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A light-cone QCD-inspired model, with the mass squared operator consisting of a harmonic oscillator
potential as confinement and a Dirac delta interaction, is used to Swdgve meson spectra. The two
parameters of the harmonic potential and quark masses are fixed by the map$&z®f p(1450), J/ ¢,

P(2S), K*(892), andB*. We apply a renormalization method to define the model, in which the pseudoscalar
ground state mass fixes the renormalized strength of the Dirac delta interaction. The model presents a universal
and satisfactory description of both singlet and triplet stateS'whve mesons and the corresponding radial

excitations.
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[. INTRODUCTION bern [5]. This reveals some of the physics that is included in

In the effective light-cone QCD theorjl,2] the lowest the work of Ref.[5] and shows the relation between the
Fock component of the hadron wave function is an eigenandp spectrum, through the pion mass scale which defines
function of an effective mass squared operator with constituthe renormalization condition of the model.
ent quark degrees of freedom and parametrized in terms of In the present paper, this simple model, with the Dirac
an interaction which contains a Coulomb-like potential and dlelta interaction acting in théS, channel only and the har-
Dirac delta term. The Fock-state components of the hadroR0NniC oscillator potential as confinement, is used to investi-
light-front wave function can be constructed recursivelydate theSwave meson spectra from-p to 7,-Y e’md make
from the lowest Fock-state component. The interaction in thérédictions forz.-6 (we do not studyy-w and ’-¢). In-

mass operator comes from an effective one-gluon exchang;éead of using flavor-dependent parameters, parameters are

where the Dirac delta term corresponds to the hyperfine infound for the harmonic oscillator potential which is valid for
t only light mesons but also heavy mesons. In other words,

teraction. The masses of the ground state of the pseudoscal , : .
the parameters are universal. It is shown that the linear rela-

mesons and in particular the pion structi® were de- X .
scribed reasonably, with a small number of free parameterdionship between the mass squared of excited states and the

which is only the canonical number plus one—the renormalfadial quantum _number is. still qualitatively valid even for
ized strength of the Dirac delta interaction. heavy mesons lik&'. The simple model presents reasonable

The model was extended to include the confining interac@9reement with available data and/or with the meson mass

tion and used to study the splitting of the excited pseudoSPectra given by Godfrey and ISgi]. _
scalar states from the excitetB, vector meson states as a | NiS Paper is organized as follows. In Sec. II, we give
function of the ground state pseudoscalar nfadsin Ref. ~ Very briefly the extension of the light-cone QCD-inspired
[4], the Coulomb-like and the confining interactions weretheory for which the mass squared operator of a constituent

substituted by a harmonic oscillator potential, which allowedduark-antiquark system includes a confining interacfioh

an analytic formulation. The parameters of the confining in-The renormalization of the theory using the subtracted equa-

teraction in the mass squared operator were fitted to'8e tions for the transition matrik8] of the model can be found

meson ground state mass and to the slope of the trajectory 8§t RefS-[3,4] and thus is omitted here. In the same section,
excited states with the radial quantum numf With the we present the Dirac delta term plus harmonic oscillator po-

renormalized strength of the Dirac delta interaction fixed bytentlal approach and solve it with tﬁEamamx mgthod de-
pseudoscalar masses, it was shown thatsthe mass split- veloped'ln Refs[3,4]. The results and'dlsc':ussm.n are pre-
ting, due to the attractive Dirac delta interaction, is thesent_ed in Sec. lll. A brief summary is given in the last
source of the splitting between the masses of the excited®ction-

states. A reasonable agreement with the défawas ob-
tained. In addition, in the light-cone framework, the mass
squared operator which contains the Dirac delta plus confin-
ing harmonic oscillator potential gave a natural explanation
of the observation of the almost linear relationship between In this section we review our previous wa], in which

the mass squared of excited states with radial quantum numve have extended the renormalized effective QCD theory of

II. EXTENDED LIGHT-CONE QCD-INSPIRED THEORY
WITH DIRAC DELTAAND HARMONIC OSCILLATOR
CONFINING POTENTIAL
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TABLE I. Parameters used in the present papgiandc, of harmonic oscillator potential and masses of
up, down, and charm quarks are fixed from massep(@f70), p(1450), J/4(1S), and (2S), with the
assumption ofn,=my. Strange and bottom quark masses are determined by mad$é&sanidB*. The top
quark massesn,=35 GeV (as in Godfrey and Isgui7]), andm,=175 GeV from[6] are used to predict
spectra fort-quark mesons. The data for meson masses are taken from Hagithvalt§6].

