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Both the mass spectra and the wave functions of the light pseudosealérs, ') and vectorp,K* ,w, @)
mesons are analyzed within the framework of the light-cone constituent quark model. A Gaussian radial wave
function is used as a trial function of the variational principle for a QCD-motivated Hamiltonian which
includes not only the Coulomb plus confining potential but also the hyperfine interaction to obtain the correct
p- splitting. For the confining potential, we use ttig harmonic oscillator potential an@) linear potential
and compare the numerical results for these two cases. The mixing angdes @ind »-n' are predicted and
various physical observables such as decay constants, charge radii, and radiative decay rates, etc., are calcu-
lated. Our numerical results in the two casgsand(2) are overall not much different from each other and are
in good agreement with the available experimental d&88556-282(99)00207-§

PACS numbgs): 12.39.Ki, 13.40.Gp, 13.40.Hq, 14.4n

I. INTRODUCTION established formulation of various form factor calculations in
the light-cone quantization method using the well-known
It has been realized that relativistic effects are crucial toDrell-Yan-West ¢© =0) frame. We take this as a distinctive

describe the low-lying hadrons madewf d, ands quarks  advantage of the light-cone quark model.
and antiquark$l]. The light-cone quark mod¢P—17] takes The conversion of the dynamical problem from boost to
advantage of the equal light-cone time=(t+z/c) quanti- rotat!on can also bg regarded as an r;_\dvgntage because the
zation and includes important relativistic effects in the had-fotation is compact, i.e., closed and periodic. The reason why
ronic wave functions. The distinct features of the light-coneth€ rotation is a dynamical problem in the light-cone quanti-
equal+ quantization compared to the ordinary equgkban- zation aPproaCh is because the quantization surfae_:@ IS
tization may be summarized as the suppression of vacuu ot invariant under the transverse rotation whose direction is

fluctuations with the decoupling of complicated zero modesgelrf;?n‘E'lcsl']'Ia_lr_htgstrlﬁedt'rrgggsgrsef ;k:]e ﬂ:?%'gﬂg?;ﬁ gtera
and the conversion of the dynamical problem from boost tQ[ qualz ' . . 9 . P
rotation or involves an interaction that changes the particle number

and it is not easy to specify the total angular momentum of a
. X . . . abarticular hadronic state. Alspis not invariant under parity
tional energy-momentl.Jm dispersion Eelatloon \éVh'Ch Corre'[16]. We circumvent these problems of assigning quantum
lates the signs of the Iight-goneg energy=k“—k" and the  ,;mners3PC to hadrons by using the Melosh transformation
light-cone momentunk™ =k°+k* [5]. However, nontrivial ¢ aach constituent from equato equalr.

quantization approach if one takes into account the nontrivial\ ) is thus represented by
zero-mode k™ =0) contributions. As an example, it is
shown[13] that the axial anomaly in the Schwinger model IMy=v"1QQ) (1.2)

: : ot i QQ : '

can be obtained in the light-cone quantization approach by

carefully a!"a'yz'”.g the contrlbut_|0n$ from zero mOdes'whereQ andaare the effective dressed quark and antiquark.
Therefore, in the light-cone quantization approach, one can Y

: iy . .~ The model wave function is given by

take advantage of the rational energy-momentum dispersion
relation and build a clean Fock state expansion of hadronic oK
wave functions based on a simple vacuum by decoupling theaq,'\ﬂ_:q,(x,kL Ay Ag)= /_nd)(X:kL)R(XvkL A9,
complicated nontrivial zero modes. The decoupling of zero 9% 4 X 4
modes can be achieved in the light-cone quark model since (1.2
the constituent quark and antiquark acquire appreciable con- i i i )

stituent masses. Furthermore, recent lattice QCD refidls Where#(x,k,) is the radial wave functionzk,/ox is a Ja-
indicated that the mass difference betwegnand pseudo- C€OPi factor, andR(x,k, ,\q,\g) is the spin-orbit wave func-
scalar octet mesons due to the complicated nontriviafion obtained by the interaction-independent Melosh trans-
vacuum effect increasder decreasgsas the quark mass,, formation. When the I02r19|tu2d|nal componeky |§ defined
decreasegor increasek i.e., the effect of the topological by kn=(Xx—1/2)Mq+(m;—my)/2M,, the Jacobian of the
charge contribution should be small &g, increases. This variable transformatiofix,k, } —k=(k,,k,) is given by
supports in building the constituent quark model in the light-

cone quantization approach because the complicated non- k., Mo (mé—mg) 2
trivial vacuum effect in QCD can be traded off by the rather o A1 - > a . 1.3
large constituent quark masses. One can also provide a well- X X(1=x) M?
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The explicit spin-orbit wave function of definite spig,S,)
can be obtained by
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far has been mostly taken as a model wave function rather
than as a solution of the QCD-motivated dynamical equation.

Even though the authors of Réfl2] adopted the quark po-
tential model developed by Godfrey and Isdf to repro-
duce the meson mass spectra, their model predictions in-
cluded neither the mixing angles af-¢ and n-7' nor the
form factors for various radiative decay processes of pseu-
doscalar and vector mesons.

