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Radiative decays of ground state light vector mesons with non-relativistic and
relativistic phase spaces and other decay properties
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The comprehensive study of some of the decay properties of ground state light vector mesons within the framework of
non relativistic potential model has been made in the present paper. Some of the decay properties and radiative decay widths
of light vector mesons are calculated using spectroscopic parameters. The E1 and M1 transition widths have been studied
both in case of non-relativistic and relativistic phase spaces. A good agreement between the calculated and experimental

data is obtained in case of relativistic phase space calculations.
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1 Introduction

The experimental facilities such as BES, E835,
CLEO, BaBar, Belle, CDF, DO, NA60 etc. are
capable of discovering new hadrons, new production
mechanisms, new decays and transitions and in
general, will be providing high precision data sample
with higher confidence level. Hence, the study of
mass spectroscopy and decay rates of various mesons
becomes significant. Mesons exhibit several different
decay modes such as leptonic, semi-leptonic, hadronic
and radiative decays and are classified based on the
decay products. Goal of elementary particle theory is
to calculate the masses, lifetimes and the branching
ratios of the mesons. There are different models in
literature which describe the light meson mass
spectra'™. The prediction of mass spectrum in
accordance with the experimental data does not
guarantee the validity of the model for describing
hadronic interactions. Hence, one needs other
observables which rely essentially on the same
dynamical operators like transitions between various
states, in order to test the model under study. Hence,
one of the tests for the success of any theoretical
model for mesons is the correct prediction of their
decay rates. The radiative decay of pseudo scalar and
vector mesons particularly have been advocated as
one of the observables most suited to predict the
nature of the mesons’. There have been different
studies on the decay of vector mesons®’, scalar
mesons'®'? and axial vector mesons''®. Radiative
decays of p, wand ¢ mesons have been studied in the
SND experiment at the VEPP-2M e*.¢” collider'”.

In our previous work, we had obtained the masses
of light mesons in the frame work of non-relativistic
quark models (NRQM) and relativistic quark models
and as a natural extension, in the present work, we
have calculated the radiative decay widths of light
vector mesons'*? in the frame work of NRQM.
Explicitly, we have estimated the MI1 transition
widths. The electric dipole term is responsible for the
transition between the S and P states with the same
spin S of the quark pair, while the M1 term describes
the transitions between S=1 and S=0 states with the
same orbital angular momentum L.

2 Theoretical Background

In the constituent quark model, conventional
mesons are bound states of a spin ¥2 quark and spin
Y4 anti-quark bound by a phenomenological potential.
Essentially, in all phenomenological QCD based
quark models, the Hamiltonian for the quark system
consists of the kinetic energy, the two body
confinement potential and OGEP.

At very short distances, a non-relativistic Coulomb
potential with a strength proportional to the strong
coupling constant, ¢, is derived from the one-gluon-
exchange interaction in QCD. At long distances,
non-perturbative effects such as confinement have to
be considered. Lattice calculations in the quenched
approximation suggest a linearly increasing potential®'.

In NRQM, the full Hamiltonian is:
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where p is the relative momentum, u the reduced

mass of the g¢gsystem and V(r) is the interaction
m,m;

——— where m, and

potential. M=m, +m, and u =
m, +m;

m, are the masses of the individual quark and

antiquark, respectively. The potential V(r) is of the
following form:

V(r)=V,,, (r)+V,, (r) (2)

where Vs is the confinement potential and V,,, is
the one gluon exchange potential. The confinement
term represents the non-perturbative effect of QCD
that confines quarks within the colour singlet system,
and is taken to be linear. The r is the relative distance
between the quarks.

Vs () ==a,r(4 4)) ..(3)

Where —a, is the confinement strength. The
confinement potential is entirely central in nature.
Here, 4; and /; are the generators of the colour SU(3)
group for the /™ and /" quark. The following central
part of two-body potential due to OGEP is usually
employed™:
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where the first term represents the residual Coulomb
energy and the second term the chromo-magnetic
interaction leading to the hyperfine splitting.
For ground state, mesons spin orbit and tensor part of
OGEP do not contribute.

In our calculations, we have used the three
dimensional harmonic oscillator wave function as the
trial wave function for obtaining the gg mass spectra

and decay properties which is given by:

Dy (r,0.0) = NH " (F—Jexp [;—} Y,,(6.9)

b b*
..(5
where N is the normalization constant:
!
|N2|— 2n! (2(n+l)+1(n+l)!, .(6)

B 2n+ 20+ 1)!

and L’n“/ *(r) are the associated Laguerre polynomials.

18,20,2
k8,0,3

In our previous wor , the harmonic oscillator

wave function was used for the prediction of light
meson spectra successfully.

