
0 26.0° 31.8° 35.6°

where 8o = 11 — 2ny, ny = 3, and v = 2. The use of
the one-loop transformation relations is consistent with
the inclusion of the one-loop radiative corrections in the
quarkonium potentials. Moreover, since u, d, and s are
the dynamical quarks in the light-heavy systems, a higher
value of y for quarkonia with the s quark is to be ex-
pected.

A precise determination of the potential parameters
for the light-heavy quarkonia is difficult because of the
availability of only limited experimental data. This dif-
ficulty, however, has been mitigated in our treatment by
requiring that the parameters for the four systems satisfy
reasonable physical and quantum-chromodynamic con-
straints.

We have also looked at the correlation of our param-
eters for the light-heavy quarkonia with those of other
quarkonia. When applied to ud and u3, our parameters
yield good results for the m-p and K-K* splittings. We
are, however, unable to correlate our parameters for the
light-heavy quarkonia with those for the heavy quarko-
nia through the transformation relations (5) and (6),
and keeping in mind the past success of our quarkonium
model, we can only offer the following possible explana-
tion.

Strictly speaking, the QCD transformation relations
are applicable only to the current quarks. According to
our experience, the transformation relations seem to hold
reasonably well for the heavy quarkonia c¢ and bb as well

TABLE III. B° energy levels in MeV. Experimental results
are from Ref. [9].

Expt. Theory Effective theory M — oo
1'S, (B°) 5278.74£2.1 5278.7 5278.7 5278.7
135, (B*) 5324.6+2.1 5324.0 5325.8 5278.7
218, 5892.1 5893.9 5846.3
238, 5924.3 5927.1 5846.3
13P, 5689.5 5692.5 5659.1
13p] 5730.8 5734.1 5659.1
13pP, 5759.1 5761.4 5701.5
1P| 5743.6 5745.4 5701.5
0 31.7° 31.3° 35.6°
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TABLE IV. B, energy levels in MeV. Experimental results
are from Refs. [9] and [12].

TABLE VI. Scaling of energy level splittings in D, and B,.
Splittings are given in MeV.

Expt. Theory Effective theory M — oo AD, (me/ms)AD, AB,
1S, (B,) 5383.3+6.7 5383.3 5383.3 5383.3 135, — 15, 141.7 44.4 48.6
138, (B}) 5430.5£2.6 5431.9 5434.1 5383.3 2381 —2'So 101.3 31.7 35.0
215, 6000.9 6003.1 5950.9 1%P] —13P, 133.4 41.8 44.9
235, 6035.8 6039.1 5950.9 13P, — 1P} 36.6 11.5 15.0
13P, 5810.1 5814.2 5796.7
1P 5855.0 5857.9 5796.7
13P, 5875.2 5878.1 5817.1
1P 5860.2 5863.2 5817.1 in Tables I-IV, we find that the heavy quark expansion
0 27.3° 27.1° 35.6°

as for the quarkonia containing one or two light quarks,
but they are unsuitable for correlating the parameters
for these two classes of quarkonia. This seems to be an-
other manifestation of the difference between light and
heavy quarks. We believe a full explanation would re-
quire an understanding of the origin of the constituent
quark masses, which remains unclear at this time.

Our phenomenological confining potential for the light-
heavy quarkonia is of the same form as that for the
heavy quarkonia. We find that the parameter A for
the spin-independent term in the confining potential is
approximately the same for all quarkonia, while the
spin-dependent terms vary such that the vector-exchange
component is smaller for ¢z than for bb, and still smaller
for the light-heavy quarkonia.

III. CONCLUSION

We have obtained excellent results for the observed
energy levels of D°, B°, D,, and B, with the use of our
quantum-chromodynamic potential model, and provided
predicted results for many unobserved energy levels in
Tables I-IV. We have included in these tables the mixing
angles for the 13P] and 1!P] levels, which are needed
for an understanding of their decay properties. Although
the use of a semirelativistic model may seem questionable
for a system containing a light quark, ultimately such an
approach should be judged on the basis of its predictions
[13]. Additional experimental data on the light-heavy
quarkonia should be available in the near future.