R(X,K, ,qua>=323_<quRIA<x,kL ,mg)|Sq)
q>q

X (NG R (1—x,—k, ,mg)|s)

X<%Sq%551552>' 14 In this work, we are not taking exactly the same quark
o potential developed by Godfrey and Isddl. However, we
where the Melosh transformation is given by attempt to fill this gap between the model wave function and
M+ xMg—io- (AXK) the QCD-motivated potential, which includes not only the
Ru(x,k, ,m)= 0 (1.5  Coulomb plus confining potential but also the hyperfine in-

\/(m+xM0)2+ kf teraction, to obtain the corrept splitting. For the confin-

. ing potential, we take &1) harmonic oscillatoHO) poten-
with n=(0,0,1) being a unit vector in thedirection. tial and (2) linear potential and compare the numerical

While the spin-orbit wave function is in principle results for these two cases. We use the variational principle
uniquely determined by the Melosh transformation given byto solve the equation of motion. Accordingly, our analysis
Eg. (1.5, a couple of different schemes for handling the covers the mass spectra of light pseudoscataiK( 7, ')
meson mas$l, in Eq. (1.5 have appeared in the literature and vector p,K*,w,$) mesons and the mixing angles of
[2—12]. While in the invariant meson mass schefd—-13 ¢ and 5-7’ as well as other observables such as charge
the meson mass squdm% is given by radii, decay constants, radiative decay widths, etc. We ex-
ploit the invariant meson mass scheme in this model. We
also adopt the parametrization to incorporate the quark-
annihilation diagram§18—20 mediated by gluon exchanges
and the SWB) symmetry breaking, i.emyqg#ms, in the
in the spin-averaged meson mass schéBe5], M, was  determination of meson mixing angles.
taken as the average of physical masses with appropriate The paper is organized as follows: In Sec. Il, we set up a
weighting factors from the spin degrees of freedom. Neversimple QCD-motivated effective Hamiltonian and use the
theless, once the best fit parameters were i5¢8, both ~ Gaussian radial wave function as a trial function of the varia-
schemes provided the predictions that were not only prettfional principle. We find the optimum values of the model
similar with each other but also remarkably gdég7] com- ~ parameters, quark masses,(q),ms) and Gaussian param-
pared to the available experimental datd] for form fac-  eters B,,=Bua= BddBus,Bsd for the two cases of confin-
tors, decay constants, charge radii, etc., of various light psed?g potentials(1) and (2). We also analyze the meson mass
doscalar ¢r,K,»,7') and vector p,K*,w,$) mesons as Spectra and predict the mixing anglesa#fp and 7-7". We
well as their radiative decay widths. The main difference inadopt a formulation to incorporate the quark-annihilation
the best fit parameters was the constituent quark masses, i.diagrams and the effect of $8) symmetry breaking on the

m,=my=330 MeV, m¢=450 MeV in the spin-averaged mMeson mixing angles. In Sec. Ill, we calculate the decay
meson mass schenj8—5] while m,=my=250 MeV, m,  constants, charge radii, form factors, and radiative decay

=370 MeV in the invariant meson mass scheg rates of various light pseudoscalar and vector mesons and

Also, in the literaturd7,8,10 using the invariant meson discuss the numerical results of the two confining potentials
mass scheme, soni&,8] used the Jacobi factatk,/dx in (1) and (2) in comparison with the available experimental
Eq. (1.2) while some[10] did not. However, we have re- data. A summary and discussions follow in Sec. IV. The
cently observed9] that the numerical results of various details of fixing the model parameters and the mixing angle
physical observables from Refd.,8] were almost equivalent formulations are presented in Appendixes A and B, respec-
to those of Ref[10] regardless of the presence or absence ofively.
the Jacobi factor if the same form of radial wave function
(e.g., Gaussiagnvas chosen and the best fit model parameters
in the radial wave function were used.

However, the effect from the difference in the choice of
radial wave function, e.g., harmonic oscillator wave function
[7,8,1Q versus power-law wave functidiil], was so sub-
stantial that one could not get a similar result by simply
changing the model parameters in the chosen radial wave
function. For example, in the phenomenology of various me-
son radiative decays at lo®?, we observed9] that the . 2 12 .12
Gaussian type wave function was clearly better than th&here Mqq is the mass of the mesok”=k{+kj, and
power-law wave function in comparison with the available|¥ %) is the meson wave function given in Ed.2). In this
experimental data. On the other hand, the radial function swork, we use the two interaction potentidlg, for the pseu-

K2+m2 k2+m:

2_ L q -+ q
+ .

