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In this work we study an extension of a light-cone QCD-inspired model, where the interacting part of the
mass squared operator consists of a harmonic oscillator potential as confinement, a Coulomb-like interaction
and a zero-range spin interaction acting on 8¢ states. The renormalization of the model is performed by
using as a input the pion mass to fix the strength of the spin interaction. We apply the extended model to study
the splitting of the®S; and3S, ground state mesons and the spectrum in the light meson sector. We show that
the experimental values of the splitting between the masséS;aind3S, ground state mesons as a function
of the ground state pseudoscalar mass is reproduced by the model. In the botonium case our result is consistent
with other theoretical estimates.

I. INTRODUCTION tractive Dirac-delta interaction acting on th& spin state
with strengths parameterized by the masses of the pseud

The lowest Fock companent of the liht-ront hacron waveg 5 81358 00 (8P Eee FEun e e
function is an eigenfunction of an effective mass squared opeqJ

rator, which is phenomenologically described with constitu-mOdel f°'f ea.Ch meson quark content. However,.the adopt
renormalization scheme for the confining model is not flavo

ent quark degrees of freedom [1-5]. The interaction in the d dent. and i fi had t th
mass squared operator comes from an effective one-gluor#r-] ependent, and In practice we had one strength parame
or each meson sector. In the case of nonconfining calc

exchange where the Dirac-delta term corresponds to the h¥étion within the model [4] such goal was achieved and th

perfine interaction which is projected only on the singlet state L o . .
and a harmonic confinement [5]. The harmonic confining in-g“.’“f‘d state mass spllttl_ng originated by th? singular spir
teraction is included to describe the observation of the quasls-pln Interaction was obtained only from f[he pion mass. Late

, a consistent treatment of the hyperfine interaction withi

linear dependence of the squared meson masses with the ra(f L confining model was discussed in Ref. [10], although th
guantum number [6, 7]. The hyperfine interaction has the rol ning U : CLmED 9
calculations were simplified without addressing the singule

to split the pion and rho meson masses, however as the pig . ; . .
of the spin-spin operator itself in the square mass operat

has a Goldstone boson nature the spin interaction should ari%I uation [4]
from collective effects much beyond the simple one-gluon ex- q ] ’ . .
In this work, we treat numerically renormalization of the

change, in view of that we parameterize the spin-spin interac- " " . X .
tion as acting only on the singlet state. We have also used §Pnfining mass squared operator model with the singular spi

hyperfine spin interaction and it provides essentially the sam&Pn interaction acting in the singlet ch_annel. At small rela_ltlw
results. as we verified. distances between the quark and aniquark the harmonic

| impl . f th del wh fi i tential is just flat and due to that the ultraviolet divergence c
N a SIMpIer Version of the model where confinement wagy, confining model is exactly the same as found in the nol

not included the masses of the ground state of the pseud%’onfining version, which was shown to be renormalizable [4

scalar_ mesons and in particular the pion structure [4] W€ hen, we proceed as in Ref. [4] and use the pion mass value
described with a small number of free parameters, which i upply the necessary ultra-violet information to calculate th

only the canonical number plus one the renormalized streng bectra and the universal correlation between3@e—1 S

of the Dirac-delta interaction. ) . ~ground state mass splitting with the pseudoscalar mass [4].
The mass squared operator model with harmonic confine- This paper is organized as follows. In section II, we des

ment and without Coulomb-like interaction was used to studyyripe the extended Light-Cone model. In section I1I, we pre

the Swave meson spectra from-p to np-Y addressing the  gent the results for the mass splitting of the ground state of t

e ; 3 .
splitting of the excitedS and®S, meson states and as a func- pseudoscalar and vector mesons together with results for t
tion of the ground state pseudoscalar mass [4, 5]. The Unineson spectra. In section IV, we conclude.

versal flavor-independent parameters of the confining interac-

tion in the mass squared operator, were fitted té8iemeson

ground state mass and to the slope of the trajectory of excited

states with the radial guantum number [6, 7]. The linear relati- Il. EXTENDED LIGHT-CONE QCD-INSPIRED THEORY

onship between the mass squared of excited states with radial

quantum number was found to be qualitatively valid even for |n this section we review a previous work [4], which has ex

heavy mesons lik¥, and moreover the model is in reasonableianded the renormalized effective QCD-theory of Ref. [4] t

agreement with available data [8] and/or with the meson masgclude confinement. In the effective theory the bare square

spectra given by Godfrey and Isgur [9]. mass operator equation for the lowest Light-Front Fock-sta
In the model the’S; —1 § mass splitting is due to an at- component of a bound system of a constituent quark and an



866

quark of massesy andmy, is written as:
Romt T
X 1-—x
% dxdk B(x)8(1-x) .
X(L—x)xX'(1—X)