Parameter ¢, (MeV) ¢, (GeV®) m,=my (MeV) m, (MeV) m, (MeV) m, (MeV) m, (GeV)

Value 807 7.1%10°? 265 478 1749 5068 35/175

Ref. [3] to include confinement. In the effective theory the  We simplify Eq.(2) by omitting the Coulomb term to the
bare mass operator equation for the lowest light-front Fockform [4]

state component of a bound system of a constituent quark

and antiquark of masses; andm, is described afl,2] [Mﬁo+95(F)]go(F)= M2e(F), 3)

K24+m? k2 +m?
X 1-x

P(X,K, ) where the bare strength of the Dirac delta interaction, is

M2y(x,K, )=
and the mass squared operatof9%

_ [ axdk 66D oL xT) MZ,=[ C(K)k2+mZ]+2me(r), (@)
YX(1—-x)x'(1—x")

in units ofA=c=1, mg=m,; +m,. The dimensionless factor
4m1m2 o

372 E_)‘_Wconf(Qz)) of kis

Ei+my E,+tm,
E,+m, E;+mg’

X p(x' K1), (1) C(k)=2+ )
whereM is the mass of the bound state apids the projec- ) ) )
tion of the light-front wave function in the quark-antiquark N the following, we approximat€(k) asms/m, [9], with
Fock state. The confining interaction is included in the modeM: = MMy /(M; +m,). S
by Weon Q2). The momentum transf& is the space part of The harmonic oscillator potential is introduced as a con-
the four-momentum transfer and the strength of thefinement
Coulomb-like potential isx. The singular interaction is ac-
tive only in the pseudoscalar meson channel witlas the 5
bare coupling constant. v(r)==Co+ S ©®)
For convenience the mass operator equation is trans-
formed to the instant form representati®, which in op-

X ; wherecy andc, are two universal parameters valid for all of
erator form is written a$4]

the mesons. The eigenvalue E4) is given now by
(M3H+V+V2+Veon)| @) =M?| ), 2

1 1 - 2
where the free mass operathy(=E;+E,) is the sum of B 2mrvz+ §c2r2+ 2Ms™ Co| Wa(r)=My¥a(r),

the energies of quarks 1 and E;&Jm?+k?, i=1,2, and (7)
k=|k|), V is the Coulomb-like potentialy? is the short- R

range singular interaction, antl,s gives the quark confine- with ¥ ,(r) the eigenstate of the harmonic oscillator poten-
ment. tial and the corresponding eigenvalue

2mg

TABLE Il. The physical nomenclature of the mesons as a reminder. Pseudoscalar mesons are given on the
left, vector mesons on the right of each sector. Diagonal sectors are marked in bold to guide the eye.

d u s c b T
d 970 7 |lp~ KO|K*®  D7|[D*~  BYB*®  T||T*"
u =*|lp* Pyl o¢ KK BYDro BB TO T
s KO[|K*O K[|K* ™ n7l|le,¢ DJ|DI”  BYBL®  TJ|TiT
c D*||D** DY|D*° DIIDEY  mlle BIBET TYTRO
b B|[B*° B7[[B*~ BY|[Bz° Bc[IBE m||Y TollTs ™
t THT To|T*° ToTEY TNTES TITET A
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FIG. 1. Mass of the excitedq states {1*) as a function of the FIG. 2. Mass of the exciteqq states ¥1*) as a function of the

mass (1) of the pseudoscalar meson ground statelferl. The  mass {u) of the pseudoscalar meson ground statel fel/2 of the
data are taken from Hagiwamt al. [6] and are shown by solid Strange mesons. The data are taken from Hagiwtgd [6] and are
circles on the left and right of the figure fdS, and S, mesons, ~Shown by solid circles on the left and right of the figure t& and
respectively. p(1700) (labeled with empty diamondmight be S mesons, respectively. Errors are not availablekiot460) and
D-wave dominanf5,11]. Calculated'S, and 3S; spectra are given K(1830). There is ambiguity about the radial quantum number of
in parentheses within the dashed lines. K*(1410) and K*(1680) [6] (labeled with empty diamond
K(3100) is not confirmed and represented by empty square. Calcu-
lated 'S, and 3S; spectra are given in parentheses within the