The parameters of our model are the mass of up
and down quarks M, 4, the mass of strange quark M;,
the confinement strength a., the harmonic oscillator
size parameter b and the quark-gluon coupling
constant ;. We use the following set of parameter
values'®,

M,,=352 MeV; M,=545 MeV; a=20 MeV fm';
b=0.9 fm; ,=0.6

From this set of parameter values, we had
successfully obtained the mass spectrum for light

vector mesonslg.

3 Some Decay Properties of Vector Mesons

3.1 Wave function at the origin

Within the context of the non-relativistic potential
models, the wave function at the origin for the S-wave
bound state of a quark-antiquark system is very
important quantity for calculating spin state hyperfine
splitting and in evaluating the production and decay
amplitude of the meson system. The wave function at
the origin for L=0 states are obtained using the
standard relation*,

YO =%<$> (T)

where g is the reduced mass of the gg system. The

expectation value 1is calculated using the trial
harmonic oscillator wave function. The calculated
values of wave function at the origin are given in the
Table 1.

3.2 Leptonic decay constant
The vector decay constant (f, =) is defined through
the matrix element™:

m £ = (0o vlv)
..(8)
where m,, € and lv) are the mass, polarization and the
state vector of the vector meson, respectively. The
calculation of the above matrix elements using the quark
model wave function in the momentum space gives™:

Table 1 — Wave function at the origin and the leptonic decay
constants of light vector mesons

Vector Meson n (0)‘2 (MeV?) £, MeV?)
0 2.97x10° 214.86
@ 2.97x10° 199.89
) 4.39x10° 227.26
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..(9)
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In the non relativistic limit, the above equation
reduces to the well-known result of Van Royen and
Weisskopf 2 for the meson decay constants:

12ly, O
2 _ v

1= m
v ...(10)
The Vector meson decay constant including a first

order OCD correction factor is given by:

72y Of

v

C*(a,)
m
v ..(11)
where C*(a,)is given by”":

m —nr m
c)=1-%|a STy M
7 mmg g

...(12)
where A =8/3.

The calculated values of f, and ﬁ for vector mesons

are presented in Table 1.

3.3 E1 transitions

To calculate the transitions between quarkonium
levels with emission of a photon, the standard
multipole expansion is applied since quarkonium here
is treated as non- relativistic system. In potential
model approach, the spatial dependence of EM
transition amplitudes reduces to functions of quark
position and momentum between the initial and final
state wave functions. Expanding the matrix elements
in powers of photon momentum generates the electric
and magnetic multipole moments and is also an
expansion in powers of velocity. The leading order
transition amplitudes are the electric dipole (E1) and
magnetic dipole (M1) terms, which are given by the
corresponding terms in  the  Hamiltonian,

H. = —eqe(;E) and H,, = —,uqe(K.E), where e, is
the charge of the quark, u =e,e/(2m,) is magnetic

moment, E and B are the electric and the magnetic
fields and chr—,—A—2 with &1 and acting on the
quark and the antiquark, respectively. The partial
width for the transition from >, state toSPJ state is

given by®:

TCS, = y’P)=(J +1)zi7e50(€mk3 |1, ...(13)

|2
where ky is the energy of the emitted photon, and /pg is
the radial overlap integral which has the dimension of
length.

_[*.3
I —IO r’R,(r)R,(r)dr (14)
with R, ,(r) being the normalized radial wave

function for the corresponding state. The transition
from P, level to a a’S) level is given by**:
4 , 3 2
(BP_,—>}/3SI) = geqaemko |ISP|

...(15)

The electric dipole term is responsible for the
transition between the S and P states with the same
spin S of the quark pair. El transitions do not change
quark spin. These transitions have selection rules
Al =%1 and As=0.

3.4 M1 transitions
The allowed M1 transitions are S, — 'S, and

'S, = 7°S,. From Ref. (29), the relevant transition
rates can be calculated from the expressions:

2

4 2 3
T |, . =——ca k|l ...(16)
(n”8,—>ym'Sy) 2 “qem™0 | T mn
4 3m,
4 2
= 2 esafmkg Imn ...(17)

(n'Sy—ym3s)

0 1 mq
where I,, is overlap integral for the unit operator
between the coordinate wave functions of the initial
and the final states>’.

I :f() R (r)R ¢ (r)dr

mn ...(18)

The ortho normality of states guarantees, in the
limit of zero recoil, the spatial overlap is for states
within the same multiplet and zero for transitions
between multiplets which have different radial
quantum numbers.