M3 X 1-x ° (1.6

II. MODEL DESCRIPTION

The QCD-motivated effective Hamiltonian for a descrip-
tion of the meson mass spectra is given[yl2]

s 2 -
anlq,nl%n>:[ Vmc21+k2+ \/mE"'kz"'qu]N'm?n)’

:[H0+Vq5]|‘l'§|?n>: 'V'qd‘I’SSZ%

nim

(2.1
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doscalar (0 ") and vector (I ) mesons(1) Coulomb plus 2
HO, and (2) Coulomb plus linear confining potentials. In

addition, the hyperfine interaction, which is essential to dis-
tinguish vector from pseudoscalar mesons, is included for 1r ‘
both cases, viz.,

25 S5, 0

V VCouIv
(2.2

4k
Vag=Vo(r) +Vhyr)=a+ Veon— §+ ——
qMq

V,(n[GeV]

H.O. 1
,,,,,,,,,,,,,,,,,, Linear

where Veon=br(r?) for the linear (HO) potential and L7 L sewee
(Sq-Sq)=1/4 (—3/4) for the vector(pseudoscalarmeson. o LIl — - — - ~ISGW2k=06) |
Even though more realistic solution of E@.1) can be ob- h [’ o T Gl
tained by expanding the radial functioﬁh,,zo(kz) onto a Il
truncated set of HO basis stafds12], i.e.,EE";al’bnan,o(kZ), 3 ;!
our intention in this work is to explore only the 0 and 0.0
1™~ ground state meson properties. Therefore, we use thé?

1S state harmonic wave functiog;o(k?) as a trial function 0.0 ; ; :
of the variational principle

0.5 1.0 1.5 2.0

1 1/2
dro( XK, )= ( WTZ;;S) exp —k2/2?), (2.3

where ¢(x,k, ) is normalized according to

f,(n[GeV’]
1
5

2 i H.O.
2 dx S s T O | Slsowarn
——————— GI=ISGW2(=0.6)
J dx f a2, ° |¢10(X koPP=1. (@249
Because of this rather simple trial function, our results could 2, | I I
0.0 05 1.0 1.5 20

be regarded as crude approximations. However, we note the(b) il
this choice is consistent with the light-cone quark model

wave function which has been quite successful in describing FIG. 1. (a) The central potentiaV/o(r) versusr. Our Coulomb
various meson propertieg3—10. Furthermore, EQ(2.3)  plus harmonic oscillatofsolid line) and linear(dotted potentials
takes the same form as the ground state solution of the H@re compared with the quasirelativistic potential of the ISG\8&]
potential even though it is not the exact solution for themodel with x=0.3 (long-dashed lineand x = 0.6 (dot-dashed ling
linear potential case. As we show in Appendix A, after fixing and the relativized potential of the G1] model(short-dashed line

the parametera, b, andx, the Coulomb plus HO potential (b) The central force o(r) versusr. Our force for the linear poten-
Vo(r) in Eq.(2.2) turns out to be very similar in the relevant tial is the same as that of ISGW2 witt=0.3 (dotted line. The
range of potentiali(<2 fm) to the Coulomb plus linear con- forces of Gl and ISGW2 withk=0.6 are the same as each other
fining potentials[see Figs. (8 and ib)] which are fre- (dashed lines Our force for the harmonic oscillator potentiablid
quently used in the literaturfl,12,21-2% The details of line) is quite comparable with the other four forces up to the range
fixing the parameters of our model, i.e., quark masse§fr=2 fm.

(myegy,ms), Gaussian parameterg(q,B8s,Bss and poten-

tial parametersd,b, «) in Vqq given by Eq.(2.2), are sum- |f,)=— sind|nn)— cosd|ss),
marized in Appendix A. . .
Following the procedure listed in Appendix A, our opti- |f,)=coss|nn)— siné|ss), (2.5

mized model parameters are given in Table 1. In fixing all of

these parameters, the variational princiffig). (A1)] plays where|nn) 1/\/—|uu+dd> and 8= 53y~ 35.26° is the
the crucial role forud, us, andss meson systems to share mixing angle. Taking into account $8) symmetry breaking
the same potential parametera,lf, ) regardless of their and using the parametrization for the (mdss)atrix sug-

guark-antiquark conten{see Figs. @) and Zb)]. gested by Scadrof?0], we obtain
We also determine the mixing angles from the mass spec- ) ) ) )
tra of (w,¢) and (n,7'). Identifying (f;,f,)=(¢,0) and (Mf,-MD(M-Mf)
(n,7m") for vector and pseudoscalar nonets, the physical me- tar’ 6= 2 P RN (2.9

_ 2 _ M2,
son states; andf, are given by (Mfz MSE)(Mfl Mon)

074015-3



HO-MEOYNG CHOI AND CHUENG-RYONG JI PHYSICAL REVIEW 69 074015

TABLE I. Optimized quark massesr; ,ms) and the Gaussian parametgrsor both harmonic oscillator
and linear potentials obtained from the variational principle.u andd.

Potential m, [GeV] m, [GeV] Bqq [GeV] Bss [GeV] Bqs [GeV]
HO 0.25 0.48 0.3194 0.3680.3703 2 0.3419(0.3428
Linear 0.22 0.45 0.3659 0.4128.4132 0.3886(0.3887%

&The values in parentheses are results from the smearing fujdt@@l in Eq. (A6) instead of the contact
term.

which is the model-independent equation for any megqn  Value ofHgin Eg. (2.1) for the HO (linean potential case

nonets. The details of obtaining meson mixing angles usingsee Appendix A for more detajlsOur predictions forw-¢

quark-annihilation diagrams are summarized in Appendix Band -7’ mixing angles for the HQlinean potential are

In order to predict thes-¢ and -’ mixing angles, we use |dv|~4.2° (7.8°) andfsys)~—19.3° (-19.6.°), respec-

the physical masse$l7] of Mflz(md),mn) and My, tively. The mass spectra _of Ilght pseudosc_alar and vector

—(m,.m.) as well as the masses b= 996 (952 MeV mesons used are summarized in Table II. Since the signs of
@ ) ss . Sy for w-¢ mixing are not yet definitg18—20,27—-29in the

and M =732 (734 MeV obtained from the expectation analysis of the quark-annihilation diagrdsee Appendix B

we will keep both signs of5,, when we compare various

physical observables in the next section.