4mymp a(Q?)
3w Q?
where M is the mass of the bound-statd, is the projec-
tion onto the singlet spin state aqdis the valence compo-

—

M2y(x.k, ) =

—

qJ(X7 kJ_)

—MSO —Wconf(QZ)) LIJ(X/vk'/J_) ) (l)

nent of the light-front wave-function, i.e., the quark-antiquark
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We rewrite Eq. (5) in the form
(MZo+V +VOR)) ) = M7[9) . (®)

where the confining harmonic oscillator interaction is inclu:
ded in the operator

~ — 2
M2, = <\/k2+m§+ \/k2+n‘§> +2mv(f) —co, (9)
where the hat denotes the operator character and

1
V(F) = Zcof?

5 (10)

Fock-state component. The confining interaction is included

in the model bwvconf(QZ). The momentum transfe) is the

wherecy andc;, are two universal parameters valid for all of

space-part of the four momentum transfer, the strength of ththe mesons.

Coulomb-like potential ist andA is the bare coupling cons-
tant of the singular spin interaction.

For convenience, the mass operator equation is written in

the instant form representation using the transformation [3]:

(El +ky)
ky) = 2
xo) = £ @
and the Jacobian ¢k k) tok is:
o X(1-=X) =
dxdk, = dk, 3
L= madg & 3)
with the phase-space factor:
1 EBEE
AKk) = — 4
0= e g, @)

where the reduced massiis = mimy/(my + my). The indi-

vidual energies arg; = /¢ + k2 (i=1,2) anck = |k|.

The instant form representation of the squared mass operg;s 1. 3g,

tor eigenvalue equation is:

(M3 4+ Veons +V +V3R) [9) = M2l9) (5)
where the free mass operatMy (= E; + E»), is the sum of
the free energies of quark 1 and\2js the Coulomb-like po-
tential, V9 is the short-range singular interaction angxs gi-
ves the quark confinement.

The matrix elements of the interaction operatdrandV/?
appearing in Eqg. (5) are given by [4]

D _747ms o
W= ey ©
with mg = my +m, and
TV — e M ylin o AL 1

where the phase-space fac#ik) is defined by Eq.(4) and
Q? = [K —K|. We have introduced a form-factor of the sepa-
rable singular interaction defined biix) = 1/1/A(K).

as

m-m_(GeV)

0.01

m_ (GeV)

gs

13 ground state meson mass splitting as a function o
the pseudoscalar ground state mass for the light-quark family. M
del calculations: Coulomb-like plus singlet spin-spin interaction [4
(dashed line); singlet spin-spin interaction plus confinement (soli
line); hyperfine interaction plus confinement (dotted line); single
spin-spin interaction, Coulomb-like potential and confinement (dof
dashed line). Experimental values [8] (full circle).

The square mass operator given by Eq. (8) is diagonaliz¢
in the Hilbert space basis defined by the eigenvalue equatio
(=407 — o+ meCor?) Wy (1) = MaWs (1),  (11)
which take into account the ultraviolet behavior of the fres
mass operator and the confining interaction of the squar
mass operator of our modeWy(T) is the eigenstate of the
harmonic oscillator potential with the corresponding eigenve
lue

3
M2 = 4,/m; <2n+§) —Co

w(n+ §> —c, (12)
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35 B: m=0.39 GeV,m; =1.401 GeV andn,=4.633 GeV with
Coulomb-like interaction anoh=0.381 GeVm, =1.367 GeV
30F  (exp) theor ¢heor (exp) | andm,=4.589 GeV without Coulomb-like interaction.
251 — o3 249 i
% 20 -_ —_ 212 2.19 <+ (2.15) |
2 (18 = 475 18T am
= 15} - (145 01}
L (13) 4 129 142 ' < I
1.0F . 8
3 077 -4 (0.77) =
0.5} i =
| (0.14) = 0.14 €
0.0
FIG. 2: S-wave light quark meson spectrum. Left: pseudoscalar me-
sons; right: vector mesons. Results for the model given by Eq. (8).
The experimental values [8] are given between parenthexis700 ! ! L
. - 1 2 3 4 5 6
might beD-wave dominant [7]).
mgs(GeV)

wheren (0, 1, 2,---) is the radial quantum number and= e 1 N )
8,/MsC2. Fora = 0, when the Coulomb-like interaction is FIG. 3:°S — & ground state meson mass splitting as a function o
turned off, Eq. (12) gives the vector meson spectrum with the pseudoscalar ground state mass for the charm family. Model 1

the sl fihe I traiect f ited stat ith th sults are labelled as figure 1 and the dot-dot-dashed line correspor
as the siope ol the Tinear trajectory ot excited states with g, e hyperfine interaction, Coulomb-like potential and confinemer

radial quantum number [6, 7]. calculation. Experimental values [8]— D* (full square),Ds — D%
(full circle) andnc— J/W (full triangle). Two evaluations of the mass
splitting in heavy quark effective theory are given by the inverted tri

Ill.  RESULTS AND DISCUSSION angle [11] and diamond [12].