3y — 1 )
M7=2my | 2n+ 2 |\eo /m,+ S ms—co dashed lines.
— W m§+3m5m72msco, ) E;til\g?lue of theSwave eigenfunction at the origin is given
wheren (0,1,2 ...) is theradial quantum number ang 2270 (2n+ 1)1 1/2
=4mg\/c,/m;,. Note that heren begins from 0 for conve- Vi(0)=a¥ —= ——| , (11
nience, while in the discussions in Sec. Il it begins from 1 in \/Tf n:

accordance with the literature. In the present model,(BQg. 1 _ )
gives the vector meson spectrum since the Dirac delta intetVhere a” = is the oscillator length. The final form the re-
action acts only on pseudoscalar mesons. The mass squardgcedT matrix is
of the ground staten(=0) of the 3S; meson can be written

Z 2270 (2n+ 1)
as _
te (M) =27a)®Y —= ———
n=0 \/77 n:
M 5= mZ+3mgy/c, /m, — 2mgCo. (9)
1 1
) . . X — .
With the subtraction point taken to be the mass of the w2—nw— MzgS M2—nw— MzgS
pseudoscalar meson ground state, the reddcethtrix was
derived in Ref[4] as (12

The zeros of Eq(12) give the eigenvalues of the the mass
squared operator of Eq3). In Ref. [4], « was changed
continuously to study the splitting between thg, and S,
(100  spectra of ther-p mesons. In the following section, we are

1
w?>—M2 M?2-—M?2

tr'(M?)=(2m)*2) I\Ifn<0>|2<
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FIG. 3. Mass of the exciteqq states M*) as a function of the
mass () of the pseudoscalar meson ground statel fe0 of the
charmed mesons. The data are taken from Hagiwal. [6] and ~ mass ) of the pseudoscalar meson ground state fef/2 of the
are shown by solid circles on the left and right of the figuress ~ charmed mesons. The data are taken from Hagiwaa. [6] and
and 3, mesons, respectively. No radial quantum numbers assignedre shown by solid circles on the left and right of the figure'fg
to (3770), (4040), (4160), andy(4415) (labeled with empty  and 33, mesons, respectivelid* (2637) is not confirmed and rep-
diamond. 7.(3594) is not confirmed and represented by emptyresented by empty square. Calculat&j and S, spectra are given
square. CalculatedS, and 3S; spectra are given in parentheses in parentheses within the dashed lines.
within the dashed lines.

FIG. 4. Mass of the exciteqastates M*) as a function of the

T=*). In the following discussions, we will omit the charge

going to discuss this splitting in more detail and apply theSI9ns of mesons for simplicity.

model to mesons with heavy quarks as well.
B. Swave meson spectra

Ill. RESULTS AND DISCUSSION The splitting of the light mesonsz-p, andK-K* spectra,
due to the Dirac delta interaction acting in the pseudoscalar
15, channel, were studied in previous wdi]. There the
empirical slopgw) from Ref.[5] or Ref.[6] is used directly.
and Eqgs.(8),(9) are used to fixcy, c,, and up, down, and In the present papefr-p andK-K* are reinvestigated in the
charm quark masses with the assumptionmg=my. Then  same framework as othes-state mesons. The results are
the masses of strange and bottom quarks are determined pyesented in Fig. 1 and Fig. 2, respectively. Similar agree-
the masses df* andB* [6] and Eq.(9). In order to predict ment with the data as that in Rd#] is found in Fig. 1,
thet-quark meson spectrum, we adopt an estimate from Godsimply because the present model gives=1.55 Ge\f
frey and Isguf7], m;=35 GeV. The parameters used in the which is very close tav=1.39 GeVf used in Ref[4]. For
present model are listed in Table I. K*, the present model gives a large valuewgf1.92 GeV