0.03 T T T

Ill. APPLICATION

In this section, we now use the optimum model param-
eters presented in the previous section and calculate various
physical observableg1) decay constants of light pseudo-
scalar and vector meson®) charge radii of pion and kaon,

(3) form factors of neutral and charged kaons, &idradia-

tive decay widths for th&/(P)— P(V)y andP— yvy transi-
tions. These observables are calculated for the two potentials
(HO and lineay to gauge the sensitivity of our results.

Our calculation is carried out using the standard light-
cone frame ¢ =q°+q°=0) with g°=Q%=—-q% We
0.00 s . ‘ s - think that this is a distinct advantage in the light-cone quark

0.0 0.2 04 0.6 08 9 model because various form factor formulations are well es-
tablished in the light-cone quantization method using this
0.4 , , , well-known Drell-Yan-West frame *=0). The charge
form factor of the pseudoscalar meson can be expressed for
the “+” component of the curreni# as follows:

0.02

b,[GeV’]

0.01

03 | 1 F(Q?)=eql(Q% mq,mg) +egl (Q%mg,mg), (3.

wheree, (&) is the charge of quarkantiquark and

I(Qz,mq,mg)zfoldxf d?k,

N [ok!,
N ox Pk N 5

A2+Kk, -k’

0.0 ‘ : : : X * (X,k’ S )

o 0.0 0.2 0.4 . 0.6 0.8 1.0 ¢ ( l)\/A2+kf\/A2+k’f
. oo L 3.2
FIG. 2. (@) The variational principle satisfying EqA2). The

solid, dotted, and dot-dashed lines are fixed by the sets of e .
(Mg, B, (Me,BeD, and (Mg, respectively.(b) The varia- with the definition ofA andk’, given by
tional principle satisfying EQIA3). The same line codes are used as
in (a). A=xmg+(1-x)mg, k', =k, +(1-x)q,. (3.9
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TABLE Il. Fit of the ground state meson masses with the parameters given in Table I. Underlined masses
are input data. The masses of, ;') and (w,¢) were used to determine the mixing anglesref’ and w-
¢, respectively.

s,  ExperimenMeV] HO Linear  3S;  Experiment HO Linear
™ 135+0.00035 135 135 p 770+ 08 770 770

K 494+0.016 470469 @ 478(479 K* 892+0.24 875(875 850(850
7 547+0.19 547 547 ®  782£0.12 782 782
) 958+ 0.14 958 958 ¢ 102080008 1020 1020

&The values in parentheses are results from the smearing function iA&ginstead of the contact term.

Subsequently, the charge radius of the meson can be calcwith the results of vector model dominan€¢MD) [31],
lated byr2=—6dF(Q?/dQ? q2—¢. Also, the decay con- where a simple two-pole model of the kaon form factors was
stantfp of the pseudoscalar mesoR € 7,K) is given by assumed, i.e., FK+(K0)(Q ) = €y(ayMm;, 2/(m? +Q2)+erm¢/

(m¢+ Q?). From Figs. 4a) and 4b), we can see that the

d?k, \/ Xk, ) — 0.8 ; ;
P (2,”_)3/2J J d) i A2+ k2 b -
(3 4) VMP B
Since all other formulas for the physical observables suicha .t T o ]
the vector meson decay constarfits of V—e*e™, decay T P
rates for theV(P)—P(V)y andP— yy transitions have al- ~ _ S y
ready been given in our previous publicati@] and also in 3 [ e rex
other referencese.g., Ref.[7]), we do not list them here N% 04l F— T ]
again. The readers recommended to look at Rélsand[7] g 4
for details of the unlisted formulas. In Fig. 3, we show our A y/
numerical results of the pion form factor for the H&olid © / HO-
line) and linear(dotted ling cases and compare with the 02 + .
available experimental daf80] up to theQ?~8 Ge\? re-
gion. Since our model parameters wif,=0.25 GeV and
Bu;=0.3194 GeV for the HO case are the same as the one
used in Refs[7] and[11], our numerical result of the pion 0.0 5 > 4 6 8
form factor is identical with Fig. Zsolid line) in Ref.[11]. In (a) QYGeVY
Figs. 4a) and 4b), we show our numerical results for the
form factors of the charged and neutral kaons and compar - ' : '
KO
0.6 ; ,
0.4 .
05 | :
[ T N% 0.3 - .
0.4 - { . o}
~ r v R Ng
e T ] ax 02t .
NE 0.3 r =
e e e
L \ I
0.2 t | R 01t e T .
0.1 1 0.0 i . . .
0 2 4 6 8
(b) QGeV?
0-0 1 Il 1
0 2 4 6 8

Q’[GeVA

taken from Ref[30]. The solid and dotted lines correspond to the VMD model [31] (dot-dashed ling FK+(K0)

FIG. 4. (a) Theoretical predictions of chargad” form factors
using the parameters of both harmonic oscillateslid line) and

FIG. 3. The charge form factor for the pion compared with datalinear (dotted ling potentials compared with a S|mple two-pole

eu(d m /(m +Q2)

results of harmonic oscillator and linear potential cases, respec+ e‘m¢/(m¢+ Q2). (b) Theoretical predictions of neutr&® form

tively.
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TABLE lll. Decay constants and charge radii for various pseudoscalar and vector mesons. For compari-
son, we useéd,|=3.3°+1° for both potential cases. The experimental data are taken fronj Réfunless
otherwise noted.

Sy=—3.3°*1° Sy=+3.3°x1°
Observables HO Linear HO Linear Experiment
f . [MeV] 92.4 91.8 92.4 91.8 92:40.25
fx [MeV] 109.3 114.1 109.3 114.1 1134.1
fp [MeV] 151.9 173.9 151.9 173.9 152:8.6
fxx [MeV] 157.6 180.8 157.6 180.8
f, [MeV] 459+1.4 52.6t1.6 55.x+1.3 63.1-1.5 45.9+-0.7
f, [MeV] 82.6+-0.8 94.3-0.9 76.%+ 1.0 87.6r1.1 79.x-1.3
r2 [fm?] 0.449 0.425 0.449 0.425 0.43D.016[32]
r§+ [fm?] 0.384 0.354 0.384 0.354 0.30.05[32]
rﬁo [fm?] -0.091 —0.082 —0.091 —-0.082 —0.054+0.101[32]

neutral kaon form factors using the model parameters obbe in good agreement with the experimental data. However,
tained from HO and linear potentials are not much differentmore observables should be compared with the data in order
from each other even though the charged ones are somewhat give a more definite answer for this sign issuewsip
different. mixing angle. The overall predictions of the linear potential
The decay constants and charge radii of various pseudanodel are also comparable with the experimental data even
scalar and vector mesons for the two potential cases amhough the large variation of the mixing angfe should be
given in Table Ill and compared with experimental datataken into account in this case.
[17,32. While our optimal prediction ofd, was |dy| In Table V, we show the results &#(=m,7,7')—yy
=4.2° (7.8°) for the HO(linearn potential model, we dis- decay widths obtained from our two potential models with
played our results for the commaofy, value with a small the axial anomaly plus partial conservation of the axial vec-
variation(i.e., | 6,|=3.3°+1°) in Table Ill to show the sen- tor current (PCAC) relations. The predictions ofy(7')
sitivity. The results for both potentials are not much different— yy decay widths using PCAC are in a good agreement
from each other and both results are quite comparable witlvith the experimental data for both the HO and linear poten-
the experimental data. The decay widths of tWéP) tial models with »-»" mixing angle, fsyz)=—19°. The
—P(V) v transitions are also given for the two different po- predictions of the decay constants for the octet and singlet
tential models in Table IV. Although it is not easy to seemesons, i.e.,ng and 7y, are fg/f_,=1.254 (1.324 and
which sign of é, for the HO potential model is more favor- f,/f,=1.127 (1.162 MeV for the HO (linean potential
able to the experimental data, the positive sigidplooks a  model, respectively. Our predictions ¢f and f, are not
little better than the negative one for the processes (af) much different from the predictions of chiral perturbation
— 7y and ' — w1y transitions. Especially, the overall pre- theory [33] reported asfg/f,=1.25 and f,/f,=1.04
dictions of the HO potential model with positivik, seem to  +0.04, respectively. Another important mixing-independent

TABLE V. Radiative decay widths for the&/(P)—P(V)y transitions. The mixing anglesfs s,
=—19° for »-%’ and|é8,|=3.3°=1° for w-¢, are used for both potential models, respectively. The ex-
perimental data are taken from REL7].

Sy=—3.3°+1° Sy=+3.3°+1°
Widths HO Linear HO Linear ExperimefkeV]
T(p*—7*7y) 76 69 76 69 68 8
I'w—my) 730+1.3 667-1.3 730-1.3 667~+1.3 71751
[(¢—my) 5.6,5% 5.1,2¢ 5.6°33 5.1°3¢ 5.8+0.6
T(p—17) 59 54 59 54 58 10
'(w— 77) 8.770.3 7.970.3 6.970.3 6.3r0.3 7.0:1.8
T(¢—77) 38.7+1.6 37.8-15 49.2+1.6 47.6-15 55.8-3.3
(' —p7y) 68 62 68 62 618

(7' —wy) 4.9+0.4 45-0.4 7.650.4 7.0:0.4 6.1+1.1
TC(¢—7"7) 0.41x0.01  0.39-0.01  0.36-0.01  0.34-0.01 <18
[(K*°—K%y) 1245 116.6 1245 116.6 1370
L(K**—K*y) 79.5 71.4 79.5 71.4 505
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TABLE V. Radiative decay width$'(P— yvy) obtained by us- 10° ; ; ;
ing the axial anomaly plus PCAC relatiort 3= — 19° for -7’
mixing is used for both potential cases. The experimental data are
taken from Ref[17].

Widths HO Linear Experiment
I'(m—yy) 7.73 7.84 7.80.5[eV]
I'(p—vyy) 0.42 0.42 0.4%0.05 [keV]
I'(n' —vyy) 4.1 3.9 4.3-0.6 [keV]

guantity related tdg andf, is theR ratio defined by

3

U(np—yy) T(n'—yy| m;
R= 3 3 T
m’ m’, (m—7vyy) . ‘ . .
0 2 4 6 8 10
1/f2  f2 Q[GeV7]
- §( g %) ' 3.5 FIG. 6. The decay rate for the— y* y transition obtained from

the one-loop diagram. Data are taken from RE36—-38.

Our predictions,R=2.31 and 2.17 for the HO and linear
potential model cases, respectively, are quite comparable to . .
the available experimental datd34,35, Reyp=2.5 observables of light pseudoscalar and vector mesons using

+0.5(stat) 0.5(syst). Also, theQ?-dependent decay rates QCD-motivated potentials given by E@2.2). The varia-
I's.(Q?) are calculated from the usual one-loop diagramtional principle for the effective Hamiltonian is crucial to
[5}] and the results are shown in Figs. 5—7. Our results fofind the optimum values of our model parameters. As shown

both potential models are not only very similar to each othel” Fi9s- 1a) and 1b), we noticed that both central potentials
but also in remarkably good agreement with the experimen! Ed- (2.2) are not only very similar to each other but also

tal data[36—39 up to theQ?~10 Ge\? region. We think quite close to the Isgur-Scora-Grinstein-Wise model 2
that the reason why our model is so successful for (SGW2)[25] potentials. In Figs. () and 1b), we have also

— v* y transition form factors is because t@¢ dependence inc_luded the G_odfrey-lsgufGI) potential for/comparison.
(~1/Q?) is due to the off-shell quark propagator in the one-USIiNg the physical masses ob(¢) and (7,7'), we were

loop diagram and there is no angular condifiGhassociated 2Ple to predict thew-¢ and 77" mixing angles agéy|
with the pseudoscalar meson. ~4.2 (78 ) andﬁsu(3)%—19.3 (_ 19.6 ) for the HO

(linean potential model, respectively. We also have checked
that the sensitivity of the mass spectra ob,{) to
~1° (5°) variation of 6y, i.e., from 6,=4.2° (7.8°) to

In the light-cone quark model approach, we have investi-3.3° for the HO(linear potential case, is within the 1%6%)
gated the mass spectra, mixing angles, and other physicivel.

IV. SUMMARY AND DISCUSSION

10' . 10 . . ;
&
iy
10°
10°
5 5
% N% 107"
= <
[ LF
10
107
10‘2 1 1 1 10‘3 1 | 1 1
0 2 4 6 8 0 2 4 6 8 10
Q[GeV] Q[GeV?]
FIG. 5. The decay rate for the— y* y transition obtained from FIG. 7. The decay rate for the'— y* vy transition obtained
the one-loop diagram. Data are taken from RE3§,37). from the one-loop diagram. Data are taken from RE36—38.
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Then, we applied our models to compute the observableBPPENDIX A: FIXATION OF THE MODEL PARAMETERS
such as charge radii, decay constants, and radiative decays of USING THE VARIATIONAL PRINCIPLE

P(V)—V(P)y* and P_).”’*' As summarized in Tables' In this appendix, we discuss how to fix the parameters of
I, IV, and V, our numgrlcal results for these obseryables iNour model, i.e., quark massesi(,m,), Gaussian parameters
the two case$HO and Ime_a} are overall not much d|ffere_nt (Buo=Bug.Bus.B<d) and potential parametersp,«) in
from each othe_r and are in a rather good agreement with th@ﬁgiven by EqQ.(2.2). In our potential model, thp-m mass
ava|lable_ expenmental_ dafa7]. Furthgrmore, our results of splitting is obtained by the hyperfine interactigf.
the R ratio presented in E¢(3.5) are in a good agreement  oyr variational method first evaluaté® |[Ho+ Vo] | W)
with the experimental datf84,35. The Q dependences of ith a trial functiony,(k?) that depends on the parameters
P—yy* processes were also compared with the experimernym, g) and varies these parameters until the expectation
tal data up toQ®~8 Ge\?. The Q* dependence for these value ofH,+V, is @ minumum. Once these model param-
processes is basically given by the off-shell quark propagatasters are fixed, then, the mass eigenvalue of each meson is
in the one-loop diagrams. As shown in Figs. 5-7, our resultgbtained byM qq= (¥ |[Ho+ Vo] W)+ (¥ |Hp, | ). In this
are in an excellent agreement with the experimental datapproach, we do not discriminate the Gaussian parameter set
[36—38. Both the pion and kaon form factors were also pre-B8=(8.u,Bus:Bss by the spin structure of mesons.
dicted in Figs. 3 and 4, respectively. We believe that the Let us now illustrate our detailed procedures of finding
success of light-cone quark model hinges upon the suppre#ie optimized values of the model parameters using the
sion of complicated zero-mode contributions from the light-variational principle:
cone vacuum due to the rather large constituent quark
masses. The well-established formulation of form factors in HW|[Ho+Vol|¥) -0
the Drell-Yan-West frame also plays an important role for apB '
our model to provide comparable result with the experimen-
tal data. Because of these successful applications of odrrom Egs,(2.1), (2.2 and Eq.(A1), we obtain the following
variational effective Hamiltonian method, the extension to€dquations for the HO and linear potentials:
the heavy b and c quark sector pseudoscalar and vector
mesons and the 0" scalar mesons is currently under con- HO o ,33[ HW[Ho| W) 8k

. ; potential: bp=— ,
sideration. 3 B 3Jm

While there have been previous light-cone quark model (A2)

results on the observables that we calculated in this work,
they were based on thg approach of_modellng the wave fun_c . . \/;,32[ H¥|Ho| W) 8k,
tion rather than modeling the potential. Our approach in this linear potential: b= 2 l 9B - '
work attempting to fill the gap between the model wave 3\/;A3
function and the QCD-motivated potential has not yet been (A3)
exp:(ored to (;]O\I/er as many obser\llableshgshwg d'dfm thl§vhere the subscright (1) represents the HQinear potential
o s e s o o ) e RIEMEIrs. EGUalona) and () mpy ht th vari
ment%et\/\?een our HO potentiyal model wi%[]h the positive s%gn, ional principle reduces a degree of freedom in the parameter

i.e., 6y~3.3°, and the available experimental data seem tspace. Thus, we have now four parameters, ie.,
S OVTTOS ; . m,,Bud.&,k (or b)}. However, in order to determine these
be quite good. If we were to choose the sigriXadsX>0 in ? u+Bud,3,x (O b)}

. . four parameters from the two experimental valuep ahd =
Eq. .i!34)’. then trllet fgd .ttr;]atththe'mas? tggfereqm\g,— m, IIS masses, we need to choose two input parameters. These two
p3095| I\Ile |stﬁorre aed Wi = € sign Ip 5 ﬁ(r)nl}qng alr:_lg N parameters should be carefully chosen. Otherwise, even
EB 3])'_ (25? Peerrk\:; ?)rs St’r:zwprerzrt]:pisimprlr?esasﬁremerrgg# 779; though the other two parameters are fixed by fittingdtsnd

. . i ! 7 masses, our predictions would be poor for other observ-
enV|S|oned_|n the future. at TINAF experiments might beables such as the ones in Sec. lll as well as other mass
helpful to give a more stringent test 6§ . In any case, more

. ; spectra. From our trial and error type of analyses, we find
observables should be compared with the experimental daig_. ., _ g o5 (0.22 GeV is the besytpinput qua)r/k mass pa-
to give a more definite assessment of this sign issue. e y

rameter for the HQlinean potential among the widely used

u(d) quark massm,=0.22 GeV[1], 0.25 GeV[7], and 0.33

GeV [3,24,25. For the linear potential, the string tension
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our input parameters for the linear potential case. HoweveBy adopting the well-known cutoff value af=1.8[1,26]

for the HO potential, there is no well-known quantity corre- and repeating the same optimization procedure as the contact
sponding to the string tension and thus we use the parameteterm [i.e., 5°(r)] case, we obtain the following parameters

of my4)=0.25 GeV and3,3=0.3194 GeV as our input pa- for each potential:

rameters which turn out to be good values to describe vari-

ous observables of both theandp mesons for the Gaussian HO potential: a,=-0.123 GeV,
radial wave functior7].
Using Egs.(2.1), (A2), and(A3) with the input value sets b,=9.89x10 3 Ge\?,
of (1) (m,=0.25 GeV, B,4=0.3194 GeV for the HO po-
tential and(2) (m,=0.22 GeV, b,=0.18 GeV) for the x,=0.636, (A7)

linear potential, we obtain the following parameters from the

p and = masses, viz.(¥[HD|®)y=M"P=m _ (P linear potential: a=-0.7 GeV,
=pseudoscalar and=vector):
b,=0.176 GeV,
(1) HO potential: a,=-—0.144 GeV,
x=0.332. (A8)
b,=0.010 GeV,
The changes of other model parameters and mass spectra are
kp,=0.607, (A4) given in Tables | and Il. As one can see in EGS7), (A8)
and Tables |, II, the effects of smearing o®(r) are quite
(2) linear potential: a,=—0.724 GeV, small and the smearing effects are in fact negligible for our

numerical analysis in Sec. lll.
Bua=0.3659 GeV,
APPENDIX B: MIXING ANGLES OF (#5,7') AND (w,¢)
x;=0.313. (A5) _ _ , o
In this appendix, we illustrate the mixing angles of
As shown in Fig. 1a), it is interesting to note that our two (7,7") and (@,¢) by adopting the formulation to incorpo-
central potentials, Coulomb plus H@®olid line) and Cou- rate the quark-annihilation diagrams and the effect of3U
lomb plus linear(dotted ling potentials, are not much differ- Symmetry breaking in the meson mixing angles.
ent from each other and furthermore quite comparable to the Equations(2.5) satisfy the (mass$)eigenvalue equation
Coulomb plus linear quark potential model suggested by 5 ) ]
Scora and IsgufiSGW?2) [25] (long-dashed line fok=0.3 MAt)=Mi|f) (i=12. (B1)
and dot-dashed line far=0.6) up to the range af<2 fm.
Those four potentialHO, linear, and ISGWRare also com- Taking into account S{B) symmetry breaking, we use the
pared with the GI potential modél] (short-dashed linein  following parametrization forM? suggested by Scadron
Fig. 1(@. The corresponding string tensions, i.dy(r)  [20]:
=—dVy(r)/dr, are also shown in Fig.(th).
Next, among various sets dimg,B,s satisfying Egs.

MZi+2N  J2aX
(A2) and (A3), we find me=0.48 [0.45 GeV and B35 M?= ) , - (B2)
=0.3419[0.388§ GeV for the HO[linear] potential by fit- V2AX MHAX
ting optimally the masses oK* and K, i.e,, ML%P) .
The parametein characterizes the strength of the quark-

=Mk« (k) - ONnce the set ofmg, is fixed, then the pa- L } —
ramgtégﬁg: 0.3681[0.4128 SG'g{J/g};‘or the HO[linear] ch:_ annihilation graph which couples the=0 uu state tol
tential can be obtained from E¢A2) [(A3)]. Subsequently, =0 uu,dd,ssstates with equal strength in the exact(SU
M\s/;andMS;are predicted as 99®52] MeV and 732[734] limit. The. parametelX, however, pertallng; tq SB) symme-
MeV for the HO[linear] potential, respectively. As shown in j[ry breaklng such that t_he quark-annihilation graph fg:tors
Fig. 2(a) [2(b)], the solid, dotted, and dot-dashed lines areint_its flavor parts, with\, AX, and AX? for the uu
fixed by the HO [linear] potential parameter sets of —uu(dd), uu—ss (or ss—uu), and ss—Ss processes,
{my,Buat: {ms,Bus, andBgs, respectively, and these three respectively. Of coursé—1 in the SU3) exact limit. Also,
lines cross the same point in the spacebo&nd « if the  in Eq. (B2), Miﬁ ande;describe the masses of the corre-
parameters in Table | are used. sponding mesons in the absence of mixing.

We have also examined the sensitivity of our variational = golving Egs.(2.5), (B1), and (B2), we obtain Eq.(2.6)
parameters and the corresponding mass spectra using gag

Gaussian smearing function to weaken the singularity of
53(r) in hyperfine interaction, viz.,

o3 2For the sensitivity check of smearing o8t(r) [Eq. (A6)], we
83(r)— _Slzexp(_g2r2)_ (AB) kept B,4=0.3659 GeV for the linear potential case given by Eq.
T (A5) as an input value and checked how miggkchanged.
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2 2
(Mle_MnF)(Mgz_MnF)
A= 2 2 ’ (B3)
2(M—M o

nn)

2 2 2 2
- Z(MfZ_Msg)(Msg_Mfl)
- 2 2 ’
(M?Z—Mn;)(Mle—Mn;)

(B4)

222X

tan 26= — 5 > :
(M~ M +AX“=2)\)

(BS)

Equations(B3) and(B4) are identical to the two constraints
Tr(M?)= Tr(MfZi) and det(\ %) = det(M ?i). The sign ofs
is fixed by the signs of tha and X from Eg. (B5). Also,
since Eq.(B2) is decoupled from the subspace aﬁf(
- dE)/\/E, the physical masses of, andm, are confirmed
to be the masses dmr'j’; and MXR respectively, as we used
in Sec. Il to fix the parametersa(b, ).

Given the fixed physical masses Msn)— m_. and M~

nn
=m, together withM f, (i=1,2), the magnitudes of mixing

angles fory-n' and w-¢ now depend only on the masses of

v
ss’

P .
Mg andM_, respectively, from Eqg2.5). However, from

PHYSICAL REVIEW 69 074015

<-10°), the sign ofXy is not yet definite at the present
stage of phenomenology. Regarding the signXgf, it is
interesting to note thad,~ —3.3° (= fgy3)—35.26°)(i.e.,
Xy<0) is favored in Refd.7,27—-29, while the conventional
Gell-Mann—Okubo mass formula for the exact (SUlimit
(X—1) predictséy~0° in the linear mass scheme ang
~+3.3° (i.e., Xy>0) in the quadratic mass scherE7].
Our predictions for thew-¢ and -7’ mixing angles are
given in Sec. Il.

The corresponding results of the mixing paramelgyg,
and Xy(py in Egs. (B3) and (B4) are obtained for the HO
(linean potential as follows:

Ay=0.57 (0.73m2 GeV?, Xy=*2.10 (+3.08),

Ap=135(13.3m2 GeV?, Xp=0.84 (0.85).
(B6)

Our values of\,, and Ap for both HO and linear potential
cases are not much different from the predictions of Ref.
[20]. The reason why, is much smaller thaixp, i.e., \p
~23\y (18\y) in our HO (linean case and\p=~18\y in
Ref. [20], may be attributed to the fact that in the quark-
annihilation graph, the 1™ annihilation graph involves one

Egs. (B3)-(BS), one can see that the sign of mixing angle more gluon compared to the @ annihilation graph. This

depends on the sign of parametéer While Xp>0 is well
supported by the Particle Data Gro{p7] (—23°< 0;75(2;

also indicates the strong departure fn’ from the ideal
mixing.
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