Magnetic transitions flip the quark spin and hence
their amplitudes are proportional to the quark
magnetic moment and therefore inversely
proportional to the constituent quark mass. These
transitions have A/=0. The above expressions for
decay widths are derived for the mesons having the
same flavour wave functions nn. For radiative
decays involving mesons with mixed flavours such as
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Table 2 — Radiative decay widths of light vector meson states in non relativistic phase space

Transition Expl. Value
I'(keV)

proTy 67.82+7.5
po N 73'0;/ 102.48+25.69
P’ —=ny 36.18+13.57
w— 'y 714.85+42.74
o1y 547£0.84
#(1020) —» 77y 55.82+2.73
9(1020) — n7(958)y 0.53+0.31

K"(892)° - Ky
K'(892)" - K*y

116.15%+10.19
50.29£4.66

k[')""’ Ref. Calculated

(MeV) [30] value

I'(keV) I'(keV)
630 535.23 545.57
634 547.02 556.03
222 105.52 71.62
648 5238.71 5343.2
235 13.96 9.44
472 157.04 255.22
62 0.35 0.29
398 361.34 372.63
398 318.28 252.23

Table 3 — Radiative decay widths of light vector meson states in relativistic phase space

Transition Expl. Value
o'y 67.82+7.55
P’ =y 102.48 £25.69
P’ =y 36.18+13.57
w— 'y 714.85+£42.74
o—=>1nY 5.47%+0.84
#(1020) —» 77y 55.82+2.73
#(1020) = 17(958)y 0.53£0.31
K'(892)" > K’y 116.15£10.19
K'(892)" - K*y 50.29£4.66

kgre’ E,/m, Ref. Calculated
(MeV) [30] value
I'(keV) T'(keV) I'(keV)
373 0.52 56.98 58.41
373 0.52 57.24 58.88
190 0.75 49.79 33.67
380 0.51 543.44 549.53
200 0.74 6.37 9.44
363 0.64 45.90 255.22
60 0.94 0.30 0.29
310 0.65 111.19 372.63
309 0.65 97.47 252.23

charged decays of p((uit —dd)/ \/5) into 7zy the
charge contents are calculated as in Ref. (30).
We have calculated the E1 transition widths for

3Pj — S, decays for light vector meson states in the

long wavelength approximation. These transitions are
reported in PDG. In our calculations, the
experimental values of the meson masses have been
used. Table 2 presents the calculated values of
transition widths for various light vector meson states
in non relativistic phase space. Here the energy of the
photon ky is taken to be the difference between the
resonances and the term Eg(Ey)/m, is equal to unity.
Table 3 presents the calculated values of transition
widths for various light vector meson states in
relativistic phase space where the photon energy is
taken to be E,=m’ —m; / 2m, where m, and m, are

the masses of initial and final resonances,
respectively. A comparison with the Ref. (30) has
been made. From the calculated values for E1 and M1
transition widths, we arrive at the conclusion that the

present NRQM is not suited for light mesons. The
calculations show that the relativistic phase space is
better than the non-relativistic phase space and give
good description of light mesons.

3.5 Theoretical uncertainties in the predictions of the model

An important drawback of the present model is not
taking into account of the chiral symmetry. But the
NRQM has several other basic features of QCD. But
NRQM allows the direct calculations of the matrix
elements of both spectra and decay widths which can
be compared with the experiment. We have used
harmonic oscillator basic which is known to increase
wave function at the origin as there could be mixing
of the higher order states. but, this could be settled
only through lattice QCD calculations which will be
most reliable as they are the calculations from the
basic QCD. Also, in NRQM, there could be
relativistic corrections which could be significant.
But, in the relativistic model there is problem of
separating the center of mass.
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4 Conclusions

The main objective of the present work has been
the study of some of the decay properties including
radiative decays of light vector mesons within the
framework of NRQM formalism using both non-
relativistic and relativistic phase spaces. In present
work, we have obtained the leptonic decay constants
and radiative decay widths of light vector mesons
using spectroscopic parameters from which we
obtained the masses of vector and pseudo scalar
mesons. The experimental data on radiative decay
rates is understood theoretically in terms of a
multipole expansion model. It is known that long
wavelength approximation is fully justified in atomic
physics but when applied to the meson sector, the
transition energy is typically E,= k,= 0.1-0.5 GeV,
and the size of the source is roughly R = 0.5-1
fim = 2.5-5 GeV™' which does not justify the long
wavelength condition k, << 1. This is the limitation of
the model. The calculated results show that the non-
relativistic phase space is not a correct prescription
for the light mesons. Comparison between the photon
energy and the mass of the emitting meson reveals
that the relativistic phase space is more suited which
is seen in our model calculations.
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