The physical nomenclature of the mesons is given indue to the fact that the strange quark mass is larger than the
Table 1l to facilitate the following discussion. Since we as-up-down quark massy for K* must be larger than that for
sume that up and down quarks are the same, and since miffom the present modglcompared to that extracted from the
ing between different flavors cannot be dealt with within thisdata, 1.19 Ge% However, as pointed out in Ref§5,6],
simple model, we investigate only=1 states among the there are ambiguities about the quantum number assignment
diagonal meson sectors containingd, and s quarks.m,  of exited states oK andK*. If we follow the identification
=my also means that in our model the spectrummSf(p®,  of the quark model[6] for K(1460) (2S,), K(1830)
KO, K%, DO D%, BY, B, T° andT%) is the same as (3'S,), andK*(1410) (2S,), the spectra ok-K* from the
that ofw= (p™, K*, K**, D", D™*, B*, B**, T, and  present model are in good agreement with the data.

A. Parameters and nomenclature
The masses qi(770), p(1450),J/4(1S), and(2S) [6]
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FIG. 6. Mass of the excitedq states M*) as a function of the
mass {u) of the pseudoscalar meson ground state fod/2 of the
bottom mesons. The data are taken from Hagivedra. [6] and are
shown by solid circles on the left and right of the figure & and
33, mesons, respectively. Calculatéf, and 3S; spectra are given
in parentheses within the dashed lines.

FIG. 5. Mass of the exciteqq states M*) as a function of the
mass () of the pseudoscalar meson ground statel fe0 of the
charmed strange mesons. The data are taken from Hagataxia
[6] and are shown by solid circles on the left and right of the figure
for 1S, and 3S; mesons, respectively. Calculatés, and ®S; spec-
tra are given in parentheses within the dashed lines.

In Fig. 3 the results are shown for thg- mass splitting  for D-D? are presented.
as a function of the ground state pseudoscalar masshich As mentioned before, the bottom quark mass is fixed by
interpolates fromy, to the J/¢y meson spectrum. Compared the mass o8* (1S) and Eq.(9). There are no other data for
to the light m-p and K-K* mesons, the splitting is smaller b-quark mesons. The predicted spectra Borand B* are
even for the ground state{100 MeV) and becomes weaker presented in Fig. 6.
in the excited states, although the model attributes consis- The spectrum ol can be calculated from our model with
tently smaller masses for théS, states compared to the the parameters listed in Table | and is shown in Fig. 7. We
respective®S; ones. An excited state of, is observed with-  should note that the agreement with the data is good, from
out definite spin and parity assignmé@j. From our model, Y (1S) to Y(4S), considering that no parameter is adjusted
this state might bey.(2S), which is consistent with the as- specially forY, the heaviest meson states observed up to
signment of the quark modgb]. There are many exited now. The unconfirmed bottomonium stag(9300) is used
states fory, such as#(3770), (4040), (4160), and to predict the spectrum af;, and also presented in the same
(4415); all of them are assigned 8§=1"". Considering figure.
that ¢4(3770) isy(1°D,) [6,7], ¥(4040) or(4160) seems No confirmed data are available for the triplet stateB of
to be (33S,) from the present model. and B.. With the bottom quark mass,=5068 MeV, the

From Egs.(8),(9) and the quark masses listed in Table |, present model predicts the triplet ground state masseBgfor
one obtains the spectrum Bf*. The splitting ofD-D* and  and B,, as 5342.1 MeV and 6.346 GeV, respectively. Al-
the spectrum of th® meson can be calculated from EG0)  though the predicted mass f8(1S) is comparable to the
with the renormalized strength of tl#&potential fixed by the  unconfirmed data 5416.6 MeV, both predictions are smaller
mass of the corresponding pseudoscalar ground Btaiteis  than their corresponding singlet ground state masses, 5369.6
shown in Fig. 4. One finds good agreement for with the dataveV and 6.4 GeV. Therefore we cannot calculate the singlet
D*(1S). The predicted mass @ (29S) is about 10% larger spectraB, andB, within our model. However, for complete-
than the unconfirmed data. ness and in order to give a reference to the reader, we list the