The parameters of the present model arethe ground In Figure 1, we present our results for the correlatior
state mass of th&S, meson,y, the renormalized strength of between théS, —1' S ground state meson mass splitting anc
the Dirac-Delta interaction and the running strength of thethe pseudoscalar ground state mass for mesons with at le
Coulomb-like interactionp from Eq.(1), which depends of one light-quark. We compare the calculations with the light

Q?, is given by [8]: front model of the squared mass operator with different inte
ractions and the experimental data [8]. We show the resul
a(Q?) = 12n (13) for the Coulomb-like potential witlx = 0.5 and spin-spin in-

teraction in the singlet channel [4]. In this case absolute col
finement is missing and the correlation curve saturates fast

whereA = 215MleV is the scale parameter ang = 5 is the than the experimental data. In the harmonic confining mc
flavor number. We consider constant folQ/A < 100[9] and  del, we study the effect of the inclusion of the Coulomb-like
multiplied a by 0.86 to match the experimental values at highsinglet-spin and hyperfine interactions (the hyperfine potel
Q?[8]. tial in Eq. (8) corresponds to repla& by S; - S). As seen

The free parameters in the squared mass operator modél the figure, the results are not very sensitive to the differel
of Eq. (8) arecy, ¢ in the confining potential, the cons- confining models with the sameg, because all them have in
tituent quark masses and the strength of the singular sircommon the pion and rho masses fitted to the experimen
glet spin interaction. The corresponding values are detenalues, which brings the physics of the spin-spin interactio
mined fromw = 1.39 Ge\? [7], the masses oft and p fi- to the model, despite the different forms of the spin opere
xing my, =265 MeV [5]. (Of course one could change tor. Also the Coulomb-like interaction has little effect in these
andm,.) The model is renormalizable and in our calcula- mesons once the pion and rho meson masses are fixed.
tion we have adjusted numerically the strength of the singular In figure 2, we present our results with Eq. (8) for the p
spin interaction to reproduce the experimental pion mass, th&ass splitting for the first few levels. The large splitting in the
strength is finite because we are using a finite basis 20) ground state is diminished in the excited states, and the moc
to diagonalize the mass operator. In that sense, due to tHgsults consistently smaller masses for'tgstates compared
finite truncation of the basis, the model is already regulalo the respectivéS; ones. Thep(1700 is suggested to be a
rized. Finally, the constituent quark masses are determiD-wave meson(7], and it does not fit well in our picture for
ned from the masses of the pseudoscalar mekori3 and S; meson resonance.

(33—2n1)log(%)’
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FIG. 4: 35, —1'§ ground state meson mass splitting as a function

of the pseudoscalar ground state mass for the bottom family. Mo

del results are labelled as figure 3. Experimental valueB -eB*
(full square),Bs — B (full circle) andn, — Y{(full triangle) [8]2. Two
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quark mass increases, which is natural. Our simple model i
quite consistent with the recent results from heavy quark ef
fective theory [11, 12].

IV.  CONCLUSION

The extended light-cone QCD-inspired effective theory in-
cluding harmonic confinement, Coulomb-like and a singulat
spin interaction in the mass squared operator is applied t
study the splitting between S-wave pseudoscalar and vect
mesons as well the— p spectra. The renormalization of the
model is possible and has been done numerically by adjus
ting the strength of the singular spin interaction to reproduce
experimental the pion mass. The model reproduces the ph
nomenological correlation between the ground stgte-1 S
mass splitting as a function pseudoscalar mass [5, 8], for me
sons with light and heavy quarks. The mass splitting betwee
the charmonium spin states is quite consistent with the expe
rimental data [8]. For the botonium case our calculation is
consistent with a recent estimate within heavy quark effective

evaluations of the mass splitting in heavy quark effective theory aréheory [12]. The model has the large splitting of the ground

given by the inverted triangle [11] and diamond [12].

anp — Y needs experimental confirmation.

In figures 3 and 4 we show results for the correlation
between théS; —1 S ground state meson mass splitting and

state of the lightSy and3S; meson, its suppression for the
excited states and for heavy quark systems, qualitatively cor
sistent with the experimental data. The model provides a phe
nomenological framework to parameterize the systematics ¢
the qo-states in then,M?) plane and as well in th€l, M?)
plane and it naturally interpolates meson properties from ligh

the pseudoscalar ground state mass for mesons with at ledgtheavy quark systems.

one heavy quarkc or b, respectively. We observe that the
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