We have also used our results to test the accuracy of
the heavy quark effective theory [5,6]. By comparing the
theoretical results without and with the effective theory

TABLE V. Scaling of energy level splittings in D° and B°.
Splittings are given in MeV.

ADqg (mc/mb)ADu AB°
135, — 1S, 142.5 44.6 45.3
238, — 215, 99.3 31.1 32.2
13P —13%P, 128.7 40.3 41.3
13P, - 1P/ 44.0 13.8 15.5

with the inclusion of the M~ and M ~!In M corrections
yields generally good results for the B® and B, energy
levels. It does not, however, provide equally good results
for the energy levels of D° and D,, which indicates that
the effective theory can be applied more accurately to
the b quark than the c quark [14].

We further find that the results for the energy levels
in the limit M — oo are unacceptable. As is well known,
in this limit the energy level pairs (351,1S,), (3P{,3P),
and (3P, 'P]) become degenerate.

Finally, we have examined the scaling behavior of en-
ergy level splittings in the light-heavy quarkonia by look-
ing at the results obtained by the direct use of our model
in Tables I-IV. As shown in Tables V and VI, the split-
tings between levels which become degenerate in the limit
M —» oo exhibit an approximate M ~! scaling. This scal-
ing behavior does not apply to splittings between other
pairs of energy levels.
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APPENDIX A: NONSINGULAR QUARKONIUM
POTENTIALS

The nonsingular potentials for a light-heavy quarko-
nium are similar to those used recently for c¢ [3] except
for the complications due to the difference in the quark
and antiquark masses. The complications are further en-
hanced by the conversion of the singular potentials [15]
into the nonsingular ones [16], which are necessary to
avoid the use of an illegitimate perturbative treatment.
The corresponding denominators in the singular and non-
singular potentials for a quark and an antiquark of masses
m; and m. are related as

1 1 1 1

— — Al
m}  m?+ik2’ mj  m3+ ik2’ (A1)
and
1 5 1
mama " (md + $KE)/2(m + JKE) /2
1

~
~

1 [(m m
m1m2+§(;:+;11)k2
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or _ 2mamg, _ 1/2
1 K= w3t md w = (kmymg)'/? . (A3)
K
(A2) The potentials for a quark and an antiquark of different

mims 7 + 1k2”’ )
flavors are given below. They reduce to those for c¢ for

m1 = mgy = m except that, unlike c¢, they do not contain
where the annihilation terms.

1. Perturbative quantum-chromodynamic potential

The potential in the momentum space is

2
v, (k) = — 1672 [1 _3o % a3 gl <%>]

3k?2 27 127
87l'a3 1 1 3as Qg k2
T3 (kz iy S +4m§) [‘5’0 (1 T om ) " 12 (33~ 2ny)In (;?)}
8n2a? K 8mims
"ok K2+ 4do? [9(m1 tma) - o mz]

64ma, K 2  19¢q, A m; —mg = My + Mo My

+ 3 S1 szk2 + 4w? {610 [3 97 127 <8m1 + mg + my — mz) In (m—l)}
a k2 To k2

——2(33-2 In{ — 21
187r( 3 ny) n(p.2>+ Yo n<m1m2>}

64ma, S1-k S2-k — 3k?S;-S, K 4a, a, k2 3a, k2
) k2 k2 + 4w? [1 + 3r 12« (33 = 2ny) In (ﬁ) + 27 In (mlmz)]

167wa, iS- (k X p) 1 1 Qg Qa, k2
- 1 Qe _ Qo (33 =
3 K2 {<k2+4m§+k2+4m§) [ 6r  12n 2""”“(,3)]
Ve 1N Ba, 1k
27 k2 4 4m? (m%) 27 {(2+4m§ (m%)

4K 5a, a, k2 3oy, k?
e [1 o T () + o <mm)]}

_16ma, i(S1—Sz) - (k x p) 1 1 a,  a, _ k_2
3 k2 { (k2 +4m?2 k2 + 4m§) [1 6r 12w (33 — 2n4) In (,uz) ]
3a, 1 k2 3a, 1 k2 3a, 2k me
t o g am (7n?> T r Kt amd (R—g) t or 4w (m—l) } - (Ad)

In the coordinate space, it takes the form
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4a, 3a, a, 3a, e—2mar | g—2mar
Vp(r)—‘?{l— e+ 93— 2m) ) 98]~ (1= 52 (T

2 2

12 > (33 — 2ny) [In(ur) (e72™7 + e72™2") 4 E4 (2mar) + E4(2mar))

8m1m2
my + my

+K32a8 S, -8, {6 [1- 19a, 0 8m1 — my 4 my + mg In m2\] g—2wr
9r 6 8w my+me M — My my

+g“;'(33 — 2ny) [ln(l”')e_zw + E+(2w7‘)] - 2;:8 [ln(\/’mrmz r)e " + B, (2w1")] }

+ % [g(ml +my) — ] S [In(2wr)e~2" — B_ (2wr)]}

gt S { (1 ; 4“") F2(2wr) + 2233 — 2ng) [fa(2wr) In(ur) + ga(207)]

301.;

[f2(2wr) In(y/mimg 7) + g2(2w7‘)]}

+43%L . s{ (1 - _) [f1(2mar) + f1(2mar)]

+&(33 = 2ng) [f1(2mar) In(pr) + g1(2mar) + f1(2mar) In(pr) + g1(2mar)]

3a,,

[f1(2mar) In(mar) + g1(2mar) + f1(2mar) In(mar) + g1(2mar)]

vy (1 - 56“”) F1(20r) + 5(33 — 2m) [f2 (20r) In(ur) + g3 (26r)]

3a,,

[fl (2wr) In(y/mima 7) + g1 2wr)]}}

4o,

+5 L (81— sz){ (1 - —) [£1(2ma7) — f1(2mar)]

+g§(33 = 2n¢) [f1(2mar) In(pr) + g1(2mar) — f1(2mar) In(ur) — g1(2mer))

3043

[f1(2myr) In(myr) 4+ g1(2mar) — f1(2mer) In(mar) — g1(2mar)]

3""1 (m >r;f1(2wr)} (A5)

Note that the tensor operator is defined as
ST=3O'1‘f'0'2‘f"‘—0'1'0'2, (A6)
the functions E. are expressible in terms of the exponential-integral function Ei as
Ei(z) = % [°Ei(~2) + eEi(z)] T e " Ina, (A7)

and
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1-(14+z)e ™
h(@)=——7"
1—(1+z+ Lz?)e =
fa(z) = ( z2 . ) )
— [Es(z) —zE_(z
g1($)=7E [ +(m)2 ( )]’ (A8)
ve — [(1+ :z?) Ei(z) —zE_(z
g2(z) = [( 3 )xz‘*( ) )1
2. Phenomenological confining potential
The scalar-vector-exchange confining potential is given by
V. = (1 - B)Vs + BVy, (A9)

where, in momentum space,

Vs(k)z_gﬂ_A[i_iS-(kXp)( 1 + 1 )_i(Sl—Sz)-(kxp)( 1 1 )]’

k4 k4 k2 +4m? k2 +4m2 k* k2 +4m? k2 + 4m3
(A10)
_ 1 1 1 1 8kS; - Sy 4k (S1-k Sz-k — 3k?S;-S;)
Vv (k) = 84 [EZ ©2k? (k2 Tam? kg 4m§)  3k2(k2? + 4w?) k4 (k2 + 4w?)
+iS-(k><p) 1 + 1 + 4k 4 i(S1—8S2) - (k x p) 1 _ 1
k4 k2 +4m? k2 +4m2 k2 + 4w? k4 k2 +4m? k2+4m2 )|’
‘ (A11)
The coordinate-space potentials are
Vs(x) = Ar— 2 LS [1 ~2010mar) , 1= 2f1(22m27')] - AL (s, -sy) [1 ~2hlgmr) _1- 2f1(22m2r)} :
T m# m3 4r mi m3
(A12)
A (1—e2mr 1 e 2mar 4A 1— e 2er A 1—6f2(2wr)
= = 7S, . -z ey S [l L) St
Vv (r) = Ar+ 4r ( m? + m2 ) . 3r S1-8; ( mime ) + 12r [ mima
+éL s [1 - 2f1(3m11') N 1-— 2f1(§m2r) 4 1-— 2f1(2wr)]
T 4my 4ms3 myms
A 1-2fi(2myr 1-—2f1(2mor
+—L(Sl—-52)[ f1(2 1 ) _ f1(2 2 )] . (A13)
4r my m;

It is understood that the confining potential also contains an additive phenomenological constant C.

APPENDIX B: QUARKONIUM POTENTIALS WITH HEAVY QUARK EXPANSION

Upon replacing m; and m, by m and M, and expanding in powers of M~!, the coordinate-space potentials of
Appendix A take the approximate forms given below.

1. Perturbative potential

The perturbative potential is

m m?

Vo(e) = Vio(e) + (37) Vo) + (552 ) (1)
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with
4o,

3a, 3a,
Voolr) = ——- {1 %s —(33—2nf) [In(ur) 4+ v5] — 10 (1_ 2(;) e

—2mr

2

) [In(ur)e” Zmr E+(2mr)]

3as [ln(2fmr —2v2mr _ E_(2\/§mr)]}

5

+%L . S{ (1 - gi;) fi(2mr) + %(33 —2ng) [f1(2m7) In(ur) 4+ g1(2mr)]

[f1 (2m7) In(mr) + g1(2mr)] }

+ 3, L-(S:— Sz){(l - g—;) fi(2mr) + %(33 —2ny¢) [f1(2m7r) In(ur) + g1(2mr)]

3a,,

[f1(2mr) In(mr) + 91(2mr)]} (B2)

Vpi(r) = —ﬂ [ln(ZﬂmT)e_zﬁmr — E_(Zﬂmr)]

+64’C:3 S1 . Sz {610 |:1 - 19as + gas In (%)] 6_2\/5""‘

6m 8w
+g—;(33 —2ny) [ln(,ur)e“z‘/imr + E+(2\/§mr)]

- %‘L [In(/mM r)e2mr 4 B, (2/3mr)] }

8043 ST { ( i 43“8) f2(2v/2mr) + g—;(33 — 2ny) [fz(Z\/imr) In(pr) + g2(2\/§mr)]

3a,,

% [f2(2vEmr) In(v/im b7 - )+g2(2\/§mr)]}

32a,,L S {( 5%) F1(2/2mr) + —(33 — 2ny) [f1(2\/_ mr) In(ur) + g1(2v/2 mr)]

3ay,

-5 [f1(2\/§mr) In(v/mM r) +g1(2\/§mr)]}

48 sL (Sy — Sz)ln( >f1(2\/—m'r . (B3)
[
2. Confining potentials Veo(r) = Ar — %L S 1-— 27];;2(2m7')
The confining potentials are A L.(S—s 1— 2f,(2mr)
4r ! 2) m?2 (B5)
Vs(r) = Vso(r) + O( Mzz ) : (Bg) ¢ i

with with
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Vo(r) = Ar + % 1;72;":+$L.51_:Z:‘;_§M
+£jL (81— Sz)————l — zﬁﬁzmr) (B7)
Vi (r) = 228, 52#_"2
ﬁ%&kﬁ%?@@
Ay glo2620mn) -

r m?2

3. M — oo limit

In the limit M — oo, the perturbative and confining
potentials are given by

Vo=Ve, Vs=Vso, Vo=V (B9)

According to (B2), (B5), and (B8), the spin-orbit and
spin-orbit-mixing terms in these potentials are of the
form

f(r)L-S + f(r)L- (81— 8»), (B10)

which is expressible solely in terms of the light-quark spin
as

2f(r)L - 8;. (B11)

We have, however, given the potentials in the form (B10)
to facilitate comparison with the more accurate treat-
ments of the light-heavy quarkonia.
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