Similarly, the present model givés} (1S) in good agree- calculated values for triplets of the bottom strange and bot-
ment with the data as is seen from Fig. 5 in which the spectréom charged mesons in Table Il and Table 1V, respectively.
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T TABLE lll. The present spectra of vector bottom strange me-

3 (11203). : _ _

! ( ) ‘ sonsB? (nS) compared with available data from Hagiwateal. [6]

! ! and predictions of Godfrey and Isgiir]. Note that the data for
11000 (11040) <

Y(11020 B (19) are not confirmed7]. Masses are in MeV.

i (10895), -
@_’/b Y(10865), BS This work Data[6] Godfrey and Isguf7]
(10725 |
:( ) (10579), o 13s, 5342.2 5416.6 5450
10500 | : ~ Y(10580)] 2%s, 6123.8 — 6010
1 | 3
‘ 3%s, 6816.4 — _
(10401) - 43s 74447 — —
5’ | 10252) | Y(10355 1 :
® ! (10252) ( ) 533, 8024.2 — _
= ' ! 6°S, 8564.6 — _
= 10000 - (10064) i .

(9915) . Y(10023)]

interaction [9], while in the instant form of QCDM =mq
+E=ms+ (T +V,g). The relation between the interactions
Ve and Ve is found for larger (whereT<V<V?) asVe
~VZ, from which the harmoniclike potential for the mass
squared operator in the front form can be derived from the
linear confinement potential in the instant form of QCD.
Very recently the radial excitations of light mesons were
studied in detail in the framework of the QCD string ap-
9000 Loiee .. o e e L proach[12]. There the spin-averaged meson masses were
9200 9300 9400 9500 9600 calculated with a modified confining potential and the calcu-
u [MeV] lated slopes of the radial Regge trajectories are in agreement
with Ref.[5]. In Ref.[12], the linear relation between mass
squared\/lﬁ and the radial quantum numbercomes mainly
bottom mesons. The data are taken from Hagiveara. [6] and are from properties of the ap_proxir_nated eig_en_values of _the s_pin-
less Salpeter equation with a linear confining potential. Since

shown by solid circles on the left and right of the figure &, and . . . .
3S, mesons, respectively. No radial quantum numbers assigned 1'5' our light-cone QCD model the harmonic oscillator poten-

Y (10865) andy (11020) (labeled with empty diamondz,(9300) tial is included in the mass squ_ared operator, one arrives
is not confirmed and represented by empty square. Calcul&gd Naturally at the same linear relation betwed and n for

and 3S; spectra are given in parentheses within the dashed lines.Vector mesons. This gives an explicit explanation of the ra-
dial Regge trajectories found for light vector mesons in Ref.

Th tor t tra f th t model wit 5]. This relation is still valid even for heavy vector mesons
€ vector top meson spectra from the present modei Wity g\ in the previous subsection. In addition, an exten-

the top quark masen=35 GeV[7] andm=175 GeV[6]  gjon of the present model with orbital excitation included
are given in Table V. The top quark mass=35 GeV is  ¢oyld also be used to describe the orbital Regge trajectory.
used in order to_ compare the present spectra with predlcthns For pseudoscalar mesons, particularly for the light ones,
of Ref.[7]. Qualitative agreement between the two models ishe present model does not support the simple linear relation
found. because the Dirac delta interaction plays an important role
now. However, this is not in contradiction with the data be-
C. Further discussion cause light pseudoscalar mesons follow the radial Regge tra-
From the above results, it is clear that our model, with the/€ctories poorly. Let us take the pion as an example. The
mass squared operator consisting of a harmonic oscillatsHopew=1.67 GeV is derived from the masses of (M
confining potential and a Dirac delta interaction, could be
used to describe universally and satisfactorily both singlet TABLE IV. The present spectra of vector bottom charmed me-
and triplet states oB-wave mesons as well as radial excita- SO"SBc (nS) compared with predictions of Godfrey and Isqu
tions. However, lattice QCD calculations predict that the(° data available Masses are in MeV.
guark-antiquark potential increases linearly with the distance N

