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Possible retardation effects of quark confinement on the meson spectrum. I
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We present results of a study of heavy-light-quark bound states in the context of the reduced Bethe-Salpeter
equation, with relativistic vector and scalar interactions. We find that satisfactory fits may also be obtained
when the retarded effect of the quark-antiquark interaction is concer86856-282(199)02919-7
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Because of the limited understanding of confinement at 1 1 ( ng)
present, more theoretical effort made regarding this issue is G(P)* 23~
worthwhile. In an earlier papéf], we presented results of a (P°=po)™ (P9
relativistic analysis of the spectrum of light- and heavy- ) ,
quark—antiquark bound states based on the reduced Beth@2d may further express, in terms of its on-shell values
Salpeter (BS) equation, while retardation effects in the Which are obtained by assuming that quarks are on their
quark-antiquark interaction kernel were taken into considerMass shells. This should be a good approximatior&and
ation. The results are stimulating and appear to have clarifietlb systems. However, to obtain a qualitative feeling about
the problem pointed out by Gaed al.[2] for the static scalar the retardation effect considered here, we will also use Eq.
confinement in the reduced Salpeter equation. The “intrinsid2) for heavy-light-quark mesons, though the approximations
flaw” of the Salpeter equation with static scalar confinementare not as good as for heavy-heavy-quark mesons. With the
could be remedied to some extent by taking the retardatioabove procedure, the scalar confinement kernel again be-
effect into confinement. In the on-shell approximation for thecomes instantaneous, but with some retardation effects taken
retardation term of linear confinement, the notorious trend ofnto the kernel. In the static limit, the retardation term van-
narrow level spacings for quarkonium states, especially foishes and the kernel returns @(q) = 1/(5%)2, which is just
light quarkonium states, is found to be removed. A good fitthe Fourier transformation of the linear confining potential.
for mass spectrum o$-wave heavy and light quarkonium In this paper, we will use this modified scalar confining po-
states(except for the light pseudoscalar mespissobtained  tential in which the retardation effect is incorporated and the
using the one-gluon exchange potential and the scalar line@ne-gluon-exchange potential in the framework of the re-
confinement potential, with retardation taken into account. duced Salpeter equation is used to study the mass spectrum
In this paper we extend our previous study to the heavyof qQ mesons. The structure of the hyperfine splittings of the
light-quark system<Qq or qQ) in order to obtain a com- heavy-light-quark systems will also be investigated in this
plete understanding of the retardation effects on meson spepaper.

1+ — 1,
p2

tra. Based on the same procedure taken in REf. by In quantum field theory, one of the basic descriptions for
solving the reduced BS equation numerically, the previoughe bound states is the Bethe-Salpeter equdddnWe can
conclusion is further substantiated through this study. define the BS wave function of the bound st&i® of a

We assume the confinement kernel in momentum space §uark (x,) and an antiquarl@(xz) as
take the form

X(X1,%2) = (0| Tyh(X1) ¥(X2) | P). (3)
1 _ 1
(—p?)?  (p*>—p5)?’

G(p) (1) HereT represents the time-order product, and the wave func-

tion can be transformed into the momentum space:

as suggested by some authors to be the dressed gluon propa- —a—iP-X | g4y a—ig-x
gator to implement quark confinemdsi. Herep is the four- xela)=e f d'xe Hix (. xa), @
momentum exchanged between the quark and antiquark in a

meson. If the system is not highly relativistic, we may makewhere P is the four-momentum of the meson agds the

the approximation relative momentum between the quark and antiquark. As the
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standard measure in solving the BS equation, we choose
center-of-mass and relative coordinates as variables, G‘D:Z GiO®0; =GP +v,2y*G,®, (12

X=mX{+ 1oXo, X=X{—Xop, 5 .
AT 22 e ©® where O;= v, corresponds to the perturbative one-gluon-

where »;=m;/m;+m, (i=1 and 2. After taking the Fou- exchange interaction an@;=1 to the scalar confinement
rier transformation, in momentum space the BS equatiofpotential.
reads as From Eq.(8) it is easy to see that

i AL DG =D(G), Pp(GAZ=Dp(G). (13
(B1= M) xe@) (B2 o) = 5 [ AG(P.a—K (k) PADZPRAD, PDAT=Re(@). (19
(6) Considering the constraint of E¢L3) and the requirements
of space reflection of bound states, in the meson rest frame

(|5=0) the wave functionb 5(q) for the 0 and I mesons
can be expressed as

wherep; and p, represent the momenta of quark and anti-
quark, respectively,

pi=mP+a, p2=nP-q, (7 o-

S _ , Do (0)=A3Y°(1+9°) ys7°A% (), (14)
andG(P,q—k) is the interaction kernel which acts grand
is determined by the interquark dynamics. Note that in Eq. - 1 0 s Or2 g0 n
(6) m; and m, represent the effective constituent quark Os (Q)=ATy (1+y)ey AZf(q), (19
masses, so that we could use the effective free propagators of
quarks instead of the full propagators. This is an importantvhere¢=y e* is the polarization vector of the Imeson,
approximation, and a simplification for light quarks. Further-and ¢(d) and f(d) are scalar functions af®. It is easy to
more, because of the lack of a fundamental description fophow that Eqs(14) and (15) are the most general forms of
the nonperturbative QCD dynamics, we have to make som&wave wave functions for 0 and 1" mesons in the rest
approximations for the interaction kernel of quarks. In solv-frame.
ing Eq. (6), the kernel is taken to be instantaneous, but with ~ Substituting Eqs(12), (14), and(15) into Eq.(8), one can
some retardation effect taken into it; the negative-energglerives the equations fap(q) and f(q) in the meson rest
projectors in the quark propagators are neglected, because fi@me[5]:
general the negative-energy projectors only contribute in
higher orders due ttM —E;—E,<M+E;+E,, whereM,

E,, andE, are the meson mass, the quark kinetic energy, M 01(G) = (E1+ E,) o1(G) — EiEp+mim,+§°
and the antiquark kinetic energy, respectively. Based on the ¢1(Q)=(E1+E2)eu(q 4E.E,
above assumptions the BS equation can be reduced to a
:ir:)rr?e-dlmensmnal equation: i.e., the reduced Salpeter equa- XJ d3k[GS((j,IZ)—4Gv(cj,l2)]go1(l2)
Eim,+E,m
- BT R [ Gya
(P°—E1—Ez>cb.s<q>=Aiy°f d*kG(P,G,K)D5(K)y°A2. t
® F26(GR) e (K
VB HE, T
H E,+E -
ere + 41ElE22 f d°kGg(d.K)
@3- | dexela) ©) o mem,
XA E m,+Em, P11
is the three dimensional BS wave function, and e e
1 2 o -
] B | eKiedan 26, ak
AL =5 (Bt Y7 Pt miy?), (10 4EE,
X(@ R gy (16)
1 L VEmy+E,my T
A2—=2_|52(E2_7’0’}"P2_m270) (11 202
with
are the remaining positive energy projectors of the quark and
antiquark, respectively, with E;=m?+p2 and E, o (mytmy+Ej+Ep)(Egmp+Eomy)
f=\/m22+[322. The formal products o&® in Eq. (8) take the ¢1(0)= 4E,E5(my+my) o) -
orm
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and

1 - - ~
MIs(0) = (Es+ B fa(0) - 3£ | Ko a0~ 26 RIEm,+ Emy)ty(K)

E,+E, 3 . Eimy+E,m; . E{E,— m1m2 G2 f 3
iEE, fd kGs(G.k) =g g — Nkt ——e o A Gs(6.K) +4Gy(G,K)1(G- K F1(K)
ElmZ_Ezml 3 o~ N oo~ El_EZ N E1+ E2 f 3
WI d°k[Gs(d,k) —2Gy(4,k)1(G- k) m2+m1f1(k) 2E,5,q = d*kGg(G,k)

X(G-K)? ! f1(K)— = mlfd3ke (G4,K)(G-K)? ! f1(K) (18)
K E TE,rm+m, ! E.E.G? VG e T E v my+m, 1Y)

|
with pairs on the “quenched’QQ potential[8]. Although the
. m,+my+E,+E, lattice QCD resglt for theQQ potential_ is supported by the_
f(q)=— 4E,E, f(q). (19 heavy quarkonium spectroscopy including both spin-

independent and -dependent effd@s-11], we will employ

Equation (16) and (18) can also be formally expressed as this static potential below to the heavy-light-quark systems
more compact forms: as an assumption. The interaction potentials in 2§) can

be transformed straightforwardly into momentum space,

~ 3 —— - . where the strong coupling constant
(M_EI_EZ)(Pl(q):f d kiZSV Fi (4.K)Gi(q.k)ei(k),

20 127 1
- . N N as(ﬁ)z_ =7 1\ -+
M-E-Enfy(@= [ ¢k 3 FF(@RGERLE). “infas 5 )
i=S, QcD

(21)

(29

When taking the nonrelativistic limit for both the quark and .
antiquark, and expanding in terms gf/m? and G%/m3, it
can be proved that Eq$16) and (18) are identical to the
Schralinger equation to zeroth order, and to the Breit equa-
tion to first order.

To solve Eq.(6), one must have a good command of the
potential between two quarks. At present, the reliable infor-,
mation about the potential only comes from the lattice QCD
result, which shows that the potential for a heavy quar

antiquark pairQQ in the static limit is well described by a
long-ranged linear confining potentiélorentz scalarVg)
and a short-ranged one gluon exchange poteftiatentz
vectorVy), i.e.,[6,7]

is assumed to be a constant®f1) asp?— 0. The constants
\, @, &, and Aqcp are the parameters that characterize the
potential.

In taking the retardation effect of the scalar confinement
into consideration, as discussed in Hdf], the confinement
Cwill be approxmately introduced by adding a retardation
t rm 2p0/ to the instantaneous part ) as given in Eq.
k(2) and p0 will be treated to take its on-shell values which
are obtained by assuming that the quarks are on their mass
shells, which means that the retardation term will become
instantaneous rather than convoluted. By this procedure the
modified scalar confinement potential will include the retar-
dation effect, and become

V(r)=Vg(r)+v,® y*Vy(r), (22
i R A x
with Gs(ﬁ)HGs(ﬁ,k):_;é\S(f’) ( 2+ 2)2
(1-e ")
Vg(r)=Ar——, (23 2\
) ar + 2 (R
Vv(r)——gge o, (24) —Vk2+m?)?, (26)

where the introduction of the fact@ ¢’ is not only for the
sake of avoiding the infrared divergence but also incorporatwhich is related not only to the interquark momentum ex-
ing the color screening effects of the dynamical light quarkchangep but also the quark momentuknitself.
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TABLE I. Calculated mass spectrum giQ states using a re- - 1 g K—m?
duced Salpeter equation with retardation for scalar confinement. F(S) (G,k)=— §+ SEE. (29
The experimental data are taken from Réf3]. a—k

Data Fitl1® Error Fitll® Error 1= a m(Eq+ EW—G-k (d-k? (Eqtm)
State Quarks (MeV) (Mev) (MeV) (Mev) (MeV) Fs (4.k)=- 2E2 T 2EF (Berm)
B0 bd 5279 5381 +102 5258 21 (30
Dy CE 1969 2097 +128 1946  —23 coresponding to 0 and 1" mesons, respectively. It is clear
Dy " Cs 2112 2148 +35 2094 19 that these coefficients will be limited t/E or of higher
D" cdigeg 1983 4114 1862 —7 order, whileG—k. On the other hand, however, the static
D* " cd 2010 0 2003 -7 linear confining potential in momentum space, which be-
K° sd 498 743 +245 652 +154  haves asG4(G—k)x(G—k) 4, is strongly weighted asj
K*© sd 892 870 —22 898 +6  _,Kin Egs.(20) and(21). Because the coefficients will di-
D{*-DS 144 51 -93 148 44 mjnish in the relativistic limit agj—Kk, the strength of the
D**-D" 141 27 -114 141 0 confining potential would be reduced in turn. This is the
K*0-KO 394 127 —267 244 -150 reason which leads to the small spin splittings obtained for

heavy-light-quark mesons. However, this depressing situa-
tion would change if retardation is taken into account. In

fact, the covariant form of the confinement interaction may

take the formGg(q,k) <[ (6—K)2— (go—Ko)2] 2, and in the

. . . H H 2_ 21 /2 2_ 20 2
Based on the formalism and discussions above, we ca@n-shell approximationgg=m-+q-, kg=m-+k* it be-
now embark on numerical calculations, in which, for inputcOmes
parameters, we take the values

8Results without retardation.
bResults with retardation.
‘Used to fix the parameters.

Gs(q,k)oe(—2m3+gk—g-k) 2 (31)

A=0.21GeV}, a=0.06GeV, a=e=2.7183,

in the high energy limit, i.e.p,k>m. We can see that with

Agcp=0.19GeV, C=-0.05 (27)  the retardation effect the scalar interacti@®y(q,k) is
and heavily weighted a§ andk are coIIinei';\r (j||l?), whereas the
static linear potential only peaks @t=Kk. This indicates that
m,=my=0.35GeV, m.=0.5GeV, the former is weighted in a much wider kinematic region
than the latter, especially for systems including light compo-
m.=1.68GeV, m,=4.925GeV, (28) nents. As a consequence, the wave functions in coordinate

space would tend to be short ranged, and hence the magni-

which fall in the scopes of customarily usage. The numericafudes of the wave function at the origigf0), would in-
results with retardation are listed in Table I. For the conve<Crease. Because, to leading order in theléxpansion, the
nience of comparison, results obtained without retardatiofyperfine splitting is proportional thy(0)|?, the Hermitan
are also presented. square of the wave function of the meson at the origin, the
From Table | one can immediately see that the calculate@Plittings would enlarge as well. The above analysis indi-
masses with the retardation effect are generally well fittecfates that in the equal-quark-mass situation the modified ef-
compared with those without retardation considered, and thiective scalar interaction will not be weakened too muclj as
spin splittings £S,—1'S, are significantly improved by andk approach a parallel configuration and this is just due to
adding the retardation term to the scalar confinement poterthe retardation effect. In our opinion, the difficulty in the
tial. These conclusions obviously shed light on the usefulteduced Salpeter equation with static scalar confinement is
ness of the Bethe-Salpeter equation in describing systemmobably due to the improper treatment, in which the confin-
containing light quarks; however, at the same time they alsing interaction is purely instantaneolls12].
indicate the need for further investigations on the interaction In practice, for the constituent quark model, which is es-
kernels. sentially used in the present work, the equal-mass and on-
As noted in Ref[2], the smallness of the hyperfine split- shell approximations may not be good simplifications for the

ting obtained forgQ mesons is due to the weakness of theqQ systems; however, in any case the analysis given above
binding potential in these systems. However, similarly tois qualitatively correct, which is supported by the numerical
what was shown in Ref[1], this situation may also be results listed in Table I. It is obvious that the new procedure
changed after including the retardation effect into the intergives a much better fit to data than the previous one, espe-
action kernel. For example, in the equal-quark-mass speciaially in the spin splittings. The results obtained for the mass
case the coefficients for the scalar potenBal which plays  spectrum, particularly thed system, still seem not fully sat-
the main role in setting the spin splittings in EG&0) and  isfactory, but it is noted that our results are just schematic
(21), will reduce to ones. A fine tuning may lead to improvement.
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In conclusion, in this paper we have extended our previ-of the retardation effect is still manifest. Nevertheless, it is
ous study in clarifying the problems pointed out by Garastill premature to assess whether or not quark confinement is
et al. for static scalar confinement in the reduced Salpetereally represented by a scalar exchange of the formpéf (
equation to heavy-light-quark systems. The conclusion re- pg)—Z, as suggested by some authors, and as used here as
mains the same in that the “intrinsic flaw” of the Salpeter 5 gressed gluon propagator to implement quark confinement.

equation with static scalar confinement could be remedied t§herefore, further investigations on this subject are neces-
some extent by taking the retardation effect of the confineggpy.

ment into consideration. A fit for the mass spectrum of

Swave heavy-light-quark systems is obtained by using a This work was supported in part by the National Natural
scalar linear confinement potential with retardation, and &cience Foundation of China, the State Education Commis-
one-gluon exchange potential. Results show that a great insion of China, and the State Commission of Science and
provement is achieved on fitting the data with retardationTechnology of China. C.F.Q. and H.W.H. would like to
taken into account. Although the on-shell approximationthank the Alexander von Humboldt Foundation for financial
may not be a rigorous treatment here, the qualitative featursupport.
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