9500

FIG. 7. Mass of the exciteqastates M*) as a function of the
mass () of the pseudoscalar meson ground statel fe0 of the

between quark and antiquarkvhenr is large. One may ask, c This work Godfrey and Isgur7]
does this contradict our model? The answer is no. In the 13g, 6345.8 6340
following, we justify roughly that the two interactions are 233, 6830.4 6890
consistent with each other for largedisregarding the case 333, 7282.9 _
for smallr which is not important in the present work. 43, 7709.0 —

In the front form of QCD, the mass squarddi’>=m? 533, 8112.6 —
+2mSE=m§+ 2my(Teet Vi) (Mg is the sum of the quark 63S, 8497.1 —

and antiquark masses,is the kinetic energy, and ¢ is the
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TABLE V. The present spectra of vectbquark mesons compared with predictigiits parenthesgsof
Godfrey and Isguf7]. Results withm,=35 GeV[7] andm,=175 GeV[6] are given in the first and the third
row of each sector. The masses are in GeV. The spectfigt bfand T** are the same since,=my is

assumed.
Mesons M(13S)) M(23S)) M(33S)) M (43S)) M(5°S,) M(6°S,))

T* 35.24 36.27 37.27 38.24 39.19 40.12
(35.39
175.24 176.27 177.30 178.33 179.34 180.36

T* 35.25 36.03 36.79 37.53 38.26 38.97
(35.46
175.25 176.02 176.79 177.56 178.32 179.08

T 36.25 36.67 37.08 37.49 37.89 38.29
(36.30
176.25 176.65 177.06 177.46 177.87 178.27

T 39.45 39.71 39.96 40.21 40.47 40.72
(39.3)
179.44 179.68 179.92 180.16 180.40 180.64

0 69.29 69.42 69.54 69.67 69.80 69.93

(68.70 (69.39 (69.70 (69.93 (70.10 (70.40
349.24 349.29 349.35 349.41 349.46 349.52

=0.14 GeV) and its first radial excited stateM( [5}—the radial Regge trajectofyl2]—is apparent from our
=1.3GeV), while a slope smaller by~10%, w  model and is found to be qualitatively valid even for heavy

=1.55 GeV, can be calculated from its first and secondMesons likeY. _ _
excited statesNI =1.8 GeV). T_he simple model presents satisfactory agreement with
available data and/or with the meson mass spectra given by
V. SUMMARY Godfrey and Isgyf?]. Therefore, .the .recently propos_ed ex-
‘ tension of the light-cone QCD-inspired model, which in-
We applied the renormalized light-cone QCD-inspired ef-cludes confinement while keeping simplicity and renormal-
fective theory with confinement in the mass squared operatdgability, gives a reasonable picture of the spectra of both
to study mesons with heavy quarks. For the confinement, thight and heavy mesons. An extension of the present model
harmonic oscillator potential is used, which allows an ana-W'th orbital excitations mclqded g:ould also be used to de-
lytic solution of our model. The Coulomb-like potential is SCriPe the orbital Regge trajectories.
omitted in the present work while the Dirac delta interaction
is kept; it acts on the singleéswave states and plays an
important role in the splitting of the singlet-triplet spectra.  T.F. thanks the Max Planck Institute of Heidelberg and
The two parameters of the harmonic potential and the quarkspecially Professor Hans-Christian Pauli for warm hospital-
masses are fixed by the massesp¢770), p(1450), J/ i, ity during the period when this work was initiated. T.F. also
#(2S), K*(892), andB*. A T matrix renormalization thanks Conselho Nacional de Desenvolvimento Clientie
method is used to renormalize the model, in which the pseufecnolaico (CNPQ and Fundaao de Amparo a Pesquisa do
doscalar ground state mass fixes the renormalized strength Bstado de SaPaulo(FAPESRB of Brazil for partial financial
the Dirac delta interaction. support. S.G.Z. is partly supported by the Major State Basic
The model is applied to study tif@wave meson spectra Research Development Program of China under Contract
from 7-p to 7,-Y and is also used to predict top quark No. G2000077407 and by the Center of Theoretical Nuclear
meson spectra. The linear relationship between the mag2hysics, National Laboratory of Heavy lon Accelerator at
squared of excited states and the radial quantum numbémnzhou